Table 1. Effect of prior treatment with p-chlorophenylalanine or g-methyl-p-tyrosine on the
pargyline-induced increase in rat brain serotonin. The number of animals used in each group

was eight.
Serotonin

Prior
treatment After saline After pargyline Change
(ng/g +=S.E.) (ng/g = S.E.) (ng/g)
Control 346 = 11 603 = 11 + 257

p-Chlorophenylalaninef 111 =15 124 = 11 -+ 13

a-Methyl-p-tyrosinet 357 =5 604 =8 + 247%

* P < .0005.

peritoneally. 24 hours prior to saline or pargyline.

+ pL-p-Chlorophenylalanine methyl ester hydrochloride (400 mg/kg) was given intra-

f pL-a-Methyl-p-tyrosine methyl ester hydro-

chloride (75 mg/kg) was given intraperitoneally 1 hour prior to saline or pargyline. Brains were taken

for assay 1 hour after saline or pargyline.

tors did not prevent depression of raphe
unit firing. Biochemical studies done
in parallel with the unit recordings
showed that the expected pargyline-in-
duced increase in brain 5-HT was pre-
vented by p-chlorophenylalanine but
not by a-methyl-p-tyrosine (Table 1).
These results suggest an association be-
tween an increase in brain 5-HT and
inhibition of raphe units by MAO in-
hibitors. However, L-5-hydroxytrypto-
phan, which produces a rapid elevation
in brain 5-HT (9), caused slight if any
depression of raphe firing even in doses
up to 100 mg/kg (Fig. 2C). Similarly,
injections of the catecholamine pre-
cursor L-3,4-dihydroxyphenylalanine of
up to 100 mg/kg had little or no effect
on raphe firing rate.

Our results demonstrate that MAO
inhibitors have a profound depressant
effect on the rate of firing of 5-HT-
containing neurons in the brain. There
are a number of possible mechanisms
that might explain this phenomenon.
(i) The drugs could depress raphe units
through some shared action unrelated to
the inhibition of MAQ; this may seem
unlikely because of the disparate chem-
ical structures of the drugs tested but
there is ample precedent in other sys-
tems affected by MAO inhibitors for
considering such a: possibility (10). (ii)
The inhibition of MAO might directly
depress raphe units independently of
increases in brain monoamines; against
such a notion is evidence that inhibition
of MAO by pargyline, tranylcypromine,
and phenelzine is extremely rapid after
intraperitoneal injection (that is, within
5 to 10 minutes) (/1), but depression
of raphe firing is delayed. (iii) The
accumulation of one or more endog-
enous monoamines secondary to MAO
inhibition might result in . depressed
raphe firing, possibly through a neg-
ative feedback mechanism, It is re-
ported that MAO inhibitors increase
the output of 5-HT from perfused
cerebral ventricles (12), and leakage of
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5-HT from terminals onto postsynaptic
receptive sites could thus lead to a
compensatory reduction in the firing
of 5-HT neurons. Such a possibility fits
in with our finding that preventing an
increase in 5-HT concentration with
p-chlorophenylalanine also blocks the
MAO inhibitor-induced depression of
raphe units. However, the hypothesis is
not supported by the observation that
loading doses of S5-hydroxytryptophan
failed to produce inhibition. (iv) Final-
ly, as has been proposed for peripheral
adrenergic nerves (I3), the accumula-
tion in 5-HT nerve endings of an amine
such a tryptamine, which is not nor-
mally present in large amounts (I4),
may alter raphe activity by acting as
a false transmitter. No final judgment
can be made as to the relative con-
tribution, if any, of these various pro-
posed mechanisms in accounting for
the observed depression of raphe units
by MAO inhibitors.
GEORGE K. AGHAJANIAN
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Panting in Dogs: Unidirectional Air Flow

over Evaporative Surfaces

Abstract. In dogs which are panting due to a heat load, most of the respired
air enters through the nose and leaves through the mouth. Different patterns
of flow are, however, possible. The unidirectional flow over the evaporative (nasal)
surfaces is an important mechanism for regulating the amount of heat dis-

sipated in panting.

Panting in dogs is often described
as a rapid in-and-out breathing through
the open mouth, with evaporation
taking place from the moist oral sur-
faces and the large hanging tongue. In
such a system much of the air would

not flow in immediate proximity of
the moist surfaces; it is difficult to
imagine how the entire volume of air
could become saturated with water
vapor. If the air is not fully saturated,
correspondingly larger volumes of air
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must be moved in and out, thus in-
creasing the expenditure of metabolic
energy and the heat load.

A priori, it would seem more ad-
vantageous for the moist surfaces of
the nose to be used for evaporation,
for here the air flows over the large
surfaces of the nasal turbinates and
comes to nearly complete equilibrium
with them with respect to tempera-
ture and water vapor (7). A difficulty
in dissipating heat from the nose is
that, on exhalation, a large part of the
heat and water vapor that was added
to the air inhalation is again recovered
on exhalation through a counter-cur-
rent exchange system between the air
stream and the nasal surfaces (see
2).

One way to circumvent this count-
er-current system is to arrange for a
one-way flow in the exchanger. This
would be achieved if inhalation could
take place through the nose, and ex-
halation through the mouth. This pat-
tern of breathing during panting was
in fact proposed by Negus, based on
his anatomical studies (3). It cannot
be regarded as established, however,
for studies of dead specimens do not
give conclusive information about air
flow in the living animal.

To determine whether air flow in
the nose is unidirectional during pant-
ing, we measured the volumes of air
inhaled and exhaled through the nose
and through the mouth of panting
dogs. Two small mongrel dogs (2.5
and 3.5 kg) were trained to wear spe-
cially molded fiberglass masks which
separated nose and mouth air flow
(with minimum dead space). To avoid
restraining the dogs and to reduce
discomfort, we did not attempt simul-
taneous measurements of nasal and
oral flows. The mask was connected
to an Otis-McKerrow low-impedance
valve, and small heated thermistors
were placed in the intake and exhaust
streams to serve as hot-wire anemom-
eters for measurements of air flow.
Calibration was achieved by using a
reciprocating respiratory pump which
was adjusted to reproduce the signals
obtained from the panting dogs.
Sources of error in this calibration
system consist of reading of the rec-
ord, leakage in the valve, differences
in temperature and humidity of the
air, as well as conventional errors in-
herent in amplification and recording
of signals. All the errors of which we
are aware-add up to less than 10 per-
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cent of the stated volume. The experi-
ments reported here were carried out
at 23°C and 30 percent relative humid-
ity. Panting was induced by wrapping
the dog in an electric blanket and ad-
justing the heating to obtain steady-

" state frequencies. Rectal temperature

was recorded with thermistor probes
(%= 0.2°C).

The typical pattern of normal, shal-
low thermal panting in our dogs was
predominantly inhalation through the
nose and exhalation through the mouth
(Fig. 1). Over a prolonged period we
found that, on the average, only about
one-quarter of the air inhaled through

the nose was exhaled through the nose,
the remaining three-quarters being ex-
haled through the mouth. The amount
exhaled through the nose could, how-
ever, vary from O to 100 percent of
the inhaled volume. The record in
Fig. 1 shows a selected (but typical)
example of such variations. The record
for the mouth indicates exhaled air
volumes about equal to the nasal in-
halation, while inhalation through the
mouth was practically nil. This was
the common pattern in ordinary
panting,

If the animals’ body temperatures
increased and the animals appeared
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Fig. 1. Volume of air entering and leaving the nose (upper graph) and the mouth
(lower graph) during shallow thermal panting. Measurements were not made simul-
taneously, and typical patterns are presented here. Mean inspired and expired volumes
for 10 seconds are indicated by vectors adjacent to the dog head. (Volumes are ex-
pressed as milliliters of dry air at 23°C and 760 mm-Hg.)
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Fig. 2. Volume of air entering and leaving the mouth during “deep” panting (see text).
Mean inspired and expired volumes for 10 seconds are indicated by vectors adja-
cent to the dog head. (Volumes expressed as milliliters of dry air at 23°C and 760

mm-Hg.)

more distressed, the panting tended to
change to a somewhat lower fre-
quency (from 300 to 220), and in-
halation through the mouth began to
appear in the recordings (Fig. 2). At
the same time the total tidal volume
increased, and the volume exhaled
through the mouth was now approxi-
mately twice as large as that inhaled
through the mouth. Thus air inhaled
through the nose was still exhaled
through the mouth. The statement of
Negus (3) that man and anthropoid
apes are the only mammals capable of
inhalation through the mouth is there-
fore incorrect.

The importance of the described
pattern of air flow can be estimated
from the temperature of the exhaled
air. A dog may pant with closed mouth,
both inhalation and exhalation taking
place through the nose. Under these
circumstances the temperature of the
exhaled air was 29°C (4). If the same
dog, while still panting at the same
frequency, changed to exhalation
through the mouth, the temperature of
the exhaled air was nearly identical
to body temperature (38°C). For a
given volume of air, exhalation at
38°C instead of 29°C substantially in-
creases the amount of heat carried
away. In our experiments the amount
of heat carried away by 1 liter of
air was 14.9 cal for exhalation through
the nose and 27.7 cal from exhalation
through the mouth (calculated from
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the water added to saturate air and
the heat added to warm the air to ex-
haled air temperature). By changing
the relative amounts of air exhaled via
the nose or via the mouth, the dog
can thus, without changing frequency
or tidal volume, modulate the amount
of heat dissipated. The advantage of
a constant frequency of panting was
discussed by Crawford (5), who em-
phasized that dogs seem to pant at the
resonant frequency of the respiratory
system, thus reducing the energy ex-
penditure (and heat load) of panting.
Modulation of tidal volume, especially
an increase in tidal volume, may be
undesirable because of its effect on
hyperventilation of the lungs and the
ensuing alkalosis. It seems to us that
a modulation of evaporation by a
mere change in the flow pattern of

the air is, within its limitations, a
simple and effective mechanism.

An important consequence of the de-
scribed pattern of panting is that the
nasal mucosa, rather than the oral
surfaces and the tongue, is the primary
site of evaporation. Consequently, these
surfaces must be supplied with suffi-
cient quantities of moisture. It is
quite possible that the large serous-
type nasal gland which is found in the
dog is the major source of the neces-
sary secretion. This gland was first
described by Steno in 1664 and has
since received considerable attention
from anatomists (6), but no specific
function has been ascribed to it. If
this gland is indeed of importance for
supplying the water required for heat
dissipation during panting, its function
is in a sense analagous to that of sweat
glands in man. It can therefore be ex-
pected that secretory activity may be
under control of the thermoregulatory
system, and this should be investigated.
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Alcohol Addiction and Tetrahydropapaveroline

Davis and Walsh (I) proposed that
heavy consumption of alcohol may re-
sult in a diversion of dopamine (DA)
metabolism in the central nervous sys-
tem from a pathway producing dihy-
droxyphenylacetic acid to a nonenzy-
matic condensation of dihydroxyphenyl-
acetaldehyde with DA to produce tetra-
hydropapaveroline (THP). They further
hypothesized that THP has addictive
liability or is further metabolized to

morphine-like compounds which are
then responsible for the development of
the syndrome of alcohol addiction. In
support of this formulation, they have
(i) extended to rat brain homogenates
the findings in vitro of Holtz et al (2)
as well as our own (3) with guinea pig
liver preparations with respect to the
formation of THP from milligram quan-
tities of DA; (ii) shown a slight increase
in the amount of THP formed as a per-
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