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The effect of monoamine oxidase inhibitors
on the rectal temperature of the rat

R. J. SUMMERS

Department of Pharmacology, University of Glasgow, Glasgow G12 8QQ, U.K.

The monoamine oxidase (MAQ) inhibitors, clorgyline, harmaline,
nialamide, phenelzine and tranylcypromine, injected intraperitoneally
into conscious unrestrained rats produced hypothermia. When
clorgyline and tranylcypromine were compared, the latter produced
a larger degree of hypothermia in spite of the fact that both drugs
almost completely inhibited liver and hypothalamic MAO. Hypo-
thermia produced by tranylcypromine, but not that produced by
clorgyline, was attenuated by prior administration of haloperidol
which indicated that it was partly mediated by a dopaminergic mech-
anism. In addition, tranylcypromine, but not clorgyline, inhibited
uptake of (—)-noradrenaline into rat hearts. Hypoglycaemia was
not involved in the hypothermia produced by these MAO inhibitors
in rats.

The effect of monoamine oxidase inhibitors on body temperature varies according to
the species, the inhibitor used and the route of administration (Feldberg, 1968; Sum-
mers, 1973a). In rats most reports indicate that the inhibitors produce hypothermia,
whether given intraperitoneally (Goldwurm & Torrigiani, 1962; Schmidt & Fahse,
1964; Feldberg & Lotti, 1967 ; Bruinvels & Sourkes, 1968) or by injection into a lateral
cerebral ventricle (Feldberg & Lotti, 1967). Furthermore, the inhibitor tranylcypro-
mine was found to be effective in smaller doses when given intraventricularly which
indicated a central rather than a peripheral action (Feldberg & Lotti, 1967).

The findings are not entirely consistent since it has been shown that nialamide has
no effect and phenelzine produces a rise in temperature when given intraperitoneally
(Schmidt & Fahse, 1964). It was suggested on the basis of these results that the effect
of inhibitors on body temperature is not related to MAO inhibition or to the basic
chemical structure of the inhibitors. In the same series of experiments, harmaline,
harmine, pheniprazine and pargyline (MO911) produced hypothermia.

It has also been suggested that the effect of tranylcypromine could be due to inhibi-
tion of MAO, leading to a potentiation of the effects of the monoamines 5-hydroxy-
tryptamine (5-HT) and noradrenaline in the hypothalamus, or alternatively to a direct
5-HT-like action of the inhibitor (Feldberg & Lotti, 1967; El Hawary, Feldberg &
Lotti, 1967). Hypothermia would almost certainly result since both 5-HT and
noradrenaline produce this effect when injected intraventricularly (Feldberg & Lotti,
1967; Myers & Yaksh, 1968). An effect on dopamine metabolism could also be
involved since Kruk (1972) has shown that dopamine, a dopamine releaser, amphet-
amine, and a dopamine receptor agonist, apormorphine, produce hypothermia when
given intraventricularly to rats. The effect is prevented by prior administration of the
dopamine receptor blocking compound pimozide.

I have investigated whether the hypothermic effect is consistent with an inhibition
of MAO in the hypothalamus and also whether the effect of tranylcypromine is the
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result of an action on 5-HT metabolism, catecholamine metabolism or due to a direct
action of the inhibitor. A preliminary account of some of the results has been
published (Summers, 1973b).

METHODS
Temperature recording

Rectal temperature was measured in male Wistar rats (180-250 g) by means of
thermistors (Radiospares TH-B12) inserted 5 cm into the rectum and taped to the
base of the tail. The output of a conventional Wheatstone’s bridge circuit was
displayed on a Leeds-Northrup Speedomax W potentiometric dotting recorder. As
restraint may affect temperature responses (Grant, 1950; Myers & Yaksh, 1968),
recordings were taken from conscious unrestrained rats. Rectal thermistors were
connected via a two-way connector to a miniature jack plug, which was free to move
round in its socket whilst remaining in electrical contact with the thermistor. The
first 20 cm of light hearing aid cable from the connector was protected by an extended
light spring cemented to the connector. The rats were allowed to roam freely around
a large polypropylene cage (40 x 25 X 15cm). Continuous temperature recordings
for up to 10 h were made using this method.

Environmental temperature in the laboratory varied between 20 and 24°. Experi-
ments were always started between 8.30 and 9.30 a.m. to ensure that diurnal variations
in temperature were constant.

Monoamine oxidise (M AO) activity

(a) Preparation of tissues. Rats were stunned and bled. The brain was removed
and cooled to 0°. The hypothalamic area was removed from the brain as described
by Iversen & Glowinski (1966) and homogenized in 10 vol of buffer (sucrose 0-25Mm,
tris 0-05m, pH 7-4) in a Teflon/glass homogenizer. Slices of liver were removed and
treated similarly.

(b) Measurement of enzyme activity. MAQO activity of homogenates was deter-
mined by a modification of the method of Otsuka & Kobayashi (1964) using [C]
tyramine as substrate. Metabolites formed during incubation for 1 h at 37° were
extracted into toluene (shaking, 10 min), the layers separated by centrifugation
(3100 g, 5 min). The organic layer was removed after leaving both layers overnight
at —20° and was added to 10 ml of Butyl PBD Scintillant in toluene-2-methoxy-
ethanol (4 : 1) and counted in a Packard Tri-carb Scintillation Counter. Boiled
enzyme blank corrections were applied.

The method of McCaman, McCaman & others (1965) was used to measure activi-
ties with [1*C]5-HT as substrate.

Blood glucose determination

Rats were stunned, decapitated and a 0-1 ml sample of blood pipetted into 1 ml
of uranyl acetate solution. The deproteinized blood was spun at 3100 g for 5 min
and 0-05 ml of the supernatant used for the determination by the GOD-Perid method
(Boehringer kit). Colorimetric measurements were made on a Bausch and Lomb
colorimeter at a wavelength of 420 nm.



Monoamine oxidase inhibitors and rectal temperature 337

Noradrenaline uptake

Rat hearts were isolated and perfused with double glucose Krebs solution as
described by Iversen (1963). A pulse of 0-5 ug of (—)-[*H]noradrenaline was given
into a fine polyethylene tube (Portex pp25) the tip of which terminated in the aortic
cannula. Five min later the amount of amine retained by the heart was determined
by weighing and homogenizing the heart in isopropanol-water (1: 1) using a Polytron
homogenizer. 1 ml aliquots of homogenate were added to 10 ml of Instagel (Packard
Inst. Inst. SA), gently shaken and counted as before. Corrections were made for
blanks and for quenching. Drugs were dissolved in the Krebs perfusion medium.

Drugs

Clorgyline hydrochloride (May and Baker Ltd.); nialamide (Pfizer Ltd.); harmaline
(Fluka AG); phenelzine (W. Warner and Co. Ltd.); tranylcypromine (Smith, Kline
and French Laboratories Ltd.); haloperidol (G. D. Searle and Co.); p-chlorphenyl-
alanine (Koch-Light Laboratories Ltd.); soluble insulin (Boots Pure Drug Co.);
[1*C]tyramine, [**C]5-HT, (—)-[*H]noradrenaline (Radiochemical Centre, Amersham).

In temperature experiments the water-soluble drugs were dissolved in sterile pyro-
gen-free 0-9 % saline and injected with sterile syringes and needles. Harmaline and
nialamide were dissolved in 0-1-0-2 ml dimethylsulfoxide (DMSO), added to 5 to 10
vol of pyrogen-free saline and injected as a milky suspension. The doses given refer
to the salts.

Doses of MAO inhibitors

The doses of the MAQ inhibitors, nialamide (Schoepke & Wiegand, 1963), clorgyline
(Christmas, Coulson & others, 1972), harmaline (Udenfriend, Witkop & others, 1958),
phenelzine (Christmas & others, 1972) and tranylcypromine (Green & Erikson, 1960),
were chosen to give almost complete MAO inhibition, using 5-HT as substrate,
within 1 h of injection. In the case of the irreversible inhibitors, nialamide (Pletscher,
Gey & Butkard, 1966), clorgyline and phenelzine (Christmas & others, 1972), the
inhibition would be expected to persist until the time of death 5 h after injection.

RESULTS
Temperature effects of MAQ inhibitors

Each of the five inhibitors produced hypothermia in rats when injected intraperi-
toneally as shown in Fig. 1. Nialamide (25 mg kg-!) and clorgyline (10 mg kg1)
produced only small effects on temperature whereas harmaline (25 mg kg™1), phenel-
zine (50 mg kg—?) and tranylcypromine (5 mg kg—*) produced pronounced hypothermia.
Injection of the DMSO/saline vehicle used to dissolve nialamide and harmaline
produced no effect on temperature. In the case of phenelzine and occasionally with
tranylcypromine, clorgyline and harmaline the injection of the drug was followed by
a period during which there was vasodilatation of the blood vessels of the ears and
tail which became pink and warm to the touch.

MAO activity

Rats were killed immediately after the temperature experiments and the hypothala-
mus and liver removed for MAO assay, using two substrates, tyramine and 5-HT.
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Fic. 1. Records of changes of rectal temperature (ATr °C) taken from rats injected intraperitone-
ally, at the dotted line, with MAO inhibitors. Ambient temperature 20-24°. Ni = nialamide
(25 mgkgt,n = 4); Cl= clorgyline (10 mg kg~*, n = 8); Ha = Harmaline (25 mg kg, n = 5);
Phl= phenelzme (50 mg kg™, n = 5); Tc = tranylcypromlne (5 mgkgi,n = 8§).

The results in Table 1 show that phenelzine (50 mg kg™), an inhibitor which is not
substrate selective (Christmas & others, 1972), produced almost complete inhibition
of MAO in both tissues with both substrates. The substrate selective inhibitor
clorgyline (10 mg kg1) (Christmas & others, 1972) inhibited 5-HT much more than
tyramine oxidation. Nialamide (25 mg kg™') inhibited MAO activity in the liver
more than in the hypothalamus. This relative lack of inhibitory effect in the hypo-
thalamus could explain the relatively weak hypothermic effect of nialamide.

Table 1.  Effects of MAO inhibitors on MAO activity in the hypothalamus and liver of

the rat.
X MAO activity expressed as a % of control values
Dose of MAOI Tyramine substrate 5-HT substrate
mg kg, i.p. Hypothalamus Liver Hypothalamus Liver

Control | 100  + 4:26 (10) 100+ 5-82(10) 100  + 892 (10) 100+ 5-30 (10)

(saline injected)
Clorgyline 0-01 101-52 +4:54 (5) 80-41 + 3-22 (6) 91-50 + 875 (6) 11897 + 5:92 (6)
01 4976 £+ 8:60 (6) 68-87 + 7-76 (6) 16:25 + 4-53 (6) 94 70 + 3-:02 ()
2 27-98 (2) 47-02 2) 2:06 2) 47-6 Q)
10 29-00 + 1-13 (4) 2830 £ 219 (4) 191 + 027 (4) 799 + 0-61 (4)
Nialamide 25 4690 + 0-81 (4) 7-88 + 0-72 (4) 3970 + 1-34 (4) 273 + 065 (4)
Harmaline 25 8891 & 4-37 (4) 82:11 £ 913 (4) 31-72 -k 5:05 (4) 31:66 + 8-88 (4)
Phenelzine 50 524 4- 0-52 (4) 321 + 012 (4) 2:04 + 0-53 (4) 1-74 £ 0:21 (4)
Tranylcypromine 5 1501 + 190 (4 818 1 1:23 (4) 711 + 111 (4 713 £ 038 (4

Tranylcypromine is an example of a non-selective (Christmas & others, 1972) and
partially reversible inhibitor (Pletscher & others, 1966) and this is reflected in the
results in Table 1. Enzyme activities against both substrates were similar but there
was a small amount of activity measurable 5 h after administration of the drug.
Harmaline is reversible (Udenfriend & others, 1958) and selective (Chodera, Gorkin
& Gridneva, 1964) for 5-HT metabolism, and indeed after 5 h the enzyme activities
approached normal and activity against tyramine recovered faster than that against
5-HT.

The experiments show that all the inhibitors produced a fall in rectal temperature
and inhibition of MAO in the hypothalamus. Differences in the degree of hypo-
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thermia were studied in more detail for two of the inhibitors clorgyline and tranyl-
cypromine.

Comparison of the effects of clorgyline and tranylcypromine

It is now generally accepted that MAO is not one enzyme but several (Blaschko,
Richter & Schlossman, 1937; Gorkin, 1963 ; Youdim, Collins & Sandler, 1968, 1969) and
the effects of clorgyline were thought to be particularly interesting as it preferentially
inhibits the MAO concerned with 5-HT metabolism (Johnson, 1968; Squires, 1968;
Hall, Logan & Parsons, 1969; Jarrott, 1971 ; Christmas & others, 1972).

Substrate and tissue selectivity were shown by clorgyline in vivo. Fig. 2 shows the
effect of three dose levels of clorgyline on temperature. 0-1 mg kg—! had little effect
on temperature but did inhibit MAO to some extent particularly in the hypothalamusi
5-HT metabolism in liver and tyramine metabolism in hypothalamus and liver were
much less affected (Table 1).

ATr °C

hange in rectal temperature

l ! 1 1 ] 1
Time (h)

Fi1c. 2. Effect of intraperitoneal injection of clorgyline, 01 mg kg=* (M, n = 4), 2 mg kg™
(@, n = 4), and 10 mg kg (A, n = 8) on rectal temperature in the rat.

c

Clorgyline (2 mgkg n = 4) produced the characteristically small but definite
hypothermia compared with the lower dose (P << 0-05; 30-180 min) and almost
completely inhibited 5-HT metabolism in the hypothalamus. Again 5-HT meta-
bolism in the liver and tyramine metabolism in the hypothalamus and liver were less
affected. In the lower record 10 mg clorgyline (n = 8) had no significantly larger
effect on temperature and only significantly reduced 5-HT metabolism in the liver
(7-99 4 0-61% n = 4) compared with 0-1 or 2 mg kg? clorgyline.

In spite of the fact that clorgyline completely inhibited 5-HT metabolizing activity
in the hypothalamus it produced a smaller degree of hypothermia than tranylcypro-
mine. This suggested that tranylcypromine does not produce hypothermia only by
MAQO inhibition. Support for this view is shown in Fig. 3. In Fig. 3a, 10 mg kg
clorgyline produced hypothermia, then after 1 h tranylcypromine (5 mgkg—) was given
and produced a further steep fall of temperature. It is unlikely that this effect of
tranylcypromine is due to MAO inhibition since over this period of time the clorgyline
injection would irreversibly inhibit the enzyme. A second dose of clorgyline given 1 h
after the first had no further effect on temperature (Fig. 3b), neither did a dose of
clorgyline given after tranylcypromine (Fig. 3c). Therefore it seems likely that tranyl-
cypromine has other properties that significantly contribute to its temperature lowering
effect while clorgyline produces its effect solely by MAQO inhibition.

Role of dopamine in the temperature response to tranylcypromine
The amphetamine-like properties of tranylcypromine are well-known (Feldberg &
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Fi1c. 3. Records of rectal temperature (Tr °C) from rats injected with clorgyline (10 mg kg-'i.p.)
and tranylcypromine (5 mg kg~! i.p.) at the arrows.

Lotti, 1967). Amphetamine can produce hypothermia by central release of dopamine
(Yehuda & Wurtman, 1972; Kruk, 1972) and the effect is blocked by compounds
that block dopamine receptors. It is possible, therefore, that part of the hypothermia
produced by tranylcypromine is mediated by a dopamine-like mechanism. Tranyl-
cypromine (Fig. 4a) (5 mg kg i.p.) produced a fall of temperature (ATr max) of
3:01 4 0-39° (n = 8) at 2 h, whereas clorgyline (10 mg kg~! i.p.; Fig. 4b), which does
not have amphetamine-like properties, produced a fall of only 1-29 4 0-17° (n = 8;
P <0-05). Hypothermia produced by tranylcypromine was attenuated by the
dopamine receptor blocking agent haloperidol (0-5 mg kg i.p.) given 1 h previously
(Fig. 4c). Under these conditions A Tr max was reduced to 1-26 4- 0-08° (n = 4;
P <0-02). The remaining hypothermia was indistinguishable from that produced by
clorgyline (P >>0-9). Responses to clorgyline were unaffected by pretreatment with
haloperidol (n = 3; P >0-7).
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Fi1G. 4. Changes in rectal temperature (A Tr °C) produced by (a) tranylcypromine (5 mgkg—i.p.),
(b) clorgyline (10 mg kg i.p.) and (c) tranylcypromine (5 mg kg~ i.p.) given after haloperidol
(0-5 mg kg™).

Experiments with rats pretreated with p-chlorphenylalanine (pCPA)

Inhibition of 5-HT synthesis by pCPA (320 mg kg™ i.p.) leads to a fall in brain
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5-HT levels (Koe & Weissman, 1966; Oka, Nozaki & Hosoya, 1972). If the effect of
MAUO inhibitors is mediated through potentiation of the central effects of 5-HT, pCPA
pretreatment might be expected to reduce the response.

Forty eight h after pCPA (320 mg kg~ i.p.) rats were very lively and often aggressive.
At ambient temperatures of 20~24° their body temperatures were within the normal
range. PCPA treatment had little effect on temperature responses to inhibitors;
hypothermia to tranylcypromine (2 rats) or clorgyline (4 rats) was indistinguishable
from that in control experiments.

MAO inhibitors and blood glucose

In mice, tranylcypromine is known to increase the secretion of insulin and produce
hypoglycaemia (Bressler, Vargas-Cordon & Lebovitz, 1968). The effect is apparently
mediated through B-adrenoceptors since it can be prevented by B-adrenoceptor
blocking drugs. Insulin hypoglycaemia in mice results in hypothermia (Robinson,
Mager & Freinkel, 1973) so that a hypoglycaemic effect of tranylcypromine in the
rat could play a part in the production of hypothermia.

Injections of saline (control group), or drugs, were given intraperitoneally 1 h before
blood samples were taken. Tranylcypromine (5 mg kg) or clorgyline (10 mg kg)
treatment had no significant effect on the levels, whereas soluble insulin (20 iu kg™?)
produced profound hypoglycaemia (P << 0-001)* and the effect was associated with
a small progressive fall in temperature quite different from that produced by the
inhibitors. Therefore, hypoglycaemia did not appear to be involved in the produc-
tion of hypothermia to MAO inhibitors in rats.

MAO inhibitors and noradrenaline uptake

Tranylcypromine is known to affect the release and uptake of catecholamines
(Iversen, 1967; von Euler, 1970). The effect of clorgyline on these processes does not
appear to have been studied.

To test for effects on uptake, rat hearts were prepared as described in Methods and
a pulse of (—)-[*H]noradrenaline injected into the cannula leading to the heart.
Control hearts took up 24-0 + 0-4 ng (n = 5), those perfused with a medium contain-
ing 10 g ml! clorgyline took up 28-2 + 2-8 ng (n = 4, ns), and those perfused with
a medium containing 5 ug ml-! tranylcypromine took up 57 05 ng (n =4, P
<0-05) of labelled noradrenaline.

In addition, hearts perfused with a medium containing tranylcypromine, but not
the controls or those with clorgyline, showed an increased rate and force of contraction,
illustrating the well-known sympathomimetic activity of this inhibitor. Since it is
known that intraventricular noradrenaline produces hypothermia in rats, central
release and prevention of uptake of this amine by tranylcypromine could be a contri-
butory factor in the hypothermia produced by this drug.

DISCUSSION

The inhibitors produced hypothermia which varied in magnitude. Results with
harmaline and tranylcypromine agree with those of previous investigators (Gunn,
1909; Zettler, 1957; Goldwurm & Torrigiani, 1962; Schmidt & Fahse, 1964 ; Feldberg

*Control 886 4+ 2-8 mg?% ; tranylcypromine 91.0 + 2-0% (P>0-4); clorgyline 91.5 + 2-6 mg%
(P>0-5); insulin (201u kg1 35-0 + 3-39% (P<0-001).
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& Lotti, 1967; Bruinvels & Sourkes, 1968). Nialamide (25 mg kg~') and phenelzine
(50 mg kg™) also produced hypothermia whereas Schmidt & Fahse (1964) found that
larger doses of nialamide (100 mg kg—) had no effect and phenelzine (100 mg kg™1)
produced hyperthermia. The small or absent effect of nialamide could be explained
by the observation that this drug inhibited liver MAO much more effectively than the
hypothalamic enzyme. Phenelzine (50 mg kg—) onthe other hand produced complete
inhibition of liver and hypothalamic MAO so that the reversal seen with higher doses
may reflect a toxic hyperthermic effect unrelated to MAO inhibition.

Most of the evidence suggests that the inhibitors produce hypothermia by a central
action. Tranylcypromine is effective in smaller doses when given intraventricularly
(Feldberg & Lotti, 1967) and the present experiments show that five inhibitors pro-
duced hypothermia and enzyme inhibition in the hypothalamus. In experiments in
which temperature was returning to normal at the time of death MAO activity wasalso
returning, Apparently, return of only a small amount of enzyme activity enables it
to fulfil its physiological function (Pletscher & Zeller, 1960).

The most interesting inhibitor used was clorgyline. This substrate-specific inhibitor
produces a much smaller degree of hypothermia than tranylcypromine yet completely
inhibited 5-HT metabolizing activity in the hypothalamus. Experiments using both
tranylcypromine and clorgyline strongly suggest that the former possesses properties
unrelated to MAO inhibition which contribute to its temperature-lowering effect
(probably release of the hypothermic amine dopamine, since part of the hypothermia
s blocked by pretreatment of rats with haloperidol).

The remaining hypothermia and that produced by clorgyline is probably due to
potentiation of the actions of the central transmitters 5-HT or noradrenaline as a
result of MAO inhibition. 5-HT could be involved in the response since it is known
to produce hypothermia when given intraventricularly to rats (Feldberg & Lotti, 1967),
is present in a high concentration in the antérior hypothalamus (Quay & Halevy, 1962)
and has a rapid rate of turnover. The rise in 5-HT levels and the hypothermia both
begin a few minutes after injection of the rapidly acting MAO inhibitors suggesting
on a temporal basis that this amine could be involved. However, depletion of 5-HT
by pCPA had no effect on the hypothermia produced by clorgyline and tranylcypro-
mine. This could be countered by the suggestion that normal transmitter functions
can be carried out by the small amount of remaining amine (Myers, 1970).

Noradrenaline is capable of producing both hypo- and hyperthermia when given
intraventricularly (Feldberg & Lotti, 1967; Myers & Yaksh, 1968). Its turnover rate
in the hypothalamus is slow, about 4 h (Iversen & Glowinski, 1966), so that a slow
increase of levels and of onset of response might be expected. In addition its actions
are terminated by uptake and by the enzyme catechol-O-methyl transferase (COMT).
It is, therefore, unlikely that the actions of noradrenaline would be greatly potentiated
by MAO inhibition alone. However, some inhibitors of MAO, such as tranyl-
cypromine, are also potent inhibitors of noradrenaline uptake so that potentiation of
the actions of noradrenaline could be a factor in the production of hypothermia by
these inhibitors.

Hypoglycaemia did not seem to be involved in the production of hypothermia in
rats since neither tranyleypromine nor clorgyline in doses that produced hypothermia
had an effect on blood sugar levels. Insulin, however, produced profound hypogly-
caemia and a small fall in temperature quite unlike that produced by the MAO
inhibitors.
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In conclusion, the MAO inhibitors produce hypothermia in the rat. The effects
of one, tranylcypromine, are partly due to properties unrelated to MAQ inhibition
whereas those of another, clorgyline, appear to be the result of a relatively specific
enzyme inhibition and this drug may prove to be a useful tool for the examination of
the temperature effects of central MAO inhibition.
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