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ABSTRACT
Little is known of the direct effects of androgens on 

normal osteoblasts although in vivo studies have shown that 
gonadal steroids play an important role in the prevention of 
osteoporosis. This thesis has examined the action of the 
androgens testosterone and dihydrotestosterone, both alone 
and in combination with 1, 25-dihydroxyvitamin Dg, on neonatal 
rat bone-derived cells, cultured from long bones and 
calvaria, in vitro. Androgens usually stimulated cell 
proliferation while 1,25-dihydroxyvitamin Dg inhibited it. 
Androgens in combination with 1,25-dihydroxyvitamin Dg, 
blunted the effect found with 1,25-dihydroxyvitamin Dg alone. 
However, some populations of cells were unresponsive to 
androgens or were stimulated by 1,25-dihydroxyvitamin Dg. 
These experiments provide evidence that bone contains a range 
of osteoblastic subpopulations which are directly affected by 
both androgens and 1,25-dihydroxyvitamin Dg.

Cells cultured from deer antler, a unique mammalian 
mineralised tissue normally only found in the male (except 
for reindeer/caribou), which can exhibit growth rates of up 
to 1 .8 cm/day in large species, were also studied in vitro. 
Antler-derived cells showed positive immunostaining for type 
1 procollagen but not type 2. Most unusually for cells 
derived from 'bone', antler cells were almost completely 
devoid of alkaline phosphatase activity. There was also some 
weak staining of cells grown from antler ’woven bone’ for 
factor VIII related antigen, a marker of the endothelial 
phenotype. The proliferation of cells derived from antler 
tips and 'woven bone' regions contrasted strongly with those 
grown from neonatal rat bone. Antler-derived cell 
proliferation was normally inhibited by androgens and 1,25- 
dihydroxyvitamin Dg although some populations showed no 
effect or a small stimulation. Treatment of antler cells with
1,25-dihydroxyvitamin Dg normally increased protein 
synthesis. In contrast to the results obtained with steroids, 
the growth factors IGF-1, basic FGF, TGFp and to a much 
lesser extent EGF significantly enhanced cell proliferation 
in 'serum-free' culture. This study shows that these growth 
factors may play an important role in rapid antler growth.

Since antlers show such exceptional growth rates, an 
immunohistochemical study of innervation in growing antler 
tips was conducted. The sensory neuropeptides CGRP, and 
substance P were found to be present at the tip throughout 
antler development, showing that neural tissues are able to 
exhibit the same rapid growth of more than lcm/day found in 
red deer antler.
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amphotericin B (0.25ug/ml)
Alkaline phosphatase.
4-Androstene-3,17-dione.
Basic fibroblast growth factor
Bovine serum albumin 
(fraction 5).
Calcitonin gene-related peptide.
C-flanking peptide of 
neuropeptide Y.
Diaminobenzidine.
16a-Methyl-9-flouroprednisolone.
17 [3-Hydroxy-5a-androstan-3-one.

1,25-Dihydroxycholecalciferol.

Epidermal growth factor
Foetal bovine serum.
Insulin-like growth factor 1
Cells cultured from red deer 
metapodial bone fragments (see 
chapter 7).
Neurofilaments triplet protein.
Neuropeptide Y.
Phosphate buffered saline.
Cells cultured from deer antler 
periosteum-like tissue (see 
chapter 7).
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'post digest1

T (Testosterone)
TGFp
TH
’tip'

VIP

Vitamin C 
'woven bone'

Cells cultured from rat 
calvarial explants following 3 
enzyme digestion cycles.
17 p-Hydroxy-4-androsten-3-one.
Transforming growth factor p^
Tyrosine hydroxylase.
Cells cultured from deer antler 
tip (see chapter 7 ).
Vasoactive intestinal 
polypeptide.
1-ascorbic acid.
Cells cultured from deer antler 
woven bone-like tissue (see 
chapter 7).
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GENERAL INTRODUCTION

I began the study which has resulted in this thesis in 
1988 following the completion of an MSc in Mineralised 
Tissue Biology and a BA in Archaeology. During the 
preceding years there had been an increasing appreciation 
of the role of oestrogens in bone maintenance as part of 
a wider investigation into the causes and effects of 
osteoporosis (Gordan,and Eisenberg 1963; Riggs, Jowsey et 
al 19725; Lindsay, Hart et al 1976; Stevenson and 
Whitehead 1982; Smith 1987). This work had laid its main 
emphasis on the study of osteoporosis in women, who are 
thought to be most affected by this condition. A minority 
of osteoporotics are elderly men: however they also lose 
bone and, consequently suffer fractures. In addition, 
hypogonadal males who can only produce adrenal androgens 
develop osteoporosis at relatively early ages (Baran, 
Bergfield, et al 1978; Francis, Peacock et al 1986). 
There appeared to be an obvious similarity between the 
case of men who have low levels of androgens and who 
become osteoporotic, and post menopausal women who suffer 
the same fate. Consequently a number of workers have 
tried to understand the mechanism by which gonadal 
steroids act to maintain bone density and quality. Early 
studies mainly examined the effects of oestrogens and
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bone resorption (Stern 1969; Atkins, Zanelli and Nordin 
1972; Caputo, Meadows and Raisz 1976). However, by 1987 
reports of the actions of oestrogens on transformed 
osteoblast-like cells were being published (Gray, Flynn 
et al 1987). This project started as an attempt to 
examine the responses of normal bone-derived cells to 
androgens in vitro.

When my work began most attempts to study the actions 
of gonadal steroids in vitro had failed to identify any 
consistent direct effects or receptors in normal 
osteoblastic cells (Canalis and Raisz 1978; Chen and 
Feldman 1978; Van Passen, Poortman et al 1978). During 
the course of my project reports were published 
indicating that gonadal steroids did indeed act directly 
upon osteoblastic cells, in particular to increase cell 
proliferation (Ernst Schmid and Froesch 1988a; Kasperk, 
Wergedal et al 1989; Somjen, Weisman et al 1989a ). 
However, adequate explanations were not offered to 
account for the earlier experiments where no oestrogenic 
effect could be found, similar observations are still 
being reported in human osteoblastic cells (Keeting, 
Scott et al (1991). As a result of this uncertainty, and 
the paucity of studies examining the actions of androgens 
(rather than oestrogens), my own work on rat bone cells 
has continued throughout the period of my PhD research.
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During the time that I was reading for my MSc, 
Professor Alan Boyde suggested that as I was interested 
in androgens and bone that I should look at androgen 
dependent bone, in particular the penile bones of adult 
rats. At around the same time an alternative tissue 
presented itself. My supervisor, Dr Tim Arnett, obtained 
some growing antler and offered me the chance to try to 
culture cells from it, which I did. Here was an 
apparently androgen dependent (with exception of the 
reindeer/caribou (Rangifer sp.) only male deer grow 
antlers) mineralising tissue with which I could extend my 
work on the actions of androgens upon bone-derived cells, 
and (at that time) I could find no reports of anyone 
having tried to culture cells from it. However, antler is 
more than just an androgen stimulated mineralised tissue. 
It also offered the possibility to study wound repair, 
innervation, neovascularisation, remodelling, 
mineralisation and much more.

This thesis has been set out in two sections, first 
the work on rat bone cells, followed by antler based 
experiments. This was done because the responses obtained 
from rat and antler cells to androgens turned out to be 
quite different, and the antler based studies have been 
extended to include growth factors and innervation. It 
therefore seemed appropriate to separate the antler work,
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which is still ongoing, from that done with rat cells 
which has for the time being been concluded.
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CHAPTER 2

THE ACTIONS OF ANDROGENS UPON NORMAL RAT BONE CELLS

INTRODUCTION

In the late 1940's Fuller Albright proposed that sex 
steroids played an important role in skeletal dynamics 
(Albright 1947). Since then there has been a growing 
interest in the actions of the androgens and oestrogens. 
This is largely due to our improved understanding of the 
important part that they play in the prevention and 
treatment of osteoporosis in both males (Baran, Bergfield 
et al 1978) and females (Gordan and Eisenberg 1963; Riggs, 
Jowsey, et al 1972; Lindsey, Hart, et al 1976; Stevenson 
and Whitehead 1982; Smith 1987). Although a considerable 
body of work has been amassed the cellular mechanisms 
involved in the skeletal actions of androgens and 
oestrogens remain uncertain.

Early attempts to examine the actions of oestrogens and 
androgens on bone and bone cells in vitro failed to find 
any significant effect on bone resorption (Caputo, Meadows

oand Raisz 1976), [ H] thymidine incorporation, or collagen
synthesis (Canalis and Raisz 1978). Similarly, early 
attempts failed to find oestrogen receptors in bone cells 
(Chen and Feldman 1978; Van Passen, Poortman et al 1978). 
More recently both oestrogen (Eriksen, Colvard et al 1988) 
and androgen (Colvard, Eriksen et al 1989) receptors have
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been identified in osteoblastic cells and responses found 
in vitro. Gray and co-workers using a clonal osteoblastic 
cell line UMR 106 found that 17p-estradiol inhibited 
proliferation and stimulated alkaline phosphatase activity 
(Gray, Flynn et al 1987). However, other studies with 
primary (non transformed) cell cultures have shown that 
androgens and oestrogens increase proliferation in mouse 
and rat osteoblasts (Ernst, Schmid and Froesch 1988a; 
Kasperk, Wergedal et al 1989). Gonadal steroids have also 
been found to stimulate proteoglycan synthesis by 
chondrocytes (Corvol, Carrascosa et al 1987). Of particular 
interest is a study by Somjen et al (1989a ) who found that 
the steroidal hormones testosterone and estradiol

qstimulated creatine kinase and [ H] thymidine 
incorporation, but that this was sex specific (i.e. 
androgens stimulated proliferation in male animals and 
oestrogens in female but not vice versa). Despite these 
studies recent papers are still not providing evidence of a 
consistent osteoblastic response to treatment with 
oestradiol. In 1990 Egrise, Martin et al (1990)reported 
that 17p-estradiol inhibited osteoblastic cell 
proliferation and Keeting, Scott et al (1991) found that 
osteoblastic cells were unresponsive to oestrogen. It is 
clear that a coherent understanding of the effects of 
gonadal steroids on bone cells has not yet been achieved.
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The primary aim of this work which began in 1988 was to 
test the hypothesis that androgens could regulate the cell 
proliferation and alkaline phosphatase activity of 
osteoblastic cells in vitro.
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CELL CULTURE AND METHODS

Cell Culture.

Cells were from male (except where indicated) neonatal 
Sprague-Dawley rats. Calvarial cells were obtained by 
sequential enzymatic digestion (figure 2 :1 ) by 
trypsin/collagenase or by cell outgrowths from explanted 
bone fragments (figure 2:2). Briefly, parietal bones were 
dissected free from adherent tissues. The bones were then 
carefully cleaned of periosteal and endosteal tissue in 
calcium and magnesium-free phosphate buffered saline (PBS) 
before the sutures were excised. The bones were incubated 
in 0.75% trypsin and 0.03% EDTA for 10 minutes at 37°C 
before a further three digestion cycles (of 30 minutes 
each) in 0.1% (wt/vol) collagenase (EC 3.4.24.3, @ 510 
units/mg from Clostridium histolyticum) in Dulbecco's 
modified Eagle's minimum essential medium (DMEM), also at 
37°C. The 'post digest' bones were placed in tissue culture 
flasks to allow cell outgrowths to form. Calvarial bones 
which had not been subjected to enzymatic digestion were 
also used to grow 'explants'. These were cleaned as 
described above before being placed directly into flasks.

Cells derived from long bones were obtained as above from 
femora and humeri which had been cleaned of periosteum, the 
epiphyseal ends removed from the growth plates, and the 
marrow syringed out with PBS before the remaining
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Figure 2:1. Male rat calvarial cells released by enzyme 
digestion cycle 3 (unpassaged). (Phase contrast, X 50).

Figure 2:2. Cells derived from explanted fragments of male 
rat calvaria. (Phase contrast, X 100).
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diaphyseal portions were vigorously washed three times in 
PBS. Also, marrow was seeded directly into culture flasks 
with DMEM and allowed to settle for 24 hours before washing 
with DMEM. Small pieces of skin which had been stripped of 
underlying fatty tissue were also placed in culture.

oAll cells were grown to 70-80% confluence in 75cm flasks 
in phenol red indicator free DMEM (Berthois, 
Katzenellenbogen et al 1986) supplemented with 2mM L- 
glutamine, and 5 or 10% heat inactivated foetal bovine 
serum (FBS) in an humidified 5% C02  atmosphere at 37°C. At 
first passage cells were subcultured with trypsin-EDTA and 
seeded into 24-multiwell dishes at an initial density of 
10,000 cells/well. Cells were grown for the first 24 hours 
in 5% activated charcoal stripped FBS (Skj0dt, Gallagher, 
et al 1985) before replacement with the same medium 
containing ethanol vehicle or steroid hormone. Cells were 
cultured for up to 9 days in the presence of hormone or 
vehicle, and complete test media were replaced at three 
daily intervals. Cells were routinely histochemically 
stained for alkaline phosphatase activity.

Assay Methods.
Tritiated thymidine incorporation was determined using 

the method of Beresford, Gallagher, et al (1986). During 
the final 6  hours of culture cells were labelled with 
lpCi/ml of [6 -^H] thymidine (28 Ci/mM). On termination of 
the experiment cell layers were washed three times with PBS
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containing ImM unlabelled thymidine, treated with 0.75% 
trypsin and 0.03% EDTA (wt/vol) for 5 minutes at 37°C, and 
precipitated twice overnight at 4°C with 7.5% 
trichloroacetic acid in the presence of bovine serum 
albumin (BSA). Finally the precipitates were digested in 
0.2M NaOH and the activity determined by liquid

qscintillation counting. Some [ H] thymidine determinations 
were made using the method described by Hauschka, Mavrakos 
et al (1986). Cells were labelled with [^H] thymidine as 
before, but on termination of the experiment wells were 
washed with PBS and fixed in situ with methanol. Cells were 
washed 4 times at 5 minutes each with water, fixed twice 
for for 30 minutes with 5% trichloroacetic acid at 4°C 
before washing a further 4 times with water, digestion with 
0.2M NaOH and liquid scintillation counting.

Cell number was evaluated using a methylene blue dye 
binding technique (Harvey, Scutt et al 1986). On 
termination of the experiment the media were aspirated, the 
cell layers were washed in PBS, and then fixed in methanol 
for 15 minutes before staining for 30 minutes with 
methylene blue (0.1% wt/vol methylene blue lOmM borate 
buffer pH 8.5). The stained cells were then washed 4 times 
in lOmM borate buffer pH 8.5, and the stain eluted using 
20% ethanol (vol/vol) in 0.1M HC1. The absorbance was 
measured in a spectrophotometer at 650nM. Cell numbers were 
obtained by producing a standardised absorbance curve using
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known numbers of cells which had been allowed to settle for 
6  hours before staining.

Cells were routinely stained histochemically for alkaline 
phosphatase using a modification of the method described by 
Ackerman (1962, Sigma procedure 85). Briefly, cells were 
grown for 4-7 days, by which time confluence was achieved, 
before the culture medium was aspirated, the cell layer 
washed in PBS and fixed in 40% citrate buffer (16% sodium 
citrate (0.03M); 84% citric acid (0.03M)) in 60% acetone. 
The fixed cells were rinsed in tap water and allowed to air 
dry for 15 minutes before incubation at 20°C in fast blue 
RR salt (20 mg/ml in 4% v/v napthol AS-MX/ distilled H 2 O)

ofor 30 minutes in the dark at 20 C. Stained cells were then 
rinsed in tap water. No counter stains were used .

Alkaline phosphatase activity was determined on cells
qcultured in parallel to those used to assess [ H] thymidine 

incorporation, using the method described by Beresford, 
Gallagher, et al (1986). Cell layers were washed three 
times with PBS and stored at -20°C in glycine buffer (200 
mM glycine, 2mM MgCl2  at pH 10.5) until required. Culture 
plates were subjected to three freeze-thaw cycles before 
the cell layers were mechanically disaggregated. A suitable 
aliquot was taken, p-nitrophenylphosphate substrate added 
and the mixture incubated at 37°C. The reaction was timed 
and stopped by the addition of 4M NaOH before the 
absorbance was determined spectrophotometrically at 405 nM.
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The results were calculated from a standard absorbance 
curve produced using p-nitrophenol.

The protein content of the cell lysates prepared as 
described above was determined using a modified Lowry 
method (Peterson 1977). A suitable aliquot was added to 
Lowry reagent for 30 minutes before the addition of Folin 
and Ciocalteau's reagent for a further 1 hour. Protein 
content was determined spectrophotometrically at 650 nM and 
the results were calculated from a standard absorbance 
curve produced using BSA (fraction 5).

Collagen production was estimated as tritiated proline 
incorporated into pepsin-resistant protein (Webster, Harvey 
1979; Harvey, Scutt et al 1986). L-[2,3,^H] proline (31
Ci/mM) was added to cultures to give a working 
concentration of lpCi/ml in combination with (3- 
aminoproprionitrile monofumarate and L- ascorbic acid (both 
50pg/ml) for the final 24 hours in culture. The culture 
medium was then aspirated and stored at -20°C until 
required. The final stage of this assay was carried out at 
St. George's Hospital, London by Dr K. W. Colston and Mr A. 
G. Mackay. Aliquots of 500pl were incubated overnight with 
an equal volume of 1 mM acetic acid containing 1 mg/ml of 
pepsin (EC 3.4.23.1). On the next day, carrier collagen 
(100 \ig in 1ml of 0.5 M acetic acid) was added and the 
pepsin-resistant protein, twice precipitated with 0.5 ml of 
25% (wt/vol) NaCl in 0.5M acetic acid, was redissolved in
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0.5 M acetic acid. An aliquot was assessed for 
radioactivity by liquid scintillation counting.

All results are presented as the mean ± standard error of 
the mean (SEM) for six replicate determinations. All 
experiments were performed once unless stated otherwise in 
the figure legend. Data were evaluated by one-way analysis 
of variance using a 1Minitab' (version 7.1, 1989) 
statistical computer package

For further information on materials used and suppliers 
see Appendix 1.
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RESULTS
Initial experiments were performed with cells derived 

from explanted fragments of long bones, bone marrow, and 
skin taken from the same male rat. After 6  days in culture

q50 nM testosterone significantly increased [ H] thymidine 
incorporation into ’bone' cells, however no effects were 
seen with 'marrow' or 'skin cells' (figure 2:3). 
Experiments with female rat long bone explant-derived cells 
at passage 2  showed a significant increase in cell number 
in response to 10 and lOOnM testosterone after 6  days in 
culture (figures 2:4 and 2:5), but no significant effect

qcould be found with [ H] thymidine incorporation (data not 
shown).

One population of cells derived from male rat long
qbones showed no change in [ H] thymidine incorporation 

after six days in culture with testosterone (figure 2:6). A 
similar lack of response to testosterone was also found 
with cells derived from calvaria which had not been exposed 
to enzymatic digestion prior to explanting (figure 2:7), as 
were one population of male rat calvarial 'digest cycle 3' 
and 'post digest' explant cells, (data not shown).

Studies with cells released by calvarial digestion, or 
by 'post digest' explantation from male animals generally

qshowed increased [ H] thymidine incorporation in response 
to androgen treatment (both testosterone and 5a- 
dihydrotestosterone), although the magnitude of the effect 
varied. Cells released at the second digestion showed
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qslightly smaller increases in [ H] thymidine incorporation 
at day 6  than did populations released by subsequent 
digestions: in response to treatment with lOOnM 5a- 
dihydrotestosterone, digest 2 cells were stimulated by 1.23 
fold cf control, while digest 3 and post digestion cells 
showed increases of 1.51 and 1.52 fold respectively 
(figures 2:8, 2:9, and 2:10). In a subsequent experiment 
with a different population of male rat 'post digest' 
cells, testosterone treatment resulted in a highly 
significant increase in cell number at day 6  (p=0 .0 0 2 ) 
(figure 2 :1 1 ).

All cell populations presented here showed positive 
histochemical staining for alkaline phosphatase (figure 
2:12). In all experiments where measurements were taken, 
alkaline phosphatase activity increased with time in 
culture. However, alkaline phosphatase activity was 
unaffected by testosterone treatment in leg bone-derived

qcells which showed a significant increase in [ H] thymidine 
incorporation (data not shown). Similarly no significant 
effect due to 5a-dihydrotestosterone treatment could be 
observed in cells released by enzymatic digestion (figure 
2:13). However, the one population of male rat long bone-

qderived cells which exhibited no significant change in [ H] 
thymidine incorporation in response to testosterone did 
show significantly enhanced alkaline phosphatase activity 
(figure 2 :6 ).
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5a-dihydrotestosterone treatment exerted both a time and
qdose-dependent increase in L-[2,3, H] proline incorporation 

into cells derived from calvarial fragments following 
collagenase digestion. After 9 days in culture with lOOnM 
5a-dihydrotestosterone a maximal stimulation of 2.1-fold 
was observed (figure 2:14). However, male rat long bone- 
derived cells as shown in figure 2:3 showed no significant 
change in proline incorporation (the others were not 
tested).

Although androgen treatment usually had no significant 
effect upon protein synthesis, the rat long bone explant- 
derived cells shown in figure 2:3 did show a 1.4-fold 
(p<0.05) increase with respect to control cultures.
Similarly 'post digest 1 calvarial explant cells also showed
a small but significant increase in cell protein after 9
days in culture (figure 2:15).

It should be noted that results obtained with [^H] 
thymidine are representative of the cellular activity 
during the final 6  hours of culture. Cell number measures 
the total cell proliferation throughout the whole culture 
period. Thus cell number may increase without there being

Odetectable changes in [ H] thymidine incorporation.
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Table 2:1 The EFFECTS OF TESTOSTERONE AND 5a-
DIHYDROTESTOSTERONE ON RAT BONE-DERIVED CELLS.

The table shows a summary of the actions of testosterone 
(T) and 5a-dihydrotestosterone (DHT) on rat osteoblast-like 
cells.
SITE/TYPE CULTURE TREATMENT [3 H]Td ALP PROTEIN

Leg (male) Explant Testosterone TT Nfc <-» <->
Leg (male) Explant Testosterone o ! TT <->
Leg (male) Explant Testosterone <-> !
Leg (female) Explant Testosterone T *  R 0 0

Marrow Explant Testosterone <-> 0 0

Calvaria Explant Testosterone «-► 0 0

Calvaria Digest 2 DHT t t iR 0 0
Calvaria Digest 2 DHT(lOnM) T ! 0 0

Calvaria Digest 3 DHT TT R <-> <-»
Calvaria Digest 3 DHT 0 0

Calvaria Post Digest DHT TT ft «-» TT R
Calvaria Post Digest Testosterone T T * 0 0
Calvaria Post Digest Testosterone «-» 0 0

T=enhanced p<0.05/ TT=enhanced p<0.005, <->=no change, O=not 
done, *=cell number assessed by methylene blue staining, 
!=experiment repeated with cells from the same animals. 
R=dose related, NR=not dose related.
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ALKALINE PHOSPHATASE ACTIVITY 
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Figure 2:12 Localisation of alkaline phosphatase in male 
rat calvarial cells released by enzyme digest cycle 3 by 
histochemical staining. The cells were grown for 4-6 days 
before staining. (X 250).
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DISCUSSION

The work presented here clearly supports the concept that 
androgens can act directly on bone cells in culture. 
Experiments with testosterone and 5a-dihydrotestosterone 
(which cannot be aromatized to oestrogen) at concentrations 
around the physiological range generally stimulated both
q[ H] thymidine incorporation (which is an indicator of cell 

proliferation) and cell number (although this was not 
routinely measured). Similarly 5a-dihydrotestosterone

qstimulated [ H] proline incorporation into pepsin resistant 
protein (an indicator of collagen synthesis). These 
findings, particularly those with 5a-dihydrotestosterone, 
suggest that the effects may be mediated via the androgen 
receptor. This has now been sequenced and identified in 
bone-derived cells (Chang, Kokontis, and Liao 1988;
Colvard, Eriksen et al 1989).

Somjen, Weisman et al 1989a ) have reported that only 
cells derived from male animals respond to androgens and 
vice versa with females. Although most of my experiments 
were conducted with male cells I did obtain evidence of a 
small increase in cell proliferation in response to 
testosterone treatment of female-derived cells. This could 
have been produced because the testosterone was aromatized 
to estradiol which in turn had stimulated the increase in 
cell number. Alternatively the effect could be evidence for 
a direct androgenic stimulation of proliferation in cells
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derived from a female animal, especially since any 
oestrogens present would be removed and the testosterone 
replenished every time the media was changed (in this case 
every 2  days).

In short term cultures androgenic stimulation was low 
with significant effects only being observed at high doses. 
However, the magnitude of responses increased with time. 
This finding emphasises the long-term importance of 
androgen effects on bone cell function. In order to reduce 
the risk of oestrogenic effects of the indicator dye, 
phenol red was eliminated from all experiments (Berthois, 
Katzenellenbogen et al 1986), in contrast to earlier 
studies (Vaishnav, Beresford et al 1988; Kasperk, Wergedal 
et al 1989; Somjen, Weisman et al 1989a ).

qI found that [ H] thymidine incorporation into control 
cultures remained constant (or even fell slightly) over the 
time course of experiments (figures 2:8, 2:9, 2:10), while 
rates in androgen treated groups continued to increase. The

qconstant [ H] thymidine incorporation rate seen with 
control cultures implies a fall in the actual rate of cell 
proliferation, since if it continued at a constant level 
the greater number of cells present at later stages of an

qexperiment would take up more [ H] thymidine. This 
observation is perhaps not surprising, and may be explained 
by the use of 5% charcoal stripped foetal bovine serum in 
assay culture medium, or by local density-dependent growth
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inhibition, particularly around the culture well perimeters 
(where cell attachment preferentially occurs). In contrast 
to the results obtained from the control culture wells, the 
largest stimulation of [ H] thymidine incorporation by 5a- 
dihydrotestosterone treated cells occurred when the cells 
were confluent. A similar density-dependant action by the 
anabolic steroid stanozolol has been reported on human bone 
cells (Vaishnav, Beresford, et al 1988). These findings 
suggest that 5a-dihydrotestosterone (and testosterone) may 
be able to stimulate the growth of bone cells by raising 
the threshold at which contact inhibition occurs. This will 
be discussed further in chapter 4.

When the pattern of response of rat bone-derived cells 
is examined as a whole, it is clear that androgens are not 
exerting the same effects upon different populations of 
cells. The most common response is a stimulation of cell 
proliferation although some cells also increase protein and 
collagen synthesis. In general however, alkaline 
phosphatase activity was unaffected by androgen treatment. 
In the one experiment conducted with long bone-derived

qcells which showed no significant change in [ H] thymidine 
incorporation in response to testosterone, alkaline 
phosphatase activity was highly significantly increased. 
While it would be unwise to speculate too wildly about the 
significance of this, when taken together with my other 
results it strongly supports the concept that forming bone
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contains a range of androgen responsive and unresponsive 
sub-populations of osteoblast-like cells. This study may 
also go some way to explaining the apparently incompatible 
results reported by groups such as Somjen, Weisman et al 
(1989a ) and Kasperk, Wergedal et al 1989) working with 
oestrogens.
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CHAPTER 3

THE EFFECTS OF 1,25-DIHYDROXYVITAMIN D3 AND ANDROGENS ON 
NORMAL RAT BONE-DERIVED CELLS IN VITRO.

INTRODUCTION

1,25-Dihydroxyvitamin Dg is one of the two most 
important systemic calcium regulating hormones, and has 
been known for some time to act directly upon several cell 
types including endothelial (Merke, Milde, et al 1989), 
smooth muscle (Mitsuhashi, Morris, and Ives 1991), 
cartilage (Schwartz, Schlader, et al 1989) and of course 
bone cells (Skj0 dt, Gallagher et al 1985). The main source 
of 1,25-dihydroxyvitamin Dg is the la- hydroxylation of 25 
hydroxyvitamin Dg in the kidney. However, recent reports 
have shown that 1,25-dihydroxyvitamin Dg is biosynthesised 
by a number of tissue types including including endothelium 
(Merke, Milde et al 1989) and deer antler skin cells 
(Sempere et al (1989).

The major action of 1,25-dihydroxyvitamin Dg upon 
osteoblastic cells in vitro is to increase differentiated 
function by inhibition of proliferation, the stimulation of 
collagen (Franceschi, Romano and Park 1988) and osteocalcin 
synthesis (Skj0dt, Gallagher et al 1985) and the 
enhancement of alkaline phosphatase activity (Manolagas
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Burton and Deftos 1981; Mulkins, Manolagas et al 1983; 
Beresford, Gallagher and Russell 1986).

Somjen, Kaye, et al (1989^) showed that creatine kinase 
specific activity stimulated by testosterone in rat 
diaphysis and epiphysis was reduced in 1,25- 
dihydroxyvitamin Dg deficient rats. Also when deficient 
rats were given replacement injections of 1,25- 
dihydroxyvitamin Dg there was a partial restoration of the 
normal diaphyseal response to oestrogen treatment. They 
have concluded from these observations that 1,25- 
dihydroxyvitamin Dg can modulate the response of bone- 
derived cells to gonadal steroids.

The aim of the present study was to examine the direct 
in vitro response of normal bone-derived cells to androgens 
in the presence of 1,25-dihydroxyvitamin Dg.
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CELL CULTURE

Cell Culture.

All cells were from male (unless indicated elsewhere) 
neonatal Sprague-Dawley rats. Calvarial cells were obtained 
by sequential enzymatic digestion by trypsin/collagenase or 
by cell outgrowths from explanted bone fragments. Cells 
derived from long bones were obtained from femora which had 
been cleaned of periosteum, the epiphyseal ends removed 
from the growth plates, and the marrow syringed out with 
PBS before the remaining diaphyseal portions were 
vigorously washed three times in PBS. Marrow was seeded 
directly into culture flasks with DMEM and allowed to 
settle for 24 hours before washing with DMEM. Small pieces 
of skin which had been stripped of underlying fatty tissue 
were also placed in culture.

All cells were grown to 70-80% confluence in 75cm flasks 
in phenol red indicator free DMEM (Berthois, 
Katzenellenbogen et al 1986) supplemented with 2mM L- 
glutamine, and 5 or 10% heat inactivated foetal bovine 
serum (FBS) in an humidified 5% CO2  atmosphere at 37°C. At 
first passage, cells were subcultured with trypsin-EDTA and 
seeded into 24-multiwell dishes at an initial density of 
10,000 cells/well. Cells were grown for the first 24 hours 
in medium with 5% activated charcoal stripped FBS (Skj0dt, 
Gallagher, et al 1985) before its replacement with the same
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medium containing ethanol vehicle or steroid hormone. Cells 
were normally cultured for 3 or 6  days in the presence of
1,25-dihydroxyvitamin Dg (5nM) plus either testosterone (0, 
1, 10, & lOOnM), 5a-dihydrotestosterone (0, 1, 10, lOOnM), 
or ethanol vehicle, and complete test media were replaced 
at three daily intervals. Cells were routinely 
histochemically stained for the presence of alkaline 
phosphatase. All experiments were set out as six replicate 
determinations, except where indicated. All experiments 
were performed once unless stated otherwise in the figure

qlegend. [ H] Thymidine incorporation, alkaline phosphatase, 
and protein assay methods used were identical to those 
described in chapter 2 .

All analyses of results were performed by one way 
analysis of variance using the 'Minitab 1 (version 7.1,
1989) statistical package on a microcomputer.

For further information on materials used and suppliers 
see Appendix 1.
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RESULTS

Experiments with cells grown from male rat explanted long
Qbone fragments showed a highly significant increase in [ H] 

thymidine incorporation in response to 5nM 1,25- 
dihydroxyvitamin Dg. However, marrow/stromal cells cultured 
from the same animal when exposed to the same treatment

gproduced a significant decrease in [ H] thymidine 
incorporation. Skin/fibroblastic cells cultured in parallel 
to those from bone and marrow were unresponsive (figure 
3:1).

With the exception of 'leg' explant-derived cells, 
virtually all cells exposed to 1,25-dihydroxyvitamin Dg

galone exhibited a significant reduction in [ H] thymidine 
incorporation (figures 3:2-3:4) at at least one time point. 
There was no apparent difference in this response between 
calvarial cells released by enzymatic digestion or by 
explantation (figure 3:5).

When 1,25-dihydroxyvitamin Dg and androgens were used in 
combination responses were more varied. Rat long bone- 
derived cells treated with 5nM 1,25-dihydroxyvitamin Dg 
plus 50nM testosterone exhibited an highly significant 
(pcO.OOl) increase in [^H] thymidine uptake when compared 
to those exposed to 1,25-dihydroxyvitamin Dg alone. Cells 
released by enzymatic digestion, or grown from the 
remainder of the explants after the enzyme digestion, all
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3showed a small but significant stimulation of [ H] 
thymidine incorporation when treated with 1,25- 
dihydroxyvitamin Dg and 5a-dihydrotestosterone. However, 
this was not usually found at both experimental time points 
and there was no apparent temporal pattern to the these 
responses. Sometimes the combination of 5nM 1,25- 
dihydroxyvitamin Dg and lOOnM 5a-dihydrotestosterone could 
completely abolish the expected 1,25-dihydroxyvitamin Dg

qinduced reduction in [ H] thymidine incorporation (figures 
3:2-3:5 ).

In experiments with neonatal rat leg-derived cells, 
alkaline phosphatase activity showed a greater than two
fold increase when the cells were treated with 1,25- 
dihydroxyvitamin Dg (figure 3:6). Calvarial cells released 
by enzyme digest cycle 3 did not produce any significant 
effects when cultured with 1,25-dihydroxyvitamin Dg (figure 
3:7). This finding was in contrast to results with 
calvarial 'post digest' cells from the same animals which 
showed a more typical response for bone-derived cells in 
that 5nM 1,25-dihydroxyvitamin Dg stimulated alkaline 
phosphatase activity (figure 3:8).

When 'post digest' cells were cultured with a 
combination of 5nM 1,25-dihydroxyvitamin Dg and lOOnM 5a- 
dihydrotestosterone the stimulation of alkaline phosphatase 
activity which would have resulted from treatment with 5nM 
1,25-dihydroxyvitamin Dg alone was absent (figure 3:8).
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This was the only significant effect of 1,25- 
dihydroxyvitamin Dg and 5a-dihydrotestosterone in 
combination on the alkaline phosphatase activity of any rat 
bone-derived cells.

1,25-dihydroxyvitamin Dg alone stimulated a doubling of 
protein synthesis by male rat leg bone-derived cells 
(figure 3:9). This finding mirrors the action of 1,25-

gdihydroxyvitamin Dg upon [ H] thymidine incorporation and 
alkaline phosphatase activity in these cells (figures 3:1 
and 3:6). Calvarial cells released by collagenase digest 
cycle 3 produced significantly less protein when cultured 
with 1,25-dihydroxyvitamin Dg alone. 'Post digest' cells 
exposed to the same treatment showed no significant 
effects.

When enzyme digest cycle 3 cells were exposed to 1,25- 
dihydroxyvitamin Dg and 5a-dihydrotestosterone in 
combination, no effect was observed at day three. However 
by day six, 1, 10 or lOOnM 5a-dihydrotestosterone treatment 
completely compensated for a 1,25-dihydroxyvitamin Dg 
induced reduction in cell protein (figure 3:10). 'Post 
digest' cells showed a marked increase in protein synthesis 
in response to 5nM 1,25-dihydroxyvitamin Dg with 100 nM 5a- 
dihydrotestosterone at day three, but no effect was found 
at day six (figure 3:11). Treatment with 1,25-

odihydroxyvitamin Dg alone significantly reduced [ H] 
proline incorporation into pepsin resistant protein (an
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indicator of collagen synthesis) at day six in male rat 
’post digest 1 cells. However 1,25-dihydroxyvitamin Dg and 
5a-dihydrotestosterone used in combination stimulated 
collagen synthesis above basal (control) levels at both 
time points (figure 3:12).
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Table 3:1 THE EFFECTS OF TESTOSTERONE, 5a- 
DIHYDROTESTOSTERONE AND 1,25 DIHYDROXYVITAMIN D3  ON RAT 
BONE-DERIVED CELLS.

SITE/TYPE CULTURE TREATMENT [3 H]Td ALP PROTEIN
Leg Explant Testosterone TT <-»

l,25(OH)2D3 TT TT TT
T+1,25(0H)2D3 $ TT <->

Marrow Explant Testosterone TT 0 0

l,25(OH)2D3 U 0 0

T+1,25(0H)2D3 $ <-> 0 0

Calvaria Explant Testosterone 0 0

l,25(OH)2D3 u 0 0

T+1,25(0H)2D3 $ <-» 0 0

Calvaria Digest 2 DHT TT 0 0
l,25(OH)2D3 u 0 0
DHT+l,25(OH)2D3 $ TT N R 0 0

Calvaria Digest 3 DHT TT «-» 0

l,25(OH)2D3 U <-> i
DHT+1,25(0H)2D3 $ TT N R TT NR

Calvaria Post Digest DHT TT <-> T
l,25(OH)2D3 i T «-»
DHT+l,25(OH)2D3 $ T N R i N R T NR

q q[ H]Td=[ H] thymidine incorporation, ALP=alkaline
phosphatase activity, $=reported with respect to 
l,25(OH)2D3 alone, T=enhanced p<0.05, TT= enhanced p<0.005, 
T=inhibited p<0.05, 1 1 =inhibited p<0.005, «=no change, 
O=not done, NR=not dose related.
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DISCUSSION

The general effect of 1,25-dihydroxyvitamin D 3  alone upon 
rat bone-derived cells was to inhibit proliferation in 
vitro. This is in agreement with earlier reports (Skj0dt, 
Gallagher et al 1985; Schwartz, Schlader et al (1989). 
However this was not a universal response. Some cell 
populations, most notably but not exclusively long bone-

qderived cells, exhibited increased [ H] thymidine 
incorporation in response to 1,25-dihydroxyvitamin D3  

treatment. A similar diversity of responses was observed 
when 1,25-dihydroxyvitamin D3  and 5a-dihydrotestosterone 
were used in combination. However, the general action 
resulting from the addition of testosterone and 1,25- 
dihydroxyvitamin D3  was to diminish the effect (of 
inhibition) produced by 1,25-dihydroxyvitamin D3  alone.

Beresford, Gallagher and Russell (1986) have reported 
that 1,25-dihydroxyvitamin D3  did not have a consistent

qaction on [ H] thymidine incorporation. They found that it 
had a biphasic effect in short term experiments (72 hrs) 
with human trabecular bone-derived cells, being stimulatory 
at low (50 pM) doses, and inhibitory at high (>100 pM). In 
longer term ( 1 0  day) cultures only, the action was 
inhibitory. A similar biphasic effect of 1,25- 
dihydroxyvitamin D 3  has also been reported in primary 
growth plate chondrocytes by Klaus, Merke, et al (1991). 
Their interpretation was that 1,25-dihydroxyvitamin D 3
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might be having an acute effect "involving the recruitment 
of a population of previously non dividing cells". Although

qmy experiments showing increased [ H] thymidine 
incorporation were in response to higher doses of 1,25- 
dihydroxyvitamin D3  than those reported by Beresford, 
Gallagher and Russell (1986), their use of 10% fetal bovine 
serum (FBS) in the culture medium could have led to an 
underestimate of the dose present. 5% charcoal stripped FBS 
was used in all of the experiments reported here(activated 
charcoal stripping of FBS has been shown to remove >99% of 
any 1,25-dihydroxyvitamin Dq present, Skj0dt et al 1985). 
Linkhart and Keffer (1991) have shown that treatment of 
neonatal mouse calvaria with lOnM 1,25-dihydroxyvitamin Dq 
significantly increased the release of insulin-like growth 
factors 1 and 2. This finding may explain the increase in
q[ H] thymidine incorporation found in some of my 

experiments. However, I believe that the main reason for
qthe increased incorporation of [ H] thymidine in some

cultures is probably due the presence of a responsive sub
population of cells rather than the removal of binding 
proteins, proteases or other factors by charcoal stripping 
of the serum.

Similarly, the action of 1,25-dihydroxyvitamin Dq upon 
alkaline phosphatase activity varied in different cell 
populations and with the length of culture. While, for 
example, my 'leg1 and calvarial 'post digest' cells did 
demonstrate increased alkaline phosphatase activity in 
response to treatment with 1,25-dihydroxyvitamin Dq alone,
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cells released by collagenase digestion 3 (and post digest, 
data not shown) showed no effect. In recent years a number 
of reports have been published with both transformed and 
primary cells showing that 1,25-dihydroxyvitamin Dq 
treatment stimulates alkaline phosphatase activity but that 
this is largely dependent upon the density of the cells in 
culture (Manolagas, Burton and Deftos 1981; Majeska and 
Rodan 1982? Franceschi and Young 1990; Owen, Aronow et al 
1991). Owen, Aronow et al (1991) have reported that rat 
osteoblastic cells exposed to a 48 hour pulse of lOnM 1,25- 
dihydroxyvitamin Dq showed inhibited alkaline phosphatase 
activity at days 15-17, but between days 25-27 it was 
stimulated. In cells treated with the same dose of 1,25- 
dihydroxyvitamin Dq for long periods resulted in decreased 
alkaline phosphatase expression. This differential effect 
of 1,25-dihydroxyvitamin Dq appears to be related both to 
time in culture and duration of exposure and is probably 
related to the differentiated state of the cells.

Once again my experiments have produced a spectrum of 
results and indicate that 1,25-dihydroxyvitamin Dq exerts a 
range of effects upon rat bone-derived cells that is 
probably related to their differentiated state.
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RAT OSTEOBLAST-LIKE CELLS IN CULTURE:

SUMMARY AND CONCLUSIONS

When experiments where a range of bone-derived cells 
have been exposed to the steroid hormones testosterone, 
5a-dihydrotestosterone, 1,25-dihydroxyvitamin Dq or to 
the combination of an androgen and 1,25-dihydroxyvitamin 
Dq are considered together it is apparent that there have 
been a spectrum of responses. Androgens generally, and 
1,25-dihydroxyvitamin Dq occasionally, stimulated cell

qproliferation as determined by [ H] thymidine 
incorporation. However, sometimes no significant effects 
were found. Similarly, although there was a degree of 
variability in the responses of the bone-derived cells 
when androgens and 1,25-dihydroxyvitamin Dq were used in 
combination, the addition of the androgen usually 
counteracted the effect of 1,25-dihydroxyvitamin Dq 
alone. I found no evidence that the variation was due to 
the tissue from which the cells were grown or any 
particular method of obtaining them. Similarly, I have 
not observed sex specific effects similar to those 
reported by Somjen, Weisman, et al (1989a ).

It is possible that the cells under examination were 
not of the osteoblast lineage since, any population 
obtained by the methods described have to be something of
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a gallimaufry. However, the cell populations obtained did 
routinely exhibit positive histochemical staining for 
alkaline phosphatase (figure 2:12). In addition to this, 
cells of the same origin cultured for longer periods than 
the cells used in the experiments reported in chapters 2 
and 3 produced visible plaques of extracellular matrix 
(figure 4:1). Although the cells used in my experiments 
were not incubated with ascorbic acid and p- 
glycerophosphate or stained for in vitro mineralisation 
with Von Kossa's stain, cells obtained by the same 
methods of calvarial digestion and explantation did 
produce mineralizable nodules. These are generally 
considered to be markers for osteoblastic cells in 
culture.

An alternative explanation of the apparently differing 
effects obtained is that experiments were performed upon 
cell populations at different stages in the cell cycle or 
differentiation. It has been known for some time that the 
effects of 1,25-dihydroxyvitamin Dq on alkaline 
phosphatase activity is related to cell maturation 
(Majeska and Rodan 1981). More recently, Owen, Aronow, et 
al (1991) have shown that there is a relationship between 
the rate of cell proliferation, the differentiated state, 
the duration of exposure and the observed effect of 1,25- 
dihydroxyvitamin Dq.
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Bone-derived cells can express the androgen receptor, 
which has now been sequenced (Chang, Kokontis, and Liao 
1988? Colvard, Eriksen et al 1989), and androgens appear 
to show direct effects upon the cells. The mode of action 
of androgens on bone cells remains unclear. It is clear 
however, that the androgen mediated stimulation of [ H] 
thymidine uptake is not simply due to an increased 
'cyclic' rate of cell division. A simple (significant) 
speeding up of the cell replication cycle would produce 
its effect at the earliest time points in the experiment 
(as an example see chapter 9, figure 9:1), but this was 
nearly always not the case. The experiments described in 
Chapter 2 offer a number of (speculative) possible modes 
of action: a) that androgens are acting to increase 
proliferation by an indirect, slow acting intermediator; 
b) that they act by releasing cells from density mediated 
inhibition rather than by increasing the cyclic rate of 
cell division; or that c) they act by a combination of a) 
and b ).

a) The androgen acts via its receptor to stimulate the 
release of one or more growth factors (for example 
Insulin-like growth factor 1 (IGF-1) Linkhart and Keffer 
1991) which exercise an autocrine stimulation of cell 
division (Canalis, Mccarthy and Centrella 1988a ). The 
slow build up of growth factors in the culture medium 
could account for the delay in the onset of measurable
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qchanges in the rate of [ H] thymidine incorporation. 
Oestrogen treatment has been reported to increase serum 
IGF-1 in vivo (Weissberger, Ho and Lazarus 1991). 
Similarly in vitro oestrogen stimulated IGF-1 mRNA and 
when IGF-1 activity was blocked oestrogen stimulated cell 
proliferation was absent (Ernst, Heath and Rodan 1989). 
The problem with the proposed model is that in my

qexperiments after 6 days the [ H] thymidine incorporation 
rates were falling in control cultures as the cells 
approached confluence and density-dependent growth 
inhibition became more significant. Cells exposed to 
autocrine growth factors might be expected to reach 
confluence faster and with a concomitant reduction in the 
rate of cell division as density-dependent inhibition 
takes effect.

b) The second suggestion is that androgens act 
directly via their receptor to release cells from a 
quiescent state induced by cell density at confluence. 
The effect of this is that as cell numbers increased with

qeach successive division, [ H] thymidine incorporation 
would continue to rise in androgen treated (de-inhibited) 
cultures, while untreated controls would take up 
progressively less as density-dependent growth inhibition 
took hold. This model conforms to the observed pattern of 
response (figures 2:8, 2:9, 2:10). However, these

- 93 -



Chapter 4/

experiments cannot begin to differentiate between a 
direct or indirect effect.

c) This suggestion is virtually the same as b) above 
but that density-dependent growth inhibition is overcome 
indirectly via growth factors or cytokines released by 
the cells in response to androgens.

It may be possible to test these models by allowing 
androgen responsive cells to grow to confluence without 
treatment and then re-activate them. The measurement and 
blocking of growth factors or cytokines could provide 
evidence for an indirect effect.

In conclusion, the experiments in chapters 2 and 3 
clearly show that the androgens testosterone and 5a- 
dihydrotestosterone and the calciotropic hormone 1,25- 
dihydroxyvitamin Dq exert effects upon osteoblastic bone- 
derived cells, and that the range of responses observed 
strongly suggests that bone contains sub populations of 
cells responsive to these important hormones.
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Figure 4:1 Cells derived from fragments of male rat 
calvaria explanted after enzymatic digestion. The cells 
have stacked up and appear to be producing extracellular 
matrix. (Phase contrast, X 50).
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CHAPTER 5

AN IN TR O D U C TIO N  TO THE STRUCTURE AND DEVELOPMENT OF ANTLERS

"Deer antlers are an extravagance of nature, rivalled 
only by such other biological luxuries as flowers, 
butterflies wings, and peacocks tails"(Goss 1983) (figure 
5:1).

Ancestral deer had evolved deciduous antlers by the mid- 
miocene (around 30 million years ago) (figure 5:2). Antlers 
are essentially bones which once the antler cycle has been 
initiated grow on short permanent stalks called pedicles. 
Mineralisation occurs during antler growth but once the 
antlers near their final length a more extensive 
'maturation' mineralisation occurs before the blood supply 
fails and the outer soft 'velvet' tissue is exfoliated 
(figure 5:3). The antlers then 'die' and are cleaned of any 
adherent velvet by rubbing on trees and branches before the 
rut begins. When the breeding season comes to an end the 
hard antlers drop off (are cast) and then, in the following 
year, regenerate.

Antlers are normally only found on adult male deer, with 
the exception of reindeer/caribou (Rangifer sp.) where the 
females, also, have small antlers. In two smaller deer 
species the males have tusks instead of antlers (musk deer
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Moschus moschiferus, and Chinese water deer Hydropotes 
inermis).

Perhaps the most striking features of antler are the 
extremely high growth rates, and their regeneration. Antlers 
are possibly the fastest growing tissue found in any adult 
mammal with peak growth rates of up to 1.7 cm/day in large 
extant deer species (Goss 1983). Antler-bearing deer exhibit 
positive allometry in that small deer have small antlers, 
but those of large deer are even larger. "When the size of 
the animals change, the antlers change even more" (Goss 
1983? Lincoln 1992). Possibly the most striking example of 
antler growth is the Irish Elk (Megaceros giganteus), sadly 
now extinct, which had antlers weighing up to 45 kg with a 
span of over 3m (figure 5:4) and was the species with the 
largest antlers known.
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Figure 5:1. A red deer (Cervizs elaphus) stag in velvet 
antler in late June. These antlers have almost reached their 
final size.
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} teg tins
otters

Figure 5:2 Fossil antlers of Dicrocerus elegans from mid- 
miocene (30 Ma) deposits in France. Deer with true antlers 
are believed to have evolved first at this time. (British 
Museum (Natural History), London).
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Antler Structure and Development

In this final form the antler of most species consists of 
an outer layer made up of bone surrounding a hard 
mineralised but sponge-like (in structure) core containing 
mainly bone but some calcified cartilage is still present 
(figure 5:5). Axis deer (Axis axis) are an aseasonal 
tropical deer species which unlike seasonally antlered 
species do not always have a central spongiosa (figure 5:6). 
During formation, all of these tissues undergo remodelling 
and an increasing amount of lamellar bone is formed as the 
antler matures. This process is terminated by the end of 
antler growth, the failure of the blood supply, shedding of 
the velvet, and antler death. At the season's end the antler 
is separated at the pedicle by osteoclastic resorption and 
discarded. The wound produced by casting bleeds briefly 
before a scab forms and the new antler begins to develop 
(Goss 1983).
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Figure 5:3 A red deer stag that is just starting to shed 
the velvet covering from its antlers, (photograph, Dr S.D. 
Albon, Institute of Zoology, Regents Park, London).
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^  TH* Beginning

Figure 5:4 The antlers of the extinct 'Irish Elk'
(Megaceros giganteus) are the largest known on any deer 
species with a span often exceeding 3 metres. (Manx Museum, 
Douglas, Isle of Man, Photograph, Mrs J Gray).
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Antler tissue is possibly unique among post natal mammals 
in that it possesses vascularised cartilage. In the normal 
mammal neither epiphyseal or growth plate cartilage is 
penetrated by vascular channels. The first thing any casual 
observer would note on cutting into a growing antler is that 
it is very highly vascularised.

Antlers grow by a modified form of endochondral 
ossification (Banks and Newbrey; 1 9 8 3 a 'k). a dermal layer 
forms immediately below the scab produced by antler casting 
(or the tip of the newly formed pedicle in a yearling). 
Beneath the dermal layer is a fibrous perichondrium (figure 
5:7). The dermal layer contains blood vessels and nerves 
(see chapter 7) and, further down the shaft from the newly 
growing antler tip, develops de novo hair follicles and 
sebaceous glands (figure 5:8). Subjacent to the perichondral 
layer is tissue which to the naked eye appears clear and 
apparently blood free (although vascular channels are 
visible on microscopic examination). This tissue is the 
reserve mesenchyme/proliferating chondroblastic zone 
(figures 5:7 and 5:9). On moving down the antler from the 
reserve mesenchyme at the tip, there is a gradual change 
from rapidly proliferating cells, through a chondrocytic 
zone (figures 5:7 and 5:10), to hypertrophic cartilage 
(figures 5:7 and 5:11) and primary spongiosa. A most 
notable feature of this process is that the forming 
cartilage is penetrated by a large number of blood vessels.
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This results in the central primary spongiosa being formed 
into trabeculae-like structures (figure 5:4). Around these 
’trabeculae1 a layer of osteoblasts form and initially they 
surround the cartilage matrix with woven bone. At the same 
time, the cartilage matrix becomes mineralised into 
calcified cartilage (Boyde, Arnett et al 1990). These 
mineralised tissues comprising the primary spongiosa are 
subject to intense osteoclastic remodelling and further bone 
formation, finally resulting in the more highly mineralised 
tissue (secondary spongiosa) which makes up the central core 
of the antler, (figure 5:4).
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Figure 5:5 Red deer antler in its final form showing the 
sponge-like appearance of the central core. This tissue is 
initially formed in the developing antler by endochondral 
ossification. The outer annulus of compact antler largely 
consists of lamellar bone.
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2 3 4
Figure 5:6 In contrast to the seasonal antler of the red 
deer, that formed by the aseasonal axis deer (Axis axis) has 
a central core that has been largely filled in. This central 
region is poorly mineralised compared to the bone-like outer 
zone.
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As the antler lengthens it also increases in girth. This 
is achieved initially by the aposition of de novo woven bone 
in a collar around the central chondroblastic core. This 
tissue also contains a large number of blood vessels (figure 
5:8). Overlying the forming woven bone is periosteum which 
is continuous with and indistinguishable from the 
perichondrium. (Banks and Newbrey 1983^)(figure 5:8). The 
periosteum is made up of two fibrous layers, a fine inner 
and a course outer one (Goss 1983).

Finally, the antler undergoes maturation as lamellar bone 
is laid down, filling most of the space between the 
trabeculae and leaving only small blood vessel channels in 
the bone collar. In deer with seasonally regulated antler 
growth the spongiosa is modified into secondary spongiosa 
but the trabecular-like structure is retained. Antler 
maturation is terminated by the failure of the blood supply 
and the shedding of the velvet (figure 5:3).
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Figure 5:7 A longitudinal section through the tip of a developing red deer 
antler. The central portion of the antler is very highly vascularised and is 
darkly stained with blood. The small arrowheads mark the 
periosteal/perichondral boundary with the overlying deep connective 
tissue. The large arrowheads indicate the proximal junction of the 
perichondrium with the reserve mesenchyme (zone of proliferation). 'Tip' 
cells used for experiments in chapters 7, 8 and 9 were taken from this 
region (T). The box marks the approximate location of figure 5:8 (X 1.5).

Key to the line diagram: epidermis (ED), subepidermis (SED), deep 
connective tissue (DC), perichondrium (PC), reserve mesenchyme (zone of 
proliferation) (RM), chondroblastic zone (C), hypertrophic/calcifying 
cartilage (HC), primary spongiosa (PS), ,
periosteum (P), and woven bone (WB). The dotted line (BV) marks the 
region of the deep connective tissue where most of the blood vessels and 
nerve fibre bundles are located.
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Figure 5:8 A composite micrograph showing the structure of 
growing antler approximately 3 cm from the tip. Cells used 
for the experiments described in chapters 7, 8 and 9 were 
cultured from 'woven bone' and 'periosteal' tissue similar 
to that shown here. Key: epidermis (ED), subepidermis (SED), 
deep connective tissue (DC), periosteum (P), and woven bone 
(WB). (Hematoxylin and eosin X 33).
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Figure 5.9 Longitudinal section of growing Pere David's deer 
(Elaphurus davidianus) antler tip showing deep connective 
tissue (DC), perichondrium (PC), and reserve mesenchyme 
(zone of proliferation) (RM). (Hematoxylin and eosin X 75).
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Figure 5:10 Longitudinal section of growing Pere David's 
deer (Elaphurus davidianus) antler tip showing developing 
vascular cartilage. Chondroblast progenitors and 
chondroblasts undergo rapid proliferation around the 
vascular channels. The arrow points to the antler tip. 
(Hematoxylin and eosin X 75).
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Figure 5:11 Longitudinal section through growing antler 
vascular hypertrophic cartilage. Vascular channels (V) and 
hypertrophic/calcifying cartilage (HC) are abundant. 
(Hematoxylin and eosin X 150)
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CHAPTER 6

THE IN N ER VA TIO N  OF RED DEER ANTLER:

A STUDY OF R A PID  NEURAL GROWTH

INTRODUCTION

Observation of deer clearly shows that growing antler is 
innervated. Deer shy away from contact and show a great 
ability to avoid damaging the growing tips of their 
antlers even when running through woodland. In addition to 
this they demonstrate an acute sense of spatial awareness 
and memory for the whereabouts of antler points which are 
outside the visual range. This is most clearly shown when 
sparring during the rut even though the antler is dead at 
this time (Goss 1983).

Direct evidence for the innervation of antler was 
described in 1831 by Berthold (1831). In 1946 Wislocki and 
Singer (1946) found, by gross dissection that antler is 
supplied by the supraoptic and temporal branches of the 
trigeminal nerve. Since then the presence of both 
myelinated and unmyelinated nerves has been demonstrated 
in histological sections (Vacek 1955).

Although these early investigations have confirmed 
the presence of nerves in antler, the methods used do not 
indicate the type or possible function of the innervation.
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In this study I have applied immunohistochemical 
techniques to several neural proteins and peptides in 
order to localise and to characterise different neural 
subpopulations in growing antler.

The neural markers protein gene product 9.5 (PGP 9.5) and 
neurofilament triplet protein (NFILS) were used to assess 
the overall innervation. PGP 9.5 is a cytoplasmic 
ubiquitin C-terminal hydrolase and is known to be present 
in all neural elements (Doran, Jackson et al 1983; 
Wilkinson, Lee et al 1989; Day, Hinks and Thompson 1990). 
In contrast, NFILS is a cytoskeletal neural protein (Dahl 
and Bignam 1977) and therefore could be useful as a marker 
for persistent nerve fibres in rapidly growing tissues. 
Substance P, one of the major neuropeptides associated 
with nociception, is found in sensory afferent nerve 
fibres (Hokfelt, Kellerth et al 1975; Pernow 1983). 
Calcitonin gene related peptide (CGRP) is a sensory 
neuropeptide that is particularly abundant in tissues 
within and around bone (Amara, Jonas et al 1982; Bjurholm, 
Kriecbergs et al 1988; Hill and Elde 1988; CGRP is often 
found co-localised along with Substance P (Skofitsch and 
Jacobowitz 1985; Merighi, Gulbenkian et al 1988). 
Neuropeptide Y is a marker of adrenergic innervation as is 
CPON, a C- flanking peptide of neuropeptide Y. Tyrosine 
hydroxylase (TH) and vasoactive intestinal peptide (VIP) 
were used as markers for sympathetic (Morris and Gibbins
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1992 and parasympathetic nerves, respectively (Larsson, 
Fahrenkrug, et al 1976).
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METHODS

Animals.

Red deer (Cervus elaphus) antler tissue was purchased 
from Mr R. Hayward, Slopers Pond Farm, Barnet, 
Hertfordshire, England. Three antlers were obtained at 2 
weekly intervals during June and July. The antler lengths 
varied between 10 and 40cm during the collection period. 
The first specimen collected still carried the scab 
produced by the casting of the previous years antler. The 
second was collected during the period of maximum 
extension. The third antler was collected as growth was 
coming to its end. The first two specimens had a 
substantial amount of reserve mesenchyme present and the 
soft developing tip was relatively long with the 
mineralising ’front' being >2.5cm below the tip. This was 
not the case with the third specimen, where the reserve 
mesenchyme was indistinguishable from the more 
differentiated chondroblastic tissue and the antler was 
quite hard almost to the tip. These three specimens 
represent a sample of developmental stages from early 
regeneration, through rapid growth to early maturation.

Sections of antler were taken from the tip and 
approximately 8cm below the tip. Both longitudinal and 
transverse sections were studied.
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Fixation

Deer were executed by a firing squad (at dawn) using a 
high velocity rifle and the antlers removed within 5 
minutes. Tissue was then cut rapidly into pieces of 0.5 x 
3.0 cm and fixed by immediate immersion in Zamboni's fluid 
( 0.2% picric acid, 2% paraformaldehyde in PBS (Stefanini, 
de Martino and Zamboni 1967) for 20 hours at +4°C. The 
tissues were then washed in 15%*w/v sucrose, 0.01% w/v 
sodium azide in PBS for two days at +4°C. Pieces of antler 
were then frozen in liquid nitrogen. Samples of skin taken 
from deer nose and gralloch were processed in parallel 
with antler and were used to demonstrate specific cross 
reactivity and as experimental positive controls.

Antisera

Antisera used in this study, dilutions, specificity and 
characteristics are shown in Table I. Omission of primary 
antiserum or one of the subsequent steps in the avidin- 
biotin-peroxidase complex (ABC) method was included as a 
control for method specificity. Preabsorption of the 
neuropeptide antisera with an excess of corresponding 
antigen was used as a control for antibody specificity.

Immunohistochemistry

Frozen sections (15 pm) cut on a cryostat were mounted 
on poly-L-lysine-coated slides (Huang, Gibson et al 1983).
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Endogenous peroxidase was inhibited by soaking the 
sections in 0.3% v/v hydrogen peroxide in methanol for 20 
min. In order to aid antibody penetration sections were 
soaked in 0.2% v/v triton X-100 in PBS for 30 minutes. 
Following rinses in PBS, the slides were then placed in a 
humid chamber and the sections incubated overnight at +4°C 
with primary rabbit antibodies, diluted (see table 1) in 
PBS containing 1:30 normal goat serum and 0.1% w/v bovine 
serum albumin. On the following day after 2 washes in PBS 
the tissue sections were incubated with biotinylated goat 
anti-rabbit IgG, diluted at 1:100 along with normal goat 
serum (1:30), and BSA (0.1% w/v) in PBS, for 60 min at 
room temperature. After a further 3 washes in PBS the 
slides were incubated with avidin-biotin- peroxidase 
complex (ABC) (avidin and biotinylated horseradish 
peroxidase, both diluted 1:200 in PBS) for 60 min at room 
temperature (Hsu, Raine and Fanger 1981). The sections 
were then incubated for 5 min in a solution of 
3,31diaminobenzidine and nickel ammonium sulphate 
containing glucose and glucose oxidase (EC 1.1.3.4) (Shu, 
Ju and Fan 1988). After each step, the slides were rinsed 
three times in PBS for 5 min. Finally the slides were 
dehydrated in ethanol, cleared with Inhibisol and mounted 
in Pertex.

All staining was repeated using a FITC (fluorescein 
conjugated) second antibody and the results examined using
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a fluorescent microscope. It proved impossible to obtain 
useful micrographs of this staining. To photograph nerve 
fibres high power objective lens are required and a large 
depth of field. Using conventional florescence microscopy 
these two requirements are mutually exclusive. It is often 
possible to overcome these problems using confocal 
scanning microscopy but in this case fluorescein stained 
nerve fibres were rapidly bleached by the laser 
illumination and this technique could not be used. Nerve 
fibres found using this method were included in the semi- 
quantitative assessment of results.

Assessment of immunoreactive-fibre distribution.

Results were assessed semi-quantitatively. This was for 
two reasons, the generally low number of immunoreactive 
fibres (when compared to other tissues), and the 
difficulty in finding those that were present. Substance P 
and VIP containing fibres were both short and extremely 
thin. Had antler tissue sections been stained only using 
nickel enhanced DAB visualisation even the most careful 
quantification would have resulted in a gross under 
representation of substance P. This is due to optical 
effects produced by the birefringence of collagen, which 
is abundant in antler. Substance P immunoreactive fibres 
in particular were much more visible when visualised by an 
FITC second layer.
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oImmunostained antler sections of approximately 1cm 
were microscopically monitored for the presence of 
immunoreactive fibres and allocated into 1 of 7 tissue 
types for each deer, namely: epidermis; subepidermis 
containing hair follicles and sebaceous glands; deep 
connective tissue containing the major blood vessels; 
periosteum/perichondrium (tip/shaft); cartilage; osteoid; 
and bone (see figures 5:7 and 5:8). Nerve fibres observed 
were allocated into 1 of 4 categories for each tissue type 
and deer according to the frequency with which they 
occurred; I - no immunoreactive nerves detected; II - 
sparse, a total of 1-10 fibres found in the total sample; 
III - moderate, 10-20 fibres found in the total sample; IV 
- abundant, >20 fibres in the total sample. For each 
antiserum approximately 10 immunostained tissue 
sections/antler region/animal were assessed. The total 
sample represents in excess of 400 tissue sections 
immunohistochemically stained.
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Table I. Characteristics of the antibodies used in the study
Antigen Dilution Peptide

Absorption
Source References

Protein gene product 9.5 1/6000 N/A Ultraclone, Cambridge, U.K. Doran 1983 Gulbenkian 1987
Wilkinson 1989

Neurofilament triplet protein 
(68kD, 150 kD. 200kD)

1/200 N/A D. Dahl, Veterans Admin., 
Boston, MA, USA

Dahl 1977

Substance P (synthetic) 1/4000 1.0 nM/ml Hammersmith Hospital Merighi 1988

oc-Calcitonin gene-related 
peptide (rat, synthetic)

1/4000 0.1 nM/ml Hammersmith Hospital Gibson 1984 
Merighi 1988

Neuropeptide Y 1/4000 N/A Hammersmith Hospital Gulbenkian 1985
C-flanking peptide of 
neuropeptide (synthetic)

1/4000 N/A Hammersmith Hospital Allen 1985 
Gulbenkian 19S5

Tyrosine hydroxylase 1/2000 N/A D. Kuhn, Lafayette 
Clinic, Detroit, MI, USA

Lundberg 1982

Vasoactive intestinal 
peptide

1/10 000 0.1 nM/ml Hammersmith Hospital Bishop 1984

N/A not applicable
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RESULTS

Immunoreactivity to PGP 9.5, NFILS, substance P and CGRP 
was observed in tissue taken from all stages of antler 
growth (Table 2). When compared to the control tissue 
antlers were sparsely innervated. PGP 9.5 could only be 
observed near to the epidermis (figure 6:1). In other 
areas a high background staining was created by thfe 
binding of the antibodies to osteoblastic/chondroblastic 
cells which are common in the deeper tissue.

NFILS-immunoreactive nerves were observed in 
subepidermis, deep connective tissue and
perichondral/periosteal tissues both as nerve bundles and 
as individual nerve fibres. NFILS-immunoreactive nerves 
were also present in soft tissues near 
hypertrophic/calcifying cartilage in the central, 
cartilagenous region of the antler (figures 6:2 and 6:3), 
but only as sparse and short single fibres. No NFILS- 
immunoreactivity could be found in the spongiosa or among 
the woven bone surrounding it.

Nerves immunoreactive to substance P and CGRP were 
found subjacent to epidermis (figures 6:4 and 6:5) and in 
the deeper connective tissue (figures 6:6 and 6:7). Both 
neuropeptides were at their most abundant in the deeper 
connective tissue, particularly in the vascular region of 
the tip. These immunoreactive nerves were found as fibre
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bundles, perivascularly around small vessels and as free 
fibres. In perichondrium/periosteum-like tissue substance 
P- and CGRP- immunoreactive nerves were only present as 
short fibres (figure 6:8). Substance P-containing nerve 
fibres were much more sparse than CGRP-containing fibres, 
although tissue distribution and localisation were 
similar. This was demonstrated by the immunostaining of 
consecutive tissue sections.

Although some immunoreactivity to PGP 9.5, NFILS 
substance P and CGRP could be detected in most dermal and 
perichondral/periosteal tissue, only deep connective 
tissue showed a relatively abundant innervation (Table 2). 
Nerve fibres immunoreactive to PGP 9.5, NFILS, substance P 
or CGRP were not found within forming cartilage, osteoid 
or any mineralised antler tissue.

In view of the response elicited by touching antler it 
is perhaps surprising that epidermal innervation was 
extremely sparse, only 2 fibres being clearly identified. 
However, this was possibly due to the presence of 
immunoreactive fibres being masked by the high level of 
natural pigmentation present (figures 6:4 and 6:5). A very 
few VIP-containing nerves were present in deep connective 
tissues (figure 6:9) and occasionally in subepidermal 
tissue near to sebaceous glands. VIP immunoreactive fibres
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were only found in tissue sections representing the 
earliest stage of antler growth (deer 1).

No evidence could be found for neuropeptide Y, CPON or 
tyrosine hydroxylase containing fibres in any antler 
tissue although both gralloch and skin, which were used as 
positive controls, showed abundant immunoreactivity for 
these peptides/enzymes.

Preabsorptions of peptide antisera with an excess of 
antigen abolished all immunoreactivity in both antler and 
gralloch tissue (figures 6:11 and 6:12 and table 1).
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Summary of semi-quantitative assessment of fibre distribution 

Table 6;2/_______________________________^ w w • ma /
Immunoreactivity

Deer Length of antler Tissue PGP 9.5 NF SP CGRP YIP
Epidermis + - - + -
Subepidermis +++ + + +++ +
Deep connective tissue +++ +++ +++ +++ +

I 10 cm Perichondrium/periosteum N/A + + + -
Cartilage N/A - - - -
Osteoid N/A - - - -
Woven bone N/A - - - -

Epidermis - - - - -
Subepidermis +++ - + +++ -
Deep connective tissue +++ +++ ++ +++ -

n 20 cm Perichondrium/periosteum N/A + - + -
Cartilage N/A - - - -
Osteoid N/A - - - -
Woven bone N/A - - - -
Epidermis - - - - -
Subepidermis ++ - - + -
Deep connective tissue +++ +++ + +++ -

m 40 cm Perichondrium/periosteum N/A + - ++ -
Cartilage N/A - - - -
Osteoid N/A - - - -
Woven bone N/A - - - -

Key: N/A not applicable (see text); - immunoreactive fibres absent; + sparse; ++ moderate; +++ abundant
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Figure 6:1 A peptide gene product 9.5 immunoreactive 
fibre (arrowed) within the deep connective tissue, 
(longitudinal section X 350).
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Figure 6:2 The central core of the developing antler 
showing hypertrophic cartilage (HC) and vascular lumen 
(V). Neurofilament-immunoreactive fibres were found in 
similar tissues to those marked with an arrow. 
(Longitudinal section, hematoxylin and eosin X 185).
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Figure 6:3 A neurofilament-immunoreactive fibre (arrowed) 
within the central cartilagenous region of antler (for the 
morphology of antler see chapter 5). The fibre is situated 
in soft tissues adjoining a blood vessel (V) and 
hypertrophic cartilage (HC). No immunoreactivity to 
substance P, calcitonin gene-related peptide (CGRP), 
vasoactive intestinal polypeptide (VIP), neuropeptide Y 
(NPY), neuropeptide Y c-terminal flanking peptide (CPON) 
and tyrosine hydroxylase (TH) could be found in any 
similar location.

-130-



Chapter 6/

Figure 6:4 A strongly stained nerve fibre expressing 
calcitonin gene-related peptide (CGRP) in the subepidermis 
of antler (for the morphology of antler see chapter 5). 
The apparent staining of the epidermis (ED) is in fact 
natural pigmentation. The nerve fibre is in close 
proximity to a hair follicle (H) and a sebaceous gland 
(S). (Longitudinal section X 350).
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Figure 6:5 A calcitonin gene-related peptide (CGRP)- 
immunoreactive fibre in close proximity to the epidermis 
(ED). The fibre shows a curious antler-like shape 
(Longitudinal section X 325).
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Figure 6:6 A substance P-immunoreactive nerve fibre 
(arrowed) within the deep connective tissue of antler. 
Nerves containing substance P were all exceptionally thin 
fibres, substance P-immunoreactive fibres had a similar 
distribution to those expressing calcitonin gene-related 
peptide (CGRP) but they were generally less abundant 
(although this could be due to the difficulty of observing 
them). V marks a vascular lumen. Longitudinal section X 
4 7 5 ) .
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Figure 6:7 A calcitonin gene-related peptide- (CGRP) 
immunoreactive nerve bundle (large arrows) within the deep 
connective tissue region of antler. Fibres can be seen 
branching out from the main bundle (small arrows) which 
has been transected. Similar nerve fibre bundles were not 
found in periosteum/perichondrium or subepidermal tissue. 
(Transverse section X 485).
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Figure 6:8 A calcitonin gene-related peptide- (CGRP) 
immunoreactive fibre in antler periosteum (arrowed). Only 
short fibres similar to this were found in periosteal or 
perichondral tissue. This was probably due to the fibres 
passing oblique angle through the section. (Longitudinal 
section X 450).
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Figure 6:9 Vasoactive intestinal polypeptide- (VIP) 
immunoreactive fibres (arrowed) within the deep connective 
tissue of antler (for the morphology of antler see chapter 
5). VIP-containing nerves were only found at the earliest 
stage of antler growth and were both small and sparse. 
(Longitudinal section X 560).
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Figure 6:10 Calcitonin gene-related peptide- (CGRP) 
immunoreactive nerves in positive control tissue 
(gralloch). Skin from deer snout was also used as positive 
control tissue. Positive staining was also obtained with 
antisera immunoreactive to substance P, vasoactive 
intestinal polypeptide (VIP), neuropeptide Y (NPY), 
neuropeptide Y c-terminal flanking peptide (CPON), 
tyrosine hydroxylase (TH), neurofilament triplet protein 
(NFILS) and protein gene product 9.5. (Transverse section 
X 280).
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Figure 6:11 A positive control (gralloch) tissue section 
processed in parallel to that shown in figure 6:10 after 
incubation with calcitonin gene-related peptide (CGRP) 
antisera after preabsorption with an excess of CGRP 
antigen. All immunoreactivity has been abolished. 
(Transverse section X 280).
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DISCUSSION

This study primarily demonstrates that neural elements are 
able to attain the same high growth rates as those that 
are found at the tip of growing antler. Antlers grow by a 
rapid cellular proliferation, differentiation, and 
hypertrophy, followed by endochondral ossification (Banks 
and Newbrey 1983a ; 1983*5), and by the de novo formation of 
a collar of woven bone around the central cartilagenous 
core (Banks and Newbrey 1983*3; Boyde, Arnett et al 1989). 
A notable difference between this process and that found 
in mammalian long bone growth plates is that developing 
cartilage in antler is penetrated by numerous blood 
vessels (Banks and Newbrey 1983a ) (figures 5:7, 5:9, 5:10 
and 6:2). Most of the cellular constituents of antler 
develop in situ, exceptions being the nervous and vascular 
tissues. It follows that since rapidly regenerating antler 
tips are innervated that these nerves are able to attain 
the same high growth rates observed in red deer antlers.

Using antibodies to PGP 9.5 and NFILS we have located 
nerves in antler subepidermis, deep connective tissue, and 
in periosteum/perichondrium. In addition to this a few 
NFILS-immunoreactive nerve fibres were observed in tissues 
adjacent to hypertrophic cartilage within the central core 
of the antler. These may represent a population of nerve 
fibres which are no longer functionally active or 
expressing peptides/enzymes which were not stained for. As
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no immunoreactivity to neuropeptides could be observed in 
this location these may be remnants of a relict population 
of nerve fibres which have been left behind by the growing 
tip since cytoskeletal proteins are not likely to undergo 
as rapid a degradation and removal as cytoplasmic 
peptides.

The principal neuropeptides found were substance P and 
CGRP which are the major mediators of nociception (Woolf 
and Weinsenfeld-Hallin 1986). Localization of substance P 
and CGRP in antler/bone tissue may also demonstrate roles 
other than pain perception. CGRP and substance P can also 
act as potent motor transmitters following antidromic 
stimulation in sensory-motor nerves (Burnstock 1990; Maggi
1991). Early experiments where antler was denervated 
resulted in a reduction in size and a change of shape 
(Wislocki and Singer 1946). However, the investigators 
thought that this could have been due to injury. A 
subsequent and more extensive study by Suttie and Fennessy 
(1985a ) clearly showed that denervated antlers were 
smaller and had a different shape and concluded that these 
changes were not due to antler injury. Interestingly, in 
experiments where trigeminal antler nerves were 
electrically stimulated there was a very notable increase 
in length (>70%) and weight (>40%) in addition to changes 
in shape (Bubenik, Bubenik et al 1982). These studies show 
that innervation does appear to play a major role in the
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regulation of antler size and shape. In vivo CGRP has 
been shown to induce hypocalcaemia (Roos, Fischer et al
1986) and promote calcium uptake by bone (Ancill, Bascal 
et al 1991). It is possible that the changes shown in 
antler size and shape may in part be mediated by the 
osteogenic action of CGRP upon osteoblastic cells 
(Michelangeli, Fletcher et al et al. 1989; Bernard and 
Shih 1990). Concomitant with this anabolic activity, CGRP 
may also be influencing antler formation via an inhibitory 
effect on osteoclastic bone resorption (D1Souza, MacIntyre 
et al 1986; Zaidi, Chambers et al 1988). Antler 
osteoclasts are known to be responsive to calcitonin 
(Gray, Taylor et al 199213), and although CGRP is 1000 
times less potent than calcitonin, its local release could 
be enough to modulate bone resorption.

Growing antler is highly vascularised as might be 
expected in such metabolically active tissue with a high 
demand for oxygen and nutrients. A striking feature of an 
antler is that it has vascular cartilage which is not 
normally found in mammals beyond the immediate postnatal 
period. Substance P and CGRP are both potent vasodilators 
(Brain and Williams 1988). Substance P has been shown to 
stimulate neovascularisation, endothelial cell migration 
and proliferation (Ziche, Morbidelli et al 1990; Ziche, 
Morbidelli et al 1991). Similarly, CGRP is mitogenic for 
endothelial cells (Haegerstrand, Dalsgaard et al 1990).
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These findings indicate that substance P- and CGRP- 
containing fibres may play an important role in the rapid 
growth and neovascularisation of antlers.

We found no immunoreactivity in any antler tissue in 
tip or shaft for neuropeptide Y, CPON or tyrosine 
hydroxylase. This suggests a lack of sympathetic vasomotor 
innervation which is surprising in view of the vascular 
nature of antler tissue. However, in the present study we 
did not examine any tissues from the antler base. It is 
possible that neural elements expressing these 
peptides/enzyme may be much slower to invade the rapidly 
growing antler. However, this finding supports the report 
by Rayner and Ewen (1981) who could not demonstrate any 
evidence of adrenergic innervation of antler.

In the present study, sparse VIP-immunoreactive nerve 
fibres were observed in deep connective tissue and 
occasionally near sebaceous glands in subepidermis in 
early developing antler (deer 1) but not in later stages 
of growth. In the peripheral nervous system the main 
actions of VIP, which has been shown to localize in both 
autonomic (mainly parasympathetic) (Larsson, Fahrenkrug, 
et al 1976) and sensory neurones (Morris and Gibbins
1992), are smooth muscle relaxation and vasodilation. In 
bone, it is a potent stimulator of osteoclastic resorption 
(Hohmann 1983). However, its absence from tissues taken 
from later stages of antler growth suggests that this
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subpopulation of nerves does not keep pace with antler 
growth.

This study has conclusively demonstrated that substance 
P- and CGRP-containing nerve fibres can exhibit the 
exceptional growth rates found in antler. In addition, 
this work confirms and extends earlier studies which 
demonstrated the presence of nerves in developing antler. 
The localisation of neuropeptides substance P and CGRP in 
the dermal, deep connective and perichondral/periosteal 
tissues of developing antler supports an important role 
for sensory nerves in antlerogenesis.
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CHAPTER 7.

THE CULTURE OF CELLS DERIVED FROM GROWING ANTLER

INTRODUCTION

At the time of writing there have been very few reported 
attempts to grow antler tissue or antler-derived cells in

q
vitro. Ramirez and Brown (1988) showed that [ H] thymidine 
was incorporated into velvet antler tissue fragments when 
they were incubated in culture medium. Sempere et al (1989) 
cultured cells released from roe deer (Capreolus capreolus) 
velvet antler tissue by collagenase digestion, but they did 
not report any of their characteristics. Very recently 
Price, Oyajobi, et al (1992) have reported proliferation 
effects in response to a range of hormones and other 
factors but their brief abstract does not indicate either 
how the cells were released from the antler tissue, or what 
their characteristics were.
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ANIMALS AND METHODS

Animals and tissue culture.

An adult Pere David's deer (Elaphurus davidianus) was 
culled during February at Whipsnade Zoo, Bedfordshire and 
the antlers removed with a saw immediately. They were 
transported to the laboratory within 1  hour and washed in 
70% v/v ethanol. Samples of the velvet antler tissue were 
taken from the mineralising 'woven bone'-like tissue

9approximately 8 cm from the tip. They were placed in 25cm 
tissue culture flasks and treated in the same way as the 
fallow deer-derived cells described below.

Velvet antler was also collected from Whipsnade Zoo 
during the first 5 weeks of antler development from fallow 
deer (Dama dama). The antler was cut off at the pedicle 
and transported to the laboratory within 1  hour of the 
animal being culled. The velvet was shaved and the antler 
thoroughly washed in 70% ethanol before being split 
longitudinally. Small explants of tissue (approximately 2

qmm ) were taken from the reserve mesenchyme/zone of
proliferation region approximately 0.5 cm below the growing
tip (figures 5:7 and 5:9)). Similar explants were also
taken from the hard mineralising tissue ('woven bone')
located 5-10 cm from the antler tip and approximately 0.7
cm below the velvet outer surface (figures 5:7 and 5:8).

2Tissue explants were cultured initially in 75 cm flasks in
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Dulbecco's modified Eagle's medium (DMEM), supplemented 
with L-glutamine (2mM), penicillin (100 iu/ml), 
streptomycin (100 ug/ml), amphotericin B (0.25ug/ml) and 
10% fetal bovine serum (FBS). Cell outgrowths were allowed 
to reach 70-80% confluence, and then subcultured using 
0.75% trypsin/0.03% EDTA (w/v) in saline before being 
placed in a mixture of 50% FBS, 5% dimethysulphoxide, 5% 
glycerol and 40% (v/v) culture medium (DMEM) and frozen in 
liquid N 2  (500,000 cells/vial). Cells were only grown to 
70-80% confluence to remove the risk of confluence mediated 
changes occurring. All media, including those with 
trypsin/EDTA, were free of the oestrogenic indicator dye, 
phenol red (Berthois, Katzenellenbogen & Katzenellenbogen,
1987).

Velvet antler was collected during the first 6  weeks of 
antler development from farmed red deer (Cervus elaphus). 

The antler was cut off at the pedicle and transported to 
the laboratory within 1  hour of the animal being culled. 
The velvet was shaved and the antler thoroughly washed in 
70% ethanol before being split longitudinally. Small

qexplants of tissue (approximately 2  mm ) were taken from 
the area which to the naked eye appears avascular (reserve 
mesenchyme), approximately 0.5 cm below the growing tip 
(figures 5:7 and 5:9). Similar explants were also taken 
from the hard mineralising tissue ('woven bone') located 5 - 
10 cm from the antler tip and approximately 0.5 cm below
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the velvet outer surface (figures 5:7 and 5:8).
'Periosteal' tissue (figures 5:7 and 5:8) was separated 
from the subjacent 'woven bone' and was placed in culture 
flasks with the 'bone' side down as thin ( 1  mm) explants. 
Fragments of metapodial (leg) bone were also explanted and 
treated in the same way as antler tissue.

Tissue explants received exactly the same treatment as 
those obtained from fallow deer described above, except 
that DMEM culture medium was replaced by phenol red 
indicator free RPMI 1640.

Experimental procedures.

The experimental procedures used for quantitative 
experiments depended upon which hormones, growth factors or 
other agents were under investigation. They have therefore 
been set out in the appropriate chapters.

Cells to be used in all staining experiments were seeded 
into 6 -well tissue culture plates, glass 4-well chamber 
slides or on to acid cleaned cover slips placed in 24-well 
tissue culture plates. All cells were grown in their 
initial culture conditions.

Cells were stained histochemically for alkaline 
phosphatase using a modification of the method described by 
Ackerman (Sigma procedure 85). Briefly, cells were grown 
for 4-7 days, by which time confluence was achieved, before
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the culture medium was aspirated, the cell layer washed in 
PBS and fixed in 40% citrate buffer (16% sodium citrate 
(0.03M); 84% citric acid (0.03M)) in 60% acetone. The fixed 
cells were rinsed in tap water and allowed to air dry for 
15 minutes prior to incubation in fast blue RR salt (20 
mg/ml in 4% v/v napthol AS-MX/ distilled H 2 O) for 30

ominutes in the dark at 20 C. Stained cells were then rinsed 
in tap water. No counter stains were used .

Immunocytochemical staining for von Willebrand factor 
was carried out by incubating acetone-fixed cell layers at

o20 C for 2 hours using a single stage horseradish 
peroxidase- conjugated rabbit anti-human antisera (Cejka
1982) diluted at 1:40 in PBS containing 0.1% w/v BSA and 5% 
v/v normal human serum. The antibody was visualised using 
diaminobenzidine DAB after pre-treatment with 2% hydrogen 
peroxide (to block endogenous peroxidase activity).

Immunocytochemical staining was also carried out using 
mouse anti-human procollagen type 1 (McDonald, Broekelman 
et al 1986) and type 2 (Holmdahl, Rubin et al 1986) 
collagen monoclonal antibodies. Cells were grown as above 
and set out on acid-cleaned glass coverslips placed in a 
24-well plate and allowed to settle for 24 hours in the 
culture conditions described above. During the final 6  

hours the cells were incubated with lOmM monensin which was 
used to prevent the cells from exporting any collagen they 
might have produced. The cell layers were then washed in
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PBS and fixed in 50% acetone in PBS v/v for 15 minutes at 
20 C before permeablisation in 0.1% w/v BSA + 0.1% v/v 
triton X-100 in PBS. After blocking with 1% v/v normal goat 
serum and 0.1% BSA w/v in PBS for 1 hour at 20°C, washing 
with PBS containing 0.1% BSA, cell layers were incubated at 
20°C for 12 hours with the primary antisera (diluted at 1:1 
in PBS/BSA), non-immune mouse serum (diluted at 1:100 in 
PBS/BSA) or PBS/BSA. The following day, cell layers were 
washed 3 times in PBS/BSA and then incubated with a goat-

oantimouse FITC-conjugated second antiserum for 1 h at 20 C. 
Immunostained cells were examined using a fluorescence 
microscope and photographed.
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RESULTS

The typical appearance of cells derived from antler 
'tip1, 'woven bone' and 'periosteum' are shown in figures 
7:1, 7:2 and 7:3

Throughout the period of my work with antler-derived 
cells, I have routinely stained antler-derived cells for 
alkaline phosphatase whenever any other experiments were 
being initiated. During this time it has been rare to find 
more than 1  or 2  cells exhibiting positive staining for 
alkaline phosphatase in any confluent or subconfluent cell 
layer grown for up to 10 days (figures 7:4A and 7:4B). 
However, a general but low-level staining did occur when 
cells were cultured for longer periods of 2 or 3 weeks 
(after reaching confluence, figure 7:5). When compared to 
the staining shown by rat calvarial osteoblastic cells 
(figure 2 :1 2 ) or frozen sections of growing antler (figure 
7:6), staining was always extremely weak.

Cells taken from the 'woven bone' region of Pere David's 
(figure 7:7), fallow (figure 7:8) and red (not shown) deer 
antler showed positive staining for von Willebrand factor 
(factor VUI-related antigen). However, the observed 
immunoreactivity was weak when compared to that exhibited 
by bovine aortic endothelial cells (figure 7:9) (kindly 
provided by Dr Robyn Rennick, Department of Anatomy and 
Developmental Biology, University College, London). Red
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deer 'woven bone' cells were weakly positive for von 
Willebrand factor although tip (figures 7:10A and 7:10B), 
'periosteal' and leg-derived cells were unstained. Rat leg 
osteoblastic cells exhibited no immunoreactivity to von 
Willebrand factor (Figure 7:11). Numerous attempts to 
obtain red deer aortic endothelial cells for use as 
positive controls were made but all failed due to problems 
with infection at culling or overgrowth by smooth muscle 
cells and bovine cells had to be used.

Cells from all regions of red deer antler-derived cells 
showed strong cytoplasmic immunoreactivity to type I pro
collagen (figures 7:12 and 7:13). In contrast, cells 
incubated with type II collagen, non-immune serum or second 
antiserum only showed no staining reaction (figures 7:14 
and 7:15).
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Figure 7:1 Red deer antler 'tip'-derived cells in culture 
(Phase contrast, X 125)
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I
Figure 7:2 Red deer antler 'woven bone'-derived cells in 
culture. (Phase contrast, X 125).
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Figure 7:3 Red deer antler 'periosteum1-derived cells in 
culture. (Phase contrast, X 50).
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Figure 7:4A Red deer antler 'tipf-derived cells stained 
for alkaline phosphatase. (Phase contrast, X 125).

Figure 7:4B The same visual field as figure 7:4A but 
without the use of phase contrast optics or counterstain. 
The outline of cells can just be seen but there is no 
visible alkaline phosphatase staining.
( X 125).
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Figure 7:5 Alkaline phosphatase in red deer 'periosteum'- 
derived cells after three weeks in cell culture with the 
addition of 50pg/ml ascorbic acid and lOnM dexamethasone 
during the final seven days. Alkaline phosphatase could 
sometimes be detected histochemically in long term cell 
culture. The cells illustrated here exhibited the strongest 
staining observed with any antler cells.
( X 50).
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Figure 7:6 A frozen red deer antler tissue section after 
staining for alkaline phosphatase. Note the intense 
staining of the periosteum (P) and the osteoblasts 
(arrowheads) lining the forming bone surfaces. The deep 
connective tissue (DC) is unstained.
( X 75).
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Figure 7:7 Pere David's deer antler 'woven bone'-derived 
cells showing (weak) staining for von Willebrand factor 
(factor VIII related antigen).
(Diaminobenzidine, X 75).
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Figure 7:8 Fallow deer antler 'woven bone'-derived cells 
showing (weak) immunocytochemical staining for von 
Willebrand factor.
(Diaminobenzidine, X 125).
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Figure 7:9 Bovine aortic endothelial cells after 
immunocytochemical staining for von Willebrand factor. When 
compared to figures 7:7 and 7:8 these cells show intense 
staining.
(Diaminobenzidine, X 125).
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Figure 7:10A Red deer antler 'tip'-derived cells after 
immunocytochemical staining for von Willebrand factor. 
(Phase contrast and Diaminobenzidine, X 50).

Figure 7:10B The same visual field as figure 7:10A but 
without phase contrast or counterstain. There is no 
evidence of positive immunocytochemical staining for von 
Willebrand factor.
(Diaminobenzidine, X 50).
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iff

Figure 7:11 Cells derived from rat leg bone explants after 
immunocytochemical staining for von Willebrand. These cells 
were immunocytochemically stained in parallel to those 
shown in figures 7:7, 7:8, 7:9 and 7:10 and no 
immunoreactivity was visible.
(Diaminobenzidine, X 125).
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Figure 7:12 Red deer antler 'tip' derived cells showing 
abundant immunocytochemical staining for type 1 
procollagen.
(Fluorescein, X 250).
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Figure 7:13 Red deer antler 'woven bone'-derived cells 
showing strong immunocytochemical staining for type 1 
procollagen.
(Fluorescein, X 250).
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Figure 7:14 Red deer antler 'tip'-derived cells after 
immunocytochemical staining for type 2 collagen. No 
immunoreactivity was detected.
(Fluorescein, X 250).

-166-



Chapter 7/

Figure 7:15 Red deer antler 'woven bone'-derived cells 
after incubation with non-immune Taô se serum in parallel 
with the cells shown in figures 7:12, 7:13, and 7:14. 
(Fluorescein, X 250).
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DISCUSSION

It is something of a mystery that, despite numerous 
attempts, I have still not obtained cells from deer antler 
expressing alkaline phosphatase activity in culture, 
especially since 'periosteal' tissue expressed abundant 
staining in frozen sections. However, Professor Irving 
Shapiro, (personal communication) using my red deer antler- 
derived cells and verbal-reports from other groups have 
indicated that other groups working on antler-derived cells 
have obtained similar results (personal communication, Dr 
Ross Garrett, OsteoSA, San Antonio, Texas, USA). Some 
alkaline phosphatase activity was detected when cells were 
maintained in highly confluent conditions for long periods 
but, staining was weak and at best comparable to that seen 
with skin-derived fibroblastic cells. A possible 
explanation for the alkaline phosphatase activity found in 
long term cultures is that this was due to overgrowth by 
fibroblastic cells.

Staining for von Willebrand factor is a marker of the 
endothelial phenotype (Schwartz 1978). Since antler is such 
a highly vascularised tissue, it is not surprising that at 
least some of the cells obtained were of an endothelial 
origin.

Dr Robyn Rennick has also failed to find any evidence of 
smooth muscle myosin in any of my antler-derived cells
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(personal communication Dr Robyn Rennick, Department of 
Anatomy and Developmental Biology, University College, 
London).

The absence of type II collagen in immunocytochemically 
stained antler cells (especially those from the antler tip) 
is a little surprising it is known that the tissue taken 
from the antler tips gives rise to chondroblasts and 
cartilage further down the antler. It is hard to believe 
that few of the tip cells were chondroblasts or 
chondroblast progenitors. A possible explanation may be due 
to the method of cell culture since it is known that 
chondroblastic cells undergo a shift in phenotypic 
expression when maintained in monolayer culture and produce 
type I rather than type II collagen (Archer, McDowell et al 
1990). Two attempts were made to grow 'tip' cells in agar 
semi-suspension culture. Although the cells did survive, 
proliferation was extremely slow. Clearly more work is 
needed in this area to identify the optimum culture 
conditions.

At the present time it is not possible categorise the 
cells that I have grown from antler. Similarly other groups 
working in this area have also been unable to answer this 
question (personal communication Dr R Garrett, San Antonio, 
Texas, USA 1992; Price, Oyajobi, et al 1992). Although, a 
preliminary study by Professor Irving Shapiro using my red 
deer antler-derived cells has shown that these cells do
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produce type 1  and probably type 2  collagen in addition to 
osteonectin, osteopontin and a gla containing protein which 
is possibly osteocalcin (personal communication). These 
results show that in many respects these cells do conform 
to an osteoblastic phenotype which makes the apparent 
absence of alkaline phosphatase all the more perplexing. 
However, at the present time question of the cells exact 
identity may not be as important as it seems, particularly 
since in my experiments cells from different regions 
responded differently under equivalent culture conditions 
(although Professor Shapiro found no difference in the 
proteins produced by 'tip'- or 'woven bone'-derived cells). 
Recent reports have shown that both cartilage and bone (and 
therefore chondroblasts and osteoblasts) can be produced in 
vitro by periosteal cells conforming to a "relatively 
homogeneous population of fibroblast-like cells" (Nakahra, 
Dennis et al 1991). Similarly cells derived from bone 
marrow can also express an osteoblastic phenotype and 
osteogenic capacity (Benayahu, Kletter et al 1989). The 
populations of cells that I have obtained are undoubtably 
heterogeneous, but can produce proteins found in bone and 
undergo extensive proliferation (see chapter 9).
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CHAPTER 8
AN TLER -D ER IVED  CELLS: ANDROGENS AND 

1 , 25-D IH Y D R O X Y V IT A M IN  D3

INTRODUCTION

Antlers are secondary sexual characters which, with the 
exception of reindeer (Ranglfer tarandus), are normally 
only found in the male deer. More than 40 years ago, 
Wislocki, Aub and Waldo (1947) demonstrated that gonadal 
androgens played an important role both in antler pedicle 
formation and initial antlerogenesis. They found that 
neither pedicles nor antlers develop in the young deer in 
the absence of gonadal androgens after castration. Since 
1947 a number of studies have pointed to a close 
relationship between increasing serum testosterone levels 
and the cessation of antler growth and velvet shedding 
(Goss 1968, Suttie et al, 1984; Rolf & Fischer, 1990). 
Circulating testosterone levels in male deer display a 
well-known seasonal variation, rising during the antler 
growth period to reach a peak shortly after the end of 
antler growth. They decline after the rut, following which 
the antlers are cast. Testosterone is required for the 
development of normal antler morphology, although once the 
antler cycle has been initiated in the young deer 
subsequent castration will not prevent antler growth (Goss
1983). Testosterone does appear to be necessary for antler 
maturation and the exfoliation of velvet since antler 
growth continues in castrates and is checked only by

-172-



Chapter 8/

environmental factors such as freezing (Goss 1983). 
Conversely, antlers are cast in response to a fall in 
testosterone levels following the rut, or by castration 
during it. In fact if testosterone levels after the rut are 
maintained artificially with hormone implants, antler 'die- 
back 1 can continue into the skull and may even prove fatal 
to the deer (Lincoln 1992).

Bubenik (1983) believed that low doses of testosterone 
(for example, adrenal testosterone in castrates) were 
stimulating antler growth. However, more recently, Bubenik, 
Pomerantz et al, (1987a ) have suggested that 
androstenedione might play an important role in the 
initiation of antler growth. Brown, Chao and Faulkner 
(1983) found that higher levels of androstenedione in serum 
occurred at the onset of antler growth but then declined, 
in contrast to testosterone which was low when antler 
growth started but increased as antler maturation 
progressed.

Circulating levels of 1,25(OH ) 2  vitamin D3  were found to 
rise markedly in both white tailed deer (Odocolleus 

virginianus) and fallow deer (Dama dama) during the later 
phase of antler growth in which the rapid mineralisation 
occurs, but did not show age-related differences (Eiben, 
Scharla, et al, 1984; Van Der Eems, Brown, and Gundberg,
1988). In contrast, alkaline phosphatase, hydroxyproline 
and osteocalcin levels in serum were higher in fawns and
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juvenile animals than in adults, during the period of 
skeletal growth and maturation as might be expected. No 
striking changes in the other principal calcium regulating 
hormones, parathyroid hormone and calcitonin, appear to be 
directly associated with phases of antler growth (Chao, 
Brown, & Deftos, 1984).

There is little evidence at the present time for a 
direct stimulatory action of the gonadal steroids on antler 
growth. Sempere, Grimberg et al, (1989) cultured cells from 
antler velvet dermis and showed that these cells were able 
to la-hydroxylate 25(OHJvitaminDg. They also demonstrated 
that the venous outflow from growing antler contains 
elevated concentrations of 1,25(OH^vitamin D3 .

The aim of my study was to examine the responses of 
antler-derived cells to steroid hormones in vitro as part 
of an attempt to increase our understanding of both the 
initiation and the high rate of antler growth at the 
cellular level.
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ANIMALS AND METHODS

Animals

Velvet antler was collected during the first 6 weeks of 
antler development from Pere David's (Elaphurus davidianus) 
and fallow deer (Dama dama) (Whipsnade, Beds, U.K.) or 
farmed red deer (Cervus elaphus). The antler cells were 
obtained as described in chapter 7.

Experimental procedure.

All quantitative experiments were performed using thawed 
cells re-grown to 70-80% confluence before seeding into 
multiwell plates. For experiments with steroids, cells were 
incubated for 24 hours in medium supplemented with 5% 
charcoal-stripped FBS (Skj0dt, Gallagher, et al 1985) 
before the addition of fresh test media containing hormone 
or ethanol vehicle (0.1% v/v). In these experiments, 
passage 2 cells were seeded at 10,000 cells/well.

[ HJ thymidine incorporation assay

q[ H] thymidine incorporation into cells cultured from 
fallow deer antler was determined according to Beresford, 
Gallagher & Russell, (1986). Briefly, for the final 6 hours 
of culture, the cells were radiolabelled with lpCi/ml [6-
qH] thymidine (28 Ci/mM); cell layers were then washed 
three times with PBS containing 1 mM unradio-labelled 
thymidine, treated with 0.75% trypsin/0.03% EDTA for 5 min
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at 37°C, and precipitated twice at 4 C with 7.5% 
trichloroacetic acid / 0.2% BSA (w/v) carrier. After a
final digestion with 0.2M NaOH, and liquid scintillation
counting was conducted.

Red deer antler cells were labelled as above for 6 hours 
before [H]thymidine incorporation was determined using a 
slight modification of the method described by (Hauschka, 
Mavrakos et al, 1986). On termination of the experiments, 
the cell layers were washed with PBS before twice fixing 
with 100% methanol for 5 mins. After four water washes the 
cells were fixed twice with 5% (v/v) trichloroacetic 4°C 
for 10 min, followed by four washes with distilled water. 
The cells were then solubilised in 0.2M NaOH prior to 
liquid scintillation counting.

Alkaline phosphatase assay

Alkaline phosphatase activity was determined on parallel 
cell cultures using the method described by Beresford, 
Gallagher & Russell (1986). Briefly, cell layers were 
washed 3 times with PBS and stored at -20°C in glycine 
buffer (200 mM glycine, 2mM MgCl2  at pH 10.5) until 
required. Culture plates were subjected to three freeze- 
thaw cycles before the cell layers were mechanically 
disaggregated. 100pl of cell lysate was added to p- 
nitrophenylphosphate substrate and the mixture incubated at 
37°C. The reaction was stopped by the addition of 4M NaOH,
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when sufficient colour had developed and the time was 
recorded. Measurements were made using a 96 well plate 
reading spectrophotometer at a wavelength of 405 nM, and 
the results were calculated from a standard absorption 
curve obtained using p-nitrophenol.

Protein assay

The protein content of cell lysates, prepared as 
described above, was determined using a modified Lowry 
method (Peterson 1977). An aliquot of lOOpl was added to 
lOOpl Lowry reagent for 30 minutes before the addition of 
50pl Folin and Ciocaleau's reagent for a further 1 hour. 
The protein content was determined spectrophotometrically 
at a wavelength of 650 nM and the results were calculated 
from a standard absorption curve obtained from bovine serum 
albumin fraction 5 (BSA).

All results are presented as the mean ± standard error of 
the mean (SEM) for six replicate determinations. All 
experiments were performed once unless stated otherwise in 
the figure legend. Data were evaluated by one-way analysis 
of variance using a ’Minitab1 (version 7.1, 1989) 
statistical computer package

For further information on materials used and suppliers 
see Appendix 1.

-177-



Chapter 8/

RESULTS

q
[ H] thymidine incorporation

qThe rate of [ H] thymidine incorporation was lower in 
fallow than red deer-derived antler control cells in all 
experiments. Testosterone significantly inhibited [ H] 
thymidine incorporation of 'woven bone1 cells derived from 
both Pere David's and fallow deer antlers (figures 8:1, and

q8:2). [ H] thymidine incorporation into red deer 'woven 
bone1 cells was only significantly inhibited in response to 
testosterone at lOOnM and the effect was small (figure 
8:3).

The response of the antler cells to testosterone was
qinconsistent. Although it usually inhibited [ H] thymidine 

incorporation, this was not always the case. Fallow deer 
antler 'tip' cells did not show any clear response to 
testosterone. Although the results appear to suggest an

qinhibition of [ H] thymidine incorporation at 10 nM 
testosterone, no response were found at lOOnM (Figure 8:4), 
and one population of fallow 'woven bone' cells showed a 
small but significant stimulation with lOOnM testosterone 
(figure 8:5). Similarly, in one experiment only, red deer 
'woven bone' cells showed a small, but statistically

qsignificant increase in [ H] thymidine uptake in the 
presence of 5% FBS, although identical cells cultured in 
serum-free conditions gave no response (figure 8:6).
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1,25-dihydroxyvitamin Dg treatment of fallow 'woven 
bone1 or 'tip' cells (figure 8:2, 8:4, 8:5, & 8:7 & 8:8)

qalso resulted in an inhibition of [ H] thymidine 
incorporation, and the response was larger than that 
obtained with testosterone. No experiments were conducted 
with Pere David's antler cells and 1,25-dihydroxyvitamin 
D g .  In contrast to the results obtained with fallow antler

qcells, 1,25-dihydroxyvitamin Dg alone increased [ H] 
thymidine incorporation in the red deer cells. However, 
this stimulation was significantly and dose dependently 
reduced when it was used in combination with testosterone 
(to basal levels by 5nM 1,25-dihydroxyvitamin Dg plus lOOnM 
T)(figure 8:3).

Red deer antler 'woven bone' cells did show a small but
qsignificant increase in [ H] thymidine incorporation in 

response to androstenedione (figure 8:9).

Alkaline phosphatase.

Short term experiments (up to 9 days) rarely resulted in 
measurable quantities of alkaline phosphatase activity in 
cells derived from any antler tissue or species. Alkaline 
phosphatase could sometimes be measured in longer term 
cultures of cells from red deer, but activity was low.

Cells cultured from red deer antler 'tip' which had been 
grown to confluence over 6 days prior to the addition of 
media containing 1,25-dihydroxyvitamin D g ,  and for 7 days
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afterwards, showed a small increase (significance level 
p=0.044) in alkaline phosphatase activity in response to 
5nM 1,25-dihydroxyvitamin Dg (figure 8:10). The same cells 
cultured in parallel with InM dexamethasone showed a slight 
decrease in alkaline phosphatase activity (p=0.014) (figure 
8:10). No change in alkaline phosphatase was detected in 
red deer 'woven bone'-derived cells cultured with 5nM 1,25- 
dihydroxyvitamin Dg for 17 or 23 days (figure 8:11).

Protein synthesis

The effect of testosterone upon protein synthesis by 
fallow deer antler-derived cells was inconsistent (figures 
8:12 and 8:13). 1,25-Dihydroxyvitamin Dg stimulated protein 
synthesis by 'woven bone'-derived cells (figures 8:8B, and 
8:14), but on one occasion no effect was observed (figure 
8:12). In contrast, protein synthesis by fallow deer antler 
'tip'-derived cells was inhibited by 1,25-dihydroxyvitamin 
Dg (figure 8:13). Red deer antler 'tip' cells did not show 
a statistically significant reduction in the levels of cell 
protein in the presence of 1,25-dihydroxyvitamin Dg (figure 
8:15).

When 1,25-dihydroxyvitamin Dg and testosterone were used 
in combination both 'tip' and 'woven bone' cell protein 
synthesis were significantly increased over levels obtained 
with 1,25-dihydroxyvitamin Dg alone (figures 8:12 and 
8:13).
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In the one experiment, where it was used, the addition 
of InM dexamethasone significantly stimulated protein 
synthesis by red deer 'tip' cells (p=0.008) (figure 8:15).
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Table 8:1 A SUMMARY OF THE EFFECTS OF TESTOSTERONE AND 1,25 
DIHYDROXYVITAMIN D3  ON ANTLER-DERIVED CELLS.

SPECIES TISSUE TREATMENT [3 H]THYMIDINE PROTEIN
Pere David Woven Bone Testosterone u NR 0

Fallow Tip Testosterone i NR i NR
l,25(OH)2D3 a i
T+l,25(OH)2D3 $ «-» NR T NR
l,25(OH)2D3 i NR 0

Fallow Woven bone Testosterone 1 R ITNR
l,25(OH)2D3 a
T+l,25(OH)2D3 $ <-> TTNR
Testosterone TT NR 0

l,25(OH)2D3 u 0
T+1,25(0H)2D3 $ <-> 0

l,25(OH)2D3 u R T NR
l,25(OH)2D3 0 TT

RED TIP l,25(OH)2D3 0 «-»
Dexamethasone 0 T

Red Woven Bone Testosterone i NR 0

l,25(OH)2D3 TT 0
T+l,25(OH)2D3 $ U R 0

l,25(OH)2D3 0 TT
Testosterone T NR 0

Androstenedione T NR 0

$=reported with respect to 1,25(OH>2 D 3  alone, T=enhanced 
p<0.05, TT= enhanced p<0.005, J,=inhibited p<0.05, 
i 4,=inhibited p<0.005, «=no change, O=not done, R=dose 
related, NR=not dose related. Results obtained with the 
same batches of cells have been grouped together.
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DISCUSSION

Deer antler provides an example of extreme rates of growth 
in a regenerating bone-like tissue which may be of 
considerable relevance to human skeletal dynamics 
particularly with regard to fracture repair and the control 
of osteoporosis. Little is known, however, of how the 
characteristics of antler-derived cells compare with those 
obtained from other bones. This study has, therefore, 
addressed the nature of antler-derived cells in culture, 
and their responses to gonadal steroids and 1,25- 
dihydroxyvitamin D3 .

The proliferation of antler cells grown in the presence 
of testosterone was sometimes inhibited. This finding 
contrasts with recent reports describing the stimulation of 
the proliferation of rat bone cells in vitro in response to 
exogenous androgens (Somjen, Kaye, et al 1989a; Kasperk, 
Wergedal, et al 1989; Gray, Colston, et al 1992).

None of the antler cells described here exhibited the 
classical osteoblastic characteristic of alkaline 
phosphatase expression in culture, a finding confirmed by 
Professor Irving Shapiro using the same cells (personal 
communication). Similar observations on cultured antler 
cells have also been made elsewhere (Dr Ross Garrett, San 
Antonio, Texas personal communication). This was somewhat 
surprising in view of the intense alkaline phosphatase
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staining seen in antler periosteum and cells covering woven 
bone surfaces in antler tissue sections. Also circulating 
levels of alkaline phosphatase have been found to correlate 
with antler development in vivo (Chao, Brown, and Deftos 
1984; Sempere, Bubenik, and Smith 1986; Bubenik, Sempere 
and Hamr 1987; Van Der Eems, Brown, and Gundberg 1988). 
Only in long term cultures at high cell density were low 
levels of alkaline phosphatase activity detectable in my 
experiments.

Androgens appear to act rather differently on antler- 
derived cells than on those derived from other bone or 
cartilage. A number of authors have reported that androgens 
stimulate the proliferative response of osteoblast-like 
cells (Somjen, Weisman, et al. 1989a; Kasperk, Werdegal, et 
al. 1989; Gray, Colston, et al. 1992). In contrast to all 
of these findings, I found that the proliferation of cells 
derived from antler 'woven bone' was usually inhibited by 
testosterone, although occasionally no effect was observed. 
Price, Oyajobi, et al (1992) have also reported that cells

qfrom the mineralising region of antler had reduced [ H] 
thymidine incorporation in response to testosterone. These 
findings fit with the observation that rising levels of 
testosterone are accompanied by the cessation of growth and 
the shedding of antler velvet in vivo.

Price, Oyajobi, et al (1992) have also reported that 
red deer tip-derived cells showed enhanced proliferation
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rates in response to testosterone. I did not determine the 
proliferation rate of the tip cells of this species, but 
found that the cells derived from fallow deer 'tip' region 
cells showed little response to testosterone, although a 
small but significant inhibition was observed with lOnM 
testosterone in one experiment.

Androstenedione has been proposed as an 'antler 
stimulating hormone'. Circulating androstenedione has been 
shown to vary according to an annual cycle of production 
that is independent of the testis in male white-tailed deer 
(Odocoileus virginianus) and rising levels coincide with 
the onset of antler growth (Brown, Chao and Faulkner 1983; 
Bubenik, Pomerantz, et al 1987a ). The small stimulation in
q[ H] thymidine incorporation observed in my antler-derived 

cells treated with androstenedione may be reflecting this 
in vivo action. However, since the effects observed were 
small, more experiments with cells from other antler 
regions, especially 'tip', will be required before this 
result can be viewed as more than an interesting 
speculation. In any event, the small stimulation of cell 
proliferation observed in vitro do not appear to explain 
the exceptional growth rates found in antler.

Experiments using 1,25-dihydroxyvitamin Dg revealed in 
different proliferative responses with cells derived from 
fallow and red deer antler. This may represent a species 
difference, but it could be due to a different balance in
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the populations of cells present in the cultures. All 
experiments were conducted using cells grown from tissue 
explants which yield unavoidably heterogeneous populations 
(as are present in the same tissue, but perhaps in 
different proportions and propinquity). Alternatively, the 
stage in the cell cycle or the differentiated state of the 
cells has been shown to affect the response of normal rat 
bone cells to 1,25-dihydroxyvitamin D3  (Owen, Aronow, et al 
1991) and I have reported variations in responses obtained 
with rat osteoblastic cells (chapter 3 and Gray, Colston, 
et al 1992). The main actions of 1,25-dihydroxyvitamin Dg 
in osteoblastic cells are to decrease cell proliferation 
and increase differentiated function (Skj0dt, Gallagher, et 
aI 1985) which is consistent with the results obtained with 
cells derived from fallow deer antler. However, 1,25- 
dihydroxyvitamin D 3  has also been shown to modulate the 
release of insulin-like growth factors 1  & 2  by primary 
osteoblastic cells in vitro (Linkhart and Keffer 1991;
Chen, Mallory and Hintz 1991). If a similar effect is 
present in antler-derived cells this may offer some 
explanation of the variation in response to 1,25- 
dihydroxyvitamin D3 , since red deer antler-derived cells 
are particularly responsive to IGF-1 (see chapter 9). 
Fallow and white tailed (Odocoileus virginianus) deer do 
exhibit a seasonal variation in serum levels of 1,25- 
dihydroxyvitamin D3  which reach a maximum concomitant with 
antler maturation in vivo (Eiben, Scharla, et al 1984;

-201-



Chapter 8/

Van Der Eems, Brown and Gundberg 1988). This is not 
surprising when the effect of 1,25-dihydroxyvitamin D3  on 
calcium absorption in the gut and the increased calcium 
requirement during antler mineralisation are considered. 
Sempere, Grimberg, et al (1989) working with roe deer 
(Capreolus capreolus) have shown that 1,25-dihydroxyvitamin 
D 3  in serum increased as antler development progressed and 
that levels were significantly higher in antler than in 
blood taken from the jugular vein. In vitro, they have 
shown that antler-derived cells are able to 1 -hydroxylate 
25-hydroxyvitamin D3  which is produced locally in antler 
velvet. This suggests that 1,25-dihydroxyvitamin D3  is an 
important local factor in addition to its systemic role.

Dexamethasone was used in a number of preliminary 
attempts to induce the matrix produced by antler cells to 
mineralise in vitro. Mineralisation did not occur but 
matrix formation appeared to have increased. As a result, 
dexamethasone was added to a long term experiment and was 
found to increase protein synthesis and decrease alkaline 
phosphatase activity. These results are too few and too 
small to draw meaningful conclusions. Sempere, Bubenik and 
Smith (1986) found that dexamethasone treatment in vivo 
produced no changes in plasma alkaline phosphatase levels, 
but interpretation of this is confused because the 
administration of dexamethasone reduces circulating 
cortisol.
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These findings suggest that androgens and 1,25- 
dihydroxyvitamin Dg play an important role in antler 
development. This is probably directed towards antler 
maturation rather than growth, with the possible exception 
of androstenedione which could act as an initiator of 
antler development. However, it is more likely that 
melatonin fulfils this role in deer with a seasonal antler 
cycle (Adam, Moir and Atkinson 1986) although it could act 
via androstenedione.

In conclusion, I consider that the anabolic actions 
observed in my experiments were too small to explain the 
exceptional growth rates found in antler in vivo.
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CHAPTER 9

ANTLER-DERIVED CELLS: RESPONSES TO GROWTH FACTORS IN VITRO.

INTRODUCTION

As I have shown in the last chapter there is no strong 
evidence to suggest that either androgens or 1,25- 
dihydroxyvitamin D 3  are able to directly stimulate the 
impressive rate of antler growth. However, systemic or 
locally produced growth factors may fulfil this role. 
Insulin-like growth factor 1, a single chain 70 amino acid 
protein (Rinderknecht and Humbel, 1978) with a powerful 
anabolic activity (Skottner, Arrhenius-Nyberg, et al 1990) 
may be such a factor. Suttie, Gluckman, et al (1985*3) have 
shown that there is a strong positive correlation between 
circulating plasma insulin-like growth factor 1 (IGF-1) and 
antler growth in red deer (Cervus elaphus), with peak 
antler extension rates coinciding with peak IGF-1 levels. 
Red deer stags surgically prevented from growing antlers 
showed marked elevations in plasma IGF-1 (Suttie, Fennessy 
et al, 1989).

In addition to the mineralised tissues and their 
precursors, rapidly growing antler also contains epidermal, 
vascular and neural tissues which exhibit high growth 
rates. Epidermal growth factor (EGF) has been shown to 
stimulate DNA synthesis by osteoblastic cells in vitro (Ng, 
Partridge et al, 1983) and appears to play a role as a
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chemoattractant in the neovascularisation of wound repair 
(Grotendorst, Soma et al, 1989). EGF has also been found in 
velvet antler (Ko, Yip et al, 1986).

Developing antler is an highly vascular tissue. This is 
undoubtably due to the intense metabolic activity related 
to growth. However, the vasculature has to grow at a very 
high rate. Basic fibroblast growth factor (bFGF) is a 
powerful mitogen for both endothelial cells (Gospodarowicz, 
Moran and Braun, 1977) and osteoblasts (Globus, Patterson- 
Buckendahl and Gospodarowicz 1988; Gospodarowicz 1990).

Transforming growth factor [3 (TGFp) is abundant in bone 
and has been found to stimulate both osteoblastic cell 
proliferation and type 1 collagen production (Centrella, 
McCarthy and Canalis, 1987).

Cells derived from antler 'woven bone1, 'periosteum' and 
deer metapodial bone were treated with insulin to provide a 
comparison with their responses to IGF-1 and other growth 
factors.

The aim of the study was to characterise the responses 
of antler-derived cells to growth factors in vitro as part 
of an attempt to gain an insight into the regulation of 
cellular proliferation in antler-derived cells.
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METHODS

Animals

All experiments with growth factors were conducted with 
cells derived from velvet antler, collected during the 
first 6  weeks of antler development from farmed red deer 
(Cervus elaphus). The antler tissue was prepared and the 
cells cultured as described in chapter 7. To allow a 
comparison between antler-derived and normal deer bone 
cells, tissue was also taken from red deer metapodial 
(lower leg) bone. The leg was washed in 70% ethanol and 
dissected free of soft tissues, the periosteum was pulled 
away and fragments of bone were taken and placed in 
identical conditions to the antler-derived cells described 
in chapter 7. The deer 'leg1 bone-derived cells did not 
come from the same animals as the antler-derived cells. 
Although many attempts were made, it proved extremely 
difficult to grow deer bone-derived cells, since trabecular 
bone is almost entirely absent from non-meat bearing parts 
of the skeleton (the only ones available to me).

Cell culture

All quantitative experiments were performed using thawed 
cells re-grown to 70-80% confluence (in the conditions 
described above) before seeding into multiwell plates at an 
initial density of 5,000 cells/well in RPMI 1640 medium 
supplemented with 0.1% (w/v) bovine serum albumin (BSA,
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fraction 5) and O.OlmM acetic acid. Growth factors were 
added 24 hours after seeding the cells. Growth factors were 
initially dissolved in deoxygenated water containing 0 .1 % 
BSA (w/v) and O.OlmM acetic acid, and stored in 'ready for

ouse 1 aliquots at -20 C (to reduce damage, growth factors 
were only frozen and thawed once). Growth factor 
concentrations were chosen to reflect the physiological 
range in deer (where known) or copy effective doses used in 
the culture of other appropriate cell types. Subsequent 
dilution was carried out using the experimental medium 
described above. In all experiments 10% heat inactivated 
FBS was used as a 'positive control'. All experiments were 
terminated 48 hours after the addition of the test media.

[3H] thymidine incorporation

Red deer antler cells were radio-labelled with lpCi/ml 
[6 -^H] thymidine (28 Ci/mM) during the final 24 hours of

qcell culture. [ H] thymidine incorporation was determined 
using a slight modification of the method described by 
Hauschka, Mavrakos, et al (1986) as described in chapter 8 .

All results are presented as the mean ± standard error of 
the mean (SEM) for six replicate determinations. All 
experiments were performed once unless stated otherwise in 
the figure legend. Data were evaluated by one-way analysis 
of variance using a 'Minitab' (version 7.1, 1989) 
statistical computer package
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RESULTS

Cells derived from all three regions of antler and deer
qleg bone showed a highly significant increase in [ H] 

thymidine incorporation in response to treatment with IGF-1 
at doses ranging between 0.5 and 500 ng/ml (with the single 
exception of 'woven bone' cells at 5ng/ml). This effect was 
dose related with the largest response being observed at 
the highest dose. Cells derived from antler 'tip' showed 
the greatest response to treatment with 500ng/ml of IGF-1,

qwith a [ H] thymidine incorporation rate of 58% of that 
produced by 10% FBS (figure 9:1). A similar, if slightly 
smaller, increase was also obtained from 'periosteal' and 
'woven bone' cells at 50%, and 48% of FBS levels 
respectively (figures 9:2 and 9:3). However, cells derived

qfrom deer 'leg' only reached 18% of the FBS-induced [ H] 
thymidine incorporation rate (Figures 9:4). The observed

qincrease in [ H] thymidine incorporation in response to 
200ng/ml IGF-1 was reflected in a significant increase in 
cell number as assessed by haemocytometer (p=0 .0 2 ).

Treatment of antler-derived cells with bFGF resulted in 
a similar pattern of response to that obtained with IGF-1

qexcept that the observed increases in [ H] thymidine 
incorporation was dose dependant and generally larger 
(figures 9:5, 9:6 and 9:7). However cells grown from deer 
'leg' explants showed a peak response with 5 ng/ml bFGF 
(figure 9:8);5 treatment with 50ng/ml bFGF resulted in less
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q[ H] thymidine incorporation than was found with 0.05 
ng/ml. When cells derived from the antler 'tip* were

qincubated with 50ng/ml bFGF, [ H] thymidine incorporation 
was stimulated to 94% of levels found with 10% FBS.

In contrast to the results with IGF-1 and bFGF, 
responses to EGF were more muted (figures 9:9-9:12). 
'periosteal1 cells showed no response at all (figure 9:11), 
while cells from the antler 'tip' (figure 9:9), 'woven 
bone' (figure 9:10) and deer leg (figure 9:12) did show a

qsmall but significant increase in [ H] thymidine 
incorporation when cultured with EGF. The effects of the 
addition of EGF were very small, however, and there was no 
sign of any dose related effect over the range 0 .1 - 
lOOng/ml.

Treatment with TGFp over the range 0.01-10ng/ml resulted
qin highly significant increases in [ H] thymidine 

incorporation into cells from all four sites, although only 
'woven bone' showed any dose-related response (figures 
9:13-9:16). Cells from both antler 'tip' (figure 9:13)and 
'woven bone' (figure 9:14) showed a similar magnitude of 
response with maximal stimulation at lng/ml TGFp. Antler

q'periosteal' cells showed a small increase in [ H] 
thymidine incorporation with lng/ml and lOng/ml TGFp only 
(figure 9:15). In contrast, leg-derived cells showed almost
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as great a stimulation in response to TGFp, maximal at 0.1 
ng/ml, as was obtained with IGF-1 (Figures 9:16).

The responses of 1 periosteal' antler- and 'leg1-derived 
cells to treatment with insulin resulted in a highly

qsignificant, dose-dependant stimulation of [ H] thymidine 
incorporation (figures 9:17 and 9:18). When the same 
experiment was conducted with 'woven bone'-derived cells 
there was a very strong and highly significant inhibition

qof [ H] thymidine incorporation (figure 9:19). Due to a 
lack of cells the responses of antler tip cells to insulin 
were not examined.

The treatment of cells with growth factors in 
combination resulted in some striking effects (figures 
9:20-9:23). In particular, when antler 'tip' cells were 
exposed to 50ng/ml bFGF plus lOng/ml TGFp [^H] thymidine 
incorporation showed a 1.44 fold increase over the level 
resulting from 10% FBS treatment (figure 9:20). In general 
bFGF and TGFp proved to be a consistently potent 
combination for both 'leg'- and antler-derived cells, as to 
a lesser extent was the combination of IGF-1 plus bFGF.
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DISCUSSION

This study represents an investigation into the regulation 
of antler development by growth factors. The response of 
both antler and 'leg'-derived cells to single growth 
factors was generally striking, although EGF had little 
effect.

Suttie, Gluckman et al (1985*5) have proposed that IGF-1 
is a candidate for an antler stimulating hormone. They 
showed that there was a close correlation between 
circulating levels of IGF-1 and the rate of antler 
extension. However, this relationship did not hold during 
the formation of the pedicle. IGF-1 production in red deer 
appears to be linked to the amount, and possibly frequency, 
of growth hormone release by the pituitary gland (Suttie, 
Fennessy et al (1988). In vivo IGF-1 has been shown to 
stimulate chondrogenesis and epiphyseal growth (Russell and 
Spencer 1985). However, a later study showed no significant 
change in limb growth in response to the direct infusion of 
IGF-1 (Nilsson et al 1987). This may have been due to the 
delivery system, since the actions IGF-1 in vivo are 
complex and involve both the growth factor and its binding 
protein (Sara and Hall 1990). In vitro IGF-1 is a powerful 
mitogen for a wide range of cell types including 
chondroblasts, osteoblasts, fibroblasts, and endothelial 
cells (Froesch, Schmid, et al 1985; Hock, Centrella and 
Canalis 1988; Froger-Gaillard, Hossenlopp et al 1989;
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Streeten, Ornberg, et al 1989). In addition to these 
proliferative responses IGF-1 can also stimulate the 
differentiation of osteoblasts (Schmid, Steiner and Froesch 
1984). Experiments with antler cells showed the typical 
mitogenic response to physiological doses of IGF-1. 
Recently Price, Oyajobi, et al (1992) have reported a 
similar IGF-1 response in red deer antler-derived cells.

Like IGF-1, bFGF is a powerful mitogen. This is 
especially true for cells of the endothelial phenotype 
(Gospodarowicz, Greenburg et al 1978), for which bFGF is 
also necessary to maintain their differentiated state when 
in culture (Vlodavsky, Johnson, et al 1979). bFGF also 
stimulates the proliferation of rat osteoblastic and 
fibroblastic cells (Canalis, Centrella and McCarthy 1988*5; 
McCarthy, Centrella and Canalis 1989) and osteocalcin 
production in bovine osteoblast-like cells in vitro 
(Globus, Patterson-Buckendahl and Gospodarowicz 1988). In 
my experiments, antler-derived cells showed a slightly 
greater response to bFGF than IGF-1, both ’tip' and 'woven

qbone'-derived cells attaining [ H] thymidine incorporation 
levels comparable to those resulting from treatment with 
10% FBS.

EGF has been shown to stimulate the proliferation of a 
range of cell types, including fibroblasts, chondrocytes 
and osteoblastic cells (Hollenberg and Cuatrocasas 1973;
Ng, Partridge et al 1983), but to suppress bone nodule
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formation in vitro (Antosz, Bellows, and Aubin 1989). EGF 
is known to be present in developing antler (Ko, Yip et al
1986). It is especially surprising, therefore, that the 
antler-derived cells showed such a poor response to EGF 
alone in my experiments. However, as Carpenter and Cohen 
(1979) point out, most studies showing enhanced cell 
proliferation in response to EGF required small amounts of 
serum (1 -2 %) and possibly additional factors (e.g. ascorbic 
acid) before any effect was found.

TGFp has been shown to reduce cell proliferation in the 
transformed osteoblast-like cell line ROS 17/2.8 cells 
(Pfeilschifter, D fSouza and Mundy 1987), rat calvarial 
osteoblastic cells (Antosz M, Bellows and Aubin 1989), and 
arterial endothelial cells (Mioh and Chen 1989) in vitro. 

However, normal rat calvarial osteoblastic cells treated 
with TGFp have been reported to show an enhanced cell 
proliferation in vitro. (Centrella, McCarthy and Canalis
1987). TGF(3 has been found to increase both fibrosis and 
angiogenesis in vivo (Roberts, Sporn et al 1986). All red 
deer antler and leg-derived cells showed significantly

qincreased [ H] thymidine incorporation in response to 
treatment with TGFp although the effect was small compared 
to the response elicited from IGF-1 and bFGF. Cells derived 
from 'periosteum' and 1 leg' were less responsive to TGFp 
than were those derived from 'tip' and 'woven bone'. This 
may be due to the lower basal level of proliferation in
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q’periosteal' and 'leg' cells, since the [ H] thymidine 
incorporation rate response to TGFp treatment has been 
reported to be density dependent (Centrella, McCarthy and 
Canalis 1987).

In addition to regulating glucose metabolism, insulin is 
needed to maintain a range of cells types in vitro - for 
example, rat pituitary GHg cells (Hayashi, Larner and Sato 
1978), Swiss 3T3 fibroblasts (Barnes and Sato 1980) and 
osteoblast-like cells. Insulin treatment can also stimulate 
the proliferation of osteoblast-like cells (Ernst and 
Froesch) and chondrocytes (Froger-Gaillard, Hossenlopp et 
al 1989) in vitro, but insulin has a substantially weaker 
effect than IGF-1.

The actions of insulin upon antler-derived cells were 
not clear-cut. 'Periosteal' and 'leg'-derived cells showed

qan increase in [ H] thymidine incorporation which, although 
smaller than that induced by IGF-1, was as expected. This 
was not however, the case with 'woven bone'-derived cells 
in which proliferation was strongly inhibited by increasing 
doses of insulin. I cannot account for what I believe is an 
anomaly and unfortunately cells were not available to allow 
a repeat of this experiment. An added complication for the 
interpretation of the 'woven bone' experiment is that it 
was conducted with a different batch of insulin from that 
used with the other cells. 'Tip' cells were not tested with 
insulin because of a lack of cells. This was because all
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experiments had to be performed with cells obtained during 
the short antler 'growing season' which seriously limited 
availability.

When the pattern of responses to single growth factors 
is examined as a whole, 'tip' and 'woven bone' antler cells 
show the closest similarity, both displaying maximal 
stimulation with bFGF.

The mitogenic activity of the growth factors was 
generally enhanced when they were used in combination. This 
was especially striking with 'tip' cells when bFGF was 
combined with TGFJ3. Crabb, O'Keefe, et al (1990) have 
reported a striking effect (73 fold stimulation over 
control) when chick growth plate chondrocytes were exposed 
to these growth factors. Antler growing 'tip' cells were 
derived from tissue that is highly chondrogenic in vivo 
(and vascularised like avian growth plate cartilage). A 
possible explanation for the large stimulatory effect of 
bFGF and TGFp seen with 'periosteum' is that it contains a 
large number of apparently uncommitted chondroblast 
progenitor cells and perhaps they are responding. It is 
worth noting that we obtained strong staining of antler 
'periosteum' with antisera to PGP 9.5 which is known to 
react strongly with chondroblastic cells. J Polak and 
M.Hukannen, personal communication: see chapter 6 ).
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Cells derived from 'woven bone' were less responsive to 
combined growth factors than those from antler 'tip'. In 
only one case did EGF display any synergy (a combination of 
EGF and TGFp with 'leg' cells). More usually it appears to 
have reduced the activity of the other growth factor. The 
reason for this is not known but it could be due to the 
down-regulation of receptors since it is known that TGFp 
can both elevate and reduce EGF receptor numbers in 
osteoblast-like MC3T3-E1 cells (Uneno, Yamamoto, et al 
1989).

Perhaps the most striking feature of antler tip and, to 
a slightly lesser extent 'woven bone' cells is their 
extremely high basal proliferation rate. Antler 'tip' cells

qshowed a mean [ H] thymidine incorporation of 12,285 dpm in 
serum-free conditions which compares with a maximal rate of 
12,826 dpm by 'leg' cells in the presence of 10% FBS. It is 
notable that the further away from the rapidly growing tip

qthat cells are taken, the lower the basal [ H] thymidine 
incorporation rate shown by the cells in serum-free 
culture. It is now recognised that mesenchymal cells can 
produce growth factors, particularly IGF-1, which have an 
autocrine action (Nilsson, Isgaard et al 1986; Ernst, and 
Froesch 1988*3; Froger-Gaillard, Hossenlopp et al 1989). It 
is highly probable that the high basal proliferation rate 
seen with 'tip' and 'woven bone' cells is due an autocrine 
stimulation by IGF-1, bFGF, TGFp and other growth factors
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and cytokines. This may be especially true of IGF-1, 
because rabbit chondrocytes both increase proliferation and 
express an autocrine stimulation of IGF production (Froger- 
Gaillard, Hossenlopp et al 1989) and at least some of my 
antler 'tip1- and 'woven bone'-derived cells are 
chondrocytic (Professor Irving Shapiro personal 
communication, see chapter 7).
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CHAPTER 10
THE RESPONSES OF CELLS DERIVED FROM RAT BONES AND ANTLER:

A COMPARISON AND SUMMARY.

Cells cultured from rat bones and deer antlers gave 
unexpectedly different responses to androgens. This study 
has demonstrated that the androgens testosterone and 5a- 
dihydrotestosterone stimulate cell proliferation in a range 
of rat bone-derived cells. However, when the experiments 
are considered as a whole, it is clear that androgen 
treatment can elicit a range of proliferative responses. 
This is particularly true when the actions of 1,25- 
dihydroxyvitamin Dg both alone and in combination with 
testosterone or 5a-dihydrotestosterone are considered. 
Experiments with rat bone cells showed that androgen 
treatment could stimulate some of the markers associated 
with cell differentiation, protein and collagen, but not 
generally alkaline phosphatase activity. I found no 
evidence to suggest that the variation in response was due 
to the tissue from which the cells were obtained.

In conclusion, I believe that these experiments support 
the thesis that osteoblast-like bone-derived cells are not 
uniformly affected by androgens and 1,25-dihydroxyvitamin 
D3 , but contain sub-populations of responsive cells. I 
would suggest that this responsiveness is related to the 
differentiated state of the cell population.
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The initial aim of my work on deer antler cells was to 
examine the actions of androgens upon antler-derived cells. 
However, on completion of my early experiments it soon 
became clear that in vitro testosterone was not exerting a 
direct effect on antler-derived cells which could account 
for the high rates of antler growth found in vivo. 
Accordingly the aims of the study were widened to include 
some of the growth factors, in particular IGF-1 and EGF 
which have been found in deer and are associated with 
antler development.

In contrast to rat bone-derived cells, testosterone 
generally inhibited the proliferation of antler cells. This 
finding reflects the situation in vivo where high levels of 
circulating androgens are associated with shedding of the 
antler velvet. A few experiments with testosterone and

qantler cells did result in a stimulation of [ H] thymidine 
incorporation. These probably represent a sub population of 
testosterone and 1,25-dihydroxyvitamin Dq responsive cells 
but may reflect a similar situation to that I have reported 
in rat-derived cells.

Cultured antler cells were almost universally devoid of 
any detectable alkaline phosphatase activity. However, in 
some highly confluent long term cultures low levels could 
be found.
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This finding poses a problem. Osteoblastic cells in 
vivo, and in vitro, usually express alkaline phosphatase 
activity, but the cultured antler-derived cells do not. If 
the antler-derived cells are not osteoblastic, what are 
they? In an effort to solve this problem I used 
immunocytochemical techniques to stain antler-derived cells 
for von Willebrand factor related antigen which is a marker 
for cells of the endothelial phenotype. Cells derived from 
Pere David's, fallow and red deer antler 'woven bone', 
cells all stained weakly for von Willebrand factor (factor 
VIII related antigen). Red deer 'tip' cells were negative. 
Further immunocytochemical studies showed that all fallow 
and red deer antler cells treated produced type 1  pro
collagen, but not type 2  collagen, (although this latter 
finding may be due more to the culture method than the
inability of these cells to synthesise type 2  collagen;
Archer, McDowell, et al (1990). At the present time it is 
still not possible to do more than conclude that at least 
some cells express an endothelial phenotype.

Reports of work carried out in vivo have suggested that
IGF-1 plays an important role in antlerogenesis as it does 
in other systems. My experiments have confirmed that the 
proliferation of cells derived from growing antler is 
highly stimulated by IGF-1 in vitro. In addition to this 
the more rapidly dividing 'tip' cells show an even greater 
response to bFGF. Treatment with TGFp generally resulted in
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qa smaller increase in [ H] thymidine incorporation and EGF
had little effect. When cells were incubated with
combinations of growth factors results could be striking,
(for example figure 10:20 bFGF+TGFp). In experiments where
'tip' cells were cultured in 'serum free' conditions (i.e.
with only bovine serum albumin added to the medium) they

qexhibited high rates of [ H] thymidine incorporation 
(13,388 +/- (SEM) 565 dpm, when the control groups of three 
experiments are pooled n=18). Cells taken from 'woven bone' 
exhibited lower basal rates of proliferation than 'tip' 
cells, similarly 'periosteal' and 'leg' cells showed less 
still. This indicates that rapidly growing antler 'tip' and 
'woven bone' cells may be able to ameliorate an austere 
environment, probably by releasing their own growth factors 
which exert an autocrine action. These findings support an 
important role in the rapid growth of developing antler.

Since antler tissue undergoes such rapid development it 
offered an unique opportunity to study its invasion by 
nerves, and to find out if neural tissue could exhibit 
comparable growth rates. This study has demonstrated that 
neural elements were present at the tips of rapidly growing 
antler, and that nerve fibres can therefor show growth 
rates approaching lcm/day in developing antler. In addition 
to this I have demonstrated that calcitonin gene-related 
peptide and substance P, which are factors that can play an 
important role in neovascularisation and the maintenance of
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vascular tone, and display an osteogenic potential, are 
present at the tip of growing antler. This finding offers a 
potential mechanism by which the nervous control of antler 
development may be regulated.

At the present time there are a number of antler based 
projects still under way, and I hope to extend the work 
reported here in a number of areas when more antler tissue 
becomes available in the summer. As I stated above it is 
has not been possible to adequately characterise the cells 
obtained from antler tissue, a problem unsolved by other 
research groups at the present time. However, Professor 
Irving Shapiro is currently characterising the collagen 
types synthesised by a selection of my Red deer 1 tip' and 
'woven bone'-derived cells. I am currently investigating 
the effects of retinoic acid, retinol, and vitamin C on

qboth fallow and Red deer [ H] thymidine incorporation, and 
also preparing a number of specimens for examination with 
back-scattered scanning electron microscopy. Professor 
Boyde conducteed a study of mineralisation in developing 
antler using this method (Boyde, Arnett et a1 1989). I 
hope to extend this work and include both fallow and red 
deer antler labelled with tetracycline during different 
stages of growth.

Finally, in conclusion, I believe that this thesis has 
shown that deer antler provides a most interesting and 
challenging medium to work with and that it will repay
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research into wound repair, neovascularisation, growth and 
mineralisation.
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APPENDIX 1

MATERIALS AND SUPPLIERS

For abbreviations used see page 25. 
Reagent/materials Supplier
AB/AM Gibco, Paisley, Strathclyde, 

Scotland.

Androstenedione Sigma, Poole, Dorset, England

Antisera to collagen 
(pro) type 1  and 
type 2

Hybridoma bank, Department of 
Pharmacology, John Hopkins 
University School of Medicine, 
Baltimore, Maryland, U.S.A. and 
Department of Biology, University 
of Iowa, Iowa City, Iowa, U.S.A.

Antisera to factor Dakopatts, Glostrup, Denmark.
VUI-related antigen

Antisera The suppliers of all other 
antisera are set out in table 6 : 1

BSA Sigma, Poole, Dorset, England

Collagenase 
(EC 3.4.24.3)

Sigma, Poole, Dorset, England

-266-



Appendix 1/

DAB Sigma, Poole, Dorset, England

Dexamethasone Sigma, Poole, Dorset, England

DHT Sigma, Poole, Dorset, England

l,25(OH)2D3 Kind gift of Dr K. Colston, St 
George's Hospital, London, 
England.

DMEM Flow, Irvine, Strathclyde, 
Scotland.
Gibco, Paisley, Strathclyde, 
Scotland.

Recombinant (human) MW 6204, 95% purity. Sigma, Poole,
EGF Dorset, England

Fallow deer antlers Institute of Zoology, Regents
Park, London, England.

FBS Gibco, Paisley, Strathclyde, 
Scotland. Flow, Irvine, 
Strathclyde, Scotland.
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bFGF (bovine) MW 17-18kD, >98% purity, full
mitogenic activity. Peninsula 
Laboratories, St Helens, 
Merseyside, England.

Recomb i nant (human) 
IGF-1

MW 7639.8, >99% purity, full 
biological activity. Bachem, 
Saffron Walden, Essex, England

Inhibisol Kalon Chemicals, Cramlington, 
Northumberland, England.

L-Glutamine Gibco, Paisley, Strathclyde, 
Scotland.

Minitab Minitab inc, State College, 
Pennsylvania, U.S.A.

Normal goat serum Sigma, Poole, Dorset, England

Normal mouse serum Sigma, Poole, Dorset, England,

Pere David’s deer 
antlers

Institute of Zoology, Regent’s 
Park, London, England.

Pertex Histolab Products Ab, Goteborg, 
Sweden
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L-[2,3-3 H] Proline 
(31 Ci/mMol)

Red deer antlers

RPMI 1640 medium

Testosterone

t g f p -l

[6 -^H] Thymidine 
(28 Ci/mMol)

Trypsin/EDTA

'Falcon* Tissue 
culture treated 
flasks and plates.

Amersham International, Amersham, 
Buckinghamshire, England.

Mr R Hayward, Sloper’s Pond Farm, 
Barnet, Hertfordshire, England.

Flow, Irvine, Strathclyde, 
Scotland.

Sigma, Poole, Dorset, England

Kind gift of Professor G.R. Mundy, 
San Antonio, Texas, USA.

Amersham International, Amersham, 
Buckinghamshire, England.

Gibco, Paisley, Strathclyde, 
Scotland.

Beckton Dickson Labware,
Lincoln Park 
New Jersey U.S.A.
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PUBLICATIONS AND ABSTRACTS ARISING FROM THE WORK 
PRESENTED IN THIS THESIS

Papers

Gray, C., Colston, K.W., Mackay, A.G., Taylor, M.L., 
Arnett, T.R. (1992a ). Interaction of androgen and 1,25- 
dihydroxyvitamin D3 effects on normal rat bone cells. 
Journal of Bone and Mineral Research 7,41-46.

Gray C, Taylor M.L., Horton M.A., Loudon A.S.I., Arnett 
T.R. (199213). Studies on cells derived from growing deer 
antler. In : The biology of deer (Brown R.D. editor). 
Springer Verlag, Berlin. 511-519.

Gray C., Hukkanen M., Konttinen Y.T., Terenghi G., Arnett 
T.R., Jones S.J.J., Burnstock G., Polak J.M. (1992) Rapid 
neural growth: calcitonin gene-related peptide (CGRP)-, 
Substance P- and vasoactive intestinal peptide (VIP)-, 
containing nerves attain exceptional growth rates in 
regenerating deer antler. (Submitted).
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Abstracts

Arnett T.R., Gray C.M., Colston K.W. (1989). Differing 
responses of primary bone cell cultures to sex steroids. 
Journal of Bone and Mineral Research 4,S124.

Arnett T.R., Colston K.W., Mackay A., Gray C. (1990). 
Modulation of androgen effects on rat calvarial 
osteoblast-like cells by 1,25-dihydroxyvitamin Dg. Journal 
of Bone and Mineral Research 5,SI60.

Boyde A ., Arnett T .R ., Gray C ., Loudon A .S .I., Maconnachie 
E. (1990). Vascular mineralising cartilage in developing 
antler. Bone. 11,P28, 228.

Arnett T.R., Gray C.M., Taylor M.L., Horton M.A., Loudon 
A.S.I. (1989). Studies with cells derived from growing 
deer antler. Bone 10,143-144.

Gray C., Arnett T.R. (1992) Growth factor responses in 
cells cultured from deer antler. Calcified Tissue 
International, supplement 1,50,A8, 32.
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Interaction of Androgen and 1,25-Dihydroxyvitamin D3: 
Effects on Normal Rat Bone Cells
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and TIMOTHY R. ARNETT'

ABSTRACT
We studied the actions of testosterone (T) and 5a-dihydrotestosterone (DHT) in combination with 1,25-di- 
hydroxyvitamin D3 [l,25-(OH)2D3l on primary rat bone cells. The actions of androgens were generally ana
bolic, although response patterns varied considerably between cultures. For example, DHT caused striking 
dose- and time-dependent increases in [3HJthymidine incorporation into calvarial cells over the range 1-100 
nM, with maximal stimulation of 2.5-fold after 9 days in culture. Testosterone (50 nM) also stimulated [3H]- 
thymidine incorporation into long bone-derived cells. l,25-(OH)2D3 generally blunted or abolished the pro
liferative action of androgens but was not itself always inhibitory; in some experiments, stimulation of [3HJ- 
thymidine incorporation occurred. Collagen production, as assessed by I3H]proline incorporation into pep
sin-resistant protein secreted by calvarial cells, was also stimulated by DHT. In some cultures, androgen re
sponses were absent, although striking inhibitory responses to l,25-(OH)2D3 were observed. These results il
lustrate complex patterns of responses to androgens and l,25-(OH)2D3 in cells derived from rat bone.

INTRODUCTION

A l t h o u g h  t h e i m p o r t a n c e  of androgens in the main
tenance of skeletal mass has been recognized for 
many years,"'3' the cellular mechanisms involved re

mained uncertain/45’ However, renewed efforts to under
stand the pathogenesis of osteoporosis have now yielded a 
considerable body of work supporting the concept that the 
gonadal steroids act directly on the skeleton/6'14'
In primary human osteoblast-like cells, stimulation of 

proliferation and osteocalcin production by the anabolic 
steroid stanozolol has been reported/81 and androgen re
ceptors at concentrations consistent with the mediation of 
biologic effects have been identified.‘16> Androgens have 
also been shown recently to stimulate proliferation in pri
mary mouse bone cells1'2' and to inhibit the cAMP re
sponse of human osteosarcoma cells.(,s' In vivo studies 
have suggested that the action of androgens and estrogens 
to stimulate creatine kinase activity in rat diaphyseal bone 
may be sex specific, in contrast with the situation for epi

physeal cartilage1'3' and that gonadal steroid responses are 
modulated by 1,25-dihydroxyvitamin D3 status.1'4’
Relatively little information is available, however, on the 

interrelationship of gonadal steroid and classic calciotropic 
hormone effects in normal bone cells. In this study we in
vestigated the interaction of androgen and 1,25-dihydroxy
vitamin D3 responses in primary cells derived from rat 
bone.

MATERIALS AND METHODS
Reagents
Tissue culture media and sera were obtained from 

GIBCO (Paisley, Strathclyde, UK) and Flow (Irvine, 
Strathclyde, UK). 1,25-Dihydroxyvitamin D3 [1,25- 
(OH)jD3) was a generous gift from Dr. W. Meier (Hoff- 
mann-LaRoche, Basel, Switzerland). Radiochemicals were 
purchased from Amersham International (Amersham, 
Bucks, UK); all other reagents were from Sigma (Poole, 
Dorset, UK).

'Department of Anatomy and Developmental Biology, University College London. 
'Department of Chemical Pathology, St. George’s Hospital Medical School, London.
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Cell culture

Calvarial cells were obtained from male neonatal 
Sprague-Dawley rats by trypsin/collagenase digestion or as 
outgrowths from explanted postdigest calvarial fragments. 
Parietal bones were carefully cleaned o f periosteal and en
dosteal tissue in calcium- and magnesium-free phosphate- 
buffered saline (PBS), and sutures were trimmed. Bones 
were then treated with 0.75% trypsin and 0.03% EDTA 
(w t/vo l) for 10 minutes, followed by three 30 minute cycles 
o f digestion in 0.1% (w t/vo l) collagenase (EC 3.4.24.3) in 
Dulbecco’s modified Eagle’s medium (D M E M ) and 5% 
fetal ca lf serum (FCS; see later), all at 37°C. Additionally, 
cells were derived from explanted fragments o f long bones 
fo llow ing removal o f marrow and vigorous washing three 
times w ith PBS. Cells were grown to 70-80% confluence in 
75 cm2 flasks in phenol red-free Dulbecco’s modified 
Eagle’s medium supplemented with L-glutamine (2 mM) 
and 5 or 10% heat-inactivated fetal calf serum in a humidi
fied 5% C 0 2 atmosphere at 37°C. A ll media and enzyme 
solutions used were free o f the indicator dye phenol 
red.*17'

A t first passage, cells were subcuhured using trypsin- 
E D TA  into 24-multiwell dishes (Falcon, UK) at an initial 
density o f 104 per well. Cells were maintained for 24 h in 
D M E M  supplemented with 5% charcoal-stripped FCS be
fore replacement with the same medium containing etha
nol vehicle or steroid hormone. Cells were cultured for up 
to 9 days in the presence o f hormone or vehicle, with test 
or control medium changes at 3 and 6 days. Cells were rou
tinely stained for alkaline phosphatase activity using a 
standard naphthol AS-M X phosphate and fast blue RR 
salt-based kit (Sigma).

Assay methods

[3H]thym idine incorporation into DNA was determined 
essentially according to Beresford et a l.“ "  Briefly, cells 
were labeled with 1 /xCi/ml o f [3H]thymidine for the final 6 
h o f culture; cell layers were then washed three times with 
PBS containing 1 mM unlabeled thymidine, treated with
0.75% trypsin and 0.03% EDTA (w t/vo l) for 5 minutes at 
37°C, and precipitated twice at 4°C with 7.5% trich loro
acetic acid in the presence o f 0.2% (w t/vo l) BSA before 
final digestion with 0.2 M NaOH and liquid scintillation 
counting. Some [3H]thymidine assays were also performed 
using a slight modification o f the method described by 
Hauschka et a l.“ 9) In this method, cells labeled for 6 h 
w ith 1 /xCi/ml o f [3H]thymidine were fixed in situ with 
methanol, washed four times with water, then fixed with 
5% trichloroacetic acid and washed w-ith water before d i
gestion with 0.2M NaOH for liquid scintillation counting.

A lkaline phosphatase (ALP) activities o f cell lysates 
from  parallel cultures were determined as described by 
Beresford et a l.*1*’ The protein content o f the cell lysates 
was measured by a modified Lowry method*30' using bo
vine serum albumin (2-14 /xg/ml) as a standard.

Collagen production was estimated as tritiated proline 
incorporation into pepsin-resistant protein.*31-33' Briefly, 
L-(2,3,3H]proline (31 C i/m m ol) was added to cultures to a 
final concentration o f 1 ^C i/m l, together with /3-amino-

[TESTOSTERONE] (nM)
FIG. 1. Effects o f testosterone and 5 nM 1,25-dihydroxy
vitamin D, on [3H]thymidine incorporation (A) and alka
line phosphatase activity (B) in cells derived from ex
planted rat long bone fragments (6 day cultures). Values 
are means ±  SEM (n = 6): **Significantly different from 
control (A) or T alone (B), p <  0.005.

DAY 3 DAY 6

Z2 - 1.25-(0)23j

0 1 10 100 0 1 10 100

[DHT] (nM)
FIG. 2. Effects o f 5a-dihydrotestosterone (D H T) and 5 
nM 1,25-dihydroxyvitamin D3 on [3H]thym idine incorpo
ration into enzyme digest cycle 3-derived rat calvarial p ri
mary cells. Significantly different from respective 0 D HT 
control. *p <  0.05; **p  <  0.005.

40

day 930

20

doy 6
10

-O day 3

0
100

[DHT] (nM)
FIG. 3. Alkaline phosphatase activity in collagenase d i
gest cycle 3-derived rat calvarial primary,cells: lack o f ef
fect o f 5a-dihydrotestosterone.
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propionitrile monofumarate (50 /xg/ml) and L-ascorbic 
acid (50 jig/ml) 24 h before termination of experiments. 
Culture medium was removed and stored at —20°C until 
assay. Aliquots of 500 y\ were incubated overnight at 4°C 
with an equal volume of 1 mM acetic acid containing 1 
mg/ml of pepsin (EC 3.4.23.1). Carrier collagen (100 ng in 
1 ml of 0.5 mM acetic acid) was added and pepsin-resistant 
protein, twice precipitated with 0.5 ml of 25% (wt/vol) 
NaCl in 0.5 mM acetic acid, was redissolved in 0.5 mM 
acetic acid and an aliquot assessed for radioactivity by 
scintillation counting.
All results are presented as the mean ± standard error 

of the mean (SEM) for replicate determinations with six 
culture wells. Data were evaluated by one-way analysis of 
variance using the method of least significant differ
ences.(J3>

RESULTS
Cultured bone cells stained positively for alkaline phos

phatase, typically expressing ALP activity in the range of 
10-50 units per gram of cell protein. Patterns of hormone 
responsiveness varied with different bone cell populations. 
Initial experiments examined the actions of l,25-(OH)2D3 
(5 nM) and testosterone (T, 50 nM) on cells derived from

explanted long bone fragments. After 6 days in culture, T 
and l,25-(OH)2D3 both significantly increased [3H]thymi- 
dine incorporation in bone-derived cells (Fig. 1A). ALP 
activity was unaffected by T alone but was stimulated by
l,25-(OH)2D3; however, the l,25-(OH)2D3 effect was sig
nificantly enhanced by T (Fig. IB).
Experiments with calvarial cells derived at collagenase 

digest cycle 3 showed graded increases in [3H]thymidine in
corporation in response to 5a-dihydrotestosterone (DHT) 
after 3 and 6 days (Fig. 2) in culture. l,25-(OH)2D3 gener
ally blunted this proliferative response and was inhibitory 
in the absence of DHT. Alkaline phosphatase activity of 
the same calvarial digest cells increased considerably with 
time in culture (Fig. 3), but no significant effects of DHT 
(or l,25-(OH)2D3) were seen. Closely similar results were 
obtained from collagenase digest cycle 2 cells (data not 
shown).
With cells derived from calvarial fragments explanted 

after three cycles of enzyme digestion, DHT caused 
marked dose- and time-related increases in [3H]thymidine 
incorporation, with maximal stimulation (2.5-fold) at 10 
nM after 9 days (Fig. 4), at which time cells had reached 
overall confluence within wells. As with the collagenase 
digest 3 cells (Fig. 2), basal levels of [3H]thymidine incor
poration remained constant over time. In this series of 
experiments, however, l,25-(OH)2D3 did not significantly

DAY 3 DAY 6 DAY 9

50 K S  + 1,25-(OH)2D3

O 4 0  Q. I br O

3 0X
0£T> 20
CLQ

0 1 10 100 0 1 10 100 1 10 1000

[DHT] (nM)
FIG. 4. Effects of 5a-dihydrotestosterone (DHT) and 5 nM 1,25-dihydroxyvitamin D3 on [3H]thymidine incorporation 
into cells derived from explanted rat calvarial fragments following three cycles of collagenase digestion. Significantly dif
ferent from respective 0 DHT control. *p < 0.05; * *p  < 0.005.
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reduce basal levels o f [3H]thymidine incorporation but 
abolished the androgenic stimulation. This effect was most 
apparent after 9 days in culture.

In contrast, a frequently noted response pattern, illus
trated in Fig. 5 and observed in both collagenase digest 
and explant-derived bone cells, was characterized by 
marked inhibition o f [3H]thymidine incorporation (or cell 
number) in response to 1,25-(OH)2D3 treatment but lack o f 
any effect o f T or DHT.

D H T  exerted time- and dose-dependent stimulatory ef
fects on [3H]proline incorporation into cells derived from 
calvarial fragments following enzyme digestion (Fig. 6). 
A fte r 9 days in culture, significant stimulation o f collagen 
production was observed in cultures treated w ith 1 nM 
D H T; maximal stimulation (2.1-fo ld) was seen in the pres
ence o f 100 nM D H T. These stimulatory actions o f D HT 
were not significantly altered by l,25-(O H )2D 3. Small but 
statistically significant increases in cell protein content with 
D H T treatment became apparent after 9 days in culture, 
except in the presence o f l,25-(O H )2D3 (Fig. 6).

[TESTOSTERONE] (nM)
FIG . 5. Effects o f testosterone and 5 nM 1,25-dihydroxy
vitamin D 3 on [3H]thym idine incorporation in to cells de
rived from explanted rat calvarial fragments (6 day cul
tures). S ignificantly different from respective 1,25- 
(O H )jD 3-untreated group. ***p  <  0.001.

D IS C U S S IO N

The present study provides clear support for the concept 
that androgens exert direct effects on bone cell function. 
Increases were seen in [3H]thym idine incorporation (an in 
dex o f cell proliferation rate) and [3H]proline incorpora
tion (an index o f collagen production) experiments. Stimu
latory effects on bone cell proliferation were observed with 
both testosterone and DHT at concentrations close to the 
physiologic range. The results w ith D H T (which cannot be 
aromatized to estrogen) on both cell proliferation and col
lagen production suggest that these effects are mediated 
via the androgen receptor. Although responses in the short 
term were relatively modest, the magnitude o f effects in
creased with time, perhaps underscoring the long-term im 
portance o f androgen effects on bone cell function in vivo. 
Interpretation o f the findings presented here is possibly 
simplified since we eliminated the estrogenic influence o f 
the indicator dye, phenol re d ,'171 in contrast with earlier 
studies using normal cells.t81213 3

In most experiments, l,25-(O H )2D3 inhibited bone cell 
proliferation. The apparent stimulation o f cell pro lifera
tion by l,25-(O H )2D3 after 6 days in long bone-derived 
cells (Fig. 1) was not, however, an isolated observation and 
was also seen in cells derived from  calvariae by enzyme d i
gestion. This diversity o f response to l,25-(O H )2D 3 is in 
broad agreement with the findings o f Beresford and col
leagues for human bone-derived c e l ls . In te ra c t io n s  o f
l,25-(O H )2D3 with androgen effects varied with each bone 
cell culture studied. Thus, in long bone-derived cells, ef
fects o f l,25-(O H )2D3 and testosterone on proliferation ap
peared to be additive, whereas in calvarial cells, 1,25- 
(O H )2D3 blunted or abolished the D H T response. In some 
instances, l,25-(O H )2D3 alone caused striking stimulations 
o f alkaline phosphatase activity. In the case o f long bone- 
derived cells, testosterone stimulation o f alkaline phospha
tase activity was seen only in the presence o f 1,25- 
(O H )2D3.

The observation that basal rates o f [3H]thym idinc incor
poration remained constant after 3, 6, or 9 days in culture 
(Figs. 2 and 4) may be explained by the use o f 5% char
coal-depleted serum in assay culture medium or by local 
confluence effects around the perimeters o f cell wells 
(where cell attachment and growth preferentially occur). 
Both these factors would tend to lim it cell proliferation. 
The largest stimulations o f [3H]thymidine incorporation by 
D H T occurred when cells were most confluent, paralleling 
the reported density-dependent action o f the anabolic ste
roid stanozolol on human bone cells.1*1 It seems reason
able to conclude that D HT was thus able to stimulate 
growth o f bone cells from an otherwise relatively quiescent 
state, possibly by lessening contact inhibition.

It is possible that the increases in [3H]proline incorpora
tion were to some extent secondary to the enhanced p ro lif
eration seen in the presence o f D HT. The apparent lack o f 
effect o f l,25-(O H )2D3 on [3H]proline incorporation may 
reflect a stimulation o f collagen synthesis in the presence 
o f D H T that offset the observed inhibition o f prolifera
tion. The finding that protein content or alkaline phospha
tase activity showed little or no enhancement in cells ex
hibiting D H T stimulation o f [3H]thym idine and [3H]pro- 
line incorporation tends to suggest alterations o f the d iffe r
entiated state.

Our results suggest that both androgen-responsive and 
nonresponsive cells are present in rat bone; the actions o f
l,25-(O H )2D3 in these experiments also showed consider
able variations. Although no clear relationship between 
hormone response patterns and methods o f cell culture 
preparation was evident, in experiments in which replicate 
batches o f cells derived from a single isolate were studied, 
similar patterns o f hormonal responsiveness were ob
served. Differences in androgen and l,25-(O H )2D 3 respon
siveness between bone cell cultures presumably reflect the 
spectrum o f osteoblast-related cell types present in 
bone'24' 361 and may go some way toward explaining re-
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ported difficulties in demonstrating consistent gonadal 
steroid effects in bone cells.(,17> Specific nucleotide or im
munologic probes resulting from the recent sequence deter
mination of the mammalian androgen receptor*”' may fa
cilitate localization within bone of androgen-responsive 
cells. Androgen responses of bone cells in vivo are likely to 
be modulated by a wide range of systemic and local fac
tors, in addition to l,25-(OH)2D3. The present in vitro 
study perhaps gives some indication of the complexity of 
interactions that are likely to exist between the gonadal ste
roids and the vitamin D endocrine system on bone.
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Studies on Cells Derived from 
Growing Deer Antler
Colin Gray, M . Louise Taylor, Michael A. Horton, Andrew S.I. Loudon, 
and Timothy R. Arnett

Abstract

The aim of this study was to characterize cells cultured from grow ing deer antler tissue. Positive 
immunocytochemical staining o f m ultinucleate cells in isolated cell preparations or tissue im prin ts from a 
20-cm fallow deer (Dama dama) antler was seen w ith  the osteoclast-recognizing m onoclonal antibodies 23C6 
and 13C2. A quantita tive in v itro  resorption assay was established using cells disaggregated from small 
fragments of m idpo rtion  axis deer (Axis axis) mineralizing antler tissue incubated on slices o f devitalized sperm 
whale dentin. A n tle r osteoclasts were highly active in this system, leaving extensive resorption tra ils after 24-h 
culture. Resorption, assessed m orphom etrically, was strongly inhib ited by synthetic salmon calcitonin. Cultures 
of proliferating cells were derived from  outgrowths o f tissue fragments explanted from the m id- and tip  regions 
of growing antler from Pere D avid ’s deer (Elaphorus davidianus) and fallow deer. These cells exhibited low 
alkaline phosphatase activ ity but positive immunocytochemical staining w ith an antibody recognizing human 
Yon W illebrand Factor (factor V lll-re la te d  antigen), indica ting that cultures were possibly endothelial rather 
than osteoblastic in origin. Cell pro life ra tion was strongly inhib ited by 1,25 d ihydroxyvitam in  D 3 and retinoic 
acid and, to a lesser extent, by testosterone and 17/?-estradiol.

Key words: Antler, calcitonin, cell culture, endothelial, retinoic acid, testosterone, 1.25 dihydroxyvitamin D

Introduction

Relatively little is known about the cell biology 
of deer antler and the factors regulating the 
remarkable rates of growth seen in this miner
alized tissue. Investigation of the endocrine 
control of antler function has been largely 
confined to in vivo studies. Among the factors 
which may be implicated in the regulation of 
antler growth are androgens (Bubenik 1983; 
Morris and Bubenik 1983; Brown et al. 1983; 
Suttie et al. 1984), parathyroid hormone and 
calcitonin (Chao et al. 1984), 1,25 dihydroxy- 
v'itamin D3 (Eiben et al. 1984; Van der Eems 
et al. 1988), thyroid hormones (Brown et al. 1983; 
Bubenik et al. 1987), and insulin-like growth 
Actors (Suttie et al. 1989).

Cell culture methods have become widely used 
in bone cell biology but, surprisingly, antler has 
been somewhat neglected in this regard, with the 
exception of recent work by Ramirez and Brown 
(1987) and Sempereand colleagues (1989). In this 
study, we examined the hormonal regulation of 
cells cultured from growing antler using simple 
functional approaches.

Materials and Methods 

M ater ia ls

Fresh antler tissue was obtained from fallow 
deer, Pere David’s deer, and axis deer culled at 
Whipsnade Zoo, Bedfordshire, UK. Whole 
antlers were briefly immersed in 70% ethanol

511
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before rem oval o f the epiderm al and derm al 
velvet tissue and excision o f tissues fo r cu lture. 
Tissue cu ltu re  media were obta ined from  G ibco  
(Paisley, U K ) and o ther reagents came from  
Sigma (Poole, U K ). Tissue cu ltu re  ware was 
purchased from  Falcon (O xfo rd , U K ). R abbit 
an ti-hum an  Von W illeb rand  factor (factor 
V I11 -related antigen) serum was purchased from  
D akopa tts  (G lostrup , D enm ark). Sperm whale 
dentin , cut in to  polished slices 10 m m 2 x 
0.2 mm th ick  using a low-speed d iam ond saw 
(Buehler, C oventry, U K ) was provided by 
A. Boyde. Synthetic salmon ca lc iton in  (sCT, 
4673 IU /m g ) was a gift o f D. Cockayne o f 
Rorer Health Care, Eastbourne. U K . and 1,25 
d ih yd ro xyv ita m in  D 3 ( l,2 5 (O H ); D 3) was p ro 
vided by K .W . C olston (St. George's H osp ita l 
M ed ica l School, London).

Osteoclast C u ltu re

F or osteoclast d isaggregation, a few small pieces 
o f tissue (approxim ate ly  2-m m  cubes) were 
excised from  (he annu la r region o f fo rm ing  bone 
10 to 15cm below the g row ing  antler tip  and 
ra p id ly  chopped w ith  a scalpel blade in 2 m l o f 
phosphate buffered saline (PBS). The tissue 
fragments were tr itu ra te d  a few times using a 
w ide-bore polyethylene transfer pipette, and cells 
were allowed to sediment from  the resultant 
suspension for 60m in  on to  dentin  (Boyde et al.
1985) o r plastic surfaces. Adherent cells were 
washed v igorously w ith  PBS, leaving a mixed 
popu la tion , enriched for osteoclasts. In  resorp
tion  experiments, cells were incubated for 
24 h in medium 199 con ta in ing  0.7 g/1 (ra ther 
than 2.2 g/1) sodium  bicarbonate, supplemented 
w ith  10% fetal ca lf serum (FCS), pen ic illin  
(100 IU /m l), streptom ycin  (100 //g /m l), am pho
te ric in  (0.25 /<g/ml), and L-g lutam ine (2m.Y/) in 
a hum id ified  5% C 0 2 atmosphere. The reduced 
b icarbonate concentra tion generated a m edium  
pH o f 6.9 to 7.0, previously shown to prom ote  
resorptive function  o f osteoclasts in v itro  (A rne tt 
and Dempster 1986. 1987). F o llo w in g  fixa tio n  
fo r 5 m in in 3% glutara ldehyde/PBS, ta rtra te - 
resistant acid phosphatase-positive m u ltinuc le - 
ate osteoclasts were counted on each dentin  
slice, and the cells were then stripped off. 
Encoded slices were stained w ith  to lu id ine  blue,

and the plane surface area o f each discrete 
resorption p it was assessed ‘'b lin d "  by point 
coun ting  on a stereological g rid  using video 
ou tpu t from  an O lym pus IM T -2  inverted 
microscope w ith  b rig h t field illu m in a tio n . Data 
were evaluated using one-way analysis of 
variance. T im e lapse, phase contrast obser
vations were made on cells cu ltured in 
bicarbonate-free m edium  199/10% FCS in 
plastic dishes, using the same microscope 
equipped w ith  a 37CC incubation  chamber.

P ro l i fe ra t in g  C e ll  C u l tu re

C ultures o f p ro life ra ting  cells were derived from 
explanted fragments o f PBS-washed tissue 
excised from  various regions o f developing 
antler. Cells were grow n in it ia lly  in D ulbecco’s 
m in im um  essential medium , w ith o u t the estro
genic in d ica to r dye phenol red (Bertho is et al.
1986), supplemented w ith  L-glutam ine, penicillin / 
s trep tom yc in /am pho te ric in  (D M E M ), and 10% 
FCS, in a hum id ified  5% C 0 2 atmosphere. For 
quan tita tive  studies, cells at passages tw o to 
three were plated in to  24 m u ltiw e lls  at an in itia l 
density o f 104 well and cu ltured fo r 24 h in 
D M  EM  w ith  5% charcoa l-s tripped  FCS. Cells 
were then cultured fo r a fu rthe r 3 to 6 days in 
the presence o f horm one or e thanol vehicle; in 
the case o f 6-day cultures, media were changed 
after 3 days. Cell p ro life ra tio n  was estimated as 
3H -thym id ine  inco rp o ra tio n  in to  D N A  over the 
final 6h  o f cu lture accord ing to the method of 
Beresford et al. (1986) D ata  were evaluated by 
one-way analysis o f variance.

C ell  S ta in ing

Tissue im p rin ts  and isolated cell preparations 
from  developing antle r tissue were stained on 
glass slides using the osteoclast-recognizing 
m onoclona l antibodies 13C2 and 23C6 (H o rton  
and Davies 1989; Davies et al. 1990) using 
the peroxidase-antiperoxidase m ethod, w ith  di- 
am inobenzid ine visua liza tion . P ro life ra tin g  cul
tures were stained using rabb it an ti-hum an  Von 
W illeb rand  factor (factor V III-re la te d  antigen) 
serum (peroxidase-antiperoxidase/d iam inoben- 

zidine method). A lka line  phosphatase (A L P ) and 
tartra te-resistant acid phosphatase (TR AP)



121. Studies on Cells D eri\ed from G row ing Deer Antler 513

sta in ing were perform ed using standard azo 
dye-based kits (Sigma).

Results

Osteoclast C u ltu re

Routine h is to logy (Fig. 121.1) and im m unocy to 
chemical sta in ing o f tissue im prin ts  (F ig. 121.2) 
revealed that osteoclasts were abundant in the 
regions o f fo rm ing  trabeculae below the soft tip  
o f g row ing antler. Tissue from  this region proved 
to be a rich source o f functiona l disaggregated 
osteoclasts. A n tle r osteoclasts cultured on den
tin  slices produces extensive resorption tracks, 
suggesting that many cells were excavating 
continuously du ring  the experiments. M o t il ity  
(Fig. 121.3) and dentin  resorption (F ig. 121.4) 
were both inh ib ited  by salmon ca lc iton in : 
however, not all T R A P -pos itive  m ultinucleate

cells showed the characteristic cytoplasm ic 
re traction response to sCT.

P ro l i fe ra l im )  C e l l  C u ltu re

Routine h is to logy (Fig. 121.1) and cytochem ical 
sta in ing o f frozen sections showed active, 
a lka line phosphatase-positive osteoblasts lin ing  
fo rm ing  bone surfaces in developing antler. Cells 
pro liferated rap id ly  from  explanted antler tissue 
fragments but g row th  generally ceased effectively 
after about 4 to 6 weeks in culture. A lka line  
phosphatase activ ity was verv low . as evidenced 
by quan tita tive  assay o f cell layers and the sparse 
numbers o f cells exh ib iting  positive cytochem ical 
sta in ing for this enzyme: testosterone exerted a 
small s tim u la to ry  effect on A L P  ac tiv ity  (data 
not shown). However, p ro life ra ting  cells stained 
positive ly using an an tibody  recognizing human 
Von W illebrand factor, a m arker fo r the
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F ig ure  121.1. Transverse section (hem a toxy lin  and eosin) across the m id reg ion  o f a 20-cm deve lop ing  fa llow  
deer an tle r in  the region o f fo rm in g  trabeculae, show ing  active osteoclasts (arrow ed), osteoblasts and pa rt o f 
a large vascular channel: scale bar, 100//m .
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F i g l k i : 121.2A I ) .  Positbe immunoe\ toehemical staining of multinucleate cells in tissue imprints ( A. Bi and 
isolated cell preparations (C. 1)1 from the midregion of a 20-cm developing fallow deer antler using the 
osteoclast-rccogm/mg monoclonal antibodies 23C6 (A.C) and 13C2 (B. Di: scale bar 50//m.

endothelia l phenoupe. in contrast w ith  trabec
u la r bone cells (Fig. 121.51. The p ro life ra tion  o f 
an tle r-derbed cells was generally strong ly 
inh ib ited  b\ 1.25(0111: D , and. to a lesser extent, 
by testosterone (Fig. 121.6). S ignificant g row th  
in h ib itio n  was a dd itiona llv  observed in cultures

treated w ith  1 nA/ 17/Festradiol: the m a g n itu d e  

of the response was s im ila r to the inh ib ition  
produced by 10 nA/ testosterone (data not 
shown). Retinoic acid also produced s tr ik in g , 

dose-dependent in h ib itio n s  o f  cell p ro li fe ra t io n  

(Fig. 121.7): the decline in basal 'H -thym id ine
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F ic.L'RK 121.3. Time lapse sequence illustrating inhibition of membrane ruff l ing  .i c t i\ i t > in an axis 
deer antler o>teoclast mote adjacent endothelial fibroblast-like cel ll  cu l tu re d  on plastic. following 
addition of synthetic salmon calcitonin (sGT) to a final concentration of iUng ml 1 lapsed time 
is indicated in minutes: scale bar. 50pm

incorpora tion  between clays 3 and 6 in this 
experiment reflects the lim ited  p ro life ra tive  
lifespan of antler-derived cells (see above).

Discussion

1 he studies described here represent the first 
investigation o f the regulation o f antler cell 
function in v itro . D eveloping antler proved to 
be an abundant source o f active osteoclasts for 
in v itro  study. In com m on w ith  o ther m am 
malian osteoclasts studied to dale (Chambers 
et al. 1985: A rne tt and Dempster 1986. 1987: 
N icholson et al. 1986). antler osteoclasts were 
strongly inh ib ited  by ca lc iton in , suggesting a

possible phvsiologie role for this horm one in 
antler development. Plevated serum ca lc iton in  
levels have been reported in w h ite -ta iled  deer 
(Od(H <>iU'u> liri/iniiinus) during  the rapid antler 
g row th  period (Chao et al. 1984).

P ro life ra ting  cultures derived from  cxplanted 
fragment.'' o f an tler tissue inva riab ly  exhib ited 
low alkaline phosphatase ac tiv ity , in contrast 
w ith  the s itua tion  for human trabecular bone 
explains (Beresford et al. 1986: C olston et al. 
1989). The positive staining observed fo r Von 
W illebrand factor in cultured antle r cells is thus 
suggestive o f a p redom inant!) endothe lia l, rather 
than osteoblastic phenotype for these cells. This 
find ing  mav reflect a greater p ro life ra tio n  rate
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Figure 121.4. Inhibition of resorptive activity of 
fallow deer antler osteoclasts cultured for 24 h on 
sperm whale dentine slices by synthetic salmon 
calcitonin (sCT). One area unit =  103 /m i2. Values are 
means +S E M  (n = 4 slices, treatment; mean number of 
pits/slice for controls = 90 ±  18); *P <0.05, **P <0.01.

Cells cu ltu red  from  grow ing  antler showed 
varying responses to . steroid hormones. Cell 
p ro life ra tion  wras inh ib ited  to a modest extent 
by testosterone or 17/?-estradioI. Th is finding 
accords w ith  the cessation o f antler g row th  in 
v ivo associated w ith  the rise in c ircu la ting  testos
terone levels at the onset o f the ru ttin g  season 
(Bubenik 1983; Browm et al. 1983; Suttie et al. 
1984), but contrasts w ith  the pro liferative, 
anabolic actions reported fo r gonadal steroids 
on skeletal bone-derived cells (Vaishnav et al. 
1988; Ernst et al. 1989; Kasperk et al. 1989). W ith  
regard to the testosterone effects observed here, 
the poss ib ility  that a rom atiza tion  to estrogen 
occurred in cu lture cannot be ruled out, and 
fu rther studies w ith  non-m etabolizab le  androgen 
analogs w ill be required.

The p ro life ra tion  o f most cultures was 
generally strong ly inh ib ited  by 1,25 d ihyd roxy 
vitam in  D 3 and re tino ic  acid, find ings which are 
in accordance w ith  the well-recognized anti
p ro life ra tive, d iffe ren tia tion -induc ing  actions of 
these com pounds in o ther cell systems. Two 
recent studies are o f pa rticu la r interest w ith 
regard to the l,2 5 (O H )2D 3 effect. F irs t, the 
presence o f the l,2 5 (O H )2D 3 receptor, together 
w ith  l,2 5 (O H )2D 3 biosynthesis has been dem on
strated in  bovine ao rtic  endothe lia l cells (M erke 
et al. 1989). Second, cu ltu red  antler velvet tissue 
and cells have also been shown to synthesize 
1.25(OH)2D 3 (Sempere et al. 1989). C ircu la ting  
1.25(OH)2D 3 levels in deer peak m arkedly 
du ring  the later phase o f antler g row th  (Eiben 
et al. 1984; Van der Eems et al. 1988: Sempere 
et al. 1989). Taken together, these data suggest 
that l,2 5 (O H )2D 3 may be acting as both a sys
tem ic and local regu la tor o f antler development, 
in h ib itin g  vascular g row th  and p rom o ting  m in
e ra liza tion  in the fina l stages o f an tle r growth. 
Fu ture studies w ill also need to address the roles 
o f loca lly  acting grow th  factors and cytokines in 
antler development.

or, possibly, m ig ra to ry  capab ility  for endothe lia l 
versus osteoblastic popu la tions in developing 
antler. Deer an tler offers an in teresting m odel 
fo r investigation o f the vascular con tro l o f bone 
grow th .
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■̂glre 121.5A-C. Positive immunocytochemical staining using anti-Yon Willebrand factor serum in fallow 
antler midregion-derived cells (A) and bovine aortic endothelial cells (B): negative staining in cells cultured 

rorn autologous vertebral trabecular bone explants (C). Scale bar. 100//m.
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F ig u re  121.6. EfTcct o f l,25(OH)2D 3 and testosterone 
on proliferation of cells derived from fallow deer antler 
midregion (15cm below growing tip) after 6 days in 
culture. Values are means ± SEM (n =  6); *P < 0.05, 
**P  <0.01. (For clarity, significance levels associated 
with the strongly inhibitory effect of L25(OH): D 3 are 
omitted.)
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F ig u re  121.7. Effect of retinoic acid on proliferation 
of cells derived from fallow deer antler mid-region 
(15 cm below growing tip) after 3 and 6 days in culture. 
Values are means ±  SEM (/i =  6); **P < 0.01.
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