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In this review, we relate both laboratory and clinical
evidence associated with the capacity for estrogen to
function as a modulator of nigrostriatal dopaminergic
pathology. To accomplish this goal, we have divided
this review into three parts. In Part 1, we provide a
brief historical perspective of studies that have laid the
groundwork for demonstrating the existence of hor-
monal-nigrostriatal interactions. In Part 2, we focus
specifically on laboratory data that show the ability and
conditions by which estrogen may function as a neu-
roprotectant of the nigrostriatal dopaminergic system.
Finally, in Part 3, we review the clinical literature related
to this issue as a means for consideration of estrogen
as a modulator, neuroprotectant, and therapy for Par-
kinson disease.
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Introduction

This review is divided into three parts related to the issue
of estrogen’s ability to serve as a neuroprotectant of the nig-
rostriatal dopaminergic (NSDA) system. Because we all
too often become enamored with our own work and con-
vince ourselves of the landmark nature of our findings, in
Part 1 we attempt to put this issue into a historical perspec-
tive. Accordingly, we present a description that traces the
evolution of significant findings that have laid the ground-
work for the hypothesis that estrogen can function as an
NSDA neuroprotectant. In Part 2, we review the data that
show the conditions and characteristics for estrogen to exert
neuroprotection on the NSDA system as derived from labo-
ratory experiments. Finally, because the ultimate goal of
this basic research is the extrapolation and application to
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clinical conditions, in Part 3 we endeavor to relate these
laboratory findings to data from the clinical literature as asso-
ciated with estrogen and Parkinson disease.

Part 1: A Brief History

Gonadal Steroids and the NSDA System

Tracing back through the literature to identify the foun-
dation for recognizing estrogen’s capacity to function as a
neuroprotectant of the NSDA system reveals a number of
significant findings that have successively built on each
other. The most basic and critical of these steps involved a
demonstration that gonadal steroid hormones can influence
NSDA function. One of the first indications that the NSDA
system may be influenced by gonadal steroid hormones
was reported in 1969 by Lichtensteiger (/). Lichtensteiger
was primarily interested in hypothalamic catecholamine con-
tent variations across the estrous cycle of the rat but included
samples from the substantia nigra for comparison. Although
itreceived little attention and discussion, significant changes
in substantia nigra catecholamines were observed in this
report. A more direct, but less anatomically refined, examina-
tion of this issue followed in 1971 by Greengrass and Tonge
(2), who reported dopamine (DA) concentration changes
as a function of the estrous cycle. However, these changes
were obtained from samples of a “midbrain” area that in-
cluded the hypothalamus, thalamus, and striatum, making
it difficult to pinpoint the exact system involved. Shortly
after this report, in 1973, it was demonstrated that estrous
cycle changes in homovanillic acid levels (3) and monoam-
ine oxidase activity (4) were present within the striatum.
These data indicated a more direct effect within the NSDA
system but were based on indirect indices of dopaminergic
activity within the striatum. A more definitive demonstration
of estrous cycle variations in striatal dopaminergic functions
resulted from data presented in the mid- to late 1970s that
showed changes in DA turnover (5) and DA concentrations
(5,6). Now a clear effect of gonadal steroids on striatal DA
was established. Such findings have received support from
a variety of sources, and, currently, estrous cycle differences
have been confirmed for arange of NSDA functions includ-
ing DA turnover rates (35,7), DA release (5—/2), DA D-1 and
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D-2 binding sites (13,14), DA uptake (15,16), striatal den-
dritic morphology (77), amphetamine-stimulated behavior
(18), sensorimotor behavior (19), and behavioral responses
to DA agonists and antagonists (20).

With the evolution of these initial landmark studies and
their subsequent confirmation, the capacity for gonadal ste-
roids to modulate an extrahypothalamic site, specifically
the NSDA system, was authenticated. The significance of
these findings was not merely limited to the basic demon-
stration of an effect of gonadal steroids on NSDA function.
Of equal importance was the opening of two related avenues
of inquiry regarding influences of gonadal steroid hormones
on the NSDA system: (1) the potential for gender differences
in NSDA function, and (2) the identification of the precise
female gonadal steroid hormone (estrogen and/or proges-
terone) involved in this estrous cycle modulation.

Gender Differences and the NSDA System

Regarding gender variations, significant differences in
striatal DA concentrations, along with greater locomotor
activity responses (females >males), were initially reported
almost 30 yr ago by Gordon and Shellenberger (21). They
described a positive correlation between spontaneous motor
activity and striatal DA. Of significance to this review was
their data showing greater spontaneous and wheel-running
activity along with greater striatal DA concentrations within
their control female vs male rats. Approximately 4 yr after
this initial article, a second article confirmed the existence
of gender differences in striatal DA concentrations—how-
ever, in an opposite direction (females <males) (22). Since
neither article specified the estrous cycle day on which the
females were sampled, this factor may provide an explana-
tion for dissimilarities in the direction of the gender dis-
similarities. A number of reports on this topic followed over
subsequent years, and what can be concluded, as based on
areview of this topic, is that clear gender differences char-
acterize functioning of the NSDA system (23).

Estrogen-Progesterone and the NSDA System

Interestingly, the initial work involved in identifying the
specific gonadal steroid hormone responsible for modulat-
ing NSDA activity surfaced from clinical articles more than
40 yr ago. The observation that administration of estrogen
resulted in the display of extrapyramidal/parkinsonian-like
symptoms in patients treated with neuroleptics was clearly
suggestive of an estrogen-dependent modulatory effect on
NSDA functioning (24). A number of case studies have re-
ported similar findings, providing support for the belief that
estrogen can exert modulatory effects on the NSDA system
(25-27). Approximately 12 yr after this initial clinical obser-
vation, one of the first laboratory studies was conducted
to examine this issue (28). Analogous to that observed clini-
cally, the administration of estrogen potentiated ampheta-
mine-induced stereotypy in rats. The results were confirmed
in a subsequent study and extended to demonstrate that pro-

gesterone could also exert an enhancement of this amphet-
amine (or apomorphine)-induced stereotypy in rats (29).
With the start of the 1980s, a series of neurochemical and
biochemical determinations were employed to supplement
these behavioral assay data in confirming that the NSDA
system did represent an important target site for modula-
tion by estrogen and/or progesterone (30-32).

In contrast to that of the female, substantially less infor-
mation is available on the potential for testosterone to exert
modulatory effects within the NSDA system of the male.
One of the first attempts to examine this issue involved
measuring caudate nucleus DA concentrations between male
rats subjected to either sham or neonatal castration (22).
The results from this study were negative in that virtually
identical adult DA concentrations were obtained between
the sham and neonatally castrated males. By contrast, data
from behavioral assays revealed that testosterone attenu-
ated the effects of amphetamine on locomotor activity and
stereotypy (33-35), suggesting a modulatory effect on the
NSDA system. A clear effect of testosterone on the NSDA
system was confirmed with the demonstration that castrated
male rats show increased locomotor activity associated with
increased striatal DA release, while testosterone treatment
returns these DA release rates back to levels observed within
intact males (36).

Conclusion

We have highlighted some of the initial studies that have
laid the foundation demonstrating that an extrahypothala-
mic area could represent an important target site for gonadal
steroid hormones. Such findings have wide-ranging implica-
tions because they suggest a basis for estrous/menstrual cycle
and gender differences in the functioning of this system.
The fact that this site was the NSDA system insinuates the
presence of an important connection between gonadal ste-
roid hormones and movement disorders. When this connec-
tion is combined with data showing that estrogen can alter
the display of extrapyramidal/parkinsonism-like symptoms
and the suggestion of a gender difference in Parkinson dis-
ease, the creation of the hypothesis that gonadal steroids may
modulate the pathology of the NSDA system is realized.

Part 2: Gonadal Steroids
and the NSDA System—Neuroprotection

Gender Differences and NSDA Neuroprotection

The identification of gender differences in NSDA func-
tion, which can be seen to be attributable to gonadal steroids,
stimulated a plethora of research on this topic (23,30,31).
While gender differences in NSDA functioning have sev-
eral consequences, of particular significance to the present
review are the data that indicate that these gender/gonadal
steroid hormone variables affect the neurotoxicity and neu-
rodegeneration of the NSDA system. In 1989, Brooke et al.
(37) were the first to demonstrate a gender difference in
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NSDA neurotoxicity. They treated female and male mice
with varying doses of the NSDA neurotoxin, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), and found that
the amount of striatal DA depletions were greater in males.
This gender difference in response to MPTP treatment was
confirmed by independent laboratories (38—4(0) and was also
seen following treatment with a neurotoxic regimen of the
psychostimulant methamphetamine (4/—44). Accordingly,
the results obtained from these studies expanded the realm
of gender differences in NSDA function to encompass neu-
rodegeneration. What these data lacked were the identifica-
tion of specific gonadal steroid hormones involved in this
phenomenon and a sense of whether these gender differ-
ences were attributable to increased susceptibility in males,
decreased susceptibility in females, or a combination.

Estrogen-Progesterone
and NSDA Neuroprotection—Females

One of'the first hints of a potential interaction among estro-
gen, striatal dopaminergic activity, and MPTP was indicated
by Bedard’s laboratory, which reported that ovariectomized
(OVX) female monkeys treated with MPTP showed signif-
icantly reduced L-dopa-induced dyskinesias when treated
with 17B-estradiol, but not 17a-estradiol or progesterone
(45). Since the MPTP was administered prior to the estro-
gen in this study, it cannot be determined how the estrogen
may be interacting with this neurotoxin because the MPTP-
induced neurodegeneration was already present on appli-
cation of the estrogen.

In an attempt to examine specifically the effects of estro-
gen on MPTP-induced NSDA neurotoxicity, we performed
a simple experiment in which OVX mice treated or not with
estrogenreceived MPTP (46,47). Mice pretreated with estro-
gen prior to MPTP administration had significantly greater
striatal DA concentrations when assayed at 1 wk post-MPTP.
This suggested that estrogen could serve as a neuroprotec-
tant against a toxin that targets the NSDA system. This pro-
tection against MPTP-induced neurotoxicity of the NSDA
system by estrogen in OV X mice was supported by data pre-
sented from others (40). Moreover, this estrogen-dependent
protection was shown to occur against other NSDA neuro-
toxins including 6-OHDA (48) and methamphetamine (43,
49-51). These neuroprotective effects of estrogen show a
stereospecificity because only the 173-estradiol, not the 1 7a.-
estradiol, isomer was effective in producing a significant
neuroprotective action (52,53). The potential for these estro-
gen effects on neuroprotection to represent physiologic re-
sponses has been indicated from data showing that estrous
cycle differences are present to methamphetamine-induced
NSDA neurotoxicity (43) and that serum levels of estradiol
in estrogen-treated mice demonstrating neuroprotection are
within the range of physiologic levels (49). These effects
of estrogen on neuroprotection can be demonstrated to repre-
sent a rapid, acute mechanism of estrogen action since admin-
istration at 24, 12, and even 0.5 h prior to methamphetamine

results in a preservation of NSDA function (54). However,
estrogen treatment after methamphetamine insult fails to
offer any prevention of striatal DA depletion when tested
both acutely (0.25-2 h postmethamphetamine (54) as well
as at 1 wk postmethamphetamine (49). Nor can estrogen
function as a neuroprotectant against methamphetamine-
induced NSDA neurotoxicity in female mice gonadecto-
mized prepubertally (55,56). In this way, estrogen can be
seen to require both organizational effects on the NSDA sys-
tem at the pubertal period to exert its subsequent activa-
tional effects on NSDA neuroprotection in the adult.

The effectiveness of estrogen to work as a neuroprotec-
tant of the NSDA system raises the question, What are the
effects of the antiestrogen, tamoxifen? Tamoxifen treatment
produced some complex expected and unexpected results
regarding NSDA neurotoxicity. In OVX mice treated with
a combination of estrogen and tamoxifen, the neuroprotec-
tion afforded by estrogen was abolished when tested with
both MPTP- (53) and methamphetamine (49)-induced neu-
rotoxicity. This abolition was not seen when estrogen was
administered simultaneously with the active metabolite of
tamoxifen, 4-hydroxytamoxifen (55). In fact, striatal DA
concentrations in these estrogen + 4-hydroxytamoxifen—
treated OVX mice following methamphetamine were not
only significantly greater than in mice receiving vehicle, but
also greater than in those mice treated with estrogen alone.
The other unexpected finding was that tamoxifen adminis-
tration to intact female or male mice seemed to function as
a neuroprotectant with striatal DA concentrations of these
mice being significantly greater than nontamoxifen-treated
mice receiving methamphetamine (57). Accordingly, when
administered to intact mice and/or OVX mice with a speci-
fic amount of estrogen treatment, tamoxifen appears to func-
tion as an agonist or a potentiator of NSDA neuroprotection,
an effect that is also present in male mice.

The issue of whether the other female gonadal steroid, pro-
gesterone, can offer any neuroprotective characteristics has
received much less attention. The limited data available indi-
cate that progesterone alone (52) as well as in combination
with estrogen priming can also serve as a neuroprotectant
of'the NSDA system against MPTP- and methamphetamine-
induced neurotoxicity (52,58). However, this progesterone
effect may not be as robust as that of estrogen (55). Other
related compounds that show a neuroprotective effect like
that observed with estrogen include the nonsteroidal selective
estrogen receptor modulator raloxifene (52) and dehydro-
epiandrosterone (59).

Estrogen-Progesterone
and NSDA Neuroprotection—Males

The gender differences observed in response to NSDA
neurotoxins and associated data showing that estrogen, as
well as progesterone, represent likely candidates for the basis
of this neuroprotection beg the question: Could these gona-
dal steroid hormones function as neuroprotectants within
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the male? There appears to be an interesting neurotoxin
specificity regarding estrogen’s capacity to function as a
neuroprotectant within the male mouse. When the NSDA
neurotoxin MPTP was used as the agent to induce striatal
DA neurodegeneration, estrogen could function as an effec-
tive neuroprotectant (47,52). However, when estrogen was
tested for its neuroprotectant ability within male mice receiv-
ing methamphetamine, no evidence for neuroprotection
was obtained (51,55,60). The discriminatory ability of estro-
gen to function as a neuroprotectant to MPTP, but not meth-
amphetamine, within male, but not female, mice offers a
potentially useful model to exploit in order to understand the
interaction among gender, estrogen, and NSDA neurotox-
icity. Unlike that seen for estrogen, progesterone is capable
of producing a robust neuroprotective effect within male
mice treated with MPTP (52) or methamphetamine (55). A
description of potential mechanisms by which estrogen can
exert this neuroprotective effect on neurotoxins that target
the NSDA system is provided in a number of recently pub-
lished reviews (50,51,61-63).

Testosterone and NSDA Neuroprotection

While the presence of estrogen and progesterone may
play a critical role regarding the gender differences in NSDA
neurotoxicity, a complementary issue requiring consider-
ation is whether the predominantly male gonadal steroid
hormone, testosterone, can alter neurodegeneration within
the NSDA system. There are some indications that testo-
sterone may actually enhance NSDA neurodegeneration,
although the data are not solid. L-Dopa-evoked DA release
from superfused striatal tissue of orchidectomized testos-
terone-treated CD-1 mice was significantly reduced follow-
ing treatment with MPTP. No differences in L-dopa-evoked
DA release between orchidectomized mice treated or not
with testosterone were obtained following treatment with
the vehicle for MPTP (64). Moreover, striatal DA concen-
trations are consistently lower, albeit not always statisti-
cally significant, in testosterone- vs vehicle-treated rodents
following methamphetamine (5/,56) or 1-methyl-4-phe-
nyl-pyridine+ treatment (59). What can be stated with cer-
tainty is that testosterone offers no neuroprotection, since
striatal DA concentrations of testosterone- or dihydrotes-
tosterone-treated animals are at, or more likely below, that
obtained in vehicle controls following MPTP or metham-
phetamine treatment (60,65,66).

Conclusion

We have presented laboratory data demonstrating the
capacity and conditions under which gonadal steroid hor-
mones can modulate NSDA neurodegeneration. A sum-
mary of these studies is presented in Table 1. Some of the
salient findings contained in Part 2 include the data show-
ing that estrogen, specifically 17-estradiol, can serve as an
effective neuroprotectant. The other predominant female
gonadal steroid hormone, progesterone, also can function

as aneuroprotectant, but there is no indication that the male
gonadal steroid hormone, testosterone, can function in this
capacity. The antiestrogen, tamoxifen, appears to exert com-
plex effects with evidence for and against neuroprotec-
tion. These conflicting findings may be related to the mixed
agonist/antagonist actions of this nonsteroidal antiestrogen.
Other estrogen-like agents illustrating neuroprotection
include dehydroepiandrosterone and raloxifene. To be an
effective neuroprotectant, the estrogen must be administered
prior to treatment with a neurotoxin. These effects of estro-
gen can involve physiologic actions of this gonadal steroid
and are present in at least three different neurotoxic agents.
There appears to exist a critical developmental variable
regarding estrogen’s ability to function as a neuroprotec-
tant, in that removal of estrogen prior to puberty abolishes
the demonstration of a neuroprotective effect when tested in
the adult. Finally, estrogen can function as a neuroprotec-
tant in male mice treated with MPTP, but not methamphet-
amine; however, progesterone appears to act as a neuropro-
tectant against both neurotoxins in the male.

Part 3: Estrogen and NSDA
Neuroprotection—Clinical Evidence

Introduction

Results from clinical studies assessing the effects of estro-
gen on the NSDA system can be quite complex, oftentimes
yielding data that are difficult to interpret and seemingly
contradictory. Some of the more notable methodological con-
siderations contributing to this problem include continu-
ous vs intermittent estrogen administration, dose of estrogen,
age at administration, stage of disease, reproductive history
(nulliparous, primiparous, or multiparous), medical history
(hysterectomy, salpingo-oophorectomy), genetic susceptibil-
ity, and socioeconomic factors. Add to these issues the poten-
tially important influence of a placebo effect in Parkinson
disease (PD) and a further source of confound may be intro-
duced to these experiments (67). While remaining cognizant
of'these limitations, researchers have garnered a great amount
of clinically significant data from these studies. In this part,
we review some of the more salient data related to the rela-
tionship between estrogen and Parkinson disease and dis-
cuss the clinical arguments for symptomatic dopaminergic
and neuroprotective effects of estrogen in Parkinson disease.

Menstrual Cycle and Parkinson Disease

In a manner analogous to the study of estrous cycle
changes in NSDA function (see Gonadal Steroids and the
NSDA System), the clinical influence of gonadal steroids
on the NSDA system can be assessed across the menstrual
cycle. Symptoms of Parkinson disease can fluctuate with
the menstrual cycle, which is thought by most researchers
to represent dopaminergic activity of estrogen. Estrogen
levels show biphasic peaks, the first with ovulation and the
second in the latter half of the cycle. Prior to menstruation,
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Table 1

Synopsis of Data Providing Conditions/Variables
Under Which Gonadal Steroid Hormones Show Evidence
or No Evidence of Neuroprotection of the Nigrostriatal Dopaminergic System

Evidence No Evidence for
Conditions/Variables for Neuroprotection for Neuroprotection
1. Gonadal Steroids
A. 17B-Estradiol 40%43,46-51,54
B. 17a-Estradiol 52,53
C. Progesterone 52,5558 55
D. Testosterone 51,56,59,60,64—66
E. Dihydrotestosterone 65
2. Estrogenlike Modulators
A. Tamoxifen 57 49
B. 4-Hydroxytamoxifen 55
C. Dehydroepiandrosterone 59
D. Raloxifene 52
3. Temporal Factors
A. Estrogen
Neurotoxin 54
0.5-24h 40,43,46-51,54,55,60
D-Wk
B. Neurotoxin
Estrogen 54
0.25-2h
1 wk 49
4. Physiological Actions
A. Estrous Cycle 43
B. Serum Estradiol 49
5. Neurotoxins Tested
A. MPTP 40,46,47,52
B. Methamphetamine 43,49-51,54,55,60
C. 6-OHDA 48
6. Developmental Effects
A. Prepubertal Ovariectomy 55,56
7. Estrogen in Males
A. MPTP 47,52
B. Methamphetamine 51,55,60
8. Progesterone in Males
A. MPTP 52
B. Methamphetamine 55

“Reference citations.

when levels are at nadir values, many women notice an in-
crease in parkinsonism (68). We observed a young woman
with Parkinson disease in whom L-dopa hyperkinesia in-
creased at the preovulatory period, with a maximum in the
ovulatory phase when estrogen levels were highest. Pre-
menstrually, when estrogen levels were low, hyperkinesia
clearly diminished while parkinsonism increased (69). These
observations suggest chorea with high levels, and parkin-
sonism associated with low levels of estrogens, and, hence,
a dopaminergic action of estrogens. However, there are

data that question a dopaminergic effect of estrogen across
the menstrual cycle. For example, it has also been reported
in 10 prospectively studied menstruating women with Par-
kinson disease that the expected biphasic estrogen peaks
during the cycle failed to show a significant correlation
between the severity of Parkinson disease in the off-state
and serum levels of estrogens. In these women, the severity
of Parkinson disease fluctuated during the study period and
most women had a history of premenstrual worsening of
Parkinson disease (70).
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Gender Differences and Parkinson Disease

The salient gender differences in NSDA function reported
in animal studies (see Gender Differences and the NSDA
System) and, more significantly, the demonstration of gender
differences in response to NSDA neurotoxins (see Gender
Differences and NSDA Neuroprotection) raise the ques-
tion: Do gender differences exist in the risk for Parkinson
disease? In humans, there may exist some type of female
resistance to parkinsonian neurodegeneration because many
studies reveal a prevalence of men, although the results of
epidemiologic observations are not equivocal and some stud-
ies do not find gender differences.

In 1993, Zhang and Roman (71) surveyed the influence
of gender on Parkinson disease. Since many differences in
risk factors, methodological aspects, medical facilities, and
age distribution were present within the 27 regional popu-
lations that they included in their review, they minimized
the influence of these variables by adjusting available data
to a single standard population. Using this calculation, the
average standardized ratios of female to male were 1:3.5
for prevalence studies and 1:3.4 for incidence studies. In
1996, Tanner and Goldman (72) reviewed the epidemiology
of Parkinson disease and provided age-adjusted prevalences
of 12 studies from Europe (n = 5), North America (n = 3),
Japan (n =2), and one each from China and Libya. The mean
male-to-female ratio was 1.49 (ranging from 0.86 to 1.79,
with an outlying value from China of 3.70—the mean ratio
without China was 1.39). A very similar ratio, with men
showing a higher total incidence rate (13) vs women (8.8;
ratio of men to women: 1.47), was obtained as based on a
study of 154 cases of Parkinson disease (73). A slightly higher
ratio was reported in a recent study from Spain that screened
1579 persons age >40 yr and detected 20 with Parkinson
disease. The age-adjusted prevalence of Parkinson disease
was greater in men (10.78) than in women (5.23; ratio of
men to women: 2.06) (74). Moreover, in a review of 34
Parkinson disease studies in which the gender of the patients
was indicated, 28 (82%) had a greater proportion of males
(61). Note, however, that studies relying on medical records
are probably more biased than population-based surveys.

Nevertheless, a number of more recent formal epidemi-
ologic studies reveal a greater prevalence of Parkinson dis-
ease in males. In a cohort of 2863 individuals (6584 yr of
age) Baldereschi et al. (75) found 42 patients with Parkin-
son disease. The age-adjusted relative risk in men compared
with women was 2.13 for Parkinson disease (PD) (95%
confidence interval [CI]: 1.11-4.11). Interestingly, these
male vs female ratios may even change over time. For
example, when comparing the epidemiology of Parkinson
disease in southwestern Finland in 1992 with 1971, a preva-
lence ratio for Parkinson disease in men vs women of 1.2
(not significant) in 1971 can be contrasted with 1.7 in 1992
(p <0.001); the relative risk for Parkinson disease in men
vs women was 0.9 (not significant) in 1971 and 1.9 (p <
0.001) in 1992 (76). Because prevalence rates are affected

by survival, Elbaz et al. (77) computed the remaining life-
time risk by combining the incidence rates of Parkinson dis-
ease with mortality rates for all causes in the population.
The remaining lifetime risk of developing Parkinson dis-
ease was 2% for men and 1.3% for woman (ratio of men to
women: 1.5). At least two hospital-based studies also indi-
cated a greater number of men with Parkinson disease. In
a case-control study with 377 consecutive Parkinson disease
patients attending a movement disorders clinic, male gender
was significantly associated with occurrence of Parkinson
disease (odds ratio [OR]: 1.98; 95% CI: 1.34-2.92) (78).
Moreover, data from seven hospital-based record sources
and from one population source generated a total sample of
1835 patients with a resultant men-to-women ratio of 1.5:1
(79). An interesting functional demonstration of gender
differences in Parkinson disease has been indicated from
data of two reports showing that women with Parkinson dis-
ease are more likely to experience L-dopa-induced dyskine-
sia than men (80,81).

It should be noted that a greater prevalence of Parkinson
disease in males is not universally reported. In 1994, a
French study of 3149 persons age >65 yr, found a preva-
lence ratio for Parkinson disease of 1.4%, without a signifi-
cant difference between men and women (82). Nor was
there a gender difference from the data of a Dutch popula-
tion—based door-to-door survey of 6969 persons age >55 yr.
The prevalence of Parkinson disease from this study was
1.2% for men and 1.5% for women and prevalence increased
with age: age-specific figures for men vs women were 0.4
vs 0.2% (55-64 yr), 1.2 vs 0.8% (6574 yr), 2.7 vs 3.4%
(75-84 yr), and 3.0 vs 4.8% (85-94 yr) (83). Most notably,
a joint analysis involving a very large sample comprising
18,506 subjects from seven community surveys in North
and South Europe yielded no differences in prevalence of
Parkinson disease between men (1.74%) and women (1.79%)
(84). Interestingly, the segregation ratios of persons at risk
in all published families with autosomal dominant o.-synu-
clein Parkinson disease do not differ significantly. In these
families, with 426 persons at risk and 143 persons with
overt Parkinson disease, the segregation ratio for men was
34.9% and for women, 31.9% (p = 0.52, % test), suggesting
that men and women are equally at risk of acquiring a.-synu-
clein Parkinson disease (85). Finally, as based on a sample
of 101 patients with autosomal recessive parkin-gene parkin-
sonism, an equal number of men (n = 52) and women (n =
49) patients were observed (86).

It is clear that a plethora of variables contribute to these
gender differences. Accordingly, a definitive statement re-
garding the existence or nonexistence of gender differences
in Parkinson disease awaits future analyses in which these
variables can be identified and controlled.

Effect of Estrogens on Extrapyramidal Disorders

The extensive laboratory evidence for a role of estrogen
in modulating NSDA function (see Estrogen-Progesterone



Vol. 21, No. 1

Estrogen and Nigrostriatal Neuroprotection / Dluzen and Horstink 73

and the NSDA System) evolved from data on estrous cycle
modulation of the NSDA (see Gonadal Steroids and the
NSDA System). In an analogous manner, do the menstrual
cycle alterations in the symptomology of Parkinson disease
suggest a role for estrogen in this process? Contraceptives
and pregnancy can induce chorea, a hyperdopaminergic phe-
nomenon. Note, however, that hormonal-induced chorea is
only seldom seen in women, in spite of millions of preg-
nancies and contraceptive users. Therefore, some kind of
susceptibility to estrogens must be present in these woman
with chorea. Sydenham’s chorea in childhood seems to con-
fer a persistent hypersensitivity of dopaminergic activity
(31). However, the majority of reported patients with hor-
monal chorea did not have Sydenham’s chorea, suggest-
ing that other causes of dopaminergic hypersensitivity to
estrogens are probably involved (87—90). Some potential
examples can include Moya-Moya disease (9/), antiphos-
pholipid antibodies (92), lupus erythematosus (93,94), and
Henoch-Schonlein purpura and congenital cyanotic heart
disease (31). We do not know whether patients with chorea
resulting from contraceptive use are also predisposed to cho-
rea gravidarum. The combination, however, is occasionally
seen (95).

Estrogen Therapy and Parkinson Disease

Several observations seem to favor a positive dopamin-
ergic action of estrogens as a therapy for Parkinson disease.
One early case report describes two patients taking L-dopa
who experienced worsening of parkinsonism after discon-
tinuation of estrogens (96). A retrospective analysis among
10,145 elderly female nursing home residents with Parkin-
son disease, of whom 195 received estrogens, found estro-
gen users being more independent in activities of daily living,
regardless of age and cognitive impairment (97). In three pla-
cebo-controlled randomized double-blind trials, the effect
of estrogens on motor function in Parkinson disease was
analyzed. Premarin (0.625 mg daily vs placebo) adminis-
tered during an 8-wk period to 20 postmenopausal women
with Parkinson disease produced some beneficial effects.
Mean on-time during waking hours significantly improved
by 7% (9 h/wk of awake time; 95% CI: 5.73-14.9%) and
mean off-time by 4% (4.4 h/wk of awake time; 95% CI:
1.54-7.16%) in estrogen-treated women; UPDRS part III
scores (motor examination) improved 3.5 + 3.4 points (95%
CI: 1.02-5.18). There was no improvement in UPDRS part
I scores (activities of daily living), a timed tapping score,
and the Hamilton depression scale (98). Positive effects of
estrogens were also obtained in a crossover study in which
eight postmenopausal women with fluctuating Parkinson
disease were treated for 10 d with skin patches of estradiol
or placebo. With this treatment, mean serum estradiol levels
reached values as high as 24 times baseline. Estradiol sig-
nificantly reduced the threshold dose necessary to provide
antiparkinsonian efficacy with intravenously administered
L-dopa from 29+ 4 to 21 +4 mg (p=0.02). The mean L-dopa

dose necessary to induce dyskinesias appeared somewhat
lower (23 + 5 mg) during estradiol treatment than with pla-
cebo (29 £ 5 mg), but the difference was not statistically
significant (p = 0.17). Mean on-time for placebo was 57 +
2% of waking hours compared with 61 + 4% with estradiol
(99). However, the third trial failed to show any beneficial
effects of estrogens. In that trial, 12 postmenopausal woman
with nonfluctuating Parkinson disease and L-dopa therapy
took 2 mg of estradiol or placebo twice daily for 8 wk.
Although this dose of estrogen is similar to the hormonal
substitution therapy for postmenopausal complaints and post-
menopausal osteoporosis, it produces lower serum levels
than that observed in premenopausal women during the sec-
ond half of their cycle. With this regimen, neither the UPDRS
motor examination part nor subjective scores significantly
improved with estrogen: UPDRS pretest, 10.57 = 7.8 and
posttest, 13.14 £ 9.1 (100). Whether this lack of improve-
ment was owing to the relatively low dose of estradiol remains
a consideration in this report.

Clinical Evidence for Neuroprotection by Estrogens

Unlike that for laboratory research, a controlled experi-
ment cannot be performed to assess the potential for estro-
gen to function as aneuroprotectant against Parkinson disease.
Nonetheless, some very interesting and suggestive data have
been collated on this topic. The reports that show a greater
incidence of Parkinson disease in men (see Gender Differ-
ences and Parkinson Disease) provide an indication of a
potential for neuroprotection by estrogen. Not only may
there be a greater incidence, but the severity of Parkinson
disease appears greater in men. This follows from a study
based on 630 patients in which it was reported that women
exhibit less severe parkinsonian motor features than men
with the progression of Parkinson disease (87). A retrospec-
tive hospital chart review study found that 34 postmeno-
pausal woman with idiopathic Parkinson disease (duration
less than 5 yr, not taking L.-dopa or agonists) who took estro-
gens at some point in the past had a less severe UPDRS score
(18.1+10.8) than 104 without estrogens (27.0£15.1), while
estrogen use was negatively correlated with UPDRS score
(101). Related to these findings is a report that estrogen
treatment in elderly female nursing home residents with
Parkinson disease resulted in these users being more inde-
pendent in activities of daily living (97). In a population-
based case-control study, it was reported that women with
Parkinson disease had undergone hysterectomy (with or
without unilateral oophorectomy) with a greater prevalence
than control women (OR: 3.36; 95% CI: 1.05-10.77) (102).

While the findings in these studies could be interpreted
as neuroprotection by estrogens, a symptomatic effect can-
not be ruled out. Other studies do not support the hypoth-
esis of estrogen neuroprotection in Parkinson disease. In a
population-based community survey comprising 167 women
with Parkinson disease, postmenopausal estrogen use did
not affect the risk of Parkinson disease (/03). Moreover, it
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has been reported that the age of onset of Parkinson disease
was lower by 5 yr in women who had used estrogens (101).

Conclusion

The majority of studies in Parkinson disease suggest that
estrogens exert dopaminergic activity, although the mea-
sured effects are only moderate. Remarkably, in clinical
trials a dopaminergic effect is mainly shown in patients with
fluctuating Parkinson disease. Therefore, it is possible that
estrogens exert a dopaminergic effect mainly in patients
with supersensitive DA receptors, which may be in accor-
dance with the hypothesis of supersensitive DA receptors
in hormonal chorea in women. As far as a neuroprotective
action of estrogens is involved, there is indirect evidence
from epidemiologic studies reporting that there are more
men than women with Parkinson disease. This latter obser-
vation suggests a protective role of estrogens in women for
the risk of Parkinson disease. However, the results of the
epidemiologic observations are not unequivocal, and such
findings cannot prove that a greater incidence in men is
caused by the effects of estrogens. Unfortunately, there are
no double-blind placebo-controlled long-term trials address-
ing estrogens and neuroprotection. However, there are clin-
ical observations comparing women using estrogens with
nonusers. A number of these studies also suggest a neuropro-
tective action of estrogens, although most of these studies
do not rule out symptomatic effects of estrogens. If estro-
gen does exert a neuroprotective action in Parkinson dis-
ease, it must do so in the very early stages of this disease.
There are data showing that nigral degeneration in Parkin-
son disease actually starts many years before the clinical
symptoms emerge (/04), which leaves open the possibility
that endogenous estrogens actually exert their neuropro-
tective action during the premenopausal presymptomatic
years of Parkinson disease. At the moment, however, there
are insufficient clinical arguments to apply estrogen replace-
ment therapy in patients with Parkinson disease.

References

1. Lichtensteiger, W. (1969). J. Pharmacol. Exp. Ther. 165,
204-215.

2. Greengrass, P. M. and Tonge, S. R. (1971). J. Pharm. Pharma-
col. 23, 897,898.

3. Jori, A. and Cecchetti, G. (1973). J. Endocr. 58, 341, 342.

4. Holzbauer, M. and Youdim, M. B. H. (1973). Br. J. Pharma-
col. 48, 600-608.

5. Jori, A., Colturani, F., Dolfini, E., and Rutczynski, M. (1976).
Neuroendocrinology 21, 262-266.

6. Crowley, W. R., O’Donohue, T. L., and Jacobowitz, D. M.
(1978). Brain Res. 147, 315-326.

7. Fernandez-Ruiz, J. J., Hernandez, M. L., de Miguel, R.,
and Ramos, J. A. (1991). J. Neural Transm. (Gen. Sect.) 85,

223-229.

8. Becker, J. B. and Ramirez, V. D. (1981). Brain Res. 204,
361-372.

9. Becker, J. B. and Cha, J.-H. (1989). Behav. Brain Res. 35,
117-125.

10. Becker, J. B. and Xiao, L. (1994). Neurosci. Lett. 180, 155-158.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

Dluzen, D. E. and Ramirez, V. D. (1985). Neuroendocrinol-
ogy 41, 97-100.

Dluzen, D. E. and Ramirez, V. D. (1990). Brain Res. 536,
163-168.

Levesque, D., Gagnon, S., and Di Paolo, T. (1989). Brain Res.
Bull. 24, 281-284.

Di Paolo, T., Falardeau, P., and Morissette, M. (1988). Life
Sci. 43, 665-672.

Davis, C. F., Davis, B. F., and Halaris, A. E. (1977). Life Sci.
20, 1319-1332.

Morissette, M. and Di Paolo, T. (1993). Neuroendocrinology
58, 16-22.

Morissette, M., Garcia-Segura, L.-M., Belanger, A., and
Di Paolo, T. (1992). Neuroscience 49, 893-902.

Becker, J. B., Robinson, T. E., and Lorenz, K. A. (1982). Eur.
J. Pharmacol. 80, 65-72.

Becker, J. B., Snyder, P. J., Miller, M. M., Westgate, S. A.,
and Jenuwine, M. J. (1987). Pharmacol. Biochem. Behav. 27,
53-59.

Diaz-Veliz, G., Benavides, M. S., Burton, S., Dussaubat, N.,
and Mora, S. (1999). Pharmacol. Biochem. Behav. 62,21-29.
Gordon, J. H. and Shellenberger, M. K. (1974). Neuropharma-
cology 13, 129-137.

Crowley, W. R., O’Donohue, T. L., and Jacobowitz, D. M.
(1978). Acta Endocrinol. 89, 20-28.

Becker, J. B. (1999). Pharmacol. Biochem. Behav. 64, 803—812.
Gratton, L. (1960). Union Med. Can. 89, 679—-694.

Crane, G. E. (1968). Am. J. Psychiatry 124(Suppl.), 40-48.
Bedard, P., Langelier, P., and Villeneuve, A. (1977). Lancet
2, 1367, 1368.

Nausieda, P. A., Koller, W. C., Weiner, W. J., and Klawans,
H. L. (1979). Neurology 29, 1605-1609.

Lal, S. and Sourkes, T. L. (1972). Arch. Int. Pharmacodyn.
199, 289-301.

Nausieda, P. A., Koller, W. C., Weiner, W. J., and Klawans,
H. L. (1979). Life Sci. 25, 521-526.

Van Hartesveldt, C. and Joyce, J. N. (1986). Neurosci. Bio-
behav. Rev. 10, 1-14.

Di Paolo, T. (1994). Rev. Neurosci. 5, 27-42.

Ramirez, V. D., Kim, K., and Dluzen, D. E. (1985). Recent
Prog. Horm. Res. 41, 421-472.

Menniti, F. S. and Baum, M. J. (1981). Brain Res. 216, 89—107.
Savageau, M. M. and Beatty, W. W. (1981). Pharmacol. Bio-
chem. Behav. 14, 17-22.

Beatty, W. W., Dodge, A. M., and Traylor, K. L. (1982).
Pharmacol. Biochem. Behav. 16, 565-568.

Dluzen, D. E. and Ramirez, V. D. (1989). J. Neuroendocrinol.
1, 285-290.

Brooks, W. J., Jarvis, M. F., and Wagner, G. C. (1989). Res.
Commun. Subst. Abuse 10, 181-184.

Freyaldenhoven, T. E., Cadet, J. L., and Ali, S. F. (1996).
Brain Res. 735, 232-238.

Ali, S. F. and Freyaldenhoven, T. (1999). In: Chemicals and
neurodegenerative disease. Bondy, S. C. (ed.). Prominent
Press: Scottsdale, AZ.

Miller, D. B., Ali, S. F., O’Callaghan, J. P., and Laws, S. C.
(1998). Ann. NY Acad. Sci. 844, 153—165.

Wagner, G. C., Tekirian, T. L., and Cheo, C. T. (1993). J. Neu-
ral Transm. (Gen. Sect.) 93, 67-70.

Yu, Y.-L. and Wagner, G. C. (1994). J. Neural Transm. (P-D
Sect.) 8, 215-221.

Yu, L. and Liao, P.-C. (2000). J. Neural Transm. 107,419-427.
Heller, A., Bubula, N., Lew, R., Heller, B., and Won, L.
(2001). J. Pharmacol. Exp. Thera. 298, 769-779.
Gomez-Mancilla, B. and Bedard, P. (1992). Neurosci. Lett.
135, 129-132.

Dluzen, D. E., McDermott, J. L., and Liu, B. (1996). J. Neuro-
chem. 66, 658—666.



Vol. 21, No. 1 Estrogen and Nigrostriatal Neuroprotection / Dluzen and Horstink 75

47. Dluzen, D. E., McDermott, J. L., and Liu, B. (1996). Neuro- 76. Kuopio, A. M., Marttila, R. J., Helenius, H., and Rinne, U. K.

toxicol. Teratol. 18, 603-606. (1999). Neurology 52, 302-308.
48. Dluzen, D. E. (1997). Brain Res. 767, 340-344. 77. Elbaz, A., Bower, J. H., Maraganore, D. M., et al. (2002).
49. Gao, X. and Dluzen, D. E. (2001). Neuroscience 103, 385— J. Clin. Epidemiol. 55, 25-31.

394. 78. Behari, M., Srivastava, A. K., Das, R. R., and Pandey, R. M.
50. Dluzen, D. E. and McDermott, J. L. (2000). Ann. NY Acad. (2001). Neurol. Sci. 190, 49-55.

Sci. 914, 112-126. 79. Swerdlow, R. H., Parker, W. D., Currie, L. J., et al. (2001).
51. Dluzen, D. E. and McDermott, J. L. (2002). Ann. NY Acad. Parkinsonism Relat. Disord. 7, 129-133.

Sci. 965, 136-156. 80. Shibayama, H., Sato, S., Sakata, S., et al. (2001). Parkin-
52. Grandbois, M., Morissette, M., Callier, M., and Di Paolo, T. sonism Relat. Disord. 7(Suppl.), s101.

(2000). Neuroreport 11, 343-346. 81. Lyons, K. E., Hubble, J. P., Troster, A. L., Pahwa, R., and
53. Dluzen, D. E., McDermott, J. L., and Anderson, L. I. (2003). Koller, W. C. (1998). Clin. Neuropharmacol. 21, 118—121.

Neurotoxicol. Res. 3, 291-300. 82. Tison, F., Dartigues, J. F., Dubes, L., Zuber, M., Alperovitch,
54. Gajjar, T. M., Anderson, L. L., and Dluzen, D. E. (2003). J. A., and Henry, P. (1994). Acta Neurol. Scand. 90, 111-115.

Neural Transm., in press. 83. deRijk, M. C., Breteler, M. M., Graveland, G. A., etal. (1995).
55. Yu, L., Kuo, Y., Cherng, C. G., Chen, H.-H., and Hsu, C.-H. Neurology 45, 2143-2146.

(2002). Neuroendocrinology 75, 282-287. 84. deRijk, M. C., Launer, L. J., Berger, K., et al. (2000). Neurol-
56. Anderson, L. L., Leipheimer, R. E., and Dluzen, D. E. (2002). ogy 54(Suppl. 5), S21-S23.

Soc. Neurosci. Abstr., #810.10, 32nd Ann. Mtg. 85. Horstink, M. W. and Bloem, B. R. (2002). J. Neurol. Neuro-
57. Dluzen, D. E., McDermott, J. L., and Anderson, L. I. (2001). surg. Psychiatry 72, 276-2717.

J. Neuroendocrinol. 13, 618-624. 86. Lucking, C. B., Durr, A., Bonifati, V., et al. (2000). N. Engl.
58. Yu, L. and Liao, P.-C. (2000). J. Neural Transm. 107, 1139— J. Med. 342, 1560-1567.

1147. 87. Nausieda, P. A., Bieliauskas, L. A., Bacon, L. D., Hagerty,
59. Tomas-Camardiel, M., Sanchez-Hidalgo, M. C., Sanchez Del M., Koller, W. C., and Glantz, R. N. (1983). Neurology 33,

Pino, M. J., Navarro, A., Machado, A., and Cano, J. (2002). 750-754.

Neuroscience 109, 569—-584. 88. Schipper, H. M. (1986). Neurol. Clin. 4, 721-751.
60. Gao, X. and Dluzen, D. E. (2001). Brain Res. 892, 63—69. 89. Leys, D., Destee, A., Petit, H., and Warot, P. (1987). J. Neurol.
61. Dluzen, D. E., Disshon, K. A., and McDermott, J. L. (1998). 235, 46-48.

In: Advances in neurodegenerative disorders— vol. 1: Par- 90. Cardoso, F. (2002). Arch. Neurol. 59, 868—870.

kinson’s disease. Marwah, J. E. and Teitelbaum, H. (eds.). 91. Pelletier,J.,Cabanot, C., Levrier, O., Thuillier, J. N., and Cherif,

Prominent Press: Scottsdale, AZ. A. A. (1997). Rev. Neurol. 153, 393-397.
62. Dluzen, D. E. (2000). J. Neurocytol. 29, 387-399. 92. Omdal, R. and Roalso, S. (1992). Acta Neurol. Scand. 86,219,
63. Dluzen, D. E. and McDermott, J. L. (2000). J. Gender Spec. 220.

Diff- 3, 36-42. 93. Mathur, A. K. and Gatter, R. A. (1988).J. Rheumatol. 15,1042,
64. Dluzen, D. E., Jain, R., and Liu, B. (1994). J. Neurochem. 62, 1043.

94-101. 94. Iskander, M. K. and Khan, M. (1989). J. Rheumatol. 16, 850,
65. Grandbois, M., Tanguay, B., and Di Paolo, T. (1999). Soc. 851.

Neurosci. Abstr. 25, 1595. 95. Asherson, R. A., Gibson, D. G., Evans, D. W., Baguley, E.,
66. Dluzen, D. E. (1996). Brain Res. 715, 113—118. and Hughes, G. R. (1988). Ann. Rheum. Dis. 47, 947-953.
67. delaFuente-Fernandez, R. and Stoessl, A. J. (2002). TINS 25, 96. Sandyk, R. (1989). Int. J. Neurosci. 45, 119-122.

302-306. 97. Fernandez, H. H. and Lapane, K. L. (2000). Mov. Disord. 15,
68. Quinn, N. P. and Marsden, C. D. (1986). Mov. Disord. 1, 1119-1124.

85-87. 98. Tsang, K. L., Ho, S. L., and Lo, S. K. (2000). Neurology 54,
69. Horstink, M. W. 1. M., Strijks, E., and Dluzen, D. E. (2003). 2292-2298.

Adv. Neurol. 91, 107-114. 99. Blanchet, P.J.,Fang,J., Hyland, K., Arnold, L. A., Mouradian,
70. Kompoliti K., Comella, C. L., Jaglin, J. A., Leurgans, S., M. M., and Chase, T. N. (1999). Neurology 53, 91-95.

Raman, R., and Goetz, C. G. (2000). Neurology 55, 1572-1575. 100. Strijks, E., Kremer, J. A., and Horstink, M. W. (1999). Clin.
71. Zhang, Z. and Roman, G. C. (1993). Neuroepidemiology 12, Neuropharmacol. 22, 93-97.

195-208. 101. Saunders-Pullman, R., Gordon-Elliott, J., Parides, M., Fahn,
72. Tanner, C. M. and Goldman, S. M. (1996). Neurol. Clin. 14, S., Saunders, H. R., and Bressman, S. (1999). Neurology 52,

317-335. 1417-1421.
73. Bower, J. H., Maraganore, D. M., McDonnell, S. K., and Rocca, 102. Benedetti, M. D., Maraganore, D. M., Bower, J. H., et al.

W. A. (1999). Neurology 52, 1214-1220. (2001). Mov. Disord. 16, 830-837.
74. Claveria, L. E., Duarte, J., Sevillano, M. D., et al. (2002). 103. Marder, K., Tang, M. X., Alfaro, B., et al. (1998). Neurology

Mov. Disord. 17, 242-249. 50, 1141-1143.
75. Baldereschi, M., Di Carlo, A., Rocca, W. A., et al. (2000). 104. Gonera, E. G., van’t Hof, M., Berger, H. J., van Weel, C., and

Neurology 55, 1358—1363.

Horstink, M. W. (1997). Mov. Disord. 12, 871-876.



