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Phrenic nerve activity during artificial 
ventilation at different body temperatures and its 
relationships with carotid chemosensory activity 

R I T U R R I A G A , C L A R R A I N and P Z A P A T A * 

Labora tory of Neurobio logy, Catholic Universi ty of Chile , Sant iago, Chile 

While the chemoreceptor discharges of carotid bodies in vitro are highly dependent 
on temperature, these chemoreceptors in situ contribute only moderately to the 
ventilatory adjustment to changing body temperature (Tb), probably because of the 
concomitant and reverse changes in natural chemoreceptor stimuli in closed-loop 
preparations. Accordingly, we studied the frequency of carotid chemosensory 
discharge (fx) and the phrenic integrated electroneurogram (IENG .) in 
pentobarbitone anesthetized cats, paralyzed with alcuronium and artificially 
ventilated, at three steady-state levels ofTb (35.5, 37.5 and 40.2° C), modifying the 
frequency and volume of the ventilator to maintain PEIC02 within normal range. 
While fx increases along with Tb when PErC02 is allowed to fluctuate freely, its mean 
basal value was not consistently different at the three Tb's studied under controlled 
conditions. The amplitude of IENG. was reduced and the frequency of phrenic 
inspiratory cycles was increased as Tb was raised from 35.5 to 37.5°C and then to 
40.2° C. Brief J 00% 02 inhalations and iv injections of dopamine produced minimal 
depressions of IENGph amplitude in hypothermia, but pronounced although similar 
depressions in normothermia and hyperthermia. Iv injections ofNaCN augmentedfx 

and IENGph in dose related manner, and the relationships between both variables 
showed larger changes in IENGph at the hypothermic and normothermic conditions 
when expressed in absolute terms, but not when expressed in relative terms. 
Thus, the chemosensory input is not consistently modified by thermal levels under 
controlled ventilatory conditions, but the chemosensory drive of the ventilatory 
output is less pronounced in hypothermia. The chemosensory input is similarly 
affected by varying degrees of cytotoxic hypoxia at different Tb's, but the ventilatory 
output is less vigorously increased in hyperthermia, pointing to a decreased reflex 
gain in that condition. 

K e y w o r d s : body temperature, carotid body, chemosensory activity, chemoreceptors, 
hyperthermic hyperventilation, integrated electroneurogram, phrenic activity. 

INTRODUCTION 

The chemosensory nerve discharge record
ed from the carotid body supervised in vitro 
is highly dependent on the temperature of the 
med ium when the rest of the variables are 
kept constant (Gal lego et al, 1979; Alcayaga 
et al, 1993). Similar ly , t ransient increases 
in the temperature of the blood circulating 

through one carotid produce fast increments 
in the frequency of chemosensory discharges 
(f x) recorded from the carotid (sinus) nerve 
of cats ( M c Q u e e n and E y z a g u i r r e , 1974) . 
O t h e r w i s e , i nc r ea s ing the t e m p e r a t u r e of 
blood perfusing the vascularly isolated carotid 
b o d i e s of d o g s l e ads to t r a n s i e n t ref lex 
increases in breathing (Bernthal and Weeks , 
1939). 
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In spite of the above, recent observat ions 
show a significant but modera te contribution 
of the per ipheral chemoreceptors to the ven
t i la tory ad jus tment p roduced by sus ta ined 
hyper thermia (Fadic et al, 1991). Furthermore, 
only slight increases in fx were observed when 
raising body tempera ture in the spontaneously 
breathing cat (Loyola et al, 1991). Since in the 
whole animal , in steady-state condit ions, the 
v e n t i l a t o r y r e g u l a t i o n is m a i n t a i n e d by 
homeosta t ic closed loops , the resultant hyper
thermic hyperventi lat ion may reduce the levels 
of the chemical st imuli acting upon the carotid 
and aortic bodies , and partially cancels the 
direct hyper thermic effect on chemoreceptor 
a c t i v i t y ( E y z a g u i r r e and Z a p a t a , 1984 ) . 
Alternat ively, it is possible that the hyper
thermia could modula te the central gain of the 
chemosensory input on the inspiratory neurons. 
In fact, hyper thermia still induces a strong 
tachypnea after bilateral carotid neurotomy 
(Fadic etal, 1991). 

T h e exper iments reported here were in
tended to answer the apparent discrepancy in 
the above results. W e studied the contribution 
of the peripheral chemoreceptors to the efferent 
phrenic nerve activity in the cat anesthetized 
with sodium pentobarbi tone, paralyzed and 
artificially venti lated. In this preparation, the 
venti latory regulat ion depends on the p u m p 
imposed venti lat ion, which allows the levels 
of the respiratory gases to be maintained or 
modified, independent ly of the phrenic neural 
output. Fur thermore , sodium pentobarbi tone 
modifies the homeothermic regulation, mak
ing the body core temperature (T b ) more de
pendent on environmental temperature changes 
(Refinetti and Carlisle, 1989). 

Observat ions on the afferent input from 
arterial chemoreceptors were restricted to the 
chemosenso ry afferences from the carot id 
bodies. This is based on the fact that the carotid 
bodies play a predominant role in the excitation 
of venti latory reflexes induced by cytotoxic 
hypoxic st imulat ion (Serani and Zapata, 1981) 
and in the chemosensory drive of venti lat ion 
under resting condit ions (Eugenin et al, 1989). 
It mus t be no ted that the sec t ion of one 
glossopharyngeal nerve, required for recording 
from the cut carotid nerve, does not modify 
significantly the basal venti latory variables in 
pentobarbi tone anesthetized cats (Eugenin et 
al, 1990). 

METHODS 

Exper iments were performed on 12 adult male 
cats , weighing 2.96 ± 0.16 kg (mean ± SEM) , 
and anesthetized wi th sodium pentobarbi tone 
4 0 mg/kg , ip. Addit ional doses (12 m g iv) 
were given when necessary to main ta in a light 
level of surgical anesthesia (s tage III, p lane 2) 
ascertained by the absence of wi thdrawal re
flexes to s t rong pressure on the paws , with 
persistence of patel lar reflexes. 

T h e cats were placed in supine posi t ion. 
T h e body core tempera ture ( T b ) was moni tor
ed cont inuously through a thermis tor probe 
introduced 50 m m into the rectum and con
nected to a te le- thermometer . T h e initial rectal 
temperature was 37.4 ± 0.2°C. T h e T b was then 
m a i n t a i n e d s u c c e s s i v e l y at s t e a d y - s t a t e 
values of 35 .5 , 37.5 and 40.2 + 0.2°C, with a 
regulated heat ing pad, placed under the cat, 
and control led automat ica l ly by a the rmo-
regulator driven from the probe. To attain the 
hyper thermic condit ion, addit ional heat was 
provided by an overhead l amp (20 cm above 
the abdominal wall) controlled by a d immer . 
Care was taken not to exceed 50° C of surface 
temperature at the exposed sites of the skin. 
The exper iments were performed under the 
following prevail ing condi t ions: room tem
perature 28 .3± 1.4° C, relative humidi ty 62.5 
+ 1.5 %, a tmospher ic pressure 740 .3 ± 0.2 
Torr. 

T h e trachea was cannulated per os with a 
flexible tube (3.8 m m ID, 4.4 m m O D ) . A fine 
(PE-10) tubing was introduced deep into the 
tracheal cannula for cont inuous sampl ing of 
air and recording of the t racheal C 0 2 pressure 
( P T C 0 2 ) th rough an infrared gas analyzer. 
A l v e o l a r v e n t i l a t i o n w a s e s t i m a t e d from 
b r e a t h - b y - b r e a t h e n d - t i d a l C 0 2 p r e s s u r e 
( P E T C 0 2 ) , calculated after subtract ing the H 2 0 
pressure in moist t racheal air (47 Torr) from 
the barometr ic pressure . 

The right saphenous vein was cannulated 
for administrat ion of drugs . Sys temic arterial 
pressure was recorded from the right femoral 
artery through a cannula (PE-100) filled with 
hepa r in 50 IU /ml in sa l ine so lu t ion , and 
connected to a pressure t ransducer. Hear t rate 
was counted electronically using a tachograph 
triggered by the arterial pressure pulse . 

The cats were paralyzed by iv administration 
of a l c u r o n i u m c h l o r i d e ( 1 0 0 - 2 0 0 u g / k g 
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initially, and subsequent ly 50-100 | ig/kg every 
30 min ) and art if icial ly vent i la ted wi th a 
p o s i t i v e - p r e s s u r e ven t i l a to r . T h e t r achea l 
cannula was connected to a Y-shaped tube. 
O n e arm was connec t ed to the ven t i l a to r 
th rough a heated Fleisch pneumotachograph 
(number 00) and to a PT-5 volumetr ic pressure 
t ransducer for reading inspiratory flow. Tidal 
v o l u m e ( V T ) w a s o b t a i n e d by e l e c t r o n i c 
integration of the flow signal. T h e other end 
of the Y- tube was connected to a piece of 
flexible tubing ending at the bot tom of a bott le 
conta in ing wate r (5-8 cm height) to al low 
expirat ion and escape of the extra inspiratory 
air. At the beginning of the artificial ven
tilation, the inspiratory vo lume was fixed to 
obtain a P E T C 0 2 va lue similar to the previous 
one, recorded dur ing spontaneous breathing. 
The expiratory side of the system was blocked 
for 1 or 2 cycles from t ime to t ime (5 min) to 
p roduce augmented inspirat ions (s imulated 
gasps) , intended to mainta in an adequate al
veolar surfactant. Since hyper thermia raised 
P E T C 0 2 , the frequency of the venti lator was 
augmented to keep the P E T C 0 2 low. 

The physiological variables were display
ed o n a p o l y g r a p h and a m u l t i p l e b e a m 
osci l loscope. R a w signals were stored on a 
digital video system (through an analog-digital 
converter) for lat ter analyses. 

Recordings of afferent and efferent fibers 

T h e right carotid and phrenic nerves were 
exposed through a lateral longitudinal incision 
in the neck. The branch of the phrenic nerve 
arising from the C5 root was dissected free 
of the epineur ium, cut caudally, placed on a 
pair of bipolar Pt-Ir electrodes and covered 
wi th warm mineral oil . T h e efferent neural 
discharges were preamplif ied, amplified, full 
w a v e r ec t i f i ed ( R E N G p h ) and i n t e g r a t e d 
( I E N G p h ) . T h e efferent signals were also fed 
to an ampli tude w indow discr iminator and the 
ins tantaneous frequency ( f . ) of the standard
ized pulses was obtained electronically. 

In five expe r imen t s , the carot id (s inus) 
nerve was dissected and cut, and the ipsilatcral 
g a n g l i o g l o m e r a l n e r v e s w e r e a l s o c u t . 
B a r o d e n e r v a t i o n w a s p e r f o r m e d t h r o u g h 
section and crush of nerve filaments between 
the emergence of the internal carotid artery 
and the carotid body (Zapata et al, 1969). After 

excis ion of the ep ineur ium, the ne rve was 
placed on a pair of Pt-Ir e lect rodes and cover
ed with warm mineral oil. T h e s ignals were 
preamplif ied, amplified, passed through a 50 
Hz filter and fed to an electronic ampl i tude 
discriminator which allowed selection of action 
po ten t i a l s of g i v e n a m p l i t u d e s a b o v e the 
basel ine noise . T h e frequency of the resul t ing 
s tandardized chemosensory pulses (f x ) was 
counted every second by m e a n s of an elec
tronic counter-printer system and obtained as 
ins tantaneous rate th rough a frequency meter . 

R e c o r d i n g s of the ca ro t id afferent and 
phrenic efferent nerves on the same side is 
justified by the fact that vent i la tory chemo-
re f l exes a re n o t l a t e r a l i z e d ( B e r g e r and 
Mitchel l , 1976). 

Testing of chemosensory drive and 
chemoreflex responses 

T h e contr ibut ion of the per iphera l c h e m o 
sensory drive to the phrenic nerve activity 
was est imated from the changes in ampl i tude 
of the I E N G p h , result ing from the wi thdrawal 
of the chemosensory impulses caused by ex
posure to 100% 0 2 (Dejours, 1963) for 1 min 
through the venti lator, and by iv injections 
of d o p a m i n e - H C l (1-50 ug/kg; p repared in 
ascorbic acid 1 m M in saline) (Zapata and 
Zuazo , 1980). 

Chemoref lexes sensi t ivi ty and react ivi ty 
were assessed by s tudying the phrenic neural 
responses to increasing iv injections of N a C N 
(0.5 to 100 ug/kg) and by admin i s t r a t ion 
of 100% N 2 for 10-15 s through the ventilator. 
T h e tests were repeated at the three T b ' s at 
s teady-state condit ions. 

Data analyses 

Vent i l a to ry va r i ab l e s w e r e m e a s u r e d and 
averaged over per iods of 1 min dur ing steady-
state thermoregulatory and venti latory condi
t ions. Respiratory frequency ( f R ) was measur
ed from the phrenic burst frequency. Consid
er ing that the I E N G h is the neural equivalent 
of t idal vo lume ( V T ) , a neura l inspira tory 
minute vo lume index (V h ) was est imated by 
mult iplying I E N G p h ampfitude by fR. 

Resul ts are expressed as m e a n s ± S E M ' s 
or as percentages of their respect ive values . 
Statistical differences for mul t ip le dependen t 
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samples were assessed by either Quade's or 
F r i e d m a n ' s test , whichever the most appro
priate, followed by paired comparisons through 
Conove r ' s tests (Theodorson-Norheim, 1987). 

T o c o m p a r e da ta from different exper 
iments , the cyanide dose-response curves were 
fitted to symmetr ica l s igmoidal functions (De 
Lean et al, 1978). This method provides a basis 
for pool ing data from separate exper iments , 
and al lows test ing the characterist ics which 
are shared by var ious curves . The data points 
were adjusted acco rd ing to the fo l lowing 
logist ic express ion for responses expressed in 
percentages : 

R = max R + [100 - max R] / [1 + (D/ED 5 0 ) S ] 

whe re : R = response ; m a x R = m a x i m a l 
response; D = ari thmetic dose; E D 5 0 = median 
effective dose; S = slope factor determining the 
steepness of each curve. The curves were fitted 
through a compute r p rogram based on a sim
plex algorithm (Johnston, 1985). The goodness 
of each fit was tested using an A N O V A and 
by the correlation coefficient ( r ) , calculated by 
dividing the var iance of the theoretical value 
by that of the exper imenta l value. 

RESULTS 

Ejfect of thermal conditions on resting 
respiratory variables 

Figure 1A shows a summary of the mean 
values of P E T C 0 2 observed at steady-state T b ' s 

70 r 

35 .5 37.5 40 .2 4 0 . 2 ° C 

of 35 .5 , 37.5 and 40.2 ± 0.2° C in the 7 cats 
wi th intact carotid nerves . Before adjustments 
in the frequency of the p u m p , the P E T C 0 2 

increased slightly from 33.6 ± 2.2 Tor r at 
35.5° C to 37.0 ± 2.5 T o r r at 37.5° C (p < 
0.05), and then considerably to 56.8 ± 7.9 
Tor r w h e n T b was raised to 40 .2° C (p < 0.01). 
In order to main ta in P E T C 0 2 relat ively low, 
the frequency of the p u m p vent i la tor (f ) was 
raised from 22 .0 ± 2.8 min" 1 to 2 8 . 7 ± 3.1 
min" 1 at the higher T b level (fig I B ) , which 
resulted in a reduct ion in P E T C 0 2 to 33.5 ± 1 . 3 
Torr , a va lue no t significantly different from 
those observed at lower temperatures (fig 1 A) . 
In 3 out of the 7 exper iments , we avoided the 
potential ly noxious effects of the hypercapnia 
and acidosis p rovoked by raising T b to 40 .2° 
C by progressively increasing the frequency 
of the ventilator during the warming procedure. 

T h e mean ampl i tude of the I E N G p h record
ed at b a s a l c o n d i t i o n s w a s c o n s i d e r a b l y 
reduced at the normothermic level in compar
ison with the hypothermic level, and a further 
but small decrease occurred when reaching the 
hyper thermic isocapnic condi t ion (fig 2A) . On 
the contrary, the respiratory neural frequency 
(f R ) increased significantly when T b and f 
were elevated (fig 2B) . As a result of the pro
gressive decreases in magni tude of the phrenic 
inspiratory bursts and the reciprocal increases 
in fR observed while increasing T b , the neural 
minute v o l u m e ( V , ) was no t significantly 
modified by thermal changes (fig 2C) . 

T h e large increase in fR observed in 4 cats 
when augment ing fp at 40 .2° C (fig 2B) is 

B 3 5 r 

35.5 37 .5 40.2 40.2"C 

Fig 1. Means + SEM's of (A) end-tidal C 0 2 pressure ( P E T C 0 2 ) and (B) frequency of pump ventilator ( f ) at three different steady-
state T b's in 7 cats with intact carotid nerves. Open bars, at 35.5° C; horizontally striped bars, al 37.5°C; hatched bars, at 40.2° C 
before adjusting f to control P E T C 0 2 in 4 cats; cross-hatched bars, at 40.2° C after raising f to maintain P E T C 0 2 low. Statistical 
significance of multiple comparisons (insets, overall p values from Friedman's tests, n = 7 ) , followed by paired comparisons 
(asterisks, significantly different from all the rest al p < 0.01; between arrows, difference at p < 0.05). Quade's tests applied for 
comparisons of hypercapnic hyperthermic cats with other conditions (n = 4). 
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35.5 37.5 40 .2 40 .2 *C 35.5 37.5 40.2 40 .2 'C 35 .5 37.5 40.2 40 .2 -C 
Fig 2. Means + SEM's of (A} phrenic integrated electroneurogram (IENG^), (B) neural respiratory frequency (f R ) and (C) neural 
inspiratory minute volume (V^) at 3 different steady-state T b 's in 7 cats with intact carotid nerves. Bars and statistical analyses, 
as in Figure 1. 

clearly the result of the entra inment of the 
phrenic inspiratory bursts by the frequency of 
the p u m p venti lator, since it is associated to 
a fall in basal P E T C 0 2 (fig 1A) and occurs 
wi thout change in T b . T h e phrenic bursts were 
also entrained to the venti lator rate at the other 
T b ' s , as illustrated in figure 3 . There , an abrupt 
increase in f from 14 cycles /min to 22 cyc les / 
min produced an immedia te change in fR from 
14 "neu ra l " brea ths /min to 22 , which was also 
abruptly reversed w h e n returning to the initial 
condi t ions . This indicates that neural bursts 
were all t ime entrained by the lung inflations 
imposed by the p u m p . Fur thermore , the abrupt 
t ransi t ion to a h igher frequency of venti latory 
p u m p i n g and t h e n c e of ph ren i c bu r s t s is 
followed by a s low progress ive decrease in 
the strength of the inspiratory phrenic dis
charges est imated by the I E N G p h (fig 3). Since 
in all exper iments f was increased, ei ther 
progressively or in steps, dur ing the warming 
procedure , the ent ra inment of phrenic activity 
may contr ibute to the observed increase in fR 

and decrease in I E N G p h when passing from the 
hypothermic to the normothermic and hyper
thermic levels . 

In some artificially venti lated cats we ob
served the appearance at regular intervals of 
b iphasic bursts of phrenic discharges within 
a g iven cycle , the intensity and t iming of the 
initial phase be ing s imilar to those of the 
remaining inspiratory cycles , but surmounted 
by an extraordinary burst of higher instan
t aneous f requency . T h e s e two phases are 
clearly d iscernible in the fph and R E N G p h 

recordings , but they add in the I E N G . to 
exhibit a motoneurona l burst of m u c h larg
er s t rength than the rest. These augmented 
inspiratory bursts were more commonly seen 

3 5 . 5 ° C 

I min 

A A 

Fig 3. Changes in tracheal pressure of CO, ( P T C 0 2 ; first row), 
phrenic integrated electroneurogram (IENG f t ; second row) and 
phrenic rectified electroneurogram (RENG^; third row) in 
response to switching the pump ventilator from 14 to 22 
cycles/min (first arrow head) and then back to 14 cycles/min 
(second arrow head). Cat with both carotid nerves intact and 
thermostabilized at 35.5° C. 

at the higher T b (see last rows in figs 7 and 8) 
or they increased in frequency when raising 
T b from 37.5 to 40 .2° C. 

Effect of thermal conditions on 
the response to NaCN 

Figure 4 illustrates the effects of s teady levels 
of T b on the phrenic nerve responses to two 
low-to- intermediate doses of N a C N (5 and 10 
ug/kg, iv) in one cat with both carotid nerves 
intact. These injections increased the magn i 
tude of the I E N G p h and the durat ion of the 
inspiratory bursts at 35.5 and 37.5° C, but did 
not elicit any response at 40.2° C. T h e increase 
in the I E N G p h in response to 10 ug N a C N is 
not associated to an augmented instantaneous 
rate of phrenic bursts (f h ) , thus implying that 
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r T C 0 2 
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IENGph 
(u ) 
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Fig 4. Phrenic neural responses to NaCN (5 and 10 Ug/kg, 
iv) at three different steady-state T b 's in a cat with intact 
carotid nerves. PTCm, tracheal C 0 2 pressure (first row); 
IENG^, phrenic integrated electroneurogram, in arbitrary units 
(second row); f h , instantaneous frequency of phrenic 
discharges (third row). 

the enhanced phrenic output was not due to an 
increased maximal frequency of motoneuronal 
discharges but to a prolongat ion of such dis
charges , as evidenced by the configuration of 
f h during the affected cycle. 

A systematic study of the phrenic responses 
elicited by increasing doses of N a C N (0.5 
to 100 ug/kg) was performed with the data 
obtained from 7 cats with intact carotid nerves. 
For this study, the P E T C 0 2 at 40.2° C was kept 
at a similar va lue as those observed at 35.5 
and 37.5° C. F igure 5 shows the fitting to a 
s igmoidal function of the maximal I E N G p h 

responses (in percentages of basal activity) 
produced by N a C N at the three steady-state 
T b ' s levels. Statistically significant differences 
were observed in only one of the three para
m e t e r s def in ing the d o s e - r e s p o n s e cu rves 
(Table I) . T h e maximal (theoretical) reactivity 
and the slope factor did not differ be tween the 
three thermal condi t ions, but the m e a n effec
tive dose was displaced to the right by nearly 
one order of magni tude at 40 .2° C. 

T h e pattern of phrenic nerve discharges was 
m u c h modified by cyanide in some occasions. 
Figure 6 i l lustrates the effects of large doses 
of N a C N (20 to 100 ug/kg iv) and those of 
evoked gasps (see Methods) on the cycles 
of phrenic discharges . N a C N prolonged the 
durat ion of the inspiratory discharge of the 
phrenic nerve and thus augmented consid
erably the ampl i tude of I E N G p h . A peculiar 
pat tern of interlocked bursts of phrenic cycles 
(one very prolonged and thus much enhanced 
and one or two with normal durat ion but in
creased maximal instantaneous frequency) was 
triggered by the two first injections of cyanide. 

A simpler and cont inuous pat tern of prolonged 
but paused phrenic discharge was initiated by 
the last injection of this agent. Simulated gasps 
(lung inflations along two cycles uninterrupt
ed by expirat ions, thus doubl ing V T ) , on the 
contrary, switched-off the augmented phrenic 
output, re turning the respira tory pat tern to 
basal condi t ions . 

Effect of thermal conditions on the responses 
to 100% 02 and dopamine 

Figure 7 illustrates the t ransient depress ion of 
efferent phrenic neural activity in response to 

T A B L E I 

Parameters defining dose- response 
curves for changes in phrenic activity 

evoked by iv injections of N a C N in 
7 cats wi th intact carotid nerves 

T„°C 35.5 37.5 40.2 P 

max R 
E D 5 0 

s 
r 

258.7 
15.1 

1.3 
0.997 

264.3 
9.2 
1.6 

0.998 

262.3 
89.9 * 

0.9 
0.969 

0.093 
0.006 
0.185 

r, correlation coefficients for fitting the curves to sigmoidal 
functions. 

p, overall significance, after Friedman's tests. 
* p < 0.01, vs the rest, after Conover's tests. 

100* 
1 10 100 

NaCN (jug/kg) i.v. 
Fig 5. Dose-response curves for changes in amplitude of 
phrenic integrated electroneurogram (IENG p b ) elicited by 
increasing doses of NaCN iv at 3 different steady-state T b 's , 
obtained from 7 cats with intact carotid nerves. P E T C 0 2 values: 
31.5 ± 1.8 torr at 35.5 D C (open squares), 32.6 ± 1.6 torr at 
37.5° C (open circles) and 31.6 ± 1.2 torr at 40.2° C (filled 
circles). Responses (means + or - SEM's) expressed as 
percentages of basal values. SEM's are only depicted to 
illustrate dispersion of values, since statistical analyses were 
based on ranks (Friedman's tests). 
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Fig 6. Effects of large doses of NaCN (20-100 ug/kg iv, filled 
arrows) and simulated gasps (G, open arrows) on phrenic 
efferent activity in a cat with intact carotid nerves, at 35.5° C. 
P T C 0 2 , tracheal pressure of C 0 2 (first row); IENG^, phrenic 
integrated electroneurogram (second row); f^, instantaneous 
frequency of phrenic discharges (third row). 

r T C O Z 

(torr) 

I E N G p h 

Fig 7. Transient effects of 1 or 1.5 min periods of 100% 0 2 

inhalation on phrenic neural activity at three different T b 's. 
P T C 0 2 , tracheal pressure of C 0 2 (first rows); IENG p h , phrenic 
integrated electroneurogram, in arbitrary units (second rows). 
At 40.2°C, response tested at two levels of P E T C 0 2 ; note there 
the presence of the neural equivalent of spontaneous gasps. 

F i g u r e 8 i l lus t ra tes t h e p h r e n i c neu ra l 
response to the iv administrat ion of dopamine 
(2 -10 ug /kg ) . T h e s e d o s e s w e r e se l ec t ed 
because they did not elicit considerable pressor 
responses (less than 10 Torr ) . Large doses of 
dopamine (20-100 ug/kg) produced marked 
hypertensive reactions (mean arterial pressure 
went up to 200 Tor r o r more ) , which in turn 
m a y depress the neural phrenic output since 
venti latory depressant effects of large doses 
of dopamine in spontaneously breathing cats 
are still observed after sect ion of the carotid 
and aortic nerves (Zapata and Zuazo , 1980), 
because of rise in intracis temal cerebrospinal 
fluid pressure (Serani et al, 1981). 

T h e ampl i tude and durat ion of the I E N G h 

depressant response to dopamine was markedly 
augmented at 37 .5°C as compared with that 
observed at 35.5° C. At 37.5° C, the doses of 
5 and 10 ug/kg briefly si lenced the phrenic 
nerve d i scharges (fig 8). At 40 .2° C, the 
depressant effects of dopamine upon phrenic 
ou tpu t pers is ted , but they w e r e no t m o r e 
pronounced than those observed at 37.5° C. 

Effects of thermal conditions on basal and 
evoked chemosensory activities 

Figure 9 summar izes the effects of changes 
in steadyrstate T b ' s on the m e a n frequencies 

35.5»C P E T c o , - 3 6 - 0 

breathing 100% 0 2 at the three T b ' s levels and 
at two different P E T C 0 2 values. At 35 .5°C, 
100% 0 2 inhalat ion reduced only moderate ly 
the I E N G p h (upper left panel) . A more pro
nounced decrease of the integrated neural 
output was observed at 37.5° C (upper right 
panel) . W h e n the f was raised at 40.2° C to 
mainta in P E T C 0 2 low ( lower left panel) an 
intense transient reduction of the ampli tude of 
the I E N G . was observed in response to hy-
peroxia. However , when the frequency of the 
venti lator was reduced and both basal P E T C 0 2 

and basal ampl i tude of I E N G p h augmented, 
100% 0 2 inhalat ion was ineffective to reduce 
the phrenic output ( lower middle panel) . After 
the return to the previous condit ions, 100% 
0 2 inhalat ion again diminished the ampli tude 
of phrenic nerve inspiratory bursts ( lower right 
panel) . 

IENGph 

(u) 

4 0 . 2 ° C P E T C 0 2 
-33.4 torr 

DA (ug/kg) 2 5 10 
Fig 8. Phrenic neural responses to iv injections of dopamine-
HC1 (2, 5 and 10 ug/kg, at arrows) at three different T b 's in a 
cat with intact carotid nerves. IENG . , phrenic integrated 
electroneurogram, in arbitrary units. Note the presence of 
neural equivalent of spontaneous gasps, at 40.2°C. 
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Fig 9. Frequencies of basal mean chemosensory discharges 
(bas f ) recorded from one cut carotid nerve in 5 cats studied 
at steady-state T b 's of 35.5, 37.5 and 40.2°C. Each symbol 
is the mean of 60 consecutive counts of 1 -s periods in a 
different cat. Rectangles, 99% normal distribution of the grand 
means (horizontal lines at the middle of the rectangles), p at 
inset, statistical significance of multiple comparisons by 
Friedman's test. 

of basal chemosensory activity in 5 cats in 
which one carotid nerve was cut for recording. 
These basal values were obtained from 1 min 
record ings unde r isocapnic condi t ions . Al
though in 5 exper iments the mean f x ' s in
creased be tween 37.5 and 40.2° C and in 4 of 
them decreased be tween 35.5 and 37.5° C, 
the differences observed be tween the grand 
means did not reach statistical significance 
(Fr iedman ' s test; p = 0.06). 

To ascertain the degree of carotid chemo
receptor excitation dependent on the normoxic 
conditions at different T b ' s , we studied the falls 
in fx result ing from 100% 0 2 inhalations in 
the 5 animals in which carotid chemosensory 
d i scharges were recorded unde r i socapnic 
condi t ions . The maximal transient reductions 
in fx induced by hyperoxic tests were not 
significantly different at the three different 
T b ' s (Quade ' s test; p = 0.25). 

F igure 10 illustrates the changes in fx in
duced by increasing doses of N a C N given 
iv at the three steady-state T b ' s . In spite of the 
fact that bas fx was enhanced at the hyper
thermic level in this animal , no changes in 
max ima l reactivity, s lope or mean effective 
dose were observed be tween the three thermal 

levels . Max ima l reactivity in absolute terms 
was different from one animal to other because 
of the different number of chemosensory fibers 
recorded from their respect ive carotid nerves . 
Howeve r , no s ignif icant changes in dose -
response curves be tween different T b ' s were 
also observed in three other cats . In only 1 out 
of the 5 cats , the max ima l reactivity was con
siderably reduced at 40 .2° C, near ly to one 
third of that recorded at 35.5° C, wi th an inter
media te va lue reached at 37.5° C, but this 
observat ion may be a consequence of a pro
gressive reduct ion in the n u m b e r of active 
fibers within the dissected carotid nerve along 
the several hours of recording. 

Relationship between carotid chemosensory 
and phrenic nerve discharges 

Figure 11 il lustrates the effects of several 
increasing doses of N a C N (0.5 to 100 ug/kg, 
iv) on the carotid chemosensory frequency 
and the integrated phrenic d ischarges in one 
cat (with one carotid nerve sect ioned) studied 
at three different T b levels . N a C N increased 
fx and I E N G p h ampl i tude in a dose-re la ted 
manner , with a c lear cut correlat ion in inten
sities and t iming, particularly evident at 37.5° 
C ( f i g l l B ) . 

BOO 

7 0 0 

6 0 0 

5 0 0 

4 0 0 

H Z 3 0 0 

2 0 0 

1 0 0 

• 3 5 . 5 ° C 43 ± 3 Hz 

O 3 7 . 5 ° C 28 ± 1 Hz 

V 4 0 . 2 ° C 82 ± 2 Hz 

1 10 

NaCN U/g/kg) i.v. 
Fig 10. Changes in the frequency of chemosensory impulses 
(f ) recorded from one cut carotid nerve in response to in
creasing doses of NaCN given iv to a cat at 35.5°C (squares), 
37.5°C (circles) and 40.2°C (triangles). Inset, means ± SEM's 
of basal chemosensory frequency. For the three conditions, 
frequencies evoked by NaCN 5 Ug/kg and higher doses were 
significantly above the 95% normal distribution of their re
spective basal means. 
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Fig 11. Carotid chemosensory and phrenic efferent responses 
to several doses of NaCN (1 to 100 pg/kg, iv) at 35.5°C (A), 
37.5°C (B) and 40.2°C (C), in a cat with one carotid nerve 
sectioned. P T C 0 2 , pressure of tracheal C 0 2 (first rows); 
IENG ., phrenic integrated electroneurogram (second rows); 
R E N G p h , phrenic rectified electroneurogram (third rows); 
f , instantaneous frequency of chemosensory discharges (fourth 
rows). 

In spite of the above, t ime correlations be
t w e e n t h e d i s c h a r g e s of c h e m o s e n s o r y 
afferents and phrenic efferents were sometimes 
distorted. Thus , figure 12 displays at h igher 
speed the responses to N a C N 100 ug/kg iv at 
35.5° C to show that the drug increased f , the 
duration of the burst of phrenic discharges 

(see R E N G p h recording) and the ampli tude of 
the I E N G p h . T h e c h e m o s e n s o r y exc i t a t ion 
declined rapidly, while phrenic efferent activity 
remained elevated for a p ro longed per iod. 
Here , the rectified E N G shows that the early 
and late increases in amplitude of the integrated 
E N G were not due to h igher d ischarge fre
quencies of phrenic motoneurons , but to pro
longat ions of their burs ts of inspiratory dis-
charges .Contrar iwise , less intense increases 
of phrenic nerve bursts in response to N a C N 
injections observed at 40.2° C (fig 11C) were 
associated to prolongat ions of expiratory si
lences. 

Figure 13 shows the relat ionships be tween 
the carotid chemosensory afferent and the 
phrenic efferent activities at the three s teady-
state T b ' s levels , but at s imilar P E T C 0 2 levels. 
These data were obtained during chemosensory 
excitat ions induced by increasing doses of 
N a C N and 100% N 2 tests, and during transient 
depress ions of chemosensory dr ive by do 
pamine (5-10 ug/kg) and 100% 0 2 tests. When 
the I E N G p h is expressed in arbitrary uni ts 
(but der ived from reco rd ings at the s a m e 
amplification), a gross inspect ion gives the 

3 5 . 5 ' C 

IENGph 
(u) 

RENGph 

5 0 0 r 

f> 
2 5 0 -

(Hz) 

i min NaCN IOO/jg/kg 
Fig 12. Response of carotid afferents and phrenic efferents to 
a large dose of NaCN (100 Ug/kg, iv) at 35.5°C in a cat with 
one carotid nerve sectioned. P T C 0 2 , tracheal pressure of C 0 2 

(first row); IENG^, phrenic integrated electroneurogram 
(second row); RENG p b , phrenic rectified electroneurogram 
(third row); fx, instantaneous frequency of carotid chemo
sensory discharges (fourth row). Display at higher speed of 
recording from upper right comer of Fig 11. 
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impress ion that the same chemosensory input 
produced a smaller phrenic efferent activity 
at the h igher T b (fig 13A). However , when 
I E N G p h was expressed as a percentage of the 
basal va lues , the difference disappeared (fig 
13B). T h u s , the same chemosensory input 
produced a propor t ional phrenic output above 
basel ine . In fact, the ampli tude of the basal 
I E N G p h was s t rongly reduced at 40 .2° C, 
explaining the maintenance of the ratio evoked/ 
basal I E N G p h activities at different temper
atures. 

DISCUSSION 

Observa t ions o n the sensi t iv i ty of carot id 
bodies to local thermal changes , originated 
from different laboratories and referred to in 
the Introduction, indicate that these organs 
are e x t r e m e l y s e n s i t i v e de t ec to r s of fast 
changes in tempera ture and that their basal 
l e v e l s of n e u r a l a f fe ren t d i s c h a r g e s a re 
posi t ively correlated with the steady levels of 
local tempera ture . The high energies of ap
parent activation (u), h igh thermal coefficients 
( Q 1 0 ) and h igh thermal gains (d f x /dT b ) ex-

O f x (Hz) 
Fig 13. Relationships between afferent carotid chemosensory 
and efferent phrenic activities in a cat at three different T b 's . 
Abscissae, frequency of chemosensory discharges (f ). 
Ordinates, phrenic integrated electroneurogram (IENG^), 
expressed in arbitrary units at the same amplification (A) and 
as percentages of basal values (B). Increases in both variables 
were produced by NaCN injections at different doses; 
decreases (below 100%, basal values), by 100% 0 2 tests and 
dopamine injections. 

hibited by the rates of afferent d ischarges of 
the carotid bodies indicate that they fulfill 
the criteria for be ing considered as potential 
t h e r m o s e n s o r s ( A l c a y a g a et al, 1 9 9 3 ) . 
F u r t h e r m o r e , the i r p rofuse vascu la r i za t ion 
and int imate relation to the blood m a k e them 
suitable to serve as adequate detectors for 
changes of the b lood tempera ture . Be ing the 
temperature of the blood at deep structures the 
best representat ive of body core tempera ture 
(T b ) , the functioning and locat ion of the carotid 
bodies m a k e them ideally suited to serve as 
sensors for changes in the s teady-state levels 
o fT„ . 

Since the carotid bodies p lay a predominant 
role in the regulat ion of respirat ion at resting 
condit ions and dur ing adaptat ion to changes 
in the chemica l c o m p o s i t i o n of the b lood 
(Fitzgerald and Lahir i , 1986), it was pert inent 
to ask if these receptors should part icipate in 
the important adjustments in pu lmonary and 
a lveo l a r v e n t i l a t i o n p r o d u c e d by t h e r m a l 
chal lenges . 

In awake cats , the m e a n rectal tempera
ture of 38.8° C is mainta ined at environmenta l 
temperatures of 20 to 30° C; increasing the 
ambient t empera ture above 30° C induces 
progressively h igher rectal tempera tures of up 
to 40 .5° C, and increased respi ra tory fre
quency, pant ing appear ing w h e n the environ
ment surpasses 41° C (Adams et al, 1970; 
Bonora and Gautier , 1989). Also peak rectal 
temperatures of 40 .7 ± 0.1° C had been re
corded in unanesthet ized cats injected with 
synthetic pyrogens (Morilak etal, 1987). Since 
venti lat ion is important for heat dissipat ion in 
cats, because of their furred skin and restriction 
of sweat g lands to toes and footpads, this 
species is wel l suited to s tudy vent i la tory 
reactions to variat ions in body tempera ture , 
and the possible contr ibut ion of carotid body 
chemoreceptors as thermal afferents. 

Previous observat ions from this laboratory 
(Fadic et al, 1991) indicate that increasing T b 

in the pen tobarb i tone anes the t ized cat , by 
moderate ly heat ing the skin surface, p rovoked 
pulmonary and alveolar hyperventi lat ion. This 
was mostly mediated by increasing frequencies 
of respiration and spontaneous gasps , with 
a minor contr ibut ion of V T . T h e last one was 
clearly dependent on the indemni ty of the 
carotid nerves , while p ronounced increases in 
fR were still observed after bilateral sect ion of 
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the carotid nerves . Similarly, von Euler et al 
(1970) observed increases in both V T and fR 

when raising T b from 37.1° to 39.6° C in pen
tobarbi tone anesthetized cats , the tachypnea 
b e i n g p r e se rved after b i la te ra l v a g o t o m y , 
which included interrupt ion of the chemo
sensory afferences from the aor t ic bod ies . 
Studies on pentobarbi tone anesthetized cats 
( G r u n s t e i n et al, 1973) and in u r e t h a n e 
a n e s t h e t i z e d r a b b i t s ( K o b a y a s i a n d 
Y a m a g u c h i , 1981) had s h o w n that fR was 
ext remely dependen t on T b in the range of 35° 
C to 41° C, result ing in fairly h igh Q 1 0 va lues 
(6.1 and 5.3 , respect ively) , persis t ing after bi
lateral vago tomy. 

T h e modes t role played by carotid bodies 
afferents in the venti latory adaptat ion to slow 
changes in T b , obse rved in spon taneous ly 
breathing cats (Fadic et al, 1991), may be 
ascribed to the alveolar hyperventi lat ion itself 
caused by hyper thermia , the result ing changes 
in blood gases counteract ing the st imulat ing 
local effects of the increased blood temperature 
upon carotid bodies . Never theless , the present 
r e su l t s , o b t a i n e d in ar t i f ic ia l ly ven t i l a t ed 
cats in which these changes in blood may 
be control led and suppressed , indicate that 
the reflex effects elicited by chemosensory 
s t imulants of the carotid and aortic bodies are 
not potent iated by increasing T b above normal 
levels . Resul ts indicate that the correlat ion 
be tween changes in the frequency of chemo
sensory afferents and those in the strength of 
the venti latory output (phrenic efferents) is 
well mainta ined at the three levels of tempera
ture s tudied: modera te hypothermia , no rmo-
thermia and mild hyper thermia . 

Consider ing I E N G p h as the neural output 
equ iva len t of V T , the dec rease in I E N G p h 

observed at 37.5° C when compared to that 
recorded at 35.5° C (fig 2A) m a y be related to 
the decrease in V T occurr ing in spontaneously 
b rea th ing pen tobarb i tone -anes the t i zed cats 
when rewarming from 28 to 38° C (Gautier 
and Gaudy , 1986). Similar ly, the further de
crease in I E N G p h observed when reaching 
40.2° C under isocapnic condit ions (fig 2A) 
m a y be c o m p a r e d to the d e c r e a s e in V T 

occurr ing in unanesthet ized cats when T b is 
displaced from 38.6 to 39.4° C by external 
warming (Bonora and Gautier , 1990). Both 
decreases in V T were associated to concomi
tant increases in fR (Bonora and Gautier , 1990; 

Gaut ier and Gaudy , 1986), as also observed in 
our artificially venti lated cats (fig 2B) . 

With regard to rest ing vent i la t ion, the basal 
levels of carotid c h e m o s e n s o r y d i scharges 
mainta in a certain degree of tonic reflex ex
citation of venti latory centers ( "chemosensory 
d r i v e " ) , d e m o n s t r a t e d by t h e i m m e d i a t e , 
transient decreases in tidal vo lume in response 
to b rea th ing 1 0 0 % 0 2 for a few seconds 
(Dejours , 1963) or iv injections of dopamine 
(Zapata and Zuazo , 1980), as consequence of 
the sudden w i t h d r a w a l of carot id c h e m o 
sensory discharges , briefly s i lenced by these 
maneuvers (Lei tner et al, 1965; Liados and 
Zapata , 1978). Therefore , if a rise in blood 
tempera ture should increase the basa l fre
q u e n c y of c h e m o s e n s o r y d i s c h a r g e s , t he 
chemosensory drive upon resting venti lat ion 
should also b e enhanced . In h u m a n s us ing 
hea ted f ly ing su i t s , an i n c r e a s e in rec ta l 
temperature of 1.6° C enhanced the c h e m o 
sensory drive upon venti lat ion, as revealed by 
the m o r e p ronounced t rans ient vent i la tory 
depression in response to 2 breaths of pure 0 2 

( J e n s e n et al, 1 9 7 8 ) . In p e n t o b a r b i t o n e 
anesthet ized, spon taneous ly brea th ing cats , 
b r i e f h y p e r o x i c t e s t s i n d u c e d t r a n s i e n t 
decreases in tidal vo lume and increases in 
P E T C 0 2 which were significantly la rger at 40° 
C than at 37° C (Fadic et al, 1991). Nev
ertheless, present results indicate that in the 
artificially venti lated cat in which P E X C 0 2 is 
kept within eucapnic range, 100% 0 2 tests and 
dopamine injections applied in the hyperther
mic and normothermic condi t ions decreased 
the I E N G p h ampli tude m o r e profoundly than 
in hypothermia (figs 7 and 8) , in spite of the 
similar depressant effects upon chemosensory 
discharges exerted by these maneuvers at the 
three levels of T b studied. It is no tewor thy that 
the venti latory drive exerted by arterial che
moreceptors was not proport ional ly reduced 
in hyper thermia , as one would expect from 
the increased thermal drive exerted directly 
upon central respiratory neurons . Similar ly, in 
unanesthet ized cats dopamine injections p ro
duce s ign i f ican t d e c r e a s e s in V T in bo th 
n o r m o t h e r m i c and h y p o t h e r m i c cond i t ions 
(Bonora and Gautier , 1990). 

Present results also indicate that s t ronger 
vent i la tory effects were evoked by mi lder 
d e g r e e s of hypoxic stimulation in c a t s 
thermostabil ized at 37.5° C than in those kept 
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at either 35.5 or 40.2° C (figs 5 and 13A). 
Thus , taking together the depth of the chemo
sensory dr ive and the efficiency of the chemo-
reflexes, it appears that the maximal efficiency 
of the arterial chemoreceptors as controllers 
of venti lat ion is attained at the normal T b of 
the animal. Th i s is the kind of operat ion that 
one would expect for a thermostat ic system 
that correc ts rapidly and efficiently minor 
deviat ions from the thermal set point. 

T h e pat tern of venti lat ion is profoundly 
affected by T b . The bradypnea of hypothermia 
and the t a chypnea of hype r the rmia result 
from changes in the durations of the inspiratory 
bursts and expiratory silences exhibited by 
those nerves control l ing the main respiratory 
musc les . Present results indicate that the du
ration of phrenic inspiratory bursts decreases 
moderate ly while T b is increased from 35.5° 
C to 37.5° C, and that both inspiratory duration 
and total d ischarges pe r cycle of the phrenic 
nerve are reduced at 40 .2 C. Fur thermore , 
different pat terns of ventilation were observed 
in response to hypoxic st imulat ion at different 
steady levels of T b . 

It was interest ing to observe that an intense 
chemorecep tor s t imulat ion -induced by the 
largest doses of N a C N - provoked early and 
delayed increases in the rate of the discharges 
recorded from phrenic motoneurons (fig 12). 
T h e ear ly e n h a n c e m e n t s of m o t o n e u r o n a l 
discharge cycles were correlated in t ime and 
magni tude with the concomitant increases in 
the frequency of carotid chemosensory dis
charges. However , the s imultaneous analysis 
of rectified and integrated phrenic discharges 
showed longer durat ions of inspiratory bursts 
along several cycles , well beyond the transient 
early increases in chemosensory discharges; 
the potent iat ion of these motoneuronal dis
cha rges was not corre la ted wi th the mild 
delayed increase in chemosensory discharges. 
This is s imilar to an observat ion of Lahiri et al 
(1991) in which an intracarotid injection of 
20 ug of N a C N produced a brief increase of fx 

but a l ong - l a s t i ng inc rease in ven t i l a t ion 
(see fig 2B of that report). This phenomenon 
r e m i n d s us the p r o l o n g e d s t imu la t ion of 
respiration evoked by several types of brief 
intense st imuli , including the electrical stim
ulat ion of the carotid nerves (Millhorn et al, 
1980). Thus , it is possible that carotid body 
st imulat ion - u n d e r certain cond i t i ons - evokes 

not only a reflex concomitant increase in 
venti latory output , but also resets the t iming 
c o m p o n e n t s ( o f f - s w i t c h ) o f t h e c e n t r a l 
generator of respiration. 

An interest ing observat ion was the appear
ance at regular intervals in some of these 
artificially venti lated cats of b iphasic bursts 
of phrenic neural discharges . T h e regulari ty 
of these per iodic cycles and their biphasic 
pattern reveal that they correspond to the neural 
equivalent of spontaneous gasps , also named 
inspiratory augment ing responses , s ighs or 
periodic deep breaths (Bartlett , 1971). T h e 
e l ec t romyograph i c cor re la te of these aug
mented breaths is an increased post-inspiratory 
inspiratory activity in the d iaphragm (van 
Lunteren et al, 1986), which is in turn evoked 
by an augmentat ion phase in phrenic nerve 
activity, initiated close to the crest of the nor
mal inspiratory burs t (Chemiack et al, 1991), 
when these variables are recorded in sponta
neously breathing anesthetized cats. However , 
to our knowledge , this is the first descript ion 
of these phrenic E N G equivalents to sponta
neous gasps in artificially venti lated animals 
and the first evidence of their periodic oc
currence in this controlled condit ion. Their 
most c o m m o n incidence o r h igher frequency 
at hyper thermic levels (see records in figs 7 
and 8) is co inc iden t wi th the inc rease in 
spontaneous gasps observed in spontaneously 
breathing cats in hyper thermia (Fadic et al, 
1991) and may be explained by the modulatory 
role exerted by carotid chemosensory efferents 
upon the pu lmonary vagal reflex responsible 
for these augmented breaths (Zuazo and Za
pata, 1980). 

In summary , observa t ions here reported 
indicate that in the normoxic eucapnic animal , 
the most pronounced influence of arterial che
m o r e c e p t o r s o p e r a t i n g as t h e r m o s e n s o r s 
controll ing venti lat ion is observed within the 
normothermic range. 
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