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17 b-estradiol modulates GABAergic synaptic transmission
and tonic currents during development in vitro
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Abstract

Estrogens exert a variety of modulatory effects on the structure and function of the nervous system. In particular, 17 b-estradiol was found to
affect GABAergic inhibition in adult animals but its action on GABAergic currents during development has not been elucidated. In the present
study, we investigated the effect of 17 b-estradiol on hippocampal neurons developing in vitro. In this model, mIPSC kinetics showed acceler-
ation with age along with increased a1 subunit expression, similarly as in vivo. Long-term treatment with 17 b-estradiol increased mIPSC
amplitudes in neurons cultured for 6e8 and 9e11 DIV and prolonged the mIPSC decaying phase only in the 9e11 DIV group. The time needed
for the onset of 17 b-estradiol effect on mIPSC amplitude was approximately 48 h. In the period of 9e11 DIV, treatment with 17 b-estradiol
strongly reduced the tonic conductance activated by low GABA concentrations. The effects of 17 b-estradiol on mIPSCs and tonic conductance
were not correlated with any change in expression of considered GABAAR subunits (a1e3, a5e6, g2) while a4 and d subunits were at the
detection limit. In conclusion, we provide evidence that 17 b-estradiol differentially affects the phasic and tonic components of GABAergic
currents in neurons developing in vitro.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Estrogens are ovarian steroids that participate in induction
of preovulatory surge of gonadotrophins and in the onset
of sexual behavior. Extensive studies provided a wealth of
evidence indicating involvement of estrogens in a variety of
modulatory effects on the structure and function of the nervous
system. In our recent study we have described a neuroprotec-
tive effect of b-estradiol (BE) in young brains in which
apoptotic neurodegeneration was induced (Asimiadou et al.,
2005). In particular, we have found that b-estradiol amelio-
rated neurotoxicity of drugs that activate or up-regulate
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GABAA receptors (g-amino-butyric-acid A-type receptors).
To test whether 17 b-estradiol was related to a direct modula-
tion of GABAA receptors, current responses to exogenous
GABA were recorded, but no significant effect of 17 b-estra-
diol was observed (Asimiadou et al., 2005). Moreover, neuro-
protective effect of 17 b-estradiol was found to be correlated
with increased levels of phosphorylated ERK1/2 (extracellular
signal regulated kinase) and AKT, indicating that, at least
in part, 17 b-estradiol effect was related to activation of
these pro-survival proteins. However, it cannot be excluded
that a long-term treatment with 17 b-estradiol could affect
GABAergic currents via indirect mechanisms. Indeed, long-
term treatment with estrogens was found to profoundly
regulate the structure of neuronal cells and to modulate the
GABAergic and glutamatergic neurotransmission. Murphy
et al. (1998a,b) have reported that estradiol down-regulated
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BDNF (brain-derived neurotrophic factor) in cultured hippo-
campal cells and this effect was associated with a decrease
in inhibition, as evidenced by decrease in GAD (glutamate
decarboxylase) and GABA level, and increase in excitatory
tone leading to a 2-fold increase in dendritic spine density.
In adult animals, estradiol was found to transiently reduce
GAD immunoreactivity, to decrease the amplitude and to
increase the duration of spontaneous IPSCs (inhibitory post-
synaptic currents) (Rudick and Woolley, 2001, 2003; Rudick
et al., 2003). However, the estrogen effect on mIPSCs (minia-
ture inhibitory postsynaptic currents) (in the presence of tetro-
dotoxin, TTX) was qualitatively different: there was no
significant change in amplitude and decay time course but
their frequency was diminished (Rudick and Woolley, 2001;
Rudick et al., 2003). Modulation of GABAergic currents by
long-term treatment with 17 b-estradiol might potentially in-
volve changes in GABAA receptor subunit expression patterns
but this issue has not been fully explored. Pierson et al. (2005)
used semiquantitative RT PCR to assess the RNA level of
GABAA receptor subunits in NT2-N neurons and found that
treatment with 17 b-estradiol for 2 days increased a2 and
decreased a5 subunit but after 7 days this effect was not
observed any more. Shen et al. (2005) have reported that
treatment with 17 b-estradiol and progesterone enhanced
expression of receptors containing d subunit giving rise to in-
creased tonic currents in CA1 hippocampal neurons. Weiland
and Orchinik (1995) have found no effect of estradiol on
GABAAR subunit expression but treatment of animals with
17 b-estradiol together with progesterone did affect the sub-
unit expression of these receptors.

Vast majority of data describing the modulation of
GABAergic system by 17 b-estradiol was obtained in adult
animals. Much less is known about 17 b-estradiol modulatory
effects on the GABAergic drive during development. Based on
analysis of calcium signals in response to muscimol, Perrot-
Sinal et al. (2001) have concluded that treatment of neurons
with 17 b-estradiol enhanced muscimol-evoked calcium tran-
sients and prolonged the period during which GABA is excit-
atory. Wang and Tsai (1999) have reported that treatment with
17 b-estradiol augmented GABA content in developing tilapia
brain. Taking into account that 17 b-estradiol exerts neuropro-
tective effect in young animals (Asimiadou et al., 2005) and
the fact that GABAergic system undergoes profound changes
during development (Cherubini et al., 1991) it seems interest-
ing to consider the impact of this compound on developing
neurons. For this purpose we have considered a model of cul-
tured rat hippocampal neurons developing in vitro. We found
that 17 b-estradiol clearly modulates both phasic (mIPSC)
and tonic currents in this model and that this effect strongly
depends on the developmental stage.

2. Materials and methods

2.1. Cell culture for electrophysiological recordings

Primary cell culture was prepared as described in details by Andjus et al.

(1997). Briefly, P1eP3 days old Wistar rats were decapitated. This procedure
is in accordance with the regulation of the Polish Animal Welfare Act. Hippo-

campi were dissected, sliced, treated with trypsin, mechanically dissociated

and centrifuged twice at 40 >� g, plated in the Petri dishes and cultured. Re-

cordings were made from pyramidal cells (judging from shape) between 6 and

16 days in culture.

17 b-estradiol was from Sigma (1,3,5(10)-Estratriene 3,17b-diol, E-2758,

Sigma-Aldrich, Germany) and stock was prepared by dissolving in DMSO (di-

methyl sulphoxide) at final concentration of 10 mM. Treatment of cultured

neurons with 17 b-estradiol was performed using two protocols. In the long-

term treatment protocol, cultured neurons were supplemented with 17 b-estra-

diol at final concentration of 1 mM 48 h after the culture was prepared

(2nd DIV). Culture medium was exchanged (ca. 50% of volume) two or three

times a week. Each time 17 b-estradiol was added to the medium from

a freshly prepared stock. In parallel, in separate petri dishes, cultured neurons

were supplemented with DMSO at the same final concentration as in 17 b-

estradiol-treated group (0.01% vol/vol). In order to observe the time needed

for the onset of 17 b-estradiol effect, we considered groups of neurons treated

with 17 b-estradiol (1 mM) for 24 and 48 h in each of the considered age

groups (see Section 3).

The estrogen receptor antagonist tamoxifen ([Z]-1-[p-Dimethylaminoe-

thoxyphenyl]-1,2-diphenyl-1-butene) was used at 0.5 mM for 48 h in the pres-

ence of 1 mM of 17-b-estradiol and DMSO as a solvent (Sigma, Germany).

This concentration of tamoxifen is sufficient to block estrogen receptors (Mur-

phy and Segal, 1996) and within considered duration of treatment was non-

toxic to neuronal culture (O’Neill et al., 2004).

2.2. Electrophysiological recordings

Currents were recorded in the whole-cell and outside-out mode of the

patch-clamp technique using the Multiclamp 700B (Molecular Instruments,

Sunnyvale, CA, USA) at a holding potential (Vh) of �70 mV. The intrapipette

solution contained (in mM) CsCl 137, CaCl2 1, MgCl2 2, 1,2-bis(2-aminophe-

noxy)ethane-N,N,N0-tetraacetic acid (BAPTA) 11, ATP 2, HEPES 10 (pH 7.2

with CsOH). The composition of the standard external solution was (in mM)

NaCl 137, KCl 5, CaCl2 2, MgCl2 1, glucose 20, HEPES 10 (pH 7.2 with

NaOH).

Miniature IPSCs were recorded in the whole-cell configuration in the

presence of TTX (1 mM) and kynurenic acid (1 mM). For the whole-cell re-

cordings, patch pipettes had 2.5e3.4 MU when filled with internal solution.

The whole cell recordings were considered for analysis when the access

resistance was below 10 MU. Typically access resistance was in the range

4e8 MU. Occasionally, the series resistance compensation procedure was

applied to bring access resistance below 10 MU but in most cases it was

not necessary. The cells in which series resistance showed instability

during recordings were not considered in the analysis. Any recordings in

the whole-cell mode were started at least 3 min after the patch rupture.

This time was sufficient to stabilize the recording conditions. In the case

of the whole-cell recordings, solutions were supplied by gravity using a glass

tube (1 mm i.d.) positioned with a manipulator in the vicinity of the recording

site.

Using similar experimental configurations (whole-cell mode and perfu-

sion with pipette placed close to the recording site) a special protocol

was considered to assess GABAergic tonic conductance. In order to dimin-

ish the amount of neurotransmitters released due to the activity of neuronal

network, TTX (1 mM) and kynurenic acid (1 mM) and CGP 55845 ((2S )-3-

[[(1S )-1-(3,4-Dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmethyl)-

phosphinic acid) (1 mM) to block GABAB receptors) were applied in the

washing solution supplied directly on the neuron from which the recording

was made. It is expected that rapidly flowing washing solution (with nom-

inally zero [GABA]) directly onto a well exposed neuronal cell (the pres-

ence of glia was diminished by Ara-C (cytosine-D-arabinofuranoside,

C1768, Sigma-Aldrich, Germany) applied 2 days after preparation at con-

centration of 1 mM) around which synaptic GABA release was reduced to

the minimum (due to TTX) would provide the most efficient control of

GABA concentration around the neuron. To assess the tonic conductance,

solutions containing 0.1, 0.3 and 1 mM GABA were consecutively applied

for 3e5 min. Before and after GABA applications, wash solution (with
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TTX and kynurenic acid) was applied to check the stability of recordings

and then 100 mM bicuculline was applied and the shift of the baseline

was recorded.

For acquisition and analysis, the pClamp 9.2 software (Molecular In-

struments, Sunnyvale, CA, USA) was used. For the analysis of the synaptic

currents, recorded in the whole-cell configuration, the current signals were

low-pass filtered at 3 kHz with a Butterworth filter and sampled at 20 kHz

using the analog-to-digital converter Digidata 1322 (Molecular Instruments,

Sunnyvale, CA, USA) and stored on the computer hard disk. Current re-

sponses to rapid GABA applications were filtered at 10 kHz and sampled

at 100 kHz.

Current responses to exogenous GABA were recorded in the outside-out

configuration using the ultrafast perfusion system based on a piezoelectric-

driven theta-glass application pipette (Jonas, 1995). The piezoelectric trans-

lator was from Physik Instrumente (preloaded HVPZT translator 80 mm,

Waldbronn, Germany) and theta-glass tubing from Hilgenberg (Malsfeld,

Germany). The open tip recordings of the liquid junction potentials

revealed that a complete exchange of solution occurred within 40e60 ms.

2.2.1. Analysis

The decaying phase of the currents was fitted with a function in the form:

yðtÞ ¼
Xn

i¼1

Ai expð � t=tiÞ ð1Þ

where, Ai are the fractions of respective components, ti are the time constants.

For normalized currents, SAi ¼ 1. Deactivation time course was well fitted

with a sum of two exponentials (n ¼ 2). The desensitization onset was fitted

with either one or two exponentials plus a constant factor describing the

steady-state currents. The deactivation kinetics was additionally assessed by

averaged time constant calculated according to the formula: tmean ¼ SAiti.

Data are expressed as mean � SEM.

All experiments were performed at room temperature 22e24 �C.

2.3. SDS-PAGE, Western-blotting, and chemiluminescence
detection

Cell cultures were prepared from eight to nine animals using the same

protocols as described above (Andjus et al., 1997). Rat hippocampal neurons

were collected in ice-cold phosphate buffer saline (CaCl2 * H2O 0.9 mM,

KCl 2.6 mM, KH2PO4 1.5 mM, MgCl2 0.5 mM, NaCl 138 mM, Na2HPO4

8.1 mM) and centrifuged 15 min 240 � g. Pellets were resuspended in ex-

traction buffer containing NaCl 150 mM, Tris 50 mM pH ¼ 7.4, EDTA

1 mM, Triton X-100 1% and containing one Mini complete protease inhibi-

tor cocktail tablet per 7 mL buffer (Roche Diagnostics, Mannheim, Ger-

many) and shaken overnight at 4 �C. Total protein content was established

with BCA method (Smith et al., 1985). Total lysates were denatured

(15 min 65 �C) in sample buffer (Invitrogen life technologies, Carlsbad,

CA, USA) under reducing conditions yielding a final protein concentration

of 1 mg/ml. SDS-PAGE was performed according to Neville and Glossmann

(1974) with 10% acrylamide. Samples (5e15 mg total protein) were run on

NuPAGE Bis-Tris gels with a MOPS running buffer (Invitrogen, Life tech-

nologies, Carlsbad, CA, USA) and semidry-blotted onto prewetted polyviny-

lidene fluoride membranes (Immobilon Transfer Membranes, Millipore,

USA). After blocking with 1.5% non-fat dry milk powder in PBS and

0.1% Tween 20 for 1 h at room temperature membranes were incubated

overnight 4 �C with rabbit anti-a1 (1e9) (Zezula et al., 1991), anti-a2

(322e357) (Mossier et al., 1994), anti-a3 (1e11) (Ogris et al., 2006),

anti-a4 (1e14) (Bencsits et al., 1999), anti-a5 (337e388) (Mossier et al.,

1994), anti-d (334e393) (Pöltl et al., 2003), anti-g2 (1e33) (Ebert et al.,

1999) primary antibodies (1 mg/1 ml). After extensive washing (1.5% (w/v)

dry milk powder and 0.1% Tween 20 in PBS), the membranes were incu-

bated with F(ab0)2 fragments of goat anti-rabbit IgG, coupled to alkaline phos-

phatase (Dianova, Jackson ImmunoResearch Labs., USA) for 50 min at room

temperature. Membranes were washed extensively and equilibrated in assay

buffer (diethanolamine 0.1 M, MgCl2 1 mM pH 10.0) for 10 min. Then

membranes were incubated with 1 ml of 0.25 mM CDP-star reagent (Tropix,
Bedford, USA) diluted in assay buffer. After 1 min the fluid was removed

and the membranes were sealed in a foil. The chemiluminescent signal

was quantified by densitometry after exposing the immunoblots to the

Fluor-S MultImager (Bio-Rad Laboratories, Hercules, CA, USA) and evalu-

ated using the Quantity One Quantitation Software (Bio-Rad Laboratories,

Hercules, CA, USA). Under the experimental conditions used, the immuno-

reactivities were within the linear range, and this permitted a direct compar-

ison of the amount of antigen per gel lane between samples (Sarto-Jackson

et al., 2006). Data were generated from several different gels and expressed

as mean � standard error. Student’s unpaired t-test was used for comparing

groups, and significance was set at p < 0.05.

For re-analyzation of the PVDF membranes, they were washed twice

for 30 min at 55 �C in stripping buffer (62.5 mM Tris, 3% SDS, pH 6.8)

to which 7.7 mg/mL dithiothreitol was added. The membranes were ex-

tensively washed in PBS and 0.1% Tween 20 at room temperature and

the whole procedure starting with the blocking reaction was repeated as

described above.

3. Results

3.1. Model of development in vitro

As explained in Section 2, the neuronal cultures were pre-
pared from P1e3 pups i.e. at very early stage of postnatal de-
velopment. Ortinski et al. (2004) and Barberis et al. (2005)
provided evidence that key developmental changes related to
IPSCs characteristics can be fairly reproduced in vitro. In
particular, mIPSCs decay was clearly accelerated between 6
and 12 days in vitro (DIV) and this change was accompanied
by a switch in subunit expression that typically occurs during
development in vivo (Ortinski et al., 2004). Taking this into
account, we examined the kinetics of mIPSCs during develop-
ment in vitro for the considered model of hippocampal
neurons. As shown in Fig. 1, synaptic currents showed a pro-
nounced acceleration of the decaying phase with time in vitro.
This difference was particularly clear when comparing the
neurons cultured for up to 8 DIV and those kept in culture
for 12e16 (tmean for 6e8 DIV: 47.9 � 3.5 ms, n ¼ 14, for
9e11 DIV: 39.3 � 1.4 ms, n ¼ 29, and for 12e16 DIV:
36.7 � 1.7 ms, n ¼ 22, p < 0.05). There is a general agree-
ment that such acceleration of mIPSCs is a clear indicator of
maturation and is commonly observed in physiological condi-
tions (Hollrigel and Soltesz, 1997). Thus, neurons cultured for
6e8 DIV (below 6 DIV there was very low spontaneous
synaptic activity) were defined as ‘‘Young’’ and those cultured
for 12e16 days as ‘‘Old’’. In the period between 9e11 DIV,
the kinetics of IPSCs showed a substantial variability, and
this period of culture was defined as ‘‘Intermediate’’.

On average, the frequency of mIPSCs showed a monotonic
and significant increase with age (Fig. 1C). The averaged
amplitude of mIPSCs did not show any clear trend during con-
sidered period of culture (not shown).

The developmental acceleration of mIPSC decay kinetics is
known to be associated with a switch in subunit composition
of the postsynaptic receptors (e.g. Hollrigel and Soltesz,
1997; Cherubini and Conti, 2001). In particular, it is widely
accepted that development is associated with increased expres-
sion of a1 subunit (Overstreet et al., 2005). To test whether the
observed acceleration of mIPSCs during development in vitro
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Fig. 1. The model of hippocampal neurons developing in vitro reproduces basic developmental features of GABAergic mIPSCs. A, Typical recordings of mIPSCs

obtained from a neuron from the Young (6e8 DIV) age group (upper trace) and from Old (12e14 DIV) age group (lower trace). B, Average decay time constant

(tmean) calculated for mIPSCs recorded from neurons in the Young, Intermediate (9e11 DIV) and Old age groups. The reduction of tmean with age is clearly seen.

C, Averaged frequencies of mIPSCs recorded from neurons at different stages of development in vitro. The frequency of mIPSCs increases during development. D,

expression of a1 subunit assessed using the technique of Western Blotting in respective age groups. For control conditions a purified GABAA receptor was used. In

the left panel exemplary Western blot of a1 subunit is shown at different developmental ages while the right panel shows statistics of these results. Asterisks above

the bars indicate statistically significant difference.
(Fig. 1) is associated with alterations in the a1 GABAA recep-
tor subunit expression, the technique of Western blotting was
applied. For this purpose, neuronal extracts were collected
from the same culture at different time windows corresponding
to the considered age groups. As shown in Fig. 1D, the expres-
sion of a1 subunit clearly increased during the considered pe-
riod of culture in vitro, demonstrating that the developmental
pattern of expression of this key GABAAR subunit is repro-
duced in our model.
3.2. Acute application of 17 b-estradiol does not affect
mIPSCs

In our previous study (Asimiadou et al., 2005), we did not
find any significant direct 17 b-estradiol effect on current re-
sponses elicited by rapid GABA applications. It seems inter-
esting, however, to test whether 17 b-estradiol exerts any
direct modulatory action on synaptic currents in the three con-
sidered age groups. To this end, synaptic currents were
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recorded under control conditions and, while recording from
the same cell, 17 b-estradiol was added at final concentration
of 1 mM. mIPSCs recorded in control conditions and in the
presence of 17 b-estradiol had indistinguishable averaged am-
plitudes and decay kinetics in Young, Intermediate and Old
groups (not shown). Thus, these experiments further dem-
onstrate that in our model 17 b-estradiol does not exert any de-
tectable direct effect on GABAergic currents.

3.3. Long-term treatment with 17 b-estradiol affects both
amplitude and kinetics of mIPSCs

In order to test the impact of the long term treatment with
17 b-estradiol, neuronal cultures were continuously treated
with this compound at a final concentration of 1 mM starting
from the 2nd DIV (see Section 2 for details). For each consid-
ered age group, mIPSCs were recorded from control neurons,
neurons treated with 17 b-estradiol and neurons treated with
DMSO (0.01%). DMSO at this concentration did not induce
any detectable alteration in mIPSCs characteristics (not
shown). As presented in Fig. 2A, the amplitudes of mIPSCs
recorded from the same neuron showed substantial variability.
To characterize the properties of these currents, mIPSCs in
each individual record were averaged (Fig. 2B) and standard
cumulative distributions were additionally constructed for
each age group (Fig. 2CeE).

In all considered age groups, there was a trend for 17 b-estra-
diol to increase the mIPSCs amplitude (Fig. 2CeF). Significant
effects were observed in the Young and Intermediate age groups
(Fig. 2C,D,F). A nearly parallel shift of mIPSC amplitude cumu-
lative distribution induced by treatment with 17 b-estradiol in
the Young and Intermediate groups (Fig. 2C, D) indicates that
17 b-estradiol produces a relatively proportional up regulation
of the entire population of mIPSC amplitudes rather than gives
rise to appearance of mIPSCs with extra large amplitudes.

In parallel to amplitude analysis, the effect of 17 b-estradiol
on the mean mIPSC decay time constant (tmean) was investi-
gated. For this purpose, we considered the averaged (for each
trace) and normalized mIPSCs and their decaying phases were
fitted with the sum of two exponential functions (Eq. (1)) and
the averaged time constant (tmean) was calculated as explained
in Section 2. In the Intermediate group, the mean value of tmean

of mIPSCs recorded from neurons treated with 17 b-estradiol
was significantly longer than in respective controls (Fig. 3A, B).

Interestingly, while in all the age groups treated with 17
b-estradiol there was a tendency to increase the amplitude
(Fig. 2F), in the case of decay kinetics a clear effect was
seen only in the Intermediate group (Fig. 3).

While, as mentioned, the frequency of mIPSCs increased
with age (Fig. 1C), treatment with 17 b-estradiol had no
significant effect on this parameter (not shown).

3.4. Effect of 24 and 48 h treatment with 17 b-estradiol
on mIPSCs

The experiments described above revealed that long-term
treatment of neurons with 17 b-estradiol resulted in a modulation
of mIPSCs amplitude (Fig. 2) and decay kinetics (Fig. 3). As ex-
plained in Section 2, in these experiments, 17 b-estradiol was
continuously present in culture starting from the 2nd DIV.
Thus, the time needed for the onset of 17 b-estradiol effect can-
not be deduced from these data. In order to asses the time needed
for 17 b-estradiol to exert its modulatory action on mIPSCs, we
have recorded from neurons from all the age groups, treated for
24 and 48 h before recordings. As shown in Fig. 4A, 24 h treat-
ment with 17 b-estradiol in the Young and Intermediate group
resulted in a negligible effect on mIPSCs amplitude but after
48 h of treatment, the averaged amplitudes were significantly in-
creased in both of these age groups. The extent of mIPSC ampli-
tude enhancement after 48 h treatment with 17 b-estradiol was
similar to that observed in experiments in which neurons were
subjected to long term-treatment (see Figs. 2 and 4). These ob-
servations indicate that the time window needed for 17 b-estra-
diol to induce its modulatory effects on neurons from Young and
Intermediate age group is close to 2 days. In the Old age group,
after 24 h and 48 h of 17 b-estradiol treatment, a tendency to in-
crease the mIPSC amplitude was observed (by roughly 10% for
24 and 48 h treatment) but this effect did not reach statistical sig-
nificance (Fig. 4). In parallel, the analysis of the decay mIPSC
kinetics was performed on control and on Intermediate and
Old age groups but no effect of 17 b-estradiol was found (not
shown). Altogether, these data show that 17 b-estradiol requires
approximately 48 h to develop its effect on mIPSC amplitudes in
the Young and Intermediate age groups. In addition, for the ef-
fect of 17 b-estradiol on decaying kinetics in the Intermediate
group (such as in Fig. 3), a long-term treatment is required.

In order to check whether observed effect of 17 b-estradiol
was due to activation of estrogen receptors, a series of exp-
eriments was performed on neuronal cultures treated with
tamoxifen, a blocker of estrogen receptors.

In our experiments, when applied in a long-term fashion
(more than 4 days), tamoxifen exhibited toxic effect on neuronal
cells even at submicromollar concentrations. However, tamoxi-
fen treatment (0.5 mM) up to 48 h did not induce any visible
effect on neurons and the averaged frequency of mIPSCs was
not affected by this drug (data not shown). Taking this into
account we have restricted tests with tamoxifen (0.5 mM) to
48 h treatment of ‘‘Intermediate’’ neurons (where BE had its
strongest effect). At this concentration, tamoxifen is known to
effectively block estrogen receptors (Murphy and Segal,
1996). 48 h treatment with tamoxifen (co-applied with 17 b-
estradiol at 1 mM) abolished the enhancement of mean mIPSC
amplitude observed in the presence of 17 b-estradiol alone in the
intermediate age group (in control conditions: 47.6 � 5.7 pA,
n ¼ 3, and for tamoxifen and 17 b-estradiol treated neurons:
49.7 � 3.4 pA, n ¼ 5, p > 0.05). Deactivation parameters did
not show significant difference as well (e.g.: control tmean:
32.0 � 4.9 ms, n ¼ 3, treated tmean: 31.1 � 2.3 ms, n ¼ 5).

3.5. Tonic conductance is altered by long-term treatment
with 17 b-estradiol

The tonic conductance was assessed as explained in details in
Section 2. Application of 100 mM of bicuculline, dissolved in
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Fig. 2. Long-term treatment with 17 b-estradiol affects the amplitudes of mIPSCs. A, Typical traces with mIPSCs recorded from neurons in the Intermediate

age group in control conditions (upper trace) and treated with 17 b-estradiol (lower trace). B, Example of averaged control mIPSC (upper trace) and treated

with 17 b-estradiol (lower trace). C, D, E, Examples of typical cumulative histograms for mIPSC amplitudes in controls and 17 b-estradiol-treated neurons in

Young, Intermediate and Old age groups, respectively. F, Statistics of averaged mIPSCs amplitudes in Young, Intermediate and Old age groups. Asterisks above

the bars indicate statistically significant difference. The averaged values were obtained from at least n ¼ 24 cells.
nominally GABA-free solution, produced a clear shift in the
base line that was similar in all considered age groups
(Fig. 5). Since the concentration of ambient GABA in brain is
believed to be in the range of up to 1 mM (Farrant and Nusser,
2005), to further characterize the putative tonic conductance
of considered neurons, GABA was applied at concentration of
0.1, 0.3 and 1 mM. GABA applications at these concentrations
produced clear dose-dependent inward current (Fig. 5A, B).
As shown in Fig. 5AeD, in Young and Intermediate age groups
there was a clear trend of tonic current reduction in neurons
treated with 17 b-estradiol but statistical significance was
reached for each considered agonist concentration only in the
Intermediate age group (Fig. 5D). In the Old age group there
was no clear trend of modulation by 17 b-estradiol (Fig. 5E).
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3.6. Effect of long term treatment with 17 b-estradiol on
current responses to rapid GABA applications

The effect of treatment with 17 b-estradiol on amplitude
and kinetics of synaptic currents (Figs. 2 and 3) as well as
on whole-cell conductance activated by low [GABA]
(Fig. 5) might indicate that 17 b-estradiol modifies the number
and kinetic properties of GABAA receptors. In order to get
additional insight into this issue, current responses to rapid
GABA applications were recorded for control neurons and
those long-term treated with 17 b-estradiol. Short (2 ms) appli-
cations of saturating [GABA] (10 mM) were used to character-
ize the deactivation kinetics and longer (up to 50 ms)
applications of saturating [GABA] were employed to describe
the desensitization process. However, a thorough analysis of
these current responses did not reveal any significant effect
of 17 b-estradiol treatment on these currents. For instance,
in the Intermediate group, in which 17 b-estradiol exerted
most apparent effects on mIPSCs (Figs. 2, 3 and 5), the
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mean amplitude of currents elicited by saturating [GABA] in
the control group was 932 � 118 pA (n ¼ 12) and was only
slightly larger than that measured from the 17 b-estradiol
treated neurons from the same age group (829 � 143 pA,
n ¼ 12) but this difference was far from reaching statistical
significance ( p > 0.05). Similarly, neither deactivation param-
eters (tmean, fast and slow time constants and respective per-
centages) nor desensitization characteristics (time constant,
steady-state to peak) showed any significant difference
between controls and the group treated with 17 b-estradiol.
It needs to be taken into consideration, however, that excised
patches may contain an unknown mixture of synaptic and
extrasynaptic receptors while mIPSCs and ‘‘tonic’’ responses
to low [GABA] are most likely mediated by receptors with dif-
ferent kinetic properties and different subcellular localization
(Farrant and Nusser, 2005; see also Section 4).

3.7. 17 b-estradiol does not alter the subunit expression
levels in the cultured hippocampal neurons

Standard Western-blotting protocol was used to check
whether treatment with 17 b-estradiol affected the GABAA

receptor subunit expression in neuronal culture during
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tically significant increase in mIPSC amplitude is seen in Young and Interme-

diate age groups after 48 h but not after 24 h of treatment with 17 b-estradiol.

mIPSC’s amplitudes in control conditions were averaged in particular age

group. Asterisks above the bars indicate statistically significant difference.

The averaged values were obtained from at least n ¼ 4 cells.
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development in vitro. In order to verify whether 17
b-estradiol affected the expression of a considered GABAAR
subunit, a direct comparison on a single gel of neuronal
extracts originating from control, 17 b-estradiol-treated and
DMSO-treated cultures was performed. Using this approach,
we tested the effect of 17 b-estradiol on expression of a1,
a2, a3, g2 subunits in all considered age groups and no
significant effect of this drug was found (data not shown,
a1, n ¼ 7; a2, n ¼ 3; a3, n ¼ 7; g2, n ¼ 5, where n corre-
sponds to the number of repeats performed for each age
group). Since in our experiments, 17 b-estradiol was found
to affect the tonic conductance (Fig. 5), we have additionally
checked for the effect of 17 b-estradiol on subunits that are
known to form the receptors involved in tonic GABAergic
currents (a4, a5, d). We did not detect any 17 b-estradiol-
induced change in expression of a5 subunit in any of the
considered age groups (n ¼ 9). When using the usual amount
of total protein (see Section 2), no signal for a4 and d subunits
could be observed and when doubling the quantity of total
protein, a faint signal at detection level was observed for
both subunits in controls and in a group treated with 17 b-
estradiol (not shown). In the groups of neurons treated with
DMSO, no change in expression pattern of any considered
GABAAR subunit was observed with respect to controls
(not shown).

4. Discussion

The major finding of the present study is that long-term
treatment with 17 b-estradiol alters GABAergic synaptic
transmission during development in vitro. Interestingly, while
phasic mIPSCs showed a trend towards up-regulation by long-
term treatment with 17 b-estradiol (Figs. 2e4), the tonic con-
ductance was reduced by this drug (Fig. 5). These effects,
however, were not invariant during the considered develop-
mental period (Figs. 2e5). Interestingly, the most intense 17
b-estradiol-induced alterations of GABAergic currents took
place at the Intermediate age (9e11 DIV). It seems thus that
neurons are mostly susceptible to modulation by 17 b-estradiol
in the period in which a transition from ‘‘young’’ to ‘‘adult’’
phenotype of mIPSCs is taking place. While in control condi-
tions the averaged time constant of mIPSC decaying phase
(tmean) shows a clear acceleration with development (Fig. 1),
in cultures treated with 17 b-estradiol this trend appears de-
layed (Fig. 3). This observation could suggest that long-term
treatment with 17 b-estradiol delays the processes involved
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in the development of the GABAergic system. A similar inter-
pretation was suggested by Perrot-Sinal et al. (2001) who mea-
sured calcium signals elicited by muscimol applications to
developing neurons and found that treatment with 17 b-estra-
diol prolonged the period in which GABA was excitatory.
However, although it cannot be excluded that 17 b-estradiol
interferes with some mechanisms underlying development of
GABAergic system, our data obtained using Western Blotting
technique indicate that the expression of several GABAAR
subunits is not affected by this drug in the considered model
of development in vitro. In particular, while acceleration of
mIPSCs decay is correlated with a clear increase in a1 subunit
expression (Fig. 1), the prolongation of mIPSCs at the Inter-
mediate age by 17 b-estradiol (Fig. 3) is not coincident with
any significant alteration of a1 or any other subunit expres-
sion. Moreover, the lack of any clear effect of long-term treat-
ment with 17 b-estradiol on current responses recorded from
excised patches provides further arguments that this drug
does not induce any massive effect on expression of GABAAR
subunits in our model. The lack of evidence for any clear 17
b-estradiol effect on expression of GABAA receptor subunits
is surprising as some previous studies implicated such 17
b-estradiol action in other models. In particular, Pierson
et al. (2005) has found that treatment with 17 b-estradiol
increased RNA level of a2 and b3 as well as decreased
RNA for a5 subunit. However, it needs to be emphasized
that Pierson et al. (2005) have used a different experimental
model e neuronal cell line (NT2-N) and that RNA level
does not always mirror the expression of proteins. The most
apparent difference with respect to the data presented here is
the observation by Shen et al. (2005) that treatment with 17
b-estradiol and progesterone increased expression of d subunit
and tonic current in CA1 hippocampus from adult rats. In our
system, d subunit was at the detection limit both in control and
in 17 b-estradiol-treated cultures but tonic current was clearly
decreased by treatment with this drug (Fig. 5) suggesting that
this effect could be unrelated to expression of d subunit. There
are, however, several reasons why these differences between
our data and those of Shen et al. (2005) could occur. In the
present study, 17 b-estradiol alone was used, while Shen
et al. (2005) additionally supplied progesteron. In addition,
Shen et al. used adult animals that were treated in vivo. Sim-
ilarly to our findings, Weiland and Orchinik (1995) did not
find any alteration of subunit expression when treating neurons
with 17 b-estradiol alone.

The observation that treatment with 17 b-estradiol up
regulated mIPSCs (Fig. 2) is reminiscent of finding of
Wang and Tsai (1999) who considered young tilapia brain
and found that treatment with this drug increased GABA
content. However, increased mIPSC amplitudes could result
from several mechanisms (e.g. modulation of postsynaptic
receptors) that could be unrelated to the mean GABA con-
tent in the brain. Moreover, our finding that treatment with
17 b-estradiol induced a drop in the tonic conductance
indicate that at least a part of 17 b-estradiol-induced mod-
ulation concerns intrinsic membrane properties of treated
neurons.
Most studies concerning the effect of 17 b-estradiol were
carried out on neurons coming from adult animals and there-
fore their comparison to the data presented here is not straight-
forward. In most reports, 17 b-estradiol was implicated as
a factor promoting disinhibition. In animals treated with 17
b-estradiol, Rudick and Woolley (2001) observed a transient
decrease in the number of GAD puncta, decrease in amplitude
and in decay rate of evoked IPSCs but mIPSCs were not
affected except for reduction of their frequency. However, in
a more recent study from this group (Rudick et al., 2003), it
was found that treatment with 17 b-estradiol produced
a skew in distributions of amplitudes and decay times due to
appearance of mIPSC subpopulations with extra large ampli-
tudes and slower decays. It is thus possible that increase in
mIPSC amplitudes and prolongation of decay observed in
the present study could be partly reproduced in adult animals
in the in vivo model. It is of note, however, that in our exper-
iments, contrary to Rudick and Woolley (2001) and Rudick
et al. (2003) we did not observe any effect of 17 b-estradiol
treatment on mIPSCs frequency.

The most novel finding of the present study is the reduction
of bicuculline-sensitive tonic conductance by long term treat-
ment with 17 b-estradiol. This effect may have an important
impact on neuronal signaling, as tonic GABAergic conduc-
tance plays a crucial role in neuronal inhibition (Farrant and
Nusser, 2005). The charge transfer due to tonically active
GABAergic conductance can considerably exceed the one me-
diated by phasic (synaptic) events (Nusser and Mody, 2002;
Mody and Pearce, 2004). It is worth mentioning in this context
that occurrence of epilepsy was found to be correlated with the
level of circulating 17 b-estradiol (Backstrom, 1976) and that
this drug can be considered as a pro-convulsive agent (Lason,
2000). It cannot be excluded that the reduction of tonic
GABAergic conductance by 17 b-estradiol observed in the
present study could reflect a pro-convulsive mechanism or
represent a factor favoring occurrence of epilepsy. However,
when considering the GABAergic system in the context of
development, it needs to be kept in mind that in the early post-
natal life, GABA is excitatory because, at this developmental
stage, the equilibrium potential for chloride is less negative
than the resting potentials of neurons (Cherubini et al.,
1991; Khazipov et al., 2004). Nevertheless, it seems likely
that, if enhancement of GABAARs activity was a factor induc-
ing neurodegeneration, then a reduction of tonic GABA con-
ductance by 17 b-estradiol could be a good candidate to
rescue the neurons from apoptosis. However, the verification
of this hypothesis is not straightforward because it would re-
quire testing the pro-survival action of 17 b-estradiol together
with factors specifically affecting the tonic conductance. This,
however, seems difficult because the population of GABAARs
underlying tonic conductance appears to be heterogeneous
(Stell et al., 2003; Semyanov et al., 2004).

Long-term treatment with 17 b-estradiol reduced currents
elicited by low doses of GABA (Fig. 5) and had no significant
effect on current responses to rapid applications of saturating
[GABA] (see Section 3). The reason for this apparent discrep-
ancy could be that GABAARs that are responsible for tonic
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conductance have, as mentioned, higher affinity for GABA
than the synaptic ones. Thus, while low [GABA] would acti-
vate mainly receptors mediating tonic component, saturating
[GABA] would activate GABAARs underlying both tonic
and phasic currents. It is thus possible that, at saturating
[GABA], the effects of 17 b-estradiol on tonic and phasic
conductances would partially compensate each other. Verifica-
tion of this possibility, however, would require elucidation of
mechanism of mIPSCs modulation by long-term treatment
with 17 b-estradiol. In particular, our present data do not allow
us to discriminate between pre- and postsynaptic mechanisms
of 17 b-estradiol modulation of mIPSCs.

As shown in Fig. 5, a clearly visible tonic current was pres-
ent both in control and in 17 b-estradiol-treated cells when ap-
plying normal, nominally GABA-free washing solution. This
might be regarded surprising because the solution was in-
tensely applied with a large pipette (i.d. 1 mm) placed right
in front of the cell and precautions were taken to avoid any
contamination with GABA. Moreover, in our experimental
model of cultured neurons, the cells are well exposed to
applied solutions and therefore it is not difficult to control
the environment of the neuron from which the recording is
made. It might be suspected that the neuronal cells in our
model could contain a proportion of GABAA receptors charac-
terized by a marked spontaneous activity. It has been recently
reported that receptors containing e subunit show a pronounced
spontaneous open probability (Wagner et al., 2005) but this
subunit has not been found in the hippocampus (Sinkkonen
et al., 2000). However, it is possible that the bicuculline-
sensitive tonic current in a nominally GABA-free solution
simply reflects the activity of GABAARs whose spontaneous
open probability is low but due to large number of receptors
they build up a detectable spontaneous current. It needs to
be emphasized that cultured neurons in our model contain
a very high number of GABAARs. The fact that application
of [GABA] as low as 3e10 mM elicit whole-cell responses
of several nanoampers (not shown) and that responses to
saturating [GABA] from tiny excised patches are typically
of several hundreds of picoampers (at �70 mV), indicate
that a single neuron in our model may contain several tens
of thousands of GABAARs. Thus, with such a high number
of receptors, a spontaneous open probability of less than
0.001 would be able to produce a spontaneous bicuculline-
sensitive current observed in the present experiment. The
mechanism and the role of spontaneous activity of GABAARs
and related tonic conductance in regulating the neuronal excit-
ability will require further studies including single channel
recordings at low [GABA] or in GABA-free solutions.

Concentration of free 17 b-estradiol used in the present
pharmacological investigations exceed that present in vivo
(10�12 M up to 10�9 M, e.g. Rune et al., 2006; Montano
et al., 1995). However, in vivo, due to adsorption to a variety
of binding sites, vast majority of estradiol is bound, and only
few percent of estradiol is directly accessible (free) (Montano
et al., 1995). It is thus a common practice to use 17 b-estradiol
in excess in the in vitro studies (see e.g. Murphy and Segal,
1996).
The major question that remains to be elucidated is the mo-
lecular mechanism of 17 b-estradiol-induced effects described
in the present study. The observation that tamoxifen abolishes
the enhancement of mIPSCs amplitude in the presence of 17
b-estradiol in the Intermediate age group provides evidence
that the modulatory effect of 17 b-estradiol is initiated by
the activation of estrogen receptors. However, the down-
stream cascade of this processes remains unclear. Moreover,
our tests with tamoxifen had to be limited to short-term treat-
ments (48 h) due to toxic effect of this drug on the long-term
cultures. As mentioned in the Introduction, 17 b-estradiol
activates or interferes with several signaling pathways and af-
fects both function and morphology of the nervous system.
Our data suggest that treatment with this drug differentially
affects mechanisms determining mIPSC amplitude and its
time course (decay kinetics). While, 48 h treatment with 17
b-estradiol of cultures in Young and Intermediate age groups
was sufficient to reproduce the effect of the long-term treat-
ment of this drug on mIPSC amplitude (Figs. 2 and 4), no
effect of 17 b-estradiol on mIPSC decay was observed after
48 h treatment in the Intermediate age group. It seems thus
that while for the onset of 17 b-estradiol effect on mIPSC am-
plitude approximately 48 h of treatment are needed, the effect
of 17 b-estradiol on mIPSC decay kinetics requires longer
interaction with this drug starting from early developmental
stage. Western blotting performed here did not confirm the
hypothesis that 17 b-estradiol might affect the expression level
of considered here GABAAR subunits. There are, however,
several other possibilities of pre- or postsynaptic mechanisms
that might modulate the synaptic currents. For instance pre-
synaptic site of action might be suggested by the observation
that b-estradiol down-regulates GAD (Murphy et al., 1998a).
Functioning of a neuron is determined not only by averaged
expression levels of different GABAAR subtypes but also by
their subcellular distribution. For instance, enhancement in
clusterization of synaptic GABAARs or altered positioning
of synapses could affect the GABAergic signaling without
any change in the overall expression of respective receptors.
In addition, a presynaptic action of 17 b-estradiol cannot be
excluded although the lack of 17 b-estradiol effect on the
mIPSC frequency is not supporting this possibility. On the
other hand, it is known that even slight modifications in the
neurotransmitter releasing machinery or in the synapse geom-
etry could result in profound alterations in the synaptic current
properties (Clements, 1996; Mozrzymas, 2004). Pre- and
postsynaptic mechanisms could be also modulated by 17 b-
estradiol-dependent posttranslational mechanisms such as phos-
phorylation or dephosphorylation by respective kinases and
phosphatases. We cannot exclude, for instance, that the lack
of difference in current responses to rapid GABA applications
in control and 17 b-estradiol-treated neurons could be due to
washout of intracellular milieu upon patch excision.

In conclusion, we provide evidence that 17 b-estradiol
differentially affects the phasic and tonic components of
GABAergic currents in neurons developing in vitro but the
molecular mechanism of this modulation remains to be
elucidated.
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