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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),
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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.

CMS 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 medulla, 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 a/., 

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 at, 

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 at a!., 1970; O’Leary at a!., 1985; Yardley & Hilton, 1987). Vessels 

in erectile tissues of the genitalia may also receive innervation of sacral 

parasympathetic origin (Marson at. a!., 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 at a!., 1932; Delius at a!., 1972a; Johnson & Gilbey, 

1996; Ninomiya at a/., 1973) or by transection of preganglionic sympathetic 

nerves (e.g. Ninomiya at a!., 1993; O’Leary at at, 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;
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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 at, 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 at. a/., 1975 & 1979; Coote, 1988; DeuschI & 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 at at, 

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 at, 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 at at, 1979; DeuschI & lllert, 1978; Faden & Petras, 1978; 

DeuschI at at, 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 at at, 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 I I  and 12 (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 rostra I ly 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 at, 1994; Pick, 1970). SPNs can also project 

directly to the adrenal medulla to synapse on chromaffin cells (Parker at at, 

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 

at a/., 1986).

SPN cell bodies are organised with respect to the body position of the 

endorgan they control the sympathetic outflow to (Langley, 1894; Strack at at, 

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 at at, 1988).

Dual application of anatomical tracers showed that SPNs are ganglion
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specific (Appel & Eide, 1988; Jansen et al., 1993; Li et a/., 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 14 

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 at, 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 (Oil) into 

adrenal glands of the same animal revealed that kidneys and adrenal glands 

were controlled by largely separate SPN populations (Li et at, 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 ai, 1993).

The ongoing discharges of sympathetic nerves (whether pre- or 

postganglionic) are characteristically rhythmical. This rhythmicity was first 

observed in the 1930s (Adrian at at, 1932, Bronk at at, 1936). Sympathetic 

discharges recorded from whole sympathetic nerves frequently occurred in time 

with the cardiac cycle and/ or respiration (Adrian at at, 1932). Later, a 

sympathetic rhythm that had a frequency faster than that of heart rate or 

respiration ( 8 - 1 2  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 et 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 et 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 et al., 1990). This correlation was
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abolished in response to hypercapnie; 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 at 

a!., 1994a & b; Gebber at a!., 1995; Kenney at. a!., 1991; Kocsis at. a!., 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 at. a!., 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- 

mod ulated 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 at, 1997). Notably, the origins of respiratory modulated 

sympathetic discharges recorded simultaneously from different nerves can be 

differential. Koepchen et at (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 et at, 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; Hâbler et. al., 1994; Horeyseck & Jânig, 1974a & b; Jànig 1985 & 1988; 

Jànig & McLachlan, 1987; Jânig 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 actuallv 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 ai, 1980a & b; Delius et ai, 1972b 

& c; Hagbarth et ai, 1972; Jânig et ai, 1983; Wallin et ai, 1973; Wallin & 

Fagius, 1986; anaesthetised rat: Hâbler et ai, 1993 & 1994; Johnson & Gilbey, 

1996; Yusof & Coote, 1988a; anaesthetised cat: Boczek-Funcke et ai, 1992c; 

Horeyseck & Jânig, 1974a & b; Jânig 1985 & 1988; Jânig et ai, 1983; 

Ninomiya et ai, 1973; anaesthetised rabbit: Simon & Riedel, 1975).

Ongoing discharges of CVCs are characteristically thermosensitive (Bini 

et ai, 1980a & b; Gregor et ai, 1976; Johnson and Gilbey, 1994; Ninomiya et 

ai, 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 ai, 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 ai, 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 

ai, 1980a &b).
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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; 

Hâbler et. al., 1993; conscious human: Delius et. al., 1972 b & c; Eckberg et. al., 

1985; Jânig 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; Hâbler et. al., 1994, Jânig et. al., 1983; Yusof & Coote, 

1988a). Likewise, the ongoing discharges of CVCs recorded from humans 

displayed little correlation to cardiac activity (Bini et. al., 1980a & 1981; 

Hagbarth et. al., 1972; Jânig 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; Jânig 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/m in (-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

32



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/m in (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. a!., 1972 a; Jânig et. al., 1983 Sundiôf & 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 et at, 1988; Taylor & Schramm, 

1987; Yard ley et at, 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 

at, 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 et 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 a/.'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 at aL, 1989; Appel & Elde, 1988; Krukoff at a!., 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 at. a/., 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 MRP) in spinal segments C8 

to T1 did not appear to be associated with monoaminergic immunoreactive 

fibres (Anderson at a/., 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 LI and L2, traced 

from either the lumbar sympathetic chain or inferior mesenteric ganglion 

(Anderson at at, 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). Ionophoretic 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 at aL, 1994; Shen at a/., 1994).

Thus, the non-uniform responses of SPNs to neurotransmitters/ 

modulators provide mechanisms by which supraspinal inputs could differentially 

control sympathetic targets.

37



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 at, 1992). Descending projections to the IML have 

been identified using a variety of techniques.

(i) Studies using anterogradely and/or retrogradeiy 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 at, 1979; Loewy & McKellar; 1981; Luiten et at, 1985; Ross 

et at, 1984; Saper et at, 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, retrogradeiy 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 at, 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 retrogradeiy 

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 ai, 1990; Ross et ai, 1984; Zagon & 

Smith, 1993). Injections of the lectin, Phaseolus vulgaris leuco-agglutin 

(anterogradely transported) into the RVLM and cholera R-subunit conjugated 

HRP (retrogradeiy 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 neurophysioiogicai approaches

Brainstem neurones with direct projections to the IML have also been 

identified by antidromic identification (Barman & Gebber, 1985; Caverson et ai, 

1984; Morrison & Gebber, 1985). This neurophysioiogicai 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 at, 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 at, 1989a; Wesselingh et at, 1989), kidney (Ding et at, 1993; 

Schramm et. at, 1993), stellate ganglion (Jansen et at, 1995a & b) or other 

sympathetic ganglia (Strack et at, 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.
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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 at, 1985; Raman 

et. al.,1983; Rand et at, 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 at, 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 at, 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 at, 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 a-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 (Jànig, 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 

(VON). 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 et. a!., 1987). Most PGNs reach the caudal ventral artery by 

projecting through segmental branches off the VCN (Anderson & McLachlan, 

1991). On reaching the artery, PGN axons project over the surface of the vessel 

for only a few millimetres (Sittiracha et. a!., 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 at. a!., 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 at. aL, 1973; O’Leary at. 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:

• If the T-rhythm arises centrally.

• If the T-rhythm is a robust feature of the sympathetic outflow to 

thermoregulatory circulations.

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

sympathetic outflow to the rat tail vasculature.
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IML

Cetluiae 
funiculares

Figure 1.1 : Schematic representation, in the transverse and horizontal planes, of 
the locations of spinal nuclei containing SPNs: nuclei intermediolateralis 
thoracolumbalis pars principalis (ILp), par funiculus (ILf), intercalatus spinalis (1C) 
and intercalatus spinalis pars praependymatis (ICpe). The ILp and ILf are 
subdivisions of the intermediolateral cell column (IML).

R, substantia gelatinosa of Rolando; Pd, nucleus proprius cornus dorsalis; Sp, 
sub-pial neurones; 0, Clarke’s column; Ce, cells of the central grey substance. 
(Adapted from Petras & Cummings, 1972)
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Figure 1.2: Locations of central neurones known to project directly to the IML of 

the thoracic and upper lumbar spinal cord. (Adapted from Loewy & Neil, 1981).
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Figure 1.3; Diagram of the vascular anatomy of the rat tail 

(Adapted from Young & Dawson, 1982)
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Figure 1.4: Diagram of the cross section of the rat tail at its base, showing the 

positions of the dorsal and ventral collector nerves (DCN and VCN respectively) 

and the caudal ventral artery in the ventral groove.

(Adapted from Sittiracha et ai, 1987)
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Figure 1.5: Transection ( > | )  of the cauda equina of the spinal cord removes the 

somatomotor and sensory innervations of the tail but leaves the tail's sympathetic 
innervation intact. (Adapted from Zeig 1er, 1988).
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CHAPTER 2

MATERIALS AND METHODS

1. INTRODUCTION

The present chapter describes methods of anaesthesia, animal 

maintenance, surgical procedures, data capture and data analysis used to 

perform the electrophysiological experiments reported in Chapters 3, 4 and part 

of Chapter 5.

Electrophysiological experiments were successfully performed on 54/107 

animals. The discharges of single PGNs were recorded focally from the caudal 

ventral artery of 12/25 rats (Chapter 3); whole nerve sympathetic recordings 

were made from 31/60 rats (Chapters 3 & 4); and 11/22 animals had the region 

containing the IML of spinal segments T10 to L4 stimulated whilst recording the 

evoked sympathetic responses from the VCN (Chapter 5). The remaining 53 

animals were removed from this study due to: i) an inappropriate physiological 

status e.g. mean arterial blood pressure < 70 mm Hg; or ii) unsuccessful nerve 

recordings.

All experiments were performed in accordance with the Home Office 

Guidelines on the Animals (Scientific Procedures) Act 1986 (HMSG, 1990).
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2. ANAESTHESIA AND GENERAL ANIMAL MAINTENANCE

2.1 Anaesthesia

Male Sprague-Dawley rats (230-300g) were initially anaesthetised by an 

intraperitoneal injection of sodium pentobarbitone (60 mg/kg; Sagatal, Rhone 

Mérieux, UK). When the animal was areflexic to paw pinch, a femoral vein and 

femoral artery were cannulated using fine bore polythene tubing (internal 

diameter 0.4 mm; outer diameter 0.8 mm; Portex, UK) filled with normal (0.9%) 

and heparinised saline (100 units of heparin sodium in 1 ml saline; Monoparin, 

CP. Pharmaceuticals Ltd, UK), respectively. The femoral vein cannula was used 

to administer drugs. The arterial cannula was connected to a pressure 

transducer (ML 108T2 Neurolog; Digitimer Ltd, UK), and the signal passed to an 

amplifier (ML 108, Neurolog; Digitimer Ltd, UK), so that blood pressure could be 

monitored continuously.

An appropriate depth of anaesthesia was assessed from stability of 

arterial pressure and the absence of i) a pedal withdrawal reflex; ii) maintained 

increase in arterial pressure; and iii) a change in respiratory movements in 

response to paw pinch. Anaesthesia was supplemented with intravenous 

injections of a-chloralose (5-10 mg) when required. During control conditions, 

oesophageal temperature was maintained at 37 ± 0.5 °C by a heated blanket 

placed underneath the animal. The heating blanket was under feedback control 

from a thermistor placed in the oesophagus (Harvard, UK).

The neuromuscular blocking agent, gallamine triethiodide (16 mg/kg i.v.; 

Flaxedil, May and Baker Ltd, UK) was administered prior to data collection. 

Animals were paralysed to prevent: i) respiratory-related movements; or ii) 

movements evoked by spinal cord (see Chapter 5) / lumbar sympathetic chain

51



stimulation (see below). Adequacy of anaesthesia was determined by a stable 

blood pressure and the absence of a maintained increase in arterial pressure 

and a change in central respiratory drive (phrenic nerve recording) in response 

to a paw pinch. At the end of the experiment the animals were overdosed with 

sodium pentobarbitone (i.v.).

2.2 Trachea cannulation

To maintain a clear airway and to enable artificial ventilation the trachea 

was cannulated (following cannulation of the femoral vessels). The trachea was 

exposed by making a midline incision in the ventral neck skin. The overlying 

neck muscles were then separated and retracted. The trachea was intubated 

below the larynx with polythene tubing (internal diameter ~3 mm).

2.3 Artificial ventilation

All animals were artificially ventilated with oxygen enriched room air 

(Rodent ventilator model 683, Harvard, UK). This was done so it was possible 

control arterial blood gases and pH and thus manipulate central respiratory 

drive (as indicated by rhythmic phrenic nerve activity). Moreover, it was also 

necessary to use artificial ventilation since experiments were performed on 

paralysed rats (see above).

All animals were artificially ventilated at rates > 1.2 Hz so the lung 

inflation cycle was out of T-rhythm frequency ranges (0.6 - 1 Hz, Chapter 3). 

Ventilation rate and volume (1-2 ml) were adjusted to maintain arterial blood 

gases and pH in the desired range (e.g. “Control” conditions PaO^ 100 - 140

mmHg: PaCO^ 35 - 45 mmHg; pH 7.3 - 7.4). Arterial blood samples (75 pi
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heparinised capillary tubes; Hawksley and Sons, UK) were taken regularly, 

including immediately before and after periods of data capture. Arterial blood 

samples were analysed immediately using a Corning 238 blood gas analyser. 

Metabolic acidosis was corrected by administration of 0.1-0.2 ml of 1M sodium 

bicarbonate (i.v.).

Tracheal pressure (5-10 mmHg) was monitored continuously, using a 

pressure transducer (NL 108T2, Neurolog; Digitimer Ltd, UK) and the signal 

passed to an amplifier (NL 108, Neurolog; Digitimer Ltd, UK). End tidal carbon 

dioxide was monitored on a Fast response 00^ analyser (Analytical

Development Company, UK).

2.4 Vagotomy

Bilateral vagotomy was performed to dissociate phrenic nerve activity 

from lung inflation cycle and to minimise afferent feedback to the CNS from lung 

stretch receptors. The vagosympathetic trunk was identified in the neck. Then 

the vagus nerve was carefully separated from the aortic nerve, cervical 

sympathetic trunk and carotid artery and transected.

2.5 Pneumothorax

All animals received a bilateral pneumothorax to minimise ventilatory-

related chest movements and changes in blood pressure. A hole was made

between two ribs near the base of the ribcage by blunt dissection. A suture was

threaded through the holes in the rib cage (taking care not to damage the

internal organs). This suture was tied to a support to lift the ribs away from the

lungs. Approximately 5 minutes prior to performing the pneumothorax, positive
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pressure was applied to the expiratory line (by placing the end of the tube 2-3 

cm below water level) to prevent atelectasis of the lungs.

2.6 Cauda Equina transection

Rats had their cauda equina transected to remove the somato motor and 

sensory innervations of the tail. A midline incision 3-4 cm long was made in the 

skin covering the lower back to expose the lower lumbar vertebrae. The dorsal 

surface of lumbar vertebrae 5/6 was removed to expose the cauda equina, 

which was then transected using a high temperature cautery (Aaron Medical 

Industries Inc., St. Petersburg, Florida, USA). Any bleeding was stopped by 

application of absorbable gelatine sponge (Spongostan; Ferrosan, Denmark).

2.7 Bladder cannulation

The bladder was cannulated to allow free passage of urine. Bladder 

distension is known to increase arterial blood pressure and influence 

sympathetic activity (e.g. Michaelis et at, 1996; Weaver, 1985). The bladder 

was exposed by making a midline incision in the skin and muscle covering the 

pelvic area. The bladder was then cannulated with fine bore polythene tubing.

3. PREPARATION OF WHOLE NERVES

3.1 Phrenic nerve

In all animals, the activity of a phrenic nerve was recorded as an

indicator of central respiratory drive. The phrenic nerve fires a burst discharge

during inspiration, causing the diaphragm to contract (Gasser and Newcomer,
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1921).

A phrenic nerve (usually the left) was exposed using a ventrolateral 

approach. An incision was made in the skin, from the top of the sternum to the 

elbow of the forelimb. The external jugular, anterior jugular and axillary veins 

were exposed, tied off and cauterised. The clavicle was isolated and a suture 

was tied at both ends of the exposed bone. The clavicle was then cut and the 

two ends of the bone separated by applying tension to the suture ties. The 

underlying muscle was removed by blunt dissection and the acromiodeltoid 

artery retracted. The phrenic nerve was identified as being the nerve that runs 

over the brachial plexus. 1-2 cm of the phrenic nerve was isolated. The distal 

end of the phrenic nerve was crushed and the nerve was positioned on bipolar 

silver wire electrodes (teflon coated silver wire; Ag 549311, Advent, UK; 

inserted through fine bore polythene tubing; internal diameter 0.28 mm; outer 

diameter 0.61 mm) and embedded in dental impression material (President light 

body, Coltène/Whaledent Ltd, UK) for insulation.

3.2 VCN and DON

Monophasic recordings of efferent VCN or DON activity were made using 

conventional bipolar platinum wire electrodes. The tail was positioned in a 

perspex bath lined with silicone (Sylgard, Dow Corning, Germany). A midline 

incision (approximately 9 cm long) was made in the skin of the ventral surface 

of the tail. The collaterals of the underlying caudal ventral artery and central 

vein to the skin were cauterised using a high temperature cautery and the skin 

flaps were retracted (pinned to the base of the bath). The tendons overlying the 

VGNs were removed. For experiments in which the ipsilateral DON was also
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recorded, the tail was twisted through 90° so that the lateral vein was clearly 

visible. Branches of the lateral vein were cauterised and the tendons overlying 

the DCN were removed. The bath was then filled with heavy liquid paraffin 

(BDH, UK).

The VCN/ DCN was transected (approximately 3-6 cm from the tail 

base), carefully desheathed and the central and distal cut ends were placed on 

separate poles of a bipolar platinum wire electrode. The distal end of the VCN/ 

DCN was crushed. A ground electrode was placed into the tail skin at the tail 

base.

3.3 Saphenous nerve

Monophasic recordings of saphenous nerve efferent activity were made 

below the level of the knee, so only sympathetic activity to the thermoregulatory 

portion of the limb was recorded (see Chapter 4). An incision was made in the 

skin of the inner thigh of the leg that had not had its femoral vessels cannulated. 

The skin flaps were sutured to a metal loop (diameter ~ 3 cm) and the resulting 

"well" was filled with liquid paraffin. The saphenous nerve was then isolated 

from the surrounding connective tissue and transected below the level of the 

knee. The central cut end of the nerve was desheathed and placed on one pole 

of a conventional bipolar platinum wire electrode. The distal end was crushed 

and placed on the other pole.

3.4 Renal nerve

To record sympathetic activity from the left renal nerve, the animal was 

positioned on its right side. A longitudinal incision was made in the abdominal
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cavity near the vertebral column to expose the left kidney. The kidney was 

retracted and a renal nerve identified as it came off the aorta to run with the 

renal artery. The renal nerve was positioned on a platinum wire bipolar 

electrode. The peripheral end of the nerve was crushed. The renal nerve and 

recording electrodes were then embedded in dental impression material.

3.5 Lumbar sympathetic chain

All animals that were used for recording focally the discharges of PGNs 

from the caudal ventral artery had a pair of electrodes placed around their 

lumbar sympathetic chains. Lumbar sympathetic chain stimulation was used to 

confirm that discriminated action potentials were generated by a single PGM 

(see below).

A laparotomy was performed to expose the abdominal cavity. The 

intestines and colon were retracted to expose the abdominal aorta. The left 

iliolumbar blood vessels were tied and cauterised. The abdominal aorta and 

vena cava were then retracted, taking care not to occlude blood flow. The 

lumbar sympathetic chains were gently isolated from the surrounding 

connective tissue, approximately 2-3 cm, rostral to the bifurcation of the aorta. A 

pair of bipolar silver wire electrodes was positioned on both lumbar sympathetic 

chains between the 2nd and 3rd lumbar ganglia. The electrodes and lumbar 

sympathetic chain were embedded in dental impression material (President light 

body, Coltène/ Whaledent Ltd, UK). The intestines were then placed around the 

stimulating electrodes. The incision site was then closed.
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4. PREPARATION OF SINGLE PGN RECORDINGS

4.1 The focal recording technique

Activities of single PGNs were focally recorded from the caudal ventral 

tail artery, using the technique first described by Johnson and Gilbey (1994).

The tail was positioned in a perspex bath lined with silicone. A midline 

incision (approximately 9 cm long) was made in the skin of the ventral surface 

of the tail. The collateral from the underlying caudal ventral artery and central 

vein to the skin were cauterised using a high temperature cautery (as above) 

and the skin flaps were retracted. The superficial connective tissue covering the 

caudal ventral artery was carefully removed leaving the adventitia intact. The 

bath was filled with Kreb’s solution (118.4 mM NaCI; 25 mM NaHCG^; 1.13 mM

NaH^PO^; 1.3 IVIgCI .̂GĤ O mM; 4.7 mM KCI; 2.5mM CaCl^.eH^O; aerated

previously with a gas mixture of 95% and 5% CO^).

A focal recording electrode (internal diameter of tip after flaming 40 - 60 

pm, pulled from GC150T-10 capillary glass; Clarke Electromedical Instruments, 

UK) was held in a microelectrode holder (MEH2SW15, World Precision 

Instruments Inc., USA), connected to a high impedance headstage (NL100, 

Neurolog; Digitimer Ltd, UK) held in a micromanipulator. The focal recording 

electrode was filled with Kreb’s solution and placed on the surface of the caudal 

ventral artery as shown on Figure 2.1. Gentle suction was applied to form a 

“seal” between vessel and electrode tip. A ground electrode was positioned in 

the bath in close proximity to the focal recording electrode. The focal electrode 

was repositioned on the vessel until ongoing sympathetic discharges of a single 

PGN could be discriminated.
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4.2 Identification of the discharges of a single PGN

The action potentials of PGNs were discriminated and converted into 

“events” using a spike processor (see below). The ongoing discharges of a 

single PGN were identified by their consistent shape and amplitude. To ensure 

that only the action potentials of a single PGN were being counted as events, 

the discriminated action potential had to:

i) Have an amplitude that could easily be discriminated from background noise 

and other action potentials (i.e. the threshold “window” set on the action 

potential using the spike processor could not also be triggered by other 

activities in the nerve recording); and

ii) Remain distinguishable when the population of PGNs under the focal 

recording electrode were evoked by supramaximal lumbar sympathetic chain 

stimulation (5-10 V, 1 ms pulse width at 0.5 Hz).

An example of single PGN identification is shown in Figure 2.2. The 

action potential discriminated from the neural recording had a similar shape and 

amplitude to the action potential evoked by lumbar sympathetic chain 

stimulation.

5. DATA CAPTURE

The "set-ups" for recording the ongoing discharges of single PGNs and 

sympathetic activity from whole nerves are shown in Figures 2.3 and 2.4, 

respectively. All nerve activities were recorded through high impedance 

headstages (NL 100, Neurolog; Digitimer Ltd, UK), preamplified (10-20 K; NL 

104, Neurolog; Digitimer Ltd, UK), filtered (300-1000 Hz; NL 25, Neurolog; 

Digitimer Ltd, UK) and amplified (x 10). Phrenic nerve, renal nerve, saphenous
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nerve, VCN and DCN activity were rectified and smoothed (time constant 100 

ms; NL 703, Neurolog; Digitimer Ltd, UK). Processing whole nerve recordings 

by such narrow band filtering followed by rectification and smoothing is an 

established method for generating an envelope of sympathetic activity (e.g. 

Haselton & Guyenet, 1989; Czyzyk-Krzeska & Trebski, 1990). Moreover, this 

procedure has the advantage of removing movement-related artifacts that often 

appear as slow wave activity (Kennedy, 1994). Importantly, such narrow filtering 

does not attenuate individual action potentials (Johnson & Gilbey, 1994 & 

1996).

All nerve discharges, blood pressure, tracheal pressure and TTL pulses 

were monitored continuously on an IBM compatible computer (Viglen, UK) 

using a 1401 plus interface and Spike2 software (Cambridge Electronic Design, 

UK) and digital storage oscilloscopes (VG-6023, Hitachi, Japan), Figures 2.3 

and 2.4. Nerve and pressure signals were also digitised (11 800

samples/s/channel; VR100-B; Instrutech, NY, USA) and recorded on videotape 

for off-line analysis.

A spike processor (D130, Digitimer Ltd, UK) and an interface (NL 703, 

Neurolog; Digitimer Ltd, UK) were used to generate transistor-transistor logic 

(TTL) pulses from single PGN action potentials and the rising phase of 

rhythmical phrenic nerve activity. Figure 2.3. These TTL pulses were sent to the 

computer and used to generate autocorrelograms (see below).

During single PGN identification (see above), the lumbar sympathetic 

chains were stimulated using an isolated stimulator (DS2; Digitimer Ltd, UK) 

triggered by a programmable pulse generator (Master 8; A.P.M.I., Israel; Figure 

2.3).
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6. DATA ANALYSIS

Detailed analysis of rhythmic sympathetic discharges recorded from 

sympathetic fibres or whole nerves is performed using time domain or 

frequency domain analytical techniques. Time domain analysis involves the 

detection of a discharge and plots the occurrence of an event (e.g. sympathetic 

discharge) following an event (e.g. sympathetic discharge, phrenic nerve burst 

discharge, R-wave on ECG) on a correlogram. This approach is ideal for 

revealing the rhythmicity of discriminated action potentials (e.g. Johnson & 

Gilbey, 1996; Yusof & Coote, 1988a). However, it is not suitable for whole nerve 

recordings in which the sympathetic discharges cannot be discriminated using a 

spike processor or interface (e.g. sympathetic activity recorded VCNs, DCNs 

and saphenous nerves; see Figures 3.2, 4.1, 4.4). Thus, sympathetic activity 

recorded from whole nerves is often subjected to frequency domain analysis 

(e.g. Kenney et at, 1991; Kocsis et a/., 1990; Taylor & Schramm, 1987). When 

nerve activity is analysed in the frequency domain, the frequency components 

in the nerve recording are separated by fast Fourier transformation (FFT); the 

amount of nerve activity occurring at a particular frequency is then quantified 

(voltage squared) and plotted on an autospectrum (Chatfield, 1996). Cross- 

spectral calculations can also be performed to produce coherence spectra that 

indicate constant phase and amplitude ratios of frequency components between 

paired nerve recordings (Chatfield, 1996; Christakos 1986 & 1994; Rosenburg 

et at, 1989).
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6.1 Time domain analysis of ongoing discharges recorded from single 

PGNs

300 8 data sets of TTL pulses generated from discriminated PGN action 

potentials and rhythmic phrenic nerve activity were sampled by the computer 

using Spike2 computer software (see above, Figure 2.3). Autocorrelograms (50 

ms bin width) were used to reveal the periodicity of PGN and phrenic nerve 

burst discharges. Autocorrelograms are self triggered histograms that plot the 

occurrence of TTL pulses following a TTL pulse. The dominant frequency of 

rhythm revealed on autocorrelograms was calculated from the reciprocal of the 

modal time of the first peak, as shown in Figure 2.5.

6.2 Frequency domain analysis of the sympathetic discharges recorded 

from whole nerves

300s of integrated whole nerve activity were sampled at 100 Hz by the 

computer, using Spike2 computer software (see above). The Spike2 data file 

was then converted to a text file and analysed using Matlab computer software 

(Maths Works). The Matlab scripts used to analyse data in the present study 

were purpose written by Dr. H.-S. Chang (Physiology Department, Royal Free 

and University College Medical School, London, UK).

(i) Autospectra

FFT (size 2048, 50% overlap) was performed on 286 72 s of integrated 

whole nerve activity (sampled at 100 Hz). This separated the frequency 

components in the nerve activity and divided the data set into 28 half

overlapped 20.48 s long subsections with 2048 data points in each. This gave

62



the spectrum a frequency resolution of 0.049 Hz. Do components and linear 

trend were then removed from the data set. An autospectrum was averaged 

from these subsections according to the Welch Method (see Chatfield, 1996).

(ii) Definition of a peak in an autospectrum

The term “peak” was allocated to frequencies with discrete spectral 

density (> 50% of background power density) where the “rising phase" 

occurred within 0.3 Hz. During central apnoea renal nerve autospectra were 

considered to lack “peak” frequencies, since remaining power density on such 

autospectra were similar to the broad power under the peaks in autospectra 

seen during periods of rhythmic phrenic nerve activity, see Figure 2.6.

(iii) Allocation of dominant nerve discharge frequency

Dominant nerve discharge frequency (or T-peak frequency for VCN, 

DCN and saphenous nerve recordings) was allocated to the frequency of the 

highest peak. However, when the frequency of the highest peak coincided with 

the 1®* harmonic frequency of phrenic nerve burst discharge frequency and 

there was another peak which was more than 50% of its size (9/102 

“sympathetic nerve” autospectra), dominant nerve discharge frequency was 

allocated to the 2"  ̂ highest peak. This criterion was applied to insure that 

dominant nerve discharge / T-peak frequency was not allocated inappropriately 

to a harmonic frequency of rhythmic phrenic nerve activity (Application of 

frequency domain analysis to sympathetic nerve activity (which is not a 

sinusoidal waveform) generates spectral density at harmonic frequencies of 

rhythmic nerve discharges (Chatfield, 1996)).
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(iv) Coherence spectra

A coherence spectrum was used to reveal linear correlations between 

rhythmic sympathetic discharges at T-rhythm frequency recorded from the VCN 

and this activity recorded simultaneously from another nerve (e.g. contralateral 

VCN, ipsilateral saphenous nerve, DCN or renal nerve). Assuming that 

synchrony between discharges on two nerve recordings is regular and stable, 

then a coherence value significantly different from 0 would indicate that 

discharges at that particular freauencv were linearly related.

Coherence spectra were averaged from the same 28 half-overlapped 

subsections used to generate autospectra (see above). The squared coherence 

coefficient (referred to as coherence value) at each frequency was estimated by 

normalising the cross spectrum between two nerve activities (see Chatfield 

1996; Christakos, 1986 & 1994).

The upper 95% confidence limit for coherence at a particular frequency

to be significantly different from 0 was calculated using the following equation:

-------------------------------------------------------------------------riTi:̂ ---------------------------------------------
Upper 95% Confidence Limit =  1-0-05

where: L = number of subsections in the spectrum (Rosenburg et a/., 1989)

Figure 2.7 shows the upper 95% confidence limits for coherence spectra 

constructed from different numbers of subsections. The coherence spectra 

generated in the present study were constructed using 28 subsections. Thus, 

the upper 95% confidence limit used in the present study was 0.1.

6.3 Calculation of mean arterial blood pressure

Mean arterial blood pressure (MAP) was calculated using the following
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equation:

MAP =  diastole pressure +  /  (systolic -  diastolic pressure)

Diastolic and systolic blood pressure values were averaged from 6 

values taken from the data set at 60 s intervals.

6.4 Linear regression analysis

Linear regression analysis was performed to test if dominant nerve 

discharge, T-peak or T-rhythm frequency displayed a linear 1:1 relationship 

with phrenic nerve burst discharge frequency. Least square linear regression 

analysis was performed using Microcal Origin 3.54 (Microcal Software Inc). The 

slopes of regression lines were compared to 1 using a Student t-test (Glantz, 

1996).

7. PREPARATION OF DRUGS

a-Chloralose was made weekly by dissolving 1g of sodium tetraborate 

(Sigma, UK) and 1g of a-chloralose (Vickers Laboratories Ltd, UK) in 20 ml of 

distilled water heated to 45-50 °C. The solution was filtered (filter paper; 

Whatman, UK) before use.

Sodium bicarbonate (1M) was made monthly by dissolving 10.5 g in  125 

ml of distilled water.

Chlorisondamine chloride (Ecolid/SU3088; a gift from CIBA-Geigy 

Corporation, USA) was dissolved in normal saline (10 mg/ml).

65



Head stage

microelectrode holder

To recording set-up
To syringe for application of suctionGround electrode

focal recording electrode 
filled with Kreb's solution

Bath filled with 
Kreb's solution

Rat Tail
Caudal ventral artery

Figure 2.1 : Schematic diagram showing the setup for focally recording the ongoing activities of PGNs innervating the caudal ventral artery. 

See text for details.
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Figure 2.2: Identification of single PGN activity.

A: Ongoing sympathetic activity recorded focally from the caudal ventral artery. 

Dots denote discriminated action potentials.

B; The action potential discriminated from the recording shown in ‘A’ (3 action 

potentials superimposed) had similar shape and amplitude to the action 

potential (3 sweeps superimposed) that was evoked by stimulation of the lumbar 

sympathetic chain (1 Hz; 6V; 1 ms pulse width). qj
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Figure 2.3: Experimental set-up for recording focally ongoing discharges of

single PGNs from the caudal ventral artery.

1. All nerve activities were recorded through high impedance headstages.

2. Nerve activities were then amplified (10-20 K), filtered (300-1000 Hz) and 

amplified (xIO).

3. Phrenic nerve activity was rectified and smoothed (time constant 100 ms).

4. All nerve discharges, blood pressure, tracheal pressure and TTL pulses 

were monitored continuously on digital storage oscilloscopes and an IBM 

compatible computer using a 1401 plus interface and "Spike2” software.

5. Nerve and pressure signals were digitised (11 800 samples/s/channel) and 

recorded on videotape for off-line analysis.

6. A spike processor was used to generate TTL pulses from single PGN action 

potentials

7. An interface was used to generate TTL pulses from the rising phase of 

rhythmical phrenic nerve activity.

8. During single PGN identification (see text), the lumbar sympathetic chains 

were stimulated using an isolated stimulator triggered by a programmable 

pulse generator (Master 8).

69



Oscilloscope
Computer

Chart
Recorder

1401
Interface

Rectifier
(100ms)

Video tape 
Recorder

Distributing
Board

Digitiser

Amplifier Amplifier
(xIO)

Filter
(300-1000 Hz)

IVentilatorlCO;
Monitor

,Pressure 
Transducer

Phrenic nerve 
recording electrode

— Head stage

Amplifier
(10-20K)

Trachea Cannula

Pneumothorax

Saphenous nerve

Recording electrodeBladder
cannula

Venous 
line N

Arterial
line

Ground electrode

VCN

Pressure
Transducer Bath filled liquid paraffin



Figure 2.4: Experimental set-up for recording sympathetic discharges from

whole nerves. The animal shown is prepared for a paired VCN-saphenous

nerve recording.

1. All nerve activities were recorded through high impedance headstages.

2. Nerve activities were amplified (10-200 K), filtered (300-1000 Hz) and 

amplified (x 10).

3. All nerve activities were rectified and smoothed (time constant 100 ms).

4. All nerve discharges, blood pressure and tracheal pressure were monitored 

continuously on digital storage oscilloscopes and an IBM compatible 

computer using a 1401 plus interface and "Spike2" software.

5. Nerve and pressure signals were digitised (11 800 samples/s/channel) and 

recorded on videotape for off-line analysis.
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Figure 2.5: Calculation PGN/ phrenic nerve burst discharge frequency from 

autocorrelograms.

Autocorrelogram (50 ms bin width; 300 s data set) generated for the same single PGN 

recording shown in Figure 3.2. Burst discharge frequency ( T-rhythm frequency;0.80 

Hz) was calculated from the reciprocal of the modal time (1.25 s) of the first peak on 

the correlogram.
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Figure 2.6: Renal nerve autospectra lacked peaks during central apnoea 

Renal nerve and VCN autospectra during central apnoea (Figure 4.8A; magenta) 

superimposed onto autospectra (from the same nerve recording) during rhythmic 

phrenic nerve activity (Figure 4.8B; blue). Renal nerve autospectra during central 

apnoea resembled the broad power underlying the peaks (♦) in autospectra during 

rhythmic phrenic nerve activity. Therefore, the renal nerve autospectra during 

central apnoea were determined not to have a peak. In contrast, using the same 

criteria, peaks (☆) were present in VCN autospectra during central apnoea.
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Figure 2.7:Upper 95% confidence intervals for coherence values based on 

number of subsections in the coherence spectrum (see text for equation). 

Coherence spectra in the present study were based on 28 subsections. Thus a 

coherence value had to be greater than 0.1 to be considered significantly different 

from 0 with 95% confidence.
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CHAPTER 3 

ON THE SITE OF T-RHYTHM ORIGIN

1. INTRODUCTION

The purpose of this series of experiments was to determine if the T- 

rhythm arises centrally rather than peripherally (e.g. within sympathetic ganglia). 

This was done by assessing whether the T-rhythm in discharges of PGNs 

projecting to the tail through the left and right VGNs were correlated. Highly 

correlated discharges would suggest that the T-rhythm arises centrally since: i) 

the majority (-95%) of PGNs projecting through each VON arise from ipsilateral 

ganglia (Sittiracha et. al., 1987) and ii) there is no evidence to suggest that 

there are connections between the sympathetic ganglia in left and right 

sympathetic chains, see Figure 3.1.

Sympathetic activity was recorded from pairs of left and right VGNs to 

determine if their discharges were correlated. As VGNs are mixed nerves that 

contain somatomotor, sensory and sympathetic fibres (Ghapter 1), the cauda 

equina was transected to leave only the sympathetic innervation to the tail intact 

(Ghapter 1). Pilot studies had demonstrated that the sympathetic activity 

recorded from the PGNs projecting through VGNs could display rhythmical 

sympathetic discharges with similar characteristics to the T-rhythm recorded 

from single PGNs (see below). When VGN sympathetic activity was subjected 

to frequency domain analysis, a characteristic peak at T-rhythm frequency is 

seen in the resultant autospectrum, see Figure 3.2. This peak is referred to as 

the T-peak. A similar peak had not been observed in autospectra generated
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from anaesthetised rat sympathetic nerve recordings before. However, previous 

studies used recordings from sympathetic chains and sympathetic nerves 

supplying the viscera and did not investigate sympathetic activity specifically 

influencing thermoregulatory circulations (Allen et at, 1993; Kenney, 1994; 

Kenney et. at, 1995; Taylor & Schramm, 1987; Trezebski & Baradziej, 1992).

Correlated activity recorded from pairs of VGNs was assessed in the 

frequency domain (Chapter 2). Briefly, the frequency components in the 

sympathetic nerve activity were separated by fast Fourier transformation (FFT) 

and plotted on an autospectrum. The phase relationship and the ratio of 

amplitudes of each frequency component were then calculated for the activities 

of each nerve pair and plotted on a coherence spectrum. This generated a 

coherence value at T-peak frequency. A coherence value of 0 indicates no 

correlation, whereas a coherence value of 1 indicates constant phase and 

amplitude ratios of the activities at that frequency.

Coherence analysis is a well established method that has been used in 

many studies to determine if sympathetic activity recorded from different 

sympathetic nerves can arise from common/ coupled sources. For example, it 

was demonstrated that sympathetic rhythms (e.g. the 2-6 Hz and 10 Hz rhythm 

in cats) recorded from sympathetic nerve pairs can display significant 

coherence (Barman & Gebber, 1992; Barman et at, 1984; Gebber et at, 

1994a, 1994b & 1995; Kenney et at, 1991; Kocsis, 1989 & 1994; Kocsis et at, 

1990 & 1993). Importantly, significant coherence is observed between the 

discharges of sympathetic nerves driven by SPNs originating from different 

sides of the spinal cord (e.g. the left and right inferior cardiac nerves, the right 

inferior cardiac and the left renal nerve; Gebber et at, 1994a; Gebber et at, 

1995; Kenney et at, 1991). Thus if the T-rhythm arises centrally, it is likely that
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a paired VCN recording would display significant coherence at T-peak 

frequency.

Before assessing coherence between discharges at T-peak frequency in 

paired VCN recordings, a different series of experiments was performed. In 

these experiments, the characteristics of the T-rhythm recorded from single 

PGNs innervating the caudal ventral artery of cauda equina transected animals 

were compared to those recorded from animals with an intact cauda equina. 

This was done because it was essential to establish that cauda equina 

transection did not change the characteristics of discharges of PGNs 

innervating the tail vasculature. The concern was that cauda equina transection 

might remove afferent inputs from the tail that were essential for driving the T- 

rhythm. For example, it is known that activation of nociceptors evokes localised 

vasomotor responses in rats and cats (Habler et ai, 1994; Horeyseck & Janig, 

1974a & 1974b; Janig, 1985 & 1988) and in humans, sustained excitation of 

nociceptors evoked a localised slowly adapting vasoconstrictor reflex that 

outlasts the stimulus (Magerl et ai, 1996).

Thus, it was first determined that the T-rhythm recorded from single 

PGNs was the same in cauda equina intact and transected preparations. Then, 

the hypothesis that the T-rhythm arises centrally and not peripherally was 

tested. To do this, sympathetic activity was recorded simultaneously from left 

and right VCNs to determine if activity at T-peak frequency displayed significant 

coherence.
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2. MATERIALS AND METHODS

2.1 Anaesthesia, animal maintenance and animal preparation

Experiments were performed on 18 male Sprague-Dawley rats that were 

anaesthetised, artificially ventilated (1.2 - 2 Hz) and paralysed. Details of 

anaesthesia, animal maintenance and surgical procedures are described in 

Chapter 2. All animals received a bilateral pneumothorax and vagotomy. 

Phrenic nerve activity was recorded as an indicator of central respiratory drive. 

15 animals had their cauda equina transected.

12 animals (4 cauda equina intact and 8 cauda equina transected) had 

stimulating electrodes placed around their lumbar sympathetic chains. Lumbar 

sympathetic chain stimulation was used to identify the discharges of single 

PGNs (see Chapter 2). The caudal ventral artery of these animals was exposed 

and the activity of single PGNs innervating the vessel was discriminated and 

recorded using a focal recording technique (Chapter 2).

The remaining 6 cauda equina transected animals were prepared to 

record sympathetic discharges from VCN (Chapter 2). These animals had their 

cauda equina transected to remove somatomotor activity from VCN recordings 

(Chapter 1).

2.2 Data capture and analysis

Whole nerve and single PGN activities were amplified (100 - 200 K) and 

filtered (300 - 1000 Hz). Phrenic nerve and VCN activities were rectified and 

smoothed using a time constant of 100 ms. Details of the recording set up are 

described in Chapter 2.

Autocorrelograms (bin width 50 ms) were constructed from 300s data
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sets of TTL pulses generated from single PGN action potentials and rhythmic 

phrenic nerve activity (see Chapter 2). Such autocorrelograms were used to 

reveal the periodicity of single PGN and phrenic nerve burst discharge 

frequency. The dominant discharge frequency was calculated as the reciprocal 

of the first peak time on the autocorrelogram (Chapter 2). Differences between 

burst discharge frequencies of single PGNs recorded from cauda equina 

transected and intact animals were tested for significance using 2-tailed Mann- 

Whitney tests. The slopes of linear regression lines were compared to 1 using a 

student T-test (Chapter 2).

Autospectra (frequency resolution 0.049 Hz) were generated from 286.72 

s data sets that were sampled at 100 Hz and subjected to FFT (size 2048; 50% 

overlap; see Chapter 2). Autospectra were used to reveal the frequency 

components of activity recorded from VCNs and phrenic nerves (Chapter 2). T- 

peak frequency was always allocated to the frequency of the highest peak, 

unless it coincided with the 1st harmonic of phrenic nerve burst discharge 

frequency (see Chapter 2).

Voltages on autospectra were not normalised and thus, were not (and 

should not) be compared between nerve recordings. The physical contact 

between sympathetic fibres and the electrode would be variable between nerve 

recordings.

Coherence spectra were generated (see Chapter 2) to reveal the 

frequency components with consistent phase and amplitude ratios on paired left 

and right VCN recordings.

2.3 Drugs used

To confirm that the T-peak was of sympathetic origin, VCN activity was
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recorded for 300s following administration of a ganglionic blocker. Trimetaphan 

cansylate (Arfonad, Roche Products Ltd, England) was used to induce a 

reversible block of ganglion synaptic transmission. A dose of 10 mg/kg i.v. has 

been reported to reduce the activities of PGNs supplying the adrenal gland of 

anaesthetised rats to 50% of the control level for 2-3 minutes (Classen et. a/., 

1990). A dose of 50 mg/kg i.v. was used to ensure complete blockade of 

sympathetic ganglionic transmission for 10 minutes. Blood pressure and 

sympathetic activity returned to control levels within 40 minutes of trimetaphan 

administration. 3 mg/kg i.v. of chlorisondamine chloride (Ecolid/SU3088; a gift 

from CIBA-Geigy Corporation, USA) was also used to confirm the origin of 

sympathetic discharges. This dose of chlorisondamine has been reported to 

irreversibly abolish the ongoing activities of PGNs innervating the caudal ventral 

artery (Johnson & Gilbey, 1996).

3. RESULTS

3.1 The ongoing activities of single PGNs

The ongoing activities of 12 single PGNs were recorded focally from the 

caudal ventral artery. All these PGNs discharged rhythmically during “control” 

conditions (artificial ventilation frequency 1.4 ± 0.2 Hz; mean arterial blood 

pressure 91 ± 15 mmhg; blood gases PaO^ 117 ± 14 mmhg; PaCO^ 41 ± 4

mmHg; pH 7.35 ± 0.02; mean ± s.d.; 12 animals). The dominant frequency of

the rhythmical burst discharges is termed the T-rhythm. Figure 3.3 shows that

the T-rhythm of the PGNs recorded from cauda equina intact (4 animals) and

transected preparations (8 animals) was usually different from phrenic nerve

burst discharge frequency (8/12 PGNs). However, T-rhythm frequency can be
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the same as phrenic nerve burst discharge frequency (Johnson & Gilbey, 1996). 

This only occurred in the present study when phrenic nerve burst discharge 

frequency was in the 0.6 - 0.9 Hz range. An example of the activity of single 

PGNs recorded from cauda equina intact and transected preparations are 

shown in Figures 3.4 and 3.5, respectively. Note that in both cases the 

frequency of the T-rhythm was different to that of phrenic nerve burst discharge 

frequency.

The T-rhythm recorded from cauda equina intact preparations is 

generated independently of central respiratory drive (Johnson & Gilbey, 1996; 

Chapter 1). In this study, the relationship between T-rhythm and phrenic nerve 

burst discharge frequency was examined to determine if the behaviour of the T- 

rhythm recorded from cauda equina intact and transected preparations were 

comparable. The frequency of phrenic nerve burst discharge was altered by 

manipulating arterial levels of oxygen by adjusting the partial pressure of 

inhaled oxygen. This manoeuvre abolished rhythmic phrenic nerve activity 

(induced central apnoea) in 7/12 animals. The T-rhythm of PGNs recorded from 

cauda equina intact preparations was relatively unaffected during central 

apnoea or when phrenic nerve burst discharge frequency was changed, see 

Figure 3.6. This was also a feature of the T-rhythm of PGNs recorded from 

cauda equina transected preparations, see Figure 3.7.

The activities of PGNs recorded from 4 cauda equina intact and 5 cauda 

equina transected preparations were recorded successfully at 3 or more 

different phrenic nerve burst discharge frequencies (including central apnoea). 

Arterial blood gases and pH were in the following ranges; PaO^ 100 - 415

mmHg; PaCC^ 35 - 49 mmHg; pH 7.35 - 7.39.

The frequency of the T-rhythm recorded from these PGNs is plotted
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against phrenic nerve burst discharge frequency in Figure 3.8. Linear 

regression analysis of the pooled data sets shown in Figure 3.8 revealed that 

T-rhythm and phrenic nerve burst discharge frequency did not display a 1:1 

linear relationship in either the cauda equina intact (slope 0.09 ± 0.09; intercept 

0.72 ± 0.05, 17 data points; P<0.001) or transected preparations (slope -0.02 ± 

0.09, intercept 0.78 ± 0.04, 18 data points; P<0.001). Furthermore, T-rhythm 

frequencies of PGNs recorded from cauda equina intact and transected 

preparations were similar (P> 0.05; see Table 3.1).

Another feature of the T-rhythm recorded from cauda equina intact 

preparations is that its frequency can be different to that of the artificial 

ventilation frequency (Johnson & Gilbey, 1996). The animals in the present 

experiments were artificially ventilated between 1.2 - 1.7 Hz. Thus, the 

frequency of T-rhythm was always different from that of artificial ventilation in 

both cauda equina intact and transected preparations. The frequency of the T- 

rhythm recorded from cauda equina intact and transected preparations could 

display rational relationships (e.g. 1:2, 2:3) with artificial ventilation frequency. 

T-rhythm frequency is plotted against artificial ventilation frequency in Figures 

3.9A and 3.9B.

3.2 Rhythmical sympathetic discharges at T-rhythm frequency recorded 

from the VCN during central apnoea

A feature of the T-rhythm is that it can be generated independently of 

central respiratory drive and persists during central apnoea (see above). 

However, the frequency of the T-rhythm may be influenced by central 

respiratory drive. Therefore, sympathetic discharges were recorded from the
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VCN during central apnoea (as indicated by absence of phrenic nerve burst 

discharge).

(i) VCN autospectra

Sympathetic activity was recorded from the left VCNs of 6 cauda equina 

transected animals during central apnoea (artificial ventilation frequency 1.74 - 

2.11; mean arterial blood pressure 70 - 106 mmHg; blood gases PaC^ 125 -

152 mmHg; PaCO^ 25 - 28 mmHg; pH 7.47 - 7.51). The rectified and

smoothed sympathetic activity (time constant 100 ms) recorded from the VCN 

appeared as discharges of variable frequency and amplitude, see Figure 3.2. 

Frequency domain analysis of VCN activity revealed that there was a prominent 

peak in the autospectra below 1 Hz, Figure 3.2B. The range and median 

frequencies of the prominent peaks in left VCN autospectra (6 animals) are 

displayed in Table 3.2. It is similar (P>0.05; Mann-Whitney test) to T-rhythm 

frequency recorded from single PGNs (Table 3.1). This indicates that rhythmical 

discharges at T-rhythm frequency were a robust feature of the sympathetic 

activity recorded from the VCN. The dominant frequency of the rhythmical 

discharges at T-rhythm frequency recorded from the VCN was termed the T- 

peak. As shown in Figure 3.2, the T-peak was abolished by sympathetic 

ganglionic blockade (chlorisondamine or trimetaphan 4 animals).

(ii) Auto- and coherence spectra of paired VCN recordings

To determine if the discharges of left and right VCNs were correlated

paired recordings were made during central apnoea (4/6 animals). Similar T-

peak frequencies and a significant coherence value at T-peak frequency would
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be consistent with the idea that the T-rhythm arises centrally (see Introduction). 

Since the frequency resolution of the autospectra was 0.049 Hz (see above), T- 

peak frequencies were considered to be the same if the difference between 

them was <0.05 Hz.

During central apnoea, the T-peak recorded from the left VCN was at the 

same frequency to the T-peak recorded simultaneously from the right VCN, see 

Table 3.3. The VCN autospectra generated for a paired VCN recording are 

shown in Figure 3.10A.

Coherence spectra were assessed to determine if the T-peaks recorded 

from pairs of left and right VCNs were linearly correlated. The coherence value 

at the T-peak frequency had to be greater than 0.1 to be significantly different 

from 0 with 95% confidence (Chapter 2). The coherence values at the left VCN 

T-peak frequency ranged between 0.27 - 0.72 for the 4 paired left and right 

VCN recordings, see Table 3.3. An example of the coherence spectrum 

generated for a paired left and right VCN recording is shown in Figure 3.1 OA. 

Importantly, the coherence at the left VCN T-rhythm peak frequency was 

abolished by application of a sympathetic ganglionic blocker, see Figure 3.1 OB. 

This confirmed that the significant coherence value at T-peak frequency was 

generated by constant phase and amplitude ratios of sympathetic discharges.

Paired left and right VCN recordings displayed significant coherence at 

other frequencies, see Figure 3.10A. Such coherence can be generated by 

harmonics of the T-peak frequency and by other activity in the VCN recordings. 

It should be noted that a frequency component that accounts for only a 

relatively small amount of power in the left and right VCN autospectra can 

display a high coherence value. For example in Figure 3.10A, the power in the 

VCN autospectra at 4 Hz (which is not a harmonic frequency of the T-peak) is

84



2
only ~0.1 fV and yet the coherence value at 4 Hz is 0.36. This only indicates 

that this frequency component was also common to the left and right VCN 

recordings. However, for the purposes of the present study, the coherence 

generated between paired left and right VCN recordings at left VCN T-peak 

frequency is of greatest interest as: i) most of the power in VCN autospectra is 

in the T-peak; and ii) the coherence at T-peak frequency can be used to support 

the hypothesis that the T-rhythm arises centrally.

3.3 Sympathetic discharges recorded from the VCN during central 

respiratory drive

It was determined if T-peak frequency displayed a similar relationship 

with phrenic nerve burst discharge frequency as the T-rhythm recorded from 

single PGNs. Sympathetic activity was recorded simultaneously from the left 

and right VCN (4 animals) at 3 different phrenic nerve burst discharge 

frequencies (not including central apnoea). In these experiments, phrenic nerve 

burst discharge frequency was altered by changing artificial ventilation 

frequency (>1.2 Hz) and/ or by changing the partial pressure of inhaled oxygen 

(which consequently changed the arterial levels of oxygen). Arterial blood gases 

were kept within the following ranges; PaO^ 105 - 175 mmHg; PaCO^ 35 - 45

mmHg; pH 7.34 - 7.39.

During periods of rhythmical phrenic nerve activity, "peaks" at the same 

frequency as phrenic nerve discharge frequency (and its harmonic frequencies) 

often appeared in VCN autospectra, see Figure 3.11. Such peaks could coexist 

with peaks at T-rhythm frequency that did not coincide with phrenic nerve burst 

discharge frequency. T-peak frequency was always allocated to the frequency
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with the highest spectral density, unless it coincided with a harmonic frequency 

of phrenic nerve burst discharge, see Chapter 2. Although the criterion used to 

allocate T-peak frequency favoured a 1:1 correlation between T-peak frequency 

and rhythmic phrenic nerve activity, like the T-rhythm (see above), T-peak 

frequency was not reduced with phrenic nerve burst discharge frequency when 

the latter was manipulated, see Figure 3.11. Notably in the example given, right 

VGN T-peak frequency did shift to a frequency of 0.88 Hz to assume 2:1 

relationship with phrenic nerve discharge frequency (Figure 3.1 IB). VCN T- 

peak frequency is plotted against phrenic nerve discharge frequency in Figure 

3.8C. Linear regression analysis of the pooled data sets (Figure 3.8C) revealed 

that, like the T-rhythm, T-peak frequency did not display a 1:1 linear relationship 

with phrenic nerve burst discharge frequency (left VCN: slope -0.10 ± 0.08, 

intercept 0.84 ± 0.04, 16 data points, P<0.001; right VCN: slope 0.02 ± 0.09, 

intercept 0.83 ± 0.05, 16 data points, P<0.001). Furthermore, T-peak 

frequencies are similar to T-rhythm frequency (P>0.05; compare Table 3.1 with 

Table 3.4).

The animals in the present experiments were artificially ventilated at 1.2 -

2.4 Hz. Thus, Like T-rhythm frequency, T-peak frequency was always different 

from that of the artificial ventilation frequency, see Figure 3.9 C.

4. DISCUSSION

The results of the present experiments demonstrate that:

• T-rhythm frequencies of single PGNs recorded from cauda equina intact and 

transected preparations were similar.

• The T-peak displayed similar characteristics to the T-rhythm.

• The T-peaks recorded simultaneously from left and right VCNs displayed
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significant coherence.

4.1 On the comparability of PGN burst discharge frequency of cauda 

equina transected preparations to the T-rhythm

Transecting the cauda equina of the spinal cord removed somatomotor 

efferent activity from VCN activity. Thus, the use of the T-peak as a marker for 

the T-rhythm was dependent on the T-rhythm being unaffected by cauda equina 

transection. This was shown to be the case.

The frequency of the T-rhythm recorded from cauda equina intact and 

transected preparations are similar. Moreover they are also similar to the 

frequency of the T-rhythm reported previously (of. mean frequency of T-rhythm 

0.83 Hz; Johnson & Gilbey 1996). Other characteristics of the T-rhythm 

recorded from cauda equina intact and transected preparations were also the 

same i.e. in both preparations the T-rhythm persisted in central apnoea and its 

frequency could be different from that of phrenic nerve burst discharge and 

artificial ventilation frequency. Moreover, the T-rhythm recorded from cauda 

equina intact and transected preparations displayed a similar relationship to 

phrenic nerve burst discharge frequency (see below).

4.2 On the relationship between the T-rhythm and phrenic nerve burst 

discharge and artificial ventilation frequency

By changing phrenic nerve burst discharge frequency whilst recording 

PGN activity, the present experiments were able to extend the observations 

made by Johnson and Gilbey (1996). The frequency of the T-rhythm recorded 

from cauda equina intact and cauda equina transected preparations could be
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different from phrenic nerve burst discharge frequency. This is consistent with 

the view that neural oscillators that can be entrained to central respiratory drive 

generate the T-rhythm (Johnson & Gilbey, 1996; Chang et at, 1999). The term 

entrainment refers to the situation in which the frequency of oscillators is forced 

to the frequency of a rhythmic external input (Glass & Mackey, 1988). An 

oscillator coupled to a rhythmic external driving force (e.g. central respiratory 

drive) can only be entrained in a 1:1 ratio over a narrow range of external drive 

frequencies (Bachoo & Polosa, 1987b). It was observed in the present study, 

that (in a few cases) the T-rhythm was at a similar frequency to phrenic nerve 

burst discharge frequency when the latter was in T-rhythm frequency range.

Entrainment of oscillators to a rhythmic external driving force is also 

dependent on the strength of the latter (Bachoo & Polosa, 1987b; Glass & 

Mackey, 1988). In this context, it was demonstrated recently that T-rhythm 

entrainment to phrenic nerve discharge frequency is dynamic, with the stability 

of constant phase relationships increasing with increasing central respiratory 

drive (Chang et at, 1999). Notably in the present study, arterial levels of CO^

and H+ ions were kept specifically at levels in which the strength of central 

respiratory drive would be unable to maintain stable entrainment of "T-rhythm 

oscillators" (Chang et al., 1999).

Central respiratory drive is not the only rhythmic external driving force

that T-rhythm oscillators can be entrained to. Recently, it was demonstrated that

the T-rhythm recorded from single PGNs was entrained 1:1 with lung inflation

cycle when artificial ventilation frequency was in the range 0.5 -1 Hz (Chang et.

al., unpublished observations). Like an oscillator coupled to a rhythmic external

force (Glass & Mackey, 1988; Bachoo & Polosa, 1987b), the stability of this

entrainment decreased when artificial ventilation frequency was increased out
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of the 1:1 entrainment range (1-2 Hz). In the present experiments artificial 

ventilation frequency (> 1.2 Hz) was always out of T-rhythm frequency range, 

Thus, T-rhythm frequency was never the same as artificial ventilation frequency.

4.3 On the T-peak recorded from VCNs

The presence of the T-peak in VCN autospectra indicates that rhythmical 

sympathetic discharges at T-rhythm frequency were a robust feature of VCN 

sympathetic activity. Moreover, the T-peak displayed similar characteristics to 

the T-rhythm since:

i) the T-peak was present during central apnoea;

ii) T-peak frequency could be the same as that of phrenic nerve burst discharge 

frequency, but only when the latter was in the 0.6 - 0.9 Hz range; and

iii) T-peak frequency was not reduced with phrenic nerve burst discharge 

frequency.

These observations indicate that the T-peak is a suitable maker for the T- 

rhythm. It was observed that T-peak frequency could assume a 2:1 relationship 

with phrenic nerve discharge frequency. This is consistent with the T-rhythm 

being generated by “T-rhythm oscillators”. It was discussed above that a 

coupled oscillator can only be entrained 1:1 in a ratio over a narrow range of 

the external drive frequencies and strengths. When the external drive moves 

out of this frequency range, the coupled oscillator assumes a different 

entrainment pattern with the external drive. This capacity was demonstrated in 

the example (Figure 3.11) when the frequency of the T-peak recorded 

simultaneously from the left and right VCN shifted from its “free-run" frequency 

during central apnoea to assume a 2:1 relationship with phrenic nerve
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discharge frequency. In addition, identifiable peaks at the same frequency as 

that of phrenic nerve burst discharge frequency and its harmonic frequencies 

observed on the T-peak in VCN autospectra may reflect the T-rhythm 

oscillators shifting in and out of entrainment with central respiratory drive (see 

Chang et at, 1999). When an external drive is at a frequency and strength that 

are borderline for a stable constant phase entrainment with the oscillator, the 

oscillator can exhibit dynamic phase relationships with the external driver 

(Bachoo & Polosa, 1987b; Glass & Mackey, 1988). This view is consistent with 

the observation that T-rhythm entrainment to central respiratory drive can be 

dynamic, with the stability of constant phase relationships predominating with 

increasing central respiratory drive (Chang at a/., 1999). In the present 

experiments, arterial blood gases and pH were kept within specific ranges so 

that the strength of central respiratory drive would be insufficient to maintain 

stable entrainment of T-rhythm oscillators (Chang at ai, 1999).

The T-rhythm has only been demonstrated to be a feature of PGNs 

innervating the caudal ventral artery (Johnson & Gilbey, 1996) or lateral vein 

(Johnson & Gilbey, 1998a). The VCN provides the sympathetic innervation to 

more sympathetic targets in the tail than just these 2 vessels. Since the tonic 

activities of PGNs innervating different targets can be non-uniform (Chapter 1) it 

is possible that not all PGNs projecting through the VCN display the T-rhythm. 

In particular, the rhythmical activities of some PGNs may be generated by 

central respiratory drive and account (in part) for the appearance of peaks at 

phrenic nerve burst discharge frequency in the VCN autospectra. Nonetheless, 

the results of the present study indicate that the T-peak recorded from the VCN 

displays a similar relationship with phrenic nerve burst discharge frequency as 

the T-rhythm recorded from single PGNs. This is consistent with the view that
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the T-peak is a suitable marker for the T-rhythm.

4.4 On the generation of the T-peak in VCN autospectra

It was reported recently that there are multiple T-rhythm oscillators that 

are capable of dynamic synchronisation (Chang et al, 1999). The frequency of 

the T-rhythm recorded simultaneously from pairs of PGNs were not 

synchronised during central apnoea. The T-rhythms of pairs of PGNs only 

became synchronised when central respiratory drive was increased. Moreover, 

the temporal stability of PGN synchronisation was dynamic with the stability of 

constant phase relationships increasing with increasing central respiratory drive. 

Therefore, it was proposed that T-rhythm oscillators are synchronised by their 

entrainment to central respiratory drive (Chang et al, 1999). Whilst this 

proposal supports the view that the T-rhythm at the population level is the T- 

peak, it does not fully explain the persistence of the T-peak during central 

apnoea since: the persistence of the T-peak during central apnoea is consistent 

with the idea that PGN discharges are still synchronised. However, this 

conundrum can be explained. It has been demonstrated that a population 

rhythm, such as the T-peak, can be the inevitable product of the rhythmical but 

uncorrelated activities of individual neurones (Christakos, 1986). An 

autospectrum generated for the rhythmical activities of a population of weakly 

correlated and/ or uncorrelated oscillators with similar frequency display a peak 

in the frequency range of its constituents. The power density around the peak is 

dependent on number of constituents, their strength of correlation and the 

distribution of their phase differences (Christakos, 1994).
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4.5 On the central origin of the T-rhythm

The high coherence value at T-peak frequency generated between 

paired VCN recordings during central apnoea is consistent with the view that 

the T-rhythm arises centrally and not peripherally since: i) PGNs projecting 

through each VCN arise from ipsilateral ganglia, and ii) there is no evidence to 

suggest that there are connections between the sympathetic ganglia in left and 

right sympathetic chains, see Figure 3.1.

As discussed above, the T-rhythms of pairs of PGNs were not correlated 

during central apnoea. It has been proposed that the persistence of the T-peak 

during central apnoea was due to the activities of many weakly correlated and 

uncorrelated T-rhythm oscillators (Chang et ai, 1999; see above). However, 

the activities of 2 populations of uncorrelated oscillators do not display 

significant coherence (Christakos, 1994). Thus, for the activity at T-peak 

frequency on paired VCNs recordings to be coherent, the T-rhythm must arise 

from common and/or coupled central sources.

The term “arises” is used to describe the “central source” of the T-rhythm 

without necessarily inferring the actual location of the “T-rhythm oscillators”. 

This terminology is used since it is not possible to determine if the ganglia play 

an important role in the generation and/ or modulation of the T-peak. Therefore, 

it is possible that the T-rhythm oscillators are located centrally and the T-rhythm 

is transmitted faithfully from SPNs to PGNs in the ganglia, see Figure 3.12A. 

Alternatively, the T-rhythm oscillators could be located in the ganglia. The 

correlation between the T-rhythm of PGNs projecting through different VCNs 

would then be due to their similar entrainment to common/ coupled central 

rhythmic driving inputs, see Figure 3.12B.
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5. SUMMARY

The results of the present study demonstrated that the T-peak recorded 

from whole VCNs is a suitable marker for the T-rhythm. Thus the finding that T- 

peaks recorded from pairs of VCNs displayed significant coherence is 

consistent with the view that the T-rhythm arises centrally.
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Table 3.1: Median frequency of the T-rhythm of PGNs recorded from cauda 

equina intact and transected preparations. There was no significant difference 

(P>0.05; 2 tailed Mann-Whitney test) between the frequency of the T-rhythm 

recorded from cauda equina intact and transected preparations.

T-rhythm 
Cauda Equina Intact

frequency (Hz)
Cauda Equina Transected

median

range

n

0.80 Hz 

0.59-0.91 Hz 

17 data sets; 4 PGNs

0.74 Hz 

0.63 - 0.95 Hz 

18 data sets; 5 PGNs

Table 3.2: Median T-peak frequency recorded from VCNs during central 

apnoea

T-peak frequency (Hz)

median

range

animals

0.86 Hz 

0.73-0.94 Hz 

6
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Table 3.3: During central apnoea the T-peak recorded from the left VCN was at 

a similar frequency to, and displayed significant coherence with, the T-peak 

recorded simultaneously from the right VCN

T-peak frequency (Hz) Coherence at the left
Animal Left VCN Right VCN VCN T-peak frequency

#1 0.94 0.92 0.72
#2 0.73 0.78 0.27
#3 0.88 0.80 0.40
#4 0.79 0.78 0.54

Table 3.4: Left and right VCN median T-peak frequencies were the same and 

were similar (P>0.05; 2 tailed Mann-Whitney test) to T-rhythm frequencies 

recorded from cauda equina intact and transected preparations (see Table 3.1).

T-peak
Left VCN

frequency (Hz)
Right VCN

median

range

n

0.81 Hz 

0.63 - 0.94 Hz 

16 data sets; 4 animals

0.82 Hz 

0.63 - 0.99 Hz 

16 data sets; 4 animals

95



Lower thoracic-upper lumbar 
spinal cord

IML

Spinal nerve

SPN
axon

White ramus

Lumbar sympathetic chain

.Sacral ganglia

Grey ramusPGN

To left VCN To right VCN

Figure 3.1: Schematic of the anatomical separation of the sympathetic outflows 
projecting through the left and right VCNs.

The SPNs that project beyond the 4th lumbar ganglia originate from the ipsilateral 
IML of the lower thoracic-upper lumbar spinal segments (Anderson et. al., 1989; 
Zhou and Gilbey, 1992). The PGNs projecting through a VCN originate from the 
ipsilateral sacral and coccygeal ganglia (Sittiracha at. si, 1987). There is no 
evidence to suggest that there is “cross talk” between sympathetic ganglia. 
Therefore, a correlation between the T-peaks recorded from pairs of VCNs would 
be consistent with the hypothesis that the T-rhythm arises centrally.
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Figure 3.2: Rhythmical sympathetic discharges at T-rhythm frequency recorded 

from a VCN during central apnoea.

A: Rectified and smoothed activity recorded from a VCN with arterial blood 

pressure during central apnoea. Sympathetic activity recorded from the VCN 

appeared as discharges of variable frequency and amplitude. Such discharges 

were absent during sympathetic ganglionic blockade (trimetaphan cansylate; 50 

mg/kg i.v.).

B: Frequency domain analysis of the VCN recording shown in ‘A’ (286.72s data 

set) revealed a prominent peak in the autospectrum at 0.80 Hz i.e. at T-rhythm 

frequency (cf 0.83 Hz, mean T-rhythm frequency, Johnson and Gilbey, 1996). This 

peak was termed the T-peak. The T-peak was absent during sympathetic 
ganglionic blockade.
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Figure 3.3: The T-rhythm frequencies of PGNs recorded from cauda equina intact 

(4 animals) and transected (8 animals) preparations could be at a different 

frequency to phrenic nerve burst discharge frequency.

Each point represents data collected from separate preparations during “control” 

conditions (see text). Open and filled symbols represent the data points taken 

from cauda equina intact and cauda equina transected preparations respectively.
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Figure 3.4: PGN activity recorded focally from a cauda equina intact preparation.

A: neurogram of PGN activity

B: neurogram of rectified and smoothed phrenic nerve activity (time constant 

100ms) over the same time period as that in “A”

C: all action potentials from the discriminated PGN in “A” superimposed to 

demonstrate their consistent shape and amplitude

D and E: the autocorrelograms (bin width 50 ms) of PGN and phrenic nerve activity 

respectively, from the same 300 s data set.

Note that the dominant burst discharge frequency of the PGN (0.80Hz; T-rhythm) 

was different from that of phrenic nerve burst discharge frequency (0.58 Hz).

99



B
J iomv

1 s

2 ms

4 0 0

I
•S 200
d
^  O

g 100 
m
*S 50
d

692 triggers

Ik.—— - j f f , ,1b— — =
4

278 triggers

j l L

Time (s)

Figure 3.5: PGN activity focally recorded from a cauda equina transected 

preparation.

A: neurogram of PGN activity

B: neurogram of rectified and smoothed phrenic nerve activity (time constant 

100ms) over the same time period as that in “A”

C: all action potentials from the discriminated PGN in “A” superimposed to 

demonstrate their consistent shape and amplitude

D and E: the autocorrelograms (bin width 50 ms) of PGN and phrenic nerve activity 

respectively, from the same 300 s data set.

Note that the dominant burst discharge frequency of the PGN (0.77Hz; T-rhythm) 

was different from that of phrenic nerve burst discharge frequency (0.95 Hz).
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Figure 3.6: The autocorrelograms from one experiment in which the discharges of a single PGN were recorded from a cauda equina intact 

preparation. T-rhythm frequency (o) was not reduced with phrenic nerve burst discharge frequency, when the latter was reduced. A, B and C 

autocorrelograms generated for paired PGN and phrenic nerve recordings when phrenic nerve burst discharge frequency was 0 (central 

apnoea), 0.58 and 0.87 Hz, respectively.
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transected preparation. T-rhythm frequency (o) was not reduced with phrenic nerve burst discharge frequency, when the latter was reduced. 

A, B and C autocorrelograms generated for paired PGN and phrenic nerve recordings when phrenic nerve burst discharge frequency was 0 

(central apnoea), 0.48 and 0.63 Hz, respectively.
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Figure 3.8: T-rhythm frequency recorded from either cauda equina intact (A; 4 animals) 

or cauda equina transected (B; 5 animals) preparations did not display a 1:1 linear 

correlation with phrenic nerve burst discharge frequency, when the latter was 

manipulated. T-peak frequencies recorded from pairs of VCNs displayed a similar 

relationship with phrenic nerve burst discharge frequency (C; 4 animals).

Open symbols represent data points from one experiment. Dotted line represents 

the linear regression line for the pooled data set (see text).
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Figure 3.9: T-rhythm and T-peak frequency was different from artificial ventilation 

frequency.

T-rhythm frequency of PGNs recorded from either cauda equina intact (A; 4 animals) 

or cauda equina transected (B; 5 animals) preparations could display ratio relationships 

with artificial ventilation frequency. T-peak frequency recorded from the left VCN could 

display similar relationships with artificial ventilation frequency (C;4 animals).

Each symbol represent data points from 1 experiment. Numbers in brackets denote 

number of overlying data points
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Figure 3.10: The T-peak recorded from pairs of VCNs were at a similar 

frequency and displayed significant coherence.

A: The auto and coherence spectra generated for a paired left and right VCN 

recording made during central apnoea. The coherence value at the left VCN T- 

peak frequency (0.78 Hz) was 0.54.

B: The coherence at the left VCN T-peak frequency for the same paired VCN 

recording in ‘A was abolished following ganglionic blockade (chlorisondamine 

chloride; 3 mg/kg i.v.)

95% Cl = the 95% confidence level for the coherence value to be significantly 

different from 0 (see text)
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Figure 3.11 : Autospectra for a paired VCN recording in which rhythmic phrenic nerve activity was manipulated. A, B, C and D: autospectra generated during 
central apnoea and when phrenic nerve discharge frequency was 0.44,0.54, and 0.78 Hz, respectively. During periods of rhythmic phrenic activity, peaks at 
the same frequency as phrenic nerve discharge frequency (and its harmonic frequencies) appeared in VCN autospectra (♦ ). Sympathetic discharges 
recorded simultaneously from the left and right VCN were at the same frequencies. T-peak frequency (fr) was always allocated to the frequency of the highest 
peak, unless it coincided with the 1st harmonic of phrenic nerve burst discharge frequency (see text).T-peak frequency was not reduced with phrenic nerve 
burst discharge frequency when the latter was reduced. Notably, right VCN T-peak frequency shifted to a frequency of 0.88 Hz to assume 2:1 relationship with 
phrenic nerve discharge frequency (B).
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Figure 3.12: Possible models for the coupling of the T- 
peaks in the left and right VCN sympathetic outflows.

A: The T-peaks in the left and right VCN sympathetic 
outflows could be generated by common/ coupled T- 
rhythm oscillators located in the CNS (spinal cord and/or 
brain). This model would involve the T-rhythm being 
transmitted faithfully across one or more synapses to the 
PGNs.

B: Alternatively, the T-rhythm oscillators could be located in 
the ganglia. Correlation between the T-peaks in the left and 
right VCN sympathetic outflows, in this model, would occur 
by the entrainment of the T-rhythm oscillators to a 
common/ coupled rhythmic input that arises centrally.
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CHAPTER 4

ARE RHYTHMICAL DISCHARGES AT T-RHYTHM FREQUENCY A  

ROBUST FEATURE OF SYMPATHETIC ACTIVITY INFLUENCING  

THERMOREGULATORY CIRCULATIONS?

1. INTRODUCTION

The purpose of this series of experiments was to explore the possibility 

that the T-rhythm is a robust feature of sympathetic activity supplying 

thermoregulatory circulations. This was done by assessing if PGNs projecting 

through nerves supplying body extremities or viscera can display rhythmical 

discharges with similar characteristics to the T-rhythm. Sympathetic discharges 

recorded from the VCN and assessed in the frequency domain formed a 

characteristic peak at T-rhythm frequency in their autospectrum (Chapter 3). 

This “T-peak” displayed similar characteristics to the T-rhythm recorded from 

single PGNs (Chapter 3). A similar peak to the T-peak had not been reported 

before. However, no study has investigated specifically the frequency 

components of sympathetic activity influencing rat thermoregulatory targets 

(Chapter 3). Thus to test the idea that the T-peak was a characteristic of 

sympathetic activity associated with thermoregulatory circulations, sympathetic 

activity was recorded from whole DCNs and saphenous nerves. Renal nerve 

sympathetic activity was recorded for comparison (see below).

In rat, the tail, feet and distal portions of the limbs are known to facilitate 

heat loss during periods of hyperthermia (Gordon, 1990; Grant, 1963; Key & 

Wigfield, 1994; Spiers et at, 1981; Thompson & Stevenson, 1965; Young &
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Dawson, 1982). The DCN (like the VCN) supplies sympathetic innervation to 

the tail (Chapter 1), whereas the saphenous nerve supplies sympathetic targets 

in the skin, feet and ankles of the hind limbs (Baron et at, 1988; Green, 196?). 

Therefore, sympathetic activity was recorded from DCNs and saphenous nerve 

as examples of “thermoregulatory sympathetic activity”. Sympathetic activity 

was recorded from the saphenous nerve below the level of the knee so that only 

sympathetic activity associated with the thermoregulatory portion of the limb 

was investigated. Renal nerve sympathetic activity was recorded as an example 

of non-thermoregulatory sympathetic activity. In many experiments, sympathetic 

activity was recorded simultaneously from the ipsilateral VCN. This was done so 

it could be assessed whether rhythmical discharges at T-rhythm frequency 

recorded from the VCN were correlated to sympathetic activity recorded from 

DCNs, saphenous and renal nerves.

Thus, the present experiments investigated whether rhythmical 

discharges at T-rhythm frequency are a robust feature of sympathetic activity 

associated with thermoregulatory endorgans and if such discharges recorded 

from different “sympathetic nerves” can arise from common/ coupled sources.

2. MATERIALS AND METHODS

2.1 Anaesthesia, animal maintenance and animal preparations

Experiments were performed on 25 male Sprague-Dawley rats that were 

anaesthetised, artificially ventilated (1.2 - 2 Hz) and paralysed. Details of 

anaesthesia, animal maintenance and surgical procedures are described in 

Chapter 2. All animals received a bilateral pneumothorax and vagotomy. 

Phrenic nerve activity was recorded as an indicator of central respiratory drive.
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All animals had their cauda equina transected to convert VCNs and DCNs into 

sympathetic nerves (see Chapter 1).

Sympathetic activity was recorded from DCNs (9 animals), saphenous 

nerves (11 animals) and left renal nerves (5 animals). Sympathetic activity was 

recorded simultaneously from the ipsilateral VCN of 14 animals.

2.2 Data capture and analysis

Whole nerve activities were amplified (100 - 200 K), filtered (300 - 1000 

Hz) and rectified and smoothed (time constant of 100 ms). Details of the 

recording set up are described in Chapter 2.

Autospectra (frequency resolution 0.049 Hz) were generated from 286.72 

s data sets that were sampled at 100 Hz and subjected to FFT (size 2048; 50% 

overlap; see Chapter 2). Autospectra were used to reveal the frequency 

components of activity recorded from whole nerves (Chapter 2). Dominant 

discharge or T-peak frequency was allocated to the frequency of the highest 

peak, unless it coincided with the 1st harmonic of phrenic nerve burst discharge 

frequency, see Chapter 2. Since the resolution of the autospectra was 0.049 

Hz, the frequencies of peaks/ peaks on paired nerve recordings were 

considered to be the same if the difference between them was < 0.05 Hz. 

Notably, the voltages on autospectra are arbitrary and should not be compared 

between nerve recordings. The physical contact between sympathetic fibres 

and the electrode would be variable between nerve recordings.

Coherence spectra were generated to reveal the frequency components 

with consistent phase and amplitude ratios on paired nerve recordings (see 

Chapter 2).
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Slopes of linear regression lines were compared to 1 using a student T- 

test (Chapter 2).

2.3 Drugs used

To confirm that the T-peak was of sympathetic origin, sympathetic 

activity was recorded following administration of a ganglionic blocker. A dose of 

50 mg/kg i.v. trimetaphan cansylate was used to ensure complete blockade of 

sympathetic ganglionic transmission for 10 minutes (see Chapter 3).

3. RESULTS

3.1 Sympathetic discharges recorded from DCNs and saphenous nerves 

during central apnoea

Sympathetic discharges were recorded from DCNs (9 animals) and 

saphenous nerves (11 animals) to determine if the T-peak is a characteristic of 

sympathetic activity associated with thermoregulatory circulations. Sympathetic 

discharges were initially recorded during central apnoea since the T-peak can 

be entrained to central respiratory drive (Chapter 3).

Like VCN sympathetic activity, sympathetic activity recorded from DCNs 

and saphenous nerves appeared as discharges of variable frequency and 

amplitude during central apnoea (as indicated by the absence of phrenic nerve 

burst discharge: artificial ventilation frequency 1.4 - 2.2 Hz; mean arterial blood 

pressure 72 - 93 mmhg; blood gases: PaO^ 113 - 440 mmhg; PaCO^ 19-36

mmhg; pH 7.40 - 7.35). Examples of DCN and saphenous nerve sympathetic 

recordings are shown in Figure 4.1. As with sympathetic activity recorded from 

VCNs (Chapter 3), frequency domain analysis revealed a prominent T-peak in 

the autospectrum, see Figure 4.1. The frequency ranges of the T-peak in DCN
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and saphenous nerve autospectra are similar to VCN T-peaks, Table 4.1. This 

shows that rhythmical discharges at T-rhythm frequency are a robust feature of 

sympathetic activity recorded from DCNs and saphenous nerves.

3.2 Auto- and coherence spectra of paired VCN-DCN and paired VCN- 

saphenous nerve recordings during central apnoea

To determine whether sympathetic discharges of different nerves 

supplying thermoregulatory circulations can be coherent, paired ipsilateral VCN- 

DCN recordings (4/9 animals) and paired ipsilateral VCN-saphenous nerve 

recordings (5/11 animals) were made during central apnoea. Similar T-peak 

frequencies and significant coherence at VCN T-peak frequency would be 

consistent with the idea that rhythmical discharges at T-rhythm frequency in 

different outflows can arise from common /coupled sources. T-peak frequencies 

were considered to be the same if the difference between then was <0.05 Hz 

(see above).

(i) Paired VCN-DCN recordings

During central apnoea, the T-peak recorded from the DCN could be at 

the same or a similar frequency (difference <0.1 Hz) to the T-peak recorded 

simultaneously from the VCN, see Table 4.2. The autospectra generated for a 

paired VCN-DCN recording are shown in Figure 4.2A. Coherence spectra were 

constructed to determine if rhythmical discharges at T-peak frequency of paired 

VCN-DCN recordings were correlated. The coherence values at the VCN T- 

peak frequency ranged between 0.39 - 0.85, see Table 4.2. An example of the 

coherence spectrum generated for a paired VCN-DCN recording is shown in
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Figure 4.2A. Coherence at the VCN T-peak frequency was abolished by 

sympathetic blockade (Figure 4.2B).

(Ü) Paired VCN-saphenous nerve recordings

Similar observations were made for the paired VCN-saphenous nerve 

recordings. The frequency of the T-peaks recorded simultaneously from VCNs 

and saphenous nerves could be at a similar frequency, see Table 4.3. The 

autospectra generated for a paired VCN-saphenous nerve recording are shown 

in Figure 4.3A. Assessment of coherence spectra for paired VCN-saphenous 

nerve recordings revealed that the coherence value at the VCN T-peak 

frequency ranged between 0.27 - 0.59, see Table 4.3. The coherence spectrum 

generated for a paired VCN-saphenous nerve recording is shown in Figure 

4.3A. Coherence at VCN T-peak frequency was abolished by application of a 

sympathetic ganglionic blocker, see Figure 4.3B.

(Hi) Coherence at frequencies other than at VCN T-peak frequency

Paired VCN-DCN and paired VCN-saphenous nerve recordings 

displayed significant coherence at other frequencies (Figures 4.2A and 4.3A). 

This was also observed in the coherence spectra of paired VCN recordings 

(Chapter 3). Thus, paired nerve recordings were also correlated at other 

frequencies. However for the purposes of these experiments, the coherence 

values at the VCN T-peak frequency are of greatest interest since they can be 

used to support the idea that discharges at T-rhythm frequency in different 

sympathetic outflows can arise from common/ coupled sources.
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3.3 Autospectra of paired VCN-saphenous nerve recordings during 

hyperthermia

Saphenous nerve sympathetic recordings were made during periods of 

hyperthermia. Silencing of sympathetic activity would be consistent with the 

view that it was associated with thermoregulatory function (Chapter 1). Paired 

VCN-saphenous nerve recordings (4 animals) were made during central 

apnoea before maintaining animal body temperature at 39.5-40 °C for 300s. 

Hyperthermia was induced (and maintained) using the heating blanket, a lamp 

and by covering the animal with a small blanket.

In all 4 cases, T-peaks were absent in VCN and saphenous nerve 

autospectra during hyperthermia, see Figure 4.4.

3.4 Sympathetic discharges recorded from DCNs and saphenous nerves 

during periods of rhythmic phrenic nerve activity

It was determined if T-peak frequency recorded from DCNs and 

saphenous displayed a similar relationship with phrenic nerve burst discharge 

frequency as the T-peak recorded from VCNs. Paired VCN-DCN recordings (4 

animals) and paired VCN-saphenous nerve recordings (5 animals) were made 

at 3 or more different phrenic nerve discharge frequencies (including central 

apnoea). Phrenic nerve burst discharge frequency was manipulated by 

changing artificial ventilation frequency (>1.2 Hz) and/ or by changing the partial 

pressure of inhaled oxygen. Arterial blood gases, pH and mean arterial 

pressure were within the following ranges: PaO^ 113 - 440 mmHg; PaCO^ 19 -

36 mmHg: pH 7.36 - 7.43; mean arterial blood pressure 70 - 101 mmHg. At 

these levels of blood gases, the strength of central respiratory drive would be
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insufficient for the stable entrainment of T-rhythm oscillators (Chang et at, 

1999; Chapter 3).

During periods of rhythmic phrenic nerve activity, peaks at the same 

frequency as phrenic nerve burst discharge frequency (and often its harmonic 

frequencies) appeared in DCN and saphenous nerve autospectra, see Figure

4.5 and 4.6. Like VCN autospectra, such peaks could coexist with peaks at T- 

rhythm frequency that did not coincide with phrenic nerve burst discharge 

frequency.

DCN T-peak frequency, like VCN T-peak frequency, was not reduced 

when phrenic nerve burst discharge frequency was reduced. Figure 4.5. The T- 

peak frequencies of paired VCN-DCN recordings are plotted against phrenic 

nerve burst discharge frequency in Figure 4.7A. Like VCN T-peak frequency, 

DCN T-peak frequency did not display a 1:1 linear relationship with phrenic 

nerve burst discharge frequency (VCN: slope - 0.00 ± 0.06, intercept 0.82 ± 

0.03, P<0.001; DCN: slope -0.10 ± 0.08, intercept 0.86 ± 0.04, P<0.001; 13 

data points).

Similar observations were made for the paired VCN-saphenous nerve 

recordings. Saphenous nerve T-peak frequency was not reduced with phrenic 

nerve burst discharge frequency. Figure 4.6. The T-peak frequencies of paired 

VCN- saphenous nerve recordings are plotted against phrenic nerve burst 

discharge frequency in Figure 4.7B. Saphenous nerve T-peak frequency, like 

VCN T-peak frequency, did not display a 1:1 linear relationship with phrenic 

nerve burst discharge frequency (saphenous nerve: slope -0.19 ± 0.08, 

intercept 0.91 ± 0.04, P<0.001; VCN: slope 0.02 ± 0.08, intercept 0.82 ± 0.04, 

P<0.001; 19 data points).
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3.5 Sympathetic discharges recorded from renal nerves

Sympathetic activity was recorded from renal nerve to compare 

sympathetic activity associated with thermoregulatory circulations with those 

influencing targets in viscera.

(i) Autospectra of paired VCN-renai nerve recordings during periods of 

central respiratory drive

Paired VCN-renal nerve sympathetic recordings (5 animals) were made 

at 2 or more different phrenic nerve burst discharge frequencies (not including 

central apnoea). Arterial blood gases, pH and mean arterial blood pressure 

were within the following ranges; PaO^ 104 - 207 mmhg; PaCO^ 30 - 43 mmhg;

pH 7.35 - 7.44; mean arterial blood pressure 81 - 99 mmHg. Frequency domain 

analysis of renal nerve sympathetic activity revealed narrow peaks at phrenic 

nerve burst discharge frequency (and its harmonic frequencies), see Figure 4.8. 

Unlike VCN, DCN and saphenous nerve autospectra, the frequency of such 

peaks always coincided with phrenic nerve burst discharge frequency. Like T- 

peak frequency allocation, the dominant frequency of renal nerve sympathetic 

discharges was allocated to the peak with the highest power density (see 

Chapter 2).

The dominant frequency of renal nerve sympathetic discharges remained 

at the same frequency as phrenic nerve burst discharge frequency when the 

latter was changed. In contrast, VCN T-peak frequency was relatively 

unaffected by changing phrenic nerve burst discharge frequency, see Figure 

4.8. The dominant frequencies of sympathetic discharges of paired VCN-renal 

nerve recordings are plotted against phrenic nerve burst discharge frequency in
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Figure 4.7C. Unlike VCN T-peak frequency (slope 0.10 ± 0.07, intercept 0.76 ± 

0.04, P<0.001; 17 data points), the dominant frequency of renal nerve 

sympathetic discharges displayed a significant positive 1:1 linear relationship 

with phrenic nerve burst discharge frequency (intercept = 0.03 ± 0.03, slope = 

0.96 ± 0.05, number of data points = 12, P = 0.206).

(ii) Auto-and coherence spectra of paired VCN-renal nerve recordings 

during central apnoea

During central apnoea (mean arterial blood pressure 80 - 102 mmHg; 

blood gases PaO^ 100 - 176 mmHg; PaCO^ 20 - 32 mmHg; pH 7.48 - 7.54),

renal nerve autospectra did not display a peak at T-rhythm frequency like the 

VCN autospectra for the simultaneous VCN recording. Figure 4.8A (see 

Chapter 2). Moreover, assessment of coherence spectra of paired VCN-renal 

nerve recordings revealed that 4/5 animals did not display a significant 

coherence value at the VCN T-peak frequency, see Table 4.4 and Figure 4.8E.

The auto and coherence spectrum from the paired VCN-renal nerve 

recording that displayed significant coherence at the VCN T-peak frequency is 

shown in Figure 4.9. Unlike VCN-VCN, VCN-DCN and VCN-saphenous nerve 

coherence spectra (Figures 3.10, 4.2 & 4.3, respectively), significant coherence 

is not constant over T-peak frequency range (0.73 - 1.03; Table 4.1). In fact, 

significant coherence is only displayed for 0.1 Hz in the T-peak frequency 

range. Figure 4.9. Thus, the shape of this VCN-renal nerve coherence spectrum 

does not suggest that rhythmical sympathetic discharges at T-rhythm frequency 

were significantly correlated to renal nerve sympathetic activity.
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4. DISCUSSION

The present study demonstrates that:

• the T-peak is a robust feature of sympathetic activity recorded from VCNs, 

DCNs and saphenous nerves but not renal nerves

• the T-peaks in sympathetic activities recorded from pairs of VCNs-DCNs 

and VCNs-saphenous nerves arise from common / coupled sources.

4.1 The T-rhythm as a characteristic of sympathetic activity associated 

with thermoregulatory circulations

It is proposed that the T-rhythm is a characteristic of sympathetic activity 

influencing the thermoregulatory cutaneous circulations in the rat. The T-peak, a 

marker for the T-rhythm (Chapter 3), is a robust feature of sympathetic 

discharges recorded from VCNs, DCNs and saphenous nerves during central 

apnoea. The disappearance of the T-peak during hyperthermia demonstrated 

that this activity was under thermoregulatory control (Chapter 1). Moreover, T- 

peak frequencies recorded from DCNs and saphenous nerves did not display a 

1:1 relationship with phrenic nerve burst discharge frequency when the latter 

was reduced. This was a characteristic of VCN T-peak frequency and the T- 

rhythm recorded from single PGNs (Chapter 3). This indicates that "T-rhythm 

oscillators" generated rhythmical discharges at T-rhythm frequency recorded 

from DCNs and saphenous nerves.

The significant coherence displayed by paired VCN-DCN and VCN- 

saphenous nerve recordings at VCN T-peak frequency indicates that rhythmical 

discharges at T-rhythm frequency in these outflows arise from common/ 

coupled sources. This observation is consistent with the view that the T-rhythm
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arises centrally (Chapter 3). The PGNs projecting through the VCN and those 

projecting through the saphenous nerve originate from completely different 

ganglia; PGNs projecting through the saphenous nerve originate from the T13 

to L3 ganglia (Baron et at, 1988), whereas the PGNs projecting to the tail are 

located in the sacral and coccygeal ganglia (Sittiracha at at, 1987). Thus, for 

activity at VCN T-peak frequency on paired VCN-saphenous nerve recordings 

to be coherent, the T-rhythm must arise from central sources.

In contrast, the T-peak was not present in the sympathetic discharges 

recorded from renal nerves. The dominant frequency of renal nerve sympathetic 

discharges was always at phrenic nerve burst discharge frequency (see below). 

The absence of the T-peak in renal nerve sympathetic activity and the 

insignificant coherence at VCN T-peak frequency displayed by paired VCN- 

renal nerve recordings is consistent with sympathetic activity supplying different 

endorgans being controlled non-uniformly (Chapter 1). However, it has been 

demonstrated that the control of sympathetic rhythms in different sympathetic 

nerves is related to spinal segmental of origin (of the SPNs controlling 

sympathetic outflows) as well as the function of the outflow (Kenney at at, 

1991). For example, coherence values were higher for near ipsilateral 

sympathetic nerves (inferior cardiac and vertebral nerves) than for widely 

separated ipsilateral sympathetic nerves (inferior cardiac and renal nerves; 

Kenney at at, 1991). SPNs controlling the sympathetic outflow to the kidney 

are located in different spinal segments (T5 - T13; Schramm at at, 1993; 

Taylor & Weaver, 1992) to SPNs controlling sympathetic outflow to the tail (of. 

T11 - L2; Chapter 5). Thus, to ensure that the T-peak was not present in renal 

nerve sympathetic activity due differences in target function and not SPN 

location, sympathetic activity supplying hind limb skeletal muscle could be
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recorded from the gastrocnemius-soleus nerve (Baron et at, 1988). The SPNs 

controlling PGNs innervating targets in hind limb gastrocnemius-soleus muscle 

and the tail originate from similar spinal segments (T il - L2; Rotto-Percelay at. 

at, 1992; Chapter 5). Thus, the absence of the T-peak in the sympathetic 

discharges influencing hind limb skeletal muscle targets would be consistent 

with the T-peak being a robust feature of the sympathetic outflow to 

thermoregulatory circulations. Preliminary studies indicate this is the probable 

case since PGNs recorded focally from arteries supplying hind limb skeletal 

muscle do not discharge rhythmically during central apnoea (Gilbey & Cotsell, 

unpublished observations). Moreover, there were no similarities (with respect to 

timing, duration or amplitude of sympathetic discharges) when the ongoing 

discharges of PGNs innervating targets in the skin and skeletal muscle of the 

same limb were recorded simultaneously (Wallin at at, 1973; Vissing, 1997).

4.2 On the generation of sympathetic rhythms in cutaneous and renal 

sympathetic outflows

The T-peak (recorded from VCNs, DCNs or saphenous nerves) behaved 

as expected for a population of oscillators (with intrinsic properties at T-rhythm 

frequency) that can be entrained to rhythmic external inputs, such as central 

respiratory drive. This is discussed in detail in Chapter 3. Briefly, oscillators can 

only assume stable entrainment patterns over narrow external input frequency 

ranges (provided the external input is of appropriate strength; Bachoo & Polosa, 

1987; Glass & Mackey, 1988). When the frequency (and strength) of the 

external input is outside these ranges, the coupling between the oscillator and 

external input becomes weak or absent. In the present experiments, the T-peak
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persisted during central apnoea and its frequency remained in the range of 0.6 - 

0.9 Hz and could be different from phrenic nerve burst discharge frequency. 

The multiple peaks at T-rhythm frequency in VCN, DCN and saphenous nerve 

autospectra during phrenic nerve burst discharge probably reflects “T-rhythm 

oscillators” shifting in and out of entrainment with central respiratory drive (see 

Chapter 3).

The present experiments demonstrated that rhythmic renal nerve 

sympathetic discharges can be controlled/ generated by mechanisms distinct 

from those influencing VCN, DCN and saphenous nerve sympathetic activity. 

The dominant frequency of the sympathetic discharges recorded from the renal 

nerve were always the same as phrenic nerve burst discharge frequency. This 

relationship with phrenic nerve burst discharge frequency is consistent with 

renal nerve sympathetic activity being i) patterned by central respiratory drive 

(e.g. Bachoo & Polosa, 1987b; Hasleton & Guyenet, 1989); ii) generated by 

common cardiorespiratory oscillators (e.g. Richter & Spyer, 1990; Spyer, 1996) 

or iii) generated by oscillators whose activities are entrained to central 

respiratory drive (Barman & Gebber, 1976; Cohen & Gootman, 1970; Zhong et. 

al., 1997). If the latter scenario is the case, then oscillators controlling renal 

nerve sympathetic outflow have a lower threshold and wider frequency range 

for stable entrainment to central respiratory drive than "T-rhythm oscillators". 

Unfortunately, nothing is known about generation of renal PGN respiratory- 

modulated activity (Dibona at. a!., 1996; Dorward at. a!., 1987; Rogenes, 1982). 

Moreover, there are several sympathetic targets in the kidney (e.g. 

juxtaglomerular apparatus, arterioles, nephrons; Barajas at. a!., 1992) and it is 

known that the responses of single renal PGNs to baroreceptor, chemoreceptor 

or thermoreceptor activation can be non-uniform (e.g. Dibona at. a!., 1996; Kidd
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et al., 1981; Rogenes, 1982). Thus, it is possible that whole renal nerve 

sympathetic activity reflects the activities of a population of PGNs whose 

discharge rhythms can be generated non-uniformly. In addition, it is likely that 

sympathetic tone to the renal vasculature was low in the present experiments. 

In anaesthetised rats and cats, decreases in renal blood flow (indicative of 

vasoconstriction) were evoked by RVLM stimulation (e.g. Chida at a!., 1995; 

Lovick, 1987; McAllen and Damney, 1990). In contrast, the rat tail vasculature 

had to be dilated (by whole body warming) to be able to detect changes in tail 

vasomotor tone (Key & Wigfield, 1994). Thus, if vasomotor tone to the kidney 

was increased, by raising core body temperature (e.g. Kenney, 1995; Kregel at 

a!., 1988; Massett at a!., 1996), it may be possible to record rhythmic renal 

nerve sympathetic discharges in the absence of central respiratory drive. The 

dominant frequency of such discharges may or may not be at T-rhythm 

frequency. Vascular tissues have non-uniform sensitivities to the frequency of 

burst patterning stimulation (Hirst & Edwards, 1989). The frequency response 

curves of mesenteric vessels to PGN stimulation were different, with the 

responses of veins being maximal at lower frequencies of stimulation compared 

to arteries (Nilsson at a!., 1985).

5 SUMMARY

The findings of the present experiments are consistent with the view that 

the control of the sympathetic nervous system can be differential. The T-peak 

was a robust feature of sympathetic activity specifically influencing 

thermoregulatory circulations, but not the kidney. T-peaks recorded from pairs 

of VCNs and saphenous nerves were significantly correlated and could be at a
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different frequency to phrenic nerve burst discharge frequency. In contrast, the 

T-peak was not present in renal nerve autospectra and renal nerve sympathetic 

discharges were always at the same frequency as rhythmic phrenic nerve 

activity. Thus, it is likely that the patterning of sympathetic activity into 

rhythmical discharges at T-rhythm frequency is important to maintaining 

vasomotor tone of thermoregulatory circulations (see Chapter 6).

123



Table 4.1 : T-peak frequency of different nerves during central apnoea

T-peak
VCN*

Frequency
DCN

(Hz)
Saphenous

median
range

animals

0.86 
0.73 - 0.94 

6

0.86
0.77-1.03

9

0.91
0.82-1.02

11

*data taken from Table 3.2

Table 4.2: T-peak frequencies of paired VCN-DCN recordings during central 

apnoea. The T-peak recorded from DCNs displayed significant coherence with 

the T-peak recorded simultaneously from the ipsilateral VCN

T-peak frequency (Hz) Coherence at the VCN
Animal DCN VCN T-peak frequency

#1 0.78 0.74 0.42
#2 1.03 0.92 0.39
#3 0.86 0.88 0.85
#4 0.83 0.77 0.40

Table 4.3: T-peak frequencies of paired VCN-saphenous nerve recordings 

during central apnoea. The T-peak recorded from saphenous nerves displayed 

significant coherence with the T-peak recorded simultaneously from the 

ipsilateral VCN

T-peak frequency (Hz) Coherence at the VCN
Animal Saphenous nerve VCN T-peak frequency

#1 0.91 0.90 0.31
#2 0.88 0.70 0.40
#3 0.88 0.90 0.59
#4 1.02 0.97 0.56
#5 0.88 0.67 0.27
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Table 4.4: 4/5 paired VCN-renal nerve recordings did not display significant 

coherence at the VCN T-peak frequency during central apnoea

Animal
VCN T-peak 
frequency)

Coherence at VCN 
T-peak frequency

#1 0.84 0.06
#2 0.82 0.03
#3 0.72 0.32
#4 0.64 0.06
#5 0.69 0.06
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Figure 4.1: Rhythmical sympathetic discharges recorded from DCN 

and saphenous nerves during central apnoea.

A: Rectified and smoothed sympathetic activity recorded from a DCN 

(top) appeared as discharges of variable frequency and amplitude. 

Frequency domain analysis of the DCN recording (bottom; 286.72 s 

data set) revealed a prominent peak in the autospectrum at 0.88 Hz i.e. 

at T-rhythm frequency (cf 0.6 - 0.95 Hz; Chapter 3). Thus, the DCN 

autospectrum displayed a T-peak.

B: Rectified and smoothed sympathetic activity recorded from a 

saphenous nerve (top) appeared as discharges of variable frequency 

and amplitude. Frequency domain analysis of the saphenous nerve 

recording (bottom; 286.72 s data set) revealed a prominent peak at 0.9 

Hz in the autospectrum i.e. the autospectrum displayed a T-peak.
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Figure 4.2: The T-peaks of paired VCN-DCN recordings could be at a similar 

frequency and display significant coherence.

A: Auto and coherence spectra for a paired VCN-DCN recording made during 

central apnoea. The coherence value at the VCN T-peak frequency (0.74 Hz) 

was 0.42.

B: The coherence at the VCN T-peak frequency for the same paired recording in 

‘A was abolished following ganglionic blockade (chlorisondamine chloride; 3 

mg/kg i.v.)

95% Cl = the 95% confidence level for the coherence value to be significantly 
different from 0 (see text).
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Figure 4.3: The T-peaks of paired VCN-saphenous nerve recordings could be at a similar frequency and display significant coherence.

A: Auto and coherence spectra for a paired VCN-saphenous nerve recording made during central apnoea. The coherence value at VCN T- 
peak frequency (0.9 Hz) was 0.59.

B: Auto and coherence spectra for the same paired recording in ‘A following ganglionic blockade (trimetaphan cansylate; 50 mg/kg i.v.)

95% Cl = the 95% confidence level for coherence values to be significantly different from 0 (see text).
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Figure 4.4: T-peaks in VCN and saphenous nerve autospectra were absent 

during hyperthermia.

Autospectra of a paired VCN-saphenous nerve recording during central apnoea at 

body temperatures of 37 °C (A) and 40 °C (B; hyperthermia). The T-peaks (^;VCN 

T-peak frequency 0.88 Hz; saphenous nerve T-peak frequency 0.92 Hz) were 

absent during hyperthermia..
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Figure 4.5; Autospectra for a paired VCN-DCN recording in which rhythmic phrenic nerve activity was manipulated. A, B and C: autospectra 

generated during central apnoea and when phrenic nerve discharge frequency was 0.52 and 0.63 Hz, respectively. During periods of phrenic 

nerve discharge, peaks at a frequency related to phrenic nerve burst discharge frequency (♦) appeared in VCN and DCN autospectra. T-peak 

frequency (☆) was allocated to the frequency of the highest peak (see text). DCN T-peak frequency, like VCN T-peak frequency, was not reduced 

when phrenic nerve burst discharge frequency was reduced.
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Figure 4.6: Autospectra for a paired VCN-saphenous nerve recording in which rhythmic phrenic nerve activity was manipulated. A, B, C and D: 

autospectra generated during central apnoea and when phrenic nerve discharge frequency was 0.49, 0.63, and 0.73 Hz, respectively. During 

periods of phrenic nerve discharge, peaks at frequencies related to phrenic nerve burst discharge frequency (♦) appeared in saphenous nerve 

and VCN autospectra. T-peak frequency ( 4 was always allocated to the frequency of the highest peak, unless it coincided with the 1 st harmonic 

of phrenic nerve burst dicharge frequency (see text). Saphenous nerve T-peak frequency was the same as phrenic nerve burst discharge 
frequency when the latter was 0.73 Hz (D) but, like VCN T-peak frequency, was not reduced with phrenic nerve burst discharge frequency when 

the latter was reduced (A, B, C). Notably, saphenous nerve T-peak frequency shifted to a frequency of 0.97 Hz to assume 2:1 relationship with
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nerve recordings did not display a 1:1 linear correlation with phrenic nerve 

discharge frequency, when the latter was manipulated (A and B respectively). In 

contrast, the frequency of renal nerve sympathetic discharges were the same as 
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activity was manipulated.
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discharge frequency was 0.49,0.62 and 0.79 Hz, respectively.

In contrast to VCN T-peak frequency (☆), the peaks in renal nerve autospectra were always 

related to phrenic nerve burst discharge frequency (♦).

E: The coherence spectrum of the paired VCN-renal nerve recording during central apnoea (A) 

revealed that the coherence value at the VCN T-peak frequency (0.82 Hz) was lower than the 

95% confidence level (0.1, see text).
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over the entire T-rhythm frequency range (0.6 - 0.95 Hz). This was a feature of 

VCN-VCN, VCN-DCN and VCN-saphenous nerve coherence spectra (compare 
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nerve sympathetic activity.

•  = Peak at artificial ventilation frequency

95% Cl = 95% confidence level for the coherence value to be significantly 
different from 0 (see text).
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CHAPTER 5

LOCATIONS OF CENTRAL NEURONES CONTROLLING THE RAT

TAIL VASCULATURE

1. INTRODUCTION

The locations of central neurones involved in controlling the sympathetic 

outflow to the rat tail are unknown. Anatomical tracing studies, using HRP, have 

demonstrated that SPNs with axons projecting beyond the 4th lumbar ganglion 

originate from spinal segments T12 to L2 (Chapter 1). Thus, SPNs controlling 

the sympathetic outflow to the tail must originate from 1 or several of these 

spinal segments since PGNs innervating targets in the tail arise from sacral and 

coccygeal ganglia (Sittiracha et. al., 1987). Other SPNs located within spinal 

segments T12 to L2 with axons projecting beyond the 4th lumbar ganglion 

influence PGNs innervating targets in the lower gastrointestinal tract, urinary 

system and sex organs (Kihara & de Groat, 1997; Strack et. a!., 1988). 

Anatomic identification of SPNs controlling a specific population of PGNs 

requires the use of transneuronal tracers (see below). Since such techniques 

are quite new, neurophysiological approaches have commonly been used to 

identify spinal segments containing SPNs controlling specific PGNs. Such 

studies involved stimulating the M U  ventral spinal roots and using the size of 

the evoked responses in the target organ/ nerve as an index of SPN 

contribution (e.g. Langley, 1894; Litchmann et. a!., 1979; Szulczyk & Szulczyk, 

1987; Taylor & Weaver, 1992).

The development of transneuronal tracing techniques in the eighties

138



enabled the labelling of SPNs innervating specific targets and their antecedent 

inputs (e.g. Cabot et. al., 1991; Cabot et. al., 1994; Strack & Loewy, 1989a & b; 

Ugolini et. al., 1989). Transneuronal viral tracing techniques utlise the ability of 

neurotropic viruses, such as pseudorabies virus (PRV) and herpes simplex 

virus, to infect synaptically related chains of neurones (Card & Enquist, 1995; 

Loewy, 1995; Ugolini et. al., 1989). The subsequent patterns of viral infection 

are visualised using immunohistochemical techniques.

The advantage of using live neurotropic viruses over other transneuronal 

tracers such as wheat germ agglutinin and C-f rag ment of tetanus toxin (Cabot 

et. al., 1991; Cabot et. al., 1994; Ruda & Coulter, 1982) is that a virus is self- 

replicating. Thus, a transneuronal viral tracer can cross several synapses and 

remain detectable. Thus, transneuronal viral tracing techniques have been used 

to trace neural circuitry influencing the sympathetic outflow to adrenal gland, 

heart, kidney and sympathetic ganglia (Ding et. al., 1993; Jansen et. al., 1995a 

& b; Schramm et. al., 1993; Strack et. al., 1989a & b; Ter Horst et. al., 1996; 

Wesselingh et. al., 1989).

In the present experiments, the locations of central neurones that may 

influence the discharges of PGNs innervating the tail vasculature were identified 

using two approaches. In one series of experiments, the caudal ventral artery 

was inoculated with a transneuronal viral tracer and the subsequent pattern of 

viral infection determined using immunohistochemistry. The transneuronal viral 

tracer used was Bartha-K PRV. This tracer can produce highly selective 

transneuronal infections (see below). In another series of experiments, the 

origins of SPNs controlling the sympathetic outflow to the tail (termed "tail 

SPNs") were determined by stimulating the region containing the IML of spinal 

segments and using the size of the evoked responses in VCNs as an index of
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SPN contribution.

1.1 Viral tracing with Bartha-K PRV

Bartha-K PRV is an attenuated strain of pseudorabies virus (Sams et ai, 

1995). PRV is a swine alpha herpes virus whose DMA is localised in a 

nucleocapsid surrounded by an envelope (Card & Enquist, 1995; Loewy, 1995). 

Specific glycoproteins on the surface of this envelope bind to uncharacterised 

“receptors” on nerve terminals, enabling PRV to release its capsid into 

neurones (Valhne et ai, 1978). The capsid is then transported up to the cell 

body, where it replicates its DMA in the nucleus, see Figure 5.1 (Card et ai, 

1993). The newly formed capsids are transported to the cytoplasmic membrane 

via the endoplasmic reticulum and golgi apparatus to be encased in viral 

envelopes. The viral envelope then fuses with the cytoplasmic membrane 

adjacent to axon terminals that synapse on the neurone. A trans-synaptic 

process occurs that involves the binding of the outer viral envelope to the 

presynaptic neural membrane. The capsid is then released into the presynaptic 

neurone and the life cycle repeats.

The usefulness of any transneuronal viral tracing technique is reliant on 

the transfer of the virus from neurone to neurone occurring onlv via a trans- 

synaptic mechanism. The non-synaptic or “lateral” spread of viruses would 

result in the loss of end organ specificity of neural labelling. Regarding this 

point, Bartha-K PRV is not blood borne. Neurones in the CNS did not become 

infected following intra venous injections of Bartha-K PRV i.v. (Sabin, 1938; Ter 

Horst et ai, 1996).

Compared to wild type PRV, Bartha-K PRV is mildly cytotoxic (Sams et
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al., 1995). Thus, Bartha-K PRV infected neurones can remain intact 4 or 5 days 

after peripheral inoculation (Schramm et. a!., 1993; Strack et. a!., 1989a). This 

enables the detection of Bartha-K PRV infected neurones and identification of 

their chemical content using immunohistochemical staining techniques. The 

intactness of Bartha-K PRV infected neurones also increases the specificity of 

the viral labelling. Glyosis of infected cells could increase the possibility of 

lateral spread by dispersing viruses through the neuropil. However, immature 

PRV particles need to pass through the cytoplasmic cell membrane to gain the 

specific glyocoproteins necessary for binding to neurones (Valhne et. a!., 1978). 

Moreover, dispersal of virus particles through the neuropil is restricted by glia 

and brain macrophages that surround and isolate Bartha-K PRV infected 

neurones (Rinaman et. a!., 1993). Although some of these non-neuronal cells 

can be immunoreactive for Bartha-K PRV at a late stage of viral infection, 

infected glia always followed neuronal infections and were only associated with 

chronically infected neurones (Rinaman et. a!., 1993). Nonetheless, Bartha-K 

PRV is unable to infect nearby neurones from glia since these cells are unable 

to produce mature viral envelopes (Field and Hill, 1974). Thus it is possible that 

trans-synaptic transfer of Bartha-K PRV is assisted by glia and brain 

macrophages isolating infected cells and engulfing cell debris (Rinaman et. a!., 

1993; Strack & Loewy, 1990).

Bartha-K can produce highly selective transneuronal infections of central 

autonomic pathways (Card et. a!., 1993; Jansen et. a!., 1993; Sams et. a!., 

1995; Strack & Loewy, 1990). Differential IML neural labelling was observed 

following inoculation of eyes and ear skin with Bartha-K PRV despite the PGNs 

projecting to these targets being intermixed in the superior cervical ganglion 

(Strack & Loewy, 1990; Chapter 1). Few SPNs were immunoreactive for both
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Bartha-K PRV and cholera toxin-R subunit when SPN innervation of the stellate 

ganglion and adrenal gland were traced simultaneously (Jansen et at, 1993). 

Non-specific release of Bartha-K PRV was not observed when electron 

microscopy was used to analyse over 1 500 consecutive sections of an infected 

dorsal vagal motor nucleus (Card at at, 1993).

Thus, it was anticipated that inoculation of the vascular muscle of caudal 

ventral arteries would produce highly selective infections of neurones that may 

influence the PGNs innervating rat tail vasculature.

2. MATERIALS AND METHODS: Transneuronal viral tracing

Bartha-K PRV is a live neurotropic virus and is regarded as a substance 

hazardous to health by the Control of Substances Hazardous to Health 

(COSHH) Regulations. Bartha-K PRV is categorised as a Hazard Group 3 

pathogen (Advisory Committee on Dangerous Pathogens, 1990). All work with 

pathogens in Hazard Group 3 has to be performed (and inoculated animals 

kept) in a Containment Level 3 facility. Facilities available at the Royal Free and 

University College London Medical School did not meet this containment criteria 

for working with Bartha-K PRV in Great Britain. Thus, all transneuronal viral 

tracing experiments were performed under supervision of Dr. A. Loewy in his 

laboratory (Department of Anatomy and Neurobiology, Washington University 

School of Medicine, St Louis, Missouri, USA).

All transneuronal viral tracing experiments were approved by both the 

Institutional Animal Care Committee and by the Biological Safety Committee of 

Washington University School of Medicine. All protocols were carried out in 

accordance with the guidelines of the American National Insitute of Health.
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Animals were housed out of direct sunlight in a designated laboratory (room 

temperature ~22°C) and had free access to food and water.

2.1 Surgery and general animal maintenance

Experiments were performed on 27 male Sprague Dawley rats (230- 

320g) that had received cauda equina transactions to remove somatomotor and 

afferent innervations from their tails (Chapter 1). 2 days before caudal ventral 

arteries were inoculated with Bartha-K PRV, rats were anaesthetised with an 

interperonteal injection of sodium pentobarbitone (Sagatal; 50 mg/kg). Depth of 

anaesthesia was judged from the absence of a pedal withdrawal reflex and the 

absence of a change in respiratory movements in response to paw pinch. 

Cauda equina transection was performed as described in Chapter 2 and the 

“wound” area was covered in an iodine solution to prevent infection. A 

numbered metal ear tag was placed on the left ear flap to enable individual 

identification. The animal was then allowed to recover. All rats recovered from 

this surgery without complication. It was possible to see the success of the 

cauda equina transection from the “limpness” of the tail and the absence of a 

response to a noxious tail pinch.

2 days post cauda equina transection, rats were re-anaesthetised (as 

described above). The caudal ventral artery was exposed by making a ventral 

midline incision (1-2 cm long) in the non-hairy skin at the tail base. The 

connective tissue surrounding the caudal ventral artery was left intact. Using an

aseptic approach, eight 100 nl injections of Bartha-K PRV (titer 1x10^  plaque 

forming units/ ml; Dr. K. Platt, Iowa State University, Iowa, USA) were made into 

the wall of the artery using a glass micropipette (internal tip diameter 25-50 pm)
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connected to an air pressure system. The volume injected was measured by 

observing (through a pre-calibrated eyepiece reticule of the operating 

microscope) the movement of the viral suspension. Each injection was made 

over 5 minutes and the pipette was left in place for an additional 5 minutes to 

prevent reflux of viral suspension up the pipette track.

The tail skin incision was closed using cyanoacrylate adhesive (Krazy

®
Glue ). The animals were then allowed to recover. 10/27 rats inoculated with 

Bartha-K PRV died before the proposed survival period. These deaths were 

thought to be due to operative stress and/ or viral infection.

2.2 Preparation of brainstem and spinal cord for immunohistochemistry

(i) Transcardinal perfusion

Animals were allowed to survive for 4, 5 or 6 days (6, 5 and 6 animals, 

respectively) post Bartha-K PRV inoculation. Previous studies had indicated 

that these survival times were optimal for studying the viral infection as it spread 

from PGNs to spinal neurones to brainstem neurones (Schramm et al., 1993; 

Strack et. al., 1989).

After the desired survival period, rats were overdosed with sodium 

pentobarbitone (>100 mg/kg i.p.). Death was determined by the absence of 

heart beat and respiratory movements. Working in a fume cupboard, the 

thoracic cavity was immediately opened by cutting longitudinally up either side 

of the ribcage. The sternum was raised to expose the heart. A cannulated metal 

tube filled with 0.9% saline was inserted into the aorta via the left ventricle and 

atrium.

Animals were transcardinally perfused (by gravity and taking care not to
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perfuse the animal with air) with 250 ml 0.9% saline solution to remove blood 

from nervous tissues. When the right atria was filled with saline, it was lesioned 

to allow free passage of perfusate. Following perfusion with saline, the 

perfusate was changed to 300 ml 4% paraformaldehyde (made in 0.1 M sodium 

phosphate buffer; pH = 7.4). Bodies were held at the head and tail base 

throughout perfusion to ensure a straight alignment of the vertebral column. 

Following perfusion with paraformaldehyde, bodies were stored in sealed plastic 

bags until the entire CNS could be removed.

(ii) Removal of the CNS

A midline incision was made in the skin from scalp to tail base. Muscles 

attached to the vertebral column were removed to expose the dorsal surface of 

the vertebra. The dorsal surface of the brain and entire spinal cord was exposed 

by carefully removing the overlying surfaces of the skull and vertebrae. The 

CMS was then carefully removed in its entirety and stored in 4% 

paraformaldehyde (in 0.1 M sodium phosphate buffer; pH = 7.4) for at least 24 

hours. The CNS was divided into entire spinal cord, brainstem, cerebellum and 

cerebral cortex. Tissue blocks were then placed in 4% paraformaldehyde until 

required.

(Hi) Cutting brain and spinal cord into sections

Spinal segments were identified by their dorsal rootlets. The spinal cords 

for the different survival times were cut into tissue blocks as shown in Table 5.1. 

Spinal segments TIG to L4 of tissue blocks due to be cut longitudinally were 

marked by making a dorsal ventrolateral needle puncture through the midline of
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tissue block at the level of the dorsal rootlet entry site. Dura and rootlets were 

then carefully removed. To enable correct orientation of spinal cord sections on 

microscope slides, a small triangle of tissue was cut out of the left ventral 

surface of the tissue blocks to be cut transversely. The top left hand corner of 

the tissue block was removed for spinal tissue due to be cut longitudinally.

The dura was carefully removed from brainstems. The left ventral 

surface and the right dorsal surface of brainstems and cerebral cortex, 

respectively were marked in a similar manner to spinal cord transverse 

sections.

Transverse sections of cerebral cortex, brainstems and spinal cords 

were cut at 50 pm using a freezing microtome. Sections were placed in tissue 

culture trays (filled with 0.1 sodium azide solution made in 0.1 sodium 

phosphate buffer) so that each row of 5 wells was filled with a section 5 times 

before moving to the next row so that each well contained a 1-in-5 series. For 

example, the first well contained the 1st, 6th, 11th, 16th and 21st sections. A 

column of wells from each animal was immunostained as described below.

Longitudinal spinal cord sections were also cut at 50 pm but were stored 

in tissue culture trays (filled with 0.1 sodium azide solution) consecutively in 

twos. A single section from each well was tested for PRV immunoreactivity 

(PRV+).

2.3 Visualisation of PRV-infected neurones

Bartha-K PRV-infected neurones were visualised using 2 

immunohistochemical staining techniques. These techniques utilise the specific 

binding properties of antibodies to detect proteins or other compounds in cells.
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A brightfield immunohistochemical technique was used to identify the locations 

of PRV infected neurones within the CNS. A double-immunofluorescence 

technique was used to determine the chemical identity of some of the 

PRV-immunoreactive neurones.

(i) Brightfield immunohistochemistry

The sequence of techniques (and solutions) used to stain PRV-infected 

neurones for visualisation using brightfield microscopy are outlined in a 

flowchart in Figure 5.2.

A 1-in-2 series of spinal cord longitudinal sections or a 1-in-5 series of 

transverse sections of brainstem or spinal cord were taken from each animal. 

The section series were incubated overnight (at room temperature with a gentle 

agitation) in a 1:10 000 dilution of polyclonal pig anti-PRV antibody, Figure 5.2 

(green; see Table 5.2 for the sources of all antibodies used in the present 

experiments). The pig anti-PRV antibody was prepared in a 5% normal donkey 

serum (Jackson Laboratories, West Grove, Pennsylvania, USA) that was made 

in 0.3% Triton X-100 (Sigma; St. Louis, Missouri, USA) and 0.02 M potassium- 

buffered saline (pH = 7.4). Sections were then rinsed twice (by placing the 

sections in fresh potassium-buffered saline for 5 minutes, twice) and incubated 

for 3 hours in a 1:100 solution of biotinylated affinity purified rabbit anti-pig 

antibody in 5% normal donkey serum (made as above).

The sections were then rinsed twice and reacted with an avidin-biotin 

complex solution (Vectastain ABC kit. Vector Laboratories, Burlingame, 

California, USA) followed by diaminbenzidine (Figure 5.2 dark blue). This 

reaction turns the biotin complex attached to the secondary antibody brown,
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making PRV-immunoreactive (PRV+) neurones visible to the human eye. The 

sections were then rinsed three times, mounted on gelatinised slides and 

allowed to dry.

When dry the sections (now mounted on microscope slides) were 

dehydrated and rehydrated, see Figure 5.2 (magenta and light blue) before 

being gold toned (see below).

(ii) Goid toning

Sections were gold toned (Figure 5.2, orange) to turn the brown product 

of the “ABC” reaction attached to the secondary antibody black. This process 

made PRV+ neurones easier to observe. Sections were placed in 1.42% silver 

nitrate for 1 hour at 56 °C. Sections were then rinsed under running distilled 

water and placed in 0.2% gold hydrochloride (AuHCy for 10 minutes. Sections

were rinsed in distilled water for 5 minutes before being placed in sodium 

thiozide (7.3g in 150 ml). Sections were then rinsed for 5 minutes then 

dehydrated in alcohol (see Figure 5.2) and coverslipped with xylene.

(Hi) The doubie-immunofluorescence technique

The sequence of solutions used to stain PRV-infected neurones for

visualisation with fluorescence microscopy are outlined in Figure 5.3.

1-in-5 series of brainstem sections taken from 6 day survival animals

were incubated overnight (at room temperature with a gentle agitation) in 5%

normal donkey serum (made as above). The donkey serum contained the

primary antibodies: pig anti-PRV antibody (1:10 000) and either goat anti-5-HT

antibody (1:500), guinea pig anti-PNMT antibody (1:500) or rabbit anti-tyrosine
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hydroxylase antibody (1:500).

1-in-5 series of brain sections through the paraventricular hypothalamic 

area (PVN) of each 6 day survival animal were incubated in donkey serum 

containing pig anti-PRV antibody (1:10 000) and guinea pig anti-oxytocin 

antibody (1:2000).

The sections were then rinsed twice in potassium-buffered saline and 

incubated for 3 hours in donkey serum (made as above) containing 

RITC-conjugated donkey anti-pig (1:50) and a secondary antibody 

immunoreactive for the animal the other primary antibody was raised in: either 

AMCA-conjugated donkey anti-guinea pig antibody (1:50), FITC-conjugated 

donkey anti-rabbit antibody (1:50) or FITC-conjugated donkey anti-goat 

antibody (1:50; Table 5.2). Sections were rinsed twice in potassium-buffered 

saline, mounted on gelatine coated slides, dried and coverslipped with a 

glycerol phosphate/PBS mounting medium, containing 0.1% p-phenylenedimine 

to prevent fading. Sections were analysed as soon as possible so the 

immunofluorescence was at its optimum.

2.4 Data Analysis

(i) Analysis of brightfleldlmmunohistochemlcal data

Sections treated using the brightfield immunohistochemical technique

(see above) were examined using a light microscope. Drawings of the sections

were made using an x-y plotting system (MD2 microscope digitiser, Minnesota

Datametrics Corporation, St. Paul, Minnesota, USA) attached to an IBM

compatible computer.

For a cell body of a neurone to be classed as an infected neurone the
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black/brown staining of the ceil body had to have a granular appearance. 

Furthermore, the cell body had to be of an irregular shape (i.e. not spherical) 

and possess dendrites. If there was any doubt it was not a PRV+ neurone it was 

not counted. These strict criteria were to prevent PRV+ glia and/ or black “junk” 

on sections being included in the neural count. .

After sections were mapped, they were counterstained with thionin (see 

below).

(ii) Counterstaining with thionin

Counterstaining with thionin revealed different cell body sizes and 

neuronal densities in brainstem sections, which eased identification of different 

brain nuclei/ areas. Counter-staining was performed following the mapping of 

PRV+ neurones on the sections since thionin stains the background of the 

sections blue, making PRV+ neurones difficult to identify.

Coverslips were removed from sections by soaking their microscope 

slides in 100% ethanol. When the coverslips fell off (over 24 hours), the 

sections were prepared for counterstaining in fresh xylene for 40 minutes, 100% 

alcohol for 5 minutes and finally 50% alcohol: 50% chloroform for 30 minutes, 

see Figure 5.4. Sections were rehydrated (see Figure 5.3) before being placed 

in 0.6% thionin solution (pH = 4.6) for 15 seconds, allowed to drip for 5 seconds 

and rinsed in distilled water twice. Sections were then placed in 150 ml 70% 

alcohol containing 5 drops of acetic acid to remove access dye. Sections were 

then dehydrated and coverslipped with xylene.
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(Hi) Analysis of double-immunofiuorescence data

Immunoreactive neurones detected using double immunofluorescence 

(see above) were visualised in a darkened room using a fluorescence 

microscope connected to an x-y plotting system (Minnesota Datametrics 

Corporation, St. Paul, Minnesota, USA).

Initially, a PRV+ neurone was identified by its granular appearance, 

irregular shape and dendrites under the RITC filter. This filter filters out all but 

the specific excitation wave length of the RITC molecule conjugated on the 

secondary PRV antibody, making it fluoresce. The neurone was then checked 

for the presence of the protein/ neurotransmitter also tested for (such as 5-HT, 

PNMT, tyrosine hydroxylase, oxytocin) by switching to either the FITC or AMCA 

filter (depending on the secondary antibody conjugate). If the same neurone 

showed immunoreactivity for this antibody, then the neurone was classified as 

being doubly labelled.

The filter was switched back to RITC. The next PRV+ neurone was 

identified and checked for double immunoreactivity.

2.5 Identification of brain nuclei

Spinal cord and brain nuclei were identified according to the rat brain 

atlas of Paxinos and Watson (1986). The abbreviations used in text and figures 

are shown in Table 5.3. The brainstem drawings shown in the figures were 

modified from a CD-ROM (Paxinos & Watson 1997).

3. MATERIALS AND METHODS: Neurophysiology

In this series of experiments, the spinal segments of origin of the
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sympathetic outflow to the tail were determined using a neurophysiological 

approach.

3.1 Anaesthesia and general animal maintenance

Experiments were performed on 11 male Sprague-Dawley rats (270 - 

320 g) that were anaesthetised (60 mg/kg sodium pentobarbital i.p.; 

supplemented with 5-10 mg a-chloralose i.v. as required), artificially ventilated 

and paralysed as described in Chapter 2.

3.2 Preparation of the VON and exposure of spinal cord

A VON was exposed (see Chapter 2) and the tail wrapped in a gauze 

dampened with saline to prevent the tissue from drying out. The animal was 

then positioned in a stereotaxic frame. A dorsal midline incision was made in 

the skin from the head to the sacrum. The vertebral column was held in straight 

and flat alignment by clamps positioned either side of the upper thoracic 

vertebra and supporting the abdomen by placing wooden blocks under the 

heating blanket. The blood vessels supplying brown adipose tissue were 

cauterised and the fat pad removed. Muscles attached to the vertebral column 

were removed to expose the dorsal surface of vertebrae.

Vertebrae T8 to L4 were identified. The dorsal surfaces of these 

vertebrae were carefully removed to expose spinal segments TIOto sacral 1; 

Figure 5.5. Any bleeding was stopped by application of absorbable gelatine 

sponge (Spongostan; Ferrosan, Denmark). The entire incision site was then 

covered with saline dampened gauze.

The tail was positioned in a perspex bath (Chapter 2) that was then filled
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with liquid paraffin (BDH, Poole, UK). Monophasic recordings of efferent VCN 

discharges were made using conventional bipolar platinum wire electrodes 

(Chapter 2). The recording electrode was positioned on the VCN at either at the 

tail base (5 animals) or midway down the tail (6 animals).

The dura surrounding the spinal cord was carefully removed. The spinal 

cord was covered with liquid paraffin to prevent the tissue from drying. Spinal 

segments were identified by their dorsal root exit site from the vertebral column 

(Figure 5.5).

3.3 Spinal Cord Stimulation

A concentric bipolar stimulating electrode (SNE-100; contact diameter: 

centre 0.1 mm, outer 0.25 mm; contact length: centre 0.25 mm, outer 0.25 mm; 

tip separation 0.5 mm; Clark Electrochemical Instruments Ltd, Cambridge, UK) 

was positioned on a micromanipulator (Narishige, Japan) mounted on the 

stereotaxic frame. The tip of the stimulating electrode was then placed in the 

region of the IML of spinal segment LI as shown in Figure 5.6. The rostral and 

caudal parts of the spinal segments were defined by positioning the electrode 

rostrally or caudally to the relevant dorsal rootlet entry site.

The experimental set-up is shown in Figure 5.7. The spinal segment was 

stimulated (100 pA, 300 pA, 600 pA, 1 mA and 3 mA at 1 Hz; pulse width 1 ms) 

and the evoked activity was recorded from the ipsilateral VCN. This was 

repeated for spinal segments T10 to L4.

In 2 animals the stimulating electrode was also positioned on the 

contralateral side of spinal segment LI and L2. The spinal cord was then 

stimulated (600 pA, 1 mA, 3 mA).
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3.4 Data Capture and Analysis

Spinal cords were stimulated using an isolated stimulator (DS2; Digitimer 

Ltd, UK) triggered by a programmable pulse generator (Digitimer 4030; 

Digitimer Ltd, UK) see Figure 5.7. The evoked responses (average of 25) in 

VGNs were recorded through high impedance headstages (NL 100, Neurolog; 

Digitimer Ltd, UK), amplified (10-20 K; NL 104, Neurolog; Digitimer Ltd, UK) and 

filtered (5-1000 Hz; NL 25, Neurolog; Digitimer Ltd, UK) and monitored on an 

oscilloscope and an IBM-compatible computer (Figure 5.7).

On-line analysis was performed using an interface (1401) and software 

(SIGAVG) supplied by Cambridge Electronic Design, Cambridge, UK. 

“Conduction velocities” of the activated pathways were calculated from the 

distance between the stimulating and recording electrodes divided by the 

latency of the peak of the evoked response.

Data from a single experiment were normalised by expressing the peak 

amplitude of the evoked responses obtained at a given stimulus strength as a 

percentage of the largest response obtained at that stimulus strength. The 

mean (and standard error) of the normalised response size across experiments 

for each spinal segment was then calculated.

The area-under the evoked response were also measured and 

normalised in a similar manner. Statistical analysis was carried out using one

way AN OVA tests.
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4. RESULTS: Transneuronal viral tracing experiments

4.1 Four days survival

4 survival days after caudal ventral arteries were inoculated with PRV, 

the virus had infected neurones in the spinal cord (5/6 animals).

The majority of the PRV+ neurones were detected in the region of the 

IML in spinal segments T10 to L2. The distribution of PRV+ neurones in the IML 

is shown in Figure 5.8. The greatest number of PRV+ neurones were present in 

spinal segment L1. In addition an occasional PRV+ neurone was observed in 

sections containing spinal segments T6 - T9.

No PRV+ neurones were detected in the cervical spinal cord (segments 

C1-C8). No PRV+ neurones were detected the ventral horn of the sacral spinal 

cord.

The 2 four day survival animals that showed the densest infection in the 

IML also showed infection in other areas of the CNS. PRV+ neurones were 

detected in the ventral medulla (especially along the superficial surface) and the 

dorsal horns of their sacral spinal cords. The brainstems from these 2 animals 

were tested for the presence of neurones immunoreactive for both PRV and 5- 

HT (see below).

4.2 Five Day Survival

The brainstems of 3/5 five day survival animals had PRV+ neurones

located in the ventral medulla.

Most PRV+ neurones were detected on and close to the superficial

surface of the ventral medulla, near the parapyramidal tract, see Figure 5.9. A

photograph of these neurones is shown in Figure 5.10. Neurones located on
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and close to the superficial surface of the ventral medulla, near the 

parapyramidal tract were termed “ventral surface medullary neurones". 27% of 

PRV+ ventral surface medullary neurones were found to be immunoreactive for 

5-HT (see Table 5.4).

PRV+ neurones were also detected in the LPGi, RVL, RPa, and RMg, 

see Figure 5.9. An occasional PRV+ neurone was also observed in the A5 

region of the pons.

The spinal cords taken from 5 day survival animals were sectioned 

transversely to aid the identification of spinal nuclei. The vast majority of PRV+ 

neurones located in spinal segments T13-L1 were localised in the IML. PRV+ 

neurones were also observed in laminae I, V, VII, IX, X and lateral funiculus. 

Figure 5.9.

Transverse sections of spinal segments C1-C8, T1-T2, T5-T6, T8-T9 and 

T10-T12 were also tested for PRV-immunoreactivity. Few PRV+ neurones were 

observed in the IML and lamina V and VII of spinal segments T10-T12 and no 

PRV+ neurones were detected in the cervical spinal cord or the other thoracic 

spinal segments.

PRV+ neurones were detected in the dorsal horn of the sacral spinal 

cord of 2/3 animals in which PRV+ neurones were detected in the ventral 

medulla. No PRV+ neurones were observed in the ventral horn of the sacral 

spinal cord.

4.3 Six day survival

6 days after inoculation of the caudal ventral artery, PRV+ neurones 

were detected in various brain nuclei/ areas. The locations of PRV+ neurones in
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the brain of a 6 day survival animal is shown in Figure 5.11. 4/6 six day survival 

animals displayed this pattern of infection. Details of the location of the PRV+ 

neurones observed in each of these 4 animals are shown in Table 5.5.

The remaining 2 six day survival animals were removed from this study. 

Few PRV+ neurones were detected in the brainstem of 1 of these animals 

whereas the other animal had an ectopic viral infection (PRV+ neurones were 

detected in the dorsal surface of the medulla).

(i) Spinal cord

No intact PRV+ neurones were detected in spinal segments T10-T13, 

L1-L4 or the dorsal horn of the sacral cord. However, the spinal tissues of these 

segments were littered in PRV+ specks indicating that PRV+ neurones had 

glyosed.

PRV+ neurones were found in the LSN, Lf and laminae V and VII of 

cervical spinal segments 1-4, Figure 5.11. An occasional PRV+ neurone was 

observed in similar loci of C5-C8.

No PRV+ neurones or PRV+ specks were detected in the ventral horn of 

the sacral spinal cord or in spinal segments T1-T2, T5-T6.

(II) Brainstem

PRV+ neurones were located in the RVL, LPGi and caudal raphe. Figure

5.11. Some PRV+ neurones in these nuclei were also immunoreactive for 5-HT 

or PNMT (see Table 5.4). Notably the superficial surface of the ventral medulla, 

near the parapyramidal tract, was littered in PRV+ specks indicating that PRV+ 

neurones had glyosed.
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PRV+ neurones were also located in the A5 region, locus coeruleus, 

subcoeruleus, Barrington’s nucleus and Kolliker-Fuse nucleus. Neurones 

located in the A5 region, locus coeruleus and subcoeruleus were found to be 

immunoreactive for tyrosine hydroxylase, see Table 5.4.

(Hi) Hypothalamus

The majority of PRV+ neurones detected in the hypothalamus were 

located in the parvocellular subnuclei of the PVN, Figure 5.11. In 2/4 animals, 

PRV+ neurones were also detected in the lateral and dorsal hypothalamus (see 

Table 5.5).

8% PRV+ PVN neurones were found to contain oxytocin (Table 5.4). A 

photograph of a doubly labelled PRV+ oxytocin neurone is shown in Figure

5.12.

5 RESULTS: Neurophysiological identification of “tail” SPNs

5.1 Responses evoked in the VCN following spinal cord stimulation

Figure 5.13 shows an averaged response evoked in a VCN following 

stimulation within the ipsilateral IML of spinal segment LI. The latencies of the 

peak amplitude of such responses (0.6 ± 0.01 m/sec, n = 11) are compatible 

with conduction over pre- and postganglionic sympathetic pathways previously 

reported for the sympathetic outflow to the tail (of. 0.4 m/sec, Johnson and 

Gilbey, 1994). This suggests that these responses were due to the activation of 

sympathetic pathways.

Responses with the above latency were abolished by administration
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chlorisondamine (3 mg/ kg i.v.; Chapter 3); thus confirming their sympathetic 

origin, (Figure 5.13).

5.2 Relationship between spinal segment and response evoked in VCN 

recorded at the tail base

The relative amplitudes of responses evoked from caudal and a rostral 

portion of each spinal segment, using various current strengths, is shown in 

Figure 5.14. A similar pattern of response was observed when measuring the 

area of evoked responses, see Figure 5.15. However, it is proposed that 

response amplitude is a better index of SPN contribution from a spinal segment. 

The area of evoked responses would include responses of fibres that took 

longer to activate due to current spread into their vicinity.

With a current strength of 100 pA, responses were evoked only from 

spinal segments LI and L2. The responses evoked from the caudal aspect of 

segment L2 were found to be significantly smaller than those evoked from 

caudal LI (P<0.01; one-way AN OVA). Therefore, the majority of SPNs 

influencing PGNs projecting through the ipsilateral VCN were located in spinal 

segment LI and the rostral portion of segment L2. As stimulus strength was 

increased, the amplitude of the response evoked from a particular location 

increased, in Figure 5.16.

Notably, maximum average responses were observed when current 

strengths of 600 pA to 3 mA were used, see Figure 5.14. However, the 

responses evoked rostral to spinal segment T13 and caudal to the L2 spinal 

segment were (on average) always less than 10% of the largest. In addition, the 

response distribution remained essentially the same for current strengths of 300
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|jA , 600 |jA, 1 mA and 3 mA.

Substantial responses could be evoked from spinal segment T13 when 

the stimulus strength was increased from 100pA, see Figure 5.14. Using a 

stimulus strength of 300 pA, the responses evoked from the caudal and rostral 

aspects of spinal segment T13 were significantly smaller compared to 

responses evoked from caudal LI (P<0.05, one-way AN OVA). This suggests 

SPNs in spinal segment 113 appear to contribute (but to a lesser degree than 

those in segments LI and L2) to the innervation of PGNs projecting through the 

ipsilateral VCN.

Stimulation of the contralateral IML (spinal segments LI and L2) over the 

full range of currents failed to evoke a detectable response in VGNs (2 animals).

5.3 Relationship between spinal segment and response evoked in VCN 

recorded 8 -10 cm distal to the tail base

This series of experiments were performed to investigate the possibility 

of topographical organisation of SPNs controlling the sympathetic outflow to the 

tail. Only the caudal aspect of each spinal segment was stimulated for this 

purpose. The relative amplitudes of responses evoked in VGNs recorded 8 - 1 0  

cm from the tail base (mid-tail) are shown in Figure 5.17. The data obtained 

from recording VGNs at the tail base were normalised taking into account only 

the responses evoked from the caudal aspect of each spinal segment. This 

enables a direct comparison between mid-tail and tail bases data sets. These 

data are also displayed in Figure 5.17.

Substantial responses could only be recorded from VGNs at mid-tail from 

spinal segments LI and L2 when stimulus strengths 300 pA, 600 pA, 1 mA and
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3 mA were applied. On average, there was little response to 100 pA stimulation. 

This contrasts with responses recorded from VCNs at the tail base, see Figure 

5.17. Moreover, responses evoked from spinal segment LI were significantly 

smaller when recorded from VCNs at the mid-tail compared to those recorded 

from VCNs at the tail base (P<0.05, one-way AN OVA). However, the response 

amplitude evoked from spinal segment L2 is similar. Furthermore, at a stimulus 

strength of 600 pA and 1 mA, responses evoked from spinal segment T13 

recorded from VCNs at the mid-tail were significantly smaller compared to those 

recorded from VCNs at the tail base (P<0.05, one-way AN OVA).

5.4 Responses resulting from the activation of spinal pathways

A second long latency peak (> 500 ms) was observed following 

stimulation in some segments (4 animals). An example of such a response is 

shown in Figure 5.18. These long latency responses were abolished following 

transection of the spinal cord rostral to the stimulation site (Figure 5.18B), 

suggesting they resulted from the activation of a spinal-bulbo-spinal pathway(s).

6. DISCUSSION

The results of the present experiments demonstrate that

• Tail SPNs originate predominantly from spinal segments LI and L2.

• Tail SPNs receive synaptic inputs from serotinergic neurones located close 

to the superficial surface of the rostral ventral medulla.

• Tail SPNs receive synaptic inputs from neurones located in the RVL, LPGi, 

caudal raphe and the A5 region.

161



6.1 Methodological considerations

(i) Anatomical tracing with Bartha~K PRV

In the present study, Bartha-K PRV, was injected into tissues of the 

caudal ventral artery of rats that had previously had their cauda equina 

transected. It is assumed that all PRV+ neurones only became immunoreactive 

for PRV following infection of PGNs innervating sympathetic targets in the tail. 

This view is supported by the absence of PRV+ neurones in the ventral horn. 

Bartha-K PRV injected into the tail muscle of cauda equina intact rats infected 

ventral horn sacral spinal cord neurones after a 2 day survival period (Jasmin 

et at, 1997).

PRV has differential affinities for neuronal cell types (Sabin, 1938). Thus, 

absence of PRV+ neurones in a particular nuclei/ area does not necessarily 

indicate that a particular neuronal cell group does not influence the sympathetic 

control of the target-organ. There are a variety of reasons why some neurones 

may not become infected, such as:-

i) some nerve terminals may lack Bartha-K PRV binding sites, making them not 

susceptible to Bartha-K PRV infection;

ii) Bartha-K PRV may not be able to replicate in all neurones with equal 

efficiency, thus different neuronal types could take different time periods for 

enough virus particles to be replicated for the infection to be detectable; and

iii) Differences in axoplasmic transport rate could also affect the rate Bartha-K 

PRV replication. For instance, it could be expected that virus particles would 

take longer to reach the cell bodies of neurones originating more rostrally.

Gliosis of PRV+ neurones was detected in spinal cords of 6 day survival 

animals. This presents a significant problem since viruses could potentially
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infect the axons of nearby but functionally unrelated neurones. However, this 

material was not discarded from the present experiments. It is likely that PRV 

released into the neuropil by glyosis may not be virile (see Introduction). 

Moreover, PRV+ neurones were detected in brainstem ~1 survival day after 

PRV+ neurones were first detected in the IML. This suggests it took 1 day for 

PRV to progress from spinal cord neurones and replicate sufficiently in 

brainstem neurones to be detectable. Since glyosis of spinal cord neurones 

occurred on the 6th survival day, it is plausible that brainstem neurones infected 

due to lateral spread in the spinal cord would be detected on the 7th survival 

day.

(ii) Neurophysiologicai identification of the iocation of taii SPNs

In the present experiments, the spinal origins of tail SPNs were 

determined by stimulating the IML of single spinal segments and using the 

amplitude of the evoked response in the VCN as an index of SPN contribution. 

Importantly, the current spread in these experiments appears to have been 

minimal. Robust responses were not consistently elicited outside spinal 

segments T12 - L2 - the location of the majority of SPNs that project beyond the 

L4 ganglion (Andersson at. ai, 1989; Zhou & Gilbey, 1992) and responses 

could not be evoked from the contralateral IML of the spinal cord.

6.2 Spinal segments of origin of SPNs controlling the sympathetic outflow 

to the rat tail.

It was demonstrated in the present experiments that spinal segments LI 

and L2 provided the predominant source of tail SPNs. The majority of PRV+
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neurones detected 4 days post inoculations of the caudal ventral artery were 

located in spinal segment L1. The location and the time course of infection of 

these neurones suggest they are SPNs. SPNs are characteristically cholinergic 

(Cabot, 1990; Coote, 1988; Skok, 1980). Thus, SPNs can be identified by their 

immunoreactivity for acetylcholine or choline acetyl transferase (an enzyme 

present in acetylcholine synthesising neurones; e.g. Sams et a/., 1995). 

However, this was not done since viral products disrupt the normal protein 

synthesis of infected cells. In particular, PRV is known to possess a “host shut- 

off’ gene that produces a protein that destabilises host cell mRNA (Kwong & 

Frenkel, 1989). Thus, a non-cholinergic immunoreactive PRV+ neurone located 

in the IML could still be an SPN.

In contrast to the transneuronal viral tracing experiments, spinal 

segments LI and L2 were shown to be the predominant sources of “tail” SPNs 

in experiments using the neurophysiological approach. This suggests that tail 

SPNs in spinal segments T13 and LI mainly innervate PGNs supplying the tail 

base whereas those located more caudally in the spinal cord regulate the 

sympathetic supply to the more caudal aspects of the tail, see Figure 5.19. 

When recording from VCNs at the tail base, almost the entire population of 

PGNs projecting through a VCN is recorded from. The responses evoked from 

spinal segments T13 and LI and recorded from VCNs at mid tail were 

significantly smaller compared to those recorded from VCNs at the tail base 

because PGNs innervating targets at the base had left the VCN. Responses 

evoked from spinal segment L2 were similar whether recorded from VCNs at 

the tail base or mid tail, since the sympathetic innervation to the caudal portion 

of the tail was still projecting through the VCN, Figure 5.19. Thus, significantly 

more PRV+ neurones were detected in spinal segments T13 and LI than in
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spinal segment L2 because the tail was inoculated at the base. It is known that 

SPNs and PGNs are arranged in the spinal cord and ganglia, respectively, with 

respect to the rostral caudal body position of their targets (Chapter 1). 

Furthermore, a topographical arrangement of PGNs innervating sympathetic 

targets in the rat and cat tail have been demonstrated (Langley, 1894; Sittiracha 

et at, 1987).

6.3 Location of spinal interneurones that may influence the sympathetic 

outflow to the tail

Besides the IML, neurones in various other spinal nuclei were labelled 

with PRV following inoculation of the caudal ventral artery. PRV+ neurones 

were detected in laminae V and VII, but only in the spinal sections in which IML 

were also infected. These neurones probably projected to tail SPNs. Neurones 

in spinal laminae V and VII that were transneuronally labelled, following 

injections of wheat germ agglutinin into the superior cervical ganglion, were 

always in the same spinal segment as the SPN they made synaptic contact with 

(Cabot at at, 1994).

PRV+ neurones were also detected in the dorsal horn of sacral spinal 

cords. The timing of infection of these neurones (4-5 day post PRV-inoculation) 

suggests these neurones projected to tail SPNs. Injections of PRV into tail 

muscle of caudal equina intact rats also resulted in infection of neurones in the 

dorsal horn of sacral spinal cords (Jasmin at. at, 1997). Moreover, prior 

removal of both lumbar sympathetic chains did not influence the labelling of the 

sacral spinal cord dorsal horn from tail muscle. Thus, it is feasible that such 

spinal neurones project to both tail SPNs and somatomotor neurones.
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Alternatively, such dorsal horn neurones could receive inputs from afferents 

from the tail (which are associated with the sacral spinal cord; Sittiracha et at, 

1987) and subsequently modulate tail SPN activity.

PRV+ neurones were detected in the cervical spinal cord 1 survival day 

after the labelling in the brainstem was first observed (6 day survival material). 

The timing of the infection in the cervical spinal cord suggests these neurones 

projected to either spinal interneurones or the brainstem; although the 

possibility that some cervical spinal cord neurones synapsed on tail SPNs 

cannot be excluded (see above). Neurones originating from the cervical spinal 

cord are known to project to several regions of spinal cord and brainstem. For 

example, iontophoretic injections of PHA-L {Phaseolus vulgaris leuco-agglutin) 

into the lateral funiculus or lateral spinal nucleus of spinal segment C3 labelled 

neurones projecting to laminae V, VII, and X and the IML of the entire spinal 

cord (Jansen & Loewy, 1997). Injections of wheatgerm agglutinin-conjugated 

HRP into the LPGi labelled neurones throughout the cervical spinal cord (Van 

Brockstaele et at, 1989). Moreover, physiological studies indicated that 

neurones located in the cervical spinal cord are involved in controlling the 

sympathetic outflow. Stimulation of the cervical spinal cord decreased tonic 

SPN and renal nerve sympathetic activity in spinal rats (Schramm & 

Livingstone, 1987; Taylor & Schramm, 1988).

6.4 On brainstem neurones with direct projections to “tail” SPNs

It is proposed that brain areas/ nuclei containing PRV+ neurones 1 

survival day after IMLs were infected made synaptic connections with tail SPNs. 

These areas/ nuclei were i) located on and close to the superficial surface of the
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RVLM (ventral surface medullary neurones): ii) LPGi; iii) RVL; iv) RPa; v) RMg; 

and vi) A5 region. The pattern of PRV+ labelling in the ventral medulla 

corresponds well with the stimulation sites that selectively vasoconstricted the 

rat tail circulation. These sites “...lay close to the ventral surface of the brain 

stem within and ventral to, the LPGi at the rostral pole of the inferior olive...” 

(Key & Wigfield, 1994). This similarity is consistent with the view that the pattern 

of PRV+ labelling in the present experiments was selective for tail sympathetic 

innervation.

Neurones in LPGi, RVL, RPa, RMg and A5 regions are known to project to 

SPNs/ IML (Chapter 1). The unusual feature of the labelling observed in the 

present experiments is that PRV+ neurones were located on and close to the 

superficial surface of the RVLM. Previously, ventral surface medullary neurones 

had only been traced from parasympathetic PGNs innervating trachea (Haxhiu 

et. al., 1993) or parasympathetic and sympathetic PGNs innervating targets in 

penis (Marson et. al., 1993). Thus, this is the first study to propose that ventral 

surface medullary neurones could specifically influence sympathetic activity. 

This could be due to this being the first study to identify specifically locations of 

central neurones that may influence sympathetic activity controlling a 

thermoregulatory target organ. Pertinently, there is evidence to suggest that 

neurones located close to the surface of the RVLM provide tonic sympatho- 

excitatory drives to rat thermoregulatory circulations (see below). Thus, it is 

enticing to suggest that ventral surface medullary neurones with direct projects 

to tail SPNs are thermosensitive and influence the sympathetic outflow to the 

tail in response to temperature changes of cerebral-spinal fluid (see Chapter 6).
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6.5 On PRV+ neurones located in the Diencephalon and Pons

1 survival day after PRV+ neurones were first detected in the brainstem, 

PRV+ neurones were located in the hypothalamus, locus coeruleus, 

subcoeruleus, Barrington’s nucleus and Kolliker-Fuse nucleus. Not all of these 

brain areas are known to have direct projections to SPNs/ IML (Chapter 1). 

Thus, it is likely these areas were infected by PRV from spinal interneurones 

and/ or spinally projecting brainstem neurones. For example, the locus 

coeruleus projected to spinal laminae I and II (Fritschy & Grzanna, 1990) and 

the ventral medulla (Van Brockstaele et at, 1989) but not to the IML. Moreover, 

neurones in LPGi received synaptic inputs from neurones in the brainstem, 

pons, mesencephlon, diencephalon and telencephalon (Van Brockstaele at at, 

1989). However, PRV+ neurones were detected in the medial and lateral 

subnuclei of the PVN. These subnuclei are known to contain neurones with 

direct projections to SPNs/ IMLs (Ranson et at, 1998; Sawchenko & Swanson, 

1982). Moreover, spinally projecting neurones in the medial and lateral 

parvocellular subnuclei of the PVN can contain oxytocin (Sawchenko & 

Swanson, 1982) and in the present study, PRV+ neurones in these subnuclei 

were immunoreactive for oxytocin. However, the possibility that some neurones 

in the PVN became infected with PRV due to infection of neurones in ventral 

medulla. Axons and terminal varicosities from neurones anterogradely labelled 

from the medial and lateral subnuclei of the PVN closely apposed RVLM 

neurones retrogradely labelled from the IML of the thoracic spinal cord (Pyner & 

Coote, 1999).
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6.6 On the chemical identity of brainstem PRV+ neurones

In the present experiments, the chemical identity of brainstem PRV+ 

neurones was determined using immunofluorescence techniques. The 

techniques used displayed the location of catecholamine-synthesising enzymes: 

the enzyme tyrosine hydroxylase is present in all types of catecholaminergic 

neurones whether dopaminergic, noradrenergic or adrenergic, whereas the 

presence of PNMT distinguishes the adrenergic neuronal subtype. Serotinergic 

neurones were identified by their immunoreactivity to antibodies raised against 

5-HT. Notably, the results concerning the chemical identity of brainstem PRV+ 

neurones are only qualitative (see above).

It was demonstrated that brainstem PRV+ neurones contained PNMT, 

TH or 5-HT, suggesting that tail SPNs can receive direct spinal projections from 

catecholaminergic and serotinergic brainstem neurones. This view is consistent 

with observations that nerve fibres immunoreactive for PNMT, 5-HT or tyrosine 

hydroxylase can terminate on SPNs in spinal segment L1 that projected beyond 

the 4th lumbar sympathetic ganglion (Anderson et. a!., 1989). Moreover, the 

findings of the present study are consistent with others that determined 

chemical identities of brainstem neurones that may influence sympathetic 

outflows to adrenal gland (Strack at ai, 1989; Wesselingh at a!., 1989), kidney 

(Ding at ai, 1993) or stellate ganglion (Jansen at ai, 1995a).

SPN responses to neurotransmitter, modulators and peptides are not 

homogeneous (Chapter 1). This makes it difficult to speculate about the 

possible roles of catecholames in controlling rat tail vasomotor tone. However in 

the present study, it was demonstrated that PRV+ neurones (with direct 

projections to tail SPNs; see above) located close to the superficial surface of 

the RVLM were serotinergic. It was reported that application of 5-HT excites
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SPNs controlling PGNs innervating targets associated with skin (Gilbey & Stein, 

1991). Pertinently, application of 5-HT close to the surface of the RVLM of 

anaesthetised rats produced dose-related “vasodilations” in thermoregulatory 

cutaneous circulations (i.e. tail and foot skin) but not non-thermoregulatory 

circulations (i.e. back and nose skin; Key & Wigfield, 1992). These effects of 5- 

HT were mediated by activation of 5-HT^^ autoreceptors (Key & Wigfield, 1992;

Lovick, 1989b). Activation of 5-HT^^ receptors is known to decrease the firing

rate of medullary serotinergic neurones (McCall & Clement, 1994). Thus, such 

observations could suggest that neurones located close to the ventral surface of 

the medulla provide a tonic sympatho-excitatory drive to the rat tail circulation.

7. SUMMARY

Tail SPNs originate predominantly from spinal segments LI and L2. Tail 

SPNs are also topographically organised in the spinal cord in that; tail SPNs in 

spinal segments T13 and LI mainly innervate PGNs supplying the tail base 

whereas tail SPNs located more caudally regulate the sympathetic supply to the 

more caudal aspects of the tail.

Tail SPNs receive direct synaptic inputs from serotinergic neurones 

located on and close to the superficial surface of the RVLM. Pertinently, 

physiological studies indicate that serotinergic neurones in this part of the 

RVLM provide a tonic excitatory drive to the rat tail vasculature. Other neurones 

with direct projections to tail SPNs are located within the LPGi, RVL, caudal 

raphe and A 5 region.
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Table 5.1: Preparation of spinal cord sections for 4, 5 and 6 day survival

animals

Survival 
period (days)

Tissue blocks to be cut 
transversely

Tissue blocks to be cut 
longitudinally

4 C1-C4 C4-C8 
T1-T2

T6-T9 T10-T13 L1-L4 
L5-end of spinal cord

5 C1-C4 C4-C8 
T1-T2 T5-T6 T7-T8 

T13-L1

L5-end of spinal cord

6 C1-C4 C4-C8 
T1-T2 T5-T6 T7-T8

T10-T13 L1-L4 
L5-end of spinal cord
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Table 5.2: Sources of Antibodies

Antibody Source Lot
Primary

Goat anti-5-HT Incstar, Minnesota, USA 550216

Guinea pig anti-oxytocin Peninusla Laboratories, 
Belmont, California USA

31538

Guinea pig anti-PNMT Accurate, USA M8803-B1

Pig anti-PRV Dr. K. Platt, Iowa State 
University, Iowa, USA

NC333

Rabbit anti-TH East Acres, Massachusetts, 
USA

631123

Secondary

AMCA-conjugated donkey 
anti-guinea pig

Jackson Laboratories, West 
Grove, Pennsylvania, USA

Biotinylated rabbit anti-pig Sigma, St. Louis, Missouri, USA

FrrC-conjugated donkey anti-goat Jackson Laboratories, West
Grove, Pennsylvania, USA

F FTC-conjugated donkey 
anti-rabbit

Rockland, Gilberts ville, 
Pennsylvania, USA

RITC-conjugated donkey anti-pig Bethyl Labs, Montgomery, 
Texas, USA)
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Table 5.3: Abbreviations used in text and Figures

A5 A5 area
AHA Anterior hypothalamic area 
Barr Barrington's nucleus 

C Cervical
DMV Dorsal moyor vagal nucleus 
DPGi Dorsal paragigantocellular nucleus 

f Fornix
FN Facial nucleus
GiA Gigantocellular reticular nucleus, alpha part
GiV Gigantocellular reticular nucleus, ventral part
IML Intermediolateral cell column 
L Lumbar

LG Locus coeruleus
LF Lateral funiculus

LHA Lateral hypothalamic area 
Ip lateral parvocellular subnucleus of the PVN 

LPGi Lateral paragigantocellular reticular nucleus 
LRN Lateral reticular nucleus 
LSN Lateral spinal nucleus 
Mo5 Motor trigeminal nucleus 
mp medial parvocellular subnucleus of the PVN 
NA Nucleus ambiguus

NTS Nucleus tractus solitarius 
P7 Perifacial nucleus

PNMT Phenylethanolamine-N-methyltransferase 
PnC Pontine reticular nucleus, caudal part 
PRV Pseudorabies virus
PRV+ PRV immunoreactive
PVN Paraventricular hypothalamic nucleus 
ROb Raphe obscurus nucleus 
RPa Raphe pallidus nucleus
RMg Raphe magnus nucleus
RVL Rostral ventrolateral medulla nucleus 
SPN Sympathetic preganglionic neurone 
SPV Spinal trigeminal nucleus 
SubC Subcoeruleus

T Thoracic
TH Tyrosine hydroxylase

VMH Ventromedial hypothalamic nucleus 
VII Facial Nerve
Zl Zona incerta

173



Table 5.4: Locations of chemically identified PRV+ neurones

Total number of PRV+ Double labelled PRV+
Cell group neurones neurones

PNMT
RVL 100 ±24 21 ±9
LPGi 96 ±23 19±6
DPGi 13±7 6 ± 3

5-HT
Superficial ventral 34 ±6 9 ± 2

surface*
Raphe obscurus 16±5 6 ± 2
Raphe pallidus 19±4 7 ± 4

GiV 66 ±26 6 ± 2
GiA 44 ± 11 5 ± 2

Raphe magnus 54 ±16 7 ± 3

Tyrosine hydroxylase
A5 area 154 ±29 60 ±11

Subcoeruleus 25 ±6 24 ±6
Locus coeruleus 33 ±9 22 ±5

Oxytocin
PVN 44 ±11 4 ± 2

Data were obtained from 4 six day survival experiments (unless denoted by *) 

*Data from 2 four day and 3 five day survival animals

First numerical column presents the number of PRV+ neurones found bilaterally 

in 1-in-5 series of transverse section. The second column gives the number of 

doubly immunoreactive neurones. Data are expressed as mean ± standard 

error to the nearest neurone.
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Table 5.5: Locations of PRV+ neurones in the brains of 6 day survival animals

A nim a l

#048 #050 #052 #054
D ien ceph a lon

Para\«ntricular hypothalamic area (PVN)

anterior parvDcellular 2 1

dorsal parvocellular 3 3 4- 1

medial parvocellular (mp) + 4- 4- 4-

lateral parvocellular (Ip) 4- 4- 4- 4-

Lateral hypothalamic area (LHA) - 4- 4- -
Dorsal hypothalamic area - - 4- -
Posterior hypothalamic area - 3 - -

Ventromedial hypothalamus (VMH) - 2 - -
M esencephalon

Periaqueductal gray matter 
dorsomedial 1 3 1

lateral - 4- - -

ventrolateral + 4- - -

Deep mesencephalic nucleus - 4- - -

Red nucelus - 3 - -
Pons

Kolliker-Fuse nucleus + 4- 4- 4-

Barrington's nucleus (Bar) + 4- 4- 4-

Locus coeruleus (LC) + 4- 4- 4-

Subcoeruleus (SubC) + 4- 4- 4-

A5 area 4- 4- 4- 4-

M ed u lla  O blongata

Dorsal paragigantocellular nucleus 4- 4- 4- 4-
(DPGi)
Perifacial zone (P7) 4- 4- 4- 4-

Raphe magnus (RMg) 4- 4- 4- 4-

Gigantocellular reticular nucleus 
Pars alpha (GiA) 4- 4- 4- 4-

Pars \^ntralis (GiV) 4- 4- 4- 4-

Raphe pallidus (RPa) 4- 4- 4- 4-

Raphe obscurus (ROb) 4- 4- 4- 4-

Rostral ventrolateral medulla nucleus 4- 4- 4- 4-
(RVL)
Lateral paragigantocellular nucleus 4- 4- 4- 4-
(LPGi)
Lateral reticular nucleus (LRN) 3 1 4 2
Paramedian reticular nucleus 4- 4- - -

Medullary reticular nucleus, pars 4- 4- 4- 1
ventralis 
Ventral surface 4- (Glyosis) 4- 4-

1,2,3,4, + = 1,2,3, 4 and 5 or more PRV+ neurones found bilaterally in a 1-in-5 

series of sections, respectively
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neuron

O Capsid containing viral DNA 

O Viral envelope

Nerve terminal

Figure 5.1 : The life cycle of PRV

1. The outer viral envelope binds to “receptors” on the axon 

terminal of the neurone

2. The capsid containing the viral DNA is released into the 

cytoplasm.

3. The capsid is transported to the cell body.

4. The capsid replicates in the cell nucleus.

5. The new capsids are transported to the cytoplasm via the 

endoplasmic reticulum and golgi apparatus to be encased in viral 

envelopes.

6. The viral envelope fuses with the cytoplasmic membrane 

adjacent to axon terminals that synapse on the neurone.

7. A trans-synaptic process occurs that involves the binding of the 

outer viral envelope to the presynaptic neural membrane. The 

capsid containing viral DNA is released into the cytoplasm of the 

presynaptic neurone.

Based on a description by Card et. a l., 1993
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Figure 5.2: Flow chart of the treatment of sections stained using the bright field 

immunohistochemical technique (see text more detail).

Sections were incubated in solutions containing antibodies (green). The biotin complex 

on the rabbit anti-pig antibody was turned brown during the “ABC” reaction, making 

PRV+ neurones visible to the eye (dark blue). Sections were mounted on gelatine 

coated microscope slides and allow to dry before being dehydrated (magenta) and 

rehydrated (light blue). Sections were then gold toned (orange) to turn the brown 

product of the “ABC” reaction black. Sections were dehyrated and coverslipped with 

xylene.
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Primary antibodies 

- 1 6  hr 

Rinse

5 min 

Rinse 

5 min

Secondary antibodies
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Rinse
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Mount on g elatin e-coated  
m icroscope slides

When dry

Coverslip with 0.1 % 
phenylenedim ine in glycerol 

phosphote/PBS mounting  
m edium

ANALYSIS

Figure 5.3: Flow chart of the double-immunofluorescence staining technique

Sections were incubated in a solution containing primary antibodies rinsed and 

placed in a solution containing secondary antibodies. Sections were mounted on 

gelatine coated microscope slides and allow to dry before being coverslipped with 

phenylenedimine in a glycerol/ PBS mounting medium to prevent fading. Sections 

were analysed as soon as possible so immunofluorescence was at its optimum. 

See text for further details.
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Figure 5.4: Flow chart of counterstaining with thionin.

Coverslips were removed from the sections and the sections were cleansed 

(green) before being rehydrated (light blue). Sections were then counter stained 

blue with thionin (dark blue) before being dehydrated (magenta) and coverslipped 

with xylene.



Figure 5.5: Topographical relationship of spinal segments and vertebral column in 
the rat (Adapted from Zeigler, 1988).
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Figure 5.6: Schematic representation of the position of the stimulating electrode in 

the spinal cord
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Figure 5.7: Experimental set-up spinal cord stimulation. Note stereotaxic frame

is not shown.

1. Spinal segments were stimulated in the region containing the IML using an 

isolated stimulator triggered by a programmable pulse generator (Digitimer).

2. The evoked response in VCNs were recorded through high impedance 

headstages, amplified (20 K) and filtered (5-1000 Hz).

3. Evoked responses were monitored continuously on digital storage 

oscilloscopes and an IBM compatible computer using a 1401 plus interface 

and "SIGAVG" computer software.
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Figure 5.8: Segmental distribution of PRV-n neurones in the IML 4 survival days 

post inoculation of the caudal ventral artery. The majority of PRV-n neurones were 

located in spinal segment L I.

Bilateral PRV-  ̂neurone counts were made from 1-in-2 section series through the 

IML (5 animals) Values expressed as mean ± standard error
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Figure 5.9 : Locations of PRV+ neurones in brainstem and spinal cord 5 survival days post inoculation of the 
caudal ventral artery. 3 sections through the medulla oblongata and 1 transverse section through spinal 
segment L1 taken from 1 animal Each dot represent 1 PRV+ neurone
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Figure 5.10: PRV+ neurones detected on and close to the superficial surface of 
the ventral medulla. Photograph of a section from a 5 day survival animal.
Scale bar = 100pm.
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Figure 5.11 [Locations of PRV+ neurones in brain and spinal cord 6 survival days 

post inoculation of the caudal ventral artery. 1 section though the PVN, 6 sections 

through the medulla oblongata and 1 section through spinal segment C2 taken from 

animal #50. Each dot represents 1 PRV+ neurone
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Figure 5.12: Neurones located in the parvoceiiuiar subnucleus of the PVN 
could be immunoreactive for both PRV and oxytocin. Photographs of a section 
from a 6 day survival anima. Scale bar = 100 pm.
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2.5 mV

100 ms

A

Stimulus

Figure 5.13: Average of 25 responses evoked in a VCN recorded at the tail 

base by 1 mA stimulation within the ipsilateral IML of spinal segment L1. 

(Trace A; latency of the response peak 175 ms; recording distance ~11 

cm). Response were abolished following ganglionic blockade (Trace B; 3 

mg/kg i.v. Chlorisondamine
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Figure 5.14: Relationship between spinal segment and relative response 

amplitude recorded from VCNs at the tail base. Open and filled columns represent 

rostral and caudal portions of spinal segments, respectively.

Values expressed as mean ± standard error (5 animals). *P< 0.05, **P<0.01.
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Figure 5.15: Relationship between spinal segment and relative response area 

recorded from VCNs at the tail base. Open and filled columns represent rostral and 

caudal portions of spinal segments, respectively.
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Figure 5.16: Responses evoked (average of 25) from the caudal aspect of spinal 
segment L1 in one experiment
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respectively.

Data from VCNs recorded at the tail base were normalised taking only caudal 
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Values expressed as mean ± standard error. *P<0.05
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Figure 5.18: Responses resulting from the activation of spinal pathways

A: Response (average of 25) evoked in the VCN following stimulation in spinal segment L2 (600 pA) that displayed a second long latency 

peak (~ 520 ms).

B: This “long latency response” was abolished upon transection of the spinal cord between spinal segments I I 3 and L I.
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Spinal Cord

Tail base

Tail tip

Sacral ganglion

Sympathetic chain Figure 5.19: Topographical arrangement of tail SPNs in the spinal cord.

Tail SPNs in spinal segments T13 and LI mainly innervate PGNs supplying 

targets in the tail base. In contrast, those located in spinal segment L2 

innervate the more caudal aspects of the tail. Thus, responses evoked from 

spinal segments T13 and L1 and recorded from VCNs at mid tail (A) were 

where significantly smaller than those recorded from VCNs at the tail base 

(B) since PGNs innervating targets in the tail base had left the VCN. 

Responses evoked from spinal segment L2 were similar recorded from 

VCNs at mid tail (A) and tail base (B), since sympathetic innervation to the 

caudal portion of the tail was sill projecting through the VCN.

VCN recording electrodes



CHAPTER 6

GENERAL DISCUSSION

1. THE FUNCTION OF RHYTHMICAL DISCHARGES AT T-RHYTHM 

FREQUENCY

The present experiments demonstrated that rhythmical discharges at T- 

rhythm frequency were a robust feature of sympathetic activity associated with 

thermoregulatory circulations, such as that supplying the tail, feet and distal 

portion of the limbs (Chapter 3 & 4). This indicates that the T-rhythm is 

important to the sympathetic control of thermoregulatory circulations. At the 

single PGM level, the patterning of discharges into bursts at T-rhythm frequency 

has been proposed to have functional importance (Johnson & Gilbey, 1996). In 

vitro studies that electrically stimulated PGNs supplying blood vessels (including 

caudal ventral arteries) showed that blood vessels responded vigorously with a 

stronger and better maintained contraction if stimuli were delivered in rhythmic 

bursts than as a train of constant frequency (Bao, 1993; Hardebo, 1992; Nilsson 

et ai, 1985). In the case of the caudal ventral artery, the patterning of PGN 

stimulation into bursts with a net frequency of 6 Hz (30 Hz for 0.2s followed by 

0.8s pause; i.e. a rhythm with a frequency of 1 Hz) produced contractile 

responses that were -43 % greater compared to stimulation at a constant 

frequency of 6 Hz (Hardebo, 1992). The patterning of stimuli into bursts effected 

vascular contractile responses by enhancing neurotransmitter and 

neuromodulator release (Bao, 1993; Hardebo, 1992; Sjoblom-Widfelt et a!., 

1990; Sneddon & Burnstock, 1984). Thus, the results of such studies suggest
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that it makes physiological sense to have PGNs supplying thermoregulatory 

circulations burst discharging at T-rhythm frequency at normal body 

temperatures. Such circulations are predominantly under neuronal control and 

their dilation results in significant heat dissipation (Chapter 1). Notably, single 

PGNs supplying human hands (which also have thermoregulatory functions) are 

also known to discharge action potentials in bursts (Hallin & Torebjork, 1974).

In the present experiments, it was demonstrated that burst discharges at 

T-rhythm frequency can be a robust feature of whole nerve sympathetic activity 

- but is there functional importance for sympathetic neurones to rhythmically 

discharge synchronously? Synchronising the activities of sympathetic neurones 

would influence target control. Synchronising the activities of sympathetic 

neurones would enhance synaptic transmission by spatiotemporal summation 

(Janig & McLachlan, 1992; McAllen & Malpas, 1997; Polosa et at, 1979). 

Excitatory junction membrane potentials (EJPs) in groups of electrically-coupled 

vascular smooth muscle cells would occur together and summate; thus 

increasing the possibility of EJPs reaching threshold and the smooth muscle 

cells constricting (McAllen & Malpas, 1997). Thus, synchronisation of PGN 

activity would be an affective and efficient method of mediating and maintaining 

vasoconstriction. Notably, the size and occurrence of sympathetic discharges 

recorded from whole postganglionic nerves or several PGNs increased during 

physiological and mental stresses, indicating that synchronisation is involoved 

in mediating sympathetic responses (e.g. Bini et at, 1980a, b & 1981; Bronk et 

al., 1936; Callister et at, 1992; Delius et at, 1972b & c; Haselton and Guyenet, 

1989; Nordin and Fagius, 1992; Janssen et at, 1997, Kocsis et at, 1993; 

Macefield and Wallin, 1996; Victor et at, 1995; Vissing, 1997).

The ongoing activities of PGNs innervating the caudal ventral artery
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displayed dynamic synchronisation; with the stability of synchronisation 

increasing with increasing central respiratory drive (Chang et. al., 1999; see 

Chapter 3). It was proposed that enhancing PGN synchrony increases the 

speed of vasoconstriction; thus increasing the rate of blood flow redistribution 

(Chang at. a!., 1999). Thus, a pertinent future study would be to correlate 

synchronisation of PGNs with vascular resistance. No study has addressed this 

issue directly. Caudal ventral artery blood flow could be recorded whilst 

simultaneously recording focally the discharges of many PGNs from the caudal 

ventral artery. Arterial levels of CO2 are known to affect vascular resistance by 

direct action on vascular tissues (Fukuda at. a!., 1990). Thus, it would be 

necessary to perform such experiments on vagi intact preparations (in central 

apnoea) and alter the stability of PGN synchronisation by entrainment to 

artificial ventilation cycle (Chapter 3). It is hypothesised that tail vascular 

resistance would increase when the synchronisation of PGNs was enhanced. 

However, if such an experiment were performed it may be necessary to lower 

tail vascular resistance (by raising body temperature of the rat to 38 - 39 °C) to 

be able to detect changes in tail vasomotor tone (Key & Wigfield, 1994).

2. THE ORIGINS OF THE T-RHYTHM

In the present study it was demonstrated that the T-rhythm arises 

centrally (Chapter 3). In a parallel study, it was demonstrated that there are 

multiple T-rhythm oscillators (Chang at. a!., 1999). These T-rhythm oscillators 

could be located centrally (with the T-rhythm being transmitted faithfully from 

SPN to PGN in the ganglia) or in the ganglia (with the T-rhythm oscillators being 

driven by rhythmic inputs from the CNS; see Chapter 3). It has been
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demonstrated that the spinal cord and ganglia contain all the “machinery” 

necessary to generate some sympathetic rhythms, although they are dependent 

on supraspinal inputs to drive them (Allen et at, 1993; Kubota at at, 1995; 

Ootsuka at at, 1995; Weaver & Polosa, 1997).

SPNs with oscillator properties have been identified in the spinal cords of 

rats (Pickering at at, 1994; Shen at at, 1994). In addition it was proposed that 

groups of SPNs may be able to synchronise their activities and/ or form network 

oscillators by forming gap junctions with each other (Logan at at, 1996). Thus, 

it could be determined if spinal segments I I 3 - L2 (location of tail SPN cell 

bodies, see Chapter 5) and the ganglia can generate the T-rhythm in single 

PGNs or the T-peak in VCN autospectra. The spinal cord could be transected at 

spinal segment T12, and the excitability of the spinal segments containing “tail” 

SPNs manipulated (by intrathecal administration of glutamate receptor 

agonists), whilst simultaneously recording sympathetic discharges from PGNs 

innervating the caudal ventral artery or VCNs.

In the present study it was demonstrated that ventral surface medullary 

neurones projected to tail SPNs and some of these neurones contained 5-HT 

(see Chapter 5). Functional studies indicate that neurones in this region of the 

RVLM provide a tonic vasomotor drive to the rat tail vasculature (Key and 

Wigfield, 1992 & 1994; see Chapter 5). Thus, it could be determined if 

intrathecal administration of 5-HT influenced T-rhythm generation. This is the 

likely case since SPNs identified as controlling PGNs innervating tartgets in the 

skin were excited by 5-HT application (Gilbey & Stein, 1992). Moreover, 

application of 5-HT on to SPNs in vitro could; i) depolarise spontaneously active 

SPNs; ii) intensify SPN discharges; and iii) evoke rhythmic activities in 

othenvise quiescent SPNs (Pickering at at, 1994; Shen at at, 1994).
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The location of ventral surface medullary neurones makes them an ideal 

subject for future study. The T-rhythm could be recorded before and after 

specific bilateral destruction of ventral surface medullary neurones. It may also 

be possible to record focally from these neurones whilst recording sympathetic 

activity from VCNs. Unit-aggregate coherence (Christakos, 1994) could then be 

used to determine if the activity of ventral surface medullary neurones with 

axonal projections to the IML of spinal segment LI were correlated to 

sympathetic discharges recorded from the VCN. A similar approach 

demonstrated that the activities of brainstem neurones could be significantly 

correlated to sympathetic rhythms recorded from sympathetic nerves (e.g. 

Barman & Gebber, 1985 & 1987; Gebber & Barman, 1985; Gebber et at, 1990; 

Morrison & Gebber, 1985; Morrison at at, 1988). Such studies prompted 

proposals that sympathetic rhythms can arise from network brainstem 

oscillators (Barman & Gebber, 1989; Gebber, 1990; Gebber & Barman, 1989).

3. ARE CENTRAL NEURONES THAT INFLUENCE RENAL AND TAIL 

SYMPATHETIC OUTFLOWS DISTRIBUTED DIFFERENTIALLY IN BRAIN 

AREAS/ NUCLEI?

In the present study it was demonstrated that rhythmical discharges at T- 

rhythm frequency were a robust feature of sympathetic activity associated with 

thermoregulatory circulations during central apnoea (Chapter 3 & 4). In contrast, 

sympathetic discharges recorded from renal nerves displayed a pronounced 

respiratory-modulated rhythmicity (Chapter 4). The non-uniform distribution of 

descending fibres to the IML of the spinal cord, as well as the heterogeneity of 

SPNs, provide means for such differential control of sympathetic targets
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(Chapter 1).

It is likely that central neurones influencing renal and tail sympathetic 

outflows are located/ represented differentially within brain areas/ nuclei. There 

is both anatomical and functional evidence to suggest that groups of neurones 

in the RVLM regulate specific sympathetic targets. (Chapter 1). Moreover 

descending fibres terminating in the IML are non-uniformly distributed through 

the spinal cord (Chapter 1) and SPNs influencing the sympathetic outflow to the 

tail and kidney originate from different spinal segments (T5 -T13 kidney; T13- 

L2 tail; Ding et. al., 1993; Schramm et. al., 1993; Chapter 5). In addition, ventral 

surface medullary neurones were demonstrated to project to tail SPNs (Chapter 

5). In contrast such neurone were not reported to be infected following 

inoculation of the kidney/ renal nerve with a transneuronal viral tracer (Ding et. 

al., 1993; Schramm et. al., 1993; Chapter 5). Differences between the locations 

of central neurones “controlling” renal and tail sympathetic outflows could be 

simultaneously traced using a double transneuronal tracing technique. Jansen 

et. al. (1995b) used a double transneuronal viral tracing technique to 

simultaneously trace neural circuitry influencing the adrenal gland and stellate 

ganglion. However, they only reported the incidence of doubly labelled 

brainstem neurones and did not report if the stellate ganglion and adrenal 

gland are represented differentially within brain nuclei/ areas. Notably, 

similarities between the stellate ganglion and adrenal gland may arise due to 

both these sympathetic targets supply / are viscera and SPNs controlling the 

stellate ganglion and adrenal gland can originate from the IML of the same 

spinal segments (Jansen et. al., 1993).
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4. CONCLUSIONS

At normal body temperatures, the rat tail is constricted by the activity of 

its sympathetic innervations. PGNs innervating the rat tail vasculature 

characteristically display the T-rhythm in their ongoing discharges. Patterning 

stimulation of PGNs innervating the caudal ventral artery in to burst discharges 

at T-rhythm frequency enhanced neuroeffector transmission, suggesting that 

the T-rhythm functions to maintain tail vasomotor tone.

The T-rhythm is generated by multiple oscillators that have a “free run” 

frequency range of 0.6 - 0.95 Hz. These T-rhythm oscillators can be entrained 

to external rhythmic inputs such as central respiratory drive and lung stretch 

afferents. Rhythmical sympathetic discharges at T-rhythm frequency can be 

recorded from VCNs. Such discharges recorded from pairs of VCNs are highly 

correlated. This correlation is consistent with the view that the T-rhythm arises 

centrally and not within ganglia. Thus, the T-rhythm oscillators could be located 

centrally, with the T-rhythm transmitted from SPN to PGM in the ganglia. 

Alternatively, T-rhythm oscillators could be located in the ganglia and are driven 

by rhythmic central drives.

The dominant frequency of sympathetic discharges recorded from VCNs, 

DGNs and saphenous nerves were at T-rhythm frequency, persisted during 

central apnoea and did not have a linear correlation with phrenic nerve burst 

discharge frequency. This suggests that the T-rhythm is a feature of 

sympathetic activity supplying thermoregulatory circulations. In contrast, 

rhythmic renal nerve sympathetic discharge was always at the same frequency 

as phrenic nerve burst discharge frequency and was abolished during central 

apnoea. Thus, the results of the present study are consistent with the control of 

sympathetic targets being differential. Such non-uniform control is important for
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homeostasis and redistribution of blood flow during physiological responses.

The heterogeneity of responses of SPNs to neurotransmitters / 

modulators and the differences in synaptic inputs they receive provide the 

means for non-uniform control of sympathetic targets. The SPNs controlling the 

sympathetic outflow to the tail were demonstrated to originate from spinal 

segments T13 to L2 (majority in L1). In addition, ventral surface medullary 

neurones, neurones in the RVLM, caudal raphe and A5 region of the pons all 

contained neurones that projected to SPNs controlling the sympathetic outflow 

to the tail. Ventral surface medullary neurones had not been reported to project 

to SPNs before. It is possible that these neurones provide a tonic vasomotor 

drive to the tail and also influence the neural control of thermoregulatory 

circulations.

The present study has furthered understanding of the neural control of 

vascular targets.

203



REFERENCES

Adrian E.D., Bronk D.W. & Phillips G. (1932) Discharges in mammalian 

sympathetic nerves. Journal of Physiology, 74; 115-33

Adment K., Czachurski J., Dembowsky K. & Seller H. (1979) Bulbospinal 

projections to the intermediolateral cell column; a neuroanatomical study. 

Journal of the Autonomic Nervous System, 1: 103-117

Advisory Committee on Dangerous Pathogens (1990) Categorisation of 

pathogens according to hazard and categories of containment. Second edition. 

London: HMSO

Allen A.M., Adams J.M. & Guyenet P.G. (1993) Role of the spinal cord in 

generating the 2- to 6-Hz rhythm in rat sympathetic outflow. American Journal of 

Physiology, 264: R938-R945

Anderson C.R. & McLachlan E.M. (1991) The time course and the development 

of the sympathetic innervation of the vasculature of the rat tail. Journal of the 

Autonomic Nervous System, 35: 117-132

Anderson C.R., McLachlan E.M. & Srb-Christie O. (1989) Distribution of 

sympathetic preganglionic neurones and monoaminergic nerve terminals in the 

spinal cord of the rat. Journal of Comparative Neurology, 283: 269-284

Appel N.M. & Elde R.P. (1988) The intermed iolateral cell column of the thoracic 

spinal cord is comprised of target-specific subnuclei: evidence from retrograde 

transport studies and immunohistochemistry. Journal of Neuroscience, 8 1767- 

1775

Bachoo M. & Polosa C. (1987a) Properties of the inspiration-related activity of 

sympathetic preganglionic neurones of the cervical trunk in the cat. Joumal of 

Physiology, 385: 545-564

204



Bachoo M. & Polosa C. (1987b) Lack of evidence of coupled oscillator 

mechanisms in the generation of sympathetic rhythms. In: “Organization of the 

Autonomic Nervous System", edited by J. Ciriello, F.R. Calaresu, L.P. Renaud, 

C. Polosa and A.R. Liss. New York. Vol 31 pp.189-202

Bacon S.L., Zagon A. & Smith A.D. (1990) Electron microscopic evidence of a 

monosynaptic pathway between the cells in the caudal raphe nuclei and 

sympathetic preganglionic neurons in the rat spinal cord. Experimental Brain 

Research, 79: 589-602

Bao J.-X. (1993) Sympathetic neuromuscular transmission in the rat tail artery: 

a study based on electrochemical, electrophysiological and mechanical 

recording. Acta Physioiogica Scandinavica, 610 (Supplementum), 1-58

Barajas L., Liu L. & Powers K. (1992) Anatomy of the renal innervation: intra 

renal aspects and ganglia of origin. Canadian Journal of Physiology and 

Pharmacology, 70: 735-749

Barman S.M. & Gebber G.L. (1976) Basis for synchronisation of sympathetic 

and phrenic nerve discharges. American Joumal of Physiology, 231: 1601-1607

Barman S.M., & Gebber G.L. (1980) Sympathetic nerve rhythm of brain stem 

origin. American Journal of Physiology, 239: R42-R47

Barman S.M. & Gebber G.L. (1985) Axonal projection patterns of ventrolateral 

medullospinal sympathoexcitatory neurones. Journal of Neurophysiology, 53: 

1551-1566

Barman S.M. & Gebber G.L. (1987) Lateral tegmental field neurons of cat 

medulla: a source of basal activity of ventrolateral medullospinal

sympathoexcitatory neurons. Joumal of Neurophysiology, 57: 1410-1424

Barman S.M. & Gebber G.L. (1989) Basis for the naturally occurring activity of 

rostrolateral medullary sympathoexcitatory neurones. Progress in Brain 

Research, 81: 117-129
205



Barman S.M. & Gebber G.L. (1992) Rostral ventrolateral medullary and caudal 

medullary raphe neurons with activity correlated to the 10-Hz rhythm in 

sympathetic nerve discharge. Journal of Neurophysiology, 68: 1535-1547

Barman S.M., Gebber G.L. & Calaresu F.R. (1984) Differential control of 

sympathetic nerve discharge by the brain stem. American Joumal of 

Physiology, 247: R513-R519

Baron R., Janig W. & Kollmann W. (1988) Sympathetic and afferent somata 

projecting in hind limb nerves and the anatomical organisation of the lumbar 

sympathetic nervous system of the rat. Joumal of Comparative Neurology, 275: 

460-468

Bini G., Hagbarth K.-E., Hynninen P. & Wallin B.G. (1980a) Thermoregulatory 

and rhythm-generating mechanisms governing the sudomotor and 

vasoconstrictor outflow in human cutaneous nerves. Journal of Physiology, 306: 

537-552

Bini G., Hagbarth K.-E., Hynninen P. & Wallin B.G. (1980b) Regional similarities 

and differences in thermoregulatory vaso- and sudomotor tone. Journal of 

Physiology, 306: 553-565

Bini G., Hagbarth K.-E. & Wallin B.G. (1981) Cardiac rhythmicity of skin 

sympathetic activity recorded from peripheral nerves in man. Journal of the 

Autonomic Nervous System, 4: 17-24

Birks R.I., Laskey W. & Polosa C (1981) The effect of burst patterning of 

preganglionic input on the efficacy of transmission at the cat stellate ganglion. 

Journal of Physiology, 318: 531-539

Boczeck-Funcke A., Habler H.-J., Janig W. & Michaelis M. (1992) Respiratory 

modulation of the activity in sympathetic neurones supplying muscle, skin and 

pelvic organs in the cat. Journal of Physiology, 449: 333-361

206



Bolme P., Novotny J., Uvnas B. & Wright P.G. (1970) Species distribution of 

cholinergic vasodilator nerves in skeletal muscle. Acta Physioiogica 

Scandinavica, 78: 60-64

Bronk D.W. & Stella G. (1932) Afferent impulses in the carotid sinus nerve. 

Journal of Cellular and Comparative Physiology 1: 113-130

Bronk D.W., Ferguson L.K., Margaria R. & Solandt D.Y. (1936) The activity of 

the cardiac sympathetic centres, American Joumal of Physiology, 117: 237-247

Burnstock G. (1969) Evolution of the autonomic innervation of visceral and 

cardiovascular systems in vertebrates. Pharmacological Reviews, 21: 247-324

Cabot J.B. (1990) Sympathetic Preganglionic neurones: Cytoarchitecture, 

ultrastructure and biophysical properties. In:” Central Regulation of Autonomic 

Functions", edited by A.D. Loewy and K.M. Spyer. New York: Oxford University 

Press, pp. 22-34

Cabot J.B., Mennone A., Bogan N., Carroll J., Evinger C. & Erichsen J.T. (1991) 

Retrograde, trans-synaptic and transneuronal transport of fragment C of tetanus 

toxin by sympathetic preganglionic neurons. Neuroscience, 40: 805-824

Cabot J.B., Alessi V. & Ligorio M. (1994) Spinal cord Lamina V and Lamina VII 

interneuronal projections to sympathetic preganglionic neurones. Journal of 

Comparative Neurology, 347: 515-530

Callister R., Suwarno N O. & Seals D R. (1992) Sympathetic activity is 

influenced by task difficulty and stress perception during mental challenge in 

humans. Journal of Physiology, 454: 373-387

Card J.P. & Enquist L.W. (1995) Neurovirulence of pseudorabies virus. Critical 

Reviews in Neurobiology, 9: 137-162

Card J.P., Rinaman R.B., Lynn R.B., Lee B.-H., Meade R.P., Miselis R.R. &

Enquist L.W. (1993) Pseudorabies virus infection of rat central nervous system:
207



Ultrastructural characterisation of viral replication, transport and pathogenesis. 

Journal of Neuroscience, 13: 2515-2539

Carlsson S., Skarphedinsson J.O., Jennische E., Delle M. & Thoren P. (1990) 

Neurophysiological evidence for and characterization of the post-ganglionic 

innervation of the adrenal gland in the rat. Acta Physioiogica Scandinavica, 140: 

491-499

Caverson M.M., Cirello J. & Calaresu F.R. (1984) Paraventricular nucleus of the 

hypothalamus: an electrophysiological investigation of neurons projecting 

directly to intermediolateral nucleus in the cat. Brain Research, 305: 380-383

Chang H.-S., Staras K., Smith J.E. & Gilbey M.P. (1999) Sympathetic neuronal 

oscillators are capable of dynamic synchronisation. Journal of Neuroscience, 

19: 3183-3197

Charlton C.G. & Helke C.J. (1987) Substance P-containing medullary 

projections to the intermediolateral cell column: identification with retrogradely 

transported rhodamine- labelled latex microspheres and immunohistochemistry. 

Brain Research, 418: 245-254

Chatfield C. (1996) The analysis of time series. Thomson Science and 

Professional: London

Chida K., Miyagawa M., Usui W., Kawamura H., Takasu T. and Kanmatsuse K. 

(1995) Effects of chemical stimulation of the rostral and caudal ventrolateral 

medulla on cerebral and renal microcirculation in rats. Joumal of the Autonomic 

Nervous System, 51: 77-84

Christakos C.N. (1986) The mathematical basis of population rhythms in 

nervous and neuromuscular systems. International Joumal of Neuroscience, 29: 

103-107

Christakos C.N. (1994) Analysis of synchrony (correlations) in neural

populations by means of unit-to-aggregate coherence computations.
208



Neuroscience, 58: 43-57

Chung J.M., Chung K. & Wurster R.D. (1975) Sympathetic neurons of the cat 

spinal cord: horseradish peroxidase study. Brain Research, 91: 126-131

Chung K., Chung J.M., Lavelle F.W. & Wurster R.D. (1979) Sympathetic 

preganglionic neurones in the cat spinal cord projecting to the stellate ganglion. 

Journal of Comparative Neurology, 185:23-30

Cohen M.l. & Gootman P.M. (1970) Periodicities in efferent discharge of 

splanchnic nerve of the cat. American Journal of Physiology, 218: 1092-1101

Connelly C.A. & Wurster R.D. (1985) sympathetic rhythms during 

hyperventilation-induced apnea. American Journal of Physiology, 249: R424- 

R431

Coote J.H. (1988) The organisation of cardiovascular neurones in the spinal 

cord. Reviews of Physiology, Biochemistry, and Pharmacology, 110: 148-285

Coote J.H. & Lewis D.l. (1995) Bulbospinal catecholamine neurones and 

sympathetic pattern generation. Journal of Physiology and Pharmacology, 46:

259-271

Czyzyk-Krzeska M.F & Trebski A. (1990) Respiratory-related discharge pattern 

of sympathetic nerve activity in the spontaneously hypertensive rat. Joumal of 

Physiology, 426: 355-368

Daly M. de Burgh & Robinson B.H. (1968) An analysis of reflex systemic 

vasodilator response elicited by lung inflation in the dog. Joumal of Physiology, 

195: 387-406

Daly M. de Burgh (1995) Aspect of the integration of the respiratory and 

cardiovascular systems. In ''Cardiovascular regulation”, edited by D. Jordan and 

J. Marshall. Portland Press: Cambridge, pp 15-36

209



Dampney RAL. (1994) Functional organisation of central pathways regulating 

the cardiovascular system. Physiological Reviews, 74(2): 323-364

Dampney R.A.L. & McAllen R.M. (1988) Differential control of sympathetic 

fibres supplying hind limb skin and muscle by subretrofacial neurones in the cat. 

Journal of Physiology, 395: 41-46

Dampney R.A.L. & Moon M.A. (1980) Role of ventrolateral medulla in 

vasomotor response to cerebral ischemia. American Joumal of Physiology, 239: 

H349-H358

Dawson N.J. & Keber A.W. (1979) Physiology of heat loss from an extremity: 

the tail of the rat. Clin Exp Pharmacology and Physiology, 6:69-80.

Dean C. & Coote J.H. (1986) A ventromedullary relay involved in the 

hypothalamic and chemoreceptor activation of sympathetic postganglionic 

neurones to skeletal muscle, kidney and splanchnic area. Brain Research, 377: 

279-285

Dehal M.S., Kartseva A. & Weaver L.C. (1992) Comparison of locations and 

peptide content of postganglionic neurons innervating veins and arteries of the 

rat hind limb. Joumal of the Autonomic Nervous System, 39: 61-72

Delius W., Hagbarth K.-E., Hongell A. & Wallin B.G. (1972a) General 

characteristics of sympathetic activity in human muscle nerves. Acta 

Physioiogica Scandinavica, 84: 65-81

Delius W., Hagbarth K.-E., Hongell A. & Wallin B.G. (1972b) Manoeuvres 

affecting sympathetic outflow in human muscle nerves. Acta Physioiogica 

Scandinavica, 84: 82-94

Delius W., Hagbarth K.-E., Hongell A. & Wallin B.G. (1972c) Manoeuvres 

affecting sympathetic outflow in human skin nerves. Acta Physioiogica 

Scandinavica, 84: 177-186

210



Dembowsky K., Czachurski J. & Seller H. (1985) An intracellular study of the 

synaptic input to sympathetic preganglionic neurones of the third thoracic 

segment of the cat. Journal of the Autonomic Nervous System, 13:201-44

DeuschI G. & lllert M. (1978) Locaton of lumbar preganglionic sympathetic 

neurones in the cat. Neuroscience Letters, 10: 49-54

DeuschI G., lllert M., Aschoff A. & Hollander H. (1981) Single preganglionic 

sympathetic neurones of the cat branch intraspinally and project through 

different rami communicantes aibi -  a retrograde double labelling study with 

fluorescent tracers. Neuroscience Letters, 21: 1-5

Dibona G.F., Sawin L.L. & Jones S.Y. (1996) Differentiated sympathetic 

neuronal control of the kidney. American Joumal of Physiology, 271: R84-R90

Ding Z.-Q., Li Y.-W., Wesselingh S.L. & Blessing W.W. (1993) Transneuronal 

labelling of neurones in the rabbit brain after injection of herpes simplex virus 

type 1 into the renal nerve. Journal of the Autonomic Nervous System, 42: 23- 

32

Dorward P.K., Burke S.L., Janig W. & Cassell J. (1987) Reflex responses to 

baroreceptor, chemoreceptor and nociceptor inputs in single renal sympathetic 

neurones in the rabbit and the effects of anaesthesia on them. Joumal of the 

Autonomic Nervous System, 18:39-54

Dowing S.E. & Siegel J.H. (1963) Baroreceptor and chemoreceptor influences 

on sympathetic discharge to the heart. American Joumal of Physiology, 204: 

471-479

Eckberg D. L., Nerhed C. & Wallin B.G. (1985) Respiratory modulation of 

muscle sympathetic and cardiac outflow in man. Journal of Physiology, 365:

181-196

Faden A.I. & Petras J.M. (1978) An intraspinal sympathetic preganglionic 

pathway: anatomic evidence in the dog. Brain Research, 144: 358-362
211



Fieldberg W. & Guertzenstein P.G. (1972) A vasodepressor effect of 

pentobarbitone sodium. Journal of Physiology, 224: 83-103

Fieldberg W. & Guertzenstein P.G (1976) Vasodepressor effects obtained by 

drugs acting on the ventral surface of the brainstem. Journal of Physiology, 258: 

337-355

Field H.J. & Hill T.J. (1974) The pathogenesis of pseudorabies in mice following 

peripheral inoculation. Joumal of General Virology., 23: 145-157

Flett D.L. & Bell C. (1991) Topography of functional subpopulations of neurones 

in the superior cervical ganglion of the rat. Journal of Anatomy, 177: 55-66

Forehand C.J., Ezerman E.B., Ribin E. & Glover J.C. (1994) Segmental 

patterning of rat and chicken sympathetic preganglionic neurones: correlation 

between soma position and axon projection pathway. Journal of Neuroscience, 

14(1): 231-241

Fritschy J-M. & Grzanna R. (1990) Demonstration of two separate descending 

noradrenergic pathways to rat spinal cord: Evidence for an intragriseal trajectory 

of locus coeruleus axons in the superficial layers of the dorsal horn. Journal of 

Comparative Neurology, 291: 553-582

Fukuda S., Matsumoto M., Nishimura N., Fujiwara N., Shimoji K., Takeshita H. 

and Lee T.J. (1990) Endothelial modulation of norepinephrine-induced 

constriction of rat aorta at normal and high C02 tensions. American Journal of 

Physiology, 258: H1049-H1054

Futuro-Neto M.A. & Coote J.H. (1982) Changes in sympathetic activity to heart 

and blood vessels during desynchronised sleep. Brain Research, 252: 259-268

Gaskell P. (1956) Are there sympathetic vasodilator fibres in the vessels of the 

hand? Journal of Physiology, 131: 647-656

212



Gasser H.S & Newcomer H.S. (1921) Physiological action currents in the 

phrenic nerve, An application of the thermionic vacuum tube to physiology. 

American Journal of Physiology, 57: 1-26

Gebber G.L. (1980) Central oscillators responsible for sympathetic nerve 

discharge. American Journal of Physiology, 239: H143-H155

Gebber G.L. (1990) Central determinants of sympathetic nerve discharge. In:” 

Central Regulation of Autonomic Functions", edited by A.D. Loewy and K.M. 

Spyer. New York: Oxford University Press, pp. 126-145

Gebber G.L. & Barman S.M. (1985) Lateral tegmental field neurons of cat 

medulla: a potential source of basal sympathetic nerve discharge. Joumal of 

Neurophysiology, 54: 1498-1512

Gebber G.L. & Barman S.M. (1989) A physiologically-based model of the brain 

stem generator of sympathetic nerve discharge. Progress in Brain Research, 

81: 131-139

Gebber G.L., Barman S.M. & Kocsis B. (1990) Coherence of medullary unit 

activity and sympathetic nerve discharge. American Joumal of Physiology, 259: 

R561-R571

Gebber G.L., Zhong S., Barman S.M., Paitel Y. & Orer H.S. (1994a) Differential 

relationships among the 10 Hz rhythmic discharges of sympathetic nerves with 

different targets. American Journal of Physiology, 267: R387-R399

Gebber G.L., Zhong S., Barman S.M. & Orer H.S. (1994b) Co-ordination of the 

cardiac-related discharges of sympathetic nerves with different targets. 

American Journal of Physiology, 267: R400-R407

Gebber G.L., Zhong S. & Barman S.M. (1995) Synchronization of cardiac- 

related discharges of sympathetic nerves with inputs from widely separated 

spinal segments. American Journal of Physiology, 268: R1472-R1483

213



Gilbey M.P. & Stein R.D. (1991) Characteristics of sympathetic preganglionic 

neurones in the lumbar spinal cord of the cat. Joumal of Physiology, 432; 427- 

443

Glass L. & Mackey M.C. (1988) From clocks to chaos: The rhythms of life. 

Prince Town University Press. West Sussex

Glantz S.A. (1996) Primer of Biostatistics. New York: McGraw Hill.

Gordon C.J. (1990) Thermal biology of the laboratory rat. Physiol. Behav., 

47:963-991

Grant R.T. (1963) Vasodilation and body warming in the rat. Joumal of 

Physiology, 167: 311-317

Greene E C. (1955) Anatomy of the rat. Hafner Publishing Co. New York

Green J.H. & Heffron P.P. (1967) Observations on the origin and genesis of a 

rapid sympathetic rhythm. Archives Internationales de Pharmacodynamie, 169: 

403-411

Green J.H. & Heffron P.P. (1968) Studies upon the relationship between 

baroreceptor and sympathetic activity. Quarterly Journal of Experimental 

Physiology, 53:23-32

Gregor M., Janig W. & Riedel W. (1976) Response pattern of cutaneous 

postganglionic neurones to the hind limb on spinal cord heating and cooling in 

the cat. Pflügers Archives, 363: 135-140

Guertzenstein P.G. & Silver A. (1974) Pall in blood pressure produced from 

discrete regions of the ventral surface of the medulla by glycine and lesions. 

Journal of Physiology, 242: 489-503

Guyenet P.G., Darnall R.A. & Riley T.A. (1990) Rostral ventrolateral medulla

214



and sympathorespiratory integration in rats. American Joumal of Physiology, 

259: R1063-R1074

Habler H.-J., Janig W., Krummel M. & Peters O.A. (1993) Respiratory 

modulation of the activity in postganglionic neurons supplying skeletal muscle 

and skin of the rat hind limb. Journal of Neurophysiology, 70: 920-930

Habler H.-J., Janig W., Krummel M. & Peters O.A. (1994) Reflex patterns in 

postganglionic neurons supplying skin and skeletal muscle of the rat hind limb. 

Joumal of Neurophysiology, 72: 2222-2236

Hagbarth K.E. & Vallbo A. B. (1968) Pulse and respiratory grouping of 

sympathetic impulses in human muscle nerves. Acta Physioiogica 

Scandinavica, 74: 96-108

Hagbarth K.E., Hallin R.G., Hongell A., Torebjork H E. & Wallin B.G. (1972) 

General characteristics of sympathetic activity in human skin nerves. Acta 

Physioiogica Scandinavica, 84: 164-176

Hales J R., Iriki M., Tsuchiya K. & Kozawa E. (1978) Thermally-induced 

cutaneous sympathetic activity related to blood flow through cappilleries and 

arteriovenous anatosomses. Pflügers Archives, 375: 17-24

Hallin R.G. & Torebjork H E. (1974) Single unit sympathetic activity in human 

skin nerves during rest and various manoeuvres. Acta Physioiogica 

Scandinavica, 92: 303-317

Hardebo J.E. (1992) Influence of impulse pattern on noradrenaline release from 

sympathetic nerves in cerebral and some peripheral vessels. Acta Physioiogica 

Scandinavica, 144: 333-339

Haselton J R. & Guyenet P.G. (1989) Central respiratory modulation of 

medullary sympathoexcitatory neurons in rat. American Journal of Physiology, 

256: R739-R750

215



Haxhiu M.A., Jansen A.S.P., Cherniack N.S. & Loewy A.D. (1993) CNS 

innervation of airway-related parasympathetic preganglionic neurones: a 

transneuronal study using pseudorabies virus. Brain Research, 618: 115-134

Hilton S.M. (1980) Central nervous origin of vasomotor control. Advances in 

Physiological Science, 8: 1-12

Hilton S.M. & Redfern W.S. (1986) A search for brain stem cell groups 

integrating the defence reaction in the rat. Joumal of Physiology, 378: 213-228

Hirst G.D.S & Edwards F.R. (1989) Sympathetic neuroeffector transmission in 

arteries and arterioles. Physiological Reviews, 69: 546-604

Hirst G.D.S & McLachlan E.M. (1986) Development of dendritic calcium 

currents in ganglion cells of the rat lower lumbar sympathetic chain. Joumal of 

Physiology, 377: 349-68

HMSO (1990) Home Office Guidance on the Operation of the Animals 

(Scientific Procedures) Act 1986. London: HMSO

Holstege G. (1987) Some anatomical observations on the projections from the 

hypothalamus to the brainstem and spinal cord: an HRP and autoradiographic 

tracing study in the cat. Journal of Comparative Neurology, 260; 98-126

Horeyseck G. & Janig W. (1974a) Reflexes in postganglionic fibres within skin 

and muscle nerves after noxious stimulation of skin. Experimental Brain 

Research, 20: 125-134

Horeyseck G. & Janig W. (1974b) Reflex activity in postganglionic fibres within 

skin and muscle nerves elicited by somatic stimuli in chronic spinal cats. 

Experimental Brain Research, 21: 155-168

Iriki M. & Kozawa E. (1975) Factors controlling the regional difference of 

sympathetic outflow - influence of chemoreceptor reflex. Brain Research, 87: 

281-291
216



Janig W. (1985) Organization of the lumbar sympathetic outflow to skeletal 

muscle and the skin of the cat hind limb and tail. Reviews in Physiology, 

Biochemistry and Pharmacology, 102: 119-213

Janig W. (1988) Pre- and postganglionic vasoconstrictor neurons: 

Differentiation, types, and discharge properties. Annual Reviews of Physiology, 

50: 525-539

Janig W. & McLachlan E.M. (1986) Identification of distinct topographical 

distributions of lumbar sympathetic and sensory neuron projecting to end 

organs with different functions in the cat. Journal of Comparative Neurology, 

246: 104-112

Janig W. & McLachlan E.M. (1987) Organization of lumbar spinal outflow to 

distal colon and pelvic organs. Physiological Reviews, 67: 1332-1404

Janig W. & McLachlan E.M. (1992) Characteristics of function-specific pathways 

in the sympathetic nervous system. Trends In Neuroscience, 15: 475-481

Janig W., Sundlof G. & Wallin B.G. (1983) Discharge patterns of sympathetic 

neurons supplying skeletal muscle and skin in man and cat. Journal of the 

Autonomic Nervous System, 7: 239-256

Jansen A.S.P. & Loewy A.D. (1997) Lateral funiculus neurones of the upper 

cervical spinal cord project to the intermediolateral cell column. Neuroscience, 

77(3): 889-98

Jansen A.S.P., Farwell D.G. & Loewy A.D. (1993) Specificity of pseudorabies 

virus as a retrograde marker of sympathetic preganglionic neurones: 

implications for transneuronal labelling studies. Brain Research, 617: 103-112

Jansen A.S.P. Wessendorf M.W. & Loewy A.D. (1995a)Transneuronal labelling 

of CNS neuropeptide and monoamine neurones after pseudorabies virus 

injections into the stellate ganglion. Brain Research, 683: 1-24
217



Jansen A.S.P., Nguyen X.V., Karpitskiy V., Mettenleiter T.C. & Loewy A.D. 

(1995b) Central command neurones of the sympathetic nervous system: Basis 

of the fight-or-flight response. Science, 270: 644-646

Jasmin L., Carstens E. & Basbaum A. I. (1997) Interneurones presynaptic to rat 

tail-flick motoneurons as mapped by transneuronal transport of pseudorabies 

virus: few have long ascending collaterals. Neuroscience, 76:859-876

Janssen B.J.A., Malpas B.C., Burke S.L. & Head G.A. (1997) Frequency- 

dependent modulation of renal blood flow by renal nerve activity in conscious 

rabbits. American Journal of Physiology, 273: R597-R608

Johnson C D. & Gilbey M.P. (1994) Sympathetic activity recorded from the rat 

caudal ventral artery in vivo. Journal of Physiology, 476: 437-442

Johnson C D. & Gilbey M.P. (1996) On the dominant rhythm in the discharges 

of single postganglionic sympathetic neurones innervating the rat tail artery. 

Journal of Physiology, 497: 241-259

Johnson C D. & Gilbey M.P. (1998) Focally recorded single sympathetic 

postganglionic neuronal activity supplying rat lateral tail vein. Joumal of 

Physiology, 508: 575-585

Jordan D. (1995) Central nervous integration of cardiovascular regulation. In 

“Cardiovascular Regulation”, edited by D. Jordan and J. Marshall. London: 

Portland Press pp 1-14

Kennedy C., Seville V.L. & Burnstock G. (1986) The contribution of 

noradrenaline and ATP to the responses of the rabbits central ear artery to 

sympathetic nerve stimulation on the parameters of stimulation. European 

Journal of Pharmacology, 122: 291-300

Kenney M.J. (1994) Frequency characteristics of sympathetic nerve discharge 

in anaesthetised rats. American Joumal of Physiology, 267: R830-R840
218



Kenney M.J., Barman S.M. Gebber G.L. & Zhong 8. (1991) Differential 

relationships among discharges of postganglionic sympathetic nerves. 

American Journal of Physiology, 260: R1159-R1167

Kenney M.J., Barney C.C., Hirai T. & Gisolfi C.V. (1995) Sympathetic nerve 

responses to hyperthermia in the anesthetized rat. Joumal of Applied 

Physiology .78:881-9

Key B.J. & Wigfield C.C. (1992) Changes in the tail surface temperature of the 

rat following injection of 5-hydroxytryptamine into the ventrolateral medulla. 

Neuropharmacology, 31(8): 717-723

Key B.J. & Wigfield C.C. (1994) The influence of the ventrolateral medulla on 

thermoregulatory circulations in the rat. Journal of the Autonomic Nervous 

System, 48: 79-89

Kidd C., Linden R.J. & Scott E.M. (1981) Reflex responses of single renal 

sympathetic fibres to stimulation of atrial receptors and carotid baro- and 

chemoreceptors. Quarterly Journal of Experimental Physiology, 66:311-20

Kihara K. de Groat W.C. (1997) Sympathetic efferent pathways projecting to the 

bladder neck and proximal urethra in the rat. Journal of the Autonomic Nervous 

System, 62:134-42

Kocsis B. (1994) Basis for differential coupling between rhythmic discharges of 

sympathetic efferent nerves. American Journal of Physiology, 267: R1008- 

R1019

Kocsis B., Gebber G.L., Barman S.M. & Kenney M.J. (1990) Relationships 

between activity of sympathetic nerve pairs: phase and coherence. American 

Journal of Physiology, 259: R549-R560

Kocsis B., Fedina L., Gyimesi-Pelczer K., Ladocsi T. & Pasztor E. (1993)

219



Differential sympathetic reactions during cerebral ischemia in cats: the role of 

desynchronized nerve discharge. Journal of Physiology, 469: 37-50

Kollali M. & Koizumi K. (1977) Differential responses in sympathetic outflow 

evoked by chemoreceptor activation. Brain Research, 138: 159-165

Kollali M. & Koizumi K. (1980) Patterns of single unit activity in sympathetic 

postganglionic nerves. Journal of the Autonomic Nervous System, 1: 305-312

Koepchen H.-P., Klüssendorf D. & Sommer D. (1981) Neurophysiological 

background of central neural cardiovascular-respiratory coordination: Basic 

remarks and experimental approach. Joumal of the Autonomic Nervous 

System, 3: 335-368

Kregal K.C., Wall P.T. & Gisolfi C.V. (1988) Peripheral vascular response to 

hyperthermia in the rat. Journal of Applied Physiology, 64: 2582-2588

Krukoff T.L., CirielloJ. & Calaresu F.R. (1985) Segmental distribution of peptide 

and 5-HT immunoreactivity in nerve terminals and fibres of the thoracolumbar 

sympathetic nuclei of the cat. Journal of Comparative Neurology, 240: 103-116

Kubota A., Ootsuka Y., Xu T & Terui N. (1995) The 10-hz rhythm in the 

sympathetic nerve activity of cats, rats and rabbits. Neuroscience Letters, 196: 

173-176

Kuo D C., Yamasaki O.S. & Krauthamer G.M. (1980) Segemental organisation 

of sympathetic preganglionic neurones of the splanchnic nerve as revealed by 

retrograde transport of horse radish peroxidase. Neuroscience Letters, 17:11-16

Kwong A.D. & Frenkel N. (1989) The herpes simplex virus virion host shutoff 

function. Journal of Virology, 63: 4834-4839

Langley J.N. (1894) The arrangement of the sympathetic nervous system, 

based chiefly on observations upon pilo-motor nerves. Journal of Physiology. 

15: 176-244
220



Langley J.N. (1900) The sympathetic and other related systems of nerves. In 

“Text-book of Physiology”, second edition, edited by E.A. Schafer. Edinburgh: 

and London: Young J Pentland pp 616-696

Lewis D.l. & Coote J.H. (1990) excitation and inhibition of rat preganglionic 

neurones by catecholamines. Brain Research, 530: 229-234

Litchman J.W., Purves D. & Yip J.W. (1979) On the purpose of selective 

innervation of guinea pig superior cervical ganglion cells. Journal of Physiology. 

292: 69-84

Li Y.W., Ding Z.Q., Wesselingh S.E. & Blessing W.W. (1992) Renal and adrenal 

sympathetic preganglionic neurones in rabbit spinal cord: tracing with herpes 

simplex virus. Brain Research, 573: 147-152

Llewellyn-Smith I.J., Phend K.D., Minson J.B., Pilowsky P.M. & Chalmers J.P. 

(1992) Glutamate-immunoreactive synapses on retrogradely-labelled 

sympathetic preganglionic neurons in the rat thoracic spinal cord. Brain 

Research, 581: 67-80

Loewy A.D. (1981) Raphe pallidus and raphe obscurus projections to the 

intermediolateral cell column in the rat. Brain Research, 222: 129-133

Loewy A.D. (1990) Central autonomic pathways. In “Central Regulation of 

Autonomic Functions”, edited by A.D. Loewy and K.M. Spyer. Oxford University 

Press: Oxford pp 88-103

Loewy A.D. (1995) Pseudorabies virus: A transneuronal tracer for 

neuroanatomical studies. In “Viral Vectors: Tools for the analysis and genetic 

manipulation of the nervous system”, edited by M.G. Kaplitt and A.D. Loewy. 

Academic Press Inc: Orlando, pp 349-366

Loewy A.D. & McKellar S. (1981) Serotonergic projections from the ventral

medulla to the intermediolateral cell column in the rat. Brain Research, 211:
221



146-152

Loewy A.D. & Neil J.J. (1981) The role of descending monoaminergic systems 

in the central control of blood pressure. Federation Proceedings, 40: 2778-2785

Loewy A.D. & McKellar S. and Saper C.B. (1979) Direct projections from the A5 

Catecholamine cell group to the intermediolateral cell column. Brain Research, 

174. 309-314

Logan S.D., Pickering A.E., Gibson I.C., Nolan M.F. & Spanswick D. (1996) 

Electronic coupling between rat sympathetic neurones in vitro. Journal of 

Physiology, 495: 491-502

Lovick T.A. (1987) Differential control of cardiac and vasomotor activity by 

neurons in nucleus paragigantocellularis laterials in the cat. Journal of 

Physiology, 389: 23-35

Lovick T.A. (1989a) Cardiovascular responses to 5-HT in the ventrolateral 

medulla of the rat. Journal of the Autonomic Nervous System, 28: 35-41

Lovick T.A. (1989b) Systemic and regional haemodynamic responses to 

microinjection of 5-HT agonists in the rostral ventrolateral medulla in the rat . 

Neuroscience Letters, 107: 157-161

Lovick T.A. & Hilton S.M. (1985) Vasodiator and vasoconstrictor neurones of 

the ventrolateral medulla in the cat. Brain Research, 331: 353-357

Luiten P.G.M., Ter Horst G.J., Karst H. & Steffens A.B. (1985) The course of 

paraventicular hypothalamic efferents to autonomic structures in medulla and 

spinal cord. Brain Research, 329: 374-378

Macefield V.G. & Wallin B.G. (1996) The discharge behaviour of single 

sympathetic neurones supplying human sweat glands. Journal of the Autonomic 

Nervous System, 61: 277-86

222



Magerl W., Koltzenburg .M., Schmitz J.M. & Handwerker H.O. (1996) 

Asymmetry and time-course of cutaneous sympathetic reflex responses 

following sustained excitation of chemosensitive nociceptors in humans. 

Journal of the Autonomic Nervous System, 57: 63-72

Malpas S.C. & Ninomiya I. (1992) The amplitude and periodicity of 

synchronised renal sympathetic nerve discharges in anaesthetised cats: 

differential effect of baroreceptor activity. Journal of the Autonomic Nervous 

System, 40:189-198

Malpas S.C. (1998) The rhythmicity of sympathetic nerve activity. Progress in 

Neurobiology, 56: 65-96

Marson L., Platt K.B & McKenna K.E. (1993) Central nervous system 

innervation of the penis as revealed by the transneuronal transport of 

pseudorabies virus. Neuroscience, 55: 263-280

Marson L. (1997) Identification of central nervous system neurones that 

innervate the bladder body, bladder base or external urethral spinchter of 

female rats: a transneuronal tracing study using pseudorabies virus. Journal of 

Comparative Neuroiogy, 389: 584-602

Massett M.P., Johnson D.G., Kregel K.C. (1996) Cardiovascular and 

sympathoadrenal responses to heat stress following water deprivation in rats. 

American Journal of Physiology, 270: R652-R659

McAllen R.M. (1986) Action and specificity of ventral medullary vasopressor 

neurones in the cat. Neuroscience, 18: 51-59

McAllen R.M. & Dampney R.A.L. (1990) Vasomotor neurones in the rostral 

ventrolateral medulla are organised topographically with respect to type of 

vascular bed but not body region. Neuroscience Letters, 110: 91-96

McAllen R.M. & May C.N. (1994) Differential drives from rostral ventrolateral

medullary neurones to three identified sympathetic outflows. American Journal
223



of Physiology, 267: R935-R944

McAllen R.M. & Malpas S.C. (1997) Sympathetic burst activity: Characteristics 

and significance. Clinical and Experimental Pharmacology and Physiology, 24: 

791-799

McCall R.B. & Clement M.E. (1994) Role of serotonin^^ and serotonin^

receptors in the central regulation of the cardiovascular system. 

Pharmacological Reviews, 46: 231-243

McLachlan E.M. & Oldfield B.J. (1981) Some observations on the 

catecholamine innervation of the intermediate zone of the thoracolumbar spinal 

cord of the cat. Joumal of Comparative Neurology, 200: 529-544

Meckler R.L. & Weaver L.C. (1985) Splenic, renal and cardiac nerve have an 

unequal dependence upon tonic supraspinal inputs. Brain Research, 338: 123- 

135

Michaelis M., Habler H.J., Boczek-Funcke A. & Janig W. (1996) Vesico- 

sympathetic reflexes in cat vasoconstrictor neurones supplying skin and skeletal 

muscle depend on the integrity of the sacral baldder afferents. Neuroscience 

Letters, 219: 99-102

Morrison S.F. & Gebber G.L. (1985) Axonal branching patterns and funicular 

trajectories of raphespinal sympathoinhibitory neurons. Journal of 

Neurophysiology, 53: 759-772

Morrison S.F., Milner T.A. & Reis D.J. (1988) Reticulospinal vasomotor 

neurones of the rat rostrolateral medulla: relationship to sympathetic nerve 

activity and the Cl adrenergic cell group. Joumal of Neuroscience, 8: 1286- 

1301

Nilsson H., Ljung B., Sjoblom N. & Wallin B.G. (1985) The influence of the 

sympathetic impulse pattern on contractile responses of rat mesenteric arteries

224



and veins. Acta Physioiogica Scandinavica, 123: 303-9

Ninomiya I., Irisawa A. & Nisimaru N. (1973) Nonuniformity of sympathetic 

nerve activity to the skin and kidney. American Joumal of Physiology, 224: 256- 

264

Ninomiya I., Akiyama T. & Nishiura N. (1990) Mechanism of cardiac-related 

synchronised cardiac sympathetic nerve activity in awake cats. American 

Journal of Physiology, 259: R499-R506

Ninomiya I., Malpas B.C., Matsukawa K., Shindo T. & Akiyama T. (1993) The 

amplitude of synchronised cardiac sympathetic nerve activity reflects the 

number of activated pre- and postganglionic fibres in anesthetized cats. Journal 

of the Autonomic Nervous System, 45: 139-147

Nordin M. & Fagius J. (1995) Effect of noxious stimulation on sympathetic 

vasoconstrictor outflow to human muscles. Joumal of Physiology, 489: 885-94

Numao Y., Koshiya N., Gilbey M.P. & Spyer K.M. (1987) Central respiratory 

drive-related activity in sympathetic nerves of the rat: the regional differences. 

Neuroscience Letters, 81: 279-284

Oldfield B.J. & McLachlan E.M. (1981) An analysis of the sympathetic 

preganglionic neuron projecting from the upper thoracic spinal roots of the cat. 

Journal of Comparative Neurology, 196: 239-345

Ootsuka Y., Xu T & Terui N. (1995) The spinally mediated 10-hz rhythm in the 

sympathetic nerve activity of cats. Joumal of the Autonomic Nervous System, 

54: 89-103

Oostsuka Y. & Terui N. (1997) Functionally different neurons are organized 

topographically in the rostral ventrolateral medulla of rabbits. Journal of the 

Autonomic Nervous System, 67: 67-78

O’Leary D.S., Johnson J.M. & Taylor W.F. (1985) Mode of neural control
225



mediating rat tail vasodilation during heating. Journal of Applied Physiology, 59: 

1533-1538

Pardini B.J. & Wurster R.D. (1984) Identifiaction of the sympathetic 

preganglionic pathway to the cat stellate ganglion. Journal of the Autonomic 

Nervous System, 11:13-25

Parker T.L., Kesse W.K., Mohamed A.A. & Afework M. (1993) The innervation 

of the mammalian adrenal gland. Joumal of Anatomy, 183: 265-276

Paxinos G. & Watson C. (1986) The Rat Brain in Stereotaxic Coordinates,

Second edition. Academic Press: Sydney

Paxinos G. & Watson 0. (1997) The Rat Brain in Stereotaxic Coordinates,

Compact third edition. Academic Press: Sydney

Petras J.M. & Cummings J.F. (1972) Autonomic neurones in the spinal cord of 

the rhesus monkey: A correlation of the findings of the findings of 

cytoarchitectonies and sympathectomy of fibre degeneration following 

rhizotomy. Journal of Comparative Neurology, 146: 189-218

Petras J.M. & Faden A.I. (1978) The origin of sympathetic preganglionic 

neurones in the dog. Brain Research, 144: 353-357

Pick J. (1970) The Autonomic Nervous System. Lippincott Company: USA pp 3- 

21

Pickering A.E., Spanswick D. & Logan S.D. (1994) 5-Hydroxytryptamine evokes 

depolarizations and membrane potential oscillations in rat sympathetic 

preganglionic neurones. Joumal of Physiology, 480: 109-121

Polosa C., Mannerd A. & Laskey W. (1979) Tonic activity of the autonomic

nervous system: function, properties and origins. In "Integrative Functions of the

Autonomic Nervous System", edited by C.McC. Brooks, K. Koizumi & A. Sato.

University of Tokyo Press & Elsevier/ North-Holland Biomedical Press, Tokyo &
226



Amsterdam, pp 342-354

Preiss G., Kirchner F. & Polosa C. (1975) Patterning of sympathetic 

preganglionic neuron firing by the central respiratory drive. Brain Research, 87: 

363-374

Purves D., Rubin E., Snider W.D. & Lichtman J. (1986) Relation of animal size 

to convergence, divergence and neuronal number in peripheral sympathetic 

pathways. Journal of Neuroscience, 6: 158-163

Pyner S. & Coote J.H. (1994a) A comparison between the adult rat and neonate 

rat of the architetecture of sympathetic preganglionic neurones projecting to the 

superior cervical ganglion, stellate ganglion and adrenal medulla. Journal of the 

Autonomic Nervous System, 48: 153-166

Pyner S. & Coote J.H. (1994b) Evidence that sympathetic preganglionic 

neurones are arranged in target-specific columns in the thoracic spinal cord of 

the rat. Journal of Comparative Neurology, 342: 15-22

Pyner S. & Coote J.H. (1998) Rostroventrolateral medulla neurons preferentailly 

project to target-specified sympathetic preganglionic neurons. Neuroscience, 

83:617-631

Pyner 8. & Coote J.H. (1999) Identification of an efferent projection from the 

paraventricular nucleus of the hypothalamus terminating close to spinally 

projecting rostral ventrolateral medullary neurons. Neuroscience, 88: 949-957

Qu L., Sherebrin R. & Weaver L.C. (1988) Blockade of spinal pathways 

decreases pre- and postganglionic discharge differentially. American Journal of 

Physiology, 255: R946-R951

Raman E.R., Roberts M.F. & Vanhuyse V.J. (1983) Body temperature control of 

rat tail blood flow. American Journal of Physiology, 245: R426-R432

Rand R.P., Burton A C. & Ing T. (1965) The tail of the rat, in temperature
227



regulation and acclimatization. Canadian Journal of Physiology and 

Pharmacology, 43: 257-267

Ranson R.N., Motawei K., Pyner S. & Coote J.H. (1998) The paraventricular 

nucleus of the hypothalamus sends efferents to the spinal cord of the rat that 

closely appose sympathetic preganglionic neurones projecting to the stellate 

ganglion. Experimental Brain Research, 120; 164-172

Redgrave P., Simkins M., McHaffle J.G. & Stein B.E. (1996) Nociceptive 

neurones in rat superior colliculus II: effects of lesions to the contralateral 

descending output pathway on nocifensive behaviours. Experimental brain 

Research, 109: 197-208

Rethelyi M. (1972) Cell and neuropil architecture of the intermediolateral 

(sympathetic) nucelus of the cat spinal cord. Brain Research, 46: 203-213

Richter D.W. & Spyer K.M.S. (1990) Cardiorespiratory control In:” Central 

Regulation of Autonomic Functions”, edited by A.D. Loewy and K.M. Spyer. 

New York: Oxford University Press, pp 349-366

Riedel W., Iriki M. & Simon E. (1972) Regional differentiation of sympathetic 

activity during peripheral heating and cooling in anaesthetised rabbits. Pflügers 

Archives, 332: 239-247

Riedel W., Kozawa E. & Iriki M. (1982) Renal and cutaneous vasomotor and 

respiratory rate adjustments to peripheral cold and warm stimuli and bacterial 

endotoxin in conscious rabbits. Joumal of the Autonomic Nervous System, 5: 

177-194

Rinaman L., Card J.P. & Enquist L.W. (1993) Spatiotemporal responses of 

astrocytes, ramified microglia and brain macrophages to central neuronal 

infection with psuedorabies virus. Joumal of Neuroscience, 13(2): 685-702

Rogenes P R. (1982) Single-unit and multiunit analyses of renorenal reflexes

elicited by stimulation of renal chemoreceptors in the rat. Joumal of the
228



Autonomie Nervous System, 6:143-56

Rosenburg J R., Amjad A.M., Breeze P., Brillinger D R. & Halliday D M. (1989) 

The fourier approach to the identification of functional coupling between neural 

spike trains. Progess in Biophysics and Molecular Biology, 53: 1-31

Ross C.A., Ruggiero D.A., Job T.H., Park D.H. & Reis D.J. (1983) Adrenaline 

synthesizing neurons in the rostral ventrolateral medulla: a possible role in tonic 

vasomotor control. Brain Research, 273: 356-361

Ross C.A., Ruggiero D.A., Joh T.H., Park D.H. & Reis D.J. (1984) Rostral 

ventrolateral medulla: selective projections to the thoracic autonomic cell 

column from the region containing Cl arenaline neurons. Jomal of 

Comparative Neurology, 228: 168-185

Rotto-Percelay D M., Wheeler J.G., Osorio F.A., Platt K.B. & Loewy A.D. (1992) 

transneuronal labelling of spinal interneurones and sympathetic preganglionic 

neurones after pseudorabies virus injections into the rat medial gastrocnemius 

muscle. Brain Research, 574: 291-306

Rubin E. & Purves D. (1980) Segmental organisation of sympathetic 

preganglionic neurones in the mammalian spinal cord. Journal of Comparative 

Neurology, 192: 73-83

Ruda M. & Coulter J.D. (1982) Axonal and transneuronal transport of wheat 

germ aggultinin demonstrated by immunohistochemistry. Brain Research, 574: 

291-306

Sabin A.B. (1938) Progression of different nasally instilled viruses along 

different nervous pathways in the same host. Proc. Soc. Exp. Biol. Med. 38: 

270-275

Sams J.M., Jansen A.S.P., Mettenleiter T.C. & Loewy A.D. (1995) 

Pseudorabies virus mutants as transneuronal markers. Brain Research, 687:

182-190
229



Saper C.B., Loewy A.D., Swanson L.W. & Coman W.M. (1976) Direct 

hypothalamo-autonomic connections. Brain Research, 117: 305-312

Sato A. & Schmidt R.F. (1973) Somatosympathetic reflexes: Afferent fibres, 

central pathways, discharge characteristics. Physiological Reviews, 53: 916-947

Sawechenko P.E. & Swanson L.W. (1982) Immunohistochemical identification 

of neurons in the paraventricular nucleus of the hypothalamus that project to the 

medulla or to the spinal cord in the rat. Joumal of Comparative Neurology, 205:

260-272

Selldén H., Delle M., Sjovall H. & Ricksten S.-E. (1987) Reflex changes in 

sympathetic nerve activity during mechanical ventilation with PEEP in sinoaortic 

denervated rats. Acta Physiologica Scandinavica, 130: 15-24

Seller H. (1996) Carl Ludwig and the localization of the medullary vasomotor 

centre: old and new concepts of the generation of vasomotor tone. European 

Journal of Physiology, 432: R94-R98

Schramm L.P. (1986) Spinal factors in sympathetic regulation. In “Central and 

Peripheral Mechanisms of Cardiovascular Regulation”, edited by A. Mafro, W. 

Osswald, D. Reis and P. Vanhoutte, Plenum: New York, pp 303-352

Schramm L.P. & Livingstone (1987) Inhibition of renal nerve sympathetic activity 

by spinal stimulation in rat. American Journal of Physiology, 252: R514-R525

Schramm L.P., Strack A.M., Platt K.B. & Loewy A.D. (1993) Peripheral and 

central pathways regulating the kidney: a study using pseudorabies virus. Brain 

Research, 616: 251-262

Sheetah D. (1936) The discovery of the autonomic nervous system. Archives of 

Neurology and Psychiatry, 35: 1081-1115

Shen E., Wu S.Y. & Dun N.J. (1994) Spontaneous and transmitter-induced
230



rhythmic activity in neonatal rat sympathetic preganglionic neurones in vitro. 

Journal of Neurophysiology, 71(3): 1197-1205

Simon E. & Riedel W. (1975) Diversity of regional sympathetic outflow in 

integrative cardiovascular control: patterns and mechanisms. Brain Research, 

87: 323-333

Sittiracha T., McLachlan E.M. & Bell C. (1987) The innervation of the caudal 

artery of the rat. Neuroscience, 21: 647-659

Sjoblom-Widfelt N., Gustafsson H. & Nilsson H (1990) Transmitter 

characteristics of small mesenteric arteries from the rat. Acta Physiologica 

Scandinavica, 138: 203-212

Skok V I. (1980) Ganglionic transmission: Morphology and Physiology. In 

“Pharmacology of ganglionic transmission”, edited by D.A. Kharkerich. Springer 

Berlin Heidleberg: New York pp

Skok V I. & Ivanov A Y. (1983) What is the ongoing activity of sympathetic 

neurons? Journal of the Autonomic Nervous System, 7: 263-270

Sneddon P. & Burnstock G. (1984) ATP as a co-transmitter in rat tail artery. 

European Journal of Physiology, 106: 149-152

Spanswick D. & Logan S.D. (1990) Spontaneous rhythmic activity in the 

intermediolateral cell nucleus of the neonate rat thoracolumbar spinal cord in 

vitro. Neuroscience, 39: 395-403

Spiers D.E., Barney C.C. & Fregly M.J. (1981) Thermoregulatory responses of 

tailed and tailless rats to isoproterenol. Canadian Journal of Physiology and 

Pharmacology, 59: 847-852

Spyer K.M. (1996) Central nervous integration of cardiorespiratory control. In 

“Comprehensive Human Physiology, Volume 2”, edited by R. Greger and U. 

Windhorst. Springer-Verlag Berlin Heidelberg, pp 2129-2144
231



strack A.M. & Loewy A.D. (1990) Pseudorabies virus: a highly specific 

transneuronal cell body marker in the sympathetic nervous system. Journal of 

Neuroscience, 10(7): 2139-2147

Strack A.M., Sawyer W.B., Marubio L.M. & Loewy A.D. (1988) Spinal origin of 

sympathetic preganglionic neurones in the rat. Brain Research, 455: 187-191

Strack A.M., Sawyer W.B., Platt K.B. & Loewy A.D. (1989a) CNS cell groups 

regulating the sympathetic outflow to adrenal gland as revealed by 

transneuronal cell body labelling with pseudorabies virus. Brain Research, 491: 

274-295

Strack A.M., Sawyer W.B., Hughes J.H., Platt K.B. & Loewy A.D. (1989b) A 

general pattern of CNS innervation of the sympathetic outflow demonstrated by 

transneuronal pseudorabies viral infections. Brain Research, 491: 156-162

Sundlof G. & Wallin B.G. (1977) The variability of muscle sympathetic activity in 

resting recumbent man. Journal of Physiology, 272: 383-397

Swanson L.W. & Kuypers H.G.J.M. (1980) The paraventricular nucleus of the 

hypothalamus: cytoarchitectonie subdivisions and organization of projections to 

the pituitary, dorsal vagal complex, and spinal cord as demonstrated by 

retrograde fluorescence double-labelling methods. Joumal of Comparative 

Neurology, 194: 555-570

Swanson L.W. & McKellar S. (1979) The distribution of oxytocin and 

neurophysin stained fibres in the spinal cord of the rat and monkey. Joumal of 

Comparative Neurology, 188: 87-106

Szulczyk A. & Szulczyk P. (1987) Spinal segment preganglionic outflow to 

cervical sympathetic trunk and postganglionic cardiac sympathetic nerves. Brian 

Research, 421: 127-134

Taylor D.G. & Gebber G.L. (1975) Baroreceptor mechanisms controlling
232



sympathetic nervous rhythms of central origin. American Journal of Physiology, 

228: 1002-1013

Taylor R.F. & Schramm L.P. (1987) Differential effects of spinal transection on 

sympathetic nerve activities in rats. American Joumal of Physiology, 253: R611- 

R618

Taylor R.B. & Weaver L.C. (1992) Spinal stimulation to locate preganglionic 

neurons controlling the kidney, spleen or intestine. American Joumal of 

Physiology, 263: R1026-R1033

Ter Horst G.J. Hautvast R.W.M, Jonste M.J.L. & Korf J. (1996) Neuroanatomy 

of cardiac activity- regulating circuitry: a transneuronal retrograde viral labelling 

study in the rat. European Journal of Neuroscience, 8:2029-2041

Todd M.E. (1980) Development of adrenergic innervation in rat peripheral 

vessels: A fluorescence microscope study. Joumal of Anatomy, 131: 121-133

Thompson G.E. & Stevenson J.A.F. (1965) The temperature response of the 

male rat to treadmill exercise and the effect of anterior hypothalamic lesions. 

Canadian Journal of Physiology and Pharmacology, 43: 279-287

Thorington R.W. (1966) The biology of rodent tails. A study of form and 

function. Report of Project 823, Document number AAL-TR-65-8 from Arctic 

Aeromedical Laboratory Fort Wainwright, Alaska.

Trzebski A. & Baradziej S. (1992) Role of the rostral ventrolateral medulla in the 

generation of synchronised sympathetic rhythmicities in the rat. Journal of the 

Autonomic Nervous System, 41: 129-140rxchbgg

Tucker D C. & Saper C.B. (1985) Specificity of spinal projections from 

hypothalamic and brainstem areas which innervate sympathetic preganglionic 

neurones. Brain Research, 360: 159-164

Ugolini G., Kuypers H.G.J.M. & Simmons A. (1987) Retrograde transneuronal
233



transfer of herpes simplex virus type 1 (HSV-1) from motoneurones. Brain 

Research, 422: 242-256

Ugolini G., Kuypers H.G.J.M. & Strick P.L. (1989) Transneuronal transfer of 

herpes virus from peripheral nerves to cortex and brainstem. Science, 243: 89- 

91

Van Brockstaele E.J., Pieribone V.A. & Aston-Jones G. (1989) Diverse afferent 

converge on the nucleus paragigantocellularis in the rat ventrolateral medulla: 

Retrograde and anterograde studies. Journal of Comparative Neurology, 290: 

561-584

Vallbo A. B., Hagbarth K.E., Torebjork H E. & Wallin B.G. (1979) Somato

sensory, propriceptic and symapthetic activity in human peripheral nerves. 

Physiological Reviews, 59: 919-957

Valhne A., Svennerholme B., Sandberg M., Hamberger A & Lycke E. (1978) 

Attachment of herpes simplex virus to neurons and glial cells. Journal of 

General Virology, 40: 359-371

Victor R.G., Secher N.H., Lyson T & Mitchell J.H. (1995) Central commend 

increases muscle sympathetic nerve activity during intense intermittent 

isometric exercise in humans. Circulation Research, 76: 127-131

Vissing S.F. (1997) Differential activation of sympathetic discharge to skin and 

skeletal muscle of humans. Acta Physiologica Scandinavica, 639

(Supplementum), 1-32

Wallin B.G. & Fagius J. (1986) The sympathetic nervous system in man - 

aspects derived from microelectrode recordings. Trends in Neuroscience, 9: 63- 

67

Wallin B.G., Delius W. & Hagbarth K.-E. (1973) Comparison of sympathetic 

activity in normotensive and hypertensive subjects. Circulation Research, 33:9- 

21
234



Weaver L.C. (1985) Organization of sympathetic responses to distension of 

urinary bladder. American Journal of Physiology, 248: R236-R240

Weaver L.C. & Polosa C. (1997) Spinal cord circuits providing control of 

sympathetic preganglionic neurones. In “Central Nervous Control of Autonomic 

Function” edited by D. Jordan, UK: HanA/ood Academic Publishers, pp 29-61

Wesselingh S.L., Li Y.W. & Blessing W.W. (1989) PNMT-containing neurons in 

the rostral medulla oblongata (Cl, C3 groups) are transneuronally labelled after 

injection of herpes simplex virus type 1 into the adrenal gland. Neuroscience 

Letters, 106: 99-104

Wu Y., Jiji L.M., Lemons D.E. & Weinbaum S. (1995) A non-uniform three- 

dimensional perfusion model of rat tail heat transfer. Phys. Med. Biol. 40: 789- 

806

Yard ley C.P & Hilton S.M. (1987) Vasodilalation in hind limb skeletal muscle 

evoked as part of the defence reaction in the rat. Journal of the Autonomic 

Nervous System, 19: 127-136

Yardley C.P. Stein R.D. & Weaver L.C. (1989) Tonic influences from the rostral 

medulla affect sympathetic nerves differentially. American Journal of 

Physiology, 256: R323-R331

Young A.A. & Dawson N.J. (1982) Evidence for on-off control of heat dissipation 

from the tail of the rat. Canadian Journal of Physiology, 60: 392-398

Yu J., Roberts A.M. & Joshua I.G. (1990) Lung inflation evokes reflex dilation of 

microvessels in rat skeletal muscle. American Journal of Physiology, 258: 

H939-H945

Yusof A.P.M. & Coote J.H. (1988a) Patterns of activity in sympathetic

postganglionic nerves of skeletal muscle, skin and kidney during stimulation of

the medullary raphe area of the rat. Journal of the Autonomic Nervous System,
235



24: 71-79

Yusof A.P.M. & Coote J.H. (1988b) A comparison of the effects of intrathecally 

administered 5-hydroxytryptamine and thyrotropin-releasing hormone on renal 

and muscle sympathetic nerve activity. Journal of the Autonomic Nervous 

System, 23: 181-187

Zagon A. & Smith A.D. (1993) Monosynaptic projections from the rostral 

ventrolateral medulla-oblongata to identified sympathetic preganglionic 

neurones. Neuroscience, 54: 729-743

Zeigler M.T. (1988) Anatomical relationship between the lower thoracolumbar 

sympathetic chain and the spinal cord of the rat, MSc. Thesis, John Hopkins 

University, MD, USA

Zhong S., Zhou S.-Y. Gebber G.L. & Barman S.M. (1997) Coupled oscillators 

account for the slow rhythms in sympathetic nerve discharges and phrenic 

nerve activity. American Journal of Physiology, 272: R1314-R1324

Zhou S.-Y. & Gilbey M.F. (1992) Respiratory-related activity of lower thoracic 

and upper lumbar sympathetic preganglionic neurones in the rat. Joumal of 

Physiology, 451: 631-642

236



The Journal of Neuroscience, April 15, 1999, 79(8):3183-3197

Sympathetic Neuronal Oscillators are Capable of 
Dynamic Synchronization

Hong-Shiu Chang, Kevin Stares, Julia E. Smith, and Michael P. Gilbey
Autonomic Neuroscience Institute, Department o f Physiology, Royal Free and University College Medical School, 
University College London, London NW3 2PF, United Kingdom

In this paper we show that the discharges of sympathetic 
neurons innervating an identified peripheral target are driven by 
multiple oscillators that undergo dynamic synchronization when 
an entraining force, central respiratory drive (CRD), is in
creased. Activity was recorded from postganglionic sympa
thetic neurons (PGNs) innervating the caudal ventral artery of 
the rat tail; (1) at the population level from the ventral collector 
nerve (VON); and (2) from pairs of single PGNs recorded simul
taneously using a focal recording technique. Autospectral anal
ysis of VON activity revealed a more prominent rhythmical 
component in the presence of CRD than in its absence, sug
gesting that (1) multiple oscillators drive the discharges of 
PGNs and (2) these oscillators can be entrained and therefore 
synchronized by CRD. This interpretation was supported by 
analysis of the firing behavior of PGN pairs. Autocorrelation and

cross-correlation analysis showed that pairs were not synchro
nized in the absence of CRD but showed significant synchro
nization when CRD was enhanced. Time-evolving spectral 
analysis and raster plots demonstrated that the temporal sta
bility of PG N -to-PG N  and C R D -to-PG N  interactions at a given 
level of CRD were also dynamic in nature, with stable constant 
phase relationships predominating as CRD was increased. This 
is the first reported example of dynamic synchronization in 
populations of single postganglionic sympathetic neurons, and 
we suggest that, as in sensory processing and motor control, 
temporal pattern coding may also be an important feature of 
neuronal discharges in sympathetic pathways.

Key words: postganglionic sympathetic neuron; central respi
ratory drive; neural oscillator; synchronization; entrainment; 
blood vessel; in vivo; Sprague Dawley rat

Recent evidence indicates that the nervous system may use tran
sient periods of synchronization as an information-encoding 
mechanism (for review, see Fetz, 1997; Farmer, 1998). This poses 
questions about the functional importance of synchrony and the 
nature of the underlying neuronal circuitry. Although this phe
nomenon has been studied in the CNS, partieularly with regard to 
sensory processing and skeletal muscle motor eontrol (Farmer, 
1998), synehronous firing has not been examined in a functionally 
defined sympathetic pathway where it is likely to have important 
implications for neuroeffector transmission and consequently the 
end organ response (Sneddon and Burnstock, 1984; Sjoblom- 
W idfelt et al., 1990; see also, M eAllen and Malpas, 1997). In this 
paper, using an application of a focal recording technique devel
oped in this laboratory, we test the idea that synchronous neuro
nal firing is a feature of postganglionic sympathetic neurons 
(PGNs) innervating an identified blood vessel [the caudal ventral 
artery (C V A ) of the rat tail].

O ur previous work revealed that C V A  PGN activity exhibits a 
dominant rhythm (frequency range, 0 .4-1 .2  Hz): this was given 
the generic term, T-rhythm (Johnson and Gilbey, 1996). It was 
observed that the frequency of the T-rhythm  could be the same or 
different from that of the C R D . Importantly, when C R D  was 
absent, the T-rhythm persisted, indicating that it could be gener-
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atcd by autonomous oscillator or oscillators (defined here as an 
entity or entities with periodic activity) that could be entrained by 
C R D . This raises important questions about whether the dis
charges of PGNs are driven by single oscillator obligatorily cou
pled oscillators or multiple independent oscillators and whether 
these discharges can be synchronized through entrainment by 
C R D . The oscillator substrate might be the PGNs themselves or 
antecedent neuronal oscillators and/or oscillating neural net
works (for review, see Selverston and Moulins, 1985; M arder and 
Calabrese, 1996). In this study, by recording both population and 
single PGN activity, we sought to discriminate between a single/ 
obligatorily coupled versus multiple oscillator model of T-rhythm  
generation and investigated the temporal relationship of PGN to 
PGN and C R D  to PG N activity.

Population activity was recorded from the ventral collector 
nerve (V C N ), which contains -8 0 %  of the PGN axons that 
innervate the C V A  (Sittiracha et al., 1987). The absence of a 
rhythmical component would be consistent with the idea that the 
discharges of PGNs are driven by separate oscillators with little or 
no global synchronization. W e also recorded from pairs of PGNs 
using the focal recording technique, which enabled the findings of 
the whole-nerve analysis to be tested at the level of “target 
identified” PGNs. In both whole-nerve and paired recordings we 
manipulated C R D  to investigate whether dynamic synchroniza
tion of rhythmical PG N activity can occur through entrainment.

The findings of this study demonstrate that the rhythmical 
discharges of PGNs innervating a blood vessel can arise from 
multiple oscillators that can be entrained by a periodic neural 
activity, C R D . These results show for the first time that like, for 
example, cortical neurons in the CNS, rhythmical discharges of 
PGNs are capable of dynamic synchronization. In the same way
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that temporal coding in the CNS is thought to be important in 

sensory processing and skeletal muscle motor control, we suggest 
that dynamic synchronization of PG N activity may have signifi
cant functional implications for sympathetic cardiovascular 
control.

Part of this work has been published previously as abstracts 

(Chang and Gilbey, 1998; Chang et al., 1998a,b).

MATERIALS AND METHODS
General preparation and maintenance
Experiments were conducted on 33 male Sprague Dawley rats (255-355 
gm) anesthetized initially with sodium pentobarbitone (60 mg/kg, i.p.) 
supplemented with a-chloralose (5-10 mg, i.v.) when required. Anes
thetic level was monitored, and an appropriate depth was indicated by the 
stability of blood pressure and phrenic nerve (PN) activity and the 
absence of both corneal and paw-pinch withdrawal reflexes. The femoral 
artery and vein were cannulated for recording blood pressure and infus
ing drugs, respectively. The trachea was cannulated. The oesophageal 
temperature was monitored and maintained at 36.5-37°C using a heating 
blanket (and/or a lamp). The urinary bladder was cannulated to ensure 
an unobstructed urine flow. Figure 1 summarizes the main surgical 
procedures performed.

In experiments in which rats were artihcially ventilated [n = 25), 
vagotomies and pneumothoracotomies were performed (Fig. 1), and an 
end-expiratory pressure (2-3 cm FIjO) was applied to prevent atelectasis. 
During periods of data collection, animals were paralyzed (gallamine 
triethiodide, 15 mg • kg“ ' • h r" ’), and the depth of anesthesia was as
sessed by monitoring the stability of the blood pressure and phrenic 
discharges. Blood gas samples were taken immediately before data were 
collected. In experiments performed on spontaneously breathing rats 
{n = 8), the vagi were left intact, and the animals were supplied contin
uously with O^-enriched room air.

In all animals, peak expiratory C O j was monitored in every breath 
using a CO 2 meter (model FM I; The Analytical Development Compa
ny). Arterial blood gases were sampled regularly (0.5-1 hr) using a blood 
gas analyzer (model M238; Ciba-Corning Ltd.), and if necessary sodium 
bicarbonate (1 m) was given to counter metabolic acidosis. PN activity 
was recorded routinely in all preparations, and the inspiratory-related 
activity was taken as an indication of CRD (Johnson and Gilbey, 1994, 
1996).

Recording from the VCN
The VCNs are mixed nerves that contain both sympathetic and somatic 
sensory-motor axons. The central connection of somatic motor efferents 
projecting through the VCNs were interrupted by cutting the cauda 
equina at the L5 level, thereby leaving only sympathetie efferents intact 
(Sittiracha et al., 1987; Smith and Gilbey, 1998a; Smith et al., 1998). A  
VCN was then exposed, cut, and desheathed. Monophasic activity was 
recorded differentially by placing the central and peripheral nerve ends 
on bipolar platinum electrodes in a paraffin oil-filled bath (Fig. 1). The 
peripheral nerve end was crushed. In ten experiments, the sympathetic 
nature of VC N  activity was confirmed by the abolition of ongoing nerve 
activity after intravenous injection of the ganglionic blocker chlorison- 
damine (3 mg/kg).

Focal recording o f the activity o f PGNs
Glass microelectrodes (internal diameter of the tip, 20-100 p,m), filled 
with Krebs’ solution, were placed on the surface of the CVA, and gentle 
suction was applied to “seal” the tip (Johnson and Gilbey, 1994, 1996). 
The discharges of two PGNs were either recorded simultaneously 
through two independent electrodes or discriminated from multiunit 
activity recorded through one electrode. Previous studies have confirmed 
that all units recorded from the surface of the CVA are sympathetic in 
nature with characteristic discharge patterns (Johnson and Gilbey, 1994, 
1996). Activity from single PGNs was identified by a consistent spike 
waveform and amplitude. In each experiment in which paired recordings 
were made, we were careful to establish that the latency between the 
firing of the two PGNs was not constant, because this would be evidence 
that both recordings arose from the same PGN (either its axon or 
branches). Although constant latency firing was occasionally seen in 
single-patch recordings between pairs of “PGNs” (and these were there
fore discarded), the latency between PGNs recorded from separate 
electrodes (physical separation, 2.5-5.5 cm) was always variable.
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Figure 1. The experimental preparation and signal processing proce
dures used for recording neural activities. The femoral artery/vein, tra
chea, and urinary bladder of the rats were cannulated. A pneumothora
cotomy was performed, and the vagi were cut (not shown) in the 
experiments in which animals were ventilated artificially. Whole-nerve 
activity of PN was recorded from the neck. Activity was recorded from the 
VCN in the tail by cutting the nerve and placing the cut ends on bipolar 
electrodes (top insert). The cauda equina was transected in the VCN  
whole-nerve experiments (not shown). It should be noted there is one 
VCN on either side of the tail, but only the right one is shown here for 
simplicity. Single PGN activity was recorded from the surface of the CVA  
through a focal suction glass microelectrode (bottom insert). Two focal 
electrodes were used simultaneously in most experiments in which two 
PGNs were recorded, but only one is shown here for simplicity. For PN 
and VCN activity, the raw activity was filtered, rectified, and smoothed, 
and spectral analysis was performed on this smoothed data. TTL  pulses 
representing the rising (inspiratory) phase of PN activity were generated 
from the smoothed data using a low-frequency threshold trigger interface. 
For PGN activity, the raw signal was filtered and passed through a window 
preset in a spike processor to generate TTL  pulses. For further details, 
see Materials and Methods.

Data collection
All neuronal activity was recorded using high impedance headstages 
(model NLIOO; Neurolog, Digitimer Ltd), amplified (model NL1Ü4; 
Neurolog) and filtered (bandpass 300-1 kHz; model NL125; Neurolog). 
PN activity and VCN activity were rectified and smoothed (Fig. 1) with 
a “leaky integrator” (time constant: PN, 0.1 or 0.2 sec; VCN, 0.1 sec; 
model NL703, Neurolog). Sueh narrow-band filtering followed by recti
fication and smoothing (or integration) is a well established procedure 
for generating an envelope of the activity (for examples, see Haselton 
and Guyenet, 1989; Czyzyk-Krzeska and Trzebski, 1990). One of the 
main advantages is that it removes movement-related artifacts that fre
quently appear as slow wave activity (Kenney and Fedde, 1994). How
ever, the filtering causes little attenuation of individual action potentials 
because the instantaneous frequency of single fiber activity is higher than 
the high-pass cutoff value (see Fig. 7Ai, A ii,A iii ). All data were stored on 
tape using a video recorder (model V-404B; Toshiba) for off-line analy
sis. In addition, the blood pressure, tracheal pressure, smoothed phrenic 
and VCN activity, and single PGN activity were converted into digital 
signals via an analog-to-digital converter interface (model 1401, Cam
bridge Electronic Design; sampling frequency: 13.3 kHz for PGN activ
ity; 100 Hz for VCN and PN activity) and sent to a eomputer for analysis.
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Figure 2. Physiological parameters under different experimental conditions. Conditions: AVA, AVC, AVE, SBC, and SBE. A, Whole-nerve experi
ments./I E4, n = 8; AVC, n =  U \A V E , n = 8\ and SBC, n = 3 .8 , Single PGN experiments./IPX, n = 6-, AVC, n =  \3',AVE, n =  6; SBC, /j = 6; SBE, 
n = A. Ai, Bi, MAP.X/7, Bii, pU .A iii, Biii, PaCOz./lm, Biv, PaOz. Data are presented as mean ±  SD. Statistical differences between the three subgroups 
of artificially ventilated animals were assessed using ANOVA followed by Bonferroni multiple comparison tests. A Student’s t test was used to test the 
difference between the two subgroups in spontaneously breathing animals. Parameters that are significantly different from control conditions are 
indicated by an asterisk {*p <  0.05).

A spike processor (model D130; Digitiser) and an interface (model 
NL515; Neurolog) were used to generate transistor-to-transistor logic 
(TTL) pulses from single PGN action potentials and the rising phase of 
rhythmical (inspiratory) PN activity, respectively (Fig. 1). These TTL  
pulses were also sent to the computer and used to generate autocorre- 
lograms, cross-correlograms, and correlation raster plots of PGNs and 
PN activity (SPIKE2, Cambridge Electronic Design; M A TLA B , 
MathsWorks).

Whole-nerve analysis
Spectral analysis o f VCN and PN activity. The presence of rhythmical 
components in VCN and PN activity and the degree of correlation 
between them were assessed using spectral analysis. A 480 sec data set of 
integrated nerve activity was sampled at 100 Hz and divided into 45 
half-overlapped subsections with 2048 data points in each. The linear 
trend was removed in each subsection. The autospectrum and cross
spectrum averaged from these subsections were calculated according to 
the Welch Method (size of fast Fourier transformation, 2048) (Bendat 
and Piersol, 1986). The autospectrum, plotted as relative power density 
(RPD) against harmonic frequencies, was only displayed between 0 and 
5 Hz because the power at frequencies above this level was negligible. 
The coherence spectrum was used to investigate the linear correlation 
between PN and VCN activity at different frequencies. The squared 
coherence coefficient (abbreviated as coherence) at each harmonic fre
quency was estimated by normalizing the cross-spectrum between the PN 
and VCN activity (Bendat and Piersol, 1986).

Assessing temporal changes in VCN activity. Time-evolving autospectra 
were generated to examine temporal changes in VCN and PN activity. A 
480 sec data set was divided into twelve 40 sec segments, and spectral 
analysis was performed on each. The magnitude of the RPD for each

segment was then coded using a 64-grade gray scale. The time-evolving 
spectrum was plotted as harmonic frequency against time history. 
Changes in the gray scale represent the change of the RPD across both 
the recording time and frequency range. To quantify the dynamic change 
of the RPD, the time evolving autospectrum was normalized by its 
maximal value, and the sum of RPD variance of all the frequencies across 
the twelve 40 sec segments was taken as a measure of the stability of 
VCN activity.

Single-unit analysis
T-rhythm frequency determination. For event series composed of PGN or 
PN occurrences, the event-triggered cumulative histograms, correlo- 
grams, were used to assess the correlation of occurrences between neural 
activities (Perkel et al., 1967a,b). For autocorrelograms the histograms 
are self-triggered, and for cross-correlograms the trigger events and the 
dependent events come from different event series. Series of 300 sec data 
sets of neuronal activity were used to generate autocorrelograms and 
cross-correlograms. The 5 sec post-trigger period in the autocorrelogram 
was inspected visually to establish the presence of a dominant rhythmic- 
ity. The exact frequency was determined from the spectrum of the 
envelope of the autocorrelogram across the 300 sec post-trigger interval 
as follows: the envelope of the autocorrelogram (bin width, 0.05 sec; 
duration, 300 sec) was first smoothed using a moving average method 
[weight factor, (0.15, 0.2, 0.3, 0.2, 0.15)]. The gain of the frequency 
response function of this moving average process was monotonically 
decreased, and there was no net phase shift in the frequency range in 
which we were primarily interested (0-5 Hz). Consequently, the rhyth
mical components in the envelope are not artifacts arising from the 
smoothing process (“Slutsky effect”, see Koopmans, 1995). The 
smoothed envelope of the autocorrelogram was subjected to spectral
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analysis using a similar method to that described for V C N  and PN 
activity (sampling rate, 20 Hz; fast Fourier transformation size, 1024). 
Because the bin width of the discrete spectrum is 0.02 Hz, the frequen
cies of two PGN T-rhythms were considered to be the same if the 
difference between them was <0.02 Hz.

Evaluation o f  synchronization between two PGNs (represented by 
PGN-^PGN). By definition, synchronization is a state of constant phase 
difference between two activities (Winfree, 1980). I f  the phase difference 
between two rhythmical activities, such as PGNs, is constant, a periodic 
pattern will appear on their cross-correlogram. Thus, in this study, the 
state of PGN->PGN synchronization, termed rhythmical synchroniza
tion, is assessed by the cross-correlogram (divided into 200 bins, bin- 
width, 0.05 sec). To quantify the degree of synchronization, the spectrum 
of the envelope of the cross-correlogram was generated using a method 
analogous to that described for autocorrelogram spectral analysis. The 
RPD of the dominant peak shown on the envelope spectrum was taken 
and used as a measure of synchronization. As a gauge of the significance 
of the rhythmicity in each cross-correlogram, we calculated a 95% 
confidence interval, based on a novel analysis method described below.

The confidence interval is calculated for a single peritrigger bin. When 
there are N  triggers, the random variable, (/ =  1 ,2 ...  V  and) = 1,2,... 
200) represents the number of dependent events in the ;th peritrigger bin 
after the ith trigger. In total, there are 200 random variables. The null 
hypothesis for the statistical inference is: all theZy random variables are 
independent and identically distributed with finite variance. The random 
variable, 7; =  S Zy ( j  =  1 . . .  N ), represents the number of events in the 
ith bin in the cross-correlogram. If  V  >  30, the distribution of 7j is 
approximately normal according to the central limit theorem (Papoulis, 
1991). The parameters to be estimated are the expectation and the 
variance of E (y j = E ( I Zy) = I  % )  ()  = 1... Af). Var(7j) = 
Var(S Z y ) = 2  Var(Zy) ( /  =  1 .. .  N ). The estimators of E(Zy) and 
Var(Zy) are the unbiased sample mean, m„, and variance, 5 calculated 
from the empirical data (200 * N  samples, %y, i =  1, 2,. . . N ; j  =  1 ,2,... 
200). The 95% confidence interval for 7; is [-1 .96 * [ N *  a \)^ ^  +  N  * 
m^, 1.96 * ( N *  s \y ^ ^  + N *  m j. This confidence interval is applied to 
all the 7;S because the distributions of the 7[ (i =  1 ... 200) are identical 
under the null hypothesis. It should be noted that it is possible for the 
event number in several bins (5% of 200) to exceed the 95% confidence 
interval by chance. In this study we were concerned primarily with the 
rhythmical T-rhythm oscillator or oscillators, and we define significant 
synchronization between two neural activities as the existence of rhyth
micity in the envelope of the cross-correlogram in which the peaks and/or 
troughs exceed the 95% confidence interval.

Assessing temporal changes in synchronization. PGN-»PGN correlation 
raster plots were used to elucidate dynamic temporal changes in synchro
nization between PGNs. The raster plot, as with the cross-correlogram, 
shows the temporal relationship between the triggers and dependent 
activity, but differs because the peritrigger event series are plotted 
against each trigger. To quantify the stability of the phase relation 
between two PGNs, the raster plot was divided into small quadrats (0.1 
sec X 10 trigger events), and the number of events in each (the event 
density) was counted. The event density was normalized by the maximal 
event density in all the quadrats. The sum of the normalized event 
density variance at each peritrigger time across the trigger occurrences 
represents the inhomogeneous phase change across time (termed density 
variance). I f  the phase difference remains relatively constant across time, 
a dense vertical striation will be present on the raster plot against a 
low-density background. The RPD of the cross-correlogram envelope 
(spectral density) provides a measure of the density of the rhythmical 
vertical striation. The parameter, density variance/spectral density, 
termed the phase variation factor, is a measure of the level of unstable 
rhythmicity plus the degree of variation of phase difference across time 
and was taken to assess the stability of rhythmical synchronization 
between two PGNs.

Experiment protocol
Manipulating CRD. Activity of the PGNs innervating the C VA  was 
recorded under three conditions, absence of CRD, control, and enhanced 
CRD. The control condition was achieved by maintaining the blood gas 
parameters within a normal physiological range (see Results). The ab
sence of CRD (apnea) was induced either by raising the oxygen concen
tration (60-90%) of the inflow and/or by hyperventilation hypocapnia. 
CRD was enhanced by raising inspired COg to 5% and inducing a 
hypercapnie state (St-John and Bianchi, 1985).

Whole-nerve experiments. V C N  activity was recorded from sixteen

animals. Thirteen of these were ventilated artificially, and the other three 
breathed spontaneously. In each experiment, nerve activity was recorded 
initially in control conditions. O f the thirteen artificially ventilated rats, 
eight animals were tested under enhanced CRD conditions and eight in 
the absence of CRD. Six of the thirteen animals were tested in all three 
conditions.

Single PGN experiments. Action potentials of single PGNs were re
corded from seventeen animals. Twelve of these were ventilated artifi
cially, and the remainder breathed spontaneously. At least one pair of 
PGNs was recorded in each animal during control conditions. Six artifi
cially ventilated and four spontaneously breathing subjects were tested 
under enhanced CRD conditions. Neuronal activity was also recorded in 
six artificially ventilated rats in the absence of CRD. Five of the eleven 
artificially ventilated animals were tested in all three conditions.

Statistics
Results are expressed as mean ±  SD when a parametric test was used or 
median and interquartile intervals (first and third quartiles) when a 
nonparametric test was used. Either one-way AN O VA  followed by Bon- 
ferroni multiple comparison test. Student's t test, or Wilcoxon rank-sum 
test was used to assess statistical significance. The comparison was 
considered to be significant if p <  0.05.

RESULTS 

Condition of animals
The animals were maintained in a consistent physiological state in 
each of the experimental conditions, as indicated by measure
ments of four parameters. Figure 2A summarizes the mean arte
rial blood pressure (MAP) (Fig. lA i) , pH (Fig. 2Aii), PaCOj 
(Fig. lA iii) , and PaOj (Fig. 2Aiv) for the whole-nerve recording 
experiment for four conditions: artificially ventilated, absence of 
CRD (AVA); artificially ventilated, control (AVC); artificially 
ventilated, enhanced CRD (AVE); and spontaneously breathing, 
control (SBC) animals. Figure 2, Bi-Biv, summarizes the same 
parameters for the single PGN recording experiments for the four 
conditions stated above plus an additional condition: spontane
ously breathing, enhanced CRD (SBE).

Whole-nerve activity recorded from the VCN in 
artificially ventilated animals
Rhythmical and sympathetic nature o f VCN activity 
The nerve activity recorded from the VCN appeared as burst 
discharges with variable frequency and amplitude. A typical ex
ample (artificially ventilated, control) is shown in the neurogram 
in Figure 3A. The major rhythmical component of the activity is 
revealed by the presence of a prominent peak at 0.63 Hz in the 
autospectrum (Fig. 3Bi). To establish the sympathetic nature of 
VCN activity, we tested the effect of the sympathetic ganglionic 
blocker chlorisondamine on the activity (n = 10). In all cases, this 
led to abolition of most of the activity and power in the autospec
tra (Fig. 3,Bii,C).

Synchronous components in VCN activity become more 
prominent with increased CRD
VCN activity was recorded in animals under three different 
respiratory conditions, absence of CRD, control, and enhanced 
CRD. In each condition, autospectra for VCN and PN activity 
were generated, and coherence spectra were produced to identify 
correlated components in their activity. Here, the results are 
presented first in the absence of CRD, then control, and finally 
enhanced CRD, to emphasize the trend toward synchronization 
with increasing CRD.

In animals in which the CRD was abolished, a single prominent 
peak (median, 0.83 Hz; interquartile interval, 0.79-0.88 Hz) was 
observed in the VCN autospectra in all cases (n = 8). This peak 
is in the frequency range of the T-rhythm (Johnson and Gilbey,
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Figure 3. The bursty and sympathetic nature of the V C N  activity in an 
artificially ventilated animal under control conditions. A, Rectified and 
smoothed neurogram of V C N  activity shows burst discharges with vari
able frequency and amplitude. Bi, Autospectrum of V C N  activity shows a 
peak at 0.63 Hz with its first harmonic peak at 1.26 Hz. Bii, Autospectrum 
of activity of the same V C N  in Bi, after chlorisondamine (3 mg/kg, i.v.), 
a sympathetic ganglionic blocker. The abolition of the peaks after this 
treatment shows that the nerve activity was sympathetic in nature. C, Real 
time neurogram of the same V C N  activity before and after application of 
chlorisondamine.

1996), and we refer to it in this paper as the T-peak. A typical 
example, in which the T-peak frequency is 0.82 Hz, is shown in 
Figure AAL The absence of CRD is indicated by the flatness of 
the autospectrum of the PN (Fig. AAii), and the lack of correlation 
between VCN and PN activity is shown by the coherence spec
trum (Fig. AAiii).

Thirteen animals were examined under control conditions. In 
six (46%) of these, the VCN autospectra revealed a T-peak 
(median frequency, 0.79 Hz; interquartile interval, 0.74-0.82 
Hz). Statistical comparisons between animals in the absence of 
CRD and in control conditions (in which a discrete T-peak was 
present) demonstrated that the T-peak frequencies were not 
significantly different (p = 0.44; Wilcoxon rank-sum test). In 
twelve (92%) of the animals, a peak at the CRD frequency was 
present (median frequency, 0.63 Hz; interquartile interval, 0.59-

0.68 Hz). The coherence at the frequency of CRD between VCN 
and PN activity, revealed by the coherence spectrum, was high 
(median, 0.73; interquartile interval, 0.63-0.88). The VCN auto
spectrum from one of the animals displaying both the T-peak and 
the respiratory-related peak is shown in Figure ABi (this is the 
same animal as in Fig. 4v4). The first peak at 0.59 Hz {filled circle) 
corresponds to the main peak in the PN activity (Fig. ABU), and 
this is confirmed by the coherence spectrum shown in Figure 
ABiii. The additional peaks in the PN autospectrum are harmon
ics of the first peak, and these also display high coherence with 
VCN activity. Lack of coherence between VCN and PN at the 
frequency of the second peak {asterisk, 0.79 Hz) was also demon
strated in Figure ABiii.

A  condition of enhanced CRD was induced in a subset of the 
animals (n = 8) examined in control conditions. In all cases, there 
was a prominent respiratory-related peak in the VCN autospectra 
(median frequency, 0.59 Hz; interquartile interval; 0.53-0.63 Hz) 
that showed a very high coherence with the phrenic autospectra 
(median coherence, 0.90; interquartile interval, 0.76-0.92). In 
two (25%) of the animals there was also a separate T-peak 
(frequency, 0.73 and 0.68 Hz, respectively). The RPD of the 
respiratory-related peak when the CRD was enhanced (median of 
the RPD, 14.2; interquartile interval, 9.75-19.8) was higher than 
that of the T-peak when CRD was abolished (median of the RPD, 
4.14; interquartile interval, 3.7-6.4) {p <  0.02; Wilcoxon rank- 
sum test). This suggests that the dominant rhythmical activity 
became more prominent when the condition was switched from 
absence of CRD to enhanced CRD. A typical example of the 
VCN autospectrum in an animal with enhanced CRD is shown in 
Figure ACi (this is the same animal as in Fig. AA,B). There is a 
prominent peak at 0.63 Hz that has a high coherence with the PN 
discharge (Fig. 4Ciï,Cm); other peaks at harmonic frequencies of 
PN activity are also visible.

Stability o f VCN rhythmical activity increases when the CRD 
is enhanced

VCN activity was also examined using time-evolving autospectra, 
which provide information about the dynamics of the rhythmicity 
across time. When the CRD was abolished, VCN rhythmical 
activity was relatively unstable (see below). The example shown 
in Figure 5Ai (same animal as in Fig. 4), shows a band containing 
relatively high- and low-density components at the T-rhythm 
frequency, indicating periods of strong and weak synchrony of 
rhythmical firing in the PGN population. No prominent bands 
were visible in the phrenic time-evolving autospectra confirming 
that CRD was abolished (Fig. 5Aii). In control conditions, as 
shown in the example in Figure 5Bi (same animal as in Fig. 4), the 
VCN band was dense and more stable across time than in CRD- 
abolished conditions. Part of the prominent dense band in VCN 
activity fell within the frequency range of the band observed in 
the phrenic time-evolving autospectra (Fig. 5Bii). However, al
though the phrenic activity produced a dense, stable band, the 
VCN showed transient periods in which band density was re
duced, indicating periods of frequency drifting. In conditions of 
enhanced CRD, the VCN time-evolving autospectra (example in 
Fig. 5Ci from the animal shown in Fig. 5B,C) was similar to the 
phrenic autospectra (Fig. 5Cii), exhibiting stable dark bands at the 
phrenic frequency and its harmonics. This suggests that a sub
stantial proportion of the PGNs were entrained with phrenic 
activity throughout the time period examined. The level of sta
bility in each condition was quantified using a measure of the 
power density variance across time (see Materials and Methods).
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Figure 4. The autospectra and coherence spectra of the V C N  and PN in an artificially ventilated animal under three conditions of CRD. A , Absence 
of CRD. At, Autospectrum of V C N  activity reveals a peak at 0.82 Hz. A il, Autospectrum of PN activity shows no rhythmical components. A iii, The 
coherence spectrum of V C N  and PN shows lack of correlation between the two nerves. B, Control condition. Bi, Autospectrum of V C N  activity shows 
two peaks, one (filled  circle) at 0.59 Hz was the same as the frequency of CRD, revealed in the autospectrum of the PN (B ii) and a second, (asterisk) 
at 0.79 Hz. Bii, Autospectrum of PN activity. Biii, The coherence spectrum between V C N  and PN reveal high coherence at the frequency of CRD. C, 
Enhanced CRD. Ci, Autospectrum of V C N  is dominated by a peak at 0.63 H z (and its first harmonic component), which is the same as the frequency 
of CRD. Note the scale of relative power density is different from that in A i and Aii. Cii, Autospectrum of PN activity. Comparison of the relative power 
density of the peak with control conditions shows that the level of CRD was increased. Ciii, V C N  and PN activity show a high coherence.

The data are summarized for the absence of CRD (n =  8), 
control (n =  13), and enhanced CRD (n = 8) groups in Figure 6. 
Comparisons between conditions of absent CRD and enhanced 
CRD revealed a significant difference (p  <  0.05; Wilcoxon rank- 
sum test).

Whole-nerve activity recorded from the VCN in 
spontaneously breathing animals
Three animals were recorded under spontaneously breathing 
conditions to determine whether VCN activity behaved in a 
similar way to that seen in artificially ventilated animals. In all 
three, the VCN autospectra revealed a T-peak with a median 
frequency of 0.6 Hz (interquartile interval, 0.56-0.66 Hz) and a 
second peak with a median frequency of 0.93 Hz (interquartile 
interval, 0.9-1.1 Hz) that showed high coherence with the PN 
activity (median, 0.52; interquartile interval, 0.51-0.62). We con
cluded that in spontaneously breathing animals, VCN activity

included rhythmical components similar to those identified in 
artificially ventilated preparations.

Paired recordings of PGNs innervating the CVA in 
artificially ventilated animals
In  the absence o f CRD, the T-rhythms seen in PGNs recorded 
simultaneously show a low probability o f synchronization 

The activity of six pairs of PGNs (six animals), each from sepa
rate electrodes, were recorded in the absence of CRD. The 
discharges of individual PGNs, examined by generating autocor
relograms, were rhythmical in nature. The median frequency of 
the T-rhythm was 0.61 Hz (interquartile interval, 0.55-0.68 Hz). 
Although the activity of all PGNs showed a dominant peak in the 
range of T-rhythm frequency in the envelope spectrum (median 
of RPD, 4.9; interquartile interval; 3.7-5.8), neither of the PGNs 
in a pair had the same T-rhythm frequency, and cross-
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Figure 5. Time-evolving autospectra of the VCN and PN under three conditions of CRD from the same animal and across the same time periods as 
in Figure 4. The data were divided into twelve 40 sec subsections. Spectral analysis was performed on each subsection. The relative power density across 
time is coded by a 64 grade gray scale (note scale bar on right of each figure is different). A, Absence of CRD. Ai, VCN autospcctrum shows that the 
relative power of the VCN was concentrated at a band around 0.82 Hz, but the power density varied across time. Aii, PN autospectrum shows little or 
no power across time. B, Control condition. Bi, VCN autospectrum shows that the power of the VCN is concentrated in a relatively well defined band 
between 0.54 and 1.05 Hz, including the frequency of CRD (0.59 Hz, see Bii). It should be noted that the two dominant peaks of the VCN autospectrum 
revealed in Figure 4Bi are not constant across time; it is a feature arising from dynamic change of the power density within the narrow frequency band. 
Bii, PN autospectrum. C, Enhanced CRD. Ci, VCN autospectrum reveals that the relative power density of the VCN is very constant across time and 
centered at the frequency of CRD (0.63 Hz; Cii). Cii, PN autospectrum.

correlogram analysis revealed that no significant synchronization 
was displayed in PGN->PGN activity.

Figure 7, Ai and Aii, shows ten superimposed action potentials 
for each of a pair of PGNs, illustrating the consistency of the 
spike shape and amplitude. A section of the real time neurograms 
of these two PGNs and PN is shown in Figure lA iii. The auto
correlograms from these two PGNs, in the absence of CRD, are 
shown in Figure 7, Bi and Bii. These PGNs both exhibit charac
teristic rhythmicity, but the frequencies are different (0.55 Hz for 
PGNl; 0.70 Hz for PGN2). The PGN1-^PGN2 cross- 
correlogram shown in Figure SA does not show a significant 
rhythmicity (i.e., peaks passing through the 95% confidence level 
at regular intervals), demonstrating that the rhythmical compo
nent of the discharges of this pair of PGNs is not synchronized.

In control conditions some pairs show PGN~^PGN 
synchronization through entrainment by CRD 
The activity of pairs of PGNs (thirteen from twelve animals) were 
recorded in control conditions, either using separate electrodes

{n = 9) or discriminated from multiunit activity recorded through 
a single electrode (n = 4). All the PGNs displayed a T-rhythm 
with a median frequency of 0.72 Hz (interquartile interval, 0.66- 
0.75 Hz). The spectra of the envelope of cross-correlograms in all 
pairs showed a dominant peak (median of RPD, 12.5; interquar
tile interval, 11.0-26.4). In seven (54%) pairs of PGNs, each PGN 
had the same T-rhythm, and there was significant PGN^PGN 
synchronization. The T-rhythm frequencies of these PGNs were 
the same as the frequency of CRD (median frequency, 0.73 Hz; 
interquartile interval, 0.68-0.77 Hz). The cross-correlogram be
tween PN and these PGNs (represented as PN^PGN) showed 
that they were significantly correlated. Six (46%) pairs of PGNs 
had different T-rhythm frequencies and no significant 
PGN-^PGN synchronization. In four of these pairs, one PGN of 
each pair showed a T-rhythm frequency the same as CRD but the 
other did not. In the remaining two pairs, the frequencies of the 
T-rhythms of the PGNs in each pair were different from each 
other and from CRD. An example of the autocorrelograms of a
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pair of PGNs in control conditions is shown in Figure 7, Ci and 
Cii (these are the same units as in Fig. IB i, Bii). Figure IC iii shows 
the PN autocorrelogram in this animal (CRD frequency, 0.74 
Hz). The two PGNs have different T-rhythm frequencies (0.53 Hz 
for PGNl; 0.74 Hz for PGN2), and there is no PGN->PGN 
synchronization as revealed by the cross-correlogram in Figure 
SBi. PGNl has a T-rhythm frequency that is different to the CRD 
frequency, but the P N ^P G N l cross-correlogram shows a signif
icant correlation (Fig. SBii). This arises from the dynamic nature 
of PN->PGN interaction (see section “The stability of rhythmical 
synchronization of PGNs increases when CRD is enhanced”). 
Although some discharges of PGNl are phase-locked to CRD, 
which produced the periodic pattern in the cross-correlogram, the 
overall activity that produced the T-rhythm did not had a fixed 
phase difference to CRD. PGN2 has a T-rhythm that is at the 
same frequency as CRD, and the cross-correlogram reveals a 
significant 1:1 synchronization (Fig. SBiii).

Enhanced CRD leads to P G N ^P G N  synchronization 
o f T-rhythms
Six animals were recorded in conditions of enhanced CRD, and 
six pairs of PGNs were recorded through separate electrodes. All 
the PGNs exhibited robust rhythmicity, as revealed by their 
autocorrelograms, with a median T-rhythm frequency of 0.67 Hz 
(interquartile interval, 0.64-0.7 Hz). The dominant peak in the 
envelope of the cross-correlogram (n = 6) had a median RPD of 
19.4 (interquartile interval, 12.0-36.5). Notably, in five (83%) of 
the pairs of PGNs, the activities of both PGNs had the same 
T-rhythm frequency and were significantly synchronized. These 
pairs were also locked in a 1:1 manner with CRD (median 
frequency, 0.67 Hz; interquartile interval, 0.64-0.69 Hz) and had 
significant PN ^PG N  synchronization. The dynamic nature of 
this synchronization is demonstrated by the fact that three (60%) 
pairs of PGNs synchronized during enhanced CRD were not 
significantly synchronized in control conditions.

The same PGNs examined during the absence of CRD (Fig. 
IB ) and control conditions (Fig. 7C) are shown under enhanced 
CRD conditions in Figure ID , Both PGNl and PGN2 and the PN 
show the same frequency (0.71 Hz) as revealed by their autocor
relograms (Fig. lD i,D ii,D iii). These PGNs show significant 
PG N ^PG N  (Fig. SCi) and PN ^PG N  synchronization (Fig. 
SCii,Ciii).

Summary o f the data from  paired recordings under various 
respiratory conditions

The data presented here revealed a significant increase in the 
probability of synchronization of the rhythmical activity of PGN 
pairs as animals were moved from conditions when CRD was 
absent to conditions with enhanced CRD. In the absence of CRD, 
PG N ^PG N  activity never showed rhythmical synchronization. 
Although all these PGNs showed a T-rhythm, the T-rhythm 
frequency of each PGN of a pair was different as revealed in the 
scatter plot (Fig. 9A). During control conditions, in which CRD 
was present, a proportion of PGN pairs (-55% ) had the same 
T-rhythm frequency (Fig. 9B) that was also the same as that of 
CRD. The T-rhythms of PGNs of these pairs were phase-locked. 
When the PGNs of a pair had different rhythms, there was no 
synchronization. In conditions of enhanced CRD, the majority of 
pairs (>80%) of PGNs had T-rhythms that were synchronized to 
each other at the frequency of the CRD. The T-rhythm frequen
cies of each PGN in each pair in this condition are shown in 
Figure 9C. For all the synchronous pairs of PGNs either under

tn 0.4

0) 0.3

Absence of CRD Control Enhanced CRD

Figure 6. Dynamic stability of rhythmical components evaluated by the 
variance of the relative power density of V C N  activity across time in 
artificially ventilated animals under three conditions of CRD. Data are 
presented as medians and first and third quartiles. The level of power 
density variance is inversely proportional to the level of stability. The 
asterisk indicates that the power density variance in the absence of CRD  
is significantly higher than the variance in conditions of enhanced CRD  
(Wilcoxon rank-sum test; *p <  0.05).

control conditions or when the CRD was enhanced, the peak 
nearest to lag zero in the PGN-^PGN cross-correlograms always 
straddled the lag zero (as shown in Fig. 8Ci), indicating that 
statistically, the phase difference between synchronous PGNs was 
nearly zero. Furthermore, PN->PGN cross-correlograms reveal 
that activity of the two PGNs of a synchronous pair have similar 
phase differences relative to PN activity (Fig. 8Cii,Ciii) and this, 
given the fact that the frequencies of the PGNs are the same as 
that of PN, strongly suggests that the in-phase synchrony of PGN 
discharges may arise from the synchronization through CRD.

The degree of synchronization, as evaluated by the spectrum of 
the cross-correlogram envelope (see Materials and Methods), was 
also significantly higher when CRD was enhanced than when 
CRD was absent (p  <  0.02; Wilcoxon rank-sum test; Fig. 10).

The stability o f rhythmical synchronization o f PGNs increases 
when CRD is enhanced
Time-evolving raster plots were used to investigate the temporal 
stability of the rhythmical synchronization in PGNs. The density 
of the striations on the raster plot, which are a measure of the 
stability of the phase relationship between two oscillators, were 
quantified by calculating the phase variation factor (see Materials 
and Methods for details).

When CRD was absent, raster plots of PGN-»PGN activity 
displayed no obvious striations, indicating that no constant phase 
relationship existed between PGN firing activity, although occa
sionally transient phase-locked periods could be observed. A 
typical example is shown in Figure l lA  (this is the same animal 
shown in Figs. 7, 8). Three transient phase-locked periods are 
indicated by arrowheads. In control conditions, raster plots of 
PGN->PGN activity revealed a higher probability of striation, 
although this was not apparent for many of the pairs recorded. 
The example in Figure l lB i  (from the animal in Figs. 7, 8) 
illustrates a raster plot with no evidence of a striated appearance. 
By contrast, time-evolving raster plots of PN-^PGN activity 
revealed some striations, indicative of a relatively constant phase
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Figure 7. Neurograms and frequency relationships of two PGNs and PN activity recorded simultaneously in an artificially ventilated animal under three 
conditions of CRD. Ai, Aii, Ten superimposed spikes recorded from the PGNs demonstrate the consistency of the shape and amplitude of the action 
potentials, yfm, Typical example of a real time neurogram showing the temporal relationship between PGN and PN activity under control conditions. 
B-D, The autocorrelograms and the spectra of the autocorrelogram envelopes (insets) of the PGN and PN activity. The envelope spectra, displayed as 
frequency versus RPD, were used to assess the frequency of the T-rhythm (see Materials and Methods). The dashed lines across the spectra allow 
comparisons between the frequencies of the T-rhythms and PN activity. B, Absence of CRD. Bi, PGNl autocorrelogram (167 triggers) and spectrum. 
Bii, PGN2 autocorrelogram (252 triggers) and spectrum. C, Control condition. Ci, PGNl autocorrelogram (199 triggers) and spectrum. Cii, PGN2 
autocorrelogram (298 triggers) and spectrum. Ciii, PN autocorrelogram (227 triggers) and spectrum. D, Enhanced CRD. Di, PGNl autocorrelogram (235 
triggers) and spectrum. Dii, PGN2 autocorrelogram (324 triggers) and spectrum. Diii, PN autocorrelogram (215 triggers) and spectrum.
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Figure 8. Rhythmical PGN-^PGN and P N ^P G N  synchronization revealed by cross-correlograms under three conditions of CRD. The PGNs and the 
period of analysis are the same as in Figure 7. If  rhythmical synchronization exists between two neural activities, a periodic pattern should be observed 
in the cross-correlogram. The dashed lines in the cross-correlograms define the upper and lower limits of the 95% confidence interval. In this study, we 
were interested in the significance of correlation only when there was a periodic pattern in the cross-correlogram because uncorrelated activities may 
occasionally exceed the confidence interval by chance (see Materials and Methods). A, Absence of CRD. PGN1-^PGN2 cross-correlogram, no 
rhythmical synchronization was present in the absence of the CRD. B, Control condition. Bi, PGN1^PGN2 cross-correlogram, no rhythmical 
synchronization was present. Bii, P N ^ P G N l cross-correlogram &ndBiii, PN->PGN2 cross-correlogram show that significant rhythmical synchronization 
was present. C, Enhanced CRD. Ci, PGN1-^PGN2 cross-correlogram, a significant periodic pattern appeared in the cross-correlogram, indicating 
rhythmical synchronization. Cii, PN->PGN1 cross-correlogram and Ciii, PN ^P G N 2 cross-correlogram show that the rhythmical synchronization 
between PGNs and PN are prominent.

difference during these periods. In the typical examples shown in 
Figure 11, Bii and Biii, there are also periods of asynchrony (Fig. 
11 Bii, arrowhead) and changes in the phase difference (Fig. 
l lB iii,  arrow), suggesting that the entrainment to CRD is rela
tively dynamic. In conditions of enhanced CRD, the PGN-^PGN 
raster plots of the PGN pairs showed some clear periods of 
striation, but also periods in which a constant phase difference 
between the PGN activities was not so apparent. The example 
shown in Figure l lC i  (from the animal in Figs. 7, 8) shows 
obvious striations (Fig. llC i, period between arrows), suggesting 
periods of strong phase locking, preceded and followed by periods 
in which the synchronization is not so strong. The majority of 
PN-^PGN raster plots in enhanced CRD conditions showed 
dense striations indicative of a constant phase relationship (Fig. 
llC ii,C iii). There was little evidence of phase hopping, suggesting 
that the entrainment by CRD was strong.

Comparison of the phase variation factor for PGN->PGN 
raster plots is shown in Figure 12. The data illustrates that the 
phase variance is significantly lower in the condition of enhanced 
CRD versus absence of CRD {p  <  0.02; Wilcoxon rank-sum test).

Paired recordings of PGNs innervating the CVA in 
spontaneously breathing animals
Six pairs of PGNs were recorded from five spontaneously breath
ing animals under control conditions. Of the 12 PGNs recorded, 
only one unit did not show rhythmical discharges. The median 
frequency of the T-rhythm in the remainder was 0.67 Hz (inter
quartile interval, 0.5-0.8 Hz). One pair (8%) were synchronized 
and also showed 1:1 phase locking with the CRD (median fre
quency, 0.91 Hz; interquartile interval, 0.85-0.98 Hz).

Four pairs of PGNs were recorded from four animals in con
ditions of enhanced CRD. Rhythmical discharges were found in
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Figure 9. Summary scatter plots showing T-rhythm frequencies of pairs 
of postganglionic neurons (PGNl and PGN2) in three conditions of CRD. 
The shaded diagonal bands indicate where the T-rhythm of both PGNs 
have frequency differences <0.02 Hz and by definition are considered to 
have the same frequency (see Materials and Methods). A, Absence of 
CRD. Zero of six pairs of PGNs had the same frequency. B, Control 
condition. Seven of 13 pairs of PGNs (54%) had the same frequency. C, 
Enhanced CRD. Five of six pairs of PGNs (83%, two pairs were super
imposed as indicated by the circle) had the same frequency.

all the PGNs (T-rhythm median frequency, 0.68 Hz; interquartile 
interval, 0.64-0.71 Hz), and significant PGN-^PGN synchroni
zation was found in three (75%) of the pairs. All these PGNs 
were synchronized with CRD (median frequency, 0.92 Hz; inter
quartile interval, 0.71-1.18 Hz).

The data presented here indicate that the rhythmical firing 
behavior in PGNs of spontaneously breathing animals is consis
tent with the findings from the artificially ventilated preparations.

The mean discharge rate of PGNs does not 
significantly change with increases in CRD
The discharge rate of the PGNs in each of the groups was 
calculated to test the hypothesis that entrainment of PGNs might 
be accompanied by changes in their excitability. Because the 
mean discharge rate of single PGNs was highly variable, the 
median values with the range for each group are presented.

w 30

» 10

Absence of CRD Control Enhanced CRD

Figure 10. Degree of rhythmical PGN-»PGN synchronization in artifi
cially ventilated animals under three conditions of CRD evaluated by the 
relative power density of the spectrum of the cross-correlogram envelope 
(see Materials and Methods). Data are presented as median and first and 
third quartiles. The level of relative power density is proportional to the 
level of rhythmicity. The asterisk indicates that the relative power density 
in conditions of enhanced CRD is significantly higher compared to that 
when CRD is absent (Wilcoxon rank-sum test; *p <  0.02).

Paired Wilcoxon signed-rank tests were used for statistical com
parisons. In artificially ventilated rats, the median discharge rate 
of PGNs was 0.88 Hz in the absence of CRD {n = 12; range, 
0.42-1.33 Hz), 1.37 Hz in control {n = 26; range, 0.51-4.19 Hz), 
and 0.91 Hz in conditions of enhanced CRD {n = 12; range, 
0.51-2.0 Hz). Paired statistical comparisons showed that the 
discharge rates were not significantly different between pairs in 
the absence of CRD versus conditions of enhanced CRD {p = 
0.41; paired Wilcoxon signed-rank test; n -  10).

In spontaneously breathing rats, the median discharge rate of 
PGNs was 1.15 Hz in control conditions {n = 12; range, 0.48-2.5 
Hz) and 1.04 Hz in conditions of enhanced CRD {n = 8; range,
0.49-3.18 Hz). A statistical analysis between pairs recorded in 
control and conditions of enhanced CRD revealed that the dis
charge rates were not significantly different {p -  0.14; paired 
Wilcoxon signed-rank test; n = 4).

DISCUSSION
In this study we have demonstrated that the activities of PGNs 
making up the population innervating an artery, the CVA, are 
capable of dynamic synchronization. Our experimental evidence 
suggests that this is achieved by synchronization of multiple 
(T-rhythm) oscillators through entrainment by CRD. This con
clusion is reached on the basis of a number of key observations. 
First, sympathetic activity supplying the tail, recorded from the 
VCN, showed a more prominent rhythmical component when 
CRD was enhanced than that seen when CRD was absent. Sec
ond, simultaneous recordings from pairs of CVA PGNs demon
strated that their T-rhythm frequencies could be different, and 
their activity was not necessarily synchronous. This indicates that 
the discharges of PGNs are driven by multiple T-rhythm oscilla
tors. Although the primary source of this oscillatory activity has 
not yet been established, recent work from our laboratory has 
provided evidence to indicate that the T-rhythm may be gener-
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Figure 11. Dynamic change of rhythmical PG N ^PG N  and PN-^PGN synchronization evaluated by the correlation raster plot under three conditions 
of CRD. The two PGNs and the period of analysis are the same as those in Figures 7 and 8. If the phase difference between two activities is relatively 
constant across time, a vertical striation will be observed in the raster plot./4, Absence of CRD: no definite pattern is present in the PG NW PG N2 raster 
plot, although transient phase-locked periods can be observed (arrowheads). B, Control condition. Bi, PGN1^PGN2: the phase difference of the two 
units varies across time. Bii, PN-»PGN1 and Biii, PN^PGN2, in some parts during data collection, the PGNs are synchronized with PN but periods of 
asynchrony (Bii, arrowhead) or changes of the phase difference (Biii, arrow) are also observed. C, Enhanced CRD. Ci, PGN1^PGN2: although phase 
drifting is still apparent (as in the absence of CRD and in control), there are also periods of rhythmical synchronization indicated by vertical striations 
(between arrows). Cii, PN-^PGNl and Ciii, PN->PGN2: rhythmical synchronization between the PN and PGNs is more apparent across time than 
previously.

ated in the CNS (Smith and Gilbey, 1998b). However, at present 
we do not rule out the possibility that the sympathetic ganglia 
could play an important role in both the generation and modula
tion of the rhythmical outflow. Third, studies of the degree of 
synchronization between two PGNs under the conditions of dif
ferent CRD revealed that in the absence of CRD, PGN-^PGN

rhythmical discharges were uncorrelated (i.e., asynchronous), 
whereas when CRD was enhanced there was a high probability of 
synchronization. This change in the level of synchronization was 
not accompanied by a significant change in the discharge rate of 
PGNs. We also demonstrated that the temporal interaction be
tween these oscillators is not static at a particular level of CRD,
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Figure 12. Dynamic stability of rhythmical synchronization between 
PGNs evaluated by the phase variation faetor (see Materials and Meth
ods) in artificially ventilated animals under three conditions of CRD. Data 
are presented as medians and first and third quartiles. The level of phase 
variation factor is inversely proportional to the level of stability. The 
asterisk indieates that the phase variation factor in the absence of CRD is 
significantly higher than in conditions of enhanced CRD (Wilcoxon rank- 
sum test; *p <  0.02).

because PGN-^PGN and PN ^PG N  synchronization was ob
served to undergo considerable dynamic variation. In the absence 
of CRD, although there was no PGN-^PGN rhythmical correla
tion, there were transient phase-locked periods revealed by the 
raster plots. The high level of this dynamic variation was 
also reflected in the marked power density variation in the 
VCN autospectrum. By contrast, when CRD was enhanced, 
PGN-^PGN rhythmical correlation was strong, as reflected in the 
rhythmicity of cross-correlograms and the frequently observable 
vertical striated patterns in the raster plots. This strong entrain
ment by CRD was also indicated by a reduced variation of power 
density across time in the VCN autospectrum. Thus, CRD ap
pears to minimize the fluctuation of phase difference between 
PGN discharges and stabilize the frequencies of the T-rhythm 
oscillators.

We propose that the principle of dynamic synchronization 
revealed at the single neuron level in this study may also operate 
at the whole-nerve level of the sympathetic nervous system. In 
fact, this is indicated in a series of experiments by Gebber and 
colleagues (Gebber, 1980; Gebber et al., 1994a,b; Zhong et al.,
1997) in which analysis of whole-nerve activity revealed that 
activity of different nerves may be driven by separate oscillators 
capable of coupling. They demonstrated that the coherence be
tween the activities of different nerves was found to vary between 
experiments. This observation is consistent with the observed 
dynamic coupling seen in the results from the present study.

We hypothesize here that dynamic coupling may reveal one 
important mechanism whereby appropriate patterns of sympa
thetically mediated cardiovascular response are effected that sup
port, for example, complex behaviors. Indeed dynamic coupling in 
sympathetic control may be regarded as an extension of the idea 
of “binding” (Farmer, 1998) into the dimension of autonomic 
control, and this is considered further below.

Differences between population and PGN^PGN 
activity profiles
The dual approach of examining correlations both in whole-nerve 
(VCN) activity and in PGN->PGN activity allowed us to explore 
the relationship between the activity profile of a neuronal popu
lation and its individual components. Importantly, our compari
sons indicate that the emergent properties of multiunit activity 
can be different from those that would be predicted from 
PG N ^PG N  relationships.

One apparently paradoxical observation was that in the ab
sence of CRD, although the autospectra of VCN activity revealed 
a rhythmical component suggesting that some of the rhythmical 
discharges of PGNs were synchronized (Fig. AAi), no significant 
PG N ^PG N  rhythmical synchronization was observed (Fig. 8yf). 
This paradox can be explained, however, as the autospectrum of a 
population composed of many weakly coupled or uncoupled oscil
lators with similar frequencies can still have a peak in the frequency 
range of its constituents. The power density around the peak 
depends on the number of units in the population, the strength of 
correlation between units, and the distribution of phase difference 
(Christakos, 1986,1994).

The findings of the present study showing that separate oscil
lators driving the discharges of PGNs innervating the same target 
organ can be asynchronized provide an explanation for the fre
quently observed broad, rather than sharp, configuration of whole 
sympathetic nerve activity autospectra (Kocsis et al., 1990; Goot- 
man et al., 1991; Allen et al., 1993). Consequently, it is no longer 
necessary to question whether the rhythm seen in sympathetic 
nerves arises from a well defined biological oscillator in view of its 
seemingly aperiodic nature (Bachoo and Polosa, 1987). Based on 
the observations reported in this paper, we suggest that the 
aperiodic or quasiperiodic nature of whole-nerve activity may be 
explained through dynamic synchronization of multiple sympa
thetic oscillators with “free-run” frequencies that may not be 
exactly the same.

Functional significance of synchronization of 
sympathetic activity
Our observations on synchrony in conjunction with those of 
others (Vallbo et al., 1979; McAllen and Malpas, 1997) can be 
viewed from at least two perspectives when considering possible 
functional implications. First, the dynamic synchrony observed in 
a functionally defined population of PGNs may be a manifesta
tion of neural processes that provide the necessary plasticity that 
enables the nervous system to generate appropriate patterns of 
sympathetic response to support various behaviors. Seeond, syn
chrony may have important consequences for neuroeffector trans
mission and the end organ response.

With regard to synchrony and central processing, previous 
work has indicated that synchronous (bursty) sympathetic activity 
may be related to, for example, cardiac and respiratory rhythms 
(Adrian et al., 1932), intermittent isometric exercise (Victor et al., 
1995), and in pathological conditions, epileptiform discharges 
(Lathers et al., 1987). Such synchrony may be purely caused by 
imposition of other oscillating activities on the sympathetic ner
vous system, “irradiation” (Koepchen et al., 1981). However, the 
results of the present study support the view that synchrony of 
sympathetic discharge may sometimes indicate coupling of mul
tiple oscillators. If this is the case, our observations are consistent 
with the idea that the nervous system may use oscillatory neural 
activity to bind together various pools of neurons to produce 
patterned sympathetic responses: different combinations of neu
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rons being bound according to the required autonomic response. 
Furthermore, our results suggest that under some conditions, for 
example when the CRD is enhanced, the sympathetic and respi
ratory networks may bind together through correlated firing to 
form a highly coordinated network. It has been proposed that 
such binding is particularly easily achieved in oscillating networks 
(Singer, 1993; Farmer, 1998). The concept of binding is not a 
novel one and has been promoted by sensory physiologists for a 
number of years and recently in relation to skeletal muscle motor 
control (Farmer, 1998). Although the synchronization of single 
PGNs controlling other cardiovascular targets has not been ex
amined, the dynamic coupling of multiple oscillators reported in 
this study probably applies to other targets because robust rhyth
micity and phenomena suggesting entrainment have been re
ported in a number of studies, in several different species, in 
which multiunit sympathetic activity has been recorded (e.g., cat, 
Taylor and Gebber, 1975; dog, Camerer et ah, 1977; and goat, 
Toda et al., 1996). For example, Gebber and colleagues (Gebber, 
1980; Zhong et ah, 1997) have proposed, on the basis of corre
lation studies, that sympathetic oscillators driving sympathetic 
activity to a variety of sympathetic nerves may be entrained by 
phasic input from arterial baroreceptors and CRD.

Concerning the idea of synchrony and neuroeffector transmis
sion, enhanced sympathetic synchrony (burst discharges) has 
been reported in humans under conditions of stress (Callister et 
ah, 1992; Nordin and Fagius, 1995; Morgan et ah, 1996; Katra- 
gadda et ah, 1997), and it has been proposed that the bursts of 
sympathetic activity may have important consequences for neu
roeffector transmission and therefore the end organ response 
(Sneddon and Burnstock, 1984; Sjoblom-Widfelt et ah, 1990). We 
propose that synchrony may bring about widespread depolariza
tion of electrotonically coupled smooth muscle in blood vessels 
via ATP released from sympathetic nerve endings (Morris and 
Gibbins, 1992). This will lead to fast depolarizations via ligand- 
gated ion channels (North and Barnard, 1997) and consequent 
vascular constriction. Thus, enhanced synchronization under con
ditions of stress will result in a relatively rapid increase of vascular 
resistance and redistribution of blood flow.

In conclusion, the concept of synchrony as an encoding mech
anism in nervous control is an emerging principle from a variety 
of studies. Importantly, our work is the first to demonstrate 
dynamic synchrony at the single neuron level in the sympathetic 
(peripheral) nervous system. We suggest that in addition to dis
charge frequency, the dynamic synchrony observed in this study 
may indicate another important encoding parameter in the sym
pathetic nervous control of the cardiovascular system.
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Abstract

The characteristic rhythmical discharges of single postganglionic sympathetic neurones (PSNs) innervating the caudal ventral tail 
artery (C V A ) of anaesthetised rats can still be recorded following the sectioning of afferents arising from the tail and hindquarters. 
Consequently, we suggest that such rhythmical discharges are neither a ‘local sign’ sympathetic response nor a sympathetic correlate of 
‘escape behaviour’ . ©  1998 Elsevier Science B .V. A ll rights reserved.

Keywords: Afferent input; Blood vessel; Postganglionic; T-rhythm

Noxious stimulation applied to the body surface (e.g., 
limbs or tail) can lead to anything from withdrawal re
flexes to fight, fright and flight responses [8,11]. Cardio
vascular adjustments are required to support such be
haviours.

Tail pinch in the conscious rat provokes escape be
haviour— a brisk forward movement that is followed by 
more complex behaviour if the pinch persists (see Ref. 
[10]). The complex behaviour involves brain stem circuitry 
that is suppressed under anaesthesia. However in anaes
thetised animals, whilst somatic reflexes are suppressed, 
autonomic responses to noxious somatic inputs are rela
tively well maintained (e.g.. Ref. [3]). These responses are 
possibly organised at the spinal level (see Ref. [4]). Fur
thermore, somatic input, particularly of the noxious type, 
might give rise to rhythmic sympathetic discharges (see 
Ref. [2]).

These foregoing observations raise the possibility that 
the recently identified dominant sympathetic rhythm in the 
discharges of single postganglionic fibres innervating the 
rat tail vasculature, that can be independent of central 
respiratory drive and lung inflation cycle (T-rhythm, see 
Ref. [6]), could be a manifestation of the sympathetic 
component of ‘escape behaviour’ since the surgery re
quired to expose the blood vessels for recording could lead 
to prolonged activation of sensory afferents. We consider

Corresponding author. Fax: 
mpg@rfhsm.ac.uk

+  44-171-433-1921; E-mail:

that this possibility is heightened as the T-rhythm was 
recorded using a novel focal recording technique that did 
not require the sectioning of sensory input from the tail [6]. 
Importantly, it has recently been demonstrated in humans 
that sustained activation of chemosensitive nociceptors on 
the forearm induces a ‘local sign’ vasoconstrictor reflex in 
the ipsilateral limb that adapts slowly and persists after the 
removal of the stimulus [9]. Consequently, we have tested 
the idea that the T-rhythm is dependent on somatic afferent 
input arising from the tail. A preliminary account of this 
work has been published as an abstract [12].

Experiments were performed on nine male Sprague- 
Dawley rats (230-300 g) under Project and Personal Li
cences issued by the Home Office. Animals were anaes
thetised with sodium pentobarbitone (60 mg kg~’, i.p.). 
The depth of anaesthesia was monitored continuously and 
supplements of a-chloralose (10-30 mg k g " \  i.v.) were 
given when required, as judged from: (i) the stability of 
heart rate, blood pressure, phrenic nerve activity (or respi
ratory movements); (ii) the size of pupils; and (iii) palpe
bral and paw-pinch reflexes. Animals were paralysed (gal- 
lamine triethiodide, 16 mg k g h ~ \  i.v.) during periods 
of data collection. During such periods, the depth of 
anaesthesia was assessed by monitoring heart rate, blood 
pressure and phrenic nerve discharge. At the end of the 
experiment the animals were killed by an overdose of 
sodium pentobarbitone (i.v.).

A femoral artery and vein were cannulated to monitor 
arterial blood pressure (mean arterial pressure 9 0 + 1 3  
mmHg, 35 data sets) and administer drugs, respectively. 
The trachea was cannulated. The animals were then vago-
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tomized, given a bilateral pneumothorax and ventilated 
artificially (rate 1.16-1.7 Hz; Oj-enriched room air). Peak 
expiratory CO^ was monitored continuously and arterial 
blood samples (75 p.1) were taken after a 300-s data 
collection period (range: PaCOj 35-50 mmHg; PaOj 
100-415 mmHg; pH 7.31-7.39). Oesophageal temperature 
was monitored and maintained at 37.0 + 0.5°C. The blad
der was cannulated to allow free passage of urine. For 
further details, see Ref. [6].

The preparation of the nerves for stimulation and/or 
recording have been described previously [5]. Activity was 
recorded from a phrenic nerve (an indicator of central 
respiratory drive). The sympathetic chain and collector 
nerves were stimulated electrically to aid the identification 
of single postganglionic neurones (PSNs) innervating the 
caudal ventral artery (CVA). Activity was recorded from 
PSNs on the CVA using a focal recording technique [6].

Five of nine rats had their cauda equina transected, 
caudal to L5, to decentralise the somatic sensory and 
motor innervation of the tail and parts of the hindquarters 
whilst leaving the sympathetic supplies intact (see Ref. 
[13]).

Single PSN CVA activity and phrenic nerve discharges 
were recorded through high impedance headstages (NLIO, 
Neurolog; Digitimer, UK), amplified (100-200 K) and 
filtered (300-1000 Hz). Phrenic nerve discharges were 
smoothed and rectified (time constant 100 ms).

Transistor-transistor logic (TTL) pulses were generated 
from the rising phase of the phrenic envelope and from 
PSN action potentials. PSN CVA and phrenic nerve activi
ties, blood pressure and tracheal pressure were monitored 
continuously and were also digitised (11 800 samples 
channel” ' ; VRIOO-B; Instrutech, NY, USA) and recorded 
on videotape for off-line analysis.

TTL pulses were used to produce autocorrelograms (bin 
width 50 ms; 300-s data set), computed using hardware 
and software described previously [6]. Autocorrelograms 
showed the periodicity of rhythmic PSN and phrenic dis
charges; frequencies were calculated as the reciprocal of 
these [6]. Frequency domain analysis, although not used 
routinely, generates values consistent with those derived 
from the analysis of histograms.

Differences between sympathetic fibres recorded from 
cauda equina transected and intact animals were tested for 
significance using two-tailed Mann-Whitney tests.

All PSNs displaying ongoing activity in this study 
possessed the characteristic burst firing behaviour de
scribed by Johnson and Gilbey [6]. An example of single 
sympathetic fibre activities recorded from cauda equina 
intact and transected preparations is shown in Fig. 1. Note 
that the neurograms and Autocorrelograms show that PSN 
and phrenic burst frequencies are neither the same in the 
cauda equina intact (Fig. lA) nor the transected prepara
tion (Fig. IB).
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Fig. 1. PSN activity recorded from cauda equina intact preparations (A) is similar to that recorded from cauda equina transected preparations (B). (a) PSN 
activity (b) rectified and smoothed phrenic activity over the same period as that in (a), (c) All action potentials from the PSN neurogram (a) superimposed 
to demonstrate their similar shape and amplitude, (d) and (e) are autocorrelograms of PSN activity and phrenic nerve activity, respectively, from the same 
300-s data set (see text for details).
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Fig. 2. Burst frequencies of PSNs recorded from either cauda equina intact (A; four animals) or cauda equina transected (B; five animals) preparations do 
not have a linear relationship with phrenic burst frequency. Open symbols represent the data points from one PSN. Dotted line represents the linear 
regression line for the pooled data set (see text for details).

The burst frequency of PSNs recorded from both cauda 
equina intact (four animals) and transected preparations 
(five animals) were unaffected when the frequency of 
phrenic burst discharge was manipulated by altering the 
levels of PaOj, by changing the partial pressure of inhaled 
oxygen (three or more 300-s data sets at different phrenic 
frequencies per PSN recording). Linear regression analysis 
demonstrated no significant relationship between PSN burst 
frequency and phrenic burst frequency (intact: linear re
gression coefficient 0.157 ±  0.12, n =  17, P =  0.533; tran
sected: -0 .045  ±0.10, n = lS, P  =  0.860). These data 
are plotted in Fig. 2.

The burst frequencies of PSNs recorded from cauda 
equina transected were similar to those recorded from 
cauda equina intact preparations (intact: median 0.80 Hz 
(range 0.59-0.91 HzX n =  17; transected: median 0.74 Hz 
(range 0.63-0.95 Hz), « =  18; P  =  0.498). Furthermore, 
these burst frequencies are comparable to those reported 
by Johnson and Gilbey [6].

Our results show that rhythmic PSN discharges can be 
recorded after afferent input from the tail has been re
moved. Importantly, the frequency of the rhythmic dis
charges in both intact and sectioned preparations were not 
linearly correlated to the frequency of central respiratory 
drive. This is a characteristic feature of the T-rhythm (see 
Ref. [6]). Therefore, the generation of the T-rhythm does 
not appear to be dependent exclusively on afferent drive 
arising from the tail and hindquarters.

A cornerstone of the above proposition is that cauda 
equina transection reduced afferent input to sympathetic 
networks. It is likely that, such was the case as Taylor and 
Weaver [14] observed that dorsal root rhizotomy decreased 
the activity recorded from sympathetic nerves in spinal 
rats. Although in the present study afferent inputs were 
removed by traversing the cauda equina caudal to L5, 
other sources of ‘aberrant’ input were not removed. How
ever, thoracic and lumbar dorsal root rhizotomy has little

effect on sympathetic activity in anaesthetised animals 
with an intact neuraxis (see Ref. [15]), and the T-rhythm 
can be recorded in animals that have not undergone ab
dominal surgery (unlike in the present experiments, see 
Refs. [1,7]). Therefore, we consider it unlikely that other 
somatic inputs are critical to the generation of the T-rhythm.

In conclusion, the results of this study have clearly 
demonstrated that the rhythmic discharges recorded from 
CVA PSNs, known as the T-rhythm, were present follow
ing the sectioning of afferents arising from the tail and 
hindquarters. Consequently, we suggest that the T-rhythm 
is neither a ‘local sign’ sympathetic response nor a sympa
thetic correlate of ‘escape behaviour’.
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j Abstract

j In the rat, »  20% of total body heat-loss occurs by sympathetically mediated increases in blood flow through an elaborate system of 
i arteriovenous anastomoses in the skin of its tail. In this study, the CNS cell groups that regulate this sympathetic outflow were identified 
I by the viral transneuronal labeling method. Pseudorabies virus was injected into the wall of the ventral tail artery in rats that had their 
I cauda equina transected to eliminate the somatic innervation of the tail. After 4-7 days survival, the pattern of CNS transneuronal 
j  labeling was studied. Sympathetic preganglionic neurons in the T11-L2 (mainly LI) levels of the intermediolateral cell column (ML)
! were labeled by 4 days. After 5 days, sympathetic pre-motor neurons (i.e., supraspinal neurons that project to the ML) were identified 
i  near the ventral medullary surface; some of these contained serotonin immunoreactivity. Additional groups of the sympathetic premotor 
I areas were labeled by 6 days post-injection, including the rostral ventrolateral medulla (Cl adrenergic neurons), rostral ventromedial 
I medulla, caudal raphe nuclei (serotonin neurons in the raphe pallidus and magnus nuclei), A5 noradrenergic cell group, lateral 
I hypothalamic area and paraventricular hypothalamic area (oxytocin-immunoreactive neurons). Seven days after the PRV injections,
: additional cell groups in the telencephalon (viz., bed nucleus of the stria terminalis, medial and lateral preoptic areas and medial preoptic 
I nucleus), diencephalon (viz., subincertal nucleus, zona incerta as well as dorsal, dorsomedial, parafascicular, posterior and ventromedial 
! hypothalamic nuclei) and midbrain (viz., periaqueductal gray matter, precommissural nucleus, Edinger-Westphal nucleus and ventral 
I tegmental area) were labeled. The discussion is focused on the CNS cell groups involved in the control of body temperature and fever.
' © 1998 Elsevier Science B.V.
!

j Keywords: Autonomic nervous system; Fever; Herpes virus; Hypothalamus; Medulla oblongata; Oxytocin; Paraventricular hypothalamic nucleus; 
I Periaqueductal gray matter; Preoptic region; Pseudorabies virus; Raphe magnus; Sympathetic nervous system; Temperature regulation; Viral transneuronal 

tracing

1. Introduction

Hyperthermia, whether caused by environment, exer
cise, or infection, can be fatal and to protect against this 
possibility, all animals have developed specialized heat-loss 
mechanisms. The most common site where heat-loss oc
curs is the skin, especially in body appendages where 
increases in blood flow cause heat dissipation. Two color
ful examples of this type of specialization are the elephant’s 
ear and rat’s tail, both of which function to facilitate heat

* Corresponding author. Box 8108, Department of Anatomy and Neu
robiology, Washington University School of Medicine, 660 S. Euclid 
Avenue, St. Louis, M O  63110, USA. Fax: +1-314-362-3446; E-mail: 
loewya@thalaraus.wustl.edu

loss under hot environmental conditions [8,45]. Clearly, the 
latter is more amenable for laboratory studies [8,13,14,21- 
23].

The rat’s tail is well suited to function as a heat-loss 
organ since it lacks fur, is well vascularized and has a 
large surface area to volume ratio [8]. In fact, rats can 
dissipate 20% of their basal metabolic heat production 
through their tails [23,46]. Following whole body warming 
and exercise, a profound increase in blood flow through 
the tail occurs that functions to cool the animal [21- 
23,40,46]. This effect is dependent upon CNS pathways 
that inhibit the sympathetic outflow to the tail artery 
[13,14,21] which feeds an elaborate system of cutaneous 
arteriovenous anastomoses [7]. As blood flow increases^ 
skin temperature rises above the ambient temperature, 
permitting heat loss. Since the tail artery is regulated by a

0006-8993/98/$19.00 ©  1998 Elsevier Science B.V. A ll rights reserved. 
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single class of sympathetic vasoconstrictor fibers [13,14], a 
knowledge of the central cell groups that project to this 
sympathetic outflow may provide some useful information 
on the potential CNS sites that regulate body temperature. 
To identify these putative cell groups as well as some of 
the neurotransmitter-specific neurons of the hypothalamus 
and brainstem involved in this regulatory process, the viral 
transneuronal tracing method [18,41] was used.

The present study demonstrates that multiple levels of 
the neuraxis, ranging from the local intemeurons in the 
spinal cord to the preoptic region, regulate this sympathetic 
outflow system. However, it is important to note that our 
anatomical data are limited in the sense that we cannot 
make definitive conclusions regarding the functions of 
specific CNS cell groups since this sympathetic system 
probably operates at least two functions: one involving the 
vascular supply of the tissues of the tail (viz., skin, muscle 
and bone) and the other functioning as a major heat-loss 
organ of the rat [8,21,22]

2. Materials and methods

All protocols involving animals were carried out in 
accordance with the guidelines of the National Institute of 
Health. In addition, all experiments were approved by both 
the Institutional Animal Care Committee and by the Bio
logical Safety Committee of Washington University School 
of Medicine.

The CNS cell groups that project to the sympathetic 
outflow of the tail artery were identified by the viral 
transneuronal labeling method [3,18,39,41]. To ensure that 
viruses were taken up only by the sympathetic supply of 
the tail artery, a two-stage surgery was performed which 
was designed to destroy the somatic innervation of the tail. 
Stage 1: Male Sprague-Dawley rats (220-320 g; n =  42) 
were anaesthetized with sodium pentobarbital (50 m g /kg ,
i.p.), a L6 laminectomy was performed and then, the cauda 
equina was transected. The wound was closed in layers 
and the rats recovered for two days without complications. 
Stage 2: The rats were re-anaesthetized (as above) and 1 -2  
cm of the ventral tail artery was exposed approximately 2 
cm from the tail base. Eight injections of the Bartha strain 
of pseudorabies virus (PRV, 100 nl each, I X 10* plaque

forming un its/m l) were made into the wall of the artery 
with a glass micropipette (tip =  25-50  /xm) that was 
connected with plastic tubing to a hand-controlled air 
pressure system. Each injection was made over 5 min.

After a survival time of 4 (n =  6), 5 (n  =  12), 6 (n  =  9), 
or 7 days ( n =  15), the rats were re-anaesthetized and 
perfused through the aorta using 0.9% saline solution 
followed by 4% paraformaldehyde made in O.I M sodium 
phosphate buffer (pH =  7.4). The CNS was removed and 
stored in fixative for at least 24 h.

In an additional set of experiments (n  =  15), colchicine 
(100 fxg /10  ix\ sterile saline. Sigma, St. Louis) was 
injected in the fourth ventricle 5 days after PRV was 
injected in the wall of the tail artery. Then, 2 days later the 
rats were perfused (see above). This was done to visualize 
putative corticotrophin releasing factor (CRF) immunore- 
active neurons in the hypothalamus.

Transverse sections of the brain were cut at 50 fxm  on a 
freezing microtome. In addition the spinal cord was cut at 
50 fxm either in the transverse plane (C 1-C 4, T I-T 2 , T4, 
T8 and L I) or the horizontal plane (C 5-C 8, T3, T 5-T7, 
T 9 -T I3 , L 2-L 6 and sacral cord). In the 4-day survival 
experiments, horizontal sections through the T I0 -T I3  and 
L 1-L 4  levels were made; each segment was marked by a 
dorsoventral needle puncture. Transverse sections were 
stored in groups of five sections per tissue culture well in 
0.1% sodium azide solution made in O.I M sodium phos
phate buffer, while horizontal sections were stored as two 
sections per well. Single sections from each well were 
immunostained as described below.

PRV-infected neurons were visualized by two different 
immunohistochemical methods: I) the ABC-diamino- 
benzidine method [II]  for brightfield microscopy and 2) a 
double-immunofluorescence technique which permitted us 
to determine the chemical identity of some of the PRV-in- 
fected neurons [12].

The double immunofluorescence method was performed 
as follows: brain sections were incubated overnight in two 
primary antibodies: pig anti-PRV antibody (1:10,000; Dr. 
K. Platt Iowa State University, Ames, lA) and either one 
of the following antibodies listed in Table I. These anti
bodies were made in a 0.02 M potassium phosphate 
buffered saline solution (KBPS, pH =  7.4) containing 5% 
donkey serum and 0.3% Triton X-IOO (Sigma). The sec-

Table 1
Antibodies used for immunohistochemical analysis

Animal antibody raised in Dilution Source Lo t#

Corticotrophin-releasing factor Rabbit 1:1000 W. Vale PEL rC70
Oxytocin Guinea-pig 1:2000 Peninsula 031538
Phenylethanolamine-A-methyltransferase (PNM T) Guinea-pig 1:500 Accurate M8803-B1
Pseudorabies virus Pig 1:10,000 K. Platt NC  333
Serotonin Goat 1:100 Incstar 550216
Tyrosine hydroxylase Rabbit 1:500 East Acres 63123
Vasopressin-Arg* Guinea-pig 1:2000 Peninsula 029498
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Fig. 1. Four days after PRV injections into the wall of the tail artery 
(n =  4), labeled neurons were found in the intermediolateral cell column 
in the T 1 1 -L 2  spinal segments. Bilateral cell counts were made from an 
alternate sections through the intermediolateral cell column. Data are 
expressed as mean +  S.E.M.

tions were then rinsed twice in KPBS, incubated for 3 h in 
a solution containing tetramethyl rhodamine-conjugated 
donkey anti-pig antibody (1:50; Betbyl Labs, Montgomery, 
TX) and either aminometbylcoumarin-conjugated donkey 
anti-guinea pig (1:50; Jackson Labs, West Grove, PA), 
fluorescein (FITC)-conjugated donkey anti-rabbit (1:50; 
Rockland, Gilberts ville, PA), or FITC-conjugated donkey 
anti-goat antibody (1:50, Jackson) made in KPBS-donkey 
serum solution (see above). Sections were washed in KPBS 
( 2 X 5  min), mounted on gelatin-coated slides, dried and 
coverslipped with a glycerol phosphate/PBS mounting 
medium, containing 0.1% p-phenylenediamine to prevent 
fading. Immunoreactive neurons were analyzed by using a 
fluorescence microscope. The stage was connected elec
tronically to an x -y  plotting system (Minnesota Datamet- 
rics, Shoreview, MN).

3. Results

CNS transneuronal labeling was studied at four time 
points: 4, 5, 6 and 7 days. A sequential wave of infection

D M V NTS

SPY

Bregma -11.00 mm RPa RM g Bregma -11.96 mm RPa

SPY

Bregma -11.60 mm
RPa RM g

LPGi

Spinal Segment LI
Fig. 2. Five days following PRV injections into the wall of the tail artery, transneuronal labeled neurons were detected in the lower thoracic and upper 
lumbar spinal cord as well as lower brainstem. Three representative sections through the medulla oblongata illustrate the distribution of labeled neurons in 
the ventral medulla. Each dot represents a labeled neuron.
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Fig. 3. Five day.s after PRV was injected into the wall of the tail artery, transneuronal infected neurons were found near the edge of the ventral medulla 
(arrow). Scale bar =  100 /u.m.

could be detected. By 4 days, the first central site where 
PRV-labeled neurons were found was the intermediolateral 
cell column ( IM L )  o f the T 1 1 to L2 spinal segments with  
the majority lying in the L I segment (Fig. 1). A  few  
labeled neurons were found in laminae I and V  o f the 
T 1 1 -L 2  segments. A fter 5 days, PRV-infected neurons 
were seen in the IM L  and other spinal areas which in
cluded lateral funiculus neurons and laminae I, V , V I I ,  IX  
and X  o f the T 1 1 -L 2  spinal cord. Some infected neurons 
were observed in the sacral dorsal horn, but none were 
seen in the ventral horn. At later stages (v iz ., 6 and 7 
days), a glial reaction was observed in the IM L  and fewer 
numbers o f PRV-labeled sympathetic preganglionic neu
rons (SPNs) were seen. By 6 days, the lateral spinal 
nucleus, lateral funiculus neurons and laminae V  and V I I  
o f the C 1 -C 4  spinal cord contained PRV-infected neurons. 
O nly an occasional PRV-infected neuron was observed in 
the C 5 -C 8  spinal segments, but none were found in the 
upper thoracic spinal cord or the ventral horn o f the sacral 
cord.

Supraspinal labeling was seen by 5 days and the first 
site containing PRV-infected neurons was the ventral 
medulla (Fig . 2), especially along its ventral surface near 
the pyramidal tract (Fig . 3) as well as in the raphe pallidus 
and raphe magnus nuclei. In the pons, an occasional 
neuron was observed in the A5 area and in the perifacial 
region. No labeling was detected in the hypothalamus at 
this time point.

Fig. 4 illustrates the pattern o f C N S  transneuronal label
ing seen after 6 days follow ing P R V  injections in the wall 
of the tail artery; Table 3 provides a tabular summary. 
Most o f the infected neurons were localized in the ventral 
medulla. The rostral ventrolateral medulla and lateral 
paragigantocellular nucleus contained labeled neurons and 
about 20%  o f these were C l adrenergic neurons (Table 2). 
In the caudal raphe nuclei, the percentage o f serotonergic 
neurons projecting to tail artery sympathetic preganglionic 
neurons represented =  25% o f the total number o f P R V - 
labeled neurons. P R V  infected neurons were found in the 
A 5 area as well as in the locus coeruleus, subcoeruleus.

Fig. 4. Six days following PRV injections into the wall of the tail artery, transneuronally labeled neurons were found in the T11-L2 spinal cord (not 
shown) and in the upper cervical spinal cord, brainstem and hypothalamus. Each dot represents a single infected neuron. Abbreviations: A5, A5 
catecholamine cell group; AHA, anterior hypothalamic nucleus; DMV, dorsal vagal nucleus; DPGi, dorsal paragigantocellular reticular nucleus; f, fornix; 
FN, facial nucleus; GiA, gigantocellular reticular nucleus, alpha part; GiV. gigantocellular reticular nucleus, pars ventralis; EC, locus coeruleus; LF, lateral 
funiculus; LHA, lateral hypothalamic area; LPGi, lateral paragigantocellular reticular nucleus; LRN, lateral reticular nucleus; LSN, lateral spinal nucleus; 
MoV, motor trigeminal nucleus; NA, nucleus ambiguus; NTS, nucleus tractus solitarius; PnC, pontine reticular nucleus, caudal part; PVH, paraventricular 
hypothalamic nucleus (md, medial parvicellular division; Ip, lateral parvicellular division); RMg, raphe magnus nucleus; ROb, raphe obscurus nucleus; 
RPa. raphe pallidus nucleus; RVL. rostral ventrolateral nucleus; SPV, spinal trigeminal nucleus; SubC, subcoeruleus nucleus; VMM, ventromedial 
hypothalamic nucleus; ZI, zona incerta; I-X, laminae I to X; V II, facial nerve.
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Barrington’s and Kolliker-Fuse nuclei (Fig. 5). Many of 
these pontine neurons were catecholaminergic. No labeling 
was detected in the midbrain at this survival time. Within 
the hypothalamus, the majority of PRV labeled neurons 
were located in the paraventricular hypothalamic nucleus

(PVN), lying in the lateral and medial parvicellular subnu
clei. Approximately 8% were immunoreactive for oxytocin 
(Fig. 6). However, none were immunoreactive for vaso
pressin or CRF.

Fig. 6 illustrates the transneuronal labeling seen in the
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Table 2
Chemically identified CNS neurons projecting to tail artery SPNs

Cell group Total number of PRV infected neurons PRV labeling of chemically identified neurons

PNMT
Rostral ventrolateral medulla 100.3 ±  23.5 20.5 ±  8.7
Lateral paragigantocellular nucleus 96.0 ±  22.9 18.8 ± 6 .3

Serotonin
Raphe obscurus 16.0 ± 4 .7 6.3 ±  1.5
Raphe pallidus 19.3 ±  4.3 7.0 ±  3.7
Gigantocellular reticular nucleus, ventral part 65.5 ±  26.3 5.5 ± 2 .1
Gigantocellular reticular nucleus, alpha part 43.5 ± 1 1 .3 5.3 ±  2.0
Raphe magnus 54.0 ±  15.9 7.3 ± 3 .0

Tyrosine hydroxylase
A5 area 154.0 ±  28.6 60.0 ±  10.5
Subcoeruleus 24.8 ±  5.7 24.0 ±  5.7
Locus coeruleus 33.3 ±  8.9 21.8 ± 4 .6

Oxytocin
Paraventricular hypothalamic nucleus 44.3 ±  10.9 3.5 ±  1.8

Data were obtained from 6 day survival experiments. The first column presents the number of PRV labeled neurons found bilaterally in a l-in -5 series of 
transverse sections. The second column gives the number of chemically identified PRV-labeled neurons. Data are expressed as mean ±  S.E.M. (n  — 4).

fore- and midbrain 7 days after a PRV injection in the wall 
of the tail artery (see Table 4). In the telencephalon, 
infected neurons were observed in bed nucleus of the stria 
terminalis (mainly its ventral division), medial and lateral 
preoptic areas and medial preoptic nucleus (Fig. 7). Seven 
hypothalamic nuclei contained infected neurons (see Table 
4). These included the dorsal, dorsomedial, lateral, par
aventricular, parafascicular, perifomical and posterior hy
pothalamic nuclei. The subincertal nucleus, tuber cinereum 
and zona incerta also contained labeled neurons.

The midbrain periaqueductal gray matter was labeled on 
day 7, especially in the dorsomedial, lateral and ventrolat
eral columns (Fig. 5). The precommissural, Edinger-W est
phal and deep mesencephalic nuclei as well as the ventral 
tegmental area contained labeled neurons. Infected neurons 
were found in the ventral part of the red nucleus, but as 
discussed earlier [12], this may be a false-positive finding 
since there is no evidence suggesting this nucleus is in
volved in sympathetic regulation. PRV infected neurons 
were also found in the parabrachial and the Kolliker-Fuse 
nuclei. At this stage, gliosis of the ventral medulla was 
apparent, along with some infection in the medullary retic
ular formation.

4. Discussion

The tail artery of the rat is controlled by a simple 
peripheral sympathetic system consisting of only vasocon
strictor fibers [13,14], but as shown here, numerous premo

tor cell groups regulate this sympathetic outflow. The 
inputs arise from local spinal neurons, sympathetic pro- 
priospinal neurons as well as cell groups found throughout 
the brainstem, hypothalamus and preoptic region. The 
discussion will relate these findings to the literature deal
ing with the CNS control of thermoregulation.

We have assumed that PRV entered the CNS only by 
retrograde transport in sympathetic fibers since the cauda 
equina was transected. This eliminated the possibility that 
PRV entered the spinal cord via somatosensory or somato
motor fibers which innervate the skeletal muscles an d /o r 
skin of the tail. However, another potential portal of entry 
is via the sympathetic afferent pathway which theoretically 
could carry sensory information from the tail artery into 
the spinal cord. Because there is no evidence for this 
pathway, the PRV infected neurons found in the dorsal 
horn (e.g., laminae I and V) are thought to be the result of 
retrograde transneuronal labeling occurring through SPNs 
as opposed to anterograde transneuronal labeling occurring 
by passage through dorsal root afferents. This conclusion 
is tentative and based on two lines of negative evidence. 
First, we found no anterograde transneuronal labeling in 
any central sensory nuclei, such as the gracile nucleus, 
nucleus tractus solitarius, or ventral thalamic sensory nu
clei. Second, earlier we found that PRV was taken up by 
the dorsal root afferent system innervating skeletal muscle, 
but not transported transneuronally in any of the sensory 
nuclei of the spinal cord or medulla and the pattern of 
dorsal horn labeling was similar in intact and dorsal rhizo-

Fig. 5. After 7 days survival, PRV-labeled neurons were found in the preoptic area, hypothalamus and periaqueductal gray matter. Additional labeling was 
found in the brainstem similar, but more extensive, to that shown in Fig. 4. Additional abbreviations: ac, anterior commissure; ACh, arcuate hypothalamic 
nucleus; BC, brachium conjunctivum; CNF, cuneiform nucleus; D H A , dorsal hypothalamic area; D M H , dorsomedial hypothalamic nucleus; DpMe, deep 
mesencephalic nucleus; EW, Edinger-Westphal nucleus; KF, Kolliker-Fuse nucleus; LPO, lateral preoptic region; MnPO, median preoptic region; M PA, 
medial preoptic area; MPO, medial preoptic region; ox, optic chiasm; PBl, lateral parabrachial nucleus; PBm, medial parabrachial nucleus; PVN-ap, 
anterior parvicellular subdivision of paraventricular hypothalamic nucleus; PVN-dp, dorsal parvicellular subdivision; PVN-pm, posterior magnocellular 
subdivision of paraventricular hypothalamic nucleus; RCh, retrochiasmatic nucleus; RN, red nucleus, SCh, suprachiasmatic nucleus; SI, substantia 
innominata; SON, supraoptic nucleus; SNC, substantia nigra, compact part; SNR, substantia nigra, reticular part; SubI, subincertal nucleus.
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tomizied rats [27]. Thus, we suggest that only the descend- first central neurons to be labeled in our experiments (day
ing sympathetic premotor systems have been labeled in the 4). Since PRV was injected into the wall of the tail artery,
present experiments. this labeling represents second-order neurons. By 5 days.

Sympathetic preganglionic neurons (SPNs) were the laminae I, V and VII of the T 11-L2 spinal cord contained
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Fig. 6. Oxytocin-immunoreactive neurons in the paraventricular hypothalamic nucleus were transneuronally labeled following PRV injections into the wall 
of the tail artery. Scale bar =  100 /am.

labeled neurons and thus, represents third-order labeling. 
The function o f these local spinal neurons is unknown, but, 
may be part o f intrinsic spinal network that modulates SPN

activity. Possibly humans have sim ilar intrinsic spinal 
network, which could explain some earlier clinical obser
vations. Patients with spinal cord transections are reported
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Fig. 7. PRV-infected neurons in the medial preoptic region 7 days after PRV injection into wall of tail artery. Scale bar =  100 yum.
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Table 3
CNS neurons projecting to tail artery SPNs (6 day survival experiments)

Animal number

048 050 052 054

Diencephalon
Paraventricular hypothalamic area 

Anterior parvocellular 
Dorsal parvocellular 
Medial parvocellular 
Lateral parvocellular 

Lateral hypothalamic area 
Dorsal hypothalamic area 
Posterior hypothalamus 
Ventromedial hypothalamus

Mesencephalon 
Periaqueductal gray matter 

Dorsomedial 
Lateral

1
3
+
+
+

3
2

The ventral medulla was the first supraspinal site where 
PRV-infected neurons could be detected which correlates 
with earlier work [17]. Part of this projection system arises 
from serotonin-containing neurons. In addition, Key and 
Wigfield [16] demonstrated that application of 5-hydroxy- 
tryptamine (5-HT) on the ventral surface of the medulla 
causes a dose-dependent decrease in blood pressure and an 
increase in tail temperature, possibly by acting on local

Table 4
Forebrain and midbrain cells groups labeled following PRV injections 
into the wall of the tail artery (7 day survival experiments)

Animal number

060 061 062 063 070 071

Telencephalon
Substantia innominata
Bed nucleus of stria terminalis

-  -  -  1

Ventrolateral -1- 4- - - Ventral 1 4- 4- 2 4- 4-
Deep mesencephalic nucleus - 4- - - Medial posterolateral 2
Red nucleus - 3 - - Medial postintermedial 4- - - 3 - -

Medial posteromedial 3
Pons Lateral intermedial 3
Kolliker-Fuse nucleus 4- 4- 4- 4- Central nucleus of the amygdala 4 - - 3 - 4-
Barrington’s nucleus 4- 4- 4- 4- Median preoptic nucleus - - - 4- 4-
Locus coeruleus 4- 4- 4- 4- Medial preoptic area ■ 4- 4- 4- 4- 4-
Subcoeruleus nucleus 4- 4- 4- 4- Medial preoptic nucleus 4- 4- 1 2 4 4-
A5 area 4- 4- 4- 4- Lateral preoptic area 4- 4- 4- 4- 4- 4-

Medulla Oblongata Diencephalon
Dorsal paragigantocellular nucleus 4- 4- 4- 4- Anterior hypothalamic area 2
Perifacial zone 4- 4- 4- 4- Lateroanterior hypothalamic nucleus 3 4- 4- - 4 2
Raphe magnus nucleus 4- 4- 4- 4- Suprachiasmatic nucleus - 4- - - 1 -
Gigantocellular reticular nucleus Retrochiasmatic area 2 4- 3 3 4- -

Pars alpha 4- 4- 4- 4- Paraventricular hypothalamic nucleus 4- 4- 4- 4- 4- 4-
Pars ventralis 4- 4- 4- 4- Subincertal nucleus 4- 4- - 4- 4- 4-

Raphe pallidus nucleus 4- 4- 4- 4- Dorsal hypothalamic area 4- 4- 4- 4- 4- 4-
Raphe obscurus nucleus 4- 4- 4- 4- Dorsomedial hypothalamic nucleus 4- 4- 2 4- 1 3
Rostral ventrolateral medulla 4- 4- 4- 4- Arcuate hypothalamic nucleus - 4- 3 3 4 1
Lateral paragigantocellular nucleus 4- 4- 4- 4- Ventromedial hypothalamic nucleus 4- 4- - 4- 3 4-
Lateral reticular nucleus 3 1 4 2 Tuber cinereum 2 4- 4- 4- 4- 4-
Paramedian reticular nucleus 4- 4- - - Lateral hypothalamic area 4- 4- 4- 4- 4- 4-
Medullary reticular nucleus, 4- 4- 4- 1 Parafascicular hypothalamic nucleus 3 2 1 4- 4- 2
pars ventralis Posterior hypothalamic area 4- 4- 4- 4- 4- 4-
Ventral surface 4- - 4- 4- Zona incerta 4- 4- 4- 4- 4- 4-

+  =  5 or more labeled neurons bilaterally in a l-in-5 series of sections 
through the respective CNS cell group;
4 =  4 labeled neurons found bilaterally, etc.

to lack thermoregulatory spinal reflexes [31,42], but sev
eral reports indicate that sweating can occur in 
quadriplegics below the level of their spinal injury [24,32]. 
The only way this could occur is via local spinal cord 
circuits lying below the level of the spinal cord transection. 
On the basis of our work, we hypothesize that a system of 
local segmental intemeurons found in laminae 1, V and V ll 
may participate in thermoregulatory functions. However, 
the role of the propriospinal systems that arise from the 
cervical spinal cord remain unknown, although they pro
vide direct connections to SPNs [11].

Mesencephalon 
Precommissural nucleus 
Periaqueductal gray matter 

Dorsomedial 
Lateral 
Ventrolateral 

Edinger-Westphal nucleus 
Interstitial nucleus 
Caudal linear nucleus raphe 
Ventral tegmental area 
Substantia nigra 
Red nucleus 
Retrorubral field 
Superior colliculus 
Deep mesencephalic nucleus

4- 4- 4- 4- 4-

4- 4- 4- 4- 4- 4-
4- 4- 4- 4- 4- 4-
4- 4- 4- 4- 4- 4-
4- 4- 4- 4- 4- 4-
- - 4- 3 4 4-
- 3 4 - 4- -
4- 3 4 4- 4- 2
- 2 2 4- 3 3
4- 4- 4- 4- 4- 4-
- 4- 4- 4- 4- 4-
4- 4- 4 1 4- 4-
4- 4- 4- 4- 4- 4-

4- =  5 or more labeled neurons bilaterally in a l-in-5 series of sections 
through the respective CNS cell group;
4 =  4 labeled neurons; etc.
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5-HTj^ autoreceptors. Because other types of autonomic 
projection neurons lie in the ventral medulla [9,12,20], this 
area cannot be considered to function solely as a ther
moregulatory site.

The transneuronal labeling reported here were patterns 
similar to the data presented in our earlier studies on the 
central sympathetic system of the adrenal gland [38], stel
late ganglion [12] and other sympathetic ganglia [37]. For 
example, transneuronally labeled neurons were found in 
the rostral ventrolateral medulla, lateral paragigantocellular 
reticular nucleus and medial medullary sites such as the 
alpha and ventral parts of the gigantocellular reticular 
nucleus. Also, the lateral hypothalamic area and PVN were 
labeled in all of these experiments. Perhaps these common 
group of sympathetic premotor nuclei subserve some over
all general function such as maintaining appropriate vascu
lar perfusion throughout the body.

Attempts to localize thermoregulatory sites in the brain
stem have depended on rather crude experiments— brains
tem knife cuts. While this method is imprecise, some 
insights can be gained from these studies. Most notably, 
Shibata et al. [35] found that brainstem transections at the 
pontine level caused a rise in temperature in the colon, 
interscapular brown fat and paw skin. Transections caudal 
to the hypothalamus, however, did not result in a tempera
ture increase, suggesting that the midbrain an d /o r pons 
contain an inhibitory temperature control center. The lower 
brainstem an d /o r spinal cord also contribute to this ther
moregulatory system because an additional cutaneous va
sodilator response can be elicited in pontine-transected rats 
by ganglionic blockade.

The midbrain periaqueductal gray matter (PAG) is an
other CNS site potentially involved in body temperature 
regulation since morphine injections into the ventral part 
of this region in conscious rats causes hyperthermia [34]. 
In the present study, PRV injections into the tail artery 
wall produced transneuronal labeling in the PAG, includ
ing in its ventral part, but no additional experiments, to our 
knowledge, have been done to strengthen this idea that the 
PAG is involved in thermal regulation.

Seven different hypothalamic areas were labeled in the 
present experiments (Table 4), but only a few specific 
areas have been implicated as playing a role in temperature 
regulation. The PVN has received the most attention and 
stimulation of this nucleus causes an increase in the tem
perature of interscapular brown fat [1] while PVN lesions 
reduce the neural activity of the sympathetic fibers inner
vating brown fat [28], suggesting that this nucleus func
tions as a ‘heat-regulator’. As shown here, the PVN may 
also regulate heat-loss functions as well. Our data suggest 
that some of the oxytocin-containing PVN neurons may 
participate in this latter function. While not tested in whole 
animal experiments, studies based on slice preparations 
indicate that oxytocin excites SPNs via vasopressin V,^ 
receptors [33]. Thus, it is likely that central inhibition of 
this pathway might be operative during heat-loss.

The PVN participates in fever production [10], but it is 
not certain which transmitters are used. One idea that has 
emerged is that vasopressin plays a role in this function, 
possibly originating from the parvicellular PVN neurons. 
Because intraventricular injections of vasopressin and re
lated agonists suppress fever [4,15,44], we initially hypoth
esized that the vasopressin-containing PVN spinal projec
tion neurons may be involved, but since none of them were 
labeled, we now think that the antipyretic actions of vaso
pressin reside in some other CNS region, such as the 
ventral septum [19]. However, no PRV labeled neurons 
were found in this region, perhaps because the fever and 
antipyretic responses use different neural pathways than 
those subserving the heat-loss system. The latter would be 
functional only during exercise or when the ambient tem
perature is high [21-23,40,46]. Finally, none of the de
scending CRF immunoreactive PVN projection neurons 
were labeled [12] and on review of the literature, this 
negative result was not surprising in light of the evidence 
implicating CRF in thermogenesis [26], but not as part of 
the central heat-loss system.

The distribution of PRV-infected neurons in the preop
tic region correlates well with the data of Scammell et al. 
[29,30]. Following hyperthermia, Fos immunoreactive neu
rons were found in three preoptic regions: median preoptic 
nucleus, medial preoptic area and lateral preoptic area, 
suggesting that these regions may contain heat-sensitive 
neurons and may coordinate heat-loss functions [30]. After 
sensing body temperature increases, some of these preoptic 
neurons may affect thermal regulation by a series of 
descending projections, some of which affect key vascular 
beds such as the skin of the tail. The medial preoptic 
region, in particular, projects to a number of regions that 
contain sympathetic premotor neurons. For example, the 
medial preoptic region projects to the dorsal parvicellular 
region of the PVN [36], a site which provides a major 
projection to the IML and is believed to be part of the 
CNS system activated by cytokines during the acute phase 
reaction [6]. Another pathway terminates in the lateral 
hypothalamic area as well as the nearby perifomical hy
pothalamic area [36]. Both areas project to the IML and 
contain neurons activated during peripheral immune re
sponses [6], suggesting that these may be some of the 
neural pathways regulating heat-loss. The medial preoptic 
region also projects to other sympathetic premotor sites 
located in the brainstem, including the PAG and medulla 
oblongata (viz., raphe magnus nucleus, ventral part of the 
gigantocellular reticular nucleus and ventral medulla sur
face) [36]. Conceivably, multiple efferent transmission lines 
arising from the preoptic region coordinate these re
sponses, some inhibiting heat-producing systems (viz., 
brown fat and mitochondrial uncoupling protein) and oth
ers maximizing heat-loss (viz., increasing tail blood flow).

Both body temperature and sympathetic activity exhibit 
circadian rhythms [25,43] programmed by neurons in the 
suprachiasmatic nucleus. However, no labeling was found
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in this region. Since suprachiasmatic neurons exhibit in 
vitro thermosensitivity [5], a cellular property that has been 
used to map temperature sensitive regions of the brain [2], 
the lack of labeling in this region was surprising. Several 
explanations are possible ranging from technical limita
tions associated with the viral tracing method to the possi
bility that suprachiasmatic nucleus does not regulate the 
tail artery sympathetic system. It is conceivable that the 
sympathetic system regulating the tail artery has functions 
only under two states, one providing oxygenated blood and 
the other serving a protective mechanism, operating only 
when hyperthermia occurs. Under both conditions, it is 
possible that neither system would exhibit a circadian 
rhythm and this may explain why no labeled neurons were 
found in the suprachiasmatic nucleus.

In summary, the present study has identified a variety 
of CNS cell groups that modulate the sympathetic outflow 
to the tail artery, some of which reside in sites that have 
implicated in thermoregulation (such as the preoptic and 
hypothalamic areas). Since the sympathetic outflow to the 
tail artery is thought to be regulated by a single class of 
sympathetic vasoconstrictor fibers [13], it was somewhat 
surprising, therefore, to find that this simple sympathetic 
system is potentially regulated by a number of CNS re
gions. One possible way to explain these data is that the 
tail circulation, which under certain circumstances is the 
crucial site for heat dissipation, is neurally linked to other 
heat-regulating systems. Thus, central commands affecting 
the sympathetic outflow to the tail artery may also alter 
sympathetic activity of other thermal regulatory systems. 
At the same time, some of these CNS sites may also 
antagonize the neuroendocrine systems involved in heat- 
production. While these ideas remain speculative, the pre
sent findings should provide useful maps for identification 
of CNS sites which regulate body temperature.
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I Abstract
I
j The spinal segments of origin of the sympathetic preganglionic neurones (SPNs) influencing the activity of sympathetic postganglionic 
! neurones innervating the tail have been studied using a neurophysiological approach. Activity was recorded from the ventral collector 
I nerve that carries 70% of the sympathetic fibres innervating targets within the tail and provides 80% of the innervation of the caudal 

ventral artery. When recording activity from the ventral collector nerve at the tail base, the largest responses were evoked following 
I electrical stimulation within spinal segments lumbar (L) 1 and 2 and smaller responses from thoracic (T) 13 (n =  5). Although similar 
responses to those recorded from the tail base were elicited from spinal segments LI and L2, when activity was recorded from mid-tail 
only minimal responses were evoked from T13 (n =  6). On average robust responses were never elicited following stimulation beyond 
these segments. Responses had latencies compatible with conduction over C-fibre axons and were absent following ganglionic blockade. 
It is concluded that SPNs influencing the tail circulation reside mainly in LI and L2 spinal segments and there is also a substantial but 
lesser contribution arising from segment T13. © 1998 Elsevier Science B.V.

: Keywords: Sympathetic preganglionic neurone; Tail; Rat; Ventral collector nerve; Sympathetic postganglionic neurones

1. Introduction

1 The rat tail circulation has an important thermoregula
tory function [6]. Consequently, sympathetic nervous con
trol dominates the regulation of vascular tone of vessels 
contained within it [8,10]. Additionally, the caudal ventral 
artery (the main channel for blood flow to the tail [14]) is a 
popular preparation for studying the relationship between 
sympathetic neuronal discharge and neuroeffector trans- 
Imission (e.g. [2,3,5]). A comprehensive knowledge of the 
■underlying anatomy of the neuronal elements involved is a 
[fundamental requirement for a greater understanding of 
this control.
j Studies using conventional retrograde tracers, such as 
horseradish peroxidase, have demonstrated that the cell 
bodies of the majority of postganglionic neurones project
ing to the tail reside mainly in the sacral 2 -4  paravertebral 
ganglia [12]. The spinal segments containing the sympa
thetic preganglionic neurones (SPNs) that impinge upon 
these postganglionic neurones projecting to the tail have

Corresponding author. Tel.: +1  171 8302770; fax: +1  171 4331921; 
;-mail: mpg@rfhsm.ac.uk.
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not been identified. However, retrograde tracing studies 
have shown that SPNs projecting into the lumbar sympa
thetic chain beyond the 4th lumbar ganglion are found in 
spinal segments thoracic (T) 12-lum bar (L) 2, with 60 -70  
percent in the intermediolateral cell column at L I [1,16]. 
Therefore, the ‘tail’ SPNs must be contained within some 
or all spinal of tiiese segments. Other SPNs contained 
within these spinal segments with axons projecting beyond 
4th lumbar ganglion influence postganglionic sympathetic 
neurones innervating the lower gastrointestinal tract, uri
nary system and sex organs (see [9]) and a minority are 
undoubtedly concerned with the control of the sympathetic 
supply to the hindlimbs [4]. Thus, the question arises as to 
which of these segments contain ‘tail’ SPNs.

It is known that sympathetic postganglionic neurones 
innervating the vasculature of the rat tail project through 
two pairs of nerves: the dorsal and ventral collector nerves. 
These are mixed nerves and also contain somatomotor and 
sensory fibres. The spinal roots carrying these are from the 
sacral to coccygeal spinal segments [12]. Therefore, as 
sympathetic and somatic components associated with the 
collector nerves are located in different spinal segments it 
is possible to selectively activate the sympathetic compo
nent using intraspinal stimulation.

mailto:mpg@rfhsm.ac.uk
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In this Study the spinal segments of origin of the SPNs 
influencing the activity of sympathetic postganglionic neu
rones innervating the tail have been determined. This has 
been done by recording from the ventral collector nerve 
(that carries 70% of the sympathetic fibres innervating 
targets within the tail and provides 80% of the innervation 
of the caudal ventral artery [12]) and stimulating electri
cally within the region of the ipsilateral intermediolateral 
cell column of each of spinal segments T10-L4. The 
amplitudes of the evoked responses recorded following 
stimulation of each spinal segment were compared and 
taken as an index of contribution of SPNs arising in that 
segment to the control of the sympathetic postganglionic 
neurones projecting through the ventral collector nerve.

A preliminary account of this work has been published 
as an abstract [13].

2. Materials and methods

2.7. Animal maintenance

Experiments were performed on 11 male Sprague- 
Dawley rats (270-320 g), anaesthetized with sodium 
pentobarbital (60 m g /k g  i.p.) and supplemented with a- 
chloralose (5 -10  mg i.v.) as required. Depth of anaesthesia 
was Judged from arterial blood pressure, pupil size, palpe
bral and paw reflexes and respiratory movements. The 
neuromuscular blocking agent, gal lamine triethiodide (16 
m g /k g  i.v.) was administered prior to data collection and 
during this period adequacy of anaesthesia was determined 
by the lack of a change in blood pressure in response to 
paw pinch. At the end of the experiment animals were 
overdosed with sodium pentobarbitone.

A femoral artery and vein were cannulated in order to 
monitor arterial pressure and administer drugs, respec
tively. The trachea was cannulated to enable artificial 
ventilation with oxygen enriched air.

2.2. Preparation o f ventral collector nerve and exposure o f 
spinal cord

A ventral collector nerve was exposed and the animal 
was placed in a stereotaxic frame. Vertebrae T 8-L 4  were 
identified and dorsal laminectomies performed to expose 
spinal segments TIO to sacral 1.

The tail was positioned in a perspex bath so that the 
exposed ventral collector nerve was clearly visible. The 
nerve was then cut, desheathed and covered in liquid 
paraffin. Conventional platinum wire bipolar electrodes 
were used to record the evoked activity in the nerve. The 
proximal end of the ventral collector nerve was placed on 
one pole of the bipolar electrode and the distal end was 
placed on the other. A ground electrode was placed close 
to the proximal end of the nerve. The recording electrode 
was positioned on the ventral collector nerve either at the 
tail base (u =  5) or midway down the tail (« =  6).

The dura surrounding the spinal cord was removed

carefully. The cord was covered with liquid paraffin. The 
spinal segments were identified by their dorsal root exit 
site from the vertebral column (see [15]).

2.3. Spinal cord stimulation

The tip of a concentric bipolar stimulating electrode 
(SNE-100; contact diameter: centre 100 /im , outer 250 
)um; contact length: centre 250 pm, outer 250 pm', tip 
separation 500 pm-, Clark Electrochemical Instruments, 
Cambridge, UK) was placed in the region of the intermedi
olateral cell column as shown in Fig. 1 A.

The electrode was positioned in spinal segment LI and 
the spinal cord was stimulated (100 p A , 300 p A , 600 p A , 
1 mA and 3 mA at 1 Hz; pulse width 1 ms). The evoked 
activity was recorded from the ipsilateral ventral collector 
nerve. This was repeated for spinal segments T10-L4. In 
two animals the stimulating electrode was then positioned 
on the contralateral side of spinal segment LI and L2. The 
spinal cord was then stimulated (600 p A , 1 mA, 3 mA and 
10 mA).

2.4. Data capture and analysis

The evoked responses (average of 25) in the ventral 
collector nerve were recorded through a high impedance 
headstage (NL 100, Neurolog, Digitimer, UK) amplified 
(20 K), filtered (bandwidth 5-1000 Hz) and were moni
tored on an oscilloscope and an IBM-compatible computer. 
On-line analysis was carried out using an interface (1401) 
and software (SIGAVG) supplied by Cambridge Electronic 
Design, Cambridge, UK. ‘Conduction velocities’ of the 
activated pathways were calculated from the distance be
tween the stimulating and recording electrodes divided by 
the latency of the peak of the evoked response.

Data across experiments were normalized by expressing 
evoked responses obtained at a given stimulus strength in 
an experiment as a percentage of the largest response 
obtained at that stimulus strength. The mean ±  S.E. for 
each spinal segment was then calculated. Statistical analy
sis were carried out using one-way ANOVA tests. Similar 
results were obtained when the area under the response 
was measured and therefore these data have not been 
presented.

2.5. Drugs used

To test whether or not the responses evoked in the 
ventral collector nerve were due to sympathetic fibre acti
vation, the ganglionic blocker chlorisondamine chloride 
(Ecolid/SU3088; a gift from CIBA-Geigy Corporation, 
New Jersey, USA) was administered (3 m g /k g  i.v.).

3. Results

Fig. IB shows an example of an averaged response 
evoked in a ventral collector nerve following stimulation
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Fig. ], (A ) Schematic showing position of stimulating electrode in spinal cord (transverse section). (B) a; Average of 25 responses evoked in a ventral 
collector nerve at the tail base following I mA stimulation in the ipsilateral intermediolateral cell column at L I  (latency of response peak, 175 ms; 
recording distance 11 cm), b: Responses were abolished after ganglionic blockade (3 m g/kg  chlorisondamine i.v.).

within the ipsilateral intermediolateral cell column in spinal 
segment LI. The latencies of the peak amplitude of such 
responses were compatible with conduction over pre- and 
post-ganglionic sympathetic pathways (estimated ‘conduc
tion velocity’ 0.6 +  0.01 m s “ ‘, n = l l :  compare with 
[7],[16]). In addition, such responses were abolished by the 
ganglion blocker chlorisondamine.

3.1. Relationship between spinal segment and response 
evoked in ventral collector nerve recorded at the ta il base

The relative amplitudes of the responses evoked from 
the caudal and rostral portion of each spinal segment, 
using various current strengths are shown in Fig. 2A. With 
a current strength of 100 pvh, responses were evoked only 
from spinal segments LI and L2. The responses evoked 
from the caudal aspect of segment L2 were found to be 
significantly smaller than those evoked from caudal LI 
(P  < 0.01; one-way ANOVA). As at this current strength, 
responses were not elicited from caudal T13 and rostral 
L3, the maximum possible current spread was half of a 
segment. Therefore, the majority of SPNs influencing post
ganglionic neurones projecting through the ipsilateral ven
tral collector nerve are located in spinal segment LI and 
the rostral portion of segment L2. As stimulus strength was

increased, the amplitude of the response evoked from a 
particular location increased as is shown in Fig. 2B. Aver
age maximum responses were obtained using current 
strengths of 600 /xA to 3 mA. Note that at any of the 
stimulus strengths used, responses evoked rostral to spinal 
segment T13 and caudal to the L2 spinal segment were on 
average always less than 10% of the largest and also that 
the response distribution remained essentially the same for 
current strengths of 300 /xA, 600 /xA, 1 mA and 3 mA. 
Importantly, although no responses were elicited in spinal 
segment T I3 at 100 /xA stimulations, responses were 
evoked as the stimulus strength was increased. Using a 
stimulus strength of 300 /xA, responses evoked from the 
caudal and rostral aspects of spinal segment T13 were 
significantly smaller compared to responses evoked from 
caudal LI (P  < 0.05, one-way ANOVA). This suggests 
SPNs in spinal segment T13 contribute, but to a lesser 
degree than those in segments LI and L2, to the innerva
tion of postganglionic axons projecting through the ipsilat
eral ventral collector nerve.

In two animals, in which the stimulating electrode was 
positioned on the contralateral side of spinal segment LI 
and L2 to the ventral collector nerve being recorded, 
stimulation over the full range of currents failed to evoke a 
detectable response.
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Fig. 2. (A ) Relationship between spinal segment and percentage of largest response (at a particular strength) recorded from the ventral collector nerve at 
the tail base. Values are expressed as mean ±  S.E. (n =  5). * P <  0.05, * * P <  0.01. (B) Responses evoked (average of 25) from the caudal aspect of L I 
from one animal, using a range of stimulus strengths.

3.2. Relationship between spinal segment and response 
evoked in ventral collector nerve recorded 8 -10  cm distal 
to the ta il base

These experiments were performed to investigate the 
possibility of topographical organization of SPNs regulat
ing ‘tail’ postganglionic fibres. Only the caudal aspect of 
each spinal segment were stimulated for this purpose. The 
relative amplitudes of responses evoked in the ventral 
collector nerve recorded 8 -1 0  cm from the tail base 
(mid-tail) are shown on Fig. 3. The data obtained from 
recording at the tail base were normalized taking into 
account only the responses evoked from the caudal aspect 
of each spinal segment to enable a direct comparison 
between mid-tail and tail base data sets. These data are 
also displayed in Fig. 3.

In contrast to the responses recorded from the tail base, 
substantial responses could only be evoked recording from 
mid-tail at caudal L I and caudal L2 spinal segments when 
stimulus strengths 300 p K ,  600 p K ,  1 mA and 3 mA were 
applied. On average, there was little response to 100 pA. 
stimulation. Interestingly, at a stimulus strength of 100

p A , responses evoked from the caudal L I spinal segment 
were significantly smaller at the mid-tail compared to 
those recorded from the base of the tail (P  <  0.05, one-way 
A N O V A ), whilst those evoked from the caudal L2 spinal 
segment were similar. Also at a stimulus strength of 600 
p A  or 1 mA, responses evoked from the caudal T13 spinal 
segment recorded from the mid-tail were significantly 
smaller compared to those recorded from the tail base 
(P  <  0.05, one-way A N O VA ). This suggests that SPNs 
regulating postganglionic fibres projecting to the distal half 
of the tail are located caudally in the spinal cord relative to 
SPNs that regulate fibres that innervate the tail base.

3.3. Responses resulting from  the activation o f spinal 
pathways

In four different animals a second long latency peak 
( >  500 ms) was observed following stimulation in some 
segments. These long latency responses were abolished 
following transection of the spinal cord rostral to the
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Stimulation site. Therefore, it is probable that they resulted 
from the activation o f a spinal-bulbo-spinal pathway(s).

4. Discussion

In this study electrical stimulation within the region of 
the intermediolateral cell column was used to evoke activ
ity in the axons o f postganglionic sympathetic neurones 
running in the ventral collector nerve and thereby establish 
the spinal segmental locations o f SPNs influencing this 
particular outflow. Importantly, current spread appears to 
have been confined to half a spinal segment with currents 
of 100 /xA  and robust responses were never consistently 
elicited outside segments T 1 3 -L 2  (the locations o f the 
majority o f neurones retrogradely labelled from between 
lumbar 4 and 5 ganglion). Also, the lack o f response from  
the contralateral side o f the spinal cord and the different 
results obtained from  the ventral collector nerve at the tail 
base compared with mid-tail both suggest that current 
spread was m inim al.

Electrical stimulation activates fibres as well as cell 
bodies, so evoked responses could conceivably have been 
elicited by stimulation o f fibres antecedent to the SPNs. I f  
propriospinal or spinal bulbospinal were activated the re
sponse latency could be used to reveal the indirect nature 
of the evoked response (see Section 3.3). In this regard 
electrical stimulation has an advantage over the activation 
of neurones with excitatory chemicals where meaningful 
latency data cannot be obtained.

4.1. Location.s o f  sym pathetic  p re g a n g lio n ic  neurones d r iv 
ing ‘ t a i l ’ p o s tg a n g lio n ic  neurones

In recordings made from the ventral collector nerve at 
the tail base, responses were only evoked from spinal 
segments L I  and L2 at the lowest stimulus strength used. 
However, responses were evoked from segment T13 using 
higher currents. Since when recording from the tail base 
nearly the entire population o f postganglionic fibres pro
jecting through the ventral collector nerve are recorded 
from , these data are interpreted as indicating that SPNs 
regulating the sympathetic supply to the tail have their cell 
bodies located mainly in L I and L2  spinal segments and 
that there is also a substantial but lesser contribution 
arising from segment T13. Consistent with these data are 
the prelim inary findings o f Rathner and M cA llen  [11] who 
observed that stimulation o f L2  ventral roots produced a 
decrease in tail skin temperature (vasoconstriction), 
whereas stimulation o f ventral root L3 produced no mea
surable effect. Unfortunately these authors did not com
ment on the contribution from other spinal segments.

4.2. T o p o g ra p h ica l o rg an iza tion

O ur data also suggest there is a topographical organiza
tion o f SPNs regulating the postganglionic neurones pro
jecting through the ventral collector nerve. When caudally 
evoked responses recorded from the tail base were com
pared to the m id-tail responses, the contribution from  
spinal segments T13 and L I were significantly smaller in
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the mid-tail and yet the contribution from segment L2 
remained the same. This observation is congruent with the 
idea of a topographical organization of the sympathetic 
innervation of the tail such that SPNs in segments T13 and 
LI mainly innervate postganglionic neurones supplying the 
tail base whereas those located more caudally in the spinal 
cord regulate the sympathetic supply to the more caudal 
aspects of the tail. A similar topographical organization 
(with regard to location) appears to occur in the paraverte
bral ganglia with the cell bodies of postganglionic neu
rones innervating the tail [12]. This suggests that the more 
caudally located ‘tail’ SPNs project to more caudally 
located paravertebral ganglia.

4.3. Concluding remarks

This study has shown that SPNs influencing postgan
glionic neurones involved in regulating the tail circulation 
mainly reside in spinal segment LI and the rostral portion 
of segment L2. These neurones are probably located mainly 
in the intermediolateral cell columns (see [1,16]).
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The robust component of the rhythmical 
discharges recorded from the sympathetic outflow 
to the tail display high coherence with the 
sympathetic outflow to the hindlimb skin but not 
the kidney

Julia E. Smith and Michael P. Gilbey

Autonomic Neuroscience Institute, Department o f 
Physiology, Royal Free and University College Medical 
School, Rowland H ill Street, London NW3 2PF

Previously we reported that the rhythmical sympathetic 
discharges with a similar frequency to the T-rhythm (see 
Johnson & Gilbey, 1996) recorded from pairs of ventral 
collector nerves (VCNs; which supply most of the 
sympathetic innervation to the tail) display high coherence 
(Smith & Gilbey, 1998). This was interpreted as indicating 
that the T-rhythm arises centrally. Here, we have examined 
whether prominent discharges at T-rhythm frequency are 
also a robust feature of sympathetic activity to other 
cutaneous targets. This was done by recording from VCN 
and saphenous (supplies the sympathetic innervation to the 
skin of the hindlimb) or VCN and renal nerve pairs as a 
control.

Ten male Sprague-Dawley rats (250-300 g) were 
anaesthetized (60 mg kg“‘ sodium pentobarbitone i.p .;  

supplemented with 5-10 mg a-chloralose i.v. as required; 
see Johnson & Gilbey, 1996), vagotomized, ventilated 
artificially, given a pneumothorax and paralysed. The cauda 
equina was transected to remove somatic motor activity 
from the VCNs (Smith et al. 1998). Monophasic recordings of 
the activities of either the saphenous or renal nerve with 
simultaneous recordings from the ipsilateral VCN were 
made. Phrenic nerve discharge was recorded as a measure of 
central respiratory drive. All nerve activities were filtered 
(300-1000 Hz), rectified and smoothed (t =  100 ms).

During central apnoea (induced by increasing artificial 
entilation frequency; arterial blood gases: P^^o
:4 ±  5 mmHg; P^q, 143 + 29 mmHg; pH 7*53 +  0-04; 
aean + S.D.; 10 animals), spectral analysis (300 s data sets; 

sampling rate 100 Hz; EFT block size 2048, 50% overlap, 
28 blocks) revealed a peak at T-rhythm frequency in the 
autospectra of VCN sympathetic activity (median 0*9 Hz; 
range 0'7-0'97 Hz; n =  5). A peak with similar frequency 
was present on the simultaneously recorded saphenous nerve 
activity (0*88 Hz; range 0*82-1-02 Hz; n =  5). Coherence 
between these activities at the VCN T-rhythm peak (0*46; 
range 0*27-0*78; n =  5) was h i^ ly  significant compared 
with coherence at this frequency generated by ‘dummy’ 
controls (0*02; range 0*00-0*07; n =  20; P < 0*0001, 
Mann-Whitney two-tailed test). In contrast, renal nerve 
discharges lacked a prominent peak at T-rhythm frequency

and there was no significant coherence at VCN T-rhythm 
peak (0*06; range 0*03-0*32; n =  5; dummy controls 0*03; 
range 0*00-0*03; n =  20; P >  0*05).

The data from this study indicate that, in contrast to 
sj'mpathetic activity destined for the kidney, sympathetic 
activity to the tail and the skin of the hindlimb receive 
common/coupled input at the T-rhythm frequency. These 
observations are consistent with the idea that the T-rhythm 
is a characteristic of sj'mpathetic drive to cutaneous vascular 
beds.

J.E.S. is supported by the British Heart Foundation (grant: 
FS/96009).
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Rhythmical discharges in the sympathetic supply 
to rat tail are of central origin

Julia E. Smith and Michael P. Gilbey

Autonomic Neuroscience Institute, Department o f  
Physiology, Royal Free and Universtity College Medical 
School, London NW 3 2PF

Sympathetic activity recorded from the ventral collector 
nerve (VCN; Chang & Gilbey, 1998), which innervates the 
^ail, has a rhythmical component (around 0*8 Hz) at a 
similar frequency to that of single sympathetic fibres 
innervating the tail vasculature (‘T-rhythm’; see Johnson &

Gilbey, 1996). In the present study the linear coherence of 
sympathetic activity recorded simultaneously from left and 
right VCNs was assessed. High coherence would indicate 
that the two nerves receive a common or coupled T-rhythm 
drive since 95% of postganglionic fibres projecting through 
the left or right VCNs originate from their respective 

I ipsilateral ganglia (Sittiracha et al 1987). To ensure 
Î coherence was not due to central respiratory drive,
I sympathetic activity was also assessed during apnoea. 
j  Four male Sprague-Dawley rats (250-300 g) were 
I anaesthetized (60 mg kg~̂  sodium pentobarbitone i .p .; 

supplemented with 5-10 mg a-chloralose i.v. as required;
I see Johnson & Gilbey, 1996), vagotomized, artificially 

ventilated, given a pneumothorax and paralysed. The cauda 
equina was transected to remove somatic motor activity 
from the VCNs (Smith et al 1998). Monophasic recordings of 
the activities of both VCNs were made. Phrenic nerve 
discharge was recorded as a measure of central respiratory 
drive. A ll nerve activities were filtered (300-1000 Hz), 
rectified and smoothed (time constant, 100 ms). Apnoea was 
produced by increasing artificial ventilation frequency.

During apnoea (^  co, 26 ± 2  mmHg;
140 ± 1 2  mmHg; pH 7*49 ±  0*02), spectral analysis (300 s 
data sets; sampling rate 100 Hz; FFT block size 2048, 
28 blocks) revealed a peak at T-rhythm frequency in the 
autospectra of VCN sympathetic activity (left VCN, 
0*84 ±  0*09 Hz; right VCN, 0*82 ±  0*07 Hz; mean ±  s.d,; 

n =  4 pairs). Median coherence at this peak (0*57, range 
0*37-0*72; n =  4) was high compared with ‘dummy’ controls 
(0*03, range 0*007-0*08; n =  12; P =  0*001, unpaired two- 
tailed Mann-Whitney test). The peak at T-rhythm 
frequency in the autospectra of VCN activity (left VCN, 
0*8 ±  0*07 Hz; right VCN, 0*82 ±  0*07 Hz) was present 
during control conditions (Pa co, 36 +  2 mmHg; P^ q  ̂

122 +  9 mmHg; pH 7*4 +  0*01) with an additional peak at 
the same frequency to that of the phrenic nerve discharge 
(0*56 +  0*06 Hz). Coherence between VCN pairs at the peak 
at T-rhythm frequency (0*46, range 0*28-0*66) was observed 
and was high compared with ‘dummy’ controls (0*02, range 
0*001-0*08, n =  12, P = 0*001).

The data from this study show that the T-rhythm in the 
sympathetic discharges recorded from pairs of VCNs 
displays high coherence. This coherence is independent of 
central respiratory drive. These results indicate that the 
T-rhythm arises centrally and not in ganglia.

J.E.S. is supported by the British Heart Foundation (grant: 
FS/96009).
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The rhythmical bursting behaviour of single 
sympathetic fibres innervating the caudal ventral 
tail arteiy in anaesthetized rats is not driven by 
sensory afferents from the tail

Julia E. Smith and Michael P. Gilbey

Autonomic Neuroscience Institute, Department o f 
Physiology, Royal Free Hospital School o f Medicine, 
London NW3 2PF

Using a focal recording technique in anaesthetized rats, 
previous studies from our laboratory have revealed that the

on-going activity of single sympathetic fibres innervating the 
caudal ventral tail artery characteristically occurs in 
rhythmical bursts at a frequency of around 1 Hz 
(‘T-rhythm’, see Johnson & Gilbey, 1996). Since in these 
experiments the sensory afferents from the tail were left 
intact, it is possible the T-rhythm is driven by inputs from 
these afferents. The present study addressed this possibility 
by recording the activities of ̂ mpathetic fibres innervating 
the caudal ventral artery in rats that had the afferent inputs 
from their tails removed by transecting the motor and 
sensory roots in the cauda equina (see Smith & Gilbey, 1996).

Four male Sprague-Dawley rats (230-260 g) were 
anaesthetized (60 mg kg~̂  sodium pentobarbitone i .p .; 

supplemented with 5-10 mg chloralose i.v. as required, see 
Johnson & Gilbey, 1996), vagotomized, artificially 
ventilated, given a pneumothorax and paralysed. The dorsal 
surface of vertebra L6. was removed to expose the cauda 
equina, which was then transected. Activities of single 
postganglionic sympathetic units innervating the caudal 
ventral artery were recorded using the focal recording 
technique described by Johnson & Gilbey (1996). Phrenic 
nerve discharge was recorded as a measure of central 
respiratory drive. The relationship between T-rhythm 
frequency and frequency of rhythmic phrenic discharge was 
also investigated by changing central respiratory drive (rate)

by altering Pa 02-
Units recorded from cauda equina transected rats 

possessed the characteristic T-rhythm described by Johnson 
& Gilbey (1996). Under control conditions, the mean 
frequency of the T-rhythm was 0 927 ±  O'05 Hz 
(mean + s .e .m ., w =  4) and mean firing rate was 
1*69 +  0*43 Hz, which are in the same range as those 
reported under control conditions by Johnson & Gilbey 
(1996). There was also no obvious relationship between 
T-rhythm frequency and the frequency of rhythmic phrenic 
nerve discharge (linear regression coefiicient, 0*189 ±  0*12; 
fifteen observations in four animals).

These data indicate that the T-rhythm qbserved in 
sympathetic fibres innervating the caudal ventmJ artery is 
not driven by afferent inputs from the tail and possibly some 
structures in the hindlimb. Additionally, as observed by 
Johnson & Gilbey (1996) in the cauda equina intact animal, 
there is no apparent relationship between the frequency of 
the T-rhythm and the frequency of rhythmic phrenic 
discharge.

J.E.S. is supported by the British Heart Foundation 
(grant: FS/96009). M.P.G. is supported by The Wellcome Trust.
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Segmental origin of preganglionic neurones 
controlling the sympathetic supply projecting 
through the ventral collector nerve in the rat tail

Julia E, Smith and Michael P. Gilbey

Department o f Physiology, Royal Free Hospital School o f  
Medicine, London NW 3 2PF

The sacral and coccygeal ganglia are the origin of the 
postganglionic sympathetic neurones innervating the rat tail 
(Sittiracha et a l 1987). Seventy per cent of these fibres 
project through the ventral collector nerves. Anderson et a l 
(1989) have shown that the sympathetic preganglionic 
neurones (SPNs) that project to the lower lumbar 
sympathetic chain of the rat originate from spinal segments 
T12 to L2. In contrast, the motor and sensory innervations 
of the rat tail arise from spinal segments S2 to Co3 
(Sittiracha et a l 1987). Using a neurophysiological approach, 
the aim of this study was to identify the spinal segments 
that contain the majority of the preganglionic neurones that 
regulate the sympathetic supply to the rat tail.

Six male Sprague-Dawley rats (250-330 g) were 
anaesthetized (60 mg kg“̂  sodium pentobarbitone i .p .; 

supplemented with 5-10 mg a-chloralose i.v. as required), 
ventilated and paralysed as described by Johnson & Gilbey 
(1994). Dorsal laminectomies were performed on vertebrae

T8 to L2 and spinal segments T9 to SI were identified. The 
stimulating electrode tip (external diameter 250 /im) was 
positioned in the region of the intermediolateral cell column.' 
The segments (T9 to Si) were stimulated (100 /tA to 3 mA at 
1 Hz; pulse width 1 ms) and the evoked activity was 
recorded from the ipsilateral ventral collector nerve using 
platinum bipolar electrodes. The response amplitude (average 
of 25) was measured. At a given stimulus strength, the 
largest response was given a score of 1 and the responses 
from the other segments were expressed as a fraction of this 
response. The mean average score (±  S.E.M.) for each spinal 
segment was then calculated.

The pathways activated in this study had an estimated 
‘conduction velocity’ of 0*65 +  0*03 m s"‘ (mean +  s .e .m .; 

n =  6) and the responses were abolished after ganglionic 
blockade (30 mg kg"̂  chlorisondamine chloride i.v.), 
confirming they were of sympathetic origin. Stimulation in 
spinal segments L l and L2 evoked the largest responses over 
the range of stimuli used in this study. For example, at 
600 pA. stimulation, the response scores were as follows;- 
0T4 +  0’09forT13; 0*76 +  O 'll and 0'70 ±  0T6forLl and 
L2, respectively; 0-17 ±  O'17 for L3. No ^mpathetic 
responses were detected following stimulation in spinal 
segments T9 to T12 or L4 to S i.

The data from this study indicate that spinal segments L l 
and L2 contain the majority of the SPNs that regulate the 
^mpathetic supply projecting through the ventral collector 
nerve in the rat tail.

Clorisondamine chloride was a gift from Ciba-Geigy 
Pharmaceuticals. This study was supported by the British Heart 
Foundation (grant: FS/96009).
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