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Phenobarbital and dizocilpine can block methamphetamine-induced
neurotoxicity in mice by mechanisms that are independent of
thermoregulation
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Abstract

Body temperature profiles observed during methamphetamine (METH) exposure are known to affect dopamine and tyrosine
hydroxylase (TH) levelsin the striatum of mice; hyperthermia potentiates depletion while hypothermia is protective against depletions. In
the current study, the doses of METH were sufficiently great that significant dopamine and TH depletions occurred even though
hypothermia occurred. Four doses, administered at 2 h intervals, of 15 mg/kg (4Xx15 mg/kg) o-METH significantly decreased TH and
dopamine levels to 50% of control in mice becoming hypothermic during dosing in a 13°C environment. Phenobarbital or dizocilpine
during METH exposure blocked the depletions while diazepam did not. Phenobarbital and dizocilpine did not block depletions by altering
the hypothermic profiles from that observed during METH only exposure. Here we show that phenobarbital and dizocilpine can block

measures of METH neurotoxicity by non-thermoregulatory mechanisms. [0 2001 Elsevier Science BV. All rights reserved.
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In both rat and mouse, hyperthermia potentiates the
dopamine and TH depletions and astrocytosis produced by
METH or amphetamine (AMPH) exposure while hypo-
thermia can protect against these effects [3-5,12,15]. In
addition, compounds that protect against METH- or AM-
PH-induced dopamine depletions, such as haloperidol and
dizocilpine, primarily have been ascribed to a blockade of
hyperthermia resulting from administration of these com-
pounds at room temperature [1,3,12]. It has also been
observed that mice given high doses of METH are not
aways protected completely against dopamine depletions
by a cold environment [2]. However, it was not determined
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in those experiments whether hyperthermia occurred even
in the cold environment with the high doses of METH.

The results described here are based on the use of a
dosing regimen administered at a reduced environmental
temperature. This paradigm was used to evauate the
effects of pharmacological probes on METH neurotoxicity.
The action of these same probes has been attributed to an
effect on body temperature independent of their presumed
mechanism of neuroprotection. By administering these
compounds at a reduced ambient temperature, a clearer
interpretation of how these agents may ater METH
neurotoxicity can be obtained. Mice were administered
4x15 mg/kg doses of o-METH at 13°C as a potential
dosing paradigm that would fit these criteria. It was aso
determined whether NMDA antagonists (dizocilpine), an-
ticonvulsants (phenobarbital) and GABA modulators such
as diazepam have protective affects against dopamine and
TH depletions without altering the temperature profile
produced by METH aone.
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Prior to testing, 4 to 5-month-old male C57BL/6J mice
were obtained from the breeding colony at NCTR/FDA
(Jefferson, AR). They were housed with food and water
available ad libitum, and were on a daily 12 h light cycle,
with lights on at 6.00 am. Temperature (23+1°C) and
humidity (53=15%) were controlled. During testing mice
were housed three per cage to facilitate behavioral ob-
servations. One group of mice was dosed in a 23°C
environment while the remaining groups were placed in a
13°C environment 30 min prior to METH exposure and
remained there until up to 4 h after the last dose of METH.
Four doses of 15 mg/kg (4X15 mg/kg) METH or 4X1
ml/kg saline s.c. were given a 2 h intervals. Groups of
mice receiving METH at 13°C were also given two doses
of 1 ml/kg normal saline (0.9% NaCl), 40 mg/kg pheno-
barbital, 0.5 mg/kg dizocilpine (MK-801) or 5 mg/kg
diazepam administered i.p. The first dose given 15 min
prior to the first dose of METH and the second dose given
15 min prior to the third dose of METH. Seven days after
METH exposure the mice were sacrificed and striatum
dissected on ice and stored at —150°C for later analysis of
dopamine, TH levels.

Body temperatures were monitored as described by
Bowyer et a. [3] except that a much smaller thermistor
(model no. 520 from YS! Inc., Yellow Springs, OH 45387,
USA) probe of about 1 mm in diameter was used to
determine rectal temperatures. The body temperature of all
animals was monitored starting from just prior to the first
dose of METH. Temperatures were taken 1 h after every
dose of METH and at 3 h after the last dose of METH.
Previous and recent results from experiments in our
laboratories indicates that temperatures determined at 1 h
post-injection of METH are representative of the peak
changes in temperature. In addition, those animals dosed in
the cool environment with body temperatures above 35°C
a 3 h after the last dose of METH were monitored for an
additional hour. Animals whose temperature dropped
below 30°C were placed in a 23°C environment, and were
not returned to the 13°C environment until their tempera-
ture was above 32°C.

For each animal one striatum was used for determining
dopamine, serotonin (5-HT) and their metabolites. The
other striatum was used to determine TH levels. For striatal
levels of aromatic monoamines and metabolites, each
striatum was weighed and diluted with a measured volume
(20% w/v) of 0.2 M perchloric acid. After sonication and
centrifugation, the supernatant was removed and injected
directly onto the high-performance liquid chromatography/
electrochemical detection (HPLC/EC) system. The HPLC-
guantitation of neurotransmitter and metabolites extracted
from striata were similar to those of Stephans et al. [20].
The HPLC retention times were 3.25 min (DOPAC), 4.7
min (dopamine), 595 min (5-HIAA), 10.4 min (HVA),
13.1 min (5-HT) and 15.4 min (3-methoxytyramine). TH
(holoenzyme protein) was assayed according to a modi-
fication of the detergent-based sandwich enzyme-linked

immunosorbent assay (ELISA) of O'Callaghan [14] and
Reinhard and O’ Callaghan [16]. Briefly, a mouse mono-
clonal antibody to TH and a rabbit polyclona antibody to
TH (Calbiochem-Novabiochem Corp., Lavolla, CA, USA)
were used to ‘sandwich’ TH present in detergent homoge-
nates of brain regions. Quantification was achieved with a
fluorescent substrate (Quantablu, Pierce Chemical Co.,
Rockford, IL, USA) generated by an HRP-conjugated
secondary antibody using a Fmax plate reader (Molecular
Devices Corp., Sunnyvale, CA, USA) set at 320/405 nm.
TH levels were expressed in Fig. 1 as pg/mg of protein.
Protein levels were determined by the methods of Smith et
al. [18].

Data are presented as arithmetic mean=S.E.M. unless
otherwise indicated. Multiple groups were analyzed by
either a one-way analysis of variance (ANOVA) (Fig. 1) or
a repeated measures two-way ANOVA (Table 1). A post
hoc Tukey’s least significant difference test was applied if
significant main effects were observed.

The effects of METH and saline or METH in combina
tion with phenobarbital, dizocilpine or diazepam on mouse
body temperature can be seen in Table 1. The group given
METH and saline in a 23°C environment had significantly
higher body temperatures, over al time-points, than the
other groups (P<<0.01) except the saline and saline con-
trols (not quite significant, P=0.07). Over the entire dosing
period, the animals given METH and saline in a 13°C
environment had significantly lower body temperatures
than the METH and saline at 23°C but they did not differ
from the saline and saline (13°C) controls or the METH
plus phenobarbital group. The METH with diazepam and
METH with dizocilpine had significantly lower body
temperatures compared to the controls over the entire
time-period (P<<0.01 for both groups). Four of the 10 mice
given METH and saline at 13°C had to be placed outside
in a 23°C environment due to hypothermia (<30°C) while
four of the 13 phenobarbital and METH, six of the 13
dizocilpine and METH and four of the 10 diazepam and
METH mice were placed outside the cold environment.
None of the groups dosed with METH a 13°C had
significantly different body temperatures over the four
doses.

The effect of METH and saline or in combination with
other drugs on TH and dopamine levels can be seen in Fig.
1. METH and sdline given in a 23°C environment reduced
dopamine and TH levels significantly more than METH
and saline at 13°C, however, the levels were reduced to
50% control even in the cooler environment. Both pheno-
barbital and dizocilpine significantly blocked the METH
decreases in TH and dopamine observed at 13°C and their
groups levels were not significantly less than control.
Diazepam did not block METH decreases in TH and
dopamine although the degree of hypothermia it produced
was as great as dizocilpine and greater than phenobarbital.
Serotonin and 5-hydroxyindolamine levels in the striatum
did not significantly differ among the groups and ranged
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Effects of -Methamphetamine on Tyrosine Hydroxylase and Dopamine Levels
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Fig. 1. Decreases in striatal dopamine and TH resulting from methamphetamine in combination with phenobarbital, dizocilpine or diazepam. The levels of
TH and dopamine were determined 7 days post dosing. All groups were administered four consecutive doses, with 2 h between doses, of 15 mg/kg
p-methamphetamine except the saline controls which were given four doses of 1 ml/kg saline (n=9). The groups dosed with METH in a 13°C environment
were also given two doses of 1 ml/kg saline (n=10), 40 mg/kg phenobarbital (n=13), 5 mg/kg diazepam (n=10) or 0.5 mg/kg dizocilpine (n=13). There
were five mice in the group receiving METH only at 23°C. “Indicates levels are significantly less than saline controls (P<<0.001). *Indicates levels are
significantly less than saline controls but greater than METH at 23°C (P<<0.05).

Table 1

The effects of methamphetamine in combination with saline, phenobarbital, dizocilpine or diazepam on body temperature

Drug Body temperature at various time-points (in °C) during dosing

treatment Start 1h 3h 5h 7h 9h

Sdline

+sdine 37.0x0.2°C 36.9+0.2°C 36.7+0.2°C 36.1+0.3°C 36.5+0.2°C 36.0+0.3°C
METH (23°C?)

+sdine 36.8+0.4°C 38.4+0.3°C 38.8+0.3°C 38.5+0.6°C 38.0+0.3°C 37.6:0.3°C
METH (13°C?

+sdine 36.6+0.3°C 36.5+0.4°C 36.3+0.4°C 34.1+1.0°C 32.1*+1.1°C 32.8+0.8°C
METH (13°C?

+phenobarbital 36.5+0.3°C 35.5+0.4°C 36.0+0.4°C 33.0+0.9°C 32.4+0.8°C 34.6+0.7°C
METH (13°C?

+dizocilpine 36.6+0.2°C 31.6+0.9°C 32.8+0.9°C 29.7+0.9°C 32.8+0.9°C 32.8+1.0°C
METH (13°C?

+diazepam 36.4+0.4°C 30.9+0.9°C 324+15°C 33.0x1.5°C 32.9+1.1°C 31.5+1.4°C

“Indicates the environmental temperature during dosing.



182 J.F. Bowyer et al. / Brain Research 919 (2001) 179-183

from 43.8+3.9 to 37.8+2.4 ng/100 mg tissue and 8.7=1.2
to 12.2+1.9 ng/100 mg tissue, respectively.

These studies indicate that in male C57BI6/j mice, if the
doses of METH are of sufficient magnitude, effects that are
equated with neurotoxicity such as dopamine and TH
depletions are seen even when hypothermia occurs during
exposure. Until more extensive work is done, it will not be
known whether exactly the same mechanisms are behind
the METH-induced decreases in TH and dopamine when
hypothermia occurs, compared to those produced in the
presence of hyperthermia. Although one might assume this
isalogical conclusion, it should be noted that in rat doses
of up to 4Xx15 and 4Xx20 mg/kg do not produce dopamine
depletions when hypothermia occurs during METH expo-
sure [3,4]. Thus, it is not even certain that the phenomenon
of high dose, temperature-independent, METH-induced
dopamine and TH depletions extend throughout the rodent
family.

It is possible that some of the effects of METH on TH
and dopamine levels in mice are due to regulatory effects
either on the synthesis of the enzyme TH or its activity,
which are known to occur [11,23]. Changes in the rate of
synthesis or turnover of TH could up- or down-regulate
TH levels independent of terminal damage. In the rat, TH
synthesis and levels in the substantia nigra appear un-
altered after neurotoxic doses of AMPH but the levels in
the striatum are significantly decreased possibly due to
either breakdown/loss of TH during axonal transportation
or increased turnover in the terminal [6,9,10]. TH synthesis
in the substantia nigra can be altered in mouse after METH
exposure [11]. Changes in the phosphorylation states of
TH could affect dopamine levels independently of enzyme
levels [11,23]. However, changes in the TH and dopamine
levels after the various treatments correlate so closely that
any changes in phosphorylation would have to be the same
for al treatments.

There is no clear explanation as to why phenobarbital
blocked TH and dopamine depletions produced by METH
and diazepam did not. The reversal of METH and saline
(13°C) induced TH and dopamine depletions produced by
dizocilpine and phenobarbital could be due to their effects
on TH synthesis. If this were the case, then these two
drugs interact with METH in a way that affects the
regulation of TH expression that benzodiazepines do not.
This might not be expected since al three drugs are
anticonvulsants and both diazepam and phenobarbital
affect GABA, regulated chloride channels [17]. Anticon-
vulsants could affect repetitive neuronal firing [17] and
perhaps through reducing glutamate release, affect damage
to dopamine terminals [13,19,21,22]. Glutamatergic pro-
jections from both the somatosensory cortex [8] and the
intralaminar nuclei of the thalamus [7] to the CPu could be
responsible for the excessive release and increased CPu
extracellular glutamate levels [13,21] that occur during
METH exposure. However, again, one might expect
diazepam to be as effective as dizocilpine or phenobarbital
a blocking excessive neuronal firing/activity.

In conclusion, these results indicate that 4X15 mg/kg
METH administered in a cold environment produces
dopamine and TH depletions, and that mice dosed under
these conditions become hypothermic. Furthermore, these
dopamine and TH depletions can be reversed by phenobar-
bital and dizocilpine, drugs with anticonvulsant properties,
without altering the hypothermic profile produced by
METH. Thus, it seems likely that phenobarbital and
diazepam can block METH neurotoxicity by mechanisms
other than disrupting the thermoregulatory changes in-
duced by METH.
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