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- © ABSTRACT.
\ e e et

This  study ‘was desigped to examine a possible mechanism by which
respiratory wheeze develops. in pulmonary congestion as found in
cardiac asthma.

" " Experiments .were performed on thoracotomised dogs anaesthetized

with ol-chloralose. The influence of sustained pulmonary venous

v
;congestioﬂa produced by partially obstructing the mitral valve and

e]eJating: the left atrial pressure (LAP) for 15 min, on the vaga}
sensory reéeptorslof the aimways was studied.

y Fout&eén out of 15 slbwly adapting (SAR), all [l rapidly adapting
(RAR) and 511 9 bronchidl C:fibre receptors showed significant
sustained increases in activity (+18%, 153% and +50% respectively,
p<0.005) when .LAP was elevated by 9.4%0.2 mm Hg. Six out of 9
pulmonary: Q-fibre receptors examined also increased their activity,
but the change in fhis"group was not statistically signfficant. Also,
all -7 SAR, 5 RAR and 5 bronchia] C-fibre receptors, but not 5
pulmonary C-fibre receptors, examined,;éhowgd significant - graded

increases 1in activity when LAP was increased in steps of 5 mm Hg each

-
- .

up to 15 mm Hg..

Sustained pulmonary vendus congestion (LAP +10.720.2 fm Hg)
increased the tension in ‘aﬁ upber tracheal segment with an intact
motor innervatién by. 6.530.6 g, from a baseline. of 91.8%2.1L g
(n=53 in 11X animals, p<0.001). This reponée was abo1ished'kevefsib1;

by cooling tAg cervical- vagi to 80C. It was alsosabolished by

/

vagotomy, .admin{stration* of atropine and cutting the superior

laryngeal nerves. Stimulation of;atfial.reazpto%s withoutﬁassociated



increases in LAP did not causeé a change in tracheal tenSion.

The result: show that (IY at a modest level of pulmonary venous
congestion,; the RAR were “stimulated maximally, {2) the increase in
trachs1l  tension i= 1 reflex phenomenon with the afferent link in the
myelinated fibres in the vagi and the efferent link fn the superior
laryngeal norves. The RAR are the afferents most likely involved in
the reflex

>It is hypothesised that an increase in the fluid fluxes in the
extravascular. interstitial spaces of the lungs and airways ‘produced
by pulmonary congestion. could result in thg excitation of the RAR.
Stimulation of the RAR ‘reflexly caused an increase in tone of'the

airway smooth muscle. This could be-the mechanism of the respiratory

wheeze seen in cardiac asthma.



 ACKNOWL EDGEMENT S

I Wsh to express my sincere thanks to Df'. C.T. Kappagoda, my
supervisor, for the assistance, advice, encouragement and guidance

that he has given me throughout the study.

&
I alsoy wish to thank Drs. Godfrey Man, R.E. Rossall andL\K.J.

Hutchison for their support and advice thr0ugh6ut this study. .

I thank Dr. K. Ravi for his thoughtful advice and” comments.

—

The assistance of Mr. Alvin Todd, Mr. JackxAhrend and the Staff of
the Laboratories of ~the Surgical and Medical Research Institute,
University of Alberta, in which the experiments described in this

thesis were performed, is gratefully acknowledged.

]

I wish to acknowledge the support of the Alberta Heritage Foundation
. -.‘ - . ’\
for Medical Research and the Division of 'Cardiology, Depﬁftment of

Medicine, University of Alberta.

{
‘

vii -, LY

(23



TABLE OF CONIENIDS

CHAPTER . ’ - | T e
I INTRODUCTION .« i et it i e it ieaie e saae s enaaasanaanans 1
2 OUTLINE OF THE REVIEN OF THE LITERATURE. ... ..o 3
3 REVIEW OF PULMONARY FLUID EXCHANGE DURING PULMONARY 4

CONGESTION . ot i ettt et et eaimaa e can s ma e e 4

Facto;s Affecting Transvascular Fluid Exch%nge

-General Considerations............ccoennn SRR _4

Factors Affecting the Accumulation of Interstitial

Fluid in the LUuNgS..couen et /
Bronchial Circulation.......coiiiiinnnnnnnnn e 9

Methods of Quantifying Lung Water.......... ,[TTi.ﬁ...{ 10
Direct Methods....................................; 10
Indirect‘Methods ................................... 11

Formation of Pulmonary Interstitial and Alveolar

12T (=11, T WA A S R R 14
Anatomical Considerations........cc.iiieeeinnnnnnns 15 ‘
Stages of Develophent of Pulmonary Oedema.......... 16

Mechanisms Producing Pulmonary Congestion and Oedema.. 17

Imbalance of the Starling Forces............cvvu.nn 18c
Altered Alveolar-Capillary Permeability............ 19
Leaky Bronchial Vessels.......cceieiiniininnniennnnnns 19
Lymphatic Insufficiency........ooiiiiiinnnnnennnne. 20
Other MeChanismS...ccveiieierrennnnseaesccccnncasns 21

Summary of Pulmonary Fluid Exchange..... 2o 21
[ N

viii



CHAPTER

R

4  REVIEW OF THE PHYSIOLOGY OF THE PULMONARY SENSORY

RECEPTORS. ...

..............................................

Historical Studies Relating to Pulmonary

Reflexes Associated with the Vagus Nerves..............

Early Electrophysiological Study of Puimonary

Receptors which Discharge into the Vagus...............

FAut

Review of the Individual Types of Pulmonary Receptors.. 27/

Slowly Adapting Pulmonary Receptors (SAR)..........

Distribution of SAR.......... ettt

Morphology and Location of SAR within

Airway Walls......... [

Patterns of Discharge of SAR....... ... ..ottt

Responses of SAR to Other Stimuli...............

p

Carbon Dioxide. ... iiiiiiiannniiiieiennaans
Pulmonary Congestion..........ccoiineiinnennns
Pulmonary Oedema...‘ ....... Y e ecerseseaaeae
Pu]ménary Microembolism....o.ccevririeinnnnnn.
Atelectasis..cveiiirieneeeenanenns e ree e

Responses to Chemicals........ccovnvinnnnnnnn

Rapidly Adapting Receptors (RAR) « e veeeeeeaeaennns

Distribution.of RAR. .. i veieereneneceeenanons

Morphology and Location of RAR in the

Airway Walls...uioieeeninoeenraoeooeaccennnnnnns

Patterns of Discharge-of RAR.......cvcvvenennnn.

Responses of RAR to Other Stimuli...............

Pulmonary Congestion and Oedema..............

ix



CHAPTER . _ PAGE

Pulmonary Microembolism........... ..., 4?2
Anaphylaxis. ... 42
Inhaled Irritants. .. ... uiivninaee.. .. 42

Other Substances whith Influence

Bronchomotor.Toné ........................... 43
Carbon Dioxide......... e 44
‘C-fibr‘e Receptors...... ......................... o 44
Morphology of C-fibre Receptors................ 46
Patterns of Discharge of C-fibre Receptors..... 48

Responses of C-fibre Receptors to

Other Stimuli. .. ... .t it ane 50
Foreign Chemicals.. ... .ot 50

Lung AutocoidS....... .. .. .. B 50
Carbon Qioxide. ... .oty 50
Sleonary Congestion and QOedema............. 51
Pulmonary Embo]ism...................: ...... 52
‘Enflammation ................................ 53
Summaries of Studies on Pulmonary Reteptors........... 53
SAR........ e ‘ ............................. . 53
RAR vt ittt e et ine e tat e 53
C-fihre ReCeplorsS. . it ii it eaenannnnn 54

General Comments - Cautions in the Interpretation

Of DAta. .. ieeeiiiiiiiinieieeneceenssansassasnsasennns 55

5  REVIEW OF CARDIAC RECEPTORS. . ....euerernrnnnnnneaioeecnnns 56
Atrial RECEPLOTS. . vvu i inneieiennnananaseacsoscansnnns 56
Patterns of Discharge.....ccieiiieiirenceannnnnnsns 56



LNAFILR

- f Experimental Methods of Stimulating
Atrial Receptors....qiveeemiinennanneennn. wf...f... 57
Physiological Roles of Atrial Receptors....... L 59
Summary on Atrial Receptors............coiiieinnn. 60
fCardiaq‘C—fibne'Receptors.......................; ...... 61
Atrial C-fibre ReceptorsS. .. .. iimniiinniinnnnnnn. \61
‘ Ventricular C-fibre Receptors...>......... N 61
Right Ventricular C-ﬁibre'ReEeptors ................ ¥4
Electrophysiological Studies.............ooininns 6?2
Summary on Cardiac C-fibre Receptors............... 63
6 REVIEW OF TRACHEOBRONCHIAL SMOOTH MUSCLE............... ... 64
Methods of Studying Tracheobronchial Muscle Tone..... v. 64
Study of Smooth Muscle Tone In-vitro........cceun.. 64

Measurement of Aif Function- (Compliance,
Resistance and Closing Volume)............ S 65

Measurement of Airway Diameter by Serial

~————
Tantalum Bronchograms................ et 65
. Recording Isometric Contraction in the
ti Trachealis Muscle of an Innervated Segment
of the Upper Trachea......coeueveniinnnenennnans 65
Anatomica1‘and Physiological Considerations............ 67
INNervation. . .ee et cereeecacacsonsssansosnnsaases 68
Reflex Regulation of Airway Smooth Muscle Tone........ . 69
N Inputs from Upper Respiratory Tract.......ce.e.ceeen 69
Inputs from Lower AirwayS... ..eeeeeeecacn. S
,“ P Effects of Lung AUtOCOTdS..ceeurreenrannnss ceeeen el 70

LY

Xi



CHAPTER . PAGE
tttects ot Peripheral Chemoreceptors,
Baroreceptors and other Afterent Inputs............ A

fttects of Splanchnic and Peripheral

Chemosensitive Afferents. ... .. ... ... iiiannn 11
tftects ot Administered Chemicals.................. 12
Implications 1n Asthma - Bronchial and Cardtac......... /3
summary on Tracheobronchial Smooth Muscle. .. ........... /4
STATEMENT OF THE PROBLEM. .. .. .. i /o

)
7 GENERAL EXPERIMENTAL METHODS. .. oottt 17
Premedication and Anaesthesiad............c..cionnn.nn 117

<

Artificial Ventilati%n ................................. 78
Measurement of Cardiovascular Parameters............... 79
Temperature CONtrol ... ..u.ueeieimiminneeaenennnnnennns T8l
Production of Pu]monary.Ven;us Congestion..‘ ............ 81

8  PROTOCOL 1. THE ACTIVITY OF THE PULMONARY RECEPTORS
t

DURING PULMONARY VENOUS CONGESTION. ... ... ... .o it 82
Recording Acticn Potentials... ... ... ot 82
Determination of Conduction Velocity...........co.0.n.. 83
Identification of the Receptors....... ...t 84
Experiméntal Protocols.........:............f .......... *85

IA. Activity of Pulmonary Receptors during

Acute Elevation of Left Atrial Pressure

for 15 minuteS....c.ceeenv. B R 86
IB. Effects of Graded Increases in Left Atrial ’
. .1
Pressure on Pulmonary Receptor Activity........ 86

X1



CHAPTER PAGE

1C. tttects ot vagal Cooling, Yagotomy and

Bilateral Carotid Clamping on RAR Activity.... 8/
Location of Receptors in the Lung...........covvnnnn et}
Statistical ANAlySiS. ... 89
AT R I - U

P-otocol lA. Activity in Pulmonary Receptors during
4

Acute Elevat?on of Left Atrial Pressure tor 15 min 9V

ACTivity m SAR. . .uieiti i 9
Activity in RAR....... . 91
Activity in Bronchial C-fibre Receptors........ 92
Activity in Pulmonary C-fibre Receptors........ 94
Cardiovascular and Respiratory Parameters...... 95

Protocol IB. Effects of Graded Increases in Left
Atrial Pressures on Pulmonary Receptor Activity... 9b
Cardiovascular Parameters..........c... e 98

Protocol IC. Effects of Vagal Cooling, Vagotomy o

and Bilateral Carotid Clamping on RAR Activity.... 99
Cardiovascular & Respiratory Parameters........ 101
Localisation of the Pulmonary Receptors........... 102

9  PROTOCOL 11. THE EFFECT OF PULMONARY VENOUS CONGESTION
ON PULMONARY LYMPHATIC FLOW.....icieeennenencecnennnnnns 127

Collection of Pulmonary Lymph from the

Right Lymphatic Duct......... Mmoo veoneacosonensanaases 127
Experimental Protocol........ccevveeen fereeestenaaoen 129
Statistical AnalysiS......c.cevnn eeeresssanesnesans :. 129
RESUTLS. . vveenenenncnancnnns e eeareseecteeraaesaanas 130

xiii



CHAPTER PAGL
lu PROTOCOL I11. THE EFFECT OF PULMONARY VENOUS CONGESTION
ON DYNAMIC COMPLIANCE « o o oo e e e e e e e eae e e e 135

Derivation of Qynamic Compliance 1n the Open-Chest

Artificial]ly Ventilated DOg........covemnnnneerrennn- 135
Experimentdl Protogol.. .. ..ot 136
Statistical AnalySiS. . ..o iieiin 137
TR DR 137

11 PROTOCOL IV. THE CHANGES IN TONE OF A TRACHEAL SEGMENT

DURING PULMONARY VENOUS CONGESTION....... ..o ¢Lh2.. 143
) TrACH@OSTOMY « o evee oo ceeeenae e man s m e e 143
Maintenance of Mean Aortic Pressure........... ... ..., 144

~ Measurement of Tracheal Smooth Muscle Tension......... 144
Experimental Protocols. ...t 145

IVA. Effect of Pulmonary Venous Congestion

on Tracheal Tone. .. .. iie s 146
1VB. Effect of Propranolol on Tracheal Tone

during Pulmonary Venous Congestion........... 147
IVC. Effect of Atropine on Tracheal Tgnsion

during Pulmonary Venous Congestion........... 147
IVD. Effect of Stimulation of Left Atrial

Receptors on Tracheal Tension................ 148

Stimulation of Left Atrial Receptors......... 148
IVE. Effect of Partial Obstruction of the

Tricuspid Valve on Tracheal Tension.......... 149

IVF. Effect of Stimulation of Right Atrial

Receptors on Tracheal Tension................ 150

Xiv



CHAPTER PAGE
~ Stimulation of Right Atrial Receptors........ 150

IVG. t£ffect of Sectioning the Superior Laryngeal

Nerves during Pulmonary Venous Congestion.... 151
Statistical AnalysSiS.. .. .iinnon i ienenennanennnnn. 151
RESUTES . it it it ittt e e it e e 152

Protocol 1VA. Eftect of Pulmonary Venous

Congestion on Tracheal Tone......ooiiieenenenannnn. 152
Effect of Vagal Cooling.......c.oovuuionneennnnn 153
Effect of CapsaiCin. ....oeeeeouenenanenannns ... 154

Protocol IVB. Effect of Propranol on Tracheal

Tension during Pulmonary Venous Congestion........ 155
Protocol IVC. Effect of Atropine-on Tracheal

Tension during Pulmonary Venous Congestioni....... 155
Protocol IVD. Effect of Stimulation of Left

Atrial Receptors on Tracheal Tension.............. 156
Protocol IVE. Effect of Partial Obstruction

of the Tricuspid Valve on Tracheal Tension........ 157
Protocol IVF. Effect of Stimulation of Right

Atrial Receptors on Tracheal Tension.............. 157
Protocol‘T;t. Effeét of Sectioning the Superior

Laryngeal Nerves on Tracheal Tension

during Pulmonary Venous Congestion................ 158

12 DISCUSSION. e vvnnnnnnnnnssnsnnsnenannnsnnnssnnanaseaennns 174
Critique of MEthodS....covvernnrerrananonracaccenccens 176

Nature of the Stimuius ......... cerenens Seeteaaanns 176

Production of Pdlmonary'Venous Congestion...... 176

Xv



CHAPTER PAGE

Identitication of Pulmonary Receptors............ s 177
Recording of Action Potentials. ..ooeeeeeenenn.. 177
Measurement of Conduction Velocity............. 177
Other Criteria. ... ...t aeen 178

Localisation of Receptors.........oiiiiiiinnnnn.. 179

Measurement of Tracheal Tension................... 180

Comments on Resu;ts ................................... 182
Effects on the Pulmonary Receptors................ 182
Effect on the.SAR ................................. 183

' Effect on the RAR. ..cuite e i caiaeaaaanns 184

Effects on C-fibre Afferents..... ... ... vt 185

Time Course of ResSponses........iviiiinneannanaan.. 186

Effects on Tracheal Tome.......oouniuiiminanannnn. 18/

Speculatign on Mechanisms...... ..., 188

Speculation on the Physiology of Stimulation

of the Pulmonary Receptors, particularly the

RAR, during Pulmonary Venous Congestion........... 188
Effect of a Change in Bronchomotor Tone........ 188

Effect of a Change in Compliance of

the LUNG. . ..ottt iie i iseeeeaaaccccannnns 189
Pulmonary Venous Congestfon and Oedema......... 190
Effect of the Bronchial Circulation......... Y19

Speculation on the Mechanism of the Reflex

Tracheal Contraction. ...c.eeeeeeeesceaccsasosasnonns 192
Afferent Limb of the RefleX...ovveevreneennnnnn 192

[ R
Efferent Limb of the Reflex...oveeeiennnenennnn 195

XVi



CHAPTER PAGE
13 SPECULATION ON AN ALTERNATIVE HYPOTHESIS FOR THE
EXCITATION OF THE RAR. ...ttt iaans AP 197
‘ Background. ... ... e [P 199
Hypothesis. . i i i i i i it ic i e 199
Pharmacological Studies............. B 200
YV 111 1T 1 2 201
14 IMPLICATIONS FOR CARDIAC ASTHMA AND ITS MANAGEMENT ........ éob
Speculation on a Mechanism in*Fhe Development
of Respiratory Wheeze During E;rdiac Asthma........... 208
Strategy for MaNAgemMeNnt . .« o eneenee e caaeanaeaeannn Zd7
CONCLUSION. . ... ... i, PP 209
BIBLIOGRAPHY . ..ttt i it ittt ieneecnacaenanns 210
=
1} |
Er
' .

xvii



TABLE

10

LIST OF TABLES

DESCRIPTION - PAGE
Cardiovascular Pafameters; Airway Pressures and Arterial
Blood Gas Measurements during Control and Stimulation

of Pulmonary ReCeptors......ocueenenninnianncennnnnnnns 104

.Pulmonary Receptor Activity during Periods of Control and

Graded Increases in Left Atrial Pressure................. 105
Effects of (a) Blocking Transmission in the Cervical Vag1

on the Responses of RAR to Increases in Left atrial
Pressures, (b) Bilateral Carotid Artery Occlusion on

oY B Yok o 2 A 2 R 106
Cardiorespiratory Parameters during Periods of Control and
Graded Increases in Left Atrial Pressures................ 107
Cardiorespiratory Parameters during Blockade of

Transmission in the Cervicél Vagi...veeniniennennnnnn. 108
Cardiorespiratory Parameters During Bilateral Carotid

OCCTUSTOMN . s e it ie it ietesasonooscacasnssosesasasccssssnnenss 109

" Localisation of Pulmonary Receptors Studied.............. 110

Haemodynamic Parameters, Lymph Collected, Lymph and Plasma
Protein Contents during Control and Elevation of Left

ALridl PreSSUr@...ceeeeeeerecoccoassssossesnsassscssanans 133
Cardiorespiratory ?arameters during Periods of Control and
Graded Increases in Left Atrial Pressure during

Studies on Dynamic Compliance of the Lungs............. «. 140
Effect of Pulmonary Venous Congestionvon Tracheal . ‘p

Tension (370C) .. eivieeeeeneannns e teeenscaetenanenens .. 160

xviii



TABLE

11

12

13

14

15

16

DESCRIRTION .
Effect of Pulmonary Venous Congestion on Tracheal
Tension during Vagal Cooling (8%C)...............iL

Effect of Propranolol on Tracheal Tension during

Pulmonary Venous Congestion...........ciiieuiinncennnens

Effect of Atropirfe on Tracheal Tension during Pulmonary

Venous Congestion. . ..o ternineaeeeectsconenncnnnns

Effect of Stimulation of Left Atrial Receptors on

Tracheal Tension......ceveeeeanns et ..
\ ' .
Effect of Partial Obstruction of Tricuspid Valve on
. 9
Tracheal Tension. . ...e e eeaeeteeaseadanannnannnanaanes
Effect of Stimulation of Right Atrial Receptors on
Tracheal Tension. . ... et tieiriiinenereaanocencacsonns ..
-
\
N
>

Xix

PAGE



FIGURE

1

2

~10

11

12

~

LIST OF FIGURES

Experimental Preparation for Recording Nerve Activity.;..
Partial Obstruétioh of the Mitral Valve......... .
Examples oflfAR and RAR showing the Effects of Sustained
Inflation ofvthe LUNGS e et i i teiaa e ta e
Examples of Bronchial C-fibre Receptor and Pulmonary
C-fibre Receptor showing the Effects of administration
of Phenyldiguanide and Capsaicin Respectively............
Effect J; an Increase in Left Atrial Pressure on the
Discharge from a SAR and a RAR......... ..ot
Effect of an Increase in Left Atrial Pressure on the
Discharge from a Bronchial C-fibre Receptor and a
Pulmonary C-fibre ReCceptor........veiniiiiniannnnenne.
An Example of a SAR showing the Effects of Graded
Increases in Left Atrial Pressure..........veiiveninnnnns
An Example of a RAR showing the effects of Graded
Increases in Left Atrial Pressure...............cnnnn. ...
Mean SAR Activity during Control and Elevated Left

Atrial Pres§ure..................................; .......
Mean RAR Activity During Control and Elevated Left

ALTTA] PreSSUre. « e nenensnennsnenanesnsnenececasnssnensnnn
Mean Bronchial C-fibre Receptor Activify during Control
and Elevated Left Atrial Pressure.........ccveeneneen cens

Mean Pulmonary C-Fibre Receptor Activity during Control

and Elevated Left Atrial Pressure..acceeeeccscacces ceeaan

XX

121



FIGURE

13
14

15

16

17
18

19

20

217

22
23

24

25

¢ 'S | "‘ - PAGE
Average Receptor Activity ih each of 15 SAR during
Control and Elevated Left Atrial Pressure.i....}!...;.... 123
Average Receptor Activity in each of i1 RAR during
Control and Elevaﬁed Left Atrial Pressure................ 124
Average Receptor Activity in eacﬁ of 9:Bronch1a1 C-fibre
Receptors during Coﬁtrol and E]evafed Left Atrial
Pressure..............;..: .......... e e et 125
Average Receptor Activity in each of 9 Pulmonary C-fibre
Receptors during Control and Elevated Left Atrjal
P S SUN e e ittt tieeeaeeennoaeececaneaasnesenaasnneannns L. 126
Experimental Preparation for the Collection of Lymph..... 134
Experimental Preparation for the Measurement of
Dynamic_Comp]iance of the Lungs....cviieiiinnieninnnnnn. 141
An Example of Intra-tracheal Airway Pressure and Air-flow
Curves obtained simultaneously.......cviuivenneinnannnnn.. 142

Experimental Preparation for Measurement of Tracheal

TOMSTOM e ettt eeeetiennennanaeeesaaseseasansessaaanenas 167
7/

Stimulation of Left Atrial Receptors by Stretching of

Left Pulmonary Venous-Atrial Junctions...........coveuune 168
Partial Obstruction of Tricuspid Valve.................. . 169

Stretching of the Superior Vena Caval-Atrial Junction.... 170

An Example.of the Effect of Elevated Left Atrial

Pressure on Tracheal Tension...... e deeenenenee ...,....;. 171
An Example of the Effect of Vagal Cgaling oh the Response
of the Trachéa] Tension to Increases in Left Atrial

PreSSUre.ceerennnss et etteerersesesenencenaesesasasenns .. 172

xX1i



FIGURE

26

27
28
29

30

-¥ PAGE
An Example of the Effect of Capsaicin on Tracheal Tension
during Vagal Cooling with and without Elevated Left
ALrial PresSsUIre. . . . et it iiiiieaiiiinetennsnnananseannns 173
Pulmonary Congestion and RAR Afferent Activity........... 202
Pulmonary Lymphatic Obstruction and RAR Afferent Activity 203
Histamine and RAR Afferent Activity......... ... ... ..., 204
Hypothetical Location and the Natural Stimulus for the

20 O Yol o 1V [ o2 g 205

xxii



CHAPTER 1
INTRODUCTION

The <clinical syndrome of cardiac asthma, seen during the acute
pulmonary congestion that follows left ventricular dysfunction, is
well recognized (1). It has been assumed that the presence of
interstitial oedema associated with the pulmonary congestion sets up
a series o% events that results in the clinical manifestations of
respiratory wheezing, cough, dyspnoea, and, ultimately, the
expectoration of blood-tinged fluid when alveolar oedema develops.
The precise mechanism (or more likely, mechanisms) responsible tor
the respiratory distress assogiated with left ventricular failure has
not been fully investigated although a number of factors have been
considered. For instance, it has been suggested that oedema of t?e
bronchial mucosa increases resistance to air flow (1), producinqia
respiratory distress similar to that found in bronchial asthma, hence
the term “"cardiac asthma”. While this proposition appears to be a
reasonable one, the precise way in which the bronchial oedema brings
about the change in air flow remains unclear.

it is likely that more than one of the fo]lowipg mechanisms are
operative.
1. The accumulation of oedema fluid in the interstitial space causes

mucosal swelling which impinges on the airway lumen (2).
2. Extrinsic compression on the -airway as a result of the

_development of peribronchial oedema and vascular engorgement (3).
3. Decrease in' radial traction as a consequence of the increased

"stiffening of the lungs" from the fiuid and blood accummulating

in the interstitial spaces. As a result the functioeg] residual

1.



capacity of the lungs is reduced (4).
4. Reflex bronchotonstriction (5,6).

The first three of these mechanisms involve changes in local
mechanics of A the lungs and airways due to accumulation of)
interstitial fluid. The mechanism last postulated, the presence of a
neurally mediated reflex bronghoconstniction during pulmonary
congestion, requires further investigation. The present study was
desigqed to examine the presence of such a reflex.

In the series of experiments in this study, pulmonary congestion
was produced by elevation of the left atrial pressure brought about
by partial obstruction of the mitral valve. Then, the effects of
-sustained pulmonary venous congestion on the known afferent vagal
endings of the 1lungs and on airway smooth muscie tone were studied.
Attempts were made to delineate the afferent and efferi?t pathways

involved in changing the tracheal smooth muscle tone during sustained

pulmonary venous congestion. . -



CHAPTER 2

OUTLINE OF THE REVIEW OF THE LITERATURE

In this section, it is planned to review the literature dealing
with the various components which could be involved in reflex
bronchoconstriction. In the study of reflex bronchéconstriction, it
would not be wunreasonable to assume that the afferent nerve endings
in the lungs and airways are the receptors that may be involved.
However, as pulmonary congestion wusually involves elevation of the

Ag{essure in the left atrium, the atrial receptors too, may be
1n;olved. There is little doubt that the smooth muscle of the airways
is the effector organ of the reflex arc. It is likely that the main
afferent nerves from the lungs and airways discharging into the vagus
nerves form the afferent 1link while the motor nerve supply to thé
smooth muscle constitutes the efferent link.

The plan of the literature review in this section is as follows:
1.  Since the development of cardiac asthma involves the accumulation

of fluid in the interstitial spaces of the lungs and airways, the

physiology and pathophysiology of pulmonary fluid exchange,
particularly during the development of pulmonary congestion and
oedema will be reviewed first.

2. The physiology of the receptors thought tﬁ\beinyglved in.the
refex arc will be reviewed. Two major groups‘of receptors, i.e.,
pulmonary and cardiac receptors, wi]]ﬁ§g considered.

3. Finally, the anatomy and physiology of airway smooth muscie and

the reflex regulation of the airway smooth muscle will ‘be

reviewed.



CHAPTER 3

REVIEW OF PULMONARY FLUID EXCHANGE DURING PULMONARY CONGESTION

ap Over the last 30 years, starting with the pioneering work of
f;l:;' Guyton and co-workers “17), studies on the physiology of fluid
%?g&‘ exchange in the lungs and of pulmonary oedema has made tremendous

. advances (8). As the mechanism involved in pulmonary tluid exchange

s

. 1s not  the object of this study, it is proposed to review only the
oy
Lo ™
~ tollowing:
A. Factors aftecting transvascular (transcapillary) fiuild exchange,
8. Factors aftecting accumulatation ot interstitial fluid 1n the
tungs. I ncluded in this are the pulmonary and bronchial
circulations and pulmonary lymphatic flow,
C. Methods of quantifying lung water,
: . . L t
0. Formation of pulmonary interstitial and alveolar oedema,

E. Mechanisms {including experimental techniques) of producing

pulmonary congestion and oedema.

A. Factors Affecting Transvascular Fluid Exchange - General

Considerations .

During the last decade of the nineteenth century, Starling
published a number of papers dealing- with transvascular fluid
exchange and pointed out the importance of iA!'gigicular hydrostatic
pressure and of proteins in exerting osmotic effects in transvascular
fluid ‘exchange_ (9,10). Probably because of the 1mportance of this
work, the mathematical equation describing the way water moves in and
out of the 1lung and other tissues in response to hydrostatic and
osmotic forcgs in microvascular vessels, interstitium and lymphatics
is now called the Starling Equation. The final form of this equation,

4.
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as shown below, was defined during the ftirst half ot this century

(11,12,13).
Ot = Kf UPpy - Ppmy) - 0 ¢(Tlpy - Tlpmy)
where |
Q¢ = net flow (rate of transduction) of tluid from blood
vessels to interstitial space,
K¢ = apparent fluid filtration coefticient,
a ¢ = reflection coefficient of proteins,
Pawv = hydrostatic pressure in microvasculature,
Ppmv = hydrostatic pressure in perimicrovascular
interstitium, .
Ty = colloid osmotic pressure in microvasculature,
M omv = colloid osmotic pressure in perimicrovascular

i;}erstitium.
f \
- Though the Starling Equation gives an apparently simple means of
determining the fluxes of water between the microvasculature and the
surrounding interstitium, there are a number of difficulties in
measuring some of the factors involved in the equation, particularly
under different physié]ogical conditions.

e

Classically, it has been thought that filtration occurs at the

.

arterial end and absorption at the venous end of the capillary
gétause of‘the hydkosiatic‘pressdre éradient along the capillary.

In general, microvaséu\ar hydrostatic pressure can be estimated
by measuring ‘the diffefénce between the pre-capillary and post-

capillary pressures, while the plasma oncotic pressure approximates

B ad



b.
closely to the microvascular colloid oncotic pressure. Perivascular
interstitial | hydrostatic and colloid osmotic pressures can be
estimated by measurements of hydrostatic pressures in implanted
capsules -and determining the colloid osmotic pressure of the lymph in
these capsules respectively.

K¢, the microvascular  membrane tiltration coefficient 1s

~defined a; the conductahcé to f{]tered liquid, i.e., the product of
the membrane hydraulic conductivity per wunit area ({Lp), and the
‘exchanging surface area (A). Therefore,K K¢ is directly proportional
to the total surface area of the exchanging vessels and inversely
proportional to their thickness.

In experimental studies, it has often been assumed that the
retlection coefficient, ¢ ¢, 1is equal to one,’i.e., colloids are
not allowed to pass through the capillary membrane. However, it s
known that macromolecules do pass the capillary membrane by a number
of possible  ways: {i) through clefts 1in the membrane, {i1)
pinocytotic processes in the capillary endothelium, (iii) in the

© presence of a raised hydrostatic pressure, and (iv) damage to the
endothelial barrier by toxins. Comparatively smaller molecules appear
to pass more freely. Thus, it has been found that the mean lymph to
plasma protein ratio may be as high as 0.75 with the larger
molecules, e.g. globulin, showing a higher reflection coefficient and
a lower lymph to plasma ratio than smaller molecules, e.g. albumin
(14). Blake and Staub have suggested a d ¢ of 0.8 for plasma
proteins (15).

Bg}ides the various factors associated with the Starling

Equation, the degree of lymphatic drainage also determines the
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accumulation of interstitial fluid. The lymphatics play a key role in
rehbv?ng %]uid from the interstitial space, 1.e.,

Rate of accumulation = Qf - Qyymph

where Qf = flow of fluid from blood vessels to the interstitial

space and Qyymph * flow of fluid in the lymphatics.

B. Factors @ffecplqg‘ the‘ﬂAccumulatijgljzﬁ_knterstitial_fj}igiwtﬂ_gng

Lungs
In the lungs, microvascular hydrostatic pressure can be estimated

with reasonable accuracy by obtaining the mean pulmonary artery

pressure (PAP) and the pulmonary capillary wedge or left atrial
pressure  (LAP). Then microvascular hydrostatic  pressure is
calaculated fromy Pgy = LAP + 0.4(PAP - LAP). With regard to the
measurement of the perivascular hydrostatic and colloid eosmotic
pressures there appears to be some unresolved issues. These are
discussed further below.

Experimentally, it has been assumed that,

(1) pleural pressures or hydrostatic pressure in implanted capsules
are close approximations of the perimicrovascular interstitial
hydrostatic pressure (16).

(2) colloid osmotic préssure of lymph collected from the area or the

colloid osmotic pressure in the free space of implanted capsules

in the area is representative of the interstitial colloid osmotic

pressure (17).

However, Staub and other workers have pointed out some

v

inaccuracies in such assumptions (8). Firstly, it was found that, by

. ’
inserting micropipettes into the perivascular interstitium of the
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hilar vessels of dog lungs, the directly measured perivascular
interstitial hydrostatic pressure was much more negative than the
pleural pressure, particularly at higher lung volumes. Secondly,
Staub pointed out that the colloid osmotic pressure of lymph
collected from the lungs might be contaminated by lymph from other
parts of the body.

K¢, the microvascular membrane filtration coefficient 1in the
lungs, which is directly proportional to the total surface area of
the exchanging vessels and inversely proportional to their thickness,
has never been measured accurately. It has been suggested that in the
lungs, fluid exchange takes place in “pulmonary vessels with a
thickness of 50 um or less, with the capillary bed accounting for 95%
of the total fluid exchange and the remaining 5% accounted for by
extracapillary vessels formed by venules and arterioles adjacent to
these capillaries (13).

In the 1lungs, the reflection coefficient, o ¢, does not differ
from that of the other organ systems (see pg.6 for further discussion
on 0 f),

Pulmonary oedema occurs when Qf 1is markgdly increased and the
pumping capacity of the lymphatic channels is exceeded. In the dog,
at rest, lymphatic flow has been measured to be 3-4 ml per hour (18).
By extrapolating from animal data, it has been estimated that in the
average 70-kg person, the average Q]ymph at rest is approximately
20 m1 per hour (19). Experimentally, 1ymphhf10w rates of up to 10

‘times control values have been reported (8). The role of lymph flow
and formation of pulmonary oedema will be dealt with in a 1qter

section (pg.16-17).



Bronchial Circulation

The bronchial arteries~ and their branches supply slood from the
systemic circulatian to the conducting airways and extend the entire
length of the airways to the respiratory bron;hioles (20). In the
region of the respiratory Bronchioles, overlap exists with blood from
the pulmonary ‘artery. Thus; despite the relatively small size of this
circulation when compared to that of the pulmonary circulation,
changes in the bronchial circulatipn can be expected to have an
influence on the activity of airway receptors.

0f considerable importance \in this regard appears 1o be~the
distribution of the venous portion of the cirgulatjon. Along the
length of the airways, the bronchial veins form a communicating
network>‘that consists of a plexus on either side of the bronchial
muscle linked by transmuscular venous channels. The .submucosa1
venules form a venular plexus which parallels another venﬁlggwplexus
that is formed by larger vessels and isllécated in the peribronchial
connective ‘tissue, outside the carti]éginous plates (20). It is
believed that while some of the bronchial venous blood drains into
the systemic venous system, a significant proportionﬁdraihs into the
pulmonary veins (20). )

" This afrangemeni of the venous systém could have a significant
role in the production of* bronchial mucosal oedeﬁa. Elevation of
pu]monary venous pressure can result in 1hcreases 1n pressure of the
bronchial venous system. Also, contraction of bronch1a1 smooth muscle
" may interrupt many, if not all, communicating channe]s connecting the
venous plexuses on either  side of the ﬁuscle layer, ang interfere

with the venous drainaQe from the bronchial capillaries and
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. submucosal veins (20). Whatever the initiating cause, engorgement of
the submucosal veins could lead to submucosal oedema and possibly
affect the activity of the afferent nerve endings located in this
area.

Recent studies have shown the importance of ‘}he bronchial
circulation as a possible source of interstitial oede%a. This effect
is rélated to the concept of "leaky bronchial vessels”. It has been
shown that administration of histamine, by whatever route,
transiently caused transduction of fluid across the bronchial venules
wﬁile leaving the pulmonary microcirculation unaffected (21). This
mechanism has been postulated to be due to stimulation by histamine
®f contractile fibrils in the endothelial cells lining the bronchial
venules and capillaries, causiég the interendothelial junctions to be
stretched, and resulting in gaps which allow fluid to enter the
interstitial space (22).

This finding suggests that the venular smooth muscle was not
responsible  for the leak age. It can be hypothesized that,
peribronchiolar oedema as part of the exudative process due to local
injury such as bronchitis, could occur as a result of the leaky
bronchial venules present in the submucosal bronchial venular plexus.

C. Methods of Quantifying Lung Water

LUng water can be quantified by either direct or indirect
methods.

Direct Methods

A1l these methods involve examination of ‘the lungs directly.
’ )
\Examples of these methods are:

(1) Repeated weighing of "~ an isolated perfused lung as an indication
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of changes 1in 1lung water based on changes in weight (23). The
main drawback is that in the isolated Tung, there is interruptio;\\\\
of the Ilymphatics and therefore, it does not reliably reflect a
physiologiéairchangel

(2) Measuring. the ratio of wet-to-dry lung weight is the standard
method in the quantitative assessment of lung water. In this, all
blood is drained from the vessels and the lung is weighed, then
dried and weighed again (7). One of the disadvantages of this
method is that there is usually an amount of retained blood in
the smaller blood vessels despite efforts to drain it. Also, it
can be used only to determine the end—resu]t\of a prolonged
experiment and not for repﬁated observations at short intervals.

Inairect Methods

>
A number of indirect methods are used, some of which are listed

below: : N

(1) Vascular injection of freely diffusible tracers (Chinard
technique).
This method involves derivation of simultaneous indicator-
dilution curves from measurements of a detectable tracer
substance that remains in the vasculature and one that diffuses
quickly jnto the interstitial space (24). Usually radio-labelled
red bloéd cells or plasma albumin is used for the former and a
water tracer (3H20) for the latter. This method has a sound
theoretical basis, is safe and is easily repeatable. However,
Staub (8) has shown that, using this method, the extra-vascular

lung water volume in normal resting supine man averages about 2.8

ml/kg body weight, whereas the corresponding value in dnormaI"



(2)

(3)

12.

lungs examined post mortem was 5.8 ml/kg body weight. Thus, 1t
appeared that Chinard's‘ technique detected only half the lung
water present. A number of reasons have been suggested 1o explain
this discrepancy: (i) the distribution of blood flow may be
uﬁeven so that the tracers do not reach all parts of the lungs
(25) and (ii) the water tracer such as tritiated water (3H20)
may not equilibrate with tissue water in one single transit
interval and problems with recirculation arises (13). If "heat”
is used as a tracer, as in the thermal dilution method,
overestimation of 1lung water may occur because heat may reach
non-aqueous elements of the lung (13). Attempts are being made to
modify the method and to correct for inaccuracies in the
indi;ator dilution curves, e.g. by the use of correction factors.
Inhalation of soluble inert gases (Cander and Forster technique).
This is based on the same principle as the indicator dilution
technique. A soluble inert gas such as acetylene or nitrous-oxide
is inha]ed and the amount of lung water is estimated based on the
inspired volume, time taken, concentration and solubility
coefficient of the gas (26). This method suffers from
inatcuracies due to lung inhomogeneities and maldistribution of
ventilation in the lungs and tends to underestimate lung water.
Substraction of gas volume from lung volume.

In this method, thoracic volume 1is calculated from postero-
anterior and lateral radiographs. Gas volume is measured by a
body plethysmograph. The difference reflects the tigsue volume of
thé lungs (minus the volume of the heart, mediastinum and

subphrenic  structures){_ (277.> The method suffers from the

A

~



(4)

(6)
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disadvantage that the radiographic ang body plethysmographic
measurements are not made simu]taﬁeous{y. Moreover, the
measurements are made.with the subject in different postures.
Chest radiography
This method 1is used roﬁtinely in clinical practice in estimating
pulmonary oedema. [t has been found dy monitoring lung water Dy
the double indicator method that chest radiography becomes
abnormal when 1lung water increased by 30-80% (28). One study,
examined the presence of basal horizontal lines on chest
radiographs in patients with elevated left atrial pressure, and
showed that these lines were invariably present when the left
atrial pressure was 24 mm Hg or higher (2?). However, the main
drawback of the technique is that it is not quantifiable.

\
Densitometry

This  method inyo]ves assessing the changes in radiographic
density using a‘densitometer to indicater changes in lung water.
It is no wmore sensitive than a critical visuad examination of a
chest radiograph (30).

Computerized tomography

This method gives aﬁ absolute measurement of density (31).
However, it has been found that, in oedema, as the extravascular
water volume rises, the computed pulmonary blood volume and air -
volume ¢may fall, thus complicating interpretation of the results.
It has been suggested that it may be more advantageous to select

peripheral areas of lung, away from major blood vessels té avoid

the above complication.,
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(7) Impedance plethysmography
Changes in transthoracic impedance have been used previously to
detect changes in lung water and pulmonary oedema. However, its
sensitivity suffers because of the wide range of impedance with
changes in posture and its inability to distinguish vascular from

extravascular fluid (32).

(8) Other methods

A number of techniques measuring the volumes of plasma,
extracellular water and tota) lung water in the steady state are
being developed using radio-labelled substances, e.g., albumin,

and externally detecting these substances by scintigrams (33).

Another method involves wusing positron emission tomography to

measure lung water1(34). These methods are still in the state of

development and their value remains to be established.

The methods of estimating lung water decribed above range from
those used only in the animal laboratory to those used in the usual
clinical setting. It s obvious therefore that, in any given
situation, a choice has to be made as to which technique would be the
most appropr®ate depending on the circumstances. To date, not one
method has emerged as the "gold standard" with which the others could
be compared and standardized.

-
D. Formation of Pulmonary Interstitial and Alveolar Oedema

From the discussion on the bronchial circulation (pg.9-10), it
would appear that bronchial oedema and pulmonary oedema may be two
separate entities, one being associated with the proximal airway and

-

the other with the distal. This proposition could be supported to
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some degree by the clinical observations that cough and wheeze would
be related to bronchial mucosal oedema and the expectoration of blood
-tinged fluid more related to the advanced stages of pulmonary
oedema. However, excepting the >extra~pu1monary airways, the
"interstitial space" of the 1ungs/ is in intimate contact with the
intra-pulmonary airways as well as the alveoli. Changes in the
pulmonary circulation leading to changes in the interstitial fluid
content are likely to have profound influences on the bronchial tree,
firstly via local mechanical effects referred to previously on page

1. and also because of the close connection between the pulmonary and

bronchial veins (pg.9-10).

Functionally, for efficient gas exchange, the alveoli and the
interstitium between the alveolar epithelium and the capillary
endothelium need to be as clear of fluid as possible. Thus, if
excessive fluid accumulates in the interstitial space or if fluid
accumulates in the alveoli, gas exchange will be impaired and a

pathological process exists.

Anatomical:Considerations ’

. Anatomically and functionally, the air in the “afveoli s
séparated from the blood in the capillaries by 3 distinct 1ayers,»the
alveolar 7¢githelium, the interstitium and the capillary endothelium.
The capilla}j\\éndqxhelial cells join to each other by abutment,
interdigitation or ;:;;?ap.of their cytoplasmic projections to form a
continuous cytoplasmic tube. At the junction of the cytoplasmic
projections are clefts which communicate between the capillary and -

interstitium. These clefts are of varying sizes, averaging 40 ym in

width, and because they widen with relatively small increases in
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vascular pressure, they are referred to as “loose juncti&ns”.

On the other hand, the epithelial lining of the alveoli is
predominantly made up of large squamous cells. type 1 pneumocytes,
with thin cytoplasmic projections, and a smaller number of granular
"type 11 pneuézcytes. In contrast to the "loose junctions" of the
capillary endothelium, the projections of the epithelial cells
overlap, abut and fuse to obliterate the "junctional clefts". These
intercellular fusions require much greater distending forces than do
the capillary endothelial Jjunctions and are referred to as "tight
junctions", and their function appears to be to prevent easy fiooding

I

of the alveoli.

The interstitium has been divided into 3 compartments: (i) the
alveolar interstitium in the alveolar septa, (ii) the extra-alveolar
interstitium surrounding the large airways and blood vessels and
(iii) the junctional interstitium, lying between the other two
compartments. The alveolar interstitium is formed partially of
opposeds epithelial and endothelial basement membranes and partially
of looser tissue containing bundles of elastic and collagen fibrils
and fibroblasts. This part of the interstitial space has been
referred to also as the "tighﬁﬂ interstitial  space". The
extra-alveolar interstitium consists of a loose network of connective
tissue surrounding the pulmonary vessels and bronchi. The junctional
interstitium 1is described as the point where three alveolar septa
meet and this forms a connection with the alveolar interstitium (13).

Staqes of Development of Pulmonary Oedema

y

The following is a descriptiomr of the development of pulmonary

oedema, which develops initially in the interstitial parenchyma.
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However, as more fluid accumulates in the interstitial space, 1t will
have an influence on the lumen of the bronchial tree (pg.13). The
stages of the development of pulmonary oedema described below is an
attempt at explaining the progression of this pathological process.

The development of pulmonary congestion and oedema has been
divided into three stages (35). During the initial phase or Stage 1,
there is an increase in -transfer of 1liquid and colloid from the
capillaries  through the interstitium. There -is no 1increase in
interstitial volume because of an equal increase in lymphatic Flow
due to increased lymphatic pumping.

Stage 2 is approached when the pumping capacity of the lymphatics
is reached or exceeded. There is an aCCumulafion of fluid and colloid
in the more compliant junctional and extra-alveolar interstitial
spaces.

Wwhen the filtered load is further increased, the capacity -of the
loose interstitial space is exceeded. There 1is distension of the
tight interstitial spaces and the pressure may , be sufficient'to
disrupt the tight junction of the alveolar membrane, leading to
alveolar oedema. The fluid initially accumulate at the corners of the

alveolar-capillary membranes (Stage 3a) followed by alveolar flooding

(Stage 3b) (35).

E. Mechanisms Producing Pulmonary Congestion and Oedema .
A

The factors leading to the development of pulmonary congestio
and oedema can be generally grouped into (a) imbalance of the
Starling forces, (b) altered alveolar-capillary membrane permeabi1ity

and (c) lymphatic insufficiency. The rolé of the bronchial

. rs
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circulation in producing beonchial mucosal oedema has already been

18.

reviewed (pg.9-10).
(a) Imbalance of the Starling Forces
These may present as:

RaTsed Left Atrial Pressure (increased Pmv)

Clinically, mitral stenosis and left‘ventricular failwre are the
common disease conditions associated with a raised left atrial
preséure. Experimentally, raised left atrial pressure can be produced
by partial obstruction of the mitral valve (6) or partial occlusion
of the aorta (7). The length of time required for these manoeuvres to
initiate pulmonary oedemé is not known. Clearly, this is related fo

\

the extent as well as the duration of raised left atrial pressure.
Guyton and Lindsey showed that left atrial ‘pressure of less than 25
mm Hg did not produce pulmonary oedema (7). Rossall & Gunning showed
that the presence of basal horizontal 1lines on chest radiographs
invariably appeared in pétients with left atrial pressures greafer
ihan 24 mm Hg. These lines were attributed to an "increase in bﬁ]k of
the interalveofar septa” due to increased tissue fluid (29).

Widdicombe (36) avoided the development of pulmonaryﬂgedema by

.. (/(
raising left atrial pressure by 30 mm Hg for only 2-3 mfnutes@ Guyton

and Lindsay observed that at normal plasma protein concentrations,

pulmonary Qedema occurred afteri30 minutes, only when the left atrial

pressure exceeded 25 mm Hg (7). Interestingly, Erdman et al suggested
a hyperbolic relationship between vascular pressure and increases in

ﬁng water (12).

Increased Pulmonary Arterial Pressure (increased Pmv)

Clinical examples of sudden increases in pulq?nary arterial
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pressure associated with pulmonary oedema are situations where there
is an acute volume overlioad such as overinfusion of intravenous
solutions. In the laboratory, increased pulmonary arterial pressure
can be produced by aorto-pulmonary shunts and infusio; of large

)
amounts of crystalloid solutions (37).

-

Decreased Plasma Colloid Osmotic Pressure (decreased tl@il

In the clinical situation, decreased plasma colloid osmotic
pressure more often produces peripheral oedema than pulmonary oedema
because of the higher arterial pressure encountered in the systemic
circulation. Experimentally, acute pulmonary oedema has been produced
by replacing plasma-containing proteins with crystalloid solutions
(37). The mechanism of production of this form ofpulmonary oedema is

probably multifactorial.

{(b) Altered Alveolar-Capillary Permeability

Altered alveolar-capillary permeability has been the postulated
mechanism in producing pulmonary oedema in a large number of clinical
conditions sometimes grouped under the condition "adult respiratory
distress syndrome" (ARDS). Agents that bring about this change are
usually toxins from bacterial, viral or parasitic sources, chemicals
such as phosgene and chlorine, and autocoids such as histamine and
_ bradykinin.

(c) Leaky Bronchial Vessels

The concept of "leaky" bronchial vessels has been reviewed to
earlier in the section on the bronchial circulation (see pg.9-10).
Using histamine, bradykinin and serotonin, Pietra and Fishman (20)
have come to the following conclusions regarding “leaky.bronchial

vessels":
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1. Certain agents, traditionally believed to cause pulmonary
leak 2ge, elicit bronchial venular leakage instead.
2. This effect was independent of the route of administration.
3. VIn the lunygs, the affected vessel are systemic venules, i.e. the
bronchial circulation.
4. That contraction of the bronchial venular smooth mﬁscle was not

responsible tor the leakage (20).

(d) Lymphatic Insufficiency

This may be brought about by a surgical intervention, e.g., post
lung transplant or disease conditions such as lymphangitic
carcinom;losis. Experimentally, surgical interruption of the
lymphatic channels has not been wused to produce pulmonary oedema.
However, elevation of the systemic certral venous pressure by 15 to
25 mm Hg has been shown to cause lymphatic obstruction by applying an
afterioad to the major lymph vessels, and increased lung water (38).

Uhley et al (18) described a method of collecting lymph from some
areas of the lungs by preparing an isolated venous pouch from that
part of the right external jugular vein into which the pulmonary
lymphatic vessels drain in dogs.

It ha% been pointed out previously (pg.16-17), that during the
earlier stages of pulmonary oedema, the tendency of the interstitial
fluid to accumuiate 1is prevented by increased lymphatic drainage.
Guyton and Lindsey (7) demonstrated that below a critica¥ pressure of
25 mm Hg in %he left atrium of the dog, lynphatic drainage was

»

sufficient to prevent fluid accumulation. It 1is conceivable that

where the 1ympb3315//ﬂnaiqggg from the 1lungs 1is obstructed, left

atrial pressures below this critical value could likely produce’a
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form of oedema in the lung.

(d) Other Mechanisms

A number of disease conditions have been found to lead to
pulmonary oedema, e.g., that associated with high altrtude, narcotic
overdose and eclampsia. The mechanisms in these situations have not
been completely clarified, probably because of the lack of suitable

animal models.

Summary on Pulmonary Fluid Exchange

(1) Since the pioneering work of Starling, the study of transvascular
fluid exchange has made a tremendous progress, particularly in
the last three decades.

(2) The Starling Equation is widely wused to describe the
transvascular movement of lung water.

(3)\Ip order to study the physiology and pathophysiology of pulmonary
congestion and oedema, as well as for clinical purposes, a large
number of methods have been developed to measure lung water.
However, none has been found to be applicable in the majority of
situations.

(4) The causes of pulmonary congestion and oedema have been
extensively investigated because of their importance in the

management of clinical pulmonary 6edema.

.



CHAPTER 4

REVIEW OF THE PHYSIOLOGY OF THE PULMONARY SENSORY RECEPTORS

The literature of the pulmonary sensory receptors discharging
into the vagus nerves 1is extensive. A number of papers and reviews
have discussed at length the possible roles of these receptors in the
requlation of respiration and the various cardiorespiratory reflexes
associated with these receptors (39°40,41). There is little
information concerning the role of these receptors in cardiac asthma.
Since the aim of the present study is to investigate a possible
sensory mechariism involved in cardiac asthma, it 1is intended to
discuss the general physiology of the pulmonary receptors with an
emphasis on the activity of these receptors during pulmonary
congestion and oedema where appropriate. It is planned to present
reviews of:

A. Early studies dealing with pulmonary reflexes associated with the
vagus nerves and how these studies gave rise to the concept of
pulmonary receptors before they were identified.

B. Early electrophysiological studies on the pulmonary receptors and
their differentiation into subtypes.

C. Detailed reviews of the of the properties of the different

pulmonary receptors.

A. Review of the HistorfCal Studies relating to Pulmonary Reflexes

associated with the Vagus Nerves.

During the nineteenth century, the origin of the rhythmicity of
respiration and the role of the vagus nerves were actively pursued
and the concept of a ‘“respiratory centre" was advanced (42). Work

22.
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by Krimer, Traube, Rosenthal and Hall, among others, gave rise to the
\concept of. a constant drive from a respiratory centre. The effect of
the vagus was thought to be excitatory to breathing via a reflex
action mediated by the level of alveolar carbon dioxide (42).

In 1868, Hering and Breuer described a reflex, now bearing their
names, in which inflation of the 1lungs stopped respiration in
inspiration. They inferred that inflation of the lungs mechanically
stimulated nerve endings in the 1lungs and the resulting impulses
#hich ascended in the vagi were inhibitory to inspiration (43). Thus,
the concept of a negative feedback was incorporated into the theory
of control of respiration. | .

In 1889, Head's paradoxical reflex was described. It was found
that when the ice-cooled vagus nerves of the rabbit were being
rewarmed, moderate inflation of the 1lungs evoked a vigorous
diaphragmatic contraction (44,45). This “paradoxical reflex" was
regarded as the reverse of the Hering-Breuer reflex. However, very
often Head's paradoxical reflex has been equated with the "gasp-
reflex" (39), defined as a brief powerful contractiop of inspiratory
muscles evoked by a large, abrupt inflation (46). It has been
demonstrated also that the paradoxi;a] reflex could be evoked when
the vagi were cooled to between 3 and 50C (47,48), a finding which
would be of considerable interest when the afferent limb of this
reflex is considered. This 1is because at 3 to 59C, non-myelinated
rather than myelinated vagal afferent fibres would be involved due to
the preferential blocking in conduction in the myelinated fibres at
this temperature.

Further work was done on the respiratory system by Hammouda and
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Wilson in the early part of this century. In a series of experiments,
these investigators showed that tracheal distension led to a reflex
slowing of respiration. It was shown that the vagus had a dual
inhibitory and excitatory influence on respiration, depending on the
state of inflation or deflation of the lungs and that the effect
could be blocked differentially. It was concluded that the

A Y

excitatory and inhibitory effects were due to the stimulation of

different types of nerve fibres in the vagi (49,50,51).

Brodie and Russell studied the effects of chemical stimuli (blood
se}um) on the respiratory rhythm. They observed that reflex
respiratory arrest occurred as a result of this stimulus and
céncluded that this effect was due to stimulation of the receptors in
Lhe lungs (52). The authors mad in fact described what is now called
the "pulmonary chemoreflex" which usually includes the triad: apnoea
(sometimes followed by rapid shallow breathing), bradycardia and
hypotension (53).

Thus, by the early part of this century, the stage was reached
where investigators were able to proceed to examine the nerve fibres
in the vagi into wNich the receptors in the tracheobronchial tree and
the lungs discharge and to draw some functional and anatomic
conclusions about these receptors.

B. Review of the Early Electrophysiological Studies of Pulmonary

Receptors which Discharge into the Vagus

In 1933, Adrian recorded impulses from: single afferent nerve
fibres in the vagus and studied the effects of these afferent
impu]ses on respiration. He related these “afferent impulses to

receptor endings in the lungs and described their stimulation during
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lung inflatjon (54). He likened these receptors to stretch receptors
in skeletal muscles, both types of receptors being slowly adapting
and having an inhibitory action on 1limiting the activity which
brought about their stimulation. Though Adrian did not mention the
Hering Breuer reflex by name, the inhibitory reflex action of these
lung receptors appeared to be responsibie for this reflex. This paper
was the first desaription of "slowly adapting pulmonary stretch
receptors”. The study also described other afferent impulses, such as
those which showed a cardiac rhythm and others which showed rapid
adaptation when stimulated by lung collapse brought about Dy suction
of the airways. Not much’was mentioned of the receptors which adapted
rapidly in this paper (54).

In the cat, rapidly adapting recéptors were first described in
detail by Knowlton and Larrabee in 1946 (55). These authors studied
the rate of adaptation of pulmonary stretch receptors (referred by
the authors as volume receptors) over a fixed interval of time during
maintained lung inflation and the idea of an “a&aptat{if:index" gi‘gn
by the formula below was described: —
Adaptation index =

Peak frequency - Average frequency during 2nd second of 1nf1ation'

Peak frequency .

x 100 %
Receptors with adaptation indices less than 55 % were classified

as slowly adapting receptor$ and these corresponded to the slowly
adapting receptors described by Adrian (54). Those with adaptation
indices greater than 80 % were Called “rapid]y'adaptfng receptors”. A

small number of receptors (8%) had adaptation indices between 55 and
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80% and these were called "intermediate adapting receptors”. The
authors added that these could be assigned to one or the other of the
two  groups by their 1individual discharge charactgristics. No
explanation was given as to why the receptors behaved in this way
other than the mention that no intermediate adapting receptors were
recorded in animals with closed chests, implying that this might have
been an artifactual finding. A feature not defined in this paper was
that the authors did not describe precisely how the "peak frequency"
was measured and from when the second second of inflation was
measured.

To date, because of this omission, there has been no universally
.accepted definition of the adaptation index and no standard method of
causing lung inflation during measurement of the index. However, the
authors suggested that the role of the rapidly adapting receptors was
to reinforce the depth of deep inspiration which has been initiated
through other mechanisms. These were interpreted by Widdicombe (46,
56) as Hering Breuer deflation reflex and Head's paradoxical refiex.

Widdicombe repeated the work of Knowlton and Larrabee and
attempted to, clarify the definition of "adaptation index" (57). The
author decided to use the point of peak activity as the start of the
2nd $econd of inflation. This point, which coincided usually with the
peak inflation, was not necessarily the 2nd second from the beginning
" of inflation. It was definitely not the 2nd second following
completion of inflation. The author also classified the receptors as
rapidly adapting (adaptation index >70 %) and slowly adapting
(adaptation index <55 %). A group of "intermediate receptors” was

also described and the majority of these were found in the
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mediastinum while others of this group were uniformly distributed in
the tracheobronchial tree (57). The issues raised in the preceding
paragraphs concerning the different rates of adaptation will be
discussed in the section on rapidly adapting receptors {(pg.37-40).

In 1955, Paintal reported observing low amplitude action
potentials from mg]tifibres of the vagus nerve, which subsequently
were found to origingie from the lung, following injection of phenyl-
diguanide into the right atrium of the cat (58). These afferent nerve
fipres were found to be non-myelinated and the receptors which
discharge into them could be stimulated by capsaicin and phenyl-
diguanide. One type was postulated to lie in the lung parenchyma
adjacent to the pulmonary capilléries and alveoli. Hence, they were
called "Juxta-pulmonary capillary” or "J" receptors. They weré ‘
thought to be responsibT$ for the reflex effects following pulmonary
congestion or oedema (59). The other type was sensory receptors
discharging into non—myelinated vagal afferent fibres located
elsewhere in the tracheobronchial tree. These have been called
"bronchial C-fibre receptors" (60). -

Thus, four types of sensory receptor endings have been identified
electrophysiologically in the lungs and tracheobronchial tree. These

will be reviewed in greater detail below.

C. Review of the Individual Types of Pulmonary Receptors.

Slowly Adapting Pulmonary Receptors (SAR)

These are mechanoreceptbrs which were or1ginalf} studied by

Adrian (54). Bf the 4 types of pulmonary receptors, the SAR have
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patterns of discharge which most c]osely relate to expansion bf the
lungs  (40,41). Their discharges during inspiration provide the
afferent input that form the off-switch 1in the Hering-Breuer
inflation reflex (61). It has also been shown that SAR cause
relaxation of the tracheobronchial smooth muscle and dilatation of
the airways (62). Studies of conduction velocities and vagal blockade
by coeling indicate that these receptors discharge into myelinated

afferent fibres (40,63,64).

Distribution of SAR

A number of studies have reportéd the distribution of SAR in
different animal species (54,55,57,65). The receptors are usually
located by introduction of a probe into the airway lumen and
stimuTation of the mucosa while single fibre action potentials are
being recgrdeggjiiy open chest animals, an alternate method, is to
probe th‘?’lw‘.s.’externally to elicite a response. [t has been
suggested that EAR are stimulated when the structures containing them
are stretched (66). At first sight there appears to be no close
agreement among the investigations regarding the distribution and
location of the SAR. One report (67), suggested that most of the SAR
in the rabbit were in or near the visceral pleura on the basis of
directly anaesthetising this structure. However, this was challenged
by Widdicombe (68) who found that removal of the visceral pleura did
not affect the activity of these receptors which could still be
activated by direct probing of the airway hucosa.

There is now general agreement that the SAR are mainly found in
the airways, particularly at the tracheal bifurcation and extra-

pulmonary bronchi (69,70). Systematic investigations have shown that
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39% of SAR in the cats (71), 56% in dogs (70) and 37% in rabbits (72)
are located in the extrapulmonary airways. However, another study
found that only 17% of SAR were~in extrapulmonary airways (73). There
is some controversy as to whether SAR are located in the respiratory
bronchioles and alveoli. One study found that the smallest airway
shown to have SAR had a diameter of 0.3 mm in the collapsed lung,
which corresponded to the terminal bronchioles {74). However, another
report suggested that SAR were found in sites peripheral to the
respiratory bronchioles, i.e., in the alveoli of guinea pigs {75). At
present, there is no conclusive evidence to exclude the possibility
that some SAR may be located in the respiratory bronchioles and
alveolar ducts. The problem may be due to the close proximity of the
respiratory bronchioles and alveolar ducts in the lung parenchyma. In
practice, it would not be possible for the exp]dring probe to
s

localise precisely the SAR to one or other of the structures.

Morphology and Location of SAR within Airway Walls

The. morphology of afferent nerve endings in the tracheobronchial
tree and lungs has been ~studied by light and electron microscopy
(69,76). Afferent nerve endings are identified by their'}mrpho1ogical
similarity to .afferent nerve endings elsewhere, e.g. in skin (77).
The SAR consist of myelinated fibres whose end formétions are closely
associated with airway smooth muscle. Just before losing its myelin
sheath, the axon enParges and splits into terminal branches which end
as lanceolate terminals. Many mitochondria, found in the axon at its
termination and in the terminals of the branches, éharacterize these
as afferent endings. The branch endings are bound to connective

tissue elements between the lamina propria and smooth muscle layer,
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and are attached to the underlying smooth muscle by bands of_elastin
and collagen. They are orientated in the long axis of the airways

(76). Degeneration experiments confirm that these fibres are vagal

afferents (78). -
‘ux\
One study proposed that SAR endirfgs may be located in superf1c1al,

layers of the bronchial mucosa on the basis that radio-labelled

"o.

bupivacaine, which blocked the inflation ref]ék 1n‘rabb1ts-stud1edf
was later found mostly in layers superficial to the basement membrane
(79). ngever, a small amount of bupivacaine was also fbund within
the smooth muscle Alayer. Thus, this study did not  demonstrate

~

conclusively that SAR;weré located also in the suberficia1-1ayers of

EAY

the airway mucosa.

Patterns of Discharge of SAR

The pattern of discharge \Of SAR ﬁag a temporal relationship t&
respiratory movements (61,80). fhe rate of discharge has a regular
respiratory modulation that increases during spontaneous inSpiration
from either a iow value 5of ‘;ctivity, or no activif}, at end
expiration. ¥ These discharges have been descﬁ1bed as }rom 10w
threshold or high threshold SAR respectlve]y (419 or as “"tonic" and
"phasic" discHarges (81). ft has been proposgd thét these differeﬁt
patterns reflect differences 'in tH; mechqniéal‘env;ronment of the
receptors (73,82). In other words, low and high thrésﬁ&\ds imply an
intrinsic difference 1in the vrecéptbré‘ leve]‘of‘activaﬁﬁon whereas
their different , behaviour reflects a di;ferent degree of stimulation
related to mechanical factors (41,75,82,83). Bétween 27 to‘60%.of SAR
in different species studied (41,75,82,83) are }ctfve at

end-expiratory volume or funétional residual volume and i,t has been

| S
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found that these SAR  are Agenerally located in the larger,
extra-pulmonary airways. Higher threshold SAR, on the other hand,
usually do not reach maximum frequency, until distending pressures
réeach 30 cm Hp0, near total lung capacity, and they are mainly
* intrapulmonary (82). The differences between the two types of SAR may
be due to mechanical factors. In larger extra-pulmonary airways, the
same transmufal pressure as applied‘to the smaller fﬁtra- pulmonary
airways) will resulE\ in a greater stimulus to the SAR because of a
larger circuﬁferent?a]-xengion as predicted by Laplace's law (78)

Occasionally, a SAR may be found to have itS maximum discharge

-

during expiration. Such receptors are located usqﬁ]]y in the
e&tra—thoracicu‘trachea Where ;ransmural pressure is positive during
expiration‘ (78). Other SAR may be found to have a.cardiac modulation
due to their prox{mify ‘to the heart or other pulsating vascular
structure (54). It has been suggested that low threshold SAR regulate

. N .
respiration \during eupnoea, higher threshold SAR regulate Ty during
hypefpnoea while:ﬁt;ose with expiratory actiwity reguléfe the,
duratibn of Tg (84). .

“Another, - feature of SAR discﬁ%rge is the slow adaptatibn following
a_ ma1nta1ned lung 1nf1at10n as originally described by Adrian (54).
The pattern has been descr1bed as a character1st1c rapid dec]1ne
immediately following peak lung inflation thatislows progressive!y
into a* sustained discharge with a reqularity of interspike distances
not found iq other types of receptors (55,57). This response has been
'Lattr1buted to the transduct1on property of the SAR in responding to

transmural pressure changes 1nstead of to vo]ume changes. Immediate]x

following -a ~¥ixed-volume lung 1nf1at1on thé lungs distend further
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|edd1qg to a drop 1in transmural pressure coinciding with the rapid
decline Yin SAR activity immediately tollowing peak inflation (55.,57).
Ihisxlhyg?thesis 15 3uppor;ed by, reports that constant pressure
inflagions are more effective’ than constant volume inflations 1n
maintaining a given rate of discharge in SAR (55).

The mechanism of stimulation of SAR has been postulated to be due
to changes in circumferential tension in all of the airways. The
orientation of smooth muscles in the trachea and extrapulmonary
bronchi 1is strictly transverse and a tension applied along this axts
causes discharge of the SAR whereas a longitudinally applied force,
perpendicular to this axis fails to stimulate the SAR (85). However,
in the peripheral airways, where the smooth muscle fibres lie in an
oblique orientation, this hypothesis cannot be tested directly, and
here, it may well be that both 1ongi£ud1na] and transverse tension in
the airway causes activation of the SAR.

Responses Qf SAR to Other Stimuli

(1) Carbon Dioxide

Increasing the level of carbon dioxide has been documented to

* inhibit SAR activity, particularly when the initial level of carbon
M gioxide was low (alveolar pCOz < 30 mm Hg) (86,87), but the
physiological significance of the finding remains unclear. It was
ra]sor found that, among the intrapulmonary SAR, only bronchial SAR are
jg§ceptible to COp inhalation (88) and that increasing the
concentration of COp in the blood failed ;o haveman effect (88). A
nquer of proposals have been suggested to explain the mechanism of
action of CO02 on SAR. It has been proposed that the changes may be

TN

mediated by changes 1in airway stjoth muscle tension (87), changes
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in hydrogen ion concentration (89), release of protein-bound ca*t
(90), or as a general characteristic of neural function particularly

\
in a hypocapnoeic environment (8/). However, none of these proposals

could explain satisfactorily the mechanism of action of SAR
inhibition by COp, and the role of SAR in the “pulmonary CH&“
reflex"” remains to be evaluated.

(2) Pulmonary Congestion

Pulmonary congestiqn has been shown to sensitise SAR, a finding
interpreted as caused by a reduction in lung compliance, since a
higher transpulmonary pressure 1is required for any given lung volume
c%ange, leading to a greater SAR discharge (91).

(3) Pulmonary Oedema

The _threshold for SAR activation is lowered by pulmonary oedema
and there 1is a greater raté of discharge at any inflating volume
(36,91). It has been suggested that, 1in the presencg of alveolar
oedema fluid, lung inflation would cause a disproportionate
distension of the airways (36). .

(4) Pulmonary Microembolism

SAR have been shown to be activated by microemboli 1in the
pulmonary circulation in some studies (92,93), but not in others
(94). It has been suggested ;hat, where there was activation, it was
due to a decrease in 1lung compliance and to pulmonary vascular .
obstruction (92)

(5) Atelectasis

The initial reinflation following atelectésis of a lung was found

to markedly decrease the volume threshold for activation of the SAR

(36,95). It was interpreted as meaning that collapsed alveoli require
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a critical pressure to be reopened, resulting in a greater distending
pressure across the airways during reinflation.

(b) Responses to Chemicals

SAR are stimulated by a few chemicals, none of which stimulate
the SAR selectively. Low doses of vertrum alkaloids sensitise SAR and
higher doses cause continuous high-frequency firing (68,96).

SAR are stimulated by histamine and acetylcholine indiregtly due
to contraction of the airway smooth muscle in response to these
chemicals (68,81,97). Chemicals like capsaicin and phenyldiguanide
do not have any effects on SAR if ventilation is kept constant {98).

High concentrations of volatile anaesthetics 1ike halothane,
ether, chloroform and trichloroethylene first increase and then
abolish SAR discharge (48,97,99). This inhibition is selective and
does not affect non-myelinated afferents (97). In rabbits (100), but
apparently not in other species (57), high concentrations of S0p
abolish SAR activity selectively. This finding could be used to

examine selectively the relative contributions of SAR and RAR in some

studies.

Rapidly Adapting Receptdrs (RAR)

This group of pulmonary receptors have been known by various
names since its original description by Knowlton and Larrabee (55).
This is because of the various reflexes attributed to this group of
receptors. They have been called "cough” and Xirritant" receptors\
because of the striking responses of some of these receptors to

respiratory irritants such as ammonia, dust and cigarette smoke

(101,102,103), <ubstances which evoke cough and other protective
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responses from the tracheobronchial tree (57). They have also been
referred to as "deflation" receptors because of their stimulation by
forced deflation (72,104), although this term is seldom used nowadays
as it includes receptors discharging into non-myelinated fibres (58).
The generally accepted term for this group of receptors is "rapidly
adapting receptors” because of their very rapid adaptation to a
maintained lung inflation, producing a brief, irregular burst of
éctivity at peak inflation, the frequency of which decreases rapidly
within one second to 20% or less of the initial discharge (see
adaptation index, pg.25). Conduétion velocity studies and cold vagal
blockade indicate that these receptors discharge into myelinated
fibres in the vagus nerves (40,63,64).

Distribution of RAR

It is thought that RAR are not as numerous as SAR in the several
animal species studied (55,75,93,105). However, in the cat,
Wwiddicombe (57) and Knowlton and Larrabee (55) found that nearly 47%
of myelinated vagal fibres which were stimulated by large lung
inflations originated from RAR. In rabbits, another study found that
the ratio of RAR to SAR was only 1:4 (72).

Morphological and physiological studies indicate that RAR are
mainly distributed in larger airways, particularly in the trachea and
main bronchi and at branching points (69,106). Unlike SAR, which are
distributed in relation to airway smooth muscle only, RAR appeared to
be distributed around thg circumference of the airway, and the area
of innervation of one unit of RAR may extend across two cartilage
rings (107). In the dog, it was also found that 33% of spontaneously

active RAR were in the extrapulmonary airways, mostly between the
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carina and khilum, 6/% were in the intra-pulmonary airways, mostly 1in
the large bronchi and only 5% in bronchi with diameters smaller than
1 mm (107). RAR have not been localised beyond bronchioles with
diameters of 0.3 mm, suggesting the absence of RAh in the
perialveolar region (respiratory bronchioles, alveolar ducts and
alveoli) (74).

Morphology and Location of RAR in the Airway Walls

Despite the evidence for the existence of the RAR in the airways,
there are few actual histological studies of these receptors
(108,109). Epithelial nerve endings, thought to be RAR, have Dbeen
identified in the airways of several mammals (69,106,110, 111,112).
In 1943, Elftman (69), described a receptor in a dog that has since
then been widely referred to as an example of a RAR. The epithelial
endings described consisted of the myelinated axons of the receptors
branching extensively over a wide area of the mucosa, i.e., the
terminal arborizations rami fy in the tracheobronchial mucosa,
frequently at points of obronchial branching. Some of the termina]s
were seen passing towards the mucosal surface between the columnar
cells of the epithelium (69).

These endings ﬁave been examined using electron microscopy. The
endings, scen  between the epithelial cells, both intra and
extra-pulmonary, were shown by degeneration studies to be afferent
fibres (78). However, no evidence is available at present to
positively differentiate these endings from other receptor types such
as SAR endings or non-myelinated afferents as these endings are not
always myelinated.

Stimulation of some RAR by 1light touch and inhaled gaseous or
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powdery irritants suggests a superficial location for the nerve
endings (107), e.g., between epithlial cells as described above.
However, it was found that, after removal of the superficial mucosal
lining, the underiying layers of the airways still responded to
inflation and deflation, suggestjng that the receptor terminals are
distributed in different 1layers of the airway wall (106,110,112).
This complex branching structure of the receptor has been compared to
cutaneous mechanoreceptors. In the latter, the irregular patterns of
discharge are believed to indicate spike generation at multiple
terminal sites (77). This feature is found also in RAR.

Patterns of Discharge of RAR

The RAR, as originally described by Knowlton and Larrabee, were
described as having a higher threshold, a more rapid rate of
adaptation and a more irregular pattern of discharge than the SAR
(55). With 1lung inflation, the pattern of RAR activity, though
generally related to the respiratory cycle, shows considerable
variations in the number and timing of impulses in each cyle. The
adaptation index (see pg.25) was introduced to differentiate RAR from
SAR. However, as pointed out earlier, there is no universally
accepted method of deriving the adaptation index. This is because of
different ways of interpreting the original description by Knowlton
and Larrabe® (55) and basically involves two practical points.

The first is the method of bringing about a "maintained lung
inflation". For example, a maintained lung inflation could be brought
about by rapidly inflating the lungs with a volume usually equal.to 3
times the tidal volume using a calibrated syringe (55,57) or the

lungs could be inflated by a step-wise method by occluding the
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expiratory line of a "constant volume” ventilator for 3 ventilatory
cycles and then sﬁ%tching "off the ventilator at peak inspiration
(113). A number of studies have avoided the problem by using a
constant pressure ventilator (114,115).

The second point is the definition of the 2nd second of
inflation. This could be interpreted\ to mean the 2nd second of
inflation as measured from (i) the beginning of inflation, (ii) end
of inflation, (iii) the instant of peak frequency and (iv) the Znd
second after the instant of peak frequency. How this 2nd second of
inflation is defined could substantially affect the adaptation
indices of the receptors under study, particularly those designated
as "intermediate receptors" (55,57). For example, Widdicombe {51)
defined the 2nd second of inflation as starting from the instant of
peak frequency. Most other papers did not define this {105,106,
116,117). The definition of "peak frequency"” may also be problematic
in practice as it could mean the reciprocal of the shortest
interspike interval or the frequency of impulses measured over a
finite time interval at the time of highest frequency. Finally, there
was no agreed value of the adaptation index which could be reg%rded
as "rapidly adapting”. For example, Knowlton and Larrabee (55)
originally used 80% and Widdicombe (57) proposed /0% for such a
purpose, but, in both papers, the authors also accepted as "rapidly
adapting" those intermediate receptors which have the discharge
characteristics of RAR.

A well known example of a rapid]j adapting receptor in the
somatic nervous sytem is the Pacinian corpusc]e,‘which is located in

the subcutaneous tissue and is sensitive to vibration. It appears
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that 1in this case, adaptation depends on the non-neural accessory
structure which is in the form of concentric 1;yers of connective
tissue surrounding the central unmyelinated axon. It is hypothesized
that a steady stimulus applied to the outermost layer deforms the
inner axon. Then, transverse slippage occurs between the layers of
the accessory structure so that, with time, the effective stimulus

reaching the axon decreases. Removal of this accessory structure

g

converts the Pacinian corpuscle into a slowly) adapting receptor

(118).

As mentioned earlier, information is not available regarding the
exact structure of the RAR endings. It could be speculated that the
RAR in the lungs and tracheobronchial tree may also be surrounded by
connective tissue that somehow diminishes a constant effective
stimulus reaching the nerve terminal with time. Whether this is the‘
case or whether the excitable membrane of the RAR ending possesses
characteristic properties different from that of the SAR is a matter
of conjecture.

Another point worth considering is whether a maintained lung
inflation is in fact ‘the appropriate stimulus for testing the rate of
adaptation of the RAR. Historically, RAR had been studied together
with SAR and by implication both types of receptors have been
regarded as mechanoreceptors. While this is undoubtediy the case with
SAR, thé same may not necessarily be true for the RAR. Consider the
large number of names given to the RAR in the past, each indicating a
function believed to be subserved by the receptor. Perhaps the
changes during 1lung inflation brings a secondary étimu%us which in

turn stimulates the RAR. Then, as the lung inflation is maintained,
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the secondary stimulus may no longer be operative and thge the RAR 1is
not stimulated. Hence the appearance of rapid adaptation. I[f this is
in fact the case, then when an “appropriate natural stimulus" is
-

applied, the RAR may not bDe rapialy adapting. The search for this
“natural stimulus” ccntinues.

At normal respiratory rate and tidal volume, it is thought that
RAR are relatively inactive (114,116), one study reported frequencies
of 0.2-0.3 impulses/sec in the dog (116). With incremses in tidal
volume or airflow or both, RAR activity increases (119,120). This was
demonstrated in vagotomised rabbits (120), in which the increase in
RAR activity was thought to be brought about by the increased depth
of inspiration. Pack and Delaney showed that, with successive lung
inflations at increasing rates of flow and within the physiological
range, the firing threshold of the RAR decreased and impulse
frequency at each volume increment increaseqv(115). This has been
interpreted that the RAR provided a signal related to the degree of
inf{ation. ngever this response is much less sensitive and more
variable than that of the SAR (119).

Deflation wusually also stimulates RAR (55,56,104,116,120,121).
The RAR showed an increase in activity which is irregular. When the
lungs are collapsed, the receptors may discharge with a cardiac
modulation, which 1is thought to be due to the high degree of
mechanical sensitivity of this group of receptors to the pulsations

of the heart and/or nearby blood vessels (55).

Responses of RAR to Other Stimuli

The most important function of RAR is said to signal the onset of

pathophysiological changes in the airways (56,101,102,103,120). The
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responses discussed below are considered with this function in mind.

(1) Pulmonary Congestion and Oedema

There are a few reports in the literature describing the
responses of the RAR to increment® in pulmonary venous pressure and
their findings raise several issues which form part of tre series of
investigations carried out in the present study. Specifically, it is
found that the intensity of the stimulus applied, i.e., the increase
in pulmonary venous pressure, was usually 1in excess of changes
observed in common physiological or pathophysiological settings
(121), and that the stimulus was usually applied for a relatively
short period of time (usually 1-2 minutes) (120,121).

RAR were found to be activated co;sistently by py]monary
congestion. There was, however, no obvious correlation in the changes
of BAR activity with changes in total lung resistance or compliance
(120,122,123). With the onset ' of pulmonary oedema following
congestion, RAR were activated markedly (91,120). The mechanism of
activation of RAR during pulmonary congestion and oedema is not known
and it has been suggested that this may be due to the activation of
RAR endings by arloca] increase in blood pressure, local contraction
of smooth muscle, and/or the release of Ehemica]s that may directly
stfmu]ate the receptors, or indirectly By causing changes in lung
mechanics (120,121). Anotﬁer possible mechanism for the excitation of
the RAR may be that the nerve endings are actfyated by the fluid .
accumulating in the interstitial spaces during pulmonary oedema
(124).

A recent investigation of the effects of pulmonary congestion and

oedema induced by massive fluid infusion showed that the RAR were
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activated consistently with the onset of pulmonary congestion. It is
of interest to note that the RAR activity decreased to control levels
after relief of the congestion, but leaving behind lung dedema (37):
Mechanisms related to lung mechanics that are operative during
pulmonary congestion but not present during passive lung oedema have
been suggested to be the stimuli for activating the RAR though the
precise nature of the mechanisms remains unclear.-

(2) Pulmonary Microembolism

Like SAR, RAR are activatéd Qy pulmonary mjcroembo]ism (30,93),
It is wunclear whether RAR were agti{ated’ by a decrease in lung
compliance and pylmonary obstrbctién%(90,93)for byﬂlocal mechéniCa]
alterations possibly mediated by _ the release of some active.
substances (92,93) '
(3) Anaphylaxis

During induction of anaphylactic shock, RAR aétiJity was. found to
be 1increased markedly 12 ,thé guinea pig and rabbit (75,93). The
increase in activity did not correlate with the observed changes in
total 1lung resistance and compliance (93). Mechaﬁisms such as local
mechanical changes due to smooth muscle contraction or the release of
active substances which may ha;e_activateq the receptor endings, or
uneven ventilation of ghellgngs'héve been suggested (193):

(4) Inhaled Irritants

° : .

RAR are §timulatedlby many inhaled substances, aerosols or fumes
such as ammonia (102{114,123), ethyt ether (114), cigarette smoke and
inert dusts (103). In-one study, in cats, sulphur dioxide sensitised
one third of RAR but h;db’litt]e .effect on the rest (57).f0ther

studies showed that high concentrations of sulphur dioxide .had 1ittle

S
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effects on RAR in° rabbits (100) and dogs (125). There appear to be
differences in response among species. It has been found that RAR
from rabbits showed greater responses to ammonia and cigarette smoke
than RAR from dogs (103,116). The mechanism of activation of RAR by
these substances has begn suggested to be due to Ehanges in lung
mechanics brought about through the release of some active substances
(40).

(5) Other Substances which Influence Bronchomotor Tone

Activation of RAR by histamige has been attributed to an indirect
effect acting via contraction of the airway smooth muscle as well as
A direci effect on the receptor endings (76,195,126,127). A secondary
effect of histamine on the recepto} endings due to contraction of the
airway smooth muscle was found in guinea pigs and rabbits. When the
airway smooth muscle was relaxed by 1soprotérenol, this prevented the

changes in lung mechanics induced by histamine. RAR activity also did

»

not tncrease (128). This finding ‘was disputed by Coleridge et al
(129) who suggested that the effect of histamine on”the RAR was to
sensitise them to the effects of the intervening bronchoconstriction.

Acetylcholine is believed to activate RAR by an indirect effect
thrbugh a change 1in lung mechanics (109,119,122,126,127). Serotonin
is thought to have both a direct and indirect effect on the receptor
endings (115).

The prostaglandin Fpx , given as an aerosol, has been shown to
activate tbé RAR, th;ugh the evidence for either a direct or indirect
mode of action remains inconclusive (127,129,130).

BradyLinin‘_has’ a weaﬁ_stimulating effect on RAR and it has been

suggested that it acts by sensitising the receptor to mechanical
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changes induced in the lung itself (130,131).

Phenyldiguanide and capsaicin, two chemicals4 commonly used to
evoke the pulmonary chemoreflex, increase the activity of RAR in
;abbits (101) and cats (123). Veratrum alkaloids also stimulate RAR
(40,132) |

(6) Carbon Dioxjde

An increase in alveolar COp does not seem to activate RAR but a
marked increase in RAR activity in the artificially ventilated dogg
occurred when airway COp was diminished. This activity was
inhibited when [COp] was returned to normal (97). In spontaneously
breathing rabbits, an 1increase 1in inspired CO2 has been sho@n to
increase RAR discharge and augment ventilation (120). The increased
activation of RAR is believed to be due to the increased ventilation
(tidal volume and rate) associated with the stimulating effects of
COp on respiration. The role, if any, played by RAR on the

"pulmonary COp reflex" remains to be evaluated.

C-fibre Receptors

4

Evidence from studies conducted in the 1950's and early 1960'54
indicated the presence of a group of receptors originat}ng frgm the
lungs and tracheobronchial tree that discharged into non—mye]inated
fibres of the~vagi (58,59,60,99,128,133,134,135); These receqsors are
referred to here as “C-fibre receptors"” and they are thought to
respond to stimuli such as pu]monary inflammation, congestion,
~embolism and other pathophysid]ogica] conditions which could be
potentially harmful (136).

C-fibre afferents have been grouped into two distinct groups:
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pulmonary C—fibré réceptors and. bronchial C-fibre receptors (60).
This c]assifiqatipn' was based on the responses of the C-fibre
receptors 'to- a number of' stimuli, such as to lung infiation, but
principally to the injection of phenyidiguanide and capsaicin into
the right atrium. Pulmonary C-fibre receptors aré thought to be found
in more ,peripheral areas of the 1lungs while bronchial C-fibre
_receptors are found 1; the larger bronchioles, bronchi and lower
trachea. }his distinction‘ was made on the different blood suppiy
these receptors are thought to have; The pulmonary C-fibre receptors
are beffused_ by blood fronm the pulmonary circulation while bronchial
C-fibre receptors receive their blood supply from the bronchial
arteries. Receptor location made on such a basis has been criticized
by Sant'Ambrogio who, working with SAR and RAR, pointed out the
ipherépt inconsistency of the pulmonary and bronchial circulations in
supplying the lungs and ]angef éirWays respectively and cautioned
that chh classification may not be accurate if these findings were
to be extrapolated to C-fibré receptors (40,132). Howeyer, this
classification, which is .accepted generally, appears convenient
enough 1in inditating the generq) 1ocation‘of these receptors. The
proportion of C-fibres §ubserving pulmonary and bronchial receptors
is not known.- ) |

Thgse pu1mona;y‘ C-fibre receptors do not appear to form. a
homogeneous group. They have been known by various names: J-receptors
(59,135), deflation receptors (58,133), high threshol& inflation
receptors -(99,134) and alveolar nociceptors (128), 1ndic5t1ng the

various  stimulj which could activate some of the receptors.

Conduction velocities (<2.0 m/s) .and differential vagal blockade
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indicate that these receptors discharge 1nto non-myelirated vagab!
fibres (63,04).

‘There appears to be no general acceptance of the role played by
these affercnts 1n the physiological regulation of respiration. Also,
while the evidence tor a “protective” function appears clearer, the
part played by these receptors 1in the "protective” reflexes need
turther evaluattion.

Experiments involving vagotomy above the nodose ganglion causing
degeneration of efferenat fibres and then counting the remaining
af ferenty fibres have been carried out. The ‘results showed ‘that in the
vagus nerve of the cat, the ratio of non-myelinated to myelinated
afferent fibres  was roximately 3-4:1 (approximately 3800
non-myelinated fibres) (ﬂ, a proportion that is similar to that
found in cutaneous sensory nerves {138). Apother study, also in cats,
suggested an even higher ratio of 9:1 (119).

Morphology of C-fibre Receptors
Little is known of the morpho]ogxbof C-fibre receptors. It is of

interest to note Paintal's suggested schematic representation of a
typical pulmonary C-fibre receptor ending lying in the interstitial
tissue between a capillary and an alveolus surrrounded by collagen
fibres (59,135,140). The afferent nerve ending 1is thought to be
stimulated by aﬁ increase in interstitial volume when the inflow of
fluid into the interstitial tissue is greater than the fluid removed.
The excitation is éffected at the "generator" region of the ending.
It is also suggested that excitétion by chemical substances from -
outside through alveolar air, or inéide through the ‘ood occurs by

an action on a ‘"regenerative" region. This hypothetical pulmonary
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C-tibre ending has not been demonstrated definitely as it requires
both electrophysiological studies and anaébmical description of the
same ending. However, some‘histological description of afferent nerve
endings adjacent to alveoli have been reported. Jhe evidence for the
presence of pulmonary C-fibre receptors is summmarised below.

Unlike the SAR and RAR, it is not known whether the termination
of the axon of the C-fibre receptor shows branches and arborizations.
The relation of the surrpunding structures, and the density of the
sensory fields remain unclear. Light and electron microscopy studies
identifying afferent endings are made based on what is known of
sensory endings, i.e., the presence of a terminal axonal enlargement
with large numbers of mitochondria, partii]ly_sheathed in a Schwann
cell and with close contact betweén thé axonal membrane and some
adjacent cells (69,76,137,141,142,143). These studies were usually
done following “degeneration” experiments to eliminate efferent
endings by a vagotomy abo&e the nodose ganglion. .

Studies have been made of these endings in the mouse and rat
lungs and from samples of human lungs (141,142,143). Most studies
have demonstrated a scarcity of nerve endings in the aiveoli. For
example, Meyrick and Reid (141) found non-myelinated fibres with
features indicating a sensory function in the alveolar walls in 2 of
80 small blocks of lung tissue in 40 rats. Fox et al (143) found
non-myelinated fibres in the alveolar walls in 3 of 50 blocks taken
from samples immediately beneath the pleura in 16 human lungs. There
is no certainty that these nerve elements are the C-fibre endings.

However, it -is suggésted that these endings, usually associated with

type 1 pneumocytes in th alveolar walls, are equivalent to the
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J-receptors described by Paintal 1in electrophysiological studies.
Such an ending has been described as characteristically showing an
axon or bundle of axons 1in the interstitial tissue surrounded by
collagen fibres (141,142, 143).

In the proximal airways, non-myelinated dfferegt fibres haveé been
described as naked nerve endings found between the epithelial cells
of the airway mucosa (144). In human and mouse lungs, these bundles
of non-myelinated fibres have been found in the lamina propria and
some axons were seen to penetrate the basement membrane and then give
intra-epithelial endings (144). It has been suggested that these axon
endings may correspond to the bronchial C-fibre receptors (144).

Patterns of Discharge of C-fibre Receptors

Unlike the SAR‘gnd RAR,Ipu1monary and bronchial C-fibre receptors
do not show a temporal' relationship to respiratory movements.
Instead, they discharge irregularly and at a low frequency during
eupnoea (60,145). When pulmonary C-fibre receptors were originally
studied, they were called "deflation receptors” Dbecause of their
stimulation during deflation of the lungs though this response was
later not found to be consistent (58,133).

Large lung inflation, by 2 or more tidal volumes, also elicits a
response in some of these pulmonary C-fibre receptors in cats and
dogs (60,99,124,134). Bronchial C-fibre receptors are thought to have
a smaller response to 1lung inflation, some are said not to be
affected even by hyperinflation {60,146).

Whether the afferent activity studied from experimental animals
was recorded with an open or closed chest has an influence on the

pattern and frequency of discharge. It has been reported that in
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artificially ventilated dogs and cats with open chest, the average
discharge frequencies were 0.4 impulses/s for pulmonary C-fibre
receptors and 0.8 impulses/s for bronchial C-fibre receptors
(60,145). During spontaneous breathing, the discharge frequency
increased significantly to 1.9 impulses/s 1in pulmonary C-fibre
receptors (145) but bronchial C-fibre receptors remained unchanged
(60).

These receptors are identified by th@ir characteristic response
to administration of phenyldiguanide aﬁd capsaicin into the right
atrium (see pg 27 re classification of C-fibre receptors). Thus,
pulmonary C-fibre receptors are stimulated around 2s after injection
of these chemicals into the right atrium and the receptors respond
with a burst of high frequency discharge activity (60).

This short latency for stimulation has been suggested to
indicate that the pulmonary C-fibre receptors are accessible to blood
from the pulmonary artery (60). In the case of the bronchial C-fibre
receptors, the latency time is longer, usually 7 s or more, which
suggests that these receptors are stimulated only when these
chemicals have reached the bronchial arteries (60). When chemicals
were 1injected into the left atrium or a bronéhial artery, the latency
time was much reduced (4-8 s) (60,131). The bronchial C-fibre
receptors respond with a similar burst of high frequency activity
(60,131).

Coleridge and associates have reported that, in the dog, unlike
the cat and rabbit, the majority of pulmonary C-fibre receptors are
not affeeted by phenyldiguanide even though an occasional receptor

may be so stimulated (60,134).
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Responses of C-fibre Receptors to Other Stimuli

1. Foreign Chemicals

Pulmonary C-fibre receptors in dogs and cats are stimulated by
high concentrations of halothane, ether, trichloroethylene and
chloroform (99). They are also stimulated by alloxan (59,145},
chlorine (59), and sulphur dioxide (126). Bronchial C-fibre receptors
are stimulated by sulphur dioxide (125) but the response of bronchial
C-fibre receptors to alloxan or chlorine has not been studied.

2. Lung Autocoids

Serotonin stimulates bronchial C-fibre receptors in cats, dogs
and rats but do not stimulate the pulmonary (-fibre receptors in dogs
(131). This stimulation appears to be due to a direct effect and not
secondary to the stimulation of the airway smooth muscles.

Prostagiandins, particulariy of the E series, stimulate pulmonary
C-fibre receptors (131).

Bronchial C(-fibre réceptors have been found to demonstrate a
higher chemosensitivity than pulmonary C-fibre receptors (60,129,130,
131,147 ,148). 1In dogs, bronchial C-fibre receptors are stimu1$ted by
small doses of prostaglandins, PGEé and PGIy (129,130), histamine
(131,147,148), and bradykinin (131), injected either into the left
atrium or bronchial artery, or administered as an aerosol into the
airways and lungs.

3. Carbon Dioxide

Pulmonary C-fibre receptors have been thought to play a role in
the "pulmonary CO2 reflex" (149,150). It has been ‘fhown in one
study that the activity of pulmonary C-fibre receptors doubled from 1

impulse/s at a pCOp of 14 mm Hg to 2 impulses/s at a pCOp of 70
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mm Hg. However, at a pCOp above 28 mm Hg, the majority of these
receptors studied failed to increase their activity and all the
receptors adapted rapidly at any given level of pCOz (149,150).
Thus, the role of pulmonary C-fibre receptors in this reflex does not
appear clear at ali.

4. Pulmonary Congestion and Oedema

Paintal suggested that the natural stimulus for pulmonary C-fibre
receptors is pulmonary congestion (59,135). He postulated that these
receptors are found in the interstitial tissue surrounded by collagen
fibres which would swell, in the presence of increased interstitial
fluid during pulmonary congeglion or oedema, become distorted and
stiﬁulate the receptor endings.

Some of Paintal's earlier work on the effect of pulmonary oedema
on pulmonary C-fibre receptors involved the production of pulmonary
oedema by the intravenous administration of alloxan or inhalation of
chlorine gas (58,60). The mechanism of action of both alloxan and
chlorine is believed to be due to an increased perméabi]ity of the
pulmonary capillaries leading to interstitial oedema,_fo]]owea in a
relatively short time by production of a]veof%r oedema as
demonstrated by the presence of oedema fluid in ;hé airways. The
conclusion drawn was that the presence of oedémargé the interstitium
stimulated these receptor endings (58,59,135). However, there is the
péssibi1ity that the chemicals used for producing pulmonary oedema
might have stimulated these receptors directly. | '

In a 1later investigation, Paintal studied the effect on the
pulmonary C-fibre receptor activity in the cat by increasing blood

flow to one 1ung with occlusion of the pulmonary artery to the other



-

52.
lung (151). DOuring this manoeuvre, it was found that activity of the
pulmonary C-fibre receptors in the lung with the augmented blood flow
increased significantly though not a]l' the receptors responded in
this way (151). A recent study by Coleridge's group showed that
pulmonary oedema produced by a relatively massive infusion of
crystaltoid fluid in dogs stimulated these pulmonary C-fibre
receptors. These receptors remained activated when the lung
microvascular pressure was restored to control levels by withdrawal
of blood but with the increased lung water remaining unchanged (37).

These studies provide the evidence that the pulmonary C-fibre
receptors are activated by "pulmonary oedema”. However, the evidence
is less clear concérning the activity of the pulmonary C-fibre
receptors in the &resence of pulmonary interstitial congestion
without gross alveolar oedema.

A few other studies have shown also that bronchial C-fibre
receptors are stimulated by pulmonary congestion and oedema (37,145).
One recent study demonstrated that the bronchial C-fibre receptors
were activated to some extent when there was severe lung oedema
accompanied by peribronchial cuffing and alveo]a# oedema (37).

5. Pulmonary Embolism

Both pulmonary and bronchial C-fibre receptors are stimulated by
pulmonary embolism (92). The mechanism of stimulation appears
complex and could be due to a combination of mechanical distortion of
smad) pulmonary vessels and release of chemical mediators such as
histamine which may - have a direct effect on tpe’receptors, or via a

secondary action by causing contraction of the airway smooth muscles

(92,135).



6. Inflammation

Like pulmonary embolism, both pulm —~€C-Fibre and bronghial
C-fibre receptors are stimulated during lung inflammation (152). The
mechanism of §%imu1ation appears to be similar to that discussed
above for pulmonary embolism (92,153).

Summary of Studies on Pulmonary Receptors

From these studies, the following summary ¢dn be drawn :

SAR

(1) SAR discharge into myelinated afferent fibres of the wvagus
nerves.

(2) The morphology and location of the SAR have been described. SAR
are thought to form terminal branches which 1lie between the
lamina propria and smooth muscle layers of the tracheobroncﬁial
treé. The bran;h endings are believed to be attached to the
underlying smooth muscle by bands of elastin and collagen, and
are orientated in the long axis of the airways. :

(3) SAR form the afferent link of the Hering Breuer inflation reflex
and it has been suggested that they play a role in regulating the
duration both of inspiration and expiration during eupnoea.

(4) The responses of SAR to pulmonary congestion, oedema, micro-
embolism and atelectasis appear to be secondary to the changes in
lung mechanics associated with these pathological conditions.-

(5) The role, if any, of SAR 1n' other regulatory and defensive
reflexes arising from the tracheobronchial ;;ee‘needs further
investigation.

RAR ¢

‘ ———
/
(1) RAR discharge into myelinated afferent fibres of the vagi.
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2) RAR have been shown to respond to irritant stimuli introduced
into the lungs and tracheobronchial tree.

(3) RAR Have been shown also to respond to inflation and deflation
with rapid adaptation.

(4) The morphology of the RAR terminal has been suggested to consist
of terﬁinal arborizations which are distributed in different
layers of the airway wall, with some terminal branches lying in
between the epithelial cells while others lie deeper in the
muscle layers.

(5) RAR are thought to play a role in the defensive reflexes
associated with the introduction of noxious stimuli into the
lungs and airways as well as during pulmonary congestion, oedema,
microembolism and atelectasis. However, the evidence for these
remains unclear and the mechanism of stimulation of these
receptors remains to be evaluated.

C-fibre Receptors

-

A(l) These receptors discharge into non-myelinated fibres of the vagi.

(2) Not much is known of the location, structure and morphology of A
these receptors. .A hypothetical description of a pulmonary.
C-fibre receptor has been described of}aistructure lying in the
interstitial tissue between a capillary and an alveolus
surrounded by collagen fibres.

(3) There appear to be two.groups of C-fibre receptors,rclassified

“according to their blood supply from the pulmonary circulation

(pulmonary C-fibre receptors) and bronchfa] arteries (bronchial
C-fibre receﬁtors).

(4) A role in the defence reflexes arising from the’ lungs and
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tracheobronchial tree has been suggested for these receptors.

General Comments - Cautions in the Interpretation of Data

(1) Studies on the receptors have been performed on different animal
species. The existence of species differences 1is always a
possibility and has to be borne in mind in interpréting the
results.

(2) A number of reflexes were studied using chemicals which are not
found , in  the normal physiological and pathophysiological
situations. The relevance of these findings needs further
evaluation.

(3) In extrapolating from electrophysiological studies in animals to

V' possible coutrol mechanisms, the experimental protocols used have
to bpe evaluated carefully. Issues such as the physiological
relovance of the stimyli, and the duration of their application
are of particular importance.

Thus, caution shculd be taken in extrapolating results obtained
from a different animal species, particularly when the experimental

conditions differ.



CHAPTER 5

"REVIEW OF CARDIAC RECEPTORS

Atrial Receptors

Afferent nerve endings are found within the walls of the atria,
the atrial appendages, at-the junctions of the right atrium with the
superior and inferfor vena cavae and of the left atrium with the
pulmonary veins. The majority of recéptors are cdhp]ex unencapsulated
endings with some existing as free nerve endings {154,155). These
atrial receptors have been extensively Studied~land a number of
reflexes have been reported to be causéd by stimulation of these
receptors. Their stimulation causes (i) a cardiac chronotropic
response without an inotropic effect (156) and (ii) a renal response
consisting of a hypo-osmolar diurgsis ‘and natriuresis (157). The
effect of stimulating atrial receptors on the lungs and
tracheobronchial tree is not known.

The majority of atrial receptors discharge into myelinated fibres
that form branches of the vagus nerves (158). However, atr}a]
receptors discharging into non-myéiinated fibre receptors have also
been demonstrated (158). The following review deals with atrial
receptors discharging intc myelinated fibres. Like pulmonary
receptors, some of the atrial receptors also discharge into
sympathetic afferent fibres (159).

«

Patterns of Discharge

In 1953, Paintal suggested that atrial receptors could be divided
into two types, A and B (160,161). Type A recéptofs discharged during
atrial systole and .ﬂinciAed with the 'a' wave of the atrial pressure
wave. Type B receptors discharged during atrial diastd]e, coinciding

56.
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with the 'v' wave. Tﬁis classification suggested diffg;ences in the
receptor type<, one responding to changes in atrial contractility and
the other to changes in at}ial volume. This classification Yas
challenged by Fﬁfgri ge et al {154& and by Henry and Pearce in 1956
(162).‘ Both groupy” of investigators converted classical type B
dischargg to type A discharge by bieeding the animals and then
re;ersed the procéss by retraﬁsfusing the blood.

1t is -now generally accepted that the pattern of discharge
depends on the receptor iocation (158). Under normal conditions, type
A diébharges“are usually dgmonstrated by receptors located near the
pulmonary yein—atrial junctjons where there is greatest distortion
durihg atrial contraction whereas type B discharges are shown by
receptors -located in the lateral atrial walls or in the distal
pulmonary veins which are more responsive to volume changes (163). By
changing the atrial geometry, the forces acting on the atrial
receptors during the cardiac cycle could be altered and thus change

the patterns of discharge (158).

Experimental Methods of Stimulation of Atrial Receptors

| Atrial’ receptors can be stimulated by stretching of the atrial
wall in which they are 1located. Small balloans at the end of fine
cannulae can be ‘inserted into the pulmonary veins so that the
balloons 1lie at the pulmonary vein-left atrial junctions. Inflation
of the ’ﬂoons causes localised stretching of the atrial wall and
stimulation of the atrial receptors located there. A chronotropic
response without changes in arterial pressure fis noted when the
atrial receptors are stimulated (156,164). It-has been found that the

'degree of reflex tachycardia could be graded by varying the number of
e

B
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pulmonary vein-left atrial junctions that are stretched. In one study
in the dog, it was found that an average increase in heart rate of
10.8 beats/min was found with stretching one junction, 22.2 beats/min
with two junctions and 35.2 beats/min with three junctions (165).
However, it was not possible to grade the amount of stimulation at a
single site by varying the distending pressure. One wmay speculate in
this case that the receptors were stimulated by an "all or none”
mechanism.

A balloon at the end of another cannula can be introduced into
the left dr right atrial appendage so that inflation of these
balloons éuugés\ partial obstruction of the mitral and tricuspid
valves, respectively. In each céﬁe, drainage of blood from the atrium
into the ventricle was impeded, the atrial pressure increased, the
atrial wall became stretched and the atrial receptors were stimulated
(166,167,168) as shown by the reflex increase ‘in heart rate.

Another way of stimulating the receptors at the superior vena
cava-right atrial junction has been described (168). An expansile
metal cannula was introduced into thjs junction via the right
external jugular vein. The metal cannula could be expanded without
impeding venous return into the right atrium. The superior vena
cava-right atrial junction was stretched and the right atrial
recéptors at this site were stimulated.

The receptors at the pulmonary vein-left atrial junctions could
be stimulated by stretching these junctions ‘“externally™ (of the
heart) by épp]ying sutures to each junction. When tension was applied
to the sutures in different directions, the junction became stretched

and the atrid1 feceptors were stimd]ated (169).
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Physiological Roles of Atrial Receptors

The chronotropic response due to stimulation of atrial receptors
"has been well documented (156,158,166,167,168). The afferent limb of
the reflex is formed by afferent fibres in- the cervical vagus nerves
while the efferent limb is iarge]y sympathetic in origin, travelling
in the right ansa subclavia (164,170). In 1915, Bainbridge showed an
increase 1in heart rate f;llpwing infusjon of fluids .into the heart in
anaesthetized dogs ‘(171). This reflex effect (Bainbridge effect) was
suggested tov be mainly due to the withdrawal of vagal tone and was
considered to be one of the control mechanisms which prevented
over-distension of thé heart (?71). This original study was followed
by others, some of which showed a similar effect£§172), while others
eithe} .failed to show any effect or a divergent effect (173). 1t
appears that the role of the initia} heart rate had a major influence
on the respanse, a re]atively gloé; heart rate responded with an
increase whereas one that was fast'fnitial1y may fail to increase
further, or even decrease. For example, oné study showeé that reflex
tachycérdia occurred with stretch{gg of the-‘bu]monary vein—]éft
atrial junction Qheﬁ the initial ﬂ%art rate was <140-150 beats/min
but slowing of heart rate occurred with,a fggté( initial Peart rate
(174). - NG .
‘ Stimulatidﬁ of datrial recebtors has no apparent effect on
resp1rat1on (175) or per1phera1 res1stance (176). Some invest1q\/ors
have shown a trans1ent peripheral vasodilatation which they: attr1bute.
to stimulation of non-mye]1nated;f1bre receptors (174). |

Vasodilatation in the kidneys,occusred following stimulation of
’ 4+ . »

the atrial receptors, due to a decrease in renal sympathetic

&
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activity, an etffect not found in the other sympathetic nprvés (170).
Urine flgw increased concomitafitiy (lb/;le)..Yhis cftect has beern
suggested to be partly due to an alteration in renal blood tlow and a
change in urine composition (15/,162). The increase ii urine flow was
. consideréd to bhe 4uC Lo the inA:bition of anti-diuretic hormone thus
resulting in a diuresis (1//). However, results of expériments iq
which the éffeéts or the presence of anti-diuretic hormone were
abolished could not explain gatisfactorily the change in urime flow
and composition (178). Another hormone, called atrial natriuretic
factor, has been isolated from blood and found to be secreted i{rom

atrial tisshe (179,180,181). This hormone 1is now shown to be

responsible for the diuyesis when the atrial walls are stretched.

Summary on Atrial Recéptqg;

@

\
complex non-capsulated

o

From these studies the f‘?lowing conclusiops can be drawn

(1) Most of the atrial receptors éoné?stt3¥

endings discharging into myelinated fibres of the vagus nerves.

{2) Atrial receptors ;>e stimulated by stretching of the atrial wall,
the npattern of discharge dependiné on the location of the
réceptors and the forces acting locally on the reéeﬁtors.

(3) Physiological reflexes associated with stimulation of gatrial

receptors are a chronotropic card{ac ;espohse and a reffex

inc}ease in urine flow. This latter effect is partly also

mediated by atrial natriuretic factor, a hormone produceg'from

the étria{ wall.

(4) The effecfs of stimulation of the. atrial receptors on the lungs

“s

and trathéobronchia] tree are not known.

L") ' N
-



bl.

Cardiac C-fibre Receptors -

Unlike the myelinated atrial afferent nerve endings discussed in
the preceding pages, the cardiac non-myelinated C-fibre receptors
have been less extensively sthdied. However, it is kngwn that
activation of these receptors brings about a number of reflexes, some
of which are similar ,to those associated with C-fibre receptors of

the lungs (182,183,184 ,185,18b). d

Atrial C-fibre Recepfors

-~

Like tung C—fibtg receptors, C-fibres in the atria have a very
low resting discharge freguency ({usually < 1 impulse/s). They may
show an increase in activity during the inspiratory and early
expiratory phases of the respiratory cycle (176) and therefore may be
mistaken for lung receptors. This phasic change during respiration is
thought to be due to the changes in blood volume and to the changes
in transmural qtrial pressure during respiration (182).'The function
of these atrial C-fibre receptors remains unclear.

Ventricular C-fibre Receptors

) In the dog, it has been found that injectiongf small amounts of

veratridine or nicotine into the left (but no;;the,right) coronary
‘artery stimulated sensory endings which cause refiex bradycardia and
hypotension (183). These reflex changes can also be evoked from the
ventricu]af receptors by applying small pieces of filter paper s akgd
in ﬁicbtine' or  acetylstrophanthidin onto the left ventricle
(184,{85). The' reflex ;as been called the coronary chemoref]ex or
Beold-Jarisch reflex (186).

Some of these ventricular, C-fipre 'Peceptors are actiyated by

capsaicin and phenyldiguanide (like 1lung’ C-fibre receptars) while
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others are stimulated by occlusion of the aorta,\i.e., they function
as mechanoreceptors responding to the changes in ventricular pressure
(187). - These mechanoreceptors are also activated during systole with
the increase in myocardial tension, increase in diastolic volume
during blood transfusion or by interventions‘ causing a positive
inotropic effect (188,189). The activity of som; ventricular C-fibre
receptors increases during asphyxia (187,190). The mechanism of this
is believed to be due not to the changes in arterial pO; or pCQZ,
but rather touzhe mechanical dilatation of the ventricles (190). The
common response to the stimulation of these receptors is a reflex
bradycardia and a peripheral vasodilatation due to a reduction in the
sympathetic adrenergic-mediated vasoconstriction {191,192).

The Bezold-darisch reflex has alsg been shown to be blocked or
attenuated by the intravenous injection of local anaesthetic drugs.
This is thought to be due to “endoahaesthesia” of the afferent
C-fibre endings (193). Thoren reported such an effect when using a
dose of 3;4 mg per kg body wt of lidocaine to achieve a piasma level
of 2.5 to 4.7 ug lfdocaine per ml plasma (193). ‘

It has been suggested that the Bezold-Jarisch refiex may be of
importance ;Bth for normal cardiovascu]&r control and during common
pathophysiological conditions ,'such a$\ fain%ing (190), aortic

A
stenosis (194), myocardial infarction (193) and asphyxia (187,190).

Right Ventricular C-fibre Receptors /

In the right ventricie of the dog, C-fibre receptors are believed
to be less nymerous than receptors discharging into myelinated fibres*
(1884). .As a vresult, right ventricular distension brings about weak

reflex résponses or\none at all (189).
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glectrophysiologica1 Studies

Like 1lung C-fibre receptors, the ventricular C-fibre receptors
are mostly ddentitied on the basis of electrophysiological studies
(e.g. 184,187,189). No histological description of these endings has
been reported. Histological studies of the cardiac vagal branches of
the cat showed that there are about 2000-2500 afferent fibres of
which about 75% are (-fibres (137). There is some evidence to suggest
that these receptors may bé situate;\in the superficial layers of tﬂE
é%iyardial surfaces of the ventricle (187,195) with others scattered
th}ough the ventricular wall (196).

Summary on Cardiac C-fibre Receptors

(1) Afferent endings discharging into non-myelinated fibres of the
vagi are present both in the atria and ventricles.

(2) while the function of the atrial C-fibre receptors are unknown,
the C-fibre receptors in the Jleft ventricle, when activated,
evoke the Bezold-Jarisch reflex, a depressor reflex consisting of
bradycardia and hypotension. This reflex ' 1is not” unlike that
initiated by the C-fibre receptors of the respiratory system.
C-fibre receptors 1in the right ventricle are less numerous and
the reflex effects qﬁ activation of these receptors are weak.

(3) The structure and morphology of these -receptors, whjch are
identified on the basis of electrophysiological studies, is nét

known.
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CHAPTER ©

REVIEW OF TRACHEQBRONCHIAL SMOOTH MUSCLE

The calibre of the airways depends on the tone of the smooth
muscie of the tracheobronchial tree. The importance of this tone is
well illustrated .1n bronchial asthma. While different mechanisms are
thought to be 1involved 1in cardiac asthma, a poSsib]e reflex
bronchoconstriction during pulmonary venous congestion cannot be
excluded. [t s not‘intended here to review extensively the subject

of airway luminal diameter changes. Instead, it is HTanned to focus

attention mainly on the following :

A. Methods of studying tracheobronchial muscle tone,
B. Aratomical and physiological considerations,
C. Reflex regulation of tracheobronchial smooth muscle tone,

D. Effects of various chemicals,

E. Implications in asthma - bronchial and cardiac.
»

A. Methods of Studying Tracheobronchial Muscle Tone

In order to study the properties of airway smooth muscle, a
number of techniques are being used to measure the smooth muscle
tone. Each method has its own advantages and drawbacks. A number of

commonly used methods are discussed here. .

1. Study of Smooth Muscie Tone In-vitro

This’ me;hqd is suitable in studying the effects of certain drugs
an  the smooth muscle, e.g., the effect of adrenergic agonigfs and
antagonists on a preparation of tracheal smooth muscle which may ,
or .may % not be pre-contracted by another agent such as

methacholine (197). White -the methed- allows - accurate and

64.



_it can be repeated as required (5,199). HoweVer, it suffers from
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continuous measurement of smooth muscle tone, it obvihusly cannot

take into account the modulating effects of the action of the
[§
efferent nerves and biochemical and hormonal\environment found in

the intact animal.

Measurement of Airway Function (Compliance and Resistance;

\

Closing Volumes)

These methods monitor changes in airway flows as indirect
measurements of traéheobronchomotor tone (6,198). Continuous or
frequent accurate monitoring can be performed. The drawback with
these methods is that they are indirect and the changes noted may
be due to other influences other than changes in
tracheobronchomotor tone.

Measurement of Airway Diameters by Serial Tanta]u& Brdnéﬁograms

*
This method has been used successfully to monitor changes in

airway smooth muscle tone indirectly and has the advahtage tfat
\ A

some disadvéﬁtages: (i) it is indirect, (ji) caré is required to

measure the same bronchi in serial studies, and, (iii) the

development of mucosal oedema may‘ be meésured ag increasks in

smooth muscle tone.

Recording Isometric Contraction in the Trachealis Muscle of an

Innervated Segment of the Upper Trachea

Th®s method was described by Brown et al in 1980 (200). Iw

involves continuous Vrecbk@iné of the isometric tension of the .

trachealis muscle that- rémains innervated in an upper trachelilil
- J *

segment in the intact animal. Thus, changes in tension ¢an be

monitored: directly in an gasily‘accéssiﬁfe part of the airways

3
: {
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and it allows reflex bronchomotor mechanisms to be studied. By
leaving the motor innervation to the segment from the superior
laryngeal néﬁ;es intagt and interrupting the recurrent and
pararecurrent laryngeal nerves, examination of the effects of
btocking the afferent pathway in the cervical vagus nerves is
possible without interfering with the vagal efferent pathway to
the smooth muscle of the tracheal segment under study. The
drawback is that one can never be sure if changes in the tracheal
segment bear any resemblance to chaqges occurring in the lower
airways. It has been suggested, however, tHat this may be more of
a theoretfgal than ppactical problem (39). The reasons for this
are: (i} the tracﬂga]is smooth muscle has ultrastructural,
mechanical and pharmag$1ogical properties similar to those of the
‘smooth muscle in the large bronchi (201), (ii) the tracheal and
bronchial smooth muscles have similar  length-tension
characteristics in vitro (39), and (iii) a similar time course
was observ@ in th; changes 1in ‘airway smooth muscle tone in
studies on airway reflexes following the use of caﬁsaicin,‘using
serial tantalum bronchograms (199) and the above technique (202).

' ,
It 'gas concluded that reflex changes in tracheal tone appear to
prbvide a good indication of the direction of changes in tone of
thé lower aitways (39).. : |
-ﬁ%asuremént of the iSemetric coﬁtraction of an innervated
upper ‘&racheal segment will be wused in the present workis and

E \ . v
further details of the method will be described under

Experimental Methods (see pg.144-145). =
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B. Anatomical and Physiological Considerations

In the trachea of the dog and other mamma1s, the effective muscle
is the posterior trachealis muscle. Most of the fibres of this muscle
run tran®ersely and are chiefly responsible for the active changes
in  tracheal volume (203). There are also some oblique and
fongi tudinal fibres, which, 1in addition to the interrosei muscles
between the cartilages, slightly shorten the trachea during tracheal
muscle contraction.

The alignment of the muscle fibres in the bronchi, which have
cartilaginous plaques around the luminal wall, are more 9p1ique. In
the bronchioles and alveo]ar ducts, the smooth muscle has béen
described to be thicker relative to the luminal diameter than in the
larger airways (203). However, it is not known whether, in these
smaller airways, the re]at%vely greater bulk of muscle and the

re]ative]j small airway djameters would have a disproportionately
greater influence on the airway diameters (according to Laplace's
.Law) and the airway rgsistance as a whole. Indeed, it has been
suggested that these smal{ér airways have distensibilities similar to
the alveoli (204). Further, the trachea and lobar bronchi have Been
reported to have a distensibility of similar magnitude, suggesting
tﬁat> the 1lung and air bassages increase their vofuﬁe approximately
pﬁoportional to the changes in transpulmonary pressure (205).

It has been shoggff by pressure/volume measuremeng“ that a
.maintained transgnral pressure(fdifference of 10 cm Hz0 can 1ncrease
the volume of the trachea by 40% in the dog (206). In the bronchi, a’

similar or greater distensibility (of up to .tw{ce that of the

- - - -

"traéhea) has been shoun despite the presence of the encfrcling
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cartilages. Also, bronchial diameter has been shown to decrease by up
to 70% in response to brorfchoconstrictor drugs and increase by 25% by
bronchodilators (203). Like the lungs, both trachea and bronchi also
show hysteresis and stress relaxation (206,207).

Innervation

The sensory afferent innervation.of the tracheobronchial tree has
been reviewed in the section on receptors of the lungs and airways.
The efferent innervation of the airway smooth muscle is via the
parasympathetic and sympathetic nerves. In generai, the vagal
parasympathetic nerves are excitatory to the airway smooth musclie and
cause bronchoconstriction while sympathetic act%vity results ' in
bronchodilatation (39,201,208). Howevgr, there is some controversy as
to the role of the sympathetic innervation which is known to vary
with the species studied (208). For example, the density in
adrenekgic innervation have been found to be higher in cats, dogs and
calves than in rabbifs, rats and guinea pigs (209,210,211). In cats
and dogs, s}mgathetic innervation has been demongtrated as far
distally as the respiratory bronchioles while in rabbits the evidence
for an adrenergic nerve supply to the airway smooti muscle remains

unclear (211). Under normal conditions, a small degree of airway

smooth muscle ‘tone appears to be present due to a tonic low frequency

a

@

‘activity of the vagal b;onchomotor fibres. This tone cbu!d be
reversed by cervical vagotomy, vagal ‘coofing. or atropine
administration (208).

Efferent vagal finnervation of the trachea js via fibres from the
superior laryngeal nerves to a variable upper segment and the rest by

fiores from the recurrent and pararecurrent la#"@éal nerves. The
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innervafion of the rest of the airways is from pulmonary brénthes the
vagl. "It has been suggested that nervous regulation affects mainly

the smooth muscle of the larger cartilage-bearing airways (39).

C. Reflex Regulation of Airway Smooth Muscile Tone

A large fumber of stimuli, not all of which are included in the

folldwing 1list, are known to affect the tracheobronchomotor tone.

While = it is. clear that an increase in tone .is due to a

- . « L
.parasympathetic excjtatory effect, the same caﬁnot be said of the

N

reduction Aip tone. The 1atter may be due to. an 1nh1b1tory effect on
the . parasyﬁbathettc maintained tone or an enhancement of sympathetic.
activity. Thg great pajority of studies did not -address this
q&estion. However, fit can be speculated that, as a result of the
effect of the afferent input on the medullary centres contro?\ing
airway  smooth muscie tone, an inhibitofy effect on the

A

parasympathetic-maintained tone may exist.

1. Inputs from Upper Respiratory Tract
- F)
It has been shown that mechanical and chemical stimuli. to the

nose and - larynx cauge bronchoconstriction (212,213): However,

stimulation of the nasopharynx has been shown to be associated with'

reflex bronchodilatatioh (213)
2. Input from Lower Airvays/

Slowly 'adapting stfetéﬁ receptors are reported to have a tonic
1nh1b1tory tnfluence on airway smooth muscle (214). whfle rapidly

adapting receptcrs have a- bronchoconstricting ef?ect (93) Receptors

]

i the Iungs and - airways dischargtng into non-aye}fnated affqunt\’

fibres, i e.. puinonary c- *ibre and bronchiaI C-fibre receptors, are

) 2150 thnqut to, have o bronchoconstricting affect 539 202) Thqs.

. ~

*
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inflation of the ]ungs,_which has an effect mostly on slowly adapting
Yeceptdrs under  normal “conditions, is wusually associated with
brdnchodilatation (214), although differential blockade of the stowly
aaapting'-receptors (and rapidly ad&pttng receptors) by vagal cooling
. has heen reported to result 1in bronchoconstriction due to the
unopposed effects of the non-myelinated afferents (202).

“Deflation stimulates- some rapidlj adapting receptors and

non-myelinated afferents and may be associated with an increased

bronchomotor tone (93,199). The effects of pulmonary congestion

réported to be bronchoconstrictive (5,6), the mechanism of whi
requires further study and forms part of the investigation of thi

thesis. " ‘ -

3. Effects of Lung Autocoids : e

Admidisfration{ of two commonly—u§ed lung autocoid§, histamine and
b}adykinin, has been ‘assoéiated with bronchoconstriction (147,215,
2164. The me;hanism"of ackionpof histamine is_generally thought to be
due to stfmulation of the rapid]y adapging‘ receptors (217\ but .
histamine also has a diréct,véffecx of the atrway ,qpotp muscle by
.§tiﬁu]ating the Hp and Hp receptors ;héughf to be present in s
airway smooth muscle (218). In‘ dogs ,. Zthe effect of bradyk{hin is
considered. to be due %o stimulatfon of "the bronchial C-fibre

receptors (147).

4. Effects of Foreign Airway Irritants - S | T

. . ' L ]
A number of inhaled irritants, such as fumes, smoke and dust, are

thoudht to evoke bronchoconstriction by activétigﬁ of the pulmonaty
. \ ﬂ

-

rapidI,‘adapting receptors (217).
. ;% .
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5. Effects of Peripheral Chemoreceptors, Baroreceptors and Other

Afferent Inputs

)

Hypercapnoea has been reportgd to have a direé% bronchodilatating
Lffect which -ma; be masked by (i) the reflex bronchoconstricting
effect of carbon dioxide and (ii) the often accompanying hypoxia
which has a bronchoconstricting effect (219). The effects of carbon
dioxide appear to depend on the concentration of the carbon dioxide
inhal%d as well as the possible site of action of carbon dioxide,

i.e., dependent upon the experimental conditions (220). .
."‘ ‘A drop in pH, i.e., an= increase in (H]* has been shown to

3

result :in ditatation of isolated airways whi]e.an‘increase in pH has
fthe opposite effect (221) : R
Stimulation of the carotid-sinus béroreceptors has been shown to
cause- a small diTatation of the ‘trachea (222). Recently, it‘has been
reported- in dogsA that, decreasing the mean carotid-sinus pressure
below ‘a control level of 100-110 mm Hg produced increases in tracheal
tension whereas increasing the cafotiz-sinus pressure above the
control level had the opposite effecf in which the aortic nerves had
been interrupted (223). \ p <.
Another  study suggestéd that iqusion of hypértonic saline
solution into the pu1m0nary artery could cause a reflex broncho-

constrlctlon due to st1mu1at1on of the RAR (224)

6. Effects of Splahchnic and Periphera] Chemosensitive Afferents

- D1rect application of scapsaicin and bradykinin to the serdsa]
surfaces of the abdom1na] organs ‘have been shown to resu]t in reflex

relaxation qf tracheal smooth muscle {225). Muscu\ar contraction of
- P
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reflexly in dogs due to stimulation of the non—mye\inated afferents

in the muscles (226).

D. Effects of Administered Chemicals

Besides the effects ot atropine, histamjne nd bradykinin on
tracheobronchomotor tone that have been mentioned, a number of
chemicals, administered intravehous]y in the intact anima] or studied
on preparations of isolated airway muscle 1in a tissue bath, have
effects on the smooth muscle tone. Isoprenaline (isoproterenol)
causes the relaxation of the airway smooth muscle as a result of
stimulation of the betag-adrengrgfc réceptors (227). Blockade of
adrenergic agonists such as 'jsopren;Yine, noradrenaline
(norepinephrine) and phenylephride by a]bha and beta blocking agents,
showed that, with selective alpha blockade, relaxgtion of—trachedi”
smooth muscle that is seleétively rever#ed’by beta blockade occurred
(197). Alpha-receptor stimulation caused_br;nchoconstriction in some
patients w1th¥‘gbstruttive airway disease (228). However, another
stu?yl with propranolQl on adrenal demedullated rats'suggested that
the bronchoconstricting effects of this drug are unrelated to the
' beia;gdrenergic< blockade of the airway smooth muscle, a finding that
-?s hard to reconcile with the generally accepted views of the effects
of beta-blocking agents 1in causing bronchocoqstriction (229). This
suggests that more than onc mechanism may be operative in the actioﬁ

of the adrenergic agonists and antagonists (229). ¢ e
. ’ ™ !

»y‘.x‘.. :

PGI2 . have been shown to have a pronchodilatating effect wﬁfn
given as an aerosol to human asthmatic subjects (230). However, a
paradoxical  bronchoconstricting effect was found with .PGE} \and

PGI, when they were infused intravenously, the mechanism of
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~action of which , has been postulated to be due to stimulation of the
bronch1a1 C-fibre receptors (231)

€. Implications in-Asthma - Bronchi al and Cardiac .

These two forms Of asthma have superficial similarities in that

o

y6th‘ cases, patients presentﬁwith respiratory wheeze, increased

res£1ratory efforts and may present in acute resp1ratory distress.

4

.Bronchial asthma is a d%sease of - the airways in which
. . . ?

hyper—reactivity ofhEthe tracheobronchia] smooth muscle plays a"olef
It is thought that; inhdled a11ergens set up an allergic reaction
leading to the release of mediators such as histamine and
prostaglandins which‘ in turn acti;ate‘ sensory endings in. the
epithelium of the airways (84f215,232), The afferents involved are
thought to be RAR: pulmonary C-fibre and bronchial C-fibre receptorgi
The result of stimulation of these receptors 1is a reflex
bronchocpnstrittion and an increase “in airway sectetiohs bg!% of
which have an effect ifp\obstructing the aifaay lumep.¥§17). In
humans, the . ev?%ence- for this mediator-?ndhced tﬂref]ex

W . -

bronchoconstriction is that inhalation of maay medi ators such-as_

-

prostaglandins,' leukotrienés\ bradykinin and 5-hydroxytryptamine

induces asthmatic attacks in susceptible subjects (217,,232). The
suggestlon that this .1 a reflex is supported by the;finding that
atropinic Adrugs ngen in adequate, dosages to reach a '

. s ; L
in the awrway, can be effective in inhibitin priergen and

1ue§na,

medi ator-induced bronchoqonstriction in a ﬂﬁrqportioq 3f subjects

(233).

In cardiac  asthma, the initiating event fs putmonary venots
congest§65 " Tkading- . td  pulmonary interstitial oedemd. In~ this

-
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situation, a reduction in the airway lumen is attributed to one or

more of the following possible mechanisms . ~

1.

A}

\,

2\

Intréluminal obstruction due to the“accupulation of cedema fldid
in the interstitial space causing mucosal swelling (2),

Extrinsic compression on the airways as a result of the dévelop—
ment of peribronchiél oedema and vascular engorgement (3),
Decrease in radial traction as a consequence of the increased
"stfffening of the 1lungs" from the fluid and blood accumulating
in the interstitial spaces and resulting in a reduced functional

res}dua1 capacity of the lungs (4).°

There 1is reason to believe that a fef]ex bronchoconstiiction may

also occur during cardiac asthma (5,6). To determine whether this is

indeed the case forms part of the investigation in this study.

Summary on Tracheobronchial Smooth Muscle

(1)

(2)

(3)

(4)

The calibre of the airways depends on the smooth mugcle tone of
the tracheobronchial tree.

A number of methods have been used to monitor this change in
muscle tone.

The airway smooth muscle is under the influence of a dual
autonomic nervous control. However, the extent of 1nnegjktion of
the smooth muscle into the smaller branches of the airways varies
in different animal species.

Tracheobronéhial‘ smooth muscle tone is under the influence of a

number of sensory inputs, i.e.,, afferents from the lungs and

——

~airways, chemoreceptors, baroreceptors and othgrl.periphera1

afferents, as well as of lung autocoids and administered ™~

"foraign" chemicals.
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(5) Evidence is available that, in a proportion of cases of human
subjects, bronchial asthma is -due to an antigen—anﬁibody reaction
releasing mMediators inducing a reflex bronchocons.triction. While

. *
the mechanism in cardiac asthma is thought to be due to the
effect of interstitial oedema on the airway lumen, a reflex

bronchoconstrictiont cannot be ruled-out. The.study of this reflex

bronchoconstriction forms part of the investigations of this

itudy.
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o STATEMENT OF THE PR(?JLEM.
’

The review of the literature has produced une uivocal evidence
that the pulmonary receptors respond to various stimuli applied
directly to the respiratory system. However, the. responses of these
receptors to a small degree of acute, sustained pulmonary venous
congestio;, in the absence of alveolar oedema, in not clear. Further,
the presefce of reflex response(s) of airvay smooth muscle to this

sustained pulmonary venous congestion has’ not been demonstrated

directly. )

Therefore, the present, seriesw of experiments were designed to
study:

1. The responses of‘ the pulmonary recehtors to an acute sustained
pulmonary venous congestior prbduced by elevating the left atrial
pressure by up to 15 mm Hg above control level for a period of 15
min.

2.. The responses of the tracheal smooth muscle to the above
pu{monary venous congestion. | ]

3. The effects of pulmonary venous congestion on puTﬁbﬁEry lymphatic
flow and the dynamic compliance of the lungs. N
It s intended to produce pulmonary venous congestion by

occluding partially the mitral “valve and elevating the left atrial

pressure.

P



. CHAPTER 7

- GENERAL EXPEﬁIMENTAL}METHODS
This  section describgs the Tethods used® in the series of
experiments «in this study; Followipg this chapter dealing with the
general experimental methods involving the fechnigues common to all

“the experiments, specific techniques particular to each protocol will

be described ¢{n subsequenk chapters. In the chapters following this,

each will deal w specific protocdﬁ and will start with a brief

-

introduction outlining the purpose of the protocol. This introduction
is followed by a descriﬁtion of techniques specific to that protocol,
details of experimental protocols and the appropriafe statistical

methods used. Finally, the results obtained will be reported.

»

-

Premedidation and Anaesthesia

| _Dogs weighing 18-32 kg’ were premedicated with an injectién of

- morphine sulphate (0.5 mg/kg subcutaneously). Thirty minutes later,
they were prepared for general anaesthesia with alpha-chloralose
(Fisher Scientific). Under local anaesthésia (1idocaine, .dose: 10 mg
xyloéaine, 2% w/v; Astra Pharmaceutical ‘Divis{Pn, Mississauga,
On;ario), a cannula (ID 1.57 mm, Intramedic polyethylene tubing, Clay
Adams, Parsipanny, New ‘Jersey) was inserted into the inferior vena
=cava via the left -saphenous vein.

The alpha-chloralose (5.0 gm) was dissolved in 500 ml of NaCl
solution (0.9 w/v, in distilled water¥’at a femperature between 65
and 700C, To facilitate the solution of the alpha-chloralose, the
‘mi xture* was stirred continuously. The solution was then transferred

to a distillation column bearing-a filter at the lqwer outflow end.

77.
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The column was maintained at 50°C'by cf;cziating weter through its
outer jacket. This procedure ensured that the anaesthetit solution
was injected into the animal  at \e temperature of ,45-470C, as
measured at the proximal end of‘the cannula in the saphenous vein.
Tﬁe initial dose of alpha-¢h1ora}o§e was G.1 gm/kg. Sutsequently;‘a
state of light enaesthesia was maintained by a continuous infuston of
alpha-chloralose ‘(dose 0.05—0.075 ml/kg/min). The. de;s' werel’not
paralysed. — . N
Alpha-chﬂdralose is essociated with acidaemfa and this was,
. prevented in this study by a slew constant _infysion of sodium

bica:gonate (7.5% w/v, 0.1 ml/min).

Artificial Ventilation.

i
L}

As soon es possible fol]owing the induction of-anqesthesia, tﬁe
dogs were’ cannulated with a cuffed endotracheal tube (ID 10 mm,
length 20 cm; National Catheter, \Qrgy1e,"New Ybrk) and ventilatéd
artificially (constant volume intermit&gp¢ positiﬁe pressure
véntilation) wusing a Harvard venti]ator (Model 607, Harve;d
Instruments, Millis, Massachusetts) at the rate .of 18/min and with,av
tidal volume of 12-15 ml/kg. The open end of the expiratory tube of
the ventilator was placed under 2 cm of water in prder to prevent
collqp%e of ‘the 1lungs in thetdog witﬁ the open chest. Supplemental
oxygen’ was given to maintain an adequate level of arteriel p02. A
cannula (ID 1.67 mm, I;tEamedic polyethyle;e tubing) was positioned:
in the trac¢hea so that this open end was at the 1eve1 of the carina
while the other end was connected to a pressure transducer for the

measurement of intra-tracheal a1rway pressure (Fig. 1),

The dogs were ventilated bywa constant volume ventilator. It was

-\.\ "ﬁ
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found that, wunder the -atmospheric ’conditons‘\prevalent here in

Edhonton a tidal volume of 12 to 15 mlﬁand a ventilation rate of 18

cycles/m1n were adequate to ventilate the dog via-an endotracheal

tube. When the dog-was ventilated via a tracheostonly tube, the tidal
. r
V 4
.volume could be reduced, as was done in Protocol IV.

Arterial blood gas measurements were-made at the start of each
_experiment and then at periodic intervals (Instramentation Labdratory

Inc., pH/Blood Gas Analyzer 813, Lexington, Massachusetts). Once the’

blood Gases of the animals were-adjusted to the normal rapge, the

ven tory .parameters were not changed, so as not to distort the
experimentaL}recordings.

‘ J
Measurement of Cardiovascular Parameters

A cannula (ID 1.67 mm, Intramedic polyethylene tubing) was
inserted into the right fegoral artery and advanced into the aorta.
This cannula was used for recordﬁng the aortﬁ?{pressure. Cannulae .
were each 1nserted inte the right femoral vein and advane d into the

inferior vena cava, and into the right external jugular vein to the

. -

right - atrium. These cannulae were used for injection of drugs, sodium'’

.

bicarbomate and intravehous fluid.

-

The chest was opeued in the midline and a latex balloon attached
- &

to the end of ‘a polyethylene cannula (ID 1.67 mm;k-Intramedic'
polyethylene tubing) was:* inseriéd into the left atriumythrough the '
left atrial appendage. A second cannula (ID 1.67 mm, Intramed1c'

polyeth}ﬁbne tubing) was inserted into the 1eft atr1um and used for

r6cording the pressure ln the Teft atrium.
v

The cannulae for recording pressure were cdnnected to transducers

.
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(Model P23 DB, Statham Instraments Ltd., Hato Rey, Puerto chbf the

>

output of whigﬁ was ampl{fied and recorded’on light sensitive paper
(Model VR12, E]qstronics for Medicine/Honeywell, Pteasantville, Ngy
York). The frequency reéponse of the system for’recofding pres?ure
was~ flat to 50Hz (*2%). Both ‘"real timef‘.pressures and mean
pressure for intra-trachea], aortic and ief;}atrivl pressures could
be monitored and recorded. Mean pressures were calculated
electronically. The zero values for the atrial pressure was obtained
post-mortem after e*posure of the tip of the cannula to the
atmosphere. o - . ‘

WhiJe mean aortic (arterial), atrial and intra-tracheal pressures
were calculated electronically, the actual measurements were recorded
and, where necessary, measured manually to avoid.errors due to the
“averéging" effect of thé monitoring system. This was particularly
important with thé ﬂiow pressure readiﬁgs such as intra-airway and
atrial pressures.

e

Heart Rate . ‘ ' ' .

The‘ heart .rate - was continuously monitdred~ from Jgn ql;@i:;-
cardiogra (stan&ard lead II) using a cardiotachometer in the same
system | (Model  VR12, Electronics for. Medicine/Honeywell)' and
recordings were made. N

Temperature Control

The' temperature of the animal was monitored using a thermistor
placed "in ‘the oesophagus (Model 43TD, Yellow Springs Instruments Co.,

Yellow 'Sbrings: Dhio). The temﬁgraturé of the animal was maintained -

at 37 * 10C using heating lamps..
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Production of Pulmonary Venous Congestion '

The cannulae in the left atrium,-one bearing a balloon at its end

-

and the other attached to a pressure transducer for measurement of

left atrial pressure were dnchored firmly by a clamp to prevent
. \\
displacement of the inflated balloon into the mitral va]ve”apparatus

and disruption - of the Xxirculation. Pressure in the left atrium was
- ( )
increased by gradually distending the balloon with 10 to 20 ml of

0.9% NaCl solution. This manoeuvre produced partial obstruction of
the mitral valve. Elevation 8ﬁ the left atrial pressure resulted in

increased pressure in the pulmonary veins and cgused pulmonary venous

<
3

congestion (Fig. 2).

3

7
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CHAPTER 8

Protocol 1. The Activity of the Pulmonary Receptors Dul@gg}Pulmonagy,J

Venous Congestion
N

I

The \serﬁes of experiments 1in th%s section investigated the
effects of pulmonary venous congestion on the four types of pulmonary
receptors, the effects of d}aZéd increases in left atrial pressure.

After the dog had been prepared as described in the chapter on
General Experimental Methods, action potent1als were recorded from

branches of the cervical vagus as fallows:

Recording Action Potentials .

The vagus nerve (left or right) was exposed in the neck Q?a a
ventral midline incision. The vagus nerve was dissected awaijrqm the
common carotid artery. A pool of peraffin (389C) was made from the
sgin ~f1ap and surrounding tissue to cover the nerve and prevent it
ffom dryingf The vagus nerve was placed on a black perspex dissecting
platform which was placed within the‘_poo] (‘Fig.l). The rest of the
procedure was carried out using a dissecting m1croscope. |

The b1ood vessels on the surface'of the nerve were ligated on
either. side of the platform anq,th’ sheath of the nerve was carefully
dissected baway fo; a length. of 1-1.5 cm from the nerve until the
bundles of nerve fibres were seen as shiny strands. Slips of the
vagus were prepared in the following wayl A nerve bundle was cut frmn(
the nerve trunk %F a point cranxﬁl to the p]atform and after being~
separated caudally from the main trunk, was laid on the perspex .
plﬁtform. ,The__cut ‘end of the bundle was‘gently.teased apart and
grasped ’with two pairs—of fine forceps. The:bundle was then split‘by‘
>separating- the ferceps. This subdivisionaras repeated several times

v o 82.
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and each fine slip was placed on a pair of bipolar silver é1ectrodes

@
to determine its impulse activity. This fine dissection of the nerve

bundleswas continued until single units were obtained. -
Action pdtentia]s were recorded usiné previously established
tkchniques (156,234). Slips of - the tervicaH vagus were placed on
silver electrodes$ anﬁ the output was amplified (Tektronix Type 122,
Low Leyel Preamplifier,  Tektronix Inc.,) Oregon) and recorded
(Electronics for Medicine/Honeywell). The action potentials were plso
A displayed on an oscilloscope in addition to being fed into an audio
| amplifier (Model 32-2025, Tandy Electronics, Barrie, Ontario). In
order. to facilitate the calculation of the activity in the pulmonary
receptors,_.the signalsJ weng fed in?d‘ a discriminator and couﬁted
electronically. The fidelity of the -recordings wés established. by

recording simultaneously both the "Rw" and the "processed’ signals.

Determination of :Conduction Velocity

The conduction velocity in the fibres was.meashred by stimulating
the vagus electrically (Nerve SnjmuTator Mode] SD§B Grass Inst. Co.,
Quincy, Massachusetts) at a po%n; 4-5 cm caudal to the site of the
recording. -In order to minimﬁze the current sb}ead during st}mulation
of the nerve, the vagus was grounded between the récording and -
stimulatng electrodes at a point 1 cm from the latter. The site of
stimulation was (not dé-sheéthed. The ac£ion potential evoked in the
nerve was monitored on an oscilloscope which was triggered b} the
stimulus. The stimulus pa;ameters were as follows: myelinated fibres,
duration 0.05-0.10 ° msec, ‘stréanh §-80 V__(17.8 * 3.7 v);
non-myelinated ‘fibres, duration 0.5-1.0 msec, strength‘50-80 V (58.0

* 2.2 v). time taken for, the impulse to traverse the length
(. \
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of the nerve froﬁ the site of stimulation to the recofﬁing s’%e was ,)
obtained from the oscilloscope. The disfance between the sitg of
recording. and the poiht of stimﬁlation was also measured. These two -
values were used to calculate the conduction Velocity. The identity
of the unit stimulated was established in two ways. In the case of
the SAR waich hid a "constant” rate of discharge, it was poss1b1e to
demonstrate '"coliision". For the dther types of fibres examined, the
identification was based wupon amplitude and shape. of the action
potential discharges (see below). The above procedures permitted the
differentiation of myelinated from non-myelinated fiﬁres;

- =

ldentification of the Receptors ‘ .

%4

"The SAR and RAR were identified usually From the pattern of
. afferent activity recorded from the cervical vagus nerve‘and from
the;rg cqggJ;tionﬁ velocities. Thegetunits were differentiatéd further
by their resbonses to vstebwise sustained 1nf1at§on of the lungs in .-
the manner of Knowlton and Larrabee (55): the SAR showed a sustained
increase in the patterm of dischafge while the RAR exhibited evidence
of rapid adapéation. An édapta£i°n index was ‘obtained by ‘
hyper1nf1at1ng the- lungs in a stepwise manner by»'occluding'the
expiratory line of the ventilator for three v;nt11atory cycles. The
venti]ator was shitched-'off ét peak 1n5p1ration.and the inflation
N maintained for S5s. E;perimenfal recordings were'obtadned at a paper ,
speed of 50 mm/s and the adaptation 1nd€x (A.I. ) was calculated using
the following formu1a '
AL = |

Peak Frequency - Average Frequency during 2nd secdnd

Peak Fréduency'

o . x 1008
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Peak frequency -‘was calculated gver 0.2s and coincided with the
-peak of inflation. The 2nd'§econd'w35 defined as the\beriod between
1.2s and 2.2s following the start of the measurement.

The non-myelindted C-fibres had conductidn velocities less than 2
m/s and their patterh of discharge in relation to the ventilatory
rhythm was random. Pulmonary C-f%bre receptors were identified
further by their rapid Aregponser (less than 3 seconds) following
injection of capsaicin (10 ug/kg; capsaicine natural, Fluka AG,
€hemische Fabrik, Switzer]and)v into the right atrium (60,134,146).
Bronchial C-fifre receptbrs were identified by their response w{thin
7-12 seconds to an i;jection of pheny]digu;;ide (10 ug/kg;
l-phenyldiguansde hydrochloride, Fluka AG, Chemische Fabrik,
Switzerland) into tﬁ?rﬁght atrium (65,157). Phenyldiguanide solution
was prepared by disso]vingflo mg phenyldiguanide hydrochloridg in 100
ml  0.9% NaCl solution. Capsaicin was dissolved in NaCl solution (10
mg capsaicin in 98 m1‘0.9%‘sa1ine solution and 2 ml absolute ethanol)

-~

kept at 65 to 700C.

Experimental Protocols

Three protocols were carried out ih this serfes of experiﬁénts.
In all cases, after an afferent unit having -one of the above
characteristics was identifted, the prepa;atio; was left for 10
minutes for equilibration. Next, one of the following protocols was

completed. S
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Protocol 1A. Activity of Pulmonary-Receptors during Acuté Elevation

Ay

of Left Atrial Pressure for 15 minutes

A Y

Obsgrvations were madet of the reSponses.\of all four types of,
pulmenary regeptofs to an elevation of left atrial presg@re and the‘
resultant pu]monary congest1on Recordings were made for an 1n1t1a1’
control period of f0 minutes. At the end of this period, the balloon
in the left atrium was distended to increase the left atrial pressure

by approximately 10 mm Hg. After 1 min, recordings were made for a

period of 15 min. At th end of this period, the bZ]loon was deflated

and after a period of 1 min, recordings were made for a second

control periodSf 10 min.

Minute by minute recordings of the nerve action potentia]s, peak
and mean intrartracheal‘ pressure, mean left atrial pressure, mean
aortic pressures and heart raté Qere made fer the duration of the
protdeol.

<

Protocol 1B. Effects of Graded Increases in Left Atrial Pressure on

Pulmonary Receptor Activity

- = 3 ‘.

In this protocol, the effect of a graded 1ncrement of left atr1a1=

pressure on the discharge of the four types of pulmonary receptors7

was examined. After obtaining recdrds for an initial cbntro1 periqg

of % min, the balloon in the 1eft atr1um was distended.to 1ncrease

the Jleft atrial pressure. in steps of 5 mm Hg (i.e. 5, 10 and 15 mm -

Hg) up to a maximum increase of 15 mm Hg. Each step was maintained-

<

for 5 min. * » ’
Minute by minute recoﬁ&ings“of nerve action potentials, peak and

mean intra-tracheal pressure, mean left atrial pressure, mean~aoft1c

pressure and heart rate wére made as 1n Protocol IA'Abogé. S e

n
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Protocol 1C. Effects of Vagal Cooling, Vagotomy and Bilateral Carotid
Clamping on RAR Activity

This protocol was designed after analysis of the results of
Protocol 1A showed that -the RAR had the greatest increase in activity
in response to the increments in the Jleft atrial pressure. The
following additional procedures were carried out to establish the
possible ﬁéchanisms involved in this phenomenon.
(a) After demonstrating the response to an increase in left atrial
presssure of 10 mm Hg‘jb min) as in Protocol lA, the procedure wés
repezted after codling both vagi to 89C. The vagi were rewarmed and
the stimulus was applied once more. The vagl were then segtioned énd
the procedure repeated. On the nerve from which recordings were made;:

both procedures were done cranial to the site.

Vagal Cooling: The vagus nerves were freed for 3-4 'cm from the

cervical carotid sheaths. Each nerve was then placed in the groove of
a cooling platform (width 2.5 cm) which was cooled by a thermode
consisting of a thermocouple arrangement. The temperature of each
platform was measured by a small thermistor (Mgdel YSI 511, Yellow

Springs Instruments Co. Inc., Yellow Springs, Ohio) which was placed

——

inside the groove in contact with the nerve. //

The method df vagal cooling used in this study 1is well
established ﬂ156). The nerve was caovled in the groove of a silver
cooling platform attached to a thermocouple arrange;ent. When

¢e1ectric current passes through this apparatus, cooling of the
* thermode occurred and the excess heat was removed by a constant

stream of cold water flowing adjacent to the apparatus. The rate of

cooling was controlled by adjusting the strength of current passing

£



88.

through. The temperature of  the nerve was monitored by a small
thermistor lying in a groove adjacent to the nerve. The temperature
scale of the thermistor was calibrated against a standard laboratory
mercury thermometer at two points: 109C and 09C before each
session. It was found that tre temperature of the nerve could be
monitored accurately in this way (156}.
(b) The activity in the RAR was recorded over a 2 min control period.
The common carotid arteries were occluded by clamps for 30s and the
effect of this manoeuvre on the activity of the RAR was noted. The
clamps were - then released and further control recordings made for 5
min.

Clamping Carotid Arteries: Both common carotid arteries were

dissected out in the neck and separated from the vagi. Two spring
loaded clamps (Crile Hemostat, size 5.5 inches, Lawton GmbH & Co.,
Tuttlingen, Germany) were positioned on the arteries. Both clamps
were applied simultaneously without additional tension on the length
of the arteries. When they were removed, care was taken to
synchronize the removal on both sides. The time of application and
removal were defined on the recording by an event marker.

Location of Receptors in the Lung

After completion of the above protocols, the location of the
receptors was ‘®stablished by discrete palpation of the mediastinum
and the 1lungs. In the case of the éAR and the RAR the localisation
was limited to a segment of the bronchus approximately one cm in
length. In‘ the case of the pulmonary C-fibre and bronchial C-fibre
receptors, the process was continued until the receptor was localised

to a segment of parenchymal tissue of the lung.
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STATISTICAL ANALYSIS

Group data was expressed as means ‘' standard errors of the
«

means.

.

In all cases, a p value < 0.05 was accepted as indicative of
statistical significance. In protocols IA, IB and IC, where two or
more treatments were compared by an analysis of variance {ANOVA), the
Least Significant Difference test, (LSD) at p < 0.05 was used to
detect differences between means, if the ANOVA was significant (235).

The activity 1in the nerve fibres was expreéssed in terms of the
number  of ) action potentials/ventilatory cycle (also "action
potentials/s"). The settings of the ventf]ator were unchanged (18
ventilatory cycles/minute) after recording commenced. In all
protocols, the data*}obtained during the experimental periods was
compared to those obtained during the control periods. \

In Protocol 1A, a further analysis was done after dividing the
receptor activity into the inspiratory and expiratory phases of
ventilation. This separation was done on tfé\gasis Qf the changes in
intra-tracheal pressure. A factorial analysis was undertaken to
establish - the effects of the two phases of ventilation and elevation
,upon receptor activity. This apprbach was used to ana]yée separately
the effects of pulmonary congestion on receptor activity during the
two phases of ventilation.

Heart rate, mean aortic pressure, mean left atrial pressure, mean
and peak intra-tracheal p}essures were compared usingoan analysis of
variance (see above). Arterial blood gases parameters were analysed
by a paired t-test comparing the data obtained from the initial and

treatment periods.

N \



90.

RESULTS
SR~

Protocol IA. Activity in Pulmanary Receptors during Acute Elevation

of Left Atrial Pressure for 15 minutes

Protocol 1A was completed in 32 dogs. At the start of the
recordings, heart }ate, mean arterial pressure and left atrial
.pressure were 150%'3 beat/min, 111*3 mm Hg and 7.514(2 mm Hg
respectively. Arterial blood pH, pCOy2 and ﬁﬂé were 7.33%0.01,
3.7Y1.4 mm Hg and 212.6%11.9 mm Hg respectively. The& average
inceease in left atrial pressure was 9.4%0.2 mm Hg.

Activity in SAR

Fifteen SAR were examined. Activity in the units was related to
eQBansion of the lung and in all these units, activity during
inspiration was greaterf than during expiration. All units showed
sustained activity _for a maintained inflation and had adaptation
indices <20% (Fig.3AN Average conduction velocity in these fibres
was 22.2%4.2 m/s (range 7.5-4%.8 m/s).

Du;?ng the contfo] peripd, average activity was 69.3*8.5 action
potentials/ventilatory  cycl (20.8*2.6 action potentials/s);

‘inspiratory phase, #6.625.4 actfon potentials/cycle and expiratory

)
phase, 22.5i3.7 action potential/cycle. When 1left atrial pressure
~ was elevated, 14 of the 15 rékeptors examingd showed increases in
activity. Average activitx/~ increased to 79.}:8.% action
‘potentials/cyclé (23.8%2.6 action potentials/s); inspiratory phase,
49.2%5.6 action potentials/ -cycle and expiratory phase, 30.2%4.1
action potentials/cycle. The increases 9n activity per ventilatory

cyclé was statistically sigmificant (p<0.005) as was the increase

“uring the expiratory phase (p<0.01). The change 9ur1ng the
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ingpiratory’ phase was not significant; When left atrial pressure was
restofed to control, the activity returned to values which were not
significantly different from the initial control values [i.e.
68.2%8.0 action potentials/cycle (20.5%2.4 action potentials/s);
AinSpirator} phase, 44.5%5.5 action potentials/cNe aqd expiratory
phase, 23.9@9.2 action potentials/cycle]. @A example of one such

unit  is shogy in Fig. 5A. The results of all the SAR are summarized

in Fig. 9 and 13.
When left atrié] pressure was elevéted, éctivities during bbth

-~

phases of ventilation increased, but that during the expiratory phase
showed a greater proportional increase. In two SAR, the activity
during the expiratory phase became greater than that during
inspiration, ‘due to a change in discha§ge pattern from phasic to
sustained activity. During the inna] control period, act%vity

decreased during both phases of ventilation (as compared withAthe

period of elevated left atrial pressure) but ‘one of the two SAR which

showed sustained activity during c¢ongestion continued to be more

active during expiration than during inspiration.

Activity in RAR

v .
¢ Eleven RAR. were examined under the same conditions as the SAR.

The activity in these wunits had a respiratory rhythm but this

14
re]ationshjp was less consistent than in the SAR. Of the 11 RAR

studied, 9 showed predominantly inspiratory activity and 2

predominantly expiratory activity during the initial control period.

»

A1l units showed evidence of rapid adaptation (Fig.’3B) and, the
A

o\
adaptation index in these RAR was 82.612.6% (range 73-91%). Average

conduction velocity in these fibres was 25.6110.4 m/s (range

by

. LIERN
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13.6-40.0 m/s).

During the initial dbntrol period, average activity was
12.3*4.2 action’ potentials/cycle (3.711.2 action potentials/s);
inSpiraton phase, 8.8%3.0 action potentials/cycle "and expiratory
phase, 3.5%(.3 action potentia1§§;ycle. When feft atrial pressure
was elevated, activity increased to . 22.7%5.7 ‘ action
pbtentials/gyé1e (6283117 Mactiin botentiaﬂs/s); inspiratory phase,
14.5%4.5 action potentials/;ycle and expiratory phase _8.2f2.0
action potentials/cycle. "aThese increaﬁﬂ are statiis'ticalrly
significant (p<0.005 for overall chaans, p<0.01 for change during

the inspiratory phase and p<0.05 forjfchange during the expiratory

phase). After left atrial pres%ure was restored to control level,

activity returned to values which were not :different from t@pse
during the initial control  period [i.e., 11.5%3.5 action
potentia1s/c}c1e (3.4¥1.0 action potentials/s); inspiratory phase,
5.9¥2.2 action potentials/cyéle»- and expiratory .pﬁase ,5.3%2.0
action potentials/cycle]. An eiamp]e of a RAR is shown in Fig. 58B.
The results of all the RAR are summarized in Fig. 10 and 14.

During the periéd of eiévated left atrial prgzsure, predominantly
inspiratory actiVity was shown by 4 RAR: predominantly e;pifatory
activity by 4 and equal activity during the two ventilatory phases by
3. Buring the final control period, 7 RAR 'showed predominantly
inspiratory . activity, 3h predominantly 'expiraiory activity and one

_equal activity during both'phaseswof'respiration.

Activity in Bronchial U-fibre Receptors

Nine bronchial C-fibré feCeptors having an average conduction -

o

‘velocity 1.3'0.1 m/s (range 0.5-1.7 m/s) were examined. A1l units

& | . ' . ) ) \
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 were activated 8.8i9.8 seconds afteg' th;ectiOn of phenyldiguanide
into the right atrium (Fig. 4A). Activity iﬁ the C-fibre receptors
was irregular - with no apparent modulation cau;gd;py inflat®n and
deflation™ of the 1lungs. Nevertheless, .during. %ﬁ;'¥nitial control
period,‘ their  average activity: ‘was  8.2%1.6 éction'
potentials/ventilatory cycle (2.5%0.5 action potentials/s);
inspiratory ﬁhase, 3.2 0.6 éction potBntials/cyqle and expiratory
phase"S.O 12 action potentials/ cycle. When left atrial pressure

| was fincreased, activity became 11.4 * 2.0 action patentials/cycle
(3.4%0.6 action potentials/s); inspiratory phase, 4.4 * 0.9“
action pofentia]s/cycle énd expiratory Ighase, 6.7 * 6.9 action
potentials/cycle) These increases were- statistically sigéificant
(p<0.005 for overall changé;.p<0.01 for both phases of yenti]atfon).
When left atrial pre;shre‘was restored to control values, aétivity'jn \
these receptors was similar to that ‘during thg'initiél corftrol period
[i.e., 7.4%1.5 action potentials/cycle (2.2%0.4 action’
potentials/s); inspiratory phase;QZ.QiD.B ‘action potentia]s};yc]e
and éxpiratory *phasé 4.611.0u action potentials/ cycle]. Aﬁ example
of a response in a bronchial C-fibre is shown in Fig. 6A. The results

~

of all the bronchial C-fibre recéptors are summarized din Fig. 11 and

15. '
: \ .
During the initial ‘control period, 3 bronchial C-fibre receptors
showed predbhinant]y inspiratory activity and 6 predominagtly
expﬁratqry activity. When Tleft atrial pressure was elevated, the
proportion of receptors showing predominant activity in either phases
of the Qenti]atory cycle remained unchanged. However, oBe}receptof

which showed ‘predominantly inspiratory activity during'tghfrol now *

o ’
. L

]
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showed predominani]y expiratory activity and another receptor showed
the opposite changes._quing the final control period, twdpbronchial‘
C-fibre receptors- showed predominantly ‘inspiratory activity and 7

predominantly expiratory activity.

‘Activity in Pulmonary C-fibre Receptors

Nine pulmonary C-fibre rgcep;og§ having ,an average conduction
velocity of 1.0 * 0.05 m/s (range 0.8-1.2 m/4) were examined. They
responded to capsaicin 1.8 } 0.2 seconds ) fter injection of the
drug z1nto the r1ght atrium’ (Fig. 4B). During the control period,
these receptors were w1thout any respiratory modulat1on

During . the initial qontrol - period, average activity was 4.6 *
1.8 action potentia]s/veﬁ%ilatory cylle (1.4%0.5 action
m-potentials/s); inspiratory phase, 2.0 ¥'0.9 action potentials/cycle
and expiratory phase, 2.6 * 0.9 action potentials/cycle). When left
atrial  pressure was raised activity was 4.8 ' 1.6 action
potentials/cycle (1.4%0.5 actione potentials/s). Inspiratory and
expiratpry phases activities were 2.0 * 0.8 and 2.8 * 0.9 action
potentials/cycle respectively. These changes were not statistical]yP
significant.\.During the final control period, activity was 4.5%1.8
| action potentials/cycle (1.4%1.8° act:Z; potentia1§Lf), inspiratory
phase, 2.1%1.0 action potentials/cycle and expfratory phase
2.4%0.8 action potenti}is/cycle. An example rof a response in a
pulmonary C-fibre is shzwn- in Fig. 6B. the results of all the
pulmonary C-fibre receptors ‘are summari;ed in Fig. 12 and 16. | |

Two pulmonary C-fibre receptors showed-predominantly inspiratory
activity, four predominantly expiratory activity and three equal

activity in both phases of ventilatwon during the initial gontrol



R

95.
period. thqf left atrial pressure was increaseé, one receptor showed
predominantly expiratory activity aqd eight predominantly inspiratory
activity. During the final control periéd, two sQowed predominantly
1‘nsp1’ratory activity, six predominantly expiratory activity and one

equal act}xity.

~Cardiovascular and Respiratory Parameters during Pulmonary Congestion

produced by Partial Obstruction of the Mitral Valve

In general, partial obstruction 'of the mitral valve was
assdciated with a reduction 1in arterial pressure (from 110 * 4 mm
Hg to 97 * 4 mm Hg) and an increase in heart rate (from 147 * 4
beat/min to 157 * 6 beat/min). During fingl control they were 111
* 5 m Hg and 150 * 7 beat/min respectively. These changes from
control wére not statistically significant (p>0.95). Mean left Ytrial
pressure increased significantly from' 7.4 * 0.2 mmHg to 16.9 *
0.3 mm Hg (p<0.001) and during final control, it decreased
significantly to 7.6 * 0.3 mm Hg (p<0.001). In additon, there were
small but significaht'\incréhses in mean and peak intra-tracheal

+

airway pressure. Mean intra-tracheal pressure increased from 2.38 *

0.19 mm Hg to 2.60 * 0.22 mm Hga(p:.01) and returned to 2.45 *

©0.21 mm Hg during final controk'(p<0.01). Peak iﬁtra-tracheal,

and 17.2* 0.7mmol/L .respectively. The

pressure increased from 5.09 * 0.25 mm Hg to 5.66  0.22 mm Hg
{p<0.001) and during final control it was 5.13 * 0.20 ‘mm Hg.

The results of the arterial blood géses measured auring pulmonary
congestion did not differ sign{ficantly from those measured during
control  periods. The pH, pCOp, pOp, and [HCO3‘] during
control period were 7.33'0.01, 34.7%1.4 .mm Hg, 212.6*1T.9 mm Hg

*

corresponding values du}izg~

)
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&

pulmonary congestion were 7.33 * 0.01, 34.7 * 0.7 mm Hg, 197.3

* 14.3 mn Hg and 17.5 % 0.2 mmol/L (see Table 1).

N
- L. . \ .

Protocol 1B. Effects of Graded Increases in Left Atrial Pressure on

Pulmonary Receptor Activity

In this protocol, changes in activity of the pulmonary receptofs
brought about by graded increases in left atrial pressure weré
examined ir i7 dogs. Observations were made for pefiodé’of 5 min each
duri%g initial coétro], when 1éft atrial pressure werg increased by
5, 10 and 15 mm Hg above control ieve]s and when left atrial pressure
" was restored back to control (final control).

Seven SAR were studied. The initial and final control act1v1t1es
were 34.0 \JI. 11.2 action potentjals/cyc1e (10.2%3.4 gpt1on
potential/s) and 34.5 * 11.8 action ‘potentials/cyc]e (10.4%3.5
action potentials/s) respectively. \when left atrial pressure was
increased by ,5 mm Hg, SAR activity was 35.9 X 12.1 ‘action
potenfials/cyc]e (10.813.6 ‘action potentials/cycle). At 10 mm Hg
above control, it was 38.8 ¥ 13.6 action potentials/cycle (11.@1
4.1 action potentials/s) and at 15.mm Hg it was 41.8 X 13.7 actions
potentials/éycle (12:5:4,1 action potentials/s). These -last 2
values differed significantly from the other 3 observations and also’
from each other (p<0.05) (Table 2 & Fig.7).

Ffve RAR were gxamine&_under this protocol. The initial and final
control RAR activities were 7.9 * 2.9 and 7.1 X 1.7 action
potent1als/cyc1e (2.4¥0.9  and ‘ 2.1¥0.5 action potentials/s)
respectivbly. The activity at a left atrial pressure of 5 mm Hg above

control was 12.3 * 5.4 action potentials/cycle (3: '741.6 aé‘tion

-
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P

potentiais/s). This was signifigg::ly greater than the final control!
activity (p<0.05) but not significantly greater than that during
-initial control (p>3:05). The activifies at left atrial pres§E£es of
10 mm Hg and 15. ﬁm \Hg above control were respectively 16.3 * 7.4

and 20.4 * 8.8 action potentials/cycle (4.9%2.2 and 6.1%2.6°
action potentials/s), respectively. These last two values were
significantly higher than the other 3.(p<0.05) but did not differ

significantly from each other (Table 2 & Fig.8). |

Five bronchial Cffibre receptors were studied. Their initial and

\\ final control activities were 8.9 * 1.9 and 9.8 ' 2.0 action
potentials/cycle " (2.7'0.6 and  2.9%0.6 .action potentials/s),

respectively.. The activity at a left atrial pressure of 5 mm Hg above

b

' control was 116 * 2.4 action potentials/cycle (3.5%0.7 agtion
) ‘ N
potentials/s) and this was significantly higher than the activities

during the coantrol periods (p<0.05). The acti;ities at 10 mm Hg and
15 mm Hg were 16.2 * 3.0 and 17.2 +°3.1 action potentials/cycle
(4.910.9 and 5.2%0.9 ac;i;n potentials/s), respeﬁtively. These
were not significantly differe;¥q from each other (p>0.d%) but both
were signjficantly greater than control values (p<0.05). In addition,
the activity at 15 mm:Hg were significantly greater than tha;{at\s mm
Hg (p,0.05) - A
Five pulmonary C-fibre reééptors were studied. Their initial and
~ final control activities were 8.8 X 4.0 and 9.1 * 4.3 action
potentials/cycie (2.6%1.2 | and 2.7¥1.3 action potentia]g/é),'
respectively. Their activities at 5 hm Hg, 10 mm Hg and 15 mm Hg ‘
y above control Tleft atrial pressure were 9.2 * 4.0, 9.3 * 4.0 and -7 .

& 9.9 hd 4.3 action potentials/gycle respectively €2.8%1.2,
S . \

<

NS
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2.8%1.2 and 3.011.3 action potentials/s). There was a trend
towards a greater activity when left atrial pressure was increased by
graded increments but the chanées were not statistically significant.

The findings are summarized in Table 2.

Cardiovascular and Respiratory Parameters observed during Graded

Increases in Left Atrial Pressure e

At controi left atrial pressure” of 5.8 * 0.4 mm Hg, control
heart rate was 157 + 6 beatJmin and mean arterial pressufe was 109
Y 4 mm Hg. ‘When left atrial pressure was increased to 10.8-1.9.6
mm Hg, heart rate “increased significantly to‘168 re beat/min and
mean ar;eria] pressure decreased significantly -to 105 * 4 m Hg
(both p<0.05). At a left atrial pressure of 15.3 X 0. 5 mm Hg, heart
rate further increased significantly to 176 1_5 beat/min while mean
B grterfal pressure decreased sign1f1cant1y to 100 Y 4'mm Hg (both
p<0.05). When the 1left atr1a1 pressure was ra1sed to 20.0 * 0.5 mm
Hg, the ‘heert rate was 179 * 5 beat/min and mean arterial pressure.
was 97 Y 4 mm Hg. When left atrial pressure was returned to the
ffnal control level of 5;4 i.'0.4 m Hg, heart 'rate and mean
arterial pressure were 161 * 6 beat/min and. 110 * 3 mn Hg
respectively. Both final, cpntro] heart rate and' mean arterial
pressure we;e not significaptly different from the 1n1£1§1 controk
levels. .\ | Y

Mean and peak intra-tracheal airway pvessure also, showed graded
increases in response to the increases in left atrial pressure. At
each stepwise \ increase .1q « left atrial  pressure, the peak

_intra-tracheal aifway pressure showed a small_ but significant

increase. The peak intra-tracheal afrway pressuresrwere 5.51 X 0. 36(’—

I
.
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mm Hg at initial control. HQSn left atrial pressure were increased in
stages, peak intra-tracheal airway pressures were 5.59 ' 0.30 mm
Hg, 5.76 * 0.327Wmm Hg and 5.99 * 0.33 hm Hg -at left atrial

.

préssures of 5, 10 émd 15 mm Hg above control. The final control peaks
intra-tracheal airway pressure was 5.62 ' 0.30 mm Hg. Peak
intra-tracheal pressures at left atrial pressureS\IO mm Hg and 15 mm
Hg were signifcantly different from each other!and from the other
three pressures (b<0.05). The peak‘intra-tracheal pressure at left
atrial pressure of 5 mm Hg abéve control was Jot -significantly
greater than that of the initial éontrol period (p>0.05) but was
signifjcant]y greater than that of the f;nal control period (p<0.05).
The correspondfﬁg values for the mean intra-tracheal airway pressures
were 2.48 ' 0.27 wm Hg, 2.65 * 0.26 mm fig, 2.70 * 0.28 mm Hg,
2.76 * 0.2§ o Hg and 2.58 * 0.28 mm Hg. Mean intra-tracheal
pressures when left atrial pressures were 5, 10 and 15 mm Hg above
control were significantly higher than those duri%g the control
periods (p<0.05) but not significant1y4 different from each other
(p>0.05). fn general, the stepwise changes in 1ef£ atrial pressure

were refﬁedted more closely by the changes in peak intra-tracheal

airway pressure‘”than by the ' changes in mean intra-tracheal airway

pressure. . \\\Kx .
The observatiohs are summarized in Table 4.

.
!

Protoco]; IC. Effects of Vagal Cooling, Vagotomy and Bilateral Carotid

Ciamping on RAR Activity
‘In this protocol, specific attention Qas paid to the behaviour of .

the RAR in regpdnse to an increase in left atria]ypressure.

N
TN
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In four RAR, activity was examined after interrupting
transmission in the cerviéal vagi above the point of recording in two
ways, pi]atera] vagal cooling and bilateral vagotd&y. . | l\

Cooling the vagi to 8%, to block transmission in myelinated

afferent . fibres, did not influence either the control activity or the

response to an increase in left atrial pressure (+10 mm Hg).

In these four RAR, initia]» d final cbntro] activities at body

temperature (37bC) were 1+ 2.2 " and 10.6 * 1.5 action
potentials/cycle (2.7%0.7 and 3.219.% action potentials/s),
respectivé]y. When left atrial pressure was eleVated by 10 mm Hg, RAR
activity was v18.3 * 1.8 action potentials/cycle (5.5%0.5 act%on
potentials/s).

When the vagi were cooled to 89C at a point cranial to the
point of recording, control RAR activities were 8.7 * 0.9 and 7.3
+. 0.7 action potentials/cycle (2.6i0.3 and 2.2%0.2 action
potentials/s). These were not significantly different from the
control activities at 37°C. Whenleft atrial pressure was Elevated
by 10 mm - Hd, acti?fty increased® to 20.0 ¥ ‘6.0 action
potentials/cycle and this did nbt differ significantly from-;hé
c0rrespohding_ acti{ity at 379C. When the 1éff atrial prgésuré was -
inereased by 10 mﬁ Hg, in both gcases qﬁe RAR \ac;ivity was
'significantly gre&tqy tﬁan‘th; control activity (boéh,7p<0.01[;

‘ -—Fellowiﬁg the above procedure, the vagi were rgwhrmed'back to
370C. Bilateral vagotomy was-thén~performed at the site of cooling.
In;fial andf?inal éontrol'activities bf'these four RAi afterlvagotomy
were 9.4 * 1.4 and ;é.é'jt 1.0 action potentials/cycle (2.820.4

and 2.5%0,3 action potentials/s) respectively. These did not differ
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\ . .
significantly from the control activity before vagotomy. When left
atrial pressure was raised by 10 mm Hg, the RAR @ctivity, which
increased to 19.7 * 5.2 action potentials/cycle (5.9%1.6 action
potentials/s), was significantly greater than the control activities
{p<0.01). (Table 3)

The effect of bilateral,’garotid occlusion on the activity of
these four RAR was examinéd. Activities during initial and final
control pefiods were 11,3 Y 1.0 and 11.0 ' 1.2 action

v

potentials/cyle (3.4%0.3 and 3.3%0.4 action potentials/s). When

. I
the carotid arteries were occluded, activity remained unchanged at

11.0 * 0.9 action potentials/cycle (3.3%0.3 action potentials/s).
The results are summarized in Table 3.

Cardiovascular and Respiratory Parameters during Vagal Cooling,

Vagotomy and Bilateral Carotid Occlusion '

The chénges in the cardiovascular and respiratory parameters when
the left atrial pressure was elevated were gjmitar to those noted in
protocol 1A. In this protocol, some ‘G%:j%he observations did not
achieve statistical significance though  £he mag&itudes of changes
were’ similar to those noted in the larger series {n protocols 1A and
1B.

-

When compgred to the initial control Values, the heart rate
increésed and mean arterial pressure decreased when left atrial
pressure was elevated by about 10 mm Hg. During the final control
period, both heart rate and blood pressure returned to levels similar
to those noted in the initial control period.

o’

Similarly, both peak and mean intra-tracheal Qairway pressure

increased when left atrial pressure was elevated by 10 mm Hg. It was



102.
noted that the magnitudes of increase when the vagi were at 89C and
after vagotomy were smaller than that noted when the vagi were at
body temperature. This observation was made-in every‘animal.

The results are summarized in Table 5.

Ouring carotid occlusion, the heart rate increased, but not
significantly, when compared to the initial control. On release of
the occlusion, the heart rate returned to a level less than the
initial control 1level (p<0.05) due to the effects of tﬁe sudden
occlusion and release of the carotids on the carotid baroreceptors.
In contrast to the reduction in mean arterial pressure during},
elevation of left atrial prefsure, the mean arterial pressu;e
increased significantly during carotid occlusion (p<0.05). The
results are sqgggrized in Table 6.

dsqlisatioﬂ/;f the Pulmonary Receptors

(’ be\ the receptors investigated under Protocol I, 18(SAR 14 RAR,
nine pulmonary C-fibre receptors and 10 br0nch1al C-fibre receptors

- were located to the lungs and large airways. All the  SAR and RAR were
found to be in Ehe main bronchi while the pulmonary C-fibre receptors
and bronchial C-figre receptors were in the lung parenchyma.

Of the SAR, six were found in the trachea and carina, six in the
right{ main bronchus, three in the left main bronchus, two in the
right upper 1lobe bronchus and one in the right,lower lobe bronchus.
Three of the RAE‘;ere located in the trachea and carina, two each in
the right and left main bronchi, one in the righf upper lobe
bronchus, five in the right lower lobe bronchus‘and one in the left

lower 1lobe bronchus. Two‘each of the bronchial C-fibre receptors were

found in the right upper and lower lobes of the lung, one in the left

.
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upper lobe, three in the left middle lobe and two in the left lower
lobe. Of the pulmonary C-fibre receptors, five were found in the

/
right upper Jlobe and one each/in the right middle, right lower, left
upperland left lower lobes (Table 7).

Localisation was not attempted in the other units to avoid
collapsing the 1lungs mechanically, as it was felt~‘that such
disturbances could affect the behaviour of the subsequent receptors
studied in the same dog. As a consequence, in 14 out of the 53 dogs,

more than one receptor was examined. Of these, more than one type of

receptor was examined in only two dogs.

3

)
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TABLE 1

Y

.CardiovagcularAPGQameters, Airway Pressures and Arterial Blood Gas

Measurements during control and stimulation of puimonary receptors

. Control Elevated LAP Control
LAT (mm Hg) 7.4%0.2 - 16.9%0.3%  * 7.6%0.3
HR (b/m) , 147*4 15716 15017
MAP (mm Hg) 110%4 97%4 11145
Mean ITAP (mm Hg) 2.38%0.19 2.60%0.22" 2.45%0.21
Peak ITAP (mm Hg) ' 5.09%0.25 - 5.66%0\22** 5.13%0.20

>
Arterial Blood Gases: -

~ ) Control* ) Elevated LAP
pH 7.33%0.01 7.32%0.01
pCO (mm Hg) 4.7%1.4 34.710.7
p0y (mmg) 212.6411.9 197.3%14.3 ,
(HCO3~] (mmol/L) 17.2%0.7 17.5%0.2

*: p<0.01, **: p<0.001, compared to controls, -

+: Average of the gontrol observations during the 10 minutes before and
after LAP elevatiqn; -

LAP: Left atrial pressure; HR (b/m): Heart Rate (beat/min);

MAP: Mean Arterial pressure; ITAP: Intra-tracheal Airway Pressuce.
J
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TABLE 3

Effects of (a) Blocking Transmission in the Cervical Vagi on the

106.

p—

\u/& Responses f RAR to Increases in Left Atrial P(eséure,

(b) Bilateral Carotid Artery Occlusion on RAR Activity .

(action potentials/ventilatory cycle; n=4)

»

(A) VAGAL BLOCK At 89C

31

Control - 9.1%2.2(2.720.7) 8.710.9(2.6%0.3)

Left Atrial

Pressure
Elevation 18.3%1.8(5.5%0.5)* 20.0%6.0(6.0%1.8)*,
Control  10.6%1.5(3.2%0.5) 7.310.7(2.220.2)

A

(8) CAROTID OCCLUSION

Control 11.3%1.0 (3.4%0.3)
Carotid Occlusion** 11.631.2 (3.3%0.4)
Control ' 11.0%0.9 (3.3%0.3)

*° Significantly increased from controls (p<0.01),

Bilateral Vagotomy

(370(:)*** ~

9.4%1.4(2.8%0.4)

©19.7¥5.2(5.9%1.6)* -

8.2%1.0(2.510.3)

. KK During carotid occlusion left atrial, pressure was not changed, )

***x  Vagotomy performedvon the stde of regording above tig site,

Results in parenthesis indicate receptor activity expressed as action

potentials/s.
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Table *5

Cardiorespiratory Parameters

[ .
during Blockade of Transmission in the Cervical Vagi

(during Control and Elevaged Leéft Atrial Pressure)

Control Elevated LAP Control

LAP (mm Hg) 4.0%0.6 15.011.3% 4.0%0.5
HR (b/m) - 146112 166116 146110
MAP (mm Hg) © 90t6 79%9 't
Mean ITAP (mm Hg) 2.13%0.39 2.48%0.33 2.18%0.38
Peak ITAP (mm Hg) 5.08%0.46 5.45%0.43 5.12%0.39
VAGAL BLOCKADE

'Coo]ing,to.ng A
LAP (mm Hgq) 4.0%0.5 13.4*0.4* 4.1 5
HR (b/m) 139114 157112 14119
MAP (mm Hg) 1054 _ 81*15 93+9
Mean ITAP (mm Hg) 2.38%0.35 ° 2.48%0.35 2.30%0.39
Peak ITAP (mm Hg) 5.28%0.36  5.50%0.31 5.32%0.26 *
Vagotomy ,‘b N ‘ .
LAP (mm Hg) 4.0%0.6 13.141.3% 4.1%0.6 ‘
HR (b/m) " 1a9t14 158*16 147412
MAP (mm Hg) ' 103t 82413 98*9 -

. Mean ITAP (mm Hg) 2.2340.36 . 2.40%0.33 2.18%0.36
Peak .ITAP (mm Hg) 5.520.20 ”5.7510.25;* 5.5040.26

Note : LAP: Left: Atrial Pressure; HR (b/m): Heart Rate (beat/min);
: Mean Arterial Pressure; ITAP: Intra-tracheal
Pressure : . ‘
* <  0.001, when compared to controls; no statistically

significant differences were noted in dthe other parameters.

Airway
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Cardiorespiratory Parameters during Bilateral Carotid Occlusion

LAP (mm Hg)

HR (b/m)

MAP (mm Hg)

Mean ITAP (mm Hg)‘

“Peak ITAP (mm Hg)

MAP: Mean

L 4
Pressure

Arterial

Control Carotid Occlusion Control
4.1%0.4 4.1%0.5 4.1%0.4
146111 16147 122421
102%4 118*3** 100*4

2.20%0.36 2.28%0.33 2.23%0.39
AN
5.52%0.25 5.53%0.%3 5.55%0.25

" Note : LAP: Left Atrial Pressure; HR (b/m): Heart Rate (beat/min);

-

Pressure; ITAP: Intra-tracheal Airway

*P < 0.05 when compare to initial control and carotid occlusion;

. **P < 0.05 when compared to controls.
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TABLE 7

Localisation of Pulmonary Receptors Studied

LOCATION SAR RAR Bronchial Pulmonary
C-Fibre C-Fibre
° —
,Trachea-Carina 6 3 - -
Bronchi: right main . 6 "2 - -
left main 3 2 - -
-~ . )
right upper lobe 2 1 - -
. right lower lobe 1 5 - 3 -
left lower lobe - 1 ) } -
Lungs: right upper lobe - - o2 5
right middie lobe - - 2 1
right lower lobe - - - 1
a
left upper lobe - - 1 1
left middle lobe - - 3 -
left iower lobe - - 2 1
d , L IS
TOTAL\ " : 18 _ 14 10 9
. ! bl 3
o 4
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Fig. 1. Experimental preparation for recording nerve activity. The
animal was ventilated by intermittent positive pressure venti]ation‘
(IPPV) via an endotracheal tube, the cuff of which was inf1§%ed to
form an air-tight seal. Intra-tracheal airwéy pressure was monitored
as shown bx transducer T connected to a cannula with the other end
open in the trachea at the carina. The vagus nerve was exposed in the
neck via a midline ventral incision. A pool containing paraffin was
made* and the vagus nerve (V) was desheathed on a dissecting platform
“under a microscope. A fine nerve bundle (f) was placed on a bipolar
electrode (R.E.). A stimulator (Stim.) to stimulate the nerve during
measurement of conduction’ velocity was placed in contact withethe

vagus nerve caudal to the recording site. The nerve action potentials

(Nerve Act. Pot.) were amplified (Amp1.) and together with the ECG, .
‘ai rway pressure (A.W.Pr.), aortic pressure {Aort.Pr.) and left atrial
pressure  (L.A.Pr.) were displayed on a multichannel oscilloscope and
recorded on 1ight sensitive paper.

O
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Fig,- 2. Partial obstrugtion of the mitral valve. The chest was opened
by a midline sternotomy. A balloon tipped catheteﬁ5(B) and a pressure
transducer cannula (T1) were positioned in the left atrium. An aortic
pressure cannula (T2) was inserted via the right Fembral artery into
the abdominal aorta. Intravenous (i.v.) cannulae were inserted into
the inferior vena ‘cava (IVC) and the right atrium via the superior

...vena cava (SVC) for the administration of fluids and drugs. When

bailoon (B) was distended, it causéd partial obstruction of the
mitral valve and elevation of left atrial pressure..
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A 30

Airway Pressure
(mm Hg) ol = -

Action Potential

Aortic Pressure
(mm Hg)

ECG

B

Airway Pressure
(mm Hg)

Action Potential

Aortic Pressure '*°¢
(mm Hg) {
50

ECG

R
I ' ! ' ' + ! i 1 . !

Fig. 3. E)gmples of SAR (A) and RAR (B) showing the effects of
sustained ‘inflation of the lungs. The adapfation index was calcu]atag
after 3 breaths (sée text). The SAR (con&uction velocity 24.3 m/s)
showed sustained activity and the RAR (conduction velbcit; 20,0 m/s)

showed 'adaptation. Each diagram' shows, from above downwards r-airway_v

pressure {(mm Hg), nerve dction potentials, aortic pressure (mm Hg),

~electrocardiogram (ECG) and time (s).

\

Note: the expiratory 1line of the ventilator was clamped during the

expiratory phase of the first cycle for the SAR in (A) above.

.
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Fig. 4. Examples of a bronchial C-fibre receptor (A) and a pulgépary_

C-fibre 'recéptqgh,(B), showing‘ the effects of administrapion of
phenyldiguanide (A) and capsaicin (9) into the right atéium. The
‘bronchialfic-fibre ;recep£or (conduction \ve]ocity ‘1.7 m/s) showed
increased activity 7.5 s aftgr phenyldiguanide and the‘pulmonary

»

C-fibre receptor (conduction velocity 1.1 m/s) showed increased

-

-»

9
activity 2.0 s after capsaicin. Each diagram shows, from above
{l

indicating administration of drugs .
. . g' . { " s
- Note: In order to enhance claritx during reproduction, some parts of

~the’action potentials have.been re-touched.

N

o

&ownwards_ : airway pressure hﬁn Hg), aortic p%essure (mm Hg), nerve

action potentials, electrocardiogram (ECG), | time (s)‘_and marker
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Effect [of an increase in left atrial (mean LA) pressure on the
discharge from a SAR (A)‘and from a RAR (B). Tracings on the left
were recorded before elevation of Jleft atrial pressure, middf;\\\\
tracings 1 min after elevation and thase on the right 1 min after ‘ ‘\ )
return of left atrial pressure to control Tevels. The discharges \¥~{
from both receptors increased when the Jleft atrial pressure was
elevated. .

Note: In order to enhance clarity during reproduction, some parts of

" the action potentials have been re-touched.
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Fig. 6 Effect of an increase in left atrial (mean LA) pressurg on
the discharge from a bronchial C-fibre receptor (A) and a pulmonary
C-fibre receptor (B), The receptor activity in these 2 wunits
increased during elevation of left atrial pressure. Tracings on the
left were rec;rded.before elevation of left atrial pressure, middle
tracings 1 min after elevation and those on the right 1 min affer
return of left atrial pressure to control levels. '

Note: In order to enhance clarity during reproduction, some parts of

.

the action potentials have been re-touched.
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Fig. 7. An example of a SAR show{;g the ef}ects of graded increases
in left atrial pressure. Panels of tracings from left to right:.
initial control [Control], 1 min after elevation of left atrial
pressure by 5 mm Hg [L.A.P.(1)], 1 min after elevation of left
atrial pressure by 10 mm Hg [Elevated L.A.P.(2)], 1 min after
elevation of 1left atrial pressure by 15 mn Hg [L.A.P.(3)] and 1 min
after return of Jleft atrial pressure to control levels [Control].
Diagram shows, from above downwards: aortic pressure (mm Hg), mean
left" atrial (LA) pressure (mm Hg), nerve action potentials and time
(sec). ’

Note: In order to enhance ciarity during reproduction, some parts of
the action potentials have been re-touched.

-~
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Fig. 8. An example of a RAR showing, the effects of graded increases
in left atrial pressure. Panels of tracings from left to right:
initial control [Control]l, 1 min after elevation of left atrial
pressure by 5 mm Hg [L.A.P.(1)], 1 min after elevation of left
atrial pressure by 10 mm Hg [Elevated L.A.P.(2)], 1 min after
elevation of left atrial pressure by 15 mm Hg [L.A.P.(3)] and 1 min
after ‘return of Jleft atrial pressure to control levels [Control].
Diagram shows, from above downwards: aortic pressure (mm Hg), meén
left atrial (LA) pressure (mm Hg), nerve action potentials a?d time
(sec).

Note: 1In order to enhance clarity during reproduction, some parts of
the action potentials have been re-touched.
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Fig. 9. Mean SAR (n = 15) activity as action potentials per
ventilatory cycle (ACT.POT./VENT.CYCLE) in each minute during 10 min
of initial control (1-10 min), 15 min of‘ elevated left atrial
pressure (llj;S min) and 10 min of final control (26-35 min). Bars

represent +SE&.
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Fig. 10. Mean RAR (n = 11) activity as action potentials per
ventilatory c¢ycle (ACT.POT./VENT.CYCLE) in each minute during 1drmin
of initial -control (1-10 .min), 15 min of ‘elevated left atrial

pressure (11-25 min) and 10 min of finaY control (26-35 min). Bars’

represent +SEM,
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Fig. 11. Mean bronchial C-fibre ;*eceptor (n =9) activity as action
potentials per ventilatory cycle (ACT.POT./VENT.CYCLE) 1in each
mi;lute during 10 miln of initial control (1-10 min),.IS min df
___elevated left atrial pressure (11-25 min) and 10 "min of final
control (26-35 min). Bars represent +SEM.
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Fig. 12. Mean pulmonary C-fibre receptor (n = 9) activity as action

N

potentials per ventilatory cyc]é (ACT.POT./VENT.CYCLE) 1in each
minute during 10 min of -initial ~control ‘(1-16 min), 15 min of
elevated left atrial pressure (11-25 min) and 10 min of final

‘control (26-35 min). Bars represent +SEM.
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Fig. 13. Average receptor activity (ACT.POT./VENT.CYCLE) in each of
the, 15 SAR (1 - 15) and the mean activity of the group (MEAN) during
initial control 1left atrial pressure for 10 min (Initial Cont.),
when left gtr’ial pressure was elevated by 10 mm Hg for 15 min
(Elevated LI\P) and during the final control. period for 10 min (Final - -
Cont.). SAR 1-14 s‘ﬁowed increases in activity when the left 'atria]'

pressure was elevated when compared to initial control.
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Fig. 14. Average receptor activity (ACT.POT./VENT.CYCLE) in each of
the 11 RAR (1 - 11) and the mean activity o% the group (MEAN) during ‘
initial cohtrol left atrial pressure for 10 min (Initialfgont.), h
when 1eft. atrial ‘pressure was elevated by 10 mm Hg for 15 min‘
(Elevated LAP) and during the final control period for 10 min (Final
Cont.). All RAR showed increases in activity when the left atrial

preéssure was elevated when compared to controls.
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Fig. 15: Average receptor activity (ACT.POT./VENT.CYCLE) in each of
the 9 b?onchial C-fibre receptors (1 - 9) and the mean éctivity of
the group (MEAN) during initial control left atrial pressure for 10
min (Initial Cont.), when left atrial pressure was e]evated by 10 mm
Hg for 15 m%ﬁ (Elevated LAP) and during the final control beffod for
10 min (Final Cont.). A1l bronchial Q-é;bre receptors showed

increases in activity when the 1left atrial pressure was elevated

when compared to controls.
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Fig. 16. Average receptor activity (ACT.POT./YENT.CYCLE)jin each of

the 9 pulmonary C-fibre receptors (1 - 9) and the mean activity of

the group (MEAN) during initial control left atrigl pressure for 10

.miﬁ (Initial Cont.), when left atrial pressure was elevated by 10 mm

Hg for 15 min (Elevated LAP) and during final control.period for 10

min (Final Cont.). -Pulmonary C-fibre receptors 1,2 and 5 did not

show increases in activity when the left atrial pressure was

elevated when\compared to controls.
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w0 CHAPTER 9

Protocol 1I. The Effect of Pulmonary Venous Congestion on Pulmonary

Lymphatic Flow Vs

The experiments in‘ this protocol’ were designed to study the
efféct of pulmonary venous congestion, produced by partial
obstruction of the mitral valve, on the pulmonary ljmphatic flow. The
design of the protocol was based on the methgd reported by Uhley et

~al {18) who described a method of collecting lymph from those areas
of the 1lung, i.e., the\\r{ghf lung and the lower lobes of the left
lung, which drain into the\kfght e}EErnal jugular vein via the qjght

lymphatic vessels, in particular, the right lymphatic duct.

After - the dog had been prepared as described 1ﬁ 'the chapter on

General Experimental Methods, the r1ghtq\exterra1 Jugular vein wés

“dissected at the base of the neck 1n preparét!on for the collection

of pulmonary lymph. B A

%

Collection of Pulmonary Lymph from the RigﬁxﬁLymphatic Duct
A}

Initial attempts were made to collect 1ymﬁh\dtaining into an
isolated pouch made fro; the right externa]kjygﬁlar vein at the base
of fhe neck. This pouch was prepared as follows. A';hort segment of
the. right external jugular vein was isolated as shownr(see Fig.17).
Loosé snares wer; ‘placed around the axillary vein, eerrnal‘jugular
vein, brachiocephalic vein aﬁd other venous branches ﬁhich drain that
yegion of the neck. Great care was taken not to damage the small
lymphatic -vessels draining into the external jugular ve%n (18) _A
long canndla (1D 1.67 mm, Intramed1c po]yethylene tub1ng) was
inserted "into one of the Branches of the external Jugular vein. This
cannula was connecfed to a confainer for co]]ectingvthé 1ymph’]até¥.

127.

v



128.
By 1ligating the veins draining‘into the external jugﬁ]ar vein, it was
posSib{e to create a pouch of the veins{ntorwhich the lymphatic
vessels drain.

Inifial attempts were made to collect the lymph from this
i&glfted venous pouch by ‘draining it. -Several prob]éms were
immediately encountered during these attempts. First and foremost was
contamination due to small amounts of blood 1eaking into the pouch

from the venous branches despite the care' taken to ligate them.

Clotting of the blood caused blockade of the cannula draining the

pouch. Alsd, blood. clots in the pouch impeded the free drainage of

lymph into the pouch. e

Therefore, a second approacn was taken. The right main lymphatic

duct was isolated. At the point where it enfered the pouch, a small
incisibn was made- on thé vessel wall and a small capillary tube (25
microlifer§ Dispo;gb]e Micro-pipets, Fisher = Scientific Co.,
'Pfttsbqrgh, PA) was ~introduced into into the vessel via this
incision. It. was not possiple to advance the.capfllary tube tgn far
due to “the presence of valves. 1'The capillary tube was secureq in
position by 'suturing it to the vessel wall by'fine si]k l{gatunes.
The cap111ary tube was pos1t1oned at a small hor1zonta1 ang]e and”
the lymph flowed out by capi]lary action. '

It is accepted that the 1ymph,from this right lymphatic duct did

not necessnrily include all the lymph froﬂ the right ]ung'and Tower

lobes of the left lung. But, beéause the right lymphatic duct was the
‘major lymph vessel draining this = area of " the 1ungs, it would be
reasonable to expect thqy the amount of lymph draining and col]ec;gd

from ' it would indicate changes in the. lymphatic flow in these areas

~
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ot the lungs under various conditions.
Experimental Protocol

After the above preparation was made, the animal was left to
equilibrate for 5 to 10 minutes to allow the cardiovascular
parameters to settle as well as to drain out any contamination in the
capillary tube.

Lymph collection at baseline conditions was made for 30 minutes.
Left atrial pressure was then elevated by 10 mm Hg above control
tevel . This was maintained for 30 minutes and the lymph was
collected conEinuously during this period. Lett atrial pressure was
then returned to control and lymph collection was made for another 30
minutes.

Arterial blood was obtained at the midpoint of each collection
period. Plasma was collected after the blood was centrifuged. Both
lymph and plasma samples were analysed for their total protein,
albumin and globulin contents.

Statistical Analysis

Group data was expressed as means ¥ standard errors of the

means. A p value < 0.05 was,@csepted as indicatfve of statistical
significance. Where two or mofe‘ treatments were cgmpared by an
'anqusis of variance, the Least Significant Difference (LSD) test at
p<0.05 was wused to detect differences between means if the ANOVA was
significant (23%).

The amounts of lymph co]K;;%ed at each of the control pgriods.
were compared with those collec{ed during the 30 minutes of pulmonary
venous 'congestion by an analysis of variance. The protein content of

the 1lymph and also of the plasma taken during each of the intervals
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was similarly compared. Heart rate, mean arterial pressure and“;ft
atrial pressure were compared in the same way.

RESULTS

Lymph was collected from the right lymphatic duct in four dogs.
The quantity of lymph collected for 30 minutes during baseline
control condition was 0.79 * 0.27 m). When left atrial pressure was
increased from 7.6 © 1.7 to 16.3 ' 2.7 mm Hg for 30 minutes, the
volume of lymph Eollected was 4.05 * 1.01 ml. Thus, there was a 5
fold increase in the volume of 1lymph collected during pulmonary
venous congestion (p<0.05). This increase in the lymphatic flow was
evident yithin one minute of raising the 1left atrial pressure.
Following the return of left atrial pressure to control levels, the
amount of lymph collected during 30 minutes was 1.63¢ 0.27 ml.
This was significantly less than the quantity collected when the left
atrial pressure was elevated. But, it was more than that collected
during the initial control period, though the difference was not
significant.

Protein concentration' in the lymph during the initial control
period was 2.13 }* 0.41 gq/L albumin, 1.48.1 0.22 g/L globulin and
3.61 ' 0.51 g/L total protein. The corresponding plasma protein
concentrétion of blood taken, during the initial. control period was
2.81 * 0.22 g/L albumin, 2.68 * 0.68 g/L globulin and 5.49 *
0.88 g/L total protein. The ratios of the protein in the lymph to
that in‘ plasma was 0.76 for albumin, 0.55 for globulin and 0.66 for
total protein. .

During- pulmonary venous, congestion, the protein contents of the

lymph was 1.83 * 0.41 g/L albumin, 0.82 % 0.20 g/L globulin and



131.
2.65 ' 0.52 g/L total protein. The corresponding plasma protein
contents were 2.59 ' 0.46 g/L albumin, 2.36 ' 0.79 g/L globulin
and 4.95 ' 1.18 é/L total protein. The lymph-plasma prétein ratios
were 0.71 for albumin, 0.35 for globulin and 0.54 for total protein.
There was a decrease in the lymph-plasma ratio compared to the
initial control ratios for all proteins. The protein contents of the
lymph during the final control period were'1.65 * 0.31 g/L albumin,
0.86 * 0.12 g/L globulin and 2.51 * 0.35 g/L total protein. The
plasma protein for the same period were 2.38 * 0.59 g/L albumin,
2.41 * 0.82 g/L gqlobulin and 4.79 * 1.37 g/L tot;I protein. The
Jymph plasma protein ratios were 0.69 for albumin, 0.36 for globulin
Jand 0.52 for total protein.
Heart rate during the initial control period was 138 * 7

beat/min. When Jleft atrial pressure was elevated, it was 146 ' 7
beat/min and during the final control period it was 135 * 8

beat/min. The corresponding mean arterial pressures were 113 Y4 mm

Hg, 97 * 5 mm Hg and 116 * 4 mm Hg.
\

The results are summarized in Table 8. 7

The findings of this protocol indicate thatlwith pulmonary venous
congestion following partial obstruction 4of the mitral valye,
pulmonary lymphatic flow increased by nearly 5-fold. This finding-ts
Icongistent with the hypothesis describing the stages of development
of pulmonary oedema (see pg.16-17) (35). In the early stages of its

evelopment, with the increases in integstitial oedema, there is an

crease in transfer of 1liquid and “colloid from the capillaries
throudh the interstitium due to an imbalance of factors in the

Starling Equation, as found in the present study. When this occurs,
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there 1is an equal increase in lymphatic flow duec to increased
~_lymphatic pumping? The proportion .of proteins in the lymph to the
plasma proteins indicate that the lymphatic fluid was a transudate.
The 1ymphatic protein contents found in this study were similar to
those reported previously. in the sheep (8). The findings are also
similar to previous investigations on the nature of lymphatic fluid

during pulmonary congestion (8).
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[

Haemodynamic Parameters, Lymph Collected, Lymph and

Plasma Protein Contents\guring Control and

Elevation of Left Atrial Pressure

Left Atrial Pressure (mm Hg

Heart Rate (beat/min)

Elevated LAP

Mean Arterial Pressure (mm Hg) 113*4

Lymph Collected (ml in 30 min) 0.79%Q.27

Lymph Proteins

AMwumin (g/L) B4
Globulin (g/L)

Total Proteins (g/L)
Plasma Proteins

¢

Albumin (g/L)

Globulin (g/L)
Total Proteins (g/L)

mph/Plasma Protein Ratio

A in
Globulin
Total Proteins

Note : * p < 0.05

N

Control
7.6%1.7 16.3%2.7"*
1387 14617
T 975
LY °*
4.05%1.01
2.13%0.41 1.83%0.41

1.48%0.22

3.61%0.51

.81%0.22
P.680.68

*5.49%0.88

0.76
0.55
0.66

2.59%0.46

2.36%0.79

4.95%1.18
0.71
0.35
0.54

K/ o.s%.zo '
2.65%.52

Control

7.9%1.3
135*8

1164

.63%0.27

.65%0.31
.86%0.12

.51%0.35

~

.38%0.59
.41%0.82
.79%1.37

0.69
0.36
0.52

Q
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Fig. . Details of e>per1henta] preparation for the collection of
lymph. During initial attempts, an isolated venous pouch {Pouch) was
prepared from the right external jugular vein (R Ext J) by ligating
it (cranially and caudally), the axillary vein (Ax), right internal
jugular vein (R Int J) and other small veins draining into the pouch;
The right lymphatic duct (R Ly D) and other lymphatic vessels (Ly D)
were left intact. A long cannula inserted into this pouch was used to
collect the lymph draining into the pouch. However because of a

number of technical problems (see text), the right lymphatic duct was

cannulated directly using a capillary tube and Tymph flowing out of

the tube was collgcted. -

A balloon tipped cannula (B) and a*ressure cannula (C) were
inserted into the left atrium via the left atrial appendage (L Ap).
Pressure in the left atrium was monitored by the cannula C connected
to a transducer (sg). Ao = aorta, Inn = innominate vein, IVC =

inferior vena cava, SVC = superior vena cava, LV = left ventricle,
RV = right ventricle, R Ap = right atrial appendage, PA = pulmonary
artery and Pv. = pulmonary veins.

/

Vi



CHAPTER 10

Protocol III. The Effect of Pulmdnary Venous Congestion on Dynamic

Comgliance

Dynamic compliance of the 1lungs 1in the open chest dog was
examined during the control periodS and during the period of
pulmonary venous congestion produced by partial obstruction of the
mitral valve. Dynamic compliance was derived from each respiratory
cycle by analysing simultaneously obtained pneumotachograph generated
airflow curves and intra-tracheal airway.pressure curves.

Derivation of Dynamic Compliance in the Open-Chest Artificially

Ventilated Dog

The dog was prepared as described in the chapter on General
Experimental Methods with the following modif%cétions to the
ventilatory arrangement. The inlet and outlet connections of a
pneumotachograph YPneumotachograph Model MCI-3, Validyne Engineering
Corp., Northbridge, CA) were connected to the end of the endotrach%al
tube and the common end of the inspiratory-expiratory lines of the
constani volume ventilator respectively .(Fig.18). In order to keep
the lungs from collapsing at end expiration, as in the other
protocols of this study, an adjustable clamp was p.aced at the end of
of the expiratory tube of the ventilator. The clamp was adjusted such
. that the end expiratory pressure was similar to that when this
expiratory « tube was under 2 to 3 ch of water, i.e., maintaining a
positive end expiratory pressure (PEEP) of 2-3 cm H20.

wiéh each respiratory cycle, the pneumotachograph generated an
air-flow curve so that at the end of inspiration, the area under the
curve relative to time represented the tidal volume. With expiration,

o
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the direction of flow was reversed, and the airflow curve reversed
its direction. At ende« expirgtion, the area under the expiratory
airflow curve 1in relation fo t{me would be equal to the inspiratory
airflow curve and both weré equal to the tidal volume, in thé steady
state situation (see Fig.19). A simultaneous intra-tracheal airway
pressure curve (airway pgessure relative to the atmosphere) was
obtajned. Both curves were recorded on light sensitive paper on the
Electronics’ for Medicine/Honeywell recording system described .earlier
(pg.80). |

Dynamic compliance was calculated from pressure measurements
which were made at the points when no gas was flowing at the
end—inspiéatory and end-expiratory 'no-flow' turn-round po{nts (236).
These end-inspiratéry and end-expiratory points were determined on'
the pneumotachograph record and the airway pressure measured at these

‘points. Dynamic compliance was calculated as follows: i

Change in lung volume

Dynamic Compliance =

Change in airway pressure

Tidal Volume

i.e.,Dynamic Compliance =. 5

Peak Airway Prgssure - End Exp. Pressure

Experimental Protocol

After the above preparation was made, the dog was left to
equilibrate for 5-10 min. Then c&ktrol observations Qere made for 5
min. Graded increases in left atrial pressure in steps bf +5 mm Hg,
;10 mm Hg and +15 mm Hg above o:he initial left atrial prgssdre

(
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were made and each Jleft for 5 min to achieve a steady state.
Simultaneous recordings were made of the airflow and intra-tracheal
‘airway pressure curves during the 5 min. Six respiratory cycles were
analysed and the average obtained for the dynami:‘ compliance of the

lungs at that stage calculated.
Left atrial pressure, heart rate, mean arterial pres§ure, mean
and peak airway pressures during these periods were noted.

Statistical Analysis

Group data was expressed as means * standard errors of the
means. A p. value < 0.05 was accepted as indicative of statistical
significance.

The dynamic compliance, left atrial pressure, heart rate, mean

o {

arterial pressure, mean and peak‘airway pressures during pulmonary
venous congestion were each compared with the corresponding
observations  during the control periods using an analysis o%'
variance. The differences between means were tested using a Least
Significant Difference Test at p < 0.05 if the analysis of variance
showed significant differences (235).
Results

Variations in dynamic compliance with each respiratory cycle
during each stage of left atrial pressure was analysed by computing
the coefficient of variation in 2 animals. In one,- this was found to
be 1.35% for the #nitial control level, 1.39% when left atrial
pressure ,was increased by 5 mm Hg, 2.13% for 10 mm Hg, 2.77% for 15
mm Hg and 1.47% when 1left atrial preesure returned to the control
level. For the second animal, the corresponding coefficients of

variation were.4.31%, 2.33%, 4.05%, 2.94% and 1.97%.

- —
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Dynamic compliance of the lungs were studied in 5 dogs. Average
dynamic - compliance at initial control left atrial pressure was 69.5
* 10.1 ml/mm Hg. At a left atrial pressuré of +5 mm Hg above
control it became 68.5 * 10.4 mi/mm Hg; at +10 mm Hg, it was 63.0
* 104 m/mm Hg and at +15 mm Hg it was 60.0 * 9.8 ml/mm Hg.
"During the final control psriod, it became 65.7 * 9.8 ml/mm Hg. The
dynamic compliance at left atrial pressures of +10 mm Hg and +15 mm
Hg above control were significantly lower than the others (p<0.05).
Mean Jeft atrial pressure at these stageg were 5.8 * Q.8 mm Hg,
10.2 * 0.6 mm Hg, 14.8 * 0.4 mm Hg, 19.7 * 0.6 mm Hg and 5.8

Y 0.8 mm Hg. The corresponding heart rates at these stages were 127

| +

7 beat/min,’ 138 * 8 beat/min, 149 * 4 bpeat/min, 153 * 8
.beat/min and 131 * 7 beat/min. The corresponding mean arterial
pressures were 116 * 2 ‘mm Hg, 113 * 1 mm Hg, 109 X 1 mm Hg, 103
* 2 mm Hg and 118 * 1 mm Hg.

The results are summarized in Table 9.

The experiments in this protocol measuring the dynamic compliance
of the lungs indicate thét there was a small but significant decrease
in the dynamic comp]iaﬁce of the lung§ during pulmonary venous
congestion. A graded décrease in dynamic compliance was noted during
stepwise increases 1in left atrial pressure. The magnitude and degree
of change of the dynamic compliance during pulmonary congéstidn found
in this study are compatible with that shown by Jones et al (6).
These authors reported a resting dynamic compliance of about 30 ml/cm
@20 which decreased to approxihate]y 20 ml/cm H20 when pulmqnary
capillary wedge (j.g; left atrial) pre#s;re i?creaSed by 12 mm Hg fn

the closed chest dog: In this earlier study, the dynamic compliance
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involved both the chest wall and lungs, whereas that of the present
study involved the 1lungs only. This explains why a higher value for
dynamic compliance was obtained here.

The suggestion that these cﬁanges were due to the local effects
on interstitial oedema "“stiffening" the lungs and causing narrowing
of the small airways so that a greater trans-airway pressure was
required to expand a given volume of lung is a speculation that seems$
reasonable but that needs further study. However, in the study
referred to in the‘preceding paragragh, using methods almost similar
to that of the present study in causing partial obstruction of the
mitral valve, Jones et al (6), reported a significant incré;se in
closing volumes of the lungs .when the left atrial pressure was
increased by about 10 mm Hg. The term closing volume -is a measure of
lung volume that 1is reached at which the airways at the base of the
lungs begfn to close and it is thought that increases in closing
volumes indicate small airway disease. It has been suggested that
these changes in closing volumes ‘were due to a vagal-mediated

increase in resistance of the small airways rather than compression

of these airways by oedema fluid (6).
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Fig. 18. Experimental preparation for the measurement of dynamic
compliance of the 1lungs. The animal was ventilated by IPPV using a
constant voiume ventilator via a cuffed endotracheal - tube.
Intra-tracheal airway ﬁressure at the 1level of the carina was,
monitored by a cannula connected to a-transducer (T) as shown. The
pneumotachograph was connected to the endotracheal tube and the
common tube joining the inspiratory '(LNSP.) and eXpiragpry (EXP.)
lines of the ventilator. The air-flow curve generated by the
pneumotachograph with each ventilatgory cycle -and the s1mu1taneous
intra-tracheal airway pressure curve were dﬂsp]qyed on a mu1t1channel
oscilloscope and recorded on light sensitive paper (see Fig.19).
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Fig. 19. An examﬁle of intra-tracheal airway gressure‘apd air-flow
curves obtained simultaneously. The“aréas‘bounded by the‘inspiratory,
(INSP.) and e*piratory (EXP.) portions of the éfrf]ow curve: were
equal and wefe proportional to the tidal volume. There was no
air-flow at points A and Q as these’ represenfed beginﬁing of
inspiration and end expiration respéEtively.‘ At point B, end
inspiration, there was also no air-flow. In?ra-tracheal a{rway
pressures were measured~“at these point. Dynamic compliance of the

lungs was calculated és follows: tidal volume/ (préssure at.-8 -

average of pressures at A and C). See text for discussion. L o



"CHAPTER 11

Protocol IV. The Changes in Tone of a Tracheal Segment during

Pulmonary Yenous Congestion

The series of experiments 1in this éection investigated the
effects of pulmonary venous congestion on an upper tracheal segment
with an intact motor innervation from the superior laryngeal nerves.
Thiss method has been referred to in the section on the Literature
Review Aealing with measurement of changes 1in tone of the airway
smooth muscle (pg.65-66). Additional manoeuvres were carried out to
establish the possib]‘chdnisms involved in the observed changes in
tracheal tone during pulmonary venous congestion.

Following preparation of the animal”as described in the chapter
on General Experimental Methods, the following additional surgery
specific to this protocol was performed before‘observations wgre
made.

Tracheostomy

The cervical trachea was exposed by a ventral incision and a
tracheostomy was made at its lower end close to the base of the neck.
A tracheostomy tube 410 9.0 mm, Portex Tube, Smith Industries Inc.,
Scarborough, Ontario) was imserted and secured tightly. The
endotracheal tube introducea earlier was removed. The animal was
ventilated at the rate of 12-15/min and with a tidal volume of 1012
ml/kg. The tidal volume was redbced to accommodate gfor the reduced
anatomical dead space. Airway pressuré ;as monitored at the level of
the carina by incorporating the cannula with multiple side holes
descfibed earlier (pg.78-79) into the tracheostomy tube ’and

———
connecting the other end of. it to a pressure transducer. Arterial

 J
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’
blood gases were maintained within normai Timits by adjusting the

ventilator. Non-respiratory acidaemia was prevented by an infusion of

o

sodium bicarbonate (7.5% w/v) given at the rate of . ml1/10 min.

Maintenance of Mean Aortic Pressure

As the tracheal ségment has been shown to respond to stimulation
of  peripheral baroreceptors due to changes in aortic pressure
(222,223), care was taken in this protocol to avoid sudden and
excessive falls in mean aortic pressure during production of
pulmonary venous congestion. A septostomy catheter was introduced
into the upper abdominal aorté. This septostomy catheter (size 5F,
Fogarty Dilation Catheter; Edwards Laboratories, Santa Ana,
California) was inserted through the left omocervical artery at the
base of the neck and advanced into the descending aorta such that the
balloon af the tip of this catheter lay caudal to the tip of the
cannula used for monitoring/ aortic pressﬁre. Inflation of th‘;
balloon ‘increased pressure in the aorta cranial to the balloon.

-

Measurement of Tracheal Smooth Muscle Tension

Isometric tension was recorded in vivo 1in an upper tracheal
segment by a force-displacement transducer according to the method
described by Brown et al (200). ’After exposure of the cervical
trachea and retraction. of the overlyind neck muscles, an upper
ﬁfgment of 5-6 cartilaginous rings was incised ventrally in the
ﬁid]ine and , then tranversely at Both ends arounq~the Sarti]aginous
rings dan to the posterior muscular wall which was left intact. The
cut edges were retracted laterally and each was attached to a light
plastic bar by nyloﬁ shiures. The bar on the right of the animal was

anchored to a fixed metal bar so that this tracheal segment was in



145.

the same horizontal plane as the posterior trachea]is.mustle. Care
was taken to avoid excessive tension from the surrounding tissues.
The 1left tracheal segment #ﬁs attached in the same manner to ?
force-displacement transdugér {Model FT03CK Grass Medical
.
Instruments, Quincy, Massachusetts) which was mounted on a rack and
pinnion. The tracheal segments were stretched to produce a baseline
tension Dbetween 50 to 1U0 g by adjusting the rack and pinnion. During
dissection,d the superior ]?ryngeal, recgrrent laryngeal and
pararecurrent laryngeal nerves, whié&\form the motor innervation to
this tkg[%ea] segment, were ident;}ied. The recurrent and
pararecurrent laryngeal nerves were seqtionig atrfhe beginning of the
experiment so that the sole nerve supply to the tracheal segment was
from the superior laryn +\\perves. The experimental preparation
described here is as shown in Fig.20.

The outpug of‘the force-displacement transducer was émp]ified and
recorded on a Gould amplifying and recording system (Model 2400S,
Gould Inc., Recording Systems Division, Cleveland, Ohio). During
these experiments, signals from the Electronics for Medicine
recording system were fed into the Gould system so that atrial,
aortic and intra-tracheal airway pressures were recorded on the same

o
system as the tracheal tension 1in order to establish the temporal

-

relationship between the various changes.

Experimental Protocols

After the preparation was completed, the animal was left for
30-60 min for equilibration. Saline at body temperature was dripped
on to the exposed posterior trachealis muscle to keep it moist and

b
prevent excessive cooljng. Reactivity of the tracheal preparation
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was tested Sy discontinuing artificial ventilation for up to one
minute. As a result of hypoxia, the tracheal preparation would
respond by contracting if it was viable.

Following this test, one of the following protocols was

completed.

Protocol IVA. Effect of Pulmonary Venous Congestion on Tracheal Tone

A continuous recording was made during this protocol at a paper
speed of 0.1 mm/s. An initial control observation of baseline
tracheal tension, left atrial, aortic and intra-tracheal pressures
and heart rate was made for 5 min. Then the balloon in the left
atrium was inflated to raise the left atrial pressure by 10 mm Hg and
recordings were continue; for 5 min. At the end of this period, the
balloon was deflated and a second control ;Ecording was made for 5
min. The mean pressure in the thoracic aorta was prevented from
falling by inflating the septostomy balloon in the aorta.

After recording the responses as described above, in five dogs,
the vagi were ' cooled gradually to 80C and protocol IVA was
repeated. In 3 other dogs, the effect of stimulation was studied
after bilateral vagotomy. The method of vagal cooling is similar to
that described under Protbcol ICl(pg.87-88).

As the cooling platforms were positioned next to the tracheal
segment, care was taken during the experiment to prevent
unintentional cooling of the segment by insulating it from the
cooling platforms by pieces of styrofoam.

Both vagal cooling and vagotomy in the neck were carried out

caudal to the tracheal segment preparation. This was undertaken to

ey
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examine the effects of reversible (by vagal cooling to 89C) and
irreversible (by vagotomy) b]ockadg of the vagal afferents on the

tracheal tension.

In three dogs, when thé vagi were at 89C, the effect of
capsaicin (10 wug/kg; capsaicine natural, Fluka AG, Chemische Fabrik,
Switzerland) %¥njected into the right atrium was examined both when
the left atrial pressure was at control value and when it was
elevated by 10 mm Hg. This procedure was repeated with the vagi
cooled to °1°C. This protecol was carried out to study the effect of
stimulation ©of the C-fibre receptors on’ tracheal tone following
blockade of the myelinated afferents. w=="

Protocol I1VB. Effect of Propranolol on Tracheal Tension during

Pulmonary Venous Congestion

After . PYotocol IVA was completed, propranolol (6.5 mg/kg;
propranolol hydrochloride, Ayerst Laboratories) was administered into
the right atrium and the procedure was repeated following 10 min of
re-equilibration. This protocol was undef%aken to exémine the effect
of beta-adrenergic receptor blockade on the  tracheal tone during
pulmonary venous congestion. |

Protocol IVC. Effect of Atropine on Tracheal Tension during Pulmonary

Venous Congestion -

In order to find out whether the efferent Tlink in changing
tracheal tension during pulmonary venous congestion is via a
cholinergic innervation, atropine (3 mg, atropine sulfate, Squibb
Canada Inc., Montreal) was injected into the right atrium following
comp1étion of Protocol IVA. After 5 to 10 min of re-equilibration,

]
observations were made under Protocol IVA, at body temperature.
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Protocol IVD. Effect of Stimulation of Left Atrial Recepfors on

Tracheal Tension

This protocol tested the hypothesis that changes in tracheal

tension might be due to stimulation of afferent endings situated in

the left atrium because, when left atrial pressure was raised, these

receptors would be stimulated.

The technique of stimulating the left atrial receptors without
producing a change in left atrial ﬁressure and inducing pu]mon;ry
venous congestion was adapted from that'described by Koizumi et ai
(169). This was done by stretching the three pulmonary vein-left
atrial Jjunctions on the left side of the heart without impeding
venous flow into the left atrium or obstructing the emptying of the

left atrium into the left ventricle.

Stimulation of Left Atrial Receptor;

I3

The left side of the heart was exposed by a left thoracotomy. The
/
pericardium at the left atrial appendage;wasfgxcfsed dorsally to the

point where the 1left pulmonary veins join the left side of the left

atrium. Two suture threads were inserted at each side of the 3

pulmonary vein-left atrial junctions. The sutures, which were
approximately 1209 to each other 1in a ventral direction, together
with the anchoring provided by the pericardium dorsa]]y acted in
three eqdi-angular directions. Thus, when weights were attached to
the sutures by a pulley system, -the pulmonary vein-left atrial
junctions were .stretched without occluding pu]monarx venous return.
Stimulation of the left atria]i receptors were -indicated byv an
increase in heart rate. The pres;uré in the left atrium was monitored

by the cannula inserted through the atrial appendage (Fig. 21).

/
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An  initijal preliminary study was performed to test the
effectiveness of this téchnique. In four dogs, the pulmonary
vein-left atrial junctions were stretched. The control heart rate was
89.3 * 5.0 beat/min. When the pulmonary vein-left atrial junctions
were stretched, the heart rate became 103.%,1 3.7 beat/min, i.e.,
an increase in heart rate of 14.2 * 1.2 beat/min. Following the
adminis%ration of intravenous propranolol, it was found that there
was no change 1in heart rate when the procedure was repeated-(85.2 *
3.2 beat/min before and 87.6 * 2.8 beat/min after). This manoeuvre
suggested that }he increase in heart rate was reflex in nature, due
to stimulation of the atrial receptors situated at thé pulmonary
vein-left atrial junctions.

Following completion of Protocol IVA, the left atrial receptors
were stimulated without changes in left atrial pressure. The stimulus
was adjusted such that an increase in heart rate compérab]e to that
achieved by partial obstruction of the mitral valve was achieved
(Protocol IVA). An initial control recording was made over 5 min. The
left atrial receptors were stimulated for 5 min duriﬁg which further
recordings were made. The stimulus was then removed and a final
control recording was made for 5 min.

Protocol IVE. Effect of Partial Obstruction of the Tricuspid Valve on

Tracheal Tension

As tracheal tension increased with partfal obstruction of the
mitral valve, the effect of partial obstruction of the tricuspid
valve and the resulting elevation of right atrial pressure on
tracheal tension was studied. There was no pulmonary venous

congestion during partial obstruction of the tricuspid valve but

D
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atrial receptors in the right atrium were stimulated when the right
atrial preésure was elevated.

In this protocol, ‘a cahnula (ID 1.67 mm, Intramedic polyethylene
tubing) bearing a balloon at one end and another cannula (ID 1.67 mm,
Intramedic polyethylene tubing) were inserted into the right atiurm
via the ;ight atrial appendage jn the same manner as that performed
in the left atrium. Partial obstruction®f the tricuspid valve was
produced by distension of the balloon in the right atrium (Fig.23).
The deg#ee of balloon distension was adjusted to produce an increase
in heart rate similar to that produced by obstruction of the mitral
valve in Protocol IVA. Recordings were then qade as' before (Fig. 22).

-

Protocol IVF. Effect of Stimulation of Right Atrial Receptors on

Tracheal Tension

This protocol was similar to Protocol IVD and was designed to
examine whether stimulation of the right atrial receptors without
changing the right atrial pressure would affect the tracheal tension.

Stimulation of Right Atrial Receptors

Stimulation of r;ght ‘atrial reéeptors without producing changes
in right atrial pressure was achieved by introducing an expansile
cannula into the superior vena cava-right atrial junction via the
external jugular vein in the neck. This metal cannula held a piston
connected - to some Sp;ings at one end. When the piston was pushed in,
the springs expanded outwafds and stretched the tissué surrounding
them without impeding venous return (168) (Fig.23). Activation of the
atrial receptors was indicated by an increase in heart rate. The
pressure in the right atrium was monitored using a cannula, the tip

of which was positioned in that chamber. . , .
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The technique used in this protocol has been described previously
(168). 1In this earlier study, it was féund that stimulating the right
atrial receptors using the expansile cannula positioned at the
superior vena cava-right atrial junction resulted in an increase in
heart rate of 14.6 * 2.0 (n=23). This change in heart rate was
similar to that found at the preliminary study in Protocol IVD, when
the left atrial receptors were stimulated by stretching the pulmonary
vein-left atrial junctions on the left side.

In five dogsfngﬁe right atrial receptors at the superior vena
cava-right atrial junction were stimulated without change in right
atrial pressure. This was done by stretching the suberior vena
cava—right atrial junctidn for 5 min using the expansile Canndla
positioned at this site. The degree of stimulation was such that i
produced an increase in heart rate which was similar to that produced
with Protocol IVA. Recordings were made as before.

0

Protocol IVG. Effect of Sectioning the Superior Laryngeal Nerves

during Puimonary Venous Congestion

In three dogs, following the completion of the first part of the
observation 1in Protocol IVA, the superior 1laryngeal nerves were
exposed bilaterally and sectioned. Then after allowing 10 minutes for
re-equilibration, control observations were made, to be fallowed by
raising of the left atrial pressure as in Protocol IVA.

STATISTICAL ANALYSIS

Group data was expressed as means t* standard errors of the
‘means. In all cases, a p value < 0.05 was accepted.as indicative of
statistical significance.

In each protocol, the data obtained during the initial and final
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control periods were pooled. The data obtained during the
experimental period was then compared with this pooled data using a
paired t-test.

Data on tracheal tension, mean aortic, mean left atrial, and mean

>

intra-tracheal pressures were analysed in this same way.

RESULTS

Protocol IVA. Effect of Pulmonary Venous Congestion on Tracheal Tone

Protocol IVA was completed in 17 dogs in which 53 observations
were made. The pH, p02, pcéz and [HC03~] of the arterial
blood during the control periods were 7.34 * 0.02, 250.9 * 20.7
mm Hg, 38.7 * 2.4 mm Hg and 17.8 * 0.7 mmol/L respectively. When
left atrial pressu?e was elevated, the corresponding values were 7.29
* 0.01, 238.4 * 29‘.7~ mm  Hg, 44;4 Y 2.3 mm Hg and 18.7 * 0.8
mmol/L. There were no significant differences in tﬁese arterial blood
parémeters measured.

The average 1length of the tracheal segment under investigation
was 2.8 * 0.2 cm. Average béseline trachéa] tension was -91.8 *
2.1 g. Tension increased significantly to 98.31 2.2 g (p<0.001f;
i.e. an' increase of 6.5a % 0.6 g, when left atrial pressure was
raised by 10% ¥ 0.2 mm Hg from a control level of 4.6 + 0.6 mm
Hg to 15.3 - 0.6 mm hg (p<0 001). The raisgd 19{1: atrial pressure
was maintalqip for 316 ¥ 17 s. Tracheal contraction began 27%3s
after 1left atrial pressure was elevated. In most préparations (n=41),

the maximum tension was rébid]y attained and this was maintained for

the duration of the-.timulation.' In others (n=12), there was a
. )
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delay in achieving the maximum tension which was attained 2 to 3 min
after the preparation commenced contracting. The tracheal segment
began to relax 26 Y 4 s after left atrial pressure was restored to
control levels and then gradua]ly }eturned to base]fne over the next
2 to 3 min. An example is sRown in Fig. 24.

Control mean intra-tracheal pressure was 2.23 * 0.19 mm Hg and
was 2.55 Y 0.17 mm Hg when left atrial pressure was elevated.
Control peak intra-tracheal pressure was 5.29 * 0.17 mm Hg and when
left atrial pressure was raised, it was 5.69 I_O.IS}mm Hg (both,
p<0.05). ' S

Mean aortic p}essure during control was 122 * 3 mm Hg. When
left atrial pressure was elevated, mean aortic pressure was 121 * 2
mm Hg. There was no statistically significant difference between
these two pressures. Heart rate increased significantly from 139 *
10 beat/min to 181 * 10 beat/min (p<0.01) during the manoeuvre
(Table 10).

Effect of Vagal Cooling

In five dogf, following the initial observations under Protocol
IVA, the cervical vagi were cooled gradually to 7 to 89C. At 89C,
baseline tracheal tension was 91.4 * 1.5 g. This did not change
when left atridy pressure was increased from 5.20 * 0.43 mm-Hg to
15.50 * 1.25 mm Hg. Mean arterial pressure was 132.8 * 10.0 mm Hg
during ‘the control period and 132.0 * 8.0 mm Hg (p>0.05) during
elevation of left atrial pressure while heart rate changed from 162
* 11 beat/min to 168 * 6 beat/min ‘(p>0.05). The.-corresponding

“values for mean  intra-tracheal pressures were 2.30 * 0.27 mm Hg and

2.44 * 0.28 mm Hg respéctive]y. The control peak intra-tracheal
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pressure was 5.22 * 0.29 mm Hg and when left atrial pressure was
elevated, it became 5.44 * 0.25 mm Hg (Table 11).

In all five dogs, an increase in tracheal tension was evident
during pulmonary venous congestion after the vagi were rewarmed to

\

body temperature. An example is shown in Fig. 25 g

In three dogs, the effect of the stimulus was tested after
sectioning the vagi bilaterally at the points of cooling. It was
found that the tracheal segment failed to contract during pulmonary
venous congestion.

Effect of Capsaicin

In two dogs, capsaicin (10 wug/kg) was injected into the right
atrium when the vagi were codled to éoc (5 observations) and when
gge vagi was cooled to 10C (4 observations). At 80C, the baseline
tracheal tension was 92.0 + 2.1 g. Following the administration of
capsaicin, the tracheal segment began to contract 27.2 4.5 3%
later and reached a maximum tension of 108.1 *'3.5 g (an increase
of 16.0 * 1.8 g). This increase in tracheal tension was grénsient
and lasted 76.4 * 2.8 s. The response was observed both when left
atridrpressure was at control level and when left atrial pressure
-was elevated with no significant differences between observations
under the two conditions. ) '

When the vagi were at 10C, the basal tension was 90.0 20 g
and it increased’ to 97.5 I 0.5 g, an increase of 7.5 g. This
increase was significantly 1lower. than that at 80C (;<0.Q5). An
example is shown in Fig. 26. These observations.suggested that the

effects of capsaicin on the tracheél.segment.wére (a) acting directly

on the tracheal smooth muscle, and {(b) indirectly via stimulation of '
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the C-fibre receptors.

Protocol IVB. Effect of Propranolol on Tracheal Tension during

Pulmonary Venous Congestion

Four dogs were studied. Baseline tracheal tension before the
admin}étrgtion of propranolol was 101.3 bi 4.1 g and this remained
unchan é; (101.3%4.1 g) following the administration of propranolol
(0.5 mg/kg, i.v.). The heart rate before propranolol was 155.0 *
14.0 beat/min and after propranolol was 104.2 *16.2 beat/min while

the arterial pressure was 145.7 * 12,5 and 141.7 * 11.7 mm Hg

respectively.

Ten min after administration of propranolol, control tracheal
tension was 101.3 * 4.1 g. This increased to 109.0 * 6.6 g, i.e.,
an increase of 7.7 Y 0.7.g (p<0.05), when left atrial pressure was
elevated from 5.25 * 1.9 mm Hg to 15.50 * 5.50 mm Hg (p<0.001)..
Control mean aortic pressure and heart rate were\141.741.11.7 mm Hg
and 104.2 * 16.2 beat/min. When left atrial pressure was elevated,
mean aortic pressure was 121.3 Y 12.1 mm Hg and heart rate was
108.3 * 19.2 beat/min. During the period when left atrial pressure
was elevated, mean aortic pressure was partly maintained by inflating

the balloon on the septostomy catheter in the descending aorta (Table

12).

Protocol IVC. Effect of ktFGTjne on Tracheal Tension during Pulmonary

Venous Congestion
» Atropine (3.0 mg) was injected into the right atrium in four
dogs.y Before atropine, resting tracheal ‘tensioﬁ was 97.7 * 3.§ g
and this remained unchanged followiné Administration of atropine,

i.e., remaining “at 97.7 ¥ 3.9 g. -Heart rate was 109.3%20.2

i . >
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1

beat/min and mean aortic pressure was 138.0 * 14.9 mm Hg before
™

atropine was injected. Ten minutes after administration of atropine,

'
¥ ha}

heart rate was 131.5 * 15.2 beat/min and mean aortic pressure was
135.1 *¥10.2 mm Hg. -

Left atrial pressure was raised from 5.8 * 3.9 mm Hg to 14.5
+ 3.5 mm  Hg (p<0.01) 10 min after the administration of atropine.:

23

}* 3.9 g during control and this did not

Tracheal tension "was 97.7

change when left atrial pressure was elevated. Heart rate before

elevation of Jleft atrial pressure was 131.5 * 15.2 and mean aortlc

pressure was .1 * 10.2. wﬁyn left atrial pressure was elevated,
fo.

they were .3 r 7.0 beat/min and 143.3 * 10.9 mm Hg,

/

}espectively (Table 13).

Protocol IVD. Effect of Stimylation of Left Atrial Receptors on

’ A )
) Tracheal Tension X

\‘\ During 10 observations inﬁthre'e'animals, the effect of
stimulation of Teft atrial receptors on tracheal tension was
examinejgg Left atrial receptors were stimulated by.applying weights
go sutures attaghéd to the .pu1monary vein-atrial junctibns by a
pulley ;system.‘ The average total weight attached to the three
pulmonary,. veinFle%t atrial junctiohs was 276 .i 31 g. Heart rate -
increased from -a control level: of 130.8 * 5.8 beat/min to 158.2 *
7.5 beat/min (p<0.05) during th1s manoeuvre, while the corresponding‘
mean aortic pressure was 133.6 X 4.4 mm Hg and 132.2 * 3.8 mm Hg .
resbectivelj} Baseline tracheal tension wasf87,3,1.6.4 g. When left
atrial receptors were stimuiated, tracheal tension remained }

. unchanged. Left atrial pressure was 7.1 % 0.3_mm Hg during the

.control perioé and became 7.6 * 0.5 mm Hg when the atrial receptdrs-
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were stimulated. This chaﬁbe was not statistically significant
. I8
(p>0.05) (Table 14).

Protocol IVE. Eftect of Partial Obstruction of the Tricuspid Valve on

[racheal Tension

In four degs, i¢ observations were made during partial
obstruction of the tricuspid valve. It was not possible to increase
right a£r1a1 pressure (a low pressure systeém) by an amount similar to
that of Ihe\ left atrial -pressure, without i1fipeding systemic venous
return and disrﬁpting the circu]atio; excessively. Thus, the :1ght
d{rial pressure was sed by‘ i?‘ aqﬂuqt that c;hged a similar
*increase in heart rate as that obseried.:an the left atrial pressure
was raised by 10 mm Hg. Right atrial pressure was 5.1 * 0.3 mm Hg
during the contr;?« period and idcreased to 7.5 * 0.4 mm Hg (p<0.05)
during partial obstruction of the tricuspid valve. Heart rate
increased from 171.0 * "8.0 beat/min to 194.0° ¥ 5.0 (p<0.05)
purﬁng the procedure while mean aortic pressure changed' from .
111.025.0 mm Hg to 107.0 * 7.0 mm Hg (p>0.05) (Téb]e 15).

Baseline tracheal tension was 81.3. % .8.§ g. During partial

obstruction of the tricuspid valve and elevation of right atrial

pressure, tracheal tension remained unchanged at 81.3 * 8.9 g.

Protocot IVF, Effect of Stimulation Jf Right Atrial Receptors on

Tracheal Tension

}hisg protocol was similar to Protocol IVD and examined whether
stimulation of the righ} atrial receptors without changing the right
atrigl pressqre‘wouid affect the tracheal tension.

Under Protoqol IVF, .in five observations in five dogs, the

r

superior vena cava right atrial junq;ion was stretched to stimulate
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the right atrial receptors situated at this junction. Heart rate

\
i

Increased \from a baseline value of 157.2 * 6.4 beat/min to 175.2
to6.1 beai/min (p<0.05) with stretching of the superior vena cava
right atrial j*tion. Mean aortic pressure and mean right atrial
pressure were 106.4 ' 5.1 mm Hg and 4.6 * 0.5 mm Hg respégtively.
When right atrial receptors were stimulated, these pressures were
106.4 * 5.1 mm Hg and 4.4 * 0.3 mm Hg, respectively. No
significant changes were noted in either of these pressures (p>0.05).
Baseline tracheal tension before stretching of the superior vena
cava right atrial junction was 95.7 1 4.3 g. During stretching of
the superior vena cava right atrial junctiop, this remained unchanged

at 95.7 * 4.3 g (Table 16).

Protocol IVG. Effect of Sectioning the Superior Laixngga] Nerve on

Trachea)l Tension during Pulmonary Venous Congiétion

In three dogs, following the comp]etiOn‘gf the first part of the
observation in Protocol IVA, "i.e., after showing that the tracheal
segment increased its tension during elevation of left atrial
pressdre reversibly, the superior laryngeal nerves were exposed
bilaterally and sectioned. Thén’ after  allowing 10 min for
re-équilibration, cBntro] observations were made, to be followed by
raising of left atr{al pressure as in ?rotoco] IVA.

Baseline traehgal "tension was 91.2 * 4.4 g and this remained
unchanged when le*t atrial préssure was elevated froq’6.8 1°0.4 mm
Hg ctb‘ 16.3‘ Y 0.3 mm Hg. Heart rate during the cdntfol period wag‘
143.0 Y D.0 beat/min and when left atrial bressure was e]evated. it

became 185.0 } 21.0 beat/min. Corresponding me‘c aortic pressures

- . v .
were 420 ‘ff4.2 mm Hg and 115.0 ¥ 5.2 mm Hg respectively.
"

:’ t . L



159.

The resuits of protocols IVA to IVF are gummarized in Tables 10
to le.

The increase in heart rate could be regarded as a baroreceptor
mediated response to the sudden drop in blood pressure. However ,baSome
evidemq; indf€ates that other factors are involved. Firstly, in some
of the. experiments in protocol IV, while the‘mean arterial pressure
was maintained at control levels during elevation of left (and right)
atrial pressure, the heart rate still increased when either atrium
was stretched. Secondly, in experiments in which there was stretching
of either atrium without changes 1in systemic or intra-atrial
pressures, the heart rate also increased. Thus, it may be concluded
that the main factor in causing an increase {n heart rate was due to
stimulation of the atrial receptors. This conclusion is consistent
with a number of previous studies reporting that stimulation of
atriai receptors caused a reflex increase in  heart rate
(156,164 ,1674168).

In the present‘study, mean” and peak airway pressures showed small
consistent ‘but statistically significant increases during pulmonary
venous congestion. These changes were noted ‘(see Fig. 24) almost
immediately on increasing the left atrial pressure, before reflex
contraqtion of the tracheal segment occurred, and returned to control
levels almost immediately following reduction of the left atrial
pressure to baseline levels. The changes were also noted, though to a
much smaller degree, when the vagi were cooled to 89C, when reflex
contraction of the tracheal segment was abolishéd. The significance
of these changes in causing stimulation of the pulmonary receptors
and their contribution to the bronchospasm of cardiac asthma will be

" discussed later.\!"' - e

-
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TABLE 10

Protocol IVA(i)

Effect of Pulmonary Venous Congestion on Tracheal Tension (%7°C)

(L | . CONTROL  PULMONARY VENOUS CONGESTION
J @ .
Heart Rate (b/m) 13910  p<0.001  181*6
Mean Arterial Pressure (mm Hg) 122*3 p>0.05 12173

Mean Left Atrial Pressure (mm Hg) 4.6%0.6 p<0.001 15.3%0.6

Mean Airway Pressure (mm Hg) 2.23%0.19  p<0.05 2.55%0.17
Peak Airway Pressure (mm Hg) 5.29%0.19 p<0.05 5.79%0.18 »
TRACHEAL TENSION (g) 91.8*2.1 p<0.001 v 98.3%2.2

n =253 1in 17 animals

-
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TABLE 11

Protocol IVA(ii)

Effect of Pulmonary Venous Congestion on Tracheal Tension

- \}\ during Vagal Cooling (89C)
rnv! ]
CONTROL PULMONARY YVENOUS CONGESTION
Heart Rate (b/m) 162411 168%6
Mean Arterial Pressure (mm Hg) 133110 132*8

Mean Left Atrial Pressure (mm Hg) 5.30.4 p<0.001 15.1%0.7

Mean Airway Pressure (mm Hg) 2.30%0.28 2.44%0.28
Peak,Airway Pressure (mm Hg) 5.22%0.29 5.44%0.28
TRACHEAL TENSION (g) 91.4%*1.5 91.4%1.5

n=>51in 5 animals )



TABLE 12

Protocol 1VB

162.

Effect of Propranolol on Tracheal Tension

during Pulmonary Venous Congestion

«

1

CONTROL
Heart Rate (b/m) 104*16
Mean Arterial Pressure (mm Hg) 142%12

Mean Left Atrial Pressure (mm Hg) 5.2%1.9

Mean Airway Pressure (mm Hg) 2.0010.00
« Peak Ai;;ay Pressure {mm Hg) 3.38%0.33
TRACHEAL TENSION (g) 101.3%.1 -

n=4 in 4 animals

PULMONARY VENOUS CONGESTION

108419
} 141112
p<b.001 15.55.5,
: 2.0019.35 *

3.40%0.33

p<0.05 109.0%6.6
- . 3
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TABLE 13
Protocol [VC

Effect of Atropine on Tracheal Tension

during Pulmonary Venous Congestion

=

CONTROL PULMONARY VENQUS CONGESTION

J

Heart Rate (b/m) . 132*15 p<0.05 15447
Mean Arterial Pressure (mm Hg) 135110 143%11

Mean Left Atrial Pressure (mm Hg) 5.8%3.9  p<0.01  14.5%3.5

Mean Airway Pressure (mm Hg) 2.00%0.00 2.0010.00
Peak Airway Pressure (mm Hg) 3.16%0.37 ‘ 3.22%0.42
e .
TRACHEAL TENSION (g) -~ 97.7%3.9 9774309 /

1

n=47in 4 animals
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TABLE 14

Protocol IVD

Effect of Stimulation of Left Atrial Receptors

on Tracheal Tension

CONTROL PULMONARY VENOUS CONGESTION

Heart Rate (b/m). ' 131*6 p<0.05 1588
Mean Arterial Pressure (mm Hg) 134%4 132%4
Mean Left Atrial Pressure (mm Hg) 7.1%0.3 7.6%0.5
Mean Airway Pressure (mm Hg) 1.5010.20 1.70%0.20
Peak Airway Pressure (mm Hg) 2.9630.36 3.04%0.45
. ‘ . :
TRACHEAL TENSION (4) 87.3%6.4 : 87.3%6.4

.

n=10 in 3 animals
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TABLE 15

Protocol IVE

Effect of Partial Obstruction of Tricuspid Valve

on Tracheal Tension

CONTROL PULMONARY VENOUS CONGESTION

Heart Rate (b/m) 17118 p<0.05  194*5
Mean Arterial Pressure (mm Hg) 111%5 . 10747

Mean Right Atrial Pressure (mm Hg) 5.0%0.3 p<0.05 7.3%0.5

Mean Airway Pressure (mm Hg) 1.90%0.18 - 2.00%0.13
Peak Airway Pressure (mm Hg) 3.12%0.40 3.14%0.38
' .
TRACHEAL TENSION (g) 81.3%8.9 81.3*8.9

n=12 1in 4 animals

@
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TABLE 16
Protocol IVF

Al

Effect of Stimulation of Right Atrial Receptors

on Tracheal Tension

CONTROL PULMONARY VENOUS CONGESTION

- a
Heart Rate (b/m) 157%6 p<0.05 1756
Mean Arterial Pressure (mm Hg) 10615 10415
Mean Right Atrial Pressure (mm Hg) 4.6%0.5 ‘ '4.:4%0.5
Mean Airway Pressure (mm Hg) 1.70%0.30 1.80%0.20
Peak Aivway Pressure (mm Hg) 3.14%0.45 13.26%0.37

e B * .

TRACHEAL TENSION: (g) | 95.7%4.3 95.7%4.3

n=>5in 5"animals A . <
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Vagus Nerve

R.L.N.

Fig. 20. Measurement of tracheal tension.IA ventral midline incision
was made to expose the trachea and vagt]s nerves in the neck: 'The" dog
was ventilated (VENT.) via a tracheostomy at the lower cervical
trachea. Airway pressure -at the level of the ca™a was mon1tored by
a -cannula placed in the tracheostomy tube and connected to transducer
T. The vagus nerves qere ptaced on cooling platforms (C.P.). The
* recurrent laryngeal nerves (R.L.N.) were cut while the Superior
laryngeal nerves (S.L.N.) supp]ying the upper tﬁﬁcheai segment were
.1eft 1ntact The upper trachea was incised ventrally and the cut
edges 1nc1sed around dorsally and netracted laterally to expose the
‘posterior trachealis muscle (P.T.M.). Each cut segment was attached
to- a 1fght plastic bar. One segment was attached to a fixed meta] rod '

and the other to an 1sometr1c force transducer (F T.) for measurement
of tracheal tengion. - . S N
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Fig. 2. Stimulation of left atrial receptors by stretching of the
left pu}ﬁonaryg venous-atrial junctions. ‘Through ae]eft thoracotomy,
the left side of the heart was exposed and the pericardium over the

" left = atrium dorsals "to the left phrenic nerve was _{ncised

longitudinally: and then dorsally to each of the 3 pulmonary
venous- atr1a1 Junctions. Two surglcal silk ligatures wire inserted

~1nto th@ vesse1 wall without punctur1ng through the vessel walleinto
“the . “lument. The» ligatures. were then "directed ventrally, one in a

cranial - and the other in.a caudaf direction as’'shown. Weights (W)
attached to these 11gatures over a pulley system (P) caused
stretching of the venous-atrial junctions and qtimu]dtion of the
left. atr1al receptors situated at these junctions. Left atrial and
1ntra-aprtic pressures were monitored by cannu]ae connected to

* transducers Tl and T2 respectively. o v

L
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Right . Ventricle

4

Atrium

¢
&

Fig. '22._ Partial obstruction of tricuspid v;?eé.'Following~exposure .
of the heart by a mid]jne sternotomy, a balloon tipped catheter (B) -
was ppsitioned in the right. atnium vianén incision in'ﬂhé’right
atrial appendage. A cannula connected to a préssure transduc;r (T)
was positﬁoned in the right E%rium via the right femoral vein and
inferior vena cava (1.V.C.Y. Distengioq_of the balloon B with the
}syringe' S caused - partial ‘ﬁb;truction* of the tricuspid valve and _

elevation of right atrial pressure. ,



- Fig. 23. Stretch1ng “of the super1or vena cava]-‘.__

respectivelyy. - bt
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Righy Ventrcle

CONTROL STMULATION contgoL Coa
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u ct1on. An
. » d
expansile cannula was inserted via the rﬁgﬂt externa1 J gu]ar vein .

-

into the super1or vena cava1rvenous Junctlon and the : pesition was

confirmed by * manua1 pa]pation df’the heart through the sternotomy

Pushing p1ston (P) in the cannula caused expan51on of the cage (C)

attached to- an. inner meta1 tubé'S The’lewer part of. the diagram

-~

shows the effect of expanslon -of the*cqge on the junction during

Iy

initial and " ‘finajt ebqtrol periods (1eft and right figures

. g -
i - ~ A

- twmu]ation (centre fiQUre) ‘and : the position of the cage during
. . . 4 B

. -

-
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