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Summary. Estrogen acts as a neuroprotectant of the nigrostriatal dopaminergic
system when given chronically to female mice prior to Methamphetamine
(MA) insult. In this report, we tested the acute effects of Estradiol Benzoate
(EB-10 mg in Oil) in ovariectomized CD-1 mice to function as a neuroprotectant
when administered prior to (Experiment 1) or after (Experiment 2) MA treat-
ment. Striatal dopamine (DA) concentrations and DOPAC=DA ratios were mea-
sured to assess the neuroprotective effects of EB. In Experiment 1, we observed
that EB exerted a neuroprotective effect upon striatal dopamine concentrations
when administered at 24 and 12, but not at 0.5, hours prior to MA injection and
upon DOPAC=DA ratios when administered at 24, 12 and 0.5 hours prior to
MA. In Experiment 2, no evidence for estrogen to protect the striatum from MA
insult was obtained when EB was administered at 15, 30, 60 or 120 minutes
after MA. These results show that EB can act as a modulator of MA-induced
nigrostriatal dopaminergic neurotoxicity suggestive of a neuroprotectant, when
administered within 0.5 hour of MA insult as assessed by measures of
DOPAC=DA, but fails to prevent depletion of DA when given after MA insult.
The data suggest that estrogen may exert this rapid neuroprotective effect
through a non-genomic mechanism.

Keywords: Neurodegeneration, corpus striatum, Parkinson’s disease, neuro-
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Introduction

Various epidemiological studies show that Parkinson’s disease is more common
in males as compared to females (Diamond et al., 1990; Dluzen et al., 1998;
Baldereschi et al., 2000; Schrag et al., 2001; Swerdlow et al., 2001). This male
preponderance has in part been attributed to estrogen, which can act as a neu-
roprotectant in females. Estrogen is widely accepted as a neuroprotective agent
against stroke (Toung et al., 1998; Fukuda et al., 2000; Liao et al., 2001; Wise
et al., 2001) and neurodegenerative disorders like Alzheimer’s disease



(Granholm et al., 2000; Miller et al., 2001; Owens et al., 2002). Further, labora-
tory experiments have shown that striatal dopamine (DA) depletion by neuro-
toxins like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Dluzen et al.,
1996a, b; Miller et al., 1998; Granbois et al., 2000; Callier et al., 2001),
methamphetamine (MA) (Dluzen and McDermott, 2000, 2002; Yu and Liao,
2000a; Gao and Dluzen, 2001; Yu et al., 2002) and 6-hydroxydopamine
(Dluzen, 1997) were decreased when rodents were pretreated with estrogen.
Moreover, striatal DA output evoked by neurotoxins which target the nigros-
triatal dopaminergic (NSDA) system is significantly decreased in the presence
of estrogen (Disshon and Dluzen, 1997, 2000; Arvin et al., 2000; Myers et al.,
2003). Taken together, these data demonstrate the capacity for estrogen to
function as a neuroprotectant of the NSDA system (Reviewed in: Dluzen
et al., 1998; Miller et al., 1998; Dluzen, 2000; Dluzen and Horstink, 2003;
Horstink et al., 2003) Interestingly, in contrast to these data which indicate
neuroprotection, estrogen does not have any neurorestorative effect when
administered one week after MA (Gao and Dluzen, 2001; Dluzen and
McDermott, 2002).

In these previous reports, this protective effect of estrogen was produced
when the estrogen was administered as long term release pellets of 17-b
estradiol at 7 days before injection of MA (Dluzen and McDermott, 2002)
or through a series of daily estrogen treatments (Yu and Liao, 2000a). It is
not known what effects estrogen treatment would have if given within
shorter time periods (minutes to hours) either before or after MA injection.
The purpose of this report is to assess the potential for acute neuroprotective
or neurorestorative effects of estrogen upon MA induced neurotoxicity. To
address this issue, in Experiment 1, mice were injected with estrogen at 24,
12 or 0.5 hours before an injection of MA. The second major goal of this
report was to determine whether estrogen can act as a neurorestorative agent
when given immediately after MA injection as has been demonstrated for
the ischemic injury model of nervous system (Yang et al., 2000). Accord-
ingly, in Experiment 2, estrogen was administered at 0.25, 0.5, 1 or 2 hours
after MA injection. For both experiments, DA and 3,4-dihydroxyphenylacetic
acid (DOPAC) concentrations were measured at 1 week post-MA to deter-
mine whether any neuroprotective effects were observed as indicated by
striatal DA concentrations and DOPAC=DA ratios. Measurement of the
DOPAC=DA ratios was included since these may provide a more sensitive
indicator of NSDA functioning with which to complement the DA concen-
tration measurements.

Materials and methods

Animals

Female CD-1 mice (retired breeders – 6–9 months of age) were used for this experiment
(N¼ 28�Exp 1 and N¼ 32�Exp 2). Mice were housed individually in plastic cages with
free access to food and water. They were maintained at a room temperature of �22�C with a
humidity controlled atmosphere and a 12 hour light-dark cycle (lights on at 0600 hr). All
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conditions were maintained according to NIH regulations and approved by the IACUC at
NEOUCOM.

Ovariectomy

All mice were ovariectomized prior to use in the experiment. Ovariectomies were performed to
remove the primary source of endogenous estrogen from the mice and thereby permit greater
control with the estrogen treatments administered. The mice were anesthetized with Ketaset
(Ketamine HClþAcepromazine Maleate in a 10:2 proportion at 100 mg=kg) through an intra-
muscular injection. Incisions were made on the posterolateral sides of the abdomen and the
ovaries were exposed by dissection. The ovaries were ligated and removed. The abdominal
muscular layers sutured and skin apposed with wound clips. At least one week was allowed
for healing and depletion of endogenous circulating estrogen before the mice were used in the
experiments.

Treatments

Estradiol Benzoate (EB): The EB (17-b Estradiol 3-Benzoate – Sigma) was made up in Sesame
oil (Sigma) at a final concentration of 10mg=0.1 ml. The dosage for injection was 10mg for each
mouse. The EB was injected subcutaneously within the dorsal neck region.

Methamphetamine (MA): The MA was made in Normal Saline (Baxter) and prepared fresh
just before use in the experiment. Each mouse received a single intraperitoneal injection at a dose
of 40 mg=kg body weight.

Procedure

Experiment 1: The purpose of Experiment 1 was to: (1) determine whether a single acute
administration of EB could produce neuroprotection of the NSDA system and (2) establish the
temporal relationship between this EB administration and the demonstration of a neuroprotective
effect. The mice were divided into 5 groups; 4 groups were given EB at 24 (n¼ 7), 12 (n¼ 7) or
0.5 (n¼ 6) hours prior to MA while the fourth group (n¼ 4) was given EB at 24 hours prior to
treatment with the vehicle for MA (saline). The fifth group (n¼ 4) received only MA.

Experiment 2: Like that of Experiment 1, the purpose of Experiment 2 was to determine
whether a single, acute administration of EB could function as a neuroprotectant, however, now
we examined the effect of EB when administered after MA treatment. In addition, the temporal
relationship of this effect was examined. The mice were divided into 5 groups; 4 groups received
MA followed by the EB at 15 (n¼ 6), 30 (n¼ 7), 60 (n¼ 6) and 120 (n¼ 7) minutes post-MA.
The fifth group (n¼ 6) received only MA.

Catecholamine assay

For both experiments, the mice were euthanized by rapid decapitation at one week post-MA and
their striatum dissected, weighed, and put in 0.1 N perchloric acid at 4�C. While maintaining a
temperature of 4�C, the tissue was sonicated (Heat Systems Ultrasonics) for 20 seconds and then
centrifuged for 15 minutes. The supernatant fluid was separated and DA and DOPAC concentra-
tions were determined by injection into a 20 microliter loop on an ESA High Pressure Liquid
Chromatography system with a coulochem II detector set at E1:400 mV, R1:2mA, E2:� 350 mV,
R2:� 100 nA. Biogenic amines were separated on a Biophase C-18, 3mm sphere column (Bio-
analytical Systems Inc.). The Phase 2 Buffer was prepared from 50 mM sodium acetate, 27.4 mM
citric acid, 10 mM sodium hydroxide, 0.1 mM sodium octyl sulfate, 0.1 mM EDTA in distilled
water. Final pH was adjusted to 4.5 and the buffer was filtered before running the samples. The
sensitivity of this assay was <12.5 pg=20 ml as determined by the reliable determinations of
peaks within the standards. DA and DOPAC concentrations were expressed as pg=mg of brain
tissue.
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Analysis

For both experiments, comparisons among the groups were performed using separate one-way
ANOVAs. The Fisher’s protected LSD post-hoc tests was applied to identify individual pair-wise
differences if the overall difference among the groups was statistically significant. A p<0.05 was
required for the results to be considered statistically significant.

Results

Experiment 1

Dopamine concentration. A summary of the DA concentrations from the five
groups is presented in Fig. 1A. Analyses of the data indicated that the over-
all difference among the groups was statistically significant (F4,23¼ 6.63,
p¼ 0.011). Post hoc comparisons revealed that the DA concentrations were
significantly increased in mice treated with EB at 24 hours and receiving the
vehicle for MA and mice treated with EB at 24 and 12 hours prior to MA as
compared to the MA only group. Though the DA levels in the 0.5 hour group
were higher than controls, they were not statistically significant. In addition,
striatal DA concentrations of mice receiving EB at 24 hours followed by the
vehicle for MA were significantly increased compared with mice receiving EB
at 12 and 0.5 hours prior to MA.

DOPAC=DA ratio. The DOPAC=DA ratios are shown in Fig. 1B. Analyses
of the data reveal that the difference among the groups was statistically sig-
nificant (F4,23¼ 5.49, p¼ 0.003). Post-hoc comparisons revealed that all ani-
mals treated with EB showed significantly lower ratios compared to MA only
controls.

Experiment 2

Dopamine concentration. Striatal DA concentrations obtained from mice of
Experiment 2 are summarized in Fig. 2A. Analyses of the data indicate that
there was no overall statistically significant difference in the DA concentrations
among the different groups (F4,27¼ 1.68, p¼ 0.16).

DOPAC=DA ratio. The ratios of DOPAC=DA from the groups of Experi-
ment 2 are shown in Fig. 2B. Analyses of these data show that no overall

1

Fig. 1. A Dopamine (DA) concentrations (Mean� SEM – in pg=mg) from Experiment 1.
Ovariectomized CD-1 female mice were treated with 10 mg Estradiol Benzoate (E) at 24, 12
or 0.5 hours prior to a single injection of 40 mg=kg methamphetamine (MA). Control groups
consisted of ovariectomized mice treated with E at 24 hours prior to an injection of the vehicle
for MA and non-E treated mice receiving MA only. DA concentrations of mice receiving E at
24 and 12 hours prior to MA, as well as mice treated with E at 24 hours prior to an injection of
the vehicle for MA, were significantly greater than that of the MA only group (as indicated by
the *). The numbers contained within each bar indicate the number of animals within each
treatment group. B DOPAC=DA ratios (Mean� SEM) from the mice of Experiment 1 as
described in caption of Fig. 1A. The DOPAC=DA ratios of all mice treated with estradiol

benzoate were significantly different from that of the MA only group

1218 T. M. Gajjar et al.



Estrogen and methamphetamine neurotoxicity 1219



1220 T. M. Gajjar et al.



statistically significant difference was present among the groups (F4,27¼ 1.05,
p¼ 0.403).

Discussion

The results of Experiment 1 indicate that EB can significantly diminish the
amount of striatal DA depletion induced by MA when administered �12 hours
before MA. The 0.5 hour period shows a decrease in DA depletion that was not
statistically different from the MA only group. With the measure of
DOPAC=DA ratios, a significant difference was observed for all the EB treat-
ment groups as compared to the MA only group. Based upon the DOPAC=DA
ratios our data indicate that the EB treatment as early as 0.5 hour prior to MA
can exert a modulatory action upon MA-induced neurodegeneration of the
NSDA system suggestive of a neuroprotective effect. The present findings that
EB administered prior to MA can function as a neuroprotectant support related
findings which show that estrogen administration at several days to one week
prior to MA can produce a preservation of striatal DA concentrations (Yu and
Liao, 2000a; Dluzen and McDermott, 2002). However, the results of Experi-
ment 1 reveal several important extensions with regard to this capacity for
estrogen to function as a neuroprotectant. First, it provides a time frame in
which estrogen is effective as a neuroprotectant. The data show that under
the conditions tested (EB in oil), estrogen was clearly effective as a neuropro-
tectant (indicated by DOPAC=DA ratios) as early as 0.5 hours prior to MA.
Second, this neuroprotection can result from a single acute injection of EB in
oil as compared the more chronic estrogen exposure resulting from treatment
with an estrogen pellet or repeated EB injections. Third, the neuroprotection
can result from an estrogen administration that would be considered within a
physiological range, like that obtained following treatment with estrogen pellets
(Gao and Dluzen, 2001). Related data in the rat indicate that a 10 mg dose of EB
in oil produces serum estradiol levels considered to be physiological (Vongher
and Frye, 1999). In addition, the fact that MA-induced striatal DA depletion
varies as a function of the estrous cycle within the mouse (Yu and Liao, 2000b)
provides further support for the notion that this neuroprotection can occur under
conditions of physiological changes in gonadal steroid hormones. Fourth, the
data suggest that EB administration at 24 hours prior to MA may prevent
striatal DA depletion produced by this regimen of MA since DA concentrations
of this group did not differ statistically from the mice receiving the EB at 24
hours prior to treatment with the MA vehicle. Finally, the results showed an

1
Fig. 2. A Dopamine (DA) concentrations (Mean� SEM – in pg=mg) from Experiment 2.
Ovariectomized CD-1 female mice received a single injection of 40 mg=kg methamphetamine
(MA) followed by 10 mg Estradiol Benzoate (E) at 0.25, 0.5, 1 or 2 hours post-MA. A separate
group of ovariectomized, non-E treated mice receiving MA only served as a control. No
statistically significant differences in DA concentrations were obtained among the five treat-
ment groups of Experiment 2. The numbers contained within each bar indicate the number of
animals within each treatment group. B DOPAC=DA ratios (Mean� SEM) from the mice of
Experiment 2 as described in caption of Fig. 2A. No statistically significant differences in

DOPAC=DA ratios were obtained among the five treatment groups of Experiment 2
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interesting divergence with regard to the two parameters measured in that DA
concentrations of the EB at 0.5 hour group failed to differ statistically from the
MA only group while the DOPAC=DA ratios of this group was statistically
different from the MA only group. Therefore, with a parameter that provides
a potentially more dynamic and sensitive assessment of NSDA functioning
(DOPAC=DA), it appears that EB is exerting a modulatory, neuroprotective
effect upon MA-induced neurotoxicity when administered as early as 0.5 hours
prior to MA.

The fact that EB was effective in altering the DOPAC=DA ratios at all time
periods tested shows that estrogen can exert very rapid effects upon modulating
MA induced effects upon NSDA functioning. Rapid responses to EB upon
stimulated DA release have also been reported in rats (Becker and Rudick,
1999). These findings, which show such rapid effects, suggest a non-genomic
action of estrogen. In general, a basic criterion for non-genomic actions of
gonadal steroid hormones includes a relatively short period of time to exert
an effect (McEwen et al., 1990), although a temporal criterion alone may not
necessarily provide for a distinguishing dichotomy between genomic and non-
genomic actions.

The results of Experiment 2 show that the different experimental groups
receiving EB at 0.25–2 hours post-MA were not statistically different from the
MA-only controls for both DA concentrations and DOPAC=DA ratios. These
findings demonstrate that estrogen does not have any protective or preventive
effect when administered immediately after MA insult. These results support
previous findings which show an absence of any neuroprotective effect of estro-
gen when administered at 7 days post-MA insult (Gao and Dluzen, 2001;
Dluzen and McDermott, 2002). Combining the findings from the present and
past results indicate that neither an acute nor long-term perturbation of the
NSDA system as induced by MA can be altered subsequently by estrogen.
Thus, estrogen does not appear to exert any neurorestorative effects on MA-
induced nigrostriatal degeneration. In this way, although estrogen can serve as a
neuroprotectant of the NSDA system, the potential for estrogen as a therapeutic
agent after MA toxicity or its potential in Parkinsonism-related degeneration of
nigrostriatal pathway where the pathology involves depletion of DA seems
unlikely as based upon this animal model.

The lack of any estrogen protection when administered after MA can be
contrasted with the findings in the ischemia model of brain lesion where estro-
gen does have neuroprotective effects after the ischemic insult (Yang et al.,
2000). Such a difference can be attributed to the dissimilarities in pathogenesis
for stroke compared to Parkinson’s disease. In addition, the experiments show-
ing neuroprotective effects of estrogen after ischemic insult are obtained with
the use of supraphysiological doses of estrogen. In the present report, we
attempted to limit our estrogen treatments to levels which would be considered
within a physiological range.

In summary, the data presented in this report demonstrate that estrogen can
act as a neuroprotective agent upon DOPAC=DA ratios of the NSDA system
when given as early as 0.5 hours prior to MA. The presence of beneficial effects
of EB at the 0.5 hour time period suggests that this neuroprotection by estrogen
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involves a non-genomic action. When EB was administered acutely, within
0.25–2 hours after MA, we failed to obtain any prevention of the MA induced
neurotoxicity. Taken together, these data show that estrogen can exert a clear
neuroprotective (as administered pre-MA), but no neuropreventative (as admin-
istered post-MA), effect upon the NSDA system.
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