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A Role for the Basal Forebrain Cholinergic System in
Estrogen-Induced Disinhibition of Hippocampal
Pyramidal Cells
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Estrogen transiently disinhibits hippocampal CA1 pyramidal cells in adult female rats and prolongs the decay time of IPSCs in these cells.
Estrogen-induced changes in synaptic inhibition are likely to be causally related to subsequent enhancements in excitatory synaptic
function in CA1 pyramidal cells. Currently, it is unknown how or on what cells estrogen acts to regulate synaptic inhibition in the
hippocampus. We used whole-cell voltage-clamp recording of synaptically evoked IPSCs, spontaneous IPSCs, and miniature IPSCs in
CA1 pyramidal cells to evaluate estrogen-induced changes in synaptic inhibition in ovariectomized rats that either were pretreated with
the estrogen receptor (ER) antagonist tamoxifen or in which basal forebrain cholinergic neurons were eliminated by previous infusion of
192IgG-saporin toxin into the medial septum. We found that estrogen-induced disinhibition and prolongation of IPSCs are entirely
dependent on a tamoxifen-sensitive ER. Estrogen-induced disinhibition is partially dependent on basal forebrain cholinergic neurons,
but the prolongation of IPSCs is not at all dependent on these cells. Paired-pulse experiments and recordings of action potential-related
spontaneous IPSCs suggest that estrogen-induced disinhibition is associated with a decrease in probability of release at GABAergic
synapses, which decreases the amplitude of IPSCs produced by inhibitory neuron action potentials. Our findings lend novel insights into
estrogen regulation of inhibitory synapses in the hippocampus and point to estrogen action on basal forebrain cholinergic neurons as

critically involved in mediating the effects of estrogen in the hippocampus.
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Introduction
Estrogen regulates both inhibitory and excitatory synaptic input
to CAl pyramidal cells in the hippocampus of adult female rats.
With a relatively short latency of 24 hr, estrogen decreases the
amplitude of synaptically evoked GABA, receptor-mediated
IPSCs and decreases the frequency, but not amplitude, of minia-
ture IPSCs (mIPSCs) in these cells (Rudick and Woolley, 2001).
The decrease in inhibitory synaptic function induced by estrogen
is transient in that by 72 hr, inhibition is restored to control levels.
In parallel with the restoration of inhibition, excitatory input to
CA1 pyramidal cells is enhanced: dendritic spine and synapse
density are increased (Woolley and McEwen, 1992), NMDA re-
ceptor function is enhanced (Rudick and Woolley, 2001), and
spatial working memory is improved (Daniel and Dohanich,
2001; Sandstrom and Williams, 2001). On the basis of in vitro
studies (Murphy et al., 1998), the transient suppression of
GABAergic inhibition induced by estrogen is likely to be a causal
factor in subsequent enhancement of excitatory input to hip-
pocampal pyramidal cells.

Estrogen also transiently alters the kinetics of CA1 pyramidal
cell IPSCs at the same time that it decreases IPSC amplitude.
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Twenty-four hours after estrogen, synaptically evoked IPSCs
show a prolonged decay time, which is paralleled by the appear-
ance of a subpopulation of mIPSCs with prolonged decay. By 72
hr, evoked IPSC decay has returned to control levels, and the
subpopulation of prolonged mIPSCs has disappeared.

Currently, it is unknown how or where estrogen acts to regu-
late synaptic inhibition in the hippocampus. Estrogen can act
through classical nuclear receptors, estrogen receptor (ER)-a and
ER-f, and through “rapid effects” that may involve membrane or
cytoplasmic receptors (Moss and Gu, 1999). CA1 pyramidal cells
lack classical ERs; however, ER-« is expressed in a subset of
GABAergic neurons in CA1 (Hart et al., 2001), as well as in affer-
ents to the hippocampus. Basal forebrain cholinergic neurons in
particular are good candidates for involvement in the effects of
estrogen in the hippocampus: ~37% of cholinergic neurons in
the medial septum bind estrogen and express ER-a (Shughrue et
al.,, 2000), estrogen increases basal forebrain choline acetyltrans-
ferase activity (Luine, 1985), high-affinity choline uptake (Gibbs,
2000), and acetylcholine release (Gibbs et al., 1997), and at least
some of the effects of estrogen on hippocampal excitatory synap-
tic function are blocked by an M2 muscarinic receptor antagonist
(Daniel and Dohanich, 2001).

To begin to elucidate the mechanisms by which estrogen reg-
ulates synaptic inhibition in the hippocampus, we tested whether
the ER antagonist tamoxifen can block the effects of estrogen on
CAL1 pyramidal cell IPSCs and the ability of estrogen to regulate
IPSCs in animals in which basal forebrain cholinergic neurons
were eliminated by infusion of 1921gG-saporin (Sap) toxin into



4480 - ). Neurosci., June 1,2003 - 23(11):4479 — 4490

the medial septum. Our findings demonstrate that estrogen reg-
ulation of hippocampal synaptic inhibition depends completely
on tamoxifen-sensitive ERs and partly on basal forebrain cholin-
ergic neurons. We propose models for estrogen action in the
basal forebrain to disinhibit hippocampal pyramidal cells.

Materials and Methods

Animal treatments. Animal procedures were approved by the Northwest-
ern University Animal Care and Use Committee. Adult female Sprague
Dawley rats (180-220 gm) were housed on a 12 hr light/dark cycle with
ad libitum access to food and water. All rats were bilaterally ovariecto-
mized under ketamine (85 mg/kg)/xylazine (13 mg/kg) anesthesia using
aseptic procedures. On the third day after surgery, rats were injected
subcutaneously with either 10 ug of 173-estradiol benzoate (E) in 100 ul
of sesame oil or 100 ul of sesame oil (O) alone. For pretreatment with
tamoxifen, rats received 2 mg/kg tamoxifen (T) or oil vehicle (V) 12 hr
before and concurrently with the E or O injections. Twenty-four hours
after E or O injection, animals were killed for preparation of hippocam-
pal slices.

In additional experiments, 1921gG-Sap (Chemicon International, Te-
mecula, CA) was infused directly into the medial septum to selectively
destroy basal forebrain cholinergic neurons before ovariectomy. 1921gG-
Sap is a selective immunotoxin consisting of the ribosome-inactivating
toxin saporin coupled to an antibody against the p75NTR. Infusing small
quantities of Sap directly into the medial septum selectively destroys
cholinergic projection neurons, with no apparent affect on GABAergic
projections (Book et al., 1994; Gibbs, 2002; Johnson et al., 2002). Infu-
sions were performed as described recently (Johnson et al., 2002). Briefly,
animals were anesthetized with the ketamine/xylazine mixture as above
and placed into a standard stereotaxic apparatus. A 30 gauge stainless
steel cannula was lowered 5.6 mm into the medial septum (+0.2 mm
from bregma, 0.0 mm lateral), and animals received either Sap (0.22 ug)
or vehicle [sterile saline (Sal)] in a total volume of 1.0 ul infused at a rate
of 0.2 ul/min. The cannula was left in place for 5 min after each infusion.
The cannula then was removed, the incision was sutured closed, and
animals were placed onto a warm heating pad during recovery. All ani-
mals received analgesic (0.1 mg/kg buprenorphine) after surgery to alle-
viate pain. Fourteen to 16 d after infusion, animals were ovariectomized,
and on the third day after surgery, half of each infusion group received a
single injection of either E or O. Twenty-four hours after E or O injection,
animals were killed for preparation of hippocampal slices.

Preparation and maintenance of hippocampal slices. On each recording
day, three or four animals each from different treatment groups within a
particular type of experiment (e.g., tamoxifen pretreatment or Sap le-
sion) were coded, and the code was not broken until all data analysis for
those animals was complete. Rats were anesthetized with Nembutal (80
mg/kg) and transcardially perfused with ice-cold oxygenated (95%
0,/5% CO,) artificial CSF (ACSF) containing (in mwm): 125 NaCl, 25
NaHCO;, 25 dextrose, 2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, pH 7.5.
The brain was quickly removed and cooled in ice-cold oxygenated ACSF.
For experiments with Sap- or Sal-infused animals, the rostral portion of
each brain containing the medial septum was saved and frozen for later
choline acetyltransferase (ChAT) immunohistochemistry. Using a Vi-
broslicer (Electron Microscopy Sciences, Fort Washington, PA), 300-
pum-thick transverse hippocampal slices were cut into a bath of ice-cold
oxygenated ACSF. Also, for Sap- or Sal-infused animals, slices inter-
leaved with those used for electrophysiology were frozen for later analysis
of ChAT activity. Slices for electrophysiology were transferred to a hold-
ing chamber where they remained submerged in oxygenated ACSF at
35°C for 30 min and then at room temperature (~24°C) until they were
used for recording.

Electrophysiological recording. Slices were transferred to a recording
chamber mounted on a Zeiss Axioskop (Oberkochen, Germany) where
they were submerged in oxygenated ACSF maintained at 35 * 1°C. Neu-
rons in the slice were visualized using infrared differential interference
videomicroscopy (Hamamatsu, Hamamatsu City, Japan). Somatic
whole-cell current- or voltage-clamp recordings were obtained from
CA1 pyramidal neurons using patch electrodes made from thick-walled
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borosilicate glass (Garner Glass, Claremont, CA) pulled on a P-97 mi-
cropipette puller (Sutter Instrument Co., Novato, CA) with an open tip
resistance of 3-5 M{) in ACSF. Series resistance (average 13 * 4.7 M())
was compensated (70%), and a recording was terminated if a significant
increase occurred. Data were collected with an Axopatch 200B amplifier
(Axon Instruments, Foster City, CA) acquired and analyzed using Igor
Pro software (WaveMetrics, Lake Oswego, OR).

Synaptically evoked action potentials were recorded in current clamp
using a pipette solution containing (in mm): 115 K-gluconate, 20 KCI, 10
Na,-creatinine phosphate, 20 HEPES, 2 EGTA, 2 MgATP, NaGTP, pH
7.3. Before recording, a cut in the slice was made between the CA1 and
CA3 regions. A bipolar stimulating electrode was placed in the CAl
stratum radiatum ~200 wm lateral from the recorded cell soma halfway
between the pyramidal cell layer and stratum lacunosum. Action poten-
tials were evoked by increasing stimulus intensity in 1 wA steps delivered
at a frequency of 0.1 Hz beginning from 40 wA until an action potential
was triggered; all action potentials were overshooting. High-intensity
stimuli (300 and 800 wA) were used to determine whether any cell fired
multiple synaptically evoked action potentials. This stimulus—response
paradigm was repeated three times for each cell, and the threshold stim-
ulus current necessary to evoke an action potential was calculated for
each cell.

Synaptically evoked IPSCs, spontaneous IPSCs, and mIPSCs were re-
corded in voltage clamp using a pipette solution containing (in mm): 140
CsCl, 2 MgCl,, 10 HEPES, 2 EGTA, 2 MgATP, 0.3 NaGTP, 10 Na,-
creatinine phosphate, 0.1% biocytin, pH 7.2-7.3. The bath contained 5
mM kynurenic acid to block glutamate receptor-mediated synaptic trans-
mission. To record synaptically evoked IPSCs, a stimulating electrode
(patch pipette with chlorided silver wire) was placed in the CA1 pyrami-
dal cell layer 50—100 wm away from the recording electrode. Stimulus—
response curves were generated at a holding potential of —70 mV by
varying stimulus intensity from the minimum current necessary to evoke
a postsynaptic response to the current that produced a maximal re-
sponse; stimuli were delivered at 0.1 Hz. Synaptically evoked IPSCs were
blocked by the GABA, receptor antagonist bicuculline (10 um). The
stimulus—response protocol was repeated at least three times per cell, and
the average of peak synaptically evoked IPSC amplitude at each stimulus
intensity was calculated for each cell. Synaptically evoked IPSC rise and
decay times were obtained from maximal currents, and data were aver-
aged per cell. Paired-pulse depression of synaptically evoked IPSCs was
measured using a stimulus intensity that evoked a maximal current. Pairs
of IPSCs were evoked with interstimulus intervals from 10 to 300 msec
delivered with 20 sec between stimulus pairs. The paired-pulse protocol
was repeated at least three times per cell, and the ratio of IPSC amplitude
evoked by the second pulse versus the first pulse (P2/P1) was calculated
for each cell at each interstimulus interval. Stimulus-response curves
were analyzed statistically with repeated-measures ANOVA. Synaptically
evoked IPSC rise time and time to 50% decay were analyzed statistically
with ANOVA followed by Turkey post hoc comparisons. Paired-pulse
depression was analyzed statistically with repeated-measures ANOVA
(for experiments with multiple interstimulus intervals) or ANOVA fol-
lowed by Tukey post hoc comparisons (for experiments with a single
interstimulus interval).

Spontaneous IPSCs were recorded from CA1 pyramidal cells without
synaptic stimulation, and data were obtained from the first 500 sponta-
neous events per cell. Subsequently, 5 um TTX was added to the bath to
reveal mIPSCs from the same cell. Miniature IPSCs were recognized as
events at least 2 SD above the amplitude of noise, as determined by
recording in kynurenic acid and bicuculline. Data were collected from
the first 500 mIPSCs per cell. The frequency, mean amplitude, and rise
and decay time of TTX-sensitive (i.e., action potential-related) sponta-
neous IPSCs and mIPSCs were analyzed statistically using ANOVA fol-
lowed by Tukey post hoc comparisons. Amplitude and decay time histo-
grams for action potential-related spontaneous IPSCs and mIPSCs were
analyzed statistically using the Kolmogorov—Smirnov test.

In some experiments, exogenous GABA was applied directly to the
soma of a recorded cell using a PV830 pneumatic picopump (World
Precision Instruments, Sarasota, FL). GABA application was repeated at
least 10 times with a 1 min interval between applications, and measure-



Rudick et al. » Regulation of Estrogen-Induced Disinhibition

ments of peak amplitude and decay time were averaged for each cell. The
amplitude and time to 50% decay of GABA-evoked currents were ana-
lyzed statistically using Student’s ¢ test.

Immunohistochemistry for ChAT. ChAT immunohistochemistry was
performed for each Sap- or Sal-infused animal to confirm cholinergic
lesion in the Sap-infused animals. All tissue was coded, and the code was
not broken until analysis of both immunohistochemical and enzyme
activity assays for ChAT was complete. The rostral portion of each brain
containing the medial septal area was fixed by immersion in 4% parafor-
maldehyde in 50 mm PBS for several hours and then in 4% paraformal-
dehyde in 15% sucrose at 4°C overnight. Brain tissue was coronally sec-
tioned (40 um) through the medial septal area using a freezing
microtome. Sections were processed for immunohistochemical detec-
tion of ChAT as described previously (Gibbs, 1997).

Briefly, sections were incubated in the primary antiserum (1:3500;
Chemicon International) for 72 hr at 4°C. After primary incubation,
sections were rinsed thoroughly and incubated in biotinylated secondary
antibody (1:250, anti-goat IgG; Vector Laboratories, Burlingame, CA).
The sections were rinsed and incubated in avidin—biotin HRP complex
(1:500; Vector Elite Kit) for 1 hr. Next, the tissue was incubated for 10
min in Tris acetate solution containing 3—3'-diaminobenzidine (0.5 mg/
ml), H,0, (0.01%), and NiCl, (0.032%). After the reaction, sections
were rinsed, mounted onto subbed slides, dehydrated in graded ethanols,
cleared in xylene, and coverslipped under DePex.

ChAT assay. Frozen, coded, hippocampal slices were thawed and dis-
sociated by sonication in a medium containing EDTA (10 mm) and Tri-
ton X-100 (0.5%) and diluted to a concentration of 10 mg tissue per
milliliter. An aliquot of each sample was used for the determination of
total protein (Bradford, 1976). ChAT activity was measured as described
previously (DeKosky et al., 1985).

Briefly, three 5 ul aliquots of each sample were incubated for 30 min at
37°C in a medium containing [3H]acetyl-CoA (3.6 Ci/mmol, 30,000—
40,000 dpm per tube, final concentration 0.25 mm acetyl CoA; Sigma, St.
Louis, MO), choline chloride (10 mm), physostigmine sulfate (0.2 mm),
NaCl (300 mm), sodium phosphate buffer, pH 7.4 (50 mm), and EDTA
(10 mm). The reaction was terminated with 4 ml of sodium phosphate
buffer (10 mm, pH 7.2) followed by the addition of 1.6 ml of acetonitrile
containing 5 mg/ml tetraphenylboron. The amount of [ *H]acetylcholine
produced was determined by adding 8 ml of EconoFluor scintillation
mixture (Packard Instruments, Meriden, CT) and counting total counts
per minute (cpm) in the organic phase using an LKB beta counter. Back-
ground was determined using identical tubes to which no sample was
added. For each sample, the three reaction tubes containing sample were
averaged, and the difference between total cpm and background cpm was
used to estimate the total amount of acetylcholine produced per sample.
ChAT activity was then calculated for each sample as picomoles of ace-
tylcholine produced per hour per microgram of protein. All samples were
assayed at the same time using the same stock of [ *H]acetyl-CoA, and the
data were analyzed statistically using ANOVA followed by Tukey post hoc
comparisons.

Results

Estrogen-induced disinhibition

Previously, we found that 24 hr of estrogen treatment signifi-
cantly decreases the amplitude and prolongs the decay time of
synaptically evoked IPSCs in CA1 pyramidal cells. Recordings of
the mixed current (EPSC + IPSC) evoked by stimulation in the
stratum radiatum suggested that these changes are associated
with reduced disynaptic inhibition of CA1 pyramidal cells (Ru-
dick and Woolley, 2001). To test directly whether 24 hr of estro-
gen treatment disinhibits CA1 pyramidal cells, we measured the
stimulus current necessary to produce an action potential evoked
by a stimulating electrode placed in the stratum radiatum.
Current-clamp recordings were made with a K " -gluconate inter-
nal solution. We found that estrogen significantly reduced the
stimulus necessary to evoke an action potential, from 68.0 = 2.97
A in cells from oil-treated controls to 51.1 £ 2.84 in cells from
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Figure 1.  Estrogen treatment decreases the threshold for action potential firing in CA1 py-
ramidal cells. A, Plot of the minimum stimulus necessary to evoke an action potential in cells
from oil-treated (0, open circles; n = 11 cells from 6 animals) and estrogen-treated (E, closed
circles;n = 12 cells from 6 animals) groups. Action potential threshold was significantly lower for the
cells in the estrogen-treated group ( p << 0.01). B, Representative EPSPs and action potential from a
cellinthe O-treated group; stimuli for the traces shown were 40, 50, 60, and 70 A (this cell first
fired at 69 wA). C, Representative EPSPs and action potential from a cell in the E-treated group;
stimuli for the traces shown were 40, 50, and 60 A (this cell first fired at 51 wA).

estrogen-treated animals ( p < 0.01) (Fig. 1). No cells in either
group fired multiple action potentials, even at high stimulus in-
tensities. The effect of estrogen to decrease action potential
threshold was particularly robust in that the stimulus necessary to
evoke an action potential in cells from oil-treated animals was
greater than in cells from estrogen-treated animals in 100% of
our experiments; there was no overlap between the data sets. We
conclude from this result that 24 hr of estrogen treatment disin-
hibits CA1 pyramidal cells.

Effects of tamoxifen on estrogen-induced changes in

synaptic inhibition

We used the selective estrogen receptor modulator tamoxifen to
investigate whether the effects of estrogen on synaptic inhibition
of CA1 pyramidal cells depend on an ER. In these experiments,
we replicated both the estrogen-induced decrease in IPSC ampli-
tude and prolongation of IPSC decay and found that each is
completely blocked by pretreatment with tamoxifen. Tamoxifen
is generally an ER antagonist in brain, but also can act as an ER
agonist in some systems. To validate use of tamoxifen as an ER
antagonist, we confirmed in a separate study that tamoxifen does
notact as an ER agonist in CA1 (Rudick and Woolley, 2003). The
advantage of tamoxifen for these studies is that unlike “pure”
anti-estrogens, it readily crosses the blood—brain barrier. Al-
though tamoxifen can block at least one rapid effect of estrogen
(Rudick and Woolley, 2003), it fails to block many others (Mor-
ley et al., 1992; Aronica et al., 1994; Mermelstein et al., 1996;
Watters and Dorsa, 1998), so inhibition by tamoxifen is a good
indication of a classical ER-mediated mechanism.

Whole-cell voltage-clamp recordings were made using a
CsCl-based internal solution and at a holding potential of —70
mV so that the GABA, receptor-mediated IPSC was an inward
current. In the first series of experiments, synaptically evoked
IPSCs recorded in cells from oil-treated or estrogen-treated ani-
mals that were pretreated either with vehicle (Fig. 2A, B, VO and
VE) or with tamoxifen [TO or TE (Fig. 2C)] were used to generate
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Figure2. Tamoxifen blocks the estrogen-induced decrease in the amplitude of synaptically
evoked IPSCs. All recordings were made with a CsCl-based internal solution at a holding poten-
tial of —70 mV so that GABA,-mediated IPSCs are inward currents. A, Representative individual
traces of IPSCs evoked in a VO cell using 30, 50, 100, and 250 wA stimulating current. B,
Representative individual traces of IPSCs evoked in a VE cell using the same stimulus intensities
asin A. , Representative individual traces of IPSCs evoked in a TE cell using the same stimulus
intensities as in A. Evoked currents are blocked by bicuculline. D, Averaged stimulus—response
curves for VO (open circles; n = 12 cells from 6 animals), VE (black circles; n = 12 cells from 6
animals), TO (light gray circles; n = 11 cells from 6 animals), and TE (dark gray circles; n = 13
cells from 6 animals) groups. *Peak IPSCamplitude is significantly reduced in VE cells compared
with TE, T0, and VO cells ( p << 0.05).

stimulus—response curves (Fig. 2 D). Twenty-four hours of estro-
gen treatment had two principal effects on evoked IPSCs: de-
creased amplitude and increased decay time. Peak amplitude of
evoked IPSCs was 30% lower in VE than VO cells ( p < 0.05).
Pretreatment with tamoxifen had no effect on evoked IPSC am-
plitude in oil-treated controls: stimulus-response curves were
virtually identical for VO and TO cells ( p > 0.1). However, ta-
moxifen pretreatment did block the estrogen-induced decrease
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Table 1. Kinetic parameters of synaptically evoked IPSCs

Treatment group (0] VE T0 TE
Tyise (MS€C) 11£02 12£02 1.0 =01 0.9+ 0.1
Tecay fast (MSEC) 08=13 157 =18 06+14  109*16
Taecay stow (MS€C) 297+42  419x47" 30241 323*44
T decay slow Telative

amplitude (%) 40 =29 69 *= 4.3%* 3827 42 £3.1
Time to 50%

decay (msec) 14118 23.7 & 3.0%* 138£17 133£19

Data are mean == SEM. Units are indicated in parentheses. Evoked IPSC rise time was not significantly different
among groups. *Significant difference from TE, T0, and VO (p << 0.05). **Significant difference from TE, T0, and VO
(p < 0.01). MSignificant difference from V0, TO (p << 0.01), and TE (p << 0.05).

in IPSC amplitude. Stimulus—response curves for VE cells were
significantly different from those for VO, TO, or TE cells (p <
0.05), which were not different from each other ( p > 0.1).

Estrogen also prolonged the decay time of evoked IPSCs. IPSC
decay in CA1 pyramidal cells is best described by two time con-
Stants, Tyecay fast AN T decay siow (Pearce, 1993; Rudick and Woolley,
2001), each of which was greater in VE compared with VO cells
(all kinetics data are shown in Table 1). Additionally, the slower
component of IPSC decay accounted for 69% of current in VE
cells compared with only 40% in VO cells. For statistical compar-
ison, we measured the time to 50% decay of IPSCs, which was
significantly greater in VE than VO cells (p < 0.05). Pretreat-
ment with tamoxifen itself did not affect the kinetics of evoked
IPSCs ( p > 0.1), but completely blocked the effects of estrogen
on IPSC decay ( p > 0.1). In contrast to IPSC decay time, the rise
time of evoked IPSCs was unaffected by any treatment.

Previously, we demonstrated that the decrease in evoked IPSC
amplitude was associated with a decrease in the frequency, but
not amplitude, of TTX-insensitive mIPSCs recorded from the
same cells (Rudick and Woolley, 2001). TTX-insensitive mIPSCs
reflect spontaneous GABA release at individual synaptic sites; the
frequency of mIPSCs is a functional measure of the number of
GABAergic synapses, and mIPSC amplitude is a measure of the
strength of individual GABAergic synapses. In the current study,
we replicated the estrogen-induced decrease in mIPSC frequency
and found that like the decrease in evoked IPSC amplitude, it is
blocked by pretreatment with tamoxifen (Fig. 3). Miniature IPSC
frequency was significantly lower in VE cells than in VO, TO
(p<<0.01), or TE cells ( p < 0.05), which were not different from
each other (p > 0.1).

Analysis of histograms for mIPSC amplitude and decay time
from cells in each treatment group provided additional informa-
tion about estrogen-induced changes in GABAergic synapses and
confirmed complete blockade of the effects of estrogen by tamox-
ifen. Miniature IPSC amplitude histograms (Fig. 4A—C) show
that although estrogen does not significantly alter the mean am-
plitude of mIPSCs, it does produce a statistically significant skew-
ing toward larger amplitude mIPSCs (Fig. 4D) ( p < 0.01). This
shift toward larger currents is clear evidence that the estrogen-
induced decrease in evoked IPSC amplitude is not caused by a
decrease in the strength of individual GABAergic synapses,
because this would produce a shift in the direction of smaller
mIPSCs. Additionally, comparison of mIPSC decay time histo-
grams (Fig. 4E-H) revealed a subpopulation of mIPSCs with
prolonged decay time in VE cells that parallels the longer decay of
evoked IPSCs in the same animals; mIPSCs with prolonged decay
also are evident in the VE traces shown in Figure 3B. Although
group data are shown in Figure 4, it is important to note that
mIPSC decay time histograms were clearly bimodal in 28 of the
32 individual cells from estrogen-treated animals in this study.
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Figure 3. Tamoxifen blocks the estrogen-induced decrease in the frequency of TTX-
insensitive mIPSCs. All recordings were made with a CsCl-based internal solution at a holding
potential of —70 mV so that GABA,-mediated mIPSCs are inward currents. A—C, Representa-
tive traces from four different VO cells (A), VE cells (B), and TE cells (C) showing mIPSCs. D, Bar
graph of mean == SEM frequency of mIPSCs in VO (open bars), VE (black bars), TO (light gray
bars), and TE (dark gray bars) groups. Data were obtained from the first 500 mIPSCs from each
of the same cells as in Figure 2 D. **Significant difference from T0 and VO (p << 0.01) and from
TE(p < 0.05).

Pretreatment with tamoxifen did not affect the distributions of
mIPSC amplitudes or decay times in control animals but com-
pletely blocked effects of estrogen on both measures. Miniature
IPSC amplitude and decay time histograms for VE cells were
significantly different from those for VO, TO, or TE cells (p <
0.01), which were not different from each other (p > 0.1). To-
gether, these data demonstrate that estrogen acts through a
tamoxifen-sensitive ER to regulate both disinhibition and pro-
longation of IPSCs in CA1 pyramidal cells.
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Figure 4.  Tamoxifen blocks estrogen-induced changes in mIPSC amplitude and decay time
distributions. A—C, mIPSC amplitude histograms for the VO group (A), VE group (B), and TE
group (C). D, Cumulative histogram of mIPSCamplitudes for VO (open circles), VE (black circles),
TO (light gray circles), and TE (dark gray circles). Mean mIPSC amplitude is not significantly
affected by estrogen, but note the shift toward larger amplitude mIPSCs in the VE group (p <
0.01) thatis absent in the TE group. £~G, mIPSC decay time histograms for the VO group (), VE
group (F), and TE group (G). H, Cumulative histogram of mIPSC decay times for VO (open
circles), VE (black circles), TO (light gray circles), and TE (dark gray circles). Mean mIPSC decay
time is not significantly affected by estrogen, but note the subpopulation of longer decay time
mIPSCs in the VE group (p << 0.01) that is absent in the TE group. Data were obtained from the
same 500 mIPSCs per cell as in Figure 3.

Paired-pulse depression and GABA-evoked currents

The decreases in evoked IPSC amplitude and mIPSC frequency in
cells from estrogen-treated animals suggest that estrogen may
decrease probability of release at GABAergic synapses. To inves-
tigate this possibility, we measured paired-pulse depression of
evoked IPSCs (Fig. 5A), which is an indicator of probability of
release. We found that paired-pulse depression was significantly
reduced in cells from estrogen- versus oil-treated animals ( p <
0.05); the difference was greatest with interstimulus intervals of
=100 msec (Fig. 5B). For example, with a 50 msec interstimulus
interval, the P2/P1 ratio in controls cells was 0.67 = 0.05, indi-
cating 33% depression of the second response, whereas P2/P1 was
0.95 * 0.02 in cells from estrogen-treated animals, indicating
only 5% depression. These data suggest that the decrease in
evoked IPSC amplitude and mIPSC frequency induced by estro-
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Figure 5.  Estrogen decreases paired-pulse depression of evoked IPSCs in CA1 pyramidal
cells. Recordings were made with a (sCl-based internal solution at a holding potential of —70
mV so that GABA -mediated spontaneous IPSCs are inward currents. A, B, Representative traces
of pairs of IPSCs from an O-treated cell (A) and an E-treated cell (B) evoked with a 50 msec
interstimulus interval. G, Plot of P2/P1 ratios in the O-treated group (open circles; n = 11 cells
from 6 animals) compared with the E-treated group (black circles; n = 13 cells from 6 animals).
Note that P2/P1 is closer to 1.0 in cells from the E-treated group, indicating less paired-pulse
depression (p << 0.05).

gen is caused, at least in part, by a functional change in GABAer-
gic synapses that decreases the probability of GABA release. How-
ever, other factors such as receptor desensitization also may
influence measures of paired-pulse depression.

To evaluate the effect of estrogen treatment on postsynaptic
and extrasynaptic GABA receptors, we measured the current
evoked by application of GABA to the soma using a picopump
(e.g., 1 sec application of 500 um GABA). Experiments with ex-
ogenous GABA application revealed no differences in the ampli-
tude or kinetics of GABA-evoked currents in cells from oil- (n =
8) and estrogen-treated (n = 9) animals ( p > 0.1 on all measures;
data not shown). These data indicate that estrogen does not pro-
duce a global (i.e., postsynaptic and extrasynaptic) increase in the
decay time of GABA-evoked currents, but rather increases decay
time of currents selectively at a subset of GABAergic synapses.
This observation is consistent with the mIPSC decay time histo-
grams, which show that only a subset of mIPSCs is prolonged in
cells from estrogen-treated animals. However, because synaptic
receptors may be only a fraction of those activated by exogenous
GABA application, it is not possible to conclude from this nega-
tive result whether the effect of estrogen on IPSC decay time is
presynaptic or postsynaptic.

Effects of cholinergic lesions on estrogen-induced changes in
synaptic inhibition

Our results with tamoxifen indicated than an ER is involved in
mediating the effects of estrogen on synaptic inhibition of CAl
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pyramidal cells. As mentioned previously, nuclear ER-a is not
expressed in pyramidal cells but is expressed in a small subset of
GABAergic neurons (in dorsal CAl, where all our recordings
were made) (Hart et al., 2001). Additionally, Hart et al. (2001)
found no evidence for ER-f expression in the adult hippocam-
pus. Only ~10% of GABAergic neurons located within the pyra-
midal cell layer, i.e., those most likely to be immediately presyn-
aptic to pyramidal cell bodies, express ER-a. Although the small
number of ER-expressing GABA neurons in the hippocampus
may participate in estrogen-induced changes in inhibition of
CAl pyramidal cells, an additional possibility is that ER-
expressing cells in hippocampal afferents also play a critical role.

Several lines of evidence point to basal forebrain cholinergic
neurons as likely candidates for mediating the effects of estrogen
in the hippocampus. First, ~37% of cholinergic neurons in the
medial septum bind estrogen and express ER-a (Shughrue et al.,
2000). Second, estrogen enhances septohippocampal cholinergic
neurotransmission as reflected by increases in medial septal
ChAT mRNA, protein (Gibbs, 1996, 1997), and activity (Luine
1985), as well as high-affinity choline uptake (Gibbs, 2000) and
acetylcholine release (Gibbs et al., 1997) in the hippocampus.
Although acetylcholine influences neuronal activity through
both ionotropic nicotinic and metabotropic muscarinic acetyl-
choline receptors, a recent study demonstrated that M2 musca-
rinic receptors are required for estrogen-induced changes in
NMDA receptor binding in CA1 (Daniel and Dohanich, 2001).

To explore the possibility that basal forebrain cholinergic neu-
rons are involved in estrogen-induced changes in synaptic inhi-
bition of hippocampal neurons, we tested the ability of estrogen
to disinhibit CA1 pyramidal cells in animals in which basal fore-
brain cholinergic neurons had been eliminated by previous infu-
sion of 1921gG-Sap into the medial septum. For each animal in
this study, we confirmed the effectiveness of Sap infusion on the
basis of ChAT immunoreactivity in the basal forebrain and ChAT
activity in hippocampal slices interleaved with those used for
electrophysiology. These analyses showed that intraseptal infu-
sions of Sap resulted in a substantial loss of ChAT-positive cells in
the medial septum and diagonal band of Broca (Fig. 6A-C) and
significantly decreased ChAT activity in the hippocampus by
85% ( p < 0.01) (Fig. 6D).

Electrophysiological analysis demonstrated that the ability of
estrogen to disinhibit CA1 pyramidal cells was significantly atten-
uated in Sap-lesioned animals, but it was not completely blocked.
As before, we evaluated evoked IPSCs and mIPSCs. Removal of
basal forebrain cholinergic neurons by itself had no effect on
measures of synaptic inhibition in CAl; data from Sap-O and
Sal-O animals were indistinguishable ( p > 0.1 on all measures).
As expected from previous experiments, estrogen decreased the
peak amplitude of synaptically evoked IPSCs in Sal-infused ani-
mals by 35% (Fig. 7A) ( p < 0.05). In Sap-lesioned animals, how-
ever, the estrogen-induced decrease in evoked IPSC amplitude
was significantly attenuated in that peak IPSC amplitude was
reduced by only 13% and was significantly different from all
other groups (p < 0.05) (Fig. 7A). The effect of estrogen on
paired-pulse depression of IPSCs also was reduced by Sap lesion
(Fig. 7B). In Sal-infused controls, the P2/P1 ratio with a 50 msec
interstimulus interval was 0.63 = 0.05 Sal-O cells and 0.93 = 0.06
Sal-E cells ( p < 0.01), whereas in Sap-lesioned animals, estrogen
did not significantly alter the P2/P1 ratio (0.64 = 0.04 in Sap-O vs
0.72 = 0.06 in Sap-E; p = 0.054). Similar to evoked IPSC ampli-
tude, the frequency of mIPSCs in Sap-E animals was intermediate
between Sal-E animals and Sal-O and Sap-O animals ( p < 0.05;
Sap-E vs all other groups) (Fig. 7C). Additionally, the skewing of
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does not completely block it. A, Averaged stimulus—response curves for synaptically evoked
IPSCsin Sal-0 (open circles; n = 12 cells from 6 animals), Sal-E (black circles; n = 12 cells from
6 animals), Sap-O0 (light gray circles; n = 9 cells from 6 animals), and Sap-E (dark gray circles;
n = 8 cells from 6 animals) groups. B, Bar graph of mean == SEM. P2/P1 ratio for evoked IPSCs
inSal-0, Sal-E, Sap-0, and Sap-E groups (50 msecinterstimulus interval). Note that P2/P1in the
Sal-E groupis closer to 1.0 than in other groups, indicating less paired-pulse depression in Sal-E.
(, Bar graph of mean == SEM frequency of mIPSCs for Sal-0, Sal-E, Sap-0, and Sap-E groups.
*Significant difference from Sal-0, Sap-0, and Sap-E ( p << 0.05); **significant difference from
Sal-0 and Sal-0 ( p < 0.01); Tsignificant difference from Sal-0, Sap-0, and Sal-E ( p << 0.05;
trend from Sap-0in B, p = 0.054).

mIPSC amplitudes toward larger currents was intermediate in
Sap-E animals (data not shown). With the exception of paired-
pulse experiments in which estrogen did not have a statistically
significant effect in Sap-lesioned animals, data from the Sap-E
cells were significantly different from cells in all other groups
(p < 0.05). These results demonstrate that the basal forebrain
cholinergic system plays a critical role in estrogen-induced disin-
hibition of hippocampal CA1 pyramidal cells. The observation
that Sap lesion produced only a partial blockade of the effects of
estrogen indicates that in addition to basal forebrain cholinergic
neurons, other cells also are likely to be involved in estrogen-
induced disinhibition in the hippocampus.

Although we expected that cholinergic tone in an acute hip-

<«

Note the significant reduction in ChAT labeling in the medial septum (MS) and vertical diagonal
band (VDB) in Sap-E compared with Sal-E. C, High magnification view of ChAT-labeled cellsina
Sal-E control. Scale bars: (in A) A, B, 400 wm; (, 50 pm. D, Bar graph of mean = SEM. ChAT
activity in hippocampal slices interleaved with those used for electrophysiology demonstrating
effective reduction of cholinergic activity: Sal-0 (open bars; n = 12 slices from 6 animals), Sal-E
(black bars; n = 125slices from 6 animals), Sap-0 (light gray bars; n = 9 slices from 6 animals),
and Sap-E (dark gray bars; n = 8 slices from 6 animals) groups. **Significant difference from
Sal-0and Sal-E (p < 0.01).
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Figure 8.  192lgG-saporin lesion has no effect on estrogen-induced prolongation of IPSC
decay times. A, Bar graph of mean = SEM decay times of synaptically evoked IPSCs in Sal-0
(open bars), Sal-E (black bars), Sap-0 (light gray bars), and Sap-E (dark gray bars) groups. B,
Cumulative histogram of mIPSC decay time distributions for Sal-O (open circles), Sal-E (black
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decay time in both the Sal-E and Sap-E groups (p << 0.01) that is not observed in the Sal-0 and
Sap-0 groups. Data are from the same cells as in Figure 6. **Significant difference from oil-
treated groups (p << 0.01).

pocampalslice, i.e., denervated from subcortical inputs, would be
minimal, we performed additional experiments to confirm that
the effects of estrogen on synaptic inhibition are not caused by an
enhancement of presynaptic cholinergic function in the slice. We
recorded paired-pulse depression and mIPSC frequency in cells
from nonlesioned oil- (n = 6) and estrogen-treated (n = 4) ani-
mals before and after bath application of the nonselective mus-
carinic receptor antagonist atropine (1-5 uMm) and found that
neither measure was affected by atropine (p > 0.1; data not
shown). These data indicate that estrogen-induced disinhibition
in CALl is not caused by a difference in cholinergic activity in the
slice 24 hr after estrogen treatment.

Interestingly, in contrast to the effect of Sap lesion on
estrogen-induced disinhibition, the ability of estrogen to prolong
IPSC decay times was unaffected by elimination of basal fore-
brain cholinergic neurons. Synaptically evoked IPSCs were sim-
ilarly prolonged in Sal-E and Sap-E cells (Fig. 8 A, Table 2), and
the subpopulation of prolonged mIPSCs was similarly present in
Sal-E and Sap-E cells (Fig. 8 B). Thus, analysis of Sap-lesioned
animals demonstrated that the effects of estrogen on IPSC ampli-
tudes versus decay times are separable, indicating that different
mechanisms mediate these two effects of estrogen on synaptic
inhibition of hippocampal CA1 pyramidal cells.

Action potential-related spontaneous IPSCs
Each CA1 pyramidal cell receives inhibitory synaptic input from
multiple GABAergic neurons, and each GABAergic neuron
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Table 2. Kinetic parameters of synaptically evoked IPSCs

Treatment group Sal-0 Sal-E Sap-0 Sap-E
Tyge (MsEC) 1.0 £02 1203 0.9+ 0.1 1102
Tecay fast (MSEC) 0913  155+17% 1114 153+16*
Toecaysow (M) 288548 420 £50% 305447  411+45
T decay slow relative

amplitude (%) 3725 68 = 4.4%* 39 +28 66 *+ 4.2%*

Data are mean == SEM. Units are indicated in parentheses. Evoked IPSC rise time was not significantly different
between groups. *Significant difference from the corresponding oil control (p << 0.05). * *Significant difference
from the corresponding oil control (p << 0.01). Figure 74 shows time to 50% decay from these animals.

forms multiple inhibitory synapses with each pyramidal cell that
it contacts (Buhl et al., 1994; Freund and Buzsaki, 1996). Given
this circuitry, we considered the possibility that estrogen might
selectively influence a subset of the GABAergic neurons that in-
nervate an individual CAl pyramidal cell. To test this idea, we
recorded TTX-sensitive spontaneous IPSCs, which reflect GABA
released by action potential firing in inhibitory neurons. We ob-
tained action potential-related spontaneous IPSCs by recording
all spontaneous IPSC events (i.e., mIPSCs and spontaneous
IPSCs attributable to inhibitory neuron firing) first in normal
ACSF and then after addition of TTX to the bath (i.e., mIPSCs
only). For each cell, amplitude histograms were plotted before
(Fig. 9A, B, insets) and after TTX, and the distribution of events
remaining after TTX was subtracted from the distribution of all
events to reveal TTX-sensitive spontaneous IPSCs (326 = 75 per
cell). These action potential-related spontaneous IPSCs (referred
to hereafter as spontaneous IPSCs) were collected from cells in
animals treated only with oil or estrogen, as well as in oil- and
estrogen-treated animals in the Sap-lesion study. Data from non-
infused and Sal-infused animals were indistinguishable, so only
data from Sal- and Sap-infused animals are shown.

Analysis of spontaneous IPSCs indicated that estrogen does
not alter the number of inhibitory neurons in functional synaptic
contact with CA1 pyramidal cells but that the current produced
by each inhibitory neuron action potential, on average, is re-
duced. Similar to the effect of estrogen on evoked IPSC ampli-
tude, estrogen treatment significantly decreased the mean ampli-
tude of spontaneous IPSCs by 30% in cells from Sal-infused
animals (Fig. 9C) ( p < 0.05). As was the case with other measures
of inhibition, Sap-lesion itself had no effect on the amplitude of
spontaneous IPSCs in oil-treated controls ( p > 0.10). Addition-
ally, estrogen did not significantly alter the amplitude of sponta-
neous IPSCs in Sap-lesioned animals ( p = 0.09 vs Sap-E vs Sap-
0), although mean amplitude was slightly lower (by 9%) (Fig.
9C). Importantly, in contrast to the effect of estrogen on the
amplitude of spontaneous IPSCs, estrogen had no effect on spon-
taneous IPSC frequency (Fig. 9D) ( p > 0.10), nor was spontane-
ous IPSC frequency affected by the Sap lesion itself (Fig. 9D).
Together, our spontaneous IPSC amplitude and frequency data
are consistent with an estrogen-induced decrease in probability
of GABA release that is distributed across multiple presynaptic
neurons in contact with an individual CA1 pyramidal cell. Our
results do not support the suggestion that estrogen substantially
decreases probability of release at synapses from a subset of pre-
synaptic inhibitory neurons, because this would be expected to
decrease the frequency of spontaneous IPSCs. Interestingly, the
lack of an effect of Sap lesion itself on spontaneous IPSC ampli-
tude or frequency indicates that altering cholinergic tone in the
hippocampus in vivo does not have a lasting effect on tonic inhi-
bition of pyramidal cells, i.e., that is evident in a hippocampal
slice.

Analysis of spontaneous IPSC decay times indicated that
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Figure 9. Estrogen decreases the amplitude, but not frequency, of action potential-related
spontaneous IPSCs, and this decrease is blocked by 192lgG-saporin lesion. Recordings were
made with a CsCl-based internal solution at a holding potential of —70 mV so that GABA,-
mediated spontaneous IPSCs are inward currents. 4, B, Representative traces of spontaneous
IPSCevents (mIPSCs and action potential-related IPSCs) from a Sal-O cell (A) and a Sal-E cell ( B).
Insets, Amplitude histograms for all spontaneous IPSC events in each group; note two peaks,
corresponding to mIPSCs and action potential-related IPSCs. C, Bar graph of the mean = SEM
amplitude of action potential-related (i.e., TTX-sensitive) spontaneous IPSCs in Sal-0, Sal-E,
Sap-0, and Sap-E groups. Note the estrogen-induced decrease in action potential-related spon-
taneous IPSC amplitude in Sal animals (p << 0.05) but not Sap animals (p = 0.09; Sap-E vs
Sap-0). D, Bar graph of the mean == SEM frequency of action potential-related spontaneous
IPSCs in Sal-0, Sal-E, Sap-0, and Sap-E groups. Neither estrogen nor 192lgG-saporin lesion
affects the frequency of these events. Data were collected from 326 == 75 action potential-
related spontaneous IPSCs in the same cells as in Figure 6. *Significant difference from Sal-0,
Sap-0 (p < 0.05).

estrogen-induced prolongation of IPSCs also appears to be an
effect that is distributed across presynaptic GABA neurons and
not an effect on synapses formed by a subset of GABA neurons.
One possibility suggested by analysis of mIPSC decay time histo-
grams is that fast versus slow decay time mIPSCs might arise from
distinct subsets of presynaptic inhibitory neurons. If this were the
case, one would expect decay time histograms for action
potential-related spontaneous IPSCs to be bimodal, similar to
those for mIPSCs. Alternatively, if individual inhibitory neurons
form a mixture of synapses with fast versus slow decay times, this
would result in a unimodal decay time histogram for spontane-
ous IPSCs. Our findings point to the second possibility. First,
consistent with the prolonged decay time of evoked IPSCs, mean
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Figure10.  Estrogenincreases the decay time of action potential-related spontaneous IPSCs,
but this increase is unaffected by 1921gG-saporin lesion. A, Bar graph of mean = SEM decay
time of action potential-related spontaneous IPSCs in Sal-0, Sal-E, Sap-0, and Sap-E groups. 8,
(, Decay time histograms for action potential-related spontaneous IPSCs in the Sal-0 group ( B)
and Sal-E group (C). Note that mean decay time of action potential-related spontaneous IPSCs
is significantly increased by estrogen and that the distribution of action potential-related spon-
taneous IPSC decay times is unimodal but broader and shifted toward prolonged currents in the
Sal-E-treated cells (p << 0.05). *Significant difference from the O-treated groups (p << 0.05).
Data are from the same action potential-related spontaneous IPSCs as in Figure 9, Cand D.

decay time of spontaneous IPSCs was significantly greater in cells
from Sal-infused, estrogen-treated animals compared with cells
from oil-treated controls ( p < 0.05) (Fig. 10A). Second, in con-
trast to the bimodal decay time histograms for mIPSCs from
estrogen-treated animals, decay time histograms for spontaneous
IPSCs in cells from estrogen-treated animals were unimodal in all
cells recorded, but the distribution was broader and shifted to-
ward prolonged decay times (Fig. 10C) compared with controls
(Fig. 10 B). These data suggest that individual inhibitory neurons
form a mixture of synapses with fast versus slow decay times,
which in concert produce a relatively prolonged IPSC in
estrogen-treated animals. Also consistent with data from evoked
IPSCs, Sap lesion had no effect on spontaneous IPSC decay time
or the estrogen-induced increase in spontaneous IPSC decay time
(Fig. 10A).

Discussion

Our results provide five novel insights into the mechanism by
which estrogen regulates synaptic inhibition of hippocampal
CA1 pyramidal cells. (1) The effects of estrogen on pyramidal cell
IPSCs result in disinhibition of these cells; (2) estrogen regulation
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of synaptic inhibition, both disinhibition and prolongation of
IPSCs, is entirely dependent on a tamoxifen-sensitive ER; (3)
estrogen-induced disinhibition is partially dependent on basal
forebrain cholinergic neurons, whereas the prolongation of
IPSCs is not at all dependent on these cells; (4) estrogen-induced
disinhibition appears to involve a decrease in the probability of
transmitter release at GABAergic synapses; and (5) estrogen-
induced disinhibition is associated with a decrease in the synaptic
current produced by action potentials in individual inhibitory
neurons rather than a decrease in the number of inhibitory neu-
rons in functional contact with each CA1 pyramidal cell. Because
estrogen-induced changes in synaptic inhibition precede and are
likely to be causally related to enhancement of excitatory synaptic
structure and function in the hippocampus, these findings con-
tribute to understanding the chain of events by which estrogen
influences hippocampal circuitry.

Estrogen-induced disinhibition

CA1 pyramidal cells are innervated by multiple GABAergic neu-
rons, and each presynaptic GABA neuron forms multiple inhib-
itory synapses with individual postsynaptic pyramidal cells (Buhl
etal., 1994; Freund and Buzsaki, 1996). Our recordings of paired-
pulse depression and action potential-related spontaneous IPSCs
indicate that estrogen-induced disinhibition is associated with a
decrease in probability of GABA release and a reduction in the
amplitude of IPSCs produced by action potentials in individual
inhibitory neurons. Currently it is not known whether the de-
crease in probability of release is distributed similarly across the
multiple GABAergic synapses formed by an individual presynap-
tic neuron or whether the decrease in release probability may be
unequally distributed within an individual presynaptic neuron,
resulting in functional silencing of a subset of GABA synapses
formed by an individual presynaptic cell. Interestingly, observa-
tions in the arcuate nucleus of the hypothalamus provide a pre-
cedent for the second possibility. Twenty-four hours of estrogen
exposure induces a physical retraction of some axosomatic
GABAergic inputs to neurons in the arcuate (Parducz et al,
1993), silencing those synapses and disinhibiting arcuate neurons
(Parducz et al., 2002). The possibility that estrogen functionally
silences a subset of GABAergic synapses on CA1 pyramidal cells is
particularly interesting because it suggests that individual syn-
apses arising from the same presynaptic neuron are regulated
differentially.

ER requirement for estrogen-induced disinhibition

We found that estrogen-induced disinhibition of CA1 pyramidal
cells is blocked completely by pretreatment with tamoxifen, in-
dicating estrogen action through an ER. Estrogen could regulate
synaptic inhibition of CA1 pyramidal cells by acting directly on
ER-expressing cells within the hippocampus and/or by acting on
ER-expressing cells in brain regions that project to the hippocam-
pus, such as the medial septum in the basal forebrain.

We used 192IgG-saporin infusion into the medial septum to
test the possibility that basal forebrain cholinergic neurons are
critically involved in estrogen-induced disinhibition of hip-
pocampal CA1 pyramidal cells. As described earlier, the sugges-
tion that estrogen acts directly within basal forebrain nuclei such
as the medial septum to regulate changes in hippocampal func-
tion is supported by the observations that cholinergic neurons in
the medial septum express ER-a (Shughrue et al., 2000), and
some of the effects of estrogen on excitatory synapses in CAl
depend on cholinergic activity, particularly mediated by the M2
muscarinic receptor (Daniel and Dohanich, 2001). We found
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that estrogen-induced disinhibition of hippocampal neurons was
significantly attenuated in saporin-lesioned animals, demon-
strating a role for the basal forebrain cholinergic system, but it
was not blocked completely. There are at least two explanations
for the partial effect of saporin lesion. Estrogen may act in two
separate locations, for example within the basal forebrain and the
hippocampus, in parallel to disinhibit CA1 pyramidal cells. Al-
ternatively, it is possible that cholinergic deafferentation in-
creases the sensitivity of hippocampal neurons to residual
cholinergic input, which could support some degree of estrogen-
induced disinhibition.

The distribution of ER-expressing cells within the hippocam-
pus suggests that estrogen also could act directly on a subset of
hippocampal GABA neurons to regulate inhibition of CA1 pyra-
midal cells. Although pyramidal cells in CA1 do not express clas-
sical ERs, nuclear ER-« is concentrated in a subset of GABAergic
neurons at the border between the stratum radiatum and
lacunosum-moleculare (Hart et al., 2001). Interestingly, some
border neurons inhibit other inhibitory neurons that then inhibit
CA1 pyramidal cells (Kunkel et al., 1988; Lacaille and Schwartz-
kroin, 1988) and thus could mediate disinhibition of pyramidal
cells through intermediate GABA neurons. Because border neu-
rons project to multiple other GABA neurons, and GABA neu-
rons each innervate 1000 or more pyramidal cells (Freund and
Buzsaki, 1996), this interaction provides a way that estrogen ac-
tion on a small number of border neurons could be multiplica-
tively amplified to affect many CA1 pyramidal cells.

Models of estrogen-induced disinhibition involving the

basal forebrain

The hippocampus receives both GABAergic and cholinergic in-
put from basal forebrain regions such as the medial septum
(Paxinos, 1995), either of which could play a role in estrogen-
induced disinhibition of CA1 pyramidal cells. One possibility is
that estrogen stimulates cholinergic neurons in the medial sep-
tum that project locally to septohippocampal GABAergic neu-
rons (Brauer et al., 1998). Acetylcholine released in the septum
provides a strong excitatory drive to the GABA neurons in the
septohippocampal pathway (Alreja et al., 2000). The GABAergic
component of the septohippocampal pathway targets GABAergic
neurons in the hippocampus and thereby can regulate inhibition
of hippocampal pyramidal cells (Freund and Antal, 1988). Given
this circuitry, an estrogen-induced increase in cholinergic stimu-
lation of GABAergic projection cells could produce disinhibition
of hippocampal pyramidal cells. Because this model suggests es-
trogen regulation of inhibition at the level of entire hippocampal
GABA neurons, it is more consistent with an effect of estrogen to
decrease probability of release that is distributed similarly across
the multiple GABAergic synapses formed by an individual inhib-
itory neuron.

A second possibility is that estrogen acts directly on cholin-
ergic septohippocampal projection neurons to increase acetyl-
choline release (Gibbs et al., 1997) and thereby influences a subset
of hippocampal GABAergic synapses that is sensitive to cholin-
ergic modulation. The ability of an M2 muscarinic antagonist to
block the effects of estrogen on NMDA receptor binding in CA1
(Daniel and Dohanich, 2001) suggests involvement of M2 recep-
tors in such a scenario. Interestingly, only a subset of the
parvalbumin-expressing inhibitory axonal varicosities in the
CA1 pyramidal cell layer co-label for the M2 receptor (Hajos et
al,, 1998), suggesting that a only subset of synapses from an indi-
vidual inhibitory neuron may be responsive to acetylcholine via
M2 receptors. Because this model includes differential sensitivity
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of individual GABA synapses to acetylcholine, it suggests an
estrogen-induced decrease in probability of release that is un-
evenly distributed, possibly leading to functional silencing of a
subset of GABA synapses formed by an individual inhibitory neu-
ron. Additionally, it is important to note that however the estro-
gen—Dbasal forebrain interaction works to disinhibit CA1 pyrami-
dal cells, there must be a way that the effect of estrogen in vivo is
translated into longer-lasting disinhibition that can be detected
in a hippocampal slice 24 hr after estrogen and in the absence of
septal input.

Several alternatives to the models discussed above also exist.
For example, although our data indicate that basal forebrain cho-
linergic neurons are involved in estrogen-induced disinhibition,
they do not distinguish between a direct effect of estrogen on
these cells and the possibility that basal forebrain cholinergic neu-
rons play a permissive role in estrogen-induced disinhibition.
Some noncholinergic neurons in the medial septum also express
ER-a (Shughrue et al., 2000), and cholinergic cells may regulate
their activity. Additionally, although our tamoxifen data demon-
strate ER involvement in estrogen-induced disinhibition, this
may occur through a classical or nonclassical mechanism. Milner
et al. (2001) reported that a small percentage of axonal varicosi-
ties in the CA1 pyramidal cell layer (i.e., likely GABAergic) ex-
press ER-a, suggesting the possibility that estrogen influences
some GABAergic synapses directly.

Estrogen action on IPSC decay time

We found that tamoxifen completely blocked the effect of estro-
gen to prolong IPSC decay time, indicating action through an ER,
whereas elimination of basal forebrain cholinergic neurons had
no effect on estrogen-induced prolongation of IPSCs. Estrogen
does not appear to alter GABA receptor kinetics globally, as evi-
denced by no effect on GABA-evoked currents. Recordings of
both GABA-evoked currents and mIPSCs suggest that estrogen
acts to prolong currents specifically at a subset of GABAergic
synapses.

The prolongation of IPSC decay time could occur through
postsynaptic changes in the subunit composition of GABA, re-
ceptors and/or changes in GABA transporter function, which
could affect GABA uptake from the synaptic cleft. Precedents
exist for each possibility. For example, regulation of the a1 and
a2 (Hollrigel and Soltesz, 1997; Lavoie et al., 1997) or a4 (Smith
et al., 1998) GABA, receptor subunits has been shown to alter
IPSC decay time. Additionally, regulation of the GAT-1 GABA
transporter also can alter the decay time of IPSCs (Thompson
and Gahwiler, 1992). Although studies of the effects of estrogen
on cultured hippocampal neurons (Murphy et al., 1998) suggest
that estrogen-induced disinhibition is related to subsequent en-
hancements of excitatory synaptic function, the role of estrogen-
induced changes in IPSC kinetics in the downstream effects of
estrogen on hippocampal circuitry is not yet known.
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