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NMDA receptors are involved in dithiothreitol-induced hypothermia
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Abstract

Sulfhydryl-reducing agents, such as dithiothreitol, modulate glutamate N-methyl-p-aspartate (NMDA) receptors. Since these receptors
are involved in thermoregulatory processes, we studied the effects of their positive modulation, through a dithiothreitol-induced reduction
of the receptor redox site, on thermoregulation in rats maintained at an ambient temperature of 20—22 °C. Given intraperitoneally at the

dose of 25 and 50 mg- kg~?, dithiothreitol induced dose-dependent hypothermia. The prior administration of 0.5 mg- kg~

L oof

(+)-dizocilpine maleate (MK801), a non-competitive glutamate NMDA receptor antagonist, blocked most of the dithiothreitol-induced
hypothermia. MK801 given alone was followed by dight transient hyperthermia. This confirms the involvement of NMDA receptors in
thermoregulation and suggests that they might be under redox modulation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The glutamate N-methyl-p-aspartate (NMDA) receptor
is a key receptor in the excitatory neurotransmission.
NMDA function, modulated by endogenous products, ap-
pears to be highly sensitive to the oxidizing potential of
the extracellular environment (Dingledine et a., 1999).
Some reductants, such as ascorbate, act as inhibitors of
NMDA receptors, while others, such as dithiothreitol, act
as activators (Majewska et al., 1990). In vitro studies have
shown that dithiothreitol, a sulfhydryl-reducing agent, en-
hances the NMDA-induced electrophysiological response
(Aizenman et al., 1989) and NMDA-driven Ca?* fluxes
(Majewska et al., 1990; Reynolds et al., 1990) by increas-
ing the opening frequency of the receptor (Tang and
Aizenman, 1993). This positive modulation of glutamate
NMDA receptors may have conseguences on the physio-
logical functions in which these receptors are involved. For
example, sulfhydryl-reducing agents increase the NMDA-
triggered release of catecholamines (Woodward, 1994;
Woodward and Blair, 1991), restore the NMDA-induced
long-term potentiation previously decreased by oxidizing
drugs (Gozlan et a., 1994, 1995) and enhance the
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NMDA-induced naociceptive behavior (Laughlin et al.,
1998).

Severa facts favor the involvement of NMDA receptors
in thermoregulatory function. In anesthetized rats, in situ
injections of glutamate into the hypothalamic ventromedial
nucleus are followed by an increase in sympathetic nerve
activity in brown adipose tissue (Y oshimatsu et a., 1993).
This agrees with the dramatic increase in brain and rectal
temperature observed in anesthetized rats after an intrac-
erebroventricular injection of NMDA (Hara et al., 1996,
1997). In situ injections of glutamate into the dorsomedia
hypothalamus reduce the thermogenic activity, while injec-
tions into the medial preoptic area lead to a biphasic
response with a decrease and then an increase in heat
production (Y oshimatsu et al., 1993). However, the overall
effect of NMDA activation in awake rats is rather hy-
pothermic, since hyperthermia is observed after acute inhi-
bition of the NMDA receptor by a peripheral injection of
(4 )-dizocilpine maleate (MK801) (Pechnick et al., 1989),
a glutamate NMDA receptor non-competitive antagonist
(Wong and Kemp, 1991). The hypothermic activity of the
NMDA receptors noticed in awake rats maintained at
ambient temperature (T,,) between 20 and 22 °C should
therefore be enhanced by the positive modulation of NMDA
receptors by the sulfhydryl-reducing agent dithiothreitol.
Furthermore, MK801 should suppress the activating effect
of dithiothreitol since MK801 blocks the NMDA receptor
channel in a non-competitive manner, whereas dithio-
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threitol increases its opening frequency (Tang and Aizen-
man, 1993). Furthermore, we administered MK801 before
sdline or dithiothreitol in order to have a similar channel-
blocking effect because dithiothreitol may modify MK801
binding (Reynolds et al., 1990).

2. Materials and methods
2.1. Animals

Thirty-six male OFA Sprague—Dawley rats (Iffa Credo,
Les Oncins, France), weighing 400—-450 g at the beginning
of the investigation, were used. The rats were housed at
three per cage (26 X 40 X 15 cm) in an air-conditioned
room with a controlled ambient temperature (T, =22+ 1
°C), relative humidity (r.h. = 40-50%) and light (12/12-h
light /dark schedule with lights on at 7 am.). Food and
water were available ad libitum except during the experi-
mental sessions. The rats were alowed to adapt to labora
tory conditions for at least 7 days prior to the beginning of
the investigations. During this period, they were weighed
and manipulated every morning to get them used to being
handled. The experiment was approved by the Institutional
Ethics Committee for Animal Care.

2.2. Drugs

Dithiothreitol (Sigma, Saint-Quentin-Fallavier, France)
was administered intraperitoneally (i.p.) at the doses of 25
and 50 mg-kg ! In order to have the same volume
injected, the drug was freshly dissolved in 0.9% sterile
sdline at the respective concentration of 25 and 50
mg - ml 1. (+)-Dizocilpine maleate (MK801, Sigma) was
administered i.p. at the dose of 0.5 mg- kg™ ! after being
dissolved in 0.9% sterile saline at the concentration of 0.5
mg- ml~1. The same volume was used for sterile saline
injections.

2.3. Experimental design

The experiment was carried out in 36 rats submitted to
two successive investigations with a 10-day interval. In the
first investigation, the rats were randomly distributed into
one of three groups, each containing 12 rats, according to
their treatment: 0.9% sterile saline (sdine, n=12), 25
mg - kg~ of dithiothreitol (dithiothreitol-25, n= 12) and
50 mg kg~ * of dithiothreitol (dithiothreitol-50, n = 12). At
8 am., the rats were weighed and placed in individua
experimental cages (26 X 40 X 15 cm) in their housing
room for a 1-h period to become accustomed to the novel
condition. The cages were then carried into the laboratory
room (ambient temperature: T,, = 2022 °C) for the inves-
tigation. Measures consisted of nine successive colonic
temperature (T_,) measurements, separated by 30 min.
After the third T,, measurement, the rats received i.p.

either dithiothreitol or the same volume of saline, dividing
the investigation into two periods. a 90-min reference
period (three measurements) and a 180-min treatment pe-
riod (six measurements). At the end of the investigation,
the rats were weighed again and put back into their home
cages.

Aninterval of 10 days was believed to be sufficient as a
withdrawal period, in respect of the rapid reversibility of
hypothermia in our dithiothreitol-25 group in the first
investigation (see Results, Fig. 1). In the second investiga-
tion, three rats from each first investigation group were
taken to form groups of nine rats. Each new group was
then named according to the drug to be received: 0.9%
sterile saline (saling, n=9), 0.5 mg kg~ ! MK801 (MK801,
n=29), 50 mg-kg ! dithiothreitol (dithiothreitol, n=9)
and 0.5 mg-kg~' MK801+ 50 mg-kg ! dithiothreitol
(MK®801 + dithiothreitol, n=9). At 8 am., the rats were
weighed and then placed in their experimental cagesin the
housing room for 1 h. Once again, they were moved to the
laboratory room (T, = 20-22 °C). This investigation con-
sisted of 11 successive T,, measurements. After three T,
measurements, the rats received i.p. either 0.5 mg- kg™*
MK801 (MK801 and MK®801 + dithiothreitol groups) or
the same volume of saline (saline or dithiothreitol groups).
After two other T,, measurements, dithiothreitol (dithio-
threitol and MK801 + dithiothreitol groups) or saline
(saline and MK 801 groups) was injected i.p. The investiga-
tion was thus divided into three time periods: a 90-min
reference phase (three measurements), a 60-min MK801
treatment phase (two measurements) and a 180-min full
treatment phase (six measurements). After the investiga
tion, the rats were weighed again and put back into their
home cages.
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Fig. 1. Time course of changes in colonic temperature (T, °C) in rats
treated with saline (saline, n=12), 25 mg-kg~! of dithiothreitol (dithio-
threitol-25, n=12) and 50 mg-kg~? of dithiothreitol (dithiothreitol-50,
n=12). The reference period is represented by the first three T, mea-
surements. Treatment was given just after the third measurement. There-
after, six T,, measurements at 30-min intervals were taken, correspond-
ing to the treatment period. Experimental points are expressed as means
+SEM.
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2.4. Physiological measurement

Colonic temperature was measured using a calibrated
Cu/Ct thermocouple inserted into the colon a 7 cm
beyond the anal margin. Calibration was done in a ther-
mostated water bath. Temperature was measured in rats in
their experimental cages. The animals were handled as
little as possible. T, was assessed at a rate of 12 values
per min and data were read in real time on a computer
screen. The T, measurement ended when a plateau was
reached. After the investigation, each T, measurement
was analyzed in order to determine its duration as well as
the duration and the mean value of the plateau, which
represented the fina T, value. The basal T, value was
the average of the first three measurements.

2.5. Satigtical analysis

The statistical analysis was done using factorial analysis
of variance (ANOVA) with one factor at three levels
(Treatment) in the first investigation, and two factors at
two levels in the second (Treatment MK801, Treatment
dithiothreitol). The time course of T, was analyzed using
ANOVA for repeated measures with a treatment effect at
three (first investigation) and four levels (second investiga-
tion). If necessary, Bonferroni—Dunn post-hoc tests for all
couples were carried out. The significance level was set at
P <0.05. The data are expressed as means + standard
error of the mean (SE.M.).

3. Results

The duration of each T, measurement was in the same
range in both investigations (first investigation: 84 + 1 s,
second investigation: 90 + 1 s). No statistical difference in
T,, measurement duration was observed among treatment
groups in each investigation. The duration of the T,
plateau was similar between investigations (first investiga-
tion: 21+ 1 s, second investigation: 20+ 1 s, ns) and
among treatment groups in each investigation.

In the reference period of the first investigation (Fig. 1),
the rats exhibited similar basal T, values: saline: 38.5 +
0.1 °C; dithiothreitol-25: 38.8 + 0.1 °C; dithiothreitol-50:
38.7 + 0.1 °C. After dithiothreitol injection, T, decreased
dose-dependently (Repetition: P < 0.001 and Treatment:
P < 0.001 with dithiothreitol-50 vs. saline: P < 0.001 and
dithiothreitol-50 vs. dithiothreitol-25: P < 0.001). The
lowest T,, values were reached 60 min after the injection
(sdine: 38.7 £ 0.1 °C; dithiothreitol-25: 37.1 + 0.3 °C;
dithiothreitol-50: 35.2 4+ 0.3 °C; Treatment: P < 0.001).

In the reference period of the second investigation
(Fig. 2), the same basal T, values were measured in rats
of the different treatment groups. saline: 38.6 + 0.1 °C;
MK801: 38.6 + 0.1 °C; dithiothreitol: 38.5 + 0.2 °C and
MK801 + dithiothreitol: 38.6 + 0.1 °C. T, values did not
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Fig. 2. Time course of changes in colonic temperature (T, °C) in rats
treated successively with saline/sdline (sdine, n=19), saline/50
mg-kg~! of dithiothreitol (dithiothreitol, n=9), 0.5 mg-kg~! of
MK801/sdine (MK801, n=9) and 05 mg-kg~! of MK801,/50
mg-kg~? of dithiothreitol (MK801 + dithiothreitol, n = 9). The reference
period is represented by the first three T, measurements. MK801 treat-
ment was given just after the third measurement. The MK801 treatment
period concerned the 4th and the 5th points. Dithiothreitol treatment was
given just after the 5th point; the full treatment period corresponded to
the next six T, measurements. Experimental points are expressed as
means+ SE.M.

differ from those of the first investigation. Moreover, no
difference among the rats of the saline (n= 3), dithio-
threitol-25 (n = 3) and dithiothreitol-50 (n = 3) groups of
the first investigation was noticed in each of the treatment
groups of the second investigation. MK801 administration
was followed by dlight hyperthermia 30 min after the
injection (Treatment MK801, P < 0.01), but not after a
further 30 min. The injection of dithiothreitol was followed
by hypothermia only in rats previously treated with saline
(Repetition: P < 0.001 and Treatment: P < 0.001 with
dithiothreitol vs. saline: P < 0.001; dithiothreitol vs.
MK®801: P < 0.001 and dithiothreitol vs. MK801 + dithio-
threitol: P < 0.001). In the dithiothreitol group, the lowest
T, Wwas observed 60 min after the injection and was
similar to that measured in the first investigation. The
dithiothreitol-induced hypothermia was potently dimin-
ished by the prior administration of MK801 (saline: 38.8
+ 0.1 °C; MK801: 38.8 & 0.1 °C; dithiothreitol: 35.2 + 0.3
°C; MKS801 + dithiothreitol: 37.64+ 0.1 °C; Treatment
MK801: P < 0.001; Treatment dithiothreitol: P < 0.001
and Interaction: P < 0.001). Indeed, 70% of the hypother-
mic effect induced by dithiothreitol was abolished by the
prior administration of MK801 (dithiothreitol: —3.3 °C,
MK801 + dithiothreitol: —1.0 °C).

4, Discussion

The main findings of this study were that (i) in rats
maintained at an ambient temperature of T, = 20-22 °C,
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the sulfhydryl-reducing agent dithiothreitol induced hy-
pothermia, whose extent and duration were dose-depen-
dent; (ii) the dithiothreitol-induced hypothermia was
blocked by MK801, a non-competitive channel blocker of
the glutamate NMDA receptor (Wong and Kemp, 1991).

Dithiothreitol is a non-specific sulfhydryl-reducing
agent. It may act at numerous levels in the thermoregula-
tory processes leading to hypothermia, with NMDA recep-
tors being among its potential sites of action. However,
three hypotheses can be discussed. Indeed, dithiothreitol
may induce hypothermia through a biochemical effect at a
level other than that of the NMDA receptor since it has
been shown that dithiothreitol acts at the level of the
protein of phosphoinositide transduction (Vignes et al.,
1992) on G-protein-coupled receptors (Malbon et al., 1987),
on 5-HT,, receptors (Emerit et a., 1991), on B-adrenocep-
tors (Pedersen and Ross, 1985), on substance P receptors
(Sharma and Musacchio, 1987) and on acetylcholine recep-
tors (Rojas et a., 1991). In such a case, the blocking effect
of MK801 strongly suggests that NMDA receptors are
involved somewherein the process of dithiothreitol-induced
hypothermia. Dithiothreitol may also induce hypothermia
by acting directly at the level of the NMDA receptors.
Evidence from the literature suggests that dithiothreitol
may modify the activity of NMDA receptors through a
disulfide-reducing action. Indeed, the NMDA-induced en-
hancement in nociceptive behavior is exaggerated by
dithiothreitol. Such an effect is blocked by an oxidizing
drug (Laughlin et al., 1998). Similar observations are
reported at the level of cell functions involving NMDA
receptors, such as the NMDA-induced release of neuro-
transmitters (Woodward and Blair, 1991) or NMDA-tri-
ggered Ca?* fluxes (Reynolds et al., 1990). A third hy-
pothesis is that dithiothreitol produces the hypothermia by
acting simultaneously at severa levels, including NMDA
receptors.

The observation that the blocking effect of MK801 on
dithiothreitol-induced hypothermia was not complete also
deserves discussion. The defect in the blocking effect of
MK801 may be attributed to the activity of dithiothreitol
on a pathway that does not involve NMDA receptors. That
an insufficient number of NMDA receptors were blocked
should also be considered. Dithiothreitol may increase
NMDA receptor function only for those receptors in which
the channel remains free of MK801, inasmuch as MK801
uncompetitively blocks the permeability of the channel
(Wong and Kemp, 1991) and dithiothreitol acts by enhanc-
ing the opening frequency of the channel (Tang and Aizen-
man, 1993). Moreover, the inhibition provided by MK801
should have lasted throughout the whole investigation
since the MK801-induced inhibition of the NMDA recep-
tor lasts at least 3 h (Wong et al., 1986).

However, the hypothesis that the hypothermic action of
dithiothreitol comes from a modulation of NMDA recep-
tors should be studied further. In our study carried out with
awake rats maintained at Ty, = 20-22 °C, the mean T,

observed during the reference period was similar in all
treatment groups. The T, values can be explained by the
deep location of the T, probe, which thus measures the
highest body temperature (Romanovsky et d., 1997) and
the duration of the investigation, because the rats were out
of their home cages for more than 60 min (Briese and de
Quijada, 1970). Under these conditions, dithiothreitol in-
duces hypothermia while the inhibition of the NMDA
receptor by MK 801 produces transient slight hyperthermia.
These results were similar to those of other studies show-
ing dithiothreitol-induced hypothermia in rabbits (Riedel
and Maulik, 1999) and MK801-induced hyperthermia in
rats (Pechnick and Hiramatsu, 1994; Pechnick et al., 1989;
Pucilowski et al., 1991). The observation that dithiothreitol
induced a deep hypothermia while MK801 produced a
dight hyperthermia strengthens the hypothesis that NMDA
receptors are activated by dithiothreitol. It also suggests
that, under basal conditions, NMDA receptors are in a
down-activated state and that the disulfide bonds within
NMDA receptors are in an oxidized state. This hypothesis
is in agreement with the results of studies of NMDA-in-
duced nociceptive behavior: oxidizing drugs do not modify
the occurrence of NMDA-induced nociceptive behavior
while dithiothreitol mainly increases their frequency
(Laughlin et al., 1998). In rabhits, dithiothreitol induces an
increase in vasodilation and panting together with a de-
crease in O, consumption (Riedel and Maulik, 1999),
suggesting a coordinated hypothermic reaction. In this
case, the NMDA receptors modulated by dithiothreitol are
probably not located within the ventromedia hypothala
mus, where a glutamate injection increases heat produc-
tion, but rather at the level of the medial preoptic area or
the dorsomedia hypothalamus, where glutamate injection
produces a decrease in heat production (Y oshimatsu et al.,
1993).

In conclusion, dithiothreitol administration provokes
dose-dependent hypothermia which is blocked by a prior
administration of MK801, while MK801 aone induces a
dlight hyperthermia. This suggests that NMDA receptors
are implicated in thermoregulatory processes and that mod-
ulation of their redox state might be involved in thermo-
physiological function.
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