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ABSTRACT

Ongoing discharges of sympathetic postganglionic neurones (PGNs)
innervating the tail vasculature of anaesthetised rats are characteristically
rhythmical (T-rhythm). The T-rhythm is generated independently of central
respiratory drive and activation of baro- and lung stretch receptors. The purpose
of the present study is to determine; i) if the T-rhythm arises centrally, ii) if the T-
rhythm is a robust feature of sympathetic outflows to thermoregulatory
circulations, and iii) the locations of central neurones influencing the

sympathetic outflow to the rat tail.

In anaesthetised rats, sympathetic discharges were recorded from ventral
collector nerves (VCN) which innervate the tail. When subjected to frequency
domain analysis, such discharges formed a characteristic “T-peak” in
autospectra. T-peak frequency (0.63 - 0.94 Hz; 4 animals, 16 data sets) was
similar (P> 0.05; Mann-Whitney 2-tailed test) to T-rhythm frequency recorded
focally from PGNs innervating the caudal ventral artery (cf. 0.63 - 0.95 Hz; 5
animals, 18 data sets). During central apnoea, T-peak frequency recorded from
the left VCN (0.73 - 0.94 Hz; 4 animals) was similar to T-peak frequency
recorded simultaneously from the right VCN (0.78 - 0.92 Hz). Coherence
displayed between paired VCN recordings was significant at left VCN T-peak
frequency, consistent with the view that the T-rhythm arises centrally and not

within ganglia.

Frequency domain analysis of sympathetic discharges recorded from

saphenous nerves (supplies innervation to the hind foot and ankle; 11 animals),
1



dorsal collector nerves (innervates the tail; 9 animals) and renal nerves (5
animals), during central apnoea, revealed that rhythmical discharges at T-
rhythm frequency are a robust feature of sympathetic activity supplying

thermoregulatory circulations, but not the kidney.

The region containing the intermediolateral cell column (IML) of the spinal cord
was stimulated whilst recording the evoked response in the ipsilateral VCN. The
size of such responses was used as an index of sympathetic preganglionic
neurone (SPN) contribution to the response. The majority of SPNs controlling

tail sympathetic outflow were found in spinal segments L1 and L2.

CNS cell groups that may regulate tail sympathetic outflow were identified using
a transneuronal viral tracing technique. Neurones that projected to SPNs
controlling tail sympathetic outflow were located near the ventral medullary
surface, in the rostral ventrolateral medulia, caudal raphe and A5 region of the

pons.
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rhythm”. The T-rhythm could be recorded from anaesthetised, artificially
ventilated, paralysed rats following pneumothorax, bilateral vagotomy and aortic
nerve transection (Johnson & Gilbey, 1996). The T-rhythm persisted during
central apnoea and could be at a different frequency from phrenic nerve burst
discharge frequency (Johnson & Gilbey, 1996). Thus, the T-rhythm can arise
independently of central respiratory drive and activation of baro- and lung
stretch receptors.

It is not known if the T-rhythm arises centrally or whether it is a robust
feature of other sympathetic outflows. Moreover, the locations of central
neurones controlling the sympathetic outflow to thermoregulatory circulations
have not been identified. Both anatomical and electrophysiological approaches
were used in the present study to address these key issues. Consequently, the
organisation of the sympathetic control of the cardiovascular system is
overviewed below, with an emphasis on the nervous control of cutaneous
circulations. The use of the rat tail as a model of a cutaneous sympathetic target

will also be summarised.

2. SYMPATHETIC CONTROL OF THE VASCULATURE

Cardiovascular adjustments that support specific behaviours often
involve redistributing blood flow. A noxious pinch applied to the tail of a
conscious rat, for example, can provoke escape behaviour (Redgrave et. al,
1996). This “fight, fright or flight” response is associated with increases in
arterial blood pressure and heart rate together with increases of blood flow to
hind limb skeletal muscles and associated decreases in blood flow to the

kidneys (e.g. Hilton & Redfern, 1986).
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Redistribution of blood flow is often mediated (in part) by non-uniform
control of the sympathetic nervous system. For example, the decreased blood
flow to the kidneys and increased blood flow to hind limb skeletal muscles
during initial stages of fight, fright or flight responses were associated with
increased renal nerve sympathetic activity and withdrawal of vasomotor tone to
hind limb skeletal muscle (Yardley & Hilton, 1987). Non-uniform control of
sympathetic outflows are also associated with responses to various other
stimuli, such as hypoxia (e.g. Irikim & Kozawa, 1975), desynchronised-like
sleep (e.g. Futuro-Neto & Coote, 1982a), cerebral ischemia (e.g. Kocsis et. al.,
1993), chemoreceptor activation (e.g. Kollai & Koizumi, 1977) and thermal

stress (e.g. Simon & Riedel, 1975).

2.1 The organisation of sympathetic neurones

The organisation of sympathetic neurones provides an anatomical
substrate for a non-uniform control of sympathetic outflows by the central
nervous system (CNS). Target organ specific sympathetic postganglionic
neurones (PGNs) are innervated by specific sympathetic preganglionic

neurones (SPNs).

(i) Sympathetic postganglionic neurones (PGNs)

Blood vessels and other targets of the sympathetic nervous system, such
as various glands (e.g. sweat, salivary), visceral organs (e.g. heart, kidney,
gastrointestinal tract), iris of eyes and piloerector muscles, are innervated by
PGNs (Burnstock, 1969; Janig, 1985; Janig & McLachlan, 1987; Langley, 1900;

Pick, 1970). Most (but not all) blood vessels are innervated by noradrenaline-
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containing PGNs. Blood vessels in some species also receive innervation from
acetylcholine-containing PGNs (Bolme et. al., 1970). However, such PGNs do
not appear to innervate blood vessels supplying rat skeletal muscle and the rat
tail (Bolme et. al., 1970; O’Leary et. al., 1985; Yardley & Hilton, 1987). Vessels
in erectile tissues of the genitalia may also receive innervation of sacral
parasympathetic origin (Marson et. al., 1993).

The cell bodies of PGNs are located in paravertebral ganglia, running in
chains on either side of the vertebral column, or in the prevertebral ganglia.
PGNs receive synaptic inputs from several sympathetic preganglionic neurones
(SPNs; Hirst & McLachlan, 1986; Janig & McLachlan, 1992; Skok & Ivanov,
1983) whose cell bodies are located in the spinal cord (see below). The
activities of PGNs are dependent on synaptic inputs from SPNs since PGN
activity can be silenced by substances that block ganglionic synaptic
transmission (e.g. Adrian et. al., 1932; Delius et. al., 1972a; Johnson & Gilbey,
1996; Ninomiya etf. al., 1973) or by transection of preganglionic sympathetic
nerves (e.g. Ninomiya et. al., 1993; O’Leary et. al, 1985).

The axons of PGNs reach the periphery (e.g. skin, skeletal muscle) by
projecting through spinal nerves (via grey communicating rami) or reach internal
organs (e.g. heart, kidney, gastrointestinal tract) by projecting through visceral
nerves. PGNs are located in ganglia with respect to the body position of the
target they control. Stimulation of cervical grey rami erected hairs on faces of
anaesthetised cats, whereas stimulation of the sacral grey rami erected hairs on
tails (Langley, 1894).

PGNs are target specific. Dual application of different fluorescent
anatomical tracers to 2 endorgans, whose PGNs originate from the superior
cervical ganglion (e.g. iris and eyelid smooth muscle; thyroid and salivary gland;

20



salivary gland and overlying skin) revealed that PGNs innervate only one target
tissue; despite the target tissues being close together (Flett & Bell, 1991). Since
blood vessels in all these targets receive sympathetic innervation, this study
also demonstrated that there are separate PGNs innervating the blood vessels
associated with functionally distinct tissues. Similarly, dual application of
different fluorescent anatomical tracers to femoral arteries and veins
demonstrated that anatomically distinct PGNs innervated hind limb arteries and

veins, with no neurones innervating both targets (Dehal et. al., 1992).

(ii) Sympathetic preganglionic neurones (SPNs)

SPNs originate from 4 specific nuclei in the spinal cord that are
distributed in a bilateral and symmetrical manner, see Figure 1.1 (e.g. Cabot
1990; Chung et. al., 1975 & 1979; Coote, 1988; Deuschl & lllert, 1978; Petras &
Faden, 1978; Pyner & Coote, 1994a). The majority of SPNs are located within
the intermediolateral cell columns (IMLs). SPNs are present in the spinal cord
from the last cervical spinal segment (C8) through to the upper lumbar spinal
segments (Coote, 1988; Cabot, 1990; Petras & Cummings, 1972; Strack &
Loewy, 1988). Petras and Cummings (1972) demonstrated this by performing
unilateral neurectomies on the thoracic and/or abdominal portions of the
sympathetic chain of macaques. The resultant chromalysis of the degenerated
neurones was then detected using a silver staining technique.

SPNs axons exit from the spinal cord by projecting through the lateral
border of the ventral horn to join the ventral spinal rootlets (Dembowsky et. al.,
1985; Rethelyi, 1972). SPN axons then reach their target cells by branching off

the spinal nerves via white connecting rami, to join the paravertebral
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sympathetic chain (see below). Investigations that applied anatomical tracers
(e.g. horseradish peroxidase; HRP) to the central cut end of a single white
ramus demonstrated that SPNs axons exit the spinal cord at, or adjacent to, the
segmental level in which their cell bodies were located (Kuo et. al., 1980;
Oldfield & McLachlan, 1981; Rubin & Purves, 1980). For example, application of
HRP to white ramus T2 only labelled SPNs in spinal segments T1 and T2
(Oldfield & McLachlan, 1981). In contrast, studies that injected anatomical
tracers into sympathetic ganglia suggested that SPN axons may project through
the spinal cord for several spinal segments before exiting via ventral spinal
rootlets (Chung et. al,, 1979; Deuschl & lllert, 1978; Faden & Petras, 1978;
Deuschl et. al., 1981); e.g. HRP injected into the stellate ganglion following
transection of all the connecting white rami except for T2 labelled SPNs in
spinal segments T1 to T8 (Chung et. al., 1979). However, Pardini and Wurster
(1984) convincingly demonstrated that SPN axons exit the spinal cord at the
same or adjacent spinal level to which their cell bodies were located. They
injected HRP into the stellate ganglion after the central and peripheral cut ends
of transected rami were tied, thus eliminating the possibility of HRP leakage
from the ganglion. When this was done, leaving a single rami intact, SPNs were
only labelled in the corresponding spinal segment of the intact rami and the
spinal segment rostral to it, e.g. when rami T2 was intact labelled neurones
were located in spinal segments T1 and T2 (highest labelling T2). However,
when HRP was injected into the ganglion with the transected rami untied,
several spinal segments were labelled (C8 to T9).

Upon reaching the sympathetic chain, SPN axons may branch and
project rostrally or caudally through the sympathetic chain to synapse on PGNs
located in the paravertebral ganglion/ ganglia or, alternatively, pass through the
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sympathetic chain to synapse on PGNs originating from prevertebral ganglia
(Cabot, 1990; Forehand et al, 1994; Pick, 1970). SPNs can also project
directly to the adrenal medulla to synapse on chromaffin cells (Parker et. al,,
1993). SPNs innervate several PGNs, reflected by the SPN population being
vastly outnumbered by the population of PGNs; e.g. ~26400 PGNs were
counted in the rat superior cervical ganglion whereas only ~1000 SPNs were
labelled following application of HRP to the cervical sympathetic trunk (Purves
et. al., 1986).

SPN cell bodies are organised with respect to the body position of the
endorgan they control the sympathetic outflow to (Langley, 1894; Strack et. al.,
1988; Taylor & Weaver, 1992). Stimulation of SPN axons projecting through the
1st thoracic nerve affected pupils and nictiating membranes but had little effect
on blood vessels in the ears of anaesthetised animals (Langley, 1900). In
contrast, stimulation of SPN axons projecting through the 4th thoracic nerve
affected vasomotor fibres in the ear but had little effect on sympathetic targets
in the eye; whilst SPNs projecting through the 6th and 7th thoracic nerves only
supplied pilomotor fibres projecting to areas of skin covering the head and neck
(Langley, 1900). Likewise, stimulation of the second or third lumbar nerve
erected the hairs of the tail skin (Langley, 1894). The development of
retrogradely transported dyes, such as HRP and fluorochrome dyes, in the
1970s enabled these observations to be substantiated anatomically. Injection of
fluorogold into the major sympathetic ganglia confirmed that SPNs are
organised with respect to the body position of the ganglia they innervate and
that each ganglion receives its SPN innervation from several spinal segments
(Strack et. al., 1988).

Dual application of anatomical tracers showed that SPNs are ganglion
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specific (Appel & Elde, 1988; Jansen ef. al, 1993, Li et al., 1992; Pyner &
Coote, 1994b). Simultaneous exposure of cervical sympathetic trunks and
adrenal medullas of the same animal to different fluorescent tracers (True blue
or Diamidio Yellow) revealed that although IMLs of spinal segments T1 to T4
supplied SPNs to both targets, no neurones were doubly labelled. Furthermore,
it was also noted that SPNs were organised in ganglia specific columns within
IMLs, although there was a certain degree of overlap (Apple & Elde, 1988;
Janig & McLachlan, 1986; Pyner & Coote, 1994b).

Neurophysiological studies had indicated that SPNs were not only
ganglion but were also endorgan specific. For instance, the PGNs innervating
sympathetic targets in the eye, ear and skin covering the head and neck all
originated from (and are randomly distributed within) the superior cervical
ganglion (Flett & Bell, 1991, Litchman et. al., 1979). Yet, Langley revealed that it
was possible to selectively stimulate SPNs influencing targets in these body
parts (see above). As HRP and fluorescent dyes (e.g. True blue, nuclear yellow)
cannot cross synapses and remain detectable, anatomical demonstrations that
SPNs were endorgan specific awaited application of a recently developed
transneuronal viral tracing technique (see Chapter 5). Inoculation of eyes with a
transneuronal viral tracer labelled neurones in IMLs of spinal segments T1 to
T3, whereas inoculation of ear skin labelled neurones in IMLs of spinal
segments T4 to T5 (Strack & Loewy, 1990). Moreover, injections of a
transneuronal viral tracer into renal nerves and a fluorochrome tracer (Dil) into
adrenal glands of the same animal revealed that kidneys and adrenal glands

were controlled by largely separate SPN populations (Li et. al., 1992).
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3. SYMPATHETIC NEURONES CAN BE TONICALLY ACTIVE

Sympathetic neurones can be tonically active. This was established in
the 1850s, when it was demonstrated that removal of the superior cervical
ganglion or transection of the cervical sympathetic nerve dilated cutaneous
blood vessels in the rabbit face and ear (as reviewed by Sheetah, 1936; Pick,
1970). The ongoing activities of whole sympathetic nerves consists of
discharges comprised of PGNs and/or SPNs firing simultaneously, with the size
of each discharge reflecting the number of active fibres (Ninomiya et. al., 1993).

The ongoing discharges of sympathetic nerves (whether pre- or
postganglionic) are characteristically rhythmical. This rhythmicity was first
observed in the 1930s (Adrian et. al., 1932, Bronk et. al., 1936). Sympathetic
discharges recorded from whole sympathetic nerves frequently occurred in time
with the cardiac cycle and/ or respiration (Adrian et. al., 1932). Later, a
sympathetic rhythm that had a frequency faster than that of heart rate or
respiration (8 - 12 Hz; the 10 Hz rhythm) was reported to be often (but not
always) in sympathetic discharges recorded from anaesthetised cats (Green &
Heffron, 1967).

The rhythmicity of sympathetic discharges is thought to be an important
facet of sympathetic control (see Chapter 6). For example, burst patterned
stimulation of the thoracic sympathetic trunk whilst recording compound action
potentials from the inferior cardiac nerve was more effective in recruiting PGNs
than stimulation at a constant frequency (Birks et. al., 1981). Burst patterned
stimulation of PGNs innervating blood vessels enhanced neuroeffector
transmission (see Chapter 6).

A feature of sympathetic discharges recorded from sympathetic nerves is

that their rhythmicity is dynamic; varying between nerves, experiments, and
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physiological states (e.g. Adrian et. al., 1932, Barman et. al., 1984; Bronk et. al.,
1936; Cohen & Gootman, 1970; Gebber et. al., 1994a & b; Kenney, 1994
Kenney et. al., 1995; Kocsis ef. al, 1990 & 1993; Koepchen et. al., 1981;
Ninomyia et. al., 1973; Numao et. al., 1987). Detailed analysis of the rhythmicity
of sympathetic discharges has been performed by applying frequency and time
domain analytical techniques (see Chapter 2). By plotting the occurrence of
preganglionic sympathetic nerve discharge following a phrenic nerve burst
discharge (time domain analysis), it was demonstrated that cervical and lumbar
sympathetic nerves discharge predominantly during expiration, whereas
splanchnic and adrenal nerves exhibited their peak activity during inspiration
(Numao et. al, 1987). Sympathetic nerve discharges recorded from
anaesthetised rats predominated at frequencies less than 1 Hz or at
frequencies close to that of heart rate (Kenney, 1994). The 10 Hz rhythm is
sometimes, but not always, present in the sympathetic nerve discharges of
anaesthetised cats (see above). Asphyxia, cerebral ischemia or haemorrhage
changed the dominant frequency of sympathetic discharge from near heart rate
to 20-60 Hz (Kenney, 1994; Kocsis ef. al., 1990 & 1993). Notably during
cerebral ischemia, the onset of 20-60 Hz discharges varied between the nerves
supplying heart, kidneys and muscles (Kocsis et. al., 1993).

In addition, correlations between rhythmical sympathetic discharges
recorded simultaneously from whole sympathetic nerves were also dynamic;
varying between nerves, experiments and physiological states (Gebber et. al,,
1994a & b; Gebber et. al., 1995; Kenney et. al., 1991; Kocsis et. al., 1990 &
1993). The rhythms in sympathetic discharges recorded from renal nerves were
highly correlated to rhythms in sympathetic discharges recorded simultaneously
from inferior cardiac nerves (Kocsis ef. al., 1990). This correlation was

26



abolished in response to hypercapnia; despite similar rhythms remaining in the
discharges of both nerve recordings (Kocsis et. al., 1990). Thus it was proposed
that the central neural pathways controlling each outflow were not identical and
have the capacity to be influenced differentially by afferent stimuli (Gebber et.
al., 1994a & b; Gebber et. al., 1995; Kenney et. al., 1991; Kocsis et. al., 1990 &

1993).

3.1 The generation of rhythmic sympathetic discharges

(i) Cardiac-modulated rhythmicity

The existence of rhythmical sympathetic discharges has provoked
interest into their generation. It was proposed that sympathetic discharges
occurring in time with the cardiac cycle was simply the result of baroreceptor
activation in response to pulse blood pressure oscillations (Bronk et. al., 1936;
Green & Heffron, 1968). The increase in baroreceptor afferent discharge during
systole (Bronk & Stella, 1932) was thought to result in an inhibition of
sympathetic nerve discharge, via an action on a “vasomotor centre” in the
brainstem. The decrease in baroreceptor discharge during diastole was thought
to result in an increase in sympathetic nerve discharge by disinhibition of the
proposed neural pathway. However, if baroreceptor activation were the only
mechanism patterning sympathetic discharges into a cardiac rhythm, it would
be expected that sympathetic discharges at frequencies similar to that of the
heart rate (2 to 6 Hz in cats) would be abolished following baroreceptor
denervation. However, this was shown not to be the case. The rhythmicity of
discharges recorded from the sympathetic nerves of paralysed, vagotomised,

baroreceptor-denervated anaesthetised cats remained between 2 and 6 Hz
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(although the discharges were no longer synchronised to the cardiac cycle;
Barman & Gebber, 1980; Taylor & Gebber; 1975). Moreover, it was possible to
abolish a sympathetic discharge with a single stimulus, with a duration <1% of
the cardiac cycle length, delivered to baroreceptor nerves early on in the
cardiac cycle (Barman & Gebber, 1980; Taylor & Gebber, 1975). These
features are consistent with the view that cardiac modulated sympathetic
discharges are generated by sympathetic oscillators with intrinsic frequencies of
2-6 Hz whose activities are normally entrained to rhythmic drives from

baroreceptors (Gebber, 1980 & 1990; Gebber & Barman 1989).

(ii) Respiratory-modulated rhythmicity

Like cardiac modulation, sympathetic discharges occurring in time with
respiration are not entirely attributable to the result of afferent activation (Daly &
Robinson, 1968; Daly, 1995; Dowing & Siegel, 1963; Koepchen et. al., 1981;
Selldén et. al., 1987; Yu et. al., 1990). Respiratory modulation of sympathetic
nerve discharge (that is out of phase with the ventilation cycle) can occur in
artificially ventilated, vagotomised, paralysed anaesthetised animals (e.g.
Adrian et. al., 1932; Bachoo & Polosa, 1987a; Barman & Gebber, 1976; Bronk
et. al., 1939; Connelly & Wurster, 1985; Cohen & Gootman, 1970; Guyenet et.
al., 1990, Koepchen et. al., 1981; Preiss et. al., 1975). Thus, several proposals
were made to explain this phenomena. One proposal was that respiratory-
modulated sympathetic rhythms arise by central respiratory oscillators imposing
their rhythms on central neurones controlling sympathetic outflows (Adrian et.
al., 1932; Bachoo & Polosa, 1987b; Haselton & Guyenet, 1989). A different

proposal was that respiratory motor neurones and sympathetic neurones were
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driven by common central “cardiorespiratory” oscillators (Richter & Spyer, 1990;
Spyer, 1996). An alternative explanation was that central respiratory drive and
rhythmic sympathetic discharges were generated by separate oscillators, whose
activities were normally coupled (Barman & Gebber, 1976; Cohen & Gootman,
1970; Zhong et. al, 1997). Notably, the origins of respiratory modulated
sympathetic discharges recorded simultaneously from different nerves can be
differential. Koepchen et al. (1981) demonstrated that although bilateral
vagotomy abolished respiratory modulated sympathetic discharges recorded
from renal nerves of anaesthetised cats, this rhythmicity remained in

sympathetic discharges recorded from the cervical sympathetic trunk.

3.2 Limitations of whole sympathetic nerve recordings

Neural control of sympathetic targets can be non-uniform (see above).
Thus, the control of PGN activities must also be differential. Consistent with this
view are observations that tonic activities of single PGNs from vertebral and
cardiac nerves of anaesthetised cats were diverse with respect to the
rhythmicity of their firing patterns (Kollai & Koizumi, 1980). Moreover, the PGNs
projecting through sympathetic nerves can be functionally heterogeneous. For
example, nephrons, arterioles and juxatglomerular apparatus are all targets of
renal PGNs (Barajas ef. al., 1992). Since specific sympathetic targets are
innervated by specific PGNs, which are innervated by target specific SPNs, it is
feasible that the ongoing activities and control of PGNs projecting to an
endorgan (e.g. kidneys, skin) can also be non-uniform. Thus, to determine the
characteristics of neural control of a particular sympathetic target, such as a

cutaneous blood vessel, it is necessary to define the activities of its PGNs.
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To enable recordings from PGNs innervating identified sympathetic
targets, nerves projecting to skin, muscle or viscera of anaesthetised animals
have been cut and a few PGNs dissected free. The likely function of the
selected PGN (e.g. vasomotor, pilomotor, sudomotor) is predicted from the
nerve (i.e. whether it projected to skin, skeletal muscle, viscera) and the
presence or absence of ongoing activity and/or the response of the PGN to
nociceptive, baroreceptor and chemoreceptor stimulation (e.g. Gregor et. al,
1976; Habler et. al., 1994; Horeyseck & Janig, 1974a & b; Janig 1985 & 1988;
Janig & McLachlan, 1987; Janig et. al., 1983; Yusof & Coote, 1988a).

The development of microneurography by Hagbarth and Vallbo (1968)
enabled the recording of sympathetic discharges from skin and skeletal muscle
fascicles in the limbs of conscious humans (Vallbo et. al., 1979; Wallin &
Fagius, 1986). This technique involves the insertion of a recording
microelectrode through the skin into an underlying nerve.

Notably, when using either fibre picking or microneurographical recording
techniques it is impossible to prove that PGNs displaying a typical
“vasoconstrictor pattern” in their discharges are actually innervating blood
vessels. Thus, a focal recording technique was developed (Johnson & Gilbey,
1994, 1996). This technique enabled discharges of PGNs to be recorded focally
from the caudal ventral artery of anaesthetised rats. The caudal ventral artery is
the main artery supplying the rat tail circulation which is essentially a

thermoregulatory vascular bed (see below).

3.3 PGNs innervating cutaneous vasculature can be tonically active

The tonic vasomotor function of the sympathetic nervous system was
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established when it was discovered that transection of sympathetic nerves
dilated cutaneous blood vessels (see above). Thus, it is not surprising that
cutaneous vasoconstrictor PGNs or “CVCs” supplying body appendages of
resting humans or anaesthetised animals can display ongoing activity at normal
room temperatures (~22 °C; human: Bini et. al., 1980a & b; Delius et. al., 1972b
& c; Hagbarth et. al, 1972; Janig et. al, 1983; Wallin et. al., 1973; Wallin &
Fagius, 1986; anaesthetised rat: Habler et. al., 1993 & 1994; Johnson & Gilbey,
1996; Yusof & Coote, 1988a; anaesthetised cat: Boczek-Funcke et. al,, 1992c;
Horeyseck & Janig, 1974a & b; Janig 1985 & 1988; Janig ef. al., 1983;
Ninomiya et. al., 1973; anaesthetised rabbit: Simon & Riedel, 1975). |

Ongoing discharges of CVCs are characteristically thermosensitive (Bini
et. al., 1980a & b; Gregor et. al., 1976; Johnson and Gilbey, 1994; Ninomiya et.
al., 1973; Simon & Riedel, 1975). The ongoing discharges of CVCs supplying
skin of anaesthetised cats or rabbits were increased by spinal cord cooling and
decreased in response to spinal cord heating (Gregor et. al., 1976; Simon &
Riedel, 1975). Similarly, the ongoing discharges of single PGNs recorded
focally from caudal ventral tail arteries of anaesthetised rats were slowed and
silenced in response hyperthermia (Johnson & Gilbey, 1994). Moreover, there
are regional differences in CVC thermosensitivity. Studies on conscious
humans indicated that CVCs supplying skin on the dorsal sides of forearms
displayed ongoing discharges at ambient temperatures of 15°C, but displayed
little or no activity at temperatures of 22-24°C (Bini et. al, 1980a & b). In
contrast, the ongoing discharges of CVCs supplying skin on palms of hands
were not silenced until ambient temperatures were raised to 30-35 °C (Bini et.

al., 1980a & b).

31



3.4 The rhythmicity in the ongoing discharges of CVCs

Sympathetic discharges recorded from whole sympathetic nerves can be
modulated by rhythmic inputs from baroreceptor and respiratory afferents and
central respiratory (see above). Similarly, the discharges of CVCs can be
modulated by respiration (anaesthetised animal: Boczek-Funcke et. al., 1992;
Habler et. al., 1993; conscious human: Delius et. al., 1972 b & c¢; Eckberg et. al.,
1985, Janig et. al., 1983; Wallin et. al., 1973). In contrast, time domain analysis
revealed that most CVCs (but not all) recorded from anaesthetised animals did
not display strong cardiac modulation in their ongoing discharges (Boczek-
Funcke et. al., 1992; Habler et. al., 1994, Janig et. al., 1983; Yusof & Coote,
1988a). Likewise, the ongoing discharges of CVCs recorded from humans
displayed little correlation to cardiac activity (Bini ef. al., 1980a & 1981,
Hagbarth et. al., 1972; Janig et. al., 1983; Wallin et. al., 1973; Wallin & Fagius,
1986). Furthermore, the dominant pattern in discharges of CVCs was often at
frequencies different to heart rate and respiration (Bini et. al., 1980a; Hagbarth
et. al,, 1972; Janig et. al., 1983; Johnson & Gilbey, 1996; Wallin et. al., 1973;
Wallin & Fagius, 1986). Discharges of CVCs supplying targets in the skin of
human hands and feet occurred characteristically at ~100 cycles/min (~1.7 Hz;
Bini et. al., 1980a). In addition, it was demonstrated that the ongoing discharges
of single PGNs recorded focally from caudal ventral arteries of anaesthetised
rats were characteristically rhythmical (Johnson & Gilbey, 1996). The dominant
frequency of these rhythmical discharges was ~0.8 Hz and was termed the “T-
rhythm?”. It is proposed that the T-rhythm is generated by an oscillator(s) since i)
it can arise independently of central respiratory drive and afferents from baro-
and lung stretch receptors and ii) displayed ratio entrainment patterns to central

respiratory drive and the ventilation cycle (Johnson & Gilbey, 1996; see Chapter
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3). However, it is not known if the T-rhythm is present in other sympathetic
outflows, if it is a robust feature of sympathetic activity associated with the skin
or if it is unique to ongoing discharges of PGNs innervating the caudal ventral
artery. It is likely that the T-rhythm is a feature of sympathetic activity supplying
thermoregulatory circulations since ongoing discharges of PGNs supplying
functionally similar targets displayed similar rhythmicities e.g. the discharges of
CVCs supplying human hands and feet characteristically occurred at ~100
cycles/min (Bini et. al., 1980a), whereas discharges of PGNs supplying skeletal
muscle of arms and legs characteristically displayed a strong cardiac related
rhythmicity (e.g. Delius et. al, 1972 a; Janig ef. al, 1983 Sundliéf & Wallin,

1977; Wallin & Fagius, 1986).

4. TONIC VASOMOTOR TONE IS DEPENDENT ON ACTIVITIES OF

BULBOSPINAL NEURONES

It was first demonstrated in the 1870s that neural structures responsible
for the maintenance of tonic vasomotor tone were located in the rostral ventral
medulla (RVLM; Hilton, 1980; Seller 1996). It was reported that midocollicular/
midbrain transection, combined with removal of the dorsal medulla produced
little change in blood pressure of anaesthetised cats or rabbits (Hilton, 1980;
Pick, 1970; Seller 1996). These observations were supported 100 years later
when it was shown that bilateral application of inhibitory substances, such as
glycine, to the surface of the RVLM or selective bilateral destruction of the
RVLM reduced arterial blood pressure to levels comparable to those following
cervical cord transection (Dampney & Moon, 1980; Fieldburg & Guertzenstein,

1972 & 1976; Guertzenstein & Silver, 1974; Ross et. al, 1983). Moreover,
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neurones in the RVLM are thought to influence sympathetic outflows directly
since RVLM neurones are known to have direct projections to SPNs (see
below). Although the RVLM is important for the maintenance of vasomotor tone
in anaesthetised animals, the RVLM should not be regarded as a vasomotor
"centre" (Jordan, 1995). Such terminology implies that modulation of vasomotor
activity is dependent on neurones in the RVLM. There are many other areas of
the brain that contain neurones with direct projections onto SPNs (see below)
and thus, also have the capacity to directly influence vasomotor sympathetic
activity.

There is evidence that groups of neurones in the RVLM regulate specific
sympathetic targets (Dampney, 1994; Dampney & McAllen, 1988; Dean &
Coote, 1986; Key & Wigfield, 1994; Lovick, 1987, 1989 a & b; Lovick & Hilton,
1985; McAllen, 1986; McAllen & Dampney, 1990; McAllen & May, 1994;
Ootsuka & Terui, 1997). Application of glycine to the RVLM decreased renal
nerve and splanchnic nerve sympathetic activity in parallel but sympathetic
activity supplying targets in skeletal muscle took longer to reduce (Dean &
Coote, 1986). This suggests that the glycine took longer to diffuse to the vicinity
of RVLM neurones influencing the sympathetic outflow to skeletal muscle.
Chemical stimulation of the RVLM increased heart rate, blood pressure and
renal nerve sympathetic activity, but had little effect on pupil size, piloerection or
gut motility (McAllen, 1986). Moreover, there was a clear dissociation between
stimulation sites in the RVLM that evoked changes in PGNs influencing hind
limb cutaneous targets and PGNs influencing hind limb skeletal muscle targets
(McAllen & Dampney, 1990). Thus, groups of neurones that specifically
influence specific targets provide a substrate for non-uniform control of
sympathetic targets.
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Sympathetic outflows were differentially influenced by cervical cord
transection (Meckler & Weaver, 1985; Qu etf. al., 1988; Taylor & Schramm,
1987; Yardley et. al., 1989). In anaesthetised rats, cervical cord transection
decreased arterial pressure and lumbar sympathetic chain activity but increased
renal nerve sympathetic activity (Taylor & Schramm, 1987). In anaesthetised
cats, interruption of pathways projecting through the cervical spinal reduced
sympathetic activity recorded from gastric, hepatic, and adrenal nerves, but had
little effect on the total mass discharge recorded from splanchnic nerves (Qu et.
al., 1988). However, the sympathetic activity recorded from splanchnic nerves
did loose their rhythmicity. Notably, gastric and hepatic nerves supply PGNs to
splanchnic circulations. Thus the results of this study indicate that the tonic
ongoing sympathetic outflow to splanchnic circulations was dependent on
excitatory drive from bulbospinal neurones. Qu ef. al. (1988) proposed two
explanations for their findings. The first explanation was that the sustained firing
of splanchnic nerve sympathetic activity in the spinal cat was due to the
activation and inhibition of different populations of SPNs. Thus, the SPNs that
were inhibited innervated PGNs projecting through hepatic, gastric and adrenal
nerves. In contrast, those that were activated were proposed to project to PGNs
innervating gut smooth muscle and glands rather than vasomotor neurones. Qu
et. al's (1988) second explanation was that the rhythmicity of splanchnic
sympathetic nerve discharge is crucial to the summation of synaptic influences
on gastric, hepatic and adrenal nerves in cats. Thus the firing of these nerves

decreased when their preganglionic inputs became asynchronous.
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4.1 How bulbospinal neurones could exert non-uniform control of the

sympathetic nervous system.

(i) Descending fibres making synaptic connections with SPNs are

differentially distributed in the spinal cord

Anatomical studies using immunohistochemical techniques to identify the
chemical content of fibres making synaptic connections with SPNs
demonstrated that descending fibres are differentially distributed through the
spinal cord (Anderson et. al., 1989; Appel & Elde, 1988; Krukoff et. al., 1985;
McLachlan & Oldfield, 1981; Swanson & McKellar, 1979). In the rat, it was
demonstrated that SPN cell bodies located in spinal segments T1 to T4 were
associated with both tyrosine hydroxylase (an enzyme present in all types of
catecholaminergic neurones) and 5-HT immunoreactive fibres in greater
densities than phenylethanolamine-N-methyl-transferase (PNMT; an enzyme
present in adrenergic neurones) /neuropeptide Y immunoreactive fibres
(Anderson et. al.,, 1989). In contrast, SPNs from spinal segments T4 to L2 are
more densely surrounded by PNMT/ neuropeptide Y and 5-HT immunoreactive
fibres than tyrosine hydroxylase immunoreactive fibres. In addition, SPNs
traced from the cervical sympathetic chain (using HRP) in spinal segments C8
to T1 did not appear to be associated with monoaminergic immunoreactive
fibres (Anderson et. al., 1989). Similarly, catecholaminergic fibres were rare or
absent in the upper lumbar spinal segments, but 5-HT immunoreactive fibres
were associated with SPN cell bodies in spinal segments L1 and L2, traced
from either the lumbar sympathetic chain or inferior mesenteric ganglion
(Anderson et. al, 1989). Likewise, it was revealed that although equal

proportions of SPNs traced from the cervical sympathetic chain or adrenal gland
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were surrounded by varicosities immunoreactive for 5-HT or somatostatin,
oxytocin immunoreactive fibres appeared to avoid SPNs labelled from the

adrenal gland (Appel & Elde, 1988).

(ii) SPN responses to neurotransmitters and neuromodulators are not

homogeneous

SPNs do not have uniform responses to application of neurotransmitters
or neuropeptides (Coote, 1988; Coote & Lewis, 1995; Loewy & Neil, 1981;
Schramm, 1986). lonophoretic application of 5-HT inhibited and excited SPNs
tentatively identified as innervating skin and muscle vasomotor neurones,
respectively (Gilbey & Stein, 1991). Moreover, intrathecal application of 5-HT
increased renal nerve sympathetic activity but decreased sympathetic activity
supplying hind limb skeletal muscle - indicating activation of "renal SPNs" and
inhibition of "skeletal muscle SPNs" (Yusof & Coote 1988a). Moreover,
microionophoretic application of noradrenaline either excited or inhibited the
activities of SPNs (Lewis & Coote; 1990). Notably, application of excitatory
amino acids to the SPN modulated the neurone's response to noradrenaline
(Lewis & Coote; 1990). In addition, application of 5-HT and noradrenaline can
depolarise spontaneously active SPNs, intensify SPN discharges and can
evoke rhythmic activities in some quiescent SPNs (Lewis & Coote; 1990;
Pickering et. al., 1994, Shen et. al., 1994).

Thus, the non-uniform responses of SPNs to neurotransmitters/
modulators provide mechanisms by which supraspinal inputs could differentially

control sympathetic targets.
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5. THE ORIGINS OF SUPRASPINAL FIBRES PROJECTING TO THE IML

Various areas/ nuclei of the brain have been demonstrated to contain
neurones with direct descending projections to the IML (Dampney, 1994;
Jordan, 1995; Loewy, 1990). These regions and their possible chemical identity
are summarised on Figure 1.2. Notably, it is likely that all supraspinal neurones
contain either aspartate, glutamate or GABA in addition to monoamines and/or
neuropeptides (Llewellyn et. al., 1992). Descending projections to the IML have

been identified using a variety of techniques.

(i) Studies using anterogradely and/or retrogradely transported

anatomical tracers

Anterogradely transported tracers have been injected into specific nuclei
to label neurones with axonal projections through the spinal cord (e.g. Holstege,
1987; Loewy et. al., 1979; Loewy & McKellar; 1981; Luiten et. al., 1985; Ross
et. al., 1984; Saper et. al., 1976). For example, injections of radioactive amino
acids into raphe obscurus and pallidus revealed that neurones in both these
brainstem areas can project directly to the IML of the thoracolumbar spinal cord
(Loewy, 1981). Furthermore, pre-treatment of rats with 5,7-dihydroxytryptamine
(a neurotoxin selective for serotonergic neurones) destroyed these pathways,
indicating that spinal projections from the caudal raphe to the spinal cord
contained 5 HT (Loewy, 1981).

Similarly, retrogradely transported tracers, such as HRP, fluorescent
dyes and rhodamine-labelled latex microspheres, were injected into the IML to
label brain nuclei with fibres projecting to this area (e.g. Amendt et. al., 1979;

Charlton & Helke, 1987; Holstege, 1987; Sawchenko & Swanson, 1982,
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Swanson & Kuypers, 1980). It was demonstrated that the PVN projected to the
IML by injecting True blue into the region containing the IML of the thoracic
spinal segments (Sawchenko & Swanson, 1982). Moreover, by staining series
of brain sections through the PVN with antibodies raised against oxytocin,
Sawchenko & Swanson (1982) also demonstrated that PVN neurones
projecting to the IML can contain oxytocin.

Consistent with the view that sympathetic outflows can be differentially
controlled by central neurones, dual injections of different retrogradely
transported fluorescent dyes (fast blue and either nuclear yellow or diamindino
yellow) into IMLs of different spinal segments showed that doubly labelled
neurones were rarely seen, unless the dual injections were made into adjacent
spinal segments (Tucker & Saper, 1985).

Some authors have used both anterograde and retrograde tracing
techniques simultaneously (e.g. Bacon et. al., 1990, Ross et. al., 1984; Zagon &
Smith, 1993). Injections of the lectin, Phaseolus vulgaris leuco-agglutin
(anterogradely transported) into the RVLM and cholera B-subunit conjugated
HRP (retrogradely transported) into the adrenal medulla of the same animal
showed that neurones located in the RVLM make monosynaptic connections

with SPNs projecting to the adrenal gland (Zagon & Smith, 1993).

(ii) Studies using neurophysiological approaches

Brainstem neurones with direct projections to the IML have also been
identified by antidromic identification (Barman & Gebber, 1985; Caverson et. al.,
1984; Morrison & Gebber, 1985). This neurophysiological tracing technique
involves recording the activities of a brainstem neurone and electrically

stimulating in the region of the IML with a microelectrode. Time-controlled
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collision tests of evoked or spontaneous action potentials with action potentials
evoked from the region of the IML are used to determine if the neurone has an
axonal branch to the IML. This approach has shown that some neurones
located in the RVLM (e.g. Barman & Gebber, 1985), caudal raphe (e.g.
Morrison & Gebber, 1985) and PVN (Caverson et. al., 1984) project to the IML.
Using this technique, it was concluded that some brain neurones could have
axonal branches to the IML of widely separated spinal segments (Barman &
Gebber, 1985; Morrison & Gebber 1985) contrasting with observations made by

Tucker and Saper (1985, see above).

5.1 Brain neurones making synaptic connections with SPNs controlling

sympathetic outflows to specific targets

Application of transneuronal viral tracing techniques can label
functionally related chains of neurones from a single target (Chapter 5). Studies
in which transneuronal viral tracers have been injected into adrenal gland
(Strack et. al., 1989a; Wesselingh et. al., 1989), kidney (Ding ef. al., 1993,
Schramm et. al., 1993), stellate ganglion (Jansen ef. al., 1995a & b) or other
sympathetic ganglia (Strack et. al, 1989b) have implicated the neural cell
groups shown in Figure 1.2 as having direct projections to SPNs. However,
studies using transneuronal tracers labelled the same neuronal cell groups
regardless of the target organ. This suggests that no single area of the
brainstem is exclusively dedicated to the control of one ganglion or target organ.
However no study has specifically labelled central neurones from only one
functional type of PGN or simultaneously traced central neurones from

functionally distinct sympathetic targets, such as skin and kidney.

40



6. THE RAT TAIL IS A THERMOREGULATORY CIRCULATION

During periods of metabolic or environmental heat stress, the rat tail
vasculature dilates, increasing tail blood flow to facilitate heat dissipation from
the tail skin (Dawson & Keber, 1979; Grant, 1963; O’Leary et. al., 1985; Raman
et. al.,1983; Rand et. al, 1965; Thompson & Stevenson, 1965; Young &
Dawson, 1982). Amputation of the tail results in the inability to loose excess
body heat. Tailless rats displayed hyperthermic responses to environmental or
metabolic heat stresses that were 50-60 minutes longer in duration than those
displayed by tailed rats (Spiers et. al., 1980).

The rat tail has the capacity to function well as a heat loss organ since it
lacks fur, has a large surface area to volume ratio and is well vascularised
(Gordon, 1990). The main arterial supply to the rat tail is carried in the caudal
ventral artery, which lies superficially under the skin. The anatomy of the tail
vasculature is shown in Figure 1.3. Blood flow exits the tail via superficial lateral
veins and a caudal ventral vein that are connected by anatosomes. The caudal
ventral vein is small in comparison to the lateral veins and the lateral arteries
are small compared to the caudal ventral artery (Young & Dawson, 1982). Thus,
the predominant flow to and from the tail runs close to the surface of the skin in
the superficial blood vessels (Wu et. al., 1995).

The rat tail circulation is predominantly under sympathetic control. The
adventia of the caudal ventral artery is densely innervated (Anderson &
McLachlan, 1991; Todd, 1980). Transection of the lumbar sympathetic chain
increases tail blood flow to a level comparable to that observed during

hyperthermia (O’'Leary et. al., 1985). Vasodilation of the tail vasculature is due
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to the withdrawal of vasoconstrictor tone, since there is no evidence to suggest
there are vasodilatory fibres innervating the tail vasculature. O'Leary et. al.
(1985) were unable to facilitate vasodilation of the tail vasculature by
sympathetic nerve stimulation after o-adrenergic receptor blockade.
Furthermore, the discharges of PGNs focally recorded from the caudal ventral
tail artery were silenced and not activated in response to whole body warming
(Johnson & Gilbey, 1994). Moreover, it is feasible that tonic sympathetic activity
supplying the tail of anaesthetised rats (maintained at normal body
temperatures) is purely vasomotor. PGNs innervating pilomotor muscles, oil and

sweat glands are silent under such conditions (Janig, 1985).

6.1 The organisation of the sympathetic innervation to the rat tail

The sympathetic innervation to the rat tail projects through two pairs of
mixed nerves: the dorsal collector nerve (DCN) and ventral collector nerve
(VCN). Figure 1.4 illustrates the locations of these nerves. Application of HRP to
either the VCN or DCN has shown that the majority of PGNs projecting to
sympathetic targets in the tail originate from the sacral and coccygeal ganglia
(Sittiracha ef. al., 1987). Most PGNs reach the caudal ventral artery by
projecting through segmental branches off the VCN (Anderson & MclLachlan,
1991). On reaching the artery, PGN axons project over the surface of the vessel
for only a few millimetres (Sittiracha et. al., 1987).

The SPNs controlling the sympathetic outflow to the tail presumably
originate from the lower thoracic-upper lumbar spinal since anatomical tracing
studies (using HRP) have revealed that the SPNs that have axonal projections

beyond the L4 lumbar ganglion originate from spinal segments T12-L2
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(Anderson et. al., 1989; Zhou & Gilbey, 1992). In contrast, the motor and
sensory innervations of the tail are associated with the sacral spinal segments
(Sittiracha et. al.,, 1987). This spatial offset provides the opportunity to study the
sympathetic activity to the rat tail without contaminant input to the CNS from
other nervous systems, since the motor and sensory innervations of the tail can
be selectively removed by transecting the sacral and coccygeal spinal rootlets

making up the cauda equina of the spinal cord; as shown in Figure 1.5.

7. PURPOSE OF THE PRESENT STUDY

Sympathetic activity supplying different targets can be non-uniform. The
arrangement of central inputs onto SPNs and the heterogeneity of SPN
responses to neurotransmitters and modulators provide substrates for such
non-uniform control. Thus, it is necessary to study sympathetic innervation of a
defined target in order to understand neural control of that particular target. The
nervous control of the rat tail circulation was investigated in the present study.
Withdrawal of vasomotor tone to this body appendage results in significant
dissipation of excess body heat.

It was demonstrated PGNs innervating the caudal ventral artery of
anaesthetised rats characteristically display the T-rhythm in their ongoing
discharges. The T-rhythm can be generated during central apnoea in
anaesthetised, artificially ventilated, paralysed rats following pneumothorax,
bilateral vagotomy and aortic nerve transection. This is consistent with the view
that rhythmicity is intrinsic to the sympathetic nervous system and is not just the
consequence of rhythmic afferent inputs (e.g. baroreceptor afferents, central

respiratory drive) imposing their rhythmicity on sympathetic neural pathways. It
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is likely that T-rhythm generation is dependent on tonic drives from the CNS.
The ongoing activities of PGNs influencing skin circulations were abolished
following transection of preganglionic sympathetic nerves or sympathetic
ganglionic blockade (e.g. Delius et. al, 1972c; Johnson & Gilbey, 1996;
Ninomiya et. al., 1973; O’Leary et. al, 1985). If the T-rhythm is important in
maintaining vasomotor tone of the rat tail circulation, it is feasible that the T-
rhythm is a feature of sympathetic activity supplying rat thermoregulatory
circulations, since the patterning of sympathetic discharges supplying
functionally similar vascular beds are comparable.

Anatomical studies have indicated that descending fibres making
synaptic connections with SPNs are distributed differentially through the spinal
cord. This suggests that central neurones influencing different functional
endorgans are represented differentially in brain areas/ nuclei. In contrast,
studies using transneuronal tracers to identify central circuitry controlling
sympathetic ganglia or visceral endorgans have reported the same pattern of
central labelling. However, no study has specifically identified locations of
central neurones that may influence sympathetic control of thermoregulatory
circulations.

Thus, the experiments in the present study was designed to establish:

e |[f the T-rhythm arises centrally.

e If the T-rhythm is a robust feature of the sympathetic outflow to
thermoregulatory circulations.

e The location of SPNs and other central neurones that may influence the

sympathetic outflow to the rat tail vasculature.
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