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ABSTRACT

ACID-BASE BALANCE DURING POLYPNEA AND PANTING
IN THE UNANESTHETIZED CAT

By

Mary Laurence Morgan

Unanesthetized cats, each equipped with chronically im-
planted thermocouple guide tubes in the anterior hypothalamus
and a cannula in the left carotid artery, were exposed to
ambient temperatures between 32 and 42°C. Steady-state
values of rectal, hypothalamic, and seven skin temperatures,
and respiratory frequency, were recorded at S5-minute intervals
during a 30-minute period. Samples of arterial blood, drawn
at the beginning and end of the 30-minute measurement period,

were analyzed for pH, PCO » and Py - Plasma bicarbonate

concentration was calculaied from éH and PC02 values using
the Henderson-Hasselbalch equation.

Steady-state levels of rectal and average skin tempera-
tures rose linearly with increasing ambient temperature.
Hypothalamic temperature was linearly related to rectal tem-
perature at all respiratory frequencies, but the slope of
the relationship was altered by panting, so that a change in
abdominal temperature was accompanied by a smaller change in

diencephalic temperature after panting began than during

normothermic exposures.
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Mary Laurence Morgan

PaC02 declined curvilinearly from 43 to 28 mm Hg as
respiratory frequency rose from 18 to 205/min. The decrease
was steeper at low respiratory frequencies. pH of arterial
blood was not dependent on respiratory frequency, but rose

0.1 unit as Pacg Was reduced from 43 to 28 mm Hg. Plasma
2

bicarbonate concentration was a direct linear function of

PaC02 O
Pao rose from 90 to 120 mm Hg as respiratory frequency
2
increased from 20 to 70/min. In resting cats, Pao remained

2
at approximately 120 mm Hg as respiratory frequency rose to

250/min. In exercising animals, Pa02 was maintained at low-
er values, compared to resting cats with the same respiratory
frequency, when frequency was greater than 70/min.

"Phase II" breathing, that is, the slow, deep respira-
tory pattern characteristic of cattle, sheep, and dogs during
very severe heat stress, was not observed in this study.

Thesé data are interpreted to indicate that unanesthe-
tized cats exposed to heat stress hyperventilate during pant-
ing, but successfully avoid alkalosis. Reduction of plasma
bicarbonate concentration is believed to contribute to the
retention of normal blood pH in the face of hypocapnia. The
oxygen tension of arterial blood in unanesthetized, heat-
stressed cats is determined by the thermally driven hyper-

ventilation and the activity level of the animal.
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INTRODUCTION

A homeotherm subjected to an acute heat stress must
dissipate both the heat gained from the environment and that
generated by tissue metabolism in order to maintain thermal
constancy. When ambient temperature exceeds body surface
temperature, evaporation is the sole avenue of heat loss
available to the animal. Furred or feathered homeotherms
face a further restriction in that most of their external body
surface is not suitable as a site for evaporation. These
animals must depend on evaporation from the surfaces of the
nasal and buccal cavities and upper respiratory passages for
maintenance of homeothermy during severe heat stress.

The ancillary use of respiratory passages for thermo-
regulation may, however, jeopardize the fulfillment of the
primary role of the respiratory system--the exchange of oxygen
and carbon dioxide. Maintenance of an appropriate rate of
gas exchange requires that alveolar ventilation be regulated
by the metabolic activity of the body, whereas defense of
homeothermy demands that ventilation of the upper respiratory
Surfaces be governed by the heat load on the animal.
Simultaneous achievement of both functions implies a fine

matching of respiratory frequency and tidal volume, resulting
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in normothermia with normal blood pH and blood gas tensions.
Experiments reported here were designed to elucidate

the precision with which the furred homeotherm maintains

normal alveolar ventilation during hyperthermally induced

panting. The unanesthetized cat was used as a model.



. definition g

Although ¢

2t stresg hav

$idardizeg te
Nhat (1898, G
i facilitat
ier dithors ;

ind

i designated

&nA

N Sroding ' 1



REVIEW OF THE LITERATURE

1. Definition of terms

Although the respiratory responses of homeotherms to
heat stress have been the subject of scientific investigation
since the end of the nineteenth century, there has been no
staﬁdardized terminology to describe the observed phenomena.
Richet (1898; quoted in Richards, 1970a) defined "panting"
as "a facilitated form of rapid shallow respiration". Some
later authors have chosen an arbitrary respiratory frequency
and designated all frequencies above this as panting (Lim
and Grodins, 1955; Baldwin and Ingram, 1968). Others have
reserved the term "panting" for an elevated respiratory
frequency accompanied by retraction of the angles of the
mouth, relaxation of the lower jaw and protrusion of the
tongue (Forster and Ferguson, 1952; Andersson et al., 1956).
Those who use this restricted definition often designate
a high respiratory frequency without accessory head movements
as "polypnea". Other authors treat "polypnea" as a synonym
for "panting", regardless of their criteria for "panting".
The term "tachypnea" also is used, especially in the older
literature, to designate an elevated respiratory frequency.

In this review, "panting" will refer to increased respiratory
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frequency with accessory mouth movements, while "polypnea"
will designate simply increased respiratory frequency.

The use of anesthetized animals 1s a further source of
difficulty in appraising research on panting. Many studies
have shown that anesthesia disrupts the panting response to
heat stress both in mammals and in birds (Albers, 196la;
Bligh, 1966). In this review, emphasis will be placed on
those observations made on unanesthetized animals.

2, Phylogenetic distribution of polypnea
and panting

Respiratory evaporative water loss appears to have
originated quite early in evolutionary history. It is best
developed in the homeotherms (birds and mammals), and is the
dominant form of evaporative heat loss in furred mammals
and birds.

Lizards are the oldest animal forms in which either
polypnea or panting have been reported. Some desert species
pant when body temperatures exceed 42°C (Richards, 1970a).
Others do not pant, but instead exhibit rhythmic, high-
frequency movements of the ventral neck region ("gular pump-
ing"; Bartholomew and Tucker, 1964).

Many birds, except some species native to arctic or
mountain regions, include panting among their responses to
heat (salt, 1964). Some birds display gular flutter simul-
taneously with panting, although it may not be synchronized

with the panting rhythm (Calder and Schmidt-Nielsen, 1968).
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Among primitive mammals, prototheres do not pant,
although they may elevate respiratory frequency when body
temperature approaches the upper lethal limit (Richards,
1970a). Most metatheres exhibit polypnea, and many pant in
addition (Richards, 1970a). Among Eutheria, panting is
widespread, having been reported in bats (Richards, 1970a),
armadillos (Richards, 1970a), rabbits (Hiestand and Randall,
1942), goats (Andersson et al., 1956), sheep (Hales and
Webster, 1967), cattle (Bianca, 1955), many African ungulates
(Taylor, 1969), pigs (Mount, 1962), and dogs and cats
(Hammouda, 1933). Panting has not been observed in rats or
guinea pigs, although polypnea occurs at raised body temper-
atures (Richards, 1968). In sheep (Alexander and Brook,
1960), cattle (McLean, 1963), and some African bovids (Taylor,

1969) sweating and panting occur simultaneously during heat

exposure.

3. Control of panting

The control of panting has been studied since the late
nineteenth century, but the precise nature of the stimuli
which initiate panting, as well as their mode of integration,
remain undetermined. Considerable evidence indicates that
the hypothalamus is essential for the regulation of body
temperature, and also that this region of the brain is ther-
mally sensible (see reviews by Hardy (1961), Bligh (1966),

and Hammel (1968)). Early workers were concerned largely with
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the relative importance of central (brain) and peripheral
(chiefly skin) stimulation in the initiation of panting.

The use of anesthetics and the crudeness of apparatus em-
ployed for heating the brain complicate the interpretation

of most of these studies. Experiments during the last twenty
years using increasingly sophisticated techniques applied to
unanesthetized animals demonstrate that in sheep (Bligh,
1959), cattle (Bligh, 1957a,c; Findley and Ingram, 1961),
dogs (Hales and Bligh, 1969), and some cats (Forster and
Ferguson, 1952) panting can occur as a result of peripheral
thermal stimulation without a rise in deep body temperature.
In most cats (Forster and Ferguson, 1952; Adams et al., 1970),
pigs (Mount, 1962), goats (Andersson et al., 1956) and
chickens (Richards, 1970b) panting does not occur unless deep
body temperature rises above its thermoneutral range. Direct,
localized heating of the thermosensible area of the anterior
hypothalamus can initiate polypnea or panting 1n cattle
(Ingram and Whittow, 1962a), cats (Hunter and Adams, 1971),
dogs (Hammel et al., 1963), pigs (Baldwin and Ingram, 1968)
and rabbits (von Euler, 1964). The response to hypothalamic
heating is progressively diminished by decreasing ambient and
skin surface temperatures, and enhanced by increases in these
temperatures (Randall and Hiestand, 1939; Lim and Grodins,
1955; Ingram and Whittow, 1962a; Baldwin and Ingram, 1968;

Hunter and Adams, 1971).
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The influence of evaporative cooling of the upper
respiratory surfaces on hypothalamic temperature complicates
its consideration as an input to the thermoregulatory con-
troller. Hunter and Adams (1966) have shown that the rela-
tionship between hypothalamic and rectal temperatures in the
unanesthetized cat is linear, but the slope of the relation-
ship is altered by panting. They demonstrated that evapora-
tive cooling of the upper respiratory tract causes local
cooling of the ventral brain, including the hypothalamus.
The temperature of the hypothalamus cannot, therefore, be
considered representative of the temperatures of other deep
body sites. Nevertheless, extrahypothalamic deep body
temperatures modify thermoregulatory activity. Evaporative
cooling in response to hypothalamic heating lowers deep body
temperature (Hammel et al., 1960; von Euler, 1964), which in
turn diminishes the response to the central thermal stimulus.
The location of the receptors by which extrahypothalamic
deep body temperatures are transduced remains unknown.
Localized heating of the spinal cord has been reported to
initiate panting in dogs (Jessen and Mayer, 1971) and rabbits
(Rosaka et al., 1969) and to cause increased cutaneous and
respiratory evaporative heat loss in oxen exposed to a hot
environment (McLean et al., 1970). Reflex panting has been
initiated by heating the scrotum of the ram (Hales and
Hutchinson, 1971) and the pig (Ingram and Legge, 1972) and

the udder of the goat (Linzell and Bligh, 1961) and the ewe
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(Phillips and Raghavan, 1970b). Bligh (1963) and Phillips
and Raghavan (1970a) have suggested the existence of recep-
tors in the upper respiratory tract of sheep which partici-
pate in the control of panting. Rawson and Quick (1972)
implicated thermosensitive elements in the gut of sheep in
thermoregulatory responses to heat stress.

The role of the vagi in controlling panting is species-
dependent. Double vagotomy does not affect panting in the
anesthetized rabbit, lamb, or pigeon (Richards, 1968), while
in the fowl, double but not unilateral vagotomy abolishes
panting (Hiestand and Randall, 1942). Double vagotomy has
little effect on respiratory frequencies during panting in
the anesthetized dog (Albers, 1961b), although it may cause
a more abrupt onset and cessation of panting (Anrep and
Hammouda, 1933). During the onset of panting, the Hering-
Breuer inflation reflex mediated by the vagus disappears
gradually in anesthetized dogs (Hammouda, 1933) although it
persists at a reduced level in the panting duck and to a larger
extent in the rabbit (Hiestand and Randall, 1942).

The role of the cerebral cortex in the panting response
also varies with species. Hammouda (1933) described panting
as a conditioned reflex in dogs, since after multiple ex-
posures of one animal to 45°C ambient temperature, the latent
period before the onset of panting decreased from eight minutes
to thirty seconds. In chickens, however, such "learning" did

not occur, even after 100 exposures (Richards, 1970b).
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Relatively little work has been done on the integration
of thermal with chemical drives to respiration. Anrep and
Hammouda (1933) found that hypoxia did not prevent panting
in the anesthetized dog until oxygen saturation of the
arterial blood fell below 80%. Inhalation of 2% carbon
dioxide caused an increase in tidal volume but no change in
the frequency of panting. Higher concentrations of carbon
dioxide resulted in a decline in frequency and a further rise
in tidal volume. Albers (1961lc) found 1n anesthetized dogs
that the slope of the minute ventilation—-—PaCO2 response curve
was decreased and the intercept was shifted to a lower CO2
pressure during panting. In contrast, the slope of the alveo-
lar ventilation——PaCO response curve was unchanged by either
polypnea or panting, although the intercept was shifted to

progressively lower CO, tensions as respiratory frequency

2
rose during panting. Since an increment in body temperature
increased minute and alveolar ventilation more when body
temperature was high, Albers concluded that the thermal drive
is additive to the chemical one, but in a non-linear fashicn.
4. Respiratory pattern and site of
evaporative cooling

When the unanesthetized dog is initially exposed to heat,
respiratory frequency is unchanged or may even decline. As
the heat stress continues, respiratory frequency increases,
while tidal volume remains unchanged. Consequently, minute

ventilation increases, reaching 3.5 times the control value



fore pantin

2is period o

s as soon
0t abrupt; gh
Xlrea, The

enents gyra

s

...a:ating ey
“Rency g
The decy
IS i cas
TN
)
] S“eep
a 3]
< 2
\\-i 1971)
eney Te;
ey
e to
R
0 thi
S Qa.
‘H -eL
gy
3 it Cor
AN a\\ ,



10

before panting is initiated. The dog appears restless during
this period of polypnea, but the apparent discomfort disap-
pears as soon as panting begins. The onset of panting is

not abrupt; short bursts of panting begin to interrupt the
polypnea. The panting bursts cepnsist of rapid thoracic
movements superimposed on a tonic abdominal inspiration.
During panting bursts the tidal volume declines to about 75%
of the control value (Hemingway, 1938).

Albers (196la) observed that respiratory frequency in-
creases continuously as body temperature rises in anesthe-
tized dogs, while the alternation of polypnea with bursts of
panting is confined to the unanesthetized animal. The pattern
of discontinuous episodes of panting occurs also in the un-
anesthetized pig (Ingram and Legge, 1970). In both species,
as ambient and skin temperatures rise the polypneic intervals
separating the panting bursts become shorter, and respiratory
frequency during both polypnea and panting increases.

The decline in tidal volume at the onset of panting
occurs in cattle (Bianca and Findlay, 1963; Taylor et al.,
1969), sheep (Hales and Webster, 1967), and goats (Heisey
et al., 1971). 1In the pig, tidal volume declines only until
frequency reaches 100/min, then stabilizes as frequency
continues to rise (Ingram, 1964). The wildebeest departs
from this general pattern, since its tidal volume is main-
tained at control values during polypnea and panting (Taylor

et al., 1969). The ostrich responds conversely to the
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11

mammalian pattern. Its respiratory frequency rises abruptly
from 5/min to 45/min when ambient temperature exceeds 25°C.

At higher ambient temperatures the evaporative water loss
steadily increases despite the constant respiratory frequency,
so tidal volume is presumed to increase with elevations in
body temperatures (Crawford and Schmidt-Nielsen, 1967). Some
birds shift abruptly to a respiratory frequency which approxi-
mates the natural resonant frequency of the chest for that
species. Other species display a gradual increase in respira-
tory frequency which is linearly related to body temperature
(Richards, 1970a).

The pattern of ventilatory movements during panting is
important because borrowing respiratory functions for thermo-
regulation could interfere with the normal, strict control
of alveolar ventilation which maintains blood pH and gas
content within physiological limits. The extent to which
thermoregulation and blood gas regulation can proceed simul-
taneously depends to some extent on the portion of the
respiratory tract from which evaporative cooling occurs. If
evaporation took place in the alveoli, an increase 1n evapor-
ative water loss would obligate augmented alveolar ventila-
tion and interfere with blood gas regulation. Alternatively,
if vaporization of sufficient water occurs as alr passes
over the upper respiratory tract during respiration, the two
functions of evappration and gas exchange should be separable

by matching an increase in frequency with a reduction in tidal
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12

volume. Bligh (1957b) found the temperature of the blood

in the pulmonary artery and in the bicarotid trunk of the
panting calf to be the same, suggesting that evaporation does
not occur in the alveoli. The temperature of the blood drain-
ing into the external jugular vein of the ox decreases
markedly during panting (Ingram and Whittow, 1962b). The

site of vaporization would consequently appear to be the

nasal and buccal cavities, which are drained by the external
jugular vein in this species. Similarly in the cat, evapora-
tion from the roof of the mouth resulted in localized cooling
of basal brain structures including the hypothalamus (Hunter
and Adams, 1966). In the large African ungulates, blood
cooled by evaporation in the complex nasal cavities passes
through a counter-current heat exchange system in the carotid
rete, cooling the arterial blood before it reaches the ventral
brain region and enabling these animals to maintain a differ-
ence of several degrees C between hypothalamic and rectal
temperatures during severe heat stress (Taylor, 1969).

Since evaporative cooling occurs 1n the upper respiratory
tract which éonstitutes part of the deadspace, the amount of
heat lost would be expected to depend upon deadspace ventila-
tion rather than on alveolar ventilation. In cattle, the
ratio of alveolar to total ventilation declines as total
ventilation rises during panting, and the ratio of deadspace
volume to tidal volume increases (Hales and Findlay, 1968a).

Such an arrangement would facilitate a desirable separation
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of evaporatory and gas exchange functions. Albers (l1961la)
reported a similar situation in the dog: deadspace volume
increased linearly with tidal volume at any given frequency,
but the slope of the relationship became steeper the higher
the frequency.

The pattern of panting in which tidal volume is dimin-
ished as respiratory frequency rises is referred to as
"Phase I" breathing, and predominates during mild and moder-
ate heat stress. In very severe heat stress, tidal volume
begins to increase as respiratory frequency reaches its
peak (Albers, 196la). Frequency then declines, returning
approximately to the control level as tidal volume continues
to increase (Bianca and Findley, 1962, cattle; Hales and
Webster, 1967, sheep; Hales and Bligh, 1969, dog). In the
chicken (Whittow et al., 1964) and the anesthetized cat
(Ssamek et al., 1970), frequency declines at very high body
temperatures. In the pig (Ingram and Legge, 1970) and the
goat (Heisey et al., 1971) tidal volume increases during very
severe heat stress. Respiratory frequency stabilizes when
tidal volume increases in the pig, but frequency continues to
rise despite ﬁhe elevated tidal volume in the goat. The pat-
tern common to cattle, sheep, and dogs, i.e., decreased fre-
guency and elevated tidal volume, has been designated
“Phase II" breathing (Bianca, 1958). The shift from Phase I
to Phase II breathing is not correlated with rectal tempera-

ture (Hales and Bligh, 1969). Phase II panting cannot be
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initiated by heating the hypothalamus unless skin and deep
body temperatures are at hyperthermic levels, and cooling the
hypothalamus will not prevent its appearance if the other
body temperatures are high (Findlay and Hales, 1969).

During Phase II panting in both sheep and cattle,
alveolar, deadspace and total ventilation increase over values
measured at the peak of Phase I breathing, although the in-
crease in alveolar ventilation is more marked than the changes
in deadspace and total ventilation (Hales and Findlay, 1968a,
cattle; Hales and Webster, 1967, sheep), as expected from
the slowing and deepening of the respiratory rhythm. Respira-
tory evaporative water loss during Phase II panting exceeds

that at the peak of Phase I breathing (McLean et al., 1970).

5. Effect of panting on blood gases and pH

Disturbance of alveolar ventilation during panting is
minimized by decreasing tidal volume and by maintaining a
tonic abdominal inspiration during the high frequency breath-
ing. The success of these compensatory maneuvers will largely
determine the animal's ability to maintain normal acid-base
balance during heat stress. In the unanesthetized ox exposed
to moderate heat stress which evoked Phase I breathing only,
Hales and Findlay (1968a) reported that PaO rose 5 mm Hg

2

above control, while PaC declined 5 mm Hg and arterial

%

blood pH rose 0.03 units. Albers (196la) reported that, in

the unanesthetized dog, arterial pH, bicarbonate concentration,
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choz, Paoz, and arterial blood oxygen saturation and oxygen
capacity are unchanged during moderate heat stress (Phase I),
and R (the respiratory exchange ratio) remained at 0.8 before
and during panting. In contrast, Shelley and Hemingway
(1940) reported that R decreased rapidly in the unanesthetized
dog during the first half hour of heat stress, and Flinn and
Scott (1923) found that unanesthetized dogs exposed to 40°C
ambient temperature had a decrease in venous blood CO2 con-
tent, although the venous pH remained within "normal limits"
(7.55). Hemingway and Barbour (1938) reported that dogs
treated with diathermy so that their heat production rates
were one, two, or three times their BMR had lowered Py, but
showed no change in arterial blood pH.

At least two factors contribute to the maintenance of

normal pH in the face of lowered P First, during acute

O .
¢ 2

heat stress in the Ayrshire calf, the kidneys compensate for
the hyperventilation by producing alkaline urine, so that

venous pH is unchanged despite a fall of venous PCO from
2

35-40 mm Hg in the control to 27 mm Hg during panting (Bianca,
1955). Fuller and MacLeod (1956) showed that excretion of
acid and ammonia fell during hyperventilation in dogs, while
bicarbonate excretion increased. Second, excess lactate
appears in the blood of panting oxen during exposures to 40°C
dry bulb/38°C wet bulb (Hales et al., 1967). Burshtein and

Tilis (quoted in Richards, 1970a) have shown that acid
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metabolites accumulate in the blood of heat-stressed dogs.
Frankel et al. (1963) observed that excess lactate appeared
in the blood of dogs when Phase II breathing began. Plum
and Posner (1967) reported that hyperventilation in dogs
caused the appearance of excess lactate in blood draining
from the brain but not in arterial blood. Anrep and Cannan
(1923) demonstrated that the accumulation of lactate in the

blood during hyperventilation is not dependent on PO or
2

blood oxygen saturation, but is directly related to the extent
of over-ventilation. This was confirmed by Frankel (1965)
who showed that in artificially respired chickens inhaling

co hyperventilation produced no excess lactate unless the

2’

CO2 concentration of the inspired gas was less than 5%.

Although several factors act to maintain normal blood pH
during panting, as respiratory frequency reaches its peak the

compensatory ability of these factors is exceeded, and Pao
2
and pH rise while PaCO falls substantially below control.

2
In cattle, blood pH begins to rise during the final part of

Phase I breathing, and reaches 7.78 during Phase II panting
(Bianca and Findlay, 1962). The elevated pH is accompanied
by a fall of Pac02 from 45 mm Hg (control) to 17 mm Hg
(Bianca and Findlay, 1962). Tetany was observed in two oxen
in which PaC02 had fallen below 10 mm Hg and pH exceeded 7.8
(Hales and Findlay, 1968a). In sheep also, when respiratory

frequency peaks during Phase I panting, venous pH rises from

the control value of 7.38 to 7.67, and PvCO falls from 42 mm
2
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Hg to 24 mm Hg (Hales et al., 1970). In the goat, Paco

2
declines steadily as frequency rises (Heisey et al., 1971).

Hales and Bligh (1969) reported a slight decline in PaCO
2

with small elevations in Py and pH at maximum respiratory

%2

frequency in the unanesthetized dog. Flinn and Scott (1923)
found that the venous blood of dogs exposed to 40°C for six
hours had normal pH values, whereas the blood of those dogs
exposed to 45°C had an average pH of 7.79 at the end of one
hour. Dogs exposed to 50°C had venous blood pH values of
7.84 when they were removed from the heat stress to prevent
injury. No mention was made of whether these dogs had
entered Phase II respiration. Hales and Bligh (1969) ob-
served arterial pH values of 7.77 with PaCO2 at 4 mm Hg in
Phase II breathing in one unanesthetized dog. Calder and
Schmidt-Nielsen (1968) studied the effects of panting on
acid-base balance in a number of avian species. In some,
panting was associated with no change in either Pacoz or pH,
whereas in others pH values as high as 7.86 and carbon
dioxide tensions as low as 8.6 mm Hg were observed.

The hypocapnia which develops at the end of Phase I pant-
ing would be expected to counteract the thermal stimulus for
respiration if it led to reduced brain tissue PCO or in-

2

creased brain tissue pH. Brain tissue PCo cannot be measured
2

in the unanesthetized animal, but the PCO in the vicinity of

2

the medullary chemoreceptors can be estimated if the gas

tensions of blood and cerebrospinal fluid (CSF) are known.
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Hales et al. (1970) found, during Phase I breathing in sheep,
an increase of CSF pH from 7.32 to 7.47, and a fall of CSF

PCO from 41 mm Hg to 29 mm Hg. These changes in CSF are in
2

the same direction but are smaller than those in the blood.
During Phase II panting, CSF pH peaked at 7.59 before stabil-

izing at 7.50, and CSF P declined from 29 to 18 mm Hg.

CO2

The fall in CSF pH (from 7.59 to 7.50) while CSF carbon

dioxide tension was constant or falling reflected a reduction
in CSF bicarbonate concentration. That these changes in the
CSF are likely to reflect those in brain tissue is suggested

by Ponten (1966), who found that changes in brain tissue CO2

content in hyperventilated rats were complete within thirty

minutes after a step-change in PaCO .
2

Decreased P and alkalosis would be expected to in-

CO2

hibit respiration, but Chapot (1967) found in cats that

lowered arterial P caused a large increase in phrenic nerve

0]
¢ 2

discharge, in a pattern similar to that during thermal panting.
Pleschka (1969) observed that, in anesthetized dogs, artificial
hypertilation produced polypnea, even if body temperatures
were relatively low. The role of this effect in the normal
response to heat stress remains to be evaluated.

Hypocapnia resulting from severe panting would be ex-
pected to influence brain blood flow, since Hayward (1966)
reported that a 2% decrease in end-expired CO_, caused a de-

2

crease in blood flow to the brain of the monkey, and Serota
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and Gerard (1938) showed in anesthetized cats that CO2 in-

halation increased brain blood flow.

6. Previous studies on cats

Anrep and Hammouda (1933) studied panting in one anes-
thetized cat and reported that tidal volume declined from
20cc when rectal temperature was 37°C to 9.3cc when rectal
temperature reached 39°C, while respiratory frequency rose
from 24 to 370/min. Samek et al. (1970) reported a decrease
in respiratory frequency in anesthetized cats exposed to
severe heat stress. Von Euler et al. (1970) found that
tidal volume increased in anesthetized or decerebrate cats
which displayed polypnea but not panting when heated to
rectal temperatures of 39.6°C.

Blood gas pressures in resting unanesthetized cats have
been obtained by two methods. Fink and Schoolman (1962)
used chronic intra-arterial cannulae to obtain blood samples,
and reported an average blood pH of 7.38 with a PaCO of 28
mm Hg. Sorenson (1967) used samples of gas which hag been
equilibrated with tissue in subcutaneous gas pockets to
obtain a value of 29.9 mm Hg for PaCOZ' Herbert and Mitchell
(1971), employing intra-arterial cannulae, reported an average

of 32.5 mm Hg.
2

pH of 7.426 and a PaCO

7. Summary
Polypnea and panting are common responses to heat stress

among mammals and birds. During moderate heat stress, most
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panting species display increased respiratory frequencies
and reduced tidal volumes so that hypocapnia and alkalosis
are avoided. During severe heat stress, the respiratory
pattern is altered and both hypocapnia and alkalosis

develop.



Experirer
“etized catg

Stress becore

®iing, ang 1
02 bloog oxy
“leting th
¥ Small ¢,
';:de:standing
fittenm intera<

:i::alian bodj



STATEMENT OF THE PROBLEM

Experiments were designed to determine whether unanes-
thetized cats exposed to mild, moderate, and severe heat
stress become hypocapnic or alkalotic during polypnea and
panting, and to quantify the effects of polypnea and panting
upon blood oxygen tension. These data will be of value in
completing the description of the thermoregulatory responses
of a small furred homeotherm, and will also contribute to an
understanding of the manner in which the thermoregulatory
system interacts with other homeostatic mechanisms in the

mammalian body.

21
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METHODS

1. Animals

All experiments were conducted on adult, short-haired
male or non-pregnant, female, domestic cats. The animals
were housed in cages in the laboratory, exposed to approxi-
mately 14 hours of light per day, and fed "9-Lives" dry
cat food (Star-Kist Foods, Inc.). Water was available ad.
1lib.

Five cats were used in the study: cat No. 1, a 4.1 kg
male; cat No. 3, 2.3 kg, female; cat No. 5, 2.9 kg, female;

cat No. 6, 3.4 kg, male, and cat No. 7, a 3.0 kg female.

2. Construction of implanted materials

Blood samples were drawn from a chronically implanted
cannula connected to a modified two-way stainless steel stop-
cock (Figure 1) which was anchored to the skull as shown in
Figure 3.

Cannulae were made from two lengths of Silastic tubing
(Silastic Medical Grade Tubing, No. 602-151; i.d. .025 inch,
d.d. .047 inch; Dow Corning Corp., Midland, Michigan 48640).
for cat No. 1 only, the tubing was No. 602-171, i.d. .030
inch, o.d. .065 inch. One end of each Silastic tube was

slipped over a 1.5 cm length of Teflon tubing (Teflon Medical

22
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Grade Tubing, No. 6425, ultra-thin wall; i.d. .018 inch,

o.d. .030 inch; Becton, Dickinson, and Co., Rutherford,

N. J.). The two Silastic sections were cemented together

over the Teflon with Silastic Medical Adhesive (Silicone Type
A, Dow Corning; Figure 1). This construction provided a rigid
section around which ligatures could be placed. The lumen of
each cannula was coated with Siliclad (Clay Adams) to inhibit
clot formation.

The upper end of each cannula was fitted over a 5 mm
length of 21-gauge needle stock (o.d. .0325 inch) which was
soldered into a modified stopcock (Model MSOl or MSO4, Becton,
Dickinson and Co.). For cat No. 1 only, the adaptor was
constructed from stainless steel tubing, o.d. .054 inch.

A schematic drawing of cannula and stopcock is presented in
Figure 1.

Hypothalamic temperature was measured by a 40-gauge,
copper-constantan thermocouple inserted into guide tubes
which had been surgically implanted, bilaterally, into the
brain, and which were secured to the skull surface using a
dental acrylic housing and small, stainless steel screws
(Figures 2 and 3). Guide tubes for the hypothalamic thermo-
couples were made by sealing one end of a 35 mm length of
20-gauge needle stock (o.d. .0355 inch) with resin core,
Silver-lead solder. Two guide tubes were embedded in a disc
of Qental acrylic (NuWeld, L. D. Caulk Co., Milford, Del.,

19963)., Twenty-seven mm of guide tube extended below
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Figure 2.

26

Schematic drawing of thermocouple guide tubes
and acrylic disc.

GT = guide tube
SP = solder plug
AD = acrylic disc
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the bottom of the disc (Figure 2). Tubes were insulated with

Stoner Mudge Protective Coating (S-986-S).

3. Surgery

Arterial'cannulation, implantation of guide tubes and
attachment of connectors to the animal's skull were performed
under a general anesthetic. The initial dose of sodium
pentobarbital (Nembutal; Abbott Laboratories, North Chicago,
Ill1., 60064) was 36 mg/kg, administered ip. Supplements were
given as necessary, iv or ip. Aseptic precautions were main-
tained.

The following procedures were used for the implantation
of cannula and guide tubes. The skin and fasciae overlying
the skull were incised and, together with the underlying
muscles, retracted. The thermocouple guide tubes, fixed in
the aarylic disc (Figure 2), were implanted stereotaxically
in the preoptic region of the anterior hypothalamus (stereo-
taxic frame: Model 1204, David Kopf Instruments, Tujunga,
Calif., 91402; guide tubes positioned according to Snider and
Niemer, 1961; coordinates: 14.5 mm anterior and 6 mm dorsal
to the interaural line, 3.5 mm on eithpr side of the midline).
Three stainless steel screws (MS 256-6F, Small Parts Inc.,
Miami, Fla.) were screwed into holes drilled in the skull.
The stopcock, with cannula attached, was placed adjacent to
the acrylic disc and additional acrylic was poured around

screws,‘stopcock, and disc, as well as over the edges of the
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incised skin. On all cats except No. 1 a protective plastic
dome with access holes was cemented with acrylic over the
stopcock.

A mid-ventral incision was made in the skin of the neck,
the muscles were retracted and the left common carotid artery
exposed, care being taken to avoid injuring the vagus nerve.
The artery was ligated cranially with silk suture (Ethicon,
Inc., size 0, M-404). The cannula was threated subcutaneously
from the top of the skull to the neck incision, and the lower
section of Silastic was trimmed so that its tip lay over the
fourth rib. This insured that when the cannula was in place
the tip would lie in the aorta. The lumen of the cannula
was filled with 1% heparin solution (Sodium Heparin, 1000
units/ml; Upjohn, Kalamazoo, Mich., 49001) and the exterior
was sprayed with a lubricant (Antiform A, Dow Chemical,
Midland, Michigan). The carotid artery was cannulated and the
cannula threaded down the artery until the small Teflon sec-
tion lay just inside the vessel. Two ligatures (Ethicon,
size 0, M-404) were placed firmly over the artery where it
covered the Teflon section. The wound was closed with a non-
capillary suture (Vetafil Bengen, Dr. S. Jackson, Washington,
D. C., 20014). A long-lasting penicillin preparation (Long-

icil, 30,000 units/lb; Fort Dodge Laboratories, Fort Dodge,

Iowa) was injected intramuscularly.
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