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GINEFRI-GAYET, M. AND J. GAYET. Study of the hypothermia induced by methionine sulfoximine in the rat. PHAR- 
MACOL BIOCHEM BEHAV 31(4) 797-802, 1988.--L-Methionine sulfoximine (MSO) intraperitoneally injected at sub- 
convulsive and convulsive doses induced a rectal hypothermia in the restrained rat maintained at an ambient temperature of 
23°C; this hypothermia developed during the preconvulsive period, and it was not suppressed by simultaneous injection of 
L-methionine which antagonized the behavioral effects of ammonia elevated contents in the central nervous sytem. The 
development of rectal hypothermia was faster when the injection of MSO was made into the lateral cerebral ventricle and 
particularly into the third ventricle. MSO-induced hypothermia seemed to be a poikilothermia-like state in the cold 
environment with retention of a normal regulation in the heat environment. Infusion of MSO into the anterior hypothalam- 
ic/preoptic (AH/PO) area induced a rapid rectal hyperthermia, but infused into the mammillary region MSO had no effect 
on rectal temperature. It is suggested that rectal hypothermia induced by MSO may be directly related to a depressive 
effect on glucose oxidative metabolism in cell structures, maybe astroglial cells, located in the vicinity of the ventricle or 
the capillary walls. 

Methionine sulfoximine Rectal hypothermia 
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Preconvulsive period Intracellular ammonia 

THE molecule of L-methionine-d,l-sulfoximine (MSO) in- 
duces seizures which are of particular interest to the neuro- 
chemist and the neurophysiologist because of their re- 
semblance to human epilepsy and their ready reproducibility 
in various species of experimental animals (37). Since these 
seizures occur only after a long latency, and seem to involve 
generalized changes in transmitter levels or metabolism (4, 8, 
25-27, 29), it appears that no single brain region or pathway 
is uniquely involved (32). In rat and mouse, tonic and clonic 
convulsions appeared only after a 3- to 6-hour period, de- 
pending on the dose of MSO intraperitoneally injected; dur- 
ing this preconvulsive latency period the animals exhibited 
an increasing syndrome of ataxia, associated with an inabil- 
ity to respond to external nociceptive stimuli (12, 14, 31, 35). 
In the freely moving rat at a room temperature of 20°C the 
rectal temperature first dropped about 2°C below control 
levels and reached the low between the 5th and 7th hour 
following administration of MSO, 100 mg/kg IP, and between 
the 3rd and 4th hour following 200 mg/kg. Subsequently, 
there was a gradual rise to a rectal normothermia or a mild 
hyperthermia, and it was during this rise that the rats devel- 
oped episodic behavioral manifestations: an episodic running 
behavior and/or generalized convulsions (35). The transient 
hypothermia occurring immediately before the onset of 
episodic running behavior was considered to be a poikilo- 
thermia-like condition rather than true hypothermia. The 
temperature of MSO-treated rats submitted to a severe cold 

challenge progressively lowered, while it progressively rose 
when the rats were kept in a heat environment. These data 
indicated an unstable state, but not a complete loss, of the 
regulating mechanism for the maintenance of body tempera- 
ture (35). Studies involving genetically nonsensitive rats 
treated by MSO revealed that this molecule is an "audio- 
genic agent" in that it produced reversible audiogenic sus- 
ceptibility which closely followed the initial transient rectal 
hypothermia of animals (34). Moreover, the treatment of ge- 
netically audiogenic sensitive rats with MSO made them 
temporarily insensitive to audiogenic stimulation, corre- 
sponding with the period of transient hypothermia (36). 
Chronologically, the reduction of audiogenic susceptibility is 
coincident with the hypothermia induced by MSO and its 
development occurs during the recovery stage of the tran- 
sient hypothermia. 

It is tempting to investigate the possible relationship be- 
tween MSO-induced hypothermia and reduced seizure sus- 
ceptibility. Does this early transient drop in body tempera- 
ture create, in particular, structures of the central nervous 
system neurochemical and neurophysiological conditions 
suited for induction of spontaneous or physically- or chem- 
ically-induced seizures? For this purpose, it is necessary to 
study the possibility that the induction of hypothermia by 
MSO may be mediated at least in part by an action on the 
central nervous system. In the present report, we conf'Lrrn 
that MSO intraperitoneally injected to the restrained rat in- 
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duced a deep rectal hypothermia for several hours: its rate 
was accelerated after an intracerebroventricular injection of 
the molecule, particularly into the third ventricle: it appeared 
to be a poikilothermia-like state against cold with retention 
of a normal regulation against heat. We suggest that this drop 
in body temperature probably originated from an impairment 
of  energy metabolism at the level of  cerebral structures, 
maybe astroglia, in the vicinity of ventricle and capillary 
walls. 

METHOD 

Animals 

Male Wistar and Sprague-Dawley rats weighing between 
225 and 300 g were used throughout the experiments;  they 
were housed individually in Piexiglas cages in a tempera- 
ture-controlled environment of  23-+1.0°C, with a 12-hr 
dark/light cycle and with free access to granular feed and 
water. All experiments began between 09:00 and 11:00 hr. 

Measurement of Rectal and Skin Temperatures 

The rat was placed in a well-ventilated Harvard universal 
acrylic restrainer. Rectal temperature was monitored with a 
lubricated temperature probe (Yellow Springs Instrument 
Co., Yellow Springs, OH, model 402) inserted 6 cm into the 
rectum, with a tele-thermometer (Yellow Springs Instrument 
Co., model 43) connected to a potentiometric recorder 
(Servotrace,  model PE-10). The probe was secured in place 
by taping it lightly to the base of  the tail. For  measurement of  
skin temperature the probe (Yellow Springs Instrument Co., 
model 421) was placed at the surface of the shaved skin at the 
base of  the tail and was secured in place by taping it. 

Environmental Temperature 

Experimental  environmental temperature was controlled 
throughout the testing period. Heated environment 
(36_+0.5°C) was maintained in a thermostated, ventilated, 
and lighted incubator. Cold environment (l l_+ I.0°C) was 
achieved in a thermostated, ventilated, and lighted cold box. 

lntraperitoneal Injection 

L-Methionine-d,l-sulfoximine (MSO) (Sigma, St. Louis, 
MO) (50-150 mg/kg body weight) dissolved in 1.0 ml per 200 
g body weight of  sterile 0.9% NaC1 was injected intraperito- 
neally; control animals received the same volume of  sterile 
0.9% NaC1. In some experiments,  MSO (150 mg/kg) was 
administered jointly with L-methionine (Sigma) (700 mg/kg) 
in a total volume of 1,0 ml per 200 g body weight of sterile 
0.9% NaC1. 

Intracerebroventricular Injections 

One week prior to the experiment,  the rat was placed in a 
David Kopf  model 900 stereotaxic apparatus,  under 
Equithesin (3 ml/kg IP) anesthesia. A unilateral 26-gauge 
guide cannula cut to a length of  11.0 or 13.0 mm from stain- 
less steel tubing (Hamilton) was implanted, perpendicularly 
to the surface of  the skull, with the tip resting 1.0 mm above 
one lateral ventricle or the third ventricle, respectively. The 
coordinates (1) for the lateral ventricle were (in mm): A=7.0,  
L = l . 4 ,  H=8.5 and for the third ventricle were (in ram): 
A=6.1 ,  L=0.0,  H=3.5;  the cannula was held in place by 
dental cement and stainless steel anchor screws inserted into 
the calvarium (18). A stainless steel styler cut to a length of 
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FIG. 1. Changes in rectal temperature by an intraperitoneal injection 
of varying doses of MSO to restrained rats, at an ambient tempera- 
ture of 23°C. O: saline controls (n=5); ©: 50 mg/kg of MSO (n=9); 
~:  100 mg/kg ofMSO (n= 10); A: 150 mg/kg ofMSO (n= 10). Time in 
hours. :p<0.05, ,~,~p<0.01 and ,~ ~.p<0.001, for significant differ- 
ences compared with saline controls. 

11.0 or 13 mm was placed into the guide cannula and left until 
the experiment began. MSO (50--75/.zg per rat), dissolved in 
sterile 0.9% NaCI or sterile artificial cerebrospinal fluid (20), 
was injected in a volume of l0 /z l  over a period of 2 min, 
through a 33-gauge injector needle cut to a length of 12 or 14 
mm from stainless steel tubing (Hamilton), connected with a 
length of  polyethylene tubing (internal diameter 0.30 mm) to 
a 50/xl-capacity Hamilton microsyringe driven by a Braun 
variable speed infusion pump. The injector needle extended 
1.0 mm beyond the tip of the guide cannula. The injector 
needle was kept in place for 1 min on completion of  the 
injection, before being slowly withdrawn. Immediately fol- 
lowing removal of  the needle the stylet was inserted into the 
guide cannula. After each experiment, 10 /xl of a 1% 
bromophenol blue solution in bidistilled water were injected 
into the lateral or the third ventrical under Equithesin (4 
ml/kg IP) anesthesia, then the rat was perfused intracardially 
with buffered formalin and the brain was cut longitudinally in 
order  to verify the coloration of  all the ventricle cavities (18). 

Intracerebral Infusions 

Surgical procedure was the same as for intracerebroven- 
tricular injection. An indwelling 26-gauge guide cannula was 
implanted unilaterally 1.0 mm above a site in the anterior 
hypothalamic/preoptic area (AH/PO area) using the follow- 
ing coordinates (1) (in ram): A=7.3,  L=0.4,  H=3.0,  and in 
the mammillary region using the following coordinates (22) 
(in ram): A=5.2,  L=0.5,  H =  16, the interaural line being the 
reference point. MSO (25/zg per rat) dissolved in sterile 0.~/~ 
NaC1 solution was infused in a volume of  0.5 tzl over a period 
of  3 min through a 33-gauge injector needle using a 5 ~zl- 
capacity Hamilton microsyringe, as described for intracere- 
broventricular injection. The injection needle extended 1.0 
mm beyond the tip of  the guide cannula, and it was kept in 
place for further 10 min, before being slowly withdrawn. 
After each experiment,  0.5 /zl of  a 1% bromophenol blue 
solution in bidistilled water was infused in the AH/PO area 
and the mammillary region of the rats under Equithesin 
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FIG. 2. Changes in rectal temperature produced by an intraperito- 
neal injection to restrained rats of either MSO (A: 150 mg/kg of 
MSO) (n=4) or MSO together with L-methionine ((3:150 mg/kg of 
MSO plus 700 mg/kg of L-methionine) (N=4), at an ambient tem- 
perature of 23°C. O: saline controls (n=5). Time in hours. ,p <0.05, 
**p<0.01 and **~p<0.001, for significant differences compared 
with saline controls. 
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FIG. 3. Changes in rectal temperature produced by an injection ot 
MSO into a lateral cerebral ventricle of restrained rats, at an ambient 
temperature of 23°C. 0:  saline controls (n=5); (3:50/zg of MSO per 
rat (n=4). Time in hours. ~vp<0.05 and ~,p<0.01, for significant 
differences compared with saline controls. 

anesthesia (4 ml/kg IP), then they were perfused intracardially 
with buffered formalin, and the brain was sliced in cryostat in 
order to verify the stereotaxic placement of the microinfusion 
site (18). 

Statistical Analysis 

In the statistical treatment of the values obtained the level 
of significance was set to 0.05 and calculated by Student's 
t-test. 

RESULTS 

Mean rectal temperature of normal restrained rats was 
38.4"+0.4°C at an ambient temperature of 23"+ 1.0°C, and it 
was considered as a baseline in our experiments. 

Hypothermia Induced by an Intraperitoneal Injection 
o f m s o  

MSO (50-150 mg/kg) was intraperitoneally injected to re- 
strained rats kept at an ambient temperature of 23"+ 1.0°C 
(Fig. 1). At a subconvulsive dose of 50 mg/kg, a moderate 
rectal hypothermia developed with a minimum of 
1.75"+0.2°C (p <0.05) between the 4th and 6th hour following 
injection of MSO. At a dose of 100 mg/kg, MSO induced a 
deep and transient hypothermia with a nadir of 3.80"+0.2°C 
(p<0.001) at about 4.30 hours; this hypothermia was associ- 
ated with the development of a syndrome of ataxia which 
extended up to the period of rectal normothermia. At a dose 
of 150 mg/kg, rectal temperature dropped more rapidly since 
it reached a decrease of 2.9-+0.2°C (p<0.01) at 2.30 hours 
and a minimum of 3.5-+0.2°C (p<0.001) at 4 hours; the sub- 
sequent rise of rectal temperature coincided with the begin- 
ning of episodic tonic and clonic seizures. A series of exper- 
iments performed in the same experimental conditions 
showed that skin temperature of the MSO-treated rats did 
not vary significantly relative to saline controls. The admin- 
istration of MSO (150 mg/kg IP) together with L-methionine 
(700 mg/kg IP) was followed by a progressive rectal 

hypothermia reaching a minimum of 2.7_+0.2°C (p<0.01) at 5 
hours; this drop in the rectal temperature was never followed 
by any syndrome of ataxia or episodic behavioral manifesta- 
tion (Fig. 2). 

Hypothermia Induced by an lntracerebroventricular 
Injection of MSO 

MSO was injected unilaterally into the cerebral lateral 
ventricle using doses ranging from 50 to 75 p~g per restrained 
rat. Figure 3 illustrates a series of experiments performed at 
a dose of 50 ~g of MSO at an ambient temperature ot 
23-+ 1.0°C. The rectal hypothermia developed rapidly reach- 
ing 2.0+0.6°C (p<0.01) at 1.30 hours and a minimum of 
about 3.0_+0.8°C (p<0.01) between 2.30 and 4.30 hours. The 
rat exhibited a syndrome of ataxia and tonic and clonic sei- 
zures appeared as soon as the 5th hour following MSO injec- 
tion. As for its systemic injection, intraventricular adminis- 
tration of MSO was followed by a rectal hypothermia which 
was not dose-dependent within the range of 50 to 75 ~g MSO 
per rat. 

In the same experimental conditions, MSO (50 to 75 p.g 
per rat) was injected in the third ventricle. Figure 4 illustrates 
a series of experiments performed at a dose of 60 p.g of MSO 
at an ambient temperature of 23"+ 1.0°C. Rectal temperature 
decreased rapidly the minimum of 2.6"+0.3°C (p<0.01) being 
reached 2 hours after the injection, followed by very rapid 
return to rectal normothermia 4 hours later. The rats showed 
a rapid development of the syndrome of ataxia appearing 
approximately at 30 minutes, with episodic seizures appear- 
ing as soon as 4 hours. About 8 hours later a righting reflex 
was restored without episodic tonic and clonic seizures. In- 
jected at a dose of 75 p.g per rat, MSO appeared to be lethal 
for a high percentage of animals. 

Influence of a Warm or Cold Ambient Temperature 

Two sets of experiments were performed with restrained 
rats submitted to an unilateral intracerebroventricular injec- 
tion of MSO (75 ~g per rat into a lateral ventricle). The 
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FIG. 4. Changes in rectal temperature produced by an injection of 
MSO into the third ventricle of restrained rats, at an ambient tem- 
perature of 23°C. 0 :  saline controls (n=4); ©: 60/xg of MSO per rat 
(n=5). Time in hours. ,p<0.01 and **p<0.001, for significant 
differences compared with saline controls. 
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FIG. 5. Changes in rectal temperature produced by an injection o1 
MSO into a lateral cerebral ventricle of restrained rats, at an ambient 
temperature of 23°C. Ambient temperature was raised to 36°C, 30 
min after the injection, for an interval of 60 min denoted by vertical 
dash lines. 0 :  saline controls (n=5); O: 75 p.g of MSO per rat (n=5). 
Time in hours. No statistically significant differences were observed 
compared to saline controls. 

animals were exposed for one hour to either a warm 
(36+0.5°C) or cold (1 I--- 1.0°C) ambient temperature half an 
hour after the injection of  MSO. The exposure to warm air 
had no significant influence on the rectal temperature in the 
MSO-submitted rats comparatively to the saline controls 
since at 1.30 hours the rise of  temperature reached 
1.0-+0.15°C (NS) for the former and 0.7-+0.2°C for the latter 
(Fig. 5). When ambient temperature was reinstated to 23°C a 
rapid return to normothermia occurred in MSO-treated rats, 
and all the animals exhibited a severe syndrome of ataxia 
with episodic seizures (Fig. 5). On the other hand, the expo- 
sure to cold air had dramatically enhanced the development 
of  rectal hypothermia in the MSO-treated rats comparatively 
to the saline controls: at 1.30 hours the drop of temperature 
reached 6.1_0.6°C (p<0.01) for the former and 3.25_0.3°C 
for the latter (Fig. 6). When ambient temperature was re- 
instated to 23°C a significant but progressively less severe 
rectal hypothermia was recorded in MSO-treated rats, with 
loss of  righting reflex but without manifestation of episodic 
convulsions (Fig. 6). 

Infusion of MSO Into AH/PO Area and Mammillary Region 

MSO (25/xg in 0.5/xl per restrained rat) was unilaterally 
infused at a rate of  0.5/zl/3 min into seven sites in the AH/PO 
area at an ambient temperature of 23+1.0°C. About 1.30 
hours after the infusion a rectal hyperthermia developed 
rapidly reaching a plateau of  2.0+0.2°C (p<0.001) at 4 hours, 
without any syndrome of ataxia or episodic seizure (Fig. 7). 
The same experiments were made with MSO (25 ~g in 0.5/zl 
per restrained rat) unilaterally infused into ten sites in the 
mammillary region with no significant changes in rectal tem- 
perature (data not shown). 

D I S C U S S I O N  

In the rat, when intraperitoneally administered (at a dose 
of  150--170 mg/kg), the molecule of MSO is rapidly taken up 
by liver and kidney and crosses the blood-brain barrier: in 
the central nervous system the peak uptake of  [3HI MSO was 
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FIG. 6. Changes in rectal temperature produced by an injection of 
MSO into a lateral cerebral ventricle of restrained rats, at an ambient 
temperature of 23°C. Ambient temperature was lowered to ! I°C, 30 
min after the injection, for an interval of 60 rain denoted by vertical 
dash lines. O: saline controls (n=6); O: 75/zg of MSO per rat (n=6). 
Time in hours. ,p<0.05, **p<0.01 and ***p<0.001, for significant 
differences compared with saline controls. 

at 2 hours and amounted to about 1% of the administered 
dose (10); then, at 6 hours the molecule was rapidly and 
uniformly distributed without any preferential accumulation 
(28) and it bound to protein, especially to the active site of 
glutamine synthetase (16), particularly in gray matter astro- 
cytes in all areas of  the brain (21). The irreversible inhibition 
of  the activity of glutamine synthetase (16) leads to a rise of 
ammonia contents in extra- and intracellular compartments 
of  the brain: in the arterial blood and the cerebrospinal fluid 
the values approached 0.3 mmol/kg wet weight and in the 
brain it was close to 0.9 mmol/kg wet weight, at 1.30 hours 
(7,13). In the same experimental conditions, in the restrained 
rat, MSO induced a deep rectal hypothermia at the ambient 
temperature of 23°C, thus confirming the results previously 
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FIG. 7. Changes in rectal temperature produced by an unilateral 
infusion of MSO into the anterior hypothalamic/preoptic (AH/PO) 
area of restrained rats, at an ambient temperature of 23°C. Q: saline 
controls (n=7); ©: 25 /zg of MSO per rat (n=5). Time in hours. 
,p<0.05, ~,p<0.01 and ~ p < 0 . 0 0 1 ,  for significant differences 
compared with saline controls. 

obtained in the freely-moving rat (35). The thermolytic ac- 
tion of  MSO did not seem to be strictly dose-dependent,  
though the minimum of rectal temperature reached 1.75°C at 
a dose of  50 mg/kg and 3.80°C at a dose of  100 mg/kg, but at a 
dose of 150 mg/kg the level of hypothermia did not lower, 
only its rate of development accelerated (Fig. 1). It was al- 
ways during the decrease of rectal temperature that the rat 
progressively lost its capacity to carry out a righting reflex 
and for respond to external nociceptive stimuli leading to 
settlement of ataxia; episodic tonic and clonic seizures did 
not begin before rectal temperature reached a value close to 
normothermia. The MSO-induced hypothermia did not in- 
volve a peripheral mechanism since, in the same experi- 
mental conditions, skin temperature recorded at the surface 
of  the base of  the tail did not change significantly (data not 
shown). Unilateral injection of MSO into the lateral ventri- 
cle, at a dose of  50-75 p.g per animal, induced a decrease of 
rectal temperature reaching the same value as that induced 
by systemic administration of the molecule (Fig. 3). 

We have shown that MSO (150 mg/kg, IP), administered 
jointly with L-methionine (700 mg/kg), suppressed the de- 
velopment of the syndrome of ataxia together with the sub- 
sequent episodic seizures observed following administration 
of  MSO alone, but it had only little influence on the rate of 
development of  rectal hypothermia (Fig. 2). It had been pre- 
viously found that glutamine synthetase activity was uni- 
formly decreased in all brain regions (approximately 10% of 
control value) when MSO was given intraperitoneally, but 
when MSO was administered IP together with IP L- 
methionine, glutamine synthetase activity was below 20% of 
control values (30); on the other hand, it appeared that a high 
percentage of the total [3H] MSO was found in the hip- 
pocampus, the cerebellum and the hypothalamus of  animals 
receiving [3H] MSO + methionine than in those receiving 
[3H] MSO only. Conversely, a lower percentage was found 
in the cortex of rats receiving [3H] MSO + methionine than 
was present in those receiving [3H] MSO only (28). In con- 
clusion, it would seem that MSO-induced rectal hypothermia 
is dependent on the stage of  inhibition of  glutamine syn- 
thetase activity in gray matter astrocytes,  in particular, areas 

of the brain leading to a rise of ammonia content confined to 
these areas. Previous results had revealed an apparent ab- 
sence of  a direct causal relationship between the MSO-elic- 
ited glutamine synthetase inhibitor and the MSO-elicited sei- 
zures (30). 

Our present results prove that MSO-induced rectal 
hypothermia was a poikilothermia-like state in the cold en- 
vironment without impairment of thermoregulation in the 
heat environment. At a laboratory room temperature of 23°C 
the restrained rat faced a cold challenge (19,23) resulting in a 
decline in rectal temperature. Therefore, MSO can be con- 
sidered as a hypothermic molecule, but a direct causal rela- 
tionship cannot be stated between the MSO-induced 
hypothermia and the MSO-elicited progressive syndrome of 
ataxia associated with the impediment to respond to external 
nociceptive stimuli, since the rats submitted to a warm am- 
bient temperature exhibited this behavior. The MSO-in- 
duced hypotherrnia was a state resembling the development 
of  poikilothermia following lesion of the posterior hypotha- 
lamic area (11). We have shown that injection of MSO into 
the third ventricle induced a drop in rectal hypothermia with 
a minimum at 2 hours followed by a return to normothermia, 
associated with a rapid development of ataxia with episodic 
seizures at about 4 hours (Fig. 4). Thus, it would seem that 
cells in the hypothalamus in the vicinity of the ventricle walls 
may be metabolically affected by MSO. Previous studies in 
mice had shown that after a systemic administration of MSO, 
cerebral levels of phosphocreatine and ATP did not change, 
but those of glucose and glycogen rose [2, 3, 9] correlatively 
with a 55% increase of glycemia (Nehlig and Gayet,  unpub- 
lished results). On the other hand, MSO depressed glucose 
oxidation, the oxidation of other compounds (acetate, 
phenylalanine and proline) considered as precursors of the 
small glutamate compartment (astrocytes, nerve endings) 
might be increased (6, 7, 33). Since MSO slowly and irrever- 
sibly inhibited glutamate-aspartate transaminase (5) with 
subsequent blockade of  the malate-aspartate shuttle in brain 
mitochondria (17), the transfer of energy from the oxidative 
metabolism of  these substrates would be severely affected. It 
was proven that a defect experimentally-induced in glucose 
utilization in the brain led to a hyperglycemia, inducing a 
"funct ional"  hypoglycemia to which intracellular milieu was 
exposed (15), followed by a drop in the body temperature 
(24). Our experiments have shown that a unilateral infusion 
of MSO into seven sites in the AH/PO area induced a rapid 
rectal hyperthermia, whereas the same infusion into ten sites 
in the mammillary region was not followed by any effect in 
the rectal temperature. Furthermore, in the two series of 
experiments,  the behavior of the rats was not affected. 

We may conclude that the hypothermic effect of MSO 
may be directly related to the depression of glucose oxida- 
tive metabolism associated with the inhibition of glutamine 
synthetase and glutamate-aspartate transaminase activities 
in cell structures belonging to the small glutamate compart- 
ment of  the brain, maybe astroglial cells, and probably lo- 
cated at sites of  blood-brain and cerebrospinal fluid-brain 
junctions. 
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