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1 I n t r o d u c t i o n  

The first step towards  ident i fying the impulse traffic in afferent  vagal 

C fibres arising f rom the lungs and lower  airways was taken in the early 

1950s by  Paintal (1955) ,  who  observed in cats tha t  inject ion o f  phenyl-  

diguanide into the right atr ium evoked low ampl i tude  potent ials  in small 

mult if ibre bundles  o f  the vagus nerve. Compar i son  o f  the effects  o f  inject- 

ing phenyld iguanide  upst ream and downs t ream to the p u l m o n a r y  vascular 

bed led Paintal to  conc lude  tha t  the impulses arose f rom the lung. The 

ac t ion potent ia ls  were o f  smaller ampl i tude  than  those recorded  f rom any 

o ther  afferent  vagal fibre, and the conduc t i on  velocities o f  the fibres were 

t hough t  to be less than  6 m s -1 . Subsequent  observat ions by  Paintal and 

others  established that  these fine fibres were non-mye l ina ted  and tha t  t hey  

were widespread in the lungs and lower  airways in several species (Paintal 
1964, 1969; Coleridge et al. 1965, t 9 6 8 ;  Armstrong and Luck 1974;  

Coleridge and Coleridge 1977b;  Russell and Trenchard 1980; Sapru et al. 

1981). 
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Long before the impulse traffic in these afferent vagal C fibres was 
recorded, however, it was widely accepted that a 'fine fibre' afferent vagal 
input was responsible for initiating the powerfulPreflex effects observed 
when irritant gases were introduced into the lower trachea and when cer- 
tain chemicals were injected into the pulmonary circulation. The most 
telling observations were those on what came to be called the 'pulmonary 
chemoreflexes' (a decrease in heart rate and blood pressure, and apnoea 
followed by rapid shallow breathing) (reviewed by Dawes and Comroe 
1954), which were clearly dependent on afferent vagal pathways, but 
which could still be evoked when the temperature of the vagus nerves was 
reduced to 3 ° or 4°C and conduction in all myelinated fibres eliminated. 
Moreover, there was evidence to suggest that noxious stimuli such as con- 
gestion, embolism and inflammation of  the lung exerted at least a part of  
their reflex effects on breathing and heart rate by engaging this non- 
myelinated afferent pathway. Until recently, however, opinion has not 
generally favoured a reflex rote for afferent vagal C fibres under physiol- 
ogical conditions. This is somewhat surprising since more than 40 years 
ago Hammouda and Wilson (1939) presented evidence in dogs that small 
vagal fibres supplied a tonic input  to the respiratory centres that increased 
breathing frequency and decreased tidal volume in the absence of  any ab- 
normal stimulus. 

The lungs and airways, like the heart and great vessels, have a dual 
afferent innervation, with an input to the spinal cord as well as to the 
medulla. The spinal afferents travel in sympathetic nerve branches and are 
therefore called 'sympathetic afferents' (Kostreva et al. 1975). Sympa- 
thetic afferents of  airway origin are capable of producing disturbances of 
breathing in response to irritant chemicals (Widdicombe 1954c; Coleridge 
et al. 1983), but unlike those that innervate the heart, they do not seem 
to be involved in the sensation of pain, which is transmitted instead 
by vagal afferents (Morton et al. 1951). We know less about sympa- 
thetic afferents from the lungs and airways than about those from the 
cardiovascular system, and nothing at all about afferent C fibres that may 
be a component  of  the former system. Hence our review deals only with 
the vagal C fibres. Various aspects of  the afferent properties and functional 
role of  vagal C fibres arising from the lower respiratory tract are discussed 
in a number of  reviews (Dawes and Comroe 1954; Paintal 1963, 1964, 
1973; Widdicombe 1964, 1974a, b, 1977a, 1981; Coleridge and Coleridge 
1977c, 1979, 198t ,  to be published;Sant'Ambrogio 1982). 

In spite of  the gradually accumulating weight of evidence that afferent 
C fibres from the lungs and airways play a significant role in the neural 
control of  breathing, airway smooth muscle tone, airway secretion, heart 
rate and peripheral vascular resistance, a general impression persists of a 
somewhat mysterious afferent system, whose transducer properties are 
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ill-defined and whose engagement by a variety of foreign chemicals pro- 
duces only stereotyped and primitive responses of  a protective nature. 
Perhaps some of  the reluctance to accept the hypothesis that non- 
myelinated afferents from the lower respiratory tract participate, like their 
myelinated counterparts, in regulatory reflexes of  a more physiological 
nature stems from our general ignorance of  the structure and appearance 
of  the endings themselves. However, a similar lack of information about 
the appearance of  sensory C fibre terminals in the skin (Munger 1971) has 
not been an impediment to the general acceptance of  the physiological 
importance of  these cutaneous endings. What is known of the morphology 
of  the C fibre innervation of the lungs and airways certainly deserves a 
place in this account. 

2 Morphology 

Degeneration studies of  the vagus nerve and its branches in cats reveal that 
of  the 5000 or so afferent fibres distributed to the lungs and lower airways 
by each vagus nerve, about 4000 are non-myelinated (Agostoni et al. 
1957). Nevertheless, the sensory terminals of these non-myelinated affer- 
ent fibres have been identified in reasonably large numbers only in the 
lungs and intrapulmonary airways of mice (Hung et al. 1972, 1973a, b). 
Information about the broad morphological features of this afferent vagal 
C fibre innervation, such as the light microscope has provided in the case 
of  the myelinated afferents supplying the lower respiratory tract (Larsell 
1921 ; Elftrnan 1943), is lacking - a deficit that at present shows little sign 
of  being remedied. For instance, although present evidence suggests that 
the sensory terminals of  non-myelinated fibres in the lung (Hung et al. 
1972, 1973a, b) have ultrastructural features in common with the termi- 
nals of myelinated fibres (During et al. 1974), we do not know whether 
the non-myelinated fibres have terminal arborizations. 

Electron microscopists attempting to identify non-myelinated afferent 
fibres in the lower respiratory tract often confine their attention to the 
most distal divisions of  the airways, probably in part because Paintal 
(1955, 1969) suggested that afferent C fibre endings are located in the 
alveolar walls close to the pulmonary capillaries, and in part because non- 
myelinated fibres in regions of  the lung remote from the larger blood ves- 
sels and bronchi are thought less likely to be efferent. Using this selective 
sampling method,  Meyrick and Reid 1971) found non-myelinated fibres 
in the alveolar walls in only 2 of 80 small blocks of lung tissue in 40 rats; 
one block contained a single profile of  sensory appearance. (A sensory 
function is suggested by a terminal axonal enlargement, packed with 
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Fig. 1. Innervation of alveolar walls in the human lung. Photomicrograph (x 29100) of 
tissue taken from periphery of lung just beneath the pleural surface, showing nerve 
bundle in interstitium of alveolar wall. To left and above is air space contaminated 
by red cells. Two non-myelinated axons containing mitochondria, neurofilaments and 
vesicles are enveloped by Schwann cell cytoplasm and surrounded by collagen fibres. 
(Fox et al. 1980) 

mitochondria and only partly ensheathed by a Schwann cell covering, with 
close apposition between the axonal membrane and some adjacent cell.) 
In a study o f  human lung, Fox et al. (1980) took samples from the lung 
periphery immediately beneath the pleura and found non-myetinated 
fibres in the alveolar walls in 3 of  50 blocks taken from 16 lungs (Fig. 1) 
but were unable to identify sensory profiles. In studies on both rat and 
human lung, investigators were impressed by the scarcity of  neural ele- 
ments in the alveolar wall, a finding very different from that in the mouse 
lung (see below). Fox et al. (1980) suggested that the scarcity of  nerve 
fibres in their specimens might reflect a species variation. Such a scarcity 
may equally be a consequence o f  the restricted sampling methods,  for 
afferent nerves may be scarce at the periphery of  the lung. 

Hung et al. (1972, 1973) made a more extensive survey in the mouse 
and examined serial sections o f  the entire lung, including the hilar region. 
They found that non-myelinated fibres were regularly present in alveolar 
walls and alveolar ducts in all specimens examined. Indeed, several non- 
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U 

N2 

Fig. 2. Innervation of the pulmonary alveoli of the mouse lung. Above, electron micro- 
graph of an alveolar duct (x 1710). Arrows indicate two bundles of non-myelinated 
nerve fibres (NI~ N 2 ) in the interstitium surrounding an alveolar opening.Below, higher 
magnification (x 25 650) of the nerves NI and N2. Three non-myelinated axons can 
be seen on the left, and two on the right; the axons are partially or completely sur- 
rounded by Schwann cells (S) and contain many neurotubules and some mitochondria. 
CF, supporting collagenous fibrils. (Hung et al. 1972) 

m y e l i n a t e d  f ibres  could be  recognized  in a single field at lower  magnif ica-  
t ion and  were fo l lowed  th rough  sequent ia l  serial sec t ions ,  at h igher  magni-  
f icat ions (Fig. 2), to axona l  en la rgements  o f  a sensory  t y p e  conta in ing  
m a n y  m i t o c h o n d r i a  (Fig. 3) and usual ly  associated wi th  t ype  I p n e u m o -  
cy tes  in the  alveolar  wall. T h e  sensory  en la rgements  were  held to  be  the  
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Fig. 3. Innervation of the pulmonary alveoli of the mouse lung. Electron micrograph 
(x 25 200) showing an enlarged nerve ending (NE) in the wall of an alveolar duct 
[Alv). The ending, which contains numerous small mitochondria, has a bare surface 
facing the process of a type I pneumocyte (I) and separated from it by a basal lamina 
(BL). The opposite surface of the axon is capped by a Schwann cell sheath (S). A 
single non-myelinated axon (arrow) lies in the vicinity of the ending. 1I, type II pneu- 
mocyte. (Hung et al. 1972) 

equ iva len t  o f  Painta l ' s  J r ecep to r s .  U n d o u b t e d l y  in these  s tudies  o f  m o u s e  
lung the  invest igators  grea t ly  increased the i r  chances  o f  f inding the  elusive 

n o n - m y e l i n a t e d  f ibres b y  carrying ou t  a b road  initial  survey  at low magni-  
f icat ion.  To  m a k e  a c o m p a r a b l e  survey in h u m a n  lungs, or  even in the 
smal ler  lungs o f  dogs and cats ,  however ,  would  be a daun t ing  task.  
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A characteristic feature in rat, mouse and human lung was that most 
of  the axons or axon bundles within the interstitial tissue were surrounded 
by collagen fibres (Figs. 1, 2). Paintal (1970) postulated that J receptors 
might be surrounded by collagen fibres, the collagen providing an ideal 
matrix that in the presence of the increased interstitial fluid of pulmonary 
oedema would swell and become distorted. 

Non-myelinated afferent fibres have also been identified in the airways. 
Rhodin (1966) described naked nerve terminals of afferent appearance 
between the epithelial cells of  the human tracheal mucosa and suggested 
that they corresponded to the sensory nerve endings of non-myelinated 
fibres that innervate most epithelia. Bundles of non-myelinated fibres 
were frequently found in the lamina propria of the mucosa and could 
often be seen to penetrate the outer layers of the basement membrane; 
they were thought to give rise to the intra-epithelial endings. Single non- 
myelinated axons, devoid of Schwann cell sheaths, have also been observed 
between the epithelial cells of  intrapulmonary airways in mice (Hung et al. 
1973b). Some of  the axons had terminal enlargements of sensory appear- 
ance containing many mitochondria and were identical in appearance with 
the structures in the alveolar wall believed to be J receptors. Bundles of 
non-myelinated axons ensheathed in Schwann cells were found in the 
lamina propria beneath the epithelium and were probably the parent 
axons. These non-myelinated axons may well correspond to the 'bronchial 
C fibres' identified in action potential studies (Coleridge and Coleridge 
1977b). The naked axons and axon enlargements were often closely asso- 
ciated with specialized epithelial cells of unusual appearance, containing 
many dense-cored vesicles. Such cells, which resemble the type I cells of 
the carotid and aortic bodies, have been described in the airway mucosa of 
several mammalian species (Lauweryns and Cokelaere 1973; Lauweryns 
and Goddeeris 1975). Some of the nerve terminals associated with these 
specialized epithelial cells had the characteristics of sensory endings and 
appeared to be supplied by non-myelinated fibres. The sensory function 
of these complexes of epithelial cells and nerve endings (the so-called 
neuro-epithelial bodies) has aroused much speculation. 

There is still a great deal to be learned about the structure at the end 
of the non-myelinated nerve fibre whose impulses we record: the number 
of terminal branches possessed by a single axon, the size of the terminal 
arborization and its relation to adjacent structures, the overall distribution 
of afferent terminals and the density of the sensory fields. These broader 
features, as well as the ultrastructural detail, are needed to provide the 
essential link between structure and function. Indeed, it is quite possible 
that the specialized transducer regions of the terminals themselves, whether 
of myelinated or non-myelinated fibres and whether mechanosensitive or 
chemosensitive, all have the same general appearance under the electron 
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microscope. The properties of mechanoreceptors, for example, may be 
largely determined by the relation of the terminal arborization as a whole 
to neighbouring visco-elastic elements and smooth muscle cells. 

3 Identification and Nomenclature of Lower Respiratory Tract C Fibres 

3.1 Identification of C Fibres in Action Potential Studies 

The responses of sensory nerve endings are studied most satisfactorily by 
recording impulses in single nerve fibres. The technique, which involves the 
splitting of a small nerve slip into finer and finer filaments until a single 
active unit is obtained, was used by Adrian (1933) to record impulses in 
myelinated vagal fibres arising from pulmonary stretch receptors in cats. 
Iggo (1958) applied the technique to the study of afferent C fibres in the 
cat vagus and showed that single unit activity can be recorded with a 
highly satisfactory signal-to-noise ratio, and often with spike amplitudes 
as large as those of myelinated fibres. This may seem somewhat surprising 
since several C fibres are known to run together in bundles, each bundle 
being wrapped in a single Schwann cell sheath; however, there is a con- 
stant interchange of C fibres between bundles, and the process of splitting 
the nerve strands longitudinally will break many of the C fibres as they 
pass from bundle to bundle (Iggo 1958). An alternative technique of 
recording potentials extraceUularly from C fibre cell bodies in the nodose 
ganglion has been used to investigate non-myelinated vagal afferents from 
the lung (Detpierre et al. 1981). 

Estimates of fibre diameter based on comparison of spike heights are 
unreliable, for spike heights vary considerably with local conditions, even 
when the potentials are recorded from two fibres in the same nerve strand, 
and the distinction between non-myelinated and myelinated fibres must 
be based on measurement of conduction velocity (Iggo 1958). Gasser's 
value of 2.5 m s -1 for the leading edge of the evoked C fibre compound 
action potential is usually taken as the approximate upper limit for the 
conduction velocity of vagal C fibres. Afferent vagal C fibres from the 
lungs and airways have conduction velocities of 0.8-2.4 m s -1 (mean 1.4) 
in dogs (Coleridge and Coleridge 1977b) and 0.9-2.1 m s -1 (mean 1.3) in 
cats (Armstrong and Luck 1974); most of Paintal's J receptors in cats had 
fibre conduction velocities of less than 2.5 m s -~ but some had velocities 
greater than 5 m s -~ (Paintal 1969). 

Because the process of isolating a single active C fibre may be extreme- 
ly time-consuming, investigators are sometimes content with preparations 
that contain several active C fibres. Owing to the difficulty of distinguish- 
ing spike heights and configurations in such mul}ifibre bundles, it may be 
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impossible to de te rmine  whe the r  the unit  responding to  one  st imulus is 
the same unit  tha t  responds to  ano ther ;  the di f f icul ty  is c o m p o u n d e d  if  
the stimuli activate addi t ional ,  previously silent, fibres. Rate-meters  with 

window discr iminators  set to coun t  potent ia ls  o f  a par t icular  ampl i tude  
are useful for  p ro longed  recordings at slow recording speeds,  bu t  t hey  can 
be misleading unless the nerve f i lament  conta ins  no more  than  two  or 
three  active fibres with marked ly  d i f ferent  spike heights.  

Under  con t ro l  condi t ions  many  afferent  C fibres have such a sparse and 
irregular discharge tha t  their  presence in vagal f i laments  is easily over- 
looked.  Hence s t imulant  chemicals such as phenyld iguanide  or capsaicin 
are rou t ine ly  in jected in e lec t rophysio logica t  studies to  exci te  a f fe ren t  C 
fibres and to iden t i fy  thei r  presence  (Figs. 4, 5). Inpu t  in a f fe ren t  C fibres 
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Fig. 4A-D. Stimulation of a pulmonary C fibre in a dog by injection of capsaicin ( 10 
pg kg -1 ) into a femoral vein (in A, between 1 and 2). A, B and C are continuous. Note 
sparse and irregular discharge in A, and abrupt onset of afferent response and cardiac 
slowing in B. (Not shown, left atrial injection of capsaicin had no effect on the C fibre.) 
D Four bursts of impulses evoked when the afferent ending was stimulated by gently 
pinching the edge of the left lung. The C fibre had a conduction velocity of 0.9 m s -1. 
From above down wards: electrocardiogram ;impulses recorded from left vagal filament; 
tracheal pressure (cm H20), upstroke representing inflation. (Coleridge et al. 1965) 
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from the abdominal viscera can be eliminated by cutting or ligating the 
vagus nerves near the diaphragm, but the problem of  distinguishing afferent 
C fibres supplying the respiratory tract from those supplying the heart, 
great vessels and other thoracic structures remains. 

The location of  C fibre endings in the lower respiratory tract can be 
provisionally determined by comparing the afferent responses evoked by 
injecting stimulant chemicals upstream and downstream to the suspected 
site of  the ending (see below). The precise location of the endings can be 
determined in artificially ventilated animals with widely opened chests, 
in which the intrathoracic viscera can be explored and the site of  origin of  
the afferent impulses determined by gently pinching the lung tissue with 
forceps (Fig. 4C) or by probing the receptive field with a fine rod or 
bristle (Fig. 6C, D). 

3.2 Nomenclature of  Lung and Airway C Fibres 

In his pioneering studies on the fine afferent vagal input from the lungs in 
cats, Paintal recorded low amplitude activity evoked when phenyldiguanide 
was injected into the right atrium; the fibres were normally inactive or had 
a very low rate of  discharge (Paintal 1955, 1957). The discharge evoked 
by phenyldiguanide occurred with short latency and coincided with the 
onset of  reflex effects. The endings were supplied by the pulmonary circu- 
lation and were probably situated near the alveoli; Paintal stated unequi- 
vocally that the endings were not connected with the bronchial circulation 
or with any part of  the bronchopulmonary shunt. Because the endings 
were also thought to be stimulated by deflation or collapse of  the lung, 
they were called 'deflation receptors' (Paintal 1955, 1957, 1963). 

The term 'deflation receptor'  was very much in keeping with the con- 
cepts of  the vagal control of breathing that were current at the time 
(Schmidt 1941). The central hypothesis, which was based on the studies 
of  Hering and Breuer (1868), Head (1889)and Adrian ( t933),  was that 
the tonic inspiratory drive o f  the medullary centres was modulated by two 
separate and complementary vagal inputs: one set of afferent impulses, 
aroused by inflation of  the lungs, inhibited inspiration; the other, aroused 
by deflation, excited inspiration. The inhibitory vagal afferents normally 
kept the medullary centres informed about the volume of the lung and 
were active during quiet breathing, whereas the excitatory afferents were 
brought into action when the lungs were deflated and their volume was 
reduced below functional residual capacity (Schmidt 1941). It was also 
known that tachypnoea could be produced by congestion or embolism of 
the lung or by inhalation of  irritant gases; the tachypnoea was clearly de- 
pendent upon afferent vagal pathways but it did not appear to involve 
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pulmonary stretch receptors. Since Paintal's studies of the fine afferent 
input from the lungs were undertaken to identify the mechanism respon- 
sible for this tachypnoea, his choice of the term 'deflation receptor' may 
have been influenced more by the ability of his receptors to evoke tachy- 
pnoea, an ability hitherto attributed to hypothetical receptors that were 
believed to be stimulated by deflation, than by any clear evidence that his 
receptors were stimulated by deflation. (Indeed, the response of Paintal's 
endings to deflation was later described as weak and inconsistent, and the 
name was abandoned.) The term 'deflation receptor' is still occasionally 
used (Koller and Fetter 1973; Roumy and Leitner 1980), but it now 
designates rapidly adapting (irritant) receptors with myelinated fibres: 
such usage adds to the general confusion in regard to nomenclature. 
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Fig. 5A, B. Comparison of  the responses of  pulmonary C fibres and bronchial C fibres 
to injection of  10/ lg  kg -1 capsaicin into the right atrium (at the signal in A, at zero 
time in B). A Afferent impulses recorded from a vagal filament containing a pulmonary 
C fibre (small spikes) and a bronchial C fibre (large spikes); both endings were in the 
right lung; dog breathing spontaneously. AP, action potentials; ABP, arterial blood 
pressure; VT, tidal volume. B Histogram showing the latencies of response of 28 pul- 
monary C fibres ( 'p ')  and 22 bronchial C fibres ( 'b ')  to right atrial injection of capsai- 
cin (Caps). (Coleridge and Coleridge 1977b) 
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Afferent vagal C fibres were also identified in the lungs of dogs (Cole- 
ridge et al. 1965, 1968). Their endings were stimulated by capsaicin in- 
jected into the pulmonary circulation but were unaffected by phenyl- 
diguanide. Like Paintal's deflation receptors, these C fibre endings had a 
very sparse and irregular discharge, and they were immediately accessible 
from the pulmonary circulation but were not reached through the bron- 
chial circulation. Since they were also stimulated by hypetinflation ( 2 - 3  
V T) but not at all by deflation or even by collapse of the lung, they were 
called 'high threshold inflation receptors' (Coleridge et al. 1968). The term 
acknowledged the endings' response to a physiological stimulus within 
the normal range, and it served to distinguish the C fibre endings from the 
slowly adapting pulmonary stretch receptors with their generally lower 
threshold to inflation. 

In 1969 Paintal reexamined his deflation receptors, confirming that 
deflation was at best a weak stimulus. By now it seemed clear, both from 
the immediate afferent response to tight atrial injection of phenyldiguan- 
ide (coupled with a lack of  response to aortic injection) and from the im- 
mediate response to insuffiation of  volatile anaesthetic, that the endings 
were located in the interstitial tissues close to the pulmonary capillaries. 
Paintal (1969) therefore renamed the endings 'juxta-pulmonary capillary 
receptors" (type J receptors) - a term that gained wide acceptance and 
had much to recommend it. 

However, we have introduced a new terminology to accommodate our 
observation in dogs that the endings of many afferent vagal C fibres are 
located in regions of  the lungs supplied by the bronchial circulation 
(Coleridge and Coleridge 1977b). The terminology is based upon the 
vascular accessibility of  the afferent endings to stimulant chemicals in- 
jected into the bloodstream. The endings of pulmonary C fibres are stim- 
ulated 0 .9-3.3  s (mean 2.1 s) after injection of capsaicin into the right 
atrium. Pulmonary C fibres are not  stimulated at all by injection of cap- 
saicin into the left atrium, nor are they stimulated by injection of small 
amounts of  capsaicin into a bronchial artery (Coleridge et al. 1982a). 
Pulmonary C fibres correspond to high threshold inflation receptors and 
J receptors, and we think that they are located near the pulmonary 
capillaries. 

The endings of  bronchial C fibres are stimulated after a long delay by 
injection of  chemicals into the tight 'atrium, and after a shorter delay by 
injection into the left. They are also stimulated by injection of  small 
amounts of  chemicals into the bronchial artery (Kaufman et al. 1980b; 
Yarnatake and Yanaura 1978). The endings of  many bronchial C fibres 
have been located in intrapulmonary airways, both in large airways near 
the hilum (Fig. 6) and in smaller airways, some with a diameter of  about 
1 mm, several centimetres from the hilum (Coleridge and Coleridge 1977b). 
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Fig. 6A--D. Stages in the identification of a bronchial C fibre; dog with open chest and 
lungs ventilated by a pump. In a previous test (not shown) this fibre had been stimulat- 
ed 9.2 s after phenyldiguanide 10 #g kg -1 was injected into the right atrium; the left 
pulmonary artery was then occluded and remained so for the rest of the experiment. 
A Phenyldiguanide 10 /ag kg -1 injected into the right atrium {between the arrows). 
B Bursts of firing evoked by repeated probing of the left lung at the hilum. C After the 
dog had been killed,the respiratory pump turned off and the trachea and left bronchus 
opened; bursts of impulses were evoked by lightly touching the exposed bronchial 
mucosa with a bristle, as shown in D. AP, action potentials recorded from left vagal 
strand; ABP, arterial blood pressure;FC02, tidal CO2; TP, tracheal pressure. (Coleridge 
and Coleridge 1977b) 

Recen t ly  impulses  have been  recorded  f r o m  a f fe ren t  vagal C f ibres  arising 

f r o m  the lower  t rachea  and e x t r a p u l m o n a r y  b ronch i  (Coleridge et al. 
1983).  Apa r t  f rom the loca t ion  o f  their  endings,  these a i rway C fibres 
appea r  s imilar  to the b ronchia l  C fibres arising f rom the lung. 

As we shall see, p u l m o n a r y  and  bronchia l  C f ibres d i f fer  not  on ly  in 
thei r  vascular  accessibil i ty bu t  also in thei r  a f fe ren t  suscept ib i l i ty  to  a 

n u m b e r  o f  mechan ica l  and  chemica l  s t imuli .  The  in fe rence  tha t  the  in t ra-  
p u l m o n a r y  C fibre endings s t imula ted  p r o m p t l y  when  chemicals  are in- 
jec ted  in to  the  r ight  a t r i um are in the  m o s t  distal  lung divisions ( p u l m o n a -  
ry C fibres,  J r ecep tors )  whereas  those  s t imula ted  at longer  la tency ,  and 
pre fe ren t ia l ly  accessible f r o m  the  sys t emic  c i rcula t ion ,  are in the  c o n d u c t -  
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ing airways (bronchial C fibres), has been challenged by Sant'Arnbrogio 
and Sant'Ambrogio (1982) on both theoretical and experimental grounds. 
These authors point out that the pulmonary and bronchial circulations 
anastomose widely, and that diffusion distances between the two capillary 
networks may be very short indeed in some regions of  the lung. In experi- 
ments in dogs they studied the circulatory accessibility of  the intrapul- 
monary endings of  myelinated fibres (slowly adapting pulmonary stretch 
receptors and rapidly adapting receptors), using veratridine to stimulate 
endings and the local anaesthetic benzonatate to block them. Although 
both these types of  myelinated fibre are thought to innervate the conduct- 
ing airways (Elftman 1943 ; Miserocchi and Sant'Ambrogio 1974; Mortola 
et al. 1975), their responses usually occurred at shorter latency and were 
more marked when these chemicals were injected into the right atrium than 
when they were injected into the left (Sant'Ambrogio and Sant'Ambrogio 
1982). It must be stressed, however, that the response to right atrial injec- 
tion was never so prompt  and dramatic as the response of pulmonary C 
fibres (J receptors) in dogs and cats to right atrial injection of capsaicin or 
phenyldiguanide, and that the receptors supplied by myelinated fibres 
were accessible by either route. 

If the findings of  Sant'Ambrogio and Sant'Ambrogio should require 
some modification of  the existing view of  the location and vascular accessi- 
bility of  pulmonary C fibres (J receptors), it is not clear in what way. 
Intrapulmonary endings that are stimulated promptly by chemicals in- 
jected into the right atrium but not at all by chemicals injected into the 
left are preferentially accessible from the pulmonary circulation - and 
there is no other explanation for their response. The observation can be 
repeated many times on a given fibre: once a pulmonary C fibre, always a 
pulmonary C fibre. Moreover, stimulation of a pulmonary C fibre by right 
atrial injection of  capsaicin is abolished by occluding the pulmonary 
arterial branch supplying the lobe in which the ending is located, and is 
restored by releasing the lobar branch (Coleridge et al. 1965). Paintal's 
hypothesis that the endings have a juxta-pulmonary capillary location is 
still the most reasonable explanation for the different effects of right and 
left atrial injection of  stimulant chemicals. The morphological studies of  
Hung eta!. (1972, 1973a) support this conclusion. 

Sant'Ambrogio and Sant'Ambrogio (1982) also challenge the hypo- 
thesis that the intrapulmonary C fibre endings preferentially accessible 
from the systemic circulation are probably in the walls of conducting 
airways. There is good reason to believe that the title 'bronchial C fibre' is 
justified in the dog, however, for in this species several endings have been 
located in airways sufficiently large to admit an exploring probe (Cole- 
ridge and Coleridge 1977b), and other C fibre endings have been located 
in the airways outside the lung (Coleridge et al. 1983). 
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It is conceivable that some afferent vagal C fibres classified as "bron- 
chial' on the basis of their accessibility to chemicals injected into the 
bronchial artery were located not in intrapulmonary airways but in the 
walls of  blood vessels whose vasa vasorum stem from the bronchial circula- 
tion (Daly and Hebb 1966), or even in lymph nodes or connective tissue. 
If such endings have been included among the bronchial C fibres we have 
examined, their responses to injected chemicals, to inhaled irritant gases 
or aerosols and to various mechanical stimuli were indistinguishable from 
those of confirmed airway endings. 

In rabbits C fibres with endings in the lungs have been distinguished as 
'pulmonary' or 'bronchial' by their latency of response to right atrial in- 
jection of phenyldiguanide and by their response or lack of response when 
injections are made into the left atrium (Russell and Trenchard 1979). In 
these smaller mammals intrabronchial exploration is hardly practical; 
hence the evidence for bronchial C fibres must remain indirect. Some of 
the observations in rabbits demonstrate that the injection method of local- 
izing intrapulmonary C fibre endings is not ideal; for instance, 3 of 20 
intrapulmonary C fibres in rabbits could not be classified as either pul- 
monary or bronchial, but were equally accessible to injections into either 
atrium. They were therefore categorized as "pulmonary-bronchial'. How- 
ever, the remainder fell clearly into one or other classification, suggesting 
that some intrapulmonary endings in rabbits, as in dogs, are in conducting 
airways supplied by the bronchial circulation. 

4 Afferent Properties of Lower Respiratory Tract C Fibres 

4.1 Response to Chemical Stimuli 

Chemicals have played a central role in studies of the impulse traffic in 
lower airway and lung C fibres, and we begin with a description of the 
afferent response to chemical stimuli and a brief account of the chemicals 
that have been most commonly used. 

The majority of foreign chemicals and lung autocoids that activate the 
endings of afferent C fibres in the lower respiratory tract appear to do so 
directly, rather than by sensitizing them to mechanical stimulation by in- 
flation or deflation of the lungs, by the pulsation of adjacent blood vessels 
or by the movements of the beating heart. Thus the discharge evoked by 
chemical stimulation of pulmonary or bronchial C fibres rarely has any 
obvious relationship to the ventitatory or cardiac cycles and is either con- 
tinuous (Fig. 4) or irregular (Fig. 5). The irregular discharge of bronchial 
C fibres frequently takes the form of brief bursts of firing having peak 
frequencies that may be as high as 50 impulses s -I , the bursts having no 
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obvious ventilatory or cardiac modulation (Figs. 5, 9, 11). Occasionally, 
however, chemicals appear to sensitize C fibres to the mechanical stimulus 
of  inflation; administration of  halothane or other volatile anaesthetics, for 
example, may cause some pulmonary C fibres to acquire an obvious ven- 
tilatory modulation (Fig. 8). We have examined the response of many hun- 
dreds of  lung C fibres to a wide range of  chemical agents, but we have 
never encountered a cardiac rhythm of  discharge. Both slowly adapting 
and rapidly adapting pulmonary stretch receptors on the other hand often 
display a conspicuous cardiac modulation after injection of  chemicals. 

4.1.1 Foreign Chemicals 

The foreign chemicals used most commonly in studies of  lung afferents 
were selected in the first instance because they produce reflexes that are 
thought to originate in the lung. Chemicals used to explore the afferent 
vagal C fibre system have been further selected for a preferential pharma- 
cological action on the endings of  C fibres. They differ in this respect 
from the veratrum alkaloids, which also initiate reflexes from the lung 
(Dawes and Comroe 1954) but do so by a general action on excitable 
membranes (Shanes and Gershfeld 1960) which results in the stimulation 
not only of  respiratory C fibres (Coleridge et al. 1965) but also of  slowly 
and rapidly adapting pulmonary stretch receptors (Dawes et al. 1951; 
Sant'Ambrogio and Sant'Ambrogio 1982). Even chemicals that appear to 
be selective stimulants o f  C fibres when administered in low doses may 
have sensitizing or other effects on the endings of  myelinated fibres and 
may even affect the central nervous system itself, when administered in 
large doses. In his early studies, Paintal (1955) used what were probably 
supramaximal doses of phenyldiguanide and found that they often de- 
pressed the response to subsequent injection. 

Many chemicals are known to produce pulmonary chemoreflexes by 
stimulating pulmonary C fibres, but only two, phenyldiguanide and cap- 
saicin, are in common use in both afferent and reflex studies. Both are 
foreign chemicals with virtually no physiological or pharmacological sig- 
nificance apart from their action on sensory nerves; both cause itch and 
burning pain when applied to blister base preparations of  human skin 
(Keele and Armstrong 1964), but they have little else in common.  

Phenyldiguanide, an amidine derivative, is thought to owe its action 
on afferent endings to its structural resemblance to the naturally occurring 
compound 5-hydroxytryptamine or serotonin (Fastier et al. 1959). Sero- 
tonin, as well as being a powerful pain-producing agent (Keele and Arm- 
strong 1964), stimulates afferent vagal C fibres in the intestine and cardio- 
vascular system (Douglas and Ritchie 1957) and some C fibres in the lower 
respiratory tract (Paintal 1955; Kaufman et al. I980c). Serotonin is also a 
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powerful stimulant of smooth muscle, including, in some species, airway 
smooth muscle (Plaut and Lichtenstein 1978). These widespread effects 
may obscure the primary reflex consequences of  stimulation of  lung affer- 
ents, making serotonin much less suitable than phenyldiguanide for studies 
of respiratory reflexes. Phenyldiguanide does not appear to share seroto- 
nin's powerful direct action on smooth muscle (Fastier et al. 1959) al- 
though it may have a weak bronchoconstrictor effect in rabbits (Karczew- 
ski and Widdicombe 1969c). 

Capsaicin is structurally quite a different compound,  a decylenic acid 
amide of vanillylamine, and the active principle in paprika (Capsicum 
annuum); it causes sensations of  tingling and burning when applied to nor- 
mal skin and is used in folk medicine as a counter-irritant (Toh et al. 1955; 
Keele and Armstrong 1964). Capsaicin is not known to have any direct ef- 
fects on smooth muscle. It has been used to study the central connections 
of  chemosensitive C fibres in the somatic nervous system; repeated sub- 
cutaneous injection of capsaicin in immature rats in doses 104-10 s times 
larger than those required to stimulate afferent C fibres causes degenera- 
tion of  primary sensory neurones in the spinal cord (Jansco et al. 1977) 
and depletes substance P in the substantia gelatinosa of the dorsal horn 
(Jessell et al. 1978), producing analgesia to a wide variety of pain-pro- 
ducing agents. 

The general use of  two chemicals, rather than one, for identifying pul- 
monary C fibres in action potential studies and for investigating their 
reflex functions is a consequence of species differences in the pharma- 
cological properties of this group of  non-myelinated afferents. Thus al- 
though phenyldiguanide (Fig. 7) and serotonin stimulate pulmonary C 
fibres and evoke pulmonary chemoreflexes in cats (Paintal 1955, 1957, 
1969), and phenyldiguanide stimulates pulmonary C fibres and evokes 
pulmonary chemoreflexes in rabbits (Karczewski and Widdicombe 1969c; 
Russell and Trenchard 1980) and rats (Sapru et al. 1981), as a rule neither 
phenyldiguanide nor serotonin stimulates pulmonary C fibres (Coleridge 
and Coleridge 1977b;Kaufman et al. 1980c) or evokes pulmonary chemo- 
reflexes (Dawes and Comroe 1954) in dogs. In the exceptional dog, how- 
ever, phenyldiguanide injected into the right atrium does evoke the pul- 
monary chemoreflex; it also stimulates pulmonary C fibres (Coleridge and 
Coleridge 1977b). Capsaicin has been the most extensively used of foreign 
chemicals in studies of  pulmonary C fibres and the pulmonary chemoreflex 
in dogs (Coleridge et al. t964b, 1965, 1982a; Coleridge and Coleridge 
1977b;Russell and Lai-Fook 1979); it has also been used in cats (Coleridge 
et al. 1968; Armstrong and Luck t974) and rats (Sapru et al. 1981). In 
all three species it stimulates pulmonary C fibres (Figs. 4, 5, 7) and evokes 
the corresponding chemoreflex (Fig. 16). 
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Fig. 7. Effects of chemicals on lung C fibres. Above, comparison of the effects of right 
atrial injection (arrow) of 10/~g kg -1 capsaicin (A) and 10/,tg kg -1 phenyldiguanide 
(B) on pulmonary and bronchial C fibres in the dog. Dotted lines, average impulse 
activity in 10 pulmonary C fibres; continuous lines, average impulse activity in 10 
bronchial C fibres, one fibre of each type being examined in each of 10 dogs. Below, 
comparison of the effects of injecting 150 #g phenyldiguanide (o) and 150/Jg hist- 
amine (e) on impulse activity of type J receptors in the cat; average response of 15 re- 
ceptors. Chemicals were injected into the right ventricle at zero time (arrow). (Above, 
Coleridge and Coleridge 1977b;below, Pain tal 1977b) 

In dogs, bronchial C fibres (unlike pulmonary C fibres) are stimulated 
by phenyldiguanide (Figs. 6, 7) as well as by capsaicin (Figs. 5, 7) (Cole- 
ridge and Coleridge 1977b). This observation provided the first indication 
that these two categories of  afferent C fibre might have different pharma- 
cological characteristics. Phenyldiguanide also stimulates bronchial C fibres 
in rabbits (Russell and Trenchard 1980) and cats (Delpierre et al. 1981). 

C fibres in the lower respiratory tract are also stimulated by chemicals 
added to the inspired air. Pulmonary C fibres are stimulated by powerful 
airway irritants such as chlorine (Paintal 1969) and ammonia (Armstrong 
and Luck 1974). They are also stimulated by high concentrations o f  the 
volatile anaesthetics halothane, trichlorethylene, ether and chloroform 
(Coleridge et al. 1968; Paintal 1969). In artificially ventilated dogs and 
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Fig. 8A-C. Stimulation of two pulmonary C fibres (small and large spikes) by halo- 
thane in a dog with open chest and lungs ventilated by a pump. A 5% halothane had 
already been administered for I0 s and was continued throughout A and B; note that 
both fibres were silent in the first ventilatory cycle, as they had been throughout the 
preceding control period, but that one fibre became active in the second cycle. B Ap- 
proximately 10 s later. Between B and C, the concentration of halothane was increased 
to 10%. C 15 s later; note that the previously inactive fibre was now stimulated (large 
spikes). Both endings were located in the left lower lobe. From above downwards: 
impulses recorded from left vagal strand; arterial blood pressure; tracheal pressure. 
(Coleridge et al. 1968) 

cats the  response o f  a few p u l m o n a r y  C fibres to  these anaesthet ics  takes 
the  fo rm o f  a con t inuous  bu t  irregular discharge wi thou t  evidence o f  
ven t i l a to ry  modu la t ion .  The  major i ty  o f  p u l m o n a r y  C fibres, however ,  
display a d i f fe ren t  pa t t e rn  o f  response consisting o f  a somewha t  irregular 
train or  burst  o f  impulses in t ime with lung inf la t ion (Fig. 8) and having 
a maximal  f r equency  o f  5 0 - 6 0  impulses s -~ (Coleridge et al. 1968).  Tra- 
cheal pressure in these artificially vent i la ted animals somet imes  increased 
slightly during adminis t ra t ion  o f  the anaesthet ic ,  b u t  the increase in C fibre 
act ivi ty invariably p receded  any  increase in pressure by  at least one  or  two 
vent i la tory  cycles.  The  absence o f  any obvious change in lung compl iance  
at the onset  o f  s t imulat ion coupled  wi th  the known  sensit ivity o f  pul- 
m o n a r y  C-fibres in b o t h  dogs and cats to  large lung inf lat ions (see below) 
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suggested that the majority of  pulmonary C fibres were sensitized by vola- 
tile anaesthetics to the effect of  inflation (Coleridge et al. 1968). Regard- 
less of  the pattern of  response, firing began within a few ventilatory cycles 
of  the administration of  anaesthetic, often during the first or second cycle. 
Paintal (1969) reports that the latency of  response of J receptors to in- 
sufflation of halothane may be as short as 0.3 s. The stimulation of  pul- 
monary C fibres coincides with the depression or abolition of  the activity 
of  slowly adapting pulmonary stretch receptors by the anaesthetic vapour 
(Coleridge et al. 1968). 

The response of  bronchial C fibres to inhaled irritants has not been 
examined so extensively. However, both pulmonary and bronchial C fibres, 
the latter including C fibres supplying the extrapulmonary bronchi and 
the lower part o f  the trachea, were stimulated by SO2 administered to the 
lower airways in dogs (Roberts et al. 1982b). The discharge evoked by 
SO2 often waxed and waned in a rhythmical fashion, with a time course 
that paralleled the vagally mediated reflex effects. 

4.1.2 Response to Lung Autoeoids 

C fibres in the lower airways are not  only stimulated by foreign chemicals, 
they are also stimulated by the administration of  lung autocoids, i.e. 
chemicals that are formed and released in the lungs and airways in a variety 
of  physiological and pathological conditions. The autocoids known to 
stimulate airway C fibres are histamine, the prostaglandins, bradykinin 
and serotonin. All but serotonin are released in the lungs of dogs and 
other mammals in pulmonary anaphylaxis and their release is believed to 
play a major role in the asthmatic syndrome in man (Nakano and Rogers 
1976 ; Garcia Leme 1978; Plaut and Lichenstein 1978). Serotonin release 
contributes to immune-type phenomena in rodents but not in dogs or man; 
however, serotonin is released from platelets after pulmonary embolism 
(Plaut and Lichenstein 1978). 

All the above compounds qualify as 'algesic agents' in tests in human 
subjects and animals (Keele and Armstrong 1964;Moneado et al. 1978) 
and, if anything, they have an even wider structural diversity than the 
foreign chemicals that stimulate pulmonary C fibres and evoke pulmonary 
chemoreflexes. Histamine and serotonin are decarboxylated derivatives of  
amino acids, the prostaglandins are long chain unsaturated fatty acids and 
bradykinin is a large molecule, a nonapeptide split off from immunoglobu- 
lin A. Both histamine and serotonin act directly on bronchial smooth 
muscle, causing it to contract, but they have opposite effects on vascular 
smooth muscle, histamine being vasodilator and serotonin vasoconstrictor. 
The different prostaglandins have different direct effects on bronchial and 
vascular smooth muscle. Thus prostaglandins of  the F series are broncho- 
constrictor, whereas prostaglandins of  the E series and prostaglandin I2 are 
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bronchodilator; generally speaking the effects of prostaglandins on vascular 
smooth muscle parallel their effects on bronchial smooth muscle, but they 
may vary somewhat with the vascular bed and the species. Bradykinin has 
a direct bronchoconstrictor action in some species, including guinea-pigs, 
but has no significant direct effect on bronchial smooth muscle in dogs or 
in man (Waaler 1961 ; Garcia Leme 1978). Both histamine and bradykinin 
are powerful vasodilators and increase capillary permeability in several 
species (Garcia Leme 1978;Plaut and Lichtenstein 1978). 

4.1.2.1 Histamine 
The respiratory effects of  histamine have been investigated more frequent- 
ly than have those of  any other lung autocoid. Since asthmatic individuals 
are known to be highly sensitive to the bronchoconstrictor and irritant 
properties of  histamine, studies of  the chemical's respiratory effects were 
expected to provide some insight into the causative mechanisms of human 
asthma. Histamine has often been accepted as a specific stimulant of  rapid- 
ly adapting (irritant) receptors in the conducting airways, and hence as 
the chemical of  choice for studies of  the reflex airway response for which 
irritant receptors were once thought to be primarily responsible (Coleridge 
and Coleridge, to be published). Nevertheless, results of cooling the vagus 
nerves in dogs (Fishman et al. 1973) and guinea-pigs (Koller and Ferrer 
1973) suggest that the reflex respiratory effects of  histamine also involve 
an afferent C fibre pathway. When histamine is injected intravenously in 
cats and dogs, however, it does not produce the prompt bradycardia 
typical of  the pulmonary chemoreflex, an observation which by itself sug- 
gests that the stimulant effect of histamine on pulmonary C fibres is rela- 
tively minor; moreover, the latency of  onset of  respiratory effects in both 
cats (Winning and Widdicombe 1976) and dogs (Coleridge and Coleridge, 
unpublished observations) is longer than the pulmonary circulation time. 

Afferent studies in general confirm that pulmonary C fibres are rela- 
tively insensitive to histamine (Fig. 7). Armstrong and Luck (1974) found 
in cats that right atrial injection of  a large dose of histamine (50 ug/kg) 
stimulated 9 of  12 J receptors; however, although the response was some- 
times prolonged, in other cases it consisted of  no more than a single brief 
burst of firing. It was noteworthy that the response began 5.7 s, on aver- 
age, after the end of  the injection. While these results spoke in favour of  a 
stimulant action of  histamine on J receptors in cats, other observations in 
the same species were less positive. Thus Paintal found that histamine 
either failed to stimulate J receptors (Paintal 1969, 1970, 1973) or pro- 
duced, after a long latency, effects so minor as to be insufficient to trigger 
the expected reflex response (Paintal 1974, 1977a, b). A similar lack of  
sensitivity to histamine on the part of pulmonary C fibres has been ob- 
served in dogs (Kaufrnan et al. 1980c). Injection of  very large doses of  
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histamine (50-100 pg kg -1) evoked no more than a few scattered im- 
pulses. The response, which occurred only after a long delay, coincided 
with an increase in tracheal pressure and hence with the bronchoconstric- 
tot effects of histamine; it was thought to be largely secondary to a de- 
crease in lung compliance (see below). 

Paintal (t974) has suggested that the response of J receptors (pul- 
monary C fibres) to histamine is due largely to mechanical changes, but 
in his view such changes are secondary to the action of histamine in caus- 
ing an increase in capillary permeability and exudation of fluid into the 
alveolar interstitium. Whatever may be the mechanism by which histamine 
activates pulmonary C fibres, there is no doubt that in dogs histamine has 
much smaller effects on pulmonary C fibres than on bronchial C fibres. 
Thus injection of 20 t~g kg -a histamine ( a dose that has negligible effects 
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Fig. 9A-C. Stimulation of bronchial C fibres by administration of histamine aerosol 
to the lower respiratory tract; experiments in two dogs with open chest and lungs 
ventilated by a pump. A, B Impulse activity recorded from a bronchial C fibre (con- 
duction velocity 1.3 m s -1) arising from an ending in the right lung; A before and B 
during inhalation of histamine aerosol (0.5%). AP, action potentials; ABP, arterial 
blood pressure; TP, tracheal pressure. C Impulse frequency of a bronchial C fibre (con- 
duction velocity, 1.6 m s -1) arising from the right lung (different dog from that in 
A and B); histamine aerosol administered between the arrows. Note irregular pattern 
of discharge in A and ]3, and prolonged response in C. (Coleridge and Coleridge 1977b) 
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on pulmonary C fibres) into the fight or left atrium (Coleridge et al. 
1978a) or of  20 tag histamine into the bronchial artery (Kaufman et al. 
1980c) vigorously stimulates bronchial C fibres, evoking the irregular 
bursts of  firing that are so characteristic of  the response of these afferent 
C fibres to both chemical and mechanical stimuli. Scattered bursts of  im- 
pulses with no obvious relation to the ventilatory cycle are also evoked 
when histamine (0.1%-5.0%) is administered as an aerosol (Fig. 9) (Coler- 
idge and Coleridge 1977b; Coleridge et al. 1978a). 

4.1.2.2 Prostaglandins 
Interest in the effects of  prostaglandins on afferent endings in the lungs 
and airways stemmed from the observation that human subjects ex- 
perienced symptoms of  tracheal irritation and coughing while breathing 
aerosols of prostaglandins (Herxheimer and Roetscher 1971 ; Kawakami et 
al. 1973). Moreover the bronchodilator prostaglandins E1 and E2, de- 
livered as aerosol (Kawakami et al. 1973;Smith and Cuthbert 1976)or  as 
an intravenous infusion (Smith 1973), sometimes evoked a paradoxical 
bronchoconstriction, suggesting that a reflex originating in the airways 
was involved. Relatively large doses of  prostaglandins F2 ~ ( 2 - 1 2  tag kg -1 ) 
and E2 ( 5 - 1 0  tag kg -1) injected into the right atrium were found to stim- 
ulate both pulmonary and bronchial C fibres in dogs, PGE~ being more 
potent  in its effects than PGF2a (Fig. 10) (Coleridge et al. 1976). The 
overall pattern of  the afferent response to prostaglandins was very differ- 
ent from that evoked by capsaicin or phenyldiguanide, or even from that 
evoked by the other lung autocoids such as histamine or bradykinin, for 
both pulmonary and bronchial C fibres began to discharge only after a 
relatively long latency (PGE2, mean 14.7 s, PGF2 ~, mean 24 s), and firing 
often continued for several minutes, suggesting that prostaglandins had a 
mechanism of  action on the nerve endings quite different from that of  
phenyldiguanide and capsaicin. Enzymes that break down prostaglandins 
F2a and E2 are present in large amounts in the pulmonary vascular bed 
(Piper and Vane 1971). It was therefore not surprising that bronchial C 
fibres were stimulated more effectively when prostaglandins were injected 
into the left, rather than the right, atrium (Coleridge et al. 1978a; Ginzel 
et al. 1978), or directly into the bronchial artery (Roberts et al. 1981a). 

Prostacyclin (PGI2) is also a stimulant of  pulmonary and bronchial C 
fibres in dogs (Roberts et al. 1981 a). In rabbits, pulmonary C fibres appear 
to be highly sensitive to PGI2 : thus fight atrial injection of PGI2 (0.5 tag 
kg -1) evokes effects comparable to those produced by very large doses 
(250 tag kg -t) of  phenyldiguanide, causing both pronounced stimulation 
of  pulmonary C fibres and the immediate bradycardia and hypotension 
characteristic of  the pulmonary chemoreflex (Armstrong and Miller 1981 ). 
In general, the effects o f  PGI2 on pulmonary C fibres in rabbits differ 
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Fig. IOA--D. Response of a rapidly adapting (irritant) receptor (large spikes and a C 
fibre ending (small spikes) to prostaglandins. Dog, open-chest, lungs artificially venti- 
lated. Both endings were located in the lower lobe of the left lung. A before and B 16 s 
after right atrial injection of prostaglandin Fea (4 #g kg -1). Interval of 6 rain between 
B and C. C before and D 42 s after right atrial injection of PGE2 (20 #g kg-1). From 
above downwards: 1 s time trace; ECG, electrocardiogram; AP, action potentials re- 
corded from a filament of the left vagus nerve; PT, tracheal pressure. (Coleridge et al. 
1976) 

from those in dogs in having on average a much shorter latency and 
duration. 

In dogs, administration of  aerosols of  0.1% PGE2 (Coleridge et al. 
1978a), a concentration that produces marked symptoms of  airway 
irritation in human subjects (Smith and Cuthbert 1976), or of 0.01% PGI2 
(Roberts, Coleridge and Coleridge, unpublished observations) stimulates 
airway C fibres, both bronchial C fibres within the lung and also similar 
endings in the lower trachea and extrapulmonary bronchi. Airway C fibres 
are also stimulated by cyclic ether analogues of  the prostaglandin endo- 
peroxide PGH2, injectgd into the circulation or delivered as aerosol (Ginzel 
et al. 1978). 



26 

Table (continued) 

E. SIMON : 

Species Spinal Spinal Interaction with other References 
cooling heating thermosensitive areas 

Ox + HALES and JESSEN, 1969 

Ox (--) 47 McLEAN et al., 1970 

Monkey -- 47 CHAI and LIN, 1972 

Rat -- 47 LIN et al., 1972 

Goat 0 47 skin JESSEN and CLOUGII, 1973 b 

Part 5: Sweating, cutaneous evaporative heat loss 

Ox + HALES and JESSEN, 1969 
OX 0 + MCLEAN et al., 1970 

Part 6: Pitoerection 

Pigeon + -- skin RAUTENBERG, 1967 

Ox 47 McLEAN et al., 1970 

Monkey + CUAI and LIN, 1972 

Rat + LIN et al., 1972 

Dog 47 CORMARECHE-LEYDIER and 
CABANAC, 1973 

Part 7: Behavior; (P): postural against cold; (OpH): operant for heat reinforcement; (OpC): 
operant for cold reinforcement; (Tpref): search for thermopreferendum; (F): food intake 

Pigeon (P) 47 RAUTENBERG, 1967, 1969 

Pig (P) + CARLISLE and INGRAM, 1 973 b 
Pig (OpH) 47 (--) hypothalamus CARLISLE and INGRAM, 1973 b 

Dog (OpH) 0 -- CORMAR~ASHE-LEYDIER and 
CABANAC, 1973 

Dog (OpC) 0 + CORMARECHE-LEYDIER and 
CABANA(2, 1973 

Dog (F) 0 -- SPECTOR and CORMARECHE, 1971 

Rat (F) 47 -- LIN et al., 1972 

Frog (Tpref) 47 DUCLAUX et al., 1973 

1.3. Neuronal Correlates of Spinal Thermosensitivity 

It is well established by the numerous  investigations discussed in the preceding 
paragraphs that  the centers or pathways of the temperature  regulat ion system 
must  be specifically affected by the temperature  dependent  discharges of spinal 
neurons.  To date, no evidence has been obtained for the conduct ion  of signals 
over dorsal roots which could have arisen from thermoreceptor-l ike structures 
at the surface of or in close proximity to the spinal cord (KLuSSMANN, 1969). 
Therefore, it seems likely that  spinal thermosensitivity is due to neurons  exhibit ing 
high positive or negative temperature coefficients of their discharge rates as it 
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is the case with the thermosensitive neurons  discovered in the brain  stem. This 
specific spinal thermosensitivity might be based on the specific thermoreceptive 
properties of nervous structures. It  might, however, be effected as well by a 
part icular  mode of interact ion between neurons  exhibiting a basically non-specific 
thermal susceptibility. 

With regard to the methods applied in the analysis of temperature dependent  
neuronal  activity, the investigations on the preoptic and anterior hypothaIamic 
region seem to have paved the way for the elucidation of neuronal  correlates 
of thermosensit ivity in other parts of the central nervous system. The applications 
of electrophysiological and neuropharmacological  methods in the analysis of 
thermoregulatory functions of the brain stem have furnished essential contr ibut ions  
to the pool of data  on which the current  neuronal  models of temperature regula- 
t ion have been based. 

Electrophysiological methods were introduced in the investigation of hypothalamic thermo- 
regulatory functions by NAKAYAMA et al. (1961, 1963). They have been widely adopted by many 
investigators (for References see HELLON, 1970a, 1972b; EISENMAN, 1972; HARDY, 1972b) and 
have been extended to the evaluation not only of local temperature effects but also of influences 
of remote thermal stimuli on single neurons in the hypothalamus and in other parts of the brain 
stem (MURAKAMI et al., 1967; WIT and WANG, 1968a; CABANAC and HARDY, 1969; NAKA- 
YAMA and HARDY, 1969; EDINGER and EISENMAN, 1970; HELLON, 1970a, b, 1972a; GUIEU and 
HARDY, 1970b, 1971; NUTIK, 1971, 1973a, b; W/.)NNENBERG and HARDY, 1972; BOULANT and 
HARDY, 1972). This work has revealed a great variety of temperature dependent responses 
to changes of local and remote temperatures in the investigated hypothalamic and brain stem 
neurons. This variety of responses is difficult to incorporate in neuronal models of temperature 
regulation without loosing lucidity (BLIGH, 1972; Hardy, 1972b). In 1964 the neuropharmaco- 
logical approach to the analysis of hypothalamic functions in temperature regulation was initiated 
by FELDBERG and MYERS (1964) and has been widely applied (for References see FELDBERG, 
1970; MYERS, 1971 ; HELLON, 1972c). Several biogenic amines have been recognized as possible 
transmitters. Although the interpretation of the experimental results is still limited by species 
differences, several models of temperature regulation have been developed on the basis of these 
findings (MYERS, 1971; BLIGH, 1972; ZEISBERGER and BROCK, 1973). In addition, effects of 
anesthetics and of pyrogenic and antipyretic substances have been analyzed (CuNNINGHAM 
et al., 1967; EISENMAN and JACKSON, 1967; MURAKAMI et al., 1967; CABANAC et al., 1968; WIT 
and WANG, 1968b; EISENMAN, 1969, 1972; BECKMAN and EISENMAN, 1970; BECKMAN and AMINI- 
KORMI, 1972; HORI and NAKAYAMA, 1973; NAKAYAMA and HORI, 1973). All these various 
properties of thermosensitive brain stem neurons such as linearity of response to local tem- 
perature changes, sensitivity to biogenic amines, pyrogenic substances, antipyretics and anesthe- 
tics, and susceptibility to remote, thermal and non-thermal stimuli have been taken into con- 
sideration as possible criteria to discriminate between primary sensory, integrating, or efferent 
functions. However, a discourageing complexity of neuronal responses has still to be encountered 
in attempting to elucidate in this way the nervous mechanisms of temperature regulation (HARDY 
and GUIEU, 1971; HARDY, 1972b; WONNENBERG and HARDY, 1972). The discovery of highly 
thermosensitive neurons in brain areas not involved in temperature perception (BARKER and 
CARPENTER, 1970) has demonstrated that electrophysiological criteria alone do not as yet suffice 
to unequivocally characterize the thermoregulatory functions of central neurons, a view that 
was until recently held even for the much better defined cutaneous thermoreceptors (HENSEL, 
1970). With regard to the thermosensitive brain stem neurons one is left with the dilemma 
of recording from an unknown structure with an unknown function (HENSEL, 1973). Considering 
these difficulties EISENMAN (1972) has arrived at the conclusion that the location of central 
thermosensitive neurons in a region from which thermoregulatory reactions are elicited is still 
a most important criterion, if they are to be classified as specific. 

In view of the difficulties opposing the interpretat ion of the data  concerning 
the thermosensit ivity of brain  stem neurons  it has recently been pointed out  by 
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the response because they obtained no further increase in firing upon rais- 
ing lung PCO2 to 46 mm Hg, and because firing did not revert to its origi- 
nal level when PCO2 was reduced again. However, Delpierre et al. (1981) 
have revived the concept of  a physiological role for afferent C fibres as 
CO2 sensors, claiming that most 'bronchopulmonary C fibres' in cats are 
CO2 sensitive. 

The experiments of  Delpierre et al. were in cats with closed chest, the 
lungs being ventilated by a pump;  C fibre activity was examined when 
end-tidal P C Q ,  first reduced to 14 mm Hg by hyperventilation, was grad- 
ually increased to 70 mm Hg by administration of CO2. Because the chest 
was closed the intrapulmonary location of  the endings was not established 
by direct mechanical stimulation, and C fibres were selected entirely on 
the basis o f  their response to injection of  phenyldiguanide, being classified 
as 'pulmonary'  if stimulated within 5 s of right atrial injection and as 
'bronchial' if stimulated within 5 s of  the injection of  phenyldiguanide 
into the ascending aorta. However, such criteria would not exclude many 
C fibres with endings sensitive to phenyldiguanide in the heart, great vessels 
and other thoracic structures (Coleridge et al. 1973a; Baker et al. 1979) 
nor would they exclude the chemoreceptors of the aortic bodies (Paintal 
1967). (A few fibres were tested by administration of  low O~ mixtures 
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Fig. 12. Effect of hypercapnia on a pulmonary C fibre in a cat; chest intact,  lungs 
ventilated by a pump. Hypercapnia produced by adding CO2 to the 02 with which 
the lungs were ventilated. Action potentials recorded in the nodose ganglion by means 
of  extracetlular micro-electrodes; the afferent was identified as a pulmonary C fibre 
because it was stimulated within 5 s of  right atrial injection of phenyldiguanide. From 
above downwards: discharge frequency of C fibre, counted by a rate-meter; PTR, 
tracheal pressure;Fc02, tracheal concentration of CO2. (Delpierre et al. 1981 ) 
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and sin~e none was stimulated it was concluded that aortic chemorecep- 
tors were absent from the larger sample.) 

Delpierre et al. tested a large number of  C fibres and 80% responded 
to CO2 in some fashion. The discharge of  the majority increased as end- 
tidal COs increased from 14 to 28 mm Hg, but  was unaffected thereafter, 
an overall response somewhat similar to that of  pulmonary and bronchial 
C fibres in the non-perfused lung of  dogs (Coleridge et al. 1978b, see 
above). The discharge of  the remaining fibres continued to increase until 
end-tidal CO2 reached a final steady level of 70 mm Hg, but it then adapt- 
ed rapidly. These fibres responded to both "on' and 'off' transients (Fig. 
12), but although the investigators emphasize the potential significance of 
the transient responses, their physiological value in a pulmonary COs 
sensor is not  easy to assess. The chemoreceptor function of  'bronchopul- 
monary '  C fibres would have been more convincingly demonstrated if 
even a small sample of  fibres of  confirmed pulmonary origin had been 
exposed to a stepwise increase in COs over the physiological range. If a 
sensitivity to COs is to be established as a property of lung C fibres, it 
must be on the basis of  CO2 response curves similar to those obtained for 
the arterial chemoreceptors (Lahiri et al. 1979). So far the results of  af- 
ferent studies, though interesting, can be the basis for little more than 
speculation. 

4.2 Response to Changes in Lung Volume 

4.2.1 Response to Inflation 

Pulmonary C fibres are stimulated by lung inflation; bronchial C fibres 
are also stimulated but their threshold is much higher (Coleridge and 
Coleridge 1977b; Kaufman et al. 1982a). The response of pulmonary C 
fibres to inflation was first demonstrated in dogs, with chest open and 
lungs artificially ventilated, by occluding the tracheal outlet so that the 
lungs were inflated progressively for two or three ventilatory cycles (Fig. 
13). When the lungs are inflated in this fashion, a large majority of  pul- 
monary C fibres in dogs begin to discharge at a lung volume between 1 and 
2 V T above FRC, and the remainder are recruited between 2 and 3 V T 
above FRC (Coleridge et al. 1965; Coleridge and Coleridge 1977b). Similar 
inflation of  the lungs by 2 or 3 V T above FRC stimulates pulmonary C 
fibres in artificially ventilated cats (Coleridge et al. 1968; Armstrong and 
Luck 1974). We routinely use such inflation of  the lungs as a simple, first 
step in the identification of  pulmonary C fibres in vagal filaments in dogs 
and cats. Paintal (1969), who inflated the lungs of cats with unphysiol- 
ogically large volumes ( 1 0 0 - 1 5 0  ml), reported stimulation of only an 
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Fig. 13A-C.  Stimulation of  a pulmonary C fibre by tung inflation; dog, open chest, 
artificial ventilation. A, B and C are continuous. A Control; note that the fibre is silent. 
In B and C, the outlet tube from the tracheal cannula was clamped so that the lungs 
were progressively inflated by successive strokes of the ventilator. In B, the pulmonary 
C fibre was stimulated when tracheal pressure was about 13 cm H20 and when lung 
volume was between FRC + 1 V T and FRC + 2 VT, i.e. when lung volume was within 
the physiological range. Note cardiac slowing during inflation. From above downwards: 
electrocardiogram; vagal action potentials, tracheal pressure. (Coleridge et al. 1965) 

occasional J receptor and concluded that this group of  afferents was in- 
sensitive to inflation. Leaving Paintal's results aside, the evidence on this 
aspect o f  pulmonary C fibre function is quite definite, and there is no 
doubt that the endings are stimulated by lung inflations that are large but 
well within the physiological range, and that the reflex depression of  heart 
rate evoked by large lung inflations arises mainly from activation of  pul- 
monary C fibres (Cassidy et al. 1979; Kaufman et al. 1982a; Coleridge and 
Coleridge, to be published). 

The typical response of  pulmonary C fibres to successive tidal volumes 
consists of  a scattered train of  impulses with each sequential inflation, 
activity often appearing to "adapt' towards the end of  each inflation cycle. 
This apparent adaptation may be in part due to the method used to inflate 
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Fig. 14A, B. Stimulation of pulmonary vagal afferents by lung distension in dogs; re- 
sponse of A non-myelinated and B myelinated fibres. The chest was open and the right 
and left lungs were ventilated separately. The left pulmonary artery was ligated so that 
the right lung received the entire right ventricular output. Afferent impulses originat- 
ing in the left lung were recorded from the left cervical vagus nerve. Stimulus response 
curves were obtained as the left lung was slowly inflated to a pressure of 30 cm H20 
at a rate of 1.5-2.0 cm H20 s -I. Results are means -+ SE; PL, left airway pressure. 
(Kaufman et al. 1982a) 

the lung (i.e. a volume stimulus) and to the likelihood that  pulmonary C 
fibres, in their role as 'high threshold inflation receptors', respond like 
slowly and rapidly adapting stretch receptors to the tension in the lung 
tissue in which they are embedded, so that their discharge is related to 
transpulmonary pressure rather than to lung volume per se. Kaufman et al. 
(1982a), in experiments in dogs, have used a more carefully controlled 
method to examine the threshold and sensitivity of  lower airway afferents 
to lung inflation. They increased transpulmonary pressure in a non-perfused 
lung from a baseline of  2.5 cm H20 to a maximum of  40 cm H20 at a rate 
of  approximately 2 cm H20 s -1 (a rate of  inflation which probably cor- 
responds to that during quiet breathing). The results of  Kaufman et al. 
indicate that the threshold o f  pulmonary C fibres to a stow ramp of  infla- 
tion is similar to that o f  rapidly adapting (irritant) receptors (Fig. 14). 
Whether pulmonary C fibres are also sensitive to the rate of  inflation is 
unknown at present. 

Bronchial C fibres are less responsive than pulmonary C fibres to lung 
inflation. The difference is well illustrated by the results of  experiments in 
which Coleridge and Coleridge (1977b) compared effects on eight fibres 
of  each type when the lungs o f  open chest dogs were inflated by successive 
strokes of  the ventilator. Pulmonary C fibres responded with an average of  
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18 impulses at 2 V T and 34 impulses at 3 V T. In these experiments V T 
was in the normal range for dogs (15 ml kg -1), and FRC was the volume 
of  air in the lungs at a transpulmonary pressure of  3 - 4  cm H20. By con- 
trast, only three of eight bronchial C fibres were stimulated; they fired 
with an average of  two impulses at 2 V T and seven impulses at 3 V T. 
Kaufrnan et al. (1982a), using their more controlled method of inflation, 
found that the threshold transpulmonary pressure required to stimulate 
bronchial C fibres was 10 cm H20 higher than that needed to stimulate 
pulmonary C fibres, although the slopes of the two stimulus-response 
curves were parallel (Fig. 14). 

4.2.2 Response to Deflation 

There is little evidence that deflation stimulates lung C fibres. Neither 
bronchial C fibres in dogs (Coleridge and Coleridge 1977b) nor pulmonary 
C fibres in dogs and cats (Coleridge et al. 1965; Armstrong and Luck 1974) 
are stimulated when the lungs are allowed to collapse in the open chest, or 
when air is sucked from the trachea during spontaneous breathing. Arm- 
strong and Luck, who identified J receptors (pulmonary C fibres) in cats 
by the criteria recommended by Paintal, found no evidence that deflation 
either stimulated the receptors or sensitized them to chemical stimulation 
by phenyldiguanide, as Paintal has described in his initial study (Paintal 
1955); all but one of  the recepto,rs was stimulated by lung inflation, 
however. Paintal has since concluded that lung deflation is at best a weak 
stimulus to J receptors and that indeed many are unaffected by deflation 
(Paintal 1969). 

4.3 Response to Pulmonary Vascular Changes 

When Paintal re-evaluated the afferent properties of what he had originally 
called 'deflation receptors' he postulated that the newly entitled "juxta- 
pulmonary (type J) receptors' were interstitial stretch receptors whose 
natural stimulus was an increase in alveolar interstitial pressure or volume, 
caused by an increase in pulmonary capillary pressure, and whose phys- 
iological function was to signal the pulmonary vascular changes of  exercise 
(Pain tal 1969, 1970). The experimental basis for Paintal's new hypothesis 
rested mainly on his observation that J receptor activity was increased by 
obstruction of  left ventricular outflow and by insufflation of  chlorine and 
intravenous injection of  alloxan, two chemicals that produce marked pul- 
monary congestion and oedema. However, the part played by pulmonary 
vascular changes in the stimulation of  J receptors by alloxan and chlorine 
is not easy to estimate, because these chemicals are irritant and may stim- 
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ulate nerve endings, not  only in the lung itself but also at sites in the sys- 
temic circulation, by a purely chemical action (Coleridge and Coleridge 
1977a). 

The possibility of  a reflex rote for pulmonary C fibres in exercise is 
more strongly supported by the recent observations ofAnand and Paintal 
(1980) in cats that six o f  ten J receptors in the right lung increased their 
discharge on average from 0.06 to 0.9 impulses s -1 when the left pul- 
monary artery was occluded to increase blood flow through the right lung. 

Indirect evidence that pulmonary C fibres may be sensitive to the vol- 
ume of  blood in the lungs, or to the rate of  blood flow through the lungs, 
is also provided by the observation that in both dogs and cats these C 
fibres fire at significantly higher rates during spontaneous breathing than 
they do after the chest has been opened and the lungs ventilated artifi- 
cially at a similar FRC, VTand frequency (Coleridge and Coleridge 1977a). 
Both cardiac output  and central blood volume decrease when the chest is 
opened and the lungs are ventilated with positive pressure, hence sensitiv- 
ity to pulmonary circulatory changes may account for the difference in 
pulmonary C fibre discharge in the two conditions. The activity of bron- 
chial C fibres, however, was not significantly different in the closed and 
open chest (Coleridge and Coleridge 1977b). 

An increase in blood flow through the lungs is an undeniable accom- 
paniment of  exercise; pulmonary congestion and oedema, on the other 
hand, are pathophysiological changes that occur in exercise only in excep- 
tional circumstances. Acceptance of the hypothesis that pulmonary C 
fibre activity increases significantly in exercise would be greatly strength- 
ened if these C fibres could be shown to be sensitive to controlled changes 
in pulmonary blood flow. Such evidence has yet to be obtained. 

Both pulmonary and bronchial C fibres are undoubtedly sensitive to 
pulmonary congestion and are stimulated when left atrial pressure, and 
hence pressure in the pulmonary vascular bed, is increased progressively 
by distension of  a small balloon floating in the mitral orifice (Coleridge 
and Coleridge 1975, 1977a). When pulmonary congestion was induced 
in this way, individual pulmonary and bronchial C fibres were found to be 
highly responsive, but on average pulmonary C fibres were more sensitive 
(Fig. 15). Thus one-third of pulmonary C fibres were stimulated at left 
atrial pressures of no more than 5 mm Hg above the control value, and 80% 
were stimulated when left atrial pressure had increased to 20 mm Hg above 
control; by contrast only a third of  bronchial C fibres were stimulated by 
an increase in left atrial pressure of  20 mm Hg, and a third were unaffect- 
ed even when left atrial pressure had increased to about 30 mm Hg (Cole- 
ridge and Coleridge 1975). The most sensitive fibres in both categories 
began to fire with a.ventilatory rhythm as left atrial pressure increased 
(Fig. 15); others fired irregularly throughout.  Certainly the stimulation of  
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Fig. 15. Stimulation of lung C fibres by pulmonary congestion in dogs with open 
chest and lungs ventilated by a pump. C fibre impulses recorded from strands of the 
cervical vagus nerve. Left atrial and pulmonary vascular pressures were increased in 
steps by distending a small balloon placed in the left atrioventricular orifice. PAP, 
pulmonary arterial pressure; LAP, left atrial pressure; TP, tracheal pressure. Above, 
progressive stimulation of a pulmonary C fibre by lung congestion. Below: on left, 
activity of three pulmonary C fibres as function of mean left atrial pressure (each 
point represents average impulse frequency counted over 20 s); on right, activity of ten 
pulmonary C fibres (o) and eight bronchial C fibres (o) as function of left atrial pres- 
sure; results are means -+ SE. (Based on data reported by Coleridge and Coleridge 
1977a) 

pulmonary C fibres in these experiments seemed sufficient to account for 
the pulmonary chemoreflex-like effects (apnoea, rapid shallow breathing, 
bradycardia and hypotension) observed at the onset of acute severe ex- 
perimental pulmonary congestion in cats (Churchill and Cope 1929) and 
dogs (Aviado et al. 1951 ;Downing 1957). 
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4.4 Pulmonary Embolism and Inflammation 

4.4.1 Pulmonary Embolism 

The association of  a vagally mediated tachypnoea with pulmonary em- 
bolism, and the persistence of  this tachypnoea when the vagus nerves were 
cooled to low temperatures (Whitteridge 1950), prompted Paintal (1955) 
to examine the effects on 'deflation receptors' of  injecting potato starch 
granules into the pulmonary circulation. This procedure induced multiple 
small action potentials in vagal filaments that contained the fibres of  
"deflation receptors' stimulated by phenyldiguanide, and Paintal concluded 
that the tachypnoea of  pulmonary embolism could probably be ascribed 
to stimulation of  'deflation receptors'. The effectiveness of pulmonary 
embolism (potato starch or small glass or plastic beads) as a stimulus to 
pulmonary C fibres in cats has since been confirmed by Paintal et al. 
(t  973) and Armstrong et al. (1976). Similar effects on pulmonary C fibres 
have been described in rabbits (Armstrong and Miller 1980). 

The nature of  the stimulus to the nerve endings in pulmonary embolism 
is probably complex, and embolism is unlikely to be effective simply be- 
cause it causes local mechanical distortion of  small pulmonary vessels 
(Paintal et al. 1973;Armstrong et al. 1976); release of  chemical mediators, 
particularly serotonin, by breakdown of  platelets is a likely mechanism of  
the afferent stimulation (Dawes and Comroe 1954; Widdicombe 1964). 
Experimental support for this hypothesis has been obtained in rabbits, in 
which effects of  embolism on pulmonary C fibres and myelinated lung 
afferents were significantly attenuated after an experimentally induced 
depletion of  platelets (Armstrong et al. 1979;Armstrong and Miller 1980). 
In these experiments induction of  platelet breakdown by injection of  anti- 
serum resulted in stimulation of  afferent fibres, thus providing persuasive 
if indirect evidence that the release of  serotonin from platelets plays a 
major part in the afferent effects of  embolism. 

Since bronchial C fibres are stimulated by serotonin, they are likely 
to contribute to the increase in C fibre input in embolism. Indeed, in dogs 
and possibly also in man, bronchial C fibres may play a more important 
role than pulmonary C fibres, which are relatively insensitive to serotonin 
in these two species (Dawes and Comroe 1954; Kaufman et al. 1980c). 
Although serotonin is probably the major chemical factor responsible for 
the respiratory changes induced by pulmonary embolism, other autocoids 
must also be involved, since anti-serotonin agents do not block the re- 
sponses completely (Halmagyi and Colebatch 1961 ). Release of  other lung 
autocoids is likely to contribute to the afferent effects of pulmonary 
embolism. 
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4.4.2 Inflammation 

There can be little doubt that afferent C fibres from the lungs and airways 
are stimulated by inflammation of the lung. As in the case of embolism, 
the nature of  the stimulus to the nerve endings is likely to be complex, 
and speculation as to the precise mode of stimulation seems unlikely to be 
fruitful at present. In experiments in cats, Frankstein and Sergeeva (1966) 
demonstrated a considerable increase in afferent vagal C fibre activity dur- 
ing acute pulmonary inflammation induced by lobar injection of  40% 
glucose solution and hot water. Using the collision method of Douglas and 
Ritchie (1962) to assess the total input of  C fibres in branches from the 
lower airways, they were unable to detect a respiratory variation in the 
heightened discharge. However, we have occasionally observed conspicuous 
trains of  impulses during inflation in pulmonary C fibres supplying patches 
of  lung of unhealthy inflamed appearance; these were no more than 
chance observations made in the source of  other experiments, in which 
the presence of  patchy pneumonitis was an unwelcome complication 
rather than a matter of  experimental design. Our observations were mere- 
ly incidental therefore; and since it was the phasic nature of the C fibre 
discharge that brought it to our attention, many other C fibres may have 
fired irregularly and been overlooked. 

5 Reflexes Triggered by Lower Respiratory Tract C Fibres 

The history of  the reflexes evoked by stimulation of  afferent C fibres in 
the lower respiratory tract begins at the end of the nineteenth and the 
beginning of  the twentieth centuries, when investigators had at last aban- 
doned attempts to explain vagal reflex changes in breathing solely in terms 
of  changes in activity in a single class of  stretch or inflation receptor that 
inhibited inspiration. From this time the existence of other pulmonary 
afferents with different reflex functions was increasingly recognized, 
largely because stimuli applied to the lower respiratory tract were found 
to cause reflex changes in breathing of  vagal origin after the classical 
Hering-Breuer inflation and deflation reflexes had been abolished by cool- 
ing or compressing the vagus nerves in the neck. The use of  chemical stim- 
uli played a large part in drawing attention to the possible reflex contribu- 
tion of fine afferent fibres to lower airway reflexes (Brodie 1900; Brodie 
and Russell 1900; Dawes and Comroe 1954), and chemicals continue to 
play an important role in defining the properties of  both pulmonary and 
bronchial C fibres. In addition, analysis of  the reflex response to inflation 
of  the lung during partial vagal block provided early evidence for a small- 
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fibre afferent input with marked effects on breathing (Head 1889; Ham- 
mouda and Wilson 1935a, b, 1939). 

5.1 Introduction to Reflexes Evoked by Chemicals 

5.1.1 Nomenclature 

Before the work of Brodie (1900), investigators believed that the respira- 
tory tract below the vocal chords was insensitive to chemical irritants. 
Brodie provided the first description of  what were later to be called the 
pulmonary chemoreflexes (Dawes and Comroe 1954). He described a 
reflex "triad' of  apnoea, bradycardia and systemic hypotension evoked in 
cats with 'great suddenness' when serum or egg-white was injected into a 
jugular vein. Brodie and Russell (1900) observed that a similar reflex 
"triad' was evoked in dogs when high concentrations of  irritant gases were 
delivered to the lower airways, and they suggested that the same afferent 
pathway was involved in both cases. However, we would now consider 
that the reflex response to inhalation of  airway irritants described by 
Brodie and Russell falls outside the definition of  pulmonary chemoreflexes 
given by Dawes and Comroe (1954), in that it did not necessarily arise 
from nerve endings immediately accessible from the pulmonary circula- 
tion. Instead the effects described by Brodie and Russell seem to provide 
an example of  the more broadly defined airway defence reflexes (Widdi- 
combe 1974b, 1977a, 1981; Coleridge and Coleridge 1981), which are 
evoked by administration of particulate and chemical irritants to the 
airways and which include apnoea, cough, gasps, rapid shallow breathing, 
bronchoconstriction and increased airway secretion. The airway defence 
reflexes are the outcome of  changes in activity in both myelinated and 
non-myelinated afferent vagal fibres, possibly, although not necessarily, 
including the pulmonary C fibres responsible for the pulmonary chemo- 
reflexes. The pulmonary chemoreflexes are defined as the constellation of  
reflex effects (Fig. 16) evoked by the action of  certain chemicals in the 
pulmonary vascular bed, and the lower airway defence reflexes as the con- 
stellation of  effects evoked when irritants gain access to the lower airways. 
(Strictly speaking, of  course, the pulmonary chemoreflexes could be in- 
cluded in the more broadly defined lower airway defence response, be- 
cause pulmonary C fibres may sometimes contribute to the total afferent 
vagal input  evoked by irritants entering the lower airways. However, in 
the present account we follow the usual custom of  regarding the pul- 
monary chemoreflexes as a separate entity.) 
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Fig. 16A-D. Pulmonary depressor chemoreflex elicited by injecting capsaicin (20 gg 
kg -1) into bloodstream of spontaneously breathing anaesthetized dog; vagus nerves 
intact. Capsaicin was injected at various sites, as follows: A into a femoral vein; B 
through a catheter whose tip was in the origin of main pulmonary artery; C through a 
catheter into left pulmonary artery, just beyond origin of first lobar branch; D into 
left atrium through a needle-tipped cannula inserted via the trachea. In each record: 
above, breathing recorded with a pneumograph (inspiration downwards); below, 
arterial blood pressure, time trace, 5 s. Note marked similarity of effects produced by 
the three injections made upstream to the lungs (A, B and C), and the quite different 
pattern of response produced by left atrial injection (D). (Coleridge et al. 1964b) 

5.1.2 Chemicals That Evoke Pulmonary Chemoreflexes 

The  p u l m o n a r y  chemore f l ex  response has been investigated in rabbits ,  
cats, dogs, rats and man,  and the reader  is re fer red  to  the review by  Dawes 
and Comroe (1954)  fo r  an extensive b ib l iography o f  the  subject .  The  wide 
var ie ty  o f  effect ive chemicals  listed by  Dawes and Comroe includes amid- 
ines ( o f  which the most  f r equen t ly  used is phenyld iguanide) ,  i sothioureas ,  
ant ihis tamines,  se ro tonin ,  n icot ine ,  ammonia ,  ATP and lobel ine;  to these 
must  now be added capsaicin (Toh et  al. 1955;  Porszasz et al. 1957;  
Coleridge et al. 1964b) and certain opiate  po lypep t ide  analogues (Sapru et 
al. 1981).  The  act ion o f  these chemicals  appears to  depend  on specific 
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pharmacological properties of  the nerve endings, rather than, as was once 
believed, on a pronounced sensitivity of afferent C fibres to chemicals in 
general (Paintal 1964). For example, phenyldiguanide and serotonin have 
certain structural features in common,  and in the occasional cat in which 
phenyldiguanide fails to evoke the pulmonary chemoreflex, serotonin is 
equally ineffective. Moreover, certain other amidines and bufotene, which 
have structural features in common with phenyldiguanide and serotonin, 
block the reflex effects of both these compounds (Fastier et al. 1959). 
Species differences in susceptibility to the chemicals that evoke the pul- 
monary chemoreflexes are not unusual, as Brodie (1900), who found 
serum and egg-white effective in cats but not in dogs or rabbits, was the 
first to observe. Thus phenyldiguanide evokes the pulmonary chemo- 
reflex in cats (Dawes et al. 1951 ;Paintal 1955, 1957;Fastier et al. 1959), 
rabbits (Dawes et al. 1951;Karczewski and Widdicombe 1969c) and rats 
(Sapru et al. 1981), but not in dogs (Dawes et al. 1952; Coleridge and 
Coleridge 1977b) or man (Jain et al. 1972). Capsaicin is most commonly 
used to evoke the pulmonary chemoreflex in dogs (Fig. 16) (Coleridge et 
al. 1964b;Brender and Webb-Peploe 1969); it is also effective in cats (Toh 
et al. 1955) and rats (Sapru et al. 1981). Lobeline evokes the pulmonary 
chemoreflex in man (Jain et al. 1972). 

With few exceptions, the chemicals used to evoke pulmonary chemo- 
reflexes have, in the doses commonly employed, no physiological actions 
except those evoked reflexly by stimulation of  afferent nerve endings. 
Although the various components of  the pulmonary chemoreflex response 
are by definition those attributable to stimulation of  afferent vagal 
endings immediately accessible from the pulmonary vascular bed (i.e. pul- 
monary C fibres), additional nerve endings, located further downstream 
and recruited when the chemicals reach the systemic circuit, may eventu- 
ally complicate the reflex picture (Fig. 5A). Even so, interpretation of  the 
reflexes evoked by chemicals is often simpler than interpretation re- 
flexes evoked by changes in lung volume, which may have marked effects 
on the circulation and cause changes in the blood gases. Injection of  chem- 
icals such as phenyldiguanide and capsaicin remains a favourite method 
for studying the reflex properties of pulmonary C fibres, even though the 
response evoked by sudden injection of  a bolus of  foreign chemical into 
the right heart or pulmonary artery may with some justification be re- 
garded as an experimental curiosity which has no counterpart outside the 
laboratory. Few chemicals of  intrinsic physiological interest are known to 
evoke the pulmonary chemoreflex triad. Serotonin, which is one of the 
examples, evokes the chemoreflex triad in cats, but not in dogs or in man 
(Dawes and Comroe 1954). 
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5.1.3 Chemicals That Evoke Airway Defence Reflexes 

The chemicals that evoke airway defence reflexes are a different matter, 
for they include not only foreign chemicals such as ammonia, bromine 
and sulphur dioxide, but also endogenous chemicals such as histamine, 
bradykinin and the prostaglandins that are known to be formed and 
released in the walls of  the lower airways and to have a variety of physiol- 
ogical actions. Both histamine and bradykinin produce disturbances of  
breathing and contraction of  airway smooth muscle in dogs when injected 
directly into the bronchial circulation (DeKock et al. 1966; Roberts 
et al. 1981b; Coleridge et al. 1983). This extension of the classical chemo- 
reflex approach has been used in dogs to investigate the reflex prop- 
erties of  afferent C fibres in the conducting airways; bradykinin has been 
the lung autocoid of  choice, because, unlike histamine, it is without direct 
bronchoconstrictor effects in dogs, and in small doses stimulates only 
bronchial C fibres. (Bradykinin has a powerful direct bronchoconstrictor 
action in guinea-pigs, which makes it less useful for investigation of airway 
reflexes in this species.) 

5.2 Introduction to Reflexes Evoked by Lung Inflation 

The application of  chemical stimuli to the lower respiratory tract by 
Brodie and Russell in 1900 can be i-egarded as an early milestone in the 
study of reflexes evoked by the C fibre pathway. An even earlier discovery, 
one that in our view has been subject to considerable misinterpretation, 
has implications for the functions of  lung C fibres that can only now be 
fully appreciated. This was the 'paradoxical effect' o f  lung inflation de- 
scribed by Head (1889). 

5.2.1 Head's Paradoxical R eflex in Rabbits 

This 'paradoxical' response, which consisted of a reversal of the usual 
Hering-Breuer inhibitory response to lung inflation, was evoked in rabbits 
whose vagus nerves were rewarming after being packed in ice (Fig. 17) 
(Head 1889). Head stressed that the vigour of  diaphragmatic contraction 
during the paradoxical inspiration in rabbits was roughly the same as that 
of  a normal inspiration, and he warned against the use of large or abrupt 
inflations, which were known to evoke sudden gasps. Nevertheless, what is 
now known as "Head's paradoxical reflex" is almost invariably equated 
with the 'gasp reflex', a brief powerful contraction of  inspiratory muscles 
evoked by a large, abrupt inflation (I/¢iddicombe 1954b; Reynolds 1962), 
and Head's original description of the paradoxical effect in rabbits is quite 
disregarded. 
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Fig. 17. Head's paradoxical reflex. Above: Head's original record depicting diaphrag- 
matic contraction evoked by moderate lung inflation in a rabbit whose vagus nerves 
were rewarming after having been packed in ice (lungs inflated during fourth respira- 
tory cycle). When the vagi were at body temperature, inflation evoked diaphragmatic 
relaxation. From above downwards: movements of chest wall; arterial blood pressure, 
contraction of diaphragmatic slip (contraction upwards). Below: Effect of inflating 
(A, C) and deflating [B, D) the lungs on the diaphragmatic electromyogram (upper 
trace) and intratracheal pressure (ITP; lower trace) in a rabbit. A, B, vagi at body 
temperature: A, inflation causes inhibition of diaphragmatic activity; B, deflation 
increases activity. C, D, vagi cooled to 5°C: C, inflation now increases diaphragmatic 
activity (Head's paradoxical reflex); D, deflation has no effect. (Above, Head 1889; 
below, Widdicombe 1967) 

Subsequent  investigators have conf i rmed Head's  observations and have 
shown that  the paradoxical  effect  can be evoked in rabbits when the vagus 
nerves are cooled to 5°C (Fig. 17) (Widdicombe 1967) and tha t  it is pres- 
ent  at a tempera ture  as low as 3°C ( l fhi t ter idge and Bulbring 1944). At 
these tempera tures ,  the normal  inhib i tory  response to modera te  lung infla- 
t ion is replaced by a tonic inspiratory effor t  on which rapid shallow 
breathing movemen t s  are superimposed,  and the classical Hering-Breuer 
def lat ion reflex is abolished (Fig. 17). 
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The identity of  the vagat afferents responsible for Head's paradoxical 
reflex in rabbits has been the subject of a good deal of  controversy over 
the years. Paintal (1966) labelled the response a 'physiological artefact' 
and suggested that it arose not from a separate group of small afferent 
fibres that were able to conduct at low temperatures, but merely from a 
differential block of  the high frequency component  of slowly adapting 
stretch receptor discharge and the consequent depression and phase rever- 
sal of their input. Widdicombe (1967) refuted this suggestion, and in one 
of  the few studies in which the blocking temperature for afferent fibres 
has been recorded in the same experimental preparation as the blocking 
temperature for a reflex, showed in rabbits that impulses from pulmonary 
stretch receptors were totally blocked at the temperature at which the 
Hering-Breuer inhibitory reflex was abolished (8°-12°C); by contrast 
Head's paradoxical reflex could still be obtained at temperatures several 
degrees lower (Fig. 17). 

There can be little doubt from what we now know of  the cooling tem- 
peratures required to block activity in myelinated fibres that Head's para- 
doxical reflex is initiated by activation of  non-myelinated fibres. In rabbits 
a similar inspiratory effort with rapid shallow breaths at increased FRC is 
characteristic of  the respiratory component  of  the pulmonary chemoreflex 
and survives selective blockade of  myelinated vagal fibres (Dawes et al. 
1951; Karczewski and Widdicombe 1969c; Guz and Trenchard 1971). A 
similar response is evoked in rabbits when the central end of the vagus 
nerve is stimulated, below a point at which conduction in myelinated 
fibres is blocked selectively by anodal polarization (Guz and Trenehard 
1971). Hence this pattern o f  respiratory response appears to be typical of 
stimulation of afferent C fibres in the rabbit, and discussion of its func- 
tional significance is best confined to the rabbit. One must conclude from 
the above observations that the afferent limb of  Head's paradoxical reflex 
in rabbits is carried in C fibres, and hence that pulmonary C fibres in rab- 
bits are activated by lung inflation, as they are known to be in cats (Cole- 
ridge et al. 1968; Armstrong and Luck 1974) and dogs (Coleridge et al. 
1965; Coleridge and Coleridge 1977b; Kaufrnan et al. 1982a). 

5.2.2 Effects of Inflation in Other Species 

Reflex effects on breathing that differed from the classical inhibition of  
inspiration were observed by Harnmouda and Wilson (1935a, b, 1939)in 
dogs when lung inflation was combined with partial vagal blockade. Thus, 
a moderate lung inflation that evoked prolongation of the expiratory 
pause under control conditions caused rapid breathing movements when 
the vagus nerves were compressed or cooled; effects were present at vagal 
temperatures between 8°C and a few degrees above freezing point, and 
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were said to be maximal at a vagal temperature of  5°C. Although a tonic 
increase in inspiratory activity was not a feature of the response in dogs, 
as it was in rabbits, Hammouda and Wilson (1935b) interpreted the effects 
as being essentially the same reflex phenomenon as Head's paradoxical 
reflex and as revealing the existence of a group of small afferent fibres 
from the lungs, which they called 'respiratory-accelerator fibres'. 

In a study of  the reflex effects of  lung inflation in cats, Widdicombe 
(1954b) found that a sudden large inflation that evoked the "gasp reflex' 
under control conditions evoked instead a brief apnoea, termed a 'small 
fibre inhibitory reflex', when the vagus nerves were cooled to 7°-8°C. With 
benefit of  hindsight the apnoea can be interpreted as the result of an ab- 
rupt surge of  activity in pulmonary C fibres, which accords with the ob- 
servation that apnoea is the typical respiratory response in cats when pul- 
monary C fibres are abruptly and strongly stimulated by bolus injections 
of  chemicals. 

Taking these early results at their face value, without reference to the 
type of inflation used in a given case, one might conclude that inflation of  
the lung during vagal cooling evokes quite different effects in the three 
species, causing a tonic inspiratory drive and accelerated breathing in 
rabbits, accelerated breathing in dogs and inhibition of breathing in cats 
(all effects that now appear attributable to stimulation of C fibres). Small 
wonder, therefore, that these early experiments on the vagal control of  
breathing have left behind an impression of  confusion and have been inter- 
preted by some as evidence of  the unreliability of  differential cooling as a 
method for examining respiratory reflexes, and by others as evidence of  
species differences in vagal reflex responses that are so marked as to make 
it impossible to derive any general principles from such observations. As 
we shall see, however, stimulation of pulmonary C fibres by inflation of 
the lung has provided important clues to the functional significance of 
these afferents. Moreover, the differential nerve blocking methods already 
in use in the time of  Hering are still extremely useful, although now em- 
ployed with a number of  refinements and with a clearer understanding of  
the principles involved. The method of combining a physiological stimulus 
(which may change the activity of  several types of  afferent), with selective 
blockade of  myelinated fibres, as exemplified in Head's study, still occu- 
pies a central position in the investigation of reflexes from the lower 
respiratory tract. 
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5.3 Methods for Selective Vagal Block 

Methods for producing differential nerve block have been applied to the 
study of vagat respiratory reflexes perhaps more frequently than to any 
other neural control system, and no account of the reflexes evoked by 
stimulation of lower respiratory tract C fibres would be complete without 
some brief consideration of their usefulness and limitations. Three meth- 
ods, cooling, anodal polarization and compression, are used to block con- 
duction selectively in the myelinated fibres of a nerve trunk while sparing 
that in non-myelinated fibres; application of local anaesthetic is used to 
block conduction in non-myelinated fibres while sparing that in myelinat- 
ed ones. The differential conduction block achieved by cooling and anodal 
polarization appears to depend on selective blockade of sattatory conduc- 
tion (Paintat 1965; Franz and Iggo 1968; Casey and Blick 1969; Whitwarn 
and Kidd 1975). Compression of nerves as a method of differential block 
is now rarely used except in studies of limb sensation in man (Toreb]ork 
and Hallin 1974); it appears to block myelinated fibres selectively, but 
whether as a function of fibre diameter or of  sattatory conduction is not 
known. Tension on nerve trunks has effects similar to compression, and 
any tension accidentally exerted during cooling by the placement of the 
nerve upon the cooling device adds to the effects of cooling, so that block 
occurs at temperatures several degrees higher than would normally be the 
case (Paintal 1965). 

Cooling, anodal polarization and local anaesthesia of the vagus nerves 
are effective in producing total reversible blockade ('reversible vagotomy'), 
which is much more satisfactory in reflex experiments than simply cutting 
the vagus nerves. However, no method is without limitations in its ability 
to block conduction in one set of  vagal fibres without affecting the other. 

5.3.1 Nerve Cooling 

Cooling of nerve trunks is the most widely used and repeatable of differ- 
ential blocking methods. Total block of conduction in myelinated fibres is 
achieved over a range of nerve temperatures between about 10 ° and 6°C; 
it occurs in a manner that is entirely independent of fibre diameter; the 
average blocking temperature for myelinated fibres is 6°-8°C (Paintal 
1965; Franz and Iggo 1968; Linden et al. 1981; Coleridge et al. 1982b). 
Conduction in non-myelinated fibres continues at temperatures several 
degrees lower. Although the average blocking temperature for non- 
myelinated vagal fibres is given as roughly 3°C, many will conduct isolated 
impulses at 0°C (Abbott et al. 1965; Franz and Iggo 1968; Coleridge et al. 
1982b). 
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In spite of  a significant difference of several degrees in the tempera- 
tures at which A and C fibres are blocked completely, cooling affects con- 
duction in both in a similar manner. Thus, beginning at temperatures only 
a few degrees below body temperature, the frequency of firing that tra- 
verses the cooled region of  the nerve is progressively limited (Franz and 
Iggo 1968; Linden et al. 1981 ; Coleridge et al. 1982b). The limitation of  
impulse frequency imposed by nerve cooling is particularly apparent in 
non-myelinated fibres (Franz and Iggo 1968), perhaps because impulse 
transmission takes place over the whole of  the axon membrane, involving 
significant changes in axonal Na ÷ and K ÷ concentrations and relatively 
high energy dissipation (Douglas and Ritchie 1962). Thus at nerve tem- 
peratures of  7°-8°C, conduction in C fibres is likely to be limited to dis- 
charge frequencies of  4 - 5  impulses s -I or less, representing a substantial 
reduction of the C fibre response to most of  the stimuli used in the ex- 
perimental laboratory to evoke respiratory reflexes. For example, the re- 
sponse of  bronchial C fibres to chemicals such as capsaicin, histamine and 
bradykinin typically consists o f  short bursts of  impulses with instantaneous 
frequencies of 3 0 - 5 0  impulses s -1 (Figs. 5, 9, 11). It is likely that each of  
these bursts will be reduced to only one or two impulses when the vagus 
nerve is cooled to a temperature that will block conduction in myelinated 
fibres. 

These progressive effects of  cooling on the impulse frequency con- 
ducted across the block must be borne in mind in interpreting the results 
of  reflex experiments. It has sometimes been assumed that the total con- 
tribution of C fibres to a particular respiratory reflex at 37°C is fully 
represented by the reflex effects that survive vagal cooling to 6°-8°C 
(Karezewski and Widdieombe 1969b, c). Judging from the effects of  cool- 
ing on vagal reflexes that are known to be evoked solely by activation of  
lung C fibres, it appears that the selective blockade of  A fibres at 6°-8°C 
may be associated with a 60% reduction in the reflex potency of  afferent 
C fibres (Roberts et al. 1981b; Coleridge et al. 1982a). 

5.3.2 Anodal Polarization 

The technique of  anodal polarization has been applied successfully to 
studies of respiratory reflexes in rabbits (Guz and Trenehard 1971; 
Trenehard et al. 1972; Raybould and Russell 1982). Current is applied 
to the nerve through bipolar electrodes with the anode placed centrally 
(Casey and Blick 1969; Coleridge et at. 1973b; Whitwarn and Kidd 1975; 
Thoren et al. 1977); effects must be monitored at intervals by recording 
the compound action potential evoked by electrical stimulation across the 
blocked region, the polarizing current being adjusted to block the A wave 
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but to leave the C wave intact. The current required to block conduction 
in A fibres varies widely with local conditions in the nerve. 

One of the most troublesome complications of the method is extrane- 
ous stimulation at the cathode (Casey and Bliek 1969; Coleridge et al. 
1973b; Whitwam and Kidd 1975). Thoren et al. (1977), who recorded the 
effects of anodal polarization on the activity of single fibres, recommend 
cooling the nerve to 30°-32°C to avoid stimulation of C fibres. Hoppet al. 
(1980) have introduced a monopolar blocking technique which is equally 
successful in avoiding this problem. Anodal polarization appears to have 
one advantage over differential cooling: although there is some tendency 
for a limitation of C fibre discharge frequency when A fibres are blocked, 
it is probably not so marked as the limitation imposed by differential cold 
blockade. Hence anodal polarization is thought to provide a more realistic 
estimate of the contribution of afferent vagal C fibres to reflexes (Thoren 
et al. 1977). However, the current required to block conduction in A fibres 
decreases progressively with each successive application (Whitwam and 
Kidd 1975; Thoren et al. 1977), a finding interpreted as early evidence of 
nerve deterioration; moreover, the nerve becomes visibly damaged and dis- 
coloured with repeated applications (Whitwam and Kidd 1975; personal 
observations). 

5.3.3 Local Anaesthesia 

Local anaesthetics have been used in man (Guz et al. 1966, 1970) and in 
conscious dogs (Phillipson et al. 1970) to examine the effects on breath- 
ing pattern of totally blocking the vagus nerves, but they are used only 
rarely to produce differential block of nerve conduction. Susceptibility to 
local anaesthesia appears to be an inverse function of fibre diameter, the 
smaller fibres being blocked more readily as a consequence of their higher 
surface-to-volume ratio. Differential effects are monitored by recording 
the evoked compound action potential and adjusting the concentration of 
anaesthetics to one that will abolish the C wave but leave the A wave in- 
tact. The block is time dependent and is somewhat unreliable as a method 
of selectively blocking C fibres since small myelinated fibres, whose axon 
diameters may be close to those of C fibres, are often blocked after shorter 
exposures than those required to block C fibres (Nathan and Sears 1961; 
Franz and Perry 1974). Moreover, in the case of relatively thick nerve 
trunks, uneven penetration of anaesthetic makes the differential block less 
reliable (Franz and Perry 1974). 

A quite different type of afferent blockade is produced when local 
anaesthetics are administered as aerosols to the lower respiratory tract, a 
method that has been applied to the study of lower airway reflexes in 
animals and man (Jain et al. 1973;Dain et al. 1975; Cross et al. 1976). In 
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this case the anaesthetic penetrates from the mucosa and blocks afferent 
nerve endings unselectively. There is some doubt as to whether nerve 
bundles in the airway walls are also affected: some investigators report 
preservation of vagal efferent function (Jain et al. 1973), whereas others 
find that efferent conduction is abolished (Dain et al. 1975). The peri- 
pheral extent of  local anaesthesia along the conducting airways is likely to 
be influenced by a number of  factors, the most important being droplet 
size. With relatively large droplets ( 7 - t  1 tam) the differential effect is 
upon reflexes: those elicited from the conducting airways are attenuated 
or abolished, whereas those elicited from the most distal lung divisions 
(e.g. the pulmonary chemoreflexes) are preserved and even accentuated 
(Jain et al. 1973). 

5.4 Reflex Changes in Breathing 

5.4.1 Effects of  Stimulating Pulmonary C Fibres 

The abrupt surge of  pulmonary C fibre input evoked by intravenous, right 
atrial or pulmonary arterial injection of  5 -20 /ag  kg -1 capsaicin in dogs 
and cats, or of  10 -50  tag kg -1 phenyldiguanide in cats, causes an immedi- 
ate apnoea in expiration (Figs. 5, 16)(Dawes et al. 1951;Paintal 1955; 
Toh et al. 1955;Porszasz et at. 1957; Coleridge et al. 1964b). The apnoea 
may persist for 30 s or more, but  in spite of  the resultant changes in blood 
gas tensions, when breathing resumes it is shallow, as well as rapid, the re- 
duction in tidal volume being in marked contrast to the increase that 
might have been expected to result from the mounting stimulation of  
central and peripheral chemoreceptors during the period of apnoea. In 
cats, marked laryngeal constriction accompanies the apnoea if the dose of  
phenyldiguanide is large enough; the constriction gradually diminishes, 
with a brief phasic increase in each expiration, during the subsequent 
rapid shallow breathing (Stransky et al. 1973). 

Although an immediate arrest of  breathing is often held to be the char- 
acteristic respiratory effect of  stimulating pulmonary C fibres (J recep- 
tors), in fact the pattern of  response varies with the dose of  chemical ad- 
ministered, as Brodie (1900) first described. Rapid injection of  large doses 
of  phenyldiguanide in cats causes apnoea followed by rapid shallow breath- 
ing, whereas a slow rate of  injection or injection of  smaller doses causes 
rapid shallow breathing only (Paintal 1955; Anand and Paintal 1980). 
Presumably the latter method of  administration avoids the brief intense 
surge of  afferent input  described by Paintal (1973) as contributing 'a 
strong artefactual element '  to C fibre reflexes evoked by bolus injections. 
The prompt  apnoea evoked in dogs by right atrial injection of  capsaicin is 
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often replaced by rapid shallow breathing when afferent C fibre input is 
attenuated by vagal cooling to 3°-5°C (Coleridge et al. 1964b). Halothane, 
which is also known to stimulate pulmonary C fibres (see above), has been 
shown to have respiratory effects that are dose dependent. Thus in dogs 
whose systemic circulation was artificially perfused, addition of 13% halo- 
thane to the inspired gas induced apnoea, whereas addition of 7% caused 
rapid shallow breathing only (Lloyd 1978). A similar though less pro- 
nounced dose-dependency is a feature of the respiratory response to 
stimulation of bronchial C fibres (see below). 

In cats the apnoea involves not  only a complete cessation of  phrenic 
activity, but also inhibition of  ~ and 3' motor  neurones to both inspiratory 
and expiratory intercostal muscles (Schmidt and Wellhoner 1970), and 
inhibition of both inspiratory and expiratory units in the medulla (Koep- 
chen et at. t977); hence the chest assumes its position of rest. This total, 
non-reciprocal inhibition of  both inspiratory and expiratory units is in 
striking contrast to the reciprocal inhibition characteristic of  the Hering- 
Breuer inflation and deflation reflexes (Koepchen et al. 1977). The pul- 
monary chemoreflex depression of expiratory units outlasts that of in- 
spiratory units (SchmMt and Wellhoner 1970; Koepchen et al. 1977), and 
in the view of  Koepchen et al. it is this imbalance that causes rapid shallow 
breathing. 

Although apnoea (an arrest of  breathing in expiration) is the typical 
immediate respiratory effect of the lbulmonary chemoreflex evoked by 
large bolus injections in cats and dogs, and possibly also in man (Jain et 
al. 1972), it is not the typical response in rabbits. In rabbits, stimulation 
of  pulmonary C fibres by phenytdiguanide causes tonic inspiration (re- 
sulting in an increased functional residual capacity) on which rapid shallow 
breathing movements are superimposed, and if breathing ceases it does so 
in inspiration (Dawes et al. 1951; Karezewski and Widdicombe 1969c; 
Guz and Trenchard 1971 ;Miserocchi et al. 1978), the overall pattern close- 
ly resembling that of  Head's paradoxical reflex (Widdicombe 1967). What- 
ever the central mechanism of  this inspiratory response, which appears to 
be peculiar to the rabbit, one may interpret its influence as beneficial, for 
rabbits, because of their frail chest walls, have such a small functional 
residual capacity at the position of  rest (Crosfill and Widdicombe 1961) 
that prolonged apnoea in this position might lead to collapse of  alveoli, 
requiring very large inspiratory efforts to reinflate the lungs. 

An interesting hypothesis has been briefly formulated by Trenchard 
(1980) to account for the different chemoreflex respiratory responses in 
cats and rabbits. She postulates that phenyldiguanide stimulates two 
groups of  lung C fibres, one exerting inhibitory effects on breathing, the 
other excitatory. If more "inhibitory' endings were accessible from the 
pulmonary circulation and more 'excitatory' ones from the bronchial cir- 
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culation, right atrial injection would evoke an initial apnoea followed, as 
the chemical reached the systemic circulation, by excitation of  breathing: 
such might be the situation in cats. A reversal of the respective vascular 
accessibilities of  ' inhibitory' and 'excitatory' afferents might account for 
responses like those described in rabbits. It is not easy to see how this 
hypothesis could be reconciled with the generally accepted view that the 
respiratory effects of  stimulating pulmonary C fibres are dose dependent.  
Nevertheless, even the very notion of  a dose-dependent respiratory re- 
sponse has been called into question (Ginzel 1978; Lucas and Ginzel 
1980). Thus Ginzel (1978) injected phenytdiguanide into the right atrium 
and compared the resultant changes in spontaneous breathing movements 
in artificially ventilated cats with those in spontaneously breathing cats. 
He concluded that the respiratory effects were not dose dependent,  that 
apnoea was the only primary respiratory response to stimulation of  pul- 
monary C fibres and that rapid shallow breathing was due to secondary 
factors, such as decreased PaO2 resulting from the apnoea, and could be 
prevented by appropriate measures. However, a full account of  the ex- 
periments that support these provocative hypotheses (Trenchard 1980; 
Ginzel 1978) has yet to be published, and the weight of  evidence still sup- 
ports the conventional view that dose-dependency is a feature of  the re- 
sponse to stimulation of  pulmonary C fibres. 

The central mechanism by which apnoea progresses to rapid shallow 
breathing is not  fully understood, although stimulation of pulmonary C 
fibres is believed to cut short inspiratory (phrenic) activity (Winning and 
Widdieombe 1976; Miserocchi et al. 1978), and, if the initial stimulus is 
sufficiently intense, to cause an arrest of breathing by an extension of  
this effect (Winning and Widdicombe 1976). 

Changes in inspiratory drive during the tachypnoeic phase of  the pul- 
monary chemoreflex in cats have been inferred from changes in the im- 
pulse frequency of  the phrenic bursts or in the VT/T I relationship. In 
some studies the development of  inspiratory drive is reported to be un- 
changed, in others to decrease and in yet others to increase. Winning and 
Widdicombe (1976) and Miserocchi et al. (1978) found the VT/T I relation- 
ship to be unchanged during rapid shallow breathing and concluded that 
the development of  inspiratory drive was unaltered. Anand and Paintal 
(1980) dissented from this view, finding the mean impulse frequency in 
the shortened phrenic bursts after phenyldiguanide to be less than during 
the control period, an observation taken to indicate a true inhibition of 
inspiratory-exci tatory mechanisms by J receptors. A later brief account 
by Anand et al. (1982), however, presents the opposite view. Finding that 
right atrial injection of  phenyldiguanide caused an increase rather than a 
decrease in mean phrenic impulse activity and,.in some cats, a marked fall 
in end-tidal PCO~ during the tachypnoeic phase, these investigators now 



50 J.C.G. Coleridge and H.M. Coleridge 

conclude that activation of J receptors causes both tachypnoea and an in- 
creased ventilatory drive. One may question the value of detailed analysis 
of  inspiratory patterns in non-steady-state responses such as the chemo- 
reflex evoked by a bolus injection of  phenyldiguanide. Phenyldiguanide is 
known to stimulate arterial chemoreceptors (Paintal 1967), an effect that 
may contribute to the breathing changes several seconds after the injec- 
tion; moreover, secondary effects may result from the decrease in cardiac 
output  and from the changes in blood gas tensions that accompany the 
initial apnoea. The most that can be said of  the response under non-steady- 
state conditions is that appropriate stimulation of  pulmonary C fibres can 
cause tachypnoea and a decrease in tidal volume. 

In cats and dogs the rapid shallow breathing induced by injection of 
phenyldiguanide or capsaicin may be prolonged for several minutes, thus 
certainly outlasting the evoked discharge in pulmonary C fibres, which has 
usually ended in less than 30 s (Paintal 1973; Coleridge and Coleridge 
1977b), and probably also outlasting any effects on bronchial C fibres and 
other susceptible afferents downstream to the pulmonary circulation. By 
cutting the vagus nerves 5 s after injecting phenyldiguanide into the right 
atrium, Anand and Paintal (1980) have shown that even a shortqived stim- 
ulation of  pulmonary C fibres is sufficient to induce prolonged changes in 
breathing. 

The tachypnoea of  the pulmonary chemoreflex has been interpreted 
as a sensitization of  the central inspiratory 'off-switch', with leftward dis- 
placement of  the Hering-Breuer threshold curve (Winning and Widdicombe 
1976; Miserocchi et al. 1978). It does not follow, however, that a volume 
signal from pulmonary stretch receptors is required. Thus Miserocchi et al. 
(1978) evoked the pulmonary chemoreflex in cats by injecting phenyl- 
diguanide, assessing the central timing of  the respiratory response from 
the phrenic neurogram, and found that rapid shallow breathing was inde- 
pendent of volume feedback, for both T E and T I were shortened even 
when lung expansion was prevented by occluding the trachea in expiration. 
Moreover, the tachypnoea evoked in rabbits by phenyldiguanide (Guz and 
Trenchard 1971) and in dogs by capsaicin (Coleridge et al. 1964b) can still 
be evoked when conduction in myelinated fibres is blocked by anodal 
polarization or vagal cooling to 3°C, respectively. The tachypnoea of  the 
pulmonary chemoreflex, therefore, may be attributed to acceleration of 
central respiratory rhythm. 

The laryngeal constriction that may accompany the changes in breath- 
ing (Stransky et al. 1973), as well as the changes in breathing themselves, 
are probably best interpreted as part of a protective response triggered by 
access of  potentially harmful agents to the distal divisions of  the airways. 

As described in an earlier section, reflex changes in breathing are 
evoked in rabbits, dogs and cats when afferent C fibres are stimulated by 
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lung inflation (Head 1889;Hammouda and Wilson 1935a, b, 1939; Widdi- 
combe 1954b). However, interpretation of the effects of  forced lung infla- 
tion on breathing pattern is complicated by changes in blood gases result- 
ing from interruption of normal gas exchange, and by the decrease in 
arterial pressure resulting from obstruction to venous return. Some of these 
problems were avoided in a recent study in which the effects of inflating 
the lungs and airways were examined in dogs on cardiopulmonary bypass 
(Lloyd 1979). The lungs were deprived of their normal pulmonary arterial 
blood supply, but lung gases were kept as close to normal as possible by 
intermittent ventilation with 5% CO2 in 02.  Static inflation of a single 
lobe at pressures less than 20 cm H20 decreased the frequency of dia- 
phragmatic contractions, but when inflation pressure exceeded 20 cm 
H20 effects were reversed, and frequency increased. The vagal blocking 
temperatures for these effects were not determined. It seems reasonable 
to assume, however, that the reversal of response at a critical static distend- 
ing pressure resulted when the excitatory input in pulmonary C fibres 
overcame the inhibitory input of the low threshold pulmonary stretch 
receptors. 

5.4.2 Effects of  Stimulating Bronchial C Fibres 

Bronchial C fibres have effects on the pattern of breathing generally sim- 
ilar to those of pulmonary C fibres. In artificially ventilated dogs, selective 
stimulation of bronchial C fibres by bronchial arterial injection of brady- 
kinin briefly inhibited phrenic activity and then increased the frequency 
of the phrenic bursts and decreased their amplitude (Coleridge et al. 
1981). Effects were often short-lived, probably because the stabilizing 
influence of the unchanged input from pulmonary stretch receptors 
caused the phrenic discharge to remain entrained to the ventilator cycle. 
Coleridge et al. (1983) therefore examined the effects of stimulating 
bronchial C fibres in spontaneously breathing dogs, in which the chest 
had been opened briefly to insert a catheter in the bronchial artery. 
A single injection of bradykinin (0.15-1.5 tag) into the right bronchial 
artery usually caused rapid shallow breathing (Fig. 18A); occasionally it 
evoked apnoea lasting 9 - 2 0  s, followed by variable changes in breathing 
(Fig. 18B). When bradykinin was infused slowly (0.2-2.0 tag min -a, for 
2 -12  rain), breathing invariably became rapid and shallow (Figs. 19, 20). 
Tachypnoea persisted until the end of the infusion and sometimes for sev- 
eral minutes afterwards. The changes in inspiratory pattern were usually 
confined to reduction of V T without any change in VT/T I (Coleridge, 
Coleridge and Roberts, unpublished observations) and were therefore sim- 
ilar to those produced by stimulation of pulmonary C fibres (Winning and 
Widdicornbe 1976; Miserocchi et al. 1978). In a few dogs, however, peak 
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Fig. 18A, B. Effects on breathing of stimulating bronchial C fibres by injecting brady- 
kinin (A 0.5 /ag; B 1.0/.tg) into the right bronchial artery (injection signalled by black 
bar on time trace). A and B in different dogs. Note rapid, shallow breathing in A and 
apnoea in B; note cardiac acceleration in A and slowing in B. ABP, arterial blood pres- 
sure; HR, heart rate; VT, tidal volume. (Coleridge et al. t 983) 

inspiratory airflow, and hence VT/TI, increased. The rapid shallow breath- 
ing had variable effects on end-tidal PCO2, but in nearly half the experi- 
ments the increased frequency more than compensated for the decreased 
tidal volume, and the resulting hyperventilation decreased end-tidal PCO2 
by 2 - 9  mm Hg for the duration of  the infusion, indicating that bronchial 
C fibres had an excitatory influence on respiratory control (Coleridge et 
al. 1983). 

The prolonged tachypnoea evoked by bronchial arterial infusion of 
bradykinin was abolished by cutting the vagus nerves or by cooling them 
to 0°C, and in the latter case was restored by rewarming the nerves (Cole- 
ridge et al. 1983). The respiratory response to bradykinin was not altered 
by indomethacin; hence it could be attributed to a direct action of brady- 
kinin on bronchial C fibres, uncomplicated by prostaglandin release 
(Coleridge et al. 1983). 

Residual effects, usually consisting of  irregular spasmodic gasps, were 
sometimes evoked by bradykinin after vagotomy; they were abolished by 
avulsing the upper thoracic sympathetic chain and rami. Similar residual 
effects observed in vagotomized dogs and cats when irritant gases were ad- 
ministered to the lower trachea were also abolished by interrupting upper 
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Fig. 20. Changes in tidal volume and breathing fre.~uency evoked in 22 experiments on 
ten dogs by infusing bradykinin 0.2-2.0 #g rain- for 2-12 rain into the right bron- 
chial artery to stimulate bronchial C fibres. Control values were measured as the aver- 
age over 30 s immediately before the infusion; values after bradykinin (BK) were 
averaged over 30 s at the peak of the response. VT, tidal volume (ml); f, breathing 
frequency (breaths min -1). (Based on results of experiments described by Coleridge 
et al. 1983) 

thoracic sympathetic pathways (Cromer et al. 1933; Banister et al. 1950; 
Widdicombe 1954c). 

Administration of aerosols of  0.1% bradykinin to the lower airways 
also evoked rapid shallow breathing in dogs by stimulating airway C fibres 
selectively, including C fibres whose endings were in the lower trachea 
(Coleridge et al. 1983). In some dogs, the ventilatory effects of  aerosol 
inhalation were similar to those of bronchial arterial infusion and con- 
sisted of prolonged and regular rapid shallow breathing. In other dogs, 
breathing became so rapid, shallow and irregular that its rate and depth 
were not measurable (Fig. 21). When vagal conduction was intact, the ef- 
fects of  bradykinin aerosol had a latency of  18-45  s and continued for 
1 - 4  min after the aerosol ended. By contrast, when the vagus nerves were 
cooled to 0°C, inhalation of  aerosol h'ad no effect at all, even when con- 
tinued for as long as 7 min; however, the response was immediately re- 
stored by rewarming the nerves. The experiment depicted in Fig. 21 illus- 
trates the powerful responses triggered by bradykinin; it also emphasizes 
the central role of  afferent vagal input in these responses. 

These experiments were not the first to show that reflex changes in 
breathing can be evoked by stimulation of  vagal afferents that receive 
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Fig. 21. Changes in breathing, heart rate and tracheal smooth muscle tone evoked in a 
dog by delivery of bradykinin aerosol to the lower trachea; effects delayed by vagal 
cooling. A, control, vagal temperature 37°C. Between A and B, the vagus nerves were 
cooled to 0°C (they were not rewarmed until C). B, After 5 min of vagal cooling; note 
decrease in breathing frequency and increase in tidal volume and heart rate. Between 
B and C, administration of bradykinin aerosol (0.1% solution) began; it continued for 
7 min (signalled by black bar in C). C, Vagus nerves rewarmed and aerosol terminated. 
Rapid shallow breathing, tracheal contraction and cardiac slowing continued for 5-10 
min after the end of C. HR, heart rate; ABP, arterial blood pressure; Tr tension, 
tracheal tension in grams above a baseline set at 75 g; VT, tidal volume; temp, tem- 
perature of vagus nerves. (Coleridge et al. 1983) 

their blood supply from the bronchial circulation. Rapid shallow breath- 
ing, sometimes preceded by apnoea, was oberved by DeKock et al. (1966) 
when they injected histamine into the bronchial artery in dogs; these ef- 
fects were preceded or interrupted by an isolated deep breath or sigh. It 
seems likely that  this combination of  effects was triggered by the stimula- 
tion of  more than one type of  lung afferent. Histamine stimulates bron- 
chial C fibres (Coleridge and Coleridge 1977b; Coleridge et al. 1978a), 
as well as irritant receptors (Mills et al. 1969;Sampson and Vidruk 1975). 
It seems likely that the apnoea and rapid shallow breathing reported by 
DeKock et al. (1966) resulted from stimulation of  airway C fibres; the 
gasps or sighs were probably a manifestation of  the 'gasp reflex' evoked by 
stimulation of  irritant receptors (Sellick and Widdicombe 1970; Glogowska 
et al. 1972). 
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Airway C fibres may play some part in initiating the small and variable 
tachypnoea evoked by gross inflation of the extrapulmonary airways in 
dogs on cardiopulmonry bypass (Lloyd 1979), but the possibility has yet 
to be confirmed by selective blockade of myelinated pathways in the 
vagus. 

5.5 Reflex Effects on Airway Smooth Muscle 

5.5.1 Introduction 

Although smooth muscle is present in all the airways from the extra- 
thoracic trachea to the alveolar ducts, nervous regulation affects mainly 
the smooth muscle of the larger airways with cartilage in their walls, in- 
cluding that of  the bronchi of intermediate size, whose calibre is the major 
determinant of  airflow resistance in the lungs; the smooth muscle of  the 
smaller airways, whose tone affects lung compliance rather than airflow 
resistance, does not in general appear to be under nervous control (Wool- 
cock et al. 1969; Karczewski and Widdicombe 1969a; Stephens and 
Kroeger 1980; Nadel 1980; Orehek 1981). Like the smooth muscle of  the 
gut, airway smooth muscle has a dual efferent nerve supply: parasympath- 
etic and sympathetic. The parasympathetic (vagus) nerves are excitatory 
to airway smooth muscle and cause bronchoconstriction. The role of the 
sympathetic innervation is controversial and varies with the species (Orehek 
1981). Unlike the smooth muscle of the gut, airway smooth muscle has 
little or no intrinsic tone; however, tonic low-frequency activity in vagal 
bronchomotor  fibres (Widdicombe 1966) appears to maintain a significant 
degree of airway smooth muscle tone under normal conditions, and air- 
flow resistance is decreased by cutting or cooling the vagus nerves or by 
administering atropine (Nadel 1980). 

The vagal centres controlling the tone of airway smooth muscle re- 
ceive a drive from the medullary chemoreceptors (Loofbourrow et al. 
1957; Nadel and Widdicombe 1962a); they also receive input from arterial 
chemoreceptors and baroreceptors (Nadel and Widdicombe 1962a) and 
from chemosensitive endings in skeletal muscle (Coleridge et al. 1982a; 
Kaufman et al. 1982b), as well as from afferent nerve endings in the respi- 
ratory tract itself. In regard to the reflex role of input from the upper 
respiratory tract, mechanical and chemical stimuli applied to the nose 
have inhibitory effects on airway smooth muscle (Tornori and Widdicornbe 
1969;Allison et al. 1974), while those applied to the larynx have excita- 
tory effects (Nadel and Widdicombe 1962b; Boushey et al. 1972). As to 
the role of input from the lower airways, slowly adapting stretch receptors 
have a tonic inhibitory influence on airway smooth muscle (Widdieornbe 
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and Nadel 1963), whereas chemically sensitive nerve endings have an ex- 
citatory one. The identity of these excitatory, chemically sensitive nerve 
endings has aroused much interest, particularly in view of the possibility 
that reflex bronchoconstriction is triggered or aggravated by release of 
lung autocoids in airway diseases and by the action of chemical air pollu- 
tants in the intrathoracic airways. Traditionally, the reflex bronchocon- 
striction evoked by administration of histamine to the lower airways has 
been attributed to stimulation of rapidly adapting (irritant) receptors 
with myelinated fibres (Mills et al. 1969; Gold et al. 1972; Karczewski 
and Widdicombe 1969c; Nadel 1980; Widdicombe 1974a, b, 1977a, b, 
1981), and until recently an exclusive role for irritant receptors has been 
postulated in bronchoconstrictor reflexes evoked by a variety of lung 
autocoids and foreign airway irritants (Widdicombe 1974a, b, 1977a, b). 
There is now increasing evidence that non-myelinated afferents from the 
lower respiratory tract play an important and previously unsuspected role 
in such reflexes, and that low-frequency background activity in these 
afferent C fibres exerts a tonic excitatory influence on vagal broncho- 
constrictor tone. 

Reflex changes in bronchomotor tone have been studied by measuring 
tung resistance (Nadel and 14/iddicombe 1962a), by measuring airway dia- 
meters in serial tantalum bronchograms (Fig. 22) (Nadel et al. 1968; 
Russell and Lai-Fook 1979) and by recording isometric contraction in the 
trachealis muscle of an innervated segment of the upper trachea (Fig. 23) 
(Brown et al. 1980; Roberts et al. 1981b). The last has certain advantages 
in reflex studies: it permits investigation of an airway smooth muscle 
whose ultrastructural, mechanical and pharmacological properties are 
generally similar to those of smooth muscle in large bronchi (Stephens and 
Kroeger 1980) but which is more accessible; it allows variations in airway 
smooth muscle tone to be recorded continuously; and it also allows 
reflex bronchomotor and bronchosecretory mechanisms to be studied 
simultaneously in a single preparation. Moreover, since the upper trachea 
receives most of its motor innervation from the superior laryngeal nerves, 
the recurrent and pararecurrent nerves can be cut, separating the afferent 
and efferent limbs of a vagal reflex originating in the lungs. The investiga- 
tor is then able to examine the effects of blocking the afferent pathway in 
the cervical vagal trunk without interrupting the vagal efferent pathway 
to the smooth muscle of the tracheal segment (Figs. 23, 25). 

Tracheal and bronchial smooth muscles have similar length-tension 
characteristics in vitro (Russell 1978; Souhrada and Dickey 1976) and 
their responses to chemical agonists appear comparable (Hendrix et al. 
1983). Even so, it is possible that elicitation of reflex isometric tracheal 
contraction is not necessarily accompanied by a physiologically significant 
change in pulmonary "resistance (Left et al. 1982). However, stimulation 
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of pulmonary C fibres in dogs by a similar dose of  capsaicin evokes reflex 
contraction of  the tracheal segment (Coleridge et al. 1982a) and a reflex 
decrease of  20% in peripheral airway diameter measured by tantalum 
bronchograms (Russell and Lai-Fook 1979), effects on trachea and peri- 
pheral airways having a similar time course. Hence reflex changes in 
tracheal tone appear to provide a good indication of  the direction of  
changes in tone in more peripheral airways. 

5.5.2 Role of  Pulmonary C Fibres 

That bronchoconstriction is a component  of  the pulmonary chemoreflex 
was suggested by the observations of Barer and Nusser (1953) in cats. 
Clear evidence of bronchoconstriction was obtained by Karczewski and 
Widdicombe (1969c), who found that right atrial injection of phenyl- 
diguanide evoked a reflex increase in airway resistance in rabbits. The latter 
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Fig. 22. Comparison of the effects of right and left ventricular injection of capsaicin 
on airway diameters in artificially ventilated dogs, as revealed by tantalum broncho- 
grams. Intrapulmonary airways were outlined with tantalum dust and diameters were 
determined by taking serial roentgenograms at end-expiration. Capsaicin (20/~g kg -1) 
was injected during a 7-s period indicated by the horizontal solid bar. Each point re- 
presents the mean diameter of 36 airways (6 dogs) expressed as a percentage of the 
control  diameter (t ime 0). The horizontal dashed lines indicate: above, effects of 
bilateral vagotomy; below, effects of bilateral stimulation of the peripheral ends of the 
cut vagus nerves (25 V, 25 Hz, 3 ms pulses) to produce maximal bronchoconstriction. 
(Russell and Lai-Fook 1979) 
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invest igators  also observed tha t  a small ref lex c o m p o n e n t  o f  the  increase 

in a i rway resistance evoked  by  p u l m o n a r y  anaphylaxis  in rabbits  was still 

present  a f te r  the  vagus nerves had been cooled  to 8 ° - 1 0 ° C ,  and they  con- 
c luded  that  'def la t ion  recep to rs '  supplied b y  C fibres (i.e. p u l m o n a r y  C 
fibres) con t r i bu t ed  to  these b r o n c h o c o n s t r i c t o r  ef fec ts  (Karczewski and 
Widdicombe 1969b) .  Subsequen t ly  Russell and Lai-Fook (1979)  demon-  
s t ra ted  by  means  o f  t an ta lum b ronchograms  tha t  in jec t ion o f  capsaicin 

in to  the  right ventr icle o f  dogs caused ref lex  b ro n c h o c o n s t r i c t i o n  (Fig. 22). 
Since airway d iamete r  was largely unaf fec ted  by  in jec t ion o f  capsaicin in to  
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Fig. 23. Innervated tracheal segment (TS) for examining the reflex control of airway 
smooth muscle in dogs. The upper trachea is incised ventrally in mid-line, and each cut 
edge is retracted laterally and attached to a light plastic bar, one bar being anchored to 
a fixed metal rod, the other attached to an isometric force transducer (FT) mounted 
on a rack and pinion. The segment is stretched initially to a baseline tension of 50 or 
75 g. Recurrent (and pararecurrent) laryngeal nerves (RLN) are cut so that segment is 
innervated only by superior laryngeal nerves (SLN). Cervical vagus nerves (VN) are 
placed on cooling platforms (CP). Right bronchial artery (Br A) lies dorsal (dotted 
line) to right lung root. Smaller diagram on left depicts right bronchial artery stem- 
ming from an intercostal artery (Int A), which arises from thoracic aorta (Ao). Brady- 
kinin (BK) or other chemicals injected retrogradely into intercostal artery pass into 
bronchial artery. (Roberts et at. 1981 b) 
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the left ventricle, and since the effects of fight ventricular injection were 
abolished by vagotomy, they reasonably attributed the bronchoconstric- 
tion to a vagal reflex initiated by stimulation of  pulmonary C fibres. 

The reflex influence of  pulmonary C fibres on airway smooth muscle 
in dogs was also demonstrated by Coleridge et al. (1982a), using the inner- 
vated tracheal segment. Injection of capsaicin into the right atrium usually 
evoked an increase in tracheal tension, whereas injection into the left 
atrium usually did not (Fig. 24). The contraction evoked by fight atrial 
injection still occurred after conduction in myelinated fibres had been 
blocked by cooling the mid-cervical vagus nerves to 6-7°C but was 
abolished by cutting the nerves or by cooling them to 0°C. Since the 
tracheal segment was supplied only by the superior laryngeal nerves (see 
above), the response to right atrial injection was due to a reflex whose 
afferent arm was in the vagus nerve, and since pulmonary C fibres are the 
only vagal afferents in dogs to be stimulated by capsaicin reaching them 
from the pulmonary circulation (Coleridge et al. 1965; Coleridge and 
Coleridge 1977b), clearly the reflex was triggered by them. 

Reflex contraction of tracheal smooth muscle is also evoked in dogs 
when pulmonary C fibres are stimulated by inflating the lung (Roberts et 
al. 1972a). In this case effects on airway smooth muscle are somewhat 
analogous to the paradoxical effects on breathing described by Head 
(1889) and Widdieombe (1967), in that they are not clearly revealed until 
the vagus nerves are cooled sufficiently to abolish the overriding inhibitory 
influence of slowly adapting pulmonary stretch receptors on the airways 
(Widdicombe and Nadel 1963). When the vagus nerves are at body tem- 
perature, lung inflations of 2 - 3  V T above functional residual capacity 
evoke relaxation of  the tracheal segment (Roberts et al. 1982a). When the 
vagus nerves are cooled, however, the inflation-evoked relaxation is gradu- 
ally reduced and at vagal temperatures of between 10°C and 6°C inflation 
evokes contraction. With further vagal cooling, the inflation-evoked con- 
traction is progressively reduced and is abolished at 0°-2°C. Rewarming 
the vagus to body temperature restores the original inhibitory response. 
Since the afferent input from slowly adapting and rapidly adapting stretch 
receptors is blocked at 6°-7°C, whereas that in C fibres is not completely 
blocked until O°C (Coleridge et al. 1982b), the inflation-evoked contract- 
tion unmasked by vagal cooling can be attributed mainly to stimulation of 
pulmonary C fibres. The contribution of bronchial C fibres to the increase 
in tracheal tension is probably small, because they are in general only 
weakly stimulated by the degree of lung inflation (2 -3  V T) used in these 
experiments (Coleridge and Coleridge 1977b; Kaufman et al. 1982a). 
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Fig. 2 4 A - E .  Changes in tracheal tension and arterial blood pressure evoked in a dog 
I by injecting capsaicin at different sites in the bloodstream: A right atrium (10/~g kg- ); 

B left atrium (10/ lg  kg-1); 12 right bronchial artery (3 btg); D femoral artery (50/ag); 
E femoral vein (10 #g kg-~). Tracheal contraction in A and E was due to stimulation 
of pulmonary C fibres, and that in C to stimulation of bronchial C fibres; tracheal 
relaxation in B and D was due to stimulation of  afferent nerves in skeletal muscle. 
ABP, arterial blood pressure; Tr tension, tracheal tension (baseline tension set at 75 g). 
(Coleridge et al. 1982a) 

5.5.3 Role of Bronchial C Fibres 

Russell and Lai-Fook (1979) found little or no reduction in airway dia- 
meter in dogs when they injected capsaicin into the left heart, though 
such an injection is known to stimulate bronchial C fibres (Coleridge and 
Coleridge 1977b). Indeed, Russell and Lai-Fook observed that left ventri- 
cular injection even evoked slight bronchodilatation (Fig. 22). These re- 
suits could be taken to indicate that bronchial C fibres had little broncho- 
constrictor action, at least in dogs. Russell and Lai-Fook were careful to 
point out, however, that their findings did not exclude a reflex action of 
bronchial C fibres on airway smooth muscle, because opposing reflexes set 
in train by the effect of  capsaicin on other susceptible afferent endings, 
located in the heart and great vessels (Coleridge et al. 1964a, 1973a) or 
elsewhere, may have masked the effects of  stimulating bronchial C fibres. 
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Fig. 25. Reflex contraction of tracheal smooth muscle evoked by stimulating bronchial 
C fibres, and abolition of the response by cooling or cutting mid-cervical vagus nerves. 
Dog, chest open and lungs ventilated by a pump; recurrent and pararecurrent nerves 
were cut. A-E, 1.5 tag bradykinin (BK) injected into right bronchial artery: A, vagal 
temperature 36°C; B, vagi cooled to 7°C (note increase in baseline tension); C, vagi 
cooled to 0°-1 °C; D, vagi rewarmed. Vagi cut between D and E. E, response to brady- 
kinin abolished but reflex tracheal contraction could still be evoked by ventilating 
lungs with 5% 02 in N2 {F) (at all other times in A-F, lungs ventilated with 50% 02 
in air). Note changes in tracheal pressure; lungs were briefly hyperinflated between A 
and B, and between C and D. VagaI temp, temperature of mid-cervical vagus nerves on 
cooling platforms; ABP, arterial blood pressure; HR, heart rate; Tr tension, tracheal 
tension (baseline, 50 g); PT, tracheal pressure. (Roberts et al. 1981b) 

This suggestion has proved to be cor rec t ,  for  selective s t imulat ion o f  bron-  
chial C fibres by  inject ion o f  bradykin in  direct ly  in to  the  bronchia l  a r te ry  
evoked an unequivocal  ref lex increase in t racheal  smo o t h  muscle tension 
(Fig. 25) (Roberts et al. 1981b) .  Sensit ivity to b radyk in in  varied widely 
f rom dog to dog bu t  in a given dog the response was dose dependen t .  
Tracheal  tension increased in all dogs af ter  in ject ion o f  1.5 tag bradykin in ;  
in half  the  dogs one- t en th  o f  this dose evoked con t rac t ion ,  and in one dog 
as little as 19 ng was effect ive.  Con t r ac t ion  could  still be evoked when 
mye l ina ted  vagal fibres were b locked  by cool ing to 7°C bu t  was abolished 
when non-mye l ina ted  fibres were b locked  by  cooling to  0 ° -  1 °C (Fig.25).  
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The afferents responsible for tracheal contraction were undoubtedly 
situated within the immediate vascular territory supplied by the bronchial 
artery, for injection of similar doses of bradykinin into the left atrium had 
little effect on tracheal tension (Roberts et al. 1981b). Bradykinin has no 
direct effect on airway smooth muscle in dogs (Waaler 1961;Roberts et 
al. 1981b). Since bronchial C fibres were the only lung afferents to be 
stimulated significantly by bronchial arterial injection of such small 
amounts of bradykinin (Kaufrnan et al. 1980b; Roberts et al. 1981b), 
there is no doubt that the reflex tracheal contraction was initiated by 
bronchial C fibres. 

Stimulation of  bronchial C fibres by capsaicin caused reflex tracheal 
contraction when doses one hundredth or less of those that failed to trig- 
ger contraction from the left atrium were injected directly into the bron- 
chial artery (Fig. 24) (Coleridge et al. 1982a). Effects were dose dependent 
and contraction could be evoked by as little as 150 ng, a dose that had no 
effect when injected downstream to the bronchial vascular bed. Effects 
survived vagal cooling to 6°-8°C but were abolished by cooling to 0°C. 
Action potential studies confirmed that bronchial C fibres were the only 
intrapulmonary afferents to be stimulated by the small doses of  capsaicin 
injected in the reflex experiments. Serial injection of capsaicin at more 
peripheral sites revealed that afferents stimulated by left atrial injection 
and capable of  masking the bronchoconstrictor action of bronchial C fibres 
were located in hindlimb skeletal muscle (Fig. 24D) (Coleridge et al. 
t 982a; Kaufman et al. 1982b). There may be as yet unidentified afferents 
at other sites with similar reflex bronchodilator properties. 

Reflex tracheal contraction was also evoked by inhalation of brady- 
kinin aerosol (0.01%-0.1%) through a cannula in the lower trachea 
(Figs. 21, 26) (Coleridge et al. 1983). The response, which was abol- 
ished by cutting or cooling the vagus nerves, appeared to be due solely to 
stimulation of afferent vagal endings in the lower respiratory tract, for the 
absence of  any change in blood pressure was good evidence that bradykinin 
had not entered the general bloodstream (Figs. 21, 26). (Bradykinin is a 
powerful vasodilator, acting directly on vascular smooth muscle, and infu- 
sion of  as little as 0.5 t~g min -1 into the aorta decreased blood pressure 
but had no effect on tracheal tone.) 

In all the above experiments in which bronchial C fibres evoked reflex 
contraction of tracheal smooth muscle, the inhibitory influence of slowly 
adapting pulmonary stretch receptors on bronchomotor  tone remained 
relatively constant because the lungs were ventilated artificially. In spon- 
taneously breathing animals, however, airway defence reflexes are charac- 
terized by tachypnoea. Under these conditions the question arises whether, 
in spite of  the reduced tidal volume, pulmonary stretch receptor input is 
increased sufficiently by tachypnoea to oppose effectively the broncho- 
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Fig. 26. Stimulation of airway C fibres by administration of bradykinin aerosol (0.01% 
solution) to the lower trachea in a dog evokes reflex contraction of an upper tracheal 
segment (aerosol delivery signalled by black: bar). The chest was open and the lungs 
were ventilated by positive pressure. The tracheal response was subsequently abolished 
by cutting the vagus nerves. PCOz, tidal CO2 ;ABP, arterial blood pressure; HR, heart 
rate; Tr tension, tracheal tension in grams above a baseline set at 75 g; PT, pressure in 
lower trachea. (Coleridge, Coleridge and Roberts, unpublished) 

constrictor influence of  bronchial C fibres. In the event, bradykinin aero- 
sols administered to the lower airways of  spontaneously breathing dogs 
caused sustained tracheal contraction in spite of  an often marked degree 
of  tachypnoea (Coleridge et al. 1983). 

5.5.4 Role o f  C Fibres in Bronchomotor Tone 

There is evidence that  vagal bronchomotor  tone in cats is entirely depen- 
dent upon vagal input, for Jammes and Mei (1979) found that  selective 
section of  afferent vagal fibres at the level of  the nodose ganglion (Mei 
1966) appeared to abolish all bronchoconstrictor tone. Finding that bron- 
chomotor  tone was also abolished when procaine was applied to the intact 
vagus nerves in a concentration that selectively blocked the C-wave of  the 
evoked compound action potential, Jamrnes and Mei further postulated 
that vagat bronchoconstrictor tone is maintained largely by background 
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activity in C fibres from the lung. These observations are open to the ob- 
jection that the application of local anaesthetic must have blocked efferent 
as well as afferent vagal pathways, because not only are many vagal pre- 
ganglionic fibres non-myelinated (Agostoni et al. 1957) but local anaesthe- 
tic block does not discriminate adequately between non-myelinated and 
small myetinated fibres (Nathan and Sears 1961 ; Franz and Perry 1974). 
Nevertheless, the hypothesis of Jamrnes and Mei (1979) receives some sup- 
port from the observation of Roberts et al. (1981b, 1982a) in dogs that 
progressive cooling of the lower cervical vagus nerves increased smooth 
muscle tension in an upper tracheal segment innervated only by the supe- 
rior laryngeal nerves. Tension reached a peak at 7°-8°C and then decreased 
as the temperature was reduced to 2°C. The initial increase in tone was 
attributed to abolition of  the inhibitory influence of  slowly adapting pul- 
monary stretch receptors (Widdicombe and Nadel 1963) and to unmask- 
ing of  the excitatory influence of  afferent C fibres, which were themselves 
blocked by further cooling. Since this excitatory effect could no longer be 
obtained after the pulmonary vagal branches had been cut, it was probably 
initiated by background activity in lung C fibres. These results (Roberts 
et al. 198 l b, 1982a) provide support for the hypothesis that input from 
lung C fibres contributes to bronchomotor  tone, but they do not justify 
the conclusion that lung C fibres are solely responsible. Jammes and Mei's 
results appear to discount the possible influence of other mechanisms on 
vagal bronchoconstrictor tone, but the results of some investigators indi- 
cate that the central action of CO2 is a powerful factor (Loofbourrow et 
al. 1957; Widdicombe 1966; Richardson et al. 1982). We have found that 
in some dogs even a small decrease in end-tidal PCO2 is sufficient to de- 
crease tracheal smooth muscle tension, an affect that is abolished by sec- 
tion of  the superior laryngeal nerves (Coleridge, Coleridge and Roberts, 
unpublished Observations). 

5.6 Reflex Changes in Tracheobronchiat Secretion 

The formation of  mucus by the submucosal glands and surface epithelial 
goblet and serous cells of the tracheobronchial tree is an integral part of 
the defence mechanisms of the lungs and airways (Reid 1960; Widdicombe 
1978; Nadet et al. 1979;Nadel and Davis 1980). Mucus acts as a barrier to 
penetration by noxious chemicals and physical agents, absorbing or trap- 
ping them and limiting their passage into the tissues; it also serves as the 
vehicle in which these noxious agents are moved up the airways by the 
sweeping action of the cilia, to be swallowed or expelled by coughing. In 
dogs, cats and humans~ submucosal glands and epithelial goblet and serous 
cells are present in airways that contain cartilage (i.e. in trachea and larger 
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b ronch i  but  no t  in bronchioles) .  Submucosa l  gland secre t ion is increased 

by  s t imula t ion  o f  p a r a s y m p a t h e t i c  nerves and b y  chol inergic  drugs,  as well 
as by  s t imula t ion  o f  s y m p a t h e t i c  adrenergic  nerves (Gallagher et al. 1975; 
Nadel and Davis 1980).  Ai rway  secre t ion  is increased ref lex ly  by  s t imula-  
t ion  o f  carot id  b o d y  c h e m o r e c e p t o r s  (Davis et al. 1982a)  and a f fe ren t  
endings in the  resp i ra to ry  t r ac t  (Phipps and Richardson 1976;  Widdicombe 
1978;  Nadel et al. 1979;  Nadel and Davis 1980;  Davis et al. 1982b).  

Fig. 27A, B. Photomicrographs of tantalum-coated mucosa on ~ateral wall of upper 
tracheal segment (viewed through a dissecting microscope). White lines enclose area of 
1.2 cm 2, which was displayed on television screen; the image was also recorded on 
videotape for playback and measurement of the rate of secretion. A Appearance of 
mucosa 60 s after it had been dried and sprayed with powdered tantalum, i.e. at end 
of control period and immediately before 1.5 #g bradykinin was injected into bron- 
chial artery. B Appearance of mucosa 60 s after injection of bradykinin. (Davis et al. 
1982b) 
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Investigators have employed two methods to examine the reflex con- 
trol of  air.¢ay secretion in cats and dogs, the activity of  submucosal glands 
in the more accessible trachea being taken as an index of secretion in 
peripheral airways. In cats, the glycoprotein fraction of mucus has been 
labelled with 3sS and the secretory output  measured at 15-rain intervals 
by a washout method (Phipps and Richardson 1976). In dogs, the mucosa 
of  an upper tracheal segment (see above) has been viewed through a dis- 
secting microscope after being dried and sprayed with powdered tantalum 
(an inert metal) until a thin uniform layer coats the surface (Fig. 27A). 
The tantalum layer prevents ciliary dispersion of secretion issuing from 
the submucosal gland ducts, and the resulting accumulations of mucus 
elevate the tantalum to form hillocks (Fig. 27B). Counts of  the hillocks 
appearing in unit time and measurements of hillock diameter provide an 
index of  the rate of  secretion (Figs. 28, 29) (Davis et al. 1982b). 

5.6.1 Effects o f  Pulmonary C Fibres on Secretion 

We think it likely that stimulation of  pulmonary C fibres will be found to 
increase airway secretion, but the evidence so far is inconclusive. In ex- 
periments in cats, Phipps and Richardson (1976) injected phenyldiguanide 
into the right atrium but observed no increase in the output  of  radio-label- 
led glycoprotein. Administration of  histamine aerosol to the lower airways 
was also ineffective, but administration of  ammonia vapour to the lower 
airways evoked cough and an increase in tracheal glycoprotein output .  
Phipps and Richardson concluded that although it was unlikely that pul- 
monary C fibres (J receptors) or intrapulmonary irritant receptors had any 
influence on airway secretion, other lower respiratory afferents ( 'cough 
receptors') were undoubtedly effective. In dogs, by contrast, injection of  
capsaicin into the right atrium to stimulate pulmonary C fibres increased 
tracheal submucosal gland secretion measured by the hillock method,  but 
the relatively long latency of the response (average 9 s), which exceeded 
the pulmonary circulation time, made it impossible to attribute the reflex 
effect to pulmonary C fibres with absolute certainty (Davis, Roberts, 
Coleridge and Coleridge, unpublished observations). 

5.6.2 Effects o f  Bronchial C Fibres on Secretion 

Selective stimulation of  bronchial C fibres by injection of  small doses of  
capsaicin or bradykinin into the right bronchial artery not only evoked 
tracheal contraction, but also caused a rapid increase in tracheal secretion 
(Davis et al. 1982b) (Figs. 27-29) .  Control injections of  solvent had no 
effect. The reflex increase in secretion was abolished by cooling the lower 
cervical vagus nerves to O°C (Figs. 28B, 29) and was restored by rewarm- 
ing the nerves (Fig. 28C); the response was also abolished by atropine. 
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Fig. 28. Effects on tracheal submucosal gland secretion, tracheal tension, arterial 
blood pressure and heart rate evoked by injecting 3 #g capsaicin into the bronchial 
artery of a dog (at signal in A, B and C) and abolition of the effects by vagal cooling. 
Temperature of vagus nerves was: A, 37°C; B, 0°C; C, 37°C. Recurrent and para- 
recurrent nerves were already cut, so that cooling of mid-cervical vagus nerves had no 
effect on the segment's efferent nerve supply in the superior laryngeal nerves. Secre- 
tion, in hillocks per 1.2 cm 2 of mucosa; ABP, arterial blood pressure;HR, heart rate; 
Tr tension, tracheal tension in grams above a baseline set at 75 g; PT, tracheal pres- 
sure. (Davis et al. 1982b) 

Bronchial C fibres are the only pulmonary afferents to be stimulated by 
the small doses of  chemical injected (Kaufman et al. 1980b;Rober t s  et al. 
1981b; Coleridge et al. 1982a); hence there is good reason to conclude 
that they were responsible for the reflex increase in secretion. Since secre- 
t ion usually coincided with tracheal contract ion,  it might be argued that 
the hillocks were not  due to a sudden increase in secretion but  merely 

represented previously secreted material that had been stored in the gland 
ducts until it was squeezed out  by the contracting tracheal smooth muscle. 
However, hillocks sometimes appeared before tracheal cont rac t ion; indeed,  
in some experiments copious secretion occurred without  any contract ion 
at all - hence the response represented a true increase in the rate of  secre- 

tion. 
Sulphur dioxide administered to the lower airways o f  dogs, like am- 

monia vapour in cats (Phipps and Richardson 1976), causes cough and in- 
creased tracheal secretion, effects being abolished by cutting or cooling 
the lower cervical vagus nerves (Hahn et al. 1982b;Roberts et al. 1982b). 
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Fig. 29A-D. Mean rate of appearance of fluid hillocks (per 1.2 cm 2 of mucosa) after 
injection of capsaicin or bradykinin into right bronchial artery, and the abolition of 
the response by cooling or cutting vagus nerves. A, B 3/2g capsaicin injected: A vagus 
nerves intact at 37 C (20 experiments); B vagus nerves cooled to 0 C (7 expenments). 
C, D t.5 /2g bradykinin injected: C vagus nerves intact at 37°C (14 experiments); D 
vagus nerves cut (2 experiments) or cooled to 0°C (5 experiments). Vertical broken 
line indicates time of injection. Values shown are means -+ SE. (Davis et al. 1982b) 

In parallel afferent fibre studies, pulmonary and bronchial C fibres were 
found to be the only vagal afferents to be stimulated by SO2, the concen- 
tration required for threshold effects being 50 ppm. Concentrations of  
SO2 from 100 to 500 ppm failed to stimulate rapidly adapting (irritant) 
receptors, and effects on slowly adapting pulmonary stretch receptors 
were, if anything, inhibitory (Roberts et al. t 982b).  It seems not  unreason- 
able to suggest that pulmonary as well as bronchial C fibres were involved 
in the secretory response. 

5.7 Role of  C Fibres in Cough and Irritant Sensations 

The explosive expiratory act of  coughing is perhaps the most dramatic re- 
flex consequence of  stimulating the afferent vagal nerves innervating the 
respiratory tract below the larynx; its function to expel secretions or in- 
haled irritants from the airways is immediately obvious. An increase in 
airway secretion usually accompanies coughing, and increases its effective- 
ness by acting as a vehicle in which foreign particles and chemicals can be 
transported up the airways for expulsion. Cough is also accompanied by 
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bronchoconstriction (Widdicombe 1963, 1977a) and by irritant sensations 
transmitted by the vagus (Noble et al. 1970; Guz 1977b). The sensations 
can be crudely localized to the region from which the cough arises and 
may be described as having a tickling, scratching or burning quality, de- 
pending on the intensity of the stimulus. Coughing often gives temporary 
relief to such irritant sensations even when no secretions or inhaled mate- 
rials appear to be expelled; in this sense "tickling in the tubes' is transiently 
relieved by coughing in much the same way as itching of  the skin is re- 
lieved by scratching. Repetitive, non-productive cough is often character- 
istic of  lower airway diseases such as asthma. 

In a review which, although brief, remains one of the most useful ex- 
positions of  the cough reflex, Bueher (1958) suggested that there were no 
specific cough receptors as such in the mucous membrane of  the lower 
respiratory tract, but that a sufficient increase in the general level of  af- 
ferent stimulation or irritation by any factor could trigger cough. Bucher 
also proposed that the expiratory facilitation provided by input from 
slowly adapting pulmonary stretch receptors was essential for the induction 
of  cough. This hypothesis has received some support from the results of  
recent experiments in rabbits, in which selective block of  pulmonary 
stretch receptors by the brief administration of  high concentrations of  
SO2 abolished the cough reflex induced by application of  chemical and 
mechanical stimuli to the lower airways and larynx (Hanaeek et al. 1980; 
Sant'Ambrogio et al. 1980). Nevertheless, although there now appears to 
be some support for the notion that no single category of  afferent is solely 
responsible, there is good evidence that certain categories of  afferent are 
critically involved in the induction of coughing from particular parts of  
the lower airways. Thus, experiments on animals indicate that cough 
triggered by particulate irritants in the lower respiratory tract arises pre- 
dominantly from stimulation of rapidly adapting receptors that are present 
in large numbers in the region of  the carina: these are, indeed, the only 
afferents to which the specific appellation 'cough receptor' has been 
applied (Fillenz and Widdicombe 1972; Widdicombe 1954a, 1977a). The 
major reflexogenic area for cough triggered by chemical irritants such as 
SO2 and ammonia is located more peripherally, in the intrapulmonary 
airways (lfiddieombe 1954a, 1963, 1964). 

Present evidence suggests that C fibres supply the critical afferent input 
when cough and sensations are evoked by chemical stimulation within the 
lung. The evidence, some of  which is necessarily indirect, is based on the 
results of reflex studies in human subjects and experimental animals and 
on their interpretation in the light of vagal action potential studies in 
animals. Although cough has never been described as part of  the pul- 
monary chemoreflex in animals, it appears to be a prominent component  
of  the pulmonary chemoreflex response that is induced in man by intra- 
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venous or pulmonary arterial injection of  lobeline (Eckenhoff and Comroe 
1951;Bevan and Murray 1963; Stern et al. 1966; Jain et al. 1972). Thus 
Eckenhoff and Cornroe (1951) described cough as the most prominent  
respiratory response to injection of  lobeline. In a later study by Jain et al. 
(1972), in which a smaller dose of lobeline was injected, cough occurred 
only after several seconds of  apnoea, and still smaller doses of  lobeline 
evoked apnoea only. Retrosternal burning sensations, not sufficiently 
severe to be alarming, were described by the subjects in both studies; some 
subjects also described sensations referred to the lower throat and nose 
(Jain et al. 1972). The cough and retrosternal burning sensations reported 
by Eckenhoff and Comroe (1951) occurred as the lobeline was passing 
through the pulmonary circulation, 5 - 1 0  s before the onset of the typical 
increase in rate and depth of  breathing evoked by stimulation of  arterial 
chemoreceptors when lobeline gained the systemic circulation. Brady- 
cardia has also been reported as a component  of  the short-latency response 
to injection of  lobeline in man (Bevan and Murray 1963). Both Dawes and 
Comroe (1954) and Jain et al. (1972) attributed the cough and respiratory 
sensations to stimulation of  the pulmonary nerve endings responsible for 
initiating the pulmonary chemoreflex. Although others have suggested 
that the afferent endings responsible for these effects are located in the 
pulmonary artery rather than in the lung itself (Bevan and Murray 1963; 
Stern et al. 1966), there is no convincing electroneurographic evidence to 
support this hypothesis, and Paintal's (1973) suggestion that the immediate 
effects of  injecting lobeline into the right heart are adequately explained 
by the stimulation of C fibres in the lung seems the most reasonable one 
at present. 

Inhalation of bradykinin aerosols also evokes coughing, or an urge to 
cough, and sensations of irritation, tickling and rawness in human subjects 
(Lecomte et al. 1962; Sirnonsson et al. 1973); the sensation of rawness in 
the airways suggested that bradykinin aerosol had passed through the 
larynx to the lower respiratory tract. There is experimental support for 
the notion that airway C fibres are involved in this response in man: thus, 
administration of  bradykinin aerosols to dogs in concentrations similar 
to those used in the human studies vigorously stimulates C fibres in 
the extra- and intrapulmonary airways but has no significant effect on 
other vagal afferents in the lower respiratory tract (Coleridge et al. 
1983). 

Marked coughing has also been evoked in conscious dogs by adminis- 
tration of SO2 to the lower airways through a tracheostomy (Hahn et al. 
1982b). Administration of similar concentrations of  SO2 to the lower air- 
ways in anaesthetized dogs stimulated both bronchial and pulmonary C 
fibres, and also C fibres in the extrapulmonary airways, but had little 
effect on irritant receptors (Roberts et al. 1982b). Coughing evoked in 
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conscious dogs by prolonged inhalation of  SO2 followed a characteristic 
time course, episodes of rapid shallow breathing occurring at intervals of 
2 - 3  min, each acceleration of  breathing culminating in a brief bout of 
coughing (Hahn et al. 1982b). Action potential studies revealed that the 
stimulation of afferent vagal C fibres from the lungs and lower airways 
during prolonged inhalation of  SO~ followed a similarly episodic time 
course (Roberts et al. 1982b). In conscious dogs both coughing and the 
episodic tachypnoea (together with the other respiratory and circulatory 
effects described in earlier sections) are abolished by cooling the vagus 
nerves to 0°C. There can be little doubt that afferent vagal C fibres arising 
from the lower respiratory tract provided the critical input for the cough- 
ing in the above-mentioned studies. 

5.8 Reflex Cardiovascular Depressor Effects 

Vagal afferent input from the lower respiratory tract and lungs has been 
known since the middle of  the nineteenth century to have an inhibitory 
effect upon the heart (see Brodie and Russell 1900); indeed, Brodie and 
Russell claimed that of all the afferent vagal inputs capable of  evoking 
reflex cardiac slowing, that from the lungs was most potent.  They found 
that central stimulation of  even a single small hilar branch of  the pul- 
monary vagus in dogs evoked an immediate bradycardia; a similar brady- 
cardia of  rapid onset was evoked by administration of  high concentrations 
of  irritant gases to the lower airways and could no longer be obtained 
after the pulmonary branches of the vagus were cut. Brodie and Russell 
suggested that the lung afferents responsible for this reflex cardiac inhibi- 
tion were identical with those initiating the apnoea, bradycardia and peri- 
pheral vasodilatation evoked in cats by intravenous injection of serum or 
egg-white (Brodie 1900). What was later to be called the 'pulmonary 
depressor chemoreflex' (Dawes and Comroe 1954) has since been demon- 
strated in several species, and it is now clear that pulmonary C fibres are 
the only afferents whose latency of  response is sufficiently short to ac- 
count for the rapid onset of  these powerful cardiovascular reflexes. Bron- 
chial C fibres also exert depressor effects, although their reflex influence 
on the heart and circulation appears to be less powerful than that of  pul- 
monary C fibres. 

5.8.1 Role of  Pulmonary C Fibres 

5.8.1.1 Cardiac Effects 
The cardiac effects of stimulating pulmonary C fibres are seen in their 
most striking form in the pulmonary chemoreflex. The bradycardia 
resulting from right atrial injection of capsaicin or phenyldiguanide is 
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immediate and profound, and undoubtedly accounts for the major part of  
the dramatic fall in arterial blood pressure (Figs. 5, 16). Because both af- 
ferent and efferent limbs of  the cardiac reflex travel in the cervical vagus 
nerves, the conventional techniques of  cutting or cooling the vagi at this 
level do not necessarily help to identify the afferent pathways. Neverthe- 
less, in cats the bradycardia induced by phenyldiguanide is not abolished 
until the vagus nerves are cooled to below 3°C (Dawes et al. 1951), in- 
dicating that in this species C fibres contribute to both afferent and effer- 
ent limbs of  the reflex. In dogs, however, the reflex cardiac effects of cap- 
saicin are said to be abolished at a vagal temperature of 8 ° -  10°C, a finding 
that was explained by the observation that conduction in cardiac efferents 
in dogs appeared to be blocked at this temperature (Porszasz et al. 1957). 

A major component  of the cardiac chemoreflex in cats is a fall in right 
ventricular output  that cannot be explained by a reduction in venous 
return or an increase in pulmonary vascular resistance (Barer and Nusser 
1958); it appears to be a primary vagal effect on the heart. Vagal in- 
hibition begins within 2 - 3  s of  right atrial injection of  capsaicin and often 
produces a period of asystole lasting for several seconds (Fig. 16) (Cole- 
ridge et al. 1964b, 1965, 1968); restoration of  sinus node activity is often 
accompanied by several cycles of  atrioventricular block (grender and 
Webb-Peploe 1969). This vagal inhibition may be more pronounced in 
spontaneously breathing animals, when it is accompanied by arrest of  
breathing, than in artificially ventilated animals, when phasic lung infla- 
tion is uninterrupted (Coleridge and Coleridge, unpublished observations). 
This difference is probably accounted for by the difference in pulmonary 
stretch receptor activity in the two situations. Slowly adapting pul- 
monary stretch receptors promote tachycardia (Daly 1972); during apnoea 
their influence is withdrawn, whereas during artificial ventilation their 
rhythmic input may to some extent oppose the bradycardia evoked by 
chemical stimulation of  pulmonary C fibres. 

Several investigators have suggested that baroreceptors located in the 
extrapulmonary parts of  the pulmonary artery play a major part in the 
cardio-inhibitory response to capsaicin (Porszasz et al. 1957; Bevan 1962; 
Brender and Webb-Peploe 1969). Any such effect is probably trivial, 
however, and although sensitization of pulmonary arterial baroreceptors 
could conceivably contribute to the inhibitory response once it is under 
way, any increase in baroreceptor activity is minor and of late onset 
(Coleridge et al. 1964b), and only pulmonary C fibres with their short 
latency of  response can account for the immediate effects (see Coleridge 
and Coleridge 1979). 

Vagal inhibition of  the heart is also evoked when pulmonary C fibres 
are stimulated by large lung inflations - an effect that is now the focus of 
a good deal of  attention because of its clinical relevance in certain types of  
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lung injury and disease, in which positive end-expiratory pressure is em- 
ployed to improve gas exchange. Under these conditions reflex vagal 
cardiac inhibition is an added complication to the mechanical embarrass- 
ment of cardiac function by ventilation at high intrathoracic pressures 
(Cassidy et al. 1978, 1979; Cassidy and Mitchell 1981). Since the time of 
Hering, lung inflation has been known to cause complex changes in heart 
rate, and Brodie and Russell (1900), in referring to unpublished studies of 
the cardiac effects of lung inflation, drew attention to Hering's observa- 
tion in 1871 that if the air breathed by an animal was delivered to the 
airway at a small positive pressure, heart rate increased, but if it was de- 
livered at a higher pressure, heart rate decreased. Some 60 years later, 
Anrep et al. (1936) confirmed that the cardiac effects could be reversed, 
tachycardia being converted to bradycardia as the lung was progressively 
inflated. The decreased heart rate evoked by large lung inflations is ac- 
companied by a depression of cardiac contractility (Gliek et al. 1969; 
Greenwood et al. 1977; Cassidy et al. 1979) which probably results from 
withdrawal of sympathetic efferent output (Greenwood et al. 1977). 

These cardiac effects appear to be another example of a reflex re- 
sponse to inflation that undergoes a reversal of sign when the influence of 
low-threshold slowly adapting pulmonary stretch receptors is overridden 
by that of  the higher threshold pulmonary C fibres. The inflation thresh- 
old for this reversal is of considerable interest. In studies in dogs, the stim- 
ulus was equated with inflation or airway pressure regardless of whether 
the chest was open or intact or whether one or both lungs were inflated 
(Glick et al. 1969; Hainsworth 1974; Greenwood et al. 1977; Cassidy et 
al. 1979). Results in some cases, therefore, may have given rise to the 
quite false impression that unphysiologically high inflation pressures are 
required for the elicitation of reflex depressor effects on the heart. For 
example, in spontaneously breathing dogs intubated by a tracheal divider 
that allowed independent inflation of each lung, Hainsworth (1974) found 
that during progressive lung inflation a pressure of 3 0 - 4 0  cm H20 was 
required to convert tachycardia to bradycardia. It seems likely that under 
these conditions the distended lung was inflated by no more than two or 
three times the normal tidal volume, an increase in volume that agrees well 
with what is known of the inflation threshold for pulmonary C fibre stim- 
ulation (Coleridge et al. 1965, 1968;Armstrong and Luck 1974; Coleridge 
and Coleridge 1977b; Kaufrnan et al. 1982a). When an inflation pressure 
of 40 cm H20 was applied to one lung in dogs with intact chest, the aver- 
age reduction in heart rate was 89 beats rain -1 (Hainsworth 1974). In dogs 
with open chest the inflation pressure threshold for a decrease in heart 
rate, and in dP/dtmax in the paced heart, was 13-20 cm H20 (Greenwood 
et al. 1977). In both these studies the afferent pathway for the reflex 
clearly originated in the lung, for effects were abolished or greatly di- 
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minished after pulmonary innervation was damaged by three breaths of 
steam. 

Complications arising from changes in blood gas tension and venous 
return have been avoided in some studies by distending the non-perfused 
lung or lungs. In experiments in open-chest dogs on cardiopulmonary by- 
pass, Glick et al. (1969) distended the lungs to a pressure of  20 mm Hg 
and found that heart rate decreased on average by 22% and that the pres- 
sure developed by the isovotumetrically contracting left ventricle decreas- 
ed by 14%, the pressure threshold for cardiac inhibition being 10 mm Hg. 
To determine whether cardio-inhibitory effects were persistent, Cassidy 
et al. (1979) distended the vascularly isolated left lung in open-chest dogs 
for 15 min or more. Heart rate and stroke volume had decreased by 24% 
and 20% respectively 15 s after the onset of  an inflation to 30 cm H20; 
heart rate returned to control level after 1 rain, but stroke volume re- 
mained depressed throughout the 15-rain period. 

5.8.1.2 Effects on Peripheral Resistance 
Brodie (1900) observed that the fall in arterial pressure induced by intra- 
venous injection of  serum or egg-white in cats was still present, although 
much smaller, after cardiac effects were prevented by atropine; moreover, 
the decrease in pressure was accompanied by an increase in the volume of 
a segment of intestine. Brodie therefore suggested that peripheral vaso- 
dilatation was a component  of the chemoreflex from the lungs. Similarly, 
Coleridge et al. (1964b) found that the hypotension induced by capsaicin 
in dogs was not totally abolished by atropine, and suggested that pul- 
monary C fibres evoked a reflex peripheral vasodilatation. These specula- 
tions were confirmed by Brender and Webb-Peploe (1969), who observed 
that right atrial injection of  capsaicin in dogs evoked a vagally mediated 
reflex dilatation of hind4imb resistance vessels and splenic capacity vessels, 
with an onset that often coincided with the onset of  reflex bradycardia. 

It seems likely that pulmonary C fibres contribute to the peripheral 
vasodilatation evoked by large lung inflations in dogs whose systemic cir- 
culation is artificially perfused to keep systemic arterial pressure and 
blood gas tensions constant. An overall decrease in systemic vascular 
resistance, with dilatation of  hind limb resistance vessels, has been a 
general finding, the effects being abolished by cervical vagotomy (Salis- 
bury et al. 1959;Daly et al. 1967;Daly and Robinson 1968; Glick et al. 
1969; Lloyd 1978) or by denervation of the lungs at the hilum (Daly et al. 
1967). Daly and Robinson (1968) showed that the reflex vasodilatation 
also involved the cutaneous and splanchnic circulations. Involvement of 
afferent vagal C fibre input from the lungs was suggested by the observa- 
tion that large inflations often caused reflex vasodilatation when the vagus 
nerves were cooled to between 2 ° and 7°C (Daly et al. 1967). However, 
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reflex vasodilator effects that first become apparent at lung volumes below 
FRC (Daty et al. 1967;Daly and Robinson 1968; Lloyd 1978), and hence 
below those likely to cause recruitment of pulmonary C fibres, are clearly 
due to stimulation of slowly adapting pulmonary stretch receptors alone. 
It seems reasonable to conclude that progressive inflation of the lung 
evokes progressive reflex vasodilatation: at small lung volumes effects are 
due entirely to input from slowly adapting pulmonary stretch receptors; 
at larger volumes, the additional input from pulmonary C fibres contrib- 
utes to the reflex vasodilatation. In the presence of normal baroreceptor 
reflexes, the vasodilatation evoked by even large lung inflations appears to 
adapt rapidly when the lungs are inflated by a steady pressure (Glick et al. 
1969). However, when the lungs are inflated phasically to reproduce the 
distortion provided by positive pressure ventilation, reflex vasodilatation 
is well maintained and is linearly related to peak inflation pressures, 6 -15  
cm H20 representing the threshold of the response (Lloyd 1978). 

Of the reflex effects of lung inflation considered so far, those on 
breathing, airway smooth muscle and heart rate appear to conform to the 
general rule that changes evoked by stimulation of low-threshold pulmo- 
nary stretch receptors are reversed by the recruitment of what were once 
called "high threshold inflation receptors', i.e. pulmonary' C fibres. The 
effects of inflation on the vasomotor centre, however, do not conform to 
this rule, and instead provide an instance of a reflex in which the influence 
of these two very different afferent inputs is synergistic, rather than anta- 
gonistic. 

5.8.2 Role of Bronchial C Fibres 

5.8.2.1 Cardiac Effects 
Stimulation of bronchial C fibres by injection of bradykinin or capsaicin 
into a bronchial artery in artificially ventilated dogs evokes cardiac slowing 
in about 75% of experiments (Figs. 24, 28) (Roberts et al. 1981b; Cole- 
ridge et al. 1982a; Davis et al. 1982b); hence bronchial C fibres appear to 
have cardiac effects similar to those of pulmonary C fibres. However, if 
the cardiac effects of bronchial and pulmonary C fibres are considered 
relative to their effects on airway smooth muscle, bronchial C fibres are 
seen to have less effect on heart rate. Thus, in paired experiments, stim- 
ulation of bronchial C fibres by capsaicin evoked on average a 1.2% 
reduction in heart rate for each 1 g increase in tracheal tension, whereas 
stimulation of pulmonary C fibres by capsaicin evoked on average a 4.4% 
reduction in heart rate for each 1 g increase in tension; this differential 
effect was highly significant (Coleridge et al. 1982a). Hence bronchial 
C fibres appear to have weaker cardiodepressor effects and stronger air- 
way smooth muscle effects than pulmonary C fibres. 
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In spontaneously breathing dogs, the cardio-inhibitory effects of  bron- 
chial C fibres were less easy to demonstrate; heart rate decreased in only 
a third of  experiments and increased in the remainder (Coleridge et al. 
1983). Cardio-acceleration may have been secondary to the dominant 
influence of  pulmonary stretch receptors stimulated by tachypnoea, 
but most probably it resulted from the interplay of  several afferent inputs 
set in train by the effects of  bradykinin. Whatever the explanation, how- 
ever, it seems clear that any primary inhibitory influence of  bronchial C 
fibres on heart rate is readily overcome by secondary reflexes having 
cardio-acceleratory effects. The reflex influence of  bronchial C fibres on 
cardiac contractility has not yet been examined. 

5.8.2.2 Effects on Peripheral Resistance 
So far there is no convincing evidence that the stimulation of bronchial 
C fibres evokes peripheral vasodilatation, or indeed has any effect on peri- 
pheral vascular resistance. Stimulation of bronchial C fibres in the intra- 
and extrapulmonary airways by bronchial arterial injection or infusion of  
bradykinin or capsaicin, or by administration of  bradykinin aerosol to the 
lower respiratory tract, produces conspicuous contraction of tracheal 
smooth muscle, increased secretion by tracheal submucosal glands and, in 
some cases, cardiac slowing, often without any change in arterial blood 
pressure (Figs. 19, 21, 24C) (Roberts et al. 1981b; Coleridge et al. 1982a; 
Davis et al. 1982b). Bradykinin is a powerful vasodilator (Gareia Lerne 
1978) and the small reduction in arterial blood pressure observed in some 
experiments in which bradykinin was injected or infused into a bronchial 
artery probably resulted from the small amounts of  the chemical that 
escaped degradation in the bronchial vascular bed and acted directly on 
peripheral vascular smooth muscle. 

5.9 Effects on Somatic Motor Function: the J Reflex 

The pulmonary chemoreflex response includes, as one of  its most intrigu- 
ing aspects, a profound depression of  spinal reflex arcs. This depression 
was first described by Ginzel and his colleagues, who discovered by chance 
that intravenous injection of nicotine in cats depressed monosynaptic 
spinal reflexes, and that intravenous nicotine or phenyldiguanide caused a 
transient disappearance of decerebrate rigidity (Ginzet and Eldred 1969; 
1977; Ginzel et al. 1969). The effects were peripheral rather than central 
in origin and appeared to be due to stimulation of  vagal afferents in the 
cardiopulrnonary region. It has been known for many years that a sudden 
increase in activity in visceral afferent pathways, including vagal afferents 
(Schweitzer and Wright 1937), carotid sinus baroreceptors (Sehulte et al. 
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1959) and splanchnic and pelvic afferents (Evans and McPherson 1958), 
inhibits the monosynaptic and polysynaptic spinal reflexes. In recent 
years, however, the depression of spinal reflexes associated with the pul- 
monary chemoreflex response has commanded most attention. 

Paintal has called this effect the 'J reflex' because the rapid onset of 
spinal reflex depression after right atrial injection of  phenyldiguanide in 
cats (Deshpande and Devanandan 1970; Paintal 1970) indicates that it 
is triggered by activity in J receptors. Spinal reflexes are also depressed 
when phenyldiguanide is injected into the left atrium, beyond the pul- 
monary vascular bed (Anand and Paintal 1980; Rosenthal, Coleridge and 
Coleridge, unpublished observations), and undoubtedly vagal afferent 
nerve endings in the heart and further afield contribute to the J reflex 
once it is under way. Even so, depression of  the knee jerk after right atrial 
injection of phenyldiguanide certainly outlasts any increase in afferent 
activity; it lasts for 3 0 - 6 0  s even when participation of  cardiac afferents 
is ruled out by intrapericardial injection of  local anaesthetics, and its time 
course closely parallels that of  the respiratory effects (Anand and Paintat 
1980). The accompanying apnoea and hypotension of the pulmonary 
chemoreflex do not contribute to the spinal reflex depression, since the 
J reflex is unaffected when apnoea and the consequent changes in blood 
gas tensions are avoided by artificial ventilation, and when hypotension is 
largely or completely prevented by administration of  atropine (Deshpande 
and Devanandan 1970; Ginzel and Eldred 1969, 1977). 

Central pathways for the J reflex ascend to the caudate nucleus and 
cingulate gyms, and ablation of  these areas abolishes the response (Kalia 
1973). In the spinal cord, inhibitory pathways descend adjacent to the 
central canal and involve interneurones in the ventral pericanalicular region 
of  the upper lumbar segment (Ahluwalia et al. 1977; Rao and Devanandan 
1977). As might be expected of a reflex with a long central nervous path- 
way involving many synapses, the spinal reflex effects of  phenyldiguanide 
disappear readily when the level of  anaesthesia is deepened, even though 
reflex circulatory and respiratory effects may be well preserved (Ginzel 
and Eldred 1977; Anand and Paintal 1980). The J reflex has been de- 
monstrated in conscious cats as a brief loss of motor  function, accompa- 
nied by arrest of  breathing (Kalia et al. 1973). 

In Paintal's view this depression of the spinal motor  outflow to skel- 
etal muscle is perhaps the most important reflex regulatory function of 
pulmonary C fibres (J receptors) and has its greatest physiological signif- 
icance in exercise (Paintal 1969, 1970, 1973;Anand and Paintal 1980). 
Paintal envisages J receptors, stimulated by an increase in pulmonary 
capillary pressure in exercise, as the sensors commanding a feedback sys- 
tem that limits muscular performance and prevents over-exertion. He en- 
visages this mechanism as being engaged to maximal effect when exercise 
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is performed under adverse physiological conditions (e.g. at high altitude, 
when exercise may cause pulmonary oedema), but he believes that it is of 
physiological significance at all grades of exercise (Paintal 1970; Anand 
and Paintal 1980). Paintal's view of the functional significance of the J 
reflex is not universally accepted, however, partly because it is only one of 
many manifestations of viscerosomatic inhibition that may be evoked 
from a variety of visceral inputs, usually by the application of stimuli out- 
side the normal range. Moreover, the J reflex itself has so far been demon- 
strated only when J receptors have been activated by foreign chemicals 
such as nicotine and phenyldiguanide. In the case of phenyldiguanide, the 
doses injected into the right atrium of cats in a recent study by Anand and 
Paintal (1980) were held to produce an increase in firing in J receptors 
equivalent to that brought about by moderate exercise; in the event, even 
the smallest doses used to evoke the J reflex were sufficient to evoke an 
initial apnoea of about 10 s and, indeed, did not differ from the usual 
doses of phenyldiguanide ( 1 0 - 4 0  #g kg -1 ) employed to evoke the pulmo- 
nary chemoreflex 'triad' in cats. 

This association of spinal inhibition with arrest of breathing has been 
a topic of some discussion (Koepchen et al. 1977); effects on limb muscles 
comprise inhibition of ~ and 7 motor neurones to both flexors and ex- 
tensors (Ginzel et al. 1971), and effects on respiratory neurones and on 
respiratory muscles are of a similar wholesale and non-reciprocal character 
(Schmidt and Wellhoner 1970; Koepchen et al. 1977). Effects on respira- 
tory neurones and on spinal motor neurones are thought likely to be the 
outcome of a single central phenomenon (Koepchen et al. 1977). Whether 
this phenomenon is 'all-or-none' in nature, or whether the motor compo- 
nents to limb muscles and to respiratory muscles can be affected selective- 
ly, and whether graded effects are possible in response to stimuli in the 
physiological range, is still unknown. Hence the role of the J reflex in 
exercise is still far from clear. Acceptance of Paintal's view of the signifi- 
cance of the J reflex is hindered by the association, in both conscious and 
anaesthetized animals, of spinal inhibition and apnoea. Apnoea is the most 
unlikely, and certainly the most inappropriate, of any respiratory response 
to exercise, and the hypothesis that the J reflex has a physiological role in 
exercise would be more convincing if spinal reflex depression could be 
demonstrated in experimental circumstances in which tachypnoea was the 
only respiratory response. 

The J reflex, and, indeed, the pulmonary chemoreflex as a whole, is 
regarded by some authorities as being of interest in mammals mainly as a 
curious evolutionary survival, possibly representing a 'sham-death' response 
whereby an animal may escape the attention of predators. This point of 
view is reinforced by the observation that this combination of reflexes is 
present in fish and thus seems to have developed relatively early in verte- 
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brate evolution, at a stage when there is little evidence for an active baro- 
receptor reflex (Satchell 1977; also see discussion of Satchell's paper). 
Thus phenyldiguanide, injected into the ductus cuvieri of  the dogfish, 
evokes the typical chemoreflex 'triad' of cessation of respiratory move- 
ments, bradycardia and hypotension; in addition, after a short interval, 
the fish hangs limply from its harness for several seconds before resuming 
swimming movements (Satchell 1977). Whether the somatic inhibition in 
fish depends upon the integrity of afferent vagal C fibre pathways does 
not seem to have been determined, but injection of  phenyldiguanide was 
found to evoke a burst of activity in afferent fibres in the branches of the 
vagus nerve that supply the gills, and these were believed to be responsible 
for the effects observed. 

6 Functional Significance 

Although non-myelinated fibres account for four-fifths of  the afferent 
vagal input from the lungs and lower airways, they are rarely included in 
any comprehensive schema of  the neural control of  respiratory function. 
Input  from this small-fibre system is assumed to exercise no influence on 
the control of  breathing at rest (Paintal 1973) nor, indeed, under physiol- 
ogical circumstances in general (Widdicombe 1974a, b, 1977a, 1981; 
Bradley 1977). Even in abnormal circumstances, input from the myelinat- 
ed fibres of  rapidly adapting (irritant) receptors is held to outweigh in 
functional significance the contribution from the far more numerous C 
fibres (Widdicombe 1974a, b, 1977a, 1981;Nadel 1980). Paintal (1969, 
1970, 1973, 1977a, b) has repeatedly challenged the view that J receptors 
are 'alveolar nociceptive endings' (Widdicombe 1974a, 1981) that exert 
reflex actions only in pathological circumstances, but in his own view the 
functional significance of  J receptors is largely confined to the operation 
of  'J reflex' (somatic inhibition and a sense of  respiratory discomfort) as a 
limiting factor in severe exercise (Paintal 1969, 1970, 1973; Anand and 
Paintal 1980). Some reassessment of  the functional significance of  the 
non-myelinated afferents is timely, since their distribution in the lower 
respiratory tract is now recognized as being more widespread than was 
formerly supposed and since much more is known of  their afferent and 
reflex properties. 
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6.1 Physiological Role 

Without doubt arguments that afferent C fibres have no reflex function 
under normal circumstances have been influenced by the low and incon- 
spicuous background discharge of  these fibres, and by the relatively modest 
increases in discharge evoked by stimuli in the physiological range, as com- 
pared with the more massive increases induced by the customary bolus 
injections of  foreign chemicals. However, the suggestion that a majority of 
J receptors are inactive in resting conditions (Paintal 1970, 1973) appears 
to be based on observations in artificially ventilated cats with chests widely 
open. When activity is recorded during spontaneous breathing, pulmonary 
C fibres in cats and dogs discharge several impulses in each respiratory cycle 
(average 1.9 impulses s -x ) and the resting discharge of bronchial C fibres, 
though less (0.8 impulses s -1 ), is nonetheless appreciable (Coleridge and 
Coleridge 1977a, b). Such low frequency background discharges in vagal C 
fibres can be shown to exert appreciable reflex effects: thus, Thoren et al. 
(1975, 1977) found in cats that vagal afferents exert a considerable tonic 
depressor influence after sino-aortic denervation, the nonomyelinated 
fibres accounting for 40%-80% of  this effect. 

When afferent C fibres are stimulated, even a low frequency of  firing 
can evoke reflex responses. For example, results of  electrical stimulation 
indicate that the afferent C fibres of the aortic nerve produce reflex de- 
pressor effects at much lower frequencies of  stimulation than the A fibres 
(Douglas et al. 1956; Kardon et al. 1973). Paintal regards a frequency of 
7 impulses s -1 as evidence of intense stimulation of  J receptors, capable 
of  evoking powerful reflex effects, and he suggests that a sustained input 
of less than 1 impulse s -1 can be of  considerable reflex significance 
(Paintal 1970, 1973 ;Anand and Paintal 1980). 

Experiments in both awake and anaesthetized animals provide strong 
evidence that afferent vagal C fibres from the lower respiratory tract have 
a role in physiological circumstances and that both the background (rest- 
ing) discharge and the activity engendered by stimuli within the physiol- 
ogical range play a significant part in the neural control of  respiratory 
function. There is some evidence, which we have already reviewed and 
which we do no more than mention here, that tonic activity in afferent C 
fibres from the lower respiratory tract contributes to the maintenance of 
vagal bronchoconstrictor tone (Jammes and Mei 1979; Roberts et al. 
1981b, 1982a). But perhaps the most striking physiological function of  
these afferents, and one for which evidence has been gradually accumulat- 
ing over the last 1 0 - I  5 years, is their influence on breathing rate, in par- 
ticular their ability to shorten T E as well as T! and thus to promote a pat- 
tern of  breathing that Js relatively rapid and shallow. 
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6.1.1 Influence of  Resting Discharge on Breathing Rate 

Discussion of the role of vagal afferents in determining the rate of  breath- 
ing under normal circumstances is usually confined to 'volume feedback' 
from the slowly adapting stretch receptors with myelinated fibres. The 
discharge of these fibres at a critical level of  inspiration provides an 'in- 
spiratory off-switch' that determines T/, and their discharge at FRC 
lengthens the expiratory pause and determines T E (Clark and yon Euler 
1972; Bartoli et al. 1973;Bradley 1977; Trenchard 1977). Any influence 
of  afferent C fibres on the rate of  breathing at rest is held to be unlikely. 

A hypothesis that breathing rate at rest is determined by the balance 
between an inhibitory input from the lower respiratory tract, blocked at a 
vagal temperature of  8°C, and an excitatory input blocked only at 2°-3°C, 
was developed by Hammouda and Wilson (1935a, b, 1939) in the course 
of studies of the effects of vagal cooling on the pattern of breathing in 
rabbits and dogs. This hypothesis has been largely neglected, although 
more recent evidence to support it and to confirm the original observa- 
tions is not hard to find. In rabbits and dogs, for example, cooling the 
vagus nerves to 7°-8°C is reported to increase minute ventilation and to 
decrease end-tidal CO2, both values reverting to control levels when the 
nerves are cooled further or cut (Karczewski and Widdicombe 1969a; 
Phillipson et al. t 973). 

Hammouda and Wilson believed that the small-fibre pathway exerted 
an excitatory influence only on breathing rate. In the first of their studies 
they used Head's method and allowed the vagus nerves of  rabbits to warm 
gradually after being packed in ice. They observed an increase in breathing 
rate several minutes before the return of the Hering-Breuer inflation reflex. 
Developing methods for controlling nerve temperature more accurately, 
they found that vagal cooling to 8°-5°C caused acceleration of breathing 
in dogs, and breathing did not become slow and deep until the temperature 
of  the nerves was reduced to below 5°C (Hammouda and Wilson 1939). 
The effects were attributed to an acceleratory influence of small-fibre 
endings in the lungs, because acceleration of  breathing was invariably 
evoked when the pulmonary branches of  the vagus were stimulated during 
partial cooling or compression of the nerve trunk, whereas stimulation of 
the abdominal vagus was without effect. The observations of Hammouda 
and Wilson concerning the effects of vagal cooling on breathing rate in 
dogs, though forgotten, were confirmed some 40 years later in experiments 
in conscious dogs with exteriorized vagus nerves. Again, an acceleration of 
breathing was observed at vagal temperatures of  8°-5°C, the pattern of  
breathing at this range of temperatures being described as rapid and shal- 
low, and giving way to slow deep breathing upon further cooling (Fishman 
et al. 1973;Phillipson et al. 1973). 
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The acceleration of  breathing at low vagal temperatures was attributed 
to tonic activity in rapidly adapting (irritant) receptors, on the mistaken 
assumption that the fibres of these receptors were smaller and more resis- 
tant to cooling than those of  the slowly adapting stretch receptors, be- 
lieved to comprise the inhibitory pathway. It is now clear, however, from 
conduction velocity measurements of  large numbers of afferent fibres in 
dogs, that the fibres supplying rapidly adapting receptors are myelinated 
(Sampson 1977); hence their input is likely to be blocked completely over 
the temperature range at which acceleration of  breathing was observed. It 
seems likely, as Hammouda and Wilson (1939) suggested, that a specific 
fine-fibre pathway supplies the acceleratory influence, and that C fibre 
input from the lower respiratory tract makes the major contribution. One 
may postulate that the excitatory pathway is more susceptible than the 
inhibitory pathway to the blunting effects of anaesthesia, a factor that 
might explain the observation that anaesthesia potentiates Hering-Breuer 
reflex inhibition (Bouverot et al. 1970;Phillipson et al. 1971). 

When the vagus nerves are cooled gradually in rabbits and cats an inter- 
mediate phase of increased breathing frequency is not apparent, and 
breathing becomes progressively slower and deeper (Karezewski and Widdi- 
combe 1969a;Miserocchi et al. 1978). However, when the vagus nerves are 
cut after being first cooled to 6°C to block conduction in myelinated 
fibres, T E becomes markedly prolonged in rabbits and prolonged to a 
lesser degree in cats - effects attributed to interruption of  lower airway 
C fibres (Miserocchi et al. 1978). Nevertheless, a tonic excitatory influence 
of  lower airway C fibres cannot always be demonstrated in anaesthetized 
animals, and other investigators have concluded that, in the absence of 
pathological conditions of  the lung, block of  myelinated fibres in the 
rabbit vagus does not reveal any tachypnoeic influence of non-myelinated 
ones (Guz and Trenchard 1971; Trenchard et al. 1972). 

6.1.2 Afferent C Fibres and the Tachypnoea of the C02 Response 

Addition of  CO2 to the inspired air is not, strictly speaken, a 'physiological' 
stimulus to breathing, yet it is often used to demonstrate physiological 
mechanisms of  respiratory control. Studies in man, as well as in experi- 
mental animals, indicate that the ventilatory response to CO2 is markedly 
depressed after interruption of  the vagus; T E no longer shortens, and the 
increase in ventilation comes to depend almost entirely on the increase in 
V T resulting from stimulation of the central chemoreceptors (Guz et al. 
1966 ; Richardson and Widdicombe 1969; Phillipson et al. 1970; Bradley 
et al. 1974). The tachypnoea of the ventilatory response to CO2 was 
formerly attributed to volume feedback from slowly adapting stretch 
receptors, but there is now evidence that this tachypnoea, together with 
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Fig. 30. Role of pulmonary C fibres in 
tachypnoeic response to COs: effect of 
hypercapnia on breathing frequency {f) 
of a pentobarbitone-anaesthetized rab- 
bit. Hypercapnia produced by rebreath- 
ing from a closed system to which 02 
added to keep PaO2 above 250 mm Hg. 
• Left vagus nerve cut, right vagus nerve 
intact, o Left vagus nerve cut, right vagus 
nerve differentially blocked (anodal 
block) so that only the C wave of the 
evoked compound action potential was 
present, zx Both vagus nerves cut. Mean 
-+ SEM of five re-breathing periods. 
(Raybould and Russell 1982) 

the shortening of  T E which is its characteristic feature, persists when con- 
duction is blocked in myelinated vagal fibres (Phillipson et al. 1973; 
Raybauld and Russell 1982). In anaesthetized rabbits, for example, breath- 
ing becomes slower and deeper when conduction in myelinated fibres is 
blocked by anodal polarization; nevertheless, breathing rate increases dur- 
ing CO2 breathing, with a slope not different from that obtained when 
conduction in myelinated fibres is intact (Fig. 30; Raybould and Russell 
1982). Moreover, in conscious (Phillipson et al. 1973) and anaesthetized 
(Cross et al. 1976) dogs and in conscious and anaesthetized human sub- 
jects (Cross et al. 1976) the increase in breathing rate and the decrease in 
T E in response to inhaled COs become exaggerated as the strength of the 
Hering-Breuer inflation reflex decreases, providing persuasive evidence 
that the input of  slowly adapting stretch receptors acts to some extent to 
oppose, rather than promote,  the breathing rate response to CO2. The 
tachypnoea of  the CO2 response in dogs is at a maximum at a vagal tem- 
perature of  8°-4°C (Phillipson et al. 1973). Thus, the weight of  evidence 
indicates that the tachypnoea of  the CO2 response is a function of input 
in afferent vagal C fibres, and Raybould and Russell (1982) suggest that 
the input arises from the tung. The proven ability of  lower respiratory 
tract C fibres to induce reflex tachypnoea and to decrease T E is certainly 
compatible with such a role. 
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The mechanism by which CO2 administration increases activity in 
these C fibres is uncertain. Stimulation may be secondary to the increase 
in V T or may be due to a specific sensitivity to CO2. Large inflations of 
the lung stimulate pulmonary C fibres and even larger ones stimulate air- 
way C fibres (Coleridge et al. 1965, 1968; Coleridge and Coleridge 1977b; 
Kaufman et al. 1982a); hence the tachypnoea of the CO2 response may be 
secondary to stimulation of lung C fibres by increased V T. So far, how- 
ever, the sensitivity of afferent C fibres to large lung inflations has been 
examined only during positive pressure inflation. It remains to be seen 
whether afferent C fibres from the lungs and airways are stimulated when 
tidal volume increases during spontaneous breathing, and whether volume 
feedback is indeed a major factor in the COs effects. 

Evidence for a specific COs sensing mechanism in the lungs of dogs 
has been obtained in experiments in which the pulmonary and systemic 
circulations were separately perfused and the chest was closed to allow 
spontaneous breathing (Sheldon and Green 1982). These investigators 
found that increasing pulmonary arterial PCO2 from 35 to 80 mm Hg 
caused a vagally mediated increase in V E. The effect was later found to be 
augmented by increasing pulmonary blood flow at high pulmonary arterial 
P C Q ,  and according to the authors' estimate the total increase in ventila- 
tion induced by this means could account for 60% of the hyperpnoea of 
exercise (Green and Sheldon 1983). Since systemic PaCO~ was kept con- 
stant, any increase in lung afferent activity could not have been secondary 
to a change in the pattern of breathing initiated by central medullary 
chemoreceptors and appears to have been triggered by the action of COs 
on afferent endings in the lung. Nevertheless, the sensitivity of lung C 
fibres to CO2 is still controversial. Some authors have suggested that a 
majoritiy of 'bronchopulmonary C fibres' exhibit some degree of COs 
sensitivity (Delpierre et al. 1981). So far, however, there is no convincing 
evidence from afferent studies that C fibres with endings in the lower 
respiratory tract have a COs sensitivity that accounts for the tachypnoeic 
response to inhaled CO2. In the study by Delpierre et al. (1981), for ex- 
ample, C fibres sensitive to the range of COs encountered in studies of 
the ventilatory CO2 response were in the minority; they adapted rapidly 
to a steady-state increase in COs, were stimulated equally by the off- 
transient (Fig. 12) and their origin in the respiratory tract was not con- 
firmed. Obviously, the part played by afferent vagal C fibres in the venti- 
latory response to CO2 remains a topic of considerable interest. 

6.1.3 Role of  Afferent C Fibres in Exercise 

Pulmonary C fibres are probably susceptible to stimulation by a number 
of the physiological changes that occur during muscular exercise. Thus 
pulmonary C fibres appear to be sensitive to pulmonary circulatory 
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changes (Coleridge and Coleridge 1977a; Anand and Paintal 1980)and to 
increases in tidal volume, though the latter effect has so far been demon- 
strated only in response to positive pressure inflation (Coleridge et al. 
1965; Armstrong and Luck 1974; Coleridge and Coleridge 1977b; 
Kaufman et al. 1982a). 

Paintal initially laid great stress on pulmonary congestion as a stimulus 
to J receptors in exercise, regarding as their most significant afferent func- 
tion a sensitivity to increased alveolar interstitial tension resulting from 
increased pulmonary capillary pressure (Paintal 1969, 1970, 1973). Avoid- 
ing the question of  whether pulmonary congestion is a necessary accom- 
paniment of exercise, he confined his discussion to exercise of a severe 
degree or exercise undertaken at high altitude. A physiological role for 
pulmonary C fibres in exercise is more strongly supported by the ob- 
servation in cats that impulse activity increased when blood flow to the 
appropriate lung lobe increased (Anand and Paintal 1980). A relationship 
between pulmonary C fibre discharge and the degree of  filling of  the pul- 
monary vascular bed is also suggested by a significantly higher rate of 
discharge during spontaneous breathing than during positive pressure 
ventilation when the chest is open (Coleridge and Coleridge 1977a). Pul- 
monary C fibres are undoubtedly sensitive to pulmonary congestion 
(Fig. 15), but a more systematic examination of  their response to changes 
in blood flow and volume in the physiological range is required before the 
possibility of  their sensitivity to the pulmonary vascular changes of  exer- 
cise can be fully accepted. 

Although Dickinson and Paintal (I970) suggested that J receptors in 
cats might function as sensors of  mixed-venous CO2, Paintal did not 
pursue the topic of CO2 sensitivity in a subsequent review (Paintal 1973). 
Instead he favoured the hypothesis that stimulation of  J receptors in exer- 
cise was likely to be a result of  purely circulatory changes. The possibility 
still remains that lung C fibres are stimulated by an increase in mixed- 
venous CO2 in exercise but the evidence is far from conclusive. 

What is the evidence that lower respiratory tract C fibres contribute 
to the tachypnoea of  exercise? Even in the absence of  vagal input, the rate 
of  breathing increases in exercise, and in this respect the exercise response 
is quite unlike the ventilatory response to CO2. Nevertheless, in experi- 
ments in conscious dogs performing treadmill exercise of varying degrees 
of  severity, Phillipson et al. (1970) found that the rate of breathing was 
lower and V T higher at each level of exercise after the vagus nerves were 
blocked by local anaesthetic. In a later brief report of  the effects of dif- 
ferential vagal cooling during exercise, the permissive effect of vagal con- 
duction on breathing rate was described as being present at low vagal 
temperatures, when only C fibres were conducting, and the investigators 
suggested that J receptors played a role in expercise tachypnoea (Phillip- 
son et al. 1975a). 
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The possibility that lower respiratory tract C fibres play some role in air- 
way defence reflexes has been acknowledged, but until recently (Coleridge 
and Coleridge 1981) little emphasis has been placed on their contribution. 
The airway defence reflexes are essentially protective and their natural 
purpose appears to be to prevent or ameliorate the potentially harmful 
effects of  foreign chemicals or particles that gain access to the respiratory 
tract with the inflow of  air, a hazard that is not uncommon in everyday 
life. Hence they are 'physiological' in the sense of  being one of  the many 
composite patterns of reflex response that operate in emergencies, although 
they have a functional significance quite different from that of the con- 
tinuously operating regulatory reflex mechanisms. When irritants are in- 
haled, reflexogenic sites in the nose and larynx act as a first line of defence 
to trigger the appropriate reflex responses, but once the irritant has reach- 
ed the lower airways, further reflexes of  a defensive nature are evoked. 
These include initial gasps or periods of  apnoea, coughing, rapid shallow 
breathing, often cardiovascular depression, occasional sighs, bronchocon- 
striction, increased airway secretion and, in man, irritant sensations crude- 
ly located in a region beneath the sternum. Reflex studies in dogs now 
strongly support the hypothesis that pulmonary and bronchial C fibres, 
particularly the latter, play a major role in this composite reflex picture 
(Russell and Lai-Fook 1979; Roberts et al. 1981b, 1982b; Davis et al. 
1982b; Coleridge et al. 1982a, 1983). 

Various components of the airway defence reflexes can be recognized 
in disease of  the lungs and airways, and often the endogenous release of  
autocoids that stimulate nerve endings appears to serve as the trigger. The 
responses evoked under these conditions can no longer be considered 
'physiological', because the stimulus is part of  a disease process, but the 
reflex picture does not differ. However, lung autocoids are often used sim- 
ply as pharmacological tools to study defence reflexes originating in the 
lower airways; we discuss some of these studies in this section. We reserve 
the final section for a brief discussion of  the functional significance of  
lower respiratory tract C fibres in lung disease. 

6.2.1 Afferent C Fibres and Inhaled Irritants 

In early studies powerful and noxious chemicals were administered to the 
lower airways, and only the immediate effects on breathing and on the 
cardiovascular system could be clearly distinguished as being of  reflex 
origin (Brodie and Russell 1900; Cromer et al. 1933; Whitteridge 1948; 
Banister et al. 1950). For the most part these effects corresponded to 
what we now recognize as the reflexes evoked by stimulation of  lower 
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respiratory tract C fibres: apnoea, rapid shallow breathing and brady- 
cardia, which were abolished by vagotomy. In dogs, residual changes in 
breathing evoked after vagotomy could be attributed to input from an 
afferent pathway traversing the stellate ganglion (Cromer et al. 1933; 
Banister et al. 1950); such a pathway was also described in cats breathing 
high concentrations of  SO2 (Widdicombe 1954c). There is very little 
evidence so far that this alternative afferent pathway can evoke other 
components of  the airway defence response, and the irritant sensations 
that are part of  this response in man are known to be transmitted by the 
vagus nerves (Noble et al. 1970; Guz 1977b). 

Commonly encountered airway pollutants such as SOs and cigarette 
smoke were formerly held to evoke defence reflexes from the lower re- 
spiratory tract mainly by stimulating irritant receptors with myelinated 
fibres (Widdicombe 1974a, b). Recent descriptions of airway defence re- 
flexes evoked in conscious and anaesthetized clogs by SOs (Hahn et al. 
1982a, b; Roberts et al. 1982b) and by cigarette smoke (Lee et al. 1983) 
indicate major involvement of afferent C fibres, and in the case of SOs 
this has been confirmed by afferent studies (Roberts et al. 1982b). SOs 
delivered to the lower airways was found to evoke cough, rapid shallow 
breathing, and reflex increases in tracheal smooth muscle tone and sub- 
mucosal gland secretion (Hahn et al. 1982a, b; Roberts et al. 1982b). 
These reflex effects had an unusual time course, being marked at their 
onset, then subsiding and undergoing exacerbations at intervals of 2 - 3  
min. In parallel afferent studies pulmonary and bronchial C fibres were 
stimulated by the same range of concentrations of SOs and with a latency 
of  onset and a fluctuating time course similar to that observed for the re- 
flex effects. By contrast, irritant receptors were usually unaffected by the 
concentrations of  SOs employed in these experiments, and those whose 
discharge increased showed only a minor and transitory response. Studies 
in cats (Widdieombe 1954a) and rabbits (Davies et al. 1978) also suggest 
that even high concentrations of  SO2 have relatively minor effects on ir- 
ritant receptors. Hence it seems likely that the reflex respiratory effects 
of  SO2 in the lower respiratory tract must be ascribed mainly to activity 
in afferent C fibres. 

Respiratory effects evoked when cigarette smoke is delivered to the 
lower airways of  dogs appear to be induced by stimulation of a wider 
variety of afferents, including irritant receptors and arterial chemorecep- 
tors, the latter being stimulated by the nicotine content of  cigarette 
smoke (Lee et al. 1983). After the carotid bodies were denervated, ciga- 
rette smoke induced vagally mediated effects that appeared typical of 
afferent C fibre stimulation: namely, bradycardia, apnoea and rapid shal- 
low breathing. In some dogs large gasps or sighs occurred at the onset, 
suggesting involvement of  irritant receptors also. Cigarette smoke consis- 
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tently stimulates irritant receptors in rabbits (Sellick and Widdicombe 
t 971), but its effects on the corresponding afferents in dogs are rather less 
consistent, only about 20% of receptors being stimulated (Sampson and 
Vidruk 1975). This may explain why the prominent gasps, believed to be 
typical of the effects of irritant (rapidly adapting) receptor stimulation 
(Knowlton and Larrabee 1946; Glogowska et al. 1972), were not invari- 
ably present in the reflex experiments in dogs (Lee et al. 1983). In short, 
there is now good evidence that lower respiratory tract C fibres are re- 
sponsible for some of the reflex effects of inhaled irritants previously 
attributed to irritant receptors with myelinated fibres. 

6.2.2 Afferent C Fibres and Lung Autocoids 

Histamine, either injected into the blood stream or administered as aerosol, 
has been widely used in experimental animals to evoke the rapid shallow 
breathing, occasional sighs or gasps and reflex contraction of airway 
smooth muscle that are typical of the airway defence response (DeKock et 
al. 1966; Karczewski and Widdicombe 1969c; Fishman et al. 1973; 
Phillipson et al. 1975a; Bleecker et al. 1976; Winning and Widdicombe 
1976; Miserocchi et al. 1978). These observations, together with the find- 
ing that histamine stimulates irritant receptors with myelinated fibres 
(Mills et al. 1969, 1970; Sellick and Widdicombe 1971; Sampson and 
Vidruk 1975, 1978; Sampson 1977), were undoubtedly responsible for 
the general conviction that irritant receptors provide the major, if not the 
only, input for these and other reflex components of the airway defence 
response. The conviction was strengthened by the observation that in rab- 
bits the reflex respiratory effects of histamine were virtually abolished by 
vagal cooling to 8°C (Karczewski and Widdicombe 1969c). In addition, J 
receptors (pulmonary C fibres), which were the only category of lower 
respiratory C fibre described at the time, were found to be insensitive to 
histamine (Paintal 1969, 1970, 1973), and histamine in its passage through 
the pulmonary circulation did not evoke the pulmonary chemoreflex. 
Indeed, when histamine was injected into a vein or the right atrium its 
ultimate site of action appeared to be in the conducting airways, since in 
both cats (Winning and Widdicombe 1976) and rabbits (Karczewski and 
Widdicombe t969c; Jain et al. 1973) the respiratory effects began only 
after a latency of several seconds, and in rabbits were blocked or attenu- 
ated by administration of local anaesthetic aerosols, whereas the pulmo- 
nary chemoreflex evoked by phenyldiguanide was never impaired (Jain 
et al. 1973). 

On the other hand, a number of observations suggested that the 
reflex respiratory effects of histamine could not be explained solely by 
activation of irritant receptors with myelinated fibres, and that afferent 
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C fibres were involved. Thus in dogs (Fishman et al. 1973 ;Phillipson et al. 
t975a) and guinea-pigs (Koller and Ferrer 1973) the reflex respiratory 
effects of histamine did not disappear at a vagal temperature of 8°C; in- 
deed, in conscious dogs the rapid shallow breathing evoked by histamine 
became more pronounced as the temperature was reduced from 8 ° to 4°C, 
and in both dogs and guinea-pigs ventilatory effects of  histamine were not 
abolished until vagal temperatures reached 4°-0°C. Additional observa- 
tions in dogs furnished supporting evidence that afferents other than irri- 
tant receptors contributed to the respiratory effects of  histamine (Dixon 
et al. 1979a). Uncertainties about the afferent mechanisms responsible for 
the respiratory effects of  histamine have been resolved by the observation 
that afferent vagal C fibres supplying the conducting airways are highly 
sensitive to histamine (Coleridge et al. 1978; Coleridge and Coleridge 
1977b). These airway C fibres appear to be stimulated directly by chemi- 
cals, and their response to histamine is in no way dependent upon changes 
in lung mechanics. 

Bradykinin has also been used to study the various components of the 
airway defence reflexes in man and experimental animals, and is another 
example of a lung autocoid to which bronchial C fibres are highly sensitive 
and pulmonary C fibres are not (Kaufman et al. 1980b; Roberts et al. 
1981 b). Moreover, irritant receptors in dogs are not stimulated by brady- 
kinin (Kaufman et al. 1980b; Roberts et al. 1981b), and bradykinin lacks 
the direct bronchoconstrictor action of  histamine on airway smooth muscle 
in dogs (Waaler 1961 ;Garcia Leme 1978). In healthy human subjects, and 
also in some asthmatics, inhalation of  0.01%-0.1% bradykinin aerosol 
induced an increase in airway resistance, which was prevented by atropine, 
and a sense of  airway irritation and an urge to cough (Simonsson et al. 
1973). The subjects inhaled bradykinin through a mouthpiece, so that a 
contribution of  lower airway afferents to these effects cannot be estab- 
lished with certainty; nevertheless, the irritant airway sensations suggest 
that lower airway afferents were stimulated. In dogs injection of brady- 
kinin into a bronchial artery or administration of  0.1% aerosol to the lower 
airways induced rapid, shallow breathing, increased airway smooth muscle 
tone and increased tracheal submucosal gland secretion by stimulating 
bronchial C fibres; cardiac slowing sometimes, though not invariably, ac- 
companied these responses (Roberts et al. 1981b; Davis et al. 1982b; 
Coleridge et al. 1983). 

Airway defence reflexes evoked by administration of  prostaglandins 
have been studied in experimental animals and man. Prostaglandin F2a, 
injected intravenously (3 tag kg-1), causes rapid, shallow breathing and 
bronchoconstriction in dogs (Wasserrnan 1975). A prominent component  
of  the bronchoconstriction is of vagal reflex origin and is abolished by 
atropine. The bronchodilator prostaglandins have irritant effects on the 
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airways of  man (Herxheimer and Roetscher 1971;Kawakami et al. 1973) 
and occasionally when delivered as an aerosol (Kawakami et al. 1973; 
Smith and Cuthbert 1976) or as an intravenous infusion (Smith 1973) 
have paradoxical bronchoconstrictor effects that may also be of  vagal 
reflex origin. The bronchoconstrictor prostaglandin F2e, in the doses em- 
ployed in reflex experiments (Wasserman 1975), stimulates irritant recep- 
tors in dogs as welt as bronchial and pulmonary C fibres, but the broncho- 
dilator prostaglandins have only minor effects on irritant receptors and 
appear to evoke irritant and bronchoconstrictor reflex effects from the 
lower airways mainly by stimulating afferent C fibres (Coleridge et al. 
1976). Reflex tracheal contraction is evoked in dogs when bronchodilator 
prostaglandins are injected into the right atrium or, in much smaller doses, 
directly into a bronchial artery; it is abolished by vagotomy or by adminis- 
tration of  atropine (Roberts et al. 1981 a). 

6.2.3 Relative Roles of C Fibres and Irritant Receptors 

We speculate that the afferent C fibre innervation of the lower respiratory 
tract not only plays a greater role in the airway defence reflexes than was 
formerly acknowledged but also accounts for the rapid shallow breathing 
characteristic of  airway defence reflexes in experimental animals. Because 
irritant (rapidly adapting) receptors appear to increase inspiration and to 
elevate inspiratory off-switch threshold (Knowlton and Larrabee 1946; 
Glogowska et al. 1972), and because repeated stimulation of these recep- 
tors by increased airflow (Pack 1981) fails to shorten T E (Bartoli et al. 
1975; Pack et al. 1981), it seems doubtful at present that input from this 
particular group of myelinated afferents, once believed to account for the 
ventilatory effects of  histamine and other airway irritants, can indeed 
function as a trigger for rapid shallow breathing, a pattern of breathing 
that is more typical of  what is known of  the effects of stimulating afferent 
C fibres. Irritant receptors undoubtedly play a part in the airway defence 
reflexes, causing the characteristic increased inspiratory efforts and gasps 
or sighs and contributing to the cough reflex, but their participation in the 
reflex bronchoconstriction and increased airway secretion, though likely, 
has not been established experimentally. 

Of the afferent C fibres so far identified in the lower respiratory tract, 
those supplying the conducting airways seem likely to play the major part 
in the airway defence reflexes in most circumstances; they are highly sen- 
sitive to chemicals, and are strategically located to respond to chemicals 
that are inhaled and to autocoids that are released in the bronchial walls. 
Because they resemble in so many ways the cutaneous C fibres that medi- 
ate sensations of  itch and burning pain in inflammation of  the skin, it is 
not unreasonable to suppose that they mediate the rather similar sensations 
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arising from the lower respiratory tract. Neuralty mediated inflammatory 
phenomena are readily induced by application of irritants to the skin and 
are accompanied by hyperalgesia (Lynn 1977). A somewhat similar phe- 
nomenon in the airway mucosa may account for the hyper-reflexia de- 
scribed after exposure to ozone (Lee et al. 1979) and after respiratory 
tract infections (Dixon et al. 1979b) in dogs. In the skin chemosensitive 
C fibres are believed to be responsible for the spreading flare of the so- 
called axon reflex (reviewed by Chapman and Goodell 1964). Lundberg 
and Saria (1982) recently described what they suggested was a similar 
phenomenon of  antidromic vasodilatation in the tracheal mucosa of rats, 
evoked by stimulation of  the peripheral cut end of the vagus nerve after 
efferents had been blocked by atropine and hexamethonium. If the 
presence of such 'axon reflexes' in the lower airways is confirmed, then 
the chemosensitive airway C fibres are the prime candidates for a causative 
role. 

Although pulmonary C fibres are stimulated by a variety of foreign 
irritants, including the common air pollutant SO2, they appear to be insen- 
sitive to certain lung autocoids, and in any event are in a region of  lung 
tissue richly supplied with the enzymes that break down many lung auto- 
coids (Junod 1975, 1977). Moreover, when irritants are inhaled some pro- 
portion is likely to be trapped at bronchial bifurcations and diluted by 
secretion before it can reach the more distal lung divisions. Hence pulmo- 
nary C fibres seem likely to play a role subsidiary to that of airway C 
fibres in triggering airway defence reflexes. However, prolonged exposure 
to irritants undoubtedly recruits activity in pulmonary as well as bronchial 
C fibres, and the profound cardiovascular depressor effects often seen 
when experimental animals are exposed to powerful airway irritants are 
probably a sign that pulmonary C fibres have been recruited. 

6.3 Role of  C Fibres in Lung Disease 

That afferent C fibres function as lower respiratory tract nociceptors is 
generally accepted, and there is little that can be added to the preceding 
sections regarding their reflex role in lung disease. Models of lung dis- 
ease in experimental animals provided early indications that afferent C 
fibres were stimulated: thus the familiar pattern of apnoea, rapid shallow 
breathing, bradycardia and hypotension, abolished or greatly reduced by 
vagotomy, was induced by acute, severe pulmonary congestion in cats 
(Churchill and Cope 1929) and dogs (Aviado et al. 1951 ;Downing 1957), 
by pulmonary embolism in several species (Whitteridge 1950; Cahill et al. 
1961) and by pulmonary anaphylaxis in rabbits (Karczewski and Widdi- 
combe 1969b). 
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Apart from such changes in breathing and heart rate, the contribution 
of  vagal reflexes to the abnormalities of lung disease may be difficult to 
assess, for changes in blood gases are often a complicating factor, and the 
pathological process often causes release of  autocoids that have powerful 
direct actions on bronchial and vascular smooth muscle. Disease may also 
bring about structural changes in the lungs and airways. Nevertheless, a 
characteristic respiratory abnormality of  experimental models of  lung dis- 
ease in animals is a vagally mediated tachypnoea with shortening of T I and 
TE, and reduction in VT, a breathing pattern that is equally characteristic 
of  the airway defence reflex induced by stimulation of  lower respiratory 
C fibres by chemicals (see above). Tachypnoea is also common in disease 
of  the lungs and airways in man (Guz 1977a). 

Administration of  histamine (see above) or antigen (Karczewski and 
Widdicombe 1969c; Gold et al. 1972; Kessler et al. 1973; Cotton et al. 
1977) to the lower airways of  animals is often regarded as providing a 
useful experimental model of human asthma (Widdicombe 1977b), and 
although not all authorities would subscribe to this view, it has enabled 
the identification of  possible vagal reflex components of  asthma and 
of  allied bronchial hyper-reactivity syndromes. Such topics have been the 
subject of  recent reviews (Nadel 1976; Widdicombe 1979; Boushey et al. 
1980). A role for bronchial C fibres in the tachypnoea and other vagal 
reflex components of human asthma can be postulated on the basis of  
their sensitivity to autocoids such as histamine, bradykinin and the prosta- 
glandins (see above), which are known to be released in asthma (Nakano 
and Rogers 1976; Garcia Leme 1978;Plaut and Lichtenstein 1978), and 
from what is known of  their reflex properties. Bradykinin has been found 
in concentrations of  1 -12  ng m1-1 in forearm mixed venous blood in pa- 
tients with severe asthma (Abe et al. 1967); hence concentrations at the 
site of  release in the lung may be much higher. Injection of bradykinin in 
doses of  only 0 .002-1.5  t~g into the bronchial artery of  dogs is effective 
in evoking a reflex increase in airway smooth muscle tone and submucosal 
gland secretion (Roberts et al. 1981b; Davis et al. 1982b), and slow in- 
fusion of equally small amounts evokes rapid shallow breathing (Coleridge 
et al. 1983). It seems likely that the small amounts of  bradykinin ad- 
ministered to evoke these reflex effects produced concentrations in the 
vicinity of  the vagal endings in the bronchial wall within the range of  
those reached during endogenous bradykinin production under pathol- 
ogical conditions. 

Neurophysiological studies in dogs, cats and rabbits confirm that af- 
ferent C fibres supplying the lower respiratory tract are stimulated by 
pulmonary congestion (Coleridge and Coleridge 1975, 1977a), embolism 
(Paintal et al. 1973; Armstrong et al. 1976; Armstrong and Miller 1980) 
and inflammation (Frankstein and Sergeeva 1966). The results of  reflex 
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experiments suggest that the tachypnoea of  these pathological conditions 
is due mainly to increased activity in this C fibre pathway. The tachypnoea 
of  pulmonary embolism, for example, is described as unaffected by oxy- 
gen breathing and as persisting at low vagal temperatures although abolish- 
ed by vagotomy (Whitteridge 1950). In rabbits the tachypnoea of  pulmo- 
nary embolism was found to be unaffected by anodal polarization block 
of  the myelinated fibres in the vagus and was thought to be due entirely 
to activity in afferent vagal C fibres (Guz and Trenchard 1971). The 
tachypnoea induced by lung inflammation in rabbits could not be ascribed 
to an increase in body temperature or to changes in blood gases; again it 
was dependent on vagal conduction, and although attenuated it survived 
block of  conduction in myelinated vagal fibres (Trenehard et al. 1972). 

Inflammation of  lung lobes has been induced in animals with a view to 
obtaining some insight into the mechanism of  the dyspnoea, tachypnoea 
and exercise limitation observed in diffuse pulmonary disease in man. 
There seems little doubt that in man these respiratory abnormalities are 
to a large extent of  vagal afferent origin. Thus Guz et al. (1970) have 
shown that breath-holding time is often greatly reduced in patients with 
tung disease, even when arterial PCO2 is below normal and arterial PO~ is 
elevated by oxygen breathing. Bilateral vagal blockade with local anaesthe- 
tic greatly increased breath-holding time and diminished tachypnoea in 
such patients, and in a patient whose disease was confined to one lung, 
section of  the vagus on the side of  the lesion not only increased breath- 
holding time but also produced a maintained improvement of exertional 
dyspnoea. Many patients with lung disease have little or no respiratory 
discomfort at rest, but have pronounced dyspnoea and tachypnoea during 
even mild exercise (Guz et al. 1970; Guz 1977b). 

Frankstein and Sergeeva (1966) and Frankstein (1970) suggested, on 
the basis of  experiments in cats, that tonically increased input in afferent 
C fibres from the damaged lung increases the excitability of the central 
mechanisms responsible for respiratory timing and reduces the influence 
of  inhibitory signals. Thus in cats with inflammation of one lung the 
Hering-Breuer inhibition of breathing evoked by lung inflation was greatly 
reduced, a reduction that was equally pronounced whether the normal or 
the inflamed lung was inflated (Frankstein 1970). Such a mechanism 
probably accounts for the results of  Phillipson et al. (1975b) in dogs. 
These investigators found an abnormal increase in breathing rate and limi- 
tation of  V T, together with decreased end-tidal PCO~ and increased arteri- 
al pH, in dogs exercising during the recovery phase of  experimental pneu- 
monitis, at a time when resting values for V T and breathing rate had re- 
turned to normal levels (Fig. 31). Complete vagal blockade diminished the 
excitatory response to exercise, and increased exercise tolerance in some 
cases. 
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Fig. 31. Effect of experimental pneumonitis on the ventilatory response of four dogs 
to increasing levels of exercise. VE, ventilation volume (litres rain-l); f,, respiratory 
frequency (breaths rain-l); VT, tidal volume (litres); increasing levels of exercise ex- 
pressed as 02 consumption (litres rain -1). Diffuse interstitial pneumonitis was induced 
by intravenous administration of complete Freund's adjuvant; above, days after admin- 
istration of adjuvant. Shaded areas represent 95% confidence limits of all control data 
obtained in each dog when healthy. First data point (i.e. lowest 02 consumption) for 
each dog represents values obtained standing at rest. (Philtipson et al. 1975b) 

To interpret the respiratory abnormalities of  lung disease solely in 
terms o f  an increase in input in afferent vagal C fibres would clearly be an 
oversimplification, for activity in myelinated afferent vagal fibres, and 
probably also in the sympathetic afferent pathway, is likely to be greatly 
altered in these circumstances. If we consider only the vagal afferent path- 
way, since the tachypnoea of  lung disease is known to be a vagal effect,  
the discharge of  slowly adapting pulmonary stretch receptors has been 
found to increase throughout  the respiratory cycle in pulmonary conges- 
tion (Marshall and Widdicornbe 1958; Costantin 1959) and to a smaller 
extent  in embolism (Armstrong et al. 1976, 1979). In inspiration the in- 
creased discharge of  slowly adapting pulmonary stretch receptors will 
combine with the tachypnoeic influence of  afferent C fibres in limiting 
V T and T I (Bradley 1977; Trenchard 1977); in expiration any increased 
discharge of  slowly adapting stretch receptors will tend to lengthen, rather 
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shorten, T E (Bartoli et al. 1973; Trenchard 1977); hence at this phase the 
shortening of  T E must be ascribed to the dominant influence of afferent 
C fibres. 

Irritant or rapidly adapting receptors are strongly stimulated by con- 
gestion (Sellick and Widdicombe 1969; Mills et al. 1970) and, to a lesser 
extent, by embolism (Armstrong et al. 1976, 1979), and often discharge 
bursts of  impulses with each inflation; from what is known of their reflex 
properties they are likely to increase the vigour of inspiratory efforts in 
these conditions (Glogowska et al. 1972). The changes in slowly and 
rapidly adapting receptor activity are thought to result from increased lung 
stiffness; the factors responsible for the increased stiffness are acknowl- 
edged to be exceedingly complex and to include release of  chemicals 
which may further sensitize the nerve endings. Similar mechanical and 
chemical factors are likely to operate in inflammatory disease of the lung, 
and it seems reasonable to agree with Phillipson et al. (1975b) that an 
overall increase in the activity of  slowly and rapidly adapting receptors 
will contribute to the abnormalities of  breathing pattern in this condition 
also. There is some evidence, however, that the phasic activity of vagal 
mechanoreceptors with myelinated fibres actually decreases in severely 
inflamed regions of the lung (Frankstein and Sergeeva 1966). 

7 Conclusions 

We have attempted in this review to give an account of  an afferent vagal 
input from the lower respiratory tract that has still to be explored fully, 
and to present experimental evidence that this fine fibre afferent system 
plays a significant role in the neural control of respiratory function in 
both normal and pathological circumstances. 

We have made a distinction between the afferent C fibres that inner- 
vate the lung parenchyma adjacent to the pulmonary capillary bed and 
those that innervate the conducting airways, even though the afferent C 
fibres in the two locations appear to have reflex properties that are at 
least qualitatively similar. We believe that the functional significance of  
these lower respiratory tract C fibres is determined not simply by their 
location but also by certain differences in afferent properties that should 
not  be overlooked. 

Douglas and Ritchie (1962) suggested, in their review of mammalian 
non-myelinated nerve fibres, that the teleological advantage of  the fine- 
fibre afferent system, especially in the case of  a visceral input where speed 
of  impulse transmission was not of  primary importance, was that it allows 
fibres of a variety of sensory modalities to be accommodated in a small 



Lung and Airway C Fibres 97 

cross-sectional area of  nerve trunk. There is no reason to think that the 
full range of  sensory modalities o f  the afferent C fibres in the lungs and 
airways has yet  been explored. The custom of  injecting certain chemicals 
to identify the presence of  lower respiratory tract C fibres when recording 
the activity in vagal strands is highly selective, so that even now our view 
of  this afferent fibre system may be unnecessarily narrow. 

Some o f  the conclusions arrived at in these pages are either purely 
speculative or derived from experimental evidence that is at best indirect. 
Whether they prove to be correct or incorrect - and some are sure to fall 
into the latter category - their purpose will have been served if they are 
put  to the test of  experiment.  
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1 I n t r o d u c t i o n  

Papi l lomaviruses  induce  benign t u m o r s  in skin and mucosa .  In the case o f  

h u m a n  warts  the  viral e t io logy  was suggested by  t ransmiss ion  wi th  cell-free 

f i l t ra tes  as ear ly as 1907 (Ciuffo 1907).  In con t ra s t  to  m o s t  o t h e r  D N A  

t u m o r  viruses,  in fec t ious  pap i l lomavi rus  par t ic les  are syn thes ized  wi th in  

the t u m o r  tissue. T h e y  can be disclosed in u l t ra th in  sec t ions  by  the  elec- 

t ron  m i c r o s c o p e ,  ex t r ac t ed  f r o m  ground  biopsies ,  pur i f ied ,  and used fo r  

re in fec t ion  expe r imen t s ,  thus  fulfilling K o c h ' s  pos tu la tes  to  l ink an infec-  
t ious  agent  and a disease.  V i rus4nduced  pap i l lomas  o f  h u m a n s  and animals  
m a y  undergo  mal ignan t  t r a n s f o r m a t i o n  to  ca rc inomas  (Zur Hausen 1977a).  
Viral D N A w a s  shown to  persis t  in some  o f  the  ma l ignan t  t u m o r s ,  and there  
is growing in teres t  in the  role o f  the  virus dur ing mal ignan t  convers ion .  

Papi l lomavi ruses  are classified as genus Papillomavirus o f  the  fami ly  
Papovavi r idae  (Matthews 1982).  P o l y o m a  virus and s imian virus 40, a m o n g  
o thers ,  f o r m  the  second  genus.  Bo th  genera  were  g rouped  t oge the r  on the  
basis o f  s imilar  s t ruc tures  o f  capsid and nucleic acid. T h e y  are dist inguish- 
ed b y  the size o f  the  capsid (55 n m  vs 40 nm)  and b y  the  molecu la r  weight  
o f  the  nucleic acid (5 x 106 vs 3.3 x 106). Whereas  the  m o l e c u l a r  b io logy  
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of polyoma-like tumor  viruses has been investigated in great detail, pa- 
pillomavirus research has been mainly hampered by the lack of  suitable 
cell culture systems for in vitro propagation. Recent technical advances, 
however, especially the molecular cloning of  DNA, have led to a renais- 
sance of  papillomaviruses and to a great expansion of our knowledge of 
their biology and biochemistry. It is now realized that they are quite un- 
related to polyoma-tike viruses and are likely to reveal a number of  unique 
properties. 

It is the aim of  this review to summarize recent data on the molecular 
biology of  the papillomavirus group as a whole and to discuss them in the 
light of earlier reports on biology and pathology. The human papilloma- 
viruses will be treated in more detail as far as clinical features, immunol- 
ogy, diagnosis, and treatment are concerned. The literature cited on malig- 
nant conversion of  human papillomas is not  complete, and the reader 
should refer to the comprehensive review of Zur Hausen (1977a). With 
regard to the special aspects of  animal papillomavirus biology and immu- 
nology, the reader is referred to the work of  Lancaster and Olson (1982). 

2 Abbreviations 

A 
bp 
BPV 
C 
COPV 
CRPV 
DNA 
Ev 
G 
HPV 
MnPV 

mRNA 
RNA 
SV40 
T 

Adenine 
base pairs = pairs of  nucleotides 
bovine papillomavirus 
cytosine 
canine oral papillomavirus 
cottontail rabbit (Shope) papitlomavirus 
deoxyribonucleic acid 
epidermodysplasia verruciformis 
guanine 
human papillomavirus 
Mastomys natalensis papillomavirus (virus of  the multi- 
mammate mouse) 
messenger ribonucleic acid 
ribonucleic acid 
simian virus 40 
thymine 
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3 Properties of  the Virions 

H. Pfister 

Papillomavirus particles are about 55 nm in diameter according to elec- 
tron microscopic measurements and have an icosahedral symmetry with 
72 capsomers (Strauss et al. 1950; Finch and Klug 1965; Klug andFinch 
1965). After negative staining the capsomers appear as hollow cylinders of  
equal height and width, which are connected at their base by fibrous 
bridge4ike structures (Yabe et al. 1979). The virions consist only of  DNA 
and protein. Complete particles show a density of t .34 g/cm 3 in CsC1 and 
are easily separated by equilibrium gradient centrifugation from "empty"  
capsids without DNA (density: 1.29 g/cm 3 ) (Breedis et al. 1962). Tubular 
capsids may be detected in the band of  lower density (Noyes 1965). The 
tubes are made up of hexagonal capsomers and their diameter is close to 
that of  the virions. The filaments are assumed to result from aberrant 
maturation. 

Papillomavirus DNA is a double-stranded, circular molecule and exists 
in two major forms: (1) with both strands covalently closed, which leads 
to a rigid topological constraint and to superhelical twists; and (2) with 
one single-strand nick, which leads to the relaxed or open-circle form. The 
linear form, resulting from one double-strand break, is rarely detected in 
gently isolated material. 

The DNAs of most virus types have an average molecular weight of 
5.0 x 106 , corresponding to approximately 8000 bp (Kleinschmidt et al. 
1965; Orth et al. 1977, 1978b; Gissmann and Zur Hausen 1980; Chen et 
al. 1982; Danos et al. 1982). The DNAs of some papillomaviruses deviate 
considerably: BPV 3 and BPV 4 are dwarfs, having DNAs with a molecular 
weight of  4.4 x 106 (Pfister et al. 1979c; Carnpo et al. 1980); whereas the 
cutaneous virus from the European elk (Moreno Lopez et al. 1981) and 
the COPV of  dogs (Pfister and Meszaros 1980) are giants, the molecular 
weight of  their DNAs being about 5.5 x 106. The G + C content varies 
between 41% (HPV 1) and 50% (MnPV) (Crawford and Crawford 1963; 
Miiller and Gissmann 1978). Besides type-specific size differences, Yoshiike 
and Defendi (1977) observed deletions in HPV DNA which was derived 
from pooled warts. The extent of deletions ranged from 7% to 24% of the 
entire genome. 

In BPV 1 and 2, the DNA was shown to be associated with histone- 
related proteins to form a chromatin4ike complex (Favre et al. 1977). 
Similar proteins of  HPV 1 comigrate with cellular histones H2a, H2b, H3, 
and H4 in sodium dodecyl sulfate (SDS) polyacrylamide gel electrophore- 
sis. Differences were noted in an acetic acid/urea system for the H3- and 
H4-1ike proteins (Pfister and Zur Hausen 1978a). These differences might 
be due to acetylation, as described for polyoma virus (Schaffhausen and 
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Benjamin 1976). Proteins, which comigrate with cellular histones, were 
not detected in preparations of  HPV 4 or BPV 3 (Gissmann et al. 1977; 
Pfister et al. 1979c). 

Many papillomavirus types are only produced in very small amounts, 
which do not permit protein analysis. Structural proteins could be studied 
with HPV 1, HPV 2, HPV 4, BPV 1-3 ,  CRPV, and MnPV (Favre et al. 
1975a; Gissmann et al. 1977; Orth et al. 1977;Lancaster and Olson 1978; 
Mailer and Gissmann 1978;Pfister et at. 1979c). The molecular weights of  
the major structural proteins were in the range of 53 0 0 0 - 5 9  000. Amino 
acid analysis of  the BPV 1 protein revealed a highly acidic protein contain- 
ing almost twice the average number of  acidic residues as compared to basic 
residues (Meinke and Meinke 1981). In HPV 1, additional proteins with 
molecular weights of 53 000 and 43 000, respectively, were described. 
Analysis of  BrCN peptides indicated that they may result from conversion 
of  the major polypeptide (Pfister et al. 1977). The virus specificity and 
location of  a number of  minor protein components remains to the estab- 
lished. 

3.1 Human Papillomaviruses 

The number of  HPV types has almost exponentially increased during the 
past few years. Many of  them could not have been characterized directly 
from wart material as they are produced in very low quantity. Due to the 
absence of  a tissue culture system for the propagation of  papillomaviruses, 
analysis only became feasible after molecular cloning either in bacterial 
plasmids or in bacteriophage lambda (Heilman et al. 1980; De Viltiers 
et al. 1981; Pfister et al. 1981b, 1983b; Gissmann et al. 1982b; Krems- 
dorf et al. 1982). At present a new virus isolate is considered an inde- 
pendent  type if nucleic acid hybridization studies reveal less than 50% 
homology with known virus types (Coggin and Zur Hausen 1979). Isolates 
which show more than 50% cross-hybridization but differ in their restric- 
tion endonuclease cleavage patterns are regarded as subtypes. The classifi- 
cation may be supported by serological data, but in most cases this will 
be difficult or impossible because of  limiting amounts of antigen. The 
border line of  50% cross-hybridization is certainly arbitrary. However, 
since the field is rapidly evolving at the moment  and there is still little in- 
formation on the biological properties of  some virus types, the present 
agreement is likely to provide the most reasonable classification scheme to 
avoid nomenclature confusion. 

On the basis of  less than 50% cross-hybridization, 16 HPV types have 
been differentiated up to now. Their biological properties will be discussed 
in Sect. 4. Under stringent reaction conditions no hybridization was 
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Table 1. Human papillomavirus types 

H. Pfister 

Group Type Reference Reference for DNA cloning 

A HPV 1 Favre et al. (1975b) Danos et al. (1980) 
Heilman et al. (1980) 

B HPV 2 Heilman et al. (1980) 
HPV 3 Gassenmaier and Pfister 

C 
D 

(unpublished work) 
Gissmann and Pfister 
(unpublished work) 
Heilman et al. (1980) 
Kremsdorf  et al. (I 982) 
Pfister et al. (198 lb)  
Kremsdor fe t  al. (1982) 

F 

G 

Orth et al. (1977) 
Orth et al. (1978b) 

HPV 10 Orth (personal communication) 
Green et al. (1982) 

HPV 4 Gissmann et al. (1977) 
HPV 5 Orth et al. (1980) 
HPV 8 Orth et al. (1980) 
HPV 9 Orth et al. (1980) 
HPV 12 Orth (personal communication) 
HPV 14 Orth (personal communication) 
HPV 15 Orth (personal communication) 
HPV 6 Gissmann and Zur Hausen (1980) 
HPV 11 Gissmann et al. (1982b) 
HPV 13 Pfister et al. (1983b) 
HPV 7 Orth et al. (1981) 

Ostrow et al. (1981) 
HPV 16 Diirst et al. (1983) Diirst et al. (1983) 

De Villiers et al. ( t 981 ) 
Gissmann et al. (1982b) 
Pfister et al. (1983b) 

The HPV types are arranged in seven groups, which show less than 1% D N A - D N A  
cross-hybridization. The members of individual groups cross-hybridize from 1% to 
30%. 

Table 2. Cross-hybridization between human papillomaviruses a 

Group B b HPV 2 HPV 3 HPV 10 

HPV 2 t 00 ND 6 c 
HPV 3 100 36 c 
HPV 10 100 

Group D b HPV 5 HPV 8 HPV 9 

HPV 5 100 17 d 5 d 
HPV 8 100 2 d 
HPV 9 100 

Group E b HPV 6 HPV 1 t HPV 13 

HPV 6 100 25 e 4 f 
HPV 11 100 3 f 
HPV 13 100 

a Expressed as percentage of  homologous hybridization 
b See Table 1 
c Green et al. (1982) 
d Kremsdor fe t  al. (1982) 
e Gissmann et al. (1982b) 
f Pfister et at. (1983 b) 
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detected between DNAs of HPV 1 ,4 ,  7, and 16 (Gissmann et al. 1977; 
Orth et al. 1981; Diirst et al. 1983). The other types form three groups 
(Table 1), the members of which show cross-hybridization from 1% to 
35% (Table 2). No significant sequence homology could be detected 
between members of  different groups. 

HPV I, 2, 3, 4, 5, 8, and 9 were tested for serological cross-reactivity 
by complement fixation assays, by indirect immunofluorescence tests or 
by radioimmunoassays (Gissmann et at. t977;  Orth et al. 1977, 1978b; 
Pfister and Zur Hausen 1978b). Specific sera were obtained by immuniza- 
tion of  rabbits or guinea pigs with defined virus isolates or with a pool 
containing HPV 5, 8, and 9. No cross-reaction was detected between dif- 
ferent virus types, and the HPV 5, 8, and 9 group proved to be unrelated 
to the other types. 

For each type of  HPV subtypes probably exist, which show extensive 
sequence homology but differ in a number of  restriction enzyme cleavage 
sites. This has been described in detail for HPV 1 (Gissmann and Zur 
Hausen 1976; Gissmann et at. 1977; Pfister 1980), HPV 2 (Orth et al. 
1977; Heilman et al. 1980), and HPV 4 (Heilman et al. 1980; Pfister 
1980). 

Representatives of most HPV types have been rnolecularly cloned. The 
DNAs were characterized by cleavage with restriction enzymes, and 
physical maps of the resulting DNA fragments were established (for refer- 
ence see Table 1). The DNAs of  HPV 1 and HPV 6 have been completely 
sequenced (Clad et al. 1982;Danos et al. 1982;Schwarz et al., to be pub- 
lished). They have a length of  7812 and 7903 nucleotides, respectively. 

The nucleotide sequences confirmed earlier observations and revealed 
further interesting features. By self-annealing of  HPV 1 DNA single strands, 
two short palindromic sequences were detected by Gissmann and Zur 
Hausen (1977). As seen from the sequence they are 33 and 69 nucleotides 
in length and show about 30% mismatches. 

A homology between HPV 1 DNA and the consensus sequence of  the 
human Alu family of ubiquitous repeats was disclosed in the vicinity of  
the HPV 1-Barn HI cleavage site. One homologous region is also related 
to the DNA sequence at the origin of  replication of  SV 40, polyoma, BK 
virus, and hepatitis B virus. 

The location of  protein reading frames and of  eukaryotic transcription 
control signals as derived from the DNA sequence will be discussed in 
Sects. 3.3 and 6.3.3). 
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3.2 Animal Papillomaviruses 

Papillomaviruses are widespread among mammals. They have been de- 
scribed in cattle, sheep, goats, deer, elks, horses, rabbits, mult imammate 
mice, dogs, monkeys, pigs, opposums, and elephants (Rangan et al. 1980; 
Sundberg et al. 1981 ; Lancaster and Olson 1982). There is one avian virus 
infecting the chaffinch (Osterhaus et al. 1977). 

Anomg animal papillomaviruses those from cattle have been investigat- 
ed most extensively. Five types of  BPV have been identified, which can 
be distinguished by their biological properties. BPV 1 and 2 were repeated- 
ly isolated from cutaneous fibropapillomas (Lancaster and Olson 1978; 
Pfister et al. 1979c) and BPV 2 also from fibropapillomas of  the alimen- 
tary tract (Jarrett 1980). BPV 3 was isolated from two cases of epithelial 
proliferations on the skin (Pfister et al. 1979c), so-called atypical bovine 
papillomas (Kolter and Olson 1972). BPV 4 induces epithelial lesions of  
the alimentary tract (Campo et al. 1980), and BPV 5 was recovered from 
"rice-grain"-like papillomas of the teats (Carnpo et al. 1981). 

BPV 1, 2, and 5 form one group, where BPV 1 and 2 show extensive 
cross-hybridization of  about 45% when tested by DNA-DNA reassociation 
kinetics (Lancaster and Olson 1978); BPV 5 seems to be rather distantly 
related, revealing at most 5% DNA homology with BPV 2 (Campo et al. 
1981). In all three viruses, however, common sequences are equally dis- 
tributed over the whole genome, as deduced from Southern blot hybridi- 
zation between labeled probes and subgenomic restriction enzyme frag- 
ments (Law et al. 1979; Pfister et al. 1980; Campo et al. 1981). Further- 
more, common sequences seem to be highly conserved, as shown by ther- 
mal denaturation experiments with BPV 2 and BPV 5 DNAs (Campo et 
al. 1981). BPV 1 and 2 are also antigenically cross-reactive, but titers of 
monospecific animal antisera differed both in hemagglutination inhibi- 
tion and complement fixation assays by a factor of  10 (Lancaster and 
Olson 1978). The molecular basis for agglutination of mouse erythrocytes, 
first noted by Favre et al. (1974), is unknown. BPV 5 and BPV 2 cross- 
reacted only poorly in immunohistochemical tests (Jarrett, unpublished 
work). 

BPV 3 (Pfister et al. 1979c) and BPV 4 (Campo et al. 1980) form the 
second group of papillomaviruses from cattle. Their DNAs do not cross- 
hybridize with probes from the other group and there is no serological 
cross-reactivity. The DNAs of  both viruses have a molecular weight of  
about 4.4 x 106 , which is significantly smaller than that of  BPV 1,2, or 5 
DNA (5 × 106). BPV 3 and 4 share at most 12% of  their DNA sequences, 
as deduced from reassocation kinetics under stringent conditions (Pfister, 
unpublished work). As discussed for BPV 1, 2, and 5, the homologous 
sequences are distributed over the whole genome, according to hereto- 
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duplex analysis and Southern blot hybridization with subgenomic DNA 
fragments (Campo and Pfister, unpublished work). 

The DNAs of BPV 1 - 4  were molecularly cloned (Howley et al. 1980; 
Campo and Coggins 1982;Pfister and Hettich, unpublished work), and the 
complete nucleotide sequence of BPV 1 has been established (Chen et al. 
1982). The DNAs of BPV 2 (Lancaster 1979;Pfister et al. 1979c; Campo 
et al. 1981; Murphy et al. 1981), BPV 3 (Pfister et al. 1979c), BPV 4 
(Campo et al. 1980), and BPV 5 (Campo et al. 1981) were characterized 
by cleavage with restriction enzymes and the resulting DNA fragments 
were mapped. A comparison of physical maps reveals a close relationship 
between BPV 1 and BPV 2 (Lancaster 1979;Murphy et al. 1981). Hetero- 
duplex analysis confirmed that both DNAs are in register when aligned at 
their single Hind III sites (Carnpo and Coggins 1982). The transforming 
region of the BPV 1 genome (see Sect. 6.5) proved to be almost complete- 
ly homologous to BPV 2, whereas only partial homology was observed 
with the segment coding for structural proteins (see Sect. 6.3.2). This is in 
line with the limited serological cross-reactivity between BPV 1 and 2. 

Papillomaviruses from other animal species were investigated less 
systematically, and only one representative was usually described on the 
molecular level. Data exist for viruses from rabbits (CRPV; Favre et al. 
1975, 1982; Murphy et al. 1981), dogs (COPV; Pfister and Meszaros 
1980), elks (Moreno-Lopez et al. 1981), deer (Lancaster and Sundberg 
1982), multimammate mice (MnPV; Miiller and Gissmann 1978), and 
chaffinches (Osterhaus et al. 1977). Comparison of DNAs from deer fibro- 
ma virus and BPV 1 or BPV 2 indicated a 3%-9% sequence homology 
(Lancaster and Sundberg 1982). This is the only example of a relationship 
between viruses of different species, when tested under stringent hybrid- 
ization conditions. 

3.3 Conserved Sequences, Group-Specific Antigens 

A relationship between DNAs from different papillomavirus types both of 
human and animal origin was revealed by hybridization under so-called 
relaxed conditions. Incubation at 50°C below the melting temperature of 
the DNA allows formation of stable hybrids between single strands show- 
ing up to 30% mismatch. DNAs from HPV 1,2, 4, 6, and 8, BPV 1 and 2, 
CRPV, and COPV proved to be related in certain fragments when tested 
in this way (Law et al. 1979;Pfister and Meszaros 1980;Heilrnan et al. 
1980; Schulte and Pfister, unpublished work). These homologous sequen- 
ces are not equally distributed over the genome. If relaxed hybridization 
is carried out with subgenomic labeled probes, it is possible to compare 
the genome structure of different viruses, as shown in Fig. 1. In the cases 
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Fig. 1. Aligning of  HPV genomes according to data from Southern blot hybridization 
with subgenomic probes under relaxed conditions (10% formamide, 1 M NaC1, 37°C). 
HPV 1 DNA was cleaved with the restriction enzymes Bgl II, Hind II + III, and Hae III. 
The f ragment  pattern as revealed by ethidium bromide straining is shown in the left 
slot in each case and the physical maps are given below. Slots A, B, and C show the 

32 result of Southern blot hybridization with P-labeled fragments A, B, and C of HPV 8 
DNA (see physical map of  HPV 8). The data obtained for the three HPV 1 cleavage 
patterns were summarized and homologous regions between HPV 8 and HPV 1 are 
indicated by common symbols. The outcome of  the comparison between HPV 8 and 
HPV 5 is demonstrated (experimental  data not shown). (Schulte and Pfister, unpub- 
lished work) 

of HPV 1,5 ,  8, and BPV 1, the homologous regions were colinear (Freese 
et al. 1982; Sehulte and Pfister, unpublished work). Congruent results were 
obtained by electron microscopic analysis of heteroduplex molecules 
(Croissant et al. 1982; Croissant, personal communication). In the latter 
test, HPV 1 and BPV 1 revealed three regions of about 75% homology, 
which represent 13% of the genome length (Fig. 2). 

In Southern blot hybridization experiments some DNA segments 
already cross-hybridize at 36°C below the melting temperature of the 
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Fig. 2. Genome organization of HPV 1 (Danos et al. 1982), BPV 1 (Chen et al. 1982) 
and HPV 6 B (Sehwarz et al., to be published). HPV 1 and BPV 1 were aligned accord- 
ing to conserved regions revealed by heteroduplex analysis (dotted areas; Croissant 
et al. 1982). Open reading frames for each potential translation frame are depicted 
above and below the genomic maps. The HPV 6 B genome was aligned according to 
sequence homologies. The two major reading frames within transforming ("early") 
and capsid coding ("late") genome region are labeled E 1, E 2 and L 1, L 2, respective- 
ly (for explanation see Sects. 3.3 and 6.3-6.5 of the text) 

DNA, indicating an even more close relationship (Law et al. 1979; Heitrnan 
et al. 1980). It is interesting to note that,  according to this parameter, 
HPV 1 is more closely related to BPV 1 than to HPV 2 or 4 (Heilman et 
al. 1980); this may reflect surprising aspects o f  papillomavirus evolution. 

The evaluation of  the DNA sequences of  HPV 1, HPV 6, and BPV 1 
confirmed the colinearity and revealed a strikingly similar genome organi- 
zation (Chen et al. 1982; Danos et al. 1982; Schwarz et al., to be pub- 
lished). All major open reading frames for proteins are in very similar posi- 
tions and of  comparable size (Fig. 2). One of  the highly conserved regions 
lies in reading frame L 1, which was shown to code for the structural 
protein in the case of  BPV 1 (Heilman et al., personal communication; 
see Sect. 6.3.2). The second highly conserved region in reading frame E 1 
(Fig. 2) is supposed to code for early functions (Heilrnan et al. 1982; 
see Sect. 6.3.1). 
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It could be predicted from these data that the structural proteins 
should share common antigenic determinants. Papillomaviruses of man, 
cattle, dog, and rabbit had been compared previously by immunodiffusion 
in agar (Le Bouvier et al. 1966) and no cross-reactions between viruses 
from different species were shown. This finding was confirmed later by 
other techniques with native virus particles as antigen (Lancaster and Olson 
1978; Orth et al. 1978b;Pfister et al. 1979b;Pfister andMeszaros 1980). 
The existence of group-specific antigens was finally disclosed by two lines 
of  evidence: 

1. Sera of  rabbits, which bear a transplantable CRPV-induced carcino- 
ma, react with the main structural polypeptide of  disrupted HPV 1 virions 
and, in rare cases, with native HPV 1 virions (Orth et al. 1978a). The re- 
activity with disrupted virions may be explained by the fact that the car- 
cinoma cells do not regularly produce virus particles but only unassembled 
structural proteins exposing additional antigenic determinants, which are 
masked in intact particles. Similarly, anti-HPV 1 polypeptide antisera 
react with CRPV antigens in immunofluorescence tests (Orth et al. 1978a). 
The reactivity of sera from carcinoma carriers with native virions indicates 
that further cross-reacting antigens on the virion surface provide a weak 
stimulus generally overlooked by the immune system and only realized 
by carcinoma carriers as a result of continuous antigenic stimulation. 

2. On the basis of  these observations antisera were raised against SDS- 
disrupted HPV 1 or BPV 1 particles and were tested with thin sections of  
warts from different animals, both by indirect immunofluorescence and 
by the peroxidase-antiperoxidase technique (Jenson et al. 1980; Pfister 
and Meszaros 1980; Lancaster and Jenson 1981). These sera reacted with 
lesions induced by HPV 1, 2, 3, and 5, BPV 1 and 2, and COPV. Virus- 
specific antigens were also detected in juvenile laryngeal papillomas (Lack 
et al. 1980; Costa et al. 1981;Lancaster and Jenson 1981) and condylo- 
mas (Woodruff et al. 1980; Kurman et al. 1981 ;Morin et al. 1981), a num- 
ber of  which were probably induced by HPV 6 or HPV 11. The antigen 
location corresponded to that of capsid antigens. The presence of virions 
was confirmed in some experiments by electron microscopy of  antigen- 
positive areas (Morin et al. 1981 ). 

The sera against SDS-disrupted viruses were negative with cells infected 
by polyoma-type viruses SV40, BK or polyoma, suggesting that papilloma- 
viruses have a group-specific antigen unrelated to that of the second papo- 
vavirus subgroup. This is in line with the fact that even under relaxed con- 
ditions no cross-hybridization occurs between papillomavirus and poly- 
oma virus DNAs. 

Both cross-hybridization of DNAs under relaxed conditions and group- 
specific antisera provide useful tools to screen tumor  tissues for papilloma- 
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virus fingerprints, even if the virus in question has not yet been character- 
ized and specific probes are not available (Lancaster and Jenson 198 t). 

4 Biology of PapillomavirusJnfection 

Papillomaviruses cause epithelial or fibroepithelial proliferations of  the 
skin or mucosa (Table 3). With most virus types the host range is limited 
to epithelial cells. Only few papillomaviruses are able to transform fibro- 
blast and affect the dermis. BPV 1 and 2 are the best characterized ones 
among them. Papillomavirus-induced tumors are primarily benign, show 
limited growth, and often regress spontaneously (Massing and Epstein 
1963; Rulison 1942). Malignant conversion occurs with some types of 
lesions, mainly on the basis of  long persistence. 

4.1 Characteristics of  Benign Tumors 

Experimental infection with epitheliotropic viruses results in hyperplasia 
of  cells in the spinous layer (acanthosis). The incubation period varies be- 
tween 3 and 18 months in the human system (Rowson andMahy 1967); it 
is shorter in some animal systems. After experimental infection of rabbits 
with CRPV the incubation period lasts 3 - 8  weeks until papillomas appear 
(Ito 1975). There are no clear-cut ideas about the events taking place during 
these rather long incubation periods. It is generally assumed that virus 
infection leads to transformation of  one or more basal cells, and trans- 
formation should result in increased proliferation and wart formation. 
Studies which were aimed at the localization of viral DNA replication in 

Table 3. Localization and histopathology of  papillomavirus-induced tumors 

Tissue Histopathology Examples 

Cutaneous Acanthoma HPV 1 - 5  
Stratified epithelium HPV 7 - 1 0  

HPV t2 
HPV 14-15  
BPV 3, 5 
BPV 1, 2 
deer fibroma virus 
HPV6,  11, 13 
BPV 4 
BPV 1, 2 

Mucosa 

Fibropapil loma 
Fibroma 

Acanthoma 
Fibropapil loma 

Data on animal viruses from Shope et al. (1958); Lancaster and Olson (1978);Pfister 
et al. (1979c); Campo et al. (1980, 1981). For  references on HPV see Tables 4 and 5 
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CRPV-induced papillomas demonstrated virus-specific DNA in cell nuclei 
of the stratum granulosum and not in the stratum spinosum or germinati- 
rum (Orth et al. 1971). Also with HPV 1-induced human warts no labeling 
could be detected in the basal cell layer after in situ hybridization. Label- 
ing started in the first or the second suprabasal cell layer (Grussendorf and 
Zur Hausen 1979), suggesting that extensive viral DNA replication first 
occurs in the stratum spinosum. The negative results with basal cells are 
easily explained by the relatively low sensitivity of the in situ hybridiza- 
tion technique, but nevertheless there is no direct evidence for the presence 
of papillomavirus DNA in cells of the stratum germinativum. 

Analysis of the glucose-6-phosphate dehydrogenase phenotype in com- 
mon warts of women who were heterozygous for this gene suggested a 
monoclonal origin of warts (Murray et at. 1971). Friedmann and Fialkow 
(1976), however, found both isoenzymes in each of four condylomata 
acuminata tested, thus indicating a multicellular origin. 

Mature virus particles are first seen in association with the nucleoti of 
cells in the stratum spinosum (Almeida et al. 1962). In the stratum granu- 
losum virions are spread throughout the nuclei and appear in paracrystal- 
line arrays. After dissolution of cell structures, aggregates of virus are 
embedded in keratin in the stratum corneum. Virus-specific cytopatho- 
genic effects are most prominent in the stratum granulosum. 

In other words, epidermal cells are nonpermissive for papitlomaviruses 
in the beginning of their differentiation process and become more and 
more permissive with increasing differentiation. This can theoretically be 
explained in two ways: Differentiated cells either produce a new product 
essential for virus replication, or lose a control mechanism which prevents 
virus multiplication. The molecular basis of this change is totally unknown. 
The events after papillomavirus infection of the epithelium are schemati- 
cally summarized in Fig. 3. 

The development of fibropapiltomas was studied after experimental 
infection of cattle with cell-free virus from fibropapillomas (for review, 
see Otson et al. 1969). Within the first week after infection a fibroblastic 
reaction can be observed, which leads to massive fibroplasia during the 
next few weeks. Acanthosis and proliferation of the epithelium overlying 
the area of fibroplasia do not become visible before 4 - 6  weeks. Papilloma- 
virus particles are demonstrable in the stratum granulosum and the 
stratum corneum; whereas it is interesting to note that no virus particles 
can be detected in the transformed proliferating fibroblasts. This holds 
true even for deer fibroma virus-induced neoplasms, which consist almost 
exclusively of a fibroma with a minimally hyperplastic epithelium. 
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Fig. 3. Schematic representation of the replication of papillomaviruses in epidermal 
cells. (ooo), viral DNA; (ooo), mature virus particle 

4.2 Human Papillomavirus-Induced Tumors 

All human papillomaviruses described so far induce pure epithelial prolif- 
erations. The tumors discussed below are regarded as HPV-induced, as a 
result of one or more of the following reasons: 

1. Electron microscopic demonstration of virions in thin sections of tu- 
mor cells or in buffer extracts of ground tumor material. 

2. Demonstration of virus-specific DNA by DNA-DNA or DNA-RNA 
hybridization. 

3. Demonstration of papillomavirus group-specific antigens. 
4. Experimental transmissibility of warts with cell-free viral extracts (see 

Table 4). 

4.2.1 Clinical Aspects 

On the skin there are the well-known plantar, common, and flat warts, 
showing acanthosis, prominent keratohyalin granules in the stratum 
granulosum, and hyperkeratosis as common features. 
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Epidermodysplasia verruciformis (Ev) was originally described as a 
genetic disease characterized by disseminated, persistent skin warts, usu- 
ally arising during childhood, and by a high risk for developing skin cancer 
later in life (Lewandowsky and Lutz 1922). As will be discussed below, 
the patients show congenital defects of  cell-mediated immunity,  which 
make them prone to infections with certain types of HPV. The tumors 
resemble either flat warts, as frequently observed in children, or extremely 
flat warts, reddish plaques, and pityriasis versicolor-like lesions. The latter 
have a very typical histology, which led to the name of  the disase: dys- 
plastic swollen cells with pale staining cytoplasm, clustered in the stratum 
spinosum and granulosum (Lewandowsky and Lutz 1922; Jablonska et al. 
1979; Orth et al. 19.79). 

On the mucosa, genital warts (condylomata acuminata) and laryngeal 
papillomas are both characterized by extensive acanthosis and papilloma- 
tosis, and little or no keratinization. A group of  dysplasias of  the cervix 
recently joined the family of  HPV-induced mucosal tumors when they 
were shown to harbor a considerable number of  virus particles in a few 
nuclei of  the uppermost epidermal layers (Laverty et al. 1978;Della Torre 
et al. 1978; Hills and Laverty 1979;Morin and Meisels 1980). The pres- 
ence of  papillomaviruses was confirmed by demonstration of  the group- 
specific antigen (Shah et al. 1980; Woodruff et al. 1980; Kurman et al. 
1981;Morin et al. 1981) and by DNA hybridization (Gissmann et al. 
1982a, 1983; Kurman et al. 1982). Dysplasia or koilocytotic atypia is a 
cytological or histological diagnosis on lesions which cannot be differen- 
tiated from cervical intraepithelial neoplasia with the colposcope. In view 
of  their association with HPV, they are now referred to as flat condylomas 
or condylomata plana (Meisels et al. 1982). 

Laryngeal papillomas appear in children and in adults. Juvenile lesions 
are often multiple, usually benign, but  nevertheless a severe clinical prob- 
lem if exuberant growth leads to obstruction of  the respiratory tract. 
Papillomas of  adults are usually solitary and represent precancerous lesions. 
They were earlier differentiated from juvenile laryngeal papillomas by 
their clinical features, by their different epidemiology (see Sect. 4.2.3), 
and by the lack of  papillomavirus particles. However, by using the Southern 
blot hybridization technique, papillomavirus-specific sequences were re- 
cently disclosed, and the papillomavirus group-specific antigen was de- 
tected in two of  the adult-onset papillomas (Mounts et al. 1982). There- 
fore, a differentiation on an etiological basis must be questioned. 

Focal epithelial hyperplasia Heck was first described in Indians of  the 
American continent (Archard et al. 1965). The disease also appears in 
other races but seems to be very rare in Caucasians (Orfanos et al. 1974; 
Van Wyk 1977). It occurs mainly in children and young adults, with 
frequent manifestation within the same family. Multiple slightly elevated 
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Type of Demonstration Trans- Localization b Histology Malignant 
papilloma of viral particles missibility conversion 

Verruca vulgaris + to +++ c + Back of hands Hyperkeratosis, 2 case 
and wrists acanthosis, reports 

papillomatosis 

Verruca plantaris +++ + Soles of Hyperkeratosis, - 
the feet acanthosis, 
(and hands) papillomatosis, 

inclusion bodies 

Verruca plana ++ + Face, hands 

Epidermodysplasia 
verruciformis ++ + Generalized 

Hyperkeratosis, - 
acanthosis 

(See verruca plana) 
or hyperkeratosis, ++++ 
hypergranulosis, 
moderate acanthosis, 
large, clear cells 

Condyloma + + Genital and Acanthosis, + 
acuminatum anal mucosa papillomatosis 

Cervical flat ++ NT Cervix Acanthosis, ++ 
wart koilocytosis 

Laryngeal papilloma: 
juvenile + + Larynx, Acanthosis + 
adult + trachea papillomatosis + 

Focal epithelial + NT Oral Acanthosis - 
hyperplasia Heck mucosa 

a For references see review articles by Rowson and Mahy (1967), Steigleder (1978), Zur 
Hausen (1977a). More recent references are given in the text. 

b Only usual localizations are listed. Exceptions exist for nearly every tpye of papilloma. 
c Number of (+) refers to quantity. 

NT, not tested 

papules  appear  on the red surface o f  the lips and on the labial and buccal  

mucosa .  They  may  persist for  several years bu t  will no t  become  malignant  

and finally tend to spon taneous  remission. Papil lomavirus particles were 
repeatedly  de tec ted  in Morbus Heck lesions. 

The characterist ics o f  the various h u m a n  wart  diseases are summar ized  
in Table 4. 

Papil lomavirus particles were fur ther  demons t ra ted ,  once in each 

lesion, in oral papi l lomas (Frithiof and Wersdll 1967), in a f ib roma o f  the 

tongue  (Gross et al. 1980), in an area o f  solar keratosis (Spradbrow et al. 

1983),  and in so-called mul t icent r ic  p igmented  Bowen ' s  disease (Kimura 
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et al. 1978). Bowenoid papulosis is histologically similar to genital carci- 
noma in situ but biologically distinct, with another age distribution of  the 
patients and a multicentric origin of  the lesions. HPV 6 DNA was detected 
once, and hybridization under relaxed conditions revealed HPV-specific 
DNA in another case, where further classification was not possible (Zachow 
et al. 1982). The exact role of  papillomaviruses in these lesions remains to 
be established. 

4.2.2 HPV Type-Specific Effects 

Distinct clinical symptoms are each clearly associated with a limited num- 
ber of  individual HPV types (Table 5). It is noteworthy that viruses which 
were shown to be related by DNA cross-hybridization (see Table 1) again 
form groups according to their biological properties. For example, HPV 6, 
1 I, and 13 (see Table 2) all affect the mucosa, but usually at different 
sites and leading to lesions with different morphology and histology. The 
group of  HPV 5, 8, 9, 12, 14, and 15 is even more homogeneous, infecting 
only patients with Ev and leading to very characteristic pityriasis versi- 
color-like lesions. However, wart morphology alone would certainly be 
inadequate to determine the type of HPV. For example, common warts 
may be induced by totally different viruses like HPV 1, 2, 4, and 7. 

A more specific picture emerges from wart histology (Grussendorf 
1980;Jablonska et al. 1980; Orth et al. 1981; Gross et al. 1982): 

The features of  HPV 1-induced warts correlate very well with those 
described for myrmecia warts: extensive papillomatosis, eosinophilic cyto- 
plasmic keratohyalin inclusions, which become confluent and very large in 
the upper epidermal layers, and basophilic nuclear inclusions, which were 
earlier shown by electron microscopy to correspond to paracrystalline 
aggregates of  virus particles (Almeida et al. 1962). There is pronounced 
hyperkeratosis and parakeratosis. 

For a number of HPV types specific cytopathogenic effects have been 
described: The most prominent feature of  HPV 2-induced warts are the 
numerous keratohyalin granules of  varying size, shape, and stainability. 
HPV 3-induced warts are characterized by moderate or almost no papilto- 
matosis and by extensive vacuolization: Pyknotic nuclei are centrally 
located in large perinuclear vacuoles surrounded by a ring of  kerato- 
hyalin granules, giving the impression of  bird's eyes (Kaufmann et al. 1978; 
Laurent et al. 1978). Clusters of  large clear cells are observed in the other- 
wise inconspicuous stratum granulosum of HPV 4-induced warts. The 
crescent-shaped nuclei are peripherally located. HPV 5-induced lesions are 
very characteristic, with basophilic foamy giant keratinocytes first detect- 
able in the lower malpighian layers. HPV 6-induced condytomata acumi- 
nata reveal marked perinuclear vacuolization with marginal sickle-shaped 
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nuclei in the malpighian and granular layer. HPV 7-induced warts show 
large clear cells with centered nuclei and heavily staining cells with kerato- 
hyalin granules in close proximity. 

The amount of virus particles in various warts differs considerably, 
ranging from less than 10 s particles in laryngeal papillomas (Boyle et al. 
1973) to 1012 particles in some plantar and common warts (Barrera-Oro 
et al. 1962). The efficiency of  virion production seems to be a property of 
the HPV type (see Tables 4 and 5). The most abundant particle synthesis 
by HPV 1 is the reason why this type was taken as the only representative 
of  HPV for a long time. Virus production may be influenced, however, by 
the genetic constitution of  the host, as seen with the Shope papillomavirus: 
It induces papillomas with high particle yields in cottontail rabbits (Sylvi- 
lagus floridanus), but there are hardly any virions detectable in papillomas 
of  the domestic rabbit (Oryctolagus cuniculus) induced by the same virus 
stock (Friedewald and Kidd 1944; Ito 1971). 

4.2.3 Epidemiology of HPV Infections 

4.2.3.1 Incidence of Warts 
Plantar, common and flat warts mainly occur in children and young adults 
(Zur Hausen et al. 1975; Pfister and ZurHausen 1978b). The low incidence 
later in life is probably due to immune mechanisms (see Sect. 7). Condylo- 
mas show a completely different age distribution which is easily explained 
by the venereal mode of  transmission (Oriel 1971 a, b). They are prevalent 
in populations of  high sexual promiscuity and their peak incidence co- 
incides with the maximum of  sexual activity (Zur Hausen 1977a). Laryn- 
geal papillomas have a bimodal age distribution, with a first peak between 
2 and 5 years and a second one between 40 and 60 years. They are refer- 
red to as juvenile and adult lesions. From clinical observations it was sus- 
pected that infection of  children may occur during delivery from a mother  
with condylomas. In this connection it is noteworthy that flat condylomas 
of  the cervix and laryngeal papillomas were found to harbor the same type 
of  HPV, namely HPV 11 (Gissmann et al. t982b, 1983). Adult laryngeal 
papillomas are associated with closely related viruses (Mounts et al. 1982). 
It is not yet clear if they are induced by new infections or by reactiviation 
of  a virus, which might persist after clinically apparent or inapparent in- 
fection during childhood (see Sect. 4.3). 

4.2.3.2 Efficiency of Papilloma Induction 
As deduced from experimental systems the efficiency of papilloma in- 
duction is rather low (Bryan and Beard 1940). Furthermore, it certainly 
varies with individual virus types. One study demonstrated that approxi- 
mately 60% of sexual partners of  infected individuals developed genital 
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warts (Oriel 1971a). On the other hand, family members of  Ev patients 
did not  develop warts, in spite of  intimate contact (Jablonska et al. 1980). 

HPV 5, 8, 9, 12, 13, 14, and 15 were only detected in very special 
patient groups, which points to an important  role of  host response. HPV 
13, which is associated with focal epithelial hyperplasia Heck, may be 
limited to certain ethnic groups, and the reason for this is unknown (Pfister 
et al. 1983b). The other examples are confined to Ev patients and seem 
to depend on a reduced immune reactivity, for at least a HPV 5 infec- 
tion was also observed in an immunosuppressed renal transplant reci- 
pient (Lutzner et al. 1980). In the case of  other types, like HPV 2 or 3, 
the efficiency of  wart induction is at least significantly increased by im- 
munosuppression of  the host (Jablonska et al. 1980). From this evidence 
alone the sudden onset of multiple HPV 2-induced warts at higher age can 
be taken as a possible indication for an impairment of  the immune system, 
as the result, for example, of  chronic lymphatic leukemia or Hodgkin's 
disease (Gross et al. 1983). 

4.2.3.3 Humans and Animal Papillomaviruses 
Papillomaviruses show a remarkable host specificity, and all attempts to 
transfer HPV to other species have failed (Rowson and Mahy 1967). In 
contrast, BPV 1 and 2 show a rather wide host range when compared with 
other papillomaviruses (see Sects. 4.4.4 and 5.2). This has led to repeated 
speculations on transmission to man, in spite of  the different histology of 
human warts and in spite of  the negative results of  in vitro transformation 
experiments with human cells (Black et al. 1963). Support came from epi- 
demiological surveys that revealed the prevalence of  virus-induced warts 
among butchers and veterinary surgeons (Bosse and Christophers 1964; 
De Peuter et al. 1977). However, seroepidemiological studies using a solid 
phase radioimmunoassay failed to demonstrate antibodies against BPV 1 
and 2 in man, in contrast to cattle, where 19% of  a nonselected group 
were anti-BPV 1 positive (Pfister et al. 1979b). Direct virological analysis 
of  64 warts from butchers (Orth et al. 1981;Ostrow et al. 1981) was also 
negative for BPV 1 or BPV 2. HPV 7 was isolated during these studies. It 
showed no relationship with known human or bovine papillomaviruses 
and was very prevalent in this patient group (Orth et al. 1981). As this 
virus type could be isolated only from people dealing with meat (Orth, 
personal communication),  the possibility cannot be excluded that it re- 
presents a so-far unknown animal papillomavirus. 
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4.3 Inapparent Infections and Virus Persistence 

At the moment little is known about clinically inapparent primary infec- 
tions and about the persistence of a virus without clinical symptoms. It 
has been well established by seroepidemiology that people without any 
known wart history may have papillomavirus-specific antibodies (Cubie 
1972; Pfister, unpublished work) and cell-mediated immune reactions 
(Lee and Eisinger 1976); however, inconspicuous lesions may escape 
attention, so that these observations are not proof of inapparent infec- 
tions. 

There are some arguments in favor of symptomless virus persistence: 

1. Condylmoas were often noted during pregnancy (Cook et al. t973) or 
following severe liver disease, without venereal contact with infected 
persons within the normal incubation period. 

2. Papillomavirus particles were detected in the midstream urine of preg- 
nant women who had no evidence of any genital or other warts (Le- 
eatsas and Boes 1979). Furthermore, genital warts have been reported 
in newborns whose mothers show no clinical evidence of disease (Fel- 
man and Nikitas 1979). 

3. By means of the Southern blot technique, papillomavirus DNA was 
detected in clinically inconspicuous mucosa of the larynx from pa- 
tients who had no laryngeal papilloma recurrences for 2 years (Stein- 
berg, Abramson, and Topp, personal communication). 

4. Common warts disappeared after treatment with Tigason. Histological- 
ly there was no longer any evidence for virus-specific cytopathogenic 
effects, and no viral DNA was detected by the Southern blot tech- 
nique. When treatment was stopped, the warts recurred and harbored 
the same HPV 2 subtype as before, as deduced from the restriction en- 
zyme cleavage patterns of its DNA (Gross et al. 1983). In view of the 
great number of HPV 2 subtypes, reactivation of a persisting virus 
seems more likely than a new, independent infection. 

In humans nothing is known so far about the cells in which the virus 
could persist or about the mode of viral persistence. The molecular basis 
might be quite similar to that of virus persistence during the incubation 
period. Indeed it may be merely semantic in some cases to differentiate 
between the activation of a persisting virus and the extremely long latency 
period after infection. An understanding of one problem will certainly 
help to elucidate the other. 

Domestic rabbits provide a beautiful animal model for papillomavirus 
persistence in apparently healthy tissue (Parsons and Kidd 1942). They 
suffer from oral papillomas on the undersurface of the tongue, which are 
induced by a virus unrelated to CRPV. The virus is readily recoverable 
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from mouth washings of tumor-bearing animals and can be demonstrated 
by its biological activity in inoculation experiments. Small amounts of 
virus were detectable in washings from animals which were completely 
healthy at the time but developed papillomas later in life. This is sug- 
gestive of persistent infection with occasional spontaneous virus produc- 
tion. Mouth washings of animals which neither had a papilloma history nor 
developed tumors later on were negative. Application of tar was shown to 
induce tumor formation in domestic rabbits. 

It is interesting to note that tar treatment did not elicit oral papillomas 
in cottontail rabbits, which are principally highly susceptible to the virus. 
This may indicate that there is no persistent infection in the wild animals. 
So far, this system has not been examined at the molecular level. 

The multimammate mouse (Mastomys natatensis) represents another 
fascinating model system for persistence of latent papillomavirus genomes 
(Amtmann, personal communication). Episomal MnPV genomes were de- 
tected by Southern blot hybridization in histologically normal adult liver, 
colon, muscle, and skin tissues, and even in embryos. The developmental 
stage at which congenital infection occurs is not clear at the moment. In 
skin tissues the viral DNA content increased from two copies per cell at 
16 weeks of age to several thousand copies at 64 weeks of age. The first 
tumors were noted at the age of 1 year. Expression of the viral genomes 
was detected in tumors. In the normal skin, gene expression, if any, was 
below test sensitivity. Further analysis of this system may provide valu- 
able information on the persistence mechanisms of papillomaviruses. 

4.4 Malignant Conversion 

A number of papiltomaviruses induce tumors that may eventually progress 
to carcinomas. This was first noted and studied in depth with CRPV (Rous 
and Beard 1935; Kidd and Rous 1940; Syverton 1952): 25% of infected 
cottontail rabbits suffer from invading squamous cell carcinomas, which 
arise on the basis of papillomas within several months. They metastasize 
to the lungs and other organs, eventually causing the death of the animals. 

Further examples from the animal kingdom are BPV 4-induced eso- 
phageal papillomas of cattle (Jarrett et al. 1978), virus-induced bovine 
ocular papillomas (Spradbrow and Hoffmann 1980; Ford et al. 1982), 
and papillomas in sheep (Vanselow and Spradbrow 1982). They are all 
regarded as precursor lesions to squamous cell carcinomas. Finally, MnPV- 
induced papillomas may progress to keratoacanthomas and sqamous cell 
carcinomas (Reinacher et al. 1978). 

Conversion of human papillomas into squamous cell carcinomas has 
been reviewed by Zur IIausen (1977a). It holds true for Ev lesions, con- 
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dylomata acuminata, condylomata plana, and laryngeal papillomas (see 
Table 4). 

Experimental analysis of  the CRPV system revealed a number of  gen- 
eral features, which will be covered first, as they seem to be valid for most 
other systems also. 

4.4.1 Papilloma-to-Carcinoma Sequence in Rabbits 

Carcinoma induction is not an early consequence of CRPV infection but 
usually occurs during long persistence of  papillomas. The critical period is 
about the twelfth month  after experimental infection of cottontail rabbits 
(Syverton 1952). This implies that malignant conversion is either due to 
an unlikely event or to a multistep process. Finally, however, carcinoma 
development seems almost inevitable:Papillomas rarely continue as benign 
growths for more than 18 months.  

Small pieces of  newly induced papillomas were experimentally trans- 
ferred to inner organs of  rabbits (Rous and Beard 1934). They proliferated 
actively, were markedly invasive and destructive, and led to the death of 
the animals. This indicates that some characteristics of  malignancy appear 
early in papilloma development. 

Experimental CRPV infection of  domestic rabbits leads to papillomas, 
which persist in more than 90% of  the animals. This contrasts with the 
natural infection of  cottontail rabbits, where about 50% of  the warts 
regress within 6 - 1 2  months,  but is in line with observations made after 
experimental infection of  the natural host (Syverton 1952). Approximate- 
ly 75% of domestic rabbit papillomas become malignant after about 9 
months,  which corresponds to a threefold higher incidence when com- 
pared with cottontail rabbits, where 25% of  wart carriers develop carcino- 
mas, irrespective of  natural or experimental infection. This difference in 
malignant transition rates points to the importance of host reactivity. In 
the natural host the system is significantly better balanced than in the 
"'artificial host." 

The synergistic effect of extrinsic cofactors was investigated by Rous 
and his co-workers. Methylcholanthrene or tar was repeatedly supplied 
to domestic rabbit papillomas and they became malignant earlier and at 
more sites (Rous and Friedewald 1944). Concurrent exposure to hydro- 
carbons and virus had the same effect (Rogers and Rous 1951). Most 
interestingly, the system also works in reverse: Repeated tarring of  the 
skin led to benign tumors, which rarely evolved into carcinomas; subse- 
quent intravenous inoculation of  the virus resulted in high yields of  car- 
cinomas and papillomas (Rous and Kidd 1938). On the basis of this 
evidence there can be little doubt that CRPV plays a synergistic role in 
carcinogenesis. 
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The viral DNA continues to be associated with the carcinomas (Stevens 
and Wettstein 1979; Wettstein and Stevens 1980). Two transplantable car- 
cinoma lines (Vx 2 and Vx 7) were kept in animals for 30 years and they 
still harbor viral DNA (Favre et al. 1982;McVay et al. 1982). It would be 
interesting to try to cure the carcinomas from viral DNA (see Sect. 9.2) 
and see if the cells are still malignant. This would provide evidence that 
the persistence of viral DNA is essential for the maintenance of the malig- 
nant state - or not. The tumor-inducing potential of the persisting DNA 
seems to be unchanged. Transfection of the skin of domestic rabbits with 
DNA extracts from carcinomas primarily leads to papillomas and not 
directly to carcinomas (Ito 1963). This is the same pathway as in trans- 
fection experiments with DNA from virus particles. 

Infectious virus has never been recovered from primary carcinomas or 
their metastases (Kidd and Rous 1940). However, animals bearing trans- 
planted carcinomas reveal high titers of  antibodies against virus capsid 
antigen. Minute amounts of antigen were actually detected in such tumors, 
and some infectious virus could also be isolated (Rogers et al. 1960). 

4.4.2 Bovine Alimentary Tract Carcinomas 

In Scotland there is a high-incidence area of bovine alimentary tract car- 
cinomas, which occur in close proximity to BPV 4-induced papillomas 
(Jarrett et al. 1978; Campo et al. 1980). In some cases progression from 
a papilloma to a carcinoma was histologically demonstrated within the 
same lesion (Yarrett et al. 1978). In this system, virus infection alone does 
not lead to carcinomas; they were observed only in cattle in combination 
with a bracken fern diet. This plant contains a radiomimetic substance not 
identified so far, and long-term diet is thought to be immunosuppressive 
and carcinogenic. It has not been possible up to now to demonstrate BPV 
4 DNA in the carcinomas (Jarrett, personal communication), which is in 
contrast to the CRPV system. Further studies must show if this reflects a 
different role of BPV 4 in carcinogenesis, or a different mechanism, or 
both. 

4.4.3 Human Malignancies 

4.4.3.1 Epidermodysplasia verruciformis 
About one-third of Ev patients develop cancer between 2 and 60 years 
after the onset of verrucosis, on average after 24 years (Lutzner 1978). 
The carcinomas are often of the in situ type but also grow invasively with 
heavy destruction of the surrounding tissue, eventually leading to the 
death of the patient. They hardly ever metastasize. 

The carcinomas are found mainly at light-exposed sites such as the 
forehead (Jablonska et al. 1972). This seems to provide another example 
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of  synergistic effects between papillomavirus infection and extrinsic factors 
- here most probably UV light. It is interesting that Ev has a relatively 
good prognosis in Africans, as compared with Caucasians (Jacyk and Sub- 
buswamy 1979), which may be due to the protective role of  skin pigmen- 
tation. Africans are infected by the same virus types as Caucasians (Pfister 
et al. 1981b; Blanchet-Bardon, Lutzner, Puissant, and Orth, personal 
communication).  In rare cases Africans develop carcinomas, and there is 
one report of  a carcinoma at the scrotum, which cannot be regarded as 
sun exposed (Blanchet-Bardon et al., personal communication).  This may 
point to other  cofactors or to "spontaneous" malignant conversion of  
Ev papillomas. 

An etiological role of  papillomaviruses in the progression from warts 
to carcinomas was first suggested by the observation that malignant con- 
version preferentially occurred in connection with pityriasis-like warts 
induced by HPV 5 or 8 (Orth et al. 1979). Twelve patients suffering from 
HPV 5 and 8 infection all developed carcinomas, whereas no malignancies 
were observed in connection with HPV 34nduced flat warts (Laurent et al. 
1978; Kienzler et al. 1979; Orth et al. 1979;Pfister, unpublished work). 

The role of  papillomaviruses in Ev carcinogenesis was substantiated 
when HPV 5 DNA was detected in the carcinomas themselves (Orth et al. 
1980; Ostrow et al. 1982; Pfister et al. 1983a). The three HPV 5 DNAs 
were characterized in more detail by restriction enzyme analysis and 
proved to be very similar. To exclude the possibility that the viral DNA 
was due to contaminating papilloma material, one carcinoma was examined 
histologically and DNA was prepared from tissue sections following im- 
mediately (Pfister et al. 1983a). In one case DNA could be extracted from 
a rare metastasis, which was also positive (Ostrow et al. 1982). In situ 
hybridization studies revealed only a few cells (approximately 1 in 10 000) 
that contained abundant viral DNA sequences (Orth et al. 1980). The 
absence o f  silver grains from other nuclei does not exclude the presence 
of  a few viral genome copies, which would not be detected by this meth- 
od. The in situ hybridization result suggests an uneven distribution of  
viral DNA as a result of  increased replication in some cells. Even there the 
viral cycle remains abortive, however. No virus particles were detectable 
with the electron microscope in the labeled nuclei (Orth et al. 1980). This 
is in line with earlier observations that carcinomas are free of  particle syn- 
thesis, whereas virions are readily demonstrated in the benign lesions 
(Aaronson and Lutzner 1967;Jablonska et al. 1970, 1972; Ruiter and van 
Mullein 1970) - a situation that parallels the CRPV system! Further  car- 
cinomas were analyzed in the meantime (Orth et at., personal communica- 
tion), and HPV 5 was detected in ten carcinomas of  eight patients, HPV 8 
in four carcinomas of  two patients, and HPV 3 once. The limited number  
o f  HPV types in carcinomas contrasts with the broad heterogeneity o f  HPV 
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in Ev papillomas (see Table 5), and it is tempting to speculate that only 
some HPV types are endowed with a cancerigenic potential. In view of the 
wide distribution of HPV 3 in flat warts, it is of  great interest that this 
virus was also detected in a carcinoma although its association with malig- 
nant tumors is very weak both from epidemiological data and from the 
relative number of HPV 3-positive carcinomas. 

Ev itself is a very rare disease, but basically similar conditions may be 
found in immunosuppressed patients (see Sects. 4.2.3 and 7.2.2); they are 
known to have an increased incidence of warts and skin cancer (Spencer 
and Andersen 1970; Starzl et al. 1970; Koranda et al. 1974;Mullen et at. 
1976 ; Hoxtell et al. 1977). About 42% of the patients develop warts with 
a lag phase of more than 1 year after transplantation, and de novo squam- 
ous cell carcinomas are about 35 times as frequent as in the general popu- 
lation. 

Flat warts induced by HPV 3 are most prevalent (Pfister et al. 1979a). 
Recently, HPV 5 infections have been reported in two renal allograft 
recipients (Lutzner et al. 1980), and in one of these patients multiple in 
situ cancers were noted. Anti-HPV 8 antibodies were detected in an im- 
munosuppressed organ recipient and in one patient undergoing hemo- 
dialysis (Pfister 1980). It would be of great interest to evaluate the role of 
HPV 5, 8, and 3 in the pathogenesis of skin cancers in the transplant pa- 
tient population. 

4.4.3.2 Genital Cancer 
The epidemiology of human genital cancer clearly suggests that infectious 
events play a role in the etiology of the disease (Rotkin 1973). A number 
of infectious agents have been incriminated, and papillomaviruses were 
added only recently (Zur Hausen 1976). They soon gained ground, how- 
ever, when koilocytotic atypia lesions of the cervix were shown to harbor 
HPV (see Sect. 4.2.1). These so-called flat condylomas frequently coexist 
in close proximity to or even intermingled with dysplastic and neoplastic 
epithelium. HPV-containing lesions are associated with 25%-50% of dys- 
plastic and neoplastic processes (Syr]dnen 1979; Meisels et al. 1982). 
Follow-up studies of condylomas of the cervix revealed a progression to 
moderate dysplasia, carcinoma in situ, and invasive carcinoma in 10% of 
the patients with flat condylomas (Meisels et al. 1982). 

In contrast to flat condylomas, condylomata acuminata mainly involve 
the vulva, penis, pefineal, and perianal areas and show a low incidence of 
malignant conversion. The nevertheless considerable number of case re- 
ports has been reviewed by Zur Hausen (1977a). According to these re- 
ports at least 5% of carcinomas of the vulva arise within persisting genital 
warts. Usually there is a long latency period of more than 10 years be- 
tween the appearance of condylomas and malignant conversion. The peak 
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incidence of  vulval and penile carcinomas is approximately 30 years after 
the peak incidence of condylomata acuminata. Epidemiological studies 
from Uganda have indicated a significant correlation between the frequen- 
cy of  condylomas in certain tribes and the incidence of  carcinomas of  the 
vulva and penis (Schmauz and Owor 1980). 

Giant condylomata acuminata, originally described by Busehke and 
L6wenstein (1931), represent a special pathological entity with invasive 
growth properties. These verrucous carcinomas usually do not metastasize, 
but there are reports in the literature of  progression into metastasizing 
squamous cell carcinomas (Zur Hausen 1977a). 

HPV-specific DNA could recently be demonstrated in cervical carcino- 
mas,vulval carcinomas, and Buschke-L6wenstein tumors (Green et al. 1982; 
Zachow et al. 1982; Gissmann et al. 1983;Diirst et al. 1983). 

Two of  31 cervical carcinomas harbored sequences related to papillo- 
mavirus DNA, which had been cloned from Ev lesions (Green et at. 1982). 
It probably represents HPV 10 (Green, personal communication). This 
"Ev virus" was also disclosed in two condylomas, which indicates that it is 
not restricted to skin warts but infects the genital area also. HPV 11 DNA 
was detected in five out  of 27 cervical cancers, in three invasive ones and 
in two carcinomas in situ (Gissmann et al. 1983). HPV 16 DNA was 
identified by hybridization under relaxed conditions and was directly 
cloned from a biopsy of  an invasive cervical carcinoma (Diirst et al. 
1983). It showed less than 0.1% cross-hybridization. Under stringent 
conditions HPV 16 DNA hybridized to a high percentage of  cervical car- 
cinoma DNAs (11/18 biopsies from German patients and 8/23 biopsies 
from Africa and South America). In contrast, HPV 16 was found only 
twice among 33 condylomata acuminata and twice among 20 cervical 
dysplasias. 

Among the three HPV types detected in cervical carcinomas, HPV 10 
is a newcomer to the genital area, and its prevalence remains to be estab- 
lished. The presence of HPV 11 fits nicely with its predominance in flat 
condylomas (Gissmann et al. 1983), which have already been described as 
being closely associated with carcinomas (see above). The absence of HPV 
6 is not too surprising, as it prevails in condylomata acuminata (70%) and 
was more rarely detected in condylomata plana (Gissrnann et al. 1983). 
The "preference" of  HPV 16 for malignant tumors, compared to its 
occasional presence in benign lesions, deserves special interest; it provides 
a strong argument against contamination of the carcinoma material with 
HPV DNA from adjacent papillomas (Diirst et al. 1983). 

HPV 10 and HPV 16 were also detected in two vulval carcinomas 
each, and HPV 16 DNA hybridized to one penile cancer DNA (Green et 
al. 1982; Diirst et al. 1983). A HPV 6 probe hybridized to one carci- 
noma in situ of the vulva under stringent conditions, but that experi- 



Biology and Biochemistry of Papillomaviruses 139 

ment allowed no differentiation between HPV 6 and HPV 11 (Zachow et 
al. 1982). 

Six out of seven Buschke-L6wenstein tumors were shown to harbor 
DNA of HPV 6 or HPV 11, i.e., of those types which are also prevalent in 
condylomata acuminata and plana (Gissmann et al. 1982a; Boshart, per- 
sonal communication). DNAs from two verrucous carcinomas of the vulva 
also hybridized to HPV 6 DNA under stringent conditions (Zachow et al. 
1982). 

Certainly the demonstration of HPV DNA in genital cancer biopsies 
does not yet prove a viral etiology of these tumors. However, as observed 
with Ev carcinomas, there is also a preferential association between genital 
carcinomas and certain HPV types, especially HPV 16. This may point to 
an increased cancerogenic potential and to an etiological role of this type. 
It would be desirable to reveal the viral DNA in the individual cancer cells, 
in a metastasis, or in a carcinoma-derived cell line. Furthermore, the latter 
would provide interesting experimental possibilities. 

4.4.3.3 Laryngeal Carcinomas 
Malignant conversion of juvenile laryngeal papillomas seems to be an ex- 
tremely rare event (for reviews see Zur Hausen 1977a). In addition to 
laryngeal carcinomas there is a report of a bronchogenic squamous carci- 
noma in a 19-year-old man with recurrent laryngeal papillomatosis since 
the age of 4 (Siegel et al. 1979). X-irradiation of recurrent laryngeal or 
tracheal papillomas of children or young adults led to a considerable num- 
ber of carcinomas after 5 -40  years (reviewed by Zur Hausen 1977a), 
indicating a synergistic effect between X-rays and papillomavirus infection. 

Adult laryngeal papillomas represent a clearly premalignant lesion 
with rates of malignant transition above 20% (Kleinsasser and Oliveira e 
Cruz 1973). Heavy smoking probably acts as the promoter of carcinoma 
formation. Preliminary attempts to detect HPV 11 DNA (isolated from 
laryngeal papillomas) in carcinomas of the larynx were unsuccessful 
(Gissmann et al. 1982b). 

4.4.3.4 Plantar and Common Warts and Malignancies 
A more accurate heading would be: "Plantar and Common Warts and No 
Malignancies.'" There are two case reports on carcinomas arising from the 
basis of a common wart (Grussendorfand Gahlen 1975; Shelley and Wood 
1981). Unfortunately, the virus was not typed in these studies. In view of 
the ubiquity of common warts, this number is exceedingly small. Plantar 
and common warts may persist for many years; they are obviously exposed 
to mechanical factors, trauma, and sunlight, which are all suspected of 
being cofactors of carcinogenesis. Therefore, the situation with plantar 
and common warts suggests that malignant conversion depends consider- 
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ably on the infecting virus type. DNAs of HPV 1 and HPV 2, which are 
most prevalent in these lesions, were used to screen 156 and 145 human 
cancers, respectively, for papillomavirus sequences, with negative results 
(Green et al. 1981). This evidence confirms that both viruses are unlikely 
to be associated with human cancer, and that the induced lesions are really 
benign. 

4.4.4 Equine Sarcoids 

Sarcoids are the most common spontaneous tumors of horses. They are 
not likely to metastasize but are locally invasive and usually recur after 
surgical removal. BPV 1- or 2-specific DNA was repeatedly demonstrated 
in naturally occurring equine sarcoids (Lancaster et al. 1979;Amtrnann et 
al. 1980; Pfister and Kaaden, unpublished work). The etiological role of 
these viruses can be substantiated by earlier transmission experiments: 
Experimental infection of horses with bovine fibropapillomavirus ted to 
typical sarcoids (Olson and Cook 1951). Papillomaviruses thus offer an 
impressive example for the naturally occurring induction of a nonproduc- 
tive, semimatignant tumor in an alien, nonpermissive host - a phenome- 
non which is well known in experimental tumor virology, where viruses 
such as SV40 or polyoma are only tumorigenic in the alien, nonpermissive 
host (Tooze 1980). 

From cultured cells of an equine sarcoid, a C-type retrovirus was re- 
cently detected which elicits rapid morphological transformation of 
primary equine dermal fibroblasts (Fatemi-Nainie et al. 1982). It will be 
interesting to clarify whether this reflects an alternative pathway to 
equine sarcoids or a possible interaction between papillomaviruses and 
retroviruses in the genesis of equine sarcoids. 

5 Cell Culture and Animal Model System 

In spite of many efforts to grow papillomaviruses in vitro, so far there 
exists no reproducible permissive culture system. Abortive infection could 
be demonstrated in some cases, but a clear-cut transforming ability was 
only shown for BPV 1 and 2. 

5.1 Human Papillomaviruses 

Infection of fetal rabbit kidney cells or fetal human lung fibroblasts with 
HPV from plantar warts leads to a transient stimulation of DNA synthesis 
(Butel 1972; Lancaster and Meinke 1975). No cytopathic effects were ob- 
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served with either cell system, but in human fibroblasts viral DNA se- 
quences were detectable at low levels for at least 30 doublings after 
infection (Lancaster and Meinke 1975). 

Rheinwatd and Green (1975) developed a method for long-term culti- 
vation of  human epidermal keratinocytes. The cells partially differentiate 
in vitro leading to cornified cells which do not  synthesize DNA any longer. 
Such cultures, which closely resemble the natural target tissue of  HPV, 
could be infected with virus from plantar warts, and the viral DNA per- 
sisted and replicated as a stable episome (LaPorta and Taichman 1982). 
The high genome copy number of 50 -200  per cell indicates that viral 
DNA replication in keratinocytes is much more efficient than in fibro- 
blasts. No capsid protein production was detectable, however, and at- 
tempts to isolate virus particles from infected cultures were unsuccessful. 
Nevertheless, this system is likely to provide a useful model for studying 
early events of  HPV infection, but the degree of in vitro differentiation is 
obviously insufficient for productive infection. In order to circumvent this 
problem, human skin grafts to nude ar anti thymocyte serum-treated mice 
were infected by HPV in earlier experiments (Pass et al. 1973; Cubie 
1976). No warts developed within the observation period, but this was not 
too amazing in view of  the sometimes very long incubation period in 
humans. 

5.2 Transformation by BPV 1 and 2 

Two experimentally important properties of BPV 1 and 2 depend on their 
ability to stimulate fibroblasts: 

1. Transmission to alien hosts, especially to laboratory animals, always 
involves infection of  the fibroblasts. 

2. All cells transformed in vitro and used for biochemical studies are 
fibroblasts. 

Much of  our present knowledge about the molecular biology of papil- 
lomavirus infection (see Chap. 6) is derived from these two model systems. 
Therefore, the biological properties will be outlined in more detail, and it 
should be borne in mind that BPV-transformed fibroblasts do not represent 
the usual virus-cell system for papillomaviruses. 

As far as laboratory animals are concerned, connective tissue tumors 
could be induced in C3H/eB mice (Boiron et al. 1964) and in the lago- 
morph Ochotona rufescens (Puget et al. 1975). Syrian hamsters develop 
fibromas and fibrosarcomas, meningiomas or chondromas, depending on 
the route of  inoculation (Friedmann et al. 1963;Boiron et al. 1964; Che- 
vilIe 1966;Robl and Olson 1968). 
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Hamster and mouse tumors were examined by electron microscope and 
by infectivity assays and proved to be free of mature viruses (Lancaster et 
al. 1979). BPV 1 or 2 persist on the DNA level (Moar et al. 1981a;Pfister 
et al. 1981 a). All the experimental tumors grow progressively. Those from 
ochotona and from hamsters are transplantable (Robl and Olson 1968; 
Puget et al. 1975), but only hamster tumors metastasize to internal organs 
in about 10% of the cases (Robl and Olson 1968). 

In vitro, BPV 1 and 2 are able to transform mouse cell lines NIH 3T3 
and C 127 to focus formation, growth in soft agar, and to tumorigenicity 
in the nude mouse (Dvoretzky et al. 1980). Transformation follows single- 
hit kinetics. It can also be achieved by transfection with isolated viral 
DNA (Lowy et al. 1980). Primary hamster embryo cells can be transform- 
ed to growth in soft agar both by virus infection and DNA transfection 
(Morgan and Meinke 1980). On the basis of these data it is most probable 
that BPV 1 and 2 were also responsible for the results of earlier experi- 
ments on the oncogenicity of bovine papillomaviruses, which were carried 
out with untyped virus material from bovine papillomas: The virus was 
shown to transform primary fetal bovine skin cells (Thomas et al. 1963, 
1964; Boiron et al. 1964) and, even more efficiently, fetal cells from the 
conjunctiva, the palate, and the vascular meninges (Meisehke 1979). Trans- 
formation of secondary fetal skin cells was achieved by transfection with 
phenol-extracted BPV DNA (Boiron et at. 1965). The criteria for trans- 
formation were altered cell morphology (cells become long, thin, spindle- 
shaped), and increase of growth rate and life span. By criteria such as 
morphological changes, acid formation, and increased growth rate, cell 
lines from fetal bovine conjunctivae and kidneys were also shown to be 
transformed by BPV (Black et al. 1963). As far as cells from heterologous 
species are concerned, primary embryo cells from C3H/eB, C 57/BL and 
Balb/C mice (Thomas et al. 1964), could be transformed by the above- 
mentioned criteria. Hamster embryo cells infected with BPV are morpho- 
logically altered (Black et al. 1963); they grow in soft agar (Morgan and 
Meinke 1980) and are tumorigenic in hamsters (Geratdes 1969). Trans- 
formation assays with primary cultures of human embryonic skin-muscle 
or kidneys were negative, as were assays with several human fibroblastic 
strains (Black et al. 1963 ; Dvoretzky et al. 1980). 

It should be noted that among BPV-infected cells, which are trans- 
formed by one parameter or the other, only hamster cells were shown 
to be tumorigenic in the animal (Geraldes 1969). The tumors which arise 
after subcutaneous injection of BPV 1-transformed embryo fibroblasts 
still harbor BPV DNA (Amtmann and Pfister, unpublished work), thus 
underlining the viral role in tumorigenesis. 

Transformed bovine cells were oncogenic neither in calves (Black et 
al. 1963 ; Meischke 1979) nor in hamsters (Boiron et al. 1964), and trans- 
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formed mouse cells produced no tumors in isologous mouse strains during 
an observation period of 2 months (Thomas et al. 1964). Similarly surpris- 
ing is the rather benign character of the cells which were established from 
a bovine fibroma and from equine fibrosarcomas. They are contact inhib- 
ited, do not grow in soft agar, and do not form tumors in the nude mouse 
(Lancaster 1981). In contrast, BPV 1-infected mouse cell lines NIH 3T3 
and C 127 are transformed by all these parameters (Dvoretzky et al. 1980), 
and cell lines from hamster fibromas are highly oncogenic in the Syrian 
hamster (Breitburd et al. 1981). This all points to a rather complex virus- 
cell-animal interaction in somesystems. 

5.3 Transformation by BPV 4 

Quite recently, Campo and Spandidos (1983) succeeded in transform- 
ing NIH 3T3 mouse fibroblasts by transfection with molecularly cloned 
BPV 4 DNA. The transformed cells lost contact inhibition, were anchor- 
age independent, required low serum, and were tumorigenic in nude mice. 
These results deserve special interest as BPV 4 causes pure epithelial 
lesions in vivo and is believed to be associated with esophageal carcinomas 
of cattle. 

6 Molecular Biology of Papillomavirus Infection 

Model systems and an increased sensitivity of techniques in molecular 
biology have provided some insight into the functional aspects of papillo- 
maviruses. In describing the data on DNA persistence in nonpermissive 
tumor cells and on gene expression we will follow the evolution of bio- 
logical information from DNA via RNA to protein. 

6.1 Physical State of Virus DNA in Tumor Cells 

Integration of tumor virus nucleic acid into the host genome was long 
believed to be an essential step in cell transformation. Papillomaviruses are 
likely to break this dogma. Almost all systems investigated so far have 
given no evidence for integration into host cell sequences. 

Only extrachromosomal virus DNA was detected in skin carcinomas 
of Ev patients (Orth et al. 1980; Ostrow et al. 1982;Pfister et al. 1983a) 
and in vulval and cervical carcinomas (Green et al. 1982). 
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In animal systems DNA persistence was studied with CRPV-induced 
benign and malignant lesions of  domestic rabbits (Stevens and Wettstein 
1979; Wettstein and Stevens 1980, 1982; Favre et al. 1982;McVay et al. 
1982), with BPV 1 - o r  2-induced equine connective tissue tumors (Lan- 
caster et al. 1979; Amtmann et al. 1980; Lancaster and Olson 1980; 
Lancaster 1981), and with BPV 1- or 2-induced hamster tumors (Moar et 
al. 1981a;Pfister et al. 198 l a). Furthermore,  cell cultures were established 
from the connective tissue tumors of  cattle, horses (Lancaster and Olson 
1980; Lancaster 1981), and hamsters (Breitburd et al. 1981), and from 
the transplantable Vx 7 carcinoma of  rabbits (McVay et al. 1982); and in 
addition by the in vitro transformation of  human keratinocytes (LaPorta 
and Taichrnan 1982), of  C 127 mouse cells (Lancaster 1981; Law et al. 
1981), and of  bovine cells from the conjunctiva and the palate (Moar et 
al. 1981b). 

The data on human bovine viruses can be summarized as follows: 

1. The viral DNA persists with a high copy number of  2 5 - 5 0 0  genome 
equivalents per cell, which is in line with earlier findings with untyped BPV 
(Lancaster et al. 1976, 1977). 

2. Circular DNA persists extrachromosomally and usually without any 
major deletions or rearrangements. This was principally shown by one or 
the other  of  the following experiments: (a) Supercoiled viral DNA could 
be purified by CsCl-ethidium bromide gradient centrifugation. (b) Southern 
blots of  tumor DNA revealed virus-specific bands which comigrated with 
supercoiled, open circle, and linear viral DNA. (c) Cleavage of  tumor DNA 
with restriction enzymes, which do not cut viral DNA, did not change the 
pattern of  virus-specific bands in comparison to uncleared DNA. (d) 
Single-cut enzymes of  viral DNA converted all virus-specific DNA into full- 
length linear form. Only in one hamster tumor  cell line were two addition- 
al bands observed after Bam HI and Eco RI digestion, which were tenta- 
tively interpreted as signals of  integrated DNA (Breitburd et al. 1981). (e) 
Virus-specific cleavage patterns with various multicut restriction enzymes 
were identical with DNA taken from tumor cells and from virus particles. 

Both in an Ev carcinoma and in an equine sarcoid viral DNA molecules 
were detected,  bearing deletions of approximately 20% and 9%, respective- 
ly (Ostrow et al. 1982; Amtmann et al. 1980). As the deletion mutants 
appeared only together with wild-type DNA their biological activity can- 
not be evaluated at the moment .  

3. High-molecular weight viral DNA was observed in small amounts in 
Ev carcinomas (Ostrow et al. 1982; Pfister et al. 1983a), in hamster tumors, 
and in transformed mouse cells (Breitburd et al. 1981;Law et al. 1981; 
Pfister et al. 1981a). These DNA molecules are not integrated by the 
above-mentioned criteria and are interpreted as concatemeric or catenated 
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structures. Digestion of Ev carcinoma DNA with nuclease S1, which con- 
verts supercoiled papiltomavirus DNA into linear form, led to the forma- 
tion of linear dimers (Pfister et al. 1983a), which would be expected in the 
case of concatemers. However, S1 treatment of DNA from BPV 1-trans- 
formed C 127 mouse cells destroyed the slow-migrating viral DNA, thus 
arguing for catenates (Law et al. 1981). 

4. Sensitivity tests usually allow the conclusion that only less than 
0 .1 - I  genome equivalent per cell could be integrated into cellular DNA. 
As far as studies with tumor biopsy material are concerned, one cannot 
exclude the possibility that integration of viral genomes happens in some 
small parts of the tumor. BPV 1-transformed C 127 mouse cells, however, 
were cloned, and the clones were shown to have less than 0.1 virus genome 
equivalent per cell integrated (Law et al. 1981). As these clones are able to 
induce tumors in nude mice it is clear that integration of a major part of 
the viral DNA is not essential for tumorigenicity in this system. 

The situation is somewhat different with CRPV. A comparable amount 
of 10-100 copies of the viral genome is present per diploid cell of papillo- 
ma, primary, and metastatic carcinomas of the domestic rabbit. The ma- 
jority of this DNA, however, behaved as a high-molecular weight complex 
when uncleared tumor DNA was separated electrophoretically, and super- 
coiled CRPV DNA became only visible after prolonged exposure of 
Southern blots. Further analysis by two-dimensional gel electrophoresis, 
CsCl-propidium diiodide gradient centrifugation, partial digestion with 
restriction enzymes, and S1 nuclease treatment revealed episomal viral 
DNA circles of increasing size (Wettstein and Stevens 1982). 

Single-cut enzymes of viral DNA led to full-length linear DNA, repre- 
senting 99% of the total virus-specific DNA. In addition, faint bands were 
observed, which migrated slower or faster than linear CRPV DNA and 
could be interpreted as signals of integrated viral DNA. The pattern of the 
minor bands was reproducible among three different metastatic nodules of 
the same primary carcinoma but differed in a carcinoma of a second ani- 
mal (Wettstein and Stevens 1980). 

Favre et al. (1982) described extrachromosomal viral DNA of high mol- 
ecular weight in the Vx 7 carcinoma also. Using a Vx 7 carcinoma which 
was independently transplanted for several generations, McVay et al. 
(1982) found exclusively integrated DNA in multiple copies. Eco RI 
cleavage patterns revealed five to six viral-cellular junction pieces. This 
observation obviously represents a rare exception, but CRPV seems to 
have an increased tendency for integration. 

Nevertheless, extrachromosomal replication of viral DNA turned out 
to be a common characteristic of papillomaviruses. This ability does not 
exclude integration, however, as demonstrated by some examples. 
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Persisting virus DNA from both DNA (Desrosiers et al. 1979) and 
RNA tumor viruses (Cohen 1980) was described to be highly methylated. 
In contrast, analysis of BPV 1 DNA from hamster tumors with methyla- 
tion-sensitive restriction enzymes Hpa II and Hha I gave no evidence for 
methylation (Pfister et al. 1981a). As the recognition sites of Hpa II and 
Hha I are distributed over the whole BPV 1 genome, this statement is 
fairly representative. 

Partial methylation was observed with HPV 1 DNA, which was ex- 
tracted from a single wart (Danos et al. 1980). One out of four Hpa II 
cleavage sites was methylated in about 40% of the DNA population. It will 
be interesting to see if this methylation plays a regulatory role in gene 
expression. 

6.2 The Origin of Replication 

The sequences of HPV 1 and BPV 1 show a region of approximately 1000 
bp without significant open reading frames (Danos et al. 1982; Chen et al. 
1982; see also Fig. 2). By analogy with polyoma-like viruses it is tempting 
to speculate that this region harbors the origin of DNA replication. Similar 
to the noncoding regions of SV 40 and BK, those genome segments reveal 
A + T-rich clusters, palindromic sequences, and direct and inverted repeats. 

It should be pointed out, however, that a limited sequence homology 
between HPV 1 DNA and the origins of replication from SV 40, polyoma, 
and BK was identified in a complemetely different region of the HPV 1 
genome (Danos et al. 1982). The sequence homology is about 3600 bp 
away from the region with the prominent signal structures. Therefore, 
functional data are necessary to define the origin of DNA replication of 
papillomaviruses. 

6.3 Viral Transcription 

RNA synthesis has been studied, so far, only with BPV 1 and CRPV. Viral 
transcripts are usually classified as early or late according to the temporal 
organization during the productive cycle. Early mRNAs are transcribed 
soon after infection and code for proteins, which are important for viral 
replication. With tumor viruses early proteins play a key role in the trans- 
formation of the host cell. Late mRNA transcription requires DNA syn- 
thesis, occurs at the end of the infection cycle, and leads to synthesis of 
structural proteins. 

As has been pointed out already, no productive cell culture system 
exists for papillomaviruses, so that there is no experimental basis to dis- 
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criminate between early and late genes. However, viral transcripts were 
analyzed from the virus-producing periphery of  BPV 1-induced fibro- 
papillomas (Amtmann and Sauer 1982b) and compared to viral transcripts 
from the fibroma moiety of  the wart, where no mature particles were de- 
tected. The latter transcripts were similar to those found in BPV 1-induced 
hamster tumors and in BPV 1-transformed mouse cells (Amtmann and 
Sauer 1982b; Freese et al. 1982; Heilrnan et al. t982). In analogy with 
polyoma-like viruses and for convenience they will be referred to as "early 
transcripts." The mRNAs, which are specific for the wart periphery, are 
regarded as late. Similarly, CRPV transcripts in nonproductive papillomas 
and carcinomas are called early. 

6.3.1 Early Transcripts 

At least five early transcripts could be disclosed in the basal part of BPV 1- 
induced warts (Amtmann and Sauer 1982b). Two RNAs with 1100 and 
1300 nucleotides, respectively, were by far the most prevalent ones. RNAs 
of  the same size and equal prevalence were detected in transformed mouse 
cells and in hamster tumor  cells (Table 6; Freese et al. 1982; Heilman et 
al. 1982). In the hamster system, however, it has not been possible, so far, 
to demonstrate two bands after gel electrophoresis, and it remains to be 
established if this is due to quantitative differences or to small size differ- 
ences which make the bands melt together. Minor transcripts exist in the 
various systems, which differ considerably in size and quantity (Table 6). 
Some discrepancies may be due to experimental variation, but some may 
reflect altered viral gene expression in different host cells. 

All early transcripts are polyadenylated (Amtmann and Sauer 1982b; 
Freese et al. 1982; Heilman et al. 1982). Sl-mapping of  the virus transcripts 
from C 127 mouse cells showed that they share a common 3'-end and ex- 
tend to different 5'-termini (Fig. 4; Heilman et al. 1982). Comparable tran- 
scripts in bovine warts and hamster cells map in the same position as those 
from C 127 mouse cells (Amtmann and Sauer 1982b; Freese et al. 1982). 

The RNAs were transcribed from the same DNA strand without evi- 
dence for internal splicing (Heilman et al. 1982). The presence of a re- 
mote 5'-leader sequence could not  be ruled out, however, in those experi- 
ments; indeed it is suggested by Northem blot hybridization of viral RNA 
to subgenomic 32P-labeled DNA fragments: RNAs with 1100, 1300, 
1600, and 1800 nucleotides all gave a signal with the remote Sma I-Hpa I 
fragment (Fig. 4; Amtmann and Sauer 1982b). 

BPV 1-specific RNA is only present in low quantity: 15 -30  copies 
per C 127 mouse cell were estimated from dot blot intensities (Heilman et 
al. 1982), corresponding to 0.006%-0.01% of the total polyadenylated 
RNA pool in transformed cells. 
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Fig. 4. BPV 1 RNA transcripts in transformed cells and in tumors,  which do not 
produce mature particles or capsid antigen: C 127 mouse cells, fibroma part of the 
bovine wart, and hamster tumor.  The transcribed genome segment is characterized by 
restriction enzyme cleavage sites (top) and nucteotide numbers (bottom), as published 
by Chen et al. (1982). The open reading frames for proteins (see also Fig. 2) are given 
at the top. The location of  transcripts in C 127 cells was defined by S1 mapping (Hell- 
man et al. 1982). The approximate location of  transcripts in bovine warts and hamster 
tumors, as determined by Northern blot hybridizat ion to subgenomic DNA fragments, 
is indicated by dotted lines, the length of the transcripts by boxes (Amtmann and 
Sauer 1982b; Freese et at. 1982). If possible, the box position was aligned with the 
transcripts in C 127 cells. The location of promotor  consensus sequences (TATA), po- 
tential  capping (CAP) and splice donor (SD) sites, as well as poly adenylation signals 
(AATAAA),  is indicated below. A possible leader sequence, as derived from the tran- 
scription control  signals, is tentatively drawn at the 5'-end of  the transcripts in bovine 
warts. These transcripts were shown to hybridize with the Hpa I-Sma I DNA fragment 

DNA-RNA reassociation analysis with RNA from CRPV-induced skin 
carcinomas revealed virus-specific transcription covering 6%-12% of the 
viral genome (Wettstein and Stevens 1981;McVay et al. 1982). This is in 
the same size range as in the BPV 1 hamster tumor system. Northern blots 
of  RNA from papillomas and carcinomas of  the domestic rabbit revealed 
two major transcripts with 1300 and 2000 nucleotides, respectively 
(Nasseri et al. 1982). Two larger RNAs (3500 and 4800 nucleotides) were 
only detected with total cellular RNA but not  with cytoplasmic RNA, 
suggesting that they are intranuclear precursors. The major transcripts were 
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mapped by Northern blot hybridization to subgenomic CRPV DNA frag- 
ments. They are colinear in large parts and both should be spliced, as de- 
duced from hybridization to two noncontiguous DNA fragments. It is 
interesting to note that the relative amount of  the two RNAs varied be- 
tween papillomas and carcinomas, the smaller RNA being more prominent 
in carcinomas. 

6.3.2 Late Transcripts 

In the keratinized periphery of  BPV 1-induced warts, where mature viruses 
appear, a RNA species with 2000 nucleotides was disclosed in addition to 
early transcripts (Amtmann and Sauer 1982b). This RNA is transcribed 
from the same strand as the early RNAs and maps within the small Barn 
HI-Hind III fragment of  BPV 1 DNA (see Fig. 2). RNA from this region 
was shown to code for the major structural protein of  BPV 1 in in vitro 
translation assays (Heilman and Howley, personal communication). 

6.3.3 Reading Frames and Transcription Control Signals 

With all papillomaviruses sequenced so far only one DNA strand has signif- 
icantly large open reading frames which are likely to code for proteins. 
This correlates with finding only one DNA strand to be transcribed. It sug- 
gests that the whole genetic information is coded by one strand, which is 
in contrast to polyoma-type viruses, where early and late genes are tran- 
scribed from different strands (Tooze 1980). 

In the case of  BPV 1, there are two TATAAA sequences which are 
characteristic for eukaryotic promoters, just upstream of  the early region 
(see Fig. 4; Chen et al. 1982). A potential cap site for RNA (sequence 
ACA) follows 31 nucleotides after the second TATA box. A short run of 
125 nucleotides to a potential splice donor sequence (AGGTGCAT) could 
give rise to a short leader sequence. Interestingly this part lies within the 
very same Sma I-Hpa I fragment (see Fig. 4) which hybridized to four 
early transcripts of  BPV 1 (see Sect. 6.3.1). The first TATA box is also 
followed by a cap site and a potential splice donor sequence, which would 
give rise to a leader of  only six nucleotides. No further promoter  consensus 
sequences appear within the early region. 

Functional assays for promoter  activity led to congruent results 
(Campo et al. 1983). BPV 1 Hae III DNA fragments were cloned into 
a plasmid carrying the Herpes simplex virus type 1 thymidine kinase 
(TK) gene deprived of its own promoter. The two Hae III fragments, 
which harbored one of the above-mentioned promoter blocks each, were 
able to stimulate TK gene expression. The fragments were tested in both 
orientations, and their activity was significantly higher when oriented 5'- 
to 3'- to the direction of  transcription of  the TK gene. Two additional 
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Hae III fragments from the 3'-end of the early region revealed enhancer 
properties (see below). All the other fragments were unable to replace the 
TK gene promoter. 

A polyadenylation recognition sequence is found close to the 3'-end 
of the early transcripts. 

Taken together, the data suggest that the early region of BPV 1 repre- 
sents a single transcriptional unit where different transcripts are generated 
by differential splicing. Potential splice acceptor sites exist in the regions 
of the Y-ends of all RNA transcripts from transformed C 127 mouse cells 
(Heilman et al. 1982;Chen et al. 1982). 

A transcription enhancer was described upstream of the early region 
of SV 40, which activates transcription irrespective of polarity and distance 
to a promoter (Gruss et al. 1981 ; Benoist and Chambon 1980). Lusky et 
al. (1982) were able to substitute for the SV 40 enhancer with a BPV 1 
sequence from the 3'-end of the early region. The role of this sequence in 
BPV 1 transcription remains to be established. 

In the late region there are several potential promoters: In view of the 
reading frames, a TATATA sequence in front of L 2 and a TATAAA se- 
quence in front of L 1 are most interesting. Two polyadenlyation recogni- 
tion sites map close to the 3'-end of the late transcript (Amtmann and 
Sauer 1982b). 

The distribution of transcription control signals is very similar in the 
case of HPV 1 (Danos et al. 1982). In contrast to BPV 1 there is a beauti- 
ful promoter consensus sequence at the beginning of the presumable late 
region: a CCAAT box followed by the TATAAT box after 39 nucleo- 
tides. CCAAT and TATAAAT boxes were also found in front of the late 
region of HPV 8 (Fuchs and Pfister, unpublished work). It is interesting 
to note that five noncontiguous regions at the 3'-end of the HPV 1 early 
region show partial homology with pieces of the SV 40 transcription en- 
hancer (Danos et al. 1982). These sequences may reveal similar enhancer 
properties as the corresponding segment of the BPV 1 genome. 

6.4 Nonstructural Viral Proteins 

It has not been possible to disclose nonstructural proteins of papilloma- 
viruses in any system up to now. Some indirect evidence exists in the cases 
of CRPV and BPV 1 or 2, but the virus specificity of these antigens or 
proteins has not been proven. 

Both nuclear (lshimoto et al. 1970) and membrane fluorescence (Ishi- 
moto and 1to 1969) were detected in indirect immunofluorescence tests 
with cells from CRPV-induced papillomas of the cottontail rabbit and sera 
from papilloma-bearing rabbits. In most cases only less than 5% of the cells 
were positive. Cells from domestic rabbit papillomas were either negative 
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(Orth and Croissant 1968) or showed a similar pattern to that of  cotton- 
tail cells with sera from young tumor-bearing animals (Seto et al. 1977). A 
tumor-specific transplantation antigen of CRPV-induced papilloma and 
carcinoma cells was suggested by cell-mediated immune reactions in vitro 
(HellstrOm et al. 1969). 

Some contradictory data were reported on antigens of BPV-trans- 
formed cells. Cytoplasmic fluorescence was observed in 20% of BPV-trans- 
formed hamster and mouse cells by using sera from tumor-bearing hamsters 
(GeraMes 1970). In an independent assay no fluorescence was detected 
with hamster sera in cells derived from BPV-induced tumors from cattle, 
horses, and hamsters (Barthold and Olson 1978); however, sera from cattle 
and horses bearing BPV-induced fibromas reacted with cell membranes of 
the tumor cells. No intracellular antigens were found in this study. Five 
polypeptides were reproducibly precipitated from extracts of BPV 1-in- 
duced hamster tumor cell lines by sera from tumor-bearing hamsters and 
pikas (Breitburd et al. 198t). The molecular weights were 190000,  
125 000, 59 000, 33 000, and 30 000. Specificity controls were carried out 
with SV 40-transformed cell lines and a normal hamster embryo cell strain, 
as well as with sera from hamsters bearing SV 40-induced tumors. A num- 
ber of  cross-reactions indicate that these polypeptides are most likely 
transformation-related proteins, but not necessarily papillomavirus specific. 

Antigens with similar properties were detected in human warts: A 
nuclear and a cell surface antigen were purified from wart homogenates by 
immunoadsorbent chromatography (Pass and Marcus 1973). The antigens 
were present in warts, squamous celt carcinomas, fetal skin and psoriatic 
epidermis, and even in concentrated extracts of normal skin. 

One reasonable approach to early proteins of papillomaviruses should 
be in vitro translation of the virus-specific RNA from BPV 1-transformed 
cells. Whereas late mRNA has been successfully translated into the capsid 
protein, however, no early proteins have been translated so far (Heilman, 
personal communication; Fink and Pfister, unpublished work). 

In spite of  frustrating experiences in the search for early proteins, 
there can be little doubt that such proteins exist. A comparison of nucleo- 
tide sequences and theoretical amino acid sequences of  HPV 1, HPV 6, 
and BPV 1 clearly shows that protein structures are highly conserved with- 
in reading frame E 1. Nucleotides are often exchanged in the third codon 
positions, where an exchange does not affect the amino acid coded for 
(Fig. 5). This can only be explained by an evolutionary pressure on the 
protein level. From the limited viral RNA synthesis in tumors and in trans- 
formed cells one may expect only low amounts of  protein. Furthermore, 
the proteins may be weakly antigenic. Both assumptions could account 
for the negative results obtained so far. 
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Fig. 5. Partial nucleotide and amino acid sequences within reading frame E 1 of  BPV la 
(upper) and HPV la (lower). The nucleotide numbers correspond to those of the pub- 
lished sequences (Chen et al. 1982; Danos et al. 1982). Conserved amino acids are 
boxed; chemically similar amino acids are framed by dotted lines. Identical nucleo- 
tides are connected by a line. Nucleotide exchanges which do not affect the amino 
acid coded for are displayed by closed rhombs. Nucleotide exchanges which lead to 
chemically similar amino acids are indicated by open rhombs 

6.5 Mechan i sm o f  T r a n s f o r m a t i o n  and T u m o r  I n d u c t i o n  

N e w  insights  in to  the  g e n o m e  structure and the  gene express ion  o f  papil lo-  
maviruses  have  s h o w n  that  t h e y  are o n l y  d is tant ly  related wi th  p o l y o m a -  
l ike viruses.  There fore ,  it is poss ible  that  t r a n s f o r m a t i o n  and t u m o r  induc-  
t i on  by  papi l lomaviruses  differs cons iderab ly  f r o m  the  w e l l - k n o w n  t u m o r  
virus s y s t e m .  
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Several attempts have been made to define the transforming principle 
of  papitlomaviruses. Transfection studies with BPV 1 DNA and mouse cells 
showed that the entire genome is not needed for transformation to growth 
in soft agar and tumorigenicity in the nude mouse (Lowy et al. 1980). 
Transfection with subgenomic fragments confined the essential region to 
the 3.4 x 106 Bam HI-Hind III fragment, representing the early region of 
the viral chromosome (see Fig. 4). Transfection efficiency varied between 
13% and 35% of  the values obtained with full-length linear DNA; this may 
be due to difficulties in establishing the DNA in the cells. As observed 
with full-length DNA, subgenomic fragments have to recircularize after 
transfection, but, in contrast to the complete genome, where this usually 
works properly, circularization of  fragments is accompanied by the acqui- 
sition of  additional sequences, duplications, or rearrangements (Law et al. 
1981). 

Deletion mutants were constructed in vitro, allowing a more precise 
characterization of the region essential for transformation (Lowy et al., 
personal communication; Howley et al., personal communication). The 
5'-end of  the early region seems to provide only the promoter  (see Fig. 4). 
This was elegantly shown by ligation the 1.4 x 106 Eco RI-Bam HI frag- 
ment  to the large terminal repeat of a retrovirus, thus substituting for the 
promoter function and getting a transforming DNA molecule (Nakaba- 
yashi, Chattopadhyay and Lowy, personal communication). According 
to the present state of  knowledge, the transforming ability resides be- 
tween nucleotides 2405 and 4450 (Barn HI), i.e., within 25% of the viral 
genome. 

As has been already discussed in detail (see Sect. 6.1), there is no evi- 
dence for integration of  BPV DNA. Therefore, there is no molecular basis 
for a possible cell transformation by integration of  a viral promoter  in 
front of  a cellular oncogene, as described for retroviruses (Hayward et al. 
198t). 

The persistence of BPV 1 DNA alone does not seem to be sufficient 
for transformation. Bovine fetal thyroid cells are capable of  supporting 
continuous BPV 1 DNA replication without detectable viral gene expres- 
sion and retain a normal phenotype (Amtmann and Sauer 1982a). Treat- 
ment  of  infected cells with the tumor promoter  12-O-tetradecanoyl- 
phorbol-13-acetate (TPA) induced viral transcription and also cell trans- 
formation in terms of  altered morphology, reduced serum requirement, 
and increased saturation density. This indicates that viral gene expression 
is necessary for transformation. 

Induction of viral transcription by TPA has similar consequences in 
other systems. BPV 1 DNA did not replicate in embryonic fibroblasts of 
DBA mice and was lost after a few cell passages (Amtmann and Sauer 
1982a). The DNA was not transcribed and the cells were phenotypically 
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normal. TPA treatment induced several species of  BPV 1 RNA, and viral 
DNA concentration increased considerably as early as 18 h after treatment. 
After stimulation the BPV 1 DNA continued to replicate in the absence of 
TPA, transcriptional activity proceeded, and the cells appeared transform- 
ed. Tumor  promoter  activity may thus enable papillomaviruses to establish 
themselves in cells which are, a priori, not susceptible at all. 

TPA also activates papillomavirus DNA in vivo. Treatment of the multi- 
mammate mouse drastically increased the number of  persisting viral ge- 
nomes per cell (see also Sect. 4.3), and this event probably depended on 
stimulation of  gene expression (Amtmann and Sauer, personal communi- 
cation). It is of  special interest that after TPA treatment tumors arose sig- 
nificantly earlier than the spontaneous tumors of  the control animals. 

In summary, the above-mentioned experiments indicate that cell trans- 
formation in vitro and tumor induction in vivo apparently depend on viral 
gene expression, at least on RNA transcription. Up to the present, no tem- 
perature-sensitive mutants which would be in favor of  a transforming 
protein have been found to exist. 

Nothing is known about the molecular mechanisms that might be in- 
volved in malignant conversion of  papillomas. Comparative analysis of 
individual virus types is still in its infancy and has not yet revealed relevant 
differences between the types of  viruses which were found to be associated 
with carcinomas and those which were detected in benign lesions. 

Chromosomal abnormalities are well known to be associated with 
malignancies of  humans and animals and are supposed to play an important 
role in carcinogenesis. As a possible mechanism of  tumor induction it was 
suggested that virally induced cell proliferation may enhance the risk for 
mutations, which could affect the balance between tumor  virus activity 
and host cell control (ZurHausen 1977b). Some preliminary observations 
with papittomaviruses are in line with this hypothesis. Histological studies 
on biopsies from women with severe cervical dysplasia and condylomas, 
and with dysplasias alone, revealed significantly more mitotic abnormalities 
in the condylomatous lesions, which is consistent with viral alterations of 
mitosis (Boon and Fox 1981). BPV 1 induced fibrosarcomas of  Syrian 
hamsters were tested for chromosomal abnormalities and all showed ab- 
normal karybtypes (Gampert et al. 1983). Chromosomes 1, 4, and 15 were 
most frequently stricken. These chromosomes are also affected in many 
hamster tumors induced by other viruses or by chemical carcinogens 
(Pathak et al. 1981 ;Dipaolo andPopescu 1979); this implies a convergent 
action of  different oncogenic agents. Large-scale screening experiments 
will be necessary to substantiate these data. 
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6.6 BPV 1 as Cloning Vector 

Some properties of  BPV 1 suggested the usefulness of  BPV DNA as a 
eukaryotic cloning vector, thus opening a new field of  papillomavirus 
research (Sarver et al. 1981). As described in Sect. 6.5, a subgenomic frag- 
ment  is able to transform susceptible mouse cells, and the DNA persists 
extrachromosomally with multiple copies. This ensures both the amplifica- 
tion and physical integrity of the cloned DNA. The transformed character 
of  the cells provides a further amplification step as a result of  rapid cell 
division and offers a selection marker for those cells that have incorporated 
the foreign DNA segment. 

In a first assay the rat preproinsulin gene I was linked to the trans- 
forming region of  BPV 1 (Sarver et al. 1981) and transfected to C 127 
mouse cells. A correctly spliced preproinsulin transcript could be detected 
in transformed cells, and rat proinsulin protein was demonstrated in the 
culture medium by radioimmunassay and immunoprecipitation. 

In an at tempt to obtain independence from the transformed pheno- 
type as selective marker for transfection, the transforming region was 
linked to a dominant selective marker: the Escherichia coli xanthine 
guanine phosphoribosyltransferase (XGPT) gene (Law et al. 1982). The 
new vector transferred two phenotypes,  which could be selected for 
separately. One difficulty encountered with this vector was the high fre- 
quency o f  rearrangements of  the input DNA, the reason for which is not 
known at present. 

In many instances it is extremely helpful when cloned genes can be 
shuttled between mammalian cells and bacteria. With BPV 1 as eukaryotic 
vector moiety a shuttle vector was constructed by ligation with a pBR 322 
deletion derivative (Binetruy et al. 1982; DiMaio et al. 1982;Sarver et al. 
1982). The pML 2 variant o f p B R  322 lacks the sequence that inhibits re- 
plication in eukaryotic cells (Lusky and Botchan 1981). The BPV 1-pML 2 
hybrid molecule replicates as a stable, unintegrated, mult icopy plasmid in 
mouse C 127 cells and in FR 3T3 rat fibroblasts (Binetruy et at. 1982) 
and can be rescued in bacteria. 

In the meantime, human ~-globin gene (DiMaio et al. 1982), human 
interferon ~1 gene (Mitrani-Rosenbaum, Maroteaux, Mory, Revel, and 
Howley, personal communication),  and hepatitis B virus surface antigen 
(Stratowa, Wang, Schdfer-Ridder, and Hofschneider, personal communica- 
tion) were cloned in the BPV 1 vector and were transferred to mouse cells. 
They are all transcribed in the eukaryotic cells. Interferon was produced 
constitutively at low levels and responded to induction with inactivated 
Newcastle disease virus or poly IC. Hepatitis B virus surface antigen was 
stably produced in high amounts. This indicates that BPV 1 offers a suc- 
cessful new vector system for molecular biology studies in eukaryotes. 
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7 Immune Resoonse 
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Man reacts to papillomavirus infection with humoral and cellular immune 
mechanisms against virus particles and tumor  tissue (Thivolet and Viac 
1978). This is reflected by the facts that papillomavirus infections are 
mainly acquired by children or early adolescents, that many warts regress 
spontaneously after variable periods, that rejection is systemic in the case 
of  multiple warts, and that the hosts are left immune to reinfection later 
in life. The special importance of  cell-mediated immunity becomes clear 
from the following observations: 

1. Patients treated with immunosuppressive drugs, for example after kid- 
ney transplantation, often suffer from disseminated, nonregressing 
warts (Spencer and Anderson 1970; Starzl et al. 1970; Koranda et al. 
1974). 

2. Patients with cell-mediated immune deficiencies secondary to Hodg- 
kin's disease or chronic lymphatic leukemia are more prone to papillo- 
mavirus infection than patients with humoral immune deficiencies 
(Perry and Harman 1974 ;Morison 197 5a; R eid et al. 1976; Ward et al. 
1977). 

Nevertheless, the roles of the different immune mechanisms in wart 
regression and prevention are still not well understood. This is certainly at 
least partially due to the use of  pooled virus preparations as antigen source 
in earlier assays, which probably obscured type-specific reactions. Many 
immunological experiments will have to be repeated with characterized 
viral antigens. 

For further discussion it may be useful to start with a brief summary 
on the immunology of  Shope papillomavirus infection. This system has 
provided a lot of  data on the immune response to a clearly defined virus 
and offers a solid basis for the discussion of  more recent results on HPV. 

7.t Shope Papillomavirus 

Rabbits respond to papillomavirus infection by generating neutralizing 
antibodies which protect from reinfection (Kidd et al. 1936). The anti- 
bodies are demonstrable in animals with both regressing and persisting 
tumors (Kidd 1938; Seto et al. 1977), indicating that they do not cause 
regression. The importance of  other mechanisms in this respect was clear- 
ly shown in reinfection experiments, where virus inactivation by antibodies 
was avoided either by infection of  autologous skin in vitro followed by 
transplantation (Kreider 1963) or by transfection with purified viral nu- 
cleic acid (Evans and Ito 1966): Papillomas were only induced in rabbits 
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with persisting papillomas and not in regressor animals. Immunity lasted 
for at least 5 months after regression and was independent of the life span 
of  the first tumor  (Evans and Ito 1966). This type of  immunity is likely 
to be directed against tumor antigens, as vaccination with tumor tissue in- 
creased the frequency of  regression from 25% (spontaneous) to 50%-90% 
(Evans et al. 1962). Mononuclear cell infiltrates in regressing papillomas 
point to cellular immune mechanisms being the active principle in papillo- 
ma regression (Kreider 1980). Leukocytes were most concentrated at the 
epithelial basement membrane, whereas reduction of  cell proliferation was 
most obvious in the spiny layer; this may indicate the activity of lympho- 
kine-like substances. Cellular immune mechanisms were also demonstrated 
by in vitro studies (Hellstrdm et al. 1969): Lymph node cells from rabbits 
in which papillomas had spontaneously regressed inhibited colony forma- 
tion of  papilloma- and carcinoma-derived cells. Surprisingly this was also 
achieved by lymph node cells from nonregressor animals; however, in con- 
trast to regressor rabbits, nonregressor sera abrogate the inhibitory effect. 
This implies a cell-mediated immune response to the surface of tumor cells 
and a sensitivity of  this reaction to the humoral factors which play an im- 
portant role in preventing regression. Additional immune reactions were 
disclosed after CRPV infection of newborn domestic rabbits (Seto et al. 
1977). Fifteen weeks after infection delayed-type hypersensitivity to 
CRPV was detected in three regressors and in five out of eight persisters. 
Besides neutralizing antibodies, antibodies appeared against nuclear and 
cytoplasmic papilloma cell antigens in both persisters and regressors, thus 
giving no direct evidence for a role in wart regression. 

The overall effect of the immune system in CRPV infection is beauti- 
fully demonstrated by the results of  immunity impairment by methyl- 
prednisolone (McMichael 1967). Steroid treatment did not influence 
latency period, papilloma growth rate, virus concentration, and malignant 
conversion of  papillomas. However, treated animals suffered from "sec- 
ondary" papillomas, arising at sites not directly inoculated with virus, 
and the tumors hardly regressed. Only 2.5% of  steroid-treated animals 
showed regression, whereas 47% of  the tumors of control animals regress- 
ed. Furthermore, methylprednisolone led to increased susceptibility to 
reinfection by CRPV. 

7.2 Human Papillomaviruses 

7.2.1 Humoral lmmunity 

7.2.1.1 Response to Virus Structural Proteins 
Regarding the heterogeneity of  human papillomaviruses, most of the data 
on antibody response to HPV must be interpreted carefully as they were 
obtained with antigen from pooled warts. As far as plantar wart patients 
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were tested, the conclusions will mainly hold true for HPV 1 because of  
the prevalence of this virus type in plantar warts and the relatively high 
particle yield with HPV 1. 

Antibodies reacting with HPV particles were first demonstrated by 
electron microscopy by Almeida and Goffe (1965). They are directed to- 
wards the major structural protein of  the viral capsid (Pass and Maizel 
1973). Follow-up studies with individual patients showed that it may take 
several months to develop antibodies after the onset of  warts (Cubie 1972). 
Of former plantar wart patients 70% were still antibody positive 2 years 
after healing, and so were 20%-30% up to 9 years after infection. Counter- 
current immunoelectrophoresis was used as antibody detection test for 
this study. According to a monospecific solid-phase radioimmunoassay, 
the percentage of anti-HPV 1 antibody-positive people in the unselected 
populaton rises with age to reach a maximum of  about 50% at 20 years 
and gradually declines afterwards to an average value of 35% (Pfister and 
Zur Hausen 1978b). It is interesting to note that the incidence of HPV 1- 
induced warts drops sharply in the 2 0 - 3 0  years age group, and one might 
speculate about a protective role of the antibodies. 

HPV 2, HPV 3, HPV 5, and HPV 8 were also shown to elicit antibody 
response by using monospecific antigens for immunodiffusion, immuno- 
fluorescence, or immune electron microscopy tests (Jablonska et al. 1979, 
1980; Pfister et al. 1979a, 1981b). Eight out of 11 Ev patients with per- 
sistent warts had antibodies against one or more of the above-mentioned 
HPV types. Butchers, who have a high risk of  papillomavirus infection, 
showed specific HPV antibodies in about 50% (25/51) in contrast to other 
adults, of whom 85% were negative in immunodiffusion tests (Jablonska 
et al. 1980). A limited seroepidemiology of  HPV 8 by immune electron 
microscopy revealed type-specific antibodies at low titers in ten out of 
100 healthy adults (Pfister et al. 1981b). This contrasts the fact that HPV 
8-induced lesions were only observed in Ev patients and indicates a rather 
wide distribution of  HPV 8 with subclinical infections. 

The anti-HPV titers are usually low, which points to a very limited 
antigenic stimulation of wart carriers. Existing antibody titers slowly 
increase during the disease (Pyrhdnen 1978). IgM antibodies appear first 
and predominate for long periods without detectable influence on tumor 
growth. At the onset of  regression all patients had virus-specific IgM anti- 
bodies when examined with an indirect immunofluorescence test (Matthews 
and Shirodaria 1973; Shirodaria and Matthews 1975). In contrast, only 
12% of  the patients with nonregressing warts were IgM positive. Close to 
regression, IgG antibodies with complement-fixing activity come up (Ogil- 
vie 1970; Genner 1971; Pyrhdnen and Penttinen 1972; Pyrhdnen and 
Johannson 1975). They were taken as signs of good prognosis and were 
discussed as playing a role in wart regression. Brodersen and Genner (1973), 
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however, found no significant differences between regressors and persisters 
when testing for complement-fixing antibodies. On the other hand, a renal 
allograft recipient suffering from HPV 3-induced flat warts showed anti- 
HPV 3 antibodies of  the IgG class with a fairly good titer of 1:80 in an 
indirect immunofluorescence test without any signs of  regression. Further- 
more, warts recurred after surgical removal (Pfister et al. 1979a). These 
findings indicate that anti-HPV IgG antibodies may well be a frequent 
attendant symptom of  regression and have prognostic value, but they are 
not likely to be essential or sufficient for regression. 

7.2.1.2 Response to Tumor Cell Proteins 
Wart patients develop IgM and rarely IgG antibodies against tumor  cell- 
specific antigens (Matthews and Shirodaria 1973 ; Shirodaria and Matthews 
1975; Viac et al. 1978). This activity cannot be removed by adsorption of 
sera with virus particles and could theoretically be directed against non- 
structural viral proteins or newly induced cellular proteins. The antigens 
are located within the cytoplasm of  some infected cells, and no label was 
detected at the cytoplasma membrane or in the intercellular space (Viae et 
al. 1978). At regression, 83% of the patients revealed such antibodies, in 
contrast to 46% of the patients with persisting warts (Matthews and Shiro- 
daria 1973). This increase associated with regression could be explained 
by a more intimate contact with the intracellular antigens during wart 
involution. 

7.2.2 Cell-Mediated Immunity 

Epidemiological arguments in favour of  a central role of  cell-mediated im- 
munity in wart rejection have already been mentioned (see page 157). 
Systematic investigations of nonspecific cell-mediate immunity in wart pa- 
tients and on the histology of  regressing warts have given further support 
to this theory. 

7.2.2.1 Nonspecific Cell-Mediated Immunity 
To test for a general defect in the cell-mediated immunity of  wart patients 
the following parameters and tests were used: frequency and index of 
1-nitro-2, 4-dichlorobenzene (DNCB) sensitization, percentage of  E-rosette- 
forming (ERF) lymphocytes, lymphocyte transformation (LT), and leuko- 
cyte migration inhibition (LMI). Using LT, wart patients proved to be less 
responsive than control groups, and the reactivity was worse in the case of  
patients with long-tasting warts (Morison 1975b). The number of  T cells 
was decreased in untreated wart patients (Chretien et al. 1978). Patients 
with different types of  warts were studied separately and a rather hetero- 
geneous picture was found with DNCB sensitization, ERF, and LT tests 
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(Glinski et al. 1976, 1981; Obatek et al. t980). Whereas cell-mediated im- 
munity was well preserved in the case of HPV 1-, HPV 4-, and HPV 7-in- 
duced skin warts, it was considerably disturbed in patients with HPV 2- 
and HPV 3qnduced lesions, and severely impaired in Ev patients suffering 
from HPV 5, 8, or 9 infections. Depressed cell-mediated immunity of Ev 
patients was also described by Prawer et al. (1977) and by Kienzler et al. 
(1979). This contrasts the well-preserved humoral immunity of  Ev patients 
with a number of  virus-type-specific responses (Jablonska et al. 1980). 
Patients with genital warts were either inconspicuous (Obalek et al. 1980) 
or their lymphocytes were less responsive to both T cell and B cell mito- 
gens (Seski et al. 1977). These observations may bascially lead to two con- 
clusions: 

1. The susceptibility to infections with different types of HPV is related 
to the grade of  cell-mediated immunity depression (Obalek et at. 1980). 

2. Infection with certain types of  HPV leads to depression of  cell- 
mediated immunity.  

Iatrogen immunosuppression in connection with organ transplantation 
provided material for a prospective point of  view and showed that multiple 
flat warts induced by HPV 3 are by far the most common type of  lesion in 
these patients (Morrison 1975a; Pfister et al. 1979a). Quite recently, HPV 
5-induced lesions were also detected (Lutzner et al. 1980). These findings 
indicate that defects in cell-mediated immunity do indeed predispose for 
infections with certain HPV types, according to hypothesis 1. On the other 
hand, cell-mediated immunity improved considerably in two cases of long- 
standing warts after surgical removal or spontaneous regression (Reid et al. 
1976; Jablonska et al. 1982), implying that an already impaired immunity 
may be further depressed by some HPV types. 

There is one interesting report on a soluble factor from long-persisting 
warts which is able to block the local expression of cellular immunity 
without affecting systematic responsiveness (Freed and Eyres 1979). The 
wart extract blocked LMI by purified protein derivative (PPD)in vitro, 
and there was no reactivity to DNCB in vivo when the drug was applied to 
the warts, whereas successful sensitization could be demonstrated on un- 
affected skin. This is the only direct evidence for local immune modula- 
tion by recalcitrant warts. 

As described for the CRPV system (McMichaet 1967), malignant con- 
version does not seem to depend on the immune status of  the patient 
(Glinski et al. 1981). Cell-mediated immunity was impaired to the same 
extent in 13 Ev cases with lesions induced by HPV 3, HPV 5, or HPV 3 
and 5, whereas only seven patients infected with HPV 5 developed Bowen's 
carcinomas. These fiodings indicate that malignancy depends more on the 
cancerogenic potential of the virus than on the extent of  T-cell defect. 
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7.2.2.2 Specific Cell-Mediated Immunity 
Specific tests were carried out with papillomavirus particles (Lee and 
Eisinger 1976; Viac et al. 1977a, b) or wart extracts as antigen (Morison 
1975c; Lee and Eisinger 1976). Unfortunately, the virus type was not de- 
termined in these studies, but the antigen source suggests that it was main- 
ly HPV 1 and 2. In some experiments homologous wart extracts were used 
for the test of  individual patients. Most people with warts of less than 
1 year's duration reacted both in vivo with delayed hypersensitivity (Viac 
et al. 1977a, b) and in vitro in LT or LMI tests (Morison 1975c; Lee and 
Eisinger 1976). Weak or nonexistent specific immune response correlated 
with persistence of warts (Viac et al. 1977a). The immunity is short-lived, 
and all persons had lost their positive in vitro response within 10-13 weeks 
after regression (Morison 1975c); however, this may be a question of test 
sensitivity. 

7.2.2.3 Observations on Regressing Warts 
Sensitization of human tissues with DNCB is known to induce local cell- 
mediated reactions and was successfully used to induce regressions of 
warts (Greenberg et al. 1973); indeed, regression of flat warts shows many 
characteristics of a cell-mediated immune reaction. The lesions spontane- 
ously become red with itching and then disappear completely (Tagami et 
al. 1977; Berman and Winkelmann 1977). Histological examination reveal- 
ed an intense mononuclear cell infiltrate in the dermis, accompanied by 
epidermal spongiosis and cell necrosis. The lymphocytes were mainly re- 
stricted to the basal layer and were not detected in the degenerating wart 
tissue (Takigawa et al. 1977). The authors described involution as rejection 
from the level of the basal cell layer, followed by recovery processes as in 
wound healing. Recent studies on flat warts at the earliest stage of involu- 
tion disclosed macrophage attacks on degenerating epidermal cells (Oguchi 
et al. 1981b). Cell membranes frequently disappeared and macrophages 
invaded the epidermal cells. Macrophages also lose their membrane and 
pour out. In areas with activated macrophages Langerhans cells ultrastruc- 
turally showed signs of enhanced cellular activity (Oguchi et at. 1981 a). 

It is interesting to note that no inflammation was observed in the first- 
described case of regression of HPV 3-induced flat warts in an Ev patient 
(Jablonska et al. 1982). The lesions regressed slowly and progressively 
after two pregnancies, and this might imply a role for fetal antigens and/or 
other immunological factors related to pregnancy. 

With plantar and common warts no cellular infiltrate was originally 
observed during regression (Brodersen and Genner 1973; Matthews and 
Shirodaria 1973). More recently, however, clinically apparent inflammation 
and mononuclear cell infiltrates have been described (Berman and Winkel- 
mann 1980; Berman et al. 1982). An inflammation as the result of bacte- 



Biology and Biochemistry of Papitlomaviruses 163 

rial superinfection was unlikely, as clinically inapparent warts from distant 
sites o f  the same patient also showed infiltrates at that time. The warts 
finally turned black as the result of thrombosis of  the blood vessels and 
regressed. 

8 Diagnosis 

HPV-induced warts are usually diagnosed by the clinician without any 
doubt,  and the demonstration of  virus particles is not necessary for con- 
firmation. As outlined above (Sect. 7.2.1), the antibody response of  the 
patients is weak and slow, so that serology does not  provide much infor- 
mation either. For both these reasons virology has hardly played any role 
in wart diagnosis. 

Two aspects which have become clear during the past few years have 
changed this situation. On the one hand, papillomaviruses have been de- 
tected in lesions which were not regarded as HPV induced and which are 
indeed difficult to identify as HPV induced by clinical criteria alone. On 
the other hand, malignant conversion of  HPV-induced tumors seems to 
correlate with infection by certain virus types. If this holds true, virus 
classification will be extremely important for prognosis and will be the 
basis for appropriate prevention. 

8.1 Test for HPV Etiology 

To recap, there are HPV-induced pityriasis versicolor-like lesions, which 
are very characteristic in Ev patients but may be easily misdiagnosed if 
they are dispersed, for example in immunosuppressed patients, and there 
are cervical dysplasias, a number of  which can be identified as condylomata 
plana by virological methods. Histology provides a first clue for diagnosis. 
Virology offers two routine tests with biopsy material for a final proof: 

1. Demonstration of  viral antigens in thin sections by means of a group- 
specific antiserum using the peroxidase-antiperoxidase technique (see 
Sect. 3.3). The antiserum is commercially available, and the assay can 
be carried out with formalin-fixed, paraffin-embedded material. In 
cases of  low antigen production, a number of sections must be screened 
for final evaluation. 

2. Demonstration of viral DNA by hybridization under relaxed condi- 
tions (see Sect. 3.3). This test is more time consuming and requires 
native material but is very useful in cases of low antigen production. 
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It would be worthwhile applying these tests to other lesions which have 
not  yet been identified as HPV induced. For example, Syrjdnen (1980, 
1982) described koilocytotic epithelial changes very similar to flat condy- 
lomas in close proximity to bronchial and esophageal squamous cell car- 
cinomas. 

8.2 Virus Classification 

Monospecific antisera are available for only a few HPV types (see Sect. 
3.1). Therefore, the method of choice for virus typing is hybridization of 
DNA from biopsy material to cloned viral reference DNAs. In view of  
cross-hybridization between various HPV types (see Sect. 3.1), additional 
parameters are essential for exact classifcation. They may be obtained from 
restriction enzyme cleavage patterns and/or by determining the amount of 
cross-hybridization by reassociation kinetics. Needless to say, the biopsy 
material must be native and not formalin fixed to allow DNA extraction 
and hybridization experiments. 

9 Treatment of  Warts 

A recent review of the treatment of  warts was made by Bunney (1982). 
Her monograph mainly covers surgical intervention, cryotherapy, topical 
treatment with salicylic acid, caustics or podophyllin, and immunotherapy. 
It is stressed that the effectiveness of different methods is difficult to eva- 
luate. (This is reflected by the ongoing debate on the efficiency of  the 
mystic charming of warts.) As Bunney points out, the response to treat- 
ment  is clearly influenced by the type of  wart (i.e., in many cases the type 
of HPV!), the number and duration of the warts, and the age and immune 
reactivity of  the patient. One "success" or another may be attributable 
to the timely onset of spontaneous regression. 

Besides treatment at home with a variety of  salicylic acid preparations, 
cryotherapy is at present the most universally used technique. 

The effects of  aromatic retinoids and interferon have recently been 
studied on the virus level and these aspects will be covered here. 

9.1 Treatment with Retinoids 

Hypervitaminosis A was shown to inhibit the growth of  CRPV-induced 
papillomas (McMiehael 1965). Synthetic aromatic retinoids have been de- 
veloped, which are not  as toxic as hypervitaminosis A (Mayer et al. 1978) 
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but inhibit both the induction and the development of  CRPV-induced pa- 
pillomas (Ito 1981). Ro 10-9359 (Tigason) treatment (200 mg/kg given 
intramuscularly twice a week) led to complete regression of  well-establish- 
ed tumors in about 60% of  the animals, and there was no regrowth. All 
tumors at least showed marked retardation of  growth and a reduction in 
tumor  volume. The drug did not affect CRPV DNA-containing carcinomas 
Vx 2 and Vx 7, but there was a significant reduction in the number and 
size of  pulmonary metastases. The reactivity of  papillomas and carcinomas 
correlates with the different levels of  cellular retinoic acid-binding protein. 
The binding capacity of papillomatous tissue was about 15 times greater 
than that of  carcinomas or normal skin (Rattanapanone et al. 1981). 

Oral retinoid treatment of humans (I mg/kg per day) proved to be very 
successful in the beginning. HPV 3-, 5-, and 8-induced lesions of Ev pa- 
tients (Lutzner and Blanchet-Bardon 1980; Jablonska et al. 1981 ; Niirn- 
berger et al. 1981) and multiple HPV 2-induced common warts (Gross et 
al. 1983) considerably improved after few weeks and many warts regressed. 
Neither viral antigens nor viral DNA could be detected in the remaining 
lesions, and there was no histological evidence for virus replication. This 
may be explained by the interference of  retinoids with keratinization, 
which might in turn affect HPV replication. 

Unfortunately, the primary response is not sustained: The warts tend 
to recur when the drug is withdrawn or even when the dosage is reduced. 
The viruses were characterized before and after treatment and turned 
out  to represent the same subtype (Gross et al. 1983), which indicates 
that Tigason works primarily as a suppressive and does not necessari- 
ly eliminate the virus. This hypothesis is in line with the observation that 
BPV 1-transformed C 127 mouse cells are not cured of  viral DNA by in 
vitro treatment with Tigason (Gassenmaier and Pfister, unpublished work). 

Wart recurrences after therapy are a serious problem, in view of  severe 
side effects such as dryness of  mucosae, nasal bleeding, scaling of  the skin, 
hairloss, and fragility of  the nails, which prevent continuous therapy in a 
number of  patients. These problems indicate that Tigason should not be 
recommended for wart treatment in general; however, estimating benefit 
and risk, it may be helpful in some cases of severe, generalized verrucosis. 

9.2 Treatment with Interferon 

Twenty-one patients with severe juvenile laryngeal papillomatosis were 
treated with leukocyte (alpha) interferon (Hagtund et al. 1981;Goepfer t  
et al. 1982). The tumors initially decreased in size or regressed completely. 
However, even while receiving interferon, half of  the patients suffered 
from recurrences after 4 - 8  months (Goepfert et al. 1982). When treatment 
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was discontinued, papillomas frequently recurred but decreased again 
after therapy was restarted (Haglund et al. 1981). 

Fibroblast (beta) interferon turned out to be ineffective in the treat- 
ment of larnygeal papillomatosis (Gdbel et al. 1981). It was administered 
intravenously, and its failure could have been due to its fast clearance. 

In vitro, mouse L-cell interferon had a pronounced effect both on 
BPV 1 transformation of mouse cells and on transformed mouse cells 
(Turek et al. 1982). Cultivation of BPV 1-infected C 127 cells in the pres- 
ence of 200 units of interferon per miUilitre led to a reduction of focus 
number to 1/20 of the untreated control. Furthermore, interferon lowered 
the BPV 1 genome copy number of established transformed C 127 cells to 
one-third to one-eighth. Reverters to the nontransformed phenotype could 
be isolated from interferon-treated cultures; they no longer contained de- 
tectable BPV 1 sequences and had lost the capacity to form colonies in 
soft agar. Complete curing of the treated culture was not achieved after 
60 cell divisions. 

Clinical and experimental data are very much in agreement, suggesting 
that in many cases interferon will be extremely helpful in the management 
of severe laryngeal papillomatosis. In view of the moderate or absent side 
effects, prolonged therapy would seem to be feasible. 

Skin cancers in two patients with Ev were treated with leukocyte inter- 
feron by injection into the lesions and by systemic administration 
(Blanchet-Bardon et al. 1981). Small bowenoid tumors responded very 
well and regressed, but large invading cancers regressed only in part. It is 
interesting to note that the benign lesions and their viral contents remained 
unchanged after systemic administration. This may reflect a virus-type- 
specific reactivity to interferon. 

10 Conclusions 

There is a remarkable plurality of human and animal papillomaviruses. 
The number of virus types is steadily increasing at the moment, although 
less than 50% cross-hybridization has been defined as the criterion for a 
new type, which represents one of the most stringent type criteria in 
virology. A number of observations which seemed to be inconsistent now 
turn out to reflect properties of different virus types. 'First of all, specific 
disease entities correlate with individual HPV types. Additional para- 
meters such as efficiency of transmission, infectivity in the case of impaired 
host immunity, or accessibility to treatment apparently also correlate with 
the type of HPV. 
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In spite of the striking heterogeneity, papillomaviruses reveal a great 
number of important similarities. They carry group-specific antigens and 
their DNAs cross-hybridize on the basis of 30% mismatch both in the 
transforming and in the capsid-coding region. This permits a screening of 
tumors without knowing which HPV type might be involved. 

DNA sequencing of three types disclosed very similar genome struc- 
tures. There is only one coding strand and all major open reading frames 
for proteins are of comparable location. Papillomavirus DNA persists extra- 
chromosomally both in transformed cell cultures and in the tumors. Inte- 
gration into the host genome may happen but does not seem to be essen- 
tial for transformation. BPV 1-induced transformation apparently depends 
on virus-specific transcription, which points to a role of viral proteins. 
However, transforming proteins have not been identified with BPV 1 nor 
with other papillomavirus types up to now. 

Molecular biology has made three major contributions concerning the 
role of papillomaviruses in malignant conversion: (1) the demonstration of 
viral DNA in carcinomas of Ev patients, in cervical carcinomas, and in 
carcinomas of CRPV-infected rabbits; (2) the recognition that only certain 
types of HPV persist in the carcinomas; and (3) the recognition that malig- 
nant conversion in Ev patients correlates with infection by certain HPV 
types. The last point provides a prospective view and argues against the 
possibility that the prevalence of specific types merely reflects a preferen- 
tial pick-up by carcinoma cells. It would be worthwhile following up these 
three lines of evidence to substantiate the correlation between defined 
virus types and malignancies. Moreover, a systematic screening of addi- 
tional squamous cell carcinomas may be likely to detect further neoplasms 
which reveal papillomavirus fingerprints. This approach would not clarify 
the role of the viruses in carcinogenesis; indeed, experiments to this end 
are hard to design. However, the information obtained would certainly be 
of considerable prognostic value in practice. 
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1 Introduction 

G.G. Pinter and K. G~irtner 

Research interest in the renal interstitium and renal lymph has increased 
in the past several years. Contributions using quantitative models at- 
tempted to add new findings to many general aspects of renal physiology 
and pathophysiology. The renewed interest in the renal interstitium and 
lymph is reflected by a recent editorial in the American Journal of Physiol- 
ogy (Wolgast et al. 1981), a chapter in a recent book on the Functional 
Ultrastructure of the Kidney (Maunsbach et al. 1980) and a state-of-the- 
art lecture at the 27th International Congress of Physiological Sciences 
(Pinter and Wilson 1981). This review will attempt to summarize recent 
research on the renal interstitium and lymph contributing to the general 
understanding of renal function in both health and disease. 

2 Morphology and Function of Interstitium in the Kidney 

This section emphasizes morphometric studies, primarily because in the 
past several years a convergence of experimental results has been achieved 
among various laboratories by use of careful fixation techniques. More- 
over, some unresolved discrepancies remain in the evaluation of distribu- 
tion space measurements. Measurements of distribution spaces have been 
reviewed recently by Wolgast et al. (1981). 

2.1 Cortical Interstitium 

Morphometric studies on the interstitial volume and interrelations be- 
tween tubules and capillaries have been carried out in recent years by sev- 
eral groups of investigators. Most of the newer data have been obtained in 
the rat and tend to indicate that the volume fraction of the interstitium in 
this species is relatively small. According to Pedersen et al. (1980), the 
interstitium makes up 6.7% -+ 0.2% by volume of the superficial cortex; 
3.4% is wide interstitium, 0.7% narrow interstitium, and 2.6% interstitial 
cells. Pfaller and Rittinger (1977, 1980) found that in the outer cortex the 
extracellular space took up 4% and interstitial cells took up 5%, whereas 
in the juxtameduUary cortex these volumes were 3% and 4% respectively. 
Narrow interstitium was defined as that present between very closely 
apposed and largely parallel tubular and capillary walls, while wide inter- 
stitium was more irregular between walls at some distance from each other. 
Langer (1975) also distinguished between wide and narrow interstitial 
spaces, but gave no quantitative breakdown of these components. The 
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figures given for the total interstitial volume agree with those of Kr& and 
Napiwotzky (1979) whose estimate, including interstitial cells, was ap- 
proximately 9%. Kriz and Napiwotzky also estimated that 26% of  the 
tubular surface is directly covered by capillaries without any interposed 
interstitial space. 

Pedersen et al. (1980) made additional observations on the structure 
of  the capillary wall facing the interstitium: they found that approximate- 
ly two-thirds of  the capillary wall facing narrow interstitium was of the 
fenestrated type, whereas only about one-third of the capillary wall facing 
wide interstitium was fenestrated. 

The functional aspects of the specific features of  the interstitium and 
the capillaries have remained largely unexplored. It appears as if the tubu- 
lar reabsorbate is channeled into a structured space with preferential path- 
ways for fluid flow; this could be important in view of  the physiological 
control and some pathological conditions affecting the removal of reab- 
sorbed fluid by capillary blood flow. Vogel et al. (1955), and Lewy and 
Windhager (1968) emphasized the role of  peritubular oncotic and hydro- 
static pressures on tubular reabsorption under normal conditions. In 
respect to the hydrostatic pressure in the renal interstitium, of  particular 
interest are the experimental work and hypothesis ofPersson et al. (1979) 
and Persson (1980), who showed that the sensitivity of  the tubuloglomeru- 
lar feedback mechanism is altered by manipulations which lead to changes 
in the interstitial hydrostatic pressure such that the sensitivity of  the feed- 
back mechanism appears to be enhanced when the interstitial pressure is 
low. This modulation of  the feedback response could have a role in adap- 
tation of the organism to unfavorable environmental conditions, e.g., 
water deprivation, when retention of  fluid by means of suppressed glome- 
rular filtration would favor the mechanisms which serve survival. 

A largely unexplored area is the role of  the interstitium in the patho- 
mechanism of  various forms of  renal disease, when flow of  tubular reab- 
sorbate across the interstitium might be affected and, as a consequence, 
interstitial volume and pressure might be altered. The potential importance 
of  the interstitium and lymph in glomerulonephritis and nephrotic syn- 
drome has been discussed by Rusznydk et al. (1967). An important find- 
ing was reported by Bohle et al. (1977a, b), who observed a highly signifi- 
cant positive correlation between the renal cortical interstitial volume 
and the steady state plasma creatinine level in biopsy material obtained 
from patients suffering from membrane-proliferative glomerulonephritis. 
The volume of  the cortical interstitium, measured with a morphometric 
method,  was 8%-10% in subjects with minimal pathological change, 
whereas in severe disease it sometimes exceeded 40% of  the total cortical 
volume. Work from the same laboratory (Bohle et al. 1979, 1981 ;Riemen- 
schneider et al. 1980; Mackensen-Haen et al. 1981) supplemented this with 
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a finding of highly significant inverse correlation between cortical inter- 
stitial volume and creatinine clearance. However, they could discern no 
correlation between the serum creatinine level and the morphological 
status of the glomeruli. The observations of Bohle and associates point to 
an as yet unexplored association between the renal cortical interstitium 
and glomerular filtration. 

2.2 Medullary Interstitium 

Although attention here is focused primarily on the renal cortical inter- 
stitium, some recently gathered evidence on the renal medulla deserves to 
be looked at. According to morphometric studies by Pfaller and Rittinger 
(1977), the e xtracellular space including interstitial cells in the rat took up 
7% and 11% respectively of the total volume in the outer and inner stripes 
of the outer medulla. In the inner medulla the volume of the interstitium 
increased from about 20% to near 30% from the outer to the inner layer, 
with the interstitial cells amounted to approximately 10% throughout. 

Knepper et al. (1977) analyzed the renal medullary anatomy in rats 
and rabbits. For technical reasons, the renal vein was tied off for up to 
2 min before the kidney was removed. In the rat, a gradual increase of the 
interstitial volume from the corticomedullary border to the papilla was 
seen. Near the boundary between inner and outer medulla, the inter- 
stitium occupied approximately 10% of the total volume, in the papilla 
nearly 30%. In the outer medulla the interstitial volume decreased toward 
the cortex: in the outer stripe it was 4%-5%. In the rabbit a different 
picture was seen: the interstitial volume was approximately 40% in the 
papilla, but decreased precipitously within 3 mm of the papillary tip and 
remained around 25% throughout the rest of both the inner and the 
outer medulla. The results in the rat agree with those found by other in- 
vestigators. 

Our own results (K. Ggrtner and G.G. Pinter, unpublished work 1982) 
indicated a large volume of distribution of extravascular albumin in the 
rat renal medulla. Several aspects of  the extravascular albumin pool in the 
renal medulla are puzzling. Whereas extravasated macromolecules in the 
cortical interstitium under normal conditions have access to the lymphatic 
drainage (Pinter et al. 1981a), the route of macromolecules out of the 
inner medullary interstitium is uncertain. According to morphological 
evidence, the inner medulla has no lymphatics (Kriz and Dieterich 1970). 
Recent investigations raise two interesting possibilities: (a) Studies by 
Moffat (1969) and Moffat and Williams (1974) point to a potential 
reentry of macromolecules from the interstitium into the vascular bed. 
(b) Reinking and Schmidt-Nielsen (1981) observed that in rats and 
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hamsters, rhythmical contractions of the renal pelvic muscles exert inter- 
mit tent  pressure on the papilla and drive urine from the collecting ducts 
into the pelvis. At the same time, these intermittent pressure waves initiate 
a convective flow of  fluid toward the corticomedullary border in the inter- 
stitium in longitudinal tissue spaces alongside the collecting ducts. These 
preformed channels have no endothelial lining and were seen to pass 
through interstitial cells. Bulk flow of  interstitial fluid might thus provide 
an exit for the extravasated macomolecules from the renal medulla. Many 
details and implications of  this possible mechanism have not yet been con- 
sidered. Detailed studies by Kriz (1981) pointed out that the narrow inter- 
stitial spaces in the outer medulla are eminently suitable for countercurrent 
exchange between adjacent structures. Convective flow of  interstitial fluid 
would presumably occur outside the vascular bundles and would not com- 
promise countercurrent exchange. 

The renal medullary interstitium is rich in sulfated mucopolysacchar- 
ides, the functional significance of  which remains hypothetical. The densi- 
ty of  negative charges on these molecules was seen to be dependent on the 
diuretic state (Morard and Poirier 1968; Morard and Abadie 1968). An 
interaction between the mucopotysaccharides and plasma albumin, as de- 
scribed by Laurent and Ogston (1963) may occur in the medullary inter- 
stitium and may play a role in the urine-concentrating process (Pinter 
1967). 

3 Lymphatic System 

3.1 Anatomy of  Renal Lymphatic Vessels 

A most careful study of  the lymphatic system in ten mammalian species 
was reported by Kriz and Dieterich ( t970).  According to these authors, 
the cortical lymphatic capillaries originate, as a rule,in the loose connective 
tissue around the interlobular blood vessels near the interlobular arterioles. 
In the dog, there are both capsular and hilar routes for lymphatic drainage 
from the kidney; in the rat a capsular drainage pathway can be seen only 
very infrequently. Both hilar and - where existing - capsular lymphatic 
vessels drain the cortical tissue, since, according to most investigators, the 
medullary tissue does not contain lymphatics. Albertine and O'Morchoe 
(1979, 1980) examined 100 vascular bundles and interbundle areas in 90 
medullary tissue strips, and found that only one of these contained lym- 
phatics. They also examined lymphatic vessels at the corticomedullary 
border around the arcuate blood vessels. In 60 tissue blocks studies in 
serial sections, only cortical lymphatic tributaries were seen. Morphological 
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evidence does not  support the existence of  lymphatic drainage of  the renal 
medulla, and points to the need for a separate mechanism to provide for 
the drainage of  extravasated macromolecules from the medullary inter- 
stitium (see above). Atkins et al. (1972) sought functional evidence for 
medullary contribution to the lymphatic drainage of the kidney. They 
determined in the dog the mean transit times of various tracers from 
arterial plasma simultaneously to the capsular and the hilar lymphatic 
drainage. They reasoned that if there were medullary drainage through 
the hilar lymph, because of  the relatively slow flow of  blood through the 
medulla some tracers should arrive with a delay in hilar lymph. No such 
delay was seen, and the authors concluded that the medulla makes no sig- 
nificant contribution to hilar lymph. 

Recently, Albertine and O'Morchoe (1980, 1981) and Yang et al. 
(1981) studied the origin of  renal lymphatics in the dog kidney and re- 
viewed the literature on the mechanism of formation of renal lymph. 
They regularly encountered lymphatic capillaries within the lobules which 
were associated with tubules and glomeruli. However, the intralobular 
lymph capillaries were less numerous than the interlobular ones, and open 
intercellular gaps between endothelial cells of lymphatic capillaries were 
infrequent. Albertine and O'Morchoe (1980) suggested that a mechanism 
which calls for interstitial fluid entry into the lymph capillaries through 
open gaps between endothelial cells would not account for the rate of 
lymph formation in the kidney. They proposed a new hypothesis making 
vesicular transport of  macromolecules through endothelial cells responsible 
for entry of  proteins and fluid into the lymphatic vessels. Implicit in this 
suggestion is an assumption that in steady state there is a functional asym- 
metry between the luminal and abluminal surfaces of  the endothelium of  
small lymphatic vessels. Such an asymmetry may be manifest in the rate 
of  loading of  vesicles or in the affinity of macromolecules to the mem- 
brane destined to become vesicular wall. No experimental demonstration 
of  such an asymmetry is available at the present time (Wagner and Casley- 
Smith t 981). 

3.2 Lymph 

In general, two aspects of  the lymph drainage of  organs are considered to 
be of importance: (a) the contribution of lymph drainage to the fluid 
circulation and balance, and (b) the fact that lymph also constitutes a 
source of information about the interstitial fluid and, in turn, about the 
permeability of  the capillaries to various substances, in particular macro- 
molecules. These two points constitute the main areas of  interest also for 
the lymph drainage of  the kidney, where unique conditions prevail both 
for fluid circulation and lymphatic drainage. 
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3.2.1 Rate of  Drainage 

3.2.1.1 In the Dog 
There are several, normally three to seven, hilar lymphatic vessels leaving 
the renal hilum near the main arterial branches. In addition to the hilar 
vessels there are also capsular lymphatic vessels which emerge on the renal 
surface. The capsular lymphatics follow a more or less contorted path in 
the direction of one of the poles, where they gather into larger lymphatic 
trunks. Lymphatic vessels do not tend to unite in a single collecting trunk 
and, for this reason, a determination of the total amount of lymph drain- 
ing from the kidney by means of direct cannutation is not practicable. 
Various approaches have been tried to determine the total renal lymph 
drainage (see review by O'Morchoe and O'Morchoe 1968). All of the tech- 
niques used involved major surgical operations and a risk that both the 
blood circulation and lymph production of the kidney and the rest of the 
body could be compromised during the determinations. 

Pinter et al. (1975b) devised a tracer method which did not interfere 
with the circulation, based on steady-state dilution of two distinguishable 
tracers of plasma albumin. One was infused into the artery of one kidney, 
the other into the renal venous blood, at equal volume rates. The arterial 
tracer reached the renal capillaries in a high concentration and a small 
fraction of it crossed the capillary walls into the interstitium and then into 
the renal lymph. However, over 99% of the arterial tracer passed through 
the kidney with the blood flow, and from this point circulated together 
with the venous tracer. By this use of tracers, one kidney was "isolated" 
from the rest of  the body. From the excess amounts of arterial tracer in 
renal lymph and in thoracic duct lymph, the renal contribution to the 
thoracic duct lymph flow was calculated. The rate of average lymph pro- 
duction under control conditions was between 0.3 and 0.4 ml min -a 100 g 
kidney -~ . The flow of lymph from one kidney amounted to approximate- 
ly 20% of the total thoracic duct lymph flow. This figure indicated that 
in dogs anesthetized, immobilized, and deprived of food over a period of 
24 h prior to the experiment, a large fraction of the thoracic duct lymph 
was contributed by the kidneys. Pinter et al. (1975b) ascertained that 
under normal conditions albumin entering the renal lymphatic vessels was 
quantitatively delivered into the thoracic duct. When the ureter was ob- 
structed, the total lymph flow from the affected kidney was nearly doubl- 
ed. Ureteric occlusion appeared to influence lymph production not only 
by the affected kidney, but also by other organs, as thoracic duct lymph 
flow increased in excess of  the renal contribution. 

3.2.1.2 In the Rat 
Total renal lymph production in the rat was estimated by Ulfendahl et al. 
(1973) and Atkins et al. (1973). The method was based on the observation 
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that a slight increase of renal venous pressure produces an instantaneous 
increase in the flow of lymph both from a cannutated renal lymphatic 
vessel and from the major abdominal lymph duct destined to become the 
thoracic duct after crossing the hiatus aorticus of the diaphragm. From 
the rates of simultaneous increase of lymph flows from the cannulated 
renal lymphatic vessel and from the large collecting abdominal lymph duct, 
the fraction of total renal contribution to the abdominal lymph flow was 
calculated. The method provided an estimate of about 3 /~1 min -1 g kid- 
ney -~ , agreeing with the figure found in the dog kidney. This method was 
used also by Deen et al. (1976), with similar results. 

3.2.1.3 Potential Importance o f  Renal Lymphatic Drainage Under 
Pathological Conditions 
Renal lymph flow in both dogs and rats amounts to 2-4 /a l  min -1 g kid- 
ney -1 , which compared with the plasma flow through the organ is not of 
sufficient magnitude to play an important role in the fluid balance of the 
kidney under normal physiological conditions. However, as quantitative 
data from Vogel et al. (1974) indicate, elevation of renal venous pressure 
leads to a large increase in renal lymph flow. Moreover, there are some 
pathological conditions in which renal lymph flow has been found to be 
much higher than normal. An increase of lymph flow in acute ureteric 
occlusion seen by Pinter et al. (1975b) has been mentioned above. As 
discussed by Rusznyak et aI. (1967), alterations in renal lymph circulation 
were explored in chronic hydronephrosis. More recently, Stork et al. 
(1980) showed a large increase of the renal lymph flow in experimental 
diabetes in rats. Thus it appears that under certain pathological conditions, 
renal lymph can assume importance in the fluid balance of the kidney. 

A significant amount of renin is transported from the kidney by renal 
lymph (Lever and Peart 1962; Skinner et al. 1963; Bailie et al. 1971; 
Horkey et al. 1971; O'Morchoe et al. 1981). Whether renal lymph has 
quantitatively important functions in the transport of various prostaglan- 
dins and the activated form of vitamin D, is not known at the present time. 

3.2.2 Carrier o f  Information from the lnterstitium 

Uncertainties remain about the site and the mechanism of renal lymph 
formation and about the relationship between interstitial fluid and lymph. 

Lymph formation is dependent on hydrostatic and oncotic pressure 
differences across blood and lymph capillary membranes, as postulated by 
Starling (1896). In the kidney the arterial and venous portions of the 
capillary bed are separated. In the glomeruli, hydrostatic and oncotic pres- 
sure conditions and the unique structure of the capillary wall ensure a high 
rate of filtration (Brenner et al. 1971, 1972; Robertson et al. 1972). In 
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contrast, conditions in the peritubular capillary bed are suited for effec- 
tive fluid reabsorption. The hydrostatic pressure in the peritubular capil- 
laries was estimated to be approximately 10 mm Hg (Kiillskog et al. 1975). 
In the postglomerular vessels plasma proteins are more concentrated than 
in systemic blood, resulting in an inward-directed net (hydrostatic and 
oncotic) pressure difference of  about 15 mm Hg at the beginning of  the 
peritubular capillary. The driving force created by the oncotic pressure 
difference is dependent also on the reflexion coefficient to proteins of the 
capillary wall. 

Although bulk flow of  fluid takes place in only one direction (from 
the interstitium into the capillaries), diffusion through the peritubular 
capillary wall occurs in both directions. Small molecules diffuse rapidly: 
mannitol, creatinine and inulin are not present in the tubular reabsorbate 
as it enters the interstitium from the tubular epithelium, yet the concen- 
tration of these molecules in lymph is equal or nearly equal to that in 
renal venous blood. These substances gain access to renal lymph by dif- 
fusing outward from postglomerular blood vessels in a direction opposite 
to the convective flow of  the tubular reabsorbate. 

Under normal conditions, the glomerular filtrate contains very little 
protein (Oken and Flamenbaum 1971). The major part of  filtered protein 
undergoes metabolic decomposition during reabsorption (Maunsbach 
1976; Bode et al. 1980). Thus the main source of  macromotecules in the 
interstitium and lymph is postglomerular plasma. These large molecules 
can pass across the capillary wall by various means - diffusion and con- 
vective transport through large pores, cytoplasmic vesicles, and various 
combinations of  these mechanisms. 

The permeability of  the postglomerular capillaries and venules to large 
molecules may not be uniform along the entire surface of postglomerular 
blood vessels. The morphological observations of Pedersen et al. (1980) 
indicating differences in fenestration also imply differences in permeability 
characteristics. 

3.2.2.1 Tubular Reabsorbate in Lymph 
According to morphological evidence, the interstitial space in the renal 
cortical parenchyma, including both wide and narrow spaces between 
tubules and capillaries (see above), are continuous with the interlobular 
pefivascular connective tissue, where the great majority of lymphatic 
capillaries originate (Kriz and Dieterich 1970). This continuity makes it 
possible, but does not necessarily ensure, that tubular reabsorbate become 
a constituent of  renal lymph. Recently, Cook et al. (t 982) demonstrated 
that reabsorbed glucose is present in renal lymph. The evidence indicated 
that the reabsorbed glucose reached the lymph by direct passage (diffusion 
and/or convection) through the interstitium. These experiments support 
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the hypothesis that not only glucose but also other substances, including 
proteins, reach the lymph from those parts of the interstitium through 
which tubular reabsorbate flows. A similar conclusion was reached by 
Vogel and Ggrtner (unpublished observation 1974). 

3.2.2.2 Lymphatic Drainage of the Juxtaglomerular Region 
As reviewed above, the presence of  renin in renal lymph has been repeated- 
ly confirmed. This finding could indicate a direct drainage into the lymph 
of the interstitial fluid from the vicinity of  the glomeruli. Rojo-Ortega et 
al. (1973) demonstrated lymphatic capillaries near the vascular pole of 
glomeruli, whereas other authors (Leiper et al. 1977) could not find any 
such vessels. It should be noted that presence of  renin in renal lymph does 
not constitute functional evidence for direct lymphatic drainage of the 
interstitium in the vicinity of  the glomeruli, since renin can reach more 
remote lymphatic capillaries by means of  diffusion and convection through 
the interstitium. In this connection, an important unanswered question is 
the drainage route of  the glomerular mesangium. It has been suggested 
(Tighe 1975) that macromolecules and particulate substances, once releas- 
ed from the mesangium, are disposed of  by the lymphatic system. Leiper 
et al. ( t977)  interpreted their experimental data as suggesting disposal 
through the macula densa region into the distal convoluted tubule. 

3.2.2.3 Permeability of Peritubular Capillaries to Macromolecules 
The mechanism by which constitutents of  interstitial fluid enter the lym- 
phatic circulation is not  fully understood at the present time, and for this 
reason we cannot rule out the possibility that concentration differences 
exist between lymph and interstitial fluid. Generally, in using lymph as a 
source of  information about the renal cortical interstitium the assumption 
is made that macromolecular concentrations are equal in the interstitial 
fluid and the lymph. This assumption, however, is not generally accepted, 
and the experimental findings of  Casley-Smith and Sims (1976), Casley- 
Smith (1979), and Witte and Zenzes-Geprdgs (1977) constitute examples 
where its validity is open to doubt. Belt et al. (1978) and Pinter et al. 
(1980) avoided this assumption, assuming instead that when a protein 
tracer is present at steady state, the specific activities are equal in lymph 
and interstitial fluid. Moreover, they assumed that in nonsteady state the 
specific activity of  a given protein in lymph follows specific activity in 
the interstitium with measurable delay and dispersion. 

In the following sections we consider various quantitative models and 
parameters pertaining to the permeability of peritubular capillary wall to 
macromolecules. 
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3.2.2.3.1 PS Product. A quantitative assessment of  the permeability of  
the capillary wall to macromotecules requires information concerning the 
permeability times surface area (PS) product  and reflexion coefficient (o). 
Although a theoretical framework has long been available, such determina- 
tions have not  been carried out until recently on the peritubular capillary 
bed in the renal cortex. A formula derived by Perl (1975) expresses the 
relationship between the concentration ratio of a macromolecule in lymph 
and in plasma to the PS product  and solvent drag reflexion coefficient: 

C~ 

C1 

PS + 1/2 (1 -o f )  L~ 

PS + 1/2 (1 +of) L~ 

where C2 and C1 are respectively the interstitial and plasma concentrations 
of  a macromolecules; P, S, and of are weighted averages for permeability 
(cm s-a), surface area (cm ~) o f  capillary bed in 100 g tissue, and solvent 
drag reflexion coefficients of  the filtering and reabsorbing surfaces of the 
capillary wall, respectively; and L2 is the volume flow of  fluid (cm 3 s -a) 
leaving the tissue which is "destined at least in part to become lymph" 
(Perl 1975; for further detail see original article). It is assumed that the 
lymph and interstitial concentrations of the macromolecule are equal. 

According to this formula, experimental measurements of the PS 
product and the reflexion coefficient require the determination of  lymph 
flow from the organ and the lymph concentration of  the macromolecule 
under study. Experiments along this line were carded out by Deen et al. 
(1976), from whose data a control value of PS product of  10 x 10 -4 ml 
s -1 100 g cortex -a can be calculated as an approximate estimate. Bell et 
al. (1978) based their experiments on the assumption of  equality between 
interstitial and lymphatic specific activities of  the labelled albumin. They 
argued that concentration, dilution, and random catabolism do not alter 
the specific activity of  macromolecules during transport from the inter- 
stitium to the lymph: interstitial and lymph specific activity of  a macro- 
molecule should be equal under a wide variety of  physiological and 
pathological conditions. 

3.2.2.3.2 ,I, Clearance. The experiments by Bell et al. were based upon 
the central volume theorem (Stephenson 1948; Meier and Zierler 1954): 
The unidirectional clearance of  plasma albumin from the capillaries to the 
interstitium (,IJ) was calculated from the mean transit time of  albumin 
from arterial plasma to renal lymph (t-) and the extravascular distribution 
space of  labeled albumin in the renal cortex (Vi) by the formula q~ = Vi/i. 
The mean transit time of  albumin from arterial plasma to renal lymph was 
calculated by measuring the specific activities of tracer albumin in 
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both arterial plasma and renal lymph over a period of approximately 
90 min following an intravenous injection of labeled albumin. Using a non- 
compartmental model, the probability density function (PDF) of transit 
times was calculated by deconvolution and the mean of this PDF was taken 
as the mean transit time. The interstitial distribution volume of albumin in 
renal cortex was measured by determining simultaneously, with two dis- 
tinguishable albumin tracers, the total and the intravascutar distribution 
volumes of albumin. For the determination of the total distribution vol- 
ume, one of the tracers was allowed to equilibrate over a period of 2 h or 
more; for the intravascular distribution volume, the second tracer was 
present in the circulation for a few minutes only. The difference between 
total and intravascular distribution volumes was taken as the measure of 
the interstitial distribution volume. When proteinuria was present (as for 
example in older and diabetic rats), the measurement was corrected for 
the presence of tracer albumin inside the tubules. In control animals t was 
near 40 rain and V i was approximately 1.7 ml 100 g tissue -a, the latter 
figure corresponding to a physical volume occupied by the interstitium in 
the renal cortex of approximately 5%. The unidirectional clearance of 
albumin from the peritubular capillaries to the interstitium was calculated 
as 7 x 10 -4 ml s -1 100 g tissue -1 . It is of interest that the rate of albumin 
drainage from the kidney through the lymph is approximately 8 x 10 -4 ml 
s -~ 100 g tissue -1 in normal rats. The good agreement between these 
figures indicates that under normal conditions, extravasated albumin from 
the renal cortical interstitium drains quantitatively through the lymph and 
no reentry of albumin into the peritubular capillaries takes place. (See 
Sect. 3.2.2.3.4 for additional discussion.) 

3.2.2.3.3 Reflexion Coefficient. Pinter et al. (1975a) compared the PS 
product (i.e. net clearance) of  albumin at the peritubular capillary wall to 
the unidirectional clearance and inferred that the reflexion coefficient of  
the wall of these capillaries to albumin is near unity. Deen et al. (1976) 
arrived at the same conclusion. Bell et al. (1978) assumed that along the 
capillary wall the reabsorbing surfaces are separate from the sites through 
which macromolecules are released into the interstitium, and using this 
model, calculated the solvent drag reflexion coefficient to be in excess of 
0.99. Provided that the osmotic reflexion coefficient (o d) is equal to the 
solvent drag reflexion coefficient (of), this figure indicates that the con- 
centration difference of proteins across the reabsorbing surface of the 
capillary wall is fully effective in generating an osmotic pressure for fluid 
reabsorption into the capillary. 

Different experimental approaches thus point to a high, nearly 1.0, 
solvent drag reflexion coefficient to albumin at the reabsorbing surface of 
the peritubular capillaries (Bell et al. 1978). In comparison to the reflexion 
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coefficient of albumin at other capillary regions, this value appears to be 
high. It should be noted that the solvent drag reflexion coefficient ex- 
presses a relationship between measures of relative mobilities of solute and 
solvent across a membrane (cf. Katchatsky and Curran 1965, eq. 10-20, 
p. 122). The very high reflexion coefficient of the peritubular capillary 
wall to albumin indicates that (a) the membrane is relatively impermeable 
to albumin, and (b) there is a very large volume of convective flow of tubu- 
lar reabsorbate through the membrane. 

3.2.2.3.4 Functional Organization of  the Interstitial Albumin Pool and a 
Scheme of Albumin Movement Within the Renal Cortex. Depending on 
the method, different experiments have provided differing --- sometimes 
highly contrasting -- characterizations of the interstitial albumin pool in 
the renal cortex. By using perfusion and washout of the renal circulation 
in dogs and rabbits, Swann (1960), Ochwadt (1964), and Vogel et at. 
(1969) concluded that the interstitial albumin pool amounted to the albu- 
min content of about 4 ml blood plasma 100 g tissue -1 . The turnover rate 
of this pool was described as rapid (turnover time ~2 rain), and a substan- 
tial reentry of albumin from the interstitium into blood vessels was postu- 
lated. In contrast, Bell et al. (1978) and Pinter and Wilson (1981), using 
renal lymph in rats as a source of information, concluded that the cortical 
interstitial albumin pool represented an albumin content of 1-2  ml plas- 
ma 100 g cortex -1 . The turnover time of this pool was 3 0 - 4 0  rain in the 
concentrating kidney, and under normal conditions virtually all of the 
interstitial albumin appeared to drain through the lymph; no reentry into 
vasculature from the interstitium was indicated by the data. Moreover, 
Cook et al. (1982) presented evidence that the pool studied through 
lymph is localized in the physical space in the corticatinterstitium through 
which tubular reabsorbate passes. 

These contrasting findings can be reconciled by the hypothesis that 
the rapidly exchanging pool seen with the washout method is different 
and separate from the pool which is discerned through lymph. The locali- 
zation of the plasma exchange pool is uncertain; the possibility cannot be 
ruled out that a substantial part of  it is intravascular in slowly perfused 
blood vessels (Polosa and Hamilton 1962). With respect to the interstitial 
pool draining through the lymph, the following scheme is postulated for 
the circulation of albumin: Through a relatively few specific sites (possib- 
ly large pores) on the capillary wall, macromolecules escape into the inter- 
stitium. We assume that these sites are functionally distinct, and possibly 
also morphologically separate from the reabsorbing surface of the peri- 
tubular capillary wall. At clustered protein releasing sites, convective flow 
may occur in a direction opposite to the prevailing inward flow of tubular 
reabsorbate. Normally, no macromolecules pass either by diffusion or by 
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convection in either direction through the reabsorbing surface of the 
capillary wall. Thus under normal conditions the movement of macro- 
molecules from the capillaries to the interstitium is unidirectional and all 
albumin leaves the interstitium through lymphatic drainage. 

This proposed mechanism is not compatible with a net outward bulk 
filtration from the peritubular capillaries. Even if all albumin were delivered 
into the peritubular interstitium by convection flow, the volume flow as- 
sociated with this movement of albumin under normal conditions would 
be approximately a thousand times less than the volume flow of tubular 
reabsorbate entering the peritubular capillaries. 

3.2.2.4 A Model of  Heterogeneity of  the Interstitium 
Wilson and Pinter(1979), using the experimental data of Bell et al. (1978), 
found that the single-compartment model of the renal cortical interstitium 
was not satisfactory in many experiments. The morphology of the renal 
cortical interstitium in the rat suggested that, whereas small regions in the 
interstitium might function as individual well-mixed compartments, the 
entire interstitium corresponds to a large collection of such individual 
units. The turnover rates of the individual units were assumed to be 
statistically distributed according to a two-parameter gamma PDF. In each 
experiment, this model provided a highly improved fit to the experimental 
data. Using this model, the PDF of  turnover rates, its mean, and its variance 
were derived for each experiment. The variance allowed a conclusion about 
the degree of heterogeneity of the interstitial space. Populations of normal 
control and diabetic rats were compared, and the degree of heterogeneity 
was seen to be consistently higher in severely diabetic animals (Wilson and 
Pinter 1979). 

4 Diabetes Mellitus and Other Experimental and Pathological Conditions 

4.t The Interstitium and Lymph in Experimental Diabetes Mellitus 

Stork et al. (1980) studied the interstitial distribution volume of labeled 
albumin and the permeability of the peritubular capillaries in rats made 
diabetic with streptozotocin. The experiments were carried out at various 
times after the injection of the diabetogenic agent, and the experimental 
animals were classified into two groups according to the severity of the 
disease. Lymph flow increased to several times the normal rate in severely 
diabetic animals. The extravascular distribution volume of albumin in the 
renal cortex increased and the mean transit time of labeled albumin from 
arterial plasma to renal lymph slightly decreased, indicating a much in- 
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creased unidirectional clearance of  albumin across the interstitial space. 
These experimental results raise the possibility that an increase in peri- 
tubular capillary permeability to albumin also occurs in diabetic nephro- 
pathy in human subjects. Pinter et al. (to be published) suggested that 
simultaneous injury to both glomerular and peritubular capillary regions 
in the kidney can lead to a rapid loss of  renal function, as the functional 
consequence of  these injuries tend toward mutual reinforcement, resulting 
in a vicious circle. 

The experiments of  Stork et al. (1980) supported the notion that the 
pathological process in experimental diabetes produces increased structural 
and functional heterogeneity of the capillary permeability and the inter- 
stitium of  the renal cortex. A model which allows a conclusion about the 
degree of  heterogeneity of  the interstitial albumin pool was introduced by 
Wilson and Pinter (1979) (see above). 

4.2 Other Experimental and Pathological Conditions 

The interstitial distribution volume of albumin in the renal cortex, the 
mean transit time of  tracer albumin from peritubular capillary plasma to 
lymph, and the unidirectional clearance, calculated from these two mea- 
surements, did not differ from control values in the surgically denervated 
rat kidney (Stork et al. 1977) or in a HgC12 model of  acute renal failure 
(Pinter et al. 1981b). 

5 Future Prospects for Research on Renal Interstitium and Lymph 

Until the end of  the 1950's, research interest in lymph in general, and renal 
lymph, in particular, was intensive as shown by the comprehensive review 
article of Mayerson (1963) in the circulation section of the Handbook of 
Physiology. Since the 1960's, research activity on renal lymph has declined 
as renal research has received strong directions from the many successful 
applications of  various microtechniques. These microtechniques are ex- 
cellently suited to studying the functions of  component  elements of  the 
kidney, and undoubtedly this very fruitful trend will continue in the 
future, but nonetheless, the current increase of interest in research on the 
renal interstitium and lymph does not appear to be accidental. Studies on 
specific functions of  component  elements are bound to raise questions 
about the means of  integration, i.e., how global kidney function emerges 
from the individual details. 
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Studies on integrated functions usually begin with inquiries into inter- 
actions and coordinations between component  elements: in the case of  
the kidney, how various building blocks, among them nephrons and vascu- 

lar elements, tend to work together.  The interstitium plays a prominent  
role in providing a functional connecting pathway between individual com- 
ponent  elements, and, as discussed above, lymph is a ready carrier o f  in- 
formation from the interstitium. Thus research interest in the renal inter- 
stitium and lymph should increase with interest in the integrative aspects 

o f  renal physiology. 
Research on renal interstitium and lymph promises to be particularly 

rewarding in studies on renal disease. In some recent instances exceedingly 
large pathological changes have been seen in interstitium and lymph (Bohle 
et al. 1977; Stork et al. 1980), and the explorat ion o f  the functional signif- 
icance o f  these changes also promises to be fruitful (Pinter et al., to be 
published). The observation o f  large changes points toward sensitivity o f  
the interstitium to pathological influences. Fur ther  research on the renal 
interstitium and lymph will provide important  information for physiol- 
ogists, pathophysiologists,  and clinicians who are striving to understand 
the integrated mechanisms o f  renal function in bo th  health and disease. 
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