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Increasing evidence suggests that 17f8-estradiol, a sex hormone, is synthesized by neurons. In addition,
17a-estradiol, the stereoisomer of 17p-estradiol, is reported to be the dominant form in the male mouse
brain. However, probably because the method to detect these isomers requires unusual and precise
experimental design, the presence of this endogenous 17a-estradiol has not been reported subsequently
and the actual role is therefore not well elucidated. We first quantified the estradiol level in hippocampal

gei’ words: extracts using gas chromatography/mass spectrometry. As a result, 17a-estradiol was found in all of the
Strogen male rats tested, while that of 17f-estradiol was detected only in a certain subset. The estrogen-
Female hormone . s . . . . .
Inhibition biosynthesis inhibitor letrozole decreased the expression of the major presynaptic GABA synthesizing
Anti-anxiety enzyme GADG?5 in cultured neurons and the effect was abrogated by exogenously supplied 17a-estradiol.
Aromatase Next, injection of the inhibitor into the brain reduced the 17a-estradiol level, indicating its biogenesis in
AKR1C the brain. Under the same conditions, immuno-staining of GAD65 was also decreased. Furthermore, the

inhibitor treatment increased anxiety index of rats in the open field and this was ameliorated by the
addition of 17a-estradiol. We showed that 17a-estradiol was generated in the brain and acted as a
regulator of inhibitory neurotransmission as well as behavior. These results may have implications for a
variety of diseases, such as the menopausal depression and Alzheimer's disease that have been reported
to be related to estrogen levels.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction 17B-testosterone, both by an enzyme called aromatase. However,

the presence of the endogenous 17a-estradiol has not been re-

While the small chemical compound 17B-estradiol is known as a
female hormone, increasing evidence has demonstrated that it is
synthesized by neurons in the brain and functions locally as a
neuromodulator (Fester et al., 2011; Srivastava et al., 2013).

In 2005, 17a-estradiol, the stereoisomer of 17p-estradiol, was
reported to be the dominant form found in the male mouse brain
(Toran-Allerand et al., 2005). This stereoisomer differs in the
orientation of the 17th—OH of the steroid structure, and is mainly
made from 17a-testosterone, while 173-estradiol is generated from
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ported subsequently. This is at least partly because the usual
quantification methods for 17“p"-estradiol have been immunoas-
says (RIA, ELISA) that are not specific enough. Accordingly, the role
of the endogenous 17a-estradiol has not been elucidated yet.

It is reported in humans that 17a-testosterone, the precursor for
17a-estradiol, is measurable in the serum of 24% of boys and 33% of
girls (Courant et al., 2010). Thus, individual variation in the 17a-
estradiol concentration is likely. If so, this should be taken into
account when considering the therapeutic use of estradiol-related
drugs.

We at first detected 17a-estradiol in the male rat brain using gas
chromatography/mass spectrometry (GC/MS). Then, since an effect
of estradiol on GAD65, a dominant GABA synthetic enzyme in the
presynaptic terminals of inhibitory neurons (Ikeda et al., 2006;
Nakamura et al., 2004; Rudick and Woolley, 2001) as well as


mailto:makiky-tky@umin.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2014.10.019&domain=pdf
www.sciencedirect.com/science/journal/00283908
http://www.elsevier.com/locate/neuropharm
http://dx.doi.org/10.1016/j.neuropharm.2014.10.019
http://dx.doi.org/10.1016/j.neuropharm.2014.10.019
http://dx.doi.org/10.1016/j.neuropharm.2014.10.019

10 T. Ikeda et al. / Neuropharmacology 90 (2015) 9—14

direct transcriptional activation (Hudgens et al., 2009) have been
reported, we used GADG65 to evaluate the effect of 17a-estradiol in
comparison with 17f-estradiol. Next, we sought to inhibit estrogen
synthesis in the brain by intracerebroventricular injection of an
inhibitor to confirm the biogenesis and role in the male rat brain.
We thereby found the first evidence of locally-generated 17a-
estradiol and its effects on the GAD level in vitro and in vivo, as well
as effect on anxiety-related behavior.

Since there have been many reports on the different functions of
the exogenously applied 17a-estradiol and 17B-estradiol (Barha and
Galea, 2010), it seems plausible that this difference could be utilized
to confer benefit in certain cases.

The present results provide a basis for further analyses on the
variety exhibited in different individuals and the specific functions
of 17a-estradiol.

2. Materials and methods
2.1. Animals

All experiments were performed with Wistar/ST rats from SLC (Shizuoka, Japan),
according to the Japan Neuroscience Society guide for the care and use of laboratory
animals under the approval of the Committee for Animal Experiments of the Uni-
versity of Tokyo.

2.2. Quantification of the estradiol level using GG/MS

Cold phosphate-buffered saline was flushed via the cardiac ventricles to purge
blood of ether-anesthetized male rats, then the hippocampi were rapidly dissected
on ice and homogenized by a teflon homogenizer at 1000 rpm 10 times in 3 volumes
of chilled water. The known amounts of isotopes, 17a-estradiol-2,4-d, and 17f-
estradiol-2,4,16,16,17-d5 (CDN isotope Quebec, Canada) were added to the homog-
enate, so that they served as the internal standards for the extraction, derivatization
and all other procedures. They can be detected at the final quantification using GC/
MS as molecules having the same retention time but different masses. Ethylacetate
(16 vol.) was added to the homogenate, mixed by a vortex mixer for 10 min and
centrifuged 2000 x g at 10 °C for 10 min. The upper organic layer was collected and
the solvent was evaporated under a stream of nitrogen gas at room temperature.
100 pl of 10%TMCS in BSTFA (Pierce) and 60 pl of pyridine (Sigma—Aldrich) were
added to the residue, and heated at 70 °C for 60 min to prepare the derivative. The
solvent was evaporated and residue was resolved in chloroform.

The Ultra-2 capillary column (25 m long, 0.25 mm in diameter, 0.33 pm film
coated; Agilent Technologies, Santa Rosa, CA) using Herium as the carrier gas was
used for high-resolution selected ion monitoring mode of GC/MS. (6890N GC, Agi-
lent technologies Santa Rosa, CA, USA, coupled with JMS-SX102A MS, JEOL, Tokyo,
Japan). The injection port and transfer line temperature were maintained at 250 °C
and 300 °C, respectively. The program of the GC oven temperature was as follows:
70 °C for 5 min, followed by a ramp up to 160 °C at 30 °C/min, then to 300 °Cat 7 °C/
min, and a final hold for 7 min. The presence of estradiol was confirmed by the mass
of mfz 416.2567 and that of the structurally expected fragments (m/z 326.2066 and
m/z 285.1675), in addition to having the same retention time with both pure stan-
dards and mixed isotopes. We usually load the pure estradiols as external standards
just before every set of experiments, and could detect 0.3 pg of the standards in
charts, so the detection limit of GC/MS is thought to be comparable to or better than
the radioimmuno-assay system.

2.3. Primary neuronal culture

Hippocampal neurons were cultured by a previously described method (Ohba
et al,, 2005), except using Neurobasal medium free of phenol red (Invitrogen, San
Diego, CA) as a possible estrogen-like molecule. In brief, dispersed neurons from the
hippocampi (both male and female rats on embryonic day 18) were suspended in
medium containing 10% fetal bovine serum (MP Biomedicals Inc., Irvine, CA) and
were plated at a density of 50,000 cells/cm? on polyethyleneimine (Sigma, St. Louis,
MO)-coated glass coverslips (Matsunami Glass Osaka, Japan) attached to the flex-
iPERM having eight wells of 0.7 x 1.0 cm? each (Sartorius, Gottingen, Germany).
Medium was replaced with a serum-free one supplemented with 2% B27 (Invi-
trogen) 24 h after plating. Half of the medium was gently changed every other day.
The aromatase inhibitor letrozole (kindly provided by Novartis Pharma AG, Basel,
Switzerland), with or without 17¢- or 17B-estradiol (Sigma—Aldrich, St. Louis, MO),
was added to the new medium at the change on 7 days of in vitro and applied for
48 h.

2.4. Intracerebroventricular injection of letrozole

Each Wistar/ST male rat (SLC, 4 wk-old) was anesthetized with pentobarbital,
and a guide cannula with an inserted plug was intracerebrally implanted into the
lateral cerebral ventricle, one week before the injection. The implantation site was

adjusted by the bregma-lambda length to a place corresponding to 0.8 mm ante-
roposterior, 1.4 mm lateral right and 3 mm dorsoventral in the rat atlas (Paxinos and
Watson, Academic Press). A solder-mounted wire ring on the cannula was fixed to
the skull with a screw and dental cement. For injection, the plug was transiently
removed and vehicle (20% DMSO/80% saline) or letrozole (1.4 pg/kg) was injected
every 24 h for three days, then samples were taken 24 h after the last injection. For
the behavior test, to avoid stress from the daily handling, a tube from the
subcutaneously-implanted osmotic pump (Alzet, Cupertine, CA, USA) was con-
nected to the injection needle in the guide cannula for three days. The dose of
letrozole (1.4 pg/kg/day) with or without 17a-estradiol (30 pg/kg/day) was deter-
mined according to previous reports (Liang et al., 2002).

2.5. Immunostaining and fluorescence image analysis

The cultured cells were treated sequentially with 4% paraformaldehyde at 4 °C
for 30 min, wash, 0.1% Triton X-100 for 15 min, wash and 1% goat serum/PBS for 1 h,
and then with primary antibody for GAD65 (GAD-6, mouse monoclonal, 6 pg/ml,
DSHB) overnight. The specificity of the GAD-6 was previously characterized as a
single band at the size of GAD65 on Western analysis, in a literature (Chang and
Gottlieb, 1988) and by ourselves. After washing, the cells were incubated with a
secondary antibody (Alexa594-conjugated anti-mouse IgG; dilution, 1:500; Invi-
trogen) for 2 h at 4 °C.

For immunohistochemistry, rats were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) and transcardially perfused with chilled phosphate-buffered saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brains
were post-fixed (4 °C, 1.5 h), immersed in 10%, 20%, and 30% sucrose in PB in series
(4 °C, 24hr in total), frozen and coronally sectioned at a thickness of 30 pm. Sections
mounted on glass slides were incubated in 0.1% Triton X-100 for 10 min, 5% goat
serum for 1 h at 4 °C, GAD-6 antibody in 0.25% goat serum at 4 °C overnight, and
then with the Alexa594 labeled antibody in 1% goat serum with the addition of
NeuroTrace 435/455 (fluorescent Nissl, Invitrogen) for 1 h at room temperature.

All 8-bit images were captured with an Orca-II cooled-CCD camera (Hamamatsu
photonics, Shizuoka, Japan) on a Nikon TE300 microscope (10 x objective lens). Care
was taken not to include intensity-saturated pixels. Compared images were taken in
the same conditions.

For neuronal culture, the image analysis method had been developed in the
previous study (Ikeda et al., 2006). Briefly, 10 image frames (340 x 340 pm?) were
randomly selected from a well according to marks on the glass bottom assigned in a
blind manner. To omit background staining, the average of mode + 2 x standard
deviation of the intensity value in the images from control wells (cells with no re-
agent) of each batch of culture was calculated and defined as a threshold value. This
nearly matches the intensity value from the glass surface without any evident neu-
rons, possibly from antibodies remaining on the coated glass. Values greater than the
threshold were integrated for each image and averaged, normalized to control. The
intensity was measured by Scion Image software (Scion Corp., Frederick, MD).

For the slice imaging, the focus points and image frames were determined using
filter-set for Nissl staining then changed to that for Alexa594 to preserve fluores-
cence and to keep unbiased selection. The sub-region was also objectively defined by
Nissl images taken together and the raw intensity was used for quantification. The
thresholding procedure was not done because of the apparently low background.
The analysis was done by Image] (NIH) and MetaMorph (Universal Imaging Corp.,
West Chester, PA).

2.6. Behavior test

The male rats were received daily handling before the surgery, until they seemed
to be habituated. For the open-field test, each rat was put at the center of an un-
familiar, round open-top arena with a wall (37.5 cm diameter, 80—100 lux) and a
movie was taken from above for 5 min. Each image from the movie was binarized for
body shape and the center of the mass position was examined to determine whether
it came into the center of the arena (22.5 cm diameter) or not and used to draw the
track in Fig. 5A.

2.7. Statistical analysis

Group data are presented as mean + SEM. Welch's modified t-test for compar-
ison of two groups or Tukey's test for multiple comparisons after ANOVA was
applied by Microsoft Excel or R, respectively.

3. Results
3.1. Quantification of estradiol in the male rat hippocampus

For the initial step, we quantified the 170~ and 17p-estradiol
present in the hippocampus utilizing their different retention times
in GC due to the large conformational difference between these
stereoisomers. When preparing the samples, we flushed the blood
out and added an internal control for quantification. As seen in the
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Fig. 1. Simultaneous quantification of the 17a- and 17f-estradiols in hippocampal
extracts. (A) Each plot (circle) represents the amount of 17¢-estradiol (Y-axis) and 17f-
estradiol (X-axis) in one male Wister/ST rat. The data can be grouped with those that
exhibited a non-detectable amount of p-estradiol (group B) and the others (group C).
(B, C) The representative GC chart from group B (B) or C (C) in Fig. 1A at the molecular
mass of estradiol (m/z 416.2567). The x-axis is the retention time and the arrows mark
the retention time of the pure estradiol standards, as confirmed by the elution of
isotopes included as internal standards.

quantitative data (Fig. 1A—C), we detected 17a-estradiol in all of the
samples, but only three out of five rats exhibited a detectable
amount of 17B-estradiol. Of the 17 rats tested, including those in
Fig. 3, we found a detectable level of 17a-estradiol in all of them,
while 17f-estradiol was detected in only a portion.

3.2. The effect of 17a- and 17(3-estradiol on cultured hippocampal
neurons

17a-Estradiol has been described as “inactive” in certain previ-
ous studies (Lingham et al., 1988; Womble et al., 2002). Therefore,
to clearly show the effect of 17a-estradiol, we added 17a- and 17f-
estradiol to the medium of a relatively pure neuronal population
together with an inhibitor of aromatase, an enzyme required for
estrogen biogenesis. After confirming a decrease in the GADG65
signal induced by letrozole, as in the previous findings (Ikeda et al.,
2006), the dose for recovery was studied. As the result, 17a-estra-
diol was found to be comparable to or more effective than 17f3-
estradiol in terms of the GADG65 signal levels (Fig. 2, **P = 0.0084 vs
vehicle control, P < 0.01 vs the letrozole-only treated cultures,
P > 0.05 for all pairs of the same dose of 17a- and 17B-estradiol,
n = 7-25 wells).
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Fig. 2. Recovery by 17a- and 17f-estradiol of the reduced GADG5 level induced by
halted estradiol biogenesis in the cultured hippocampal neurons. The filled triangles
show the effect of the aromatase inhibition by letrozole (48 h, bar under the X-axis),
indicating that the neuron-generated estradiol has maintained the GAD65 level. The
circles (mean + SEM) indicate the effects of the simultaneously added 170- (open
circles) and 17p-estradiol (filled circles) at the indicated dose (nM). **P < 0.01 vs
vehicle control, #P < 0.01 vs the letrozole-only treated cultures, n = 7—25 wells from 5
independent cultures.
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Fig. 3. Quantification of 17a-estradiol in the rat hippocampus after 3-days of injection
of letrozole, the estradiol biogenesis inhibitor, into brain ventricles. Quantification of
17a-estradiol in the hippocampus. Bars represent the mean + SEM from vehicle (left)
or letrozole (right) injected rats. **P < 0.01, N = 5, 7 rats.

3.3. Decrease of estradiol by a brain injection of an aromatase
inhibitor

To further inhibit the biogenesis of estradiol in the brain sepa-
rately from other tissues, such as the adrenal glands and adipose
tissue, we injected letrozole directly into the brain ventricles. Since
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Fig. 4. GAD65 decrease after 3-days of injection of letrozole. (A) Representative
immunohistochemical staining for GAD65, a GABA synthetic enzyme in the hippo-
campus CA1 in rats after the injection of vehicle (upper) or letrozole (lower). The
subregions (stratum pyramidale, SP; stratum oriens, SO; and stratum radiatum, SR) were
objectively defined by Nissl staining. Bars = 50 um. (B) Representative images of
sections from vehicle- (left) and letrozole- (right) injected rats. The left-most black
arrowhead points to a labeled cell body, probably of an inhibitory GABAergic neuron.
Other puncta signals are thought to be from presynaptic terminals around CA1 pyra-
midal somata, which appear as hollow black areas. Bar = 10 um. (C) A significant
difference in the GAD65-immunostaining intensity was found in the CA1 cell layer, SP.
Bars represent the mean + SEM from vehicle (left) or letrozole (right) injected rats.
*P < 0.05 (N = 6 rats each).
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the brain is separated from other tissues by the blood—brain bar-
rier, this route of administration limits the effectiveness of the drug
in the brain. As a result, a significant decrease in the 17a-estradiol
level was found in the letrozole-treated rats (Fig. 3, **P = 0.0097.
N =5 and 7 rats).

3.4. An aromatase inhibitor down-regulated the brain GAD65 level

After 3-days of letrozole injection i.c.v., immunostaining by anti-
GADG65 antibody (specificity: a single band on Western analysis)
detected a decrease in the immunoreactive signals (Fig. 4A, B). In
the vehicle control sections, a potent GAD65 signal was seen
around the pyramidal cell layer (stratum pyramidale, SP) and a weak
signal in the stratum oriens (SO) and stratum radiatum (SR). By
semiquantification of the GADG65-signal intensity, a significantly
lowered signal was found in the letrozole-treated rats in the py-
ramidal cell layer (Fig. 4C, 85 + 5%, *P = 0.038). The difference was
not evident in CA1-SO (97 + 3%, P = 0.51) containing basal den-
drites, or CA1-SR (92 + 2%, P = 0.05) containing apical dendrites. It
was, however, observed in CA3a (which is closest to CA1 among
three CA3 subregions, 68 + 6% in the SO and 75 + 4% in the SP,
Ps < 0.05) and in the molecular layer of the dentate gyrus (75 + 7%,
P < 0.05) in the hippocampal formation.

3.5. Rat behavior was altered by letrozole treatment and this effect
was canceled by the addition of 17«-estradiol

We analyzed anxiety-related behavior in the open field test of
the letrozole-treated rats based on the fact that GABA-enhancing
drugs are commonly used as anti-anxiety drugs. In this test, a
shortened length of time spent in the center is generally considered
as an index of the level of anxiety. After 3 days of letrozole injection
into cerebroventricles, the time in the center was shorter in the
letrozole-treated group and a simultaneous injection of 17a-
estradiol abrogated the effects of letrozole. (Fig. 5A, B left,
*P = 0.032 vehicle vs letrozole, *P = 0.047 letrozole vs
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letrozole + 17aE, N = 12,10, 11 rats.) The traveled distance was not
significantly different (Fig. 5A, B right, P > 0.05).

4. Discussion

We detected 17a-estradiol in the male rat brain. We also
demonstrated that aromatase inhibitor injection in male rat cere-
bral ventricles decreased 17a-estradiol levels, indicating that this
molecule is generated in the brain, even in males. In addition,
aromatase inhibition altered GADG65 expression as well as anxiety-
related behavior, which effects were abrogated by the addition of
17a-estradiol. These results suggest that the 17a-estradiol gener-
ated in the brain changes mood, possibly via modulation of
transmission.

4.1. 17a-Estradiol is produced in the brain

It has been proposed that 17a-estradiol is produced in the brain
since it was detected in the mouse brain and its presence was not
affected by ovariectomy or adrenalectomy (Toran-Allerand et al.,
2005). Our result of an intracerebroventricular injection of letro-
zole supports this previous report.

However, a few papers have reported detection by chromatog-
raphy of brain 17B-estradiol without 17a-estradiol. We consider
this discrepancy to be explained by the difference in methods and/
or the strain of animal used.

In terms of the method, there are possible advantages as fol-
lows; 1, a high-resolution selected ion monitoring mode by GC/MS;
2, high temperature in GC favorable to dissociating disturbing
molecular interactions; 3, the detection system of MS that mini-
mizes steps to the detection; 4, quick perfusion and dissection
under chilled conditions; 5, homogenization with water so as to
osmotically punctuate cellular organelles; 6, internal standards
maintained throughout the sample processing.

Otherwise, differences in the sample source, such as animals
being from a different strain/colony, might also lead to a difference
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Fig. 5. Open-field test for the rat anxiety level. (A) Each streak shows the representative track of a rat in the indicated group in a novel round arena for 5 min. (B) The shortened time
spent in the center of the field (left graph) was used as the increased anxiety index. Data were from vehicle-injected negative control (left), letrozole-injected rats (center) and
letrozole plus 17a-estradiol (17a-E2) co-injected rats (right). *P < 0.05 vehicle vs letrozole and *P < 0.05 letrozole vs +17a-estradiol (N = 10—12 rats). Similar values for traveled
distance across the groups (right graph) demonstrated that the differences observed should not be attributed to differences in voluntary locomotor activity.
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in the detected stereoisomer. Even within the single closed-colony
strain of rats we used (Wistar/ST), the ratio of 17a- and 17B3-estra-
diol in each individual varied considerably (Fig. 1). This strongly
suggests that the generation system can vary even within animals
of the same strain. The most probable cause is a genetic variation,
such as single nucleotide polymorphisms in the AKR1C family, 17a-
hydroxysteroid dehydrogenase that generates the precursor 17a-
testosterone for the aromatase (Faucher et al., 2006). Although it is
not yet possible to resolve the cause underlying the observed het-
erogeneity in stereoisomer expression, future analyses of the
variance of this and other related enzymes, such as those in the
AKR1C family, should shed light on such inter-individual variations
in laboratory animals as well as in humans.

Despite the differences among various reports in the literature,
the presence of endogenous 17a-estradiol in the brain at least in
this strain of rats was clearly confirmed in the present study.

4.2. 17a-Estradiol is a positive regulator of the inhibitory synaptic
molecule, GAD65

We used a neuronal culture system for the detailed recovery
experiments (Fig. 2), because this system has the advantage that
any effect other than that from neurons is negligible. As a result,
clear data were obtained. The similar dose dependency of 17a-to
17B-estradiol confirmed that the residual contamination of 17f-
estradiol in the purchased 17a-estradiol should not be the sole
effector. The effective estradiol dose in this experiment (~10 nM)
can induce ERa to bind the GAD65 promotor (Hudgens et al., 2009).
Thus, of the possible affected factors including the major estradiol
metabolite estriol, the estradiols were most probably the direct
cause of GAD recovery (Kuiper et al., 1997). The recovery showed
that, in the presence of letrozol, neurons were able to respond to
exogenous 17-o estradiol in their GAD regulation and return to
baseline. Thus, it is reasonable to think that the halted biogenesis of
endogenous estradiol was the main cause of the observed GAD65
decrease. This experiment clearly demonstrated a 17a-estradiol
effect on GABAergic function and supports the notion of an
endogenous estradiol regulation of GAD65.

4.3. The pattern of GAD65 decrease and its significance

We first found the effect of letrozole that decreases the GAD65
level in the live brain (Fig. 3). In addition, the pattern of decrease
around the neuronal soma is suggestive, because this perisomatic
inhibition is thought to be important in memory processing
(Paulsen and Moser, 1998; Royer et al., 2012). That is, the estradiol
produced by neurons accelerates perisomatic inhibition along with
GADG65 upregulation and thus helps maintain normal memory
function. Together with the reported synergistic effect of BDNF on
GAD (lkeda et al., 2006; Ohba et al., 2005), locally-generated
estradiol may exert an effect on memory processing via control of
the GAD level.

4.4. The selectivity of 17a-estradiol function in the brain

Although the present paper showed a similarity between the
activity of the two isomers, there have been many reported phe-
nomena that are only induced by 17B-estradiol, not 17a-estradiol,
and vice versa (Barha and Galea, 2010). Nevertheless, the binding
constants (Kd) of both of these isomers to the two known receptors,
ERa and ERpB, were shown to be the same (Toran-Allerand et al.,
2005) or similar (Kuiper et al., 1997). Considering that a ligand
with the same affinity for a given receptor theoretically ought to
elicit the same response, this apparent discrepancy may be due to
either modulators of the known receptors, ligand-specific carrier

proteins or unknown additional receptors that might be more se-
lective for one of isomers (Snyder et al., 2010; Toran-Allerand et al.,
2005). Considering purpose-driven nature of organisms, an un-
known mechanism for the different responses is suggested by the
existence of endogenous 17a-estradiol.

4.5. Possible implications for treatment

We found an increase in the anxiety-related behavior in the
letrozole injected rats, consistent with the many reports on estro-
gen's effect on relieving anxiety. The present findings add infor-
mation about the potential role of endogenous 17a-estradiol and
the temporal association of behavioral changes with decrease in
GAD-intensity. Even though a causal relationship is yet to be
determined, our results suggest that some estradiol functions may
be induced via GAD regulation. Given this possibility, treatment of
menopausal women or letrozole-induced depression with GABA-
enhancers should perhaps be considered. Furthermore, if 170-
estradiol safely works more preferentially in the brain than 17f-
estradiol, many other therapeutic options may also become
available.

The differences in these isomers would be clarified by further
investigation involving the wide range of information available on
the activity of estradiol (Balthazart and Ball, 2006; Daniel, 2013).
Applications for estradiol-related drugs for psychiatric and/or
neurological disorders should be carefully examined and analyzed
based on these differences as well as individual variations.
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