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ABSTRACT

Sympathetic activity is modulated by central respiratory drive. Studies using whole 

nerve recordings in the rat have demonstrated different patterns of respiratory 

modulation in various sympathetic nerves. These regional differences in the discharge 

patterns of sympathetic outflows may result from either varying proportions of 

sympathetic neurones with a particular respiratory-related discharge pattern 

contributing to each whole-nerve activity or sympathetic preganglionic neurones 

(SPNs) projecting into different nerves having characteristic respiratory modulations. 

The present study has investigated the respiratory-related discharge patterns of a 

group of SPNs projecting to the lumbar sympathetic chain (LSC). Furthermore, the 

hypothesis that caudal raphe nuclei (raphe obscurus, pallidus and magnus) convey 

central respiratory drive onto sympathetic outflow has been examined.

In anaesthetized and vagotomized rats extracellular recordings were made from 

identified SPNs projecting to or through the lumbar sympathetic chain between L4 

and L5 ganglia, and from caudal raphe neurones with axons projecting to the spinal 

cord. The respiratory-related firing patterns were analysed.

Differences in patterns of respiratory modulation and the proportion of SPNs with 

a certain pattern of respiratory modulation were found between SPNs recorded in the 

present study and SPNs located in upper thoracic spinal segments reported 

previously. These findings provide an explanation of the regional differences of 

respiratory modulation in various sympathetic nerves.

Many caudal raphe-spinal neurones with respiratory-related activity could be 

activated antidromically from the area of the intermediolateral cell column (IML) and 

activity in some of these neurons correlated to the 2 to 6 Hz rhythm of cervical 

sympathetic activity. The findings are consistent with the idea that caudal raphe 

neurones within the region from which I recorded in this study are part of a 

supraspinal network that contributes to the 2 to 6 Hz component of sympathetic



nerve activity. Therefore some raphe-spinal neurones may relay both "respiratory" 

and "sympathetic" rhythmic components to the sympathetic outflow. These spinally- 

projecting neurones in caudal raphe nuclei are different from those in the rostral 

ventrolateral medulla (RVLM) as they have no baroreceptor-related activity. 

Additionally, they do not have the "typical" characteristics of 5-HT containing 

neurones which have slow conduction velocities, and slow regular firing 

characteristics: the majority had small myelinated axons as indicated by their 

conduction velocities and relatively high discharge rates and irregular firing 

characteristics.



PUBLICATIONS

Parts of the work in this thesis have heen published or communicated as follows:

Zhou, S. Y. and Gilbey, M. P. (1991). Extracellular recordings from lower thoracic 
and lumbar sympathetic preganglionic neurones in the anaesthetized rat. Journal o f 
Physiology 438: 72P.

Zhou, S. Y. and Gilbey, M. P. (1992). Respiratory-related activity of lower thoracic 
and upper lumbar sympathetic preganglionic neurones in the rat. Journal o f  
Physiology 451, 631-642.

Zhou, S.Y. Futuro-Neto, H.A. and Gilbey, M.P. (1992). Do Caudal Raphe Neurones 
Relay Central Respiratory-related Inputs to Sympathetic Preganglionic Neurones in 
the Anaesthetized Rat? Journal o f Physiology 467, 16P

Zhou, S.Y. and Gilbey, M. P. (1993). Involvement of Caudal Raphe Nuclei in the 
Respiratory Modulation of Sympathetic Activity. Ahstr. XXXII Congress o f  the 
International Union o f Physiological Sciences. 1993

Gilbey, M.P., Futuro-Neto H.A. and Zhou. S.Y. (1995) Respiratory-Related 
Discharge Patterns of Caudal Raphe Neurones Projecting to the Upper Thoracic 
Spinal Cord in the Rat. Journal o f the Autonomic Nervous System. 50 (1995), 263- 
273



ACKNOWLEDGEMENTS

Firstly, I am grateful to Professor K, Michael Spyer, the head of Department of 

Physiology, for introducing to and allowing me to do the Ph.D in his department. My 

Ph.D was funded by the British Heart Foundation to whom I am most grateful.

In particular I would like to thank my supervisor Dr. Michael P. Gilbey for his 

excellent supervision of this work, constant support and encouragement over the past 

years. His help, discussion and critical advice of this thesis have been invaluable.

I also wish to thank:

Dr. Pierre N. Izzo for his supervision of the histological study and use of his 

laboratory.

Mr. Christopher D. Johnson for his general help in the laboratory, his company and 

reading this thesis.

Thanks are given to Dr. Rachel Sykes and Miss Alison Bradley for their technical 

skills and general support in histology and experiments. I would also like to thank all 

my friends at the Department of Physiology, Royal Free Hospital for their support and 

friendship of Dr. David Jordan, Mrs. Shirley Jurmann, Dr. Penny A. Brooks, Mr. Ged 

E. Goldsmith, Mr. Mike A. Goring, Dr. Susan A. Deuchars and Dr. Jim Deuchars.

And finally, I must thank Fei for doing so much over the last years, which made this 

thesis possible.



TABLE OF CONTENTS

TITLE PAGE ............................................................................................................  1

DEDICATION ..........................................................................................................  2

ABSTRACT ...............................................................................................................  3

PUBLICATIONS.......................................................................................................  5

ACKNOWLEDGEMENTS ...................................................................................... 6

TABLE OF CONTENTS........................................................................................... 7

LIST OF FIGURES ................................................................................................  18

LIST OF TA B LES.......................................................................................................21

ABBREVIATIONS..................................................................................................  22

CHAPTER 1

GENERAL INTRODUCTION .........................................................................  23

GENERAL BACKGROUND ................................................................................ 24

OVERALL VIEW OF THE INTRODUCTION ...........................................  26

1.1 SECTION ONE 

RESPIRATORY MODULATION OF
SYMPATHETIC NERVE ACTIVITY ............................................................. 27

1.1.1 Evidence of Respiratory modulation of
Sympathetic Activity ....................................................................  27

1.1.2 Respiratory-related Firing Patterns
in Sympathetic Nerves .................................................................. 28

1.1.3 Respiratory Modulation can Vary between Nerves ...................  29

1.1.4 Differences in Respiratory Modulation between S pecies................ 30

1.1.5 Effects of Experimental Condition and Various Inputs
on Respiratory Modulation ...............................................................31



1.1.6 Two Explanations of Sympathetic Discharges
Related to Central Respiratory Drive ........................................  32

1.1.7 Limitation of Studies Using Whole Nerve Recording .................. 33

1.1.8 Summary .........................................................................................  33

1.2 SECTION TWO

SYMPATHETIC PREGANGLIONIC NEURONES AND 
RESPIRATORY-RELATED ACTIVITY ........................................................ 34

1.2.1 Sympathetic Preganglionic Neurones and
Their Location..................................................................................... 34

1.2.2 Rostrocaudal and Intrasegmental Distribution 
of SPNs Projecting into Different Ganglia
and Sympathetic Nerves ...............................................................  36

1.2.3 Single Unit Recording From SPN Axons ..................................  37

1.2.4 Extracellular Recording from SPNs ............................................  38

1.2.5 Quiescent SPNs .............................................................................  40

1.2.6 Excitatory Drive Potentials onto S P N s..............................................41

1.2.7 Intracellular Recordings from SPNs ............................................  41

1.2.8 The influences of Various Inputs on
the Respiratory Modulation of SPNs ......................................... 42

1.2.8a Effect of change in CO2  level ......................................................  42

1.2.8b Baroreceptor input ..........................................................................  43

1.2.8c Mechanical receptors .....................................................................  44

1.2.9 Summary .......................................................................................... 45

1.3 SECTION THREE

SUPRASPINAL NEURONES CONTROLLING
SYMPATHETIC ACTIVITY...................................................................................46

1.3.1 Sympathetic Activity is under
the Control of Supraspinal Structures ......................................... 46

8



1.3.2 Rostral Ventrolateral Medulla ...................................................... 47

1.3.2a Anatomical studies .......................................................................  47

1.3.2b Physiological studies .....................................................................  48

The pressor area o f brain stem ................................................... 48

Stimulation induced sympathetic nervous responses .................. 48

Baro-sensitive and 2 to 6 Hz activ ity ............................................... 49

Respiratory-related activity ..........................................................  50

1.3.3 The Caudal Raphe Nuclei .............................................................  52

1.3.3a Anatomical studies .......................................................................  52

1.3.3b Physiological studies .....................................................................  54

Inhibitory effect o f caudal raphe area on
sympathetic activity ....................................................................... 54

Evidence o f heterogenous effects due to
stimulating within the raphe nuclei ...........................................  55

Are 5-HT neurones involved in
the raphe spinal sympathetic control? ............................................. 56

Single Units recording from
caudal raphe neurones in the cat ................................................  58

Caudal raphe nuclei may be involved in
respiratory modulation o f sympathetic activity ..............................59

1.3.4 The A5 Cell Group ........................................................................ 60

1.3.4a Anatomical s tu d ie s .............................................................................. 60

1.3.4b Physiological studies ......................................................................... 60

1.3.5 The Hypothalamic Nuclei .............................................................. 61

1.3.5a Anatomical studies .......................................................................  61

1.3.5b Physiological studies .....................................................................  62



1.3.6 Summary   64

1.4 SECTION FOUR

POSSIBLE FUNCTIONAL ROLE OF
RESPIRATORY MODULATION OF SYMPATHETIC ACTIVITY . . .  65

1.4.1 Cardiovascular Functions are Respiratory M odulated..................... 65

1.4.2 The Respiratory-related Sympathetic Activity
may Play an Important Role in Vasomotor Regulation................. 65

1.5 THE AIMS OF PRESENT STUDY ...................................................... 68

CHAPTER 2

GENERAL METHODS FOR NEUROPHYSIOLOGICAL STUDIES . . .  69

2.1 GENERAL ...................................................................................................  70

2.2 ANAESTHESIA .........................................................................................  70

2.3 OPERATIVE PROCEDURE .....................................................................  71

2.3.1 Initial Dissection ............................................................................. 71

2.3.2 Artificial Ventilation and Blood Gas Measurement ...................  71

2.3.3 Vagotomy .......................................................................................  72

2.3.4 Exposure of the Left Phrenic Nerve .................................................72

2.3.5 The Preparation of Sympathetic N e rv e s .......................................  73

2.3.5a Exposure of the lumbar sympathetic c h a in .......................................73

2.3.5b The cervical sympathetic nerve .................................................... 73

2.3.5c The splanchnic nerve .....................................................................  73

2.3.6 Immobilization ...............................................................................  74

2.3.7 Laminectomy..................................................................................... 74

2.3.8 The Occipital Craniotomy ..............................................................  75

2.3.9 Stabilisation for Recording from Spinal Neurones ...................  75

10



2.3.9a The pneumothorax ..........................................................................  75

2.3.9b Lateral clamps for spinal cord stabilisation.......................................75

2.4 ELECTRODE MANUFACTURE AND DRUG PREPARATION . . .  76

2.4.1 Electrode Manufacture ................................................................... 76

2.4.1a The electrode for stimulating the lumbar sympathetic chain . . 76

2.4.1b The electrode for spinal cord stimulation ................. 76

2.4.1c Five-barrel glass microelectrods .................................................... 77

2.4.2 Drug Preparation .............................................................................  77

2.5 EXPERIMENTAL PROTOCOLS ...........................................................  78

2.5.1 Recording from Nerves ................................................................  78

2.5.2 Extracellular Recordings ................................................................  78

2.5.2a Experimental arrangements of extracellular recording .............. 78

2.5.2b Criteria for antidromic activation .................................................  81

2.5.2c lontophoretic application of glutamate for
identification of the cell bodies and
excitation of quiescent neurones....................................................... 81

2.6 DATA COLLECTION AND ANALYSIS .............................................. 81

2.6.1 Data Collection ...............................................................................  81

2.6.2 Measurement of Axonal Conduction Velocity ........................... 82

2.6.3 Firing Rate .......................................................................................  82

2.6.4 Data Analysis of Phrenic-related Activity ..................................  82

2.6.5 Data Analysis of ECG-related Activity .......................................  82

2.7 HISTOLOGICAL IDENTIFICATION OF RECORDING SITES . . .  83

2.8 STATISTICAL ANALYSIS .....................................................................  83

11



CHAPTER 3

THE RESPIRATORY-RELATED ACTIVITY OF 
SYMPATHETIC PREGANGLIONIC NEURONES
PROJECTING INTO LUMBAR SYMPATHETIC CHAIN .......................  84

3.1 INTRODUCTION .......................................................................................  85

3.2 METHODS .................................................................................................  87

3.2.1 HRP Retrograde Labelling Study .................................................  87

3.2.1a Preparation for application of horseradish peroxidase ..............  87

3.2.1b Procedures for fixation ...................................................................  87

3.2.1c Histochemical demonstration of
peroxidase activity in sections .....................................................  87

3.2.2 Physiological Study ........................................................................  88

3.2.2a Operative procedure ........................................................................  88

3.2.2b Stimulation of the lumbar sympathetic chain .............................. 88

3.2.2c Histological identification of recording sites .............................  89

3.3 RESULTS .................................................................................................... 98

3.3.1 Location of Retrograde Labelled SPNs
with Axons Projecting into Lumbar Sympathetic Chain
Beyond L4 Sympathetic Ganglion .............................................. 98

3.3.1a The location of HRP labelled cell bodies of SPN ...................... 98

3.3.1b Morphology of HRP labelled SPNs ............................................. 99

3.3.2 Electrophysiological Studies on SPNs
with Axons Projecting into the Lumbar Sympathetic Chain . 108

3.3.2a General characteristics of recorded S P N s ................................... 108

3.3.2b Phrenic-related activity ................................................................. 109

3.3.2c ECG-related activity ...................................................................  110

12



3.3.2d Respiratory-related patterns of discharge
in relation to ECG-related activity patterns ............................  110

3.4 DISCUSSION ........................................................................................... 120

3.4.1 The Location of SPNs with Axons Projecting
into Lumbar Sympathetic Chain .............................................. 125

3.4.2 Conduction Velocities of SPNs in the Present Study .............. 125

3.4.3 On-going Activity and Quiescent Subpopulation of SPNs . . 126

3.4.4 Respiratory Modulation Compared to
Other Studies in the Rat ............................................................. 127

3.4.5 Respiratory Modulation Compared to SPNs
Located in Similar Spinal Segment in the C a t ...............................129

3.4.6 ECG-related Modulation .............................................................. 129

3.4.7 Summary .......................................................................................  130

CHAPTER 4 

CAUDAL RAPHE-SPINAL PATHWAY AND
IN ITS ROLE IN SYMPATHETIC CONTROL ......................................... 131

4.1 INTRODUCTION ...................................................................................  132

Methods used to study whether caudal raphe neurones 
tentatively identifying as projecting to
the IML have respiratory-related activity ....................................133

Methods used to study whether neuronal activity o f  
caudal raphe neurones can be related to
sympathetic nerve discharge.....................................  134

4.2 METHODS .............................................................................................  136

4.2.1 Operative Procedure ...................................................................  136

4.2.2 Experimental P ro toco ls ................................................................  136

4.2.2a Spinal cord stim ulation................................................................. 136

4.2.2b Neuronal recording and identification .......................................  137

13



4.2.2c Recording from nerves ................................................................  138

4.2.3 Data Analysis ...............................................................................  138

4.2.3a Phrenic- and ECG-related activity of
caudal raphe neurones ...............................................................  138

4.2.3b Sympathetic nerve-related activity of
caudal raphe neurones ...............................................................  138

Raphe spike-triggered averaging ..................................................... 138

Coherence analysis o f raphe neuronal discharge
and sympathetic nerve activity ........................................................139

4.2.4 Histological Identification of
Stimulation and Recording Sites .............................................  140

4.3 RESULTS ................................................................................................ 144

4.3.1 Antidromic Identification of Raphe-Spinal N eu ro n es .............. 144

4.3.2 General Characteristics of
Caudal Raphe-spinal Neurones Sampled ...................................... 144

4.3.3 Respiratory-related Activity ......................................................  151

4.3.4 The stability of respiratory modulation ..................................... 152

4.3.5 Recording Locations of Raphe-Spinal Neurones ...................... 160

4.3.6 General Characteristics of Caudal Raphe-Spinal Neurones
Analyzed for Respiratory-Related Firing P a tte rn ....................  160

4.3.7 Inter-spike Interval Distribution .................................................  163

4.3.8 Antidromic Activation Studies of
Spinal Projection Areas of Caudal Raphe Neurones ............. 163

4.3.9 Analysis of ECG-related Firing Patterns..........................................173

4.3.10 Relationship of Raphe-spinal Neuronal Activity
to Sympathetic Nerve Discharge .............................................. 173

4.3.11 Correlation between Raphe-spinal Neuronal Activity
and Sympathetic Nerve Discharge...................................................175

14



4.3.11a Raphe-spinal activity and
cervical sympathetic nerve discharge..............................................175

4.3.11b Raphe-spinal activity and splanchnic nerve discharge................... 176

4.4 D ISCU SSIO N ........................................................................................... 195

4.4.1 Respiratory-related Firing Patterns ............................................  195

4.4.2 Location of the Recording Sites .................................................  196

4.4.3 Spinal Projections ........................................................................  196

4.4.4 Conduction Velocities and 5-HT Neurones .............................  197

4.4.5 Correlation of raphe units and sympathetic nerve discharges . 199

4.4.6 Is the Role of Caudal Raphe-Spinal Neurones
Sympatho-excitatory or Sympatho-inhibitory ? .......................  202

4.4.7 Absence of ECG-related activity of raphe neuronal activity . . . 203

4.4.8 Summary .......................................................................................  203

CHAPTER 5

GENERAL DISCUSSION ..............................................................................  205

5.1 NEURAL PATHWAYS INVOLVED IN 
RELAYING CENTRAL RESPIRATORY DRIVE
TO SYMPATHETIC PREGANGLIONIC N EURONES......................... 207

Are there multiple bulbospinal pathways involved in
respiratory modulation of sympathetic activity?.......................  207

A model of bulbospinal pathways involved in
sympathetic control in rats ........................................................ 209

5.2 Possible Transmitters of Raphe-spinal Pathways
Influencing Sympathetic Activity .............................................. 213

What is chemical nature o f raphe-spinal neurones

involved in sympathetic control? ................................................  213

Functional identification
o f neurotransmitters .........................................................................214

15



5.3 FUNCTIONAL IDENTIFICATION
OF SUBGROUPS OF SPNs .....................................................  215

5.4 PHYSIOLOGICAL ROLE OF RESPIRATORY
MODULATION OF SYMPATHETIC ACTIVITY ...............  217

CHAPTER 6

REFERENCES ..................................................................................................  220

16



LIST OF FIGURES

Figure 2.1 A line drawing of the experimental arrangements
for the neurophysiological and neuropharmacological 
experim ents.......................................................................................... 79

Figure 3.1 A line drawing of the steps involved in the procedure
of HRP retrograde labelling SPNs using
the chromogen 0-tolidine histochemical m e th o d ........................... 90

Figure 3.2 Diagram showing the experimental procedure
for isolating the lumbar sympathetic chain (LSC)
via laparotom y..................................................................................... 92

Figure 3.3 A photograph showing higher magnification of
the left lumbar sympathetic chain (LSC), L4 and L5 ganglia 
and positioning of stimulating electrodes ........................................94

Figure 3.4 Diagram showing the extracelluarly recording from
a SPN which is antidromically identified by stimulation of
the LSC between L4 and L5 paravertebral ganglia.........................96

Figure 3.5 The distribution of labelled cell bodies of SPNs after
applying HRP to the central cut end of left LSC distal 
to L4 ganglia...................................................................................... 100

Figure 3.6 The location of labelled cell bodies in transverse section
taken from LI following application of HRP to 
the central cut end of the left LSC distal to L4 ganglia .............102

Figure 3.7 The distribution of labelled cell bodies after applying
HRP to the cental cut end of the LSC distal to L4 ganglion
in the longitudinal, horizontal section ........................................... 104

Figure 3.8 The location of labelled cell bodies of SPNs. A photograph
of a transverse section at LI following HRP application into 
the central cut end of the LSC distal to L4 ganglia 
showing a cluster of cell bodies located in the IML and 
higher magnification presents the medial trajectory of 
dendrites of S P N s...............................................................................106

Figure 3.9 Antidromic activation of a SPN by collision testing
using a spontaneously orthodromic action potential to 
trigger the antidromic stim ulus........................................................ 112

Figure 3.10 Location of recording sites of SPNs ...............................................114

17



Figure 3.11 Estimated antidromic conduction velocities 
of lower thoracic and upper lumbar
SPNs projecting to the L S C .............................................................116

Figure 3.12 Periphrenic histograms showing different respiratory
firing patterns of sympathetic neuronal discharge ....................... 118

Figure 3.13 Periphrenic-triggered sympathetic neuronal discharges
of three patterns of respiratory-related activity ............................ 121

Figure 3.14 ECG-triggered (R-wave) histograms showing ECG-related 
activity of SPNs with four different types of 
respiratory-related firing patterns ...................................................123

Figure 4.1 Experimental set up showing medullary recording site
and spinal stimulation s i t e ............................................................... 142

Figure 4.2 Antidromic identification of a raphe neurone
projecting into the spinal cord, by collision 
testing using an orthodromic action potential
to trigger the antidromic stim u lus...................................................145

Figure 4.3 Histograms of the estimated antidromic
conduction velocities of raphe-spinal neurones ............................ 147

Figure 4.4 Coronal sections showing location of
53 raphe-spinal neurones recorded...................................................149

Figure 4.5 Neurograms of raphe-spinal neurones showing
the discharges of neurones that, when analysed 
using phrenic-triggered histograms or raster displays, 
showed stable respiratory-related firing p a tte rn ............................ 153

Figure 4.6 Peri-phrenic histograms and raster displays showing
the obtained respiratory-related firing patterns...............................155

Figure 4.7 Raster showing stability of one of raphe-spinal neurones
with respiratory-related activity ......................................................158

Figure 4.8 The location of antidromic identified
36 raphe spinal neurone analysed
for respiratory m odulation................................................................161

Figure 4.9 Histogram showing the distribution of spontaneous
discharge rate of 22 raphe-spinal projection neurones.................. 165

18



Figure 4.10 Examples of interspike interval histograms of
ongoing active raphe-spinal neurones with different 
respiratory-related firing patterns ...................................................167

Figure 4.11 The depth-threshold curve of a raphe-spinal neurone 
showing an example of the relationship between depth 
from dorsal surface of spinal cord and threshold current 
for antidromic activation of a raphe neurone.................................169

Figure 4.12 Histological identification showing an example of
spinal stimulating site and raphe recording s i t e ............................171

Figure 4.13 Phrenic-triggered averages of integrated rectified
phrenic nerve discharge, cervical sympathetic nerve,
greater splanchnic nerve activity and phrenic-triggered
histogram of raphe neuronal a c tiv ity ..............................................177

Figure 4.14 Spike-triggered average from a caudal raphe neurone
tentatively identified as terminating within the IML area, 
showing relationship between the raphe neuronal activity 
and sympathetic nerve discharge..................................................... 179

Figure 4.15 Raphe neuronal activity locked to sympathetic nerve activity
which was independent of central respiratory drive .................... 183

Figure 4.16 Spike-triggered averaging from raphe-spinal neurone spikes
to splanchnic nerve discharge.......................................................... 185

Figure 4.17 An example showing raphe-spinal unit, sympathetic nerve
and phrenic d ischarge.......................................................................187

Figure 4.18 Spectral and coherence analyses of the relationship
between the spike discharge of a single raphe unit and
cervical sympathetic nerve discharge..............................................189

Figure 4.19 The location of 25 raphe-spinal neurones analysed
for coherence of their and cervical sympathetic discharges . . .  191

Figure 4.20 Spectral and coherence analyses of the relationship 
between the spike discharge of a single raphe unit 
and splanchnic nerve discharge........................................................193

Figure 5.1 Possible pathways by which respiratory modulation and
tonic sympathetic activity converge onto SPNs in the rat . . . .  211

19



LIST OF TABLES

Table 3.1 A table of the respiratory-related patterns of discharge
in relation to ECG-related activity patterns....................................120

Table 4.1 Summary of respiratory-related firing patterns of
36 raphe-spinal neurones..................................................................157

Table 4.2 Summary of relationships between raphe-spinal neuronal
discharge and cervical sympathetic nerve activity ....................... 181

20



ABBREVIATIONS

5-HT 5-hydroxtryptamine
6-OHDA 6-Hydroxydopamine
8-OH-DPAT 8-hydroxy-dipropylamino-tetralin
A5 A5 region
BP Blood pressure
Cl Cl region of the rostral vetrolateral medulla
C(8) Cervical spinal segment (8)
ECG Electrocardiogram
EMG Electromyogram
EPSPs Excitatory postsynaptic potentials
FFT Fast Fourier Transform
GABA Gamma-aminobutyric acid
[^H] Tritiated (tritium labelled)
HRP Horseradish peroxidase
HRP-WGA Horseradish peroxidase conjugated with

wheatgerm agglutinin 
IC Nucleus intercalatus spinalis
ICpe Nucleus intermediomedialis
ILf Nucleus intermediolateralis thoracolumbalis pars funicularis
ILp Nucleus intermediolateralis thoracolumbalis

pars principalis 
IML Intermediolateral cell column
IPSPs Inhibitory postsynaptic potentials
L(2) Lumbar spinal segment (2)
LF Lateral funiculus
LSC Lumbar sympathetic chain
LSD Lysergic acid diethylamide
mmHg Millimetres of mercury
n Nano
NMD A N-methyl-D-aspartate
NPY Neuropeptide Y
NTS Nucleus of the tractus solitarius
P Probability value
Pco2 Arterial partial pressure of carbon dioxide

21



Pq2 Arterial partial pressure of oxygen
PNMT Phenylethanolamine-N-methyl-transferase
PRV Pseudorabies virus
PVN Paraventricular nucleus of the hypothalamus
RO Nucleus raphe obscurus
RP Nucleus raphe pallidus
RM Nucleus raphe magnus
RVLM Rostral ventrolateral medulla
SE Standard error
SD Standard deviation
SHR Spontaneously hypertensive rat
SPN Sympathetic preganglionic neurone
T2 Second thoracic segment of the spinal cord
WKY Wistar Kyoto rat

22



CHAPTER 1

GENERAL INTRODUCTION

23



GENERAL BACKGROUND

Respiratory modulation of sympathetic activity has been shown in sympathetic nerves 

regulating a number of different targets (e.g., heart, kidney, blood vessels and smooth 

muscle of the gut) in a number of species (Adrian et al., 1932; Cohen and Gootman, 

1969, 1970; Bainton et al., 1985; Connelly and Wurster, 1985; Janig, 1985; Numao 

et al., 1987). Extracellular recordings of activity from SPNs have shown a variety 

of respiratory-related neuronal discharge patterns. Inspiratory-, expiratory-related and 

non-respiratory firing patterns have been recorded from single sympathetic neurones 

(e.g. Preiss et al., 1975; Gilbey et al., 1986).

The functional significance of respiratory modulation of sympathetic activity remains 

obscure though great emphasis has been placed on its possible importance in the 

coupling of the cardiovascular and respiratory systems (see Richter and Spyer, 1990). 

Whatever its functional significance, the fact is that respiratory modulation, as one 

important characteristic of sympathetic activity, is present in the anaesthetized animal 

(Adrian et al., 1932; Cohen and Gootman, 1969, 1970; Bainton et al., 1985; Connelly 

and Wurster, 1985; Janig, 1985; Numao et al., 1987) and conscious human (Eckberg 

et al., 1985). However, the factors underlying the differences in the respiratory 

modulation of activity in different nerves are poorly understood as are the neural 

pathways responsible for relaying respiratory modulation to SPNs. With these 

questions in mind, the studies in this thesis were carried out.

The respiratory-related patterning of activity has been analysed in SPNs of the lower 

thoracic segments projecting into the LSC to examine whether their respiratory 

modulation differs from that of SPNs in other spinal segments projecting into other 

nerves (Gilbey et al., 1986). If such were the case it would explain the regional 

differences in the respiratory modulation of whole nerve activity (Numao et al., 

1987).

A number of supraspinal cell groups contain neurones which send axonal projections
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to the IML which in some cases have been shown to make synaptic connections with 

SPNs. Sympathetic premotor neurones of the RVLM have been identified as one 

possible source of the respiratory modulation of SPNs (McAllen, 1987; Haselton and 

Guyenet, 1989). These neurones have also been shown to receive baroreceptor inputs 

and have sympathetic-related discharges. It has been shown that neurones within the 

caudal raphe nuclei (cat) also have sympathetic-related discharges and can receive 

baroreceptor input (Barman and Gebber, 1989; Morrison and Gebber, 1982; 1985; 

McCall and Clement, 1989). However, their respiratory modulation has not been 

examined systematically. Consequently, in this study I have investigated whether 

raphe-spinal neurones tentatively identified as projecting to the IML have respiratory- 

related activity and therefore may contribute to the respiratory modulation of 

sympathetic preganglionic neuronal activity.
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OVERALL VIEW OF THE INTRODUCTION

As a background to the work in this thesis I have reviewed the following literature:

Section one. Observations on the respiratory modulation of sympathetic nerve 

activity: the variation of respiratory modulation between different sympathetic nerves, 

species and factors influencing the modulation.

Section two. Studies on respiratory modulation of SPNs which are the last site in the 

central nervous system (CNS) for integration before sympathetic activity passes to 

the periphery.

Section three. The present state of knowledge concerning the central neuronal 

pathways that might be involved in the descending control of sympathetic activity 

and which therefore may play a role in imposing respiratory modulation on the 

sympathetic outflow.

Section four. The possible functional roles of the respiratory modulation of 

sympathetic activity.
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1.1 SECTION ONE 

RESPIRATORY MODULATION OF 

SYMPATHETIC NERVE ACTIVITY

1.1.1 Evidence of Respiratory Modulation of Sympathetic Activity

Respiratory-modulated sympathetic activity was first described by Adrian et al. 

(1932) and was recorded from whole sympathetic nerves (the cervical sympathetic 

and the hypogastric sympathetic nerve) in anaesthetized rabbits and cats. This 

rhythmic activity rose and fell in time with the movements of respiration and was 

independent of that of the passive chest movements. It was absent during over

ventilation, but returned as soon as artificial respiration was stopped. From these 

observations it was considered that the respiratory-related rhythm of sympathetic 

nerve activity was related to central respiratory drive.

Since the pioneering work by Adrian et al. (1932), systematic investigations of 

respiratory modulation of sympathetic activity have been carried out using whole 

sympathetic nerve, single fibre, extracellular and intracellular recording techniques. 

The respiratory rhythm has been found in many experimental animals, such as dog 

(Okada and Fox, 1967), cat (Trzebski and Kubin, 1981; Bachoo and Polosa, 1985), 

rabbit (Millar and Biscoe, 1965), and rat (Czyzyk-Krzeska et al., 1987; Numao et al., 

1987; Baradziej and Trzebski, 1989; Haselton and Guyenet, 1989). These 

experiments aimed to answer a number of questions: What kinds of respiratory 

modulation of sympathetic nerve activity can be observed? How does respiratory 

modulation vary between different sympathetic nerves and species? What is the 

respiratory modulation influenced by? The following considers the literature 

concerning these questions.
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1.1.2 Respiratory-related Firing Patterns in Sympathetic Nerves

Respiratory modulation of sympathetic nerve discharge has been categorized vŝ ith 

respect to the phase of the respiratory cycle in which peak firing occurs. Such 

modulation, especially in the recent decade, has been assessed usually using phrenic 

nerve discharge as an indicator of central respiratory drive (Cohen and Gootman, 

1970). Phrenic nerve activity typically shows a ramp-like augmentation, i.e. 

inspiration, followed by a decline of activity, i.e. post-inspiration (stage I expiration), 

and then a period of silence, i.e. stage II expiration. Based on the peaks of 

sympathetic discharge occurring in particular respiratory phases, respiratory-related 

activity has been classified using either two (inspiratory and expiratory) or three 

(inspiratory, post-inspiratory and expiratory) phases (Richter, 1982; Bainton et al., 

1985; Feldman et al., 1988).

The distinct respiratory firing patterns of sympathetic activity (inspiratory, post- 

inspiratory and expiratory) have been documented in different animals and under 

various experimental conditions. For example, inspiratory-related activity was found 

in the vagotomized dog (Okada and Fox, 1967), rabbit (Adrian et al., 1932; Okada 

and Fox, 1967), cat (Cohen and Gootman, 1969, 1970) and rat (Numao et al., 1987); 

post-inspiratory-related activity was found in the vagotomized rat (Numao et al., 

1987; Haselton and Guyenet, 1989); expiratory-related activity was only reported in 

vagi intact animals including cat (Downing and Siegel, 1963) and dog (Okada and 

Fox, 1967) indicating afferent influences via the vagus nerve. Expiratory-related peak 

activity of postganglionic sympathetic nerves innervating skeletal muscle was 

observed in conscious human by microneurographic recordings (Eckberg et al., 

1985).

The respiratory-modulation of sympathetic activity is a product of the interaction of 

both central neuronal circuitry and afferent inputs from the periphery (Richter and 

Spyer, 1990). The vagi contain afferents from pulmonary mechanoreceptors and their 

excitation by the mechanical events associated with breathing (peripheral 

mechanisms) influences central respiratory drive. Therefore, most of the work
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described below will only discuss those experiments conducted on vagi denervated 

animals.

1.1.3 Respiratory Modulation Can Vary Between Nerves

There are regional differences in the discharge patterns of various sympathetic 

outflows. Numao et al. (1987) recorded from different sympathetic nerves in 

anaesthetized, vagotomized and artificially ventilated rats. They found that the 

cervical and lumbar sympathetic nerves had maximal respiratory-related activity 

during early expiration. In contrast, the splanchnic, cardiac, renal and adrenal nerves 

exhibited their activity peak during inspiration. Post-inspiratory related peak in the 

firing pattern of cervical and lumbar sympathetic nerves was also reported in several 

other studies on the rat (Czyzyk-Krzeska et al., 1987; Haselton and Guyenet, 1989; 

Guyenet et al., 1990). In another study the renal nerve was found to have a post- 

inspiratory peak discharge (Czyzyk-Krzeska and Trzebski, 1990) rather than the 

inspiratory one reported by Numao et al. (1987). The different respiratory modulation 

recorded from different nerves in the same experiment indicate that there are 

differences (with respect to respiratory-related activity) between sympathetic nerves 

innervating different targets.

The pattern of respiratory modulation in different sympathetic nerves may be 

determined by the respiratory-related firing patterns of purely pre- or post-ganglionic 

neurones or a mixture of both. In a study by Numao et al., (1987), it was 

demonstrated that the ganglion blocker (hexaméthonium) given intravenously 

changed the amplitude of sympathetic nerve activity but did not change the 

respiratory-related firing pattern of the cervical, splanchnic, adrenal and lumbar 

sympathetic nerve, which indicate that activities of preganglionic neurones may 

determine the firing pattern of a sympathetic nerve. Therefore, the differences in the 

respiratory-related activities of SPNs, and the proportions of SPNs with specific 

modulations in different sympathetic nerves may explain the regional differences of 

respiratory modulation.
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1.1.4 Differences in Respiratory Modulation between Species

In the vagotomized cat sympathetic activity is characterized mainly by an inspiratory- 

related peak discharge, i.e. usually activity increases during late expiration and early 

inspiration, becomes maximal in mid-inspiration, and then declines to a minimum in 

early expiration. This inspiratory-related firing pattern was observed in cervical, 

cardiac, renal and splanchnic sympathetic nerves (Bachoo and Polosa, 1987; Cohen 

and Gootman, 1969,1970; Connelly and Wurster, 1985; Koizumi et al., 1971). In 

contrast, many studies have shown that sympathetic nerves in the rat have diverse 

respiratory modulations (see above).

To take the cervical sympathetic nerve as an example, the respiratory-related firing 

pattern in the cat is different to that in the rat. In the cat, the cervical sympathetic 

nerve displayed an inspiratory-related discharge (maximum sympathetic activity 

occurring in the inspiratory phase-Gootman and Cohen, 1981; Bachoo and Polosa,

1987). In the rat, most investigators report a post-inspiratory-related (stage 1 

expiration) discharge pattern in this nerve (Numao et al., 1987; Czyzyk-Krzeska et 

al., 1987; Czyzyk-Krzeska and Trzebski, 1990; Trzebski, 1991). Moreover, the post- 

inspiratory firing pattern found in the rat is usually characterized by a preceding brief 

small decrease in activity during early inspiration, coincident with the onset of the 

phrenic burst. This type of modulation was observed in both cervical and lumbar 

sympathetic nerves (Numao et al., 1987; Czyzyk-Krzeska et al., 1987; Haselton and 

Guyenet, 1989). Occasionally, the post-inspiratory-related peak of sympathetic 

activity was followed by a second peak during late expiration (Czyzyk-Krzeska, et 

al., 1987; Czyzyk-Krzeska and Trzebski, 1990; Trzebski, 1991).

It has been demonstrated that the respiratory-related firing pattern of spontaneously 

hypertensive rats (SHR) is different to that of normotensive rats (Czyzyk-Krzeska 

and Trzebski, 1990). In their study, renal and cervical sympathetic nerve of 

normotensive Wistar-Kyoto (WKY) rats displayed a post-inspiratory-related peak 

activity along with inspiratory depression, while renal and cervical nerves of SHR 

displayed inspiratory peak activity followed by post-inspiratory depression. The
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difference is likely to be central in origin since both observations were from animals 

whose vagi and carotid nerves were cut. Thus there may be a difference in the 

respiratory modulation of sympathetic nerves of normotensive and hypertensive rats. 

However, whether other sympathetic nerves have different respiratory modulation in 

these two strains is not clear as the authors did not investigate their firing patterns.

1.1.5 Effects of Experimental Conditions and Various Inputs on Respiratory 

Modulation

Many investigators have demonstrated that the respiratory-related components of 

sympathetic nerve activity can be influenced by experimental conditions. The level 

and type of anaesthesia influences the respiratory modulation of sympathetic 

discharge (Cohen and Gootman, 1970; Bachoo and Polosa, 1987; Numao et al.,

1987). Deep anaesthesia reduced both phrenic nerve discharge and the amplitude of 

respiratory modulation in sympathetic activity. However, it appears that the 

respiratory patterns of sympathetic activity are unaffected by the level and type of 

anaesthesia.

A phase change between the phrenic and sympathetic activities was observed during 

artificial respiratory manipulation (Barman and Gebber, 1976) in the vagotomized 

cat. The temporal relationship was shifted from inspiratory-related to expiratory- 

inspiratory related when respiratory rate slowed.

The degree of respiratory modulation of sympathetic nerve activity also varies in 

amplitude under different CO2  levels; it was increased and directly proportional to 

the amplitude of the phrenic discharge during hypercapnia (Bachoo and Polosa 1987; 

Haselton and Guyenet, 1989). Respiratory-related sympathetic activity decreased or 

disappeared during hyperventilation-induced apnoea (Bachoo and Polosa, 1987; 

Connelly and Wurster, 1985), although it was also reported that a slow rhythmic 

activity was still present during phrenic silence (Barman and Gebber, 1976). Czyzyk- 

Krzeska and Trzebski (1990) observed a post-inspiratory-related firing pattern of 

sympathetic nerve activity along with a second peak during late expiration in WKY
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rat. This late expiratory peak activity of cervical and lumbar sympathetic nerve was 

most enhanced during hypercapnia. Moreover, the respiratory modulation of activity 

of SHR varied between normoxia and hypoxia. It was changed from inspiratory peak 

firing along with a slight early inspiratory depression and a large post-inspiratory 

depression during normoxia to large inspiratory depression and post-inspiratory- 

related peak firing pattern after hypoxia in vagotomized but carotid sinus nerve intact 

SHR rats. The latter pattern is similar to the pattern seen in normotensive rats 

(Czyzyk-Krzeska and Trzebski, 1990).

The above observations indicate that various experimental conditions may influence 

the respiratory modulation of sympathetic whole nerve activity, either in amplitude 

and/or patterning.

1.1.6 Two Explanations of Sympathetic Discharges Related to Central 

Respiratory Drive

Where does the respiratory rhythm of sympathetic nerve activity come from? Based 

on studies of whole nerve activity, two explanations have been proposed to explain 

respiratory modulation of sympathetic discharges.

Barman and Gebber (1976) demonstrated that the spontaneous bursts of sympathetic 

nervous activity and phrenic nerve discharge were not always locked in a one to one 

relationship and the phase relationship could be shifted by changing respiratory rate. 

Consequently, they proposed that the sympathetic and phrenic nerve activity are 

generated by independent oscillators, respiratory and slow sympathetic oscillators, 

that are entrained to each other in normal conditions. On the other hand, as phrenic 

nerve and sympathetic bursts were observed normally to maintain a one to one 

relationship with an essentially constant delay indicating a well coupled neural 

oscillation (Adrian et al., 1932; Bachoo and Polosa, 1987), it was suggested that the 

inputs of the respiratory components of sympathetic activity are direct from brain

stem inspiratory neurones to SPNs. Electrical stimulation of afferents in the superior 

laryngeal nerve during various phases of the respiratory cycle caused equivalent.
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phase-dependent, resetting of both phrenic nerve and inspiratory-related sympathetic 

discharges, i.e. the sympathetic and phrenic nerve discharges had similar shapes and 

maintained the same temporal relation to each other after stimulation (Bachoo and 

Polosa, 1987). The above observations supported the central nature of respiratory 

modulation of sympathetic activity.

1.1.7 Limitation of Studies Using Whole Nerve Recording

As mentioned earlier, the discharge pattern of a nerve bundle represents synchronous 

activities of all neurones in the vrhole nerve i.e. a certain respiratory-related 

discharge pattern of a nerve bundle reflects the firing patterns of all neuronal 

elements contributing to the nerve. Therefore, whole nerve recording cannot be used 

to assess the respiratory modulation of individual sympathetic neurones. This requires 

the application of single neuronal recording techniques.

1.1.8 Summary

Whole nerve recordings have demonstrated that there are regional and species 

differences in the respiratory modulation of sympathetic activity.

Different experimental conditions (e.g. anaesthesia and preparation) as well as 

various peripheral reflexes influence the amplitude and/or phase of respiratory 

modulation of sympathetic activity.

Whole nerve recordings have contributed much information about respiratory 

modulation of sympathetic activity but it has not allowed for the precise study of the 

activity of individual elements, pre- and post- ganglionic.
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1.2 SECTION TWO 

SYMPATHETIC PREGANGLIONIC NEURONES AND 

RESPIRATORY-RELATED ACTIVITY

1.2.1 Sympathetic Preganglionic Neurones and Their Locations

SPNs are found within the thoracic and upper lumbar spinal cord. They form the 

final common pathway out of the central nervous system to the chromaffin cells of 

the adrenal medulla and postganglionic sympathetic neurones which innervate various 

target tissues; e.g., cardiac and vascular smooth muscle, kidneys, glands and smooth 

muscle of the digestive system (see Coote, 1988; Laskey and Polosa, 1988; Loewy, 

1990a).

There are four main sympathetic nuclei in the spinal cord but SPNs are located 

mainly in the intermediolateral cell column (IML). In early studies, utilizing the 

Golgi Stain retrograde degeneration technique, SPNs were described in a triangular 

region of the grey matter of the thoraco-lumbar spinal cord: the IML (Clark, 1851; 

Poljak, 1924; Bok, 1928). There followed further studies on the locations of SPNs 

in dog (Petras and Faden, 1978; Cummings, 1969), cat (Takahashi, 1913), rabbit 

(Lamelle, 1937), monkey (Petras and Cummings, 1972), guinea pig (Rubin and 

Purves, 1980), rat (Hancock and Peveto, 1979), Hamster (Hancock, 1982), and 

pigeon (Macdonald and Cohen, 1970). The most comprehensive description of the 

locations of SPNs was provided by Petras and Cummings in rhesus monkeys (1972). 

Following unilateral sympathectomy they found chromatolysis occurred in cells 

located in the spinal cord at a number of sites (subnuclei): nucleus intermediolateralis 

thoracolumbalis pars principalis (ILp), nucleus intermediolateralis thoracolumbalis 

pars funicularis (ILf), nucleus intercalatus spinalis (IC) and nucleus 

intermediomedialis (ICpe) (Petras and Cummings, 1972). Thereafter the application 

of the horseradish peroxidase (HRP) retrograde labelling technique added to these 

data. Such studies have been carried out in a number of species such as rat 

(Schramm et al., 1975; Rando et al., 1981), cat (Chung et al., 1980), guinea pig
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(McLachlan et al., 1985; Rubin and Purves, 1980) and dog (Petras and Faden, 1978) 

and confirmed Petras and Cumming’s observations.

The nucleus intermediolateralis thoracolumbalis pars principalis (Up) corresponds to 

the IML. It contains the majority of SPNs. This nucleus can be found in segments 

between thoracic two (T2) and lumbar four (L4) in the cat (Rexed, 1954), between 

the cervical eight (C8) and lumbar four (L4) levels in the dog (Petras and Faden, 

1978) while in the rat the intermediolateral nucleus located dorsolaterally in lamina 

VII has been reported begins at C8 or T1 and extends to L3 segment (Molander et 

al., 1984; Molander et al., 1989; Rando et al., 1981).

The nucleus intermediolateralis thoracolumbalis pars funicularis (Ilf) is a cell group 

lateral to the Up extending into the white matter of the lateral funiculus. The nucleus 

intercalatus spinalis or the intercalated nucleus (IC) is situated medial to the Up 

forming a transverse band across the grey matter. The nucleus intercalatus pars 

paraependymalis (Icpe) is situated dorsal or lateral to the central canal and therefore 

it is also called as central autonomic nucleus or central autonomic area.

The distribution of SPNs among the four nuclei varies between spinal segments 

(Petras and Faden, 1978; Oldfield and McLachlan, 1981). In the cat, eighty-two 

percent of cells labelled with HRP (inject into the right stellate ganglion) were in the 

IML, twelve percent in the lateral funiculus and only six percent in the intercalated 

nucleus (IC) and central autonomic area (or the nucleus intercalatus pars 

paraependymalis, Icpe) (Chung et al., 1975). Similar results were obtained for SPNs 

projecting to the superior cervical ganglion in the rat (Rando et al., 1981).

SPNs located in the IML do not form a continuous column but appear in clusters. 

The average distance between clusters is approximately 150 microns and several 

clusters are located within a single spinal segment (rat - Rando et al., 1981). Their 

axons emerge from the spinal cord within the ventral roots (T1-L2) together with the 

somatic motor fibres (rat, Gabella, 1985). From the ventral root the preganglionic 

fibres pass to the sympathetic chain via very short connections (rami
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communicantes). The latter also contain postganglionic fibres which travel to the 

periphery within somatic nerves. Depending on the level of origin, the preganglionic 

fibres travel some distance up or down the sympathetic chain forming synaptic 

contacts with ganglion cells in more than one ganglion.

1.2.2 Rostrocaudal and Intrasegmental Distribution of SPNs Projecting into 

Different Ganglia and Sympathetic Nerves

Based on experiments using retrograde labelling techniques, the locations of SPNs 

projecting to major sympathetic ganglia and the adrenal gland have been described: 

Firstly, there is a rostrocaudal distribution of SPNs projecting into particular ganglia. 

More caudally located peripheral sympathetic ganglia receive sympathetic 

preganglionic input from spinal segments located more caudally in the spinal cord 

(Strack et al., 1988). Secondly, ganglion cells are innervated by SPNs arising in a 

number of spinal segments. For example, the majority of superior cervical ganglion 

cells receive synapses from axons arising from spinal segments T1-T4, stellate 

ganglionic neurones from T2-T6 and fifth thoracic ganglia cells from T4-T8 

(Lichtman at al., 1980). Thirdly, although ganglion cells were found to receive 

innervation from a number of different spinal segments, one or two spinal segments 

provide the greatest innervation of certain ganglia cells. For example, the superior 

cervical ganglion cells were found only ipsilateral to the site of HRP application and 

were restricted to spinal segments C8-T5, but 90% of these neurones were located 

in segments T1-T3 (Rando et al., 1981).

The cell bodies of SPNs projecting into different nerves or to different targets are 

often found in separate autonomic nuclei within the spinal cord; e.g., SPNs 

projecting into the cervical, splanchnic and lumbar sympathetic nerve as well as 

adrenal medulla are mainly located in the IML area (Chung et al., 1975; Oldfield and 

McLachlan, 1981; Rando et al., 1981; Schramn et al., 1975; Anderson et al., 1989; 

McLachlan et al., 1985), whereas SPNs projecting into the hypogastric nerve (HRP, 

Hancock and Peveto, 1979) or to the mesenteric ganglion (Fluoro-Gold, Strack et al., 

1988) had high density in the central autonomic area.
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It is worth noting that these findings were made mainly using the application of HRP 

or transneuronal viral tracers to different sympathetic ganglia or sympathetic nerve 

bundles. In most cases, SPNs projecting into a paravertebral ganglia or a sympathetic 

nerve may innervate different target organs and therefore they may have diverse 

functions. Thus it seems that the retrograde labelling technique cannot localise 

subgroups of SPNs with a specific function or particular target (except SPNs 

projecting to adrenal nerve).

Although anatomical studies have failed to show that there are different localisation 

of SPNs with disparate functions and targets, it is conceivable that a functional group 

of SPNs projecting to a specific target organ may be uniquely influenced by 

supraspinal inputs. This idea is supported by the observation that transneuronal 

labelling (pseudorabies) demonstrated that some supraspinal structures were uniquely 

labelled after particular ganglion infections e.g. neurones of the zona incerta which 

is involved in regulation of heart rate (Spencer et al., 1988) were labelled only after 

stellate ganglion injections (Strack et al., 1988). Quantitative differences in the 

density of the innervation of the different sympathetic outflows was also mentioned 

in that study. Therefore, the differential supraspinal control of sympathetic activity 

will discussed in following section.

1.2.3 Single Unit Recording from SPN Axons

Instead of the mass recording of sympathetic nerve bundles, Iggo and Vogt (1960) 

recorded from small nerve strands dissected from the cervical sympathetic nerve and 

reported inspiratory-related activity in single units. Thereafter, activity of nerve 

strands containing a few units or single SPN fibres were recorded simultaneously 

with the phrenic nerve to explore the temporal relationship between SPNs and central 

respiratory drive (Preiss et al., 1975; Preiss and Polosa, 1977).

Preiss et al. (1975) reported different phrenic-related firing patterns recorded from 

single sympathetic preganglionic axons which project to the cervical sympathetic 

nerve. Experiments were conducted on either anaesthetized or decerebrated.
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vagotomized, paralysed and artificially ventilated cats. About 70% of the axons had 

on-going activity which was respiratory-related. Three types of activity pattern were 

observed according to the relationship between neuronal activity and central 

respiratory drive: inspiratory, expiratory and non-respiratory. The vast majority of 

sympathetic preganglionic axons projecting into the cervical sympathetic trunk (64% 

of total axon recorded) had peak firing rate during inspiration (Preiss et al., 1975; 

Bachoo and Polosa, 1987). Only a small proportion (5%) had an expiratory-related 

firing pattern. Sympathetic preganglionic axons recorded with inspiratory-related 

activity had mainly two types of discharge patterns: those that fired continuously 

with an inspiratory peak and those that fired only during the phrenic burst.

Recently, axonal recordings were made from 22 spontaneously active sympathetic 

axons (7 pre- and 12 postganglionic) located in the LSC between L4 and L5 ganglia 

in halothane-anaesthetized and vagotomized rats (Darnall and Guyenet, 1990). They 

found that all of these selected axons had respiratory modulation and two respiratory 

firing patterns were observed, an inspiratory-related or biphasic discharge pattern. 

The proportion of axons with a biphasic discharge pattern was large. These axons 

were characterized as having their activity decreased during the phrenic burst and 

increased at the end of the phrenic burst, i.e. a post-inspiratory discharge pattern with 

inspiratory inhibition.

It should be noted that in the above studies using axonal recordings only those axons 

with spontaneous activity were analysed for respiratory modulation whilst quiescent 

neurones were excluded.

1.2.4 Extracellular Recording from SPNs

Some of the first extracellular recordings from single SPNs were made hy Polosa 

(1967, 1968) from the upper thoracic spinal cord of the cat. The SPNs were 

identified antidromically following stimulation of the ipsilateral cervical sympathetic 

nerve. About one fifth of SPNs studied were spontaneously active and were classified 

as having either "regular", "irregular" or "bursty" discharge patterns. 15% of
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spontaneously active neurones had a "bursty" firing pattern. Although no phrenic 

nerve was recorded the burst rate was suggested to be that of respiration. In another 

study by Mannard and Polosa (1973), the presence of a respiratory-rhythm in 

sympathetic neuronal activity in decerebrate, unanesthetized, spontaneously breathing 

animals was reported. However, these early studies failed to show the precise 

respiratory-related firing patterns of SPNs.

SPNs identified antidromically following stimulation of the cervical sympathetic 

nerve of the rat (Gilbey et al., 1986; Numao and Gilbey, 1987) had three respiratory- 

related firing patterns: maximal discharge during phrenic nerve activity, maximal 

discharge during phrenic silence, and a firing pattern unrelated to phrenic nerve 

discharge. These firing patterns correspond to inspiratory-related, expiratory-related 

and non-respiratory-related modulation, respectively. The respiratory-related firing 

pattern of individual SPNs persisted when partial pressure of arterial CO2  (Pco2 ) was 

maintained within control values (35 to 48 mmHg). Furthermore, Gilbey et al. (1986) 

categorized the inspiratory-related SPNs into type "A" and type "B" firing patterns: 

type "A" neurones only fired during phrenic nerve discharge and were silent during 

the silent period of the phrenic nerve; type "B" had activity during phrenic discharge 

and late expiration but had a low probability of discharge during early expiration. 

The type "A" and type "B" inspiratory-related neurones matched "burst" and 

"continuous with inspiratory peak" inspiratory neurones, respectively recorded from 

the axons of SPNs in the cat (Preiss., 1975). Compared to the SPNs recorded from 

cervical sympathetic fibres in the cat (Preiss et al., 1975), the cervical projecting 

SPNs in the rat had different proportions of the various respiratory-related firing 

patterns: a higher percentage (48%) of SPNs with expiratory-related firing patterns 

was reported in the rat. In the cat, inspiratory modulation was the dominant pattern 

(64% axonal recordings, Preiss et al., 1975). The findings above further support the 

idea that there are species differences in respiratory modulation of sympathetic 

activity.
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Gilbey and Stein (1991) analysed respiratory-related activity of lumbar SPNs 

identified antidromically by stimulating the LSC between L4 and L5 paravertebral 

ganglia in the cat. They reported three respiratory-related firing patterns: inspiratory-, 

expiratory- and non-respiratory-related. However, only 3/42 (7%) and 2/42 (5%) 

SPNs had inspiratory and expiratory modulation, respectively. The majority of SPNs 

recorded had no respiratory modulation. Comparing this finding to that observed by 

Preiss et al. (1975) on SPNs projecting to cervical sympathetic nerve in the same 

animal, the percentage of SPNs with respiratory modulation is quite different. The 

authors reasoned that difference between two studies may arise from different 

influences of central respiratory drive to different thoracolumbar segments. Thus 

evidence obtained from single unit recording in the cat further supported the regional 

difference of respiratory modulation in sympathetic activity by whole nerve 

recordings (see section 1.1.3). However, a comparison of the characteristics of SPNs 

projecting into different nerves in the rat is still lacking.

1.2.5 Quiescent SPNs

The greatest advantage of extracellular recording using multi-barrelled electrodes is 

that silent SPNs can be activated by ionophoresing excitatory substances (e.g. 

glutamate). Much evidence shows that a large proportion of SPNs may be silent in 

the anaesthetized preparation (cat, Polosa, 1968; Janig and Szulczyk, 1980; Gilbey 

and Stein, 1991; rat, Gilbey et al., 1982b; Gilbey et al., 1986). Gilbey et al. (1986) 

found that glutamate-activated silent cervical SPNs displayed similar firing patterns 

to those SPNs with ongoing activity i.e. These neurones appear to receive subliminal 

inputs related to central respiratory drive. These neurones which are silent in the 

experimental condition are similar to spontaneously active neurones and therefore 

may have similar functions to spontaneously active neurones (Gilbey et al., 1986). 

Recently, silent SPNs in the lumbar spinal cord of the cat were also studied (Gilbey 

and Stein, 1991) by using the same technique and similar respiratory-modulated 

firing patterns as those SPNs that had spontaneous activity were observed.
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1.2.6 Excitatory Drive Potentials onto SPNs

Observations from SPNs located in the upper thoracic segments indicate that some 

SPNs that discharge during inspiration receive a ramp-like depolarizing potential 

analogous to that received by phrenic motoneurones (Berger, 1979). Gilbey et al.

(1986) observed that the discharge of some SPNs increased gradually from the 

beginning of the phrenic discharge and reached a peak with phrenic discharge. When 

glutamate was ionophoretically applied to such neurones, using increasing current 

strengths, their discharge began earlier (with respect to the onset of phrenic nerve 

discharge) but the timing of the off-switch changed little. This observation indicates 

that the respiratory-related inputs to SPNs (possibly excitatory and inhibitory) are 

substantial and sculpture their discharge even in the face of powerful tonic drives. 

Ramp-like drive potentials of SPNs were confirmed by intracellular recordings (see 

Richter and Spyer, 1990; Dembowsky, Konig and Czachurski, 1991, see below).

1.2.7 Intracellular Recordings from SPNs

Intracellular recording from SPNs is rather difficult due to the problem of stability 

and neurone size. In a number of studies no evidence was found of rhythmic 

postsynaptic potentials from intracellular recordings and the neurones recorded 

always showed very little on-going synaptic activity (Coote and Westbury, 1979b; 

McLachlan and Hirst, 1980; Dembowsky et al., 1985, 1986, in the thoracic spinal 

cord of the cat). In some experiments, the absence of respiratory-related changes of 

membrane potential (e.g. EPSP) was due to lack of central respiratory drive as 

animals were made hypocapnic to stabilise the recording situation (see review, Coote, 

1988).

Recently, inspiratory-related changes in membrane potential of SPNs were detected 

in anaesthetized cats (Dembowsky et al., 1991). SPNs in thoracic spinal segments 

displayed either a ramp-like depolarization or discrete small excitatory post-synaptic 

potentials (EPSPs) synchronous with inspiration. The ramp-like depolarization
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usually generated a burst of action potentials. This confirmed the conclusions of 

Gilbey et al. (1986) that SPNs receive drive potentials. Expiratory-related 

depolarization of membrane potential has not been detected.

1.2.8 The Influences of Various Inputs on the Respiratory Modulation of SPNs 

1.2.8a Effect of change in CO2 level

Preiss et al. (1975) studied effects of CO2  levels on SPNs in vagotomized cats and 

demonstrated that hyperventilation greatly reduced the discharge rate of inspiratory- 

related neurones during the phrenic burst. When phrenic nerve activity was silent, the 

burst activity of inspiratory neurones disappeared and the firing pattern of expiratory 

neurones changed to continuous. Similar observations were also obtained from 

cervical SPNs in the rat (Gilbey et al., 1986): during hyperventilation-induced central 

apnoea, inspiratory-related activity of type "A" neurones (see section 1.2.4) 

disappeared. Spontaneous activity of type "B" inspiratory neurones and expiratory 

neurones became continuous during hyperventilation. The above results described the 

effect of changing CO2  level on the activity of SPNs. They also indicate that 

inspiratory-modulated type "A" neurones receive a phasic excitatory drive rather than 

a phasic inhibitory drive or disfacilitation since they became silent during hypocapnic 

apnoea; expiratory-modulated SPNs may receive inhibitory inputs since they 

discharged tonically during phrenic nerve silence; while inspiratory type "B" 

neurones may receive two different excitatory drives: one dependent and other 

independent of central respiratory drive as this type of neurone discharged tonically 

during phrenic silence.

Further investigations involving changing CO2  levels (end-tidal CO2  range from 1 to 

10%) showed that SPNs were sensitive to CO2 changes but this sensitivity was only 

found in SPNs with a respiratory-related firing pattern. Raising end-tidal CO2  

resulted in increased firing frequency of inspiratory modulated SPNs and decreased 

firing frequency of SPNs which had expiratory modulation (Preiss and Polosa, 1977). 

However, hyperventilation-induced central apnoea (phrenic silence) or different CO2  

levels hardly changed the discharge rate of non-respiratory-modulated SPNs. These
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data are similar to those obtained from whole nerve recordings (Connelly and 

Wurster, 1985; Bachoo and Polosa, 1987), where the amplitude of sympathetic nerve 

activity decreased when animals were hyperventilated.

There is an argument whether the effects of CO2  on SPNs are mediated purely via 

supraspinal structures or also via an action on spinal neurones (SPNs or spinal 

intemeurones). Alexander (1945) observed that CO2  changes no longer influenced 

sympathetic activity (the inferior cardiac nerve) in the acute spinal cat. However, 

Zhang, Rohlicek and Polosa (1982) observed that in acute spinal animals the firing 

rate of SPNs projecting to the cervical sympathetic nerve increased in hypercapnia. 

The sensitivity of the SPNs to CO2 in the spinal animals was found to be much 

lower than that in intact animals (see Zhang et al., 1982 for discussion). Therefore, 

the effects of CO2 on SPNs seem to be mediated via supraspinal and spinal 

mechanisms.

1.2.8b Baroreceptor input

Baroreceptor afferent activation can depress respiration (Sapru et al., 1981) and 

whole sympathetic activity (Numao et al., 1985). In the baroreceptor-intact rat, the 

intravenous administration of a vasodilator (sodium nitroprusside) caused an increase 

in sympathetic activity but did not change the pattern of respiratory modulation in 

the lumbar sympathetic nerve. However, following application of the vasodilator the 

amplitude of respiratory modulation was slightly reduced, which may be due to an 

increase in the level of tonic sympathetic activity (Haselton and Guyenet, 1989).

The activity of some single SPNs (spontaneously active and glutamate-activated) has 

been found to have cardiac-related activity (Seller, 1973; Coote and Westbury, 

1979a; Janig and Szulczyk, 1980, Gilbey and Stein, 1991) thus indicating that some 

SPNs are under tonic baroreceptor control. Systemic arterial pressure elevation by 

intravenous injection of noradrenaline caused inhibition of sympathetic neuronal 

activity (Gebber and Polosa, 1978). Such a depression of neuronal firing occurred 

in both respiratory and non-respiratory-modulated SPNs and in both tonic and
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respiratory-related activity of SPNs. Marked depression of respiratory-related activity 

of SPNs due to systemic elevation of the blood pressure occurred even when phrenic 

nerve activity was unaffected or slightly depressed. Numao and Gilbey (1987) found 

that activity of SPNs with each type of respiratory modulation (inspiratory-, 

expiratory- and non-modulated) could be depressed by stimulation of an aortic nerve.

Both the above findings suggest that the depression of the respiratory-modulated 

activity of SPNs firing by arterial baroreceptor stimulation is not solely a 

consequence of an effect on central respiratory drive.

1.2.8c Mechanical receptors

It seems that some mechanical receptor-related activation such as laryngeal nerve and 

lung stretch stimulation depress activity of SPNs via a pathway involving supraspinal 

respiratory neurones. Electrical stimulation of the superior laryngeal nerve, which 

contains afferents from receptors in the wall of the upper respiratory tract (Sampson 

and Eyzaguirre, 1964), led to inhibition of inspiratory-related discharge of whole 

sympathetic nerve and phrenic nerve activity in baroreceptor denervated and 

vagotomized cats (Bachoo and Polosa, 1985). As described before, electrical 

stimulation of the superior laryngeal nerve also can cause resetting of both phrenic 

nerve and inspiration-related sympathetic discharge (Bachoo and Polosa, 1987, see 

section 1.1.6). Extracellular recordings from SPNs demonstrated that superior 

laryngeal nerve stimulation yielded an inhibitory effect on both respiratory 

modulation of SPNs and phrenic nerve activity (Gebber and Polosa, 1979). The 

respiratory-related sympathetic activity could be depressed by pulmonary stretch 

receptor stimulation, which also parallelled phrenic depression. However, the firing 

rate of most non-respiratory-modulated SPNs recorded were unaffected by such 

stimulations (Gebber and Polosa, 1978).

Lipski, Coote and Trzebski (1977) analyzed the synaptic inputs correlated to the 

central respiratory drive and to lung inflation on SPNs in vagus intact cats. They
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observed a change of antidromic latency to lung inflation in 13 of 27 SPNs tested. 

Eight of these showed an increase and 5 a decrease in antidromic latency during the 

test. In one such case the lung inflation-related change in antidromic latency was 

abolished by vagotomy, implying that the change of antidromic latency was due to 

vagal afferent inputs. The vagal lung stretch input may change the excitability of 

SPNs. An increase in antidromic latency may occur when the cell is hyperpolarized 

and decrease when it is depolarized.

1.2.9 Summary

SPNs projecting to particular sympathetic ganglia or nerves have cell bodies in a 

number of spinal segments with one or two spinal segments having the greatest 

proportion. There are caudal-rostral and mediolateral differences in the distribution 

of SPNs with different axonal projections.

The activity of some SPNs are modulated by central respiratory drive; a variety of 

respiratory-related firing patterns exist. Various combinations of SPNs having 

different respiratory-related firing pattern contributing to different nerves may cause 

the difference in respiratory-related activity seen in different sympathetic nerves. The 

respiratory modulation of sympathetic neuronal activity is influenced by various 

afferent inputs.
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1.3 SECTION THREE 

SUPRASPINAL NEURONES CONTROLLING SYMPATHETIC ACTIVITY

1.3.1 Sympathetic Activity is under the Control of Supraspinal Structures

Previous studies demonstrated that inspiratory-related SPNs receive excitatory drive 

potentials and expiratory-related SPNs may receive inhibitory inputs during 

inspiratory phase (Preiss et al., 1975; Gilbey et al. 1986). It has been proposed that 

the bulbospinal pathways mediating respiratory influences on sympathetic activity 

project through the dorsolateral funiculi (DLF) since the respiratory modulation of 

sympathetic activity was eliminated after bilateral DLF lesions (Connelly and 

Wurster, 1985). Supraspinal sympathetic premotor neurones may influence SPNs 

directly, or they may act via segmental or propriospinal interneurons. The idea that 

spinal interneurones mediate the brain stem control of sympathetic activity is 

supported by both the anatomical (Strack et al., 1989a, b) and electrophysiological 

studies (Barman and Gebber, 1984). A group of respiratory intemeurones was found 

in the spinal cord (Kirkwood et al., 1988). However, whether or not these influence 

SPNs is still unknown.

Research into the bulbospinal control of sympathetic activity has been carried out for 

many years and various methods have been employed such as brainstem transection, 

electrical stimulation, surgical and chemical lesions. The methods employed also 

include anatomical and neurochemical techniques to locate the groups of neurones 

in the brain that project directly to the thoracolumbar IML and the putative 

neurotransmitters contained within them.

In an early HRP study projections to the IML were found to arise mainly from 

several regions of the brain stem (cat - Amendt et al., 1979). In the rat many studies 

using retrograde (Saper et al., 1976; Hancock, 1976; Loewy et al., 1979b; Ross et 

al., 1984a; Tucker and Saper, 1985; Hirsch and Helke, 1988) or anterograde (Saper 

et al., 1976; Loewy et al., 1979b; Loewy, 1981; Ross et al., 1984a; Hosoya, et al..
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1991) labelling techniques demonstrated the spinal projections, especially the IML 

projections, arose from brain stem cell groups (VLM, caudal raphe nuclei, A5 area 

and nucleus tractus solitarius) as well as the hypothalamus. Transneuronal labelling 

techniques have been used to locate the supraspinal neurones which may innervate 

SPNs. Pseudorabies virus has been injected into various sympathetic ganglia (superior 

cervical, stellate, celiac and L5 sympathetic ganglia) and the adrenal gland. Although 

transneuronal labelling has a potential problem of non-specific infection of the virus, 

it confirmed results obtained by using retrograde or anterograde labelling techniques. 

Several key cell groups in the brain were infected: the rostral ventrolateral and 

ventromedial medulla, the caudal raphe nuclei (the nucleus raphe pallidus, raphe 

obscurus and caudal part of the raphe magnus), the A5 noradrenergic cell group and 

the hypothalamic nuclei (Strack et al., 1989a,b). Importantly, some of the neurones 

in areas described above, the rostral ventrolateral medulla (RVLM), the caudal raphe 

nuclei, the A5 area and the hypothalamic nuclei, have been found that have 

respiratory-related activity (see below). Therefore, these four cell groups which 

probably innervate SPNs are considered below.

1.3.2 Rostral Ventrolateral Medulla 

1.3.2a Anatomical studies

The rostral ventrolateral medulla (RVLM) of the rat is located in the ventrolateral 

quadrant of the medullary reticular formation and has no clear cytoarchitectonie 

borders with its neighbouring structures. The cell group lies rostral to the lateral 

reticular nucleus and caudal to the facial nucleus. Ventrally, it extends to the ventral 

surface of the medulla (see Paxinos and Watson, 1986; see Guyenet, 1990).

Early evidence of spinally projecting RVLM neurones were observed in studies using 

retrograde labelling techniques. HRP injection into the IML area of the spinal cord 

retrogradely labelled cells in the RVLM (Amendt et al., 1979) while injections made 

into areas other than the IML labelled few cells in the RVLM (Caverson et al., 

1983).
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More conclusive evidence for a direct projection from cell bodies in the RVLM to 

the IML area comes from using anterograde tracers injected into the RVLM. 

Anterogradely labelled terminals were found in the region of the IML in the rat 

(Loewy et al., 1981; Ross et al., 1984a) and cat (Dampney et al., 1987). 

Anterogradely labelled terminals of bulbospinal RVLM neurones were seen in the 

IML area around the SPNs which were retrogradely labelled from the adrenal 

medulla (Ross et al., 1984b). Direct connections between anterogradely labelled 

axons and retrogradely labelled SPNs was also reported after injections of an 

anterograde tracer, PHA-L into the RVLM and a retrograde tracer, CB-HRP into the 

adrenal medulla (Zagon and Smith, 1993).

1.3.2b Physiological studies 

The pressor area o f brain stem

The RVLM has been called the "pressor area". Electrical stimulation within the area 

of RVLM produced a pressor response, and increases in both systemic arterial 

pressure and heart rate (Reis et al., 1984; Ross et al., 1984b). The pressor response 

has been observed following chemical stimulation, which excites cell bodies rather 

than fibres of passage: blood pressure could be greatly increased by micro injections 

of excitatory amino acids into the region of the RVLM in rabbit (Dampney et al., 

1985), cat (McAllen, 1986a; Dempsey et al., 1991) and rat (Willette et al., 1987).

Stimulation induced sympathetic nervous responses

Electrical stimulation of the RVLM region evoked excitatory activation of 

sympathetic nerves, such as inferior cardiac nerve (Thomas et al., 1977), the LSC 

(Guyenet and Brown, 1986) and the splanchnic nerve (Morrison et al., 1988). In the 

cat chemical stimulation by microinjections of excitatory amino acid into this area 

increased activity in cervical, splanchnic and inferior cardiac sympathetic nerves 

which supply the blood vessels, adrenal medulla and heart, respectively. But it seems 

that chemical stimulation had no significant action on sympathetic nerves innervating 

non-cardiovascular organs such as sweat glands, smooth muscle of the gut or
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pupillodilator muscles, indicating the functional specificity of neurones in the RVLM 

area (McAllen, 1986a).

There is evidence indicating that RVLM sympatho-excitatory neurones are tonically 

active and play a role in the maintenance of normal blood pressure. Electrolytic 

lesions of the RVLM region in anaesthetized animals lead to decreased blood 

pressure comparable to that observed following cervical spinal cord transection (Ross 

et al., 1984b; Ross et al., 1983; Dampney and Moon, 1980). The decrement of 

sympathetic activity could also be induced by a reduction of the activity of neurones 

in the region of the RVLM by cooling (Schafke and Loeschcke, 1967) or 

microinjections of inhibitory amino acid glycine or gamma aminobutyic acid 

(Guertzenstein, 1973).

Some recent studies question the results obtained from anaesthetized animals in 

earlier experiments. In conscious rats, no effect on blood pressure and heart rate were 

observed following bilateral electrical (Cochrane and Nathan, 1989) or chemical 

(Vasquez et al., 1990) destruction of the RVLM. Consequently, the effects of lesions 

of the RVLM seen in the anaesthetized rat may be anaesthetic-dependent. This is 

supported by the observation that the fall of blood pressure following bilateral 

electrolytic lesions of the RVLM in a-chloralose or sodium pentobarbital- 

anaesthetized rats recovered to near control levels after 30 minutes. Subsequent 

transection of the cervical spinal cord caused a further decrease in the blood pressure 

on a large scale (Cochrane et al., 1988; Cochrane and Nathan, 1989). The data 

suggested the RVLM is not the only site responsible for the maintenance of 

sympathetic vasomotor tone and basal arterial pressure. However, that the RVLM is 

an important area in the brain stem control of sympathetic activity is supported by 

many other studies based on single unit recordings.

Baro-sensitive and 2 to 6 Hz activity

Extracellular recordings have demonstrated that the RVLM contains spinally 

projecting neurones (identified by antidromic stimulation of the IML area of the
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spinal cord; cat, Caverson et al., 1983; rat. Brown and Guyenet, 1984). These 

spinally projecting RVLM neurones displayed sensitivity to transient changes in 

arterial pressure and had their activity related to the cardiac cycle. It has been 

suggested that RVLM neurones may relay sympatho-excitatory influences to SPNs 

since baroreceptor reflex activation inhibited the activity of these neurones (Brown 

and Guyenet, 1984).

The 2 to 6 Hz rhythm is the main frequency component found in pre- and 

postsympathetic nerve discharges in various preparations of the cat (see Gebber, 

1990) and the rat (Gebber, et al. 1989; Allen et al., 1993). Using spike-triggered 

averaging of sympathetic nerve discharge, the RVLM neuronal activity was shown 

to be temporally correlated to the 2 to 6 Hz rhythm (Barman and Gebber, 1985), 

which indicates that there is possible functional connection between RVLM and 

sympathetic neurones. These neurones in the RVLM may influence SPNs via two 

descending pathways: "fast" and "slow" (« 3.1 m/sec and « 0.8 m/sec.) which 

correspond to neurones with myelinated and unmyelinated axons (Morrison et al.,

1988), respectively.

Guyenet and his colleagues reported a group of RVLM neurones with a pacemaker

like discharge pattern in in vivo and in vitro preparations (rat). These findings may 

be interpreted as indicating that the tonic discharge of sympatho-excitatory neurones 

in RVLM is normally due to intrinsic pacemaker activity which is modulated in vivo 

by a variety of synaptic inputs (Sun et al., 1988a,b).

Respiratory-related activity

In order to investigate the role of neurones in the RVLM region in the respiratory 

modulation of sympathetic activity, bilateral microinjections of GAB A receptor 

antagonist into the RVLM were made by Guyenet and co-workers. They found 

microinjections of GAB A receptor antagonist bicuculline slightly reduced phrenic 

nerve discharge, slowed the phrenic nerve firing rate and increased resting levels of 

lumbar sympathetic nerve activity but greatly increased the respiratory modulation
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of lumbar sympathetic nerve activity. Microinjections of excitatory amino acid 

receptor antagonist kynurenic acid decreased arterial blood pressure and reduced 

phrenic discharge and only slightly increased resting level of sympathetic nerve 

activity but greatly reduced its respiratory modulation (rat, Guyenet et al., 1990). 

These data indicated a role for RVLM neurones in conveying information between 

respiratory neurones and sympathetic neurones.

By extracellular recording of single neurones of the RVLM, it was shown that 

neurones in this area receive inputs from cental respiratory networks. Some of 

RVLM-spinally projecting neurones have respiratory-related firing patterns. McAllen

(1987) reported that sixteen of nineteen bulbospinal RVLM neurones displayed 

respiratory modulation in the vagotomized cat. Three types of respiratory-related 

firing pattern were reported: inspiratory, post-inspiratory, post-inspiratory depression 

and no respiratory modulation.

From the study by Haselton and Guyenet (1989) in the rat, respiratory-related firing 

patterns were observed in 46 of 49 tentatively sympatho-excitatory RVLM neurones 

which had spinal projections. Phrenic-triggered histograms of activity of these 

neurones displayed four firing patterns: inspiratory, post-inspiratory, expiratory and 

no respiratory modulation. Though the classification was somewhat different, the 

respiratory-related firing patterns found in the rat are similar to those found in the 

cat (McAllen, 1987).

As seen from extracellular recordings of SPNs the firing patterns found in neurones 

of the RVLM are similar to those found in the SPNs of the cervical, thoracic and 

lumber spinal cord in the rat and cat (see section 1.2.3 and 1.2.4). Thus, neurones 

in the RVLM appear to be involved in central cardiorespiratory interactions and relay 

both cardiac- and respiratory-related inputs onto SPNs. However, direct evidence that 

respiratory-modulated sympathetic premotor neurones of the RVLM make 

monosynaptic contacts with SPNs is still lacking.
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1.3.3 The Caudal Raphe Nuclei 

1.3.3a Anatomical studies

Raphe nuclei are cellular groups present in the midline of the brain stem which 

extend rostrocaudally from the level of the interpeduncular nucleus in the midbrain 

to the level of the pyramidal decussation in the medulla. These nuclei are either 

separated from the surrounding areas of the brain stem tegmentum, or tend to merge 

into the neighbouring areas of the brain stem reticular formation (rats, Steinbusch 

and Nieuwenhuys, 1983; rabbits, Felten and Cummings, 1979; kittens, Taber et al., 

1960). The terminology of caudal raphe nuclei and morphology of neurones of 

caudal raphe nuclei are briefly described below. The caudal raphe nuclei are the 

raphe pallidus (RP), obscurus (RO) and the most caudal part of raphe magnus (RM).

Raphe pallidus (RP) is a rod-like nucleus which is situated close to the ventral 

surface of the medulla and located between the two pyramids. The nucleus is ventral 

to, but separated from the RO by fibres of the medial lemniscus and the 

olivocerebellar tract, as well as by the inferior olivary nucleus. The RP extends 

rostrally to the caudal levels of the RM which corresponds to a level through the 

middle of the facial nucleus and caudally to the dorsomedial edges or the pyramidal 

decussation. Its ventral border touches the basal surface of the brain. The RP is 

relatively compact. Taber et al. (1960) reported that the caudal RP can be subdivided 

into a dorsal and a ventral group in the cat and three types of cells may be 

distinguished in the RP using Nissl stained sections. In the rat, two cell types were 

found using cresyl-violet stained sections: medium-sized, round/oval neurones with 

a diameter less than 18 /xm, and elongated/fusiform, large cells with a diameter more 

than 36 /xm. The predominant portion of neurones are of medium size and are found 

in the ventral part of RP (Steinbusch and Nieuwenhuys, 1983; Tork, 1985). The 

direction of their dendrites varies but for cells situated in the dorsal part of the RP 

they project dorsally or ventrolaterally.

The nucleus raphe obscurus (RO) is a relatively narrow mid-sagittal cell group which 

is arranged in two paramedian lines in the middle of the medulla, dorsal to the RP.
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Caudally the nucleus extends as far as the medulla itself. It begins slightly above the 

caudal pole of the inferior olive and its caudal-most cells are intermingled between 

fibres of pyramidal decussation. Rostrally the nucleus can be followed to 

approximately the level of the caudal pole of the facial nucleus, overlaps with the 

caudal part of RM, but its organization is different to that of the RM. The cells in 

the RO form two distinct parallel and vertical laminae adjacent to the midline. In the 

rat, RO contains two types of neurones, small spherical neurones with a diameter of 

approximately 17 /xm and large bipolar or tripolar neurones with a diameter ranging 

from 28 to 36 /xm. The neurones are distributed evenly within the nucleus and 

usually have three to four dendrites which are directed dorsalaterally (Steinbusch and 

Nieuwenhuys, 1983).

The region of the brainstem containing the raphe nuclei has been shown to project 

to the somatosensory regions of dorsal horn, the motoneurones of the ventral horn 

and the IML, which implicates their involvement in the central control of various 

functions (Basbaum et al., 1978). In the last decade the involvement of the raphe 

nuclei in autonomic regulation has received considerable attention.

In the early studies, of the spinal projections from the raphe regions were reported 

following spinal degeneration (Torvik and Brodai 1957; Brodai et al., 1960). Using 

histofluorescence techniques combined with lesions made in the spinal cord, 

Dalhstrom and Fuxe (1964) found that the IML received a dense input from a 

bulbospinal serotonergic-containing neurons of the brain stem. Spinal projections of 

raphe nuclei were further confirmed by retrograde labelling, injecting horseradish 

peroxidase (HRP) into various regions of the spinal cord in the rats (Basbaum and 

Fields, 1979; Loewy and McKellar, 1981), cats (Kuypers and Maisky, 1975; Martin 

at al., 1978), rabbit (Haselton et al., 1988) pigeons (Cabot at ah, 1982) and the North 

American Opossum (Crutcher et al., 1978). Cabot, Wild and Cohen (1979) used 

retrograde transport of HRP applied into the spinal cord, anterograde transport-pH]- 

proline applied into raphe nuclei and degeneration studies in the pigeon, and 

confirmed the raphe-spinal pathway.
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Direct evidence of neurones in caudal raphe nuclei projecting to the IML was 

obtained by the anterograde autoradiographic technique in the rat. Following injection 

of the [^H] amino acids tracers ([^HJproline, [^Hjleucine, and [^Hjlysine) into the 

raphe pallidus and raphe obscurus, it was found that both raphe pallidus and raphe 

obscurus projected to the IML (Loewy, 1981). Some other studies using anterograde 

labelling (Basbaum et al., 1978; Holstege and Kuypers, 1982; Martin et al., 1981) 

and retrograde labelling techniques (Bowker et al., 1981; Martin et al., 1981; 

Skagerberg and Bjorklund, 1985) revealed more detail of heterogeneous spinal 

terminations of raphe nuclei. The more caudally located RP and RO neurones project 

mainly to the motoneurones of ventral horn and the IML, while the RM project 

predominantly to the dorsal horn.

The transneuronal virus (herpes virus suis, pseudorabies) labelling technique has also 

shown that neurones in caudal raphe nuclei probably regulate SPNs projecting to 

various sympathetic ganglia and the adrenal gland in rats (Strack et al., 1989a,b).

Direct evidence of synaptic contacts between raphe neurones and identified SPNs was 

obtained recently. Phaseolus vulgaris leucoagglutinin (PHA-L), an anterograde tracer 

was injected into the region of the raphe nuclei of the rat. Synaptic contacts were 

found between PHA-L anterograde-labelled terminals and preganglionic neurons 

retrogradely labelled from the adrenal medulla (Zagon et al., 1989). The descending 

axons gave rise to a widespread distribution of fibres in the grey matter of both the 

dorsal and ventral horns the IML, IC and CA and occasionally to the contralateral 

side (Bacon et al., 1990).

1.3.3b Physiological studies

Inhibitory effect o f the caudal raphe area on sympathetic activity

The medullary raphe used to be referred to as a depressor area (Wang and Ranson, 

1939; Alexander, 1946; Gootman and Cohen, 1970). Focal stimulation in the raphe 

area decreased blood pressure, heart rate and sympathetic nerve discharge (Henry and 

Calaresu, 1974; Coote and Macleod, 1974; Gilbey et al., 1981). Raphe lesions
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produced a marked enhancement of the conditioned cardioacceleration response in 

pigeons (Cabot et al., 1979) and significant increases in spontaneous sympathetic 

activity in cats (McCall and Harris, 1987).

The inhibitory effect of raphe stimulation on either preganglionic or postganglionic 

sympathetic nerve activity has been observed in many species: cat, rat and pigeons 

(Coote and Macleod, 1975; Yusof and Coote, 1988; Cabot et al., 1979). Evidence of 

an inhibitory effect on SPNs recorded extracellularly was found following stimulation 

of raphe nuclei in the pigeon (Cabot et al., 1979).

Evidence o f heterogenous effects due to stimulating within the raphe nuclei

Although raphe spinal inhibition has been well documented, results from other 

experiments demonstrated that there was also a sympatho-excitatory response to 

raphe stimulation.

Stimulation of caudal raphe nuclei produced both pressor and depressor responses 

(cat, McCall, 1984). Further studies on the precise anatomical substrates in the caudal 

raphe area in the cat have shown that electrical stimulation of different areas of raphe 

could evoke either depressor or pressor responses (Adair et al., 1977). Depressor 

responses were obtained only after stimulating the anterior region of raphe obscurus 

or posterior region of raphe magnus and while the posterior region of raphe obscurus 

produced pressor responses. The nucleus raphe pallidus appears to be a 

heterogeneous region producing both pressor and depressor responses to stimulation.

Single shock stimulation in pressor sites produced an excitatory evoked potential in 

the inferior cardiac sympathetic nerve discharge was reported by McCall (1984). On 

the unanaesthetized decerebrate cat, Futuro-Neto and Coote (1982b) observed various 

responses of sympathetic nerves innervating heart, renal and skeletal muscle induced 

by electrical stimulation of the raphe obscurus; an increase of the activity of 

sympathetic nerve to muscle whereas a decrease of kidney which similar to a pattern 

of sympathetic activity during desynchronized sleep-like periods (Futuro-Neto and
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Coote, 1982a; Coote, 1982).

In the rat other experiments reported that electrical stimulation of the raphe obscurus 

yielded either inhibition or excitation of renal and skin sympathetic nerve activity, 

or yielded diverse effects on these nerves i.e. a decrease in renal sympathetic nerve 

activity and an increase in muscle sympathetic nerve activity (Yusoff and Coote,

1988). The above studies suggest that the caudal raphe nuclei are heterogeneous in 

structure and subserve several functions.

To understand the diverse results obtained from various experiments, it should be 

noted that most of the evidence was obtained by means of electrical stimulation 

within the brain stem. However, electrical stimulation always has the problem that 

it cannot be ascertained as to whether or not stimulation is of neurones or fibres of 

passage. Recent experiments in the rat were conducted by using both electrical and 

chemical stimulation; glutamate injection into raphe obscurus caused a rise in blood 

pressure but no bradycardia whereas electrical stimulation caused both a rise in blood 

pressure and bradycardia (Dreteler et al., 1991). It is likely that the bradycardia 

caused by electrical stimulation in this experiment was probably due to stimulation 

of axons of passage.

Are 5-HT neurones involved in the raphe-spinal sympathetic control?

Previous studies indirectly suggested that inhibition of sympathetic neuronal activity 

was due to the medullary raphe-spinal 5-HT pathway. This suggestion was based on 

several lines of evidence. Firstly, according to anatomical studies, most raphe 

neurones were found to contain 5-HT and project to the IML (Loewy, 1981; Bowker 

et al., 1983, Strack et al., 1989b). 5-HT axons from caudal raphe nuclei were found 

in the dorsal and lateral funiculi with their termination in the IML (Dahlstrom and 

Fuxe, 1965; Bacon and Smith, 1988). Secondly, stimulation of caudal raphe nuclei 

elicited an inhibition of sympathetic reflex (intercostal evoked sympathetic reflex 

response), which had a long latency (Coote and Macleod, 1974). A slow conducting 

raphe-spinal pathway was reinforced by other electro-physiological studies. The
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axonal conduction velocities of some raphe-spinal neurones were estimated as less 

than 6 m/s (0.7-1.0 and 3.1-6.0 m/s, respectively) determined by antidromic 

activation (Wessendorf et al., 1981). It matched the anatomical study of raphe spinal 

5-HT neurones in which 5-HT-containing neurone were shown to have unmyelinated 

and small diameter myelinated fibres (Dahlstrom and Fuxe, 1965; Ruda and Gobel, 

1982; Ruda et al., 1982). Thirdly, topical and intravenous administration 5-HT 

antagonists (LSD and methysergide) reversibly decreased the magnitude of the 

inhibitory effect of raphe (pallidus and the raphe obscurus) stimulation (Gilbey et al., 

1981).

However, it has been shown that 5-HT had heterogeneous effects on sympathetic 

neuronal activity (see Coote, 1990). Ionophoretic application of 5-HT in the vicinity 

of SPNs could produce excitation, inhibition, or have no effect on sympathetic 

neuronal activities (Coote et al., 1981; McCall, 1983; Lewis and Coote; 1990; Gilbey 

and Stein, 1991).

Some other experiments have supported the idea that excitatory effects of raphe 

stimulation may involve serotonergic bulbospinal neurones. Raphe stimulation 

induced an excitatory responses of sympathetic nerve discharge, which could be 

blocked by 5-HT antagonists methysergide and metergoline (McCall, 1984). Raphe- 

spinal pressor responses to electrical stimulation were greatly attenuated in 5,7- 

dihydroxytryptamine (selective 5-HT neurotoxin)- treated animal (Howe et al., 1983). 

As mentioned above, in microiontophoretic studies, 5-HT excited SPNs when it was 

applied in the vicinity of SPNs (DeGroat and Ryall,1967; Coote et al., 1981). On the 

other hand, ionophoretic or intravenous application of the 5-HT antagonists 

methysergide and metergolin reduced the firing rate of SPNs in intact but not in 

spinalized animals, implying that serotonergic raphe neurones provide a tonic 

excitatory input to SPNs (McCall, 1983).

However, so far there is no direct evidence that shows synaptic connections between 

raphe 5-HT neurones and SPNs, which support the idea that 5-HT neurones involved 

in the raphe spinal pathway are either inhibitory or excitatory. In some other
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experiments, intravenous administration of the G ABA antagonists, bicuculline and 

picrotoxin blocked the sympatho-inhibitory effects of raphe stimulation. This suggests 

that GAB A, rather than 5-HT mediates sympatho-inhibition of medullary raphe 

nuclei (McCall and Humphrey, 1985). Whether these chemicals directly affect SPNs 

or interneurones that have synaptic connections with SPNs is still unsolved.

Single Units Recordings from Caudal Raphe Neurones in the cat

Most single units recordings from caudal raphe neurones have been made in the cat. 

Morrison and Gebber (1982) identified two distinct classes of raphe neurones with 

their activity temporally locked to 2 to 6 Hz rhythm in sympathetic nerve discharge 

using raphe unit triggered averaging of sympathetic nerve activity. Type I neurones 

were mainly located in the raphe pallidus, had activity related to sympathetic nerve 

discharge and were excited when the baroreceptor reflex was activated. Some type 

I neurones were thought to terminate in the IML, coursing through the dorsolateral 

funiculus. It was suggested that these neurones are involved in mediating sympatho- 

inhibition. Type II neurones were inhibited when the baroreceptor reflex was 

activated and their axons projected to the spinal cord but did not terminate in the 

IML. The type II neurones, it was suggested, were sympatho-excitatory (Morrison 

and Gebber, 1984). These two types of raphe spinal neurones were recorded using 

a multibarrelled electrode allowing confirmation that recordings were made from the 

cell body by application of glutamate (McCall and Clement, 1989). Besides 

sympatho-inhibitory and sympatho-excitatory neurones, they also reported a third 

type of neurone in the caudal raphe nuclei of the cat. Such neurones fired in an 

extremely regular fashion with a rate of 1.1 Hz and had spike durations of 

approximately 2 ms. The activity of the this type of neurone was neither related to 

sympathetic nerve discharge nor affected by baroreceptor activation but their axons 

were identified tentatively as projecting into the IML. Their conduction velocity of

1.3 m/s was much slower than the sympatho-inhibitory neurones of 2.4 m/s. Their 

activities were significantly depressed by intravenous application of 5-HTi^ agonist, 

8-hydroxy-dipropylamino-tetralin (8-OH-DPAT) (1 pg/kg 50% inhibition), or 

microiontophoretic application (1-4 nA) of 5-HT and 8-OH-DPAT. As the

58



characteristics of these regularly-firing neurones were remarkably similar to 5-HT 

neurones in the dorsal raphe nuclei they were tentatively identified as serotonergic. 

Thus at least three types of physiologically distinct neurones appear in the caudal 

raphe nuclei and some of them may be involved in sympathetic control.

Caudal raphe nuclei may be involved in respiratory modulation o f sympathetic 

activity

Several lines of evidence suggest that neurones in the regions of the caudal raphe 

nuclei may be involved in respiratory control. Kainic-acid induced-lesions and 

cooling the region of the midline brain stem resulted in an increased respiratory 

frequency (cat, Bennett and St.John, 1985). Electrical and chemical stimulation of 

the raphe obscurus produced a significant increases in phrenic amplitude (cat, 

Holtman et al., 1986). In contrast, Guyenet et al., (1990) reported observation that 

microinjection of excitatory amino acid receptor antagonist (kynurenic acid) into 

raphe had no effect on central respiratory drive and the respiratory modulation of 

lumbar sympathetic nerve activity in the rat. However, only two injections into raphe 

obscurus were made in that study.

Midline neurones with activity modulated in phase with the respiratory cycle have 

been recorded extracellularly in the cat (Heym et al., 1982) and categorized into 

different respiratory modulation patterns (Lindsey et al., 1992a,b). The possible 

spinal projections of these respiratory-modulated midline raphe neurones was not 

investigated in that study. Connelly et al., (1988) using intracellular recording 

methods studied the respiratory-related activity of neurones in raphe pallidus and 

raphe obscurus in the decerebrate cat. The recorded neuronal discharge was during 

late inspiration and early expiration i.e. they displayed a post-inspiratory-related 

discharge pattern along with hyperpolarization during late expiration and early 

inspiration. None of the raphe neurones studied had spinal projections. However, the 

question as to whether there are caudal raphe neurones capable of relaying cental 

respiratory drive to SPNs of the IML remains unresolved. The studies on raphe 

neuronal properties have be carried out almost exclusively in the cat. In the rat, such
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detailed information on physiological properties of caudal raphe neurones is lacking.

1.3.4 The AS Cell Group 

1.3.4a Anatomical studies

The A5 region of the brainstem is made up of a loosely clustered column of 

noradrenergic neurones lying dorsal and lateral to the superior olivary nucleus and 

the facial nucleus in the ventrolateral pontine reticular formation. The neurones in 

the A5 area have axons projecting to the spinal cord (Dahlstrom and Fuxe, 1964; 

Satoh et al., 1977; Loewy et al., 1979b). Using control animals and animals with 6- 

OHDA, a neurotoxin which selectively lesions catecholaminergic neurones - induced 

lesions of spinal catecholaminergic fibres, Guyenet and his colleagues quantitatively 

analysed the number and distribution of spinal projecting neurones in the A5 area. 

They concluded that up to 93% of all noradrenergic neurones present in the A5 area 

had spinally projections and that noradrenergic neurones constitute at least 90% of 

all spinally-projecting neurones present in the A5 area (Byrum et al., 1984). It has 

been suggested that neuronal axons of these cells may project to the thoracic and 

upper lumbar SPN pool via the lateral funiculus (Loewy et al., 1979b; Byrum and 

Guyenet, 1987; Fritschy and Grzanna, 1990).

1.3.4b Physiological studies in the AS area

Electrical and chemical stimulation of this region leads to different effects on blood 

pressure in the barbiturate- anaesthetized rat. Electrical stimulation within the A5 

area increased blood pressure (Loewy et al., 1979a), although dose related falls in 

blood pressure and heart rate were obtained by injection of glutamate (Close et al., 

1982; Neil and Loewy, 1982; Loewy et al., 1986; Stanek et al., 1984). Therefore, the 

pressor response to electrical stimulation is more likely to be due to activation of 

fibres of passage and not cell bodies.

Chemical stimulation of the A5 cell group caused a decreased blood flow in the 

gastrointestinal tract and an increased blood flow in limb skeletal muscles (Stanek
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et al., 1984). Moreover, micro injection of the excitatory amino acid N-methyl-D- 

aspartate (NMD A) into A5 area of the rat increased splanchnic and renal sympathetic 

nerve discharge (Huangfu et al., 1992, halothane-anaesthetized rat) but decreased 

lumbar sympathetic nerve discharge. The result implied that A5 area might be 

involved in visceral vasomotor sympatho-excitation; activation of visceral 

sympathetic activity but depression of muscle vasoconstrictor sympathetic activity, 

leading to a redistribution of blood.

In the rat, extracellular recording from bulbospinal neurones within A5 area 

demonstrated that all A5 neurones sampled were inhibited by elevations of blood 

pressure, suggesting that neurones of A5 area provides an excitatory input to SPNs 

(Guyenet, 1984; Guyenet and Byrum, 1985). Further investigations demonstrated that 

A5 neurones had relatively slow conduction velocities (2.6 m/s) and low firing rates 

(1.4 Hz). Most neurones showed no detectable pulse synchronization but their 

activity was correlated with sympathetic nerve discharge (Huangfu et al., 1991). 

Evidence of the respiratory modulation of A3-spinal neurones was reported recently 

by Guyenet et al. (1993). Most of them had a post-inspiratory-related firing pattern. 

Hence, the A3 area could also contribute to the central respiratory modulation of 

SPNs.

1.3.5 The Hypothalamic Nuclei 

1.3.5a Anatomical studies

The hypothalamus is one of the most important brain structures involved in 

cardiovascular regulation (Hilton, 1973; Hilton and Spyer, 1980). It contains a 

number of nuclei involved in the more complex behaviours including the defence 

reaction.

The largest number of hypothalamic projections to the spinal cord arise from the 

hypothalamic paraventricular nucleus (PVN) (Saper et al., 1976; Hosoya and 

Matsushita, 1979; Hosoya, 1980; Swanson and Kuypers, 1980; Swanson, Sawchenko, 

Wiegand and Price, 1980). The dorsal part of the lateral hypothalamic area, the
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lateral part of the dorsalmedial hypothalamic nucleus and the posterior hypothalamic 

area (Hancock, 1976; Saper et al., 1976; Hosoya, 1980) also has spinal projections. 

Anterograde tracing studies have shown labelled axons from hypothalamus in lamina 

X and the IML of thoracolumbar spinal cord (Saper et al., 1976; Holstege, 1987). 

These descending fibres were found to wind around the dendrites of SPNs (Hosoya 

et al., 1991). However, there is no direct evidence showing the mono-synaptic 

connections between hypothalamic nuclei and SPNs so far.

The neurones in the hypothalamus not only project to the spinal cord, but also to 

several brain stem nuclei that are involved in the control of cardiovascular function. 

These include the medullary lateral tegmental field, rostral lateral medulla and 

mesencephalic periaqueductal grey (Dampney et al., 1987; Lovick, 1985). These 

findings indicate that neurones of the hypothalamic nuclei may affect SPNs directly 

or, perhaps, indirectly.

1.3.5b Physiological studies

Electrical stimulation of the lateral hypothalamic area caused cardiovascular 

responses in anaesthetized cat (Karplus and Kreidl, 1909 quoted in Bard, 1960), 

mimicking that observed during the defense reaction in unanesthetized animals, i.e. 

tachycardia, hypertension, vasodilatation in the skeletal muscle and vasoconstriction 

in the cutaneous, intestinal and renal blood vessels (see Hilton, 1966; Hilton and 

Redfern, 1987; Jordan, 1990). Chemical stimulation of lateral hypothalamic area by 

glutamate micro injections failed to reproduce the characteristic circulatory or 

behavioral responses of the defence reaction achieved by electrical stimulation in the 

cat (Hilton and Redfern, 1986). However, microinjection of neuroexcitoxin ibotenic 

acid (which destroys neuronal cell bodies but not axons) into the lateral 

hypothalamus-perifomical region of the baboons significantly reduced cardiovascular 

responses associated with the defence reaction due to electrical stimulation of the 

perifornical region (Smith et al., 1990) thus indicating that the region of the 

hypothalamus is involved in the cardiovascular responses of the defence reaction.
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In the rat, electrical stimulation of the hypothalamus has been shown that it caused 

different sympathetic responses depending on the site of stimulation. Chemical 

stimulation of hypothalamic area elicited either pressor or depressor responses in the 

rat (Yamashita et al., 1987; Gelsema et al., 1989; Spencer, Sawyer and Loewy,

1989). Electrical stimulation of PVN in the rat resulted in a decrease of blood 

pressure (Yamashita et al., 1987). Gilbey et al. (1982a) observed an inhibitory effects 

on spontaneous activity of SPNs in the upper thoracic spinal cord of the rat by 

stimulation of the PVN. Excitatory responses of SPNs were found when stimulating 

the ventromedial nucleus of the hypothalamus in the rat in that study. The decrease 

in the sympathetic neuronal firing is likely due to postsynaptic inhibition since PVN 

stimulation also depressed glutamate-induced discharge of SPNs (Gilbey et al., 

1982a). Extracellular recordings from hypothalamic neurones showed that these 

neurones can be antidromically activated by electrical stimulation in the IML area 

at the thoracic spinal level (Caverson et al., 1984).

Spike-triggered averaging was used to identify hypothalamic neurones with 

spontaneous or glutamate-induced activity that were synchronized to inferior cardiac 

sympathetic nerve activity in anaesthetized cats (Barman and Gebber, 1982; Barman,

1990). Most of the neurones in the hypothalamic area could be classified as 

sympatho-excitatory since their firing rate decreased during baroreceptor reflex 

activation, but the vast majority of the neurones studied with sympathetic nerve- 

related activity could not be activated by stimulation of the upper-thoracic IML area. 

The results supported the idea that neurones within the hypothalamus influence SPNs 

via a polysynaptic pathway. The study by Sun and Guyenet (1986) demonstrated that 

the descending sympatho-excitatory pathways, originating in part in the lateral 

hypothalamus, may relay in RVLM. They found that in the anaesthetized rat, 

electrical or chemical stimulation of lateral hypothalamic sites produced pressor 

effects, increasing lumbar sympathetic nerve discharge and excitating of the RVLM 

sympatho-excitatory neurones. Microinjection of the glutamate antagonist (kynurenic 

acid) into the RVLM attenuated these pressor and sympatho-excitatory responses due 

to stimulation of hypothalamus.
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Respiratory-related activity of caudal hypothalamic neurones were reported recently 

in the cat. 48 hypothalamic neurones were analysed for respiratory modulation and 

19% of these neurones showed a respiratory-related firing pattern (Dillon and 

Waldrop, 1993). However, spinal projections were not tested in that study.

1.3.6 Summary

It has been suggested that supraspinal neurones projecting to the spinal cord could 

influence SPNs directly, or they may synapse on spinal intemeurons which influence 

SPNs. Several supraspinal regions possibly innervate SPNs in the IML. They are the 

RVLM, the caudal raphe nuclei, the A5 area and the hypothalamic nuclei. In the cat 

or the rat, neurones with sympatho-inliibitory or excitatory properties, as determined 

by activation or inhibition during baroreceptor activation, have been found in these 

regions. Some neurones in these regions had their neuronal discharge correlated 

temporally with sympathetic discharge. Therefore, they may be involved in 

sympathetic control.

Neurones with respiratory-related activity have been found in all the nuclei 

mentioned above in the cat or rat and some of them have spinal projections. Such 

neurones may be involved in determining the respiratory modulation of sympathetic 

activity.
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1.4 SECTION FOUR 

POSSIBLE FUNCTIONAL ROLE OF RESPIRATORY MODULATION 

OF SYMPATHETIC ACTIVITY

1.4.1 Cardiovascular Functions are Respiratory-Modulated

The link between the cardiovascular and respiratory control systems has been noted 

for many years (see Jordan and Spyer, 1987; Spyer and Gilbey, 1988; Feldman and 

Ellenberger, 1988; Richter and Spyer, 1990; Richter, Spyer, Gilbey, Lawson, Bainton 

and Wilhelm, 1991 for reviews). Traube (1865) and Hering (1869) demonstrated that 

blood pressure waves were synchronized with respiration in vagotomized and 

immobilized dogs and cats (Traube, 1865; Hering, 1869) (the Traube-Hering waves). 

Sinus arrhythmia was reported by Traube (1865) in experiments on vagus-intact 

animals and was investigated in detail by Anrep et al. (1936a,b), The heart-beat is 

normally not perfectly regular, but shows fluctuations corresponding with respiratory 

phases, the rate being accelerated in inspiration and retarded in expiration. The time 

relations of blood pressure waves and heart rate versus respiration demonstrate a 

relative coordination between the respiratory and autonomic regulation. Neurones in 

cardiovascular networks interact with inspiratory and expiratory neurones (Richter 

and Spyer, 1990).

1.4.2 The Respiratory-related Sympathetic Activity may Play an Important 

Role in Vasomotor Regulation

The respiratory modulation was found in most studies involving sympathetic whole 

nerve recording. Previous studies indicated that respiratory modulation is not 

necessary for generation of basic sympathetic tone. In hyperventilated animals, the 

basic sympathetic tone remains in the absence of respiratory modulation (Connelly 

and Wurster, 1985). Bachoo and Polosa (1985) estimated that one quarter of the 

neurogenic vasoconstrictor tone of the hind limb was attributed to the inspiration- 

synchronous component of sympathetic discharge. The respiratory-related discharge
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seems to provide phasic outputs causing vasoconstriction beyond that elicited by 

tonic sympathetic discharge. In normocapnia, estimates based on counting the 

cumulative output of the SPNs showed that 60% of the spike output of the 

preganglionic-neurone pool projecting into the cervical sympathetic nerve was related 

to respiratory activity (Preiss and Polosa, 1977). Therefore, many investigators 

suggested that respiratory-related activity observed in sympathetic nerves was a 

functional rather than extraneous component in arterial vasomotor regulation, which 

may play an important role in maintenance of arterial blood pressure.

The idea of the respiratory-related activity of sympathetic nerve as a component in 

vasomotor regulation is supported by many investigations. Stimulation of the superior 

laryngeal nerve had no significant inhibitory effect on the basic firing level of 

sympathetic activity but when the intensity was just sufficient to suppress phrenic 

nerve activity, the stimulation inhibited the inspiration-synchronous lumbar 

sympathetic discharge and caused hind limb vasodilatation. The stimulation induced 

vasodilatation could be abolished by the ganglion blocker, hexaméthonium, or by an 

a-adrenergic antagonist, but was unaffected by a 8-adrenergic antagonist indicating 

that the vasodilatation is presumably due to a decrease in neural vasoconstrictor tone 

(Gebber and Polosa, 1979; Bachoo and Polosa, 1985). A similar conclusion was 

obtained by Millhom (1986) by changing input from the central chemoreceptors 

using focal cooling of the "intermediate area" of the medulla. Graded cooling of this 

area caused decreases in the amplitude of the inspiratory-related discharge and mean 

arterial pressure, but only a small decreases in mean cervical sympathetic nerve 

activity. The cooling had no effect on either the tonic level of cervical nerve activity 

or arterial pressure when end-tidal CO2 was lowered to cause an absence of the 

inspiratory-related discharge in the cervical sympathetic nerve.

In addition, it has been demonstrated that pre- and postganglionic neurones 

tentatively defined as supplying different target organs in skeletal muscle, skin and 

pelvic organs in the cat show different respiratory firing patterns (Gregor et al., 1977; 

Janig, 1985; Boczek-Funcke et al., 1992a,b,c). The sympathetic preganglionic muscle 

vasoconstrictor neurones mainly had inspiratory-related discharge pattern along with
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depression of activity during post- and/or early inspiratory phase; Those sympathetic 

preganglionic cutaneous vasoconstrictor neurones could have various respiratory- 

related firing patterns - inspiratory, expiratory and no respiratory modulation 

(Boczek-Funcke et al., 1992b). Thus, it has been suggested that the type of 

respiratory-related firing pattern of sympathetic neurones might be correlated to the 

target organs they innervate. However, the functional relevance of respiratory-related 

sympathetic activity is unknown (see General Discussion).
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1.5 THE AIMS OF PRESENT STUDY

1) The present study was undertaken to investigate the respiratory-related firing 

patterns of SPNs located in the lower thoracic and upper lumbar segments with axons 

projecting into the LSC. The respiratory-related activity of these SPNs has been 

analysed and categorised, and compared to activity of SPNs projecting to the cervical 

sympathetic nerve of the rat (Gilbey et al., 1986). This may further our 

understanding of the basis of the regional differences found in the respiratory 

modulation of sympathetic nerves.

2) As an important supraspinal structure involved in descending control of activity 

of SPNs, much attention has been focused on the RVLM in recent years. However, 

the IML, which is the origin of the majority of SPNs, receives convergent inputs 

from many supraspinal structures. Neurones within the caudal raphe nuclei are 

known to be another source that innervates the IML area. Therefore, another goal of 

this study is to investigate the caudal raphe nuclei as a potential supraspinal structure 

relaying central respiratory drive to SPNs. For this purpose, the axonal projections 

of caudal raphe neurones were examined and their respiratory modulation assessed.
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CHAPTER 2

GENERAL METHODS FOR NEUROPHYSIOLOGICAL STUDIES
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2.1. GENERAL

Successful experiments were performed on sixty-seven male Sprague-Dawley rats 

weighing between 250-350g. The rectal temperature was monitored and maintained 

at 37 ± 1 °C by a servocontrolled heating blanket (Harvard Bioscience Ltd USA).

2.2. ANAESTHESIA

Anaesthesia was induced by either an intraperitoneal injection of sodium 

pentobarbitone (Sagatal, May & Baker Ltd., 60 mg / ml; 60 mg / kg body weight), 

made lateral to umbilicus, or with an intravenous injection (i.v.) of a mixture of a- 

chloralose (Sigma, U.K. 100 mg /kg body weight) and sodium pentobarbitone 

(Sagatal, 2 mg / animal) through a tail vein . Alpha-chloralose was prepared as a 50 

mg / ml solution: 1 g of Borax (Sodium tetraborate) was added to 20 ml of distilled 

water and the mixture heated to approximately 40°C. Then Ig of a-chloralose was 

added. The mixture was stirred until the chloralose had dissolved. The solution was 

then filtered.

Anaesthesia was maintained throughout the experiments. The depth of anaesthesia 

was assessed by observing blood pressure, heart rate, phrenic nerve activity and the 

animals response to light brushing of the cornea. During neuromuscular blockade, 

noxious stimuli were applied to the hindlimb or tail, and the level of anaesthesia 

considered adequate if there was little or no response of pupillary size and blood 

pressure, heart rate and phrenic nerve activity were not perturbed. Additional small 

doses of anaesthetic (a-chloralose, 20-40 mg/kg) were administered as required 

through the femoral vein, judged by the animals responses described above. At end 

of experiments, animals were killed by an overdose of anaesthetic.

70



2.3 OPERATIVE PROCEDURES 

2.3.1 Initial Dissection

When the initial dose of anaesthetic had taken effect, the left femoral vein and artery 

were cannulated using polyethylene tubing filled with saline and heparinised saline, 

respectively. The vein was used for the administration of drugs, whereas the artery 

was connected to a pressure transducer for the monitoring of blood pressure, which 

was displayed on a screen and / or a pen recorder (Hewlett Packard 775 8A 

Recorder). The arterial cannula also enabled blood samples to be taken periodically 

in order to monitor: blood pH, the partial pressure of arterial CO2 and O2  (Coming 

158 blood gas analyzer).

The animal was placed supine and a skin incision made just above the thyroid 

cartilage of the larynx extending caudally about 3 cm. The overlying neck muscles 

were separated and retracted. The trachea was intubated low in the neck and the 

airway cleared of mucus. The animal was placed in a stereotaxis frame.

An EGG was recorded via a pair of needle electrodes one of which was inserted into 

a fore-limb and the other into the contralateral hind-limb. Tracheal pressure was 

monitored through one side arm of the tracheal cannula via a pressure transducer. 

Both EGG and tracheal pressure were displayed on a pen recorder and on channels 

of an oscilloscope.

2.3.2 Artificial Ventilation and Blood Gas Measurement

Animals were ventilated artificially with oxygen-enriched room air using a Harvard 

volume and rate controlled ventilator. End tidal GO2  was monitored using a fast 

response GO2  analyzer (ADG Ltd.). Tidal volume and frequency of artificial 

ventilation was adjusted to maintain an end tidal GO2  value of about 4%.

Arterial blood samples were taken in heparinised capillary tubes (Hawksley & Sons 

Ltd. BS4316). The value of blood pH was kept in the range 7.35-7.45. The pressure
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of arterial CO2  was maintained between 35 to 48 mmHg. Supplemental oxygen was 

added to the inspiratory gas to maintain the partial pressure of arterial O2  between 

100 and 200 mmHg. Arterial bicarbonate concentration and the base excess were also 

monitored and maintained within the normal physiological range by administration 

of sodium bicarbonate (IM) delivered via the femoral vein as necessary.

2.3.3 Vagotomy

During experiments, animals were artificially ventilated at rates 80-120 per minute, 

which was several times higher than the frequency of phrenic bursts (20 to 30 per 

minutes observed in present experimental conditions), but the intrinsic respiratory 

rhythm often became phase locked to the respiratory pump rhythm. In most of 

experiments, in order to dissociate the lung inflation cycle from central respiratory 

drive, the vagus nerves were cut bilaterally in the neck. Both sides of the 

vagosympathetic trunk were isolated. The vagus nerve was carefully separated from 

the cervical sympathetic nerve and either cut immediately or a piece of thread was 

placed around it so that the vagus could be cut later.

2.3.4 Exposure of the Left Phrenic Nerve

The left phrenic nerve was exposed using a dorsolateral approach. A midline incision 

was made from the base of the neck and was extended approximately 4 cm caudal 

along the midline of back. The first layer of nuchal muscles were separated and the 

left side acromiotrapezius and spinotrapezius muscles were cauterised. A piece of 

thread was passed through the bone, muscle and skin of the scapula and the scapula 

was retracted laterally. The skin edges in the neck were stitched to the frame. A 

small metal retractor was used to hold the scapula away from the vertebral column 

to expose the left brachial plexus. The nerves of the brachial plexus were cut. A 

branch of the phrenic nerve was identified from the ventral division of the fifth 

cervical plexus, isolated, dissected clear of surrounding tissue and cut peripherally. 

The central cut end of phrenic nerve was de-sheathed and was mounted on a pair of 

bipolar platinum recording electrodes for nerve recording. The nerve was covered
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with liquid paraffin.

2.3.5 The Preparation of Sympathetic Nerves 

2.3.5a Exposure of the Lumbar Sympathetic Chain

A midline incision approximately 5 cm long was made through the skin and muscle 

to expose the abdominal cavity; skin and muscle of the abdominal wall were 

retracted laterally. The lumbar sympathetic chain (LSC) is embedded in connective 

tissue in the retroperitoneal space in front of the vertebral column behind the aorta 

and vena cava. After retraction of the abdominal viscera (the intestine and colon 

which lie over the abdominal aorta) the left iliolumbar vein was tied and cut to 

facilitate exposure of sympathetic chain. The left LSC between L4 and L5 

sympathetic ganglia was identified. The sympathetic ganglia L5 usually lies rostral 

to the bifurcation of the aorta. The LSC between L4 and L5 sympathetic 

paravertebral ganglia was isolated in both rostral and caudal directions using fine 

glass hooks from surrounding tissue.

2.3.5b The cervical sympathetic nerve

The cervical sympathetic nerve was located in the common carotid sheath with vagus 

and common carotid artery. The left cervical sympathetic nerve was identified and 

isolated using the midline incision made for exposuring the phrenic nerve. 

Occasionally, the nerve was identified by electrical stimulation (1ms ; 100 Hz; < 5V) 

which caused pupillary dilatation.

2.3.5c The splanchnic nerve

The left greater splanchnic nerve was exposed retroperitoneally through a lateral 

incision from the base of the rib cage to the pelvis. Skin and muscles of the 

abdominal wall were retracted. The left kidney and adrenal gland were retracted 

ventrally to facilitate exposure of the nerves. The greater splanchnic nerve is formed 

by the sympathetic branches from eighth, ninth and tenth thoracic sympathetic
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ganglia and reaches the collateral ganglion, the celiac ganglion (Greene, 1955). The 

splanchnic nerve just distal to the suprarenal ganglion (Celler and Schramm, 1981) 

was isolated and de-sheathed. Then the distal end of isolated splanchnic nerve was 

cut.

2.3.6 Immobilization

Each animal was paralysed with a bolus intravenous injection of gallamine 

triethiodide (Flaxedil, May and Baker, 16 mg/kg b.w.). The initial dose was given 

just before the laminectomy and the animal was ventilated artificially. Supplemental 

doses of the neuromuscular blocking agent were given as required throughout the 

recording period (generally, every 60 minutes) to maintain paralysis.

2.3.7 Laminectomy

The midline incision made for the exposure of a phrenic nerve was extended caudally 

and a longitudinal incision was made above the spinal cord. In the sacral region, the 

muscles surrounding the cord were separated by use of a scalpel and a clamp 

attached to both lateral sides of vertebrae and the spinal cord was then stretched. The 

thoracic vertebrae were identified and the muscle overlying these vertebrae was 

cleared. Under a binocular dissecting microscope, a laminectomy was performed on 

the immobilized animal using fine bone rongeurs to expose the dorsal surface of the 

cord. The dura matter was removed using fine forceps. The dorsal surface of the 

spinal cord was covered with liquid paraffin. The segment of spinal cord was verified 

at the completion of each experiment by identifying entry zones of the dorsal roots 

of the spinal cord.
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2.3.8 The Occipital Craniotomy

Using a cautery, a mid-line incision was made along the back of the head and neck, 

and the underlying nuchal muscles were separated and retracted to expose the 

occipital bone just beyond lambda. The bone was removed to a level about 1 mm 

caudal to lambda and laterally about 3 mm on either side of the mid-sagittal line 

using rongeurs. The exposed edges of bone were plugged with bone wax and the 

atlanto-occipital membrane carefully incised to reveal the dorsal surface of the 

medulla and the dorsal aspect of the cerebellum. The caudal portion of the 

cerebellum overlying the floor of the fourth ventricle was removed using suction. 

Absorbent gelatin sponge (Spongostan) was used to control bleeding. The floor of 

the fourth ventricle was then covered with warmed liquid paraffin.

2.3.9 Stabilisation for Recording from Spinal Neurones 

2.3.9a The pneumothorax

In order to minimise respiratory-related movement artifacts, animals were given a 

pneumothorax. After incising the skin midway between the rib heads and sternum 

(8-10th ribs), a hole between the ribs was made using blunt dissection and a 

polyethylene tube was introduced to allow passage of air through the hole into the 

thoracic cavity. Following the pneumothorax, an end-expiratory load of 2-3 cm H2 O 

was applied to the expiratory line to prevent atelectasis. An intravenous blood 

volume expander (Ficoll,approx 1 ml) was then given to maintain blood pressure.

2.3.9b Lateral clamps for spinal cord stabilisation

The animal was placed prone in a stereotaxic frame on a pneumatic vibration-free 

experimental table (Ealing Electro-optics Ltd.). The head of the animal was fixed in 

a stereotaxic frame. In order to stabilize the spinal cord overlying muscle was 

scraped away from both sides of the thoracic vertebrae, and the animal was fixed 

with lateral clamps attached to vertebrae just around the recording site of spinal cord. 

The spinal cord was stretched slightly so that the exposed cord was horizontal and
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straight.

2.4 ELECTRODE MANUFACTURE AND DRUG PREPARATION

2.4.1 Electrode Manufacture

2.4.1a The electrode for stimulating the lumbar sympathetic chain

Bipolar-stimulating electrodes were made using teflon-coated stainless steel wire 

(Clark SS-3T) threaded through polythene tubing (inside diameter 0.28 mm, outside 

diameter 0.61 mm). At their tips the teflon was removed over a length of about 3 to 

5 mm to expose the stainless steel wire for wrapping around the sympathetic chain.

2.4.1b The electrode for spinal cord stimulation

For antidromic identification of spinally projecting medullary raphe neurones, 

Woods’ Metal electrodes were used to stimulate the spinal cord. These electrodes 

were made using single barrel glass micropipette filled with the metal which was 

made using a 1:1 ratio (by weight) of Wood’s metal (BDH Chemicals Ltd.) and 

Indium pellets (Aldrich Chemicals Co. Inc.). Both of the metals were heated to their 

melting points (70°C) and mixed together. The alloy was then drawn up into 

polyethylene tubing which had an internal diameter just less than that of the glass 

capillaries. When the alloy had solidified the polyethylene tubing was removed. 

About a 1 cm length of the alloy was then introduced into a glass micropipette and 

pushed to the bottom with a piece of tinned copper wire (24 swg; RS components 

Ltd). The glass micropipette was heated gently on a hot plate and using the copper 

wire the melted alloy was forced into the fine tip of the electrode. The wire was left 

as a conductor in the cooled alloy. Under a microscope, the tip of the electrode was 

knocked back to 20-50 fim diameter and the electrode was checked for breaks in the 

alloy and for electrical conductivity.
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2.4.1c Five-barrel glass microelectrodes

Five-barrel glass micropipettes were used in experiments for recording and 

ionophoresis. Multi-barrel micropipettes were manufactured from thin-walled 

filamented glass tubing (Clarke Electromedical Instruments, GC-150TF, internal 

diameter 1.17mm; length 10 cm) which were fitted into a collar of brass tubing and 

glued (Epoxy-resin, RS components Ltd). Electrodes were pulled on a microelectrode 

puller (Narishige Scientific Instrument Labs, Japan). For the first pull, the glass was 

heated, twisted (180°) and allowed to drop 2-3 mm. After the second pull, the very 

fine tips of multi-barrelled micropipettes were knocked back under a binocular 

microscope to a tip diameter of 2-3 /xm using a glass rod controlled by a 

manipulator. The barrels were heated and gently splayed so that drugs could be 

introduced easily into the barrels without contaminating the drugs in the other 

barrels. Each barrel of the micropipettes was filled through a millipore filter system 

(Millipore, pore size 0.45 /xm) and fine polythene cannula. The recording barrel was 

filled with 4 M NaCl (2-6 MQ impedance). A second barrel of each multi-barrel 

micropipette was filled with 0.5M sodium acetate and 2% pontamine sky blue dye 

(Gurr) used for current balancing and marking recording sites, and the third 

contained glutamate (0.2 M, pH=7.4) which was applied ionophoretically to excite 

quiescent units. The remaining barrels were filled with various chemicals. The 

impedance for the barrels containing drugs were measured. Only an impedance lower 

than 50 MQ was considered acceptable, since higher impedances led to electrode 

noise or failure to pass current.

2.4.2 Drug Preparation

Glutamate (L-Glutamic acid, 0.2 M) was used in experiments. Glutamate was usually 

dissolved in distilled water and pH was adjusted to 7.4. A retaining current of + 15- 

20 nA for the glutamate-containing barrel was used to minimize drug leakage. 

Pontamine Sky Blue powder was dissolved in 0.5 M sodium acetate to make a 2% 

solution.

77



2.5 EXPERIMENTAL PROTOCOLS

2.5.1 Recording from Nerves

In addition to recording unit activity, phrenic nerve and sympathetic nerve(s) were 

recorded. Phrenic nerve activity was amplified (gain 1-5K), filtered (band width 500- 

2000 Hz) and sympathetic nerve(s) activity was amplified (gain 1-1 OK), filtered 

(band width 1-2000Hz). They were fed into a tape recorder.

2.5.2 Extracellular Recordings 

2.5.2a Experimental arrangements of extracellular recording

Figure 2.1 shows the signal processing. Extracellular recordings of the activity of a 

single unit were made through one barrel of the multi-barrelled electrode using a 

headstage (Neurolog, NLIOO), AC preamplifier (gain 1-1 OK, Neurolog, NL104) and 

filter (band width 500-1500 Hz, Neurolog, NL125). After amplifying and filtering, 

single unit activity was fed into a spike processor/audio amplifier unit (Digitimer, 

D130), and its monitor output (including spike activity and discriminator level) was 

relayed to one channel of an oscilloscope (Tektronix). The single unit activity was 

fed also into a tape recorder (Racal 7DS- for off-line analysis) and into a computer. 

A signal averaging programme (Cambridge Electronic Design Ltd.) was used to 

assist in locating antidromically activated units. The micro-electrode was driven by 

a motor stepper (Nano-stepper type B) to a site that was sufficiently near an 

antidromically activated unit to obtain a good neuronal signal to noise ratio. The 

constant latency was confirmed on an average of 20 sweeps on the computer which 

showed on the trace as a distinct event above the noise.

If a neurone was activated antidromically (as determined by the collision test, see 

below) the stimulus intensity was set at three times the threshold required to activate 

the unit. The stimulus was triggered by the Digitimer which also produced a TTL 

pulse at the same time to trigger the computer.
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Figure 2.1

A line drawing of the experimental arrangements for the neurophysiological and 

neuropharmacological experiments.
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2.5.2b Criteria for antidromic activation

The characteristics of each activated unit were analyzed to determine whether such 

units were non-synaptically or synaptically activated (Lipski, 1981). The neurones 

were considered as being activated antidromically if they satisfied the following 

criteria:

1) A constant latency of response; 2) sharp threshold for activation - once a response 

was elicited the amplitude of the response was not altered by increasing stimulus 

intensity above threshold; 3) cancellation of antidromically evoked action potential 

by a spontaneous or glutamate-evoked orthodromic action potential at an interval 

shorter than the critical delay - absolute refractory period of the axon plus antidromic 

latency.

2.5.2c Ionophoretic application of glutamate for the identification the cell 

bodies and excitation of quiescent neurones

All units were tested by ionophoresis of glutamate. If a neurone which was identified 

antidromically had no ongoing activity, glutamate was applied ionophoretically (0- 

100 nA) to evoke neuronal firing. If units became active or increased their discharge 

rate during ionophoresis of glutamate (0.2 M) this indicated that recordings were 

made from cell bodies rather than from fibres (glutamate excites cell bodies but not 

axons of neurons, Curtis and Ryall, 1966). Ionophoretic application of glutamate also 

enabled the study of some physiological characteristics of those neurones which had 

no on-going activity.

2.6 DATA COLLECTION AND ANALYSIS

2.6.1 Data Collection

Neuronal activity, phrenic nerve activity, sympathetic nerve(s) activity, blood 

pressure (BP), tracheal pressure (TP), electrocardiogram (ECG), trigger pulses and 

the ionophoretic current passed were recorded. All data was stored using a tape
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recorder and the data analysis was carried out on and off-line using an interface and 

software supplied by Cambridge Electronic Design Ltd in conjunction with an IBM- 

compatible microcomputer. A block diagram of the signal processing for this type 

experiment is shown in figure 2.1.

2.6.2 Measurement of Axonal Conduction Velocity

Once a responsive unit was recorded with a satisfactory signal to noise ratio its 

threshold and antidromic latency was measured. Conduction velocities were 

calculated from these latencies and the shortest distance between the position of 

stimulating electrode and recording sites.

2.6.3 Firing Rate

Neuronal activity was fed into a spike processor (Digitimer D130). The firing rate 

(per second) of a neurone was calculated from the numbers of spikes averaged over 

60 seconds.

2.6.4 Data Analysis of Phrenic-related Activity

In order to analyse whether a neurone had a respiratory-related activity pattern, 

phrenic nerve activity was delivered to an integrator (Neurolog NL 703) to be 

rectified (full-wave rectification) and smoothed (low-pass filtering, time constant 100 

ms). Then the signal was fed into an interface (Neurolog, NL515) to generate TTL 

pulses when the signal reached a pre-set level. The TTL pulses were used to trigger 

the computer. Neuronal activity recorded from a single unit was delivered to a spike 

processor (Digitimer D130) and converted to TTL pulses which were then delivered 

to the computer to set up a phrenic-triggered histogram.

2.6.5 Data Analysis of ECG-related Activity

For the purpose of determining whether a neurone displayed cardiac-related activity,
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the ECG signal was passed through an interface to generate TTL pulses when the 

signal reached a pre-set level. The TTL pulses were then used to trigger the 

computer. Spikes were converted into TTL pulse via a spike processor and then fed 

into the computer to set up an ECG-triggered histogram.

2.7 HISTOLOGICAL IDENTIFICATION OF RECORDING SITES

Sites of recording or the bottom of an electrode track in the brain tissue in which a 

recording was made was marked by the ionophoretic deposition of Pontamine Sky 

Blue (a negative current of 5-lOpA for 5-10 minutes). At the end of each experiment 

the animal was perfused with 10% phosphate buffered (pH=7.4) formaldehyde. The 

brain tissue was removed and fixed in 10% formal saline and then kept in 

refrigerator (4°C) for at least 7 days. Subsequently, the brain tissue was cut into 

80pm thick transverse sections on a freezing microtome (Vibratome, Series 1000), 

which were then mounted and stained with neutral red. The sections were examined 

under a microscope and recording sites determined from location of blue spots and 

electrode tracks.

2.8 STATISTICAL ANALYSIS

The data are expressed as means ± S.D. or medians. The difference between two 

groups of data were considered significant when a P value smaller than 0.05 was 

obtained using a Student’s t-test. The Chi-square (X^) test (2x2 contingency table) 

or G-test of independence (similar to X ,̂ Sokol and Rohlf. 1969) has been used to 

test for significant differences between or among proportions of neurones which had 

different combinations of physiological characteristics.
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CHAPTER 3

THE RESPIRATORY-RELATED ACTIVITY OF 

SYMPATHETIC PREGANGLIONIC NEURONES 

PROJECTING INTO THE LUMBAR SYMPATHETIC CHAIN
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3.1 INTRODUCTION

The present study aimed to investigate the respiratory modulation activity of SPNs 

which project into the lumbar sympathetic chain (LSC) beyond the L4 sympathetic 

ganglion. The SPNs are considered to innervate target organs in the hindlimbs and 

tail as well as abdominal and pelvic organs including the reproductive organs (see 

Janig and McLachlan, 1986a,b). These neurones were recorded under similar 

experimental conditions to SPNs of the 2nd thoracic segment (Gilbey et ah, 1986). 

Differences in patterns of respiratory modulation and the proportion of SPNs with 

a certain pattern have been compared between these two groups of SPNs.

To aid localization of the recording sites in the electro-physiological investigation, 

the distribution of the SPNs neurones which project into the LSC beyond L4 

ganglion was mapped using a retrograde labelling technique utilizing HRP. This has 

been utilized for many years as a retrograde tracer (Kristensson and Olsson, 1971; 

LaVail and LaVail, 1972) and was extensively used for tracing SPNs with axons 

projecting into different sympathetic nerves, ganglia or the end organs in various 

animals (Schramm et al., 1975; Chung et al., 1975; Petras and Faden, 1978; Chung 

et al., 1979; Rando et al., 1981; Gilbey et al., 1982b; McLachlan and Janig, 1983; 

McLachlan et al., 1985; Jânig and McLachlan, 1986 a,b; Bacon and Smith, 1988; 

Baron et al., 1988; Anderson et al., 1989; Baron and Jânig, 1991) (see section 1.2).

The survival time necessary for a clearly detectable amount of HRP to have 

accumulated in cell bodies is determined by several factors: the rate of retrograde 

transport, the distance between the point of HRP application and the cell bodies and 

the rate of HRP degradation in the cell bodies. HRP labelled neurones were first 

observed at 4 hours and increased up to 14 and 24 hours, decreased by 48 hours and 

by 72 hours neurones were only rarely identified (Turner and Harris, 1974). In the 

present study, animals were allowed to recover for 48 hours; a distance of 

approximately 50 mm between the cut end of sympathetic chain and the spinal cord.

It has been demonstrated that many SPNs were quiescent in the anaesthetized
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preparation (Polosa, 1968; Seller, 1973; Coote and Westbury, 1979a; Gilbey et al., 

1982b). The present study therefore employed an extracellular recording technique 

using multi-barrelled electrodes so that ionophoretic application of glutamate from 

one barrel could be used to cause quiescent neurones to discharge and increase the 

discharges of those with on-going activity. In this manner the firing characteristics 

of "silent" neurones could be compared to these with on-going activity.
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3.2 METHODS

3.2.1 HRP Retrograde Labelling Study

3.2.1a Preparation for application of Horseradish Peroxidase

Experiments were conducted on four adult male rats. Animals were anaesthetized 

deeply with sodium pentobarbitone (i.p. 60 mg/kg). After administration of the initial 

dose of anaesthetic, supplementary anaesthetic was given via a tail vein when 

required (see section 2.2). The LSC between L4 and L5 sympathetic paravertebral 

ganglia was isolated and cut caudally. A solution of 20% HRP (Boehringer) in saline 

was applied to the central cut end of the LSC between L4 and L5 ganglia for 1.5 

hours (Rando et al., 1981). Particular care was taken to protect adjacent tissue from 

contact with the HRP solution by covering it with plastic film. The laparotomy was 

repaired and the animals were allowed to recover.

3.2.1b Procedures for fixation

At the end of the recovery period (48 hours) the animals were re-anaesthetized, as 

described above, and perfused through the left ventricle with approximately 100 ml 

of 0.9% NaCl followed by 500 ml of a fixative solution containing 0.5% 

paraformaldehyde and 3% glutaraldehyde in 0.1 M phosphate buffer pH 7.4 

(Somogyi et al., 1979). Following perfusion a laminectomy was performed and T il  

to L3 segments were identified and removed. The surrounding meninges were 

removed. The tissues were then placed in 0.1 M phosphate buffer, stored overnight, 

and 60 pm sections cut on a vibrating microtome (Vibratome, Series 1000) in either 

longitudinal, horizontal or transverse planes. The sectioned tissue was placed in 

phosphate buffer at 4 °C prior to further processing.

3.2.1c Histochemical demonstration of peroxidase activity in sections

Retrogradely labelled SPNs were revealed using the chromogen 0-tolidine (3,3’- 

dimethylbenzidine) histochemical method (Somogyi et al. 1979). Sections were
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incubated in acetate buffer (O.IM, pH=5.5) for 30 minutes followed by a 2 hour 

reaction at 4°C in the same buffer containing 0-tolidine (30 mg/100 ml), 1% 

hydrogen peroxide. Following this reaction the sections were washed briefly in 

acetate buffer. The 0-tolidine reaction product was then stabilized using 

diaminobenzidine (Somogyi et al. 1979). Sections were postfixed with 1% osmium 

tetroxide for 40 minutes, dehydrated through graded alcohols and flat embedded in 

Durcupan resin (Fluka) before examination using light microscopy. Figure 3.1 line 

drawing shows a summary of the procedure of retrograde labelling with HRP using 

0-tolidine method.

3.2.2 Physiological Study 

3.2.2a Operative procedure

The main operative procedures were similar to those described in the general 

methods in chapter 2. Briefly, animals were anaesthetized with sodium 

pentobarbitone (i.p. 60 mg/kg), cannulated and supplemental doses of anaesthetics 

(i.v. a-chloralose, 5-lOmg) were given when necessary (see section 2.2). The animals 

were then tracheotomized, paralysed, artificially ventilated, vagotomized and given 

a bilateral pneumothorax. Their blood gases were monitored. After completion of 

initial surgery, the animals were then placed prone in a stereotaxic frame. The 

phrenic nerve was isolated via a dorsal approach and mounted on a conventional 

bipolar electrode for recording.

3.2.2b Stimulation of the lumbar sympathetic chain

The left LSC was exposured between L4 and L5 paravertebral ganglia (see section 

2.3.6a) and stainless steel wire electrodes (see below) were wrapped around it. The 

chain and electrodes were then embedded in silicone based dental impression material 

(Provil L, Bayer Dental) (fig. 3.2, 3.3 and 3.4). The laparotomy was repaired and 

stimulating electrodes secured and the wound stitched. The LSC was tested by 

electrical stimulation (1-5 V, lOOHz, 1 ms pulse width) which usually caused scrotal



contraction.

The LSC was stimulated with single rectangular pulse. The intensity of stimulation 

(1 ms pulse width, IHz) was initially set just above the threshold required to elicit 

a contraction of the scrotum - normally no more than 10 V. The frequency of 

stimulation was set using a Digitimer Programmer (Digitimer Ltd., D4030) and 

intensity and pulse width (1ms) was controlled by an isolated stimulator (Digitimer 

Ltd., DS2).

3.2.2c Histological identification of recording sites

The recording sites in the spinal cord were marked occasionally by Pontamine Sky 

Blue after completion of recording (see section 2.7).
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Figure 3.1

A line drawing of the steps involved in the procedure of HRP retrograde labelling 

SPNs using the chromogen 0-tolidine histochemical method.
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Summary of the steps involved in the procedure of retrograde 
labelling SPNs using the chromogen 0-tolidine histochemical method
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phosphate buffer overnight
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40 min

Spinal cord fixed by 
intracardiac perfusion

Dehydrated with alcohols

Embedded in Durcupan resin

60 u m  sections cut



Figure 3.2

Diagram showing the experimental procedure for isolating the LSC via laparotomy. 

The left LSC was exposured between L4 and L5 paravertebral ganglia. A pair of 

stainless steel wire electrodes were wrapped around the sympathetic chain (indicated 

by arrow). The chain and electrodes were then embedded in silicone based dental 

impression material.
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Figure 3.3

A photograph showing higher magnification of the left LSC, L4 (right filled arrow) 

and L5 (left filled arrow) paravertebral lumbar sympathetic ganglia and positioning 

of stimulating electrodes. The left LSC was exposed via a ventral lapatoromy and a 

pair of stainless steel wire electrodes wrapped around the sympathetic chain. Open 

arrow indicates the bifurcation of the aorta.

Calibration bar 5mm.
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Figure 3.4

Diagram showing the experimental set-up. A, a SPN which was identified 

antidromically following stimulation of the LSC between L4 and L5 paravertebral 

ganglia (B). Arrows in A, B indicate stimulus site.
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3.3 RESULTS

3.3.1 Location of Retrograde Labelled SPNs with Axons Projecting into the 

Lumbar Sympathetic Chain Beyond L4 Sympathetic Ganglion

The location of SPNs were examined in four different rats surviving 48 hours after 

application of HRP to the central cut end of the LSC between L4 and L5 ganglia. 

Using light microscopy, HRP-labelled cell bodies and dendrites of SPNs were 

recognised by the presence of retrogradely transported HRP visualized 

histochemically using 0-tolidine (see methods) and seen as a blue granular reaction 

product.

3.3.1a The location of HRP labelled cell bodies of SPN

Retrogradely labelled cell bodies and dendrites were found mainly ipsilateral to the 

HRP injection site in four different areas of the lower thoracic to upper lumbar spinal 

cord: (1) the intermediate grey matter near the border of the grey and white matter 

of the lateral horn (IML), (2) a region lying between the IML and the central canal 

in the intermediate grey matter (the intercalated nucleus, IC), (3) lateral to the IML 

(the lateral funiculus, Ilf) and (4) dorsolateral or lateral to the central canal (the 

central autonomic region, CA) (Fig. 3.5 - Fig. 3.8).

The position of the labelled cell bodies situated within 4 areas described above was 

observed in both horizontal and transverse sections. No labelling was seen in other 

areas. The majority of labelled neurones were found in a column on the edge of the 

grey matter throughout the length of spinal cord segments from thoracic 13 (T13) to 

lumbar 2 (L2) (Fig.3.5). The number of labelled cells decreased caudally from L2 

and rostrally from T13. There were more cells situated caudally in the grey matter 

around the central canal. Fig.3.5 shows, on the left, a longitudinal horizontal section 

containing labelled neurones from T13 to T2. The figure on the right is constructed 

from superimposed serial longitudinal horizontal sections. No cell bodies were found 

in the contralateral IML in this study. Sections cut in the longitudinal horizontal
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plane also showed that the labelled neurones in the IML were arranged in clusters 

of 5-10 cells of various shapes and sizes (Fig.3.7). In the IML, labelled dendritic 

processes of neurones extended towards neighbouring clusters. Dendritic processes 

also extended medially to the intercalatus nucleus (Fig.3.7 and Fig.3.8).

3.3.1b Morphology of HRP labelled SPNs

The HRP-labelled SPNs could be classified into two cell types according to the shape 

of their soma and proximal dendrites: multipolar and fusiform cell bodies. Most of 

the labelled neurones found in this study were multipolar in both horizontal and 

transverse planes (Fig. 3.7-3.8). These cell bodies were situated mainly in the IML 

but a few were found in the LF.

The initial dendrites of labelled neurones were large, tapering to a narrow diameter 

as they extended in the lateral, medial and rostrocaudal directions. However, no 

qualitative information about these two types of neurones was taken as the main 

purpose of this study was to localize SPNs projecting to the LSC.
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Figure 3.5

The distribution of labelled cell bodies of SPNs after applying HRP to the central cut 

end of the left LSC distal to L4 ganglia. Left upper, a diagram demonstrating the 

direction of a section taken from the spinal cord. Left lower, a single longitudinal, 

horizontal section showing cell bodies retrogradely labelled with HRP, reacted with 

0-tolidine histochemical method. Right, location of retrogradely labelled 

preganglionic neurones (marked by dots) constructed from superimposed serial 

longitudinal horizontal sections.

Arrows indicate labelled cell bodies.
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Figure 3.6

The location of labelled cell bodies in transverse section taken from LI following 

application of HRP to the central cut end of the left LSC distal to L4 ganglia. Upper, 

a single transverse section showing labelled cell bodies of SPNs. Arrows indicate 

labelled cell bodies located in the lateral border of the intermediate grey matter area 

and the dorsal central autonomic region. Lower, location of retrogradely labelled 

SPNs (marked by dots) taken from 4 superimposed serial transverse sections (60 pm 

each) of LI segment.
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Figure 3.7

The distribution of labelled cell bodies after applying HRP to the cental cut end of 

the LSC distal to L4 ganglion. A longitudinal, horizontal section (LI level) showing 

labelled cell bodies situated in the LF, IML and IC indicated by arrows.

Arrows indicating labelled cell bodies in the IML, IC and LF.
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Figure 3.8

The location of labelled cell bodies of SPNs. Upper, a photograph of a transverse 

section at LI following HRP application into the central cut end of the LSC distal 

to L4 ganglia showing a cluster of cell bodies located in the IML. Lower, higher 

magnification presents the medial trajectory of dendrites of SPNs indicated by arrow 

in the upper diagram.
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3.3.2 Electrophysiological Studies on SPNs with Axons Projecting 

into the Lumbar Sympathetic Chain

3.3.2a General characteristics of recorded SPNs

An area in the left side of the spinal cord between segments T11-L2 was searched 

for neurones, which were antidromically activated by electrical stimulation of the 

ipsilateral the LSC. The criteria used to establish the antidromic nature of the 

responses of SPNs to the stimulation of the LSC are described in the General 

Methods (see section 2.5.2b). Penetrations were made under visual control with 

reference to a landmark on the dorsal surface of the spinal cord, the dorsal root 

entrant zone. The depth of each recording site was noted from the microdrive 

counter. The area investigated was 0-1 mm medial or lateral to the dorsolateral 

sulcus, 800-1200 jLtm ventral from the dorsal surface of the spinal cord. This area 

covered the spinal sympathetic nuclei, intermediolateralis thoracolubalis pars 

principalis (ILp), pars funicularis (ILf) and intercalatus spinalis (IC). Figure 3.9 

shows an example of antidromic activation of a SPNs by collision test. In some 

experiments, the precise location was determined histologically on completion of the 

experiment. Figure 3.10 shows examples of the recording sites of antidromically 

activated units identified by the Pontamine Sky Blue deposits (Fig.3.10A). The 

locations of the dye were found in the IML or just lateral to it in the LF (Fig.3.10B).

One-hundred and thirty antidromically identified SPNs were studied. Of these 

neurones, 66 (51%) had on-going activity and 64 (49%) were quiescent. 30 of 64 

quiescent neurones could be activated by ionophoresis of glutamate with current from 

5 to 100 nA.

Axonal conduction velocities were estimated based on the distance between 

stimulation and recording sites (see section 2.6.2). From the velocities histograms 

(Fig. 3.11) it appears that there is a bimodal distribution of the estimated axonal 

conduction velocities of these SPNs. The range of conduction velocities was 0.5 to
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12.5 m/s, corresponding to C and B fibres. The majority of neurones (92%), 

however, had conduction velocities of 0.5 to 1.3 m/s. The mode class of conduction 

velocity was 0.7-0.8 m/s. The conduction velocities of neurones with on-going 

activity and those which were quiescent appeared similar and both had medians equal 

to 0.8 m/s.

3.3.2b Phrenic-related activity

Forty-eight SPNs from this population were recorded for a sufficient length of time 

and had their activity analysed for a respiratory-related firing patterns, using phrenic 

nerve activity as an indicator of central respiratory drive.

Of these, 29 (60%) neurones had on-going activity whereas the other 19 (40%) were 

quiescent but were caused to discharge by the ionophoretic application of glutamate.

Phrenic-triggered histograms were accumulated over twenty to sixty sweeps. Of 48 

neurones analysed, 14 (29%) had their firing pattern modulated by respiration. The 

respiratory-related firing patterns were classified as follows:

(1) inspiratory-related firing pattern: those which had the highest probability of 

firing during the period of augmenting phrenic nerve discharge (Fig.3.12A). This 

group contained 5 (36%) of 14 respiratory-modulated neurones (two glutamate- 

activated quiescent neurones, three neurones with on-going activity).

(2) post-inspiratory-related firing pattern: those which had the highest probability 

of firing during the transition between the decreamenting phase of phrenic nerve 

discharge and phrenic silence (Fig.3.12B); 5 (36%) of 14 neurones displayed this 

type of firing pattern, all of which had on-going activity.

(3) expiratory-related firing pattern: those which had the highest probability of 

firing during both early and late expiratory phases (Fig 3.12C); 4 (28%) of 14 

respiratory-modulated SPNs had this firing pattern (two on-going activity and two
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quiescent neurones).

(4) non-modulated firing pattern: those which had a firing pattern with no clear 

relationship to phrenic nerve discharge: 34 (71%) neurones from 48 total number of 

analysed neurones. Examples of this pattern of activity is shown in Fig.3.12 (D). The 

number of SPNs with each type of respiratory modulation is shown in Table 3.1.

The respiratory modulation of SPN activity was not always obvious from visual 

examination of their spike activity (Fig.3.13), but it could be identified from 

superimposed sweeps.

3.3.2c ECG-related activity

The same forty-eight SPNs which had been examined for respiratory modulation 

were analysed (Table 3.1) by constructing ECG-triggered histograms to determine 

the influence of arterial baroreceptors on activity of SPNs, since ECG-related activity 

is indicative of baroreceptor modulation (B lumber g et al., 1980). For each SPN, 

ECG-triggered histograms were accumulated over 400 to 600 double cardiac cycles 

(3 ms bins). Previous attempts to measure qualitatively ECG-related activity (Gregor 

et al., 1977; Haselton and Guyenet, 1989) have led to inconsistent conclusions. 

Therefore, in present study SPNs were only categorized as having, or not having 

ECG-related activity on visual inspection (Gilbey and Stein, 1991). Of 48 neurones 

analysed, 21 (44%) neurones had ECG-related activity (fig.3.14) and remainder 27 

(56%) had no obvious ECG-related activity pattern.

3.3.2d Respiratory-related patterns of discharge in relation to 

ECG-related activity patterns

SPNs which displayed different respiratory-related firing patterns: inspiratory-related, 

post-inspiratory-related, expiratory-related or non-modulated discharge patterns could 

exhibit ECG-related activity (Table 3.1). Of the 21 neurones with ECG-related 

activity 4 had an inspiratory-related pattern, 4 had post-inspiratory pattern, 2 had
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expiratory pattern and 11 showed no obvious relationship to phrenic nerve discharge.

In order to determine whether SPNs with a particular type of respiratory modulation 

were more likely to have an ECG-related activity pattern than those with other types 

of modulation the G-test of independence was carried out. ECG-related activity was 

not significantly linked to one type of respiratory modulation (?>0.05 but <0.01).
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Figure 3.9

Antidromic activation of a SPN by collision testing using a spontaneously 

orthodromie action potential to trigger the antidromic stimulus. Upper trace, five 

superimposed antidromic action potentials (filled circle). Middle trace, collision test, 

the delay between the orthodromic spike (open circle) and the stimulus (arrow) to 

the LSC had been reduced to 50 ms and collision has occurred; Lower trace, the 

antidromic action potential reappears when delay is increased to 51 ms.
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Figure 3.10

Location of recording sites

Upper, a photograph showing a recording site marked by Pontamine Sky Blue 

(indicated by arrow)

Lower, illustrates seven recording sites.
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Figure 3.11

Estimated axonal antidromic conduction velocities of lower thoracic and upper 

lumbar SPNs projecting to the LSC.

A, histogram showing the axonal conduction velocity of the total population of 

sampled SPNs (n=130);

B, histogram of the conduction velocities of on-going activity neurones (n=66);

C, histogram of the conduction velocities of quiescent neurones (n=64).
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Figure 3.12

Periphrenic histograms showing different respiratory firing patterns of sympathetic 

neuronal discharge

A, inspiratory-related firing pattern (recorded from a quiescent neurone excited by 

glutamate).

B, post-inspiratory-related firing pattern (recorded from a spontaneously active 

neurone).

C, expiratory-related firing pattern (recorded from a spontaneously active neurone).

D, non-modulated firing pattern (recorded from a quiescent neurone excited by 

glutamate).

Periphrenic histograms accumulated over 40 phrenic double cycles (30 ms bins). 

Top traces in A, B, C, and D are rectified and smoothed phrenic nerve activity 

accumulated over same sweeps.
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Table 3.1 Respiratory-related pattern o f discharge in relation to ECG-related activity patterns

ECG-related Non-ECG-related Total

Inspiratory 4 (2) 1 (0) 5 (2)

Post-inspiratory 4 (0) 1 (0) 5 (0)

Expiratory 2 (0) 2 (2) 4 (2)

Non-modulated 11 (5) 23 (10) 34 (15)

Total 21 (7) 27 (12) 48 (19)

* The number o f glutamate-activated neurones are given in parenthesis.
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Figure 3.13

Periphrenic-triggered sympathetic neuronal discharges of three 

patterns of respiratory-related activity

A, the discharge of a SPN showing an inspiratory-related firing patten;

B, the discharge of a SPN showing a post-inspiratory-related firing pattern;

C, the discharge of a SPN showing an expiratory-related firing pattern.

In A, B and C, upper traces show ten superimposed integrated rectified phrenic nerve 

discharges; middle traces show ten superimposed sweeps of sympathetic neuronal 

activity, and lower traces show single sweeps of sympathetic neuronal activity.
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Figure 3.14

ECG-triggered (R-wave) histograms showing ECG-related activity of SPNs with four 

different types of respiratory-related firing patterns.

A, a SPN with inspiratory-related firing pattern (heart periods 115 ms, a glutamate- 

activated quiescent neurone).

B, a SPN with post-inspiratory-related firing pattern (heart periods 120 ms, neurone 

with on-going activity).

C, a SPN with expiratory-related firing pattern (heart periods 115 ms, neurone with 

on-going activity).

D, a SPN with no respiratory- modulated firing pattern (heart periods 135 ms, a 

glutamate-activated quiescent neurone).

EGG R-wave-triggered histograms of sympathetic neuronal discharge accumulated 

over 400 (A and B) or 600 (C and D) double cardiac cycles (bin size 3 ms).
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3.4 DISCUSSION

3.4.1 The Location of SPNs with Axons Projecting into the 

Lumbar Sympathetic Chain

There seems to be a species difference between animals regarding the intersegmental 

distribution of SPNs with axons projecting to the LSC. In the guinea pig and cat, 

after applying HRP to the LSC just beyond L4 ganglia labelled neurones were found 

lateral to the IML in the LF (McLacblan et al., 1985; Jânig and McLacblan, 1986a). 

In present study SPNs with axons projecting into the LSC just beyond L4 ganglia 

were found mainly in the IML with a highest density between T13 and L2 spinal 

segments ipsilateral to the HRP injection site. Similarly a study by Anderson, 

McLacblan and Srb-Christie (rat, 1989), the preganglionic cell bodies were found 

lying ipsilaterally in T12 to L2 and the highest number of labelled cell bodies were 

found in LI restricted to the IML, in a column on the edge of the grey matter. In 

addition, the present study found that caudally there were more cells situated around 

the central canal in the grey matter. Possibly, differences in topographic location of 

SPNs represent various subpopulations with diverse functions (see general 

introduction). However, the present study focused on SPNs located in the IML area. 

Whether SPNs located in areas other than the IML area had different respiratory 

modulation is not clear.

3.4.2 Conduction Velocities of SPNs in the Present Study

One notable difference between the properties of the present sample of SPNs and 

those in the 2nd thoracic segment which had axons projecting into the cervical 

sympathetic nerve is the distribution of conduction velocities (Gilbey et al., 1982b; 

1986). Conduction velocities of neurones in the present study had a modal class 0.7- 

0.8 m/s (class range 0.5-12.5 m/s), while those from previous studies on thoracic 

SPNs had a mode class 0.5-0.6 m/s (class range 0.2-3.4 m/s). Additionally, a
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population of axons corresponding to B fibre was found in the present study. The 

functional role(s) of these B fibres are unclear. SPNs with different axonal 

conduction velocities may have different functions, as has been suggested for the cat 

(Janig and Szulczyk, 1980; 1981). Some investigators have tried to classify subsets 

of sympathetic neurone with reference to their conduction velocities. In cat lumbar 

segments SPNs with axons converging onto post-ganglionic neurones supplying 

different end organs had different conduction velocity distributions. Whether 

subpopulations of SPNs in the rat with different functions have unique distributions 

of conduction velocities remains to be determined.

3.4.3 On-going Activity and Quiescent Subpopulation of SPNs

The current study is the first neurophysiological investigation of this particular 

population of SPNs in the rat and 49% of SPNs in present study were found to be 

quiescent. Using a similar preparation and recording technique Gilbey et al. (1986) 

reported that 53% SPNs with axons projecting into cervical sympathetic nerve were 

silent. The proportion of the quiescent neurones in both these two studies was similar 

although SPNs were located in different spinal segments. A higher proportion of 

silent SPNs located in upper lumbar segments of the cat has also been reported (77% 

of quiescent SPNs in the L2 to L3 segments of the cat, Gilbey and Stein, 1991). 

Moreover, a higher proportion of the silent SPNs was observed in studies utilising 

single barrel electrodes for extracellular recording (Polosa, 1968, 79% of upper 

thoracic SPNs in the cat; Gilbey et al, 1982, 76% of upper thoracic SPNs in the rat) 

and fibre recordings (Janig and Szulczyk, 1980, 73% lumbar quiescent SPNs in the 

cat). Therefore, it seems to be a common finding that there are a large number of 

quiescent SPNs.

Intracellular recordings demonstrated that nearly all SPNs had on-going synaptic 

activity (Dembowsky et al., 1985). Therefore SPNs which had no on-going activity 

(possibly due to anaesthetic level) may receive a background subthreshold synaptic
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input. Therefore, the "silent" SPNs recorded in this study may receive similar 

respiratory and/or baroreceptor inputs to SPNs with on-going activity (Gilbey et al, 

1986; Gilbey and Stein 1991) and may belong to functional subgroups of SPNs. 

Previous studies have provided evidence to support this hypothesis. Janig and 

colleagues (Janig, 1985; Janig and McLacblan, 1992) found that some groups of 

lumbar SPNs (pilomotor, muscle and cutaneous vasodilator) are probably silent under 

normal conditions.

3.4.4 Respiratory Modulation Compared to Other Studies in the Rat

In this study three types of respiratory-related firing patterns have been found (in 

both SPNs with on-going activity and those driven by glutamate) with peak firing 

during inspiration, postinspiration or expiration. The proportion of respiratory- 

modulated SPNs projecting into the LSC seems different from SPNs projecting into 

the cervical sympathetic nerve. In the present study, 29% had respiratory-related 

firing patterns and these SPNs were found in nearly equal proportions: 10.5 % were 

inspiratory-related, 8% expiratory-related and 10.5% post-inspiratory-related. 71% 

of SPNs showed no respiratory modulation. This is in contrast to a study on upper 

thoracic SPNs (Gilbey et al., 1986) in which 80% neurones had their firing pattern 

modulated by central respiratory drive. A greater proportion of these showed an 

expiratory-related firing pattern (48%) than an inspiratory-related firing pattern 

(32%). Additionally, a post-inspiratory-related firing pattern was found in the present 

study.

The post-inspiratory-related firing pattern was reported recently in a study on 

preganglionic axons projecting into the sympathetic chain between L4 and L5 lumbar 

ganglia in halothane-anaesthetized rats (Damall and Guyenet, 1990). An inspiratory- 

related firing pattern was also observed but no SPNs recorded showed an expiratory- 

related firing pattern. However, only seven "vasomotor" sympathetic neurones were 

observed in that study. Therefore the failure to observe expiratory-related firing
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pattern in that study may be due both selection and the small sample size.

In the study on upper thoracic SPNs (Gilbey et al., 1886) inspiratory-modulated 

SPNs could be divided into two categories: type ’A’ SPNs had an inspiratory-related 

burst discharge and were silent throughout the rest of the respiratory cycle and type 

’B’ SPNs had inspiratory-related burst discharge and also had activity during late 

expiration. In the present study a firing pattern similar to type ’B’ neurones was 

recorded which, however, sometimes lacked the post-inspiratory prominent 

depression characteristic of type ’B’ activity (Gilbey et al., 1986). The data indicate 

that there may be a difference in the degree of respiratory modulation of subsets of 

SPNs. The differences between the respiratory-related firing patterns seen in the two 

populations of neurones in the rat cannot be explained by differences of preparation 

such as CO2 level or the anaesthetics used as in both series of experiments these were 

similar. The greater magnitude of respiratory modulation of upper thoracic SPNs 

compared with the lower thoracic and upper lumbar SPNs sampled in the present 

study may indicate a rostrocaudal gradient in the magnitude of modulation of 

sympathetic activity. A similar rostrocaudal gradient in the respiratory modulation 

has been seen in intercostal motoneurones (Kirkwood, Sears, Stagg and Westgaard, 

1982). This indicates that sympathetic neurones arising in different spinal segments 

receive some of their input from separate sources. The source of the respiratory 

modulation of SPNs could be sympathetic premotor neurones or spinal intemeurones. 

However, there is evidence that sympathetic premotor neurones of the ventrolateral 

medulla only innervate a few consecutive spinal segments (Barman and Gebber, 

1985) so that they may be involved in the differential patterning of sympathetic 

activity.
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3.4.5 Respiratory Modulation Compared to SPNs Located in Similar Spinal 

Segment in the Cat

The 29% of respiratory-modulated SPNs observed in the present study is higher than 

12% of respiratory-modulated SPNs projecting into the LSC in the cat (Gilbey and 

Stein, 1991). However, there were nearly equal proportions of the distinct types of 

respiratory-modulated lumbar SPNs in both rat (present study) and cat (3/50 SPNs 

had inspiratory- and also 3/50 had expiratory-related firing patterns, Gilbey and 

Stein, 1991).

In contrast, it has been shown that the distinct types of respiratory-modulated cervical 

SPNs are apportioned differently in the cat and rat. In the cat, cervical SPNs mainly 

displayed inspiratory-related activity. The ratio of inspiratory- versus expiratory- 

modulated cervical SPNs was reported as high as 13 to 1 (vagotomized cat-Preiss, 

Kirchner and Polosa, 1975) but in the rat, this ratio was 2:3 (Gilbey et al. 1986).

The present observations and those of previous studies support the idea that there are 

species differences in the respiratory modulation of SPNs. e.g. no post-inspiratory- 

related firing pattern in SPNs of the cat has been reported so far.

3.4.6 ECG-related Modulation

In the present study 21 out of 48 SPNs displayed ECG-related activity which 

indicated they may be under the influence of baroreceptor inputs (see section 3.3.2c). 

Moreover, SPNs with all types of respiratory modulation could exhibit ECG-related 

activity. Glutamate-activated quiescent SPNs also displayed activity modulated by 

central respiratory-related and ECG-related activity indicating a potential role in 

cardiovascular control of these silent neurones. However, no quiescent neurones 

activated with glutamate had a post-inspiratory-related firing pattern and also ECG- 

modulation but this may just be due to a small sample size.
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Moreover, the results also imply that some SPNs receive inputs either from central 

respiratory drive or baroreceptor reflexes inputs but not both. 4 of fourteen SPNs had 

respiratory modulation but had no ECG-related activity and 11 of twenty-one SPNs 

had ECG-related activity but had no respiratory modulation (see table 3.1) indicating 

independence of these two influences on SPNs. Above all, the observations indicate 

that SPNs with respiratory modulation are not necessary baroreceptor modulated. On 

the other hand, SPNs with any one of the four types of respiratory modulation can 

receive baroreceptor inputs and may therefore have a cardiovascular function.

3.4.7 Summary

In conclusion, this study has shown differences in the respiratory modulation of 

SPNs. SPNs with axons projecting to the LSC beyond L4 ganglia displayed either 

inspiratory, post-inspiratory, expiratory or no respiratory modulation.

The proportion and firing patterns of respiratory-modulated SPNs in the present study 

are different to those SPNs projecting into the cervical sympathetic nerve of the rat 

in the previous study (Gilbey et al., 1986), which may provide an explanation of the 

regional differences in respiratory modulation of whole sympathetic nerve activity.

SPNs with respiratory modulation can also be modulated by baroreceptor inputs. 

However, as some SPNs with respiratory modulation showed no baroreceptor 

modulation, therefore non-baroreceptor-modulated supraspinal neurones must be 

involved in relaying respiratory-modulation to SPNs.
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CHAPTER 4

THE CAUDAL RAPHE-SPINAL PATHWAY AND 

ITS ROLE IN SYMPATHETIC CONTROL
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4.1 Introduction

It is clear that supraspinal structures are involved in the control of SPNs and some 

of these relay central respiratory drive to SPNs (see general introduction). Among 

these supraspinal structures, the RVLM has been the focus of a number of studies 

and is probably a source of the respiratory modulation of SPNs (McAllen, 1987; 

Haselton and Guyenet, 1989). In the rat, the baroreceptor-sensitive "sympatho- 

excitatory" neurones of the RVLM displayed a number of respiratory-related firing 

patterns: inspiratory, postinspiratory and expiratory modulation. Similar patterns have 

been seen during the present study in SPNs projecting into lumbar sympathetic chain. 

However, the RVLM is not the only supraspinal structure which has descending 

control of sympathetic activity (Strack et al, 1989 a,b; Loewy, 1990b). Importantly, 

all the respiratory-modulated premotor sympathetic neurones which have been 

recorded in the RVLM have been reported to be powerfully modulated by inputs 

arising from arterial baroreceptors (Guyenet, 1990; McAllen, 1986; Haselton and 

Guyenet, 1989). Such is not the case with SPNs, since not all SPNs with respiratory 

modulation are under strong tonic baroreceptor control. The study in this thesis 

demonstrated that some SPNs in T13 to L2 spinal segments with respiratory 

modulation in the rat showed no ECG-related activity (see chapter 3). Therefore non- 

baroreceptor-modulated supraspinal neurones must be involved in relaying respiratory 

modulation to SPNs.

The present study focused on the caudal raphe nuclei, since they are known to 

project directly to the IML (Loewy, 1981; Amendt et al, 1979; Bacon et al., 1990). 

Additionally, there are a number of reports in the literature that the midline of the 

brain stem contains neurones which have respiratory-related discharges (Lindsey et 

al., 1992a,b). Consequently, it is possible that some raphe-spinal neurones may 

contribute central respiratory-related inputs to SPNs. Therefore, the present aims 

were to investigate:

1) whether caudal raphe neurones tentatively identified projecting to the IML have 

respiratory-related activity;
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2) whether neuronal activity of caudal raphe neurones can be related to sympathetic

nerve discharge.

Methods used to study whether caudal raphe neurones tentatively identifying as 

projecting to the IML have respiratory-related activity

In order to investigate whether neurones within the region of the caudal raphe nuclei 

have spinal projections, caudal raphe neurones were antidromically activated 

following electrical stimulation of T2 spinal cord. Antidromic stimulation has been 

shown to be a practical tool to trace axonal projections of functionally characterized 

neurones in a living animal (Lipski, 1981). This technique is based on the theory that 

when the electrical stimulus excites the axon or terminal field of the neurone, the 

action potential travels antidromically to the cell body where it is recorded by an 

electrode. The collision of this antidromically activated action potential with the 

spontaneous or glutamate-induced orthodromic action potential some where along the 

axon consequently defines the connection between the stimulating and recording site.

In particular, using antidromic stimulation the locations of neuronal projection, i.e. 

the region suspected to contain the axon or terminal field of the neurone studied, can 

be defined by antidromic mapping technique. This may be revealed by construction 

of ventral-dorsal depth-threshold curves (depth-threshold mapping technique), or even 

more precisely through a series tracks in rostral-caudal and medial-lateral directions 

(see Lipski. 1981; Gebber, 1990). This technique has been used to designate 

tentatively axonal projections and map the axon’s terminal arborizations for many 

years. Especially, it has been used to determine possible connections between 

individual bulbospinal neurones and SPNs. This technique, therefore, was employed 

in the present study for estimating the probable trajectories of raphe-spinal neurones 

which were then analysed for respiratory modulation.
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Methods used to study whether neuronal activity of caudal raphe neurones can be

related to sympathetic nerve discharge

In order to determine whether supraspinal single neuronal activity has a relationship 

with sympathetic nerve discharge, computational techniques of time domain and 

frequency domain analysis have been employed in the present study. These methods 

were based on the hypothesis that medullary neurones influence sympathetic nerve 

activity via direct or indirect pathways. Consequently, activity in the sympathetic 

nerves may follow changes in activity of medullary neurones in terms of amplitude 

(time domain) or in frequency (frequency domain) after a time delay that reflects 

conductive distance, fibre types and synaptic transmission. These relationships may 

only be detected by computational transforming and averaging techniques.

Firstly, spike-triggered averaging has been used to analyse the relationship of two 

signals in the time domain (medullary neuronal and sympathetic nerve activity). The 

unit discharges (i.e. spikes) were used to trigger a computer to average sympathetic 

activity (see Barman and Gebber, 1981).

Secondly, a relationship between supraspinal single neuronal activity and sympathetic 

nerve discharge was also examined by using frequency domain analysis: power 

spectral and coherence analysis (Christakos et al., 1984; Gebber et al., 1990). Power 

spectral analysis reveals the frequency distribution of a waveform signal (e.g. nerve 

activity) and can be performed by Fast Fourier Transform (FFT), as in the present 

study. The similarity of two waveform signals in the frequency domain was analysed 

using coherence analysis. Coherence analysis is based on the idea that for two 

waveforms to be completely coherent (i.e, coherence value = 1) at a particular 

frequency over a given time, the phase shift between the waveforms at that frequency 

must be constant, and the amplitudes of the waves at that frequency must have a 

constant ratio.

Time and frequency domain analyses (spike-triggered averaging and coherence 

analysis) have been used notably by Gebber, Barman and colleagues (Morrison and
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Gebber, 1984; 1985; Gebber et al., 1990; Barman and Gebber, 1992) to investigate 

the involvement of raphe neurones in the generation of sympathetic activity in the 

cat. In the present study, the relationship between discharge of single raphe-spinal 

units and sympathetic nerve discharges in the rat was analyzed using both spike- 

triggered averaging and coherence analysis. Specifically, whether raphe-spinal 

neurones had activity correlated to 2-6 Hz rhythmic discharges of sympathetic nerve 

was examined, since the 2 to 6 Hz rhythm accounts for most components of the 

sympathetic activity recorded from various sympathetic nerves and preparations in 

previous studies (see Gebber, 1990).
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4.2 METHODS 

4.2.1 Operative Procedure

The initial dissection was similar to that described in Chapter 3 (Methods). Animals 

were anaesthetized and experiments were conducted on tracheotomized, paralysed, 

artificially ventilated and vagotomized animals. The only differences are described 

below.

The left cervical and/or splanchnic nerve and left phrenic nerve were exposed. They 

were sectioned and the central end of the nerve was placed on a pair of silver wires 

electrodes which was covered by a pool of warmed paraffin (37°C). In some 

experiments, the left splanchnic nerve was not sectioned, but crushed peripherally. 

A pair of teflon-coated silver wires (Clark AG-3T), with tips exposed were threaded 

through polythene tubing and wrapped around the central end of the nerve. The nerve 

and electrodes were then embedded in silicone-based dental impression material 

(Provil, Bayer Dental). Recording electrodes were secured and the laparotomy 

repaired. A laminectomy and the occipital craniotomy was performed as described 

in general methods.

4.2.2 Experimental Protocols 

4.2.2a Spinal cord stimulation

For identification of raphe-spinal neurones (using antidromic activation) with axons 

terminating in or passing near to the IML region. Woods’ Metal electrodes were used 

to stimulate the spinal cord. A micromanupulator was used to position the electrode 

at the entry zone which was at the dorsal root, between T1 and T3 thoracic segments. 

The electrode was driven down through the spinal cord and the depth (usually, 0.6- 

0.9 mm below the dorsal surface) from the dorsal surface of the spinal cord was 

monitored. One millisecond cathodal pulses were delivered through the electrode 

using a square-wave stimulator connected to a stimulus isolation unit. The anode was 

clipped to a back muscle. The evoked potential was monitored from the cervical
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sympathetic nerve. An additional guide for positioning the tip of the stimulating 

electrode in the region of the IML was a location where a low stimulus strength (<15 

]xA, 1ms pulse width) evoked a potential in the cervical sympathetic nerve.

4.2.2b Neuronal recording and identification

A multi-barrelled electrode with 2-3 /xm tip diameter (resistance 2-6 MQ) was 

positioned in the medulla oblongata using the obex as a surface landmark (Fig.4.1). 

Extracellular recordings of the activity of units in the midline area 1 - 5  mm rostral 

to the obex and 1000-3500 /xm from the dorsal surface of the medulla were made. 

A reference electrode was placed on a neck muscle. Spinally-projecting neurons 

within caudal raphe area were identified antidromically with electrical stimuli (15- 

1000 IXA, 1 ms, IHz) applied to XI - T3 thoracic segments. The criteria used to 

establish the antidromic nature of the responses of raphe neurones to spinal 

stimulation were the same as those for SPNs (see section 2.5.2b). All units recorded 

were tested by ionophoretic application of glutamate (0 to 100 nA) to confirm that 

recordings were from their cell bodies rather than fibres of passage (see section 

2.5.2c).

Conduction velocity was calculated from the antidromic latency and the shortest 

distance between stimulating and recording sites (see section 2.6.2).

Raphe neuronal activity was recorded through one barrel of a multi-barrelled 

electrode via a headstage, AC preamplifier (gain 1-1 Ok), filter (band width 500-2000 

Hz) and then fed into a spike processor/audio unit. The unit activity was monitored 

on an oscilloscope. The discriminated unit activity was fed to a computer and also 

used to trigger the spinal cord stimulator. The spinal cord stimulus provided the 

hunting stimulus for the identification of spinally projecting neurones. Glutamate was 

applied ionophoretically to activate quiescent neurones.
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4.2.2c Recording from nerves

Phrenic nerve and sympathetic neural activities (cervical sympathetic and/or 

splanchnic nerve(s)) were recorded via preamplifiers and filters (gain 2-5 K, band 

width 1-lOOOHz) and displayed on an oscilloscope.

4.2.3 Data Analysis

4.2.3a Phrenic- and ECG-related activity of caudal raphe neurones

The pattern of discharges of raphe neurones was analysed using phrenic-triggered or 

ECG-triggered histograms to see whether they displayed respiratory and/or cardiac 

related activity, respectively (see section 2.6.4 and 2.6.5).

4.2.3b Sympathetic nerve-related activity of caudal raphe neurones 

Raphe spike-triggered averaging

Spike-triggered averaging of sympathetic nerve discharge (SND) was used. 

Sympathetic nerve was monophasically recorded by a pair of bipolar platinum 

electrodes. The peri-spike averages of SND were computed using on-going or 

glutamate-induced raphe neuronal discharges. Sympathetic nerve activity was filtered 

(band-width either 0.5 to 50 Hz or 100 to 1000 Hz). High pass filtered (100-1000 

Hz) sympathetic nerve activity was then integrated and rectified (Neurolog NL703, 

time constant 20ms). Since bipolar recording electrodes were used, the later filter 

settings allowed judgement of whether or not the activity of a raphe-spinal neurone 

was correlated to increase or decrease of sympathetic nerve discharge. Spikes of 

raphe neurones were delivered to a spike processor (Digitimer D130) that generated 

TTL pulses to trigger the computer in order to average sympathetic nerve activity 

(average of 250-1000 trials). Random-pulses (white noise) which had a similar 

frequency to raphe neuronal activity was used to trigger the computer in order to 

produce a control average of sympathetic nerve activity. Neurones were considered
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to have sympathetic nerve-related activity when the amplitude of spike-triggered, 

averaged SND was at least three times greater than that of the largest oscillations of 

the control average.

Coherence analysis o f raphe neuronal discharge and sympathetic nerve activity

Cervical and splanchnic nerve activities were filtered with a bandwidth of 0.5 - 50 

Hz. These waveforms were then sampled at 250 Hz. All data analyses were 

performed using a 1401 plus interface Cambridge Electronic Design Ltd (CED UK) 

and an IBM compatible computer with software (Spike 2) supplied by CED.

Autospectral and coherence analyses were performed by computation techniques in 

the following manner. Single unit activities (spikes) of a raphe neurone were 

delivered to a spike processor (Digitimer D130) and converted into the sequence of 

TTL pulses. These TTL pulses were then converted into "waveform data" by using 

NE WAN A analysis command in Spike 2 (settings: maximum frequency = 50 Hz; 

mean frequency = 25 Hz; smooth function = 1 ms;). The "waveform data" was 

sampled at 250 Hz to match the sampling rate of sympathetic activity - a requirement 

for coherence analysis.

Fast Fourier transform (FFT) was performed on raphe neuronal and sympathetic 

activities "waveform data" in 32 contiguous windows each containing 2048 data 

points (8.19 seconds per window). The resolution per bin was consequently 0.12 Hz. 

The autospectrum of "waveform data" converted from raphe neuronal spikes 

contained the information which reflects intervals of spike train. Power (voltage^) of 

the signal is plotted against frequency.
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The coherence of two waveforms (unit activity and sympathetic nerve discharge) was 

computed from their cross spectral density (csd) normalised by the power spectral 

density (psd) of each waveform. The coherence at certain frequency / i s  given by:

|Zcsd,b {f)\

c o h ( / )  =

Spsd, ( / )  Spsd, ( / )

In order to access the statistical significance of the coherence, the values obtained 

were compared with "dummy" coherence computed by using sympathetic nerve 

activity taken from different animals.

The term coherence is used in this report as by Benignus (1970) and the measure of 

coherence ("coherence") is equivalent to the "coherence value" used by Gebber and 

colleagues (1990); ie, "coherence" and "coherence value" are equivalent terms.

Unpaired nonparametric test (Mann-Whitney Test) was used to assess significance 

between the coherence and "dummy" coherence. P value (two side) < 0.05 indicated 

statistical significance. All results are expressed as mean ± S.D. The coherence 

assessed as being significant in this manner (see results) exceeded the value of > 0.04 

given by Benignus (1970) as signifying a statistically significant relationship when 

32 windows are averaged.

4.2.4 Histological Identification of Stimulation and Recording Sites

The location of the electrode tip during medullary recording and spinal stimulation 

were marked at the end of the experiment by ionophoretic application of Pontamine 

Sky Blue, achieved by passing a negative current of 5-lOptA for 5-10 minutes, or by 

an electrical lesion achieved by passing positive current of 1mA for 20 seconds. The
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brain stem and spinal cord was removed and placed in 10% phosphate buffered 

(pH=7.4) formaldehyde. After one week, coronal sections (60-80 /xm) were made of 

the brain stem and spinal cord to identify dye-deposit or the lesion sites. Recording 

sites were displayed on standard sections of brain stem and spinal cord. The location 

of recording sites was determined corresponding to the atlas of Paxinos and Watson 

(1986).
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Figure 4.1

Experimental set-up showing medullary recording site and spinal stimulation site. A 

stimulating electrode was positioned in the IML area at XI to T3 levels of the 

thoracic spinal cord. Caudal raphe-spinal neurones were antidromically identified by 

spinal stimulation. RO raphe obscurus, RP raphe pallidus.
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4.3 RESULTS

4.3.1 Antidromic Identification of Raphe-Spinal Neurones

53 units were identified neurophysiologically as sending axonal projections to the 

upper thoracic segments of the spinal cord. The neurones were identified 

antidromically by collision testing using the standard criteria described in section 

2.5.2b (Fig. 4.2).

The units studied included those with on-going activity and those which were 

quiescent, and were tested for their responsiveness to the ionophoretic application of 

glutamate to ensure that cell bodies were being recorded rather than fibres of 

passage.

4.3.2 General Characteristics of Caudal Raphe-Spinal Neurones Sampled

Antidromic latencies of the 53 neurones recorded ranged from 2 to 51 ms, which 

corresponds to conduction velocities of 0.7-18 m/s based on the straight-line distance 

between stimulation and recording sites. The distribution of axonal conduction 

velocities is shown in Fig. 4.3A. Most of the neurones recorded (51/53) had an 

estimated conduction velocity in the range G.7-9.4 m/s (median 3.6 m/s). 30 of 53 

units (55%) recorded had on-going activity. The remainder were silent. The 

distribution of conduction velocities of spontaneously active and quiescent neurones 

were similar (Fig.4.3A).

Post-mortem histological examination demonstrated that the recording sites were 

located in the caudal raphe nuclei: either pallidus (n=l 1), obscurus (n=41) or magnus 

(n=l) (Fig. 4.4).
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Figure 4.2

Antidromic identification of a raphe neurone projecting into the spinal cord, by 

collision testing using an orthodromic action potential to trigger the antidromic 

stimulus.

A, five superimposed spontaneous action potential where delay between stimulus and 

orthodromic action potential was 30 ms;

B, the delay between the orthodromic spike and the stimulus to the spinal cord has 

been reduced to 29 ms and collision has occurred;

C, the antidromic spike reappears when the delay is increased to 30 ms.

Open circles indicate orthodromic spike; filled circles indicate antidromic spike; filled 

triangles indicate stimulus artifacts.
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Figure 4.3

Histograms of the estimated antidromic conduction velocities of raphe-spinal 

neurones.

A, All raphe-spinal projection neurones (n=53);

B, Raphe-spinal neurones analysed for respiratory modulation (n=36);

C, Raphe neurones with axons identified tentatively as projecting to or through the 

IML region (n=27);

D, Raphe-spinal neurones with activity modulated by central respiratory drive (n=25).

Filled bars indicate the number of neurones that were glutamate-activated quiescent 

neurones.
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Figure 4.4

Coronal sections showing location of 53 raphe-spinal neurones recorded

Extracellular recordings were made in a areas of the raphe obscurus and pallidus 2 

to 3 mm rostral to obex needle (corresponding to 2.5 to 3.5 mm caudal to the 

interaural line of the atlas of Paxinos and Watson, 1982).

RO raphe obscurus, RP raphe pallidus, GiV gigangtocell reticular nucleus, LPGi 

lateral paragigantocellular nucleus, Amb nucleus ambiguous.
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4.3.3 Respiratory-related Activity

36 of the fifty-three raphe-spinal neurones were recorded for a sufficient length of 

time to enable a detailed investigation of their physiological characteristics. The 

remainder of this report will describe some of the properties of these neurones.

36 neurones were analysed for activity related to phrenic nerve discharge. Peri- 

phrenic-triggered histograms were constructed. Of the 36 neurones recorded, 25 

(69%) showed respiratory modulation. The estimated conduction velocities of 25 

respiratory-modulated neurones are shown in figure 4.3D. Four types of respiratory- 

related activity were observed (Fig. 4.5 and Fig. 4.6):

Inspiratory-related firing pattern: this type of neurone had a peak discharge during 

the phrenic burst (inspiratory phase, Fig. 4.5A and Fig. 4.6). This group contained 

seven (28%) of the 25 respiratory-modulated neurones (3 with on-going activity; 4 

glutamate-activated quiescent neurones).

Post-inspiratory-related firing pattern: these neurones (12% of 25 respiratory- 

modulated neurones, 1 with on-going activity; 2 quiescent neurones) displayed 

maximal discharge at the transition between the peak of phrenic activity and phrenic 

silence (the post-inspiratory phase. Fig. 4.5 and Fig. 4.6). Activity decrease and then 

began to augment around the peak of the phrenic discharge, and throughout late 

expiration.

Expiratory-related firing pattern: this type of neurone had a peak of activity 

during phrenic silence (expiratory phase. Fig. 4.5C and Fig. 4.6C) and showed an 

inspiratory-related depression. 10 (40% of 25 respiratory-modulated neurones) had 

this firing pattern (7 with, on-going activity; 3 quiescent neurones).

Early-inspiratory and post-inspiratory depressed firing pattern: the activity of 

this type of neurone was depressed in both early and late inspiration (Fig. 4.5D and 

Fig. 4.6d). Five (20% of 25 respiratory-modulated neurones) neurones had this firing
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pattern (three with on-going activity; two quiescent neurones).

Non-respiratory-Modulated Firing Pattern: the firing pattern of 11 (31% of 36 

caudal raphe neurones recorded) neurones was not obviously related to phrenic nerve 

discharge. Eight had on-going activity and three were quiescent neurones.

Table 4.1 shows the number of neurones in each category of respiratory-related 

pattern, with spontaneous versus quiescent neurones (caused to fire by the 

ionophoretic application of glutamate) in each classification. Neurones with on-going 

activity and quiescent neurones brought to threshold by the ionophoretic application 

of glutamate demonstrated a similar distribution of respiratory-related firing patterns 

as demonstrated by the G-test (?>0.05).

4.3.4 The Stability of Respiratory Modulation

The initially observed respiratory modulation of an individual neurone was stable 

throughout the recording period. Such observations were made for periods of 5 - 120 

minutes. Figure 4.5 column B are raster plots showing the relationship between 

phrenic activity and neuronal discharge in neurones with different respiratory-related 

firing patterns: inspiratory (Fig. 4.6Ba), postinspiratory (Fig. 4.6Bb), expiratory (Fig. 

4.6Bc) and early- and post-inspiratory depression (Fig.4.6Bd). Figure 4.7 displays 

three patches of raster showing the stability of expiratory-related neuronal discharged 

recorded from a spontaneously active neurone over 100 minutes. The respiratory- 

related firing pattern was stable over the long recording period.
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Figure 4.5

Neurograms of raphe-spinal neurones showing the discharges of neurones that, when 

analysed using phrenic-triggered histograms or raster displays, showed stable 

respiratory-related firing pattern. Top traces in A, B, C, and D shows rectified and 

smoothed phrenic nerve discharge.

A, inspiratory-related firing pattern;

B, post-inspiratory-related firing pattern;

C, expiratory-related firing pattern;

D, early-and post-inspiratory depressed firing pattern.
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Figure 4.6

Peri-phrenic histograms and raster displays showing the obtained respiratory-related 

firing patterns.

a, inspiratory-related firing pattern (neurone with on-going activity).

b, post-inspiratory-related firing pattern (glutamate driven quiescent neurone).

c, expiratory-related firing pattern (neurones with on-going active).

d, early- and post-inspiratory depression related firing pattern (glutamate driven 

quiescent neurone)

Column A: Peri-phrenic histograms; upper traces show averaged integrated phrenic 

nerve activity. Peri-phrenic histograms accumulated over 60 phrenic double cycles 

(50 ms bins);

Column B: Raster; }/-axis is time showing 1 second preceding and up to 2 seconds 

following the phrenic trigger time (0 second), x-axis is recording time in seconds. 

Phrenic activities and neuronal discharges are all displayed as dots. The raster plots 

shows the consistency of respiratory-related firing pattern of neurones over the 

recording period.
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T able 4 .1 . Summary of respiratory-related firing patterns of 36 raphe-spinal neurones

INS EXP P-INS EP-I NON TOTAL

TOTAL 7 (4 ) 10(3) 3 (2) 5 (2) 11 (3) 36 (14)

RO 4 (3 ) 6 (2) 2 (2 ) 4 (2 ) 10(2) 26 (11)

RP 3 (1) 4 (1) 0 I (0) 1 (1) 9 (3)

RM 0 0 1 (0) 0 0 1 (0)

INS inspiratory-related; EXP expiratory-related; P-INS post-inspiratory related; EP-I early- and post-inspiratory 
depressed; NON non-respiratory-modulated firing pattern. RO nucleus raphe obscurus; RP nucleus raphe pallidus; RM 
nucleus raphe magnus. The number of glutamate-activated quiescent neurones are given in parentheses.
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Figure 4.7

Raster showing stability of one of raphe-spinal neurone with respiratory-related 

activity (up to 100 minutes).

A neurone had an expiratory-related firing pattern. The lowest neuronal discharge 

was just after phrenic discharge. Each of the diagrams (A, B, and C) shows 5 

minutes of recording.
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4.3.5 Recording Locations of Raphe-Spinal Neurones

The location of the recording sites of thirty-six raphe spinal neurones which were 

analysed for respiratory modulation were marked by Pontamine Sky Blue. Neurones 

were located mediolaterallly between midline and 0.3 mm lateral, and rostrocaudally 

mainly within the area corresponding to 2.50 to 3.50 mm caudal to interaural line of 

the atlas of Paxinos and Watson (1986). Twenty-six were within the area of raphe 

obscurus, 9 in raphe pallidus and 1 in raphe magnus (Fig.4.8).

No apparent clustering of neurones with a particular respiratory-related pattern of 

discharge was found. However, 89% of (8/9) neurones recorded from the raphe 

pallidus had a discharge pattern modulated by central respiratory drive, whereas 62% 

of (16/26) neurones in the raphe obscurus had respiratory-related activity (Fig.4.8).

4.3.6 General Characteristics of Caudal Raphe-Spinal Neurones Analyzed for 

Respiratory-Related Firing Patterns

Of the 36 neurones investigated above, 22 (61%) were spontaneously active and 14 

(39%) were quiescent but excited by the ionophoretic application of glutamate (<100 

nA).

The estimated axonal conduction velocities of this population is shown in figure 4.3B 

(mode class 3-3.9 m/s), which indicated that these neurones had small mylinated or 

mylinated axons. Four neurones had axonal conduction velocities of less than 2.0 m/s 

and therefore may be considered to be C-fibres. 27 of 36 neurones (75%) had axonal 

conduction velocities of less than 5 m/s. Two had conduction velocities of 18 m/s.
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Figure 4.8

The location of antidromically identified 36 raphe-spinal neurones analysed for 

respiratory modulation.

RO, nucleus raphe obscurus; RP, nucleus raphe pallidus; RM, nucleus raphe magnus; 

IV, fourth ventricle. Calibration bar 1 mm.

Open symbols indicate neurones with on-going activity; closed symbols showing 

quiescent neurones activated with glutamate.

Triangles,

Squares,

Diamonds, 

Reversed triangles. 

Circles,

inspiratory modulated neurones; 

early- and post- inspiratory depressed neurones; 

post-inspiratory modulated neurones; 

expiratory modulated neurones; 

non-modulated neurones.
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4.3.7 Inter-spike Interval Distribution

15 (58%) of 26 neurones recorded within the area of raphe obscurus had on-going 

activity: six (67%) of 9 raphe pallidus neurones had on-going activity.

The discharge rate of all neurones with on-going activity recorded from the raphe 

obscurus, pallidus and caudal raphe magnus (n=22) ranged from 0.5 to 12.3 spikes/s, 

with a median of 4.3 spikes/s (Fig. 4.9). The firing rate of 15 raphe obscurus 

neurones with on-going activity ranged from 0.8 to 12.3 spikes/s (median of 3.9 

spikes/s) and 6 raphe pallidus neurones with on-going activity had firing frequencies 

ranging from 0.5 to 10.0 spikes/s (median of 4.3 spikes/s).

Their interspike interval histograms displayed bimodal/unimodal, normal or skewed 

distributions. The 14 respiratory-modulated neurones with on-going activity had a 

modal inter-spike interval of 0.01-0.14 s (bin width 0.01 s, median of the modes 

equal to 0.08 s. Fig. 4.10). The eight non-respiratory-modulated neurones had a 

modal inter-spike interval in the range 0.02-0.21 s (bin width 0.01 s, median of 

modes equal to 0.05 s). Examples of inter-spike interval histograms of neurones with 

different types of respiratory modulation are shown in Fig. 4.9.

4.3.8 Antidromic Activation Studies of Spinal Projection Areas 

of Caudal Raphe Neurones

As described in Methods, the axonal projection sites of raphe-spinal neurones were 

investigated. Whether an axon projected to or through an area were judged from 

where the neurone could be antidromically activated with relatively low threshold 

electrical stimulation. A current (200-300jLtA, 1ms duration) was passed through the
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electrode positioned in the IML. Depth threshold mapping was then carried out to 

estimate the probable trajectories of the neurones. This was done by recording the 

threshold current for antidromic activation at a number of dorsoventral locations. In 

some cases, multiple mediolateral tracts were made which allowed an assessment of 

the lowest threshold site in the IML or the surrounding area for antidromic 

activation. The site associated with the lowest threshold for antidromic activation was 

marked by passing DC current later in the experiment, and the location of the tip of 

the stimulating electrode was confirmed histologically. This enabled the construction 

of depth threshold profiles and mediolateral tract locations (Fig. 4.11 and Fig. 

4.12A).

Twenty-seven neurones had their lowest threshold points in the intermediolateral cell 

column, six in the ventral horn. Three neurones could be antidromically activated by 

stimulation of the lateral funiculus. The estimated axonal conduction velocities of 

neurones which were tentatively thought to terminate in the IML were in the range 

of unmylinated or small mylinated fibres (Fig. 4.3C). Occasionally, latency shifts 

with varying stimulus strengths were observed (7-12.5 ms, n=3), suggesting local 

axonal branching.

Of the 27 neurones which had their lowest threshold in the region of the IML 

determined by the depth threshold profile, 19 had respiratory modulation. The 

respiratory-modulated neurones with lowest threshold of activation from the IML, 

ventral horn and LF sites are shown in Table 4.1.
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Figure 4.9

Histogram showing the distribution of spontaneous discharge rate of 22 raphe- 

spinally projecting neurones.
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Figure 4.10

Examples of interspike interval histograms of on-going activity in raphe-spinal 

neurones with different respiratory-related firing patterns.

A, interspike interval histogram of an inspiratory-related neurone.

B, interspike interval histogram of a post-inspiratory related neurone.

C, interspike interval histogram of an expiratory-related neurone.

D, interspike interval histogram of an early- and post-inspiratory depression neurone.

Bin width in each histogram is 10 ms; interspike intervals were accumulated over 

725 spikes in A, and 1000 spikes in B-D.
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Figure 4.11

The depth-threshold curve of a raphe-spinal neurone showing an example of the 

relationship between depth from dorsal surface of spinal cord and threshold current 

for antidromic activation of a raphe neurone. The lowest threshold point was found 

in the region of the IML.
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Figure 4.12

Histological identification showing an example of the spinal stimulating site and 

raphe recording site.

The location of the spinal stimulating site and medullary recording site (pointed by 

arrows) were verified histologically after completion of each experiment.

Upper, recording site marked by Pontamine Sky Blue located in raphe obscurus.

Middle, recording site marked by Pontamine Sky Blue located in raphe pallidus.

Bottom, spinal cord stimulus site.

Calibration bar 1mm.
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4.3.9 Analysis of ECG-related Firing Patterns

ECG R-wave-triggered histograms of the unit discharge of 36 raphe-spinally 

projecting neurones were examined. No neurones showed a detectable ECG-related 

firing pattern (1000 sweeps, Fig. 4.13B).

The mean blood pressure during the recording of these 36 neurones ranged from 75 

to 110 mmHg (mean 94+14 SD mmHg). Sympathetic nerve activities were recorded 

at the same time. The ECG-triggered average of sympathetic nerve activities showed 

the persistence of baroreceptor modulation of both the cervical sympathetic nerve and 

splanchnic nerve (Fig. 4.13B), which indicated that the baroreceptor reflex was 

functional. Therefore, no ECG-related modulation of raphe spinal neuronal activity 

in the present study was likely to be due to caudal raphe neurones not receiving tonic 

baroreceptor inputs.

4.3.10 Relationship of Raphe-spinal Neuronal Activity to Sympathetic Nerve 

Discharge

Cervical sympathetic nerve (n=27) and/or splanchnic nerve (n=5) activities recorded 

(Fig 4. 13C) were high pass filtered (100-1000 Hz band width) and then were 

integrated and rectified (see section 4.2.3b). Spike-triggered averaging was used to 

study whether or not the activity of a raphe-spinal neurone was correlated to 

sympathetic nerve activity. The temporal relationship between activity of raphe-spinal 

neurones and sympathetic nerve discharge was found in some cases, which was 

characterized by the raphe neuronal discharge preceding either an increase or 

decrease in sympathetic nerve activity.

In 27 preparations of the cervical sympathetic nerve, the discharge in a total of 17/27 

(63%) caudal raphe-spinal neurones was followed by an increase in cervical 

sympathetic nerve activity. Latencies between raphe neuronal discharge and the peak
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of cervical sympathetic nerve activity were 0.04 to 0.44 s (mean 0.13 ± 0.09s S.D.). 

Thirteen (77%) neurones with this type of relationship to cervical sympathetic nerve 

activity showed respiratory modulation. In 3/27 (11%) neurones a decrease in 

cervical sympathetic nerve activity followed the discharge of a raphe neurone: the 

latencies were 0.10, 0.10 and 0.20. They were all respiratory-modulated neurones. 

Examples of spike-triggered sympathetic activity are shown in figure 4.14. The 

discharge of the seven (26%) remaining neurones had no obvious relationships with 

sympathetic nerve activity, five of which showed respiratory modulation (Table 4.2).

Out of 5 preparations in which activity was recorded from the splanchnic nerve, all 

displayed a temporal relationship between raphe neuronal discharge and splanchnic 

nerve activity. The discharges of three neurones were followed initially by an 

increase (latencies 0.10, 0.12 and 0.36s, respectively) and other two neurones, a 

decrease (0.10 and 0.14s, respectively). Four of these neurones had respiratory 

modulation.

The dominant pattern found in this study is raphe unit discharge followed by an 

increase in sympathetic nerve activity (Table 4.2). These relationships between single 

raphe-spinal neuronal discharges followed by an increase in cervical sympathetic 

nerve activity were observed in both neurones that had a respiratory-related firing 

pattern and in neurones which had no respiratory-related firing pattern. This indicated 

that the correlation between the raphe neuronal activity and sympathetic nerve 

activity was not necessarily dependant on a common respiratory input. Moreover, in 

the experiments on respiratory-related neurones were tested by hyperventilation of 

the animal (n=2), the relationship (an increase of cervical sympathetic nerve activity 

following raphe neuronal discharge) remained when the phrenic nerve stopped firing 

(Fig. 4.15).

Using either sympathetic nerve discharge what was low pass filtered (0.5-50 Hz band 

width) or high pass filtered (100-1000 Hz band width) rectified and smoothed (time
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constant 20ms), spike-triggered averaging failed to sho^v a locking of raphe unit 

discharge to any particular component of the 2 to 6 Hz in both cervical and 

splanchnic sympathetic nerve discharge. However, spike-triggered averaging from the 

activity of raphe-spinal neurones of sympathetic nerve discharge showed rhythmic 

components (0.5 to 1.0 Hz) which were locked to the phrenic nerve discharge 

(Fig.4.16) (12/17 cases observed between activity of respiratory-modulated raphe- 

spinal neurones and cervical sympathetic nerve discharge; 4/4 cases observed 

between activity of respiratory-modulated raphe neurones and splanchnic sympathetic 

nerve discharge), which suggested that this rhythm (0.5 - 1.0 Hz) is correlated to 

respiratory modulation.

4.3.11 Correlation between Raphe-spinal Neuronal Activity and Sympathetic 

Nerve Discharge

4.3.11a Raphe-spinal activity and cervical sympathetic nerve discharge

Single unit activity were converted into "waveform data" as described in section 

4.2.3b (Fig. 4.17). Coherence analysis was performed on the autospectrum of 25 

caudal raphe-spinal units and the corresponding cervical sympathetic nerve discharges 

and peak coherences within the 2 to 6 Hz band were calculated. Of the 25 neurones 

analyzed, 15 were spontaneously active and 10 were quiescent but excited by the 

ionophoretic application of glutamate; 21 of 25 raphe-spinal neurones had respiratory 

modulation.

The peak coherences of 25 caudal raphe-spinal units and the corresponding cervical 

sympathetic nerve discharges were 0.18 ± 0.09 (range 0.08 - 0.40, median 0.15) 

which were significantly different (p = 0.0002, Mann-Whitney Test) from "dummy" 

controls (0.11 ± 0.02; range, 0.08 - 0.16; median, 0.11). Examples of the 

autospectrum and coherence obtained from a respiratory-modulated and a non- 

respiratory-modulated raphe-spinal unit and the corresponding cervical sympathetic 

nerve discharges are shown in Fig. 4.18. Fig. 4.19 shows the location of 25 raphe-
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spinal units analyzed for coherence relating their activity and cervical sympathetic 

activity. It worth noting that there are more units, especially with on-going activity, 

located in the bottom part of medulla oblongata which had higher peak coherence in 

the 2 to 6 Hz band relating their discharges and cervical sympathetic nerve 

discharges. Coherence analysis was performed on the autospectra of both groups of 

raphe neurones with on-going or quiescent but excited by glutamate. Their peak 

coherences (0.19±0.10 and 0.18+0.08, respectively) were significantly different from 

"dummy" controls (P equal to 0.005 and 0.023, respectively). However, statistical 

analysis revealed no significant difference between the peak coherence values of 

these two groups of neurones (P=0.934).

4.3.11b Raphe-spinal activity and splanchnic nerve discharge

Coherence analysis was performed on the autospectra of four (three in raphe 

obscurus and one in raphe magnus, all respiratory-modulated) of these units and the 

corresponding splanchnic nerve discharges. The results of this analysis in the 

frequency domain confirmed those in the time domain. Peak coherence were 0.17 ± 

0.08 (range 0.10 - 0.29, median 0.15) which were not significantly different (p = 

0.89) from "dummy" controls (0.15 ± 0.01; range, 0.13 - 0.16; median, 0.16). An 

example of the autospectra and coherence obtained in one such case is shown in Fig. 

4.20.

Coherence analysis revealed a correlation between respiratory-related raphe neuronal 

discharge and sympathetic nerve activity in the "1 Hz range" (see Figs. 4.18 and 

4.20). Both Fig. 4.18 and Fig. 4.20 also shows an ECG-related peak in the power 

spectrum of sympathetic nerve activity (cervical and splanchnic). In contrast, there 

is no distinct peak at the heart rate frequency in the autospectra of raphe-spinal 

neuronal activity which is consistent the findings using ECG-triggered averaging of 

raphe unit activity (see section 4.3.9).
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Figure 4.13

A, phrenic-triggered averages of integrated rectified phrenic nerve discharge (a), 

cervical sympathetic nerve (b), splanchnic nerve (c) activity and phrenic-triggered 

histograms of raphe neuronal activity (d). Nerves activities (b,c) and histogram of 

neuronal activity (bin width 200 ms) were all accumulated over 65 phrenic double 

cycles. Vertical calibration bar 2 |iV.

B, ECG-triggered average of arterial pulse (a), cervical sympathetic nerve activity 

(b), splanchnic nerve activity (c) and ECG-triggered histogram of raphe-spinal 

neuronal activity (d, bin width 20 ms, accumulated over 1200 sweeps).

Sympathetic nerve activity was pulse-related but raphe neuronal activity was not. 

Vertical calibration bar 5pV.

C, raw data showing sympathetic nerve activity and phrenic nerve discharge. GSN, 

splanchnic nerve; CSN, cervical sympathetic nerve; PHR, phrenic nerve. Vertical 

calibration bar 10 p.V.

The activity of sympathetic nerves were filtered (band width lOO-lOOOHz), integrated 

(RC time constant 20ms) and rectified.
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Fig.4.14

Spike-triggered average from a caudal raphe neurone tentatively identified as 

terminating within the IML area, showing relationship between the raphe neuronal 

activity and sympathetic nerve discharge.

A, an example showing raphe neuronal activity followed by an increase of 

sympathetic nerve activity (recorded from cervical sympathetic nerve).

B, an example showing raphe neuronal activity followed by a decrease of 

sympathetic nerve activity (recorded from the splanchnic nerve).

In each block, the upper trace is a spike-triggered (659 discharges in A; 701 sweeps 

in B) mid-signal average of sympathetic nerve activity; Lower trace show a random 

triggered average of cervical nerve activity (same number of sweeps). Vertical 

calibration is 5 pV.
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Table 4.2

Summary of relationships between raphe-spinal neuronal discharge and cervical 

sympathetic nerve activity. Spike-triggered averaging (n=27) showed raphe neuronal 

discharge preceded an increase or decrease sympathetic nerve activity, or no 

relationship between raphe-spinal neuronal discharge and sympathetic nerve activity.
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Table 4.2 Summary o f  relationships between raphe-spinal neuronal discharge 
and cervical sympathetic nerve activity.

Respiratory-related Non-respiratory-related Total

SND increased 12(4) 5 (1) 17(5)

SND decreased 3 ( 2 ) 0 (0) 3 ( 2 )

No relationship 5 (3 ) 2 (1) 7 ( 4 )

Total 20 (9) 7 (2) 27 (11)

* The number o f glutamate-activated raphe-spinal neurones are given in parenthesis.
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Fig.4.15

Raphe neuronal activity locked to sympathetic nerve activity which was independent 

of central respiratory drive.

A, averaged cervical sympathetic nerve activity showing correlation of activity of a 

raphe neurone and sympathetic nerve when the phrenic nerve was discharging 

rhythmically.

B, averaged cervical sympathetic nerve activity showing that the correlation persisted 

when the animal was hyperventilated to the point of phrenic silence.

Spike-triggered averages of sympathetic nerve activity are shown in the top traces 

(average of 306 sweeps in A and 303 sweeps in B). Random triggered averages of 

nerve activity are shown in the lower traces (same number of sweeps); PHR, phrenic 

nerve activity. Vertical bar, 2pV.
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Fig. 4.16

Spike-triggered averaging from raphe-spinal neurone spikes to splanchnic nerve 

discharge (unit had an expiratory-related firing pattern).

A, phrenic-triggered integrated phrenic nerve activity over the period.

B, raphe unit spike-triggered average of integrated phrenic nerve discharge.

C, raphe unit spike-triggered average of splanchnic nerve discharge, which shows 

that the rhythmic component corresponds to the phrenic nerve discharge in B.

D, dummy average.

Note rhythmic components of raphe spike-triggered averaging of splanchnic nerve 

discharge (C) were locked to the raphe spike-triggered averaging of phrenic nerve 

discharge (B), which suggested that this rhythm (0.5 to 1.0 Hz) is correlated to 

respiratory modulation.

(Sympathetic nerve discharge was low pass filtered (0.5 - 50 Hz band-width); 

average of 850 trials for B,C and D; 150 trials for A).
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Figure 4.17

An example showing raphe-spinal unit, sympathetic nerve and phrenic discharge.

A, standardized pulses derived from raphe unit discharge;

B, converted "waveform" of raphe unit discharge from A;

C, splanchnic nerve discharge;

D, cervical sympathetic nerve discharge;

E, integrated and smoothed phrenic nerve discharge.

Vertical calibration is 50 pV for splanchnic (C) and 100 pV for cervical (D) 

sympathetic nerve activities.
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Figure 4.18

Spectral and coherence analyses of the relationship between the spike discharge of 

a single raphe unit and cervical sympathetic nerve discharge (from the same unit and 

the corresponding cervical sympathetic activity as Fig. 4.17) showing peak coherence 

within the 2 to 6 Hz band. A, autospectrum of raphe unit spike discharge; B, 

autospectrum of splanchnic nerve discharge. C, coherence of A and B. D, coherence 

of the dummy control. This raphe-spinal unit had respiratory-related activity (post- 

inspiratory related firing pattern). Note peak coincident with heart rate in the 

autospectrum of cervical sympathetic nerve. A corresponding peak is not present in 

the autospectrum of the raphe unit discharge.
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Figure 4.19

The location of 25 raphe-spinal neurones analysed for coherence of their and cervical 

sympathetic discharges.

Stars indicate those had peak coherence (2-6 Hz) from 0.2 to 0.4; Circles indicate 

those < 0.2.

Open symbols indicate neurones with on-going activity; closed symbols showing 

quiescent neurones activated with glutamate.

RO, nucleus raphe obscurus; RP, nucleus raphe pallidus; RM, nucleus raphe magnus; 

IV, fourth ventricle. Calibration bar 1 mm.
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Figure 4.20

Spectral and coherence analyses of the relationship between the spike discharge of 

a single raphe unit (respiratory-modulated) and splanchnic nerve discharge. A, 

autospectrum of splanchnic nerve discharge; B, autospectrum of raphe unit spike 

discharge. C, coherence of A and B. D, coherence of the dummy control.
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4.4 DISCUSSION

4.4.1 Respiratory-related Firing Patterns

The main observation made in this study was that in normocapnie, anaesthetized, 

paralysed, vagotomized and artificially ventilated rats more than two thirds of the 

bulbospinal neurones sampled within the region of caudal medullary raphe nuclei 

displayed respiratory-related activity. As the animals were vagotomized, the 

respiratory-related activity appears to be of central origin.

This is the first report of respiratory-related activity patterns of raphe-spinal neurones 

in the rat. Four distinct types of respiratory-related firing pattern were observed: (a) 

inspiratory excitation, (b) inspiratory depression, (c) post-inspiratory excitation, (d) 

early- and post-inspiratory depression. However, the inspiratory and expiratory 

modulation observed in the present study is similar to activity found in the type "B" 

SPNs with axons projecting into cervical sympathetic nerve on the rat reported by 

Gilbey et al. (1986). Post-inspiratory modulation has also been seen in single fibre 

recordings from lumbar pre- and post ganglionic neurones (Damall and Guyenet, 

1990). The fourth respiratory pattern, early- and post-inspiratory depression, was 

characterized by a small brief decrease in neuronal activity in early and late phrenic 

discharge. Although it has not been reported in the rat, recent studies demonstrated 

the vestige of early- and post-inspiratory depression in cervical sympathetic 

preganglionic and lumbar muscle vasoconstrictor (postganglionic) neurones in 

vagotomized cats (Boczek-Funcke et al., 1992b,c).

Inspiratory, expiratory and post-inspiratory firing patterns were also reported from 

bulbospinal neurones within the region of RVLM in the rat (Haselton and Guyenet,

1989). However, unlike the sympatho-excitatory neurones in the RVLM the raphe 

neurones in the rat were not under tonic baroreceptor modulation (see below).
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In the cat, Lindsey et al. (Lindsey et al., 1992a; 1994), reported a group of neurones 

in brain stem midline (raphe obscurus, pallidus and magnus) that had respiratory- 

related firing patterns. They had tonic activity in all phases of the respiratory cycle 

and some of them could be antidromically activated by electrical stimulation of C3 

spinal segment indicating the spinal projection of these respiratory-modulated raphe 

neurones. Although the classification of respiratory-related firing pattern was 

somewhat different, the patterns observed in studies by Lindsey et al. on the cat are 

reasonably similar to the present study on the rat. Those raphe neurones in the cat 

had various respiratory-related firing patterns: early-inspiratory, inspiratory, post- 

inspiratory and expiratory (no early- and post-inspiratory depression was reported). 

However, whether these respiratory-modulated raphe-spinal neurones had 

baroreceptor-related activity and had their activity related to sympathetic nerve 

discharge were not investigated in the study by Lindsey and his colleagues.

4.4.2 Location of the Recording Sites

It is notable that most of the neurones recorded in the midline raphe were situated 

between 2 and 3 mm rostral to the obex (the caudal end of the area postrema). 

During the experiments, neurones were searched for from 1 to 4 mm in front of the 

obex in the midline medulla. The area between 2 and 3 mm rostral to the obex 

showed higher probability of finding spinally projecting neurones. This coincides 

with the region where Strack et al. (1989, transneuronal viral cell body labelling 

technique) found that infected neurones which innervate the sympathoadrenal 

preganglionic neurones.

4.4.3 Spinal Projections

Depth-threshold mapping was carried out to estimate the probable trajectories of 

raphe neurones. As we know that the limitation of this technique is that it is hard to 

discriminate whether the element excited by low current stimulation is a axonal
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terminal or a fibre which passes through the stimulating area. However, using this 

technique we gain an idea of the projection site of bulbospinal neurones. Sites of 

stimulation with the lowest activation threshold indicated that the axon projected to 

or passed through this region. 75 % (27/36) of raphe-spinal neurones investigated 

showed had a lowest stimulus strength sites around the IML area. Therefore some 

of these neurones may be considered to be contributing their inputs, including 

respiratory modulation, to SPNs. The remaining neurones (25%) had their lowest 

threshold sites in the lateral funiculus or the ventral horn. It has been shown 

previously that in the cat "sympatho-inhibitory" raphe-spinal neurones had axonal 

projections travelling in the dorsolateral funiculus or ventrolateral funiculus and some 

of these neurones may have had axonal branches innervating different spinal 

segments (Morrison and Gebber, 1985). Retrograde double labelling has shown that 

raphe pallidus neurones have many collaterals projecting into ventral horn of 

different spinal levels (Huisman et al., 1984). What is important is whether or not 

these neurones have projections to target cells with different functions. This is still 

an open question.

4.4.4 Conduction Velocities and 5-HT Neurones

The groups of neurones classified with respect to the presence or absence of on

going activity, particular spinal projections, the presence or absence of respiratory 

modulation, had similar distributions of conduction velocities (see Fig. 4.3).

In the current results about 75% of the total sampled respiratory-modulated raphe- 

spinal neurones had conduction velocities less than 5 m/s (39 of 53 and 20 of 25 

respectively). Only 10% neurones had conduction velocities below 2 m/s and 

probably, therefore, had unmyelinated axons.

Respiratory-modulated raphe-spinal neurones in the present study do not have similar 

physiological characteristics to dorsal raphe 5-HT-containing neurones which had
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slow conduction velocities in the C fibre range (Aghajanian et al., 1968). There are 

two interpretations of the present data: 1) the majority of neurones in this study did 

not contain 5-HT; 2) they were 5-HT-containing neurones with faster conduction 

velocities than dorsal raphe 5-HT-containing neurones.

Wessendorf et al. (1981) proposed that in the rat there may be raphe 5-HT-containing 

neurones with faster conduction velocities consistent with B fibres. They observed 

two groups of raphe magnus-spinal neurones with regard to their conduction 

velocities (ranging from 0.7 - 1.0 m/s and 3.1 - 6.0 m/s, respectively). They were 

presumed to be serotonergic since activit}' in these two groups of neurones was 

significantly decreased after animals were treated with 5,7-dihydroxy-tryptamine 

(5,7,-DHT), a serotonergic neurotoxin. Consequently, they argued that the 5-HT- 

containing neurones might have conduction velocities up to 6 m/s. However, 5,7- 

DHT has a non-specific neurotoxic effect on neurones - it also reduced activity in 

neurones with conduction velocities band from 18 to 21 m/s in that study. Therefore 

whether 5-HT-containing neurones can have faster axonal conduction velocities 

corresponding to neurones having myelinated axons (B fibres) is still unclear.

A regular firing pattern is also an important feature of dorsal raphe neurones. 

Presumptive 5-HT-containing neurones in the midbrain raphe of the rat had slow 

discharge rates of 1 Hz or less and had tonic pacemaker-like properties (Aghajanian 

et al., 1968). In the cat, IML projecting serotonergic neurones with a regular firing 

pattern and located in the caudal raphe nuclei were suggested to serve as setting the 

level of excitability of SPNs (McCall and Clement, 1989). Morrison (1992) reported 

a group of raphe pallidus neurones in the rat which had spinal projections and were 

inhibited by intravenous administration of 8-OH-DPAT (4mg/kg), a 5-HT]^ receptor 

agonist. These neurones displayed a slow regular firing patten (0.5Hz). However, 

neurones with regular firing patterns were not recorded in this study. Whether 

different depths of anaesthesia may cause these differences is unclear. However, in 

Morrison’s study the firing rate of these raphe pallidus neurones was increased in
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decerebrate, unanaesthetized preparations.

However, based on the electrophysiological properties of the respiratory-modulated 

caudal raphe neurones sampled in the present study, they are not typical 5-HT 

neurones.

4.4.5 Correlation of raphe units and sympathetic nerve discharges

In the present study raphe-spinal neurones were antidromically identified by 

stimulation of T1 to T3 spinal segments. These spinal segments are the main location 

of SPNs which have axons projecting into the cervical sympathetic nerve of the rat 

(Strack et al., 1988). In contrast, SPNs projecting to the celiac ganglion have been 

shown be located mainly in segments T8-T10. Consequently it can be argued that the 

raphe-spinal neurones studied are more likely to influence "cervical SPNs" than 

"celiac SPNs".

The present study shows a correlation between the activity of raphe neurones and the 

2 to 6 rhythm in the cervical sympathetic nerve using coherence analysis. The 

findings are consistent with the idea that caudal raphe neurones within the region 

recorded in this study are part of a supraspinal network that contributes to the 2 to 

6 Hz component of sympathetic nerve activity. Therefore some raphe-spinal neurones 

may relay both "respiratory" and "sympathetic" rhythmic components to the 

sympathetic outflow.

Units with on-going activity and which had activity that was prominently correlated 

to the 2 to 6 Hz rhythm of sympathetic nerve discharges were found mainly in raphe 

pallidus and magnus (see Fig.4.19) suggesting that the activity of bulbospinal 

neurones in this region may be more "linearly" related to sympathetic nerve 

discharge than those in raphe obscurus. This concept of "linearity" infers a closer 

relationship between raphe pallidus neuronal activity and sympathetic nerve
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discharge, i.e. there are potent inputs from raphe pallidus neurones to SPNs which 

might be due to the monosynaptic nature of the pathway (Bacon et al., 1990). More 

effective release of transmitter and/or the release of a more effective transmitter from 

raphe pallidus neurones may also result in a higher degree of the "linearity". 

However, neurotransmitters or neuromodulators of these respiratory-related raphe- 

spinal neurones is unknown.

Interestingly, in the time domain analysis, spike-triggered averaging of raphe unit to 

sympathetic nerve activity failed to show a significant correlation in the 2 to 6 Hz 

frequency band. An special consideration for this is that a majority of raphe units (21 

of 25) studied in the present study had respiratory modulation. In the presence of a 

high degree of respiratory modulation (see Fig. 4.16) indicated by a relatively large 

amplitude 0.5 - 1 Hz slow wave, the 2-6 Hz rhythm may be concealed. This may 

indicate a limitation of spike-triggered averaging when used to analyse a waveform 

signal which contain two or more frequency components, since these components 

may obscure each other in time domain analysis.

Both spike-triggered average and coherence analysis failed to show a correlation of 

raphe unit and splanchnic nerve discharges. There are a number of possible 

explanations: 1) the raphe neurones recorded did not influence SPNs determining 

splanchnic nerve discharge (see above) nor was their activity related to networks 

influencing splanchnic nerve discharge; 2) splanchnic nerve is a postganglionic 

branch of the suprarenal ganglion to the celiac ganglion (Celler and Schramn, 1981) 

and it is composed by pre- and postganglionic neurones. Therefore, a variable time 

delay and integrative function between pre- and post- ganglionic neurones in 

sympathetic ganglion may result in dissociation of two signals (a lower degree of 

"linearity"). A recent study also reported a lower peak coherence (in the 2 to 6 Hz 

band) between field potentials (multi-units) of raphe obscurus and this postganglionic 

sympathetic branch, splanchnic nerve discharge in the rat. Only 17 of 92 (18.5%) 

raphe sites had coherence greater than 0.1, whereas only 4 (4.3%) of them had
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coherence greater then 0.2 (Zhong et ah, 1993). These results support the findings 

in the present study; 3) it is worth noting that the four units analyzed were not in 

raphe pallidus (the three in raphe obscurus had relatively low coherences compared 

to the one in raphe magnus). As mentioned above, it was found that only units 

recorded in raphe pallidus had activity prominently correlated to the 2 to 6 Hz 

rhythm of sympathetic nerve discharge (a higher degree of "linearity" of raphe 

pallidus neurones with sympathetic nerves); 4) There may be difference in spinal 

projections of various raphe nuclei, i.e. SPNs located in different spinal segments are 

innervated by different raphe nuclei. Therefore, further experiments to investigate the 

difference between caudal raphe nuclei (raphe pallidus and obscurus) may be 

necessary.

The rhythmic components of sympathetic nerve discharge with a frequency of around 

0.5 to 1 Hz were observed in most preparations using spike-triggered averaging and 

coherence analysis. In some cases when raphe neuronal activity had respiratory 

modulation, this 0.5 to 1 Hz rhythmic component locked to the phrenic nerve 

discharge (figure 4.15). This finding implies that central respiratory networks may 

provide a common drive which influences in parallel both raphe neurones and 

sympathetic nerves, resulting in a common frequency component in both raphe 

neuronal activity and sympathetic nerve discharge. However, it worth noting that 

some raphe-spinal neurones were not modulated by central respiratory drive but their 

activities were related to sympathetic nerve discharge. In addition, some raphe-spinal 

neurones were modulated by central respiratory drive but the relationship between 

their activity and sympathetic nerve discharge remained when the phrenic nerve 

stopped firing due to hyperventilation. These findings indicate that there may be a 

functional relationship between the raphe neuronal activity and sympathetic nerve 

discharge that might be independent of central respiratory drive.

A recent study reported the rhythmic sympathetic activity around 1 Hz in 

postganglionic sympathetic fibres innervating caudal ventral artery of the rat tail
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(Johnson, 1994). This "1 Hz sympathetic rhythm" is not necessary dependent on 

central respiratory drive. Both spike-triggered averaging and coherence analysis 

revealed a correlation between raphe neuronal discharge and sympathetic nerve 

activity in the 1 Hz "range" (see Figs. 4.16 and 4.18). This phenomenon may 

correspond to the "1 Hz sympathetic rhythm" described by Johnson.

4.4.6 Is the Role of Caudal Raphe-Spinal neurones Sympatho-excitatory or 

Sympatho-inhibitory?

In preparations analyzed for a relationship between raphe neuronal and cervical 

sympathetic nerve activity, spike-triggered averaging showed that 63% (17/27) 

showed an increase in sympathetic nerve discharge following raphe neuronal 

discharge; 11% (3/27) of neurones showed a decrease in sympathetic nerve activity 

following raphe neuronal discharge. This indicated that the population of raphe-spinal 

neurones recorded may have a predominant sympatho-excitatory role, although some 

have sympatho-inhibitory effects. Indeed, both sympatho-excitatory (Morrison, 1993) 

and sympatho-inhibitory responses (Yusoff and Coote, 1988) due to electrical 

stimulation of caudal raphe area have been reported. Importantly, seven non- 

respiratory-modulated neurones which were analysed by spike-triggered averaging 

of cervical sympathetic nerve activity, five of them showed an increase in 

sympathetic nerve activity that followed raphe neuronal discharge and two showed 

no relationship. None of them showed a decrease in sympathetic nerve discharge 

following raphe neuronal spikes. Thus, there is an indication for a possible 

sympatho-excitatory role of these raphe-spinal neurones. A recent study did show 

sympatho-excitatory responses following electrical and chemical (DL-homocysteic 

acid, DLH) stimulation of the caudal raphe area (Zhou and Gilbey, 1995). Thus cell 

bodies located in caudal raphe area which project to the spinal cord may play a role 

in relaying excitatory drive to sympathetic neurones.
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4.4.7 Absence of ECG-related Activity of Raphe Neuronal Activity

Anatomical studies demonstrated that caudal raphe nuclei receive projections from 

the NTS (see Spyer, 1994) and the RVLM (Zagon, 1993) area. Observations in the 

cat show that many raphe-spinal neurones have ECG-related activity (Morrison and 

Gebber, 1984; 1985). However, the raphe neurones in rat seem not to be under tonic 

baroreceptor modulation since they did not show ECG-related activity. This finding 

is reinforced by autospectra analysis which also failed to show a ECG-related peak. 

This indicates that in the rat raphe neurones are unlike sympatho-excitatory neurones 

in the RVLM which have their discharges modulated by both baroreceptor and 

respiratory inputs (McAllen 1986b; Haselton and Guyenet, 1989). This finding also 

indicates that there are species difference between cat and rat. In the rat, different 

bulbospinal pathways may influence SPNs which may or may not be under tonic 

baroreceptor control (see General Discussion).

4.4.8 Summary

The current study has demonstrated that in the anaesthetized rat, bulbospinal 

neurones within the caudal raphe nuclei receive central respiratory inputs and display 

four main respiratory-related firing patterns: inspiratory-related, post-inspiratory- 

related, expiratory-related and early- and post-inspiratory-related depression. None 

of the neurones had an ECG-related firing pattern.

The conduction velocities of these raphe-spinal neurones ranged from 0.7 to 9.4 m/s. 

Some of these neurones possibly had their axons projecting into the IML area. The 

respiratory-modulated neurones with on-going activity had modal inter-spike intervals 

of 0.01-0.14 s. Considering their axonal conduction velocities and discharge 

properties, the characteristics of the neurones recorded in this study are not those of 

"typical" 5-HT-containing neurones.
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Coherence analysis and spike-triggered averaging indicated that neurones with axons 

tentatively projecting into the IML had their activities related to sympathetic nerve 

activity. Coherence analysis also revealed raphe unit discharges are locked to the 2 

to 6 Hz rhythm of the sympathetic nerve discharge. In particular, a higher coherence 

was found in spontaneously active neurones located in raphe pallidus and raphe 

magnus. The results indicate that some of respiratory-modulated raphe neurones 

possibly contribute to regulation of sympathetic preganglionic neuronal activity.
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CHAPTER 5

GENERAL DISCUSSION
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In this study some electrophysiological properties of SPNs and caudal raphe-spinal 

neurones in the rat have been described;

1) SPNs projecting to the lumbar sympathetic chain beyond L4 ganglion were 

found to have three distinct respiratory-related firing patterns. The proportion of 

SPNs with a specific respiratory firing pattern was found to be quite different to 

SPNs in upper thoracic segments with axons projecting in the cervical sympathetic 

nerve (Gilbey et al., 1986).

2) Caudal raphe-spinal neurones in the medulla had four distinct respiratory-related 

discharge patterns. These neurones had spinal projections, some of which were 

tentatively identified as terminating in or passing through the IML.

Consequently two main postulates were made in this study, i.e, there are regional 

differences in respiratory modulation of SPNs, and caudal raphe may play a role 

in relaying central respiratory drive onto SPNs.

The studies presented in this thesis raise a number of questions, e.g. Are there 

multiple bulbospinal pathways involved in relaying respiratory modulation of 

sympathetic outflow? What is the role of caudal raphe nuclei in the respiratory 

modulation of sympathetic activity? What transmitter(s) are associated with these 

neurones in the raphe-spinal pathway which conduct central respiratory drive to 

SPNs? These questions are important for furthering our understanding of the 

central nervous control of sympathetic activity, chemically coded transmission in 

the autonomic nervous system, and the functional role of respiratory modulation 

in sympathetic activity. These questions need further investigation and some 

suggestions are made below.
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5.1 NEURAL PATHWAYS INVOLVED IN RELAYING CENTRAL 

RESPIRATORY DRIVE TO SPNs

Are there multiple bulbospinal pathways involved in relaying respiratory 

modulation o f sympathetic activity?

Studies conducted on cats have revealed two medullary bulbospinal pathways 

involved in sympathetic control: RVLM-spinal and caudal raphe-spinal pathways 

(Barman and Gebber, 1985; Morrison and Gebber, 1985). Neurones both in the 

RVLM and medullary raphe nuclei were shown to receive baroreceptor inputs. It 

was proposed that neurones in the RVLM play a sympatho-excitatory role (see 

Guyenet, 1990). Caudal raphe nuclei contain sympatho-inhibitory and sympatho- 

excitatory neurones as determined by a blood pressure challenge, but only the 

former could be antidromically excited by stimulation in the IML area (Morrison 

and Gebber, 1984; McCall and Clement; 1989; Gebber et al., 1990). In past years, 

several studies have investigated whether neurones in these two nuclei may relay 

respiratory modulation to sympathetic efferents in the cat. Evidence for bulbospinal 

neurones (identified by antidromically activated from the dorsolateral funiculus at 

C5 spinal segment) in the RVLM which have respiratory-related activity has been 

found (McAllen, 1987) although their projection sites were not precisely 

determined. Connelly and colleagues (Connelly et al., 1987) reported caudal raphe 

neurones with activity modulated by central respiratory drive but these neurones 

could not be antidromically activated by spinal cord stimulation. Therefore whether 

or not caudal raphe neurones relay respiratory modulation to SPNs in the cat is still 

an unsolved question.

Studies, including the present experiments, have indicated some differences in 

bulbospinal pathways involved in sympathetic control between the cat and the rat. 

For example, caudal raphe neurones have been shown to be under baroreceptor 

control in the cat (Morrison and Gebber, 1982; 1984; McCall and Clement, 1989; 

Connelly et al., 1987). In contrast the present study did not identify any caudal
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raphe neurones in the rat that had baroreceptor-related activity.

Recently the role of supraspinal structures in sympathetic control has been 

extensively investigated in the rat. Activity modulated by central respiratory drive 

has been recorded from neurones in the RVLM (Haselton and Guyenet, 1989), A5 

area (Guyenet et al., 1993) and caudal raphe nuclei (in the present study), and 

some of these neurones were tentatively identified as projecting to the IML. Thus, 

it is clear that in the rat three medullary regions could be involved in sculpturing 

the respiratory modulation of SPNs. Therefore SPNs may receive a parallel 

descending respiratory-related input from these supraspinal structures. How are 

these parallel neural pathways involved in sympathetic control? What is the 

particular role of each? These questions can only be answered by future 

experiments. There are indications of functional differences in these pathways. For 

example, the caudal raphe-spinal and the RVLM-spinal pathways in the rat are 

different with respect to the baroreceptor modulation of their activity (see section 

4.4.6); Interestingly, in a recent study in the rat, a group of bulbospinal neurones 

which behaved in a similar way to raphe neurones in the current study were 

reported in the A5 area by Guyenet and colleagues. These A5 bulbospinal neurones 

had their activity modulated by central respiratory drive but most of them were not 

under baroreceptor control (Guyenet et al., 1993).

The neuronal circuits relaying central respiratory modulation to sympathetic output 

is still unclear. Previous studies have contributed much information on the possible 

circuits based on indirect evidence, but no single technique has proved direct 

connections of bulbospinal neurones and SPNs with functional characteristics. The 

present experiments showed that raphe neurones had respiratory modulation and 

their axons possibly project to the IML area. This conclusion is also based on 

antidromic mapping studies. However, this technique has not identified the exact 

locations of axonal termination. This problem might be resolved in future 

experiments using anterograde-labelling along with intracellular recording; Lipski 

et al. (1994) successfully made a direct visualization of long axonal branches (up 

to 33 mm) of inspiratory bulbospinal neurones of the rostral ventral respiratory
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group using a neurobiotin intracellular labelling technique in the rat. This may 

allow us to examine the connections between supraspinal and sympathetic 

neurones. However, it may be difficult to keep animals alive long enough to allow 

the labelling substance to travel between the labelled neurone and its target 

neurone - longer than 30mm in the case of caudal raphe to spinal segments beyond 

to T2.

A Model o f Bulbospinal Pathways involved in sympathetic control in Rats

Richter and Spyer (1990) described a detailed hypothesis involving a "common 

cardiorespiratory network" in the medulla that generates a respiratory rhythm in 

sympathetic activity. This hypothesis was based on 1) the close anatomical location 

of cardiovascular and respiratory neurones with the medulla; 2) synaptic 

interactions between respiratory and cardiovascular neurones; 3) intracellular 

recordings showing different types of respiratory neurones (see Richter and Spyer,

1990). Most of the evidence was obtained from the cat, but recent observations 

seem to indicate a similar organization in the rat (Schwarzacher et al., 1991). 

According to this hypothesis, the "common cardiorespiratory network" consists of 

a number of subpopulations of respiratory neurones (early inspiratory, ramp- 

inspiratory, late inspiratory, post-inspiratory and stage II expiratory) and the 

"reticular activating system". The "common cardiorespiratory oscillator" in the 

"common cardiorespiratory network" produces rhythmic (phasic) activity and the 

"reticular activating system" provides tonic drive to the network. This network is 

the origin of respiratory rhythm and the respiratory modulation of sympathetic 

activity. Although this hypothesis proposed the origin of respiratory modulation, 

it did not describe pathways in detail or consider the possibility of divergence of 

baroreceptor- and respiratory-related modulation at the medullary level conducted 

by different neural pathways.

As described above, the present study would support a raphe-spinal pathway 

relaying "pure" respiratory-related (phasic) modulation from the "common 

cardiorespiratory network" to SPNs in the rat. This differs from the RVLM-spinal
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pathway, which may convey a mixture of tonic baroreceptor-related and phasic 

respiratory-related modulation to SPNs. Two types of neural pathways relay central 

respiratory drive to sympathetic SPNs in the rat. Neurones in caudal raphe and 

some of neurones in the A5 area relay respiratory modulation only; neurones in the 

RVLM relay baroreceptor as well as respiratory modulation (Fig. 5.1).

Further functional interpretations from these two types of neural pathways in 

parallel relaying respiratory modulation are still sought. The neural pathway only 

relaying phasic respiratory modulation on the SPNs could be a "gate" signal to 

various inputs to SPNs. The respiratory-related burst activity may result in 

transmitter release which consequently changes the excitability of postsynaptic 

SPNs It therefore effects various afferent inputs of SPNs (shown in Fig. 5.1 

opened arrow) as well as tonic inputs from the brain stem. However, the evidence 

is still lacking. If respiratory modulation conducted by phasic neural pathways 

(from caudal raphe or the A5 area) "gate" various afferent inputs as described 

above, there may be quantitative or qualitative differences in neuronal activity of 

SPNs when the gate is "on" or "off. Therefore, studying discharge patterns of 

sympathetic neuronal activity with phrenic firing and phrenic silence (hypocapnic 

apnoea) or quantitative analysis of discharge during different respiratory phases 

may be helpful in understanding how this gate works. Intracellular recordings of 

SPN membrane potentials in various respiratory phases to demonstrate the EPSPs 

and rPSPs associated with different inputs would be the ideal experiment, although 

technically difficult.
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Figure 5.1

Possible pathways by which respiratory modulation and tonic sympathetic activity 

converge onto SPNs in the rat.

Shaded squares indicate regions which may be involved in the "common 

cardiorespiratory network"; open arrows indicate various inputs.
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5.2 POSSIBLE TRANSMITTERS OF RAPHE-SPINAL PATHWAYS 

INFLUENCING SYMPATHETIC ACTIVITY

What is the chemical nature o f raphe-spinal neurones involved in sympathetic 

control?

Previous studies demonstrated a high density of 5-HT immunoreactive neurones 

in rat caudal raphe nuclei (Steinbusch, 1981). Evidence for co-existence of 5-HT 

and peptides in raphe-IML neurones has been obtained recently in the rat (Sasek 

et al., 1990). Is 5-HT a transmitter in raphe-spinal neurones relaying respiratory 

modulation to SPNs? In the present study the neurones recorded are not likely to 

be 5-HT neurones, as determined by some of their electrophysiological properties 

(see chapter 4 discussion). The question remains, what is the chemical nature of 

raphe-spinal neurones involved in sympathetic control?

5-HT is not the only chemical found in the caudal raphe nuclei. The other 

substances could be considered as putative transmitters such as substance P (Chan- 

Palay, 1979), met-enkephalin (met-Enk; Hokfelt et al., 1979), leucine-enkephalin 

(Leu-Enk) (Bowker et al., 1983), TRH (Hokfelt et al., 1975), cholecystokinin 

(Mantyh and Hunt, 1984), dynorphin (Menetrey and Basbaum, 1987), proctolin 

(Holets et al., 1987) and human growth hormone (Lechan et al., 1983). Other 

candidate neurotransmitters found in the caudal raphe neurones are inhibitory 

amino acids such as gamma-aminobutyric acid (GABA) (Belin et al., 1983) and 

the excitatory amino acid glutamate (Nicholas et al., 1992). Further experiments 

may seek to identify the neurotransmitters. Intracellular recording and labelling of 

raphe-spinal neurones, especially, those projecting to the IML would be the ideal 

way to approach this problem. The labelled neurones could be examined for their 

chemical content by immunohistological techniques. In order to investigate whether 

respiratory-modulated medullary raphe neurones are immunoreactive for serotonin, 

caudal raphe neurones that had respiratory-related firing were labelled by Lucifer 

Yellow and serotonin immunoreactive neurones were examined (Li et al., 1995).
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Results so far indicate that these neurones, at least some of them, may not 5-HT- 

containing neurones as all were identified as non-immunoreactive for serotonin.

Functional identification o f neurotransmitters

Once the chemical content of a group of bulbospinal neurones has been identified 

it is important to establish their functional significance.

A prominent feature of SPNs has been the finding that there is on-going EPSPs or 

EPSPs (Dembowsky, et al., 1985; 1986). This background activity was due to 

inputs of spinal or supraspinal origin and results in regulation of sympathetic 

neuronal activity (Dembowsky et al., 1985). In the slice preparation, it has been 

shown that different types of synaptic potentials can be recorded from SPNs. Focal 

stimulation evokes synaptic potentials in SPNs which could be described as fast 

or slow EPSPs and EPSPs (Yoshimura and Nishi, 1982; Nishi et al., 1987). Further 

studies revealed that these synaptic potentials may result from the release of 

specific transmitters. For example, glutamate may be the mediator of fast EPSPs 

(Davies, Watkins, 1981) and glycine the mediator of fast EPSPs (Mo and Dun,

1987). Furthermore, 5-HT has been proposed as a candidate for the transmission 

of some slow EPSPs (Yoshimura and Nishi, 1982) because it induced a long- 

lasting depolarization similar to those of slow EPSPs. If the assumption is made 

that phasic respiratory-related inputs from the raphe-spinal pathway was mediated 

by a chemical which can produce a distinct effect on SPNs, which changes the 

excitability of a sympathetic neurone.

Whether neurones with various respiratory patterns relate to specific pathways 

which have a unique neurochemical contents is unknown. Most studies described 

above used the slice preparation. This preparation is stable for intracellular 

recording and good for drug perfusion but also has limitations. Inputs to SPNs are 

cut and neurones are exposed to abnormal conditions. However, an in vitro the 

brainstem-spinal cord preparation of neonatal rat has the advantage of stability of 

recording, and keeping some inputs to SPNs intact. Intracellular recording and
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intracellular labelling techniques will allow identification of neurochemicals 

contained in a neurone with its physiological characteristics in vivo. But there may 

be advantages in conducting some future experiments in vitro which will allow 

more stable recordings with less difficulty than in vivo studies-brainstem-spinal 

cord preparations (Suzue, 1984; Onimaru et al., 1987; Smith et al., 1988). 

Respiratory-related neuronal activity may be present in this preparation (Marks et 

al., 1992) and it may be possible to identify the functional role of individual 

putative transmitters associated with raphe-spinal respiratory modulation.

5.3 FUNCTIONAL IDENTIFICATION OF SUBGROUPS OF SPNs

In the present study respiratory modulation of SPNs in the rat has been 

investigated using an extracellular recording technique. SPNs could be classified 

into several subpopulations, depending on their respiratory-related firing pattern. 

Several lines of evidence have indicated that functional subpopulations of SPNs 

may be classified not only by their firing patterns but other electrophysiological 

characteristics, such as conduction velocities and pharmacology.

For example, the different target organs of sympathetic neurones are supplied by 

separate sympathetic pathways which may have different conduction velocities. 

Experiments on electrical thresholds and conduction velocities in the cat (Bishop 

and Heinbecker, 1932; Kosterlitz et al. 1964) suggested that postganglionic fibres 

involved in constriction of blood vessels in the eye and ear were probably 

unmyelinated, and fibres involved in contraction of nictitating membrane were thin 

myelinated. Differences in conduction velocities were also found in preganglionic 

axons in the cat (Janig and Szulczyk, 1980; 1981). Gilbey and Stein (1991) 

demonstrated subgroups of SPNs which had different responses to 5-HT. 

Ionophoretic application of 5-HT to lumbar SPNs only decreased the activity of 

those that had primarily excitatory responses to noxious inputs, and increased the 

activity of those that showed decreased discharge or no response to noxious 

stimulation. Despite the fact that the ionophoretic application of a chemical in the 

vicinity of a recorded neurone may effect an antecedent neurone rather than SPNs
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in the EML, these kinds of pharmacological studies are still helpful. They may be 

used in combination with other physiological characterizations. Indeed, lumbar 

SPNs have been found in which identified vasoconstrictor neurones to muscle and 

to skin had different responses to noxious cutaneous stimuli. The noxious 

cutaneous stimuli excited only vasoconstrictor neurones to muscle and inhibited 

those to skin (Janig and Szulczyk, 1980). Therefore, neurones with excitatory 

responses to noxious stimulation and which were inhibited by 5-HT may belong 

to a subpopulation of SPNs subserving muscle vasoconstrictor function; the 

neurones with an inhibitory response to noxious stimulation and which were 

excited by 5-HT may belong to subpopulation of cutaneous vasoconstrictor 

neurones (see Gilbey and Stein, 1991).

For detailed investigations of these properties, extracellular recording used in the 

present studies has many advantages, particularly when using multi-barrelled 

electrodes. For example, it is possible to identify the axonal properties of a 

neurone, excite a quiescent neurone and conduct pharmacological studies on SPNs 

with this electrode. It also allows the detailed study of physiological characteristics 

of a neurone.

An important question that needs answering is: Do SPNs with specific firing 

patterns or other electrophysiological and pharmacological characteristics have 

distinct target organs? The situation is complicated by the fact that axons of SPNs 

travelling in the some nerve bundles may innervate different target organs (except 

those SPNs in the adrenal nerve innervating the chromaffin cells of the adrenal 

medulla (Backman et al., 1990). Therefore it is hard to discriminate the target 

organ of a sympathetic preganglionic neurone by using conventional techniques 

(antidromic identification). Additional experiments will be necessary to identify 

target organs to clarify the function of SPNs with respiratory-related activity. Focal 

recordings from single sympathetic postganglionic fibres innervating identified 

blood vessels have been made recently and respiratory-related firing patterns were 

recorded (Johnson and Gilbey, 1994). This technique has the advantage that it 

allows for the direct study of the rate and patterning of sympathetic activity to a
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functionally identified end-organ and may be an ideal way to understand the 

functional significance of respiratory modulation in sympathetic activity. Dual 

recordings from sympathetic fibres innervating different target organs will allow 

us to compare the differences in activity between a variety of identified target 

organs.

A recent anatomical study on the rat has shown that SPNs are arranged in target- 

specific columns in the spinal cord (Pyner and Coote, 1994). The distribution of 

SPNs projecting to different target ganglia may have mediolateral differences in 

the nuclei at the lateral border of the intermediate grey matter, which indicates that 

anatomical distribution may also identify subgroups of SPNs projecting to different 

regions. However, further experiments for specific targets of these subgroups of 

SPNs may be required in the future.

5.4 PHYSIOLOGICAL ROLE OF RESPIRATORY MODULATION OF 

SYMPATHETIC ACTIVITY

It is known that burst discharges are more efficient than tonic activity in 

transmitter release. Experiments demonstrated that transmitter release at the 

sympathetic neuroeffector junction is frequency dependent (Brock and Cunnane,

1988), the higher firing frequency, the higher probability of transmitter release. 

Single fibre recordings from post-preganglionic neurones and focal recording from 

sympathetic fibres innervating an identified blood vessel showed respiratory 

modulation but no baroreceptor modulation (Johnson and Gilbey, 1994). Therefore, 

it may be proposed that respiratory modulation, with peak firing during defined 

respiratory phases, leads to more efficient neuroeffector transmission.

Respiratory modulation can be seen in many effector organs with sympathetic 

innervation indicating a coupling to central respiratory drive. For example, 

respiratory-related fluctuation of pupil size have been observed (Borgdorff, 1975). 

Janig and colleagues found a respiratory-related firing pattern in sudomotor 

neurones innervating the sweat glands of the hairless skin and in some motility-
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regulating neurones to the colon and urinary bladder (Boczek-Funcke et al., 

1992c). As mentioned in the General Introduction (see section 1.4), respiratory- 

related sympathetic activity may play a role in vasomotor regulation by changing 

the vascular resistance and the pattern of respiratory modulation to individual target 

organs may be different. These different patterns of respiratory modulation in 

various sympathetic nerves may, at least partially, contribute to the differential 

redistribution of blood between vasculature of different organs during physical 

exercise and thermoregulation (see Richter and Spyer, 1990; Habler, Janig and 

Michaelis, 1994). It is know that withdrawal of sympathetic activity to the tail of 

the rat is involved in its thermoregulatory response to increased core temperature 

(OTeary et al., 1985). In a recent study by Johnson and Gilbey (1994) in which 

activity was recorded from identified single fibres, this withdrawal of sympathetic 

activity in response to raised core temperature was confirmed. In addition these 

fibres showed a highly respiratory-modulated firing pattern. It remains to be seen 

whether or not such respiratory modulation may be found in other functionally 

identified single units.

However, most experiments were conducted on anaesthetized animals, it is unclear 

how the components of sympathetic activity are influenced by anaesthetic. A 

respiratory component of sympathetic activity has been recorded in conscious 

humans (Eckberg et al., 1985). The modulation of sympathetic activity was similar 

to anaesthetized and vagotomized cats and dogs (see section 1.1.2). A key problem 

in these studies is that respiratory modulation of sympathetic activity is under the 

influence of peripheral reflexes, although recent studies has shown that the 

respiratory modulation of sympathetic nerve in human is independent of changes 

of blood pressure (Seals et al., 1993; Wallin et al., 1993).

In conclusion, the present study investigated respiratory modulation of SPNs and 

caudal raphe-spinal neurones. A descending spinal pathway which relays central 

respiratory inputs from caudal raphe neurons to SPNs has been postulated. In the 

rat, neurones in the caudal raphe nuclei relay central respiratory drive onto SPNs 

in a different way to those of the RVLM neurones. The former are more likely to
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carry respiratory-related phasic activity, while later relay both baroreceptor-related 

tonic and respiratory-related phasic activity. The present study may also provide 

an explanation of the regional differences of respiratory modulation in various 

sympathetic nerves. The precise and extended study of respiratory modulation is 

required in future investigations which may focus on specific transmitters in 

bulbospinal pathways from sympathetic premotor neurones relaying respiratory 

modulation and the functional role of respiratory modulation of SPNs which 

innervate specific target organs.
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TIP PROCEEDINGS OF TH E PH YSIOLOGICAL SO C IE TY

DEM ONSTRATIONS

Extracellular recordings from lower thoracic and lumbar sympathetic preganglionic 
neurones in the anaesthetized rat

S-Y. Zhou and M.P. Gilbey

Department of Physiology, Royal Free Hospital School of Medicine, Rowland Hill Sreet, 
London AM 3 2PF

A preparation is being dem onstrated which is used to  study the physiology and 
pharm acology of sym pathetic preganglionic neurones (SPNs) in T13-L2 spinal 
segments which project into the lower lum bar sym pathetic chain.

Sprague-D aw ley ra ts  (250-350 g) are anaesthetized w ith an I P. injection of 
sodium pentobarbitone (60 mg/kg) and supplem entary doses of anaesthetic 
given as indicated (see Gilbey & Stein, 1991) in the form of I.V. a-chloralose (5- 
10 mg). The trachea is cannulated and catheters placed in a femoral a rtery  and 
vein for m onitoring blood pressure and adm inistration of drugs, respectively. 
Animals are artificially respired with O^-enriched room air following paralysis 
with gallamine (16 mg/kg) (Marks et al. 1990). E nd-tidal CO2  (ADC, fast response 
CO2  analyser), and blood gases and pH  (Corning 158 pH /blood gas analyser) are 
monitored. All anim als are vagotom ized and given a pneum othorax. An end- 
expiratory pressure of 2-3 m m H20 is applied to  the expiratory  line to prevent 
atelectasis.

The left lum bar sym pathetic chain is exposed via a ven tral laparotom y and 
stainless steel wire electrodes w rapped around it between L4 and L5 ganglia. The 
chain and electrodes are then embedded in silicone-based dental impression 
m aterial (Provil L, B ayer Dental) and the laparotom y repaired. A dorsal 
lam inectom y of T i l  and T I2  vertebrae is perform ed to expose spinal segments 
T I2-L 2. The spinal cord is secured by a ttach ing  muscle clamps to m id-thoracic 
and lower lum bar vertebrae and lateral clamps a t T l l - 1 2  vertebrae. The head 
of the anim al is fixed in a stereotaxic frame.

Electrical stim ulation of the sym pathetic chain enables SPNs to be identified 
antidrom ically. The physiological characteristics of the SPNs are studied; e.g., 
their respiratory m odulation and baroreceptor-related inputs. Action potentials 
are recorded through a 4M NaCl-filled barrel of a m ulti-barrelled microelectrode 
assembly. O ther barrels are filled w ith drug solutions for pharmacological 
experim ents.

The support of the MRC & BHF is gratefully aeUnow ieclgecl.
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SUMMARY

1. The segmental distribution of cell bodies of sympathetic preganglionic neurones 
projecting into the left lumbar sympathetic chain beyond the L4 ganglion was 
determined in rats using retrograde transport of horseradish peroxidase. Labelled 
perikarya were found mainly in segments T13-L2 in the ipsilateral intermediolateral 
cell column.

2. Neurophysiological studies were conducted on this cell population in anaes
thetized, vagotomized and artificially ventilated rats.

3. One hundred and th irty  sympathetic preganglionic neurones were studied in 
spinal segments T13-L2, inclusive, after their antidromic identification following 
electrical stimulation of the left lumbar sympathetic chain between the 4th and 5th 
lumbar gangha; sixty-six had on-going activity and th irty  of the remainder were 
activated by the ionophoretic application of glutamate. Their axonal conduction 
velocities were 0 5-12 5 m /s which is in the B and C fibre range.

4. The discharge patterns of these sympathetic preganglionic neurones were 
analysed in relation to phrenic nerve discharge. Of forty-eight neurones analysed in 
this manner five had peak firing during inspiration (inspiratory related), five during 
early expiration (post-inspiratory related), four during expiration (expiratory 
related) with the remainder having a firing pattern unrelated to phrenic nerve 
discharge (non-modulated).

5. The ECG-related patterns of discharge of the same forty-eight neurones were 
analysed. Twenty-one had an ECG-related pattern  of discharge. Glutamate- 
activated quiescent neurones and those with on-going activity had a similar incidence 
of such modulation. Sympathetic preganghonic neurones with each type of 
respiratory modulation were found to have an ECG-related firing pattern.

6. The patterns of discharge of these neurones have been compared to those 
recorded, in previous studies, from sympathetic preganglionic neurones located a t T2 
which had axons projecting into the cervical sympathetic nerve and ‘sym- 
pathoexcitatory ’ neurones of the rostral ventrolateral medulla. There appear to be 
some differences in the respiratory modulations of baroreceptor-sensitive neurones 
found within each of the three populations. Consequently, it is suggested tha t 
supraspinal pathways, other than those arising in the rostral ventrolateral medulla,
MS 9578
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may be im portant in influencing the activity of baroreceptor-sensitive sympathetic 
preganglionic neurones.

INTRODUCTION

Sympathetic neurones are controlled differentially. This is reflected in the diverse 
response patterns of subsets of these neurones to various afferent inputs. For 
example, during the defence reaction there is an increase in sympathetic drive to the 
heart, and renal and mesenteric vascular beds, but a withdrawal of sympathetic 
drive to limb muscle vasculature (Yardley & Hilton, 1986); stimulation of upper 
airway irritan t receptors with smoke results in a withdrawal of sympathetic drive to 
the heart and an increase in renal sympathetic nerve activity (Peterson, Coote, 
Gilbey & Futuro-Neto, 1983). Subsets of sympathetic preganglionic neurones 
respond differently to, for example, certain somatic stimuli and chemoreceptor 
stimulation (Janig & Szulczyk, 1980; Gilbey & Stein, 1991). The various central 
pathways regulating the discharge of subsets of sympathetic preganglionic neurones 
is also reflected in the variety of respiratory-related discharge patterns of these 
neurones (Preiss, Kirchner & Polosa, 1975; Gilbey, Numao & Spyer, 1986) ; neurones 
of the second thoracic segment of the ra t spinal cord which project into the cervical 
sympathetic nerve either have maximal discharge during phrenic nerve activity, 
phrenic silence or a firing pattern  unrelated to phrenic nerve discharge (Gilbey et al. 
1986). I t  is the variability in respiratory-related discharge patterns of subsets of 
sympathetic preganglionic neurones which is the focus of this study.

Numao, Koshiya, Gilbey & Spyer (1987) reported regional differences in the 
respiratory-related activity patterns of whole sympathetic nerve discharge in the rat. 
These regional differences in the discharge patterns of sympathetic outflows may 
result from either varying proportions of sympathetic neurones with a particular 
respiratory-related discharge pattern  contributing to each whole-nerve activity or 
sympathetic preganglionic neurones projecting into different nerves having charac
teristic respiratory modulations; the two explanations, however, are not mutually 
exclusive.

The present study centred on investigating the respiratory-related activity of 
sympathetic preganglionic neurones of the 13th thoracic, and 1st and 2nd lumbar 
segments. These neurones were recorded under similar experimental conditions to 
those sympathetic preganglionic neurones of the 2nd thoracic segment recorded in 
the experiments of Gilbey et al. (1986). The respiratory modulation of the two groups 
of sympathetic preganglionic neurones has been compared and some differences have 
been found. The implications of these findings are discussed with respect to the 
supraspinal pathways involved in determining the activity of baroreceptor-sensitive 
sympathetic preganglionic neurones.

METHODS

Histology
Four rats (Sprague-Dawley) were anaesthetized with sodium pentobarbitone ( i .p . : Sagatal, May 

& Baker, 60 mg/kg). Additional doses of anaesthetic were given when indicated (see below) 
through a tail vein. The left lumbar sympathetic chain between L4 and L5 ganglia was exposed via 
a ventral laparotomy. A solution of 20 % horseradish peroxidase (HRP : Boehringer) in saline was
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applied to the rostral cut end of the lumbar sympathetic chain between L4 and L5 ganglia for 15 h; 
particular care was taken to protect adjacent tissue from contact with the HRP solution by 
covering it with plastic film. The laparotomy was repaired and the animals were allowed to recover. 
After 48 h, enough time for the HRP to travel a distance of approximately 50 mm, the animals 
were re-anaesthetized, as above, and perfused through the left ventricle with 100 ml of saline 
followed by 500 ml of a fixative containing 3% paraformaldehyde and 0 5% glutaraldehyde in 
01 M-phosphate buffer. A laminectomy was performed and T11-L3 spinal segments were identified 
and removed. The tissue was placed in 01 M-phosphate buffer overnight and the following day 
either longitudinal, horizontal or transverse sections were cut (60 /im.) on a vibrating microtome 
(Vibratome, Series 1000). Retrogradely labelled sympathetic preganglionic neurones were 
visualized using the chromogen 0-tolidine (3,3'-dimethylbenzidine) histochemical method 
described by Somogyi, Hodgson & Smith (1979). Briefly, sections were incubated in acetate buffer 
(0*1 M ,  pH 5*5) for 30 min followed by a 2 h reaction at 4 °C in the same buffer containing 0-tolidine 
(30 mg/100 ml) and 1 % hydrogen peroxide. Following this reaction the sections were briefly 
washed in acetate buffer and the 0-tolidine reaction product was stabilized using 3,3- 
diaminobenzidine. Sections were post-fixed with 1 % osmium tetroxide for 40 min, dehydrated 
through graded alcohols and flat-embedded in Durcupan resin (Fluka) before examination using 
light microscopy.

Electrophysiology
Experiments were performed on male Sprague-Dawley rats (250-350 g) which were anaes

thetized with an i .p . injection of sodium pentobarbitone (Sagatal, May & Baker, 60 mg/kg). 
Supplementary doses of anaesthetic were given in the form of i.v. chloralose (5-10 mg) when 
required (see Gilbey & Stein, 1991). A femoral artery and vein were cannulated for monitoring 
arterial pressure and infusing drugs, respectively. Animals were vagotomized, paralysed with 
gallamine triethiodide (16 mg/kg), ventilated artificially on oxygen-enriched room air (see Gilbey 
et al. 1986) and blood gases monitored as described by Gilbey & Stein (1991). Activity was recorded 
from the left phrenic nerve (see Gilbey et al. 1986). The partial pressure of arterial COg was 
maintained between 35 and 50 mmHg, the partial pressure of arterial Og between 200 and 
300 mmHg, and the rectal temperature at 37 ±  1 °C.

Stainless-steel stimulating electrodes were wrapped around the sympathetic chain between the 
4th and 5th lumbar ganglia (see Gilbey & Stein, 1991). The spinal cord was stabilized by fixing the 
animal with clamps attached to mid-thoracic and lower lumbar vertebrae and lateral clamps at 
11-12 thoracic vertebrae. The head of the animal was fixed in a stereotaxic frame. A laminectomy 
(thoracic vertebrae 11 and 12) was performed to expose spinal segments thoracic 11 to lumbar 3; 
these were then covered with liquid paraffin. Five-barrelled micropipettes were used for recording 
extracellular activity from sympathetic preganglionic neurones, for the ionophoretic application of 
glutamate and marking recording sites (for details see Gilbey & Stein, 1991).

D ata collection and analysis
All data collection and analysis was carried out as described by Gilbey & Stein (1991).
Statistical comparisons between proportions of neurones which had different combinations of 

respiratory modulation or ECG-related discharge patterns were made using the G-test of 
independence (Sokol & Rohlf, 1969).

RESULTS

Histology
Labelled neurones were found mainly in segments thoracic 13 to lumbar 2, and 

mostly in the ipsilateral intermediolateral cell column. Some were present in the 
central autonomic area and the intercalated area in lumbar segments 1-3 (Fig. 1).

Electrophysiology
Sympathetic preganglionic neurones projecting into the lumbar sympathetic chain 

were identified antidromically using standard criteria (see Gilbey & Stein, 1991 and
21-2
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Fig. 2A). Electrode penetrations were usually made medial to the dorsal root entry 
zone with the electrode angled laterally (no more than 15 deg) and units were located 
usually at depths between 800 and 1200 jtim. At times when Pontamine Sky Blue was 
deposited at a recording site the location of the dye was in or just lateral to the 
intermediolateral cell column (Fig. 2B).

CA

IML

*

L i ^  y : . . IC

Fig. 1. The distribution of labelled cell bodies of sympathetic preganglionic neurones after 
applying HRP to the cut end of left lumbar sympathetic chain distal to L4 ganglia. A, 
location of retrogradely labelled preganglionic neurones (marked by dots) constructed 
from superimposed serial horizontal sections. B, horizontal section showing labelled 
cell bodies. C, labelled cell bodies in transverse section taken from LI as indicated in A. 
IML = intermediolateral cell column; IC = intercalated area; CA = central autonomic 
area. Calibration bars = 0 5 mm. Arrows indicate labelled cell bodies.

One-hundred and thirty sympathetic preganglionic neurones were studied ; sixty- 
six (51 %) had on-going discharge and of the remainder thirty were activated by 
ionophoresis of glutamate. From the histograms (Fig. 3) it appears that there is a
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bimodal distribution of estimated axonal conduction velocities of these sympathetic 
preganglionic neurones corresponding to B and C fibres (0‘5-12*5 m/s). The m ajority 
of neurones (92%), however, had conduction velocities of 0-5-l*3 m /s. The 
conduction velocities of neurones with on-going activity and those which were 
quiescent appeared similar (both medians equal to 0*8 m /s).

B

10 ms
Fig. 2. A , antidromic identification of a sympathetic preganglionic neurone by collision 
testing using a spontaneous action potential to trigger the antidromic stimulus, a, five 
superimposed antidromic action potentials ; b, the delay between the orthodromic spike 
and the stimulus to the lumbar sympathetic chain has been reduced to 50 ms and collision 
has occurred; c, the antidromic action potential reappears when delay is increased to 
51 ms. O, orthodromic spikes; # ,  antidromic spikes; arrows indicate stimulus artifacts. 
B, illustrates seven recording sites of sympathetic preganglionic neurones identified by 
Pontamine Sky Blue deposits.

Phrenic-related activity
Forty-eight sympathetic preganglionic neurones from this population had their 

activity analysed for a phrenic-related discharge pattern  ; some had on-going activity 
and others were quiescent but were caused to discharge by the ionophoretic 
application of glutam ate (5-100 nA: see Table 1).

Phrenic-triggered histograms were accumulated over tw enty to sixty cycles (30 ms 
bins). The sympathetic preganglionic neurones were classified according to the 
pattern  of their respiratory (phrenic-related) discharge: those which had their 
highest probability of firing during the period of augmenting phrenic nerve discharge 
(inspiratory related) ; those which had their highest probability of firing during the 
transition between the decrementing phase of phrenic nerve discharge and phrenic 
silence (post-inspiratory related) ; those which had their highest probability of firing 
during both early and late expiratory phases (expiratory related) ; and finally those 
which had a firing pattern  with no clear relationship to phrenic nerve discharge (non-
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Fig. 3. Histograms of the estimated conduction velocities of lower thoracic and upper 
lumbar sympathetic preganglionic neurones. A , the total population of the sympathetic 
preganglionic neurones {n =  ISO). B, those with on-going activity {n =  66); C, quiescent 
neurones (n = 64).

T a b l e  1 .  Respiratory-related patterns of discharge in relation to ECG-related activity patterns

ECG related Non-ECG related Total

Inspiratory related 
Post-inspiratory 
Expiratory related 
Non-modulated

Total

4 (2 )

4(0)
2(0)

11 (5 )

21 (7)

1 (0 )

1 (0 ) 

2 (2 ) 

23 (10)
27 (12)

5 (2)

5 (0 )
4 (2 )

34(15)
48(19)

The number of glutamate-activated neurones are given in parentheses.

m odulated). E xam ples o f these patterns o f ac tiv ity  are shown as histogram s in t ig -
4. The num ber o f sym p ath etic  preganglionic neurones w ith  each type o f respiratory 
m odulation is shown in Table 1. The respiratory m odulation o f the activ ity  of
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preganglionic neurones was not always obvious from visual examination of their 
spike activity (Fig. 5).

ECG-related activity and its relationship to respiratory modulation
ECG-triggered histograms were constructed to analyse the influence of arterial 

baroreceptors on sympathetic preganglionic neurones activity since ECG-related

10 -

5-

c/>
c
<0 050 10 15 2 0 25

10 -

5-

0 05 10 15 20 25

z
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100 15 2005 25

15-1

0 05 10 15 20 25
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Fig. 4. Periphrenic histograms of sympathetic neuronal discharge showing examples of 
four different types of respiratory firing patterns: A , inspiratory related; B, post- 
inspiratory related ; C, expiratory related ; D, non-modulated. B  and C are taken from 
neurones having on-going activity, and A and D  are glutamate-activated quiescent 
neurones. Periphrenic histograms accumulated over forty phrenic double cycles (30 ms 
bins).

activity is indicative of baroreceptor modulation (see Blumberg, Janig, Rieckmann & 
Szulczyk, 1980). The same forty-eight sympathetic preganglionic neurones which 
had been examined for respiratory modulation were analysed (see Table 1). For each 
sympathetic preganglionic neurone ECG-triggered histograms were accumulated 
over 400-600 double cardiac cycles (3 ms bins). The method of categorizing ECG- 
related activity of a sympathetic preganglionic neurone was the same as that used by 
Gilbey & Stein (1991), that is visual inspection.

Sympathetic preganglionic neurones which displayed inspiratory-related, post- 
inspiratory-related, expiratory-related or non-modulated discharge patterns could 
exhibit ECG-related activity (see Fig. 6 and Table 1). In order to determine whether
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sympathetic preganglionic neurones with a particular type of respiratory modulation 
were more likely to have an ECG-related activity pattern than those with other types 
of modulation the G-test of independence was carried out (Sokol & Rohlf, 1969). 
ECG-related activity was not significantly linked to one type of respiratory 
modulation (P > 0 05 but < 01).

0 5 s
Fig. 5. The discharge of sympathetic neurones shown on phrenic-triggered histogram 
analysis to have three patterns of respiratory-related activity: A, inspiratory; B, post- 
inspiratory ; C, expiratory. l w A , B  and C, upper traces show ten superimposed integrated 
phrenic nerve activities; middle traces show ten superimposed sweeps of sympathetic 
preganglionic neuronal activity, and lower traces show single sweeps of neuronal activity.

D IS C U SS IO N

In the present series of experiments the properties of sympathetic preganglionic 
neurones with cell bodies in 13th thoracic, and 1st and 2nd lumbar spinal segments 
which have axons projecting into the lumbar sympathetic chain beyond 4th lumbar 
ganglion have been examined. This is the first neurophysiological investigation of
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this particular population of sympathetic preganglionic neurones in the rat. 
Recordings were confined to the 13th thoracic, and 1st and 2nd lumbar spinal 
segments and the intermediolateral cell column as retrograde tracing studies showed 
the greatest density of sympathetic preganglionic neurones at these locations have
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Fig. 6. ECG-triggered (R-wave) histograms of sympathetic neuronal discharge showing 
examples of ECG-related activity of sympathetic preganglionic neurones with four 
different types of respiratory-related firing patterns : inspiratory {A), post-inspiratory {B), 
expiratory [C] and non-modulated [D). B and C had on-going activity, whereas A and D  
were glutamate-activated quiescent neurones. ECG-triggered histograms : heart periods 
115, 120, 115 and 135 ms, respectively (400 or 600 trials, 3 ms bins).

axonal projections into the lumbar chain beyond the fourth lumbar ganglion. The 
results from the present retrograde labelling study are similar to those reported by 
Anderson, McLachlan & Srb-Christie (1989).

There are some notable differences between the properties of the present sample of 
sympathetic preganglionic neurones and those studied previously which were located 
in the 2nd thoracic segment and had axons projecting into the cervical sympathetic 
nerve (see Gilbey, Peterson & Coote, 1982; Gilbey et al. 1986; Numao & Gilbey, 
1987). Firstly, with respect to axonal conduction velocity those neurones in the 
present sample had a conduction velocity distribution which is different from that 
seen in upper thoracic neurones ; present study mode class 0'7-6'8 m/s, class range 
0-5-12*5 m /s versus mode class 0 5-0 6 m/s, class range 0 2-3-4 m /s (Gilbey et al. 
1982, 1986). Secondly, with regard to respiratory modulation, in a study on upper 
thoracic sympathetic preganglionic neurones, 32% had inspiratory-related, 48%
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expiratory-related and 20% non-modulated firing patterns (Gilbey et al. 1986). This 
compares with the present study where 10*5 % of neurones had inspiratory-related, 
8 % expiratory-related and 71 % non-modulated firing patterns. Additionally, in the 
present study another firing pattern was observed, i.e. post-inspiratory related 
(10-5%). In the study on upper thoracic preganglionic neurones inspiratory-related 
neurones could be divided into two categories: type A ' which fired with a burst of 
action potentials coincident with phrenic nerve discharge and were silent throughout 
the rest of the respiratory cycle and type ‘ B ' which fired consistently in phase with 
phrenic nerve discharge, but also discharged during late expiration. In the present 
study a firing pattern similar to type ‘B ’ neurones was recorded which, however, 
sometimes lacked the post-inspiratory prominent depression characteristic of type 
‘B ’ activity (see Gilbey et al. 1986). The data also indicate that there may be a 
difference in the degree of respiratory modulation of subsets of sympathetic 
preganglionic neurones. In the study on upper thoracic sympathetic preganglionic 
neurones respiratory modulation was invariably obvious from the discharge pattern 
of neurones (see Gilbey et al. 1986) ; however, in the present study such was not the 
case (see Fig. 5).

The above differences between the respiratory-related firing patterns seen in the 
two populations of neurones cannot be explained by differences in blood gases or 
anaesthetics used as in both series of experiments these were similar. Indeed, Darnall 
& Guyenet (1990) recorded from nine preganglionic axons in the sympathetic chain 
between 4th and 5th lumbar ganglia in halothane-anaesthetized Sprague-Dawley 
rats and observed similar respiratory-related firing patterns to those observed in the 
current study. In addition, as ra t sympathetic preganglionic neurones with all types 
of respiratory modulation appear to be amenable to baroreceptor modulation (see 
above and Numao & Gilbey, 1987) the presence or absence of baroreceptor input is 
an unlikely explanation for the differences in respiratory modulation. Interestingly, 
a similar variability in respiratory modulation appears to occur in the cat (cf. Preiss 
et al. 1975; Dembowsky, Konig & Czachurski, 1991 ; Gilbey & Stein, 1991) ; however, 
as yet this has not been studied in detail.

The patterns and the magnitude of respiratory modulation of sympathetic 
preganglionic neuronal activity recorded in the present study are similar to those 
seen in baroreceptor-sensitive ‘ sympathoexcitatory ’ neurones of the rostral 
ventrolateral medulla by Haselton & Guyenet (1989). However, 52% of the 
sympathetic preganglionic neurones recorded in the present study that had ECG- 
related activity had no respiratory modulation of their discharge, whereas only 6 % 
of baroreceptor-sensitive ‘sympathoexcitatory’ neurones recorded by Haselton & 
Guyenet (1989) showed no respiratory modulation. This proportional mismatch 
indicates that non-modulated sympathetic preganghonic neurones under baro
receptor control recorded in this study may receive excitatory input from neurones 
other than baroreceptor-sensitive ‘ sympathoexcitatory ’ neurones located in the 
rostral ventrolateral medulla, unless the latter show considerable divergence. The 
idea tha t many supraspinal pathways converge onto and excite sympathetic 
preganglionic neurones receives support from both anatomical and neurophysio
logical studies (Coote, 1988; Strack, Sawyer, Hughes, P latt & Loewy, 1989, 
Gebber, 1990; Guyenet, 1990).
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As noted above the magnitude of inspiratory- and expiratory-related modulations 
(i.e. inspiratory-related excitation and depression, respectively) of upper thoracic 
preganglionic neurones appears to be greater than th a t of the lower thoracic and 
upper lumbar preganglionic neurones sampled in the present study. Therefore there 
may be a rostrocaudal gradient in the magnitude of inspiratory- and expiratory- 
related modulation of sympathetic activity along the spinal cord similar to th a t seen 
in intercostal motoneurones (Kirkwood, Sears, Stagg & Westgaard, 1982). This 
indicates th a t sympathetic neurones arising in different spinal segments receive some 
of their input from separate sources. The finding th a t activity recorded from 
ipsilateral sympathetic nerves receiving inputs from the same spinal segments is 
more strongly related than th a t from nerves receiving inputs from widely separated 
spinal segments (Kenney, Barman, Gebber & Zhong, 1991) supports this contention. 
Some ‘ sympathoexcitatory ’ neurones of the ventrolateral medulla only innervate a 
few consecutive segments (Barman & Gebber, 1985) so th a t they may be involved in 
the differential patterning of sympathetic activity ; however, the magnitude of the 
inspiratory-related excitation and depression of these neurones is less than th a t seen 
in upper thoracic sympathetic preganglionic neurones, but similar to tha t seen in the 
present study (see above). An attractive hypothesis is th a t bulbospinal ‘pre-motor 
respiratory ’ neurones influence the activity of sympathetic preganglionic neurones 
(see Gilbey et al. (1986) for discussion) as this would readily explain the apparent 
rostrocaudal gradient of inspiratory-related excitation and depression of sympathetic 
preganglionic neuronal activity.

In  conclusion, both qualitative and quantitative differences in the respiratory 
modulation of the firing patterns of sympathetic preganglionic neurones provide 
an explanation for the regional differences in whole-nerve activity recorded from 
the various sympathetic nerves (see Fig. 1, Numao et al. 1987). Sympathetic 
preganglionic neurones with any one of the four types of respiratory modulation can 
receive baroreceptor inputs and may therefore have a cardiovascular function. The 
respiratory modulation of the activity of some baroreceptor-sensitive sympathetic 
preganglionic neurones is both qualitatively and quantitatively different from th a t 
seen in the population of baroreceptor-sensitive ‘ sympathoexcitatory ’ neurones of 
the rostral ventrolateral medulla so far sampled (see Haselton & Guyenet, 1989). 
These observations support the idea th a t supraspinal pathways other than those 
arising in the rostral ventrolateral medulla are im portant in regulating the activity 
of some baroreceptor-sensitive sympathetic preganglionic neurones.

This work was funded by the British Heart Foundation and Medical Research Council, We thank 
P. N. Izzo for his guidance regarding histochemical procedures, C. D. Johnson for technical 
assistance and K. M. Spyer for providing the general support which made this work possible.
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Do caudal raphe neurones relay central respiratory-related inputs to sympathetic 
preganglionic neurones in the anaesthetized rat?

S.-Y. Zhou, H.A. Futuro-Neto* and M.P. Gilbey
Department of Physiology, Royal Free Hospital School of Medicine, Rowland Hill Street, 
London 2PF and *Departmento de Ciencias Fisiologicas, Universidade do Espirito 
Santo, Vitoria, Brazil

Sympathetic preganglionic neurones (SPNs) exhibit patterns of activity 
related to central respiratory drive (see Zhou & Gilbey, 1992). It has been 
suggested that neurones within the rostral ventrolateral medulla relay central 
respiratory-related inputs to SPNs (Haselton & Guyenet, 1989). The aim of the 
current study was to determine whether respiratory-related drives may also be 
transmitted to SPNs over raphe-spinal pathways. Therefore the respiratory 
modulation of raphe-spinal neurones was investigated.

Rats were anaesthetized with sodium pentobarbitone (I.P. 60 mg kg"*) which 
was supplemented with a-chloralose (see Zhou & Gilbey, 1992). The animals 
were paralysed, artificially ventilated, vagotomized, given a bilateral pneumo
thorax and their blood gases monitored. Phrenic nerve activity was recorded 
as an indicator of central respiratory drive. Extracellular recordings were 
made from neurones within the region of caudal raphe nuclei. The neurones 
were antidromically activated by stimulation of the spinal cord in the T1-T3 
region. All units studied could be excited by the ionophoretic application of 
glutamate indicating that recordings were from cell bodies rather than fibres of 
passage. The location of medullary recording and spinal stimulation sites were 
verified histologically.

Twenty-five raphe-spinal neurones were analysed for respiratory modulation 
and three firing patterns were observed. Nine had peak firing during inspira
tion, three during early expiration and six had their activity decreased during 
inspiration. Of those with respiratory modulation, eighteen were tentatively 
identified as projecting to the intermediolateral cell column. Other respiratory 
modulated units had axons projecting to the dorsolateral funiculus or ventral 
horn.

Our results show that inputs related to central respiratory drive impinge 
upon raphe-spinal neurones and are consistent with the hypothesis that these 
neurones contribute to the respiratory rhodulation of SPNs.

Funded by the BHF, MRC, The British Council and CAPES of Brazil.
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increases in glutam ate release during perfusion with adenosine and potassium. These results suggest that the glutam ate localized within 
vagal afférents in the N TS m ay play a m etabolic role rather than acting as a neurotransm itter, o r that the changes in glutamate release due 
to vagal stim ulation m ay be below the threshold for detection by microdialysis.

141.38/P
IMMUNOHISTOCHEMICAL CHARACTERIZATION OF FIBRES INNERVATING VAGAL MOTONEURONES 
OF THE NUCLEUS AMBIGUUS IN THE CAT 
BATTEN. T.F.C., McWILLIAM, PJ^. and MAQBOOL, A.
Cardiovascular Studies, University o f  Leeds, Leeds LS2 9JT, UK
The main group o f  preganglionic parasym pathetic m otoneurones projecting to the heart is located in  the external (ventral) division o f the 
nucleus am biguus. W e have analysed  the transm itter spec ific ity  o f inputs to iden tified  vagal m otoneurones hy co m bin ing  
im m unohistochem istry w ith neuronal tracing. A 30%  horseradish peroxidase (H RP) solution was applied to the cu t central ends o f  the 
thoracic or cardiac vagi o f  pentobarbitone (45 m g/kg) anaesthetized cats. A fter 24-36 h the brain was pm-fused with Zam boni's fixative, and 
transverse cryo-sections o f  the m edulla p o ce ssed  to reveal HRP using tetramethylbenzidine, with diam inobenzidine stabilization to give a 
brow n reaction product. Sections were further processed for im munohistochem istry using neurotransm itter and peptide antisera, and the 
im m unoreaction visualized using an alkaline phosphatase m ethod to give a blue reaction. B row n stained m otoneurones appeared to be 
approached and contacted  by  blue stained fibres im m unoreactive (-IR ) for g lutam ate, yam in o b u ty ric  acid, dopam ine ^h y d ro x y lase , 
serotonin, enkephalin, neuropeptide V, substance P and thyrotropin-releasing hormone. Incidences o f  contacts by other peptidergic fibres 
w ere ra rely  seen D opam ine ^ -hydroxylase, substance P and neuropeptide Y-IR  fibres were seen at higher density  around card iac 
m otoneurones than around o ther vagal m otoneurones. The im munoreactive fibres and term inals visualized around cardiac m otoneurones 
correlate w ell with the results o f  neuropharm acological studies which suggested that several pu tative transm itters m ay act in the nucleus 
am biguus to bring about changes in heart rate.

141.39/P
DISTRIBUTION OF MONOSYNAPTIC CONNECTIONS FROM EXPIRATORY BULBOSPINAL NEURONES 
TO MOTONEURONES OF DIFFERENT EXPIRATORY MUSCLES IN THE CAT 
ROAD, J.D. and KIRKW(X)D, P.A.
Sobell Department o f  Neurophysiology, Institute o f  Neurology, Queen Square, London WCIN 3BG, UK
Expiratory bulbospinal neurones m ake m onosynaptic connections to som e expiratory m otoneurones at thoracic and abdom inal levels 
(Cohen e t al. 1985, J. Physiol. 368,147-178; Kirkw ood, 1990, J. Physiol. 430, 56P; M iller et al. 1985, J. N europhysiol. 54, 155-167), but it 
is not know n to w hich ones. Abdom inal m uscles are d ifferentially  activated during expiration (Leevers et al. 1989 J. Appl. Physiol. 66, 
2189-2195), one possible factor being the relative strengths o f the m onosynaptic connections. W e are investigating the strengths o f  these 
connections to d ifferent m uscles by cross-correlation of the discharges o f expiratory bulbospinal neurones with the efferent d ischarges in 
various m uscle nerves at thoracic and lum bar levels in anaesthetised, paralysed cats. Peaks indicative o f monosynaptic connections (D avies 
e t al. 1985, J.Physiol. 368, 33-62) have been observed for all m uscle nerves tested (T8 intercostal, T8 external oblique, L I  transversus 
abdom inis, L I internal oblique and LI external oblique). Units have been observed with connections to both intercostal m otoneurones and 
lum bar abdom inal m otoneurones. Supported by M RC (Canada).

141.40/P
INVOLVEMENT OF CAUDAL RAPHE NUCLEI IN THE RESPIRATORY MODULATION OF SYMPATHETIC 
ACTIVITY
ZHOU, S.Y. and GILBEY. M.P.
Department o f Physiology, Royal Free Hospital School o f Medicine, London NW3 2PF, UK
W e have investigated w hether caudal raphe neurones are involved in relaying respiratory m odulation to sympathetic efferents. Rats were 
anaesthetized, artific ially  ventilated, paralysed and vagotom ized. Extracellular recordings were m ade from neurones within the m idline 
caudal raphe nuclei w hich were activated antidromically follow ing stimulation of T1-T3 thoracic interm ediolateral cell colum n w ith current 
less than 100/rA. All neurones studied could be excited by the ionophoretic application o f  glutam ate indicating that recordings w ere m ade 
from  cell bodies. Phrenic nerve activity was monitored as an indicator o f  central respiratory drive. The activity o f raphe neurones displayed 
three m ain types o f  firing pattern in relation to phrenic nerve discharge; peak firing during inspiration, expiration and post-inspiration. 
T hese observations support the idea that caudal raphe neurones are involved in relaying resp iratory-related  inputs to sym pathetic  
preganglionic neurones. Supported hy the BH F and The W ellcom e Trust.

141.41/P
INHIBITORY SEROTONERGIC INFLUENCE FROM NUCLEUS RAPHE OBSCURUS ON THE 
CARDIOVASCULAR DEFENCE RESPONSE 
LOVICK, T.A., WANG, W.H. and SCHENBERG, L.C
Department o f Physiology, University o f Birmingham, Birmingham BIS 2TT, UK
A study has been ca rried  out to investigate the m odulatory effects o f nucleus raphe obscurus (N R O ) on the card iovascular defence 
response. In anaesthetised rats, electrical stim ulation in the lateral periaqueductal grey m atter (PA G ) produced a pressor response and 
tachycard ia w ith vasodilatation  in the hindlim b and tachypnoea. Selective ac tiva tion  o f  neurones in the rostra l ha lf o f  N R O , by 
m icro in jec tion  o f  lOOnl O.IM  D .L -bom ocysteic acid (D L H ), attenuated all the com ponents o f  the response by m ore than 50% . 
Electrophysiological studies were subsequently carried out to investigate the m echanism  w hich underlies this e ffec t Stim ulation in N RO  hy 
m icroinjection o f  D LH , was found to inhibit the activity o f  25/31 neurones in the PAG and 9/14 cells in the rostral ventrolateral m edulla 
(RV LM , the m ain synaptic relay in the efferent pathway from the lateral PAG to the spinal cord). M ore than 80% o f neurones in  these areas 
w ere inhibited by iontophoretic application o f  5-H T. The inhibitory effects evoked by 5-H T  and stim ulation in NRO were potentiated 
during  ion tophoretic applica tion  o f  the 5-H T  reuptake b locker paroxetine. W e suggest that serotonergic neurones in N R O  ex ert an
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Abstract

Sympathetic activity is modulated by central respiratory drive. Bulbospinal neurones arising in the ventrolateral 
medulla and A5 region probably contribute to this modulation. In the present investigation the involvement of 
caudal raphe-spinal neurones in relaying respiratory-related inputs to sympathetic preganglionic neurones was 
investigated.

Experiments were carried out on anaesthetized, vagotomized, paralysed and artificially ventilated rats. Extracellu
lar recordings were made from the cell bodies of 53 caudal raphe neurones activated antidromically by stimulating 
the spinal cord between T1 and T3. Their axonal conduction velocities ranged from 0.7-9.1 m /s  (median =  3.8 
m /s). Thirty-six of 53 neurones (consisting of neurones with on-going activity and quiescent neurones activated with 
glutamate) were held long enough for detailed analysis. Of those recorded 26 were in the region of raphe obscurus, 
nine in raphe pallidus and one in raphe magnus. Twenty-five of 36 neurones had firing patterns related to phrenic 
nerve discharge. Of the four firing patterns defined: seven neurones had the highest probability of firing during 
inspiration (inspiratory-related), 10 neurones had the highest probability of firing during expiration (expiratory-re
lated), 3 had the highest probability of firing during post-inspiration (post-inspiratory-related) and 5 had lowest 
levels of firing during early- and post-inspiratory phases (early and post-inspiratory depressed). Of 27 neurones with 
axonal projections through or to the region of the intermediolateral cell column in the upper thoracic cord 19 had a 
respiratory-related discharge pattern. For respiratory-modulated neurones with on-going activity the median of the 
modal inter-spike intervals was 0.08 s. None of the neurones had an ECG-related firing pattern.

The findings of this study also indicate a species difference between rats and cats regarding the physiological 
properties of some raphe-spinal neurones; i.e., an absence of ECG-related activity in the rats. The characteristics of 
the neurones recorded in this study are not those of ‘typical’ 5-HT-containing neurones with reference to axonal 
conduction velocities and discharge characteristics.

Keywords: Rat; Raphe; Respiratory; Sympathetic activity

1. Introduction

* Corresponding author. Tel.: (44-71) 794-0500 X4318; Fax: 
(44-71) 433-1921.

One of the prominent characteristics of sympa
thetic activity is its modulation by central respira
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tory drive. This modulation is seen in many whole 
nerve recordings but the pattern of modulation 
varies between nerves [37] and species (see Ref. 
15). Recordings of the discharges of single sympa
thetic neurones (pre- and post-ganglionic) have 
demonstrated a number of respiratory-related fir
ing patterns: in the anaesthetized rat these in
clude those having the highest probability of dis
charge during inspiration (inspiratory-related), 
expiration (expiratory-related) and post-inspira- 
tion (post-inspiratory-related) [15,23,44].

The supraspinal neurones involved in relaying 
this modulation to sympathetic preganglionic 
neurones have been the focus of a number of 
investigations. Neurones of the rostral ventrolat
eral medulla which relay a major excitatory drive 
to sympathetic preganglionic neurones have been 
reported to display respiratory modulation [16,29]; 
in the rat the three types mentioned above. In 
addition, these rostral ventrolateral medullary 
neurones are also under the tonic influence of 
arterial baroreceptors and are considered to be 
involved only in cardiovascular control [13,28]. As 
not all sympathetic efferents with respiratory 
modulation are under tonic baroreceptor control 
[15,23,44] and as respiratory modulation is ob
served in non-cardiovascular sympathetic neu
rones [5,22] other supraspinal neurones must be 
involved in relaying respiratory modulation to 
sympathetic preganglionic neurones. Recently, 
spinally projecting neurones in the A5 region of 
the ventrolateral pons have been observed to 
exhibit respiratory modulation of their activity 
(mainly post-inspiratory, but also inspiratory and 
expiratory [14]). As these neurones are not com
monly found to be under tonic baroreceptor con
trol [21] they are a possible source of respiratory 
modulation to non-baroreceptor-modulated sym
pathetic efferents.

The caudal raphe nuclei, pallidus, obscurus 
and magnus have been shown to project heavily 
to the sympathetic nuclei of the spinal cord 
[27,40]. Indeed, synaptic contacts have been 
demonstrated with identified sympathetic pregan
glionic neurones [2]. Many physiological studies 
have indicated the involvement of caudal raphe 
neurones in sympathetic control [7,8,10,34]. In 
addition, there are a number of reports in the

literature that the midline of the brain stem con
tains neurones which have respiratory-related dis
charges [20,26]. Therefore, in the present investi
gation, neurones within the region of the caudal 
raphe nuclei (pallidus, obscurus and magnus), 
with axons projecting to the thoracic spinal cord, 
were examined for central respiratory-drive-re
lated discharge patterns and their involvement in 
sympathetic control was investigated. Preliminary 
accounts of this work have been published as 
abstracts [43,45].

2. Materials and methods

Experiments were performed on male 
Sprague-Dawley rats (250-350 g) which were 
anaesthetized with an i.p. injection of sodium 
pentobarbitone (Sagatal, May & Baker, 60 
mg/kg). Supplementary doses of anaesthetic were 
given in the form of i.v. a-chloralose (5-10 mg) 
when required (see Ref. 12). A femoral artery 
and vein were cannulated for monitoring arterial 
pressure and administering drugs, respectively. 
Animals were vagotomized, paralysed with gal
lamine triethiodide (16 m g/kg), ventilated artifi
cially on Oj-enriched room air (see Ref. 11) and 
blood gases monitored as described by Gilbey 
and Stein [12]. Activity was recorded from the left 
phrenic nerve (see Ref. 11). The partial pressure 
of arterial COj was maintained between 35 and 
50 mmHg, that of O2 between 200 and 300 mmHg, 
and rectal temperature at 37 ±  TC.

The head of the animal was fixed in a stereo
taxic frame and the spinal cord stabilized by 
lateral clamps at thoracic vertebrae 11-12. A 
laminectomy was performed to expose the first to 
third thoracic spinal segments and the dorsal 
surface of the medulla exposed by an occipital 
craniotomy. The cerebellum was removed. All 
exposed surfaces were covered with liquid paraf
fin.

A glass pipette filled with Woods' Metal (tip 
diameter 20-30 iim) was used to stimulate re
gions within the left upper thoracic spinal cord 
(T1-T3) to activate antidromically raphe-spinal 
neurones. The tip of the stimulating electrode 
was positioned between 700 and 900 jam below
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the dorsal surface at the dorsal root entry zone. 
Where cervical sympathetic nerve activity was 
recorded, a low stimulus strength ( < 15 fiA, 1 ms 
pulse) for evoking a potential in the nerve was 
used as an additional guide for positioning the tip 
of the stimulating electrode in the region of the 
intermediolateral cell column.

Stimulus sites at which the lowest stimulus 
strength activated antidromically raphe neurones 
were determined, postmortem, from the site of a 
lesion made by passing DC current. Depth- 
threshold maps for antidromic activation were 
then constructed.

Five-barrelled micropipettes were used for 
recording extracellular activity from brainstem 
neurones, ionophoretic application of glutamate 
and marking recording sites (for details, see Ref. 
12). The recording barrels were filled with 4 M 
NaCl and had resistances between 2-6 M/2 (tip 
diameters 2-4 ixm). Recordings were made up to 
300 jLtm lateral to midline and 1-4 mm rostral to 
obex.

Sympathetic activity was recorded from the 
cervical sympathetic nerve (see Ref. 11) and/or 
the greater splanchnic nerve (retroperitoneal ap
proach) using conventional bipolar or implanted 
wire electrodes (see Ref. 12).

Raphe neuronal, phrenic and sympathetic 
nerve activities, blood pressure and ECG were 
recorded on tape. On and off-line analysis was 
performed using a 1401 interface and software 
(Spike 2; supplied by CED) in combination with 
an IBM compatible computer.

Phrenic- and ECG-triggered histograms of sin
gle unit (raphe) activity were obtained and as
sessed as described previously [12], ECG-related 
averages of sympathetic nerve activity were ac
quired using the R-wave of the ECG as a trigger. 
Sympathetic nerve activity was filtered (100-1000 
Hz) and rectified before being averaged.

The medulla and upper thoracic spinal seg
ments were removed at the completion of each 
experiment. Tissue was fixed in 10% buffered 
formaldehyde. 60 or 100 /im transverse sections 
were cut and stained with neutral red. The 
anatomical locations of the stimulating sites and 
recording sites were then determined. Estimated 
axonal conduction velocities were calculated from

the distance between stimulating and recording 
sites. Statistical comparisons between proportions 
of neurones which had different characteristics 
were performed using the G-test of indepen
dence [39].

3. Results

On the basis of antidromic activation, 53 units 
in the midline region of the medulla were identi
fied as sending axonal projections to the upper 
thoracic spinal cord. Standard criteria (i.e., a 
sharp threshold for activation, constant latency

J
B

10 ms
Fig. 1. Antidromic identification of a raphe neurone project
ing into the spinal cord, by collision testing using an ortho
dromic action potential to trigger the antidromic stimulus. (A) 
Five superimposed antidromic action potentials where delay 
between stimulus and orthodromic action potential was 30 ms; 
(B) the delay between the orthodromic spike and the stimulus 
to the spinal cord has been reduced to 29 ms and collision has 
occurred; (C) the antidromic spike reappears when the delay 
is increased to 30 ms. Open circles indicate orthodromic 
spike; filled circles indicate antidromic spike; filled triangles 
indicate stimulus artifacts.
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and cancelation) were used to establish an
tidromic activation (see Fig. 1 and Ref. 44). The 
units studied included those with on-going activ
ity and quiescent neurones brought to threshold 
by the ionophoretic application of glutamate. 
Their estimated axonal conduction velocities are 
shown in Fig. 2A and can be seen to be in the C 
and B-fibre range (mode class = 3-3.9 m /s). As 
all units recorded could be excited by glutamate 
recordings were considered to be from cell bodies 
rather than fibres of passage.

3.1. Respiratory-related activity patterns

Thirty-six of the above neurones were analysed 
for activity related to phrenic nerve discharge 
(used as an indicator of central respiratory drive). 
The estimated axonal conduction velocities of 
this population of neurones is shown in Fig. 2B 
(mode class = 3-3.9 m /s). Estimated axonal con
duction velocities of 34 of 36 neurones ranged

from 0.7-9.1 m /s  with a median equal to 3.8 m /s  
(Fig 2B). Four neurones had axonal conduction 
velocities of less than 2.0 m /s  and therefore may 
be considered as being C fibres. Twenty-seven 
neurones (75%) had axonal conduction velocities 
of less than 5 m /s. Two neurones had conduction 
velocities of 18 m /s.

Phrenic-triggered histograms showed that 25 
(69%) had respiratory-related firing patterns. 
Their distribution of axonal conduction velocities 
is shown in Fig. 2D. The 11 neurones categorized 
as not having respiratory-related activity con
sisted of eight with on-going activity and three 
quiescent neurones brought to threshold with glu
tamate. Four types of respiratory-related firing 
pattern were distinguished; inspiratory, expira
tory, post-inspiratory and early and post-inspira- 
tory depressed.

The inspiratory-related type had the highest 
probability of firing during the period of phrenic 
nerve discharge and the lowest probability of
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w
pa

L ÏU
0 I 2 3 4 5 6 7 8 9 10 18 19

D

Ü 1 2 3 4 5 6 7 8 9 10 18 19

CONDUCTION VELOCITY (m/s)

Fig. 2. Histograms of the estimated axonal conduction velocities of raphe-spinal neurones. (A) All neurones in = 53); (B) neurones 
analyzed for respiratory modulation (n = 36); (C) neurones with axons identified tentatively as projecting to or through the IML 
region in =  27); (D) neurones with activity modulated by central respiratory drive in =  25). Filled bars indicate the number of 
neurones that were glutamate-activated quiescent neurones.
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firing in the period immediately following; an 
intermediate level of discharge was seen during 
expiration (Figs. 3A and 4Aa). Seven neurones 
displayed this type of activity; three which had 
on-going activity and four which were brought to 
threshold by the ionophoretic application of glu
tamate.

Three neurones had the highest probability of 
discharge during early expiration; i.e., post-in
spiration (Figs. 3B and 4Ab). These post-inspira
tory neurones included two quiescent neurones 
activated by glutamate.

Neurones classified as having expiratory-re
lated firing displayed the lowest probability of 
firing during inspiration (Figs. 3C and 4Ac). Of 
the 10 neurones with this firing pattern, seven 
had on-going activity and the remainder were 
glutamate-activated quiescent neurones.

The fourth pattern of respiratory modulation, 
early-inspiratory and post-inspiratory depressed, 
was characterized by a neuronal discharge with a

relatively low probability of discharge in these 
phases of the respiratory cycle compared with 
expiration and late inspiration (Figs. 3D and 4Ad). 
Five neurones had this type of discharge (3 with 
on-going activity, 2 glutamate activated). Respira
tory modulation of neuronal activity appeared to 
be stable on the basis of observations made over 
periods of 5 to 120 min. Fig. 4B illustrates this as 
raster plots for neurones displaying the various 
types of respiratory modulation.

Neurones with on-going activity and those 
which were quiescent brought to threshold by the 
ionophoretic application of glutamate demon
strated similar distributions of the four respira
tory- and non-respiratory-related firing patterns 
(G-test P  »  0.05).

3.2. Recording sites o f  neurones analysed fo r respi
ratory modulation

Of the 36 raphe-spinal neurones analysed for 
respiratory modulation 26 were recorded within

A  A -

yV

1 Sec

Fig. 3. Neurograms of raphe-spinal neurones showing the discharges of neurones that when analysed using phrenic-triggered 
histograms or raster displays showed stable respiratory-related firing patterns. Top traces in A, B, C and D are rectified and 
smoothed phrenic nerve activity. (A) Inspiratory-related firing pattern; (B) post-inspiratory-related firing pattern; (C) expiratory-re
lated firing pattern; (D) early- and post-inspiratory depressed firing pattern.
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the region of raphe obscurus, nine in raphe pal
lidus and one in raphe magnus (Fig. 5). Note 
there is no obvious clustering of neurones with a 
particular discharge pattern. About 60% of the 
neurones recorded in both obscurus and pallidus 
had on-going activity. Eight of nine neurones 
recorded in pallidus had their discharge related 
to central respiratory drive compared with 16 of 
26 recorded from obscurus.

3.3. Inter-spike interval distributions

The 14 respiratory modulated neurones with 
on-going activity had modal inter-spike intervals

R

100 200 300

100 200 300

1

TIME (Sec)

100 200 300

TIME (Sec)

Fig. 4. Peri-phrenic histograms and raster displays showing 
the obtained respiratory-related firing patterns, (a) Inspira
tory-related; (b) post-inspiratory-related; (c) expiratory-re
lated; and (d) Early- and post-inspiratory depressed. Column 
A: Peri-phrenic histograms, upper traces are averaged inte
grated phrenic nerve activity. Periphrenic histograms accumu
lated over 60 phrenic double cycles (50 ms bins); Column B: 
Raster, y-axis is time showing 1 s preceding and up to 2 s 
following the phrenic trigger time (0 s). %-Axis is recording 
time in seconds. Phrenic activities and neuronal discharges 
are all displayed as dots. The raster plots showing consistency 
of respiratory-related firing pattern of neurones over the 
recording period.

OBEX

RORM

RP

1 mm

Fig. 5. The location of 36 raphe-spinal neurones analyzed for 
respiratory modulation. RO, the nucleus raphe obscurus; RP, 
the nucleus raphe pallidus; RM, the nucleus raphe magnus; 
IV, fourth ventricle. Calibration bar 1 mm. Open symbols 
indicate neurones with ongoing activity; Closed symbols show
ing quiescent neurones activated with glutamate, triangles, 
inspiratory modulated neurones; squares, early- and post- 
inspiratory depressed neurones; diamonds, post-inspiratory 
modulated neurones; reversed triangles, expiratory modulated 
neurones; circles, non-respiratory modulated neurones.

of 0.01-0.14 s (bin witdth 0.01 s, median of the 
modes = 0.08 s). The eight non-respiratory modu
lated units with on-going activity had mode 
inter-spike intervals in the range 0.02-0.21 s (bin 
width 0.01 s, median of modes = 0.05 s). Exam
ples of inter-spike interval histograms of neu
rones with different types of respiratory modula
tion are shown in Fig. 6.

3.4. Spinal projections o f  neurones

Spinal cord stimulating electrodes were aimed 
at the intermediolateral cell column as described 
in ‘Materials and methods’. A current of 200-300 
/xA (1 ms pulse width) was passed through the 
electrode to identify spinally projecting neurones. 
Depth-threshold mapping was then carried out to 
estimate the probable trajectories of the neu
rones. This was done by recording the threshold 
current for antidromic activation at a number of 
dorsoventral locations. The depth threshold pro
file for a neurone that had its lowest threshold 
for activation in the intermediolateral cell column 
is shown in Fig. 7. Twenty-seven neurones were 
found to have their lowest threshold for anti-
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Fig. 6. Examples of interspike interval histograms of neurones with different respiratory-related firing patterns. (A) inspiratory-re
lated neurone; (B) post-inspiratory related neurone; (C) expiratory-related neurone; (D) early- and post-inspiratory depressed 
neurone. (Bin width 10 ms; (A) interspike interval accumulated over 725 spikes; (B -D ) 1000 spikes).

dromic activation in the region of the intermedio
lateral cell column (see Fig. 2C for axonal con
duction velocities), six in the ventral horn and 
three in the lateral funiculus. Of the 27 neurones 
which had their lowest threshold in the region of 
the IML determined by the depth threshold pro
file, 19 had respiratory modulation. The respira
tory modulation of neurones with lowest thresh

old for activation from these three sites is shown 
in Table 1.

5.5. Analysis o f  ECG-related firing patterns

R-wave triggered histograms of neuronal activ
ity were computed for the 36 neurones analysed 
for respiratory modulation. In all cases activity

Table 1
Summary of respiratory-related firing patterns of 36 raphe-spinal neurones in relation to their lowest threshold for antidromic 
activation from the spinal cord

INS pINS EXP EP-I NON Total

IML 7(4) 2(1) 7(3) 3(1) 8(3) 27(12)
VH 0 1(1) 2(0) 2(1) 1 (0) 6 (2)
LF 0 0 1(0) 0 2(0) 3 (0)
Total 7(4) 3(2) 10(3) 5(2) 11 (3) 36(14)

INS, inspiratory-related; pINS, post-inspiratory related; EXP, expiratory-related; EP-I, early- and post-inspiratory depressed; 
NON, non-respiratory related neurones. IML, intermediolateral cell column; VH, ventral horn; LF, the lateral funiculus.
The number of glutamate-activated neurones are given in parentheses.
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Fig. 7. The depth-threshold plot showing an example of the 
relationship between depth from dorsal surface of spinal cord 
and threshold current for antidromic activation of a raphe 
neurone. The lowest threshold point was found in the region 
of the IML.

recorded from either the cervical sympathetic 
nerve or splanchnic nerve demonstrated ECG-re
lated modulation during the analysis period, indi
cating that the baroreceptor reflex was func-

t:
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Fig. 8. ECG-triggered averages of the arterial pulse (top 
trace), greater splanchnic nerve activity (middle trace) and 
ECG-triggered histogram of raphe-spinal neuronal activity 
(bottom trace, bin width 20 ms) accumulated over 1000 sweeps. 
Sympathetic nerve activity was cardiac-related but neuronal 
activity was unmodulated. Vertical calibration bar 5 ixV.

tional; however, none of the neurones had their 
activity modulated (Fig. 8).

4. Discussion

This study has shown that in anaesthetized, 
paralysed, vagotomized, thoracotomized and arti
ficially ventilated rats raphe-spinal neurones can 
have their discharge modulated by respiratory 
drive. As the animals were vagotomized and cells 
were not under the tonic influence of barorecep
tors (as indicated by the absence of ECG-related 
activity) the modulation would appear to be of 
central origin. Some of the population of neu
rones must be considered as candidates for trans
mitting respiratory-related inputs to sympathetic 
preganglionic neurones as depth-threshold map
ping indicated a lowest threshold for their an
tidromic activation from the region of the inter
mediolateral cell column which is consistent with 
them sending axonal projections to or through 
this region.

Four patterns of respiratory-modulation were 
seen in this study; inspiratory-related, expiratory- 
related, post-inspiratory-related and early-in- 
spiratory and post-inspiratory depressed. The in
spiratory-related, expiratory-related and post-in- 
spiratory-related modulations are strikingly simi
lar to those seen in ‘sympathetic premotor’ neu
rones of the rostral ventrolateral medulla of the 
rat [16] and those seen in sympathetic pregan
glionic neurones [44]. However, unlike the ‘sym
pathetic premotor’ neurones of the rostral ventro
lateral medulla the raphe neurones were not un
der tonic baroreceptor modulation. Therefore the 
respiratory-related inputs to this particular set of 
raphe neurones do not arise from the described 
‘sympathetic premotor’ of the rostral ventrolat
eral medulla. However, the absence of tonic 
baroreceptor modulation of the activity of these 
neurones, does not preclude them contributing to 
the respiratory modulation of sympathetic pre
ganglionic neurones under baroreceptor control 
due to the likely convergence of multiple inputs 
onto sympathetic preganglionic neurones or an
tecedent spinal interneuronal pools. In addition, 
these raphe-spinal inputs may contribute respira-
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tory-related drive to sympathetic neurones not 
under tonic baroreceptor control [15,44].

Although this is the first report of respiratory- 
related activity patterns of raphe-spinal neurones 
in the rat there are a number of reports concern
ing respiratory modulation of midline brainstem 
neurones in cats [4,6,17,20,26]. Of these only those 
of Connelly et al. [6] and Lindsey et al. [26] were 
carried out under comparable experimental con
ditions to those of the present experiments; i.e., 
animals were vagotomized, paralysed, and artifi
cially ventilated. Also in both these studies some 
neurones were identified as sending axonal pro
jections to the spinal cord. In the study of Con
nelly and co-workers [6] no units in caudal raphe 
with ECG- and respiratory-related activity could 
be antidromically activated from the spinal cord. 
Various patterns of respiratory-related activity 
(inspiratory- and expiratory-related were ob
served by Lindsey et al. [26] for units with spinal 
projections (axonal conduction velocities 15-39.8 
m/s). These units were not analysed for ECG-re
lated activity.

Although raphe-spinal neurones have been 
shown to project to the sympathetic nuclei of the 
spinal cord they also innervate ventral and dorsal 
horns of the spinal cord. The caudal raphe nuclei 
are also heavily implicated in respiratory control; 
efferent projections to the phrenic motor nucleus 
[19], thoracic respiratory motor nuclei [38] have 
been demonstrated and electrical stimulation 
within raphe or injection of chemicals into the 
region influence respiratory activity [7,18,24,25, 
31]. The neurones that have been recorded from 
in this study may also, therefore, be involved in 
the control of respiratory motor neurones; it is 
possible that one raphe-spinal neurone may in
nervate a number of segments and have target 
cells with disparate functions (e.g., sympathetic 
and respiratory). This contention is supported by 
both neurophysiological and neuroanatomical 
studies (Refs. 3, 36 and Cechetto, personal com
munication).

The findings of this study indicate an impor
tant species difference between cats and rats re
garding the physiological properties of some 
raphe-spinal neurones. None of the raphe-spinal 
neurones that were recorded in this study were

under tonic baroreceptor control as indicated by 
lack of ECG-related activity although sympa
thetic outflow and neurones in the rostral ventro
lateral medulla show clear ECG-related activity 
in the same preparation (see above and Zhou and 
Gilbey, unpublished observations). This is in stark 
contrast to the observation that in cats many 
raphe-spinal neurones have ECG-related activity 
[35,36]. A recent study from Gebber’s laboratory 
[42] supports the idea of a species difference; the 
distribution of peak coherence values between 
raphe ‘population’ activity and sympathetic nerve 
discharge in cats varied greatly from that ob
served in rats as did the incidence of peak coher
ence values greater than 0.3 (60% of raphe sites 
in cat compared with 18% in the rat).

The majority of neurones recorded from in 
this study probably had small myelinated axons as 
indicated by their axonal conduction velocity - 
only about 10% had conduction velocities below 
2.0 m/s (probably unmyelinated). Respiratory- 
modulated neurones were not regularly firing and 
the modal class of inter-spike intervals ranged 
from 0.1-0.14 s. On this basis these neurones 
neither have the slow regular firing characteris
tics of dorsal raphe 5-HT-containing neurones [1] 
nor the slow regular firing characteristics of 
raphe-spinal neurones (unmyelinated) located in 
pallidus and obscurus of the rat and cat which 
have been proposed to be 5-HT-containing 
[30,32], However, the neurones recorded in this 
study had comparable axonal conduction veloci
ties to those of the putative 5-HT-containing neu
rones recorded in raphe magnus (rat [41]).

In the caudal raphe nuclei of the rat electrical 
or chemical stimulation produces mainly sympa- 
thoexeitation and pressor responses (Refs. 7, 9, 
33 and Zhou and Gilbey, unpublished observa
tions) and facilitation of phrenic nerve discharge 
[7]. The possible function(s) of the population of 
neurones identified in this study in spinal mecha
nisms of sympathetic and/or respiratory control 
remains to be investigated.
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