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ABSTRACT

In the unique, eusocial naked mole-rat, the only mammal with a 

reproductive strategy resembling that of the social insects, reproduction in 

colonies of up to 300 individuals is monopolised by a single dominant female, 

'the queen', and one or two large males. The remaining mole-rats in a colony 

usually show no signs of sexual behaviour, are classed as non-reproductive, 

and show a behavioural division of labour. The aim of this thesis was to 

investigate the environmental and physiological factors involved in this 

extreme natural suppression of fertility .

The physiological nature of the block to reproduction in non-breeding 

male and female naked mole-rats appeared to be mediated by a common 

mechanism, namely, reduced circulating LH concentrations, probably resulting 

from an inhibition of hypothalamic GnRH secretion. In non-breeding females, 

fe rtility  was totally blocked by a failure of ovulatation. In male naked mole- 

rats, reproductive suppression was less clear-cut, because while breeding 

males had higher urinary testosterone and plasma LH concentrations, 

compared with non-breeding males, the latter still produced mature 

spermatozoa.

Genetic fingerprinting studies of wild colonies revealed little genetic 

variation between individuals, suggesting that the reproductive strategy of 

the naked mole-rat has led to a high degree of inbreeding.

The reproductive block in non-breeding naked mole-rats is readily 

reversible. Non-breeders removed from their colonies and housed singly, or 

paired with an animal of the opposite sex, became reproductively active 

approximately 8 days a fte r removal from their colonies. Reproductive 

suppression in naked mole-rats did not appear to be mediated by pheromones, 

because maintaining odour contact between separated animals and their 

parent colonies neither delayed nor prevented the onset o f reproductive 

activation in either sex.

The extreme socially-induced infertility in both male and female naked 

mole-rats may therefore be mediated, at least in part, by a behavioural 

mechanism.
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CHARTER 1

INTRODUCTION

1.1 THE NAKED MOLE-RAT, HETEROCEPHALUS GLABER

The naked mole ra t Heterocephalus glaber is an hystricomorph rodent 

inhabiting arid and semi-arid regions of East Africa. Living entirely 

underground in large colonies and extensive burrow systems, this highly 

social animal has many unusual biological features, including the monopoly of 

reproduction by a single female, the queen, and 1-3 males. The remaining 

colony members are prevented from breeding by social factors, and it is 

this reproductive suppression that is the main subject of this thesis. A 

review of the current literature relating to the naked mole-rat, and the 

physiology and occurrence of reproductive suppression in other mammalian 

species is presented in this introductory chapter.

1.1.1. TAXONOMY

The naked mole-rat Heterocephalus glaber belongs to the family 

Bathyergidae, the African mole rats, although the classification and 

phylogeny of Bathyergids within the order Rodentia remains a subject of 

debate. The order Rodentia is traditionally divided into three sub-orders, 

Hystricomorpha, Sciuromorpha, and Myomorpha. The criteria used to define 

these three groups include dental and cranial characteristics, in particular, 

the origin and insertion of masseter (jaw) muscles in relation to the 

infraorbital formen (the gap on the side of the skull through which the 

masseter muscles pass), and the zygomatic arch (Wood, 1985; DeBlase & 

Martin, 1981; Nowak it Paradiso, 1983). Difficulties in classification arise 

because in most taxa of the Bathyergidae, these cranial characteristics do 

not fully satisfy the criteria used to define any of the rodent sub-orders. 

However, the Bathyergidae show the closest affin ities to the 

Hystricomorpha, or "cavy-like" rodents, and the current trend is to place 

the family Bathyergidae in this sub-order (for review, see Honeycutt et al., 

1990).

The family Bathyergidae contains five genera and 9 currently 

recognised species, all of which are adapted to a subterranean habitat. The 

taxonomy of the Bathyergidae is summarised in Figure 1.1 (Jarvis, 1985).



FIGURE 1.1 -  The taxonomy of the African mole-rats, family Bathyergidae.

GENUS/SPECIES COMMON NAME SOCIAL 
STRUCTURE

Bathyergus suit lus 

Bathyergus Janetta

Cape dune mole-rat Solitary

Namaqua dune mole-rat Solitary

Heliophobius spat ax Thomas' silvery mole-rat Solitary

Heliophobius argenteocinereus Silvery mole-rat Solitary

Georychus capensis Cape mole-rat solitary

Cryptomys mechowi Giant Angolan mole-rat Solitary

Cryptomys ochraeocinereus Ochre mole-rat Solitary

Cryptomys hottentotus Common mole-rat Social

Heterocephalus glaber Naked mole-rat Eusocial



One of the remarkable features of the Bathyergidae is the variation 

in social structure, which ranges from solitary-living species to the 

eusocial naked mole-rat. Bathyergids are endemic to areas of sub-saharan 

A frica and generally, the solitary species inhabit less arid areas than the 

socially-living species (Jarvis St Bennett, 1990).

The subfamily Bathyerginae or dune mole-rats, includes two solitary 

species in the genus Bathyergus, both endemic to southern Africa: B.

suillus, the Cape dune mole ra t, and B. Janetta, the Namaqua dune mole-rat.

The subfamily Georychinae consists o f the four remaining genera of 

the family Bathyergidae. The most widespread genus, Cryptomys, contains 

three recognised species: the giant Angolan mole ra t, C. mechowi, is

distributed across Zaire, Malawi and parts of Zambia and Angola. The ochre 

mole ra t, C.ochraeocinereus, is found in northern Uganda, Sudan and 

northern West Africa. For both these species there is little  other 

information available. The common mole ra t C. hottentotus, has a wide 

distribution, from southern Africa, through Zambia, Malawi and parts of 

Zaire to Tanzania. However, the taxonomy of this species requires revision, 

because of the five generally recognised sub-species, at least three appear 

to represent distinct species, as listed below in Figure 1.2.

SUB-SPECIES EVIDENCE FOR SPECIFIC RANK

C. h. hottentotus-n -i

C. h. damarensis -

►  Behavioural differences (Bennett, 1988) 

-Chromosome number (Nevo et a!., 1986)

C. h. nataiensis

Allozyme variation (Nevo et al., 1987) 

"Mitochondrial DNA variation (Honeycutt

et a/., 1987)

C. h. darlingi Not fully investigated

C. h. bocagei Not fully investigated

FIGURE 1.2 -  Sub-species of Cryptomys hottentotus indicating evidence fo r  
specific rank



Although there is insufficient information on all the sub-species of 

Cryptomys hottentotus, C. h. hottentotus, C. h. damarensis, C. h. natalensis, 

and C. h. darlingi are known to live in social groups (Jarvis & Bennett,

1990), however the reproductive and social biology has only been

investigated in detail in C. h. hottentotus and C. h. damarensis (Bennett,

1988, 1989; Bennett &. Jarvis, 1988; 1990).

Of the other genera in the sub-order Georychinae, the Cape mole-rat 

Georychus capensis, is endemic to southern Africa and solitary, while

Thomas' silvery mole ra t, Heliophobius spalax, and the silvery mole rat, 

Heliophobius argenteocinereus, are found in East Africa and are also

solitary. Finally, the naked mole ra t, Heterocephalus glaber, is distributed 

in areas of East Africa, including Kenya, Ethiopia and Somalia, and is the

most social of all the Bathyergidae (Jarvis, 1981).

1.1.2. ECOLOGY

The naked mole-rat was firs t collected in Ethiopia in 1842 and the

type specimen, described by Ernst RUppell was named Heterocephalus glaber.

Loosely translated this means "the smooth-skinned animal with an oddly

shaped head” (Ruppell, 1842). Fellow zoologists thought that he had found a 

"diseased or decrepit specimen", and it was not until 1885 when another

specimen was examined by Oldfield Thomas that it was realised that

Rlippell's specimen was probably normal. The most striking features of the

naked mole-rat are a lack of body hair, protruding extrabuccal incisors,

and small vestigial eyes, as illustrated by a typical example in Plate 1.1.

In 1957 the firs t comprehensive study of both wild and captive mole- 

rats was undertaken by Hill and his collegues. but much of what is

currently known about the ecology of the naked mole-rat is due to the work 

of Professor J.U.M. Jarvis, who was the firs t to extensively breed naked 

mole-rats in captivity and report the reproductive and behavioural divisions

of labour (Jarvis, 1981). More recently Dr R.A. Brett has completed an

excellent study of the ecology and behaviour of wild colonies of naked

mole-rats using radio tracking and mark-recapture techniques (Brett, 1986).



PLATE 1.1 -  The naked m o le - r a t ,  H e te ro c e p h a lu s  g la b e r



The naked mole-rat is found in the hot arid regions of Kenya, 

Ethiopia, and Somalia. This habitat contains a variety of soil types which 

are frequently very hard and compacted when dry, and the annual rainfall 

of 200-400 mm is unpredictable in these regions (Jarvis St Bennett, 1990). 

The areas inhabited by the naked mole-rat contain an abundance of 

geophytes, plants with large underground tubers on which the mole-rats 

feed (Brett, 1986). The naked mole-rat lives entirely underground in 

extensive burrow systems, consisting mainly of foraging tunnels, running at 

the average depth of plant roots and tubers (15-20 cm), and nest and 

toilet chambers (Plates 1.2a St b) which are found deeper at approximately 

30-40 cm below ground level (Jarvis St Sale, 1971; Jarvis St Bennett, 1990).

The digging statistics o f naked mole-rats are impressive: Brett (1986, 

1990 a) found that burrows of a single colony can exceed 3 kilometres in 

total length, and one of the colonies which he observed produced 400-500  

mole-hills in a year. This was equivalent to excavating 3.6-4.2  tonnes of 

earth, or opening up 2 .3 -2 .9  kilometres of new burrows, quite an 

achievement considering an average colony size of 70-80 animals. The 

production of mole-hills was found to related to rainfall, with most digging 

occurring when the soil was softened by water. Naked mole-rats dig by 

biting soil with their incisors, then removing the loose soil with their fore  

and hind feet by pushing it behind them. When an accumulation has built up 

the animal will reverse along the burrow and kick the soil out onto the 

surface to form a mole-hill (Jarvis St Sale, 1971). When excavating deeper 

in the burrow system, mole-rats will often team up to form a digging chain, 

with the leader biting the earth face and passing the soil backwards to 

the second animal. The loose soil is transferred from one animal to another 

until the final mole-rat kicks the soil onto the surface, then, crawling 

forward over the rest of the chain takes its place at the front. The 

leading mole-rat is often physically dragged out of the way by the animal 

that replaces it (Jarvis St Sale, 1971).

Naked mole-rat colonies in Tsavo National park, Kenya were surveyed 

by Brett, and found to be an average of 1 km apart, while in surrounding 

farmland where food was more abundant, the inter-colony separation was 

reduced to an average of 0.5 km (Brett, 1986). The xenophobic nature of 

naked mole-rats leads to aggressive fighting should animals from different 

colonies meet, thus colonies o f mole-rats are effectively isolated from one 

another in their separate burrow systems.



PLATE 1.2a -  Naked mole-rats huddling in a nest chamber

PLATE 1.2b -  Naked mole-rats entering a to ilet chamber





The naked mole-rat feeds almost exclusively on underground roots and 

tubers which are located by the random digging of foraging tunnels, and

belong to two main species: Pyrenacantha are large tubers found at depths 

exceeding 30 cm, while the Macrotyloma produce smaller roots and tubers

found near the soil surface (Brett, 1986, 1990 a). Jarvis (1978) noted 

that large tubers were not eaten all at once, but were allowed to recover 

and to continue growing, apparently conserving resources. Small food items 

were found to be collected and taken to the nest fo r consumption. Studies

of the burrow patterns by Jarvis and Sale (1971), and Brett (1986, 1990

a) suggested that once a tuber was found, random burrowing ceased and the 

surrounding area was thoroughly searched by the production of a 'web' of 

foraging tunnels. This is due to the fa c t that tubers often reproduce 

vegetatively and therefore occur in patches.

The system of underground burrows gives the naked mole-rat a 

favourable micro-environment where temperature and humidity are constant, 

in geographic regions where rainfall is limited and unpredictable, and diurnal 

temperature fluctuations may be large. Underground, they are also protected 

from predators, and able to exploit a food source which is available

throughout the year, and fo r which little competition by other species

occurs. However, the patchy occurrence of roots and tubers imparts a 

risk that burrowing by naked mole-rats may not always lead to the

discovery o f food. In addition, the hard, compact soil structure means that

the energetic cost of burrowing fo r this food is high. Vleck (1979) has 

estimated that burrowing a given distance underground requires 360-3600  

times more energy than covering the same distance on the surface of the 

ground. This energetic constraint and foraging risk may have important 

implications on the group size and sociality o f naked mole-rats, because 

co-operative foraging by a group of animals reduces the risk of them not 

finding food. Lovegrove St Wissel (1988), have developed a mathematical 

model which quantifies the risk o f unsuccessful foraging. They assume that 

initially, before any tubers are located, foraging tunnels are dug randomly. 

Based on this assumption, Lovegrove and Wissel calculate that fo r a single 

naked mole-rat, the risk of not encountering a tuber a fte r burrowing a 

distance of three meters, is 41 times greater than if 10 animals are
I

burrowing. Although this model does not take into account that naked mole- 

rat colonies may also containing non-workers who do not forage (Jarvis, 

1981), and form digging chains rather than each animal digging independent



foraging tunnels (Jarvis, 1971), this model clearly shows the benefit of 

group living fo r naked mole-rats.

From these energetic considerations, it could be argued that in the 

wild, there must be a minimum group size below which the energetic cost of 

burrowing, coupled with the risk of unsuccessful foraging, will be prohibitive 

fo r survival. Together with the finding that colonies are xenophobic and do 

not mix (Brett, 1986), this raises an intriguing question -  how do colonies 

disperse? Presumably this must occur by fission of a sufficiently large

colony into two groups, one containing the queen and breeding male(s), and

the other containing potentially new breeders. There is evidence to support 

this hypothesis from studies in the wild. Brett (1986), found two colonies 

near Mtito Andei, Kenya, that were separated by a comparatively short 

distance of 60 m and had evidence of old workings on the surface between 

them, but were definitely sealed o ff  from each other. One colony contained 

93 animals, while the other contained 25 which included 1 1 adults. Brett

concluded that the latter colony was formed by fission o f the former. The 

factors  that may trigger colony fission and dispersal in the wild remain 

unknown.

In captivity the longevity of Heterocephalus glaber is quite 

exceptional for a small rodent. Jarvis (1990 a) reports that at the time

of writing she had seven males and seven females at least 14 years. In one 

colony, the same individual has been the only reproductive female fo r 13 

years. The lifespan of wild animals is difficult to calculate as there are no 

reliable methods for aging naked mole-rats, however estimates are possible. 

Brett (1986) found one colony which contained around 300 individuals. He 

argued that such a population would take 7-8 years to build up, assuming a 

single queen produces four litters of 10 young a year. It therefore  

appears possible that wild mole-rats may attain the ages achieved by 

captive animals. The secure micro-environment o f the burrow system offers  

protection from harmful environmental factors, including predators. 

Predation only appears to occur during the rainy season when mole-rats are 

digging and entry to the burrows is possible via open mole-hills, because at 

other times of the year the system may be completely sealed within the 

soil. The main predators are species of snake which include: the rufus

beaked snake, Rhamphiophis oxyrhynchus rostratus, the file  snake, Mehelya 

capensis savorgnani, and the white-lipped snake, Crotaphopeltis hotamboeia 

hotamboeia (Brett, 1986).



1.1.3 UNUSUAL FEATURES OF ANATOMY AND PHYSIOLOGY

Adaptation to the subterranean niche has led to specialisation, and 

the evolution of several unusual characteristics in the naked mole-rat. One 

of its most striking features is the lack of pelage. However, close 

inspection reveals that the body is not entirely naked, but is covered with 

fine tactile  vibrissae. These are longest around the mouth and vary from 

2-11 mm in length. Shorter hairs are found over the body, tail and on the 

fringes of the feet. Small hairs inside the ear and around the anogenital 

region help prevent ingress of soil . The follicles of these hairs form 

raised 'wart-like' structures due to deposits of fa t  below the sebaceous 

glands, and the subcutaneous fa t  layer found in most mammals is absent

(Thigpen, 1940). According to Tucker (1981), the anogenital region of naked 

mole-rats contains abundant sebaceous glands, and preputial glands form 

lobulated structures with excretory ducts. However it is unclear what the 

sexes of the animals examined were, and therefore whether or not both 

males and females had these structures (in females of other species they 

are sometimes referred to as clitoral glands). Secretions from these glands 

have been shown to play an important role in chemical communication, 

particularly in rodents (Albone, 1984; see section 1.2.1.1).

The body temperature o f the naked mole-rat, at 32 i  2*C is one of 

the lowest seen in mammals, while the metabolic rate has a value of only 

40% of that predicted fo r its body size (McNab, 1966). The skin lacks sweat 

glands (Tucker, 1981), and this, together with its lack o f both hair and a 

subcutaneous fa t layer, may contribute to the poor ability of the naked 

mole-rat to thermoregulate. Withers and Jarvis (1980) investigated this 

phenomenon, and showed that body temperature showed linear changes with

ambient temperature over the range 15-35 *C. Instead of remaining constant 

as a result of homeostatic control, animals became progressively 

hypothermic as the ambient temperature dropped. Huddling together in the 

communal nest chamber is a commonly observed behaviour in the naked mole- 

ra t, and in other species, huddling has been shown to reduce the metabolic 

cost o f thermoregulation, e.g. the white footed mouse, Peromyscus leucopus 

(Glasser & Lustick, 1975). Similarly, the advantage of huddling fo r the 

naked mole-rat is the maintentance of a constant body temperature at a 

reduced metabolic cost, compared with individual animals not huddling. This 

results in an energetic saving for the huddling animals (Withers and Jarvis,

1980). However, unlike other mammals, huddling does not help the naked



mole-rat maintain body temperature if the ambient temperature drops. This

is probably due to the combination of a large surface area/volume ratio, 

low metabolic rate and high thermal conductance of the skin (due to a lack 

of fur) leaving the animals incapable of producing sufficient metabolic heat 

to meet low ambient temperatures. This situation is unlikely to occur in the 

wild, because the burrow systems which naked mole-rats inhabit are an 

extremely thermostable environment. At a depth of 40 cm, where nest

chambers are commonly found, soil temperatures show little  fluctuation with 

a mean of 30.1 i  0.6'C (McNab, 1966).

There are some "primitive" eutherian mammals, such as monotremes,

marsupials and golden-moles who are also poor thermoregulators (the so- 

called "heterotherms"), but the naked mole-rat is different from these in 

that it has a normal mammalian metabolic capacity, but a non-mammalian

thermal conductance due to a lack of fur (Withers & Jarvis, 1980). The 

enzyme systems of the naked mole-rat have a similar temperature 

dependence to other endotherms, and are not adapted to function over a 

wide temperature range like those of ectotherms (Gesser, Johansen and 

Maloiy, 1977). Taken together these fac ts  suggest that rather than being a 

"primitive" mammal, the naked mole-rat is a highly specialised endotherm 

which is partially ectothermic (Withers & Jarvis, 1980).

The specialisation of the naked mole-rat's physiology is also reflected  

in the oxygen binding characteristics of its red blood cells. Johansen et al. 

(1976) found that the haemoglobin in red blood cells had a higher a ffin ity  

of oxygen in comparison with laboratory mice. This was an inherent 

property of the haemoglobin molecule, rather than due to biochemical 

changes in cofactors, and obviously a useful adaptation to living 

underground, where the oxygen concentration in the burrows may be as low 

as 15% of that above ground (McNab, 1966).

Another consequence of subterranean living fo r the naked mole-rat 

has been the functional and structural degeneration of the eye, resulting in 

microphthalmia (Tucker, 1981). E lo ff (1958) investigated the histology and 

anatomy of the eye in two genera of the Bathyergidae, Cryptomys and 

Bathyergus (but not Heterocephalus). Both the eye and optic nerve were 

reduced in size, the conjunctiva was thickened and the ciliary muscles were 

weakened. In addition, the retina was found to be semi-folded, a 

characteristic that has been observed in other blind species (E loff, 1958). 

Comprehensive histological and behavioural investigations of the naked mole-



rats visual system have yet to be undertaken.

1.1.4 BEHAVIOUR AND SOCIAL ORGANISATION

Perhaps one of the most intensively studied aspects of naked mole-rat 

biology is their complex social system. The majority of previous work has 

concentrated on captive colonies, and has produced good evidence fo r the 

existence of a social organisation similar to that seen in eusocial insects 

such as bees and termites (Jarvis, 1978, 1981; Jarvis et a/., 1990; Isil,

1983; Lacey & Sherman, 1990). Until recently it had been thought that only 

insects exhibited eusocial ("truly social") behaviour. The criteria used to  

define eusocial species were proposed by Wilson (1971) as those exhibiting 

a reproductive division of labour, an overlap of two or more generations 

and co-operative care of the young. In her 1981 publication, Jarvis put 

forward four observations from studies o f captive colonies which led her 

to hypothesise that naked mole-rats are in fa c t eusocial mammals. These 

were : (1) a behavioural division of labour, with individuals grouped into 

castes specialising in particular types of activity; (2) a reproductive 

division of labour with breeding monopolised by a single female and one or 

two males -  the other members of the colony experiencing reproductive

suppression; (3) age polyethism, whereby some animals showed a change in 

behavioural role with increasing age, and (4) an overlap of generations 

enabling successive generations of offspring to contribute to the rearing 

of young. These factors make a naked mole-rat colony similar to that o f 

termites because unlike bees, castes are of mixed sex, and all the 

individuals are diploid in their chromosome number. A characteristic of 

Hymenopteran eusociality is the phenomenon of haplodiploidy, where females 

are diploid in chromosome number, while males are haploid because they 

develop from unfertilised eggs. A consequence of this is that sister bees

are produced which are genetically more closely related to each other, than

sisters in "normal" diploid organisms, and also have more genes in common 

with each other than they would their own offspring. Hamilton (1964), 

introduced the concepts of "kin selection" and "inclusive fitness", and

argued that in bees, the greater relatedness of sisters favoured the 

evolution of worker castes that were all female. By helping to rear younger 

sisters rather than reproducing themselves, these females ensure that more 

of their genes are expressed in subsequent generations. The discovery o f 

eusociality in other insects like termites, and in the naked mole-rat, has



shown that haplodiploidy is not a prerequisite to the evolution of 

eusociality. However, it is interesting to note that in the naked mole-rat, 

inbreeding has led to a high degree of genetic similarity between colony 

members (Honeycutt et at., 1990). Thus, the occurence of reproductive 

suppression and altruistic behaviour in naked mole-rats is consistent with 

Hamilton's concept of kin selection.

From her original observations, Jarvis (1981) postulated the existence 

of three castes within naked mole-rat societies. Frequent workers 

performed colony maintenance tasks such as digging, chewing, sweeping 

material down the tunnels and carrying food and bedding. These were the 

smallest animals in the colony. Another group of larger individuals fell into 

an infrequent worker category, who performed similar tasks but at less 

than half the rate of frequent workers. A third caste consisted of non

workers. These were the largest animals in the colony, this group contained 

the breeding males and female. The mean body masses of these three

groups were significantly different. Jarvis also recorded greater than

predicted growth rates in some individuals, which led her to conclude that 

castes were not fixed, and that some, but not all animals may show age 

polyethism. Age polyethism is a change in behavioural role with age, such 

that a small, but fast growing, naked mole-rat would start o ff  as a 

worker, and as it aged and grew it would work less and eventually become a 

non-worker.

Further studies in captivity (Jarvis et at., 1990), have confirmed 

that maintenance behaviour is negatively correlated with body mass, and

that some fas t growing individuals therefore undergo age polyethism, as 

they age and increase in body mass. These animals are normally from the 

firs t two litters born to a breeding pair. Because animals from subsequent

litters grow progressively more slowly and their growth trajectories show 

considerable variation, this plasticity of growth means that is not possible 

to relate body mass to age in these animals (Jarvis et a/., 1990). Some

individuals may remain relatively small throughout their life, and because of 

the relationship between behaviour and body mass remain as workers, 

despite their age (Jarvis et at., 1990). Therefore, because of this

variation in growth rate in naked mole-rats, it is more accurate to

consider behavioural role as a function of body mass, rather than age.

A five-year study of captive colonies by Lacey and Sherman (1990)

has also shown that within a colony, naked mole-rats do not participate



equally in maintenance behaviours. Although smaller animals carried out a 

higher frequency of maintenance behaviours, which included carrying food 

and bedding, sweeping, digging at soil and chewing protrusions in the 

perspex tunnel system, discrete castes were not identified. Analysis o f the 

data showed significant negative correlations between maintenance 

behaviours and body mass -  as body mass increased, the frequency of 

maintenance behaviour decreased. Unlike Jarvis et a/. (1990), Lacey and 

Sherman reported that all non-breeding naked mole-rats follow the same 

growth trajectory, and therefore all the individuals that they studied 

showed age, as well as body mass polyethism.

Lacey and Sherman extended their study to include observations of 

defence behaviours which they defined as "guarding" the entrances to the 

nest chamber, attacking intruding mole-rats from other colonies, and 

attacking snakes introduced into the colony. Here the results were the 

converse to those seen with maintenance, with positive correlations between 

body mass and frequency of defence behaviour. Digging out tunnels plugged 

with soil also showed a positive correlation with body mass unlike other 

worker or maintenance behaviours. However, it could be argued that plugging 

up previously clear tunnels with soil was a novel experience fo r captive 

animals and did not reflect a normal digging situation: this could therefore 

be interpreted as a threat or intrusion by the mole-rats. This has been 

confirmed by Jarvis et al. (1990), who have demonstrated that when the 

digging task was novel to a colony, digging behaviour was positively 

correlated with body mass: animals with larger body masses performed

higher frequencies of digging. Conversely, in situations where colonies had 

constant exposure to digging tasks, a negative correlation was recorded, 

and the larger animals showed lower frequencies of digging in comparison to 

smaller individuals. Lacey and Sherman (1990) also found that reproduction 

was restricted to one female and 1-3 males in each colony, and that these 

individuals formed a behaviourally distinct group. As they were usually the 

heaviest animals in a colony, from the previously described body mass 

correlations, they could be expected to carry out high frequencies of 

defence behaviours and little or no maintenance. Although the were rarely 

seen working they also rarely carried out any defence behaviours, with the 

exception of nest guarding. However, these breeding animals were found by 

Lacey and Sherman to perform almost all of the pup care behaviours such 

as grooming and nudging/handling. Thus it appears that the breeding animals



are also behaviourally distinct from the other colony members.

Based on their assumption that all naked mole-rats follow the same 

growth pattern, Lacey and Sherman concluded that within a colony, juvenile 

naked mole-rats firs t become frequent workers. Then, as they age and 

increase in body mass they make a gradual transition, progressively

performing less work and eventually becoming non-workers. Lacey and 

Sherman believed that this system of age polyethism would be advantageous 

to the colony and would therefore be selected fo r because small, 

inexperienced individuals perform "safe" activities while larger, stronger and 

more experienced mole-rats adopted higher risk roles like defence.

The disparity between the growth data o f Jarvis et al. (1990), who

found that no reliable correlation could be made between age and body 

mass, and Lacey and Sherman (1990), who found that all their animals 

followed the same growth trajectory, may have arisen from the relatively

small sample size of the latter. In addition, many of the mole-rats studied

by Lacey and Sherman were wild-caught and their ages were therefore 

estimated by extrapolation from growth curves of captive animals.

Brett (1986, 1990 b) has carried out extensive studies o f naked

mole-rat behaviour in wild colonies in Kenya. As a measure o f the amount

of recent digging a captured animal had performed, Brett scored the degree 

of clogging of the incisors with soil. The results showed that clean teeth 

were significantly negatively correlated with body weight, i.e. larger animals

showed less signs of recent digging while smaller mole-rats showed more. 

Radio-tracking of individuals enabled measurements o f time spent active and 

foraging to be measured, in colonies where the relative positions of tubers 

were known. Foraging activity was also higher in the smaller animals with

strong negative correlations with increasing body weight, indicating again 

that smaller, younger individuals were performing more "worker" type 

behaviours. Thus it would seem that the behavioural observations made in 

captive colonies may reflect the natural situation, and are not an a rtifa c t  

produced by laboratory conditions.

The evolution of the social system of the naked mole-rat is probably 

the result of several interacting factors, including the energetic

considerations which have been discussed in section 1.1.2 (Lovegrove & 

Wissel, 1989). Brett (1986, 1990 a & b) argues that large numbers of

individuals working together will have a higher chance of survival because 

this greatly increases the chance of finding the scattered, but rich, food



sources. Natural selection would therefore drive a semi-fossorial solitary 

ancestor into group living with kin-selection and ultimately eusociality. 

Jarvis and Bennett (1990) follow a similar line of reasoning, and suggest 

that once naked mole-rats had begun living in groups, selection fo r tra its

which keep colony energy requirements down to a minimum could occur, such

as the low body temperature and metabolic rate, and slow growth which 

have been observed. Together with low recruitment rates o f offspring,

these physiological specialisations may have led to longevity, overlap of 

generations and the adoption of a eusocial lifestyle.

The clear division seen between breeding and non-breeding animals in 

captive colonies by all investigators was also confirmed by Brett's wild 

studies in Kenya. In each of four colonies caught in their entirety in and 

around Tsavo National Park, there was only one breeding female. Jarvis

(1985) caught three complete colonies in Lerata, northern Kenya, and again 

found reproduction to be monopolised by one breeding female. This extreme 

system of reproductive suppression is discussed more fully in the next

section.

Another characteristic of naked mole-rat behaviour which may have 

relevance to the control of reproduction is the grooming behaviour observed 

when animals visit the communal toilet chamber. When animals enter this

chamber, they go through a series of stereotyped actions, usually beginning 

with sweeping soiled bedding away from the entrance and into a heap. This 

is followed by a series of grooming actions involving both hind legs

alternately, and the forelimbs which are used to wipe the face and neck.

Sometimes the animal may roll around in the substrate. These movements 

appear to smear the body with soiled bedding, and grooming into the mouth

may also occur. Following this behaviour the animal may urinate and/or 

defaecate, and sometimes the grooming process is repeated (Jarvis, 1990 

a). This ritual may play an important role in chemical communication between 

colony members, particularly in the transfer o f reproductive suppressing 

factors from the queen to non-breeding naked mole-rats.

The naked mole-rat also performs auto- and allocoprophagy. Young 

animals are weaned onto the primary faeces of adults, from whom they beg 

with a mewing vocalisation (Brett, 1986). Adults can be observed eating 

their faeces whilst in the process of defaecating. This habit is probably 

important in maintaining the endoflora of the hind-gut and increasing the 

digestibility of the food.



The naked mole-rat is not the only member of the family Bathyergidae 

to live in social groups, although none have such a large and complex 

system. Three of the genera, Bathyergus, Georychus and Heliophobius are all 

known to lead a solitary existence, but two sub-species in the Cryptomys 

genus have been found to occur in groups. C. h. damarensis live in colonies 

of 12-22 animals, while those of C. h. hottentotus usually number around 

12. Monopoly o f reproduction by a single breeding female has also been 

reported (Jarvis & Bennett, 1990; Bennett, 1988; Bennett & Jarvis, 1988). 

In a 2 year study of 7 wild-caught colonies of C. damarensis kept in 

captivity, Bennett &. Jarvis (1988) found that reproduction was restricted  

to the largest female and 1-2 o f the largest males. The remaining non

breeding animals showed a division of labour, with frequent workers 

performing 13-20% of the total work done by the colony. Like frequent

workers in naked mole-rat colonies, these animals tended to be the smaller 

individuals. Infrequent workers were heavier animals who were involved in

less than 6% of the total work done, and spent most of their time inactive

in the nest. Thus, unlike naked mole-rats, there appeared to be a clear 

behavioural distinction between frequent workers and infrequent workers in

colonies of C. h. damarensis, suggesting a defined caste system.

1.1.5 REPRODUCTION AND GROWTH

In all captive and wild naked mole-rat colonies studied so fa r , there 

was a marked division between breeding and non-breeding animals. There was 

one breeding female or queen, and one, two or occassionally three breeding 

males. They were usually the largest animals in the colony, and were only 

rarely observed carrying out maintenance or defence activities (Jarvis et 

al., 1990; Lacey & Sherman, 1990). In the wild they were nearly always the 

last animals to be caught (Brett, 1986, 1990 b).

The queen is the only female in a colony of naked mole-rats with well 

developed nipples and a perforate vagina -  the genitalia o f non-breeding 

animals is almost monomorphic. She is also the only female observed mating 

with the breeding males. Visual and histological observations (Kayanja & 

Jarvis, 1971; Jarvis, 1990 a) have revealed dramatic differences in the 

reproductive tracts of queens compared with non-breeding females, with 

the latter having small and underdeveloped ovaries and uterine horns, with 

an absence of placental scars. Hill et al (1956) described the female 

genital organs as "embryonic in appearance".



The queen and breeding male(s) spend a great deal of time asleep 

together in the nest chamber, often in a mutual naso-anal position. Also a 

high frequency of ano-genital nuzzling and sniffing occurs between the 

queen and breeding male(s), suggesting a high degree of behavioural bonding. 

In one colony containing two breeding males, and supplied with two nest 

chambers, Jarvis (1990 a) found that the dominant male was in the same 

nest chamber as the queen 89% of the time. On 82% of these occasions 

this breeding male and the queen were either lying in body contact or

within 1 cm of each other. The second, subordinate breeding male was found 

in the same nest chamber as the queen 55% of the time.

Behavioural oestrus in naked mole-rats is characterised by mating and 

usually occurs 8-11 days post-partum (Jarvis, 1990 a) Mating is solicited

by the female who vocalises and adopts the lordosis position in front of

*the male. She may also reverse into the male to cause naso-genital contact 

with the male. Several bouts of mounting may be interspersed with periods 

of rest. Where two breeding males are present it is not known what 

criteria the queen uses to choose with which to mate, or if mating occurs 

with more than one breeding male during a given period of oestrus.

Gestation is around 72 days from mating (range 66-76 days, 121 

litters from 16 breeding females; Jarvis, 1990 a). Lacey and Sherman

(1990) estimate gestation length at 72-77 days. The queen only begins to 

gain mass during the latter half o f gestation. As parturition approaches, 

normal movement around the colony for the queen becomes increasingly

difficult, due to her large size (see Plate 1.3), and at this time she is

unable to autocoprophage and may be seen begging faeces from other colony 

members (Jarvis, 1990 a).

A curious phenomenon sometimes seen when the queen is pregnant is 

the development of nipples by non-breeding animals. Jarvis, (1990 a) 

observed this in all age groups and both sexes , and found that nipple

enlargement occurred during the second half of pregnancy and size became 

maximal just prior to parturition. Jarvis (1990) also reported that the 

breeding female's apparent "control" over reproduction in the rest of the

females of the colony appeared to diminish during the latter stages of 

pregnancy, because in some colonies non-breeding females developed 

perforate vaginas. It is not known whether these females were undergoing 

ovarian cyclicity.



PLATE 1.3 -  A h e a v i ly  p re g n a n t  queen one week b e f o r e  g iv in g  b i r t h  t o  2 5 
pups.



The naked mole-rat is also exceptional in the size o f its litters, the 

maximum recorded in captivity being 27, with often more than 12 being 

born (Jarvis, 1990 a), and Lacey & Sherman (1990), reported a mean litter 

size of 7.7 i  2.3 pups. Brett (1986) studied body weight groupings in wild 

caught colonies and calculated a litter size o f 10.3 i  1.9 surviving young. 

The sex ratio in juveniles (weighing less than 16 g) was found to be 1:1. 

However, if entire colonies are considered, both Brett (1986) and Jarvis 

(1990 a) report a significant bias towards males -  1:1.12 Brett, 1:1.4

Jarvis. It would therefore appear that this sex ratio bias develops with 

age and may be due to higher mortality amongst females.

Newly born naked mole-rats weigh 1-2 g and remain in the huddle in 

the nest chamber with the queen, often being trampled and layed upon by 

other colony members. Miraculously they usually survive this rough 

treatment. Although teat development can occur in other colony members, 

only the queen lactates (Lacey & Sherman, 1990; Jarvis, 1990 a), and the 

pups are able to  detect her presence and move towards her, possibly using 

odours as a cue (Jarvis, 1990 a). Care of pups is mostly restricted to 

the breeding animals, with the breeding males performing significantly more 

carrying, grooming and nudging of the young compared with non-breeder 

animals (Jarvis, 1990 a; Lacey and Sherman, 1990). Weaning onto solid food 

begins at 2-3 weeks o f age, and at this stage the pups also begin to beg 

faeces from other colony members. This coprophagy continues fo r about two 

months, and during this time the pups make increasing use of the toilet 

chamber for urination and defaecation (Jarvis, 1990 a).

Breeding takes place all year round both in wild and captive colonies 

with no apparent seasonality (Brett, 1986; Jarvis, 1990 a). This was

corroborated by Lacey and Sherman (1990), who reported that their 

breeding females produced up to five litters a year.

All non-breeding females apparently remain reproductively quiescent, 

but are not sterile. I f  removed from the colony and paired with a male, a 

female will soon develop a perforate vagina and become pregnant (Jarvis, 

1990 a), or if  the queen is removed from a colony artific ia lly  or dies, she 

will be replaced by a subordinate female who grows rapidly and undergoes 

sexual development (Lacey & Sherman, 1990; Jarvis, 1990 a). In the absence 

of the queen, several females may sometimes become reproductively active 

simultaneously, and fierce fighting ensues until the most dominant animal 

becomes the new queen. It is not possible to predict in advance who



succeeds a queen, as often smaller colony members grow rapidly to take the 

position, while larger, older animals remain subordinate (Jarvis, 1990). 

Sometimes breeding queens maintain their position within the colony but 

cease reproducing, or give birth to litters with very high rates infant 

mortality (Jarvis, 1990). The reason for this decline in pup survival is

unknown.

Sexual activity may continue in breeding animals into old age. Jarvis 

(1990) reports that one female have been breeding in captivity fo r 14 

years, her two breeding males being of similar age. However, Jarvis also 

suspects that some males (in colonies where the birth rate has been high) 

may "burn themselves out", and she has several examples where large males 

have undergone dramatic weight loss and lost reproductive status. Jarvis

suggests that this may be due to the e ffects  o f high levels o f blood 

testosterone which leads to muscle wasting (Jarvis et a/., 1990).

Although the distinction between breeding and non-breeding males is 

clear behaviourally, the difference is not so marked physiologically.

Histology of the testes has shown that spermatogenesis occurs in most 

adult males. Out of 84 mole-rats autopsied, 76% had spermatozoa in their 

vasa deferentia (Jarvis, 1990 a), and thus appeared to be potentially

capable of breeding.

Having reviewed the biology of the naked mole-rat and introduced the 

concept of reproductive suppression, the following sections of this 

introductory chapter will consider the occurrence of reproductive 

suppression in other mammals, and what is known of their underlying 

physiological mechanisms.



1.2 SOCIAL SUPPRESSION OF REPRODUCTION

Natural suppression of fe rtility  in mammals is caused by several 

factors, all of which act to synchronise reproductive events so that birth 

of young occurs when circumstances are most favourable, thus maximizing 

the survival of offspring. These factors fa ll into three main categories. 

Firstly, environmental e ffec ts  such as food availability and photoperiod may 

have a profound e ffec t on reproduction in many species. Seasonal breeding 

occurs in many mammals and is brought about by changes in photoperiod as 

a result of changing seasons. This phenomenon has been intensively studied 

in red deer (Lincoln and Short, 1980) and sheep (Karsch et al, 1984). !n 

both these species reproduction is suppressed during the spring and summer 

then "switched on" again in the autumn and winter when the females come 

into oestrus and mating occurs. This cueing of reproductive events by 

variations in daylength ensures that births occur during the spring and 

summer when food is plentiful and the climate favourable, and chances of 

survival fo r the offspring are maximal. The immediate physiological 

consequence of the change in photoperiod is an altered secretion o f the 

hormone melatonin by the pineal gland. This indirectly causes a reduction a 

gonadotrophin releasing hormone (GnRH) secretion from the hypothalamus in

the brain, which in turn leads to a failure of gonadotrophin release from 

the anterior pituitary. Lack of the gonadotrophins luteinizing hormone (LH) 

and follicle stimulating hormone (FSH) means that the gonads are not 

stimulated, and suppressed ovulation or reduced sperm production results in

impaired fertility . Food availability and the nutritional status of an animal

are also known to influence reproduction independently of photoperiod. In 

wild vervet monkeys, insufficient quantity and quality of food can lead to 

reduced fertility , expressed as longer interbirth intervals, lower rates of

conception and delay of menarche (Lee, 1987). The physiological mechanisms 

involved are not fully understood, but it is known that as with seasonal

breeders, GnRH secretion can be suppressed (Dubey et al, 1986).

Secondly, suppressed fertility  may also occur during lactation in some 

mammals, and in women this e ffec t is known as lactational amenorrhoea, 

because normal menstrual cycles are inhibited. In women, secretion of GnRH 

is suppressed, in this case by the stimulus of suckling offspring. The 

results of a study based in Edinburgh, UK, revealed that a minimum suckling

rate of five times a day, each bout being at least ten minutes in duration,

was required (Glasier, McNeilly & Baird, 1986). Studies in pigs and rats



have shown that the suckling stimulus leads to increased hypothalamic 

opioid activity and suppression of GnRH (Sirinathsinghji & Martini, 1984; 

Mattioli et al, 1986). Suppression of fe rtility  during lactation prevents an 

animal giving birth to more offspring at a time when the parent(s) are 

already committed to caring for young.

Finally, suppression of reproduction by social dominance occurs in 

situations where dominant individuals suppress reproduction in subordinate 

individuals (Abbott, 1988). This socially-induced suppression of reproduction 

is now recognised in populations of many different animal species, ranging 

from rodents to primates, and will be reviewed in detail in the following 

sections of this chapter.

1.2.1 THE ROLE OF CHEMICAL SIGNALS IN REPRODUCTIVE SUPPRESSION

Chemical signals, or pheromones, have many effects  on reproductive 

events in mammals. These may be immediate behavioural responses, or more 

profound changes in physiological processes which lead to stimulation or 

inhibition of reproductive function.

1.2.1.1 THE CONCEPT OF THE PHEROMONE

Chemical signals in the form o f odours and tastes are used 

throughout the animal kingdom, their function being to communicate 

information between individuals in a wide variety of circumstances. The 

study of chemical signalling between animals is called semiochemistry, 

semeion being the Greek word fo r signal or a sign. A semiochemical is 

therefore "a substance with which organism interacts with organism in the 

shared natural environment" (Albone, 1984). Due to the complexity of the 

numbers and types of these interactions, some attempt has been made to 

classify compounds, although there is often overlap between groups. The 

terminology currently in use is described below (Nordlund and Lewis, 1976).

Chemical signals which act between individuals o f the same species are 

known as pheromones, and can be further divided into two categories. 

Releaser pheromones invoke responses in the receiving animal which are 

usually behavioural and immediate. When the response is physiological and 

the e ffec ts  longer term the signal is termed a primer pheromone. Primer 

pheromones are known to mediate reproductive suppression by causing 

endocrine changes in the recipient animal. This is known to occur in a



variety of species, in particular amongst rodents and will be discussed 

fully in section 1.2.2.2.

Other chemical signals which act between animals o f different species 

are termed allelochemics and sub-divided into two groups, according to 

whether the transmitter or the receiver benefits from the signal.

Allelochemics which mediate effects  beneficial to the emitting species are 

known as allomones. An example of this is the defensive secretion emitted

from the anal gland of the striped skunk Mephitis mephitis which is highly

noxious and effectively repels predators (Albone, 1984). Conversely,

allelochemics which favour the receiving species are known as kariomones, 

and these may often act as allomones or pheromones in other species. A 

good example of this are American bolas spiders, who a ttra c t their prey

(male moths), by emitting a chemical signal which is the same as the female

moth sex a ttractant (Albone, 1984).

Semiochemicals are produced and released into the environment by the 

emitting species in a variety of ways, but perhaps one of the most

important sources is the skin. Sebaceous, apocrine and eccrine glands under 

neural and hormonal control secrete a diverse array of chemical compounds 

including steroids and lipids. These impart odours of their own, but are

also broken down by micro-organisms to produce a complex mixture of 

odorous materials. Because some of these secretions are under hormonal 

control, they may reflect and communicate some aspects of the physiological 

state of the emitting animal. In many mammals, groups of specialised skin 

glands form discrete scent glands, secretions from which are often used in 

chemical signalling. Examples include the tarsal and metatarsal glands of 

black-tailed deer (Quay & Muller-Schwarze, 1970); the temporal gland of the 

African elephant (Wheller et al, 1982) and the Harderian gland of the 

Mongolian gerbil (Thiessen et al, 1969).

The most important sources of pheromones which a ffe c t reproduction 

in rodents are urine, and secretions from the reproductive tra c t. In 

particular, the preputial glands of rodents are a rich source of 

semiochemicals. These are large groups of specialised sebaceous glands 

which lie between the pubic skin and body wall or between the prepuce and 

the penis, depending on the species. Homologous structures are found in 

females and are sometimes known as clitoral glands. In the male ra t, the 

preputial glands may be up to 2 cm long and 10-20 mg per lOOg body 

weight (Albone 1984). Androgens e ffec t the size of the preputial glands and



their rate of secretion, therefore in mature dominant male rats the size of 

these glands is maximal. If  intact male and female rats are given exogenous 

testosterone, their preputial glands become enlarged, provided that they are 

not already maximal in size (Ebling, 1977). The naked mole-rat is known to 

possess preputial glands (Tucker, 1981), and it is possible they could be 

important in conveying information related to dominance or reproductive 

status within the colony. The presence of a communal toilet chamber in 

naked mole-rat colonies provides a focal point where exchange of urinary 

(or other) chemosignals could occur. Observations of grooming behaviour 

when animals enter the toilet chamber suggest that during this process, 

scent may be transfered from the soiled litter to the animal (see section 

1.1.4, pp 30).

In many hystricomorph rodents, including the guinea pig Cavia aperea 

(Wellington et al, 1979) and the capybara Hydrochoerus hydrochaeris 

(Macdonald et al, 1984), there are well developed perineal glands. The gland 

lies between the genitalia and the anus and is composed of sebaceous 

tissue. Its secretion is deposited, particularly in dominant animals, by a 

behaviour known as perineal dragging, where the ano-genital region is 

rubbed along the substrate leaving a scent mark. This type of behaviour 

has also been observed in captive colonies of naked mole-rats, and occurs 

as the animal leaves the toilet chamber (Jarvis & Bennett, 1990). However, 

it is unknown whether or not the naked mole-rat possesses a perineal gland.

1.2.1.2 RODENT PRIMER PHEROMONES

The chemical signals which have the most profound e ffects  on 

reproductive physiology in rodents are primer pheromones, and they fall 

into two broad categories: those which accelerate sexual development and 

stimulate reproduction, and those which delay sexual development and inhibit 

reproduction. It is thought, at least in the mouse, that both stimulatory 

and inhibitory pheromones may mediate their responses in a reciprocal 

manner via common physiological mechanisms (Keverne & Rosser, 1986).

The primer pheromones of the house mouse, Mus musculus have been 

intensively researched, and several e ffec ts  are well known. The Whitten 

effec t describes the induction of regular 4-5  day oestrous cycles in adult 

female mice a fte r exposure to male urine (Whitten, 1956, 1958; Marsden and 

Bronson, 1964). When juvenile female mice were exposed to the urine from 

adult male mice, the onset of puberty and firs t oestrus was accelerated.



This phenomenon is known as the Vandenbergh e ffec t (Vandenbergh, 1967, 

1969). As little as 0.03 ml of adult male urine applied daily to the oral- 

nasal grooves of a post-weanling female (aged between 21-27 days) is 

sufficient to accelerate the onset of firs t oestrus by an average of 6 

days (Colby Si Vandenbergh, 1974).

The production of this puberty accelerating chemosignal in adult males 

is under hormonal control, and is sensitive to changes in androgen levels. 

Lombardi, Vandenbergh & Whitsett, (1976) found that two days a fte r  

castration, pheromonal activity of adult male urine declined significantly, 

but a single 1 mg dose o f testosterone given to the castrated male brought 

urinary pheromonal activity back within 24 hours. They were also able to  

stimulate production of the pheromone in females treated with testosterone, 

confirming the androgen dependence (Lombardi et aL, 1976).

Lombardi et al (1976) also found that activity of the puberty 

accelerating pheromone was significantly correlated with urinary protein 

levels. Earlier work had shown the puberty acceleration fac to r to be heat 

labile, non-dialysable, non-extractable in ether and could be precipitated 

with ammonium sulphate, all characteristic of proteinaceous material. 

However treatment with a proteolytic enzyme could not remove the 

activity, implying that the pheromone may be a peptide fragment or that a 

protein was acting as a carrier for a smaller molecule (Vandenbergh, 

Whitsett Si Lombardi, 1975). The steroid dependence of the factor suggests 

that the protein or peptide part of the pheromone may be manufactured 

under androgen control in the liver, known to be a site of production of 

androgen dependent proteins (Vandenbergh et al, 1976). The puberty 

accelerating pheromone has also been found to be produced by males in wild 

populations of mice (Massey Si Vandenbergh, 1981).

Another primer pheromonal e ffec t o f male mice was discovered by 

Hilda Bruce. She observed that if a stud male was taken from his mate's 

cage and replaced with a strange male within 2-3 days of mating, 

implantation of the blastocyst in pregnant females was prevented in a high 

proportion (70-80%) of females (Bruce, 1959). The urine of the strange 

male alone was sufficient to mediate the response, which was also found to  

be androgen dependent as urine from castrated males was ineffective, and 

androgenization of the castrated males restored the activity (Bruce, 1965). 

The chemical nature of the pregnancy block pheromone has received 

investigation by Marchlewska-Koj (1983). Fractionation of urine by column



chromatography and subsequent bioassay of the component fractions was 

carried out. As with the puberty accelerating pheromone, activity was also 

found to be associated with a protein fraction of the urine. The 

phenomenon of pregnancy block in mice has produced a good deal of

discussion, the main argument being that it is a laboratory a rtifa c t  

because in the wild, natural selection should theoretically avoid the

evolution of such a system as it does not enhance the individual fitness of

females. Bronson (1968) speculated that it may promote male competition 

while more recently Dawkins (1976) puts forward the theory that pregnancy 

block would be an advantage if  the female is deserted by the stud male.

She would be free to mate again more quickly with a male who would provide 

the necessary parental care.

Since their discovery a great deal of work has been carried out to  

investigate the physiological e ffects  of mouse primer pheromones. The

stimulatory pheromones produced by males all appear to lead to a common 

physiological response in the recipient female, namely an increase in 

circulating levels of luteinizing hormone (Bronson, 1974) and a decrease in 

prolactin (Ryan & Schwartz, 1980; Keverne, 1982). Keverne and Rosser

(1986) put forward a convincing explanation of the pregnancy block based 

on an understanding of the physiological e ffects  o f exposure to the male 

pheromone. A fter chemoreception of the male pheromone, plasma 

concentrations of prolactin, which is luteotrophic in the mouse, fa ll, while 

luteinizing hormone (LH) may rise. The subsequent e ffects  on the female 

recipient then depend on her reproductive status. If  the female is sexually 

immature, then puberty acceleration (the Vandenbergh e ffec t), may be

brought about by increased LH resulting from stimulation of the

hypothalamus to secrete gonadotrophin releasing hormone (GnRH) (Wuttke et 

al, 1980). In mature animals the result o f lowered prolactin would be 

oestrus induction and ovulation (the Whitten e ffec t), because progesterone 

secretion from the corpus luteum decreases. This in turn removes the 

inhibitory feedback effec ts  o f progesterone on the hypothalamo-pituitary 

axis, and as a consequence ovarian cyclicity is restored. However, if the 

female has been fertilized but is still exposed to the stimulatory e ffec ts  

of the male pheromonal signal, then lowering prolactin in the firs t three 

days a fte r mating will interfere with implantation. The blastocyst will enter 

a state of diapause to be lost at the next oestrus period, therefore giving 

rise to the Bruce e ffec t.



A fter mating, the continued presence of the male will mean that the 

female will still be exposed to her mate's pheromones, which, if they 

continue to lower prolactin, will prevent implantation. Therefore the female 

must circumvent the normal e ffects  o f these pheromones, or the Bruce 

e ffec t will occur. Keverne (1986) has found that the stimulus of mating 

activates noradrenergic pathways which project into the olfactory and 

accessory olfactory bulbs, and these imprint a pattern of the stud male's 

characteristic scent. The female then subsequently recognises this male and 

is not physiologically responsive to his pheromones. However, an unfamiliar 

male with a non-imprinted odour will not be recognised, and if the newly 

mated female is exposed to such a male, his pheromones will produce the 

pregnancy block.

Further investigations have confirmed that inhibition of prolactin 

release is the central physiological factor in mediating the male mouse 

pheromone effects  (Rosser et al., 1989). A fter mating in the mouse, two 

daily surges of prolactin occur which maintain the corpora lutea formed 

afte r ovulation (Barkley et al., 1978). Rosser et al. (1989), have shown 

that two 4 h periods of exposure of newly mated mice to the urine o f a 

strange male mouse could cause pregnancy block, provided that these 

periods of exposure were coincident with both the daily prolactin surges. If  

the exposure to the urine of a strange male fo r an equivalent time period 

occurred between the prolactin surges, or only coincided with one of the 

surges, then pregnancy block did not occur. A dopamine agonist, which 

lowers prolactin, given coincident with both daily prolactin surges gave the 

same e ffec t as the pheromone-containing urine. Endogenous opioid peptides 

did not appear to be involved in the pheromone-induced suppression of 

prolactin, because administration of an opioid antagonist during the 

prolactin surges did not prevent pregnancy block (Rosser et al., 1989).

Female mice also produce primer pheromones. When singly housed female 

mice are in oestrus, or are pregnant or lactating, their urine contains a 

pheromone which, like that of the male, is able to accelerate puberty in 

young females and promote oestrus in adults (Drickamer, 1982). Conversely, 

van der Lee and Boot noticed that when females were housed in groups of 

4 or 5 (in the absence of males), a higher than normal incidence of 

prolonged dioestrus occurred compared with singly housed females (van der 

Lee Si Boot, 1955). The facto r is present in the urine of the females, and 

its activity related to the density and duration of grouping of the females



(Coppola Si Vandenbergh, 1985). This oestrus suppressing factor will be 

described in more detail in section 1.2.2.2.

Having described the main semiochemical events which influence 

reproduction in mice and their physiological e ffects  and consequences, it is 

interesting to speculate on the possible evolutionary benefits. Keverne and 

Rosser (1986) present a clear interpretation of the facts . By considering 

the normal lifespan, time to firs t oestrus, gestation and weaning of a 

female mouse and comparing this with females undergoing pheromonally 

induced puberty acceleration and post partum oestrus induction, Keverne and 

Rosser argue that reproductive success could be doubled with the latter. 

With the evolutionary advantages the females gain, however there is the 

problem that the male pheromone can also cause pregnancy block and 

therefore lower reproductive success. Female mice have therefore evolved a 

system of imprinting the stud male's odour once mating has occurred and 

become unresponsive to any further pheromonal stimulation. In natural 

populations the pregnant female will rarely encounter other males a t this 

time, but in unusual or abnormal circumstances such as in the laboratory, a 

strange (or non-imprinted) male may be present. His odour will not be 

recognised by the female and therefore pregnancy block will result.

Although most research has concentrated on the mouse, the primer 

pheromone effects  described here have also been observed in other species 

of rodents. The dramatic population fluctuations which Microtine rodents 

undergo has prompted an investigation of the social factors influencing 

reproduction. Puberty acceleration and induction of oestrus by pheromones 

has been reported in several species of vole, including: the meadow vole, 

Microtus pennsylvanicus (Baddaloo & Clulow, 1981); the prairie vole, Microtus 

ochrogaster (Carter et al, 1980; Dluzen et al, 1981; Carter et al, 1987), 

and pine voles Microtus pinetorum (Lepri Si vandenbergh, 1986). In the 

prairie vole, a single drop of male urine placed on the upper lip o f the 

female caused an increase in plasma LH concentrations within one minute, a 

similar physiological response to that seen in mice exposed to male 

stimulatory pheromones (Carter et al, 1980; Dluzen et al, 1981). Puberty 

acceleration factors have also been reported in the urine of male prairie 

deer mice, Peromyscus maniculatus bairdii (Lombardi Si Whitsett, 1980) and 

the ra t, Rattus norvegicus. It is interesting to note that male ra t urine 

can accelerate puberty in the female mouse (Colby Si Vandenbergh, 1974),



suggesting that this pheromone may be chemically similar between the two 

species.

1.2.1.3 INDIVIDUAL ODOUR RECOGNITION

In addition to the pheromonal e ffects  already described, mice and 

rats also use odour signals to communicate individual identity. Yamazaki et 

al (1976) were the firs t to report that two strains of mice which were 

genetically identical except fo r one chromosomal region occupied by the 

class I major histocompatibility (MHC I) group of genes, were able to 

distinguish one another by odour alone. They noticed this as a result of 

mating preferences -  mice with differences at the MHC I locus were more 

likely to form a breeding pair. The MHC I is a complex of genes responsible 

fo r the production of proteins involved in immunological functions. 

Specifically, they form glycoproteins that are incorporated into the cell 

membrane and give an individual its unique "tissue type", and in humans are 

the cause of rejection in transplant surgery. Some insight as to how 

proteins from these genes could produce urinary odour compounds has been 

gained by Singh, Brown and Roser (1987). They report that MHC I proteins 

are constantly excreted in the urine o f rats and so are always present per 

se or as breakdown products, producing a characteristic odour. Brown et al 

(1990) have reported that rats raised in sterile conditions are unable to 

discriminate conspecifics differing genetically only at their MHC I locus, but 

when infected with a mixture of commonly encountered bacteria, the ability 

to discriminate was acquired. This implicates microorganisms in the 

generation of the odours, possibly by acting upon the MHC 1 proteins to 

release volatile chemicals. As with mice, untrained rats were able to 

discriminate between the urine of donors differing only at the MHC I locus. 

Some of the genes in the MHC I group are subject to a high frequency of 

mutation, making it unlikely that two unrelated individuals will have identical 

MHC I types, and therefore giving rise to highly specific urinary odour 

profiles. Yamazaki, Beauchamp and Boyse (1986) have gone on to consider 

how individual odour production may relate to the phenomenon of pregnancy 

block (see section 1.2.1.2), and report that when the stud male and 

unfamiliar male d iffer at the H-2 K gene of the MHC I, the incidence o f the 

Bruce e ffec t was higher (Yamazaki et al 1986). Thus it would appear that 

at least in mice (and possibly in many other species as the MHC I is found 

in all vertebrates), that each animal is capable of producing its own unique



urinary odour profile which is readily distinguishable by conspecifics.

Recognition of an individual by odour could play an important role in 

the social life of an animal like the naked mole-rat, where lack of vision 

necessitates a greater reliance on the other senses. Although naked mole- 

rats are highly inbred as a result of their lifestyle, the MHC 1 (which is 

highly polymorphic even in inbred strains of mice) could provide a mechanism 

by which individual mole-rats may be readily identified from their odour by 

colony mates. Although in mice the MHC I odour cues appear to function to 

prevent inbreeding, it is possible that the system could be used for  

different purposes in other species. For example, in the naked mole-rat, 

communication of the identity and status of an individual, particularly the 

queen, could play an important role in maintaining the social order within 

the colony.

1.2.1.4 THE VOMERONASAL ORGAN

Most mammals possess five distinct structures fo r olfactory  

chemoreception. These are the primary olfactory epithelium, the vomeronasal 

organ (or accessory olfactory system), the septal organ of Rodolfo-Masera, 

sections of the trigeminal nerve, and terminal endings of the nervus 

terminalis. Of the primer pheromones investigated so fa r , it appears that 

most act via the vomeronasal organ, sometimes called the organ of 

Jacobson. The suppression of oestrus that occurs in group-housed female 

mice has been shown to be mediated by the vomeronasal system (Reynolds St 

Keverne, 1979). Following removal o f the vomeronasal organ, the puberty 

acceleration and oestrus induction seen in female mice and rats on exposure 

to male chemosignals is blocked (Lomas St Keverne, 1982), and the Bruce 

e ffec t is prevented (Bellringer et al, 1980). In addition, studies by Wysocki 

et al (1986) have revealed that following vomeronasal organ removal, many 

male hamsters and mice fa il to mate and aggression between mice is 

substantially reduced, confirming the importance of the organ fo r normal 

reproductive behaviour.

The vomeronasal organ is present in nearly all mammals, notable 

exceptions being Cetaceans and other aquatic species, some of the 

Chiroptera, Old World monkeys and Man (Harrison, 1987). In ungulates and 

felids use of the vomeronasal organ to investigate odours, in particular 

from the ano-genital region or freshly voided urine, is usually accompanied 

by a characteristic behaviour called "flehmen" or lip-curl (Estes, 1972). It



is thought that this process is used to draw chemosignals through the 

mouth and into the vomeronasal organ via the nasopalatine canal and is 

therefore analogous to sniffing in the use of the primary olfactory  

epithelium. Flehmen is not seen in canids, rodents or most primates but it 

is known that some of these mammals have a vascular pumping mechanism 

that operates during licking and nuzzling to suck materials into the organ 

(Meredith & O'Connell, 1979). Contact with urine is essential fo r non

volatile compounds to reach the receptors. Wysocki et al (1980) showed 

this experimentally by allowing guinea pigs to investigate urine spiked with 

rhodamine, a non-volatile dye. The olfactory system was subsequently 

examined using epif luorescence microscopy, and the dye detected in the 

vomeronasal and septal organs.

The vomeronasal organ is anatomically separate from the primary 

olfactory epithelium, and has different neural connections to the brain. The 

organ is usually bilateral with two blind ending fluid filled tubules, residing 

at the base of the nasal septum or the hard palate. The duct through

which chemosignals gain access to the sensory epithelium o f the

vomeronasal organ opens into the roof of the mouth, into the nose, or into 

the nasopalatine canal, depending on the species. Signals from the receptors 

are passed via the vomeronasal nerve and the accessory olfactory bulb to 

the amygdala, preoptic area, stria terminalis and hypothalamic regions of 

the brain (Wysocki et al, 1986). These are areas of the limbic brain known 

to play an important role in reproduction. For example, in rats the 

ventromedial hypothalamus and preoptic area are involved in sexual

behaviour, and also together with the mediobasal hypothalamus regulate 

gonadotrophin release (for review see Everitt et al, 1983).

The naked mole-rat, like other rodents has a vomeronasal organ.

Although the exact anatomical details have yet to be elucidated, the organ 

appears to consist of bilateral tubules which extend backwards parallel to 

the roof of the mouth, and no naso-palatine canal is present (J. Barrett, 

pers. comm.). The role of the vomeronasal organ in the reproductive biology 

of the naked mole-rat is at present unknown.



1.2.2.2 REPRODUCTIVE SUPPRESSION IN RODENTS

In addition to the stimulatory effects  of primer pheromones described 

in section 1.2.1.2., there are many examples of pheromonally-induced 

suppression of reproduction in rodents. These may act in different ways to 

cause inhibitin of fe rtility , fo r example by delaying sexual maturation and 

puberty, by suppression of oestrus and ovulation, and by interfering with 

embryo implantation.

Perhaps the most commonly reported form of pheromonal contraception 

observed in rodents is suppression of puberty. First described by van der 

Lee St Boot (1955), to explain the delay in sexual maturation and increase in 

cycle length seen in group-housed female mice, the e ffec t is now known to 

be due to a chemosignal present in the voided urine of group housed females 

(Cowley St Wise, 1972). Interestingly, the active puberty delaying fac to r is 

present in the bladder urine of all female mice, irrespective of age or 

density of grouping, suggesting that activation and deactivation of the 

pheromone may occur in the urethra. This was confirmed when bladder urine 

containing the active pheromone was incubated with homogenised urethras 

from singly housed females, and the puberty delaying ability lost (McIntosh St 

Drickamer, 1977). This unusual pheromonal control system is itself under the 

influence of yet another chemosignal, a fa c t that became apparent a fte r  

group-housed females had their vomeronasal organs surgically removed. These 

individuals failed to release the puberty delay pheromone because an essential 

olfactory signal was prevented from acting (Lepri et al, 1985). Further 

evidence to support this was obtained when singly-caged female mice were 

induced to release the puberty delay chemosignal a fte r exposure to urine 

from group housed females (Drickamer, 1982). Therefore, when female mice 

are housed in groups a chemosignal is produced which, acting via the 

vomeronasal organ causes the deactivation mechanism of the puberty delay 

pheromone in the urethra to be "switched o ff" and the active puberty delay 

pheromone is excreted in the voided urine (Drickamer, 1982; Lepri et al, 

1984). This is perhaps the best researched example of pheromonally-induced 

suppression of reproduction in rodents, and a diagrammatic representation of 

the sequence of events is summarised in Figure 1.3.



FIGURE 1.3 -  Control and release of the mouse puberty delay pheromone. 
VNO= Vomeronasal organ, A= active puberty delay signal, a =  inactive puberty 
delay signal.
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The presence of the puberty delay pheromone in mouse urine is not

affected by ovariectomy, but appears to be associated with adrenal function, 

because it is abolished by adrenalectomy (Drickamer et al, 1978; Drickamer & 

McIntosh, 1980). It is also potent and effective at very low doses. 

Drickamer Cl 984) has shown that a daily dose of 0.001 ml urine from 

grouped females produced a significant delay in puberty when applied to the 

noses of juvenile females, compared to controls, while doses of 0.0001 ml

were still effective but the response was reduced.

The mouse puberty delay pheromone is one of the few mammalian primer 

pheromones to have been chemically characterised. Analysis of urine using 

gas chromatography-mass spectrometry techniques has shown that the 

pheromone is not one, but several volatile compounds. Comparing analytical

data from intact, group-housed female mouse urine which contains the 

pheromone, to that of urine from adrenalectomized females which do$s not 

contain the pheromone, differences in concentrations of certain volatile 

compounds were seen. In particular, six compounds were consistently higher in 

urine containing the pheromone: 2-heptanone, trar»s-4-hepten-2-one, tran s-5 - 

hepten-2-one, n-pentyl acetate, c/s-2-penten-1-yl-acetate and 2,5-dimethyl 

pyrazine. When these compounds were all collectively spiked into the urine of 

adrenalectomized mice and this urine bioassayed, they were found to have the 

full biological activity of the pheromone. The pyrazine also had some e ffe c t 

when added on its own to adrenalectomized mouse urine, significantly

increasing the time to firs t oestrus compared with controls. The two acetate  

esters also significantly delayed puberty compared to controls, but the three 

ketones on their own had no significant e ffec t. These results illustrate that 

compounds may act synergistically to produce the final pheromonal e ffec t 

(Novotny et al, 1986).

The influence of suppressing pheromones produced by group-housed

female mice can extend beyond puberty delay in juveniles to cause inhibition 

of oestrus and ovulation in mature animals. Elevation o f prolactin is

implicated in the physiological mechanism mediating the response (Reynolds &

Keverne, 1979; fo r review see Milligan, 1980). In the mouse, prolactin is a 

luteotrophic agent and therefore in cycling females its elevation will maintain 

the corpus luteum and its secretion of progesterone. This results in extended 

periods of dioestrus (the luteal phase of the cycle) similar to those seen 

during pseudopregnancy, with a delay in the ensuing oestrus and ovulation. In 

large groups (30 animals) complete suppression of ovulation may occur



resulting in a state of anoestrus (Whitten, 1959), presumably due to extreme 

or sustained hyperprolactinaemia.

The suppressing pheromone released from group-housed female mice has 

also been been found in the urine of wild house mice. Urine collected from 

females living in high density populations was able to suppress puberty in 

captive singly-housed juvenile females. However, urine collected when 

population density was low failed to delay puberty (Massey and Vandenbergh, 

1980; Coppola, 1986). This density-dependent release of pheromones may 

therefore play an important role in regulating natural rodent populations by 

controlling the rate of sexual maturation.

Suppression of puberty has also been observed in dense laboratory 

populations of the prairie deer mouse, Peromyscus maniculatus bairdii where 

only about 10% of females reproduce even in conditions of excess food and 

water. The non-breeding or suppressed individuals have reduced body weights 

and underdeveloped reproductive tracts (Kirkland & Bradley, 1986). However, 

when these non-breeders are removed from the group they become sexually 

active and 70% reproduce within 50 days (Terman, 1973). The specific nature 

of the environmental cues responsible for this suppression remains unclear, 

although both behavioural or tactile  cues, and olfactory chemosignals have 

been implicated (Terman, 1987). In this species, male deer mice are also 

inhibited in their sexual maturation -  juveniles exposed to soiled bedding 

containing urinary chemosignals from the cages of adult males, had growth 

of testes and seminal vesicles retarded. The urine of adult females had no 

effec t on males, implying a specific pheromone was involved in male 

suppression (Lawton & Whitsett, 1979). However, other studies of juvenile 

male prairie deermice have not found such clear evidence fo r the involvement 

of pheromones in suppression of reproduction (Terman, 1987). Kirkland & 

Bradley (1986) have shown that serum prolactin levels are reduced in both 

reproductively inhibited males and females, suggesting that suppression of 

prolactin may be involved in the physiological suppression mechanism. In the 

ra t, hypoprolactinaemia has been shown to be associated with delay puberty 

in females (Advis et al, 1981).

Pheromonal inhibition of puberty is a common feature among high- 

density populations of microtine rodents, e.g. bank voles , Clethrionomys 

glareolus (Kruczek and Marchlewska-Koj, 1986); pine voles, Microtus pinetorum 

(Lepri, 1986; Lepri & Vandenbergh, 1986); Californian voles, M. californicus 

and the prairie vole, M. ochrogaster (Batzli et al, 1977). However, puberty



d e la y  is  n o t  n o r m a l l y  seen  in t h e  m eadow  v o le  M. pen n sy lvan icus  and t o  

e x p la in  t h i s  s p e c ie s  d i f f e r e n c e  B a t z l i  e t  a l  h y p o th e s is e d  t h a t  r e p r o d u c t i v e  

s u p p r e s s io n  m ay be r e l a t e d  t o  h a b i t a t .  T h e y  a rg u e d  t h a t  in t h e  c a s e  o f  M. 

c a h f o r n ic u s  a n d  M . o c h r o g a s te r ,  w h ich  l iv e  in e x te n s i v e  g r a s s la n d  h a b i t a t s ,  

t h e  b e s t  s u r v i v a l  s t r a t e g y  w o u ld  be  f o r  t h e  y o u n g  t o  le a v e  t h e  f a m i l y  b e f o r e  

b re e d in g .  R e p r o d u c t i v e  s u p p r e s s io n  w ou ld  e n f o r c e  t h i s .  C o n v e rs e ly ,  t h e  m eadow  

v o le s  h a b i t a t  is s m a l l  p a t c h e s  o f  m o is t  m eadow  o r  m a rs h  and  new a r e a s  

m u s t  c o n t i n u o u s ly  be  in v a d e d .  B re e d in g  a m o n g s t  s ib l in g s  w o u ld  be  f a v o u r e d

b e c a u s e  s t r a n g e  m a te s  m ay  n o t  a lw a y s  be a v a i la b le  a n d  r e p r o d u c t i v e  

s u p p r e s s io n  w ou ld  be  a d i s a d v a n t a g e .  F u r t h e r  e v id e n c e  in s u p p o r t  o f  t h i s

t h e o r y  w as  o b ta in e d  when t w o  o t h e r  s p e c ie s  o f  m i c r o t i n e  r o d e n t s  w e re

s tu d ie d .  T he  b ro w n  lem m ing, Lemmus s ib ir ic u s  i n h a b i t s  e x t e n s iv e  r e g io n s  o f  

a r c t i c  t u n d r a ,  and  e x h ib i t s  r e p r o d u c t i o n  s u p p re s s io n ,  w h i le  t h e  t u n d r a  vo te ,  

M. oeconom us  is l im i te d  t o  s m a l l  p a t c h e s  o f  h a b i t a t  w i t h in  th e  tu n d r a ,  and  

l ik e  th e  m eadow  v o le ,  d o e s  n o t  h a v e  r e p r o d u c t i v e  s u p p r e s s io n  ( F a c e m i r e  & 

B a t z l i ,  19 8 3 ) .

R e p o r t s  o f  r e p r o d u c t i v e  s u p p re s s io n  w h ic h  a r e  m a n i f e s t  a s  a p o s t -  

c o p u l a t o r y  b lo c k  a r e  s c a r c e ,  t h e  b e s t  k n o w n  e x a m p le  b e ing  t h e  m a le - in d u c e d  

B r u c e  e f f e c t  o b s e rv e d  in f e m a le  m ice  (B r u c e ,  1 9 5 9 ) .  T h e re  is  s t i l l  som e

d e b a te  as  t o  w h e th e r  o r  n o t  t h i s  p h e n o m e n o n  is  a co m m o n  o c c u r r e n c e  in w i ld  

p o p u la t i o n s ,  and  m ay be a l a b o r a t o r y  a r t i f a c t  (K e v e rn e  &  R o s s e r ,  1 9 8 6 ) .

H o w e v e r ,  H a ig h  e t  a l  ( 1988 ) h a v e  r e p o r t e d  an  e xa m p le  o f  p h e r o m o n a l l y -  

in d u c e d  im p la n t a t i o n  f a i l u r e  in t h e  w h i t e - f o o t e d  m o u se , P e ro m y s c u s  leucopus,

a c lo s e  r e l a t i v e  o f  t h e  p r a i r i e  d e e rm o u s e .  T h e y  o b s e rv e d  t h a t  in c a p t i v i t y ,  

f e m a le s  f a i l e d  t o  p r o d u c e  o f f s p r i n g  when p a i re d  w i t h  a m a le  f r o m  w e a n in g  t o  

150 d a y s  o f  age  i f  an a d u l t  f e m a le  o r  he r  o d o u r  w as  p r e s e n t .  The  sa m e  

r e s u l t s  w e re  a ls o  o b ta in e d  in a n o th e r  e x p e r im e n t  l a s t i n g  3 0 0  d a y s .  T h is  is  

w e ll  i n  e x c e s s  o f  th e  n o rm a l  l i f e  e x p e c t a n c y  o f  t h e  w h i t e - f o o t e d  m ouse  in 

th e  w ild  and  t h e r e f o r e  r e p r e s e n t s  a c o m p le te  s u p p r e s s io n  o f  r e p r o d u c t i o n .  

T h e s e  s u p p re s s e d  fe m a le s  w e re  f o u n d  t o  be  m a t in g  a n d  o v u la t i n g ,  w i t h

f e r t i l i z a t i o n  o c c u r r i n g .  So i t  w ou ld  a p p e a r  t h a t  t h e  b lo c k  t o  r e p r o d u c t i o n  

o c c u r s  a t  i m p la n t a t i o n ,  o r  d u r in g  th e  f i n a l  s t a g e s  o f  e m b ry o  t r a n s p o r t  t o

th e  u t e r u s .  F ie ld  s tu d ie s  h a v e  show n  t h a t  in n a t u r a l  p o p u la t io n s  o f

Pero m yscu s ,  r e p r o d u c t i o n  is r e s t r i c t e d  t o  o n ly  a f e w  a d u l t  f e m a le s  (M e tz g e r ,  

197 1; T ru d e a u  e t  a I, 1980 ) ,  t h u s  th e  p h e ro m o n e  m a y  a ls o  be  o p e r a t in g  in th e

w ild .  T h e s e  i n h i b i t o r y  e f f e c t s  in t h e  P ero m yscu s  g e n u s  a r e  m o re  d r a m a t i c

t h a n  t h e  s u p p r e s s i o n  s e e n  in th e  h o u s e  m o u s e ,  and  m o re  a k in  t o  th e



situation in naked mole-rat colonies.

1.2.3 REPRODUCTIVE SUPPRESSION IN OTHER NON-PRIMATE MAMMALS

Moving up the phylogenetic scale from rodents, there are many other 

examples of reproductive suppression amongst group-living animals. In the 

mongoose family Viverridae, nine of the 31 species are group living and at

least three of these are known to have dominant breeding animals with some

form of inhibition of reproduction in non-breeders: the banded mongoose

Mungos mungo (Rood, 1984), the dwarf mongoose Helogale parvula (Rood, 

1980; Rasa, 1989), and the meerkat Suricata suricatta  (D.W. MacDonald, 

pers. comm.). The dwarf mongoose is found in groups which average 10

individuals but may number up to 27. Breeding is mostly restricted to the 

dominant a-female but sometimes subordinates become pregnant in synchrony 

with the breeding females. However litters from these subordinates are not 

raised. Other non-breeding females may mate but do not become pregnant, 

implying a post-copulatory block to reproduction. The exact mechanisms of 

reproductive suppression are at present unknown (Rood, 1980). Unlike most 

rodent examples of reproductive suppression which result from high population 

densities and may function to slow down further increase in numbers, 

suppression in the mongoose appears to play a different role. Like the naked 

mole-rat, the mongoose has a division of labour with some animals assisting 

the breeding female in rearing young, to the extent that non-pregnant 

females may sometimes even lactate (Rood, 1980). Because food is plentiful 

there is no need fo r co-operative foraging and the most important function 

of group life is anti-predator behaviour, where individuals watch fo r danger 

from vantage points such as termite mounds, and emit warning calls to the 

other pack members should the need arise. Several animals are more likely to 

spot the numerous ground and aerial predators than one individual, and for 

the mongoose predation has probably been the main selective pressure for 

group living (Rood, 1980). This protection against predators, together with 

greater efficiency in care of young increases the chances o f survival for 

the mongoose. Although in the short term the majority of colony members 

are prevented from breeding, eventually most will benefit from their altruistic 

behaviour when they produce their own litters amidst the security of the 

pack (Rood, 1980, 1984; Rasa, 1989).

More examples of reproductively suppressed "helpers" assisting in 

rearing of young can be found amongst other carnivores. The silvei—backed



jackal Canis mesomelas lives in family groups comprising dominant parents 

with socially subordinate offspring, who usually remain in the pack fo r their 

firs t year to help raise the next litter. These subordinates forage fo r and 

provision the group with food, and guard pups whilst the parents hunt, but 

remain sexually inactive even though they may be old enough to breed 

(Moehlman, 1983). The advantages of having helpers is reflected in the 

survival rates of pups -  on average the reproductive success of a family 

increases by 1.7 pups with the addition of each helper. Because parents are 

monogamous, all offspring are full siblings and helpers are as closely related 

to pups as they would be to their own offspring. Therefore helpers can do 

more to ensure the survival o f their own genes by caring fo r brothers and 

sisters before raising litters of their own. Golden jackals also employ 

helpers in the rearing of offspring, but the improval in pup survival is not 

as marked as with silver-backed jackals (Moehlman, 1984).

1.2.2.4 REPRODUCTIVE SUPPRESSION IN PRIMATES

Apart from the influence of pheromones, stress produced by 

behavioural harassment can also play an important role in producing a state  

of infertility, particularly in the case of higher primates and humans. Clinics 

report increasing cases of infertility in women due to physical or 

psychological stress (Dunbar, 1985; Hull, 1981). Women athletes at the peak 

of physical fitness often experience abnormal or infrequent menstrual cycles 

(Mesaki et al, 1984a), and early commencement of hard athletic training can 

delay the onset of menarche (Mesaki et al, 1984b). In these examples among 

athletes, however, loss of body weight may also play a part in the 

suppression of reproduction.

In the prosimian primate, the lesser mouse lemur Microcebus murinus, 

pheromonally-induced reproductive suppression occurs in the male. This is 

one of the few primate species studied to date where olfaction is directly 

involved in reproductive suppression in the form of a primer pheromone, 

although social dominance also plays a role. The sexual activity of males is 

induced under long photoperiod, and at this time plasma testosterone levels 

rise significantly. However, if isolated males are exposed to the urine of 

dominant conspecifics, this seasonal increase in testosterone is significantly 

reduced, and in addition plasma cortisol levels rise. This e ffec t was produced 

even when the recipient males had had no previous contact with the dominant 

urine donor, implying that a specific pheromone e ffec t rather than a learning



process was involved (Schilling, Perret Si Predine, 1984). Preliminary chemical 

analysis of dominant and non-dominant urine revealed quantitative rather than 

qualitative differences, particularly amongst the volatile fa tty  acid content 

of the urine from dominant and subordinate males. Chemical separation and 

behavioural testing of urine from dominant males showed that the ether 

extractable lipid fraction contained the active pheromonal factors. This data 

together with the fa c t that castrated dominant males lost the active 

factors  in their urine, suggests that the pheromone may be a steroid or 

derivative, or steroid dependent (Schilling Si Perret, 1987). The physiological 

response to the pheromone appears to be an elevation of prolactin, because 

the pheromonally-induced suppression of testosterone in subordinate males 

can be prevented by administering the dopamine agonist bromocriptine, which 

lowers plasma prolactin concentrations. Conversely, increasing prolactin 

concentrations with sulpiride mimicked the pheromone e ffec t in males treated  

with non-odorized air (Perret Si Schilling, 1987). Hyperprolactinaemia is well 

known to inhibit reproductive processes in several species, and can a ffe c t  

sexual behaviour (Bailey et al., 1984) and lower luteinizing hormone levels 

(McNeilly et al., 1978). The suppressing chemosignal produced by the dominant 

male mouse lemur could play an important role in the wild, where during the 

breeding season, territories of several females overlap that of a central 

male. This central male is dominant over other surrounding males holding 

peripheral territories. By scent marking with urine, the dominant male could 

reduce competition by inhibiting the seasonal onset of reproductive condition 

in these peripheral males, and increase his own chances of successfully 

mating with the surrounding females (Schilling Si Perret, 1987).

Many primates live in social groups with a number of species having a 

dominant breeding pair which impose varying degrees of reproductive 

suppression on socially subordinate individuals. In females, suppression can 

range from a total block to reproduction by inhibition of ovulation, e.g. the 

marmoset Callithrix jacchus (Abbott, 1988), cotton top tamarin Saguinus 

oedipus (French et al, 1984) and saddle back tamarin Saguinus fuscicollis 

(Epple Si Katz, 1984), to other species where females still maintain a level 

of sexual activity, but conception and birth rates are lower than in dominant 

females. A good example of the latter is seen in wild populations of gelada 

baboons, Theropithecus gelada, where the number o f offspring is correlated 

with rank in the dominance hierarchy of a group. Low ranking females are 

mounted by males and receive similar frequencies of ejaculations as dominant



females but produce fewer offspring (Dunbar, 1977, 1980, 1989). Dunbar

observed that when subordinates were in oestrus, the frequency of attack  

and agonistic interactions from more dominant females increased 

significantly, in fa c t, attacks were 50% more common. It seems likely that 

the stress of this harassment during oestrus disrupted the female's ovarian 

cycle causing an ovulation failure or led to spontaneous abortion soon a fte r  

fertilization.

The physiological implications of low social rank have been investigated 

in captive groups of the talapoin monkey, Miopithecus talapoin, which form  

social hierarchies (Bowman et al., 1978; Keverne, 1979; Keverne et al., 1984; 

Abbott et al, 1986). In this species, socially subordinate females in captivity 

received more aggression, less sexual attention from males, and were less

likely to conceive than dominant, high-ranking females. The low ranking 

female talapoins (which were ovariectomised with oestradiol implants), were 

shown to be unable to respond with an LH surge when given an exogenous 

oestrogen challenge, implying that the ovarian failure may be due to inhibited 

gonadotrophin secretion. Over the course of a year, levels of both cortisol 

and prolactin were also found to be significantly higher in subordinate

talapoins compared with dominant animals. Keverne (1979) suggested that 

these higher levels of prolactin in subordinate talapoins may produce a 

suppression of reproductive function, similar to the hyperprolactinaemia 

related amenorrhoea reported in humans. However, in captive groups of 

talapoins, not all subordinate females had suppressed ovarian function. Out 

of three groups of talapoins that were studied, 3 o f 5 females who held the 

more dominant Ranks 1-3 became pregnant, while only 1 of 7 subordinate 

females who held Ranks 4 -6  became pregnant (Abbott et al, 1986). Thus 

reproductive success was influenced by social status. Subordinate male 

talapoins are also reproductively suppressed, but by a different mechanism to 

females. Ejaculatory mounts with females are restricted to the dominant 

Rank 1 male or sometimes to the top two ranking males. These dominant

males behaviourally suppressed subordinates by aggressive intervention when 

the latter tried to interact with females. These males showed normal

spermatogenesis and sperm production, and could not be induced to increase 

their sexual activity by administration of exogenous testosterone, indicating 

that their suppression was not due to a physiological imbalance (Keverne, 

1979; Keverne et al, 1984; Abbott et al, 1986).



More extreme examples o f reproductive suppression are seen in the New 

World primates, the marmosets and tamarins. Breeding in the common 

marmoset is monopolised by the dominant female in both wild (Stevenson, 

1978; Stevenson St Rylands, 1988) and captive (Abbott St Hearn, 1978) 

groups. Marmosets placed together in peer groups in captivity soon establish 

a social hierarchy as a result o f behavioural interactions, characterised by 

aggressive and submissive encounters between one another (Abbott St Hearn, 

1978). In fe rtility  in socially subordinate females is due to  a lack o f normal 

ovarian cycles and ovulation (Abbott St Hearn, 1978) caused by insufficient 

gonadotrophic support from the anterior pitu itary with low plasma LH levels 

(Abbott et al., 1981). The suppression o f LH secretion and lack of 

ovulation seen in non-breeding female marmosets is a result o f their 

subordinate social status and can be reversed. I f  subordinates are removed 

from their peer groups and housed singly, the inhibitory signals acting on the 

animal cease, plasma LH levels rise to preovulatory values and ovarian 

cyclicity commences. I f  returned to their original groups and subordinate 

status, LH secretion is rapidly switched o f f  again and the female returns to  

an anovulatory s ta te  (Abbott, 1987). This inhibition o f p itu itary LH was most 

likely due in turn to an inhibition of hypothalamic GnRH. To investigate this, 

Ruiz de Elvira and Abbott (1986) tried to circumvent the proposed block to  

GnRH secretion by giving exogenous GnRH. This was achieved using both 

battery-driven  mechanical and osmotic mini-pumps housed in a lightweight 

backpack, and carried by the marmoset. Every one to two hours the pump 

administered a 1 pg dose o f GnRH via a subcutaneously implanted cannula, 

thus producing a pulsatile infusion. Using this GnRH replacement therapy it 

was possible to induce p itu itary  LH secretion corresponding to normal 

preovulatory plasma concentrations in subordinates whilst they remained in 

their social groups, providing strong evidence th at in subordinate females, 

reproductive suppression is a result o f inhibited hypothalamic GnRH secretion.

In contrast to  the talapoin monkey, elevated prolactin does not appear 

to  have an involvement in the suppression o f GnRH release in marmosets. 

Subordinate females do not have plasma prolactin levels elevated above those 

o f breeding females. This also applies to the adrenal hormone cortisol 

(Abbott et al, 1981; Abbott, 1986), which like prolactin is secreted a t times 

o f stress, and is known to be capable o f interrupting GnRH release (Dubey St 

Plant, 1985). What other fa c to rs  could be mediating the socially-induced 

disruption o f GnRH secretion in subordinate marmosets? As yet it is not



possible to answer this question with certainty, but an increased sensitivity 

to oestradiol negative feedback is strongly implicated as the primary fa c to r, 

with a secondary neural suppression mechanism involving endogenous opioids. 

Normally, removal of the ovaries results in a large increase in plasma LH 

levels because the negative feedback effects  of oestradiol on gonadotrophins 

are also removed. This normal response was seen in dominant breeding female 

marmosets. In subordinate females ovariectomy also produced a rise in LH, 

but the response was much reduced. Two conclusions can be drawn from this. 

Firstly, because ovariectomy of subordinates produced a rise in plasma LH, 

the ovary must normally be exerting a negative feedback e ffec t on the 

pituitary. However only very low levels of plasma oestradiol are found in 

subordinates, so their pituitaries must have an increased sensitivity to the 

feedback effects  of this hormone. Secondly, the lower post-ovariectomy 

(OVX) levels of LH in subordinates compared with OVX breeding females 

possibly implies that a second, steroid independent, mechanism may also be 

suppressing GnRH and therefore LH. Administration of the opiate receptor 

blocker naloxone in OVX subordinates causes plasma LH concentrations to 

increase to those seen in OVX dominants. This suggests that endogenous 

opioid peptides may be involved in this second, steroid independent 

suppression mechanism (Abbott, in press).

Reproductive inhibition in marmosets and tamarins is relatively extreme 

in comparison to higher primates, and may be unique in that pheromones are 

involved in imposing suppression. Unlike most Old World primates, Callitrichid's 

possess a vomeronasal organ, widely implicated in primer pheromone 

chemoreception in rodents (see section 1.2.1.4.). In addition, scent marking 

around feeding sites is an important behaviour, and thus all marmosets in a 

group come into close contact with these odours (Epple et al, 1979). Primer 

pheromone effects  of these scent marks have now been demonstrated in 

three species of Callitrichid primates. Out o f four subordinate saddle-back 

tamarins removed from their social groups and paired with a male, all 

commenced ovarian cyclicity, reflected in regular cyclical patterns of urinary 

oestrogen excretion. However, in another such separated female, the scent- 

marked plates from the home cage, containing odours from the dominant 

female were transferred daily. This separated subordinate female subsequently 

failed to show regular cyclical patterns of urinary oestrogen concentrations, 

indicative of ovarian cyclicity, until scent transfer was stopped (Epple St 

Katz, 1984). In cotton top tamarins, a delay in the onset of ovulation



occured in subordinates separated and paired with a male, but maintained in 

scent contact with their family groups (Savage et al., 1988), Similarly,

subordinate common marmosets separated from their social groups but kept 

in scent contact with them showed a significant delay in the onset of 

ovulation, implicating an inhibitory primer pheromone e ffec t (Abbott et al.,

1990; Barrett et al., 1989). However, when subordinate females where 

rendered anosmic by lesioning the primary or secondary (VNO) olfactory  

epithelia or both, while they remained in their social groups, they did not 

escape from suppression and remained acyclic. This indicates that while 

pheromones may play a role in suppression of reproduction in marmosets, 

behavioural or tactile  cues predominate (Abbott et al., 1990).

1.3 CONCLUSIONS AND AIMS OF RESEARCH

This introductory chapter has focused on the natural history of the

naked mole-rat and its unusual social and reproductive system. From the 

review of reproductive suppression in mammals, the examples given generally 

fall into two broad categories. In many rodents suppression results from 

increasing population densities, possibly acting to slow further growth and 

thereby prevent resources being ovei—exploited. Additionally, in rodents such 

as the prairie vole, reproductive suppression may encourage group dispersion 

and prevent inbreeding. Distinct from such examples, and falling into a 

second category, are species, often higher mammals, in which social 

dominance leads to reproductive suppression. These species are characterised 

by a high degree of sociality, often involving division of labour and altruistic  

"helper" behaviour among subordinate non-breeders. In some ecological 

situations, cooperative living within a group may benefit individuals more than 

a solitary existence outside the group. This can occur where essential 

resources like food are dispersed such that territories need to be

maintained, and that the same resources are capable of supporting several 

individuals (McDonald & Carr, 1989), or where food is plentiful but the risk 

of predation is high. Frequently these examples are family groups, and the

close relatedness of individuals enforces altruistic behaviour as a result of 

kin-selection. Good examples include the dwarf mongoose, silver-backed jackal 

and common marmoset. The naked mole-rat is one of the few rodents to fall 

into this category.



In the examples studied so fa r , reproductive suppression appears to be 

mediated either by pheromones, or by behavioural interactions, where the 

physiological consequences of stress induced by behavioural harassement from 

conspecifics, may lead to suppression. Throughout the species studied there 

are common physiological processes involved in suppression. In many cases a 

block to hypothalamic GnRH secretion lies at the centre of the physiological 

control mechanism, and this is often brought about by elevations of 

prolactin, as fo r example in the mouse (Reynolds St Keverne, 1979), the 

mouse lemur (Perret St Schilling, 1987), and the talapoin monkey (Bowman et 

al., 1978). The importance of endogenous opioids in regulating reproduction is 

becoming increasingly evident, and are now known to act in suppression of 

reproduction in the marmoset.

There were two main aims fo r this study. Firstly to investigate, for  

the firs t time, the physiological mechanisms involved in reproductive

suppression in non-breeding male and female naked mole-rats. To accomplish 

this, anatomical and histological investigations were undertaken (Chapter 4), 

in conjunction with endocrine studies. Chapter 5 investigates ovarian 

cyclicity in females from both captive and wild colonies of naked mole-rats, 

Chapter 6 compares the reproductive endocrinology of breeding males with 

non-breeding males, and Chapter 7 examines the neuroendocrine basis fo r  

reproductive suppression in male and female naked mole-rats.

The second main aim of this thesis was to investigate, fo r the firs t 

time, the social and environmental factors which impose such extreme

reproductive suppression in naked mole-rats, and in particular to elucidate 

the possible role of pheromones. To do this, reproductive activation was 

studied in non-breeding females (Chapter 5) and males (Chapter 6), removed

from the suppressing influences of their colonies. The activation of

reproductive function in these animals was then compared with that in 

animals separated, but maintained in odour contact with their parent colonies 

(Chapter 8).

To supplement these two main areas of study, behavioural experiments 

were conducted (Chapter 3) to confirm the division of labour in our captive 

colonies, and to relate the observed reproductive behaviour with endocrine 

results. In addition, a short genetics study was undertaken to examine the 

consequences of the naked mole-rats' system of reproduction on genetic 

diversity, both within and between adjacent wild colonies (Chapter 9).
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CHARTER 2

GENERAL METHODS 

2.1 ANIMAL HUSBANDRY

2.1.1 LABORATORY BURROW SYSTEM DESIGN

Our naked mole-rat colonies were each housed in artific ia l tunnel

systems of interconnecting transparent perspex tubing (47 mm ID x 50 mm

OD) a modification of that described by Brett (1985). The transparent 

perspex facil itated easy observation of the animals at all times. Each

colony contained approximately 15 m of this tubing and three or four

perspex boxes (30 x 15 x 15 cm) which functioned as (i) a nest chamber, (ii)

a food chamber, (iii) a toilet chamber, and (iv) an additional chamber (not 

always supplied). All these boxes had multiple entrances/exits, except the

toilet chamber, which always had just one entrance/exit and therefore formed 

a blind-ending to the tunnel to which it was connected. Such a blind-ending 

area was the site preferred by the animals fo r urination and defaecation. 

Singly housed or isolated pairs of animals were kept in smaller colonies with 

three boxes (15 x 15 x 15 cm). Typical colony layouts are illustrated in 

Figure 2.1.

Wood shavings and shredded filtered paper were provided as bedding 

for the nest chamber and wood shavings alone as a floor covering fo r the 

food chamber and as litter fo r the toilet. The food chamber shavings were 

replaced daily when fresh food was provided, while the litter in the toilet

chamber was replenished once weekly, with about 25% of the soiled bedding 

being left to maintain the odour in the chamber. In some larger colonies it 

was necessary to clean the toilet chamber more frequently. Apart from the 

daily removal of stale food material from the nest chamber, the bedding was 

left undisturbed and only renewed every 6 -8  weeks. Again a quantity of 

soiled bedding was left and mixed with the fresh shavings to maintain the 

background odour. The perspex tunnels and boxes were cleaned with Nonidet 

detergent (Tepol Products, Epsom, Surrey) at intervals of approximately 2-3

months, or as required. Generally the colonies were kept clean by the action 

of wood shavings being swept around by the "worker" naked mole-rats (see 

Chapter 3).



FIGURE 2.1 -  Typical laboratory burrow system layouts. N= nest chamber, T= 
toilet chamber, F= food chamber.

(a) Normal colonies

(b) Singly housed animals and pairs

10cm



The rooms housing the colonies were not kept under any particular 

light/dark schedule, and normally at least one fluorescent strip light was on 

constantly in the animal room. Room temperature was accurately maintained 

at 28-30*C using a thermostatically controlled fan heater in conjunction with 

a 3kW convector heater. The nest chambers of each colony were maintained 

between 30-34#C using thermostatically controlled infra-red heat bulbs, to 

provide a warm area fo r the animals to bask. Humidity in the rooms was 

kept at a minimum of 60% relative humidity by wetting the floor once or 

twice daily.

2.1.2 FEEDING REGIME

Each colony received a daily ration of food in excess of its dietary 

requirement, thus providing an ad lib source of nourishment. For a colony of 

20-30 mole-rats, a typical daily feed would consist of the following: 

sweetcorn, including leaves (-5 5  g), sweet potato (=115 g), carrot (=45 g), 

apple (=35 g) and 4-5  lettuce leaves. In addition the following were also 

provided when available: green peppers, cucumber, banana, potato and

courgette. "Fairex" baby cereal supplement (=10 g) was given once weekly to 

supply additional vitamins and minerals. Smaller colonies received the same 

range of items, but proportionally less quantity according to their numbers.

All fresh food items were washed in a disinfectant solution of sodium 

hypochlorite and thoroughly rinsed in water taken from the main supply 

(rather than from water tanks) prior to feeding, to prevent introduction of 

pathogenic bacteria into the colonies (see section 2.1.3).

It was not necessary to provide drinking water as the naked mole-rat 

is adapted to living in an arid environment and obtains its fluid requirements 

from food (Hill et al, 1957).

2.1.3 VETERINARY CARE

The most common cause of death among naked mole-rats was "bloat" 

resulting from gastro-intestinal infections. This disorder was characterised 

by severe and chronic distension of the lateral abdominal wall (either on one 

or both sides) resulting from a build up of gas in the gastro-intestinal 

trac t. This led to a decline in food intake and consequently dehydration, 

respiratory distress and weight loss. Without treatment death occurred in 

one-two weeks. Treatment with antibiotics and orally administered 

preparations such as "Birp" (for the treatment of frothy bloat in ruminants:



Dales Pharmaceuticals LTD, U.K.) were without e ffec t. The only course of 

action which had any success was daily sub-cutaneous administration of 

dextrose/saline (0 .5-1.0  ml, 1-3 times a day), supplemented every second day 

with 0.5 ml duphalyte (a mixture of vitamins, amino acids and minerals: 

Duphar Veterinary Ltd, U.K.), also administered s.c.. This kept the animals 

hydrated and supplied with nutrients until the infection subsided. These 

gastro-intestinal infections appeared to result from an overgrowth of E. coli 

in the hind gut (from post-mortem investigations), and the origin may have 

been the water used to wash the animals food. When water from the rising 

main was used instead of water fed from tanks, no further cases of bloat 

were noted.

2.2 COLLECTION OF BODY FLUIDS

2.2.1 BLOOD SAMPLING

Initially, blood samples were obtained by immobilising animals in a rodent 

restraint. Their tails were cleaned and sterilized with alcohol before a small 

lateral incision was made with a sterile scalpel blade, and 300-400 pi of 

blood then withdrawn from the wound by capillary action using heparinized

micro-haematocrit tubes. The wound was then treated with an antibiotic 

powder (Aureomycin), and the animal returned to its colony. However, this 

method was time consuming, stressful to the animal, and produced scar tissue 

and blood vessel damage which limited the number of times a particular animal 

could be bled. The method used by Professor J.U.M. Jarvis in Cape Town was 

subsequently adopted. This involved holding the animals body in the left hand 

with the little finger firmly positioned below the lower jaw, and the thumb 

and forefinger holding the base of the tail. The skin at the tip of the tail 

was then nicked with a sterile scalpel blade and blood removed from the 

wound a drop at a time by a gentle stroking motion down the tail using the 

forefinger and thumb of the right hand. A fter collection the samples were 

stored on ice before being centrifuged, and the plasma then stored at -20*C 

prior to hormone determination.

2.2.2 URINE SAMPLING

Urine was chosen as the body fluid fo r routine hormonal analysis

because of the difficulty in obtaining blood samples with sufficient

frequency. It is also widely used as a medium for hormonal analysis in other



species and such methods have been previously validated (e.g. Hodges, 1986; 

Lasley, 1985).

Urine sampling involved either (i) the removal of all the shavings from 

the toilet chamber of a colony and wiping the chamber clean with tissue 

paper, or (ii) scraping the shavings to the back of the chamber and 

separating them from the animals using a perforated perspex partition. The 

remainder of the chamber was then cleaned as in (i). The latter method had 

the advantage of retaining the odour of the soiled bedding in the chamber. 

Immediately following each urination, the urine sample was collected in a 

glass pipette. Following collection of a sample, the toilet chamber was wiped 

clean with tissue paper. Samples were stored on ice, then placed in a freezer 

within 2 hours of collection, and stored at -20*C until hormone determination.

2.2.3 DETERMINATION OF URINARY CREATININE

Prior to hormone assay all urine samples were subjected to a 

determination of creatinine (Cr; as described by Bonney, Wood & Kleiman, 

1982). This substance is presumed to be excreted at a constant rate as a 

result o f breakdown of tissue proteins, and therefore provides an index by 

which urinary hormone concentrations can be measured. This avoids the 

problem of differing dilutions of urine being produced by animals, according 

to the time of day the urine sample was taken or the animals fluid intake. 

All urinary hormone concentrations were therefore expressed per mg 

creatinine.

Materials and reagents

The assay was carried out in disposable plastic cuvettes fo r use with 

the Pye Unicam SP 15 Concentration Colorimeter. The following solutions were 

prepared fresh for each assay:

(i) Alkaline triton X-100

12.5 ml 1M NaOH 

4.2 ml triton X-100

66.0 ml de-ionised distilled water.

The above components were added to a 100 ml beaker and stirred at 

room temperature until homogeneous.

(ii) Picrate reagent (method for 25 pi aliquots of sample)

1 volume of alkaline triton  

1 volume of saturated picric acid solution



The total volume of picrate reagent required was calculated by 

multiplying the number of cuvettes by three, and allowing a few extra ml 

excess.

(iii) Standards

A stock solution of 3 mg/ml was prepared by dissolving 300 mg of

creatinine (Sigma) in 100 ml of 0.1 M HCL. This was then diluted to give the 

following range of standards: 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg/ml.

Aliquots of 500 pi of each of these dilutions were stored at -40*C until

required.

Assay protocol

Samples, standards and a high and low quality control sample were 

thawed and cuvettes labelled, two for each sample and three fo r each 

standard. Aliquots of 25 pi of each urine sample, Q.C. and standard were 

pipetted into the respective cuvettes.

Using a multi-pipette, 3.0 ml of picrate reagent were dispensed into 

each of the cuvettes, which were then covered to prevent reaction of the

picrate with atmospheric CO2 and left for 1.5-2.0 hours. A fter this time the

optical density of the samples and standards were measured at 520 nm, using 

a Pye Unicam SP 15 Concentration Colorimeter.

Inter-assay variation

Intei—assay coefficients of variation fo r repeated measures of low 

(0.35 mg/ml) and high (1.24 mg/ml) quality control samples were 5.6 % (n=20) 

and 4.9 % (n=20), respectively.

2.3 FIELD STUDIES

2.3.1 ANIMAL CAPTURE

Naked mole-rats were captured near Tsavo National Park, Kenya, in an 

agricultural area close to the village of Kathekani, approximately 5 km north 

of Mtito Andei.

Trapping took place during December 1987 when the seasonal rains had 

softened the ground. During this time of the year, the digging activity in 

naked mole-rat colonies increases and colonies can be easily identified from 

characteristic surface mole-hills which are produced by soil excavated from 

the burrows during digging (Brett, 1986).

Actively digging naked mole-rat colonies were located by the presence 

of freshly established mole-hills. The burrow system was then broken into by



excavating the surrounding area with a hoe. The soil above straight tunnel 

sections was carefully dug away to leave a thin roof approximately 2 cm 

thick and extending back approximately half a metre from the exposed end of 

the tunnel, which was baited with a piece of freshly cut sweet potato. On 

investigation of the bait by a mole-rat, the blade of a hoe was driven 

through the tunnel behind the animal thus cutting o ff  its retreat and enabling

it to be removed from the exposed end of the tunnel by hand. The animals

were sacrificed within one hour of capture by decapitation,

A total of 128 naked mole-rats were trapped from four separate

colonies (designated M.Ad. A, B, C & D respectively), the relative positions of 

which are illustrated in Figure 2.2. The sample was composed of 58 females 

and 70 males, ranging in body mass from 12g to 76g. No breeding queens 

were caught (characterised by well-developed teats and external genitalia).

2.3.2 COLLECTION OF BODY FLUIDS AND TISSUE

Blood was withdrawn into heparinised syringes by cardiac puncture 

after the animal had been decapitated, and was immediately placed on ice fo r  

4-7 h. Plasma was then separated by centrifugation, frozen immediately and 

stored between -5* and -20*C until hormone assay. Urine was withdrawn from 

the bladder using a hypodermic needle and syringe, then immediately placed on 

ice for 4-7 h until freezing and storage between -5* and -20*C, prior to 

assay.

Reproductive tracts were removed from both males and females, and

fixed by immersion in 4% paraformaldehyde solution. This tissue was collected 

for the anatomical and histological studies described in Chapter 4.

In 20 animals, spleens were also removed and frozen immediately in 

liquid nitrogen, fo r extraction of DNA and genetic analysis (see Chapter 9). 

On returning to the laboratory the tissue was stored at -  30*C.



FIGURE 2.2 -  Map of the field study area around Mtito Andei, Kenya,
showing the relative positions of the four colonies trapped. A= M.Ad. A, B= 
M.Ad. B, C= M.Ad. C, D= M.Ad. D.
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2.4 HORMONE DETERMINATIONS

2.4.1 LUTEINIZING HORMONE BIOASSAY

Luteinizing hormone (LH) was measured using an in-vitro bioassay based 

on the production of testosterone by dispersed mouse Leydig cells (Van 

Damme et al., 1974). Details of the method have been described previously 

(Harlow et al., 1984; Hodges et al., 1987; Abbott et al., 1988).

Materials and reagents

(i) Assay buffer

The above components were dissolved in 1 I of deionised water and 

stored at 4*C. Prior to use, bovine serum albumin (BSA) was added at a

The above components were added to a 500 ml conical flask, then 

placed on ice and gassed slowly fo r 10 minutes with 95% O2 : 5% CO2 prior 

to use.

(iii) Standard; the standard used was the ra t LH antigen preparation r -  

LH -I-7  (NIDDKD, Baltimore, USA) over the range 2.0000-0.0625 mlU/ml. The 

lyophilized standard was dissolved in assay buffer and stored in aliquots of 

50 mlU/ml concentration at -20*C. For assay, 80 pi of the stock aliquot 

diluted in 1920 pi of assay buffer gave the top standard of 200 pIU/100 pi. 

500 pi of this was then serially diluted with assay buffer to give 100, 50, 

25, 12.5 and 6.25 pIU/IOOpI solutions.

(iv) Quality controls: pooled marmoset monkey samples, having a 

concentration of approximately 153 mlU/ml were stored in 50 pi aliquots at -  

20*C until required. Serial dilutions of 1/100 to 1/800 were taken to assay.

0.296 g NaH2P04.2H20 

2.900 g Na2HP04.12H20 

4.385 g NaCI

(ii) Leydig cell incubation medium

12.0 ml BME 10X (Earles salts without NaHC03, with

L-glutamine)

2.1 ml NaHC03

2.0 ml calf serum

100.0 ml distilled water



Assay protocol

(i) Preparation of Leydig cells

A male mouse aged 6 weeks + 3 days was killed by decapitation and

the testes removed and placed in a few ml of incubation medium, in a clean 

petri dish. The capsule surrounding each testis was then removed using 

forceps and fine scissors, and the remaining testicular tissue homogenised 

gently by sucking up and blowing out from a plastic pipette several times. 

The homogenate was then transferred to a 100 ml plastic beaker containing 

10 ml o f incubation medium and stirred slowly at 4*C fo r 10 minutes. This 

suspension was then filtered through fine nylon mesh into a 100 ml plastic 

conical flask, placed in a water bath at 34*C with an atmosphere o f 95%

02:5% CO2 , and pre-incubated fo r 1 hour. A fter this time, the cell suspension 

was centrifuged at 1000 x g for 10 min. in plastic 4 ml tubes, then the 

incubation medium was tipped o ff  the resulting pellet of cells, fresh medium 

added and the cell resuspended. This process of centrifugation and washing 

was repeated, and this time the cells resuspended in 10 ml of incubation

medium. After stirring at 4*C to thoroughly mix the suspension, the cells were 

counted in a Cristalite BS748 counting chamber (Hawksley, Sussex), using a

phase contrast microscope. The cell suspension was diluted accordingly to 

give 500,000 cells per ml.

(ii) Sample preparation fo r Leydig cell incubation

Plasma samples were assayed in duplicate at two dilutions, either 1:10 

and 1:20 (from 50 pi of plasma), but more usually at 1:20 and 1:40 (from 25 

pi of plasma). Dilutions were made with assay buffer.

(iii) Assay procedure

Glass assay tubes were labelled and set up in appropriate metal racks 

in the following order:

Zero triplicate

Standards triplicate

Quality controls duplicate

Samples duplicate

Zero triplicate

100 pi of each diluted standard, quality control, and sample, or assay 

buffer (zero), was pipetted into the respective assay tube, then 200 pi of 

diluted Leydig cell suspension added to each. The assay tubes were then



incubated fo r 3 hr at 34*C in 95% 02:5% CO2 , in a shaking water bath.

A fter the incubation period, the assay racks were removed from the

34*C water bath and placed in a 100*C water bath for 15 min to kill the

Leydig cells. The assay tubes were then cooled on ice and 1.4 ml of

testosterone assay buffer added (see below).

Testosterone assay

Testosterone produced by the action of LH in the samples, standards, 

and quality controls, on the mouse Leydig cells was determined by

radioimmunoassay as follows:

Materials and reagents

(i) Assay buffer: phosphate buffered saline with gelatin.

Na2HP04 17.20 g

NaH2 P0 4 .2 H2 0  12.16 g

NaCI 18.00 g

Methiolate 0.20 g

Gelatin 2.00 g

The gelatin was dissolved in approximately 1.0 I of deionised distilled 

water by heating to 80*C. The other components were then dissolved, then 

the solution made up to 2.0 I with deionised distilled water.

(ii) Antiserum: sheep anti-testosterone no.505 (MRC Reproductive 

Physiology Unit, Edinburgh) was stored in 40 pi aliquots © 1/3500 dilution, at 

-30*C until required. A working solution was obtained by adding 10 ml of 

buffer to a 40 pi aliquot to give a dilution of 1/1000,000.

(iii) Second antibody: donkey anti-sheep serum from the Scottish 

Antibody Production Unit (SAPU, no. SA3095), used at a dilution of 1:32. 

Normal sheep serum from SAPU (SA3040) was used at a dilution of 1:500.

(iv) Tracer: testosterone-3CM0-histamine-* 25I (MRC Reproductive 

Physiology Unit, Edinburgh). The tracer was stored at -20*C in a lead box. 

For assay, the tracer was diluted with assay buffer to give a solution of 

approximately 10,000 cpm/100 pi.

(v) Quality controls: testosterone standard in assay buffer



Assay protocol 

Ci) Assay procedure

Plastic LP4 assay tubes were labelled and the samples, standards and 

QC's were added to the tubes, followed by in order, the buffer, tracer and 

antiserum. Volumes added were as follows:

No. Tubes 

& contents

Sample Buffer Tracer Antiserum

3x N5B - 700 100 -

3x Total counts - - 100 -

2x Zero - 600 100 100

2x QC low & high 200 400 100 100

1x Each bioassay tube 100 500 100 100

2x Zero - 600 100 100

3x Total counts - — 100 —

All volumes are in pi.

A fter vortex mixing, the tubes were covered and incubated at room

temperature fo r two hours. Next, 100 pi of diluted normal sheep serum and 

100 pi of diluted donkey anti-sheep serum was added to all the tubes except 

the totals, and a fte r vorfex mixing the assay was incubated at 4*C

overnight.

(ii) Separation of unbound label

A fter overnight incubation, 1.0 ml of 0.9 % saline/0.2 % triton X-100  

was added to all tubes except totals. The tubes were then centrifuged for  

30 minutes at 2400 rpm (1720 x g) in a centrifuge pre-cooled to 4*C, then 

placed on ice while the supernatants from each were decanted o ff . The tubes 

were left upside-down to drain fo r 10 minutes.

(iii) Radioactivity counting

Radioactivity in the pellets in each assay tube was counted fo r 2

minutes using a gamma radiation counter (Hewlett Packard Cobra Auto

Gamma). Results were expressed as mlU/ml plasma.

(vi) Assay sensitivity and coefficients of variation

The sensitivity of the assay (determined as 90% binding) was 10 

plU/tube, which at the minimum sample dilution of 1:10 was equivalent to 1.0



mlU/ml plasma. Any samples that gave values greater than 90% or less than 

10% binding were re-assayed at an appropriate dilution. In tra - and inter

assay precision, expressed as the coefficient of variation for repeated 

determinations of a quality control (1.53 mlU/ml), were 10.0% (n=15) and 

16.0% (n=9) respectively. A typical standard curve is illustrated in Figure 2.3.

Mean 4 s.e.m. non-specific binding values (NSB counts/total counts) 

were 1.3 4 0.2% (n=9). Mean 4 s.e.m. values for "zero" counts in the absence 

of unlabelled hormone minus non-specific binding counts (Bo) were 24.5 4 2.1% 

(n=9).

Assay validation

The LH bioassay was validated fo r use in the mole-rat by tests of 

parallelism. Dilutions of a naked mole-rat pituitary homogenate containing high 

levels of LH were prepared by homogenising the pituitaries of four wild 

caught naked mole-rats in 1 ml of assay buffer, and diluting this over the 

range 1:160 to 1:10240. In addition, female naked mole-rat plasma containing 

relatively high concentrations of LH, taken before and a fte r adminstration 

of exogenous GnRH (see Chapter 7), were diluted over the range 1:10 to 

1:80. Parallelism was demonstrated by an absence of a significant interaction 

between preparation (LH standard vs pituitary homogenate and plasma) and 

dilution, when using a two-way ANOVA repeated measures design (Sokal & 

Rohlf, 1982) on log-transformed data (F (6 ,10)= 3.00; P > 0.06; Figure 2.4).



FIGURE 2.3 -  A specimen standard curve for the LH bioassay. Concentration 
of the LH standard is expressed on a logarithmic scale and plotted against 
% binding (B/Bo x 100). Bo is the mean counts bound in the absence of 
unlabelied hormone minus non-specific binding counts. B is the mean counts 
bound for each dose of standard minus non-specific counts.
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FIGURE 2.4 -  Standard curve fo r the LH bioassay (• )  and dilution curves 
fo r a naked mole-rat pituitary homogenate (■), and naked mole-rat plasma 
before ( a )  and 20 min a fte r administration of 1.0 pg GnRH (A), showing 
parallelism.
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2.4.2 PROGESTERONE

P ro g e s te r o n e  c o n c e n t r a t i o n s  w e re  d e te rm in e d  in p e t ro le u m  e the i— 

e x t r a c t e d  u r in e  ( 5 0 - 1 0 0  p i )  and p lasm a ( 2 0 - 5 0  p i)  sam p les  by

ra d io im m u n o a s s a y  w i t h o u t  c h r o m a to g r a p h y  (Hodges, E a s tm a n  &  J e n k in s ,  1983). 

M a t e r ia ls  and re a g e n ts

( i )  A s s a y  b u f f e r :  no s a l t  b u f f e r ,  pH 7 .0  (0 .1 M  P h o s p h a te  b u f f e r )  was

made f r o m  th e  c o m p o n e n ts  l i s t e d  be low:

N a H 2 P 0 4 .2 H 20  3 0 .4 4  g

N a 2H P 0 4 .1 2 H 20  109 .25  g

N a N 3  0 .5 0  g

G e la t in  5 .0 0  g

The g e la t in  w as  d is s o lv e d  in a p p ro x im a te ly  1.5 I o f  d e io n ise d  d is t i l l e d  

w a te r  by h e a t in g  t o  80°C. The o th e r  co m p o n e n ts  w e re  th e n  d is s o lv e d ,  th e  pH 

c h e c k e d ,  th e n  th e  s o lu t io n  made up t o  5 .0  I w ith  de io n ise d  d is t i l l e d  w a te r . .

( i i )  S ta n d a rd :  a s t o c k  s o lu t io n  o f  1 p g /m l  4 - p r e g n e n e - 3 ,2 0 - d io n e

(S igm a, P O 130) in to lu e n e  was made up and s t o r e d  a t  -3 0 * C .  T h is  s o lu t io n  

w as th e n  d r ie d  down and r e c o n s t i t u t e d  in 100 ml o f  a s s a y  b u f f e r ,  th e n  

a l iq u o te d  o u t  in to  100 x 1 ml p o r t io n s ,  each  h a v in g  a c o n c e n t r a t i o n  o f  4 

n g /m l,  and s to r e d  a t  -3 0 * C .  A w o rk in g  s o lu t io n  w as  o b ta in e d  by add ing  4 ml 

o f  b u f f e r  t o  a 1 ml a l iq u o t  t o  g ive  800  p g /m l .  D oub le  d i lu t io n  o f  2 ml 

vo lum es  gave  th e  w o rk in g  ra n g e  o f  6 .2 5  -  4 0 0  p g / 5 0 0  pi.

( i i i )  A n t is e ru m :  W or ld  H e a l th  O r g a n is a t io n ,  WHO CHW1B a n t is e ru m  was

s t o r e d  In 80  pi a l iq u o ts  @ 1 /1 0 0  d i lu t io n ,  a t  -3 0 * C  u n t i l  r e q u i re d .  A w o rk in g

s o lu t i o n  was o b ta in e d  by add ing  10 ml o f  b u f f e r  t o  an 80  pi a l iq u o t  t o  

g ive  a d i lu t io n  o f  1 /1 2 ,5 0 0 .

( iv )  T r a c e r :  ( 1 , 2 , 6 , 7 - 3 H ) - p r o g e s t e r o n e  (A m e rsh a m , TRK 4 1 3 )  w as s to r e d  

in 9: I t o lu e n e :e th a n o l  a t  -5 *C .  F o r  a s s a y ,  3 0 - 4 0  pi was d r ie d  down under a 

s t r e a m  o f  n i t r o g e n  g as ,  and r e c o n s t i t u t e d  in 10 ml a s s a y  b u f f e r  t o  g ive  a 

s o lu t i o n  o f  a p p r o x im a te ly  1 0 ,0 0 0  c p m /1 0 0  pi.

(v )  Q u a l i t y  c o n t r o l s :  p o o le d  m a rm o s e t  m onkey sam p les  w ere  d i lu te d  w ith

b u f f e r  t o  g ive  tw o  c o n c e n t r a t i o n s  o f  — 40  and — 10 n g /m l.  T hese  w e re r

s t o r e d  in 30 pi a l iq u o t s  a t  -3 0 * C  u n t i l  r e q u i re d .

(v i )  C h a rc o a l  su s p e n s io n :  0 .625%  c h a r c o a l ,  0 .0 6 2 5 %  d e x t r a n  T - 7 0  in

b u f f  e r

A w o rk in g  s o lu t io n  w as  made by d is s o lv in g  0 .1 2 5  g d e x t r a n  T - 7 0  in 200 

ml a s s a y  b u f f e r ,  th e n  add ing  1.25 g a c t i v a t e d  c h a r c o a l .  B e f o r e  use th e

su sp e n s io n  was s t i r r e d  f o r  a minimum o f  15 m in u te s .



(vii) Scintillation fluid: Pico-fluor 15 high effiency scintillation solution 

fo r aqueous samples (Packard, U.K.)

Assay protocol

(i) Extraction of urine and plasma

Samples of 50-100 pi o f urine, and 10-50 pi of plasma were pipetted 

into labelled glass assay tubes together with a buffer blank. To each tube, 

20 pi of tracer solution was added, followed by 1.0 ml o f freshly re

distilled petroleum spirit (40-60*C boiling range). At the same time, three 

"total" recoveries were prepared by adding 20 pi of tracer to scintillation 

vials, followed by 80 pi of buffer to correct for quenching and 2 ml of 

scintillation fluid.

The sample tubes were mixed on a multi-tube vortexer fo r one minute, 

left for five minutes to allow the phases to separate, then the lower 

aqueous phase was snap frozen by placing the tubes in a bath of liquid 

nitrogen/acetone. The upper organic phase for each sample was then decanted 

into clean glass tubes and dried under nitrogen using a Dri-Bloc heater.

When dry, the samples were reconstituted in 1.0 ml of assay buffer, 

mixed on a multi-tube vortexer, then allowed to stand fo r one hour at room 

temperature, or overnight at 4*C.

To calculate extraction recoveries, 100 pi aliquots of each sample were 

pipetted into scintillation vials and 2 ml of scintillation fluid added. The vials 

were counted together with the "totals" from above fo r 5 minutes. Recoveries 

for each sample were calculated as a % of the mean of the totals.

(ii) Column chromatography

Chromatographic separation of progesterone from the samples was not 

required because there was no significant difference between urinary 

progesterone determinations made with or without chromatography (fo r full 

description of method, see testosterone assay protocol, pp82). Regression 

analysis of the progesterone values with and without chromatography gave 

the equation y= 0.89x + 1.76, and a slope and intercept not significantly

different from 1 and 0 respectively. The regression coefficient r, was 0.95. 

Therefore there were no identifiable non-specific factors interfering with 

progesterone determination by this method, and solvent extraction alone was 

sufficient to prepare samples for assay.



(iii) Assay procedure 

Glass assay tubes were

No. Tubes 

& contents

labelled and set up 

Sample Buffer

in the following order 

Tracer Antiserum Dextran-

charcoal

3x NSB - 600 100 - 200

3x Total counts - 800 100 - -

3x Zero - 500 100 100 200

3x Standard 500 - 100 100 200

2x QC low & high 5 495 100 100 200

2x Samples/blank 400 100 100 100 200

2x QC low/high 5 495 100 100 200

All volumes are in pi.

The samples, standards and QC's were added to the tubes, followed by 

in order, the buffer, tracer and antiserum. A fter vortex mixing, the tubes 

were covered and incubated either at 4*C overnight or at 37*C fo r one hour.

(iv) Separation of unbound label

I f  the assay was incubated at 37*C, then the tubes were removed from 

the incubator and cooled on ice for 15 minutes prior to charcoal addition. 

The charcoal suspension was stirred for at least 5 minutes, then 200 pi was 

added to each tube except totals. A fter vortex mixing the assay was 

incubated at 4*C for 15 minutes, timed after addition of charcoal to the 

last tube. The tubes were then centrifuged fo r 10 minutes at 2400 rpm 

(1720 x g) in a centrifuge pre-cooled to 4*C, then placed on ice while the 

supernatants from each were decanted into scintillation tubes.

(v) Scintillation counting

4 ml of picofluor scintillant was added to each of the vials, which 

were then capped, labelled and shaken before being loaded into the 

scintillation counter (Hewlett Packard 1900CA Tri-Carb Liquid Scintillation 

Analyser), and counted fo r 3 minutes. Results were expressed as ng/mg Cr 

(urine) or ng/ml (plasma).



(vi) Assay sensitivity and coefficients of variation

The sensitivity of the assay (determined as 90% binding) was 10 

pg/tube. At the average dilution and volume of urine taken to assay, this 

was equivalent to 0.5 ng/mg Cr. Any samples that gave values greater than

90% or less than 10% binding were re-assayed at an appropriate dilution.

In tra - and inter-assay precision, expressed as the coefficient of variation 

for repeated determinations of a quality control, was 6.0% (n=1 1) and 7.1% 

(n=19) respectively. A typical standard curve is illustrated in Figure 2.5. 

Mean + s.e.m. non-specific binding values (NSB counts/total counts) were 3.0 

+ 0.3% (n=10) . Mean i  sem values fo r 'zero', counts in the absence of 

unlabelled hormone minus non-specific binding counts (Bo) were 33.6 i  2.0% 

(n= 10).

Assay validation

The assay was validated for use in the mole-rat by tests of 

accuracy and parallelism. Dilutions of urine from pregnant queens containing 

high levels of progesterone were parallel to the reference preparation over

the range 6.2-400 pg/tube, as illustrated in Figure 2.6. Accuracy was

assessed by addition of pregnant queens urine containing known quantities 

of progesterone to the reference preparation over the range 6.2-400

pg/tube. The mean ± sem recovery of unlabelled progesterone added to a 

naked mole-rat urine pool was 97.1 + 3.5% (n=7) over the standard curve 

range of 6.25-400 pg/tube.
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FIGURE 2.5 -  A specimen standard curve fo r the progesterone assay. 
Concentration of the progesterone standard is expressed on a logarithmic 
scale and plotted against % binding (B/Bo x 100). Bo is the mean counts 
bound in the absence of unlabelled hormone minus non-specific binding counts. 
B is the mean counts bound fo r each dose of standard minus non-specific 
counts.
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FIGURE 2.6 -  Standard curve fo r the progesterone assay (• )  and a dilution 
curves for naked mole-rat urine (A)r showing parallelism.
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2.4.3 TESTOSTERONE

Testosterone was determined by radioimmunoassay of extracted urine 

samples (50-100 pi), a fte r column chromatography as follows:

Materials and reagents

(i) Assay buffer: phosphate buffered saline with gelatin was made from 

the following components:

Na2HP04 17.20 9
NaH2P04.2H20 12.16 g

NaCI 18.00 g

Methiolate 0.20 g

Gelatin 2.00 g

The gelatin was dissolved in approximately 1.0 I of deionised distilled 

water by heating to 80*C. The other components were then dissolved, then

the solution made up to 2.0 I with deionised distilled water.

(ii) Standard: 4-androsten-17B-ol-3-one (Sigma, T-1500) was made up 

as a stock solution of 1 mg/ml in toluene/ethanol (9:1) and stored at -30*C. 

This was diluted 1:50, then 1:1000 in buffer to give a 20 ng/ml solution, 

which was stored in 200 pi aliquots at -30*C until required. A working

solution was obtained by adding 4.8 ml of buffer to a 200 pi aliquot to give 

a top standard of 800 pg/ml. Double dilution of 1 ml volumes gave the 

working range of 160-2.5 pg/200 pi.

(iii) Antiserum: sheep anti-testosterone no.505 (MRC Reproductive

Physiology Unit, Edinburgh) was stored in 40 pi aliquots © 1/3500 dilution, at 

-30*C until required. A working solution was obtained by adding 10 ml of 

buffer to a 40 pi aliquot to give a dilution of 1/1000,000.

(iv) Second antibody: donkey anti-sheep serum from the Scottish

Antibody Production Unit (SAPU, no. SA3095), was used at a dilution of 1:32. 

Normal sheep serum from SAPU (SA3040) was used at a dilution of 1:500.

(v) Tracer: testosterone-3CM0-histamine-12 51 (MRC Reproductive

Physiology Unit, Edinburgh) was stored at -2 0 #C in a lead box. For assay, 

the tracer was diluted with assay buffer to give a solution of approximately

10,000 cpm/100 pi.

(vi) Quality controls: testosterone standard in assay buffer.



Assay protocol

(i) Extraction of urine

Samples of 50-100 pi urine and quality controls were pipetted into 

labelled glass assay tubes together with a buffer blank. To each tube, 20 pi 

of tracer solution (-13 ,000  cpm/100 pi) was added so that recovery

efficiencies could be calculated fo r both solvent extraction and column 

chromatography. Because the iodinated label used in the assay was not 

compatible with column chromatography, a tritiated label was used: <1,2,6,7- 

3H>testosterone (Amersham International pic). A fter addition of the tracer,

1.0 ml of freshly re-distilled diethyl ether was added to each tube. At the 

same time, three "total" recoveries were prepared by adding 20 pi o f tracer 

to scintillation vials, followed by 80 pi of buffer to correct fo r quenching 

and 2 ml of scintillation fluid.

The sample tubes were mixed on a multi-tube vortexer fo r one minute, 

left for five minutes to allow the phases to separate, then the lower 

aqueous phase snap frozen by placing the tubes in a bath of liquid 

nitrogen/acetone. The upper organic phase for each sample was then decanted 

into clean<6 glass tubes and dried under nitrogen using a Dri-Bloc heater.

When dry, the samples were reconstituted in 1.0 ml of iso-octane, mixed 

on a multi-tube vortexer, then allowed to stand fo r one hour at room 

temperature, or overnight at 4*C prior to celite column chromatography, as 

described below.

(ii) Column chromatography

Chromatographic separation of testosterone from the samples was 

required because there was a significant difference between urinary 

testosterone concentrations in samples assayed with and without 

chromatography (paired t-te s t, t= 2.95, D.F.= 8, P < 0.02). Therefore there 

were non-specific factors interfering with testosterone determination by this 

method, and solvent extraction alone was not sufficient to prepare samples 

for assay.

Columns were made in batches of 24 by packing disposable 5 ml glass 

pipettes with approximately 0.75g of celite:ethylene glycol (2:1 wt:volume) 

which had been thoroughly mixed fo r 15 min prior to use. Before mixing with 

ethylene glycol, the celite was placed in an oven at 900*C overnight to expel 

any moisture. All pipettes were packed to give the same column height of 

celiterethylene glycol.



The columns were then fitted  into a holder and the following solvents 

added in sequence to each:
Solvent Volume (ml) Fraction contents

1. Iso-octane 3.5 (Rinse)

2. Iso-octane 3.5 (Rinse)

3. Iso-octane+sample 1.0 (Discard)

4. Iso-octane 3.5 Progesterone

5. Iso-octane 5.0 Dihydrotestosterone

6. Iso-octane 2.0 (Discard)

7. Cyclohexane:benzene 95:5 5.0 Testosterone

The flow rates were maintained at approximately one drop every five 

seconds by pressurising each column with nitrogen gas dispensed from a 

cylinder via a series of connectors and tubes and through the stopper in the 

top of each column. The cyclohexane:benzene fraction was collected from

each column in glass test tubes, and the solvent removed by evaporation

under nitrogen using a Dri-Bloc heater. The samples were reconstituted in 1ml 

of assay buffer for testosterone determination as described below.

To calculate extraction recoveries, 100 pi aliquots of each sample were 

pipetted into scintillation vials and 2 ml of scintillation fluid added. The vials 

were counted together with the "totals" for 5 minutes. Recoveries for each

sample were calculated as a % of the mean of the totals.

(iii) Assay procedure

Plastic LP4 tubes were labelled and set up in the following order:

No. Tubes Sample Buffer Tracer Antiserum

& contents

3x NSB - 700 100 -

3x Total counts - - 100 -

2x Zero - 600 100 100

3x Standards 200 400 100 100

2x QC low & high 200 400 100 100

2x Samples/Q.C.'s 300 300 100 100

2x Zero - 600 100 100

3x Total counts - - 100 -

All volumes are in pi.



The samples, standards and QC's were added to the tubes, followed by 

in order, the buffer, tracer and antiserum. A fter vortex mixing, the tubes 

were covered and incubated either at room temperature fo r two hours. Next, 

100 pi of diluted normal sheep serum and 100 pi of diluted donkey anti-sheep 

serum was added to all the tubes except the totals, and a fte r vortex mixing 

the assay was incubated at 4*C overnight.

(iv) Separation of unbound label

A fter overnight incubation, 1.0 ml of 0.9 % saline/0.2 % triton X-100  

was added to all tubes except totals. The tubes were then centrifuged for

30 minutes at 2400 rpm (1720 x g) in a centrifuge pre-cooled to 4*C, then

placed on ice while the supernatants from each were decanted o ff .  The tubes 

were left upside-down to drain fo r 10 minutes.

(v) Radioactivity counting

Radioactivity in the pellets in each assay tube was counted fo r 2 

minutes using a gamma radiation counter (Hewlett Packard Cobra Auto-Gamma 

counter). Results were expressed as ng/mg Cr.

(vi) Assay sensitivity and coefficients of variation

The sensitivity of the assay (determined as 90% binding) was 2.0 

pg/tube. At an average dilution of urine this was equivalent to < 1.0 ng/mg 

Cr. Any samples that gave values greater than 90% or less than 10% binding 

were re-assayed at an appropriate dilution. Inter-assay precision, expressed 

as the coefficient of variation for repeated determinations of a quality 

control (2.22 ng/mg Cr), was 15.1% (n=4) fo r quality controls subjected to 

column chromatography and 16.9% (n=4) for quality controls extracted only. 

Intra-assay variation was 7.5% (n=7). A typical standard curve is illustrated 

in Figure 2.8. Mean + s.e.m. non-specific binding values (NSB counts/total 

counts) were 1.20 + 0.04% (n=4). Mean + s.e.m. values for "zero", counts in 

the absence of unlabelled hormone minus non-specific binding counts (Bo) were

35.2 i 2.0% (n=8).



Assay validation

The assay was validated for use in the mole-rat by tests of 

accuracy and parallelism. Accuracy was assessed by addition of urine to 

the reference preparation. The mean + sem recovery of unlabelled 

testosterone added to a naked mole-rat urine pool was 92.6 i 10.0% (n=4) 

over the standard curve range of 2.5-160 pg/tube. Parallelism was 

demonstrated by an absence of a significant interaction between preparation 

(testosterone standard vs urine containing high levels of testosterone) and 

dilution, when using a two-way ANOVA repeated measures design (Sokal & 

Rohlf, 1982) on log-transformed data (F(5,10)= 0.78; P > 0.58; Figure 2.9).
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FIGURE 2.8 -  A specimen standard curve fo r the testosterone assay. 
Concentration of the testosterone standard is expressed on a logarithmic 
scale and plotted against % binding CB/Bo x 100). Bo is the mean counts 
bound in the absence of unlabelled hormone minus non-specific binding counts. 
B is the mean counts bound fo r each dose of standard minus non-specific 
counts.
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FIGURE 2.9 -  Standard curve fo r the testosterone assay (• )  and a dilution 
curve fo r naked mole-rat urine ( a ) ,  showing parallelism.
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2.4.5 CORTISOL

Cortisol concentrations were determined in diethyl ether-extracted urine 

samples (50-100 |il) by radioimmunoassay without chromatography.

Materials and reagents

(i) Assay buffer: WHO buffer, pH 7.2 was made from the following 

components:

NaH2P04.2H20 15.30 g

Na2HP04.12H20 146.25 g

NaCI 44.00 g

NaN3 0.50 g

Gelatin 5.00 g

The gelatin was dissolved in approximately 1.5 I of deionised distilled

water by heating to 80*C. The other components were then dissolved, the pH

checked, then the solution made up to 5.0 I with deionised distilled water.

(ii) Standard: a stock solution of 5000 ng/ml hydrocortisone (Sigma, 

H2755) in toluene was made up and stored in 1 ml aliquots -30*C. This 

solution was then diluted 1/250 to produce 1 ml aliquots of 20 ng/ml which 

stored at -30*C. A working solution was obtained by adding 4 ml of buffer 

to a 1 ml aliquot o f 20 ng/ml to give 4000 pg/ml. Double dilution of 2 ml

volumes gave the working range of 31.3-2000 pg/500 pi.

(iii) Antiserum: Scottish Antibody Production Unit, S004-201 antiserum 

was stored in 50 pi aliquots at -30*C until required. A working solution was

obtained by adding 10 ml of buffer to a 50 pi aliquot to give a dilution of

1/ 200 .

(iv) Tracer: {1,2,6,7-3H}-cortisol (Amersham, TRK 407) was stored in 9:1 

toluene:ethanol at -5*C. For assay, 30-40 pi was dried down under a stream 

of nitrogen gas, and reconstituted in 10 ml assay buffer to give a solution 

of approximately 10,000 cpm/100 pi.

(v) Quality controls: human plasma Q.C. high was stored in 250 pi 

aliquots at -30*C until required.

(vi) Charcoal suspension: 1.00% charcoal, 0.0625% dextran T-70 in 

buffer

A working solution was made by dissolving 0.125 g dextran T-70 in 200 

ml assay buffer, then adding 2.00 g activated charcoal. Before use the 

suspension was stirred for a minimum of 15 minutes.

(vii) Scintillation fluid: Pico-fluor 15 high effiency scintillation solution

for aqueous samples (Packard, U.K.)



Assay protocol

(i) Extraction of urine and plasma

Samples of 50-100 pi o f urine were pipetted into labelled glass assay 

tubes together with a buffer blank. To each tube, 20 pi of tracer solution 

was added, followed by 1.0 ml of freshly re-distilled diethyl ether. At the 

same time, three "total" recoveries were prepared by adding 20 pi o f tracer 

to scintillation vials, followed by 80 pi o f buffer to correct fo r quenching 

and 2 ml of scintillation fluid.

The sample tubes were mixed on a multi-tube vortexer fo r one minute, 

le ft for five minutes to allow the phases to separate, then the lower 

aqueous phase snap frozen by placing the tubes in a bath o f liquid 

nitrogen/acetone. The upper organic phase fo r each sample was then decanted 

into clean glass tubes and dried under nitrogen using a Dri-Bloc heater.

When dry, the samples were reconstituted in 1.0 ml of assay buffer, 

mixed on a multi-tube vortexer, then allowed to stand for one hour at room 

temperature, or overnight at 4*C.

To calculate extraction recoveries, 100 pi aliquots of each sample were 

pipetted into scintillation vials and 2 ml of scintillation fluid added. The vials 

were counted together with the "totals" from above fo r 5 minutes. Recoveries 

fo r each sample were calcuted as a % of the mean of the totals.

(ii) Assay procedure

Glass assay tubes were labelled and set up in the following order:

No. Tubes 

& contents

Sample Buffer Tracer Antiserum Dextrai

charco

3x NSB - 600 100 - 200

3x Total counts - 800 100 - -

3x Zero - 500 100 100 200

3x Standard 500 - 100 100 200

2x QC 100 400 100 100 200

2x Samples/blank 400 100 100 100 200

2x QC 100 400 100 100 200

All volumes are in pi.



The samples, standards and QC's were added to the tubes, followed by 

in order, the buffer, tracer and antiserum. A fter vortex mixing, the tubes 

were covered and incubated either at 4*C overnight or at 37*C fo r one hour.

(iv) Separation of unbound label

I f  the assay was incubated at 37*C, then the tubes were removed from  

the incubator and cooled on ice for 15 minutes prior to charcoal addition. 

The charcoal suspension was stirred fo r at least 5 minutes, then 200 pi was 

added to each tube except totals. A fter vortex mixing the assay was 

incubated at 4*C fo r 15 minutes, timed a fte r addition of charcoal to the 

last tube. The tubes were then centrifuged fo r 10 minutes at 2400 rpm 

(1720 x g) in a centrifuge pre-cooled to 4*C, then placed on ice while the 

supernatants from each were decanted into scintillation tubes.

(v) Scintillation counting

4 ml of Picofluor scintillant was added to each of the vials, which 

were then capped, labelled and shaken before being loaded into the 

scintillation counter (Hewlett Pakard 1900CA Tri-Carb Liquid Scintillation 

Analyser), and counted fo r 3 minutes.

(vi) Assay sensitivity and coefficients of variation

The sensitivity of the assay (determined as 90% binding) was 48 

pg/tube. Any samples that gave values greater than 90% or less than 10% 

binding were re-assayed at an appropriate dilution. In tra- and inter-assay 

precision, expressed as the coefficient of variation fo r repeated 

determinations of a quality control, was 2.9% (n=12) and 2.3% (n=4)

respectively. A typical standard curve is illustrated in Figure 2.10. Mean ± 

s.e.m. non-specific binding values (NSB counts/total counts) were 3.4 t 0.8% 

(n=5) . Mean t s.e.m. values for 'zero1, counts in the absence of unlabelled 

hormone minus non-specific binding counts (Bo) were 38.7 i 1.9% (n=6).



Assay validation

The assay was validated for use in the mole-rat by tests of 

accuracy and parallelism. Accuracy was assessed by addition of urine 

containing known quantities of cortisol to the reference preparation over 

the range 31.3-2000 pg/tube. The mean 4 s.e.m. recovery of unlabelled 

cortisol added to the naked mole-rat urine pool was 100.96 4 20.6% (n=5). 

Parallelism was demonstrated by an absence of a significant interaction 

between preparation (cortisol standard vs naked mole-rat urine containing 

high levels of cortisol) and dilution, when using a two-way ANOVA repeated 

measures design (Sokal & Rohlf, 1982) on log-transformed data (F(3,6)= 0.59; 

P > 0.64; Figure 2.11).



FIGURE 2.10 -  A specimen standard curve fo r the cortisol assay. 
Concentration of the cortisol standard is expressed on a logarithmic scale 
and plotted against % binding (B/Bo x 100). Bo is the mean counts bound in 
the absence of unlabelled hormone minus non-specific binding counts. B is the 
mean counts bound fo r each dose of standard minus non-specific counts.
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FIGURE 2.11 -  Standard curve for the cortisol assay (• )  and 
curves fo r naked mole-rat urine (a), showing parallelism.
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2.4.6 PROLACTIN

Two different radioimmunoassays were investigated in an attempt to 

measure prolactin in naked mole-rat plasma samples, but neither o f the 

antibodies used in these assays had sufficent cross-reactivity with naked 

mole-rat prolactin fo r either assay to be useful.

Pituitary homogenates were produced by (i) combining and homogenising 

the pituitaries of four wild caught naked mole-rats (three males and one

female) in 4 ml of assay buffer, and (ii) homogenising the pituitaries o f a 

breeding queen, a breeding male, a non-breeding female and a non-breeding 

male separately in 1 ml o f assay buffer. These, together with a plasma 

sample from a lactating queen (which should have contained relatively high 

prolactin concentrations) were used to test the validity of the two antisera.

The firs t assay employed a guinea pig anti-human antibody (33 /1 -8 :

McNeilly & Friesen, 1978), used at the Institute of Zoology for measurement 

of prolactin in the tammar wallaby, as described by Curlewis et al. (1986). 

The maximum binding obtained between sample and antibody was fo r the 

breeding queen pituitary homogenate, where the neat (undiluted) homogenate

gave a B/B0 value of 69.7%. A 1:10 dilution of this was below the

sensitivity limit of the assay, i.e. above 90% B/B0 . Results fo r this and 

other samples are summarised in Table 2.1 overleaf.

The second method tried was a rat prolactin assay supplied by 

N.I.D.D.K.D. (Baltimore, U.S.A.). This used a rabbit anti-rat antibody, but was 

ineffective in measuring naked mole-rat prolactin. None of the samples

assayed showed any cross-reactivity (see Table 2.1).

The poor cross-reactivity with naked mole-rat samples that should have 

contained maximal prolactin concentrations was strongly suggestive that 

neither assay would provide a valid measurement of naked mole-rat prolactin. 

An anti-guinea pig prolactin antibody is not presently available to try  with 

naked mole-rat samples. Such antiserum might prove more useful than those

tested to date. Because the guinea pig is also a hystricomorph rodent, the

chances of obtaining greater cross-reactivity with naked mole-rat prolactin 

may therefore be improved.



TABLE 2.1 -  Percent binding values (%B/B0) fo r naked mole-rat pituitary 
homogenates (NB= non-breeder, B= breeder, CWC= combined homogenate from 
wild caught animals), and plasma from a lactating queen in two prolactin 
assays. Values greater than 90% B/B0 were considered to be below the 
detection limit of the assay.

I Sample

%B/Bo

1
Guinea pig anti- 1 
human antibody 1

(McNeilly & Friesen) 1
1

Rabbit an ti-ra t 1 
antibody 1

(N.I.D.D.K.) 1

1 Pit.horn.: Bg, neat
1

69.7 1 100.0 1
1:10 97.8 1 100.0 1
1:100 100.0 1 

1
100.0 1

1 Pit.horn.:NBg, neat
1

77.8 1 100.0 1
1:10 100.0 1 

1
100.0 1

1 Pit.horn.: B<5, neat
1

92.1 1 100.0 1
1:10 100.0 1 

1
100.0 1

1 Pit.horn.:NB<5, neat
1

94.1 1 100.0 1
1:10 100.0 1 

1
100.0 1

1 Pit.horn.:CWC, neat
1

88.5 1 100.0 1
1:10 100.0 1 

I
100.0 1

1 Plasma: Bg, 1:10
1

100.0 1
1:100

1
100.0 1

1 I I I



CHARTER 3

IN V E S T IG A T IO N  OF THE REPRODUCTIVE AND BEHAVIOURAL

D I V I S I O N  OF LABOUR. AND INTER-COLONY RECO G NITION IN  

NAKED MOLE-RATS

3.1 INTRODUCTION

The most intensively researched feature o f naked mole-rat biology is 

its unusual behavioural division of labour, and this has been reviewed in 

detail in Chapter I, section 1.1.4. Most studies have concentrated on 

investigation of this division of labour, one of the factors  which has led to 

the naked mole-rat being termed "eusocial", and compared with the social 

insects (Lacey & Sherman, 1990). Division of labour in naked mole-rat 

colonies is characterised by the unequal participation of colony members in 

colony maintenance behaviours, which in captivity include such activities as 

tunnel sweeping, chewing and digging at the corners of the perspex burrow in 

an attempt to extend the burrow system, and carrying food and bedding to 

the nest chamber. The animals which carry out these activities have been 

termed "workers" (Jarvis, 1981; Jarvis et a/., 1990; Lacey & Sherman, 1990). 

The frequency with which these activities are performed has been shown to 

be negatively correlated with body mass (Jarvis et al., 1990; Lacey & 

Sherman, 1990), thus larger individuals carry out fewer worker activities, and 

in some, but not all colonies, some large animals may form a non-working 

caste (Jarvis, 1981; Lacey & Sherman, 1990). There is evidence to suggest 

that larger individuals may have a defensive role within the colony, because 

Lacey and Sherman (1990) have recorded positive correlations between body 

mass and defence related behaviours in captive colonies, including "nest 

guarding", attacking conspecifics from other colonies, and attacking snakes 

introduced into the burrow system. These behavioural observations in 

captivity are consistent with findings in the wild, where significant negative 

correlations between both activity and foraging, and body mass were 

recorded. In addition, large animals did less digging, and tended to be 

captured firs t, suggesting that they might be acting in a defensive role by 

investigating an intrusion into the colony (Brett, 1986, 1990 b).

Some important aspects of naked mole-rat behaviour have yet to be 

quantified in detail, fo r example the exact nature of dominance hierarchies



within colonies. Hierarchies are known to exist in captive colonies (J.U.M. 

Jarvis St B.W. Broil, pers. comm.). Investigations reported in this thesis have 

suggested that social dominance may play a significant role in mediating 

reproductive suppression in naked mole-rat colonies (see Chapter 8). 

Dominance hierarchies also occur in colonies of the socially-living Bathyergids 

Cryptomys damarensis and C. hottentotus (Bennett, 1988; Bennett St Jarvis, 

1988). The agonistic interactions involved in the establishment and 

maintenance of dominance hierarchies in naked mole-rat colonies are not fully 

understood. However, Reeve and Sherman (1990) have quantified 

pushing/shoving interactions and chirping vocalisations that often occur in 

the nest chamber, and when animals meet in tunnels. These agonistic 

behaviours were mostly initiated by the queen, and tended to be directed at 

larger individuals of both sexes. Interestingly, the agonistic behaviours were 

more pronounced in colonies where the queen was breeding regularly, 

suggesting that perhaps these types of interactions were involved in the 

assertion of dominance and reproductive status.

The formation and maintenance of both dominance heirarchies within 

naked mole-rat colonies, and the complex social structure including workers, 

non-workers and reproductives, must presumably be dependent on the ability 

of animals to recognise one another. In the absence of a visual sense, 

recognition must rely on odour, vocalisation or tactile  cues, or a combination 

of all three. These cues may also initiate the fierce intei—colony aggression 

that occurs when two colonies meet in the wild (Brett, 1986), or when two

colonies are allowed to mix in captivity, and thus appear to prevent

outbreeding (Jarvis St Bennett, 1990; Jarvis, 1990 a; Lacey St Sherman, 

1990). The occurrence and function of individual specific odours is well 

documented in other rodents such as mice (Yamazaki et al., 1976), and has 

been reviewed in Chapter 1, section 1.2.1.3.

The aims of this behavioural study were two-fold. Firstly, to 

investigate behaviours related to reproduction, work, and defence, to

confirm the division of labour reported in captive colonies in South Africa  

(Jarvis, 1981) and U.S.A. (Lacey St Sherman, 1990) and in the field (Brett, 

1986, 1990 b). It was important to establish that our captive colonies were 

exhibiting similar social and reproductive behaviours to those described by

other workers, before embarking on more detailed endocrine studies. Secondly, 

a preliminary study was undertaken to investigate the role of odour in intei— 

colony recognition, i.e. the ability of naked mole-rats to discriminate their



own colony from a foreign colony, by using chemical cues. This was done by 

employing a Y-maze test, where individual animals were presented 

simultaneously with soiled toilet chamber litter from their own, and a foreign 

colony, and their behavioural responses recorded.

3.2 INVESTIGATION OF THE REPRODUCTIVE AND BEHAVIOURAL DIVISION OF 

LABOUR

3.2.1 METHODS

To investigate maintenance and defence-related behaviours, 

observations were undertaken over a four month period from October 1985 

to January 1986, in two captive colonies A and B (see appendix fo r colony 

details). The behavioural technique employed was based on the scan-sampling 

method used by Lacey & Sherman (1990). Each observation consisted of a 

scan sampling regime: starting at one end of the colony and moving round to 

the other end within five minutes, an observer recorded the behaviour and 

location of each mole-rat when firs t encounted during the observation. 

Animals inactive within the confines of the nest box were not recorded. 

Worker animals were defined as those involved in tunnel digging and foraging, 

which included the following behaviours: digging; chewing; sweeping nest

material; carrying (i) food, (ii) nest material (all previously described by 

Jarvis, 1981 Si Lacey Si Sherman, 1990). Another group of behaviours were 

also seen which were termed "colony monitoring" behaviours, and included (i) 

patrolling -  moving around the colony not carrying out maintenance 

behaviours or any other obvious activity before returning to the nest; (ii) 

sentry -  lying in an entrance to the nesting chamber facing outwards. These 

colony monitoring behaviours were observations of possible passive "defence" 

activities with no element of challenge or novelty. These and other defence 

behaviours have been investigated and described more fully by Lacey Si 

Sherman (1990).

These observations were recorded either at half-hourly or hourly 

intervals between 9 a.m. and 5 p.m., and at hourly intervals between 5 p.m. 

and 9 a.m. (overnight). One hundred and two observations (seventeen hours in 

total) were completed for each colony. Observations were started ten minutes 

afte r the observer had entered the room.



In addition, casual observations of mating, birth dates and litter sizes 

were recorded in all our captive colonies (a total o f 17, five of which were 

pairs, and three of which were pairs with one litter of young). The sex ratio  

of pups surviving to weaning was ascertained by examination of the external 

genitalia, when pups were approximately four weeks old.

3.2.2 STATISTICAL ANALYSIS

Behavioural data were analysed by least mean squares regression

analysis (Helwig & Council, 1979). Logarithmic transformations of the data 

were carried out before the regression analysis as a standard procedure, to 

reduce heterogeneity of variances and to counteract "skew" (Sokal & Rohlf, 

1981). Young animals ( < 7 months) were not included in the regression

analysis because they participated little in colony activities. Animals tend to  

begin "working" a fte r they reach an age of seven months (or approx. 20 g 

body mass; see Lacey & Sherman, 1990). Sex ratio data was analysed

statistically using the chi-squared test.

3.2.3 RESULTS

Each of our captive colonies contained only one breeding queen, and 

she was physically distinct from all the other animals, in that she was the 

largest female, had an elongate body with prominent nipples and well 

developed genitalia (with a perforate vagina). From observations of mating 

two animals were identified as breeding males in both Colony A and Colony B, 

while only one breeding male was apparent in the remaining seven established 

colonies. Frequent mutual ano-genital nuzzling occurred between the breeding 

queen and the breeding males whether or not mating was involved, although 

this was not quantified. This nuzzling occurred both in the perspex tunnelling 

and in the nest chambers of the colony system. In the latter location, it

was common to find the queen apparently asleep with one of the breeding

males in a mutual naso-anal posture. This ano-genital nuzzling was not 

displayed by any non-breeders in these two colonies.

Mating was observed relatively rarely as behavioural oestrus in naked 

mole-rats is short (2-24 h: Jarvis, 1990 a; Lacey & Sherman, 1990). In two 

cases where mating was observed which subsequently resulted in conception, 

birth of young occurred 76 and 79 days post-mating, respectively. In four 

male/female pairs in which female ovarian cycles were being followed, by 

determination of urinary progesterone profiles, six observations of mating



were recorded (see Chapter 5). In five of these six matings, the female did 

not become pregnant at that period of oestrus, and went on to undergo 

another ovarian cycle. Pooling these six obervations, it was estimated that 

mating occurred 1.00 + 0.63 days (mean ± s.e.m.) before the presumed day of 

ovulation (see Chapter 5). Mating was always solicited by the queen, as has 

been observed in other captive colonies (Jarvis, 1990 a; Lacey & Sherman, 

1990). The oestrus behaviour of the queen has been fully described by Jarvis 

(1990 a).

Over the period June 1985-December 1989, a total of 396 pups were 

born in 45 litters, with a mean 1 s.e.m. litter size o f 9.0 i  0.6 pups (range: 

2-18). Of these, 184 were still alive a fte r weaning 4 -6  weeks post-partum, 

giving a survival rate of 46.5%. The sex ratio of these surviving pups was 

1.4:1 in favour of males (108 males: 76 females). This sex ratio bias

towards males was significant (P < 0.05, D.F.= 1, y2= 5.22). The sex ratio 

at birth was not recorded, because of the risk o f pup mortality due to 

disturbance of the animals.

This monopoly of reproduction showed that there was a clear division 

between reproductive and non-reproductive animals. Our observations of 

colonies A and B have also shown that the mole-rats in each colony did not 

participate equally in colony maintenance activities (i.e. behaviours related to 

tunnel digging and foraging). The breeding queens were the only animals not 

observed working. The remaining mole-rats in both colonies performed all the 

maintenance tasks such as digging, sweeping tunnels and carrying food 

between the food chamber and the nest chamber. Regression analysis revealed 

a clear relationship between behavioural activity and body mass. The results 

obtained for body mass, illustrated in Figures 3.1 (a) and (b), showed a

significant negative correlation in the total frequency of maintenance 

behaviour with body weight for both colony A (F( 1,24)= 14.99, P < 0.0007) 

and colony B (F( 1 ,16)=5.5, P < 0.032). Conversely, the total frequency of 

colony monitoring, or defence related behaviour was found to be positively 

correlated with body mass fo r both our colonies (Colony A: F( 1,24)=16.2, p < 

0.0005; Colony B: F( 1,16)=8.67, P < 0.0095). These latter results are

displayed in Figure 3.2 (a) and 3.2 (b) respectively.



Correlations of the behavioural parameters recorded in this study with

age were not carried out, because many of the animals in these two colonies

were wild caught and their ages were therefore impossible to estimate with 

accuracy, because of the difficulty in relating age and body mass in naked 

mole-rats (Jarvis et al., 1990).

A summary of the individual behavioural catagories, together with their

respective statistical values, is given in Table 3.1. A non-worker group of 

mole-rats (previously described by Jarvis, 1981; Isil, 1983) could not be 

distinguished in either Colony A or B.



FIGURE 3.1 -  (a) Correlation between maintenance behaviours and body mass 
(Colony A); (b) Correlation between maintenance behaviours and body mass 
(Colony B). The individual values shown are the antilog of the transformed 
value used in the statistical analysis.
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FIGURE 3.2 -  (a) Correlation between colony monitoring behaviours and body 
mass (Colony A); (b) Correlation between colony monitoring behaviours and 
body mass (Colony B). The individual values shown are the antilog of the 
transformed value used in the statistical analysis.
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TABLE 3.1 -  Summary of behaviour/body mass correlations.
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3.2.4 DISCUSSION

This initial behavioural investigation has shown that in the London 

colonies studied, there was a clear reproductive division of labour: colonies 

contained only one breeding queen, and one or two breeding males. 

Unfortunately, observations of mating were relatively few, and these were 

restricted to animals in male-female pairs who were undergoing routine urine 

sampling for determination of ovarian cyclicity in the females (see Chapter 

5). However, when these observations of mating were related to the ovarian 

cycle of the female, ascertained from the urinary progesterone data, mating 

occurred approximately one day before the presumed time of oestrus and 

ovulation, during the follicular phase of the ovarian cycle. In colonies where 

the queen is breeding regularly, behavioural oestrus and mating normally occur 

while the queen is still lactating, 7-10 days post-partum (Jarvis, 1990 a). 

The two observations of mating which were followed by conception and birth 

gave gestation periods for those females of 76 and 79 days. These results 

were comparable to the observations of Lacey and Sherman (1990), who 

reported gestational periods of 72-77 days, calculated from the day of 

mating to the day of the subsequent birth o f pups. Jarvis (1990 a),

estimated gestation to be between 66 and 76 days, based on measurement of 

inter-birth intervals and assuming that oestrus occurred 8-11 days post

partum.

Litter sizes in the Institute of Zoology colonies were also similar to 

those recorded by other workers, with a mean 4 s.e.m. o f 9.0 4 0.6 pups,

compared with 7.7 4 2.3 (Lacey & Sherman, 1990), and 12.3 4 5.7 (Jarvis,

1990 a). These captive litter sizes appear to be close to those of wild 

colonies, where the mean number of young surviving to weaning (and 

therefore capture), was 10.3 4 1.9 (Brett, 1986). An interesting finding in

this study was the significant bias towards males in the sex ratio o f pups 

surviving to weaning (1.4:1). Jarvis recorded the same sex ratio bias (1.4:1) 

in pups surviving to weaning in captivity, while in wild-caught juveniles, a 

value of 1.3:1 was found (Jarvis, 1990 a). The field studies of Brett 

revealed that in juveniles under 16 g, the sex ratio was parity, but when 

calculated for the complete colony, an overall figure of 1.12:1 was obtained, 

again in favour of males (Brett, 1986, 1990 b). It is well known that in

some species, the sex ratio at birth, the "primary sex ratio", can change

from parity to favour a particular sex, depending on the costs or benefits

of producing male or female offspring (for review see Clutton-Brock &



Iason, 1986). However, in the naked mole-rat it appears that the sex ratio  

may be equal at birth (Brett, 1986), but that a bias towards males soon 

develops due to higher infant mortality among females: Jarvis (1990 a) found 

a significant female-biased pup mortality. It is interesting to speculate on 

the possible cause of this greater female pup mortality, which results in a 

male biased sex ratio. Perhaps one explanation could be related to dominance 

and reproductive suppression in females. The results from Chapter 8 suggest 

that reproductive suppression in non-breeders is mediated by a behavioural 

mechanism, possibly involving agonistic interactions between the queen and 

other colony members. As young females become incorporated into the 

dominance hierarchy of their colony, perhaps the stress resulting from 

aggressive interactions with more dominant colony members may prove fa ta l in 

some females. However this implies that the establishment o f dominance 

status is different between males and females, because an equal number of 

fata lities would be expected in males if this were not so. Evidence to 

support this conjecture comes from the fa c t that aggression between 

females is generally much greater than in males, and competition among 

females for breeding status can sometimes result in fighting and death (see 

results, Chapter 5; Jarvis, 1990 a). Conversely, fighting among males is 

comparatively rare (Jarvis, 1990 a). Increased sex ratios and female

mortality have also been observed in group-living primates when social tension 

is high, and have been suggested to result from social stress arising from 

disruptive behaviour in conspecifics. A hypothesis put forward to explain this 

phenomenon in primates argued that in a group, females would try to stop 

the production of daughters by other females, because female fecunidity in 

primate groups decreases as the group size increases (Van Schaik & Van 

Noordwijk, 1983).

Jarvis (1981) firs t suggested that naked mole-rats exhibited a 

behavioural division of labour, such that animals could be assigned to various 

castes, including frequent workers, infrequent workers and non-workers, 

although the distinction between frequent and infrequent workers was not 

cleai—cut and role overlap occurred. Non-workers were the larger animals in 

the colony. Further studies by Jarvis et al. (1990) and Lacey and Sherman 

(1990) have confirmed the behavioural division of labour in other captive 

colonies and have shown that rather than having a system of discrete and 

rigid castes, the behavioural role of an animal appears to be dependent on 

its body mass, and to some extent, its age. Small animals perform the



highest frequencies of worker behaviour, while large animals perform work

activites less, but carry out more defence-related behaviour. Thus in general, 

as animals age and increase in body mass, the frequency with which they 

carry out work decreases, while the frequency of defence-related behaviour 

increases (Jarvis et al., 1990; Lacey & Sherman, 1990). These observations 

have led to the suggestion that an age polyethism exists in naked mole-rat 

colonies, i.e., as an animal ages, its behavioural role changes (Lacey & 

Sherman, 1990). However, naked mole-rats within a colony have been shown 

to exhibit a considerable variation in growth rates, and thus some old 

animals may remain relatively small and perform high frequencies of worker 

activities (Jarvis et a/., 1990). This would not be the case if a strict age 

polyethism occurred, because they would be expected to become non-workers. 

Many animals never attain maximum body size in captivity, even when provided 

with food ad libitum. For example, out of 39 naked mole-rats aged 11-15 y 

housed in captivity in Cape Town University, only three had body masses of 

60-65g (the maximum body size attained in the wild is c.70g), and surprisingly, 

four animals had body masses of only 30-49g (Jarvis et al., 1990). Thus

some naked mole-rats may maintain a small body size throughout their life 

span. The concept of age polyethism in naked mole-rat colonies is therefore 

not strictly true, and may be misleading. A more accurate reflection of 

behavioural role is gained from correlations with body mass. There is also 

evidence to suggest that even more subtle behavioural relationships exist 

within colonies. The frequency of working behaviour observed in an individual 

may not be dependent on absolute body size per se, but on its size and

growth relative to other colony members (Jarvis et al., 1990). Polyethism has 

been observed within litters, as well as within the colony as a whole: the 

heaviest animals in a litter performed the least amount of digging work

relative to their litter mates (Jarvis et al., 1990).

Detailed observations of two of the London colonies (A & B) confirmed 

the correlations of body mass with colony maintenance and defence-related 

or monitoring behaviours, reported by Jarvis et al. (1990) and Lacey and 

Sherman (1990) in other captive colonies, and by Brett (1986, 1990 b) in wild 

colonies. Juvenile mole-rats having a body mass of less than 20 g (and aged 

approximately 7 months), participated little in colony maintenance activities 

(and were therefore not included in the results of this study). However, upon 

reaching approximately 20 g body mass they became frequent workers 

(Figures 3.1a it b). As animals increased in body mass they worked less



frequently and appeared to adopt a different role within the colony, possibly 

related to defence, because nest-guarding and patrolling behaviours were 

positively correlated with body mass (Figures 3.2a it b). This transition was 

gradual with no obvious distinct c u t-o ff at any body mass between animals 

carrying out maintenance or monitoring behaviours. In this study, the 

behaviour of males and females was not analysed separately, however other 

workers have failed to show any sex differences among non-breeders in 

colony maintenance or defence behaviours (Jarvis, 1981; Lacey it Sherman, 

1990).

Although significant negative correlations were obtained between 

maintenance behaviour and body mass, no distinct group of non-working 

animals could be identified in either Colony A or B. The only animal in these 

colonies that was not observed working was the breeding queen. The reason 

of the lack of a non-working group of mole-rats in these two colonies is 

not clear, but may have been due to the relatively small numbers of adult 

animals (Colony A: 28; Colony B: 19) compared to those studied by Jarvis 

(1981), where the colony numbered 40 adults.

The existence of a division of labour which results in some animals 

performing little or no foraging behaviour in wild colonies of naked mole-rats 

(Brett, 1986, 1990), may have important implications in the energetics of the 

colony. Lovegrove and Wissel (1988), have developed a model which 

demonstrates the advantages that a large group size has on foraging 

success. Assuming that burrowing for the widely dispersed geophytes on which 

naked mole-rats feed (e.g. Pyrenacantha tubers) is initially random, then 

increasing the group size will increase the chances of finding food. It is 

estimated that the risk of one naked mole-rat digging alone not encountering 

a geophyte within a distance of 3 m, is 41 times greater than when 10 

animals are digging and foraging (Lovegrove it Wissel, 1988). However, while 

increased group size and sociality reduces the risk of unsuccessful foraging, 

this benefit will be offset by the presence of animals in the colony which 

do not forage, i.e. non-workers and breeding animals. Lovegrove it Wissel 

(1988) suggest that to compensate fo r the presence of non-workers, the 

total energy expenditure of colonies is reduced by naked mole-rats having a 

low resting metabolic rate, conserving energy by huddling in the nest chamber 

(Withers it Jarvis, 1980), and by reducing the body size of individuals. A 

clear trend of decreasing body size with increasing colony size has been 

observed (Lovegrove it Wissel, 1988).



While overall patterns of behaviour appear to be fairly consistent 

between different captive populations and those colonies that have been 

studied in the wild, the recent studies of Jarvis et al. (1990) have indicated 

that our understanding of the behavioural characteristics of naked mole-rats 

is fa r from complete. Complex relationships between behavioural role and 

relative growth rate, body size and colony size may exist, and many intriguing 

questions remain to be answered.



3.3 INVESTIGATION OF INTER-COLONY RECOGNITION

3.3.1 METHODS

To test the responses of male and female naked mole-rats to familiar 

and foreign colony odours, a two-choice test based on a Y-maze was 

developed. Figure 3.3 illustrates the apparatus used:

A

FIGURE 3.3 -  Schematic diagram of Y-maze odour preference testing
apparatus. T= sliding trapdoor situated at the mid-point of the tunnel; A= 
chamber into which animals were introduced, B & C= test chambers.



Prior to testing, all trapdoors ('T \ Figure 3.3) were closed, and 500 ml 

of clean wood shavings were added to chamber A of the Y-maze apparatus 

(Figure 3.3). An equivalent volume of soiled toilet chamber litter was added 

to test chambers A and B. Two experimental conditions were tested. In the 

firs t (test) condition, each animal was presented with soiled litter from the 

home colony in one test chamber, and from an unrelated colony in the second 

test chamber (n=9 males; n=8 females). In the second (control) condition, each 

animal was presented with soiled litter from the home colony in both

chambers A and B (n=5 males; n=5 females). Animals from two colonies were

used in the study, nine from colony N and 18 from colony 2200, all were

non-breeders and the animals varied in body mass from 14.0 to 38.3 g (see 

Appendix for further colony details) Each animal was tested once only, so 

familiarity and learning effects  did not influence the results. In the test 

condition, between the testing of each animal the positions of the two test 

chambers B and C were inter-changed, to correct for any positional bias the 

animals may have had fo r the experimental apparatus. A fter four to six 

animals had been tested, fresh shavings were added to the respective

chambers.

Each test involved placing the naked mole-rat into chamber A, where it 

was left fo r a period of five minutes to acclimatise to the apparatus. The 

three trapdoors were then opened, and when the test animal had entered the 

'Y' of the apparatus, the trapdoor adjacent to the chamber A was closed, 

and simultaneously, timing of the test commenced. Each test lasted 15 minutes 

during which time the frequency and duration of visits to each of the test 

chambers was recorded. A visit to a chamber was defined as occurring when 

the animals head had crossed the mid-point of the approach tunnel at the 

position of the trapdoor. This enabled animals who stood sniffing in the 

entrance to the chamber to be included in the data. A visit was defined as 

being over when the animal had left the chamber and its head had crossed 

the position of the trapdoor. The latency to investigation, or time taken 

from when the test started, to when an animal placed its head into a 

particular arm of the Y-maze and investigated by sniffing, was also noted 

fo r each arm of the maze.

Results were analysed statistically by the non-parametric Wilcoxon 

matched-pairs signed-ranks test, and by Spearman's rank correlation test 

(Sokal & Rohlf, 1981).



3.3.2 RESULTS

Upon entering the Y-maze and commencing the test, investigation of the 

two arms of the "Y" by sniffing was relatively rapid, as can be seen from 

the latency times illustrated in Figure 3.4, where the maximum mean latency 

time recorded in the experiment was 13.9 + 3.5 sec. There was no statistical 

difference in the latency times between test chambers B and C in the control 

condition (9.7 + 3.5 vs 4.7 t 0.6 sec respectively; T= 23, N= 10), or between 

the home and foreign colony odours in the test condition (12.9 i  3.8 vs 13.9

+ 3.5 sec respectively; T= 72, N= 17).

Throughout the test period of 15 minutes, and in both experimental 

conditions, the animals showed high levels of investigation, characterised by a 

high frequency of visits to both test chambers B and C (Figure 3.5), and

sniffing the air within the chambers (this behaviour was not quantified).

Occasionally more intense sensory investigation of soiled litter in the test 

chambers occurred whereby the naked mole-rat thrust its head into the soiled 

shavings, while sniffing and nuzzling the material. When this behaviour was 

observed in a particular animal, it occurred in both the test chambers and 

therefore did not appear to be correlated with the source of the litter.

There was no significant difference in the total frequencies of visits to 

each test chamber B and C in the control condition (14.0 t 2.5 vs 18.0 ± 3.8 

respectively; T= 9, N= 9), or between the test chambers containing home and 

foreign colony litter, in the test condition (14.5 + 0.9 vs 12.1 + 1,3

respectively; T= 35, N= 16; Figure 3.5).

Thus, these results show that naked mole-rats rapidly began

investigation of the odours derived from both home and foreign colony litter, 

and that the chamber containing the litter from a foreign colony was not

avoided afte r initial investigation. In addition, no aggressive reactions which

normally occur when unfamiliar animals meet (e.g. hissing or chirping 

vocalisations: Lacey & Sherman, 1990), were recorded when naked mole-rats 

investigated the chamber containing the foreign colony litter.



FIGURE 3.4 -  Mean i  s.e.m. latencies (seconds) from the start of test to 
sensory investigation of a particular arm of the Y-maze in test and control 
experimental conditions. H= Home colony odour. F= Foreign colony odour. 
N.S.= no significant difference in results between the respective chambers 
(Wilcoxon matched-pairs signed-ranks test).
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FIGURE 3.5 -  Mean i s.e.m. frequency of visits to test chambers B and C of 
the Y-maze in test and control experimental conditions. H= Chamber containing 
home colony litter. F= Chamber containing foreign colony litter.
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However, in this study naked mole-rats showed a differential 

behavioural response to the chambers containing home and foreign colony 

litter in terms of the total time spent in each of the test chambers, and the 

mean duration of each visit to the test chambers. These results are 

displayed in Figures 3.6 and 3.7 respectively. In the control condition there 

was no significant difference between the total time spent in each test 

chamber (208.9 ± 38.2 vs 163.8 + 29.1 sec; T= 15, N= 9), or the mean visit 

duration in each test chamber (14.0 i  3.8 vs 12.9 i 2.5 sec; T= 23, N= 10).

When animals were subjected to the test condition and a choice o f home vs

foreign colony toilet litter, they spent more time in the chamber containing 

the home colony litter (298.4 t 38.5 vs 148.2 i  18.1 sec; P < 0.01, T= 17, 

N= 17), and the mean visit duration was higher (20.8 * 2 . 1  vs 12.8 ♦ 1.39 

sec; P < 0.01, T= 8, N= 16).

In the test condition, when home and foreign colony odours were

presented, 14 of the 17 animals spent more time in the chamber containing 

the home colony litter, resulting in the significant differences in time

durations illustrated in Figures 3.6 and 3.7. When animals were not in either 

of the test chambers, the time was spent inactive in the "Y" of the maze, or 

chewing at the closed trapdoor sealing o ff  chamber A.

Results from the firs t part of this chapter (section 3.2), and those of 

other workers (Jarvis, 1981; Lacey & Sherman, 1990) have shown that 

behaviour in naked mole-rats is related to body size, an in particular, 

defence related activities are performed more frequently in large animals. 

Therefore it could be argued that behavioural responses to foreign colony 

odours may differ according to an individual's size. To investigate whether or 

not the body mass of the animal influenced its behavioural response in this 

experiment, the distribution of the relative total time durations spent in the 

test chambers (expressed as the ratio of total time in the home chamber 

over the total time in the foreign chamber: H/F) against body mass was 

compared, and is illustrated in Figure 3.8. There was no significant 

correlation between body mass and H/F (r*=  0.40, N= 17), indicating that the 

results were not influenced by the body mass of the animals tested.



FIGURE 3.6 -  Mean ± s.e.m. total duration of visits to test chambers B and 
C of the Y-maze in test and control experimental conditions. H= Chamber 
containing home colony litter. F= Chamber containing foreign colony litter. 
N.S.= no significant difference in results between the respective chambers; 
* * =  p < 0.01 vs foreign colony odour (Wilcoxon matched-pairs signed-ranks 
test).
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FIGURE 3.7 -  Mean i s.e.m. mean duration of visits (sec) to test chambers B 
and C of the Y-maze in test and control experimental conditions. H= Chamber 
containing home colony litter. F= Chamber containing foreign colony litter. 
# *=  P < 0.01 vs foreign colony odour.
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FIGURE 3.8 -  Correlation between the ratio o f the total time spent in the
chamber containing the home colony litter to the total time spent in the
foreign colony chamber (H /F) and the body mass of the test animal. Each
point corresponds to the H/F value fo r each animal. Values of H /F less than
1.0 therefore represent animals who spent more time in the foreign colony 
chamber.
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3.3.3 DISCUSSION

Naked mole-rats showed different behavioural responses to the two Y - 

maze test conditions investigated in this experiment. In the control condition, 

where both test chambers contained litter from the toilet of the home 

colony, there was no statistical difference in the latency to investigate, the 

frequency of visits, the mean duration per visit, or the total time spent in 

the test chambers. Therefore this indicates that the animals tested using this 

protocol did not show a positional bias, and that when given a choice of 

two identical materials to investigate, there was an equivalent response to 

each.

In the test condition, when the animals were presented with a choice of 

litter from the toilet chamber o f the home colony or a foreign colony, the 

total duration spent in the chamber containing the home colony litter was 

significantly greater than that of the chamber containing the litter from a 

foreign colony. This was as a consequence of a higher mean visit duration 

to the home chamber, as the total frequency of visits was not significantly 

different between the chambers containing the home and foreign colony litter. 

The values obtained fo r the frequency of visits to the test chambers 

indicate that naked mole-rats show a high degree of investigation when given 

the choice of two odour sources, but that overall the home colony odour 

was preferred to that of an unrelated colony, because more time was spent 

in the chamber containing home colony litter. Out of the 17 animals subjected 

to the test experimental procedure, only three did not spend a greater 

amount of time in the home colony chamber. The consistency of these 

responses was perhaps surprising, given that the motivation of individuals 

might have been expected to d iffer according to their status within their 

colony. For example, while small animals may avoid foreign colony odours, 

larger animals, which have been proposed to have a defensive role within 

colonies (see previous section; Lacey & Sherman, 1990), may therefore be 

attracted to what they perceive as a threat or confrontation situation. 

However, in this study there was no apparent relationship between the 

behavioural response and body mass of the individual (Figure 3.8). Although 

comparatively few animals weighing over 30 g were tested, the individuals 

from the two colonies used in this study were the largest non-breeding 

animals. It is interesting that the presence of the foreign colony odour was 

not sufficient to produce an aggressive response in the test animal, and the 

overall impression to the observer of the behavioural responses, was one of



inquisitiveness and investigation. When individuals from different colonies are 

allowed to meet in captivity, aggressive interactions occur immediately, 

including tooth-locking and pulling, biting and hissing and chirping vocalisations 

(Lacey & Sherman, 1990). From this experiment it would seem that 

chemosignals alone are not sufficient to invoke an aggressive response, and 

additional sensory cues, perhaps vocal and tactile , must also be required.

From these results it appears that naked mole-rats are able to 

discriminate between colonies by chemical cues, which most likely involve the 

olfactory senses. The source of the chemosignals which the test animals 

used to discriminate in these experiments was associated with the soiled 

litter of the toilet chamber. This implies that the odour component of the 

colony recognition cues are therefore derived from urine, faeces or an 

unknown scent mark or deposit left in the toilet litter. The grooming 

behaviour of naked mole-rats observed in the toilet chamber by ourselves and 

others (Jarvis & Bennett, 1990), whereby mole-rats sweep the litter then 

wipe their face and bodies, and also roll in the soiled litter, could certainly 

function to maintain a colony odour on the body of each colony member (see 

Chapter 1, section 1.1.4; Jarvis & Bennett, 1990). This hypothesis could be 

tested using the Y-maze paradigm, but instead of using soiled shavings, body 

swabs from colony mates and foreign mole-rats could be used.

This experimental design employing a Y-maze has been used to 

investigate odour discrimination in other species of rodent, fo r example in 

the prairie vole, Microtus ochrogaster (Newman & Halpin, 1988), and in the 

mouse Mus musculus (Yamazaki et al., 1979). In the prairie vole, males showed 

a preference for their female mate's odours, and vice versa, in that animals 

stayed and built nests preferentially on the side of the Y-maze containing 

their mates odours (Newman & Halpin, 1988). In mice, individual specific 

odours function to prevent inbreeding, because mice show mating preferences 

for genetically less similar individuals, and apparently are able to use odour 

cues derived from the class I major histocompatibilty complex of genes (MHC 

I). This genetic basis fo r individual odour recognition has been reviewed in 

Chapter 1, section 1.2.1.3, and the genetics of the MHC I in naked mole-rats 

has been investigated in Chapter 9. In the naked mole-rat, the results from 

these Y-maze experiments suggests that together with other cues, 

chemosignals may be used in the recognition of foreign colonies, but that 

their function is perhaps the converse to that in the mouse, in that they 

may prevent colonies from mixing and prevent outbreeding in the wild. It is
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well documented that when colonies are mixed in captivity (Jarvis, 1990; 

Lacey & Sherman, 1990) or in the wild (Brett, 1986), aggressive interactions 

and fighting result. This xenophobia and lack of outbreeding would therefore 

be expected to produce a high degree of inbreeding and genetic relatedness 

within colonies (see Chapter 9). This high level of inbreeding may benefit the 

naked mole-rat, because it would be expected to produce increased intra

colony altruism due to kin selection (Hamilton, 1964), and reinforce the highly 

social behaviour observed in naked mole-rat colonies.

3.4 SUMMARY

Captive colonies of naked mole-rats at the Institute of Zoology,

London, contained one breeding female and one or two breeding males. The 

breeding queen produced litters which averaged 9.0 + 0.6 pups (range 2-18), 

with a survival rate to weaning of 46.5%. In these animals surviving to

weaning, there was a significant sex ratio bias (1.4:1, P < 0.05) in favour

of males.

Measurement of colony maintenance or "worker" behaviours (sweep, chew, 

dig and carry food/nest material), and defence related colony monitoring 

behaviours (patrol colony and nest guarding) in two captive colonies revealed 

clear differences in the frequencies with which these activities were carried 

out in different individuals.

Colony maintenance behaviours were significantly negatively correlated 

with body mass (P < 0.01), resulting in smaller animals carrying out higher

frequencies of worker behaviour. Larger animals worked progressively less, 

although a non-worker group of mole-rats could not be identified in the two 

colonies investigated in this study. Conversely, passive measures of defence 

or colony monitoring behaviours were positively correlated with body mass (P 

< 0.01), with the larger animals performing higher frequencies o f these

activities.

These results were consistent with the findings of Jarvis, and Lacey 

and Sherman in captive colonies, and Brett's investigation of wild colonies, 

which showed that a behavioural division of labour exists in naked mole-rat 

colonies.



I Z U

Investigation of the behavioural responses of male and female non

breeding naked mole-rats to home and foreign colony odours using a Y-maze 

choice test, has shown that individuals showed a preference fo r their home 

colony odours, characterised by significantly more time being spent in the 

chamber containing litter from their home colony (P < 0.01). This resulted 

from significantly longer mean visit durations (P < 0.01) rather than a

difference in the frequency of visits. These data suggested that naked mole- 

rats are able to discriminate between different colony odours derived from 

the litter taken from toilet chambers, and that these cues may be involved in 

inter-colony recognition.



CHARTER 4

ANATOMY AND HISTOLOGY OF THE REPRODUCTIVE TRACT 

IN MALE AND FEMALE NAKED MOLE-RATS

4.1 INTRODUCTION

Previous studies of the anatomy and histology of the reproductive 

trac t of the naked mole-rat were limited, and were conducted before it was 

fully appreciated that reproduction was restricted to one female and one to 

three males in any one colony. Hill et al. (1957) provided a comprehensive 

description of the anatomy of the naked mole-rat, which included the 

reproductive organs. In females, the genital organs were described thus: "The 

general arrangement here recalls the embryonic condition", and presumably 

referred to non-breeding females only (see results). Kayanja & Jarvis (1971) 

reported histological observations of six females, three of which were 

believed to be in oestrus (due to the presence of a perforate vagina, 

distended vulva and enlarged mammary glands), and three believed to be in 

anoestrus (due to the ovaries and reproductive tracts o f these individuals 

being smaller than the oestrous females). The "oestrous" animals had a highly 

vascular uterus and their ovaries contained follicles at all stages of 

development, together with large accumulations of interstitial gland (luteal) 

tissue. In contrast, "anoestrous" animals had reproductive tracts  that were 

smaller and much less vascular, and the ovaries contained predominantly 

primordial and primary follicles.

In male naked mole-rats, the testis do not descend and are situated in 

the abdominal cavity on either side of the bladder (Hill et al., 1957). 

Fawcett (1973) described the histology of the testis, although the breeding 

status of the four animals studied was not specified. The seminiferous 

tubules were sparsely distributed, and the testes contained large quantities 

of interstitial (Leydig) cells. This was in contrast to common laboratory 

rodents, such as the mouse and rat, and other hystricomorphs like the guinea 

pig and the chinchilla (Fawcett, 1973).

Despite the fa c t that at any one time there are only 1-3 breeding 

males per colony (Jarvis, 1981; Lacey and Sherman, 1990), most males appear 

to produce mature spermatozoa. Autopsies of 84 wild-caught males having a 

body weight over 20 g revealed that 76% had spermatozoa in their vasa 

deferentia, implying that fully developed spermatozoa were present in many



males in a colony. In addition, 51% of males that weighed over 30 g had 

large accumulations of spermatozoa in their vasa deferentia (Jarvis, 1990 a).

The aim of the investigation undertaken fo r this chapter was as 

follows: (i) to determine in detail the qualitative and quantitative differences 

in the reproductive tracts o f both breeding and non-breeding male and female 

naked mole-rats, (ii) Relate these findings to the results from the endocrine 

studies o f breeding and non-breeding animals of both sexes, to ascertain the 

degree of gonadal inhibition in non-breeding animals in more detail (Chapters 

5, 6, & 7).

4.2 METHODS

4.2.1 COLLECTION AND FIXATION OF TISSUE

In captive colonies, reproductive tracts  were either removed at post

mortem, no more than 12 h a fte r the death o f the animal, or removed within 

30 minutes of euthanasia. In females, the vagina was cut just below the 

cervix, and the bicornate uterus, oviducts and ovaries dissected from the 

abdominal cavity. In males, the reproductive tra c t was cut just below the

junction of the left and right vasa deferentia, and the abdominal testes,

together with the attached vasa deferentia were removed. Tissue was fixed 

by immersion in 10% formol saline.

Tissue samples collected from colonies in the wild were fixed by

immersion in 4% paraformaldehyde in saline within 15 minutes of culling the 

animal. For further details o f the capture method see Chapter 2.

All samples were fixed fo r a period which ranged from seven days to 

24 months (in both captive and wild-caught animals) prior to anatomical

measurement and histology. Because an accurate balance and binocular 

microscope were not available in the field, it was not possible to measure 

and weigh the reproductive tracts  and gonads o f wild-caught animals before 

fixation. Therefore, all anatomical measurements were made on fixed material, 

and the results are based on the assumption that any size changes in the 

tissues examined, resulting from the process of fixation, were constant 

across all the samples.



4.2.2 ANATOMICAL MEASUREMENTS

4.2.2.1 FEMALES

In both captive and wild-caught females, non-breeders were readily 

distinguished from breeders by the presence of well developed external 

genitalia, a perforate vagina, and well developed mammary glands in the latter 

females.

Measurements were taken from both captive breeding (n=8 from eight 

colonies) and non-breeding female naked mole-rats (n=5 from three colonies), 

together with wild-caught non-breeding females (n=9 from two colonies). 

Firstly, the tissue was blotted to remove excess fixative, and the entire 

reproductive trac t including ovaries weighed. Next, each ovary was removed 

and weighed individually, and the mean mass per ovary was calculated. The 

following dimensions were then taken (illustrated in Figure 4.1), using a 

binocular microscope fitted  with a graduated graticule: the length, breadth 

and depth of each ovary; the length of each uterine horn from the cervix to  

the start of the oviduct; the diameter of the uterine horns, expressed as 

the mean of three measurements taken at points approximately 1/4, 1/2 and 

3 /4  along the length of each uterine horn.

OD

UL

UD

FIGURE 4.1 -  Diagrammatic representation of the ovaries and reproductive 
trac t o f a female naked mole-rat showing the positions of measurements 
described above. UL= Uterine length, UD= uterine diameter, 0L= ovarian 
length, 0B= ovarian breadth, 0D= ovarian depth.



In addition, the total mass of the reproductive trac t, including ovaries, 

of a further 45 non-breeding females from four wild colonies was 

determined, using the same procedure described above.

Because the breeding female is usually the largest and heaviest animal 

in the colony, total mass of the reproductive trac t and ovaries, and the 

mean ovary mass was also calculated relative to body mass in both breeding 

and non-breeding females, to correct fo r body size differences.

4.2.2.2 MALES

Testes, including the vasa deferentia, from captive breeding (4 males 

from 4 colonies), captive non-breeding (6 males from 3 colonies), and wild- 

caught male naked mole-rats (n=52 from 1 colony) were individually weighed. 

Although the reproductive status of the wild-caught males was not known, 

they were assumed to be non-breeders because the mass of their 

reproductive tracts  resembled those of captive non-breeders (see results). 

Their testes masses were included in this study to increase the sample size 

in the investigation o f the relationship between body mass and reproductive 

trac t mass.

4.2.3 HISTOLOGY

A fter fixation, tissue samples were dehydrated and cleared by immersion 

in a series of solutions according to the following protocol:

TREATMENT TIME <h)

1. 75% Industrial methylated spirit (IMS) 1.5

2. 85% IMS 1.0

3. 95% IMS 1.5

4. 100% IMS 1.0

5. 100% IMS 1.5

6. 100% IMS 1.5

7. 50:50 100% IMS:xylene 1.5

8. Xylene 1.0

9. Xylene 1.0

10. Molten paraffin  wax 1.0

1 1. Molten paraffin  wax 1.0

12. Molten paraffin  wax 1.0



On removal from the last molten paraffin wax bath, samples were 

vacuum impregnated with molten paraffin wax fo r 30 min, then imbedded in 

paraffin wax fo r sectioning using a Tissue-Tek II system (Ames, Lab-Tek, 

Miles Laboratories Ltd, U.K.).

Sections 0 .5-0.8  pm thick were cut and stained fo r light microscopy 

with haematoxylin-eosin. Photomicrography was carried out with a Zeiss 

Ultraphot 2 photomicroscope, using 35 mm Kodachrome 25 Professional film 

(daylight), with an 80B colour correction filte r.

In females, ovarian follicles were classified according to Wheater et al. 

(1979), as follows:

(i) Primordial follicle -  a primary oocyte surrounded by a single layer of 

flattened follicular cells.

(ii) Early primary follicle -  a greatly enlarged oocyte surrounded by one 

or more layers of cuboidal follicular cells.

(iii) Primary follicle -  an oocyte contained within the zona pellucida.

Follicular cells have proliferated to form granulosa cells. The surrounding 

connective tissue has begun to form the theca externa and theca interna.

(iii) Secondary follicle -  antral formation has begun within the zona

granulosa. The theca interna has differentiated into steroid secreting cells.

(iv) Tertiary or preovulatory follicle -  large follicular antrum, with an even 

layer of granulosa cells around the periphery of the follicle. The oocyte is 

surrounded by a thin layer of cells, the corona radiata.

4.2.4 STATISTICAL ANALYSIS

Reproductive trac t dimensions in breeding and non-breeding males and

females were compared statistically using Student's t-te s t.
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4.3 RESULTS: FEMALES

4.3.1 ANATOMY

The relative dimensions of the reproductive tracts  taken from captive 

breeding and captive and wild non-breeding female naked mole-rats are 

summarised in Table 4.1 below:

TABLE 4 .1 - Mean t s.e.m. reproductive trac t measurements in breeding and 
non-breeding females. P < 0.001, # *=  P < 0.01, *=  P < 0.05 vs non
breeding status.

|

TOTAL 1 UTERINE HORN OVARY

ANIMAL MASS 1

STATUS OF 1 MEAN 1 MEAN 1 MEAN 1 MEAN 1 MEAN 1 MEAN |

TRACT (DIAMETER 1 LENGTH 1 LENGTH 1 BREADTH 1 DEPTH 1 MASS |

<9> 1 (mm) 1 

\ \

(mm) I (mm) 1 (mm) 1 

1 t

(mm) 1 (g )  |

CAPTIVE • • •

1 1 

1 * * *  1 • • • I •

1 1 

1 • •  1 « * 1 • •  |

BREEDING 1 .25 1 3 .92  1 50 .6 1 5 .59 1 3 .68  1 2 .0 9 1 0 .035  |

FEMALES ±0.42 1 ±0 .73  1 ±4 .9 1 ±0 .62 1 ±0 .46  1 ±0 .23 1 ±0.011 |

n=7 1 n=7 1 

1 1

n=8 1 n=8 1 n=8 1 

1 1

n*8 1 n*8 |

CAPTIVE

1 1 

1 1

1 1 

1 1

& WILD 1 1 1 1

NON-BREEDING 0.042 1 0 .7 6  1 21 .82 1 3 .92 1 2 .2 6  1 1 .23 1 0 .008  |

FEMALES ±0.002 1 ±0 .0 5  1 ±1 .61 1 ±0 .12 1 ±0 .08  1 ±0 .12 1 ±0 .002 |

n=59 1 n»14 1 

1 1

n=14 1 n»14 1 n*14 1

1 1

n«14 1 n»14 |

I I  1 1 1 1 1 l
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There were significant differences between breeding and non-breeding 

females in all measurements of the reproductive trac t and ovaries (Table 

4.1). The total reproductive trac t and ovarian mass, and the mean mass per 

ovary relative to the body mass of the animals are listed in Table 4.2 

below:

1

1 FEMALE STATUS

1

TOTAL MASS OF 1 
REPRODUCTIVE 1 

TRACT/BODY MASS 1 
(mg/g) 1 

1

1

MEAN MASS OF 1 
OVARY/BODY 1 

MASS 1 
(mg/g) 1

1 BREEDER
1

27.10 t 8 .9 0 **  1 
n=7 1 

1

0.789 ♦ 0 .239* 1 
n=8 1

1 NON-BREEDER
1

1.53 1 0.05 1 
n=59 1 

1

0.250 ± 0.026 1 
n=14 1

I I  1 1

TABLE 4.2 -  Mean i  sem total reproductive trac t and ovarian mass
expressed per gram body mass in breeding and non-breeding female naked 
mole-rats. *■= P < 0.05, *# =  P < 0.01 vs non-breeding status.

Relative to body mass, breeding females had significantly higher total 

reproductive trac t mass (P < 0.01, t= 2.879, D.F.= 64), compared to non

breeding females. Similarly, mean ovary size per unit body mass was also 

significantly higher in breeding females, compared with non-breeding females 

(P < 0.05, t=2.240, D.F.= 20; Table 4.2).

These differences are illustrated in Plate 4.1 overleaf, which shows a 

comparison of the reproductive tracts and ovaries from a selection of 

typical breeding and non-breeding females. The striking size differences 

relative to body weight are exemplified particularly well by tra c t 'c' from a 

breeding female of 45g, and trac t 'd' from a presumed non-breeding female 

of 76g body mass.



PLATE 4.1 -  R e p ro d u c t iv e  t r a c t s  and o v a r ie s  o f  fe m a le  naked  m o le - r a t s .
T r a c t  'a ' is f r o m  b re e d in g  9 I (C o lo n y  A ), t r a c t  'b' is f r o m  b re e d in g  9 I 7
(C o lo n y  B) & t r a c t  'c* is  f r o m  b ree d in g  <?501 (C o lo n y  N), who d ied  48  h r  
a f t e r  g iv in g  b i r t h .  T hese  fe m a le s  had n o n -p r e g n a n t  body  m asses o f  52g , 56g 
and 4 5 g  r e s p e c t iv e l y  (see  A ppend ix  I f o r  f u r t h e r  c o lo n y  d e ta i l s ) .  T r a c t s  'd ' f 
'e' &  ' f 1 a re  f r o m  n o n -b re e d in g  fe m a le s  9 4 .11 (w i ld - c a u g h t ,  c o lo n y  M .A d .D ) ,  
9 3 3  (C o lo n y  B) &  $ 4 . 4  (w i l d - c a u g h t ,  c o lo n y  M .Ad . D). These fe m a le s  had body
m asses  o f  76g , 33 g  & 46g  r e s p e c t iv e l y .



4.3.2 HISTOLOGY

Serial sections of the ovaries from captive breeding (n=8), non-breeding 

(n=5) and wild caught, non-breeding females (n=9) were examined. The 

histological differences between breeding and non-breeding females were 

clear-cut, and were not quantified. Photomicrographs of representative 

sections from the three groups are displayed in Plates 4.2 to 4.11.

The ovaries of non-breeding females contained large numbers of 

primordial follicles (e.g. wild-caught females 1.30 & 1.3, Plates 4.8 & 4.9 

respectively), together with primary and a few secondary follicles (Plates 4.9 

& 4.11). Out of the total o f 14 non-breeding females which had their 

ovaries examined microscopically, only one, wild-caught female 4.11, had

follicles which had developed as fa r as the tertiary or preovulatory stage 

(Plate 4.7). Although this female was large in terms of body mass (76g), the 

reproductive trac t was small (see Plate 4.1 trac t d). When caught, the vagina 

of this female was not perforate, nor were the mammary glands developed, 

providing further circumstantial evidence for the non-breeding status of this 

individual. None of the ovaries from non-breeding females examined in this 

study, including female 4.11 appeared to have undergone recent ovulation, 

because their was a total absence of post-ovulatory corpora lutea.

In contrast to non-breeding females, the larger ovaries of breeding 

females were characterised by follicles ranging in their stages of

development from primordial to tertiary (Plates 4.2, 4.3, 4.4, 4.5 & 4.6). 

Perhaps the most striking feature of the ovary of breeding females was the 

large accumulation of luteal tissue, apparently arising both from the 

luteinisation of follicles which had ovulated and from luteinisation of 

unruptured follicles. In the latter so-called "accessory corpora lutea", serial 

sectioning revealed the presence of an oocyte surrounded by luteal cells, as 

illustrated by female 501 in Plate 4.3. All the ovaries of breeding females 

contained luteal tissue, irrespective of the stage of the reproductive cycle 

at which the female died and the ovaries were taken. For example, female 

501 (Plates 4.2 & 4.3) was a regular breeder who died 36 h a fte r giving 

birth to a litter of 16 pups; female 17 (Plate 4.4) had been a successful

breeder, but had produced no litters fo r 5 months prior to death; female 100

(Plate 4.5) had reared two litters, the last 2 months prior to death (see 

Chapter 5 fo r a case history of this individual), and finally, female 18 

(Plate 4.6), had been undergoing ovarian cycles until 143 days prior to dying 

from a gastro-intestinal disorder.



PLATE 4 .2  -  Ovary o f breeding female 501 (Colony N) illustrating the wide 
range o f follicles present, together with corpora lutea. P - primordial follicle, 
1*= primary follicle, 2*= secondary follicle, 3*= te rtia ry  or preovulatory 
follicle, CL= corpus luteum. Magnification X 200.

PLATE 4.3  -  Ovary o f breeding female 501 (Colony N), showing an accessory 
corpus luteum (ACL) containing an unovulated oocyte (0) a t the center o f 
luteal tissue. Other labels as fo r Plate 4 .2 . Magnification X 200.





PLATE 4 .4  -  Ovary o f breeding female 17 (Colony B). P= primordial follicle, 
1*= primary follicle, 2*= secondary follicle, CL= corpus luteum. Magnification 
X 200.

PLATE 4.5 . -  Ovary o f breeding female 100 (Colony N). 3*= Tertiary or 
preovulatory follicle, other labels as above. Magnification X 200.





PLATE 4 .6  -  Ovary o f breeding female 18 (Colony J, bedding transfer 
experiment- see Chapter 8). P= primordial follicle, 1*= primary follicle, 2’= 
secondary follicle, CL= corpus luteum. Magnification X 200.

PLATE 4.7  -  Ovary o f wild-caught non-breeding female 4.11 (Colony M.Ad. 
D; see Chapter 2 & 9  fo r  further details o f wild colonies), showing
preovulatory follicles ( 3*). Other labels as above. Magnification X 200.





PLATE 4 .8  -  Ovary o f wild-caught non-breeding female 1.3 (Colony M.Ad. A).
P - primordial follicle, 1#= primary follicle. Magnification X 200.

PLATE 4 .9  -  Ovary o f wild-caught non-breeding female 1.30 (Colony M.Ad. 
A). 2*= Secondary follicle, other labels as above. Magnification X 200.





PLATE 4.10 -  Ovary o f captive non-breeding female 1803 (Colony 1800). P=
primordial follicle, 1*= primary follicle. Magnification X 200.

PLATE 4.11 -  Ovary o f captive non-breeding female 33 (Colony B). Labels as 
above. Magnification X 200.





4.4 DISCUSSION: FEMALES

The results from this study showed clear differences in the structure 

and development of the reproductive trac t and ovaries between breeding and 

non-breeding female naked mole-rats. In breeders, both the absolute and 

relative to body mass size dimensions measured were significantly greater 

than in non-breeders, as illustrated in Plate 4.1. The ovaries and 

reproductive tract of non-breeding females had an underdeveloped appearance: 

both ovaries and uteri were small and lacked a well developed vascular supply 

(previously reported by Kayanja & Jarvis, 1971). This is evident in Plate 4.1, 

particularly in tract 'c1. The gross appearance and size of the reproductive 

tract of non-breeding females suggests that none of the 59 captive and 

wild-caught non-breeders examined had previously bred, and that the 

presumption of non-breeding status based on morphological differences was 

correct.

Histological observation of the ovary provides further insight into the 

nature of the block to reproduction in non-breeding females. In contrast to 

breeders, the ovaries of non-breeders completely lacked any form of luteal 

tissue, including post-ovulatory corpora lutea and accessory corpora lutea. In 

addition, follicular development was limited and did not go beyond the

secondary follicle stage, except in one wild-caught female (4.11, Plate 4.7).

These observations suggest that non-breeding females do not reproduce 

because they do not ovulate.

The presence of corpora lutea in female 18, a test animal in a bedding 

transfer experiment (see Chapter 8), confirms that this female had undergone 

ovulatory cycles (examination of serial sections did not reveal any

unovulated oocytes within this luteal tissue), despite being removed from her 

colony and paired with a male, but kept in odour contact with the parent 

colony. Although urinary progesterone profiles of this female (illustrated in 

Chapter 8, Figure 8.1) had shown that ovarian cycles had ceased due to  

weight loss and illness, luteal tissue had persisted in the ovary, although it 

was not apparently excreting progesterone in concentrations similar to those 

found during the normal luteal phase. The persistence of luteal tissue in the 

ovaries of breeding females provides further validity to the hypothesis that 

non-breeding females fail to ovulate, i.e. it would be unlikely to not see 

corpora lutea in at least some non-breeders had they been undergoing 

ovarian cycles. This is in keeping with the endocrine studies reported in 

Chapter 5, which have shown that non-breeding females have urinary and



plasma progesterone concentrations below the sensitivity limit o f the assay, 

suggesting that ovulation and subsequent corpus iuteum formation was not 

occurring.

It is interesting that accessory corpora lutea, arising from the 

luteinisation of unovulated follicles, are present in the ovaries o f breeding 

female naked mole-rats. These occur during pregnancy, exemplified by female 

501 (Plate 4.3), which died 36 h post-partum, and in non-pregnant animals 

(Kayanja & Jarvis, 1971). These structures have been reported to be present 

in other hystricomorph rodents, e.g., chinchilla, Chinchilla lanigert Canadian 

porcupine, Ereihizon dorsatum, and mountain viscacha, Lagidium peruanum (Weir 

& Rowlands, 1974). Among other members o f the family Bathyergidae, the 

African mole-rats, accessory corpora lutea have been reported in the ovaries 

of both reproductive, and in contrast to the naked mole-rat, also in non- 

reproductive females of the two other socially living species, Cryptomys h. 

hottentotus and C. h. damarensis (Bennett, 1988, 1989). The ovaries o f the 

solitary Bathyergid, Georychus capensis, also contain accessory corpora lutea 

outside the breeding season (Bennett, 1988). The physiological significance of 

these structures in non-reproductive animals is not known, but in breeding 

individuals, accessory corpora lutea may enhance progesterone secretion fo r 

the maintenance of pregnancy during the comparatively long gestational 

periods of hystricomorphs (Tam, 1974; see Chapter 5).



4.5  RESULTS: MALES

4.5.1 ANATOMY

The absolute and relative to body mass reproductive tra c t masses 

(testes, epididymus and vas deferens) fo r captive breeding and non-breeding 

males, and wild-caught males o f unknown status are listed in Table 4.3 below.

1 MALE STATUS
TOTAL MASS OF 

REPRODUCTIVE 
TRACT 

(mg)

1 TOTAL MASS OF 1 
1 TRACT/BODY 1 
1 MASS 1 
1 (mg/g) 1

1 CAPTIVE 79.0 4 14.7tt 1 2.0 4 0 .2 *#  1
1 BREEDER Hc 1 n=4 1

1 CAPTIVE 34.0 4 2.9 1 1.2 4 0.1 1
1 NON-BREEDER n=6 I n=6 1

1 WILD 33.9 4 2.2 1 1.5 4 0.3 1
1 CAUGHT n=52 1 n=52 1

1 1 1 1

TABLE 4.3  -  Mean 1 sem total and relative to body mass reproductive tra c t  
mass expressed per gram body mass in n captive breeding, non-breeding and 
wild-caught male naked mole-rats. tt=  P < 0.01 vs captive non-breeding 
and wild-caught status, total mass. * * =  P < 0.01 vs captive non-breeding 
status, relative mass.

Relative to body mass, breeding males had significantly higher to tal 

reproductive tra c t mass (P < 0.01, t=  3.70, D.F.= 8), compared to captive 

non-breeding males. The absolute masses o f reproductive trac ts  were also 

significantly different between captive breeding and captive non-breeding 

males (P < 0.01, t=  3.59, D.F.= 8), and between captive breeding and wild- 

caught males (P < 0.01, t=  3.03, D.F.= 54). At the time o f capture, it was 

not known whether or not the wild-caught males included any breeders. 

However, the mass o f the reproductive trac ts  o f wild-caught males resemble 

those o f captive non-breeders, but not o f captive breeders. It  was therefore



likely that the reproductive trac ts  o f the wild-caught males were all from 

non-breeders.

4.5.2 HISTOLOGY

The testes from captive breeding (n=4), captive non-breeding (n=6) and 

wild caught males (n=3, assumed to be non-breeders due to the low body 

mass o f the animals, and the small testes masses which were comparable to 

those of other non-breeding males), were examined. Representative sections 

from the testes and reproductive trac ts  from eight o f these males are 

illustrated in plates 4.12 to 4.21. A striking feature o f the testes o f both 

breeding and non-breeding male naked mole-rats was the presence o f large 

amounts o f interstitial tissue (Leydig cells), when compared with laboratory 

rodents such as mice and rats  (Fawcett et a/., 1973). Although no

quantitative measurements were made, visual examination o f the histological 

sections suggested that in breeding males, the quantities of interstitial cells 

were greater than in non-breeders. This difference is particularly pronounced 

when breeding males 5, 35 and 22 (Plates 4.12, 4.13 and 4.14 respectively) 

are compared with non-breeding males 65 and 56 (Plates 4.18 and 4.19  

respectively). The difference in mass of reproductive trac ts  between breeding 

and non-breeding males may therefore have been due, at least in part, to 

larger numbers o f interstitial cells in the testes of breeders.

There was evidence o f spermatogenesis in all the breeding and non

breeding males examined in this study. Varying numbers of spermatozoa were 

present in the seminiferous tubules o f all the animals, indicating active 

spermatogenesis (Plates 4.15, 4.18, 4.19 and 4.21). In addition, large amounts 

o f spermatozoa were evident in the lumen of the epididymis of non-breeding 

males sectioned in this region of the reproductive tra c t (Plates 4.16, 4.17 

and 4.20). This indicates that as well as undergoing active spermatogenesis, 

these non-breeding males were also apparently producing mature spermatozoa.



PLATE 4.12 -  Testis o f breeding male 5 (Colony A). I=i Interstitial cells, ST=
seminiferous tubule, SP= spermatozoa. Magnification X 200.

PLATE 4.13 -  Testis o f breeding male 35 (Colony M). 1= Interstitial cells, 
ST= seminiferous tubule, SP= spermatozoa. Magnification X 200.
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PLATE 4.14 -  Testis of breeding male 22 (Colony D). 1= Interstitial cells,
ST= seminiferous tubule, SP= spermatozoa. Magnification X 200.

PLATE 4.15 -  Testis o f wild-caught non-breeding male 1.6 (Colony M.Ad. A). 
Labels as above. Magnification X 200.
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PLATE 4 .16  -  Epididymis and part o f the vas deferens o f wild-caught non
breeding male 1.6 (Colony M.Ad. A). E= Lumen o f epididymis, VD= vas 
deferens, SP= spermatozoa. Magnification X 200.

PLATE 4.17 -  Higher power photomicrograph of Plate 4.16 showing
spermatozoa in more detail. Labels as above. Magnification X 500.
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PLATE 4.18 -  Testis o f captive non- breeding male 65 (Colony A). 1=
Interstitial cells, ST= seminiferous tubule, SP= spermatozoa. Magnification
X 200.

PLATE 4.19 -  Testis o f captive non-breeding male 56 (Colony A). Labels as 
above. Magnification X 200.





PLATE 4.20 -  Epididymis o f wild-caught non-breeding male 1.7 (Colony M.Ad.
A). E= Lumen o f epididymis, SP= spermatozoa. Magnification X 500.

PLATE 4.21 -  Higher power photomicrograph o f testis o f wild-caught non
breeding male 1.5 (Colony M.Ad A), show detail o f spermatozoa. I -  Interstitial 
cells, ST= seminiferous tubule, SP= spermatozoa. Magnification X 500.
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4.6 DISCUSSION: MALES

Like female naked mole-rats, male naked mole-rats also have

differences between breeders and non-breeders in the gross morphology of 

the reproductive trac t. However, these are less pronounced and perhaps 

re flect a d ifferent degree of suppression in males. Breeding males had larger 

reproductive tracts , both in terms of absolute size and relative to body 

mass. Microscopic examination revealed that while both breeding and non

breeding naked mole-rats had large amounts o f interstitial cells, in 

comparison to other species (Fawcett et a/., 1973), visual (non-quantitative) 

examination suggested that breeding male naked mole-rats had greater 

amounts o f interstitial cells than non-breeders.

The presence o f spermatozoa in both the seminiferous tubules and

epididymis o f non-breeding males suggested that active spermatogenesis was 

occurring in these animals, and confirms the observations o f Jarvis (1990 a). 

It  is d ifficu lt to comment on the viability of these spermatozoa or whether

or not they were abnormal in any way, from a light microscopy examination.

In a preliminary study at the Institute o f Zoology using electron 

microscopy (not reported here), carried out by Drs H.D.M. Moore and C.A. 

Smith, the morphology of the spermatozoa from non-breeders was examined. 

All were wild-caught animals (n=6), assumed to be non-breeders because of 

their small body size and low testes mass. Visual examination of the electron 

micrographs revealed that each male had a high variation in the morphology 

of their mature spermatozoa. Several hypotheses have been put foward to 

explain the possible function of large numbers of abnormally shaped

spermatozoa, which occur in the ejaculates of many mammals. In thfe hopping

mouse Notomys alexis, high variation in sperm head morphology has been 

proposed to relate to a lack of inter-male sperm competition in the 

reproductive tra c t. In this species it is thought that females are more

dominant to males, and that a fte r  mating, the female prevents others from

copulating with her, thus reducing the occurrence of multi-male matings and 

subsequent sperm competition in the reproductive tra c t (Suttle et a/., 1988). 

Because of this lack o f competition, the selective advantage o f having large 

numbers o f perfectly formed spermatozoa would be reduced, and the incidence 

of abnormally shaped spermatozoa might be expected to be greater in such 

species. Another idea, the so-called "kamikaze sperm hypothesis", proposes 

that abnormally shaped spermatozoa are adapted to form aggregations or 

"plugs" in the reproductive trac t o f the female. These obstructions, at



strategic sites such as the utero-tubal and cervico-uterine junctions, would 

then stop the passage of other spermatozoa ejaculated by a second male 

(Baker & Beilis, 1988).

I f  the preliminary electron microsopic observations of non-breeding 

males were a true reflection of male naked mole-rats in general (including 

breeders), then they would be consistent with the former hypothesis, that 

there is low inter-male sperm competition. Behavioural data also supports 

this: only the queen solicits mating and decides which breeding male will mate 

(Jarvis, 1990). However, it is also possible that in colonies containing more 

than one breeding male, the "kamikazi sperm hypothesis" would impart an 

advantage on the firs t male to mate with the queen, although it is not clear 

if all breeding males mate with the queen at a particular period of oestus. A 

more thorough investigation of sperm ultrastructure in breeding and non

breeding male naked mole-rats, together with studies of the mating behaviour 

of breeders, could provide further insight into both the kamikaze sperm 

hypothesis and the theory o f sperm competition.

Perhaps the most interesting feature of the structure of the testes of 

both breeding and non-breeding male naked mole-rats is the presence of large 

quantities of interstitial cells. This unusual feature has been noted 

previously by Fawcett et al., (1973) and Jarvis (1990), although the 

functional significance remains unknown. This phenomenon does not appear to 

be a characteristic of hystricomorph rodents per se, because it was not 

observed in chinchilla, Chinchilla laniger or agouti, Dasyprocta aguti (Weir, 

1967), or in guinea pigs, Cavia porcella (Fawcett et al.f 1973). In a 

comparative study, Fawcett et al. (1973) contended that there was no 

apparent phylogenetic relationship in the abundance of interstitial tissue, and 

that there was considerable intra-familial variation. A good example, of 

relevance to this study, was the comparison of the guinea pig and the naked 

mole-rat. Fawcett et al. (1973) estimated that interstitial cells made up 

approximately 60% of the testicular mass in naked mole-rats, although the 

breeding status of the animals which were investigated was not noted. This 

was markedly different to the guinea pig, where interstitial cells were found 

to represent only approximately 2% of the volume of the testis. Other 

species which have been reported to have large testicular interstitial cell 

accumulations are the zebra, Equus burchelli, the opussum, Didelphys virginiana 

(Fawcett et al., 1973), and the Australian rodents, Pseudomys apodemoides 

and P. delicatulus (Breed, 1982). It is not known why some species have such



abundant interstitial tissue, but it may be related to the production of 

steroids other than testosterone. For example, both the domestic boar and 

stallion have high urinary oestrogen levels and an unusual abundance of 

interstitial cells. The domestic boar also produces large quantities o f the 

volatile steroid, A 16 androstenone which acts as a pheromone (Fawcett et 

al., 1973). Whether or not these factors  are functionally related to the 

presence o f high numbers of interstitial cells remains to determined, however.

Unlike their female counterparts, non-breeding male naked mole-rats 

appear to be producing mature gametes, and are apparently not as 

reproduct ively suppressed. The differences in the testes sizes between 

breeders and non-breeders may re flect an increased steroid secreting 

capacity in breeding males, who have significantly higher urinary testosterone 

concentrations (see Chapter 6). From this study it is not possible to comment 

on what e ffec t this may have on the viability of spermatozoa in non

breeding males.



4.7 SUMMARY

Both male and female naked mole-rats had differences in the gross 

anatomical and microscopic structure o f their reproductive tracts and gonads, 

depending on their breeding status. These differences were more dramatic in 

the case of females, than in males.

In females, non-breeders had small, underdeveloped reproductive tracts  

and ovaries in comparison to those of breeders, both in absolute size, and 

relative to the body mass of the individual. In the ovaries of non-breeding 

females, follicular development was blocked and only one of the 14 animals 

examined had preovulatory follicles. No corpora lutea were present in any of 

the non-breeders. These results suggest that the non-breeding females had 

not ovulated. Conversely, the ovaries of breeding females were characterised 

by follicles at all stages of development, together with large amounts of 

luteal tissue, comprising corpora lutea and accessory corpora lutea derived 

from unruptured follicles.

In males, breeders had larger reproductive trac t masses compared to  

non-breeders, relative to body mass. This difference appeared to be due to 

larger quantities of interstitial cells in breeding males, although a 

characteristic feature of both breeders and non-breeders was the large 

amount of interstitial tissue, compared with other species. Spermatogenesis 

was ongoing in all of the nine non-breeding males examined.

Thus, differences in the anatomy between breeding and non-breeding 

female naked mole-rats are clear-cut and appear to reflect a lack of 

ovulation in the latter. However, anatomical differences between breeders and 

non-breeders are more difficult to relate to the reproductive division of 

labour among males, because all the non-breeding males examined in this study 

appeared to be producing mature gametes.



CHARTER 5

INVESTIGATION OF OVARIAN C Y C LIC ITY  IN  CAPTIVE AND W ILD  

COLONIES OF NAKED MOLE-RATS

5.1 INTRODUCTION

Examples of reproductive suppression are found over a wide range of 

mammalian species and generally these fall into two catagories. Firstly, in 

many rodents suppression results from increasing population densities and is 

mediated by urinary chemosignals, or primer pheromones (see Brown and 

MacDonald, 1984), and thought to function to slow down further population 

growth (Massey & Vandenbergh, 1980). Secondly, socially-induced reproductive 

suppression occurs in some hierarchical social groups of animals, and in 

these cases the inhibition of fe rtility  does not appear to be related to 

population density. In such examples, reproduction is restricted to one or 

more dominant individuals, and it is thought that these animals may induce 

stress in subordinates as a result of agonistic behavioural interactions. The 

physiological consequences of this behavioural intimidation or social 

subordination then leads to impaired or inhibited fe rtility  (Abbott, 1987, 

1988; Dunbar, 1985, 1989).

Amongst females in these different species, suppression may be 

physiologically manifest in a number of ways, including (i) puberty delay, e.g. 

the mouse, Mus musculus (van der Lee & Boot, 1955; Massey and 

Vandenbergh, 1980), and the prairie deer mouse, Peromyscus maniculatus 

bairdii (Kirkland & Bradley, 1986); (ii) suppression of oestrus, e.g. mice 

(McClintock, 1983) and wild hopping mice, Notomys alexis (Breed, 1976); (iii) 

suppression of ovulation, e.g. the marmoset monkey, Callithrix jacchus 

(Abbott, 1988), and (iv) a block to embryo implantation, e.g. the white-footed 

mouse, Peromyscus leucopus (Haigh et al, 1988).

The naked mole-rat is perhaps the most extreme example of socially- 

induced reproductive suppression among female mammals, because colonies 

contain large numbers of individuals, up to 300 on occassion (Brett, 1986), 

yet reproduction is limited to a single queen. Additionally, this breeding 

female may monopolise reproduction for many years, sometimes in excess of 

15 (Jarvis, 1990 a), thereby eliminating the possibility of breeding in the 

other females. While behavioural aspects of naked mole-rat biology have 

received considerable attention (e.g. Jarvis, 1981; Jarvis et al., 1990; Brett



1986, 1990 b; Lacey & Sherman, 1990), little is known about the basic

reproductive endocrinology of the female, or the physiological nature of the 

block to reproduction in non-breeders. Earlier histological studies o f the 

reproductive trac t (Kayanja & Jarvis, 1971) have shown that the uterus and 

ovaries of non-breeding females are underdeveloped, suggesting a suppression 

of ovarian function.

The aim of this chapter was to: (i) characterise fo r the firs t time the 

ovarian cycle of the naked mole-rat by measurement of urinary progesterone, 

and to establish urinary and plasma progesterone profiles over pregnancy, (ii) 

to investigate in more detail the physiological nature o f the block to 

reproduction in non-breeding subordinate females in both captive and wild 

colonies of naked mole-rats, using urinary and plasma progesterone as 

markers of presumed ovulation and ovarian cyclicity (based on the assumption 

that the progesterone measured was derived from the corpus luteum), (iii) 

investigate anterior pituitary function in breeding versus non-breeding females 

by measurement of circulating bioactive LH concentrations, and (iv), to 

elucidate the rapidity with which ovarian cycles commence fo r the firs t time 

when non-breeding females are removed from their colonies and become 

reproductively active.

5.2 METHODS

Sample collection and hormone determinations were carried out as

described in Chapter 2. The following investigations were undertaken:

5.2.1 OVARIAN ACTIVITY IN CAPTIVE NON-BREEDING FEMALES

A total of 259 urine samples were collected from 74 non-breeding

females from 9 captive colonies over periods from January to March, 1986,

and from April 1987 to May 1989. To establish whether or not these 

females were undergoing ovarian cycles, these samples were subjected to 

urinary progesterone determination. In addition, 7 plasma samples were 

collected from 6 females, and also assayed for progesterone.

5.2.2 OVARIAN CYCLICITY IN CAPTIVE BREEDING FEMALES

A total of 191 urine samples were collected from 10 non-pregnant

breeding females from July 1987 to May 1989, and 25 plasma samples 

collected from seven of the females. Two of these females were housed in



colonies, while the other eight were housed as male/female pairs and seven 

of these were also used in the study of reproductive activation (see section 

(e) below. Six of the 10 females had either had previous pregnancies, or 

became pregnant during the course of the study.

Cycle lengths were calculated from urinary progesterone profiles plotted 

against time (days) as follows: day 0 was designated as the day before a 

sustained rise in urinary progesterone above 2.0 ng/mg Cr, and was assumed 

to correspond approximately to the day of ovulation. Day 1 was designated 

as the start of the luteal phase of the cycle. The end of the luteal phase 

was designated as the day on which a rapid and sustained fa ll in urinary 

progesterone below 2.0 ng/mg Cr occurred. The follicular phase of the cycle 

was defined as the period between the end of the luteal phase of one cycle 

and day 0 o f the following luteal phase. The total cycle length was 

calculated as the period between the end of successive luteal phases.

5.2.3 PROGESTERONE PROFILES DURING PREGNANCY

A total of 107 urine and 16 plasma samples were collected from 21 

breeding females from 21 colonies. These were categorized arbitrarily by 

dividing the average gestational period of of 72 days (Jarvis, 1990 a), into 

four time intervals as follows: early (days 1-20), mid (days 21-40), and late 

(days 41-60) pregnancy, and just prior to parturition (days 61-72).

5.2.4 OVARIAN ACTIVITY IN WILD NON-BREEDING FEMALES

Urine samples from 1 1 non-breeding females in 2 colonies and plasma 

samples from 40 non-breeding females in 4 colonies were collected during 

December 1987, from Mtito Andei, southern Kenya (see Chapter 2 fo r details 

of capture), and subjected to progesterone determination.

5.2.5 PLASMA LH IN CAPTIVE BREEDING VS NON-BREEDING FEMALES

Plasma samples were taken from 44 non-breeding females and 24 

breeding queens over the period April 1987 to May 1989, from a total o f 30 

colonies. In breeding females, because ovarian cycles were only monitored in 

a few animals, most plasma samples were taken from individuals in which the 

reproductive status was unknown. Therefore it was not possible to 

standardise the collection of samples from a particular stage of the ovarian 

cycle of breeding females. The plasma was assayed for bioactive LH 

concentrations as described in Chapter 2.



5.2.6 REPRODUCTIVE ACTIVATION IN CAPTIVE NON-BREEDING FEMALES

To study the latency from acyclicity to the commencement of ovarian 

cyclicity, non-breeding females were removed from their colony and paired 

with a non-breeding male mate from the same colony (n=2: Colonies J & K; 

see Appendix for further details), or removed, housed singly fo r six weeks 

then paired with a male of approximately the same age and colony, who had 

also been housed singly fo r a minimum of six weeks (n=5: Colonies H, 0, P, 

Q, & R). The females ranged in age from 5 to 28 months, and from 23 to 

47g in body mass at the time of separation. Animals were housed singly 

before pairing to ascertain whether or not the physical presence of the 

opposite sex was required to stimulate reproductive activation. Of these 

colonies, J, H, 0 and P were test pairs in bedding transfer experiments (see

Chapter 8). As bedding transfer had no e ffec t on reproductive activation in

these separated animals, the data was included here to increase the sample 

size. Urine samples were collected over periods up to 80 days prior to, and 

200 days a fte r separation from their parent colony.

The females were examined at weekly intervals a fte r separation to 

ascertain the time of vaginal perforation. Although no routine behavioural 

observations were carried out, casual observations of mating were noted.

In a separate study, the succession of a new breeding queen was

followed in a colony where a number of animals, including the breeding male

and female, had died of an unidentified infection. This left seven previously 

non-breeding animals in the colony, three males and four females. The 

subsequent reproductive development of these females was monitored by urine 

sampling and determination of urinary progesterone. Samples were collected 

from four to 249 days following the death of the other colony members.

STATISTICAL ANALYSIS

Urinary and plasma progesterone concentrations during pregnancy were 

analysed statistically using a one-way ANOVA fo r repeated measures. Log 

transformation of the data was carried out as a standard procedure to 

reduce heterogeneity of variance (Sokal & Rohlf, 1981). Results quoted in the 

text are means i s.e.m fo r the non-transformed data, while the figures 

reflect the data as the antilog of the mean transformed fo r statistical 

analysis, together with their 95% confidence limits. Comparisons of 

individually transformed means were made post hoc using Duncan's multiple 

range test (Helwig & Council, 1979).



5.3 RESULTS

5.3.1 OVARIAN ACTIVITY IN CAPTIVE NON-BREEDING FEMALES

Urinary progesterone concentrations were consistently below the 

sensitivity limit of the assay (< 0.5 ng/mg Cr; 259 samples from 74 females 

in 9 colonies). These results are summarised in Table 5.1. Plasma 

progesterone concentrations were similarly below the sensitivity limit o f the 

assay (< 1.0 ng/ml, 7 samples from 6 females).

Figure 5.1 illustrates urinary progesterone profiles fo r five non- 

breeding females who were sampled over periods of up to 120 days. These 

results clearly indicate that urinary progesterone concentrations remained 

consistently undetectable with time in these females.

There were two, isolated exceptions to the results shown in Table 5.1 

among non-breeding females. In two of the colonies (2200 and 400 

respectively), a non-breeding female in each exhibited urinary progesterone 

concentrations above 0.5 ng/mg Cr. In one, out of 9 samples collected over a 

44 day period, 2 of these contained urinary progesterone at concentrations 

of 1.7 and 8.4 ng/mg Cr respectively. In the other case, 3 samples were 

collected from a non-breeding female, one of which contained 4.4 ng/mg Cr 

of progesterone. These appear to be isolated events and did not reflect any 

sustained ovarian activity.



TABLE 5.1
Mean 4 s.e.m. urinary progesterone concentrations (ng/mg Cr) in 469 samples 
from 89 female naked mole-rats. Samples from 10 pregnant queens are shown 
fo r comparison and were taken between days 21-40 of the 72 day gestational 
period. The numbers of samples shown represent individual progesterone values 
taken from the indicated number of separate ovarian cycles or pregnancy 
(preg.).

1 1 
ICOLONYI DOMINANT BREEDING FEMALE

1 1 
1 SUBORDINATE 1 
1 NON-BREEDING 1

FOLLICULAR
1
1 LUTEAL 
1

PREGNANT
1 FEMALES 1 
1 1 
1 1

1 B —
1

— 1 < 0 . 5  1 
1 n=80, 1 loo 1

1 D < 0.5 
n=3, 3 cycles

1 7.9 4 2.2 
1 n=6, 2 cycles

10.0 
n=1, 1 preg.

1 < 0 . 5  1 
1 n=20, 6oo 1

1 N < 0.5 
n=2, 2 cycles

1 13.0 4 4.0 
1 n=8. 2 cycles

23.2 4 7.2 
n=3, 1 preq. 1 1

1 2200 —
1

31.0 4 6.8 
n=3. 2 preq.

1 < 0 . 5  1 
1 n=32, 9oo 1

1 300 —
1

31.3 4 4.9 
n=5, 1 preq.

1 < 0 . 5  1 
1 n=39, 7oo 1

1 7 —
1

64.2 4 28.9 
n=2, 1 preq.

1 < 0 . 5  1 
1 n=19, 4oo 1

1 400 —
1

89.4 4 20.2 
n=5, 1 preq.

1 < 0 . 5  1 
1 n=32, 19oo 1

1 8000 —
1

43.2 4 6.4 
n=7. 1 preq. 1 1

1 1 100 —
1

— 1 < 0 . 5  1 
1 n=10, 8oo 1

1 500 —
1

— 1 < 0 . 5  1 
1 n=13, 6oo 1

1 700 —
1

— 1 < 0 . 5  1 
1 n=14, 4oo 1

1 PAIR G 0.9 4 0.3 
n=4, 4 cycles

1 12.3 4 2.9 
ln=15, 4 cycles

—
1 1

1 PAIR H < 0.5 
n=8, 4 cycles

1 12.1 4 1.8 
1 n=29, 4 cycles

—
1 1

1 PAIR J < 0.5 
n=2, 2 cycles

1 5.7 4 1.5 
1 n=8, 2 cycles

—
1 1

1 PAIR K 0.7 4 0.2 
n=7. 4 cycles

1 9.5 4 1.2 
1 n=28. 5 cycles

—
1 1

1 PAIR 0 < 0.5 
n=2, 1 cycle

1 7.3 4 2.1 
1 n=7, 1 cycle

15.2 4 2.4 
n=4. 1 preq. 1 1

1 PAIR P < 0.5 
n=3, 1 cycle

1 3.9 4 1.1 
1 n=4, 1 cycle

—
1 1

1 PAIR Q < 0.5 
n=6, 2 cycles

1 14.6 4 5.7 
1 n=7, 1 cycles

40.5 4 19.6 
n=4. 1 preq. 1 1

1 PAIR R < 0.5 
n=7, 3 cycles

1 9.1 4 1.6 
ln=16, 2 cycles 
1

6.9 4 2.5 
n=4f 1 preg. 1 1 

1 1
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FIGURE 5.1 -  U r in a r y  p ro g e s te r o n e  p r o f i l e s  f o r  f i v e  n o n -b re e d in g  fe m a le s  
f r o m  C o lo n y  B, sampled o v e r  p e r io d s  o f  up t o  120 d a y s .  The s e n s i t i v i t y  l im i t  
o f  th e  a s s a y ,  in d ic a te d  by th e  d o t t e d  l ine, was 0 .5  n g /m g  C r.
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5.3.2 OVARIAN CYCLICITY IN CAPTIVE BREEDING FEMALES

B ased  on th e  a s s u m p t io n  t h a t  th e  p r o g e s te ro n e  m easured  was o v a r ia n  in 

o r ig in ,  n o n -p r e g n a n t  b ree d in g  fe m a le s  showed c y c l i c a l  p a t t e r n s  o f  u r in a r y  

p ro g e s te r o n e  in d ic a t in g  a mean o v a r ia n  c y c le  le n g th  o f  3 4 .4  t  1.6 d a y s  (mean 

+ s .e .m .)  w i th  a f o l l i c u l a r  phase  o f  6 .0  ± 0 .6  d a y s ,  and a lu te a l  p h ase  o f

27 .5  + 1.3 d a y s  (1 9  c y c le s  f r o m  9  o f  th e  10 b re e d in g  fe m a le s  w hose o v a r ia n

c y c le  d a ta  is d is p la y e d  in T a b le  5 .1 :  d a ta  f r o m  th e  fe m a le  in p a i r  P w ere  n o t  

inc luded  in t h i s  c a l c u la t io n ) .  T o  c o n s t r u c t  a " t y p i c a l "  o v a r ia n  c y c le  f o r  th e  

naked  m o le - r a t ,  th e s e  r e s u l t s  w ere  com b ined  by s y n c h ro n is in g  a t  d ay  0, and 

th e  mean + s .e .m . u r in a r y  p ro g e s te r o n e  p r o f i l e  o v e r  th e  e n t i r e  c y c le ,  assum ing  

a mean c y c le  leng th  o f  34 d a y s ,  is i l l u s t r a t e d  in F ig u re  5 .2 .  M a t in g  o c c u r r e d

a t  a mean o f  1.0 ± 0 .6  d a y s  p r i o r  t o  d ay  0 ( ra n g e :  0 t o  - 3  d a y s ;  6

o b s e r v a t io n s  f r o m  4 fe m a le s ) ,  c o r re s p o n d in g  t o  a p p ro x im a te ly  1 day  b e f o r e  

th e  p ro p o s e d  day  o f  o v u la t io n .  M a t in g  is  n o t  o f t e n  o b s e rv e d  in th e  naked 

m o le - r a t  b e c a u se  o e s t r u s  is s h o r t  ( 2 - 2 4  h; J a r v i s ,  1990 a).
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FIGURE 5.2 -  Mean ± s .e .m . u r in a r y  p ro g e s te r o n e  c o n c e n t r a t i o n s  f r o m  121 
u r in e  sam p les  ta k e n  f r o m  a t o t a l  o f  19 c y c le s  f r o m  9  b re e d in g  fe m a le s .
In d iv id ua l  c y c le s  w ere  s ta n d a r d is e d  a t  day  0, c o r r e s p o n d in g  t o  th e  day  
p re c e d in g  a s u s ta in e d  r i s e  in u r in a r y  p r o g e s te ro n e  a b ove  2 .0  ng /m g  C r ,  and 
com b ined  t o  p ro d u c e  a c o m p o s i te  u r in a r y  p ro g e s te r o n e  p r o f i l e  f o r  th e  o v a r ia n  
c y c le  o f  th e  naked m o le - r a t .  E a ch  p o in t  is th e  mean i  s .e .m . o f  ind iv idua l
v a lu e s  o b ta in e d  f o r  a p a r t i c u l a r  d ay  (n = 3 -8 ) .  I n s u f f i c i e n t  sam p les  w ere  
o b ta in e d  f o r  d a ys  22 , 23 , 26 , 27 & 28 , and sam p les  f r o m  d a y s  0 t o  - 5  w ere
a l l  be low  th e  s e n s i t i v i t y  l im i t  o f  th e  a s s a  y «  0 .5  n g /m g  C r) .  M= mean i  s .e .m .
t im e  o f  o b s e rv e d  m a t in g s  (n= 6  o b s e r v a t io n s  f r o m  4 fe m a le s ) .



Urinary progesterone remained low during the follicular phase (<2.0 ng/mg 

Cr, 44 samples from 10 females), but was elevated during the luteal phase

(2.0-97.8 ng/mg Cr, 128 samples from 10 females). Mean urinary progesterone 

concentrations over the ovarian cycle fo r these females are shown in Table 

5.1, together with values fo r days 21-40 o f pregnancy from 10 females for  

comparison.

Plasma progesterone values demonstrated similar differences between 

follicular and luteal phases of the ovarian cycle and pregnancy (follicular: 

1.02 ± 0.02 ng/ml, 13 samples from 7 females; luteal: 16.8 i  3.5 ng/ml, 12

samples from 6 females; days 21-40 of pregnancy: 16.6 t 4.4 ng/ml, 5

samples from 5 females).

While all the 10 breeding females studied here either showed elevated 

urinary progesterone during pregnancy, or were undergoing regular cyclical

elevations of urinary progesterone corresponding to the luteal phase of the 

ovarian cycle, one individual, female 38 (Pair G), produced an unusual 

progesterone profile. This animal went through a period where urinary 

progesterone was constantly high, and lasted at least 80 days, although there 

was no apparent pregnancy (i.e. no gain in body mass indicative of pregnancy 

over this period). A fter the period of high urinary progesterone, this female 

underwent regular ovarian cycles, and was observed mating at times 

corresponding to the follicular phase of the cycle. The progesterone profile 

for this female is illustrated in Figure 5.3.



FIGURE 5.3 -  U r in a r y  p ro g e s te r o n e  p r o f i l e  f o r  9 38 (P a i r  G) show ing  th e  
lu te a l  p h a se s  o f  no rm a l o v a r ia n  c y c le s  (# )  co m p a re d  w i th  a p e r io d  o f  e le v a te d  
u r in a r y  p ro g e s te r o n e  (EP), w h ich  did n o t  a p p e a r  t o  c o r r e s p o n d  w i th  e i th e r  a 
no rm a l lu te a l  phase  o f  th e  c y c le  o r  a p re g n a n c y .  M= o b s e r v a t io n  o f  m a t in g .
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5.3.3 PROGESTERONE PROFILES DURING PREGNANCY

Both urinary and plasma progesterone concentrations were elevated over 

the 72-day gestational period, as illustrated in Figure 5.4 which shows the 

data as antilogs of the means transformed for statistical analysis, together 

with the 95% confidence limits.

Urinary progesterone levels rose significantly from 14.0 i  4.6 ng/mg Cr 

during early pregnancy (days 0-20) to reach maximum levels o f 36.1 i 7.9 and 

49.1 i 11.3 ng/mg Cr during days 21-40 and 41-60 respectively, and decreased 

to 23.0 ± 5.7 ng/mg Cr just prior to parturition (F(3,30)= 6.35; P < 0.05).

These elevations in urinary progesterone concentrations were reflected  

by elevations in plasma progesterone. Concentrations increased from 12.9 t 4.9 

ng/ml (days 0-20) and 14.0 i  2.9 (days 21-40) to 31.5 i 5.4 ng/ml (days 41- 

60). These differences were only statistically significant between the day 0 - 

21 and day 41-60 samples, possibly because of a small sample size (n= 4-5).

5.3.4 OVARIAN ACTIVITY IN WILD NON-BREEDING FEMALES

Both urinary and plasma progesterone concentrations were either below 

the sensitivity limit of the assay (urine: < 0.5 ng/mg Cr, 11 females from 2 

colonies; plasma: < 1.0 ng/ml, 25 females from 4 colonies) or very low

(plasma: 1.6 t 0.6 ng/ml, 15 females from 4 colonies), indicating a lack of

ovarian activity in these non-breeding females.

5.3.5 PLASMA LH IN CAPTIVE BREEDING VS NON-BREEDING FEMALES

Breeding females had higher (P < 0.001) plasma LH concentrations (3.0 

i  0.2 mlU/ml, 73 samples from 24 females), than non-breeding females (1.6 i

0.1 mlU/ml, 57 samples from 44 females), suggesting that in non-breeding

females, pituitary LH secretion is reduced in comparison to breeders, or that

plasma LH in non-breeders has a more rapid clearance from the circulation.



FIGURE 5.4 -  C o n c e n t r a t io n s  of u r in a r y  and p lasm a p ro g e s te r o n e  (mean i  95% 
c o n f id e n c e  l im i ts )  o v e r  th e  72 day  g e s ta t io n a l  p e r io d  o f  th e  naked m o le - r a t .  
The d a ta  is p re s e n te d  as  th e  a n t i lo g  o f  th e  means t r a n s f o r m e d  f o r  s t a t i s t i c a l  
a n a ly s is .  N um bers  o f  fe m a le s  f r o m  w h ich  th e  sam p les  (n) w ere  ta k e n  a re  
in d ic a te d .  n .s .=  no sam ples . a=  P < 0 .0 5  vs d a ys  1 -2 0  (u r in e ) ,  b= P < 0 .0 5  vs  
d a ys  0 - 2 0  (p lasm a ; D uncans  m u l t ip le  ra n g e  t e s t  f o l lo w in g  o n e -w a y  A N O V A  f o r  
re p e a te d  m easures ) .
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5.3.6 REPRODUCTIVE ACTIVATION IN CAPTIVE NON-BREEDING FEMALES

In this study non-breeding females removed from their colony and paired 

with a male (n=2), or removed and housed singly fo r 6 weeks before pairing

with a male (n=5) commenced ovarian cyclicity. In the latter group urinary

progesterone concentrations rose above 2.0 ng/mg Cr (indicative o f a luteal 

phase) fo r the firs t time 5.8 i 1.2 days a fte r being singly housed. In one of 

these individuals, female 4, the peak in urinary progesterone seen whilst the 

animal was singly housed did not appear to represent a complete luteal phase 

as its duration was only approximately 8 days (Figure 5.5). However, normal

ovarian cyclicity commenced a fte r pairing with a male. This contrasts with 

female 29 which underwent a normal cycle whilst singly housed (Figure 5.5), 

and was typical of the other four females. Two of these five females 

developed perforate vaginas for the firs t time within 21 days of separation, 

whilst singly housed. The remaining three females became perforate within 7, 

14 and 21 days of pairing with a male (fo r example see females 4 and 29, 

Figure 5.5). In the females paired directly with a male, urinary progesterone

rose fo r the firs t time above 2.0 ng/mg Cr 9 and 18 days a fte r separation 

from their parent colonies. The vaginas of these females became perforate 14 

and 7 days respectively, a fte r separation from their colonies. The urinary

progesterone profile for one of these individuals, female 21 is illustrated in

Figure 5.5.

Three of the five singly housed females underwent one cycle immediately 

after pairing with the male, then became pregnant at the following oestrus.

Progesterone profiles for two of these females, 4 & 29, are illustrated in

Figure 5.5. The elevated urinary progesterone from day 89 in female 4, and 

from day 80 onwards in female 29 represents pregnancy.

Reproductive activation in non-breeding females removed from their 

colonies was accompanied by an increase in body mass. Animals paired directly 

with a male showed a mean increase in body mass of 10.8 i  7.7 % six weeks

after removal from the parent colony (range: 1.8 to 33.7 %; n=4). In other

females removed from their colonies and housed singly, body masses increased 

by 5.3 i  5.0 % a fte r six weeks (range: -8 .9  to 21.7 %). When subsequently

paired with a male, % body mass increase rose to 10.3 1 3.9 % a fte r a

further six weeks (range: 2.4 to 25.2 %; n=5). It is difficult to comment on 

the significance of these weight increases, because insufficient controls were 

available for comparison, i.e., growth rates of litter mates over equivalent 

time periods, in the parent colonies of separated animals.



FIGURE 5.5 -  U r in a r y  p r o g e s te ro n e  p r o f i l e s  f o r  th r e e  o f  th e  seven n o n -  
b ree d in g  fe m a le s  rem oved  f r o m  th e i r  c o lo n ie s  and p a i re d  w i th  a male, o r  
housed s in g ly  b e f o r e  p a i r in g  w i th  a male. P r o g e s te r o n e  p r o f i l e s  f o r  th e  
re m a in ing  f o u r  fe m a le s ,  w h ich  a f t e r  s e p a r a t io n ,  had d a i ly  bedd ing  t r a n s f e r  
w i th  t h e i r  p a r e n t  c o lo n ie s ,  a re  g iven in C h a p te r  8. M= o b s e r v a t io n s  o f  m a t in g ,  
B= b i r t h  o f  l i t t e r ,  a =  vag ina  im p e r f o r a te ,  A  = vag ina  p e r f o r a t e .
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The age of the females at the time of separation did not appear to

a ffe c t the onset of cyclicity, which ranged from 2 to 18 days, while the age 

and body mass ranged from 5 to 39 months, and from 23 to 47g respectively

The rapid onset of reproductive activity seen in females removed from 

the suppressing influences of their colonies was also observed in a female 

which took over the position of queen in Colony N, a fte r the original queen, 

breeding male and other colony members died. Seven previously non-breeding 

individuals were left, including three females. The subsequent reproductive

activity of these females, expressed as urinary progesterone profiles, are 

illustrated in Figure 5.6.

At the time the queen died none of the three remaining females had 

perforate vaginas, and it was assumed that they were all acyclic non-breeders 

(unfortunately no urine samples were collected from these females for  

progesterone assay before the queen died). Based on this assumption, urinary 

progesterone concentrations were elevated for the firs t time a fte r four days 

in the case of female 100, and a fte r six days in female 97. Female 102 was

a small animal at day 0 (14.5g), and produced no urinary progesterone until

day 101.

Female 97 initially underwent a short period of elevated urinary

progesterone, but levels declined to be consistently below the sensitivity limit 

of the assay a fte r day 26, and this female did not develop a perforate

vagina during this initial period of ovarian activity. In contrast, female 100 

appeared to immediately take on the role of the new breeding queen, with 

vaginal perforation occurring within 12 days. This female underwent two 

ovarian cycles between days 16 and 76 (Figure 5.6), then conceived at the 

following oestrus and gave birth on day 143. The seven pups that were born 

in this firs t litter were all successfully reared. Conception occurred again at 

the following post-partum oestrus period, and female 100 gave birth to a

second litter of approximately eight pups, four of which were successfully 

reared. A fter these pups were weaned, female 100 developed an abscess on

the jaw, which may have resulted from a bite wound. A fter fully recovering 

from this, female 100's position as queen was challenged by female 97, who 

killed her in a fight on day 291 and subsequently became the new breeding 

female (Figure 5.6).
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FIGLff?E 5.6 -  U r in a r y  p ro g e s te r o n e  p r o f i l e s  ( • )  f o r  fe m a le s  100, 97  & 102
f r o m  C o lo n y  N. Day 0 c o r r e s p o n d s  t o  th e  day  when th e  p re v io u s  queen, 
b ree d in g  male and o th e r  c o lo n y  m em bers died t o  leave  th e s e  t h r e e  fe m a le s ,  and 
f o u r  m ales. B= b i r t h  o f  l i t t e r .  B ody m asses  a t  v a r io u s  t im e s  a re  in d ic a te d  by 
th e  f i g u r e s  in p a re n th e s e s ,  a = V a g in a  im p e r f o r a te .  A  = V a g in a  p e r f o r a t e .
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Prior to the death o f female 100, there appears to have been some loss 

of suppression among the non-breeding adult females. Female 102 had elevated 

urinary progesterone on days 101 and 124, and had a perforate vagina on 

days 124 and 194, indicating that this animal was also becoming reproductively 

active. A fter her initial small peak in urinary progesterone, female 97 was 

imperforate and acyclic until day 248, when progesterone was detected in a 

urine sample. In addition, this female had gained considerable mass, such that 

on day 193, her body mass had increased from 30.8g on day 0, (the average 

adult body mass), to reach a maximum of 55g, an increase o f 178%. Although 

no further urine samples were obtained from this female a fte r day 248, her 

vagina was perforate by day 265, implying that she was reproductively active, 

and 26 days later she became the new queen a fte r killing female 100. By this 

time the signs of reproductive activation in female 102 had ceased, and her 

vagina became imperforate again (Figure 5.6).

5.4 DISCUSSION

The results of this study show that in non-breeding female naked mole- 

rats, the socially-induced block to reproduction is due to a failure of these 

females to ovulate, and that this physiological state is also a characteristic 

of non-breeding females in wild populations of naked mole-rats. Histological 

examination of the reproductive trac t of wild and captive females confirmed 

this hypothesis, because the ovaries of non-breeding females tacked both pre

ovulatory follicles and corpora lutea, in contrast to those of breeding queens 

(see Chapter 4; Jarvis, 1990 a). The low plasma LH concentrations measured in 

non-breeding females, in comparison to those in breeding females, provides 

circumstantial evidence that the failure of ovulation may be due to 

insufficient secretion of LH from the anterior pituitary. This latter point is 

further investigated in Chapter 7. Although single plasma samples do not give 

information regarding pulse frequency and amplitude of LH secretion, the 

consistency of low LH levels found in non-breeding females suggested that 

either LH pulse frequency or amplitude, or both were reduced in these 

females. In the common marmoset monkey, suppressed pituitary LH secretion 

due to an inhibition of hypothalamic GnRH release has been shown to be the 

central mediating factor responsible for the suppression of ovulation in 

socially-induced infertility found in subordinate females (Abbott et al., 1988).



While these and other studies (Brett, 1986, 1990 b; Lacey & Sherman, 

1990) show that reproduction is normally restricted to one breeding female, 

rare exceptions may occur. Jarvis (1990 a) has recorded instances o f captive 

colonies that have contained two queens at some time in their history, and 

that these females have co-existed for a period of time. In one case a 

colony had two breeding females fo r a period of five years, and although

many litters were born (15 to one female, and 16 to the other), pup survival 

was low, and only 16 out o f an estimated 540 pups were reared (Jarvis, 1990 

a). The significance of these observations in captivity is not clear, but it is 

interesting to speculate that in the wild, this type of phenomenon may trigger 

colonies to split into new colonies.

The ovarian cycle of the naked mole-rat with its long luteal phase of 

approximately 28 days, is similar to that reported fo r other hystricomorph 

rodents. In guinea-pigs, the corpus luteum of an un-mated, non-pregnant female 

secretes progesterone for 15-17 days (Weir & Rowlands, 1974). Total cycle 

lengths are relatively long in hystricomorph rodents e.g. the cuis, Galea 

musteloides (22 days), chinchilla, Chinchilla laniger (40 days), and acouchi,

Myoprocta p ra tti (30-55 days) (Tam, 1974), in contrast to the short 4-day 

ovarian cycles of myomorphs like the mouse and ra t (Short, 1984).

The presence of large quantities of luteal tissue during pregancy in the 

naked mole-rat (see Plates 4.2 & 4.3, Chapter 4), is consistent with the 

detection of sustained high levels of urinary progesterone over the 72-day 

gestational period (Figure 5.4). Other hystricomorphs also show structural and 

functional modifications of the ovary in the form of accessory corpora lutea, 

which may enhance progesterone secretion for the maintenance of pregnancy 

during the relatively long gestational periods (Tam, 1974; see Chapter 4). 

Concentrations of progesterone during gestation d iffer greatly between

species. In rats, plasma progesterone levels rise to reach a maximum during 

the second half of pregnancy, then drop prior to parturition (Heap & Flint, 

1984). This is similar to the naked mole-rat (Figure 5.4). A completely 

different picture is seen in guinea pigs, however, where a large increase in 

plasma progesterone over that in the non-pregnant state, reaches a maximum 

mid-term. The circulating progesterone levels then decline and rise again prior 

to parturition (Heap & Flint, 1984). In naked mole-rats, prolonged high levels 

of urinary progesterone (in excess of 40 days, Figure 5.4) normally distinguish 

the pregnant female from the regular oscillations found in non-pregnant, 

cycling females (Figure 5.5), and the constantly undetectable levels found in



non-breeding females (Table 5.1, Figure 5.1). The one exception to this was 

female 38 (Figure 5.3), who, unaccountably, had elevated urinary progesterone 

for at least 80 days while not being pregnant.

Although fe rtility  is normally completely inhibited in non-breeding female 

naked mole-rats whilst they remain in their colony, results from this study 

show that if the social environment is manipulated, fo r example by separating 

females from their parent colonies, then ovarian cyclicity may commence in as 

little as 7 days. As the follicular phase of the cycle was calculated as 6.0 + 

0.6 days (Figure 5.2), then this implies that the process of ovarian activation 

is occurring within the firs t one or two days of separation. Pregnancy can 

also occur rapidly in previously non-breeding individuals, as shown by three of 

the females separated which underwent one cycle a fte r being paired with a 

male, then at the following period of oestrus became pregnant (e.g. females 4 

and 29, Figure 5.5). The observation that four out o f the five singly housed 

females underwent what appeared to be normal cycles, together with the fa c t 

that breeding queens always solicit mating behaviour (Jarvis, 1990 a) suggests 

that the naked mole-rat may be a spontaneous ovulator. Among other 

hystricomorphs, both the guinea-pig and the chinchilla are known to be 

spontaneous ovulators (Weir &t Rowlands, 1974).

The age and body mass of the females at the time of separation had 

no apparent e ffec t on the onset of cyclicity, with comparatively young (5

months), small (23g) females giving similar results to older animals (up to 28

months age). This illustrates that reproductive activation in female naked 

mole-rats may occur over a wide range of ages and body sizes, an

observation that has also been noted by Jarvis (1990 a).

Reproductive activation of a non-breeding female was also rapid in the 

converse situation to separation, that is, when the queen of a colony died,

exemplified by female 100 in Colony N. In this case, vaginal perforation 

occurred between 7 and 14 days a fte r the death o f the previous queen, and 

two ovarian cycles followed before conception (Figure 5.6). An initial 'switch 

on' of ovarian function in female 97 appears to have been suppressed,

presumably by female 100, once the latter female commenced ovarian cyclicity. 

At this time females 97 and 100 had a similar body mass. Over the days that 

followed, however a fascinating sequence of events unfolded. Both non

breeding females 97 and 102 increased dramatically in body mass, and

exhibited signs of ovarian activity, reflected in elevations of urinary

progesterone concentrations, and developed perforate vaginas. However, female



97 emerged as the more dominant individual, reaching a maximum body mass of 

55g, while in female 100, the non-pregnant body mass had only increased

slightly from 30.8 to 34.5g. Female 102 was still comparatively small and had 

reverted back to being imperforate and acyclic. Female 97 then killed female 

100 and took over as the new breeding queen.

Although only a single example, it is interesting to compare this 

activation and take over by a non-breeding female in a colony with

reproductive activation in separated females. While ovarian cyclicity and 

pregnancy commenced within similar time periods in both situations, large 

increases in body mass were not observed in females separated from their 

colonies. For example, in the cases where females were housed singly, then 

paired with a male, body masses increased by approximately 10% a fte r 12 

weeks of separation (84 days). In a similar time period in Colony N, female 97 

body mass rose from 35 to 55g, an impressive increase of 57%. These results 

suggest that in the colony situation, it is fast-growing individuals that are 

possible contenders for the position of queen. This phenomenon has also been 

reported by Jarvis (1981), Jarvis et at. (1990), and Lacey and Sherman 

(1990).

The rapid onset of reproduction in non-breeding female naked mole-rats 

removed from their colonies is remarkable, given the complete suppression 

imposed on non-breeders that remain in their colonies, which apparently 

continues for their entire lifespan (Jarvis, 1990 a). Naked mole-rat colonies 

have been kept in excess of 15 years in captivity (Jarvis, 1990 a), yet some 

still retain the original breeding queen. Therefore, although most mole-rats may

never breed, it is important that new breeding females can be recruited quickly

if required, for example if the queen dies, or if a group is separated from 

the parent colony. In the latter case, fast recruitment of young may be 

crucial to the survival of the colony, because below a certain group size the 

energy expended by the animals in digging and foraging, will exceed the food 

resources that a small group can exploit (Brett, 1986). This situation arises 

because the habitat of the naked mole-rat is characterised by hard, dry soil, 

and the large geophytes (roots and tubers) upon which they feed often tend 

to be widely dispersed (Jarvis, 1971, 1985; Brett, 1986; Lovegrove & Wissel, 

1988). In such habitats where geophyte densities are low, Lovegrove and 

Wissel (1988) have developed a mathematical model which quantifies the 

relative risks of foraging. They calculate that the risk of one burrowing 

naked mole-rat not encountering a geophyte a fte r digging a distance of 3 m



is 41 times greater than when 10 animals are digging and foraging. Therefore, 

by adopting this system of reproduction and a behavioural division of labour, 

the naked mole-rat is able to successfully exploit an ecological niche in a 

harsh environment where rainfall is low and unpredictable. By having individuals 

dedicated to maintaining the burrow system and foraging for the rich but 

scattered food sources, the queen is left free to breed continuously (Jarvis, 

1981; 1985).

Density-dependent suppression of reproduction mediated by urinary primer 

pheromones, is commonly observed in many species o f rodents. This phenomenon 

is thought to play a role in regulating natural rodent populations by 

controlling the rate of sexual maturation (Vandenbergh it Coppola, 1986). The 

naked mole-rat does not appear to f i t  into this category, because irrespective 

of the number of animals in the colony, the size of the burrow system and 

the available food reproduction, is restricted to one female (Brett, 1986; 

Jarvis, 1978, 1981, 1985). The naked mole-rat is more similar to examples of 

socially-induced female infertility which result from the presence of a 

dominance hierarchy, found in several mammalian species outside the order 

Rodentia, e.g. dwarf mongoose, Helogale parvula (Rood, 1980), silver-backed 

jackal, Cam's mesomelas (Moehlman, 1983), talapoin monkeys, Miopithecus 

talapoin (Abbott et al., 1986), cotton-top tamarins, (French et al., 1984), and 

the common marmoset monkey (Abbott, 1988 ). These situations arise where 

dominant breeding females require non-reproductive subordinate "helpers" to 

assist with the rearing of offspring and protection against predators, thereby 

maximizing their chances of survival (Wasser it Barash, 1983).



5.4 SUMMARY

Naked mole-rats are highly social subterranean rodents. Only the 

dominant female breeds in each colony which can number up to 295 individuals 

in the wild. To investigate the endocrine cause of reproductive suppression in 

non-breeding female naked mole-rats, animals from 35 colonies were studied 

in captivity. Urinary and plasma progesterone levels were found to be elevated 

in pregnant (urine: 10.0-148.4 ng/mg Cr, 107 samples from 21 females; plasma: 

3.6-43.8 ng/ml, 16 samples from 1 1 females) and cycling breeding females 

(urine: < 0 .5-97.8 ng/mg Cr, 191 samples from 10 females; plasma: <1.0-35.4  

ng/ml, 25 samples from 7 females). The latter group showed cyclical patterns 

of urinary progesterone indicating a mean ovarian cycle length of 34.4 ± 1.6 

days (mean i  s.e.m.) with a follicular phase of 6.0 i  0.6 days and a luteal 

phase of 27.5 i  1.3 days (19 cycles from 9 breeding females). In non-breeding 

females urinary and plasma progesterone levels were undetectable (urine: < 

0.5 ng/mg Cr, 259 samples from 74 females; plasma: < 1.0 ng/ml, 7 samples 

from 6 females). Breeding females had higher (P < 0.001) plasma LH

concentrations (3.0 i  0.2 mlU/ml, 73 samples from 24 females), compared with 

non-breeding females (1.6 i  0.1 mlU/ml, 57 samples from 44 females). In 

addition, plasma and urine samples were obtained from non-breeding females in 

wild colonies situated near Mtito Andei, Kenya. Urinary and plasma 

progesterone concentrations were either below the assay sensitivity limit 

(urine: < 0.5 ng/mg Cr, 11 females from 2 colonies; plasma: < 1.0 ng/ml, 25 

females from 4 colonies), or very low (plasma: 1.6 ± 0.6 ng/ml, 15 females

from 4 colonies).

In captivity non-breeding females removed from their colonies and either 

paired directly with a non-breeding male (n=2), or removed and housed singly 

for 6 weeks before pairing with a non-breeding male (n=5) may develop a 

perforate vagina for the firs t time in as little as 7 days. Urinary 

progesterone concentrations rose above 2.0 ng/mg Cr (indicative o f a luteal 

phase) fo r the firs t time 8.0 i  1.9 days a fte r being separated.

These results suggest that ovulation is suppressed in subordinate non

breeding female naked mole-rats in both captive and wild colonies, and show 

that plasma LH concentrations are significantly lower in these non-breeding 

females. This reproductive block in non-breeding females is readily reversible 

if the social factors suppressing reproduction are removed.



CHAPTE R <S

DIFFERENCES IN  REPRODUCTIVE PHYSIOLOGY 

BETWEEN BREEDING AND NON-BREEDING MALE NAKED MOLE-RATS

6.1 INTRODUCTION

As with females, male naked mole-rats also show a clear reproductive 

division of labour, with mating and reproduction restricted to one or two 

males in wild colonies (Brett, 1986, 1990), and sometimes up to three males 

in captive colonies (Jarvis & Bennett, 1990; Lacey & Sherman, 1990). Like 

their female counterparts, individuals may remain as breeding males fo r a 

considerable length of time, fo r example, up to 10 years (Jarvis, 1990 a). 

Often these are the largest males within the colony and are rarely seen 

carrying out colony maintenance or 'worker' behaviours (Brett, 1986, 1990; 

Jarvis 1981; Lacey it Sherman, 1990; Chapter 3). However, an interesting 

phenomenon has been observed in colonies with a good recruitment of pups. 

In five such colonies studied over a period of several years, Jarvis et al. 

(1990) recorded negative correlations of body mass with time in breeding 

males, i.e. loss of weight, while in non-breeders, body mass increased with 

time. This loss of weight in breeding males eventually leads to an emaciated 

appearance which readily distinguishes the animal from non-breeding 

individuals.

There is a strong behavioural bonding between the breeding male(s) and 

the breeding female in a colony, exemplified by the high frequencies of both 

mutual ano-genital nuzzling/sniffing and close body contact between breeders 

whilst in the nest chamber (Jarvis, 1990 a; Lacey it Sherman, 1990). Ano- 

gental nuzzling between breeders and non-breeders, or among non-breeders 

occurs rarely (Jarvis, 1990 a) or not at all in some colonies (Lacey it 

Sherman, 1990). During oestrus, the breeding female solicits courtship 

behaviour and mating, and in colonies which contain more than one breeding 

male, she solicits whichever breeding male she encounters. The breeding males 

show no aggression towards each other on the day of mating, and appear to 

adopt a passive role in courtship, with the breeding female controlling the 

process (Jarvis, 1990a; Lacey it Sherman, 1990). It is not known if the 

breeding female shows preference for any particular breeding male, where 

there is more than one in the colony, or how many of the breeding males



inseminate the female at a particular period o f oestrus.

Although the behavioural differences between breeding and non-breeding 

males are now well documented (Jarvis, 1990 a; Lacey and Sherman, 1990), 

prior to this study there was no published literature relating to the 

reproductive physiology of the male naked mole-rat. In Chapter 4, anatomical 

and histological comparisons were made between breeding and non-breeding 

males, and the latter were shown to have smaller testes relative to body 

size. However, the presence of spermatozoa in the vas deferens of most 

non-breeding males (Jarvis, 1990 a), suggests that these animals may be 

capable o f fertilisation should they mate. Unlike non-breeding females, where 

reproduction is completely blocked as a result o f an inhibition of ovulation 

(see Chapter 5), in non-breeding males the physiological factors that mediate 

reproductive suppression are less clear, because mature gametes are 

apparently produced. Therefore, the following study was undertaken to 

examine whether or not differences in breeding status in males were 

reflected by differences in circulating concentrations of reproductive 

hormones. As reduced pituitary LH was implicated in reproductive suppression 

in female naked mole-rats (Chapters 5 & 7), plasma LH concentrations in 

breeding and non-breeding males were investigated, together with 

determinations of urinary testosterone as a measure of testicular function.

6.2 METHODS

6.2.1 URINARY TESTOSTERONE

To investigate differences in urinary testosterone concentrations 

between breeding and non-breeding males as a possible reflection of 

differences in testicular function, a total of 142 samples were collected 

from nine breeding males from nine colonies, and 72 samples were collected 

from 12 non-breeding males from eight colonies. Urine sampling and 

radioimmunoassay of testosterone were carried out as described in Chapter 

2 .

6.2.2 PLASMA LH

To investigate possible differences in pituitary function in breeding and 

non-breeding males, a total of 27 plasma samples were collected from 14 

breeding males from 13 colonies, while 37 plasma samples were collected from 

24 non-breeding males from eight colonies. Plasma LH concentrations were 

determined by bioassay, as described in Chapter 2.



6.2.3 REPRODUCTIVE ACTIVITION IN NON-BREEDERS

To investigate the hormonal changes that occur when males become

reproductively active fo r the firs t time, non-breeding males were removed

from their colonies and either paired directly with a non-breeding female

from the same colony (n=3: Colonies D, J & K; see Appendix for further 

details), or removed, housed singly for a minimum of six weeks, then paired 

with a female from the same colony and approximate age, who had also been 

housed singly fo r six weeks (n=5: Colonies H, 0, P, Q it R; see Appendix). 

The males ranged in age from 5-40 months, and from 19 to 51 g in body

mass respectively, at the time of separation. Animals were housed singly 

before pairing to ascertain whether or not the physical presence of a mate 

was required to stimulate reproductive activation. Of these colonies, J, H, 0 

and P were test pairs in bedding transfer experiments (see Chapter 8). As 

bedding transfer had no e ffec t on reproductive activation in these separated 

animals, the data was included here to increase the sample size. Urine 

samples were collected from a maximum of 240 days before, to a maximum of 

329 days a fte r separation.

6.2.4 STATISTICAL ANALYSIS

Hormonal data were analysed using either Students t-tes ts  or by 1-way 

analysis of variance for repeated measures following log transformation of 

data. Results quoted in the text are means + s.e.m fo r the non-transformed 

data, while the figures reflect the data as the antilog of the means

transformed for statistical analysis, together with their 95% confidence

limits. Comparisons of individual transformed means were made post hoc using 

Duncan's multiple range test (Helwig it Council, 1979).

6.3 RESULTS

6.3.1 URINARY TESTOSTERONE

Urinary testosterone concentrations showed high individual variation, 

illustrated in Table 6.1 overleaf, ranging from 0.3 to 32.9 ng/mg Cr in non- 

breeders, and from 1.0 to 176.4 ng/mg Cr in breeding males.

Despite this individual variation, the grand means of these individual

means revealed differences in the urinary testosterone concentrations

between breeding and non-breeding males, with breeders having significantly 

higher values (23.8 i  2.3 vs 5.2 ± 1.4 ng/mg Cr; P < 0.001; t=  6.96, D.F.= 

20), illustrated in Figure 6.1.



TABLE 6.1 -  Mean and range of urinary testosterone values (ng/mg Cr) in 
samples taken from breeding and non-breeding male naked mole-rats. The 
letter prefix to the animal number identifies the colony to which the animal 
belonged (see Appendix fo r further colony details). Individuals with the same 
animal number , e.g. D88 and H88 correspond to non-breeders that were 
removed from their colonies and paired with a female to become breeders.

NON-BREEDING MALES BREEDING MALES

1 ANIM.
1 1 
1 MEAN 1
1 1

1
RANGE 1

1
n 1 ANIM.

1 1 
1 MEAN 1
1 1

RANGE n 1

1 B9
1 1 
1 6.4 1 
1 1

1
1.0-29.2 1 

1
9 1 K9

1 1 
1 18.7 1 
1 1

1.0-1 12.3 26 1

1 B 16
1 1 
1 4.8 1 
1 1

1
1.0-36.0 1 

1
20 1 J16

I 1 
1 23.9 1 
1 1

1.0-1 14.0 28 1

1 B22
1 1 
1 3.6 1 
1 1

1
1.0-5.4 1 

1
3 1 D22

1 1 
1 24.8 1 
1 1

1.0-1 18.0 14 1

1 D88
1 1 
1 6.4 1
1 1

1
1.0-11.3 1 

1
7 1 H88

1 1 
1 32.7 1 
1 1

1.0-176.4 13 1

1 A10
1 1 
1 1.8 I 
1 1

1
1.2-2.3 1 

1
2 1 N98

1 1 
1 30.1 1 
1 1

3.6-154.7 18 1

1 A 14
1 1 
1 1.4 1 
1 1

1

1
1 1 08

1 1 
1 29.6 1 
1 1

1.0-71.5 10 1

1 A27
1 1 
1 0.7 1 
1 1

1
0 .3-1.0  1 

1
2 1 P3

1 1 
1 17.6 1 
1 1

1.7-42.6 9 1

1 B27
1 1 
1 1.8 1 
1 1

1
1.0-2.6 1

1
2 1 Q 1

1 1 
1 24.7 1 
1 1

1.0-95.5 19 1

1 2208
1 1 
1 17.7 1 
1 1

1
3.4-42.4 1 

1
5 1 R40

1 1 
1 11.7 1 
1 1

2.7-24.1 5 1

1 2203
1 1 
1 10.2 1 
1 1

1
3.4-26.4 1 

1
12

1 1 
1 1 
1 1

1 2201
1 1 
1 2.8 1 
1 1

1
1.0-7.0 1 

1
7

1 1 
1 1 
1 1

1 2240
1 1 
1 4.5 1 
1 1

1
1.0-8.8 1 

1
3

1 1 
1 1 
1 1

I I I  1 1 1 1 I I



FIGURE 6 .1  -  Mean ± s .e .m . u r in a r y  t e s t o s t e r o n e  c o n c e n t r a t i o n s  in non 
b ree d in g  m ales, c o m p a re d  w i th  b reed ing  m ales. ■ * * *  = P < 0 .001  vs  non 
b reed ing  s t a t u s .

* * *

Non-breeding Breeding
males males

FIGURE 6 .2  -  Mean + s .e .m . p lasm a LH  c o n c e n t r a t i o n s  in n o n -b re e d in g  males 
c o m p a re d  w i th  b reed ing  m a les . * *  = P < 0.01 vs n o n -b re e d in g  s t a t u s .

16-i

14-

Non-breeding Breeding
males males



Of the 12 non-breeders listed in Table 6.1, four of these males had 

urinary testosterone concentrations in some of their samples that were 

comparable to those obtained in breeders, in that they exceeded 24 ng/mg Cr, 

which was the mean urinary testosterone concentration in breeding males 

(Figure 6.1). However, these instances of high urinary testosterone in non

breeding males occurred relatively infrequently. For example, out of all the 

samples assayed fo r testosterone, only 8% of those from non-breeders had 

urinary testosterone concentrations which exceeded 24 ng/mg Cr (the mean 

value for breeding males), and the highest value obtained was 36.0 ng/mg Cr. 

In breeding males, 30% of samples had urinary testosterone concentrations 

that exceeded 24 ng/mg Cr, with the highest value reaching 176 ng/mg Cr. 

These results show that overlap between the highest values of urinary 

testosterone in non-breeding males and the mean value fo r breeding males 

does occur in some individuals, but that overall breeding males maintain higher 

urinary testosterone concentrations, and reach maximal values which greatly 

exceed those found in non-breeding males (Table 6.1).

6.3.2 PLASMA LH

The differences in urinary testosterone were reflected in the 

circulating concentrations of LH. Breeders had significantly higher plasma LH 

concentrations compared with non-breeders (mean + s.e.m.= 10.7 + 1.7 vs 5.0 

1 0.8 mlU/ml respectively; P < 0.01, t= 3.05, D.F.= 63; Figure 6.2)

6.3.3 REPRODUCTIVE ACTIVATION IN NON-BREEDERS

When non-breeding male naked mole-rats were removed from their 

colonies and either housed singly, then paired with a female, or paired 

directly with a female, both urinary testosterone and plasma LH 

concentrations increased from those when the males were of non-breeder 

status. This data is summarised in Figure 6.3 (a) and (b) overleaf, which 

represent the data as the antilog values of the means transformed fo r  

statistical analysis.

Urinary testosterone concentrations rose significantly from 7.1 i  1.7 

ng/mg Cr (mean i  s.e.m.) to reach a maximum while males were housed singly 

(53.5 1 14.7 ng/mg Cr; F(2,18)= 23.6; P < 0.001). When paired with a female, 

urinary testosterone concentrations were lower than singly housed values at

23.0 + 2.4 ng/mg Cr, but significantly higher than when the males were of 

non-breeding status (F(2,18)= 23.6; P < 0.001).



Similar trends were obtained with plasma LH concentrations, which rose 

significantly from 4.7 i  1.0 to 19.8 t 4.0 mlU/ml when males were removed 

from their colonies and housed singly (F(2,15)= 4.88; P < 0.05). When paired 

with a female, plasma LH concentrations were less than when housed singly, 

and greater than when the males were of non-breeding status (9.9 + 1.1

mlU/ml; Figure 6.3b).

It is interesting that both urinary testosterone and plasma LH 

concentrations were highest when the males were housed singly, than when 

the males held non-breeding status or when they were paired with a female. 

To investigate individual changes in urinary testosterone profiles in detail 

and to ascertain the latency to the rise in urinary testosterone a fte r

separation from their colonies, the urinary testosterone values fo r seven of 

the eight males were plotted against time. The urinary testosterone profiles 

for two males separated and housed singly are illustrated in Figures 6.4 and 

6.5. In males where there was sufficient data obtained, urinary testosterone 

profiles were also plotted before and a fter pairing with a female, and

relative to the female mate's ovarian cycles expressed as urinary

progesterone profiles. These are illustrated in Figures 6.6-6 .10.

In order to quantify the time taken a fte r separation fo r urinary

testosterone concentrations to rise to values comparable to those of 

breeding males, a urinary testosterone value that reflected breeding status 

had to be chosen. The criterion used was therefore the mean testosterone

value fo r breeding males, which was 24 ng/mg Cr (Figure 6.1). The latency

from separation to a rise in urinary testosterone concentrations to levels 

comparable to breeders was therefore defined as the time in days from 

separation (day 0) to the day on which urinary testosterone reached a 

concentration o f ' 24 ng/mg Cr. The latency values were obtained by

extrapolating from this value on the testosterone profiles illustrated in 

Figures 6.4 to 6.10.

The mean time between separation and a rise o f urinary testosterone 

to a value of 24 ng/mg Cr , was calculated as 5.3 + 1.0 days (n=6 males: 5 

housed singly, 1 paired directly with female). Male 9 was not included in this 

calculation as in this individual urinary testosterone concentrations were > 

24 ng/mg Cr before separation. The age at which the males were removed 

from their colonies did not appear to influence the latency of the rise in 

urinary testosterone concentrations, which ranged from 3-9  days, while the 

ages ranged from 5-40 months.



When housed singly, the rapid increase in urinary testosterone 

concentrations over those of non-breeding status was sustained, and in some 

instances reached values in excess of 100 ng/mg Cr (Figures 6 .4 -6 .8 ). A fter 

pairing with a female, while urinary testosterone concentrations still reached 

high levels, there were more periods when concentrations were low, in 

comparison to when singly housed, giving rise to lower mean values fo r this 

status group.

Although the data is somewhat patchy due to the erratic nature of 

urine sample collection, the urinary testosterone profiles plotted in Figures 

6 . 6  to 6 . 1 0  suggest a correlation between high urinary testosterone (in 

excess of 24 ng/mg Cr) and the follicular phase of the female mate's cycle. 

For example, 6 1 had three peaks in urinary testosterone a fte r pairing with 

9  4 (Figure 6 .6 ), all of which occurred when urinary progesterone in the 

female was undetectable or below 2.0 ng/mg Cr, indicative of the follicular 

phase of the ovarian cycle (see Chapter 5). During the second follicular 

phase of 9  4 around day 90, two peaks in urinary testosterone were

recorded, and mating observed. Conception occurred during this time and the 

female became pregnant (Figure 6 .6 ). Similarly, <5 8  showed two peaks in 

urinary testosterone a fte r pairing with 9  1 0 , both of which coincided with

the follicular phase of the female's cycle although the firs t peak also 

carried on into the luteal phase (Figure 6.7). Again, the male successfully 

fertilised the female during the second ovarian cycle.

Of the other animals, <5 8 8  had three peaks in urinary testosterone, 

two of which coincided with the follicular phase of 9  92 (Figure 6 .8 ). <5 9 

had four peaks in urinary testosterone, three of which coincided with the 

follicular phase of 9  2 1 , and interestingly showed the highest value around 

the time of an observation of mating (Figure 6.9). Finally, <5 16 showed two 

peaks of urinary testosterone, one of which corresponded to the follicular 

phase of 9  18's cycle, although the second occurred when the luteal phase 

was ending, before the start of the next follicular phase (Figure 6.10).

Another interesting observation was seen in <53 and <58 (Figures 6.4 & 

6.7) while these individuals were non-breeders housed in Colony 2200. Both 

these males had peaks in urinary testosterone greater than 24 ng/mg Cr 

between days -65  and -75 . The possible cause of this remains a mystery, 

because during this time the queen was between days 21-40 of pregnancy, 

and the possible e ffec t of a period of oestrous in the breeding female on 

these non-breeding males was therefore not implicated.



FIGURE 6.3 -  (a) Urinary testosterone concentrations (mean i  95%
confidence limits) in eight non-breeding male naked mole-rats removed from 
their colonies, housed singly fo r six weeks, then paired with a female (n=5), 
or removed and paired directly with a female (n=3). a = P < 0.01 vs non- 
breeder and paired with female status; b = P < 0.01 vs non-breeder status, 
(b) Plasma LH concentrations (mean i  95% confidence limits) in seven out of 
eight non-breeding males removed from their colonies , housed singly fo r six 
weeks, then paired with a female (n=5), or paired directly with a female 
(n=2). *  = P < 0.05 vs non-breeder and paired with female status. In both 
diagrams the data are expressed as the antilog of the transformed means.
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FIGURE 6.4 -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  <3 3, (a )  when a n o n -b re e d e r  
in C o l. 2 2 0 0 ,  (b) when re m o ve d  and housed  s in g ly  f o r  6  weeks (age :  15m, 
body  m ass: 35g),  and (c )  when p a i re d  w i th  9  6  (who had a ls o  been rem oved  
f r o m  C o lo n y  2 2 0 0  and housed  s in g ly  f o r  s ix  weeks) t o  f o r m  C o lo n y  P.
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FIGURE 6.5 -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  <5 4 0 ,  (a )  when a n o n -b re e d e r
in C o l. 2 2 0 0 ,  (b) when rem oved  and housed s in g ly  f o r  12 w eeks (age : 19m,
body  m ass: 28g),  and (c )  when p a i re d  w i th  9  2 9  (who had a ls o  been rem oved  
f r o m  C o lo n y  2 2 0 0  and housed  s in g ly  f o r  s ix  weeks) t o  f o r m  C o lo n y  R.
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FIGLff^E 6 . 6  -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  <5 I ,  (a )  when a n o n -b re e d e r  
in C o l.  2 2 0 0 ,  (b) when re m o ve d  and housed  s in g ly  f o r  6  weeks (age : 15m,
body  m ass: 31g ),  and (c )  when p a i re d  w i th  9  4 (who had a ls o  been rem oved  
f r o m  C o lo n y  2 2 0 0  and housed  s in g ly  f o r  s ix  w eeks) t o  f o r m  C o lo n y  Q. The 
o v a r ia n  c y c le s  o f  9  4 a re  in d ic a te d  by th e  d o t t e d  l ine, w h ich  re p r e s e n t s  th e  
u r in a r y  p ro g e s te r o n e  p r o f i l e .  M= o b s e r v a t io n  o f  m a t in g .  # =  a peak  in u r in a r y  
t e s t o s t e r o n e  above  24 ng /m g  Cr w h ich  c o in c id e s  w i th  th e  f o l l i c u l a r  phase  o f  
th e  fe m a le  m a te 's  c y c le .T h is  fe m a le  becam e p re g n a n t  a t  th e  o e s t r o u s  p e r io d  
be tw een  d a ys  8 5 - 9 0 .
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FIGURE 6.7 -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  6  8 , (a )  when a n o n -b re e d e r  
in Co l.  2 2 0 0 ,  (b) when re m o ve d  and housed  s in g ly  f o r  6  w eeks Cage: 15m,
body  m ass: 32g), and (c )  when p a i re d  w ith  9  10 (who had a ls o  been rem oved  
f r o m  C o lo n y  2 2 0 0  and housed  s in g ly  f o r  s ix  weeks) t o  f o r m  C o lo n y  0 .  The 
o v a r ia n  c y c le s  o f  9  10 a re  in d ic a te d  by th e  d o t t e d  l ine, w h ich  re p r e s e n t s  th e  
u r in a r y  p ro g e s te r o n e  p r o f i l e .  # =  a peak  in u r in a r y  t e s t o s t e r o n e  a b o ve  24 
ng /m g  Cr w h ich  c o in c id e s  w i th  th e  f o l l i c u l a r  phase  o f  th e  fe m a le  m a te 's  
c y c le .  T h is  fe m a le  becam e p re g n a n t  a t  th e  o e s t r o u s  p e r io d  be tw een  d a y s  7 5 -  
80 .
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FIGURE 6.8 -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  <J 8 8 , (a ) when a n o n -b re e d e r  
in Co l. D, (b) when rem oved  and housed s in g ly  f o r  9  weeks (age : 19m, body  
mass: 28g),  and (c )  when p a i re d  w i th  9  92  (who had a ls o  been rem oved  f r o m  
C o lony  2 2 0 0  and housed s in g ly  f o r  s ix  weeks) t o  f o r m  C o lo n y  H. The o v a r ia n  
c y c le s  o f  9  92  a re  in d ic a te d  by th e  d o t t e d  l ine, w h ich  r e p r e s e n ts  th e  u r in a r y  
p ro g e s te r o n e  p r o f i l e .  •#= a peak  in u r in a r y  t e s t o s t e r o n e  a b ove  24 ng /m g  Cr 
w h ich  c o in c id e s  w i th  th e  f o l l i c u l a r  phase  o f  th e  fe m a le  m a te 's  c y c le .
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FIGURE 6.9 -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  <5 9 , Ca) when a n o n -b re e d e r  
in C o l.  B, and (c )  when rem oved  (age : 40m , body  m ass: 50g) and  p a i re d
d i r e c t l y  w i th  9  21 (who had a ls o  been rem oved  f r o m  C o lo n y  B) t o  f o r m  
C o lony  K. The o v a r ia n  c y c le s  o f  9  21 a re  in d ic a te d  by th e  d o t t e d  l ine , w h ich  
r e p r e s e n ts  th e  u r in a r y  p ro g e s te r o n e  p r o f i l e .  ■#= a peak in u r in a r y  
t e s t o s t e r o n e  a b ove  24 ng /m g  Cr w h ich  c o in c id e s  w i th  th e  f o l l i c u l a r  p h a se  o f  
th e  fe m a le  m a te 's  c y c le .
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FIGURE 6.10 -  U r in a r y  t e s t o s t e r o n e  p r o f i l e  f o r  <5 16, (a )  when a n o n -b re e d e r  
in C o l. B, and (c )  when rem oved  (age : 44m , body  mass: 28g ) and p a i re d
d i r e c t l y  w i th  9  18 (who had a ls o  been rem oved  f r o m  C o lo n y  B) t o  f o r m
C o lo n y  J .  The o v a r ia n  c y c le s  o f  9  18 a re  in d ic a te d  by th e  d o t t e d  l ine, w h ich  
re p r e s e n t s  th e  u r in a r y  p r o g e s te r o n e  p r o f i l e .  ■#= a peak in u r in a r y
t e s t o s t e r o n e  a b ove  24 ng /m g  Cr w h ich  c o in c id e s  w i th  th e  f o l l i c u l a r  phase  o f
th e  fe m a le  m a te 's  c y c le .
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6.4 DISCUSSION

These results show fo r the firs t time that there are clear 

physiological differences between breeding and non-breeding male naked mole- 

rats, with breeders having significantly higher urinary testosterone and 

plasma LH concentrations. Therefore, like non-breeding female naked mole- 

rats, a physiological suppression of reproductive function also occurs in non

breeding males. However, the physiological differences between breeding and 

non-breeding males are less clear-cut than in their female counterparts, 

because when individual values were examined, some non-breeders showed a 

degree of overlap with breeders in their urinary testosterone concentrations. 

For example, four of the 12 non-breeders studied recorded urinary 

testosterone concentrations in excess of 24 ng/mg Cr, the mean value 

obtained for breeding males (Table 6.1), although these observations were 

relatively uncommon. One point of particular interest among the non-breeding 

male results was the synchronous peak in urinary testosterone that occurred 

in males 3 and 8 between days -65 and -75 , before they were separated 

from their parent colony (Figures 6.4 & 6.7). I f  this observation was not 

merely a coincidence, then an unknown environmental factor was implicated. 

This was unlikely to be connected with a period of oestrous in the queen, 

because at this time she was mid-pregnant. This variation in urinary 

testosterone concentrations, together with observations that spermatogenesis 

occurs in the majority of males (Chapter 4; Jarvis, 1990 a) suggests that in 

physiological terms, the suppression of reproduction is not as complete as in 

females, where ovulation appears to be completely blocked (see Chapter 5).

Once non-breeding males were separated from the suppressing influences 

of their parent colonies and housed singly, both their urinary testosterone 

and plasma LH concentrations increased markedly over their previous values 

whilst the males were of non-breeding status in their colonies (Figures 6.3a 

& b). Thus the physical presence of a female was not required to stimulate 

this increase in reproductive hormones, and therefore reproductive activation 

in males may only require the removal of suppressing factors from within 

their colonies. The time between separation, and an increase in urinary 

testosterone concentrations to the mean value obtained fo r breeding males in 

this study, was relatively short at around five days, and comparable to the 

time of onset of ovarian cyclicity in non-breeding females removed and 

housed singly (see Chapter 5).



Another interesting observation from this study was that age and body 

mass of the non-breeding male before separation did not appear to influence 

the latency of onset of reproductive activation, with comparatively young 

males giving similar results to those of more elderly individuals (up to 40 

months age). Male 40 is a good example. This individual was only 5 months 

old, and weighed 19g, comparatively small when compared to the average body 

mass of about 30g in captive colonies. However, on separation urinary 

testosterone concentrations rose above 24 ng/mg Cr (the mean value fo r  

breeding males) a fte r only 5 days (Figure 6.5), and a fte r pairing with a 

female, this young male successfully fertilised the female at her second 

period of oestrus. These results show that like females (see Chapter 5), male 

naked mole-rats are able to undergo puberty and attain breeding status well 

before they have reached the maximum body size of 60-70g. This has 

important implications fo r the naked mole-rat, because it is now apparent 

that within colonies that have been studied over several years in captivity, 

there is considerable variation in the growth rates of individual animals, and 

many never reach maximal body size, despite having access to food ad libitum 

(Jarvis et al., 1990). The mechanisms behind this apparent suppression of 

growth are not understood.

When non-breeding males were removed from their colonies and housed 

singly, their concentrations of both urinary testosterone and plasma LH 

increased significantly, and were also higher than when the males were paired 

with a female (Figures 6.3a & b). These findings show that when non

breeding males are removed from their colonies and housed singly, they are 

released from reproductive suppression, but that when paired with a female, 

a degree of suppression or control over the males reproductive processes 

was reintroduced by the female. The possible nature of this control was 

clarified when urinary testosterone profiles for the males were plotted with 

the ovarian cycles of their female mate's (Figures 6.6-6.10). When singly 

housed, peaks of high urinary testosterone concentrations were longer in 

duration, and overall values were higher than when the males were paired 

with a female. Once paired, episodes of high urinary testosterone in the male 

appeared to be cued into the ovarian cycle o f the female. Specifically, peaks 

in urinary testosterone tended to be synchronised with the follicular phase 

of the female's cycle, such that out of 15 peaks in urinary testosterone 

above 24 ng/mg Cr, 1 1 coincided with periods corresponding to the follicular 

phase of the females cycle. This implies that an active suppression of



pituitary and testis secretion of LH and testosterone, respectively, occurs 

during periods outside the follicular phase of the females cycle. Release 

from suppression and possibly stimulation of the male would therefore appear 

to coincide with the presumed time of oestrous in the female.

The apparent release from suppression resulting in increases in urinary 

testosterone concentrations during the follicular phase of the females 

ovarian cycle, during which oestrus and ovulation occur, could be the result 

of changes in behaviour by the female to the male, or vice versa, or by a 

pheromonal cue given o ff  by the female. There is circumstantial evidence that 

either one, or both of these factors may be involved. The high frequencies 

of ano-genital nuzzling observed between the breeding male and female 

(Jarvis, 1990 a; Lacey & Sherman, 1990) means the male is continuously 

exposed to any chemosignals derived from the genitals and reproductive trac t 

of the female. It is well known that in other rodent species, vaginal 

secretions of oestrous females contain pheromones which signal this fa c t to 

the male (see Albone, 1984). In some cases these pheromones are critical for 

normal sexual behaviour, fo r example in the golden hamster, an anosmic male 

will not mate with an oestrous female even though she may advertise her 

receptive state in other ways apart from by odour. A single chemical, 

dimethyl disulphide is thought to be responsible fo r attracting the male, while 

an unknown fac to r is involved in the induction of mounting and copulation 

(Singer et al., 1980).

Behavioural cues from the female naked mole-rat may also be 

responsible for the increase in urinary testosterone concentrations in the 

male around the time of her oestrus, as it is she who solicits mating from 

the male, usually emitting a "trilling" vocalisation, adopting lordosis postures

and presenting her genital region to the face of the male (Jarvis, 1990 a).

These behaviours are often interspersed with bouts o f reciprocal ano-genital 

nuzzling and sniffing, again implying a role fo r odour communication (Jarvis, 

1990 a).

The physiological function of an increase in circulating testosterone in

the male during the follicular phase and oestrus in the female, which is

reflected in the peaks in urinary testosterone reported here, may be to 

fac ilita te  sexual behaviour in the male. The role o f testosterone in promoting 

male sexual behaviour is well documented in other species, fo r example, in 

male rats, mounting of the female and subsequent behaviours related to 

mating are dependent on testosterone and testosterone metabolites (for



review see Feder, 1978). Whether or not these elevations of testosterone in 

breeding males could also stimulate spermatogenesis or a ffe c t sperm viablity 

is unknown. It is well known that if levels of testosterone are insufficient, 

for example a fte r castration or treatment with anti-androgens, sperm 

production is blocked or reduced, and the accessory sex organs degenerate 

(Johnson & Everitt, 1988).

The differences in concentrations of reproductive hormones between 

breeding and non-breeding male naked mole-rats therefore appear to be a 

consequence of a suppression of pituitary and testes function in non

breeders, reflected in their lower plasma LH and urinary testosterone 

concentrations, and possibly a controlled release from suppression in breeding 

males around the time of oestrus in the breeding female. In breeding males, 

the occurrence of higher concentrations of plasma LH, leading to higher 

concentrations of urinary testosterone, may well account for their larger 

relative testes masses (see Chapter 4). The reasons why a particular male or 

several males are chosen by the queen to become breeders, and what criteria  

she uses to make this choice, remains one of the most fascinating but as 

yet, unanswered questions relating to male naked mole-rat reproductive 

biology. In the next Chapter, the differences in reproductive physiology 

between breeding and non-breeding males is continued, with an investigation 

of the possible neuroendocrine basis fo r the differential secretion of 

pituitary LH and presumed testicular testosterone.



6.5 SUMMARY

Compared with non-breeders, breeding males had significantly higher 

plasma LH (10.7 i  1.7 vs 5.0 i  0.8 mlU/ml respectively; P < 0.01), and

urinary testosterone concentrations (27.3 ± 2.3 vs 5.2 t 1.4 ng/mg Cr 

respectively; P < 0.001).

These physiological differences were readily and rapidly reversible,

because non-breeding males removed from the suppressing influences of their 

colonies and housed singly (n=5), or paired directly with a female (n=3)

showed increases in both urinary testosterone and plasma LH concentrations. 

Plasma LH concentrations increased from 4.7 ± 1.0 when a non-breeder to 

19.8 i  4.0 mlU/ml when housed singly (P < 0.05), then decreased to an 

intermediate value of 9.9 i  1.1 mlU/ml when paired with a female. Similarly, 

urinary testosterone concentrations increased significantly (P < 0.001) from 

7.1 i  1.7 ng/mg Cr to 53.5 i  14.7 when singly housed, and to 23.0 i  2.4 

when paired with a female. In the males removed from their colonies, urinary 

testosterone concentrations increased to levels in excess of 24 ng/mg Cr,

the mean concentration in breeding males, a fte r 5.3 + 1.0 days.

When paired with a female, males showed cyclical peaks in urinary 

testosterone concentrations which tended to be synchronised with the ovarian 

cycle of the female, such that maximum levels o f urinary testosterone in the 

male normally coincided with the follicular phase and oestrus in the female 

mate.

These results indicate that physiological differences occur between 

breeding and non-breeding male naked mole-rats, that the non-reproductive 

state in males is rapidly reversible, and that the breeding female may play a 

role in regulating circulating LH and testosterone concentrations in the male.



CHARTER 7

NEUROENDOCRINE CONTROL OF REPRODUCTION 

IN  NAKED MOLE-RATS

7.1 INTRODUCTION

In both captive and wild colonies of naked mole-rats, the block to 

reproduction in non-breeding females appears to result from an inhibition of 

ovulation. The ovaries o f non-breeders lack pre-ovulatory follicles and 

corpora lutea (Chapter 4), and these females have consistently undetectable 

urinary progesterone concentrations. In addition, plasma luteinizing hormone 

(LH) concentrations are low in comparison to those in breeding females 

(Chapter 5). These results suggest that the block to ovulation in non-breeding 

female naked mole-rats may be due to inadequate circulating levels of LH. 

This may, in turn, be due to either suppressed hypothalamic gonadotrophin- 

releasing hormone (GnRH), or an impairment of pituitary function without 

suppression of GnRH, resulting in inadequate synthesis and release of LH.

In males, the block to reproduction was not reflected anatomically in 

such a cleai—cut way as in females, because the presence of spermatozoa in 

the seminiferous tubules and epididymis of non-breeding males suggested that 

active spermatogenesis was occurring in these animals (see Chapter 4). Jarvis 

(1990 a) also found that 76% of 84 wild caught non-breeding males had 

apparently mature spermatozoa present in their vasa deferentia. While these 

results suggested that unlike non-breeding females, non-breeding males 

appeared to be producing mature gametes, differences in reproductive 

physiology were evident between breeding and non-breeding males. The latter 

had significantly lower concentrations of plasma LH and urinary testosterone 

(see Chapter 6). As with females, the occurrence of lower concentrations of 

plasma LH suggested that in non-breeding males, a reduction in the secretion 

of hypothalamic GnRH may be inhibiting release of LH from the anterior 

pituitary, or an that impairment of pituitary function without suppressed 

GnRH secretion was occurring.

Control of GnRH and gonadotrophin release is complex and not fully 

understood, and considerable species differences occur (Karsch, 1987). The 

principal factors involved in the modulation of GnRH secretion are the 

positive and negative feedback mechanisms of gonadal steroids (for review 

see Fink, 1988). Most studies have focussed on the female, and have shown



that these steroidal feedback effects  may not occur by direct action on the 

GnRH neurosecretory cells, but are mediated via complex neural circuitry in 

the hypothalamus. The neuronal components of this system communicate by a 

variety o f neurochemical signals, that are either excitatory or inhibitory to 

GnRH secretion. Some of the main components that are now known to operate 

in this system are shown in Figure 7.1.

Current research has implicated neurones which use endogenous opioid 

peptides as transmitters, as an important component in the inhibition of GnRH 

secretion. These neurones may impinge on GnRH neurones, and therefore act 

directly, or may act indirectly via adrenergic/noradrenergic pathways (Figure 

7.1; for review, see Kalra et al., 1989). In addition to acting in an 

intermediary role with opioid peptides, the catecholamines, adrenalin and 

noradrenalin, may also act separately on GnRH secreting neurones, and have 

been shown to function both as an inhibitor of GnRH secretion, and in an 

excitatory role, stimulating GnRH secretion (Bergen & Leung, 1987). A third 

catecholamine, dopamine, apart from modulating reproductive processes by 

inhibiting prolactin secretion from the anterior pituitary, may also be involved 

in the inhibition of GnRH secretion (Weiner et al., 1988). The hypothalmus is 

richly innervated with GABA (y-aminobutyric acid) neurones, and these may 

also impinge directly on GnRH neurones, and act to inhibit its release, or as 

with the opioids, may act indirectly via catecholamines (Figure 7.1). It is 

thought that these GABA pathways mediate oestradiol negative feedback 

effects, because GABA neurones contain receptors fo r oestradiol, and during 

negative feedback, oestradiol increases the activity of these neurones. GABA 

has also been implicated in the stimulation and inhibition o f prolactin

secretion, which, in turn, has been implicated in mediating reproductive 

suppression in some species (see below). The complex neuroendocrine role of 

GABA is reviewed by Weiner et al. (1988).

In addition to the neurotransmitters described above, corticotrophin- 

releasing fac to r (CRF), has also been implicated in the suppression of both 

sexual behaviour and LH secretion in rats. CRF is thought to act in this 

context by depressing GnRH neuronal activity through activation of opioid 

pathways. Such a mechanism could be important from the viewpoint of

socially-induced reproductive suppression, because induction of stress may be 

involved in the latter, and it is thought that CRF may mediate some of the

deleterious e ffects  of stress upon reproduction and fe rtility  (Almeida et al.,

1989)



FIGURE 7.1 -  S im p li f ied  d iag ram  sum m ar is ing  some o f  th e  p ro p o s e d
n e u ro e n d o c r in e  p a th w a y s  in vo lve d  in th e  c o n t r o l  o f  GnRH s e c r e t io n .  AP= 
A n t e r i o r  p i t u i t a r y ,  N A / A =  n o r a d r e n e r g ic / a d r e n e r g ic  neu rone , G A B A =  y -  
a m in o b u ty r i c  a c id  neu rone , EOP= endogenous  o p io id  p e p t id e  n e u ro n e ,  DOP= 
dopam ine  n eu rone ;  '+ '=  e x c i t a t o r y  p a th w a y ,  i n h ib i to r y  p a th w a y .
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In some examples of social suppression of fe rtility , endogenous opioid 

peptides, prolactin and cortisol were shown to be involved in the suppression 

of hypothalamic GnRH secretion. In the socially subordinate female marmoset 

monkey, both an inhibitory opioid mechanism, and an increased sensitivity to 

oestradiol negative feedback were proposed to act in GnRH suppression (see 

Chapter 1, pp 43; Abbott, 1989). In the marmoset, elevations o f neither 

cortisol nor prolactin were apparent in subordinate non-breeding females, and 

were thus not thought to be involved in reproductive suppression (Abbott et 

al., 1981).

In captive talapoin monkeys, Miopithicus talapoin, elevated plasma 

prolactin concentrations (hyperprolactinaemia), were implicated in the impaired 

LH responses of ovariectomised low ranking females, to an oestradiol 

positive feedback test. This implied that hyperprolactinaemia may play a role 

in mediating the socially-induced inhibition of reproduction observed in some 

subordinate females of this species (Bowman et al., 1978; Keverne, 1979; see 

Chapter 1). Hyperprolactinaemia was also suggested as a component in 

pheromonally-induced suppression of oestrus and ovulation in group-housed 

female mice (Reynolds & Keverne, 1979; see Chapter 1). It is unclear whether 

or not the same physiological mechanism is also linked to pheromonally- 

induced puberty delay in mice, and conversely, hypoprolactinaemia has been 

shown to suppress reproduction in female rats by delaying puberty (Advis et 

al., 1981).

Activation of the hypothalamo-pituitary-adrenal axis appears to be 

related to low social status in some species. Socially subordinate 

cynomologous monkeys (Macaca fascicularis) were found to undergo menstrual 

cycles and ovulation, less frequently than dominant females. Over 50% of 

these cycles were anovulatory or had luteal phases that were deficient in 

progesterone (Adams et al., 1985). These subordinate females had greater 

cortisol responses to adminstration of adreno-corticotrophic hormone (ACTH), 

than dominant females, providing circumstantial evidence that activation of 

the hypothalamo-pituitary-adrenal axis in subordinates may suppress GnRH 

secretion (Kaplan et al., 1986). In rhesus monkeys, M. mulatta, reproductive 

suppression is characterised by poor birth rates in low ranking females in 

captive groups (Wilson et al., 1978). Both cortisol (Dubey & Plant, 1985), and 

corticotrophin releasing facto r (CRF; Olster & Ferin, 1987) have been 

implicated in suppression of GnRH secretion in this species, although not in 

social situations.



While it was beyond the scope of this thesis to investigate the 

detailed neuroendocrine mechanisms described above, the experiments reported 

in this chapter aim to make a preliminary study of the main factors  that 

may be involved in the proposed suppression of pituitary LH secretion in 

naked mole-rats. Neither prolactin, nor the pituitary gonadotrophin FSH was 

investigated in the naked mole-rat because a suitable assay method was not 

available at the Institute o f Zoology. The specific experimental aims were as 

follows:

(A) To investigate whether the pituitary LH responses to GnRH were 

affected by breeding status by (i) determination of the time course of the 

LH response to administration of exogenous GnRH in breeding and non

breeding females, and the dose response relationship between GnRH and LH in 

both breeding and non-breeding male and female naked mole-rats, and (ii) 

investigate the e ffec t of repeated injections of a low dose of GnRH on the 

LH responses of non-breeding males and females.

(B) As an initial study to ascertain whether or not cortisol was 

involved in suppression of GnRH, urinary cortisol concentrations were 

measured in male and female, breeding and non-breeding naked mole-rats, and 

in non-breeding males and females before and a fte r removal from suppressing 

influences of their colonies.

(C) To investigate the possible role o f endogenous opioid peptides, the 

LH responses to a single dose of naloxone, an opiate receptor antagonist 

were measured in male and female, breeding and non-breeding naked mole-rats.

7.2 METHODS

Urine and plasma samples were collected, and plasma LH, urinary 

creatinine and urinary cortisol concentrations determined as described in 

Chapter 2.

7.2.1 GnRH TREATMENT

GnRH administration

Three solutions of 0.5, 2.5 and 5.0 pg GnRH (NIDDKD) per ml sterile 

saline were divided into 1ml aliquots and stored at -20*C until required. In all 

experiments the GnRH was administered s.c. as a 200 pi injection, giving 

doses of 0.1, 0.5 and 1.0 pg GnRH /  200 pi saline. It was not possible to 

standardise the stage of the reproductive cycle at which breeding females 

were administered with GnRH.



Experiment 1: (a) time course of LH responses to GnRH

To investigate the time course of the pituitary LH responses to 

exogenous GnRH, blood samples were taken 5, 20 and 40 min a fte r a single 

s.c. injection of 0.1 pg GnRH in 200 pi saline, in four breeding and three 

non-breeding female naked mole-rats. Due to the small size of the animals, 

and the blood sampling technique, no more than three serial samples could be 

taken. As plasma LH concentrations were maximal 20 min following 0.1 pg 

GnRH adminstration in both groups (Table 7.1), the 20 min time point was

adopted in the following experiments to monitor pituitary LH responses to 

GnRH administration.

Experiment 1: (b) LH responses to a single injection of GnRH

Blood samples were taken before, then 20 min a fte r a single sub

cutaneous injection of 0.1, 0.5 or 1.0 pg GnRH in 200 pi of saline (n=4-9

animals), or of saline alone (n=3), in both breeding and non-breeding, male 

and female naked mole-rats.

Experiment 2: multiple injections of GnRH

Blood samples were taken from non-breeding males (n=5), and females 

(n=4) before, then 20 min a fte r 4 and 8 sub-cutaneous injections of 0.1 pg 

GnRH in 200 pi saline (n=4), or of saline alone (n=3), administered at 1 

hourly intervals.

7 .2 .2  NALOXONE TREATMENT

To measure LH responses to administration of the opiate antagonist 

naloxone, blood samples were taken before, then 20 min a fte r a single sub

cutaneous injection of 0.8 mg naloxone in 200 pi of sterile saline in both

breeding and non-breeding, male and female naked mole-rats (n=5-8). Assuming 

an average body mass of 30g, this dose of naloxone was equivalent to 27 

mg/kg body mass.

7.2 .3  CORTISOL DETERMINATIONS

Urinary cortisol concentrations were measured in breeding, singly housed 

and non-breeding males (n=3, 2 and 10 respectively). In females, samples were 

collected from the following groups of animals: (i) non-breeders (n=15),

breeding females in male/female pairs (n=4), pregnant queens in colonies (n=4), 

and non-pregnant queens in colonies (n=3). Two females were also sampled 

while non-breeders in a colony, when singly housed fo r six weeks, then when



paired with a male. Concentrations of urinary cortisol were expressed as 

ng/mg Cr (see Chapter 2). Because it was not known whether or not naked 

mole-rats had a diurnal pattern in cortisol secretion or excretion, all urine 

samples in this study were collected at a similar time of day, between 08:00 

am and 12:00 noon.

7.2.4 STATISTICS

Log transformation of plasma LH concentrations was carried out as a 

standard procedure, to increase the linearity of the data and to reduce the 

heterogeneity of variance (Sokal & Rohlf, 1981). Plasma LH concentrations 

following single GnRH administration were analysed by two-way analysis of 

variance fo r repeated measures. Due to a significant interaction between 

breeding status and time at the 1.0 pg dose, one-way analysis o f variance 

fo r repeated measures was carried out on each breeding status group of 

females for this GnRH dose. Plasma LH concentrations following multiple 

GnRH administration were analysed by one-way analysis of variance for 

repeated measures. Plasma LH concentrations following naloxone 

administration were analysed by two-way analysis of variance fo r repeated 

measures. Urinary cortisol concentrations in the different breeding status 

groups of females were compared using one-way analysis of variance. In all 

cases, comparisons of individual transformed means were made post hoc using 

Duncan's multiple range test (Helwig & Council, 1979). Results quoted in the 

text are in the form of the mean i s.e.m. from the non-transformed data, 

while the data in the figures are presented as the antilog of the means 

transformed for statistical analysis, together with their 95% confidence 

limits. Breeding and non-breeding male cortisol values were analysed using 

Student's t-tes t.

7.3 RESULTS: FEMALES

7.3.1 GnRH TREATMENT

Experiment 1: (a) Time course of LH responses to GnRH

In both breeding and non-breeding females, plasma LH concentrations 

were highest in the plasma sample taken 20 min a fte r a single s.c. injection 

of 0.1 pg GnRH, although this was only statistically significant in breeding 

females (Table 7.1; F(2,10)= 9.6, P < 0.005). The LH values in non-breeding 

females were significantly lower than those in breeding females a t alt three 

time points (F(1,5)= 7.3, P < 0.05).



Table 7.1 -  Plasma LH concentrations o f 3 non-breeding and 4 breeding 
female naked mole-rats 5, 20, and 40 min a fte r a single s.c. injection of 0.1 
pg of GnRH. Data are expressed as the antilogs of the transformed means, 
together with lower and upper 95% confidence limits respectively (indicated in 
parentheses). a= P < 0.01 vs non-breeding females, b= P < 0.05 vs 5 min, c= 
P < 0.01 vs 40 min (Duncan's multiple range test following ANOVA for  
repeated measures).

Plasma LH (mlU/ml)

Status of female Time (min)

5 2 0 40

Breeder 9.0 (3.6-22.6)® 14.2 ( 6 .3 -3 2 .1)®fb,c 7.3(1.7-30.5)®

Non-breeder 3.4 (2 .9-4.1) 4.2 (2 .7-6.4) 2.8 (1 .5-5.2)

Experiment 1: (b) LH responses to a single injection of GnRH

Pituitary LH responses to single s.c. injections of saline or 0.1, 0.5 or

1.0 pg GnRH, in both breeding and non-breeding female naked mole-rats are 

illustrated in Figure 7.2.

Administration of GnRH produced significant increases in circulating LH 

concentrations at all doses in both breeding (F(3,17)= 13.4; P < 0.001) and 

non-breeding females (F(3,19)= 17.5; P < 0.001). There was no response to 

the saline control injections in breeding (F(3,17)= 0.61; P > 0.6) or non

breeding (F(3,19)= 0.47; P > 0.6) female naked mole-rats. Basal plasma LH 

concentrations (0 min values in this study) were significantly lower in non

breeding females (P < 0.05) compared with breeding females in all treatment 

groups except saline controls, where the sample size was small (n=3).

This experiment revealed differences in LH responses to GnRH in 

breeding females compared to non-breeding females. At the 1.0 pg dose, there 

was no significant difference in LH responses between the two groups of 

females (F(1,14)= 0.94: P > 0.3). However, with the 0.5 pg GnRH dose there 

was a significant difference in the LH response between breeding (n=5)
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and non-breeding females (n=6 ), (F(1,9)=: 10.3; P < 0.05), with plasma LH 

concentrations rising from 3.5 t 1.1 to 12.6 i  2.1 mlU/ml in the former and 

from 1.2 i 0.2 to only 6.3 i  0.6 mlU/ml in the latter. At the lowest GnRH 

dose of 0.1 pg, the difference in LH response was even greater (F(1,9)=  

21.4; P < 0.01), with non-breeders (n=5) producing only a small increase in 

plasma LH from 1.3 i  0.2 to 2.9 1 0.5 mlU/ml. However, in breeding females 

(n=6 ), the absolute levels o f LH obtained in response to the 0.1 pg GnRH 

dose were not significantly different from the 0.5 or 1.0 pg GnRH doses, 

with plasma LH concentrations rising from 3.4 i  0.8 to 9.6 i  2.0 mlU/ml.
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FIGURE 7.2 -  Plasma concentrations of LH (mean i  95% confidence limits) in 
breeding (Bg) and non-breeding (NBg) female naked mole-rats before (0), and 
20 minutes a fte r (20) a single s.c. injection of 0.1, 0.5 or 1.0 pg GnRH, or 
saline. The data are expressed as the antilog of the transformed means. 
a= P < 0.05 vs non-breeding status, 0.5 pg dose; aa= P < 0.01 vs non
breeding status, 0.1 pg dose; b= P < 0.01 vs saline treated breeding females; 
c= P < 0.01 vs saline treated and 0.1 pg dose non-breeding females; d= P < 
0.01 vs 0 min, non-breeding females (Duncan's multiple range test following 
ANOVA fo r repeated measures).



Experiment 2: multiple injections of GnRH

Pituitary LH responses in non-breeding females to 4 and 8  consecutive 

hourly s.c. injections of 0.1 pg GnRH, or saline are summarised in Figure 

7.3. Results from administration of a single 0.1 pg dose of GnRH to both 

breeding and non-breeding females from experiment 1 are included fo r  

comparison in Figure 7.3 and the statistical analysis.

GnRH produced a similar increase in plasma LH concentrations in non

breeding females a fte r 4 (1.2 i  0.2 to 9.0 i  0.2 mlU/ml, n=4) or 8  (1.2 t 

0.2 to 7.9 i  1.7 mlU/ml, n=4) 0.1 pg injections of GnRH, or a fte r a single

0.1 pg injection of GnRH in breeding females (3.4 i  0.8 to 9.6 1 2.0 mlU/ml, 

n=6 ) (F(13,4)= 10.36; P < 0.001). There was no statistical difference in the 

magnitude of the LH responses in these three groups of females, which were 

significantly greater than those obtained with non-breeding females given a 

single injection of 0.1 pg GnRH (F(13,4)= 10.36; P < 0.001). There was no 

response to a saline injection.
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FIGURE 7.3 -  Plasma concentrations of LH (mean i  95% confidence limits) in 
breeding (B9 ) and non-breeding (NB9 ) female naked mole-rats before (0), and 
2 0  minutes a fte r a single 0 .1  pg s.c. injection ( 1), or 2 0  minutes a fte r the 
last of four (4), or eight (8 ) s.c. injections of 0.1 pg GnRH given at 1 h 
intervals, or a saline control. The data are expressed as the antilog of the 
transformed means. a= P < 0.01 vs 0  min, b= P < 0.01 vs non-breeding 
females a fte r a single 0.1 pg dose (Duncan's multiple range test following 
ANOVA for repeated measures).



7.3.2 NALOXONE TREATMENT

A d m in s t r a t io n  o f  s ing le  d o se s  o f  0 .8  mg n a lo x o n e  p ro d u c e d  an in c re a s e  

in p lasm a LH  c o n c e n t r a t i o n s  f r o m  3 .6 4  ± 0 .9 7  t o  6 .0 0  ± 2 . 1 1  m lU /m l ,  20  min 

p o s t - i n j e c t i o n  in b reed ing  fe m a le s ,  a l th o u g h  th i s  w as n o t  s t a t i s t i c a l l y  

s i g n i f i c a n t  (F (1 ,8 )=  1 .07, P > 0 .3 3 ) .  In n o n -b re e d in g  fe m a le s ,  p lasm a LH  leve ls  

d e c re a s e d  s l ig h t ly  f r o m  2 .4 5  ± 0 .1 2  t o  2 .0 7  ± 0 .1 9  a t  20  min p o s t - i n j e c t i o n  

(F ( 1,1 0 )=  3 .1 5 ,  P > 0 .1 0 ) .
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FIGLff^E 7.4 -  C o n c e n t r a t io n s  o f  p lasm a LH (mean ± 95% c o n f id e n c e  l im i ts )  in 
b ree d in g  (B 9 , n=6 ) and n o n -b re e d in g  (N B 9 , n= 6 ) fe m a le  naked  m o le - r a t s  b e f o r e  
( 0 ), and 2 0  m in u te s  a f t e r  ( 2 0 ) a s ing le  s .c .  i n je c t i o n  o f  0 . 8  mg n a lo x o n e  in 
200  pi s a l in e .  D a ta  a re  e xp re s s e d  as  th e  a n t i l o g  o f  th e  t r a n s f o r m e d  means 
(D u n ca n 's  m u l t ip le  ra n g e  t e s t  fo l l o w in g  A N O V A  f o r  r e p e a te d  m easures ) .



7.3.3 CORTISOL DETERMINATIONS

There were significant differences in urinary cortisol concentrations 

between the different breeding status groups of female naked mole-rats, and 

these are summarised in Figure 7.5.
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FIGURE 7.5 -  Concentrations of urinary cortisol (mean t 95% confidence 
limits) in non-breeding females (NB9 : 28 samples from 15 females from three 
colonies), breeding females in male-female pairs (Paired B9 : 21 samples from 
4 females), pregnant queens in colonies (Preg. Queens: 19 samples from 4
females) and non-pregnant queens in colonies (Non-preg. Queens: 6  samples 
from 3 females). Data are expressed as the antilogs of the transformed 
means. a= P < 0.05 vs preg. queens, paired B9  & NB9  (Duncan's multiple 
range test following AN0VA fo r repeated measures).



Urinary cortisol concentrations were significantly lower in non-pregnant 

queens in colonies, compared with non-breeding females in colonies (51.3 1 4.0 

vs 144.1 4 13.0 ng/mg Cr respectively). However, in breeding females housed 

with a male (pairs), and in pregnant queens housed in colonies, urinary 

cortisol concentrations were also high (196.0 4 26.1 and 186.2 1 18.4 ng/mg 

Cr respectively), and were not significantly different from non-breeding 

females (P < 0.05, F(3,22)= 4.55; Figure 7.5). In a longitudinal study, two 

females (Q4 and 010 in the reproductive activation study -  see Chapter 5) 

sampled while non-breeders in a colony, when singly housed but reproductively 

active, then when paired with a male and undergoing ovarian cycles, showed 

little change in urinary cortisol, as illustrated in Figure 7.6. These data were 

not analysed statistically because relatively few samples were obtained from 

only two females. Assuming that these urinary cortisol values reflected  

circulating concentrations, and that clearance rates were similar in the 

different groups of females, then collectively, these results suggest that 

high levels o f cortisol may not be implicated in the suppression of 

reproduction in female naked mole-rats.



FIGURE 7 .6  -  Mean t sem u r in a r y  c o r t i s o l  c o n c e n t r a t i o n s  in tw o  fe m a le s  
w h i ls t  n o n -b r e e d e r s  in a c o lo n y ,  when s in g ly  housed and when p a i re d  w i th  a 
male. n= Num ber o f  sam p les  in e a c h  s t a t u s  g ro u p .
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7.4 RESULTS: MALES
7.4.1 GnRH TREATMENT
Experiment 1: LH responses to single GnRH administration

Pituitary LH responses to single s.c. injections of saline or 0.1, 0.5 or

1.0 pg GnRH, in both breeding and non-breeding male naked mole-rats are 

illustrated in Figure 7.7.
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FIGURE 7.7 -  Concentrations of plasma LH (mean 4 95% confidence limits) in 
breeding (B<5) and non-breeding (NB<5) male naked mole-rats before (0), and 20 
minutes a fte r (20) a single s.c. injection of 0.1, 0.5 or 1.0 pg GnRH, or 
saline. Data are expressed as the antilog of the transformed means. 
a= P < 0.01 vs 0 min.; b= P < 0.05 vs non-breeding males at 20 min; c= P < 
0.01 vs non-breeding males at 0.1 pg and control at 20 min.; d= P < 0.01 vs 
0 min; e= P < 0.01 vs non-breeding males at 0 min, 0.5 pg dose (Duncan's 
multiple range test following ANOVA fo r repeated measures).



Administration of GnRH produced significant increases in circulating LH 

concentrations at all doses in both breeding (F(3,14)= 7.38; P < 0.01) and 

non-breeding males (F(3f 14)= 7.35; P < 0.01). There was no response to the 

saline control injections in breeding (F(1,4)= 0.05; P= 0.83) or non-breeding 

(F(1.4)= 0.01; P= 0.92) male naked mole-rats. Basal plasma LH concentrations 

(0 min values in this study) were significantly lower in non-breeding males (P 

< 0.01) compared with breeding males in only the 0.5 pg treatment group 

probably because of the relative small group sizes and high levels of basal 

plasma LH variation (however see Chapter 6  fo r a more comprehensive 

investigation of basal plasma LH levels in males).

This experiment revealed differences in LH responses to GnRH in 

breeding males compared to non-breeding males, at all three doses. The LH 

responses in breeding males were greater than in non-breeders, and the 

maximum LH levels obtained in response to GnRH was not statistically

different in breeding males, across the GnRH doses. Non-breeding males gave 

a reduced LH response at the 0.1 pg dose of GnRH, compared to their 

response at the 0.5 and 1.0 pg doses.

Administration of 1.0 pg GnRH produced a significantly greater increase 

in plasma LH in breeders than non-breeding males (8.3 4 1.7 to 32.8 4 5.0 

mlU/ml, n=5, vs 8.0 4 2.0 to 21.6 4 1.3 mlU/ml, n=5; F(1,8)= 5.92, P < 0.05). 

At the 0.5 pg GnRH dose, maximum LH responses were obtained in both 

breeding (n=5) and non-breeding males (n=5), although breeding males again 

produced significantly greater plasma LH concentrations 20 min post-injection

(8.9 4 1.2 to 45.1 4 1.4 mlU/ml, n=5, vs 2.1 4 0.7 to 27.6 4 2.6 mlU/ml, n=5;

F(1,8)= 26.45, P < 0.001). At the lowest GnRH dose of 0.1 pg, the

difference in LH response between breeding and non-breeding males was 

greatest (F(1,7)= 29.0; P < 0.001). Non-breeders (n=5) produced only a small

increase in plasma LH from 1.5 4 0.2 to 8.9 4 0.5 mlU/ml, and this was

significantly less than their response when given 0.5 and 1.0 pg doses of

GnRH (F(3,14)= 20.31, P < 0.001). In breeding males (n=4) however, the

magnitude of their response was not significantly different from when they 

were given 0.5 or 1.0 pg GnRH doses: plasma LH concentrations rose from

10.0 4 6.4 to 33.7 4 3.7 mlU/ml.

There was no response to saline injections in both breeding and non

breeding males (n=3).



Experiment 2: multiple GnRH administration

Pituitary LH responses in non-breeding males to 4 and 8  consecutive 

hourly s.c. injections of 0.1 pg GnRH, or saline are summarised in Figure 

7.8. Results from administration of a single 0.1 pg dose o f GnRH to both 

breeding and non-breeding males from experiment 1 are included fo r  

comparison in Figure 7.8 and the accompanying statistical analysis.

GnRH produced a significant increase in plasma LH concentrations in 

non-breeding males a fte r 4 (2.8 ± 0.7 to 10.6 i  1.6 mlU/ml, n=5) or 8  (2.8 ±

0.7 to 11.1 4 2.4 mlU/ml, n=5) 0.1 pg injections of GnRH, but this was not

significantly different from the response to a single 0 .1  pg injection of 

GnRH (1.5 4 0.2 to 8.9 4 2.0 mlU/ml, n=5). LH responses to GnRH in non

breeding males given one, four or eight 0 .1  pg doses were all significantly 

lower than the LH responses of breeding males a fte r a single 0.1 pg

injection of GnRH. In the latter, plasma LH incresed from 10.0 4 6.4 to 33.7

4 3.7 mlU/ml (n=4; F(9,32)= 18.70; P < 0.001). There was no response to 

the saline injections.



FIGURE 7.8 -  Concentrations of plasma LH (mean ± 95% confidence limits) in 
breeding (B<5) and non-breeding (NB<5) male naked mole-rats before (0), and 20 
minutes a fte r a single 0 .1  pg s.c. injection ( 1), or 2 0  minutes a fte r the last 
of four (4), or eight (8 ) s.c. injections of 0.1 pg GnRH given at hourly 
intervals, or an equivalent saline control. Data are expressed as the antilog 
of the transformed means. a= P < 0.01 vs time 0, b= P < 0.01 vs non
breeding males a fte r one, four or eight 0.1 pg doses of GnRH, (Duncan's 
multiple range test following ANOVA fo r repeated measures).
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7.4.2 NALOXONE TREATMENT

A d m in s t r a t io n  o f  s ing le  d o se s  o f  0 .8  mg n a lo x o n e  f a i l e d  t o  e l i c i t  an LH 

re s p o n s e  in e i t h e r  b re e d in g  o r  n o n -b re e d in g  m a les , a s  i l l u s t r a t e d  in F ig u re  7 .9  

CFO, 12)= 0 .0 5 ,  P > 0 .9 ) .
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FIGURE 7.9 -  C o n c e n t r a t io n s  o f  p lasm a LH  (mean t  95% c o n f id e n c e  l im i ts )  in 
b reed ing  (B<5) and n o n -b re e d in g  (NB<3) male  naked  m o le - r a t s  b e f o r e  (0 ) ,  and 20 
m in u te s  a f t e r  ( 2 0 ) a s ing le  s .c .  i n j e c t i o n  o f  0 . 8  mg n a lo x o n e  in 2 0 0  pi sa l ine .  
D a ta  a re  e xp re s s e d  a s  th e  a n t i lo g  o f  th e  t r a n s f o r m e d  means (D u n ca n 's  
m u l t ip le  ra n g e  t e s t  fo l l o w in g  A N O V A  f o r  re p e a te d  m easu res ) .

7.4.3 CORTISOL DETERMINATIONS

B reed ing  males had s i g n i f i c a n t l y  low e r  u r in a r y  c o r t i s o l  c o n c e n t r a t i o n s  

(7 3 .8  1 7 .4  ng /m g  C r ;  12 sam p les  f r o m  3 m a les),  th a n  n o n -b re e d in g  m a les 

( t =  10.2, D .F .=  32 , P < 0 .0 0 1 ;  164 .9  + 19.7 ng /m g  C r ;  21 sam p les  f r o m  10 

males). Sam ples  were  n o t  o b ta in e d  f r o m  m a les housed  w i th  a fe m a le  as  a 

p a i r ,  b u t  in tw o  n o n -b re e d in g  m a les re m o ve d  f r o m  t h e i r  c o lo n ie s  and housed  

s ing ly  f o r  s ix  weeks, and t h e r e f o r e  un d e rg o in g  r e p r o d u c t iv e  a c t i v a t i o n  (see  

C h a p te r  6 ), u r i n a r y  c o r t i s o l  c o n c e n t r a t i o n s  in c re a s e d  f r o m  165.7 t  2 0 .6  t o  

234 .1  + 4 6 .3  ng /m g  Cr ( t =  1 .35 , D .F .=  12, P > 0 .1 ) .



7.5 DISCUSSION

Previous studies have provided circumstantial evidence that the socially- 

induced block to ovulation in non-breeding females, and reduced plasma LH 

and urinary testosterone concentrations in non-breeding male naked mole-rats, 

may be due to either a suppression of hypothalamic GnRH secretion or an 

unrelated inhibitory characteristic of pituitary function (Chapters 5 and 6 ). 

The results of this investigation strongly suggest that the former hypothesis 

is the most likely, although the evidence fo r this is stronger and more clear- 

cut in the case of females, than males.

In section 7.3.1 experiment Kb), both breeding and non-breeding female 

naked mole-rats responded with equal magnitude to the highest single dose of

1.0 pg GnRH , with an increase in circulating LH concentrations 20 minutes 

post-injection. This indicates that the pituitary of non-breeding females 

contains a releasable pool of bioactive LH which can be secreted if the 

animal is given a sufficiently large GnRH stimulus. However, while lowering 

the dose of GnRH administered resulted in an undiminished LH response in 

breeding females, non-breeding females were less responsive at the 0.5 and 

0 .1  pg doses, suggesting that the pituitaries of non-breeding females were 

less sensitive to these lower concentrations of GnRH, in terms of releasing 

LH (Figure 7.2). This hypothesis assumes that clearance rates fo r the LH 

remain constant.

The lack of pituitary sensitivity to exogenous GnRH in non-breeding 

females may be the result of a reduction in pituitary GnRH receptors or an 

alteration in post-receptor metabolic events. In rats, changes in the pituitary 

responsiveness to exogenous GnRH over the oestrous cycle are paralleled by 

changes in pituitary GnRH receptor concentrations (Smith, 1984; Fox & Smith,

1985). If , in the case of the non-breeding female naked mole-rat, the 

anterior pituitary has reduced concentrations of GnRH receptors, then this in 

turn may reflect a lack o f endogenous GnRH priming of the pituitary in 

these females, and an absence of receptor self-induction. The ability of 

GnRH to autoregulate its receptors is well documented (fo r review see 

Sandow, 1983; Clayton, 1987). The results from the second experiment are 

consistent with this hypothesis, because the priming e ffec t of four 

consecutive injections of a low dose of GnRH (0.1 pg), was sufficient fo r  

non-breeding females to produce an LH response equivalent to that of 

breeding females given a single injection of that GnRH dose. No further 

enhancement of response was obtained a fte r 8  consecutive injections.



Like females, male naked mole-rats showed clear differences in their 

LH responses to different doses of exogenous GnRH. While breeders produced 

greater LH responses which did not decline at lower doses, non-breeding 

males showed a reduced response to the lower dose of 0.1 pg GnRH (Figure 

7.7), suggesting a lack of pituitary sensitivity to GnRH in these males. As 

with females, this may result from reduced concentrations of pituitary LH 

receptors as a consequence of a lack of endogenous GnRH priming (Sandow, 

1983; Clayton, 1987). However, males did not respond in the same way as 

females to repeated injections of GnRH: four or eight consecutive doses of 

0.1 pg GnRH failed to reverse the lack of pituitary sensitivity at this dose. 

This difference in priming effects  between the sexes may have been a 

reflection of the apparently greater activity of the hypothalamo-pituitary 

axis in non-breeding males. Both the basal (time 0) and post-injection (time 

20) concentrations of LH were greater in non-breeding males than in non

breeding females (Figures 7.7 and 7.2 respectively), suggesting that 

suppression of LH may be less severe in males than in females.

In man, GnRH has been shown to alter the biological potency of LH due 

to alterations in carbohydrate content of the molecule (Montanini et a!., 

1984), but it is not known whether or not administration of GnRH produces 

these e ffects  in the naked mole-rat, or if such changes would be detected 

by the mouse Leydig cell bioassay. Parallelism of naked mole-rat plasma with 

the rat LH standard was not significantly different in samples taken before 

or a fte r injection of GnRH. Thus, if structural changes in the LH molecule 

were occurring in this study, they did not a ffe c t the validity o f the assay. 

Because a bioassay rather than an immunoassay was used, it is possible that 

the changes in bioactive LH values resulting from administration of GnRH 

were due to a combination of changes in LH potency, and in absolute 

concentration.

The results from these experiments therefore suggests that the 

socially-induced block to ovulation in non-breeding females, and the lower 

urinary tesosterone concentrations in male naked mole-rats, may be due to 

reduced plasma LH concentrations resulting from impaired endogenous 

hypothalamic GnRH secretion. However, the results obtained from males were 

less clear-cut than in females. The consequences of this GnRH inhibition on 

LH pulse frequency and amplitude are not known in the naked mole-rat, but 

plasma LH levels in non-breeding females are consistently low, or below the 

sensitivity limit of the assay. In non-breeding males, basal LH levels a re^ ^



higher than in non-breeding females, but again, nothing is known about 

differences in LH pulse frequency and amplitude between breeders and non

breeders.

The reversible nature o f the lack of LH responsiveness to a single low 

dose of exogenous GnRH (0.1 pg), in non-breeding female naked mole-rats 

perhaps reflects the rapidity with which the block to ovulation can be 

reversed in non-breeding females, if their social environment is changed. For 

example, if a non-breeding female is removed from her parent colony and

housed singly or paired with a male, sustained elevations of urinary

progesterone (indicative of the luteal phase of an ovarian cycle) occur for  

the firs t time 8.0 + 1.9 days a fte r separation (see Chapter 5). As the

follicular phase of the cycle is 6 . 0  t 0 . 6  days, this implies that the

hypothalamic-pituitary axis must commence "normal11 activity within the firs t 

two days of separation.

In respect of the response of the pituitary to GnRH, the non-breeding 

naked mole-rat resembles the hypogonadal ihpg) mouse, a mutant laboratory 

strain in which hypothalamic GnRH is deficient or absent (Young et al., 1983). 

These animals have low levels of pituitary LH, and like the non-breeding 

naked mole-rat have low plasma LH concentrations (Charlton et al., 1983). 

The hpg mouse also responds to administration of exogenous GnRH, with

plasma LH rising significantly five minutes a fte r a single intra-venous GnRH 

injection (Iddon et al., 1980), while multiple daily injections of GnRH restores 

pituitary LH content (Charlton et al., 1983). This illustrates that even in 

animals which are genetically deficient in GnRH, they are able to produce an 

immediate LH response when given only a single GnRH stimulus. This is 

presumably because the pituitary contains sufficient GnRH receptors and 

stores of releasable LH without any prior endogenous GnRH stimulation.

The central role of hypothalamic GnRH secretion in linking the neural 

integration of environmental cues with reproductive function is well 

documented in other examples of natural suppression of fe rtility , fo r example 

the seasonally anoetrous ewe (Legan & Karsch, 1979), during lactational 

ammenorrhoea in women (Glasier et a!., 1986), and in the socially-induced

suppression of reproduction in female common marmoset monkeys (Abbott et 

a!., 1988). The naked mole-rat is perhaps a unique and extreme example of 

how environmental cues can modulate reproduction and probably GnRH release. 

Further investigation of this species could provide a novel insight into the 

detailed mechanisms of the control of GnRH secretion.



The physiological and neuroendocrine mechanisms involved in the 

apparent suppression of GnRH secretion in non-breeding naked mole-rats 

remain unclear. In examples of socially-induced reproductive suppression in 

other species, three different mechanisms have been proposed which may act 

to inhibit reproduction, and there is some evidence to suggest that they all 

do so by suppression of hypothalamic GnRH secretion (for review, see 

Abbott, 1990). Firstly, elevated prolactin in captive talapoin monkeys has 

been implicated in reproductive suppression in socially subordinate females 

(Bowman et al., 1978; Keverne et al., 1979). There is also evidence to 

suggest that prolactin is involved in sexual inhibition in male lesser mouse 

lemurs (Perret & Schilling, 1987). Secondly, both increased sensitivity to 

oestradiol negative feedback, and an inhibitory mechanism involving endogenous 

opioid peptides suppress ovarian function in subordinate female marmosets 

(Abbott, 1989). Thirdly, activation of the hypothalamo-pituitary-adrenal axis 

was associated with reproductive suppression in female cynomologous monkeys 

(Kaplan et al., 1986) and in female lesser mouse lemurs (Perret, 1986).

While it was not possible to study the possible role of prolactin in 

reproductive suppression in naked mole-rats, because o f the lack of a 

suitable radioimmunoassay (see Chapter 2), a preliminary investigation of the 

possible involvement of cortisol, and endogenous opioid peptides was 

undertaken. It is interesting to note that in breeding female naked mole-rats, 

administration of the opiate antagonist naloxone produced a small increase in 

plasma LH, although this was not statistically significant. This may have 

been as a result of the involvement of opioid peptides in the normal control 

of the ovarian cycle, as has been shown in rats (Lustig et al., 1989) and in 

women (Seckl & Lightman, 1989; Grossman, 1989). However, adminstration of 

naloxone to reproductively-suppressed non-breeding males and females, failed 

to elicit an LH response. This suggested that the primary suppressing 

mechanism may not be the result of elevated concentrations o f endogenous 

opioid peptides. However, the involvement of opioid peptides cannot be totally 

ruled out, because in the socially subordinate non-breeding female marmoset, 

the opiate mechanism was not apparent in intact (non-ovariectomised) 

marmosets. LH responses to naloxone were only seen when non-breeding 

female marmosets were ovariectomised (Abbott, 1989). It is possible that such 

a system may operate in non-breeding naked mole-rats, and therefore 

administration of naloxone to intact females would not be effective. In 

addition, it could be argued that a single injection of naloxone in non-



breeding females at the dose used in this stud/, may not have been 

sufficient to block any opioid suppression mechanism that was operating. 

However, the small LH response obtained in breeding females would seem to 

suggest that the dose of naloxone used was sufficient to produce some

physiological e ffec t.

In naked mole-rats, determinations of urinary cortisol revealed some 

interesting differences between breeding and non-breeding animals of both 

sexes. Because no data was available fo r plasma cortisol in naked mole-rats, 

these studies assumed that urinary cortisol concentrations reflected 

circulating concentrations of cortisol, and that clearance and excretion rates 

were constant in the different groups of animals. While non-pregnant 

breeding queens housed in a colony situation had statistically lower urinary 

cortisol concentrations, compared with non-breeding females, elevated cortisol 

did not appear to be correlated with reproductive status per se. This was 

because in breeding females which were paired with a male only, urinary 

cortisol concentrations reached values which were comparable to those of 

non-breeding females (Figure 7.5). These females in male-female pairs 

underwent regular ovarian cycles and went on to become pregnant in some 

cases (see Chapter 5: reproductive activation experiments), and therefore it 

would appear that these high concentrations of urinary cortisol did not 

necessarily inhibit reproduction in female naked mole-rats. This finding was

further supported by the results from the two females removed from their

colonies (Figure 7.6). There were no apparent changes in urinary cortisol 

concentrations when the animals were removed from non-breeding status in 

their parent colonies and housed singly for six weeks, then paired with a 

male. If  plasma cortisol concentrations were related to reproductive status 

and involved in suppression, then urinary levels might be expected to drop as

the females became reproductively active when singly housed, and when paired

with a male. However, these results were only obtained from two females and 

the study was by no means comprehensive. Pregnant breeding queens also had 

relatively high concentrations of urinary cortisol, a characteristic of 

pregnancy in several species (Johnson & Everitt, 1988).

Non-breeding males had significantly higher urinary cortisol 

concentrations compared with breeding males, although like females, male 

non-breeders removed from their colonies and housed singly failed to show a

decrease in urinary cortisol, even though they were undergoing rapid

reproductive activation (see Chapter 6 ).



Thus, the differences in urinary cortisol between non-pregnant queens 

and both non-breeding females and breeding females in pairs, and breeding 

and non-breeding males would seem to result from factors which are not 

related to reproductive suppression. Possibly, they may reflect behavioural 

activity o f some sort, or perhaps may correlate with dominance status. 

However, because of the relatively small sample size of non-pregnant queens, 

and the lack of information on whether diurnal fluctuations of cortisol occur 

in naked mole-rats, further investigation of cortisol secretion would be of 

interest. In particular, determinations of plasma cortisol may give a more 

accurate reflection of differences between breeding and non-breeding groups 

of animals than urinary determinations.

7.7 SUMMARY

In both male and female naked mole-rats, responses to administration 

of exogenous GnRH differed between breeding and non-breeding individuals. 

Breeders showed greater LH responses following GnRH administration, and 

these responses were not significantly reduced at lower doses of GnRH. Non

breeders responded less well at the lowest (0 .1  pg) dose, indicating a reduced 

sensitivity to GnRH, possibly due to a lack of priming by endogenous GnRH. 

In females, this lack of sensitivity was reversed by the priming e ffec t of 

four consecutive injections of 0.1 pg GnRH. Males did not show this

reversibility with either four or eight consecutive injections of GnRH. These 

results suggest that in non-breeding naked mole-rats, the socially-induced 

block to reproduction may be due to inhibition of hypothalamic GnRH

secretion, that this situation is readily reversible in the case of males and 

females, and that this suppression is more cleai—cut in females than males.

The physiological and neuroendocrine causes of this inhibition of

hypothalamic GnRH remain unclear. Administration of the opiate antagonist 

naloxone failed to produce an LH response in non-breeders of both sexes, 

leaving the role of endogenous opioid peptides in reproductive suppression in 

this species unclear. While differences in urinary cortisol were shown between 

breeding and non-breeding individuals of both sexes, elevated urinary cortisol 

in non-breeders could not be correlated with suppressed reproductive

function. Urinary cortisol concentrations were also elevated in reproductively 

active animals when they were singly housed or in bisexual pairs, suggesting 

that cortisol concentrations may be related to activity or behaviour rather 

than reproductive suppression.



CHARTER 8

THE ROLE OF PHEROMONES IN  REPRODUCTIVE SUPPRESSION IN

MALE AND FEMALE NAKED MOLE-RATS

8.1 INTRODUCTION

The role of pheromones in mediating the suppression of reproduction in 

mammals ranging from rodents to primates has been reviewed in Chapter 1, 

and it is clear that among rodents, urinary pheromones have an important 

function in both stimulating and suppressing reproductive processes. In 

several species, pheromones which suppress reproduction are released by

animals living in situations of high population density, fo r example, in mice 

(van der Lee & Boot, 1955; Massey & Vandenbergh, 1980), and voles (Kruczek 

& Marchlewska-Koj, 1986; Lepri & Vandenbergh, 1986). These pheromones

therefore slow down further population growth by delaying puberty in 

juveniles or suppressing oestrus in adult females (Massey & Vandenbergh,

1980). In some microtine rodents it is thought that these suppressing

pheromones may function to encourage dispersion of groups (Batzli et at., 

1977). However, these examples of pheromonally-induced reproductive 

suppression are different to the situation in naked mole-rat colonies.

Irrespective of the numbers of animals within a colony which varies from 3-4  

in some captive colonies, up to in excess of 295 in a wild colony (Brett, 

1986; 1990 b), only one female and one to three males are reproductively 

active (Jarvis, 1981, 1985, 1990 a; Brett, 1986; Lacey & Sherman, 1990). In 

naked mole-rats, reproductive suppression apparently results as a consequence 

of their highly social way of life, where the existence of non-breeding

"helpers" enables exploitation of a particular ecological niche, and leaves the 

breeding animals free to reproduce and raise offspring (Jarvis, 1981; Brett,

1986). In other species which exhibit socially-induced reproductive suppression, 

dominant breeding animals have been shown to employ both behavioural and 

pheromonal mechanisms in mediating suppression in non-breeding subordinate 

group members (for reviews see Abbott, 1987, 1988, in press).

To date, no definitive experiments have been carried out to implicate

pheromones as the factor which brings about reproductive suppression in 

naked mole-rats. However, there is circumstantial evidence to suggest that

pheromones may play a role in some aspects of naked mole-rat biology. For



example, the lack of vision may have led to an attenuation of the other 

senses, including that of smell, and the confined environment o f the burrow 

system, with communal nest and toilet chambers provides ideal focal points 

fo r the transmission and reception of chemical signals. The characteristic  

auto-grooming behaviour that occurs in the toilet chamber strongly suggests 

that transference of both volatile and non-volatile chemical signals may be 

occurring. Before and a fte r urination and/or defaecation in the toilet 

chamber, an individual will sweep soiled litter to the back of the chamber 

using the hind feet, then engage in an often frenzied bout o f grooming, using 

both the front and hind feet to wipe the body, face and around the mouth 

(Jarvis & Bennett, 1990; Faulkes, unpublished data). This behaviour may also 

serve to transfer chemical signals to other parts of the colony, using the 

animal as a vector. Another potential site of chemical communication could be 

the communal nest chamber, where all the colony members spend time in 

huddled in close body contact (Jarvis & Bennett, 1990).

Because of the large size of some naked mole-rat colonies, and the 

presence of a communal toilet chamber, a pheromonally based mechanism could 

provide an effective way fo r the breeding queen to impose reproductive 

suppression on the other colony members. Urinary pheromones would seem to 

be the most likely form of chemosignal, given the incidence of these in other 

species of rodent. Secretions from skin glands cannot be ruled out, because 

although the naked mole-rat lacks sweat glands (Tucker, 1981), sebaceous and 

preputial glands are present (Thigpen, 1940; Tucker, 1981). Anal dragging 

behaviour, which may deposit secretions from circumgenital glands, is 

sometimes observed in the toilet chamber, although the significance of this is 

unclear (Jarvis & Bennett, 1990; Faulkes unpublished data).

The aim of this investigation was to establish fo r the firs t time 

whether the factors which impose the suppression of reproduction in male 

and female naked mole-rats are based mainly on a pheromonal mechanism, or 

if behavioural mechanisms might be more important.



8.2 METHODS

To test the hypothesis that pheromones are involved in the suppression 

of reproduction in naked mole-rats, two sets of experiments, each involving 

the same general methodology, were carried out.

In the firs t experiment, two non-breeding males and females were

removed from Colony B to form two bisexual pairs, Colonies J and K (see

Appendix for further colony details). The newly formed pairs were housed 

in a burrow system having a similar layout to the parent colony, but smaller 

(see Chapter 2, Figure 2.1 fo r further details). In Colony J, the test pair, 

the nest chamber, food chamber and toilet chamber, together with their 

contents were exchanged once daily with those of the parent colony (Colony 

B). Thus the separated pair were constantly exposed to all volatile and non

volatile chemosignals associated with the bedding, litter and the boxes

themselves. In Colony K, the control pair, the nest, food and toilet chambers 

were disconnected, then reconnected once daily to control fo r procedural 

disturbances.

In the second set of experiments, five male and five female non

breeders (one male-female pair from Colony D, the other animals from Colony 

2 2 0 0 ), were removed from their colonies and housed singly fo r a minimum of 

six weeks, then paired with a member of the opposite sex (from the same 

original parent colony). Three of these pairs (Colonies H, 0  and P) were 

assigned to the test group, and received daily transfer of soiled litter and 

bedding from the toilet, nest and food chambers from the respective parent 

colony. This procedure involved taking the wood shavings from each of the 

three chambers of the parent colony, in turn, and replacing them with the 

shavings from the respective chamber o f the separated animals colony. The 

effec t of this procedure was therefore to rotate the wood shavings between 

the nest, food, and toilet chambers of the parent colony and the separated 

animals, once a day. Bedding transfer started on the day of separation 

(designated day 0 ) and continued during the singly housed period and when 

paired, and ceased on day 200 in the case of Colony H, and on day 130 in 

Colonies 0 and P. The other two male-female pairs were assigned to the 

control group (Colonies Q and R), and were subjected to once daily 

disturbance of the bedding and litter in their nest, food and toilet chambers, 

equivalent to that of the bedding transfer group, from day 0 to day 130 of 

separation.



To monitor reproductive status and the onset of reproductive activity, 

urine samples were collected fo r periods up to approximately 60 days before, 

and up to a maximum of 2 0 0  days a fte r separation from the parent colony. 

In addition, plasma samples were collected at approximately three weekly 

intervals before (n=3) and a fte r separation (n=4-6). The vaginal appearance 

of females was examined before, and at weekly intervals a fte r separation to 

ascertain the time of vaginal perforation. Routine behavioural observations 

were not carried out, but casual observations of mating were noted. Urine 

samples from females were assayed fo r progesterone, as a indicator of 

ovarian cyclicity, and urine samples from males were assayed fo r  

testosterone, as an indicator o f testicular function. Plasma samples from 

both males and females was assayed fo r LH, as an indicator of anterior 

pituitary function.

Sample collection and hormone assay procedure have been described in 

Chapter 2. Times to firs t elevation of urinary progesterone concentrations 

were analysed statistically using Student's t-te s t. Plasma LH and urinary 

testosterone concentrations were analysed using analysis of variance for  

repeated measures following log transformation of data. Log transformation 

was carried out as a standard procedure, to increase the linearity of the 

data, and to reduce the heterogeneity of variance (Sokal & Rohlf, 1981). 

Therefore, results quoted in the text are mean values i  s.e.m. fo r the non

transformed data, while figures reflect the data as the antilog of the means 

transformed fo r statistical analysis, together with their 95% confidence 

limits. Comparison of individual transformed means were made post hoc using 

Duncan's multiple range test (Helwig & Council, 1979).

8.3 RESULTS

8.3.1 FEMALES

Table 8.1 summarises the results from both experiments, and illustrates 

the time in days from separation to the firs t sustained elevation of urinary 

progesterone above 2.0 ng/mg Cr, which is indicative of the luteal phase of 

the ovarian cycle (see Chapter 5). There was no significant difference in the 

times to elevation of progesterone between the control and bedding transfer 

groups (t= 1.193, D.F.= 6 ). The individual urinary progesterone profiles fo r  

each female are displayed in Figures 8.1, 8.2 and 8.3.



TABLE 8.1 -  Days following separation of non-breeding females from their 
parent colony to the firs t sustained elevation of urinary progesterone above 
2.0 ng/mg Cr, indicative of the start of a luteal phase of the ovarian cycle.
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First experiment

In the firs t experiment where non-breeding females were paired directly 

with a male, both bedding transfer and control females (Colony J 9 18 and 

Colony K 9 2 1, respectively) developed perforate vaginas and commenced 

ovarian cyclicity with 20 days of removal from their parent colony. The 

consistently undetectable urinary progesterone concentrations before day 0 

indicated that these females were acyclic non-breeders before separation 

(Figure 8 . 1).

The control female 21 underwent five ovarian cycles between day 0 

and day 2 0 0 , the luteal phases of which are reflected in the cyclical peaks 

of urinary progesterone in Figure 8.1, Despite these apparently regular 

cycles, this female did not become pregnant. The bedding transfer female 18 

underwent two ovarian cycles before day 100 (Figure 8.1), a fte r which time 

this animal became ill with a chronic gastro-intestinal infection, lost body 

mass and ceased ovarian cyclicity, presumably as a result of the illness. This 

female eventually died as a result of the infection on day 235 a fte r  

separation. However, a post-mortem histological examination of the ovaries 

of this female revealed the presence of luteal tissue (see Chapter 4), 

suggestive of previous ovarian, possible ovulatory, activity in this female, as 

indicated by Figure 8.1.
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The results of this firs t experiment therefore suggested that the block 

to ovulation in non-breeding females was readily reversible, and that daily 

transfer of soiled bedding and litter was unable to maintain a state of 

anovulation in non-breeding females removed from their colonies. This 

suggested that pheromones may not be the major factor in suppressing 

reproduction in non-breeding female naked mole-rats, although the bedding 

transfer experiment was only done on one female. It could also be argued 

that in the isolated pair, perhaps the presence of a male was a sufficiently 

strong stimulus to overcome any suppressing effects  of pheromones in the 

soiled litter and bedding. This hypothesis would imply that the presence of 

the breeding queen was required as well as suppressing pheromones, otherwise 

reproductive activation would occur in non-breeding females when in their 

colonies. The second experiment was therefore carried out to investigate 

whether or not the presence of a male was a prerequisite fo r reproductive 

activation in non-breeding females.

Second experiment

In the second set o f bedding transfer experiments, ovarian cyclicity 

commenced a fte r 7 and 4 days (control females), and a fte r  8, 8, and 2 days 

respectively, (bedding transfer females), and the results from the firs t 

experiment were confirmed (Table 8.1). In the control situation, female 29

(Colony R) underwent an apparently normal cycle whilst singly housed (Figure

8.2), while female 4 (Colony Q) showed an elevation of urinary progesterone

after just four days, but this was not sustained and appeared to represent

an inadequate luteal phase. Both these control females developed a perforate  

vagina when paired with a male, a fte r seven days ($29) and a fte r 14 days 

(9 4 ), and underwent one cycle a fte r pairing with a male, then became 

pregnant at the following oestrous period (Figure 8.2). Results were similar in 

the bedding transfer group, as illustrated in Figure 8.3. Two of these 

bedding transfer females developed perforate vaginas within 21 days of 

separation, when singly housed (9 1 0  and 9 6 ), while the third female (992), 

became perforate within 21 days of pairing with a male. All three females 

underwent one ovarian cycle whilst singly housed, although urinary

progesterone concentrations in female 6  (Colony P) were somewhat erratic, 

and this pattern continued after pairing with a male. A fter pairing, female 

92 (Colony H) showed fairly regular and typical ovarian cycles, but did not 

become pregnant. Female 10 (Colony 0), had one ovarian cycle a fte r pairing, 

then became pregnant at the following period of oestrus.



FIGURE 8.2 -  Urinary progesterone profiles fo r 929 and 9 4 , control
separation Colonies R and Q respectively, while non-breeding females in 
Colony 2200, when removed and housed singly, and when paired with a non
breeding male from Colony 2200 which had also been housed singly. m= 
observations of mating. A=  vagina imperforate, A= vagina perforate.
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These results Indicate that ovarian cyclicity can commence in non

breeding females removed from their colonies without the physical presence 

of a male. In addition, the results from control females 4 and 29 suggest 

that cyclicity can commence in the absence of male-derived odours, because 

these females did not receive any soiled bedding and were housed with only 

fresh shavings.

Results from plasma LH determinations from both sets of experiments 

were combined, and are shown in Figure 8.4. There were no significant 

differences in plasma LH concentrations between bedding transfer and control 

groups of females, either when housed in their colonies, housed singly, or 

paired with a male. There were also no significant differences in plasma LH 

when females were in their parent colonies, housed singly or when paired with 

a male (F(1,5)= 0.01, P > 0.97). The failure to show increases in plasma LH 

when females became reproductively active (as indicated by the ovarian 

cycles refected in the progesterone profiles) was probably due to the 

relatively low sample size, because when LH values for females are combined, 

breeding females have significantly higher plasma LH concentrations than non

breeding females (see Chapter 5).

Because there was no suppression of ovarian function in the bedding 

transfer females, the results from these experiments were also included in 

the investigation of ovarian cyclicity in Chapter 5, which contains further 

discussion related to the onset of reproductive activation.



FIGURE 8.3 -  Urinary progesterone profiles fo r 9 10, 9 6  and 992, bedding 
transfer Colonies 0, P and H respectively, while a non-breeding female in 
Colony 2200 (9 10 and 9 2 9 ) and Colony D (992), when removed and housed 
singly, and paired with a non-breeding male from the same parent colony, who 
had also been housed singly. a =  vagina imperforate, vagina perforate.
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FIGURE 8 .4  -  C o n c e n t r a t io n s  o f  p lasm a LH  (mean t 95% c o n f id e n c e  l im i ts )  in 
t h r e e  c o n t r o l  and f o u r  bedd ing  t r a n s f e r  n o n -b re e d in g  fe m a le s  rem oved  f r o m  
t h e i r  c o lo n ie s ,  housed s in g ly  f o r  s ix  weeks, th e n  p a i re d  w i th  a male , o r  
p a i re d  d i r e c t l y  w i th  a male. The d a ta  a re  e x p re sse d  as  th e  a n t i lo g  o f  th e  
t r a n s f o r m e d  means.
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8.3.2 MALES

Like females, non-breeding male naked mole-rats also became 

reproductively active when removed from their colonies. This was 

irrespective of whether they were paired directly with a female, or housed 

singly then paired with a female, or subjected to control or bedding transfer 

procedures.

Figure 8.5 shows the urinary testosterone concentrations from both 

experiments, where males were either paired directly with a female, or housed 

singly before pairing. The results shown are grand means of the individual 

mean urinary testosterone concentrations fo r each animal. In the control 

males, mean urinary testosterone concentrations increased significantly from

4.3 i  0.8 ng/mg Cr when non-breeders, to 20.0 ± 3.0 ng/mg Cr when paired 

with a female (P < 0.001, F(2,9)= 25.5). The control singly housed group 

contained only two males, so their values could not be included in the 

statistical analysis. However their urinary testosterone concentrations were 

relatively high at 16.5 + 4.5 ng/mg Cr (n=12, Colony Q, <51) and 52.7 i  8.0 

ng/mg Cr (n=20, Colony R, <540).

In the males subjected to bedding transfer, urinary testosterone 

concentrations also rose significantly from 9.8 i  2.9 ng/mg Cr when non-

breeders to reach maximum levels of 66.1 i  20.2 ng/mg Cr when singly 

housed. These declined to significantly lower concentrations when the males 

were paired with a female (26.0 i 3.3 ng/mg Cr), but these latter values 

were still significantly higher than when the males held non-breeding status 

(P < 0.001, F(2,9)= 25.5; Figure 8.5).

There was no significant difference in urinary testosterone 

concentrations between control and bedding transfer males, either when

housed in their colonies, Dr when paired with a female mate (P > 0.05, F(1,6)=

6.0). Thus daily bedding transfer had no apparent e ffec t on urinary 

testosterone concentrations.

The reasons fo r the peak values of urinary testosterone 

concentrations when the males were singly housed has been discussed in

Chapter 6 , which also contains urinary testosterone profiles for each of the 

separated males, displayed in Figures 6.4 to 6.10. As with the females from 

this study, the data from males in bedding transfer experiments was combined 

with that of controls for the investigations reported in Chapter 6 , to 

increase the sample size of the data.



FIGURE 8.5 -  C o n c e n t r a t io n s  o f  u r in a r y  t e s t o s t e r o n e  (mean 1 95% c o n f id e n c e  
l im i ts )  in th r e e  c o n t r o l  and f o u r  bedd ing  t r a n s f e r  n o n -b re e d in g  m a les  rem oved  
f r o m  t h e i r  c o lo n ie s ,  housed  s in g ly  f o r  a minimum o f  s ix  weeks, th e n  p a i re d  
w i th  a fe m a le ,  o r  p a i re d  d i r e c t l y  w i th  a fe m a le .  The d a ta  a re  e x p re s s e d  as  
th e  a n t i l o g  o f  th e  t r a n s f o r m e d  means. a= P < 0 .0 5  vs n o n -b re e d e r  s t a t u s ,  
b= P < 0 .0 5  vs p a i re d  w i th  fe m a le  s t a t u s  (D u n ca n 's  m u l t ip le  ra n g e  t e s t
f o l lo w in g  A N O V A  f o r  re p e a te d  m easu res ) .  • =  mean i  s .e .m . f o r  tw o  m a les in 
th e  c o n t r o l  s i n g ly -  housed g ro u p .  These  va lu e s  were  n o t  inc luded  in th e  
s t a t i s t i c a l  a n a ly s is .
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There were no apparent differences between control and bedding 

transfer males, in the time taken from separation to when urinary 

testosterone concentrations to rose to values comparable to those of 

breeding males (a concentration of 24 ng/mg Cr). These latencies were 

calculated by extrapolating from the graphs in Figures 6.4 to 6.10 in Chapter 

6, and the method used has been fully described on page 176. In control

males, these latency values were 5 days fo r Colony Q <51, and 5 days fo r  

Colony R <540. In bedding transfer males, these latency values were 3, 3, 7 

and 9 days fo r Colonies H <588, 0 <510, P <53 and J <516 respectively.

Figure 8.6 displays the plasma LH data from both experiments fo r  

males when non-breeders in their parent colonies, when housed singly and

when paired with a female. In the control males, mean plasma LH 

concentrations increased from 5.6 i  2.1 mlU/ml when non-breeders to 8.5 i 

1.9 mlU/ml when paired with a female, but this was not statistically  

significant, possibly due to the small sample size (P= 0.73, F(1,4)= 0.13). The 

control, singly-housed group contained only three samples from one male and 

was not included in the statisical analysis. The plasma LH concentration for  

this male was 29.6 + 3.7 mlU/ml (Colony R, <540).

In the males subjected to bedding transfer, plasma LH concentrations 

rose significantly from 3.4 i  0.8 mlU/ml when non-breeders to 13.8 t 4.3 

mlU/ml when singly housed and 11.0 i 1.4 mlU/ml when paired with a female. 

Plasma LH concentrations fo r males singly-housed, and when paired with a 

female, were significantly greater than those when the males were non

breeders (P < 0.005, F(2,8)= 9.35; Figure 8.6).

Statistical comparison of plasma LH concentrations revealed no 

significant difference between control and bedding transfer groups o f males 

either when non-breeders in their parent colony (P=0.67, F(1,5)= 0.21), or 

when paired with a female (P= 0.29, F (1 ,5)- 1.39).

These results indicate that reproductive activation can commence in 

non-breeding males removed from their colonies, and that the physical 

presence of a female is not a prerequisite fo r this activation to occur. 

Daily transfer of soiled litter and bedding between the separated males and 

their parent colonies did not prevent the increases in urinary testosterone 

and plasma LH concentrations, therefore suggesting again that, as in females, 

pheromones may not be the major suppressing influence on reproduction in 

non-breeding male naked mole-rats.



FIG UR E 8 . 6  -  C o n c e n t r a t io n s  o f  p lasm a LH (mean i  95% c o n f id e n c e  l im i ts )  in 
t h r e e  c o n t r o l  and f o u r  bedd ing  t r a n s f e r  n o n -b re e d in g  m a les re m o ve d  f r o m  
th e i r  c o lo n ie s ,  housed  s in g ly  f o r  a minimum o f  s ix  weeks, th e n  p a i re d  w i th  a 
fe m a le ,  o r  p a i re d  d i r e c t l y  w i th  a fe m a le .  The d a ta  a re  e x p re s s e d  a s  th e  
a n t i l o g  o f  th e  t r a n s f o r m e d  means. a=  P < 0 .0 5  vs  n o n -b r e e d e r  s t a t u s
(D u n ca n 's  m u l t ip le  ra n g e  t e s t  f o l lo w in g  A N O VA  f o r  re p e a te d  m e a s u re s ) .  • =  
mean + s .e .m . f o r  th e  3 sam p les  f r o m  one o f  th e  tw o  m a les in th e  c o n t r o l  
s in g ly  housed  g ro u p .  T hese  v a lu e s  w ere  n o t  inc luded  in th e  s t a t i s t i c a l  
a n a ly s is .
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8.4 DISCUSSION

In the two experiments reported in this Chapter, the socially-induced 

block to reproduction in both male and female naked mole-rats has been

shown to be readily reversible if non-breeding animals are removed from the 

suppressing influences of their colonies (see also Chapters 5 & 6). The onset 

of reproductive activation was neither delayed nor prevented by the daily 

transfer of soiled litter and bedding from the nest, food and toilet 

chambers, between the separated animals and their parent colonies.

In the case of females, there was no apparent difference between 

control and bedding transfer groups in the time from separation to the 

perforation of the vagina, and no significant difference in the time to 

commencement of ovarian cyclicity. Conception occurred a fte r females were 

paired with a male in two of the control, and one of the bedding transfer 

colonies. The ovaries of another bedding transfer female had luteal tissue 

present when examined histologically, post mortem. These observations provide 

strong evidence that the ovarian cycles, reflected in the progesterone 

profiles of the bedding transfer females, do represent ovulatory cycles.

Similarly, there were no apparent differences in the reproductive 

activation of males removed from their colonies and either subjected to

bedding transfer or a control procedure. In both of these groups, urinary 

testosterone and plasma LH concentrations increased to levels comparable 

with those of breeding males, within similar time periods a fte r separation.

The presence of a member of the opposite sex was not required for  

reproductive activation to occur in non-breeding males or females, because in 

females ovarian cyclicity commenced, and in males urinary testosterone and 

plasma LH concentrations increased when the animals were separated and 

housed singly. The fa c t that activation occurred in singly-housed animals also 

indicates that the reason bedding transfer failed to maintain suppression in 

the firs t experiment, where a female was paired directly with a male, was 

not due to the stimulus of pairing with a male overriding any suppressing 

pheromone e ffects. These results also imply that the female naked mole-rat 

is a spontaneous ovulator (for further discussion of this phenomenon see

Chapter 5).

It could be argued that a possible explanation fo r the failure of

bedding transfer to maintain suppression in non-breeding naked mole-rats 

separated from their parent colonies was that the chemosignals involved in 

suppression were not transferred regularly enough, or in sufficient



quantities. However, similar studies in other rodents suggests that this 

possibility is unlikely. The mouse puberty-delay pheromone has been shown to 

be potent and effective at low doses, fo r example a daily application of 

0.001 ml urine from group-housed females delayed the puberty of juvenile 

females when applied to their noses, while a dose of as little as 0.0001 ml 

urine produced a less striking delay (Drickamer, 1984). Detailed information 

about the longevity o f the mouse puberty delay pheromone has not been 

published, although the active chemical constituents are known to be volatile 

(Jemiolo et al.t 1986), and the e ffec t is lost a fte r exposure of urine to the 

air for seven days (Coppola & Vandenbergh, 1985). The experimental approach 

of transference of soiled bedding has been successful in demonstrating the 

occurrence of suppressing pheromones in several species, including mice 

(Drickamer, 1977), pine voles, Microtus pinetorum (Lepri & Vandenbergh, 1986), 

and white-footed mice, Peromyscus leucopus (Rogers &. Beauchamp, 1976). 

Therefore, using this experimental methodology with naked mole-rats would be 

expected to reveal the suppressing effects  of pheromones, should they exist 

in this species. However, in order to categorically rule out the involvement 

of pheromones in reproductive suppression of naked mole-rats, it would be 

useful to carry out the converse experiment to bedding transfer. This would 

involve leaving non-breeding animals in their colonies, therefore maintaining 

behavioural contact with the rest of the colony, but removing the potential 

influence of chemosignals by making these animals anosmic.

In these bedding transfer experiments, behavioural contact was removed 

by separating individuals from their parent colonies, but maintaining both 

olfactory and gustatory contact with their parent colonies. The failure of 

this daily transfer of chemosignals to maintain reproductive suppression in 

the separated animals therefore implies that a simple pheromone e ffec t is 

not the major cause of suppression, and that a behavioural mechanism 

involving tactile and possible auditory cues may predominate. Such mechanisms 

are known to be involved in mediating reproductive suppression in some 

primates that exhibit social suppression of reproduction. For example, in the 

gelada baboon, there is good evidence to suggest that the physiological 

consequences of stress, induced by agonistic behavioural interactions between 

dominant and subordinate members of the social group, leads to reduced 

fe rtility  in the latter individuals (Dunbar, 1989). Behavioural mechanisms are 

also thought to play a major role in the socially-induced suppression of 

ovulation in female marmoset monkeys (Abbott, in press).



It is interesting to note, however, that while behavioural interactions

between dominants and subordinates appear to be the main fac to r in

suppression of reproduction in marmoset and tamarin monkeys, pheromones 

also contribute to the suppression system. For example, a delay in the onset 

of ovulation in subordinate females removed from their social groups but

maintained in scent contact, has been demonstrated in both the common 

marmoset, Callithrix Jacchus (Abbott et at., 1990; Barrett & Abbott, 1989), 

and in cotton top tamarins, Saguinus oedipus (Savage et al.t 1988). There is 

also some evidence to suggest a similar phenomenon occurs in saddle back 

tamarins, S. fuscicollis (Epple & Katz, 1984). The bedding transfer 

experiments on naked mole-rats reported here failed to show a delay in the 

onset of reproductive activation in females or males, although the numbers 

of animals investigated were perhaps too low to show a subtle e ffec t like

this.

The results from the experiments in this chapter, and the points raised 

in this discussion, argue in favour of a behavioural mechanism as the 

predominant mediator of reproductive suppression in naked mole-rats. This 

would presumably involve some form of agonistic interaction between the 

queen and the non-breeding animals, resulting in a stress-induced inhibition of 

fe rtility . Initially, this seems to be an unlikely possiblity given the large 

numbers of animals within colonies, and the potential difficultly that a single 

breeding queen may have in behaviourally harassing so many colony members. 

However, it is interesting to speculate on how such a system could work. 

From observations of situations where a queen has died and been replaced , 

or when a queen is deposed (Jarvis, 1990 a; see Chapter 5), fighting normally 

occurs among females until the most dominant animal takes over. However, 

while the exact nature of the dominance hierarchy among the remaining non

breeding colony members has not been investigated fully, a hierarchical 

system is known to exist (J.U.M. Jarvis & B.W. Broil, pers. comm.). In large 

colonies, it may be that the queen would not need to constantly impose her 

dominance on every other colony mate, thereby causing stress and 

suppression of reproduction. She might restrict most of her behavioural 

interactions to animals immediately below her in a dominance hierarchy. These 

individuals might then direct aggressive interactions to animals below them in 

the hierarchy, and so on. In this scenario, behavioural stress would be 

directed to all animals down the dominance hierarchy in a cascade e ffec t, 

rather like a "chain reaction".



Under normal circumstances, overt aggression is low between colony 

members, but subtle agonistic encounters such as chirping vocalisations, and 

pushing/shoving when individuals meet in tunnels do occur quite frequently. 

Interestingly, Reeve and Sherman (1990) have shown that in three of their 

captive colonies, most shoving behaviour was initiated by the breeding queen, 

and that this behaviour tended to be directed at larger individuals of both 

sexes. These observations are consistent with the hypothesis that a 

behavioural suppression system may operate in naked mole-rat colonies.

While they may not be directly involved in reproductive suppression, 

chemosignals could have other functions within naked mole-rat colonies. The 

grooming behaviour observed in the toilet chamber (Jarvis & Bennett, 1990), 

rather than being involved in reproductive suppression, may function to 

maintain a "colony odour" on each animal. This could act as a cue in 

triggering inter-colony aggression, which occurs when foreign colonies meet in 

the wild (Brett, 1986) or are mixed in captivity (Jarvis, 1990 a; Lacey & 

Sherman, 1990). Behavioural studies have shown that naked mole-rats are 

able to discriminate between their own, and foreign colony toilet chamber 

odours (see Chapter 3). Individual-specific odours may also be important in 

intra-colony recognition. For example, it is possible that within colonies, the 

odour of the queen could signify her presence and help to reinforce 

behavioural cues, but in her absence (e.g. in bedding transfer experiments), 

these odour cues are not sufficient to cause suppression on their own.

8.5 SUMMARY

To investigate the possible role of pheromones in mediating the 

suppression of reproduction in naked mole-rats, reproductive activation of 

non-breeding males and females removed from their colony was compared with 

non-breeders removed, but maintained in odour contact with their parent 

colonies by daily transfer of soiled bedding and litter from the nest, food 

and toilet chambers. Animals were either removed and paired directly with a 

member of the opposite sex from the same colony, or removed, housed singly 

for a minimum of 40 days, then paired with a member of the opposite sex 

from the same parent colony, who had also been housed singly. This daily 

transfer of bedding failed to delay or prevent the onset of reproductive 

activation in either male or female naked mole-rats.



In females, urinary progesterone concentrations were determined as a 

measure of ovarian cyclicity fo r period up to 80 days before, and 200 days 

afte r separation. There was no significant difference in the time to 

commencement of the firs t ovarian cycle between the control and bedding 

transfer groups. In addition, females in both groups became pregnant 

following one ovarian cycle a fte r pairing with a male. In both control and 

bedding transfer groups, singly-housed females commenced ovarian cyclicity, 

revealing that the presence of a male was not required fo r reproductive 

activation and ovulation. Differences in basal plasma LH concentrations 

before and a fte r separation, and between control and bedding transfer 

groups could not be demonstrated in this study.

In males, concentrations of urinary testosterone increased after  

separation from their parent colonies in both control and bedding transfer 

groups, to reach levels equivalent to those of breeding males. Concentrations 

of plasma LH in both groups also increased a fte r separation and the males 

became reproductively active. There was no significant difference in either 

plasma LH or urinary testosterone concentrations between the control and 

bedding transfer groups before or a fte r separation from their parent 

colonies.

Although the sample size was small, these results strongly suggest that 

a primer pheromone from urine, or other secretions contained in the soiled 

bedding and litter, does not play a major role in the suppression of 

reproduction in non-breeding naked mole-rats. This extreme example of 

socially-induced infertility may therefore be mediated at least in part by a 

behavioural mechanism.



CHARTER 9

AN INVESTIGATION OF GENETIC DIVERSITY IN WILD COLONIES OF NAKED 

MOLE-RATS BY DNA FINGERPRINTING

9.1 INTRODUCTION

As a result of the system of reproductive suppression and the 

longevity of the naked mole-rat, which can be in excess of 15 years in 

captivity, a particular breeding pair or trio in a colony may remain 

reproductively active fo r many years (Jarvis, 1990 a). In addition, naked 

mole-rats are extremely xenophobic and will attack and kill conspecifics from 

other colonies (Brett, 1986; Lacey and Sherman, 1990). It is thought that 

new colonies are formed by "budding", when a group of animals separate from 

their parent colony and seal o ff  any intervening tunnels (Brett, 1986). 

Together, these factors  suggest that a high degree of natural inbreeding may

occur in naked mole-rat colonies, and that outbreeding may be rare.

Control of the complex social and reproductive system of the naked

mole-rat (see Chapter 1) may rely heavily on recognition of individuals within

colonies and, because the naked mole-rat is blind and lives in a subterranean 

environment, a system of recognition based on olfaction is strongly

implicated. Inter-colony recognition leads to the aggressive interactions that 

occur when foreign colonies encounter one another, and there is some

evidence to suggest that chemosignals associated with the toilet chamber may 

be involved in colony recognition (see Chapter 3).

In some rodents, such as mice and rats, there is a genetic basis fo r

the production of individual specific odours. The class I genes of the major 

histocompatibility complex (MHC I genes) are a group of genes which are 

highly variable between individuals in several mammalian species (Klein & 

Figeroa, 1986). The main function of MHC I genes is production of cell 

surface antigens which proclaim a cell's identity as part o f the body. These 

antigens also attach to and present fragments of viral proteins to e ffector  

T-cells which can then recognize and respond to infected cells (Mellor, 1986). 

However, it is now known that in addition to the cellular markers of 'self', 

the highly variable MHC I gene products also produce urinary odours unique 

to a particular individual. This phenomenon has been reported in both mice 

(Yamazaki et a!., 1979), and rats (Singh, Brown and Roser, 1987). A system 

such as this could be a means by which naked mole-rats discriminate between



one another, and learn an individual's status and function within the colony.

The minisatellite DNA is another part of the genome which shows 

extreme variability between individuals, and consists of tandem repetitive 

regions sharing a common core sequence of base pairs. Polymorphism is due 

to variation in the repeat copy number of these regions (Jeffreys, Wilson & 

Thein, 1985a). Hybridization of DNA fragments with probes fo r the 

minisatellite core sequence generates 'fingerprints' that are highly individual 

specific, and can be used fo r the identification of individuals (Jeffreys, 

Wilson & Thein, 1985b), paternity testing (Jeffreys, Brookfield & Semeonoff, 

1985), and demographic studies (Wetton et a!., 1987; Burke & Bruford, 1987).

Consequently, to investigate the degree of polymorphism in naked mole- 

rats of these two normally highly variable regions of the genome, DNA from 

individuals o f four wild caught colonies was hybridized with two probes fo r  

MHC I genes, and one probe for minisatellite DNA.

9.2 METHODS

9.2.1 ANIMAL CAPTURE AND COLLECTION OF TISSUE SAMPLES

Naked mole-rats were captured near Tsavo National Park, Kenya, in an 

agricultural area close to the village of Kathekani, approximately 5 km north 

of Mtito Andei. Trapping techniques and collection of tissue samples has been 

described in full in Chapter 2, section 2.3

9.2.2 EXTRACTION AND PURIFICATION OF DNA

Each frozen spleen was ground in 1 ml 10 mM Tris / 1 mM EDTA buffer 

pH 7.5 using a pestle and mortar cooled on ice, and the slurry transferred 

to a 50 ml tube. The pestle was rinsed with a further 1 ml of buffer, then 

2 ml of lysis buffer (50 mM Tris-HCL pH 8.0, 100 mM EDTA, 100 mM NaCI, 

1% SDS containing 100 pg/ml Proteinase K [Sigma, P-0390] and 20 pi of 

proteinase K (20 mg/ml) added. A fter incubation for 2 hours at 37*C, the

DNA was purified by extraction twice with an 700 pi phenol : chloroform :

iso-amyl alcohol (50:50:1), then once with chloroform alone. The DNA was

then precipitated by addition of 1.6 ml of absolute ethanol, removed with a

fine capillary, washed by dipping in 70% alcohol, air dried and dissolved in 

100 pi 10 mM Tris / 1 mM EDTA buffer. DNA yields were estimated by 

measuring the optical density o f the solutions at 260 nm (Maniatis et. al, 

1982).



Samples of the preparations containing 20 pg of DNA, together with 

laboratory mouse controls CBA and BIO (BIO C57 B lack/10) were digested 

either with the restriction endonuclease BarrhW or with Haelll (BCL). In a few 

cases where there was insufficient DNA, all the sample was added. For the 

BarrHl digests these were samples A5, A64, B3 and B5, and fo r the Haelll 

digests, samples B2 and B9. A fter digestion, 25 pi (containing 5 pg DNA) of 

each of the samples were electrophoresed through a 22 cm 0.7% agarose gel 

overnight at 40 v. DNA was then depurinated by soaking the gel in 0.25M HCI 

for 15 minutes and denatured by rinsing in alkali transfer buffer (1.5M 

NaCI/0.5M NaOH) fo r 40 minutes. A fter neutralizing in 1M Tris/3M NaCI 

buffer pH 7.5 for 40 minutes, DNA was transferred to nitrocellulose 

membranes by the Southern blotting technique (Southern, 1975).

9.2.3 HYBRIDIZATION OF DNA WITH RADIOLABLLED PROBES

(a) Major histocompatibility complex probes

Two mouse MHC I probes were used in this study, 3'K*> and Pst8.8. 3'Kb 

is a 2.3 kb BarrH 1 fragment at the 3' end of the gene. Pst8.8 is a

1.8 kb Pst 1 fragment at the 5' end of the H-2Kt> gene (Weiss et a/., 1983). 

High specific activity probes ( >10® c.p.m. pg-1 ) were prepared by nick

translation of 3'Kb or Pst8.8 DNA with ta3 2p]dATP. Hybridization was carried

out overnight at 65*C in PHM (3 x SSC,10 x Denhardt's solution, 10% dextran

sulphate, 0.1 mM NaPPi, 0.1% SDS: Maniatis et. al, 1982). The filte r

hybridized to the 3'K*> probe was washed twice for 20 minutes at 65*C in 3 

x SSC, 0.1% SDS and the filte r autoradiographed fo r two days at -70*C with 

an intensifying screen. The Pst 8.8 blot was washed three times for 20 

minutes in 3 x SSC, 0.1% SDS at 65*C and the filte r autoradiographed for  

two weeks at -70*C with an intensifying screen.

(b) Minisatellite probe

One human minisatellite DNA probe 33.6 (Jeffreys, Wilson and Thein,

1985a) were prepared fo r hybridization by primer extension to a specific 

activity of >10? c.p.m. p g -1 with [oc32P]dCTP (Jeffreys, Wilson and Thein, 

1985a). Hybridization was carried out overnight at 65*C in PHM (1 x 

Denhardt's, 1 x SSC, 0.1 % SDS, 6 % polyethylene glycol). The filte r was

washed once for 20 minutes in 2 x SSC, 0.1% SDS and four times for 20 

min in 1 x SSC, 0.1 % SDS at 65*C, and autoradiographed fo r seven days at 

-70*C with a double intensifying screen.



(c) Interpretation of results

Areas of cross-homology between the probe and the digested naked 

mole-rat DNA appear on the autoradiographs as characteristically shaped 

darkened bands. The intensity of these may varied considerably and was

dependent on the degree of cross-homology and the specific activity of the 

probe employed. 'Scorable bands' in this paper are those which can be 

confidently assigned by the naked eye.

9.3 RESULTS

9.3.1 ANIMAL CAPTURE

A total of 128 naked mole-rats were trapped from four separate

colonies, M.Ad. A, M.Ad. B, M.Ad. C and M.Ad. D respectively. The relative

positions of these colonies are illustrated in Chapter 2, Figure 2.2. The

sample was composed of 58 females and 70 males, ranging in body weight 

from 12g to 76g. No breeding queens were caught and it was not possible 

to ascertain if any of the males were breeders. Colonies M.Ad. B, M.Ad C 

and M.Ad D were relatively close to one another, the catching sites from 

each colony being within a radius of two kilometres. Colony M.Ad. A was 

situated further away at a distance of three kilometres from colony M.Ad D, 

the nearest neighbour. A total o f 20 spleens, 7 from colony M.Ad. A, 5 from 

colony M.Ad. B, and 4 each from colonies M.Ad. C and D were submitted for 

DNA analysis.

9.3.2 DNA PROBES

Autoradiographs of Southern blots treated with MHC I probes are

illustrated in Plates 9.1(a) and (b). The 3'K*> probe (Plate 9.1a) hybridized

with mole-rat DNA to produce three bands corresponding to areas of cross

homology. This is relatively few when compared with laboratory mouse

controls a (strain BIO) and b (strain CBA), and result either from lack of

complexity in the naked mole-rat MHC 1 or lack of cross-homology between

DNA of the two species. Within and between colonies A, B, C and D there

was no polymorphism, all three bands being identical in all individuals. The

faint banding pattern of A5 was due to insufficient DNA in the sample. The

Pst8.8 probe (Plate 9.1b) produced three bands in animals from colony A,

which were also present in the samples from colonies B, C, and D. However, 

these latter samples had an additional band, labelled 'x' in Plate 9.1(b),

corresponding to a fragment size of approximately 7.0 kb. Apart from the



presence of band 'x1, the restriction fragment patterns produced with this 

probe were qualitatively identical both within and between colonies. However, 

there were some possible quantitative differences in the copy numbers of 

particular genes, illustrated by differences in relative band intensity in 

individual restriction fragment patterns. For example, in animals B5, C7 and 

D4, the band produced by the 5.4 kb fragment is relatively more intense in 

these individuals. This suggests that there may be more copies o f this gene 

in these individuals. Alternatively, the more intense bands may result from a 

higher degree of cross homology between probe and DNA fragment in these 

particular animals. Two of the three bands in sample A67, and one of the 

four bands in B5 and B6 were faint on the autoradiograph and did not 

reproduce photographically.

Plate 9.2 shows results obtained with minisatellite probe 33.6. The 

restriction fragment patterns obtained fo r Colony A showed the greatest 

intra- and inter-colony variation compared to Colonies B, C, and D. It is 

clear that band sharing between Colony A and Colonies B, C, and D, is less 

than that seen between Colonies B, C, and D. For example, five bands are 

present in Colony A individuals that are absent in Colonies B, C, and D, and 

two bands are absent in Colony A that are present in Colonies B, C, and D, 

as indicated in Plate 9.2. Restriction fragment patterns obtained fo r Colonies 

B, C, and D showed a high degree of band sharing and therefore revealed 

little intra- and inter- colony variability. Within and between these colonies, 

the main differences arose from the presence or absence of bands (i) and 

(ii), for example, band (i) is not present in Colony B animals 15 and 6, while 

band (ii) is present in all individuals in Colonies B and D, but absent from 

Colony C.



PLATE 9.1 -  Restriction fragment patterns of BarrHI digested DNA (a) from 
12 individuals from four colonies M.Ad. A, B, C and D respectively, hybridized 
with class I MHC probe 3'kb, and (b) from 18 individuals from four colonies 
hybridized with class I MHC probe Pst8.8. Bands are marked with arrows and 
the fragment size in kilobases is indicated. Band 'x' is absent in Colony A 
individuals, but present in Colonies B, C, and D. Controls (a) and (b) are 
laboratory mouse strains BIO and CBA, respectively.





PLATE 9.2 -  Restriction fragment patterns of Haelll digested DNA from 17 
individuals from four colonies M.Ad. A, B, C and D respectively, hybridized 
with minisatelite probe 33.6. The principle variable bands within and 
between Colonies B, C, and D are labelled (i) and (ii). Bands present in Colony 
A but absent in B, C, and D are indicated while bands present in Colonies 
B, C, and D but absent in Colony A are indicated ’>'. Controls a and b are 
laboratory mouse strains BIO and CBA respectively.
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9.4 DISCUSSION

Restriction fragment patterns produced by naked mole-rat DNA with the 

two MHC I probes used were relatively simple in comparison to those of 

other mammalian species studied so fa r , where the MHC I has been shown to 

be highly polymorphic and to contain many genes (e.g. the laboratory mouse: 

Mellor, 1986 and the human: Orr, 1983; see Klein & Figueroa, 1986 fo r a 

review). The mouse MHC I gene family is known to contain 30-40 genes (Hood 

et a/., 1983). The Syrian hamster Mesocricetus auratus, and the solitary

living mole-rat, Spalax ehrenbergi produced similar numbers o f restriction 

fragments hybridizing to class I probes as the mouse, suggesting that they 

also have a large number o f MHC I genes (Ni2eti6 et al., 1985). The lack of 

bands in the naked mole-rat restriction fragment patterns may be due to 

very little cross homology between mouse and naked mole-rat MHC I DNA.

This would be unusual given that mouse MHC I probes will cross-hybridize

with with DNA from several species, from fish to the human (Klein & 

Figeroa, 1986). Equally surprising is the lack of polymorphism in the naked 

mole-rat restriction fragment patterns produced by both MHC I probes 

compared with other species: a characteristic of the MHC I is its high

polymorphism and variability (NiSetid et al., 1985; Klein and Figueroa, 1986). 

The absence of genetic variability in these gene loci within and between 

colonies of naked mole-rats suggests either that they are highly inbred, and 

that the colonies in this relatively small area of study may have been

derived from common ancestors, or that the MHC I of naked mole-rats does 

not exhibit the high frequency of polymorphism found in other vertebrate 

species (Klein & Figeroa, 1986).

It is interesting to note that the only restriction fragment length

polymorphism found in naked mole-rats was band 'x1 (Plate 1b), obtained using 

the Pst8.8 probe. This band had either been lost by colony A individuals or

gained by colonies B, C, and D. From Figure 1, it can be seen that colony A

was situated at a distance from the other three colonies, which were 

comparatively close together (the catching sites all being within 2 km of

each other). This may suggest that colonies B, C, and D were derived more 

recently from a common ancestral colony than colony A. Copy number 

polymorphism of particular bands was also seen in some individuals, e.g. B5, 

C7 and D4, and occurred within and between colonies. It therefore appeared 

that although there was only one difference in the quantity of different 

genes, the actual copy number of particular genes may be rather more



variable. This has also been reported in the mouse MHC I (Mellor, 1986).

If  the absence of polymorphism seen with these probes is a genuine 

representation of the MHC 1 as a whole, then it seems unlikely that MHC I

gene products present in the urine would be an effective system to identify

and communicate an individual's characteristic odour, as has been shown in 

rats (Singh, Brown and Roser, 1987), and mice (Yamazaki et al., 1979).

However, the results of behavioural tests reported in Chapter 3 indicate that 

naked mole-rats are able to discriminate between the soiled litter of their 

home colony, and an unrelated foreign colony, suggesting that urinary 

chemosignals, possibly odours, act as cues fo r colony recognition. It has

been recently reported that other parts of the genome can also give rise to 

individual-specific odours (Beauchamp et al., in press). It is conceivable that 

individual-specific odours could be produced by quantitative differences in 

copy numbers of a gene, leading to differences in concentration of gene

products, rather than qualitative changes in genes themselves. Such a system 

has been reported to operate in the pheromonal delay of puberty in group 

housed female mice, where an increase in the concentration of certain 

urinary volatile compounds have been shown to mediate the e ffec t (Novotny et 

al., 1986). It is also possible that structural differences in the naked mole- 

rat MHC I could exist, but are not detected by the Southern blotting

technique.

Limited polymorphism (but high numbers of genes) at the MHC I has so 

fa r only been reported in two other species, the Balkan mole-rat, Spalax 

leucodon (NiSetid et al., 1988) and the Syrian hamster (NiJetid et al., 1985), 

both solitary subterranean rodents. It is thought that in the case of the

Balkan mole-rat, the limited polymorphism may have resulted from a recent 

evolutionary bottleneck ((Ni2etid et al., 1988). It seems likely that in the 

case of the naked mole-rat, the system of reproduction together with an

absence of out-breeding has led to genes becoming fixed in the population 

resulting in a lack of genetic diversity. Although MHC polymorphism (both 

class I and class II) is selectively advantageous, populations or even species 

can survive with all MHC loci essentially monomorphic (e.g. the Syrian 

hamster). This may occur as a result of the complexity o f MHC molecules, 

which has been selected fo r along with the diversification of MHC alleles 

(Klein & Figeroa, 1986). The lack of MHC I polymorphism in the naked mole- 

rat would be expected to produce a high degree of skin-graft acceptance 

between members of a colony, as has been shown in populations of cheetah



in South Africa (O'Brien et al., 1985). These animals also lack MHC I 

polymorphism, possibly as a result of an evolutionary bottleneck.

A similar lack of variability was seen in the results obtained with the 

minisatellite probe, which again has been shown to produce highly polymorphic 

restriction fragment patterns in a variety of species, e.g. house sparrows 

(Wetton, Carter and Parkin et al., 1987) and the human (Jeffreys, Wilson and 

Thein, 1985a). Naked mole-rat minisatellite DNA fingerprints showed a high 

degree of band sharing within and between closely neighbouring wild colonies. 

As with the MHC I probe, Pst 8.8, DNA from Colony A had fewer bands in 

common with Colonies B, C, and D, who all produced similar patterns. This 

again appears to reflect the relative geographical positions, and the possible 

ancestral origin of the colonies. Similar results have recently been reported 

by Honeycutt et al. (1990), who have investigated allozyme and mitochondrial 

DNA variation within and among wild naked mole-rat colonies. Very low levels 

of genetic diversity were found within and between colonies in the Mtito 

Andei region of Kenya. In their allozyme study, proteins from a minimum of 

34 presumed loci were examined in each of 107 animals from 17 colonies, and 

each animal was found to be monomorphic and fixed for the same allele at 

all loci (Honeycutt et al., 1990 b). Samples from some of these animals were 

also subjected to minisatellite DNA analysis, and again both inter- and intra

colony genetic variation was found to be low (Reeve et al., cited in 

Honeycutt et al., 1990 b). However, when animals from Mtito Andei were 

compared with animals from northern Kenya (Buffalo Springs and Mbuvu), 

considerable genetic variation was observed in the mitochondrial DNA, and 

variation at two loci occured in allozyme analysis. Thus it appears that 

although within a region genetic variability in naked mole-rats may be low, 

divergence does occur as geographical distance between colonies increases 

(Honeycutt et al., 1990 b).

The lack of variability in areas of the genome that are frequently 

highly polymorphic in other mammals, and the apparent lack of complexity of 

the naked mole-rat MHC I genes might be expected to have a deleterious 

e ffec t on a species. Inbreeding can give rise to the emergence of harmful 

recessive tra its , and a small MHC I gene family might limit the ability of the 

naked mole-rat to combat viral infection. However, these factors  do not 

appear to have affected this species, which is relatively common throughout 

the arid belt of the horn of Africa (Brett, 1986, 1990 a).



Fossils of extinct species o f Heterocephalus have been found in 

Uganda and Kenya, and date back to the miocene epoch (5-22.5 million years 

ago) of the tertiary period, the "age of mammals". Other specimens have been 

found in the pliocene (1 .8-5  million years ago) and pleistocene (11,000 years 

ago-1.8 million years ago) epochs (see Jarvis, 1990). Although the naked 

mole-rat has evolved for as long as other mammals, it may be that the 

genetics of the MHC I remain comparatively primitive as a result of the 

relative isolation of this species' ecological niche. It is also known that MHC 

loci evolve relatively slowly, at a similar rate to globin genes (Klein & 

Figeroa, 1986). A converse, but perhaps less likely explanation may be that 

the MHC I was originally more complex, but during the process of evolution 

genes were lost because they imparted no particular survival value in the 

limited and stable habitat of the naked mole-rat.

Further manipulation of experimental conditions may reveal more areas 

of cross-homology between the probes and the naked mole-rat DNA, in 

particular by altering the stringency of the hybridization and washing 

conditions. The faint banding patterns obtained with naked mole-rat DNA, 

resulting from the use of heterologous probes is a problem, and more 

detailed investigation of the genetics of the naked mole-rat may require the 

production of specific naked mole-rat DNA probes. Use of this technique on 

other populations of naked mole-rats from more distant locations in East 

Africa could provide a fascinating insight into the origin and dispersal 

patterns of this species. In addition, further investigation of the naked 

mole-rat MHC I gene family may provide information on the evolution of this 

family of genes.



9.5 SUMMARY

DNA from 20 individuals from four wild colonies o f naked mole-rats,

Heterocephalus glaber were analysed fo r restriction fragment length

polymorphism of class I major histocompatibility complex genes and

minisatellite DNA, both of which have been shown to be highly variable 

between individuals in other species. Minisatellite DNA gives rise to individual 

specific 'genetic fingerprints' which have been used in the study of

demographic population genetics, while certain major histocompatibility complex 

genes are responsible for producing individual immunological tissue type. In 

some rodents it has been reported that the major histocompatibility complex 

is involved in generating urinary odours unique to a particular animal, and

may therefore play an important role in social and reproductive behaviour.

The minisatellite probe employed in this study revealed limited polymorphism

in the DNA of naked mole-rats, both within and between neighbouring

colonies. Of the two class I major histocompatibility complex probes, both 

showed a lack of polymorphism within colonies, while one revealed a single 

difference in the restriction fragment pattern between one colony and the 

other three. This probe also revealed a possible variation in copy number of 

genes in some individuals. The low numbers of bands on the restriction  

fragment pattern also indicated that the naked mole-rat MHC I may contain 

relatively few genes homologous to the class I major histocompatibility

complex of the mouse, in contrast to other mammalian species. The absence 

of variability in naked mole-rat DNA in these normally highly polymorphic loci 

suggests that there may be little or no genetic diversity, both within and

between closely neighbouring colonies of naked mole-rats in the wild. The

lack of polymorphism in the MHC I questions its possible role in individual

odour recognition in this species of rodent.



C H A R T E R  1 O

GENERAL DISCUSSION AND CONCLUSIONS

The foregoing chapters of this thesis have tackled two principal aims: 

(i) to attempt to elucidate, in part, the physiological and neuroendocrine 

mechanisms which mediate the extreme suppression of reproduction in naked 

mole-rats, and (ii) to investigate the environmental factors which may bring 

about this reproductive suppression. This chapter will discuss the results 

obtained in three parts: Section 10.1 will consider the physiological

processes which appear to underlie reproductive suppression, in both non

breeding male and female naked mole-rats, and compare and contrast these 

findings with examples of reproductive suppression in other species. Section

10.2 goes on to consider the possible nature of the environmental and 

social factors which may impose such extreme suppression of reproduction 

in naked mole-rats, and again, compare and contrast these with examples 

from other species. Lastly, section 10.3 will attempt to relate the social 

suppression of reproduction that occurs in naked mole-rats to ecological 

and evolutionary factors.

10.1 THE PHYSIOLOGY OF REPRODUCTIVE SUPPRESSION IN NAKED 

MOLE-RATS

The naked mole-rat has possibly the largest group-size of any socially- 

living mammal, with colonies in the wild that often contain 40-90, but 

sometimes up the 300 individuals. Despite the large numbers of animals 

within a colony, reproduction is restricted to a single breeding female, and 

one or two breeding males (Brett, 1986; 1990 b). This also applies to

colonies kept in captivity, where a maximum of around 60 individuals have 

been housed in a single artific ia l burrow system. Here, again, only one 

female attained breeding status at a time together with one to three 

breeding males (Jarvis, 1981; Lacey & Sherman, 1990). On rare occasions, 

two queens have been recorded to co-exist in the same colony in captivity, 

although the survival rates of pups born to these females are poor (Jarvis, 

1990 a). In four out of the five such cases reported by Jarvis, a second 

queen has emerged a fte r a period of good recruitment of pups to the 

colony. These observations suggested that perhaps in the wild, this may be 

the time at which colony fission, and the subsequent formation of new



colonies may occur (Jarvis, 1990 a).

In all the 12 captive colonies (not including pairs) at the Institute of 

Zoology, London, which ranged in size up to 54 individuals, reproduction was 

restricted to one female and usually one, but sometimes two breeding males, 

confirming previous observations both in captive (Jarvis, 1981; Lacey & 

Sherman, 1990) and wild colonies (Brett, 1986; 1990 b). This study has, fo r  

the firs t time, given an insight into the physiological nature of the extreme 

suppression of reproduction which occurs in non-breeding naked mole-rats.

In female naked mole-rats, the ovaries and reproductive tracts  of non

breeders were found to be strikingly reduced in size relative to body mass, 

compared with breeding females (Chapter 4). These observations supported 

the earlier findings of Hill et al. (1957), and Kayanja and Jarvis (1971), 

with the former describing the appearance of the female reproductive trac t 

(presumably of a non-breeder) as "embryonic" in its state of development. 

Microscopic examination of the ovaries of non-breeding females revealed a 

reduced degree of follicular development in comparison to breeders, with 

primordial follicles progressing to the secondary follicle stage. Only one of

the non-breeding females examined had ovaries containing what appeared to

be tertiary follicles, and all the ovaries from non-breeding females lacked 

any form of luteal tissue. The reduced follicular development and absence 

of post-ovulatory corpora lutea strongly suggested that ovulation was not 

occurring in these non-breeding female naked mole-rats. These findings were 

in complete contrast to those in breeding females, where all the ovaries

examined contained luteal tissue, derived from both ruptured and unruptured 

follicles (accessory corpora lutea). All stages of follicular development were 

seen in these breeding females, and in particular, greater numbers of

secondary and tertiary follicles were apparent. Thus, in contrast to non

breeders, breeding females were apparently undergoing ovulatory cycles. 

These observations have also been noted by Kayanja and Jarvis (1971), who 

examined the reproductive tracts  and ovaries o f both "anoestrous" females 

(presumably non-breeders), and females "in oestrus" (presumably breeders). At 

this time the reproductive division of labour in naked mole-rats was not 

fully appreciated.

The anatomical and histological examinations conducted on breeding and 

non-breeding female naked mole-rats fully supported the results from the 

endocrine investigations of ovarian cyclicity (Chapter 5). Determination of 

progesterone concentrations by radioimmunoassay clearly showed that in



non-breeding females from both captive and wild colonies, levels o f this

hormone were, with few exceptions, consistently undetectable in both urine 

and plasma samples. This lack of high concentrations of post-ovulatory

progesterone was consistent with the absence of corpora lutea in the 

ovaries of non-breeding females, and added further evidence to the

hypothesis that the block to reproduction in non-breeding female naked 

mole-rats was a failure of normal ovarian cyclicity and ovulation. Because 

plasma LH concentrations were significantly lower in non-breeding females, 

and often below the detection limit o f the bioassay, compared with breeding 

females, an inhibition of pituitary LH secretion was implicated as the

underlying cause of the block to ovulation in non-breeders (Chapter 5). The 

endocrine results obtained fo r breeding females were quite d ifferent. In 

these individuals, concentrations of plasma LH were higher than in non

breeders, and concentrations of progesterone were elevated in both plasma 

and urine samples, taken from females during pregnancy, and from non

pregnant breeding females. In the latter individuals, urinary progesterone 

profiles showed cyclical elevations which appeared to reflect the luteal

phase of the ovarian cycle, enabling the ovarian cycle of the naked mole- 

rat to be characterised for the firs t time.

The urinary progesterone profiles obtained fo r the ovarian cycle and

during pregnancy in breeding female naked mole-rats were comparable with 

other hystricomorph rodents, which generally have relatively long gestational 

periods, and ovarian cycles with long luteal phases (Tam, 1974; Weir & 

Rowlands, 1974). Progesterone secretion over these long gestational periods 

in hystricomorphs is thought to be enhanced by accessory corpora lutea, a 

characteristic of the ovary of hystricomorphs (Weir & Rowlands, 1974), 

which are formed from the luteinisation of unruptured follicles. These 

structures were also found to be present in the ovary o f breeding female 

naked mole-rats, although they were not seen in the ovaries o f non

breeders. This contrasts with other Bathyergids, fo r example, in the

socially-living Cryptomys h. hottentotus, and C. h. damarensis, the ovaries 

of both breeding and non-breeding females were found to contain accessory 

corpora lutea. These structures were also found in the ovaries o f the 

seasonally-breeding, solitary-living Bathyergid, Georychus capensis, outside 

the breeding season. Social groups of both C. h. hottentotus, and C. h. 

damarensis, contain only one breeding male and one breeding female. In 

captive studies, the latter is the only female which became pregnant, while



the rest of the colony members did not breed (Bennett, 1988, 1989).

While C. h. hottentotus, and C. h. damarensis are, phylogeneticaly, 

possibly the closest living relatives to the naked mole-rat (Honeycutt et al., 

1990 a).They also have similarities in that they live in groups (although the 

group size is relatively small in comparison to the naked mole-rat), and have 

a reproductive and behavioural division of labour (Bennett, 1988, 1989), in 

physiological terms, preliminary data suggests that the suppression of 

reproduction may be different. Unlike the naked mole-rat, non-breeding C. h. 

hottentotus and C. h. damarensis females showed elevations of urinary

progesterone, particularly around the time that the breeding female in their 

colony was pregnant. The origin of this progesterone may have been the 

accessory corpora lutea that are present in the ovaries o f these non- 

breeding females (Bennett, 1988). It is difficult to comment with certainty 

on whether or not non-breeding females in these Cryptomys species are 

undergoing ovulatory cycles, because of the relative infrequency of urine 

sampling. Bennett (1988), suggests that they are not, because the ovaries 

of non-breeding females were packed with accessory corpora lutea, and 

lacked pre-ovulatory Graffian follicles. Non-breeding females also had 

significantly lower concentrations of urinary progesterone compared with 

breeding females, both when the latter were pregnant, and when non

pregnant. Based on the assumption that non-breeding females do not 

ovulate, and that the progesterone detected in these non-breeding females 

was derived from the accessory corpora lutea that are abundant in their 

ovaries, Bennett (1988) has proposed a possible physiological suppression

mechanism. He suggested that perhaps the negative feedback e ffec t of the

progesterone, secreted from the accessory corpora lutea, acting on the 

pituitary and hypothalamus may contribute towards the inhibition 

reproductive function in non-breeding females.

If  these preliminary findings by Bennett (1988) are confirmed by 

further endocrine studies, then perhaps unexpected differences exist between 

the physiological suppressing mechanisms that operate in female naked mole- 

rats, and their closest relatives, the socially-living C. h. hottentotus and C. 

h. damarensis. While in both genera, ovulation appears to be blocked in 

reproductively suppressed females, in the naked mole-rat, the block is 

apparently due to a lack of gonadotrophic stimulation of the ovary. This 

results from a presumed inhibition of hypothalamic GnRH, leading to a 

reduction in pituitary LH secretion. It is assumed that pituitary FSH



secretion is also inhibited, because of the lack of follicular development 

observed in the ovaries of non-breeding females, although it was not 

possible to determine plasma FSH concentrations in the naked mole-rat. In C. 

h. hottentotus and C. h. damarensis, the situation appears to be different, 

because a greater degree of gonadotrophic stimulation of the ovary is 

possibly implied by the presence of accessory corpora lutea in non-breeding 

females, and the production of urinary progesterone (Bennett, 1988). The 

progesterone secreted in non-breeders then prevents ovulation, by inhibiting 

the pre-ovuatory LH surge as a result of the negative feedback action of 

progesterone. These observations suggest that suppression of gonadotrophin 

secretion in female C. h. hottentotus and C. h. damarensis, may be less 

vigorous, or of a different nature, to that in the female naked mole-rat.

The inhibition of ovulation in non-breeding female naked mole-rats, is 

extreme in that most of these females will never breed while they remain in 

their colonies, irrespective of the size of the colony. Thus, in the naked 

mole-rat, the function of reproductive suppression is different to that in 

other species of rodents, like mice and voles, where suppression of 

reproduction appears to regulate population density. In these species, 

pheromonally-induced delay of puberty and oestrus occurs when population 

densities are high, thereby slowing the further growth of the population and 

preventing resources being over-exploited (Vandenbergh & Coppola, 1986).

The naked mole-rat is more similar to examples of reproductive 

suppression which arise in groups of socially-living animals, characterised by 

the presence of dominant, breeding animals, and subordinate non-breeders. 

The extent of reproductive suppression among such group members varies

widely, according to the species. In higher primates like the gelada baboon, 

Theropithecus gelada (Dunbar, 1980), and rhesus monkeys, Macaca mulatta 

(Meikle et al., 1984) subordinates may maintain some sexual activity and

copulate, but produce fewer offspring. Examples in other species can be

more extreme than these higher primates, and reproduction may be blocked in 

all non-breeding females, as occurs in marmoset and tamarin monkeys (for 

review see Abbott, in press). In these more extreme cases, non-breeding 

individuals may function as "helpers", and may play a role in rearing

offspring, anti-predator behaviour, and assisting in foraging for food, 

thereby maximising the survival chances of the offspring of the breeding 

female (Wasser & Barash, 1983). Some examples of such species are 

summarised in Table 10.1.



TABLE 10.1 -  Typical examples of some of the socially-living mammalian 
species which exhibit reproductive suppression. '*'= Data from captive 
studies, '*'=  data from wild studies.

1 SPECIES
1 TYPICAL 
1 HABITAT 
1

APPROX.
GROUP
SIZE

1 ROLE OF 
1 NON- 
IBREEDERS

NATURE
OF

SUPPRESSION
REF. 1

1 Common 
1 marmoset
1 (Cat 1 i ihr ix Jacchus)

1
1 Tropical 
1 rain 
1 forest, 
IS.America

3-15

1
1 Care 
1 of 
1 young 
1

Suppressed
ovulation*

Abbott 1 
et al., 1 
1981 I

1 Cotton-top 
1 tamarin
1 (Saguinua oediput)

1
1 Tropical 
1 rain 
1 forest, 
IS.America

2-7

1
1 Care 
1 of 
1 young 
1

Suppressed
ovulation*

French 1 
et a/., 1 
1984 1

1 Saddle-back 
1 tamarin
1 (S. fuseico11 is)

1
1 Tropical 
1 rain 
I forest, 
IS.America

2-8

1
1 Care 
1 of 
1 young 
1

Suppressed
ovulation*

Epple & 1 
Katz, 1 
1984 1

1 Silver-backed 
1 jackal
1 (Can is mesomelas)

1
1 Dry 
1 brush 
Iwoodland, 
1 Africa

2-5
adults
plus
pups

1
1 Care 
1 of
1 young,
1 foraqinq

No observed 
sexual
behaviour in 
subordinates*

Moehlman 1 
1983 1

1 Wolf
1 (Canis lupus)

1
1 Forests, 
Imountains, 
1 plains, 
IUSA,Asia,
1 Europe

7-20

1
1 Care of 
1 Young,
1 foraging 
1 
1

Behavioural, 
subordinate 
females do 
ovulate*

Packard 1 
et a/., 1 
1985 1

1 Dwarf mongoose 
1 (Helogale parvula)

1
1 Savanna, 
1 semi- 
1 desert 8t 
1 desert 
1 
1

8-27

1
1 Care of 
1 young,
1 guarding 
1 against 
Ipredators 
1

Unknown, but
subordinate
females
sometimes
become
preqnant*

Rood, 1 
1980; 1 
Rasa, 1 
1989 1

1 Common mole-rat
1 ( Crypiomya h.
1 hoiienioiua)

1
ISubterr- 
1 anean 
1 burrows, 
1 S.Africa

2-14

1
1 Foraging, 
Imaintain 
1 burrow 
1 system

Possibly
suppressed
ovulation*

Bennett, 1 
1988 1

1 Damaraland 
1 mole-rat
1 <Crypiomya h.
1 damarensis)

1
ISubterr- 
1 anean 
1 burrows, 
1 S.Africa

8-25

1
1 Foraging, 
Imaintain 
1 burrow 
1 system

Possibly
suppressed
ovulation*

Bennett, 1 
1988 1

1 Naked mole-rat
1 (Heierocephalus 
1 glaber)

1
ISubterr- 
1 anean 
1 burrows, 
1 E.Africa  
1

25-295

1
1 Foraging, 
Imaintain 
1 burrow 
1 system 
1

Suppressed
ovulation*i*

Faulkes, 1 
this 1 
volume 1



From Table 10.1, it is apparent that situations where reproduction is 

monopolised by certain individuals, while non-breeding group members carry out 

altruistic behaviours, has evolved in several quite different mammalian orders, 

and occurs in different habitats and ecological niches. These examples range 

from the naked mole-rat, an African rodent that lives entirely underground, to 

the marmoset and tamarin monkeys, South American primates whose typical 

habitat is tropical rain forest (Stevenson & Rylands, 1989).

Even among the highly social species listed in table 10.1, considerable 

variation exists in the extent of reproductive suppression in subordinate 

animals. In silver-backed jackals, reproduction in merely delayed in the non

breeding helpers for one season (Moehlman, 1983) , and in the mongoose, some 

subordinates ovulate and may become pregnant (Rood, 1980, 1984; Rasa 1989). 

Remarkably, in the species that have been studied to date, the suppressing 

mechanisms that operate in non-breeding female naked mole-rats are most 

similar to those in the New World primates, because ovulation is blocked (C. 

Jacchus: Abbott et al., 1981; S. oedipusr. French et al., 1984; S. fuscicollisr. 

Epple & Katz, 1984), and usually only one female breeds. The e ffec t of 

habitat and ecological factors  on sociality is discussed further in Section 

10.3.

In male naked mole-rats, behavioural differences between breeders and 

non-breeders were clear, i.e., only breeding males mated with the queen. 

However, anatomical and physiological differences between the two groups 

were more difficult to relate to a suppression of reproduction. Difficulties  

arose because although breeding males had larger testes than non-breeders 

relative to body mass, the latter group still appeared to be producing mature 

gametes. Spermatogenesis was active in the seminiferous tubules of all non

breeding males examined, and spermatozoa were present in the epididymis 

(Chapter 4). Jarvis (1990 a) also found that most wild-caught non-breeding 

males had spermatozoa in their vas deferens, suggesting, again, that mature 

gametes were being produced.

Despite these results which suggest that non-breeding males may 

potentially be capable of fertilizing a female, endocrine studies revealed for  

the firs t time, that differences in the levels of reproductive hormones do 

exist between breeding and non-breeding male naked mole-rats (Chapter 6). In 

breeding males, urinary testostrone concentrations were significantly higher 

than in non-breeders, although there was some degree of overlap between the



maximum levels measured in the latter animals, and the lower end of the range 

of values obtained fo r breeding males. These differences in urinary 

testosterone concentrations were reflected by differences in concentrations 

of plasma LH, between breeding and non-breeding males. The reduced plasma 

LH concentrations in non-breeding males suggested that, like females, secretion 

of LH from the anterior pituitary was in some way inhibited, possibly by an 

impaired secretion of hypothalamic GnRH. As with females, this conclusion 

assumed that there were no differences in the bioactivity of LH, or in the 

clearance rate of LH, between breeding and non-breeding males. It is difficult 

to relate these differences in urinary testosterone and plasma LH 

concentrations between breeding and non-breeding male naked mole-rats, to a 

complete failure of the latter to breed, given that they appear to produce 

mature gametes (Chapter 4; Jarvis 1990 a). It is not possible to comment on 

whether or not the higher levels of plasma LH and the consequent increase in 

testosterone production have an e ffec t on sperm numbers and viability, or

whether the increased levels of these hormones merely reflect a greater

degree of sexual behaviour in breeding males. Certainly, peaks in urinary 

testostrone concentrations often coincided with the presumed follicular phase 

and oestrous period in their female partners, suggesting that testosterone 

levels were high in breeding males when sexual behaviour would be expected to 

be high. This implied a selective release from suppression, and possibly 

stimulation of males by the queen at the time of oestrus, leading to an 

increase in plasma LH and presumably plasma testosterone concentrations, 

which was then reflected in the observed peaks of urinary testosterone. This 

sporadic "activation" of the hypothalamo-pituitary-testicular axis would explain 

the greater testes sizes in breeding males, possibly resulting from the

increased gonadotrophic stimulation. During times outside the oestrous period 

of the breeding female, there was considerable overlap between the urinary 

testosterone values in breeding males and non-breeding males (Chapter 6). 

Collectively, these endocrine and histological results suggest that the

physiological differences between breeding and non-breeding males are less 

marked than their female counterparts.

As with females, reproductive suppression also occurred in males in the 

other social bathergids, C. h. hottentotus, and C. h. damarensis. Behavioural 

studies revealed that reproduction was limited to one male in colonies that 

were studied in captivity (Bennett, 1988, 1989). However, in non-breeding male 

C. h. damarensis, histological and endocrine studies showed little evidence of



gonadal suppression, because spermatogenesis was present in all adult males. In 

addition, there were no observed differences in plasma or urinary testosterone 

between breeding and non-breeding males (Bennett, 1988), although the relative 

infrequency of sampling may have missed more subtle fluctuations in 

testosterone concentrations. As with the male naked mole-rat, physiological 

and anatomical parameters were difficult to relate to the observed behavioural 

differences. This again suggested that physiological differences between 

breeding and non-breeding males of the Cryptomys species, were possibly less 

than between breeding and non-breeding females.

Examples of reproductive suppression in males of other mammalian species 

are less well documented than fo r females. Among rodents, perhaps the best 

example is the prairie deer mouse, Peromyscus maniculatus bairdii, where 

juvenile males are inhibited in their maturation by pheromones from adult males 

(Lawton & Whitsett, 1979). Pheromones were also implicated in reproductive 

suppression in male lesser mouse lemurs, Microcebus murinus. In this species, 

suppression of the seasonal increase in plasma testostrone levels is inhibited 

in subordinate males by volatile pheromones released by dominant males 

(Schilling et al., 1984).

In both male and female naked mole-rats, the most probable primary 

cause of reproductive suppression appears to be an inhibition of hypothalamic 

GnRH secretion (Chapter 7). This appears to result in a lack o f stimulation of 

the anterior pituitary and a consequent reduction in circulating LH 

concentrations. Secretion of pituitary FSH may also be inhibited, but is was 

not possible to investigate this as a suitable assay was not available. In 

females this suppressed LH secretion leads to a failure o f ovulation, and 

consequently, to a complete block to fe rtility . In non-breeding male naked 

mole-rats, reduced plasma LH concentrations probably lead to a decrease in 

circulating testostrone concentrations, producing the observed lower urinary 

testostrone concentrations in these males. If  this is the case, however, then 

the extent of GnRH suppression in non-breeding males appears to be less than 

in non-breeding females, and fe rtility  is not complely blocked because mature 

gametes are produced, although in behavioural terms, these males never breed 

(Jarvis, 1981, 1990 a; Lacey & Sherman, 1990).

The central role of hypothalamic GnRH secretion in linking the neural 

integration of external cues with reproductive function, is well documented in 

other species where fe rtility  is modulated by the environment, fo r example in 

the seasonally anoestrous ewe (Legan & Karsch, 1979), in humans during



lactational amenorrhoea (Glasier et al., 1986), and in the socially-induced 

suppression of reproduction in subordinate female marmoset monkeys (Abbott, 

et al. 1989). Three distinct neuroendocrine mechanisms appear to mediate such 

examples of the natural suppression of GnRH secretion. Firstly, elevated 

prolactin, exemplified by reproductive suppression in socially-subordinate 

ovariectomised female talapoin monkeys, Miopithecus talapoin (Bowman et al., 

1978), subordinate male lesser mouse lemurs (Perret Si Schilling, 1987), and in 

the pheromonally-induced suppression of oestrous in group-housed female mice 

(Reynolds Si Keverne, 1979). Secondly, activation of the hypothalamo-pituitary- 

adrenal axis was associated with reproductive suppression in female 

cynomologous monkeys (Kaplan et al., 1986). A third system was identified in 

the subordinate female marmoset monkey, which involved two components, an 

increased sensitivity to oestradiol negative feedback, and an inhibitory 

mechanism involving endogenous opioid peptides (Abbott, 1989). The exact 

neuroendocrine mechanisms implicated in suppression of GnRH secretion and 

reproduction in naked mole-rats remain unclear. It was not possible to measure 

plasma prolactin because an assay was not availible, although the occurrence 

of a post-partum oestrus period in the naked mole-rat while the queen was 

still lactating (Jarvis, 1990 a; Lacey Si Sherman, 1990), perhaps provides 

circumstantial evidence fo r a lack of involvement of prolactin in suppression 

of reproduction in naked mole-rats. Preliminary investigations are also 

somewhat inconclusive about the possible role of cortisol, although the 

determinations of urinary cortisol failed to show elevations in non-breeding, 

over breeding animals. The naloxone challenges (Chapter 7) failed to reveal a 

direct opioid suppressing mechanism, although this is perhaps not surprising, 

given the complexity of neuroendocrinology of the hypothalamus (Chapter 7). It 

would be fascinating to determine whether the physiological pathway which 

leads to GnRH suppression in naked mole-rats is similar to that in marmoset 

monkeys. If  this was the case, then it would suggest that in two very 

different animals, living in different ecological niches, a common physiological 

mechanism had been selected.

Despite the complexity of the physiological processes, the naked mole-rat 

is nevertheless a fascinating species with which to investigate the way in 

which reproduction is modulated by environmental factors. There are no other 

species known where females are so completely suppressed, but can become 

reproductively active so readily, if removed from their colonies. Because of 

the potential to "switch on" GnRH secretion in such a controlable way, it may



be possible to follow the accompanying neuroendocrine changes and 

investigate the detailed mechanisms that are involved in the control o f GnRH 

release.

10.2 ENVIRONMENTAL FACTORS INVOLVED IN REPRODUCTIVE SUPPRESSION 

IN NAKED MOLE-RATS

The suppression of reproduction in non-breeding male and female naked 

mole-rats is a direct result of factors within their social environment, 

because non-breeding animals removed from their parent colonies and either 

housed singly or placed together as male/female pairs rapidly became 

reproductively active, and in the latter situation, some females became 

pregnant (Chapters 5 & 6). The rapidity with which reproductive activation 

can occur is remarkable, given the acute and chronic nature o f the 

suppression imposed on individuals when non-breeders in a colony. For 

example, females that may have had quiescent ovaries fo r several years, 

with apparently arrested follicular development and a lack of gonadotrophic 

stimulation, are able to commence ovarian cyclicity within just a few days 

(see Chapter 5, section 5.3.6).

In other species, two environmental factors have been implicated in 

social suppression of reproduction: pheromones and agonistic behavioural

interactions. From the literature review in Chapter 1, it is apparent that

pheromones play a major role in mediating the suppression of reproduction 

among rodent species, while in general, behavioural e ffects  become more 

important in higher mammals, although in some cases both olfactory and

behavioural cues may act together. A good example is seen in the marmoset, 

where scent secretions from the dominant breeding female can delay the

onset of ovarian cyclicity in subordinate females removed from their social 

groups. However, subordinate females rendered anosmic by lesioning of both 

the primary olfactory epithelium, and the vomeronasal organ, and le ft in

their social groups, did not commence ovarian cyclicity. This implied that a 

behavioural factor played an overriding role in suppression o f ovulation in 

these females (Barrett & Abbott, 1989).

Because of the precedents in other rodent species, and the 

characteristic grooming behaviour exhibited by naked mole-rats when they 

visit the communal toilet chamber, a pheromonally-based mechanism for 

suppression of reproduction was a strong possibility in the naked mole-rat. 

However, results from the bedding transfer experiments described in Chapter 

8 suggested that a simple pheromonal signal may not be involved in



reproductive suppression in the naked mole-rat. Removing physical and 

behavioural contact, while keeping chemosensory contact with the parent 

colonies, was not able to maintain reproductive suppression or delay the 

onset of reproductive activation in separated animals. Further evidence 

supportive of these bedding transfer experiments was reported by Jarvis, 

(1981). Six mole-rats, including the breeding queen, were removed from the 

parent colony and housed in an adjacent burrow system which was 

maintained in olfactory contact with the parent colony by air ducts, 

between adjacent chambers. A fter just 12 weeks, one of the previously 

non-breeding females in the parent colony was obviously pregnant (from 

visual inspection of the increase in body size). This implied that conception 

had occurred several weeks before this, because weight gain in pregnancy is 

not apparent in naked mole-rats until the second half of the gestational 

period of 72 days (Jarvis, 1990 a). Thus, reproductive activation again 

occurred when animals were physically separated, but maintained in olfactory  

contact (although in this case, only volatile chemosignals would be 

transferred between colonies). To confirm the hypothesis that behaviour, 

rather than pheromonal signals, is responsible fo r reproductive suppression 

in the naked mole-rat, the converse experiment to separation of animals and 

bedding transfer needs to be performed. This would involve maintaining 

behavioural contact between non-breeders and their colony mates, but 

removing the influence of chemical communication by rendering the non

breeding animals in question anosmic. This approach has been successful in 

elucidating the role of odours and behaviour in reproductive suppression in 

subordinate female marmosets (Barrett & Abbott, 1989).

Suppression of reproduction in non-breeding naked mole-rats would 

therefore appear to be mediated primarily by behavioural interactions, 

presumably between the queen and non-breeding animals, but perhaps also 

between dominant and subordinate non-breeders. In some primate species 

which live in hierarchical societies, suppression is related to dominance 

status, and the behavioural factors  which interfere with reproduction in 

subordinate animals may result from agonistic interactions. This takes the 

form of aggressive behaviour by dominant animals, directed at their social 

subordinates. This behavioural harassment is thought to produce stress in 

the recipient animals, which subsequently inhibits fe rtility , and a good 

example of this in wild populations is the gelada baboon (Dunbar, 1989). 

Social conflict is thought to be responsible fo r reproductive suppression in



family groups of tamarins and marmosets, but is certainly a major cause of 

suppression in peer groups of animals formed in captivity from unrelated 

animals (fo r review, see Abbott, in press). When these peer groups are 

formed, aggressive interactions occur and dominance hierarchies are 

established among both males and females, often a fte r fierce fighting. 

Socially dominant males and females then become breeders, while 

subordinates are rendered infertile as a result of their status (Abbott, in 

press).

There is evidence that the attainment of reproductive status in female 

naked mole-rats is related to dominance. Jarvis (1990 a) has catalogued the 

succession of breeding females in several colonies, and frequently found 

that aggression occurred between rival females which were competing for 

the position of queen, and often animals were killed during this female- 

female strife  (Jarvis, 1990 a). This occurred in the example o f a takeover 

bid given in Chapter 5, in Colony N, where the queen was killed by a 

previously non-breeding female which subsequently became the new queen. 

These instances appear to be analagous to the establishment dominance 

status in peer groups of marmoset monkeys (Abbott, in press), and provide 

strong evidence for the relationship between dominance and reproductive 

status in naked mole-rats. However, this does not explain why in some 

colonies, the succession of the queen may be a totally peaceful process 

(Jarvis, 1990 a). Presumably, more subtle behavioural interactions must

occur, and perhaps competition is less severe amongst females in such 

colonies.

Once a new queen is established in a colony, fighting is rarely 

observed, and the behavioural mechanisms that might be employed to bring 

about reproductive suppression are not easy to define (Jarvis, 1990 a). 

However, apparently agonistic interactions do occur between the queen and 

non-breeding animals of both sexes, and include "chirping" vocalisations, 

shoving and tugging (Reeve & Sherman, 1990). Perhaps these behaviours are 

sufficient to reinforce the dominant status of the queen once established, 

and the possibility that agonistic interactions between dominant and 

subordinate non-breeders help to maintain suppression cannot be ruled out, 

although this has not been investigated. Preliminary studies have shown that 

dominance hierarchies do occur in naked mole-rat colonies (B.W. Broil & 

J.U.M. Jarvis, pers. comm.), and have also been recorded in colonies of 

related species such as C. h. hottentotus and C. h. damarensis (Bennett,
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Clearly, there is much scope for further research into the possible 

behavioural mechanisms implicated in reproductive suppression in naked mole- 

rats. This is particularly so in the case of males, where there appears to 

be little competition fo r breeding status between males, and inter-male 

fighting rarely occurs, although during bouts of intra-colony fighting males

are sometimes killed by the breeding female (Jarvis, 1990 a). Such

observations suggest that reproductive status in males may be determined by 

the queen. The queen, rather than the breeding male, always solicits mating 

and decides which male she will mate with in colonies that contain more 

than one breeding male (Jarvis, 1990 a). Further results supporting the idea

that the queen exerts control over reproduction in males, come from the

endocrine data reported in Chapter 6. When urinary testosterone profiles in 

reproductively active males were plotted relative to the ovarian cycle of 

the female mate, there was a strong suggestion that peaks in urinary 

testosterone were coincident with the follicular phase of the females 

ovarian cycle. These peaks in urinary testosterone were apparently cued by 

the female in some way, because when the same males were housed singly, 

urinary testosterone concentrations were in general, consistently high 

(Chapter 6). Thus, it appears that in the naked mole-rat, the queen is

responsible for exerting control over reproduction in breeding males, non

breeding males and non-breeding females. Such monopoly of power by a 

single animal in a group is rare among mammals.

10.3 ECOLOGICAL FACTORS AND REPRODUCTIVE SUPPRESSION IN NAKED 

MOLE-RATS

As a family, the Bathyergidae show the most extreme range of 

sociality in rodents, with species ranging from solitary-living, e.g. the

genera Georychus, Heliophobus and Bathyergus, to the socially-living 

Cryptomys species and the eusocial naked mole-rat (Jarvis & Bennett, 1990). 

Because of this wide range in social behaviour, study of the Bathyergidae 

family may provide an insight into the environmental factors which lead to 

the evolution of eusociality in naked mole-rats. Recent work by Bennett 

(Bennett, 1988; Bennett & Jarvis, 1988) has suggested that the main factor 

influencing group size and sociality in the Bathyergidae is the aridity of 

the habitat. Among the Cryptomys genus, a range of group sizes occurs

between the different species, for example, C, h. natalensis live in small



groups composed of a breeding pair and up to four offspring. C. h. darlingi 

has larger colonies which contain nine or ten individuals, while C. h. 

hottentoius may contain six to 14 animals. The species with the largest 

group size is C. h. damarensis, where colonies may contain up to 25 animals, 

and together with C. h. hottentotus, this species is known to have a 

division of labour (Bennett, 1988). Bennett (1988) suggests that this 

variation in group size among species of Cryptomys is a function of the 

aridity of the habitat in which they live, because species having smaller 

group sizes inhabit less arid, or mesic regions, while the more social species 

inhabit more arid regions. This conjecture also holds when comparisons are 

made between different genera in the family Bathyergidae. The solitary- 

living C. capensis inhabits mesic areas, while the social C. h. hottentotus, C. 

h. damarensis, and the eusocial naked mole-rat inhabit increasingly arid, or 

xeric, habitats (Bennett, 1988). Thus, the ultimate factor influencing 

sociality in the Bathyergidae appears to be the rainfall pattern and 

subsequent aridity of the habitat (Jarvis, 1978, 1985; Bennett, 1988; Jarvis 

& Bennett, 1990). As the aridity of the habitat increases, this leads to 

increases in soil hardness, and larger, but more scattered food resources in 

the form of geophytes. With the consequent increased energetic cost of 

burrowing, these factors act at a proximate level to select for larger 

group sizes and degree of sociality in Bathyergids (Bennett, 1988). The 

benefit of increasing group size and co-operative behaviour on reducing the 

risk of unsuccessful foraging has been quantified by Lovegrove and Wissel 

(1988). Their model effectively demonstrates the advantages that a large 

group size has on foraging success. Assuming that burrowing fo r the widely 

dispersed patches of geophytes on which naked mole-rats feed (e.g. 

Pyrenacantha tubers) is initially random, then increasing the group size o f a 

naked mole-rat colony will increase the chances of finding food. It was 

estimated that the risk of one mole-rat digging alone not encountering a 

geophyte within a distance of 3 m, is 41 times greater than when 10 

animals are independently digging and foraging (Lovegrove &. Wissel, 1988). 

However, while increased group size and sociality reduces the risk of 

unsuccessful foraging, this benefit will be o ffse t by the presence of 

animals in the colony that do not forage, i.e. non-workers and breeding 

animals (Jarvis, 1981). Lovegrove and Wissel (1988) suggest that to 

compensate fo r the presence of non-workers, the total energy expenditure 

of colonies is reduced by naked mole-rats having a low resting metabolic



rate, and conserving energy by huddling in the nest chamber (Withers & 

Jarvis, 1980).

Lacey and Sherman (1990) suggested that sociality may have evolved in 

Bathyergids principally as a means of avoiding predators, although Jarvis 

and Bennett (1990) argue that this does not explain why sociality in 

subterranean mammals only occurs in the Bathyergidae. It is d ifficult to 

consider the relative contributions of predator avoidance and habitat aridity 

on the evolution of sociality in the Bathyergidae, without getting into a 

circular arguement. While an ancestral burrowing mole-rat would be expected 

to have had selective advantage in that it was protected from terrestrial 

predators, once underground, the energetic constraints and foraging risks 

outlined by Lovegrove and Wissell (1988), then become the most important 

fac to r influencing group size. However, predation is certainly an important 

factor to consider, because in some socially-living animals like the dwarf 

mongoose, Helogale parvula, their food is plentiful and, energetically, 

relatively easy to obtain, but the risks of predation in their habitat are 

high (Rood, 1980; Rasa, 1989). In this species, the risk of predation may 

therefore have selected fo r group living, with a division o f labour into 

reproductive animals and "helpers" which guard against predators.

The trend in sociality among the Bathyeridae, from solitary-dwelling 

species and the social Cryptomys species, culminates in the naked mole-rat. 

The high degree of sociality, large group size, and extreme reproductive 

suppression in naked mole-rat colonies appears to be unique among mammals. 

Together with overlapping generations and co-operative care of young, the 

naked mole-rat fu lfils  the definition of eusociality proposed by Wilson 

(1971), a classification previously restricted to the social insects like bees 

and termites (Jarvis, 1981; Lacey & Sherman, 1990). However, using Wilson's 

(1971) criteria, it could be argued that other mammalian species are also 

eusocial. For example, among the social mongoose species, overlapping 

generations, a reproductive division of labour and co-operative care of 

young all occur (Rood, 1980, 1984; Rasa, 1989).

Such instances of social species that have a reproductive and 

behavioural division of labour among group members, appear to lie at one 

end of the spectrum of sociality. In some cases, the ecological conditions 

may not impose such strong selective pressure for complete suppression of 

reproduction, and "helper" behaviour. This may be true fo r examples like the 

gelada baboon (Dunbar, 1980, 1989), and the rhesus monkey (Meikle et a!.,



1984). More cleai—cut monopoly of reproduction may have developed because 

by co-operating in a group, individuals may benefit more than those living 

outside the group. This may occur in certain ecological conditions, where 

resources are dispersed such that territories have to be maintained, but the 

resources are sufficient to support several animals (MacDonald & Carr, 

1989). By imposing reproductive suppression on subordinate group members, 

and utilising these non-breeders as "helpers", the dominant breeding female 

maximises the chances of her offspring surviving. Non-breeding animals may 

have no choice but to conform with this system, because of the difficulties  

in establishing their own breeding group, but some may eventually gain the 

opportunity to breed if they stay within the group. If  the reproductive 

success of the latter outweighs the former, then selection will favour the 

development of reproductive suppression. This arguement is certainly true in 

the case of the naked mole-rat, because of the energetic constraints and 

foraging risk associated with being in a small group, or pair o f animals. 

Because such niche specialisation has taken place in naked mole-rats, they 

are committed to living in large groups where most will never breed, but 

instead help the colony as a whole to survive. Contrary to this apparent 

"group selection", naked mole-rat societies are by no means harmonious, and 

beneath the outward appearance of stability and order within colonies, the 

drive fo r individual selection exists, should the chance arise. Individual, or 

"gene" selection, (Dawkins, 1976) becomes apparent when the queen dies and 

often (but not always: see Jarvis, 1990 a) fierce fighting breaks out

between females. The dominant animal arising from this conflict then 

becomes the new breeding queen. Sometimes "uprisings" may occur while the 

queen is still alive, and she is deposed, as described in Chapter 5, again 

indicating that, at least in females, naked mole-rats will compete fo r the 

opportunity to reproduce. The apparent lack of competition among males is 

more difficult to explain, but perhaps may be because often several 

breeding males co-exist in a colony, and therefore more males will gain the 

chance to breed than females.

The evolution of this apparent reproductive altruism, where animals 

fo rfe it their chance to breed, and instead, help other group members to 

rear offspring, may rely on the close genetic relatedness of the group 

members. This relatedness enforces altruistic behaviour as a result o f kin- 

selection (Hamilton, 1964). By helping to rear closely-related litter mates, 

many of the genes of an individual will be passed on in subsequent



generations. Dawkins (1976) points out that "a population divided into 

bearers and carers is only an evolutionary stable strategy if carers, (in 

the case of naked mole-rats, the non-breeders), are close kin to individuals 

fo r whom they care, at least as close as their own offspring". A high 

genetic similarity between group members is indeed a characteristic of many 

social species where altruistic behaviour and reproductive suppression occur. 

Often this is because they are family groups, e.g. the dwarf mongoose 

(Rasa, 1989), silver-backed jackal (Moelhman, 1983) and common marmoset 

(Stevenson & Rylands, 1988). In naked mole-rats, the high level o f inbreeding 

resulting from the monopoly of reproduction and absence of inter-colony 

mixing, would be expected to give rise to colony mates that were genetically 

very similar. The results from the genetics study in Chapter 9, and from 

other studies (Honeycutt, 1990) are consistent with this hypothesis, and 

suggest that within naked mole-rat colonies, and even between adjacent 

colonies in the wild, there is a lack o f genetic variablity between

individuals. This observation supports the concept of kin-selection as a 

specialised case of individual selection, and its importance in reinforcing 

altruistic behaviour in socially-living species (Hamilton, 1964; Dawkins, 1976).

From this discussion, it is clear that in the naked mole-rat, social 

behaviour and reproductive suppression have reached a peak of 

specialisation and sophistication. While this thesis has made some progress 

in accomplishing the original aims, many interesting aspects o f naked mole- 

ra t biology remain open to investigation. Specifically, this includes more 

detailed study of the proposed neuroendocrine suppression of GnRH in non

breeding naked mole-rats, to determine the neural pathways involved.

Elucidation of the dominance hierarchy and agonistic interactions that occur

in naked mole-rat colonies, could give insight into the nature o f the 

behavioural factors involved in mediating reproductive suppression in non

breeders. The recent development of genetic fingerprinting techniques and 

their application to the study of parentage, has opened up many exciting 

new avenues of research. Using these methods, it may be possible, fo r the 

firs t time, to determine the succession of breeding animals in wild colonies. 

This could give an important insight into the numbers of individuals which do 

gain the opportunity to breed, and would help to strengthen some of the

evolutionary arguements based on the concepts of kin-selection, and 

individual selection.



10.4 SUMMARY

Among species that exhibit social suppression of reproduction, the 

degree of suppression in non-breeders may vary considerably. In some, like 

the gelada baboon, non-breeding subordinate females may ovulate and become 

pregnant, but give birth to fewer offspring. In more extreme examples, only 

the dominant female breeds, and in subordinate non-breeding females, 

reproduction is completely blocked. A good example of this amongst primates 

occurs in marmoset and tamarin monkeys, where ovulation is inhibited in 

subordinate females. Both pheromonal and behavioural mechanisms have been 

implicated in mediating reproductive suppression in these species. In colonies 

of naked mole-rats, reproductive suppression amongst subordinate non

breeding males and females is extreme, and appears to be mediated by the 

queen, mainly by behavioural means, rather than by primer pheromones. The 

queen may also exert control over the reproductive physiology of the 

breeding male. This total control of a social group by a single individual is 

unusual among mammalian species.

In many rodents, e.g. mice and voles, pheromonally-induced reproductive 

suppression occurs in situations of high population density, and functions to 

slow further growth of numbers. The naked mole-rat differs from these 

examples, and is one of the few rodents to fa ll into a category of 

socially-living mammalian species, where reproduction in monopolised by 

dominant group members, while subordinate non-breeders act as "helpers". The 

latter individuals may help in the rearing of offspring, aid in the foraging 

fo r, and provisioning of, food resources, and also guard against predators. 

In such examples of "reproductive altruism", animals are able to exploit 

certain types of ecological niche where individuals, or pairs of animals 

would be less likely to survive. Balanced against the benefit of sociality, is 

the sacrifice that many group members make in being reproductively 

suppressed. This is o ffset by the fac t that some may eventually become 

breeders, and that often these social groups are closely-related individuals, 

and thus altruistic behaviour is influenced by kin-selection.
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APPENDIX 1

COLONY HISTORIES

Colonies used at the Institute of Zoology, London

(i) Colony A -  25 animals originally wild caught near Mtito Andei, Kenya in 
1983. The existing queen, while remaining in the colony was replaced by 
another female without fa ta lity , and this new queen produced 4 litters, 
from which 4, 10, 4 and 1 pups survived, respectively. Inter-birth intervals 
fo r these litters were 163, 8 6  and 78 days respectively. A fter the last of 
these litters, twenty mole-rats were removed from Colony A to form a
second breeding colony (Colony B). At the start of the behavioural study 
(October 1985), colony A contained 33 mole-rats ( 1 8 9 , 1 5 6 ), 7 of which were 
wild-caught. Two further litters were born, with 4 out o f 7 pups surviving 
in the firs t, and 5 out of 9 pups surviving in the second litter. Inter-birth  
intervals were 82 and 81 days respectively. In Feb. 1986, 2 animals were 
removed to form Colony C, and in May 1986, a further 10 animals were 
removed to form a display colony for the Zoo. A fter this time, Colony A
had 2 further litters, with 1 pup out o f 9 surviving in the firs t, while no
pups survived from the second (born Apr. 1987). The inter-birth intervals 
fo r these last litters were 357 and 241 days respectively. A fter chronic 
gastro-intestinal infections, this colony had decreased to three animals (3 
9 ).

(ii) Colony B -  Formed from 20 mole-rats removed from Colony A in April
1985, 13 of which were the original wild-caught animals. Initially three
females developed perforate vaginas, including the old queen from Colony A. 
After fighting, this and another of the females with a perforate vagina 
were killed and female 18 became the dominant breeding queen. Two litters  
were produced between Apr. 1985 and Dec. 1985, with 5 and 6  pups
surviving weaning, and inter-birth intervals o f 109 and 109 days 
respectively. At the start of the study behavioural study (October 1985), 
Colony B contained 24 mole-rats (149,106), 13 of which were wild-caught. 
Between Dec. 1986 and Dec. 1989 no further litters were born, and animal 
numbers decreased to five individuals (36, 2 9 ) a fte r chronic gastro
intestinal infections occurred within the colony.

(iii) Colony C -  Established from a male-female pair. Both were non
breeding and captive born in Colony A and were set up together in February
1986. The firs t litter was born 228 days a fte r pairing. At the start of 
the study (Dec. 1986), this colony contained 8  mole-rats (49,46). No further 
litters were born between Dec. 1986 and Dec. 1989. A fter the breeding male 
died in Oct. 1987, the queen was removed and paired with a male from
colony M, to form Colony L. This left six animals (56, I 9 ), of unknown
reproductive status.

(iv) Colony D -  Established in February 1986 from a male-female pair of
originally wild-caught animals which were non-breeding individuals in Colony
B. Mating was observed a fte r 26 days and the firs t litter of 6  was born
105 days a fte r pairing, all of whom survived weaning. A further litter of 5
pups, all surviving, brought the numbers of animals in this colony up to 13 
(49,96) at the start of the study (Dec. 1986). One further litter of eight
was born in Jan. 1987, all of whom survived weaning. Four more births were



recorded, but all the pups died shortly a fte r birth. Inter-birth intervals 
were 128, 88, 86, 88, 87 and 170 days respectively.

(v) Colony F -  Established from a captive born pair during May 1987, and
comprised a non-breeding male from Colony D and a non-breeding female 
from Colony A. The firs t litter of three was born in Apr. 1988, but no 
pups survived. A second litter of four pups was born 86 days later, but
again, no pups survived. No further litters were born up to Dec. 1989.

(vi) Colony G -  Established from a captive born pair during May 1987, and
comprised a non-breeding male from Colony D and non-breeding female from 
Colony A. Mating has been observed on several occasions, but no offspring 
had been produced up to Dec. 1989.

(vii) Colony H -  Established from a captive born pair during Nov. 1988, 
and comprised a non-breeding male from Colony D and non-breeding female 
from Colony D. Both had been singly housed a fte r separation and prior to 
pairing, the male fo r 15 weeks, and the female fo r 6 weeks. These animals 
were subjected to daily transfer of bedding from the parent colony D, from 
the day of separation, to day 200 a fte r separation. Both male and female 
became reproductively active a fte r separation whilst singly housed (see 
Chapter 8). Up to Dec. 1989, no litters had been born to this pair, despite 
the female apparently undergoing regular ovarian cycles.

(viii) Colony J -  Established from a captive-born pair during July 1987, 
both the male and the female being taken from non-breeding animals in 
Colony B. These animals were subjected to daily transfer of bedding and 
litter for 200 days a fte r separation, as described in Chapter 8. The female 
developed a perforate vagina within 21 days of removal and underwent 2 
ovarian cycles before falling ill with a gastro-intestinal infection, and 
eventually dying 235 days a fte r separation.

(ix) Colony K -  Established from a wild-caught pair during July 1987, both 
the male and the female being taken from non-breeding animals in Colony B. 
The female developed a perforate vagina 7 days a fte r removal and mating 
was observed on several occasions (88 and 127 days a fte r pairing). The 
firs t litter of 8 pups was born in May 1989, with 3 pups surviving weaning. 
A second litter of 8 pups was born during Dec. 1989, but all the pups died.

(x) Colony L -  Established from a captive born pair during Oct. 1987, and 
comprised a non-breeding male from Colony M, and the breeding queen 
removed from Colony C. The firs t litter was born 10 months a fte r pairing, 
but all the pups died before weaning. Over the period to Dec. 1989, 2 
further litters were born, the firs t containing 2 pups, and the second 6, all 
of whom survived. The inter-birth intervals were 1 13 and 104 days 
respectively.

(xi) Colony M -  Established Apr. 1988 from the remnant of the group of 
animals removed from Colony A to form the London Zoo display Colony. 
This contained 4 animals (2 6 / 2 9 ), but no litters were born to this colony, 
and the animals gradually lost weight and died of unknown causes by Mar. 
1989.



(xii) Colony N -  Obtained from the University of Cape Town, Mar. 1986, and 
comprised initially of a wild-caught breeding female, from Lerata, N. Kenya, 
and a wild-caught breeding male, from Mtito Andei, S.E. Kenya, and 3 litters  
of captive born offspring (146/119). Six further litters were born at inter- 
birth intervals of 302, 203, 82, 85, 85, and 81 days respectively. Numbers
of pups surviving weaning from these litters, were 9, 14, 14, 12, 5, 8, and
16 respectively. A fter the last of these litters, an infection killed all of 
the colony members, including the breeding male and female, except fo r 7 
animals (4 6 / 3 9 ). From these survivors, female 100 took over as the new 
queen without any intra-colony fighting breaking out, and gave birth to 7 
pups after 143 days, all of which were successfully reared. A second litter 
of 8 pups were born 87 days later, 4 of whom survived. Shortly a fte r
weaning these pups, female 100 was killed by female 97, a previously non
breeding animal, who subsequently took over as the new queen. This "take 
over" is described in detail in Chapter 5, pp. 162.

(xiii) Colony 2200 -  Acquired from the University of Cape Town, Apr. 
1988, comprising a wild-caught breeding female and breeding male, and 2
litters of offspring ( I 6 6 / 5 9 ). Over the period up to Dec. 1989, 7 litters  
were born. Numbers of pups surviving weaning from these litters were 0 
(out of 12 born), 14 (out of 14), 0 (out of 14), 15 (out of 15), 10 (out 
of 10), 0 (out of 10) and 0 (out of 18). lntei—birth intervals were 113, 78, 
82, 83, 82, 157 and 82 days respectively. During Feb. 1989, 4 pairs of
animals were removed from this Colony to form Colonies 0, P, Q and R, 
described below.

(xiv) Colony 0 -  Established from a captive born pair during Feb. 1989,
and comprised a non-breeding male and female from Colony 2200. Both had
been singly housed for 6 weeks a fte r separation and prior to pairing. These 
animals were subjected to daily bedding transfer from the day of
separation, to day 130 a fte r separation, as described in Chapter 8. Both
male and female became reproductively active a fte r separation whilst singly 
housed (see Chapter 8). The firs t litter of 6 pups was born 92 days a fte r  
pairing, but none survived. A second litter of 7 was born 81 days later, all 
of whom survived.

(xv) Colony P -  Established from a captive born pair during Feb. 1989, and 
comprised a non-breeding male and female from Colony 2200. Both had been 
singly housed for 6 weeks a fte r separation and prior to pairing. These 
animals were subjected to daily bedding transfer from the day of
separation, to day 130 a fte r separation, as described in Chapter 8. Both
male and female became reproductively active a fte r separation whilst singly 
housed (see Chapter 8). Up to Dec. 1989, no litters had been born to this 
pair, despite the female having apparently undergone ovarian cycles.

(xvi) Colony Q -  Established from a captive born pair during Feb. 1989,
and comprised a non-breeding male and female from Colony 2200. Both had
been singly housed for 6 weeks a fte r separation and prior to pairing. These 
animals were subjected to control procedures fo r the bedding transfer 
experiments, from the day of separation, to day 130 a fte r separation, as 
described in Chapter 8. Both male and female became reproductively active 
a fte r separation whilst singly housed (see Chapter 8). a firs t litter of 8 
pups was born 1 16 days a fte r pairing, all of whom survived.

(xvii) Colony R -  Established from a captive born pair during Feb. 1989, 
and comprised a non-breeding male and female from Colony 2200. Both had



been singly housed a fter separation and prior to pairing, the male fo r 14 
weeks, and the female for 6 weeks. These animals were subjected to 
control procedures fo r the bedding experiments, from the day of separation, 
to day 130 a fte r separation, as described in Chapter 8. Both male and 
female became reproductively active a fte r separation whilst singly housed 
(see Chapter 8). The firs t litter of 2 pups was born 112 days a fte r
pairing, but both died. Two further litters of 2 and 9 pups have been born, 
but all pups have died (inter-birth intervals 72 and 85 days).

(xviii) Colony 800 -  Acquired from the University of Cape Town, Apr.
1988, comprising of the remnant of animals in the colony from which Colony 
N was derived (8 6 / 7 9 , captive born). Over the period up to Dec. 1989, 5 
litters were born. Numbers of pups surviving weaning from these litters  
were 0 (out of 8 born), 10 (out of 12), 6 (out of 6), 10 (out of 10), 16 
(out of 16). Inter-birth intervals were 245, 144, 105 and 128 days
respectively.

(xix) Colony 1800 -  Acquired from the University of Cape Town, Apr.
1988, comprising a breeding female and breeding male, and 2 litters of 
offspring (8 8 / 7 9 ). Over the period up to Dec. 1989, 7 litters were born.
Numbers of pups surviving weaning from these litters were 0 (out of 1 1
born), 3 (out of 7), 5 (out of 1 1), 8 (out of 12), 4 (out of 10), 5 (out of 
9) and 80 (out of 8). Inter-birth intervals were 79, 110, 138, 78, 78, and 
81 days respectively.

Colonies at the University of Cape Town
While most of the studies reported in this thesis utilised the animals

housed at the Institute of Zoology, London (described above), some urine 
and plasma samples were obtained from colonies housed in Cape Town. These 
are described briefly below:

(i) Colony 300 -  Established from a pair, Aug. 1984. This colony had a
good history of rearing pups.

(ii) Colony 700 -  Established from a pair, Nov. 1983. This colony had a
good history of rearing pups.

(iii) Colony 1 100 -  Established from a breeding female and two breeding 
males, originally wild-caught in 1974. This colony had only breed
occassionally in recent years, and had not successfully reared pups since 
Oct. 1983.

(iv) Colony 8000 -  Established from a pair, Oct. 1981. This colony had bred 
regularly, but with no pups surviving weaning.

(v) Colony 7 -  A wild-caught colony, captured in 1978. This colony had a 
poor survival record fo r pups.

(vi) Colony 400 -  Established from wild-caught animals, captured in 1980. 
This colony had a second breeding female, who co-existed with the original 
breeding queen. Both females had bred regularly, but few pups were reared.

(vii) Colony 500 -  Established from young removed from Colony 400, and 
had produced one litter, but all the pups died.


