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We have previously shown that estradiol causes a twofold rise
in dendritic spine density in cultured rat hippocampal neurons,
as it does in vivo. More recently, estrogen receptors have been
localized to aspiny inhibitory hippocampal interneurons, indi-
cating that their effect on spiny pyramidal neurons may be
indirect. We therefore examined the possibility that estradiol
affects spine density by regulating inhibition in cultured hip-
pocampal interneurons. Immunocytochemically, estrogen re-
ceptors were found to be co-localized with glutamate decar-
boxylase (GAD)-positive neurons (;21% of total neurons in the
culture). Exposure of cultures to estradiol for 1 d caused a
marked decrease (up to 80%) in the GAD content of the inter-
neurons, measured both by immunohistochemistry and West-
ern blotting. Also, the number of GAD-positive neurons in the
cultures decreased to 12% of the total cell population. More-

over, GABAergic miniature IPSCs were reduced in both size and
frequency by estradiol, whereas miniature EPSCs increased in
frequency. We then mimicked the proposed effects of estradiol
by blocking GABA synthesis with mercaptopropionic acid (MA).
Cultures treated with MA expressed a dose-dependent de-
crease in GABA immunostaining that mimicked that seen with
estradiol. MA-treated cultures displayed a significant 50% in-
crease in dendritic spine density over controls, similar to that
produced by estradiol. These results indicate that estradiol
decreases GABAergic inhibition in the hippocampus, which
appears to effectively increase the excitatory drive on pyramidal
cells, and thus may provide a mechanism for formation of new
dendritic spines.
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Dendritic spines are the primary loci of excitatory synapses in
central neurons and have long been associated with neuronal
plasticity (for review, see Harris and Kater, 1994). Consequently,
studies have attempted to identify memory-related changes in
dendritic spine morphology. The type and magnitude of reported
spine changes after various training protocols are as yet unsettled.
Recently we found that dissociated hippocampal neurons grown
in culture can double their dendritic spine density in response to
estradiol (Murphy and Segal, 1996), confirming earlier in vivo
experiments (Woolley and McEwen, 1992). We extended these
observations to propose that the phosphorylation of cAMP re-
sponse element binding protein (CREB) is a necessary condition
for this estradiol-induced increase in spine density (Murphy and
Segal, 1997).

The classical role of estrogen in other areas of the brain related
to reproductive function has been well characterized. Briefly,
estrogen binds to its receptor, and the complex then binds the
estrogen response element gene to regulate gene expression. In
the hippocampus, an area unassociated with reproduction, the
localization of estrogen receptors has been disputed. However, it
appears that the originally defined estrogen receptors are not
found in pyramidal neurons; rather, they are found on nonspiny

interneurons (Weiland et al., 1996). How then does estradiol
affect spine formation in spiny neurons? In the present experi-
ments, we examined the hypothesis that estradiol indirectly
causes formation of dendritic spines by reducing GABA inhibi-
tion, which would, in turn, enhance excitatory activity. To this
end, we measured glutamic acid decarboxylase (GAD) immuno-
reactivity after treatment of cultured neurons with estradiol and
recorded inhibitory activity in these cells. We also mimicked the
effect of estradiol with an agent that reduces GABA synthesis.
We propose that estradiol causes a reduction in GABAergic
inhibition, leading to an increase in excitatory tone that may
provide a mechanism for formation of new dendritic spines.

MATERIALS AND METHODS
Hippocampal cultures
Hippocampal cultures were prepared as described previously (Papa et al.,
1995; Murphy and Segal, 1996). Briefly, 19- to 20-d-old embryos were
taken out of anesthetized Sprague Dawley rats. Brains were removed and
placed in ice-cold L15 medium supplemented with 0.6% glucose and 15
mg/ml gentamycin. The hippocampus was dissected and mechanically
disaggregated by gentle trituration using a Pasteur pipette. Dissociated
cells were plated onto 12 mm glass coverslips for immunofluorescence
(500,000 cells per well) or onto tissue culture plastic for Western blotting
(12 well plates at a density of 1.3 3 10 6 cells per well). These were coated
with poly-L-lysine and UV-sterilized. Cells were also prepared on
collagen-coated (50 mg/ml) tissue culture inserts (Millicell) for electro-
physiology. The plating medium was Eagle’s minimum essential medium
(MEM) containing 10% heat-inactivated horse serum, 5% fetal calf
serum, 2 mM glutamine, 0.6% glucose, and 15 mg/ml gentamycin. Cells
were incubated at 37°C with 8% CO2. The first change of medium, ;4–6
d after plating, included 50 mg/ml uridine and 20 mg/ml deoxyuridine to
prevent glial cell overgrowth. The cultures were fed thereafter one or two
times a week with Eagle’s MEM containing 10% horse serum.
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Drug treatments
17b-Estradiol. Cells were grown for 2.5–3 weeks to ensure maturity of
GABAergic activity (Berninger et al., 1995; Marty et al., 1996), at which
time they were dosed with 0.1 mg/ml water-soluble estradiol (Sigma, St.
Louis, MO) for the following dosing regimens. For Western blots, cells
were sampled after 12, 24, 36, and 48 hr of estradiol treatment. For GAD
and GABA immunolabeling, cells were fixed at 24 hr. For spine counts,
cells were incubated for at least 48 hr with estradiol, the time at which the
changes in spine density become significant (Murphy and Segal, 1996).
For electrophysiological experiments, cells were dosed for 24 and 48 hr.
Controls received ordinary media.

Mercaptopropionic acid. Cultures were treated for 24 hr with graded
concentrations of mercaptopropionic acid (MA), a drug known to reduce
GAD activity (Netopilova et al., 1995, 1997). Cells were fixed and stained
for GABA immunoreactivity or for detection of dendritic spines with
1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI)
(see below).

Tetrodotoxin. Tetrodotoxin (TTX, 2 mM; Sigma) was prepared daily
from a freshly thawed aliquot and added to the cultures once a day for 3 d
of estradiol treatment. The effects of TTX on estradiol-induced spine
formation were measured using DiI (see below).

Electrophysiology
Cover glasses were removed from the incubator and washed with the
recording medium containing (in mM): NaCl 130, KCl 5, glucose 30,
HEPES 25, CaCl 2, and MgCl 1. Osmolarity was adjusted to 320 mOsm
with sucrose, pH 7.4. Recording was made from medium to large (15–20
mm in diameter) pyramidal-shaped neurons, with patch pipettes having
access resistance of 4–6 MV. In cases in which evoked synaptic currents
were recorded, the patch-recording pipette contained (in mM): K-acetate
120, MgATP 2, HEPES 20, KCl 10, and Na2-phosphocreatine 10. Where
miniature inhibitory currents were measured, the extracellular recording
medium contained 1 mM TTX, 20 mM 6,7-dinitroquinoxaline-2,3-dione
(DNQX), and 20–50 mM aminophosphonobutyrate (APV). When min-
iature excitatory synaptic currents were recorded, APV and DNQX were
replaced by 50 mM bicuculline. The recording pipettes in these experi-
ments contained 120 mM CsCl, 2 mM MgATP, 10 mM Na2-
phosphocreatine, 10 mM HEPES, 20 mM KCl, 25 mM sucrose, 200 mM
EGTA, and 300 mM GTP-Tris. In experiments using cell-attached patch
configuration, the pipette was filled with extracellular recording medium,
so as not to affect ionic gradients across the membrane and to verify that
GABA is indeed inhibitory in these neurons. Hyperosmotic medium,
GABA, or glutamate was injected through a pressure pipette with brief
pulses near the cell somata. The hyperosmotic medium contained normal
recording medium supplemented with 300 mM sucrose and was used for
evoking miniature IPSCs (mIPSCs). Experiments were conducted at
room temperature. Signals were amplified with Axopatch-200 and stored
on an IBM computer for off-line analysis that included counting of
synaptic currents and measurements of their peaks using Axon Instru-
ments software.

Immunolabeling and imaging
Cells were fixed in 4% paraformaldehyde in PBS for 1 hr at room
temperature and then washed and permeabilized with 0.1% saponin in
blocking buffer (5% goat serum in PBS) for 30 min. Coverslips were then
drained and directly inverted over microdrops of primary antibodies to
GAD (Boehringer Mannheim, Indianapolis, IN), estrogen receptor
(ERa, Novocastra Labs) (Stressgen antibodies to the originally classified
estrogen receptor; Kuiper and Gustaffson, 1997), or GABA (Sigma).
Cells were incubated overnight at 4°C, after which they were washed in
PBS and incubated in fluorescein isothiocyanate- or rhodamine-labeled
secondary antibodies for 1 hr at room temperature. Cells were then
mounted in Vectashield (Vector Laboratories, Burlingame, CA), sealed,
and imaged on a confocal laser scanning microscope (CLSM) using a
1003 1.4 numerical aperture (NA) oil immersion lens. Random fields
were selected from control and estradiol-treated cells, and a fluorescence
and differential interference contrast (DIC) image was taken for each
field. Identical confocal settings were used for each treatment group.

Intensity analysis and cell counts
Neuronal cell bodies were counted from each DIC field and summed for
each treatment group. At the magnification used, the neurons were at a
different focal point in the depth of field; thus, glial cells were out of focus
and not counted. Cells that were GAD-positive, indicating interneurons,

were counted for each field and summed as a percentage of the total for
each group. Statistical significance was determined using nonparametric
x2 analysis. The same fluorescence images were then sent to the collab-
orating laboratory for the fluorescence intensity analysis. The analysis
was performed in a double-blind procedure. Intensity of intracellular
labeling in interneurons as well as the number, size, and intensity of the
GAD-positive terminals impinging on GAD-negative cells were exam-
ined by thresholding and automatic counting of terminals using NIH
Image software. Groups were compared using unpaired two-tailed t tests.

Western blots
Cultures were harvested in 75 ml of boiling (95°C) SDS sample buffer
containing 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.05%
bromphenol blue. Samples were centrifuged and boiled for 3 min before
loading on a 10% SDS-PAGE gel. Equal protein amounts were loaded in
each lane. Gels were run for 45 min at room temperature. A 1 hr transfer
of proteins to nitrocellulose membranes was performed in transfer buffer
(25 mM Tris, 192 mM glycine, and 20% methanol, pH 8.3). Membranes
were blocked in low-fat milk (10% in Tris buffer and 0.05% Tween) and
washed. They were then incubated overnight at 4°C with GAD antibody,
(rabbit polyclonal; Chemicon, Temecula, CA; 1:4000 for identification of
GAD67, 1:1500 for both GAD65 and GAD67). The blots were washed,
incubated for 1 hr with protein-A–horseradish peroxidase (Amersham,
Arlington Heights, IL), and developed by a standard enhanced chemilu-
minescence routine. The density of the bands was recorded.

Morphological analysis of dendritic spines
Cells were fixed in 4% paraformaldehyde for 1 hr at room temperature.
Individual cells were stained by pressurized microinjection of DiI dis-
solved in oil, as detailed elsewhere (Papa et al., 1995). Cells were imaged
at a 23 zoom on a CLSM with a 1003 1.4 NA oil immersion objective.
Z sections were collected and serially reconstructed at the time of
imaging using Zeiss confocal software. Single sections and reconstruc-
tions were used jointly to count the number of spines for measured
lengths of dendrite, ensuring that each spine was counted only once.
Spines were counted if they were ,3–4 mm in length and possessed a
mature “head.” Spine density in 50 mm dendritic segments was counted
as before (Murphy and Segal, 1996). For each treatment, at least 12–15
cells were reconstructed, and 48–60 dendritic segments were measured.

RESULTS
Immunohistochemistry
Cultures were double-immunostained for GAD and ERa to test
for co-localization. In untreated cultures, estrogen receptor stain-
ing was confined to interneurons expressing GAD. Many of these
cells displayed a typical bipolar morphology that was distinguish-
able from the pyramidal cell shape. ERa was localized in the
cytoplasm as well as the nucleoplasm of the GAD-stained cells
(Fig. 1A,B). GAD staining was seen in the cytoplasm (Golgi), as
well as in discrete puncta corresponding to GABAergic axon
terminals that clustered around pyramidal cells and other GAD-
positive neurons (Fig. 1C). ERa staining was also observed in the
cytoplasm and nuclei of underlying glial cells (data not shown).

Estradiol-treated cultures displayed a marked decrease in the
number of GAD-positive neurons, and a marked decrease in
intensity of GAD staining (Fig. 2A,B). This effect was most
prominent within 24 hr of exposure to estradiol, but a decrease
was also noticed after 48 hr of estradiol exposure. Although most
of the experiments were conducted with a standard dose of 0.1
mg/ml, similar effects on GAD were observed also with 0.01
mg/ml estradiol (data not shown). The following analysis was
done with cells exposed to estradiol for 24 hr. In control cultures,
the percentage of GAD-positive neurons was 20.1% of the total
neurons in the culture (data from three experiments, 110 GAD-
positive cells of 529 cells counted in a total of 44 random fields),
analogous to the percentage commonly seen in this type of
hippocampal culture preparation (Segal, 1983). This number
dropped to 12% after exposure to estradiol (three experiments, a
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total of 78 GAD-positive cells of 646 cells counted in 49 random
fields; x2 analysis, p , 0.01) (Fig. 2C).

The intensity of GAD staining was measured in 33 control and
30 estradiol- treated cells. GAD fluorescence intensity in the
estradiol-treated cultures decreased to ;51% of control (control,
129 6 6.8 arbitrary fluorescence units; estradiol-treated cells,
66 6 6.1, in an 8 bit scale) (Fig. 2D). In two separate experiments,
the overall number of fluorescent puncta dropped from 5363
particles in control cultures to 2797 in estradiol-treated cultures
(10 random fields analyzed in each group) and in a second
experiment from 5792 to 2037 (13 fields analyzed in each group;
data not shown). Additionally, there was a modest decrease in the
size of the remaining particles from 13.4 6 0.096 pixels in controls
to 10.8 6 0.089 pixels (data not shown).

Western blotting was conducted in three experiments, with two
or three replications in each. Cultures were grown in 12 well
plates and treated with 0.5 mM estradiol for 12–48 hr. The analysis
of the Western blots indicated that estradiol produced a large
;50% reduction in GAD immunoreactivity within 12–24 hr of
exposure, a partial recovery within 36 hr, and an overshoot within
48 hr of exposure to estradiol (Fig. 2E,F). Two bands are seen in
the gel (GAD65 and GAD67, Fig. 2E). The reduction was larger
in the GAD65 band but also evident in the GAD67 band.

Taken together, these results indicate that GAD production in
cultured hippocampal interneurons is markedly reduced by expo-
sure to estradiol. Although it is not clear whether some interneu-
rons actually disappear, the heterogenous effect on both GAD
and GABA immunoreactivity (see below) indicates that the in-
terneurons are actually alive but producing less GABA. The
reduction in the number of GAD-positive neurons is most likely
a consequence of reduced GAD levels below the detection thresh-
old of the antibody.

Electrophysiology
The immunohistochemical findings indicate that there is a
marked decrease in the production of GAD, the enzyme critical
for the synthesis of GABA in interneurons, after exposure to
estradiol. We tested the physiological consequences of estradiol
treatment, focusing on possible effects on GABAergic inhibition.
Spontaneous action potentials were recorded in both control and
estradiol-treated cells recorded in a cell-attached configuration.

There were no apparent differences between the two groups in
spontaneous firing rates attributable to large variabilities within
each group. In both groups of cells, spontaneous activity was
reversibly suppressed by exposure to 10 mM GABA applied by
pressure from an adjacent pipette (Fig. 3A). There was no differ-
ence in the inhibitory effect of GABA on action potential dis-
charges in estradiol-treated (n 5 10) and control (n 5 8) cells
(two experiments). GABA totally suppressed the spontaneous
action potential discharges in all cells examined, as expected for
an inhibitory neurotransmitter (in younger cells GABA can be
excitatory, as seen elsewhere).

In another series of experiments, cells were recorded with
CsCl-containing pipettes in the whole-cell configuration, and the
effects of GABA were assessed. There was no effect of estradiol
on either the magnitude or reversal potential of the response to
pulse application of GABA (Fig. 3B,C; six control cells and eight
estradiol-treated cells).

In a third series of experiments, pipettes containing K-acetate
were used for recording, and synaptic responses to stimulation of
afferent cells with short puffs of glutamate were measured.
Evoked synaptic currents were recorded in most neurons (Fig. 4).
These synaptic currents could be easily divided into excitatory or
inhibitory, based on the difference in reversal potential. On aver-
age, estradiol-treated cells responded to afferent stimulation with
significantly smaller IPSCs than control cells (control mean IPSC
at 260 mV, 2102.8 6 16.6 pA; n 5 8 cells; estradiol-treated at
260 mV, 256 6 12 pA; n 5 6 cells; F 5 5.11; p , 0.02).

In the presence of TTX, DNQX, and 2-APV, six control cells
responded to a 10 msec pressure application of hyperosmotic
medium with a barrage of miniature inhibitory synaptic currents,
lasting ;3 sec. Reproducible barrages could be obtained from
repetitive applications. Acute exposure to estradiol (0.1 mg/ml) did
not cause a systematic change in cellular responses to application of
hyperosmotic medium (mean IPSC amplitude in control, 247.8 6
2.3 pA; n 5 172 events; estradiol-treated cells, 250.4 6 1.81 pA;
n 5 205 events for the same duration of analysis). Analysis of the
synaptic currents evoked by hyperosmotic medium in cultures
treated for 24 hr of estradiol indicated that both their magnitude
(control, 245.6 6 1.41 pA; estradiol,222.7 6 1.11 pA; t 5 10.83;
p , 0.001) and frequency (control, 53.5 6 4.5 events/2.5 sec;

Figure 1. Estrogen receptors are found in GAD-positive neurons of rat hippocampal cultures. A, B, Double staining of GAD immunoreactivity (red)
and estrogen receptor ( green) produce orange fluorescing cells. C, An estrogen receptor-negative pyramidal neuron surrounded by GAD-positive
puncta, staining GABAergic terminals on the soma. Scale bar, 20 mm. Note GAD-positive terminals on the somata of the estrogen receptor-positive
neurons, indicating that ERas are confined to the somata and do not travel to the GAD-positive terminals.
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Figure 2. Estradiol suppresses GAD expression in cultured hippocampal neurons. A, Control. B, Twenty-four-hour exposure to estradiol. Scale bar, 20
mm. C, Percentage of GAD-positive neurons of the total cells in all of the randomly sampled fields from control (ct) and estradiol (est)-treated cultures;
estradiol cultures are different from controls using x2 analysis; p , 0.01. D, Estradiol reduces the fluorescence intensity of GAD staining (scale in
arbitrary fluorescence units); mean 6 SEM. E, Western blotting of GAD-stained gels, detecting both GAD65 (bottom band) and GAD67 (top band). F,
Summary of densitometry analysis of effects of estradiol on total GAD immunoreactivity shown in E. Scale is percentage of matched untreated control
lanes. In D and F, asterisks denote difference from controls using t tests; p , 0.01.
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estradiol, 35.6 6 6.0 events/2.5 sec; t 5 2.2; p , 0.04) were
significantly reduced (Fig. 5). A similar but smaller effect on
mIPSCs was seen also with cells exposed to estradiol for 48 hr.
For example, in one experiment (seven control cells and five
estradiol-treated cells for 48 hr), there was no difference in the
magnitude of the mIPSCs (245 pA in controls and 250 pA in
estradiol-treated cells), but there were ;30% more events in
the control group (data not shown).

Estradiol did not cause a marked change in the size of sponta-
neous (i.e., without the use of hyperosmotic medium) mEPSCs

recorded in the presence of bicuculline and TTX (Fig. 6; 12 cells
recorded after 24 hr of exposure to estradiol, compared with 11
control cells, two experiments). Although the size of the mEPSCs
was only slightly increased by estradiol (Fig. 6B), more events were
found in the treated cells compared with controls (Fig. 6C–E).

Morphology
We reasoned that if estradiol acts by decreasing GABA-mediated
inhibitory activity of interneurons, then decreasing GABA syn-
thesis by other means should produce a similar increase in spine

Figure 3. GABA evokes inhibitory responses in cultured hippocampal neurons. A, Cell-attached patch recording of action potential discharges in a
cultured neuron. Spontaneous activity (top 4 traces) is inhibited by exposure of the cell to 10 mM GABA applied via an adjacent pressure pipette (middle
4 traces). Spontaneous activity recovers thereafter. Bottom traces, Culture treated with estradiol for 24 hr. Patch pipette contained extracellular recording
medium. B, C, Similar postsynaptic responses to GABA in control and estradiol-treated cultures. B, GABA-induced currents in control (top) and
estradiol-treated (bottom) neurons. Cells were held at 260, 230, 0, and 130 mV. Patch pipette contained CsCl. C, Averaged IV curves showing similar
responses to GABA of eight control (Ct) and six estradiol (Est)-treated cells for 24 hr.
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density as that evoked by estradiol. We treated cultured neurons
with MA (Netopilova et al., 1995, 1997) at various doses to block
the production of GABA and subsequently stained for GABA
immunoreactivity. Cells displayed a readily observable decrease
in fluorescence intensity in MA-treated cultures that was analo-
gous to that seen in estradiol-treated cultures (Fig. 7A–C). Ran-
dom field images were then examined for fluorescence intensity
as described above. MA treatment caused a significant decrease
in the intensity of GABA fluorescence in a dose-dependent
manner (controls, 188.6 6 6.18 arbitrary fluorescence units in an
8 bit scale; 1 mM MA, 193.8 6 7.3; 10 mM MA, 115.8 6 11.3; 50
mM MA, 107.2 6 7.8; and 100 mM MA, 60 6 5.8). Estradiol also
lowered GABA fluorescence intensity significantly compared
with control (115.2 6 7.2; Fig. 8).

Having established that GABA was decreased in the presence
of MA, cells were examined for spine density at the dose of MA
in which virtually all of the puncta disappeared (100 mM). A
significant increase in spine density was seen compared with
controls (control, 8.63 6 0.35 spines/50 mm dendritic segments;

Figure 4. Inhibitory synaptic currents evoked by glutamate application
on an adjacent neuron. A brief pulse application of glutamate (top trace)
evoked a series of IPSCs, responding to a series of action potentials
generated in the afferent neuron. Recording was made with a patch
pipette containing K-acetate. The cell was held at different potentials, and
the inhibitory currents reversed near resting potential (250 mV).

Figure 5. Estradiol suppresses miniature IPSCs evoked by puff application of hyperosmotic medium near the recorded cell soma. A, Control cell
responding to osmotic challenge with a typical barrage of miniature IPSCs. B, Estradiol-treated cell expresses only a small series of mIPSCs. C,
Frequency histogram of the sizes of the mIPSCs (in picoamperes) recorded in six control cells (404 events counted in a subset of the data for each cell).
D, Frequency histogram of the total mIPSCs evoked in six estradiol-treated cells (24 hr) (210 events counted in a subset of data for each cell). E,
Cumulative histogram of all the events counted in C and D, illustrating that a large proportion of medium-sized mIPSCs are absent after estradiol
treatment. Cells were recorded with a patch pipette containing CsCl, and the extracellular medium also contained TTX, DNQX, and 2-APV. Cells were
held at resting membrane potential (260 mV). Ct, Control; Est, estradiol.
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Figure 6. Estradiol effects on miniature EPSCs in cultured neurons. A, Spontaneous mEPSCs recorded from control and estradiol-treated neurons (24 hr) with a patch pipette containing CsCl.
The recording medium contained TTX and 50 mM bicuculline. Cells were held at 280 mV. B, Averaged mEPSC of ;20–30 such events in both control and estradiol-treated cells. The magnitude
of synaptic current is about the same in the two cells, but its decay time constant is slightly slower in the estradiol-treated cell. C, D, Frequency distribution histograms of mEPSCs recorded in five
control and six estradiol-treated cells, respectively. A sample of 20 sec was recorded from each cell. The histograms summarize a subset of 266 events recorded in the control and 506 events recorded
in the treated group for an equal duration of time. The mean size of these events was 264.1 6 2.69 pA in the control and 276.4 6 2.95 pA in the estradiol-treated cells. E, Cumulative histograms
of the events recorded in the control and estradiol-treated cells show an overall similar distribution of mEPSP sizes.
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MA-treated cultures, 12.98 6 0.528) that were slightly less than
the increase in spine density evoked by estradiol alone (15.15 6
0.379) (Figs. 7E–G, 8). MA in combination with estradiol did not
cause an increase in spine density beyond that produced by
estradiol alone, indicating the the two drugs may share a common
mechanism.

Finally, if indeed estradiol produces spines by blocking inhibi-
tion and subsequently causing facilitation of excitation, then
blockade of action potential discharges by tetrodotoxin should
block the effects of estradiol. In a previous study (Murphy and
Segal, 1996), we obtained only a partial blockade of estradiol
action on spine formation by TTX. We repeated these experi-
ments applying 2 mM TTX daily, as it may deteriorate over time
in culture (see Materials and Methods). Under these conditions,
TTX blocked the effects of estradiol (control, 8.29 6 0.31
spines/50 mm dendritic segment; estradiol, 13.82 6 0.58; TTX
alone, 7.32 6 0.31; and TTX and estradiol, 8.38 6 0.35). This
would indicate that the effects of estradiol may be mediated by
action potential discharges in the cultured neurons.

DISCUSSION
It has now been demonstrated that estradiol acts to increase
hippocampal CA1 dendritic spine density in vivo and in vitro
(Woolley and McEwen, 1992; Murphy and Segal, 1996). However,
it has also been demonstrated that pyramidal cells of the hip-
pocampus do not express estrogen receptors (of the originally

classified ERa) in vivo (Weiland et al. 1996), although they may
express the ERb type (Li et al., 1997). We have found that
interneurons do express estrogen receptors in vitro of the ERa

subtype, thereby suggesting that the spine-producing effects of
estradiol in hippocampal pyramidal cells are possibly mediated by
changes in inhibitory interneuronal synaptic efficacy.

Many studies have linked estradiol to GABAergic activity in
various regions of the brain. During development, steroid-
induced changes in GAD and GABA neurotransmission may be
responsible for sexual differentiation (Davis et al., 1996). Evi-
dence also exists for changes in GAD activity in various parts of
the brain during postdevelopmental hormonal cycling (Unda et
al., 1995). In the hippocampus, estradiol appears to have no direct
effects on expression of GABAA receptor subunit mRNAs (Wei-
land and Orchinik, 1995) and similarly has no effect on the affinity
or density of GABA binding sites (Jussofie et al., 1995). Our
results on the lack of effect of estradiol on reactivity to GABA are
consistent with these observations. However, estradiol has been
found to differentially regulate the levels of mRNA for both forms
of GAD (GAD65 and GAD67) in various regions of the rat brain
(McCarthy et al., 1995). These findings would suggest the effects
of estradiol on dendritic spines are indirect, probably mediated by
a lowering of GAD and thus GABA production. A decrease in
inhibitory activity is also consistent with the findings that estra-
diol facilitates kindled seizures in the hippocampus (Buterbaugh

Figure 7. Effects of MA on GABA content and on dendritic spine formation in hippocampal cells. A–C, Control and estradiol- and MA-treated cultures,
respectively, stained for GABA immunoreactivity. Scale bar, 20 mm. D–F, Control and estradiol- and MA-treated cultures, respectively, stained with DiI
to reveal dendritic spines. Scale bar, 10 mm.
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and Hudson, 1991) and that hippocampal seizure threshold is
decreased during the estrous cycle in the rat (Terasawa and
Timiras, 1968). Moreover, picrotoxin-induced convulsions are
more readily seen in female than in male rats, and when males are
primed with estradiol, they display the female-type sensitivity
(Pericic et al., 1996). This estrogen-related reduction in inhibitory
tone may also underlie catamenial epilepsy in women (Rodriguez
Macias, 1996).

An increase in spine density during elevated levels of estradiol
may thus be correlated with an increase in excitatory activity that
will follow a decrease in inhibition. Picrotoxin and bicuculline,
which block GABAergic activity, have been previously shown to
cause an increase in dendritic spine density in a similar culture
condition (Papa and Segal, 1996), much the same way as MA has
done in the present study. The present results suggest that the
estradiol-induced spine formation may therefore share a wider
common mechanism with other treatments that cause spine for-
mation; i.e., an increase in synaptic activity after blockade of
inhibition is responsible for formation of new dendritic spines.

The fact that estradiol and MA effects are not additive support
this interpretation.

Additionally, the blockade of GABA inhibition may not be the
sole reason for the formation of new dendritic spines. We ob-
served here that estradiol produces a consistently larger effect on
spine density than that produced by reduced inhibition by MA.
The same was observed with bicuculline and picrotoxin in a
previous study (Papa and Segal, 1996). The difference may reflect
the presence of estrogen receptors on glial cells and our reported
effect of estradiol on activation of CREB in glial cells (Murphy
and Segal, 1997). Thus, it is possible that estradiol activates other
processes, in addition to reducing GAD in interneurons, to facil-
itate formation of new spines. The nature of this action in glial
cells remains to be determined.

Other effects of estradiol may also contribute to spine forma-
tion. It has been reported recently that 17b-estradiol enhances the
outgrowth and survival of neocortical neurons in culture (Brinton
et al., 1997, and references therein), an action that does not seem
to involve the nuclear estrogen receptor. In addition, acute estra-
diol may affect AMPA (Wong and Moss, 1992) and NMDA (Xu
et al., 1997) receptors. These effects may enhance excitability of
the cells and may contribute to the ultimate effects of estradiol on
spine formation. These actions, which are short-term and/or do
not involve the nuclear estrogen receptor, are not likely to un-
derlie the effects seen here, which develop over several days in
vitro (Woolley and McEwen, 1992; Woolley et al., 1997) and in
vivo. Interestingly, Wong and Moss (1992) found that in vivo
estradiol priming causes a prolongation of EPSPs in hippocampal
slices, an effect that can be attributed to a reduction in inhibition,
as suggested here.

Our results are consistent with those of Weiland (1995), who
found an increase in GAD mRNA in intact female rats after 2 d
of exposure to estradiol. Such an increase may constitute a feed-
back response to the initial reduction in GAD, seen here but not
in the results of Weiland (1995). GAD mRNA increases after
tetanic stimulation (Liang et al., 1996), and GAD activity is
regulated by levels of internal calcium; i.e., calcium ionophores
were found to increase GAD activity (Erecinska et al., 1996). The
changes we observed are largest at 12–24 hr after onset of expo-
sure to estradiol. This could increase excitatory activity and levels
of internal calcium in pyramidal cells and interneurons, a feed-
back that increases GAD levels by 48 hr. Indeed, we see a slight
overshoot in GAD protein at this time, analogous to the results of
Weiland (1995) for GAD mRNA. It should be mentioned that
message for GAD may not result in actual synthesis of GAD;
GAD mRNA has been detected in hippocampal pyramidal neu-
rons, known to be excitatory (Cao et al., 1996). Thus, the fact that
mRNA for GAD is increased does not necessitate that GAD
function increases as well. Additionally, detection of GAD en-
zyme on a Western gel does not differentiate its distribution in the
cell body versus the terminals, where it can be seen with immu-
nostaining methods used here. Thus, discrepancies between the
two methods for quantifying GAD levels may be expected. The
changes we observed were larger with the GAD65 isoform that
supposedly undergoes short-term changes in relation to activity,
whereas the other isoform, GAD67, is assumed to control the
metabolic non-neurotransmitter-related form of GAD in a more
phasic manner (Feldbaum et al., 1995). Changes in GAD65 would
then be consistent with a short-term response to hormonal
fluctuations.

Our findings indicate that estradiol acts indirectly on pyramidal
cells by causing a transient lowering of GABA synthesis in inter-

Figure 8. A, Effects of MA and estradiol (est) on GABA immunofluo-
rescence measured in individual neurons at 24 hr. B, Effects of estradiol
and MA on dendritic spine density in cultured hippocampal neurons after
48 hr. Error bars represent SE, and asterisks represent statistically signif-
icant difference from controls using Student’s t tests; p , 0.01.
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neurons. This effectively increases the relative level of excitatory
activity on pyramidal cells, increasing intracellular calcium levels
more frequently, which may stimulate the phosphorylation of
CREB. Excessive stimulation leading to long-term potentiation
has been shown to phosphorylate CREB (Deisseroth et al., 1996),
and we have shown previously that CREB is indeed phosphory-
lated in response to estradiol (Murphy and Segal, 1997). It is
through this sequence of events that we propose new spines to be
generated, effectively countering increases in excitatory activity.
Although we cannot directly relate the effects of estradiol on
spine density to hippocampal functions, studies have shown es-
tradiol to enhance spatial memory in rats (Packard et al., 1996)
and to influence visual memory in adult males (Kampen and
Sherwin, 1996). Estrogen may also aid in diseases such as Alz-
heimer’s disease; postmenopausal women receiving estrogen re-
placement therapy fare better than those who do not receive
estrogen (Henderson, 1997). Indeed, spines are altered in the
pathology of Alzheimer’s disease (Yamada et al., 1988). Thus, it
is possible that the decrease in inhibitory activity and increase in
spine density in response to estradiol have profound functional
consequences in the hippocampus.
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