Neuroscience 141 (2006) 391-406

17B8-ESTRADIOL POTENTIATES FIELD EXCITATORY POSTSYNAPTIC
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Abstract—We sought to determine the impact of 17-estra-
diol throughout the hippocampal trisynaptic pathway and to
investigate the afferent fiber systems within CA1 and CA3 in
detail. To achieve this objective, we utilized multielectrode
arrays to simultaneously record the field excitatory postsyn-
aptic potentials from the CA1, dentate gyrus, and CA3 of rat
hippocampal slices in the presence or absence of 100 pM
17B-estradiol. We confirmed our earlier findings in CA1,
where 17p-estradiol significantly increased field excitatory
postsynaptic potentials amplitude (20%+=3%) and slope
(22%=7%). 17B-Estradiol significantly potentiated the field
excitatory postsynaptic potentials in dentate gyrus, ampli-
tude (15%=4%) and slope (17%=5), and in CA3, amplitude
(15%=4%) and slope (19%=5%). Using a high-density multi-
electrode array, we sought to determine the source of poten-
tiation in CA1 and CA3 by determining the impact of 17p-
estradiol on the apical afferents and the basal afferents within
CA1 and on the mossy fibers and the associational/commis-
sural fibers within CA3. In CA1, 17B-estradiol induced a mod-
est increase in the amplitude (7%=2%) and slope (9%=3%)
following apical stimulation with similar magnitude of in-
crease following basal stimulation amplitude (10%=+2%) and
slope (12%=3%). In CA3, 17 B-estradiol augmented the mossy
fiber amplitude (15%=*3%) and slope (18%=6%) and the as-
sociational/commissural fiber amplitude (31%=*13%) and
slope (40%=+15%). These results indicate that 17pB-estradiol
potentiated synaptic transmission in each subfield of the
hippocampal slice, with the greatest magnitude of potentia-
tion at the associational/commissural fibers in CA3. 17p-
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Estradiol regulation of CA3 responses provides a novel site
of 17pB-estradiol action that corresponds to the density of
estrogen receptors within the hippocampus. The implications
of 17B-estradiol potentiation of the field potential in each of
the hippocampal subfields and in particular CA3 associa-
tional/commissural fibers for memory function and clinical
assessment are discussed. © 2006 IBRO. Published by
Elsevier Ltd. All rights reserved.
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In a now classic series of electrophysiological field poten-
tial recording studies, Teyler, Foy and associates (Teyler
et al., 1980; Chiaia et al., 1983; Foy and Teyler, 1983; Foy
et al., 1984; Teyler and DiScenna, 1986) found that 173-
estradiol (E,) added to the bath increased excitability in the
CA1 region of hippocampal slices from the male rat but not
female, whereas testosterone had no effect on synaptic
transmission on male slices but enhanced excitability in
female rats in diestrus. The isomer, 17«a-estradiol, was
without effect. Because the onset of the estrogen and
testosterone effects was within minutes, Teyler and asso-
ciates (Teyler et al., 1980) concluded that these responses
were mediated by a membrane site of estrogen and an-
drogen action that did not require transcriptional actions of
estrogen and androgen receptors, respectively.

In vitro intracellular recordings from CA1 pyramidal
neurons by Gu and Moss (1996) replicated and extended
these findings to show that E, increased synaptic excitabil-
ity by enhancing the magnitude of AMPA receptor-medi-
ated responses but not NMDA responses most likely via
a G-protein-coupled AMPA-dependent phosphorylation
event. Because of the voltage-dependent blockade of the
NMDA channel by Mg?*, and the slow kinetics of ligand-
gated channel opening relative to that of the AMPA recep-
tor subtype, there is only a minor NMDA receptor-mediated
component of the excitatory postsynaptic potential (EPSP)
evoked by low-frequency stimulation of glutamatergic af-
ferents (Xie et al., 1997). The apparently exclusive estro-
genic potentiation of non-NMDA receptor channels stood
in contrast to a body of evidence demonstrating that es-
trogen-induced enhancement of neuronal morphology re-
quired activation of the glutamate NMDA receptor (Brinton
et al., 1997a,b; Woolley et al., 1997). Because the Moss
and Wong study was conducted using low frequency stim-
ulation that is effective for activating the AMPA receptor
but not the NMDA receptor (Xie et al., 1996), we sought to
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determine whether E, would potentiate NMDA receptor-
mediated synaptic transmission under conditions favorable
to NMDA receptor activation (Xie et al., 1992). Foy et al.
(1999) using intracellular recording, under conditions of
low Mg2" and high-frequency stimulation investigated the
acute effects of E, on pharmacologically isolated NMDA
receptor-mediated EPSPs in CA1 pyramidal cells. Results
of these analyses demonstrated that in the presence of E,,
the AMPA receptor antagonist DNQX, and 0.1 mM Mg?™,
EPSPs evoked by Schaffer collateral stimulation were pro-
longed in duration, with slow rise and fall times character-
istic of NMDA receptor-mediated synaptic responses (Foy
etal., 1999). Identification of DNQX-resistant responses as
being NMDA receptor mediated was confirmed by the
effects by the NDMA antagonist, D-APV, which completely
abolished residual evoked synaptic activity. In a corollary
set of experiments, E, regulation of the AMPA receptor was
investigated by pharmacologically inhibiting the NMDA re-
ceptor by D-APV. Under these conditions, E, potentiated
the AMPA component in five of 14 cells (36%) which
confirmed the previous findings of (Wong and Moss,
1991).

These studies were followed by analyses by Bi et al.
(2000, 2001) who demonstrated that E, regulation of
NMDA receptors required Src/ERK activation and that E,
activation of the Src/ERK signaling pathway led to E,
enhancement of long-term potentiation (LTP) and phos-
phorylation of the NR2 subunit of the NMDA receptor.
Concurrent to these analyses, Woolley and coworkers
(Rudick and Woolley, 2001; Rudick et al., 2003) found that
estrogen attenuated GABA-mediated inhibition of CA1 py-
ramidal neurons and that the GABA release was increased
by E, presynaptically.

While most electrophysiological analyses of E, action
have focused on the CA1 region of the hippocampus,
receptors for E, are present in each of the three-hippocam-
pal subfields. Analyses to determine estrogen receptor
distribution in hippocampus initially indicated the presence
of estrogen receptors in the cell body of the pyramidal
neurons, dentate gyrus (DG) granule cells, and interneu-
rons (Loy et al., 1988; Weiland et al., 1997; Shughrue and
Merchenthaler, 2000). Further electron microscopy and
immunocytochemical analyses were conducted to deter-
mine precisely which estrogen receptor subtype was ex-
pressed in hippocampus. Results of these analyses indi-
cate that estrogen receptor alpha (ERe) is present in the
cell body, dendritic spines, and axons of CA1, CA3 and DG
(Shughrue et al., 1997; Weiland et al., 1997; Milner et al.,
2001). ERa was detected in the nuclear compartment of
the pre- and postsynaptic neurons, cytoplasmic/membrane
compartment of hippocampal neurons, axons of pyramidal
neurons, and within astrocytes (Woolley et al., 1997; Mil-
ner et al., 2001). However, the distribution of estrogen
receptor beta (ERB) is not as uniform as its alpha coun-
terpart. CA3 pyramidal neurons express the greatest abun-
dance of nuclear and cytoplasmic ERB. Moreover, ERB
was detected in CA3 fibers in the stratum lucidum and in
CA3 fibers that innervate the stratum radiatum of CA1
(Shughrue et al., 1997; Mitra et al., 2003; Nishio et al.,

2004). Results of our recent analyses indicate that activa-
tion of both ERa and ERB can promote estrogen-associ-
ated function in hippocampal neurons (Zhao et al., 2004).
Moreover, E, induced a rise in intracellular calcium within
the soma and processes, consistent with the compartmen-
tal localization of ER (Zhao et al., 2005).

To address the broad question of whether estrogen
potentiates synaptic transmission within each subfield of
the hippocampus, we used multielectrode arrays (MEA)
that enable simultaneous in vitro recording of activity from
multiple sites within the hippocampal subfields (DG, CA3
and CA1). To selectively activate specific hippocampal
afferents and to record from their respective targets high-
density arrays were designed and fabricated. The high-
density arrays also permitted acquisition of current sink
and sources with electrodes recording from activated den-
dritic zones generating the extracellular current sink (neg-
ativity) as a consequence of positive ion influx whereas
electrodes in adjacent regions recorded the extracellular
current source (positivity) (Urban and Barrionuevo, 1996;
Yeckel and Berger, 1998).

The current study addressed two issues: 1) whether E,
potentiation of synaptic transmission in the hippocampus is
limited to the CA1 region or whether it occurs throughout
the trisynaptic pathway of the hippocampus and 2) which
afferents in CA1 and CA3 when stimulated contribute to
E-induced potentiation. Results of these analyses indi-
cate that E, potentiation of synaptic transmission is not
unique to CA1 but is inducible in each subfield of the
trisynaptic hippocampal system. Moreover, E, potentiation
of synaptic transmission was greatest in CA3 at the associa-
tional/commissural (A/C) fibers that innervate the pyramidal
neurons in the CA regions ipsilaterally and contralaterally.

EXPERIMENTAL PROCEDURES
Animals

Use of animals was approved by the Institutional Animal Care and
Use Committee at the University of Southern California (Los An-
geles, CA, USA; protocol no. 10256). All experiments conformed
to the Animal Welfare Act, Guide to Use and Care of Laboratory
Animals, and the US Government Principles of the Utilization and
Care of Vertebrate Animals Used in Testing, Research and Train-
ing guidelines on the ethical use of animals. In addition, the
minimal number of animals required for these experiments was
used, and their suffering was minimized. Adult male Sprague—
Dawley rats were purchased from Harlan Sprague Dawley (Indi-
anapolis, IN, USA). They were housed under controlled conditions
of temperature (18—24 °C), humidity (30—70%) and light (12-h
light/dark), and received food and water ad libitum.

Acute slice preparation

Adult male white Sprague—Dawley rats were anesthetized with
halothane prior to decapitation. The hippocampi were dissected
out from the rat brains and directly immersed in an ice-cold ACSF
(NaCl, 128 mM; KCI, 2.5 mM; NaH,PO,, 1.25 mM; NaHCO;,,
26 mM; glucose, 10 mM; MgSQO,, 2 mM; ascorbic acid, 2 mM;
CaCl,, 2 mM, aerated with a mixture of 95% O, and 5% CO,).
Slices 400 wm thick were cut transversely with respect to the
longitudinal axis of the hippocampus using a VT1000S vibratome
(Leica, Wetzlar, Germany). The slices were then bathed in ACSF
at 32 °C for at least one hour.
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Extracellular recordings

The MEA system (www.multichannelsystems.com, Egert et al.,
1998) is a commercially available recording system for MEAs. The
MEA used in experiments on the entire hippocampal slice had a
planar 88 grid configuration with 200 um inter-electrode dis-
tance and an electrode diameter of 30 um. The electrode conduc-
tors were gold based with tips covered with titanium nitride. The
insulation layer consisted of silicon nitride. The high-density MEAs
were developed to stimulate and record from select anatomical
fiber systems within CA1 and CA3. The MEA has a planar 320
formation with 50 um inter-electrode distance and an electrode
diameter of 28 um (Gholmieh et al., 2005). The electrode conduc-
tors are indium tin oxide based covered with chromium/gold. The
insulating layer consisted of silicon nitride. The entire MEA system
consists of an array, pre-amps, a data acquisition board and
software. Data were sampled at 25 kHz per channel and pro-
cessed using MCS software (MCRack v 2.2.2).

Experimental protocol

A 400 pum thick hippocampal slice was positioned over the MEA
with the assistance of an inverted microscope (DMIRB, Leica).
The submerged slice was held secure in place with a nylon mesh.
The relative position of the slice with respect to the array was
documented with a digital camera (Spot Model 2.0.0). The slice
was perfused with ACSF (as listed above but with the Mg?"
concentration decreased to 1 mM) at a fixed flow rate (2-3 ml/
min), and was heated to 32—33 °C. For the first set of experiments,
a pair of electrodes in the MEA was used to deliver bipolar
biphasic current stimulation to the DG afferents (perforant path,
preferably the medial one), CA3 afferents (A/C fibers and mossy
fibers), and the CA1 afferents (Schaffer collaterals), sequentially.
For the second set of experiments, a pair of electrodes in the
high-density MEA was used to deliver bipolar biphasic current
stimulation to the apical afferents in CA1 (Schaffer collaterals),
basal afferents in CA1 (Schaffer collaterals and A/C), mossy fibers
in CA3, and A/C in CA3. The remaining electrodes were used to
record the evoked field potentials, and the corresponding ortho-
dromic dendritic field excitatory postsynaptic potential (fFEPSP)
responses with the largest amplitude were analyzed.

Input/output (1/0) curves data for each selected stimulation
site in each subfield of the hippocampus were collected. The
amplitudes of the responses were measured, and the stimulation
intensities were set to yield 30%—40% of the maximal responses
at each site. For each subfield study, each afferent was sequen-
tially stimulated with paired pulses (30 ms interval) every 30 s to
record a stable baseline response. For the experiments utilizing
the high-density MEAs, throughout the entire experiments, both
afferents were stimulated sequentially at 30-second intervals. After a
10 min baseline recording, the hippocampal slice was perfused
with ACSF containing 100 pM of E, (Sigma) for 145 min when
utilizing the 8 X8 MEA or 60 min when utilizing the high-density
MEA. At the end of the experiment, another set of I/O curves was
recorded at each stimulation site.

Analytical methods for 8x8 MEA

The amplitude of the orthodromic dendritic fEPSP was measured
as the difference between the maximum and the minimum of the
recorded field potential, and the initial slope was measured of
each pulse. 1/O curves for each selected stimulation site were
constructed by normalizing the fEPSP amplitude to the pre-estro-
gen amplitude response at 100 nA (maximum stimulation intensity
used). The time course of the amplitude and slope of the first
response, the amplitude and slope of the second response, and
the paired pulse ratio (i.e. the ratio of amplitudes or slopes of the
second response over the first response) were averaged across at
least five experiments. The baseline amplitude was set to 100%.

The change in the response amplitude over time was reported as
a percentage change from the baseline values. Following analysis
of the amplitude of the response, topographical maps were con-
structed based on the differential change in values of fEPSP
amplitudes (uV) before and after E, exposure. The differential
change of the response of each electrode was color-coded, and
the values between electrodes were bi-cubically interpolated.

Analytical methods for 3x20 MEA

The amplitude of the orthodromic dendritic fEPSP of the first pulse
was measured as the difference between the maximum and the
minimum of the recorded field potential, and the initial slope was
measured of the first pulse. The time course of the amplitude for
each afferent stimulation and the time course of the slope for each
afferent stimulation were averaged across a minimal of five ex-
periments. The baseline amplitude was set to 100%. The change
in the response amplitude and slope over time was reported as a
percentage change from the baseline values. To distinguish the
two fEPSPs evoked in CA3, the 20%—-80% time rises of the
fEPSPs evoked from mossy fiber stimulation and from A/C fiber
stimulation were compared (Kapur et al., 1998), and current
source density (CSD) analysis was done to confirm stratum luci-
dum as the location for short latency current sink and to confirm
stratum radiatum as the location for the short latency current
source generated in response to mossy fiber stimulation (Urban
and Barrionuevo, 1996; Yeckel and Berger, 1998). The one-di-
mensional CSD at each site (x) was calculated using the following
formula: I,=(E,_,—2E,+E, ), where | is the current at location
X, h is the sampling distance (50 um), E, is the extracellular
voltage at location x, E,, is the extracellular voltage at location
x—h, and E, ., is the extracellular voltage at location x+h (see
Gholmieh et al., 2005 for more method details and for a complete
treatment of the theoretical basis of CSD analysis, see Freeman
and Nicholson, 1975). After each experiment, a metabotropic Glu
receptor (mGIuR) Il agonist 2-(2,3-dicarboxycyclopropyl) glycine
(DCG-IV) (1 uM) was added to the bath to confirm mossy fiber
stimulation (Yoshino et al., 1996). Experiments in which DCG-IV
did not diminish the mossy fiber response were discarded. A
repeated measures ANOVA followed by Student-Newman-Keuls
post hoc analysis was used to determine statically significant differ-
ences between baseline fEPSPs and post-E, fEPSPs.

RESULTS
CA1 stimulation

Using a paired pulse stimulation paradigm, E, induced an
immediate yet gradual increase in the amplitude of the
evoked fEPSP in CA1. Fig. 1A-, , 5 shows a hippocampal
slice stimulated at CA1 with the corresponding recorded
fEPSPs pre-and post-E, treatment. Fig. 1B shows a rep-
resentative pre-E, I/O curve and the potentiated post-E,
I/0 curve. Time course analysis of fEPSP amplitudes
evoked by the first and the second pulse indicated that the
fEPSP amplitude began to increase five to 10 minutes
following addition of E, (Fig. 1C and 1D). At 145 min
following E, exposure, the amplitude and slope of the first
pulse fEPSP in CA1 was significantly increased by
20%*+3% (F(1,4)=4.33, P<0.01) and 22%*7% (F(1,4)=
9.26, P<0.05), respectively. E, potentiation of the fEPSP
persisted for the second pulse with the amplitude and the
slope of the fEPSP increased by 29% +5% (F(1,4)=26.50,
P<0.01) and 27%*+13% (F(1,4)=9.26, P<0.05), respec-
tively (Fig. 1F and 1G). The paired pulse ratio of fEPSP
amplitudes insignificantly increased from 180% to 190%
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Fig. 1. E, potentiation of the paired pulse response following stimulation in CA1. (A) A representative experiment (one of five) demonstrating
E,-induced potentiation of fEPSPs stimulated in CA1. (A1) Hippocampal slice was placed on top of the MEA and aligned to allow simultaneous
recording and stimulation of each of the three major subfields. The stimulation (red dots) consisted of two biphasic currents (100 us per phase, 30
ms ISI) in CA1. (A2) A representative overlay of fEPSPs was taken during the baseline collected prior to E, application (green) and 145 min following
E, application (red) for each electrode. (A3) An orthodromic dendritic fEPSP from A2 (red box) is enlarged with waveforms taken before E, application
(green) and the enhanced response observed after 145 min of E, application (red). (B) The 10 curve analysis before (green) and after (red) estrogen
exposure shows the estrogen-induced potentiation on paired pulse stimulation in CA1. (C-H) Time course analyses of estrogenic potentiation of
amplitudes and slopes. The time course analyses of the amplitude of the first pulse and second pulse in CA1 show that E, potentiated with an initial
rapid enhancement of the fEPSPs and with a final enhancement of (C) 20%=3% (P<0.01) and (D) 29%+5% (P<0.01), respectively, while E, had
no significant effect on the (E) paired pulse ratio of amplitude (185%). The time course analyses of the slope of the first pulse and second pulse in
CA1 show that E, potentiated with an initial rapid enhancement of the fEPSPs and with a final enhancement of (F) 22%+7% (P<0.05) and
(G) 27%*+13% (P=0.143), respectively, while E, had no significant effect on the (H) paired pulse ratio of slope (170%). The red line indicates when
estrogen was introduced into the bath. The error bars represent +S.E.M. and are shown for every fifth sweep in order to preserve clarity.
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(Fig. 1E) whereas the paired pulse ratio of the slopes
remained relatively constant at 170% (Fig. 1H). Fig. 4A
shows two sets of topographical maps of the fEPSP am-
plitudes prior to and following E, exposure.

DG stimulation

Estrogen induced an increase in amplitude of fEPSP
evoked in DG by paired pulse stimulus. Fig. 2A-, , 5 shows
a hippocampal slice stimulated at the DG with the corre-
sponding recorded pre-E, and post-E, fEPSPs. Fig. 2B
shows the pre-E, I/O curve and the potentiated post-E, I/O
curve. At 145 min following E, exposure, the amplitude
and slope of the first pulse fEPSP in DG significantly
increased by 15%*4% (F(1,4)=10.88, P<0.05) and
17%+5% (F(1,4)=11.14, P<0.05), respectively (Fig. 2C
and 2D). E, potentiation of the fEPSP persisted for the
second pulse with the amplitude and the slope of the
fEPSP increased by 7%=*=3% (F(1,4)=5.68, P=0.08) and
9%=*+5% (F(1,4)=2.88, P=0.165), respectively (Fig. 2F
and 2G). The paired pulse ratio of the amplitudes de-
creased from 170% to 140% (Fig. 2E) while the paired
pulse ratio of the slopes decreased from 115% to 100%
(Fig. 2H). Because of the large variability, neither of these
changes was statistically significant. Fig. 4B shows two
sets of topographical maps—pre-E, exposure and post-E,
exposure—generated by analysis of the amplitudes.

CA3 stimulation

Similar to CA1, estrogen induced an increase in amplitude
of fEPSP evoked in CA3 by paired pulse stimulus. Fig.
3A-, , 3 shows a hippocampal slice stimulated at CA3 with
the corresponding recorded pre-E, and post-E, fEPSPs.
Fig. 3B shows the pre-E, I/O curve and the post-E,-poten-
tiated 1/0 curve. At 145 min following E, exposure, the
amplitude and slope of the first pulse fEPSP in CA3 were
significantly increased by 15%=*4% (F(1,6)=10.90,
P<0.05) and 19%+5% (F(1,6)=18.42, P<0.01), respec-
tively (Fig. 3C and 3D). E, potentiation of the fEPSP per-
sisted for the second pulse with the amplitude and the
slope of the fEPSP increased by 13%*=3% (F(1,6)=14.58,
P<0.01) and 10%+3% (F(1,6)=14.06, P<0.05), respec-
tively (Fig. 3F and 3G). The paired pulse ratio of the
amplitude insignificantly decreased from 150% to 140%
(Fig. 3E) while the paired pulse ratio of the slope remained
relatively constant at 150% (Fig. 3H). It is interesting to
note that in contrast to CA1 that exhibited potentiation
within 10 min of E, exposure, the enhancement of fEPSP
in CA3 was apparent at approximately 20 minutes after the
addition of E,. Fig. 4C shows two sets of topographical
maps—pre-E, exposure and post-E, exposure—gener-
ated by analysis of the amplitudes.

High-density array analysis of CA1

To determine the impact of E, on synaptic transmission
within CA1 layers, high-density MEAs were constructed to
record from multiple points along the dendritic tree of py-
ramidal cells, spanning basal and apical zones. E, induced
a rapid increase in amplitude of the fEPSP evoked in basal

and apical dendrites in CA1. Fig. 5A-,, shows a hip-
pocampal slice stimulated at CA1 with the corresponding
recorded fEPSPs pre- and post-E, treatment. Time course
analyses of the amplitudes for basal and apical fEPSP
responses were consistent with those we observed using
the lower density MEA with amplitudes increasing within
five to 10 minutes following addition of E, (Fig. 5B and 5D).
Following 60 min of E, exposure, fEPSPs amplitudes of
basal afferent stimulation response in CA1 significantly
increased by 10%+2% (F(1,4)=15.89, P<0.05) while the
fEPSP of the apical afferent stimulation response in-
creased by 7%=*2% (F(1,4)=12.18, P<0.05). The slope of
the fEPSPs similarly increased following basal stimulation in
CA1 by 12%=*=3% (F(1,4)=13.42, P<0.05) while the fEPSP
of the apical stimulation increased by 9%=*3% (F(1,4)=7.58,
P<0.05) (Fig. 5C and 5E). Each of the pathway’s potentia-
tions stabilized 40 min after E2 onset at a level comparable to
that reached within the same time by the less specific stim-
ulation with the lower density MEA, which had yielded poten-
tiation that kept rising further for two hours.

High-density array analysis of CA3

To determine the impact of E, on synaptic transmission
within CA3 synaptic zones, we used high-density MEAs
that spanned CA3 basal and apical dendritic zones with
several electrodes in each region. Fig. 6A,, shows a
hippocampal slice with a high-density CA3 array with stim-
ulation electrodes for activation of mossy fibers and A/C
fibers with the corresponding recorded pre-E, and post-E,
fEPSPs. Following 60 min exposure to E,, the amplitude of
the mossy fiber fEPSP was significantly potentiated by
15%+3% (F(1,4)=35.319, P<0.01) (Fig. 6B), and the am-
plitude of the A/C fiber fEPSP was significantly potentiated
by 31%=*13% (F(1,4)=5.410, P<0.05) (Fig. 6D). The
slope of the mossy fiber fEPSP was significantly potenti-
ated by 18%=*6% (F(1,4)=9.984, P<0.05) (Fig. 6C)
whereas the slope of the fEPSP from A/C fiber stimulation
was potentiated by 40%=*=15% (F(1,4)=6.718, P<0.05)
(Fig. 6E). The difference between slope and amplitude
measurements could be due to the apparition of population
spikes as the responses potentiated. The population spike
would decrease the apparent fEPSP amplitude without
affecting the initial slope measurement. To ensure that
only mossy fibers were stimulated, a CSD analysis was
conducted to determine current sinks and sources. This
analysis confirmed previous reports that the current sink
occurs at the stratum lucidum while the current source
occurs at the stratum radiatum (Fig. 7) (Urban and Barri-
onuevo, 1996; Yeckel and Berger, 1998). Further, the
fEPSP 20%—-80% rise time following mossy fiber stimula-
tion was 2.74+0.45 ms while the A/C stimulated fEPSP
20%—-80% rise time was 5.00+0.60 ms. Our observed rise
times for both mossy fibers and A/C fiber stimulated
fEPSPs are consistent with previously reported rise times
(Kapur et al., 1998). Finally, DCG-IV application eliminated
the entire mossy fiber response while not affecting re-
sponses induced by A/C stimulation.
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Fig. 2. E, potentiation of the paired pulse response following stimulation in DG. (A) A representative experiment (one of five) demonstrating E,-induced
potentiation of fEPSPs stimulated in DG. (A1) Hippocampal slice was placed on top of the MEA and aligned to allow simultaneous recording and stimulation
of each of the three major subfields. The stimulation (red dots) consisted of two biphasic currents (100 us per phase, 30 ms ISI) in DG. (A2) A representative
overlay of fEPSPs was taken during the baseline collected prior to E, application (green) and 145 min following E, application (red) for each electrode.
(A3) An orthodromic dendritic fEPSP from A2 (red box) is enlarged with waveforms taken before E, application (green) and the enhanced response observed
after 145 min of E, application (red). (B) The 10 curve analysis before (green) and after (red) estrogen exposure shows the estrogen-induced potentiation
on paired pulse stimulation in DG. (C-H) Time course analyses of estrogenic potentiation of amplitudes and slopes. The time course analyses of the
amplitudes of the first pulse and second pulse in DG show that E, potentiated with an initial rapid enhancement of the fEPSPs and with a final enhancement
of (C) 15%+4% (P<0.05) and (D) 7%+3% (P=0.076), respectively, while E, has no statistical significant effect on the (E) paired pulse ratio of amplitude
(ranging from 170%—140%). The time course analyses of the slopes of the first pulse and second pulse in DG show that E, potentiated with an initial rapid
enhancement of the fEPSPs and with a final enhancement of (F) 17%+5% (P<0.05) and (G) 9%*5% (P=0.165), respectively, while E, has no statistical
significant effect on (H) the paired pulse ratio of slope (ranging from 115%—100%). The red line indicates when estrogen was introduced into the bath. The
error bars represent =S.E.M. and are shown for every fifth sweep in order to preserve clarity.
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Fig. 3. E, potentiation of the paired pulse response following stimulation in CA3. (A) A representative experiment (one of five) demonstrating
E,-induced potentiation of fEPSPs stimulated in CA3. (A1) Hippocampal slice was placed on top of the MEA and aligned to allow simultaneous
recording and stimulation of each of the three major subfields. The stimulation (red dots) consisted of two biphasic currents (100 us per phase, 30
ms ISI) in CA3. (A2) A representative overlay of fEPSPs was taken during the baseline collected prior to E, application (green) and 145 min following
E, application (red) for each electrode. (A3) An orthodromic dendritic fEPSP from A2 (red box) is enlarged with waveforms taken before E, application
(green) and the enhanced response observed after 145 min of E, application (red). (B) The 10 curve analysis before (green) and after (red) estrogen
exposure shows the estrogen-induced potentiation on paired pulse stimulation in CA3. (C-H) Time course analyses of estrogenic potentiation of
amplitudes and slopes. The time course analyses of the amplitude of the first pulse and second pulse in CA3 show that E, potentiated with an initial
rapid enhancement of the fEPSPs and with a final enhancement of (C) 15%*=4% (P<0.05) and (D) 13%=*=3% (P<0.01), respectively, while E, has
no significant effect on (E) the paired pulse ratio of amplitude (145%). The time course analyses of the slope of the first pulse and second pulse in
CA3 show that E, potentiated with an initial rapid enhancement of the fEPSPs and with a final enhancement of (F) 19%*=5% (P<0.01) and
(G) 10%*3% (P<0.01), respectively, while E, has no significant effect on (H) the paired pulse ratio of slope (150%). The red line indicates when
estrogen was introduced into the bath. The error bars represent £S.E.M. and are shown for every fifth sweep in order to preserve clarity.
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Pre E2

Post E2

Fig. 4. Topographical activity analysis of E, potentiation of paired pulse response following stimulation in CA1, CA3, and DG. Analysis of the
difference in fEPSP amplitudes (post E, exposure and baseline) was conducted for each recording electrode. Based on this analysis, the topographical
maps were generated and overlaid onto the slice. The color scale for the differential topographical map is +50 uV as red, 0 wV as green, and —50
wV as blue. A. Stimulation in CA1. (B) Stimulation in CA3. (C) Stimulation in DG.

DISCUSSION

This study is the first characterization of E, regulation of
the field excitatory postsynaptic potential evoked in the
three major subfields of the hippocampus with an electro-
physiological analysis of afferent fiber specificity within
CA1 and CAS3. First, we confirmed the rapid onset estro-
genic potentiation of CA1 with fEPSPs potentiated in am-
plitude and slope which was apparent within 10 min and
which gradually increased over the duration of the 145 min
exposure to 100 pM of E,. Kumar and Foster (2002) re-
ported that E, decreases the afterhyperpolarization in CA1
pyramidal cells, which allows for repetitive firing and which

may account for this persistent rise in fEPSP in the pres-
ence of E, observed in our current and previous analyses
(Foy et al., 1999). Following validation of the MEA system
to detect E,-inducible potentiation in CA1 similar to those
previously reported (Foy and Teyler, 1983), we expanded
the analysis to CA3 and DG. Both CA3 and DG exhibited
significant potentiation of fEPSPs in amplitude and slope
following E, exposure (Table 1).

The majority of previous analyses of estrogen regu-
lation of synaptic transmission in hippocampus focused
on CA1, specifically Schaffer collaterals’ synapses onto
stratum radiatum. Results of these analyses indicated
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Fig. 5. E, potentiation of the fEPSP evoked in the basal and apical dendrites in CA1. (A) A representative experiment (one of five) demonstrating
E,-induced potentiation of fEPSPs stimulated in the basal and apical dendrites in CA1. (A1) Hippocampal slice was placed on top of the high density
MEA and aligned to allow simultaneous recording and stimulation of the apical and basal dendrites in CA1. The stimulation consisted of two biphasic
currents (100 us per phase, 30 ms ISI) for the basal dendrites (red dots) and for the apical dendrites (orange dots) in CA1. (A2) A representative
overlay of fEPSPs was taken during the baseline collected prior to E, application (green) and 60 min following E, application (red) for each electrode.
(A3) The orthodromic dendritic fEPSPs from A-2 (box) are enlarged with waveforms taken before E, application (green) and the enhanced response
observed after 60 min of E, application (red). (B—E) Time course analyses of estrogenic potentiation of amplitudes and slopes. Time course analyses
of the amplitude and slope of the fEPSP evoked in the basal dendrites in CA1 show that E, potentiated with an initial rapid enhancement of the fEPSPs
and with a final enhancement of (B) 10%*+2% (P<0.05) in amplitude and (C) 12%+3% (P<0.05) in slope. Time course analyses of the amplitude and
slope of the fEPSP evoked in the apical dendrites in CA1 show that E, potentiated with an initial rapid enhancement of the fEPSPs and with a final
enhancement of (D) 7%=*2% (P<0.05) in amplitude and (E) 9% +3% (P<0.05) in slope. The red line indicates when estrogen was introduced into the
bath. The error bars represent =S.E.M. and are shown for every fifth sweep in order to preserve clarity.

that E, potentiated evoked fEPSPs in amplitude (overall the AMPA channels, E, enhanced fEPSPs via a G-protein-
cell excitability) and slope (synaptic transmission) (Gu coupled receptor coupled to cAMP-dependent phosphory-
and Moss, 1996, 1998; Foy et al., 1999; Gu et al., 1999) lation (Gu and Moss, 1996, 1998; Gu et al., 1999). Through
and further demonstrated that E, enhanced LTP through the NMDA channels, E, leads to phosphorylation of the
regulation of AMPA and NMDA channels (Foy et al., NMDA channel NR2 subunit following estrogen activation

1999; Bi et al., 2000, 2001; Kim et al., 2002). Through of Ca®*/Src/MAPK/ERK signaling cascade (Bi et al., 2000,
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Fig. 6. E, potentiation of the fEPSP evoked by mossy fiber stimulation and by A/C stimulation in CA3. (A) A representative experiment (one of five)
demonstrating E,-induced potentiation of fEPSPs evoked by mossy fiber stimulation and A/C fiber stimulation in CA3. (A1) Hippocampal slice was
placed on top of the high density MEA and aligned to allow simultaneous recording and stimulation of the mossy fibers and A/C fibers in CA3. The
stimulation consisted of two biphasic currents (100 us per phase, 30 ms ISI) for the mossy fibers (red dots) and for the A/C fibers (orange dots) in CA3.
(A2) A representative overlay of fEPSPs was taken during the baseline collected prior to E, application (green) and 60 min following E, application
(red) for each electrode. (A3) The orthodromic dendritic fEPSPs from A2 (box) are enlarged with waveforms taken before E, application (green) and
the enhanced response observed after 60 min of E, application (red). (B—E) Time course analyses of estrogenic potentiation of amplitudes and slopes.
Time course analyses of the amplitude and slope of the fEPSP evoked by mossy fiber stimulation in CA3 show that E, potentiated with an initial rapid
enhancement of the fEPSPs and with a final enhancement of (B) 15%+3% (P<0.05) in amplitude and (C) 18%*6% (P<0.05) in slope. Time course
analyses of the amplitude and slope of the fEPSP evoked by A/C fiber stimulation in CA3 show that E, potentiated with an initial rapid enhancement
of the fEPSPs and with a final enhancement of (D) 31%*+13% (P<0.05) in amplitude and (E) 40%=15% (P<0.05) in slope. The red line indicates when
estrogen was introduced into the bath. The blue line indicates when DCG-IV was introduced into the bath. The error bars represent £S.E.M. and are
shown for every fifth sweep in order to preserve clarity.

2001; Kim et al., 2002; Nilsen et al., 2002). Moreover, our 2004) and where the A/C fibers contain NMDA receptors
recent work has shown that E,-induces calcium influx (Siegel et al., 1994).

through L-type calcium channels and is required for E, We used a paired pulse protocol that tests for
activation of the Src/ERK/CREB/Bcl-2 signaling cas- postsynaptic and presynaptic mechanisms by the exam-
cade (Wu et al., 2005; Zhao et al., 2005). These mech- ination of short term plasticity dependent on presynaptic
anisms of estrogenic action could occur in CA3 where calcium buildup and vesicular priming and the changes

L-type calcium channels are abundant (Woodside et al., in probability of release of vesicles (Zalutsky and Nicoll,
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Fig. 7. CSD analysis from mossy fiber stimulation in CA3. A one dimensional CSD analysis of the fEPSPs recorded from the high-density MEA
confirmed that fEPSP evoked from stimulating in the stratum lucidum was from mossy fiber stimulation. (A) The hippocampal slice was placed on top
of the MEA and aligned so that the mossy fibers could be stimulated and the entire CA3 pyramidal neuron could be recorded. (B) An enlarged image
of the high-density probe with a diagram of the CA3 pyramidal neuron. The two electrodes marked in red were used to stimulate the mossy fibers, and
the non-stimulated column of electrodes was used to record. (C) Each recorded fEPSP in the grid contains the potential change under control
conditions with a topographical map that color codes the exact voltage (wV) as a function of time (ms). (D) CSD analysis of the fEPSP shows the spatial
and temporal distribution of current sinks (— values) and current sources (+ values). This analysis confirms that the mossy fibers were stimulated since
a current sink was found in stratum lucidum and a current source was found in stratum radiatum.

1990; Thiels et al., 1994; Ghaffari-Farazi et al., 1999). in the paired pulse ratio for either fEPSPs amplitude or
Results of our analyses indicated no significant change slope evoked in all three subfields. Potentiation of fEPSPs
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Table 1. Baseline enhancement of fEPSP amplitude and slope at first
stimulation pulse

Site Enhancement

Amplitude Slope
DG 15%+4%* 17%+5%*
CA3 15%+4%* 19%+5%**
CA1 20%=*+3%** 22%*+7%*

Values are means*S.E.M. * P<0.05, ** P<0.01.

following E, exposure without a change in the paired
pulse ratios is consistent with a postsynaptic mechanism
that is consistent with previously reported postsynaptic
mechanisms of estrogen action (Wong and Moss, 1992;
Foy et al., 1999; Brinton, 2001). However, a presynaptic
mechanism cannot be ruled out since estrogen attenu-
ates the inhibition by the GABA, channels by a presyn-
aptic mechanism (Rudick and Woolley, 2001; Rudick et
al., 2003) in CA1.

To investigate the site of estrogen potentiation, we
conducted detailed analyses of the afferent pathways of
CA1 and CA3. Results of the current analyses demon-
strate that in CA1, the magnitude of E,-induced fEPSP
potentiations following apical and basal dendritic stimula-
tions was comparable to each other, although stabilizing at
half the potentiation observed with the less selective stim-
ulation elicited by the lower density MEA. In CA1, the basal
dendritic afferents are derived from the Schaffer collaterals
and A/C fibers while the apical dendrites are primarily
innervated by Schaffer collaterals (Swanson et al., 1978).
Moreover, there are different ratios of inhibitory and exci-
tatory synapses formed on the CA1 pyramidal neuron in
different strata in CA1. In stratum oriens, 3% of the syn-
apses formed on the pyramidal neurons are inhibitory
while 18% of synapses in the stratum radiatum are inhib-
itory (Megias et al., 2001). However, the different afferent
stimulation did not result in significant differences in estro-
genic potentiation in CA1, suggesting that the observed
potentiation is due to post-synaptic mechanisms.

In contrast, in CA3, E,-induced potentiation of A/C fiber
stimulation was found to be greater than that induced by
mossy fiber stimulation. Furthermore, the selective fiber
stimulation led to potentiation that stabilized in 10—15 min
and was larger than the potentiation induced by the non-
selective stimulation through the lower density MEA. In
CA3, two major excitatory afferents for the pyramidal cells
are the mossy fibers and the A/C fibers. A major difference
between the two afferents is that the mossy fibers did not
express NMDA receptors while the A/C fibers do. More-
over, class D voltage dependent L-type calcium channels
are found on the soma and proximal apical dendrites of
pyramidal cells in CA3 (Hell et al., 1993) while class C
L-type calcium channels are found on the entire CA3 py-
ramidal neuron (Hell et al., 1996). Therefore, the combi-
nation of NMDA receptors and L-type calcium channels on
the A/C fiber synapses in CA3 could account for the ob-
served potentiation.

Relationship of E, potentiation of fEPSPs
and estrogen receptor distribution

We sought to relate our findings to the distribution of estrogen
receptors, ERa and ERp, in the hippocampus. Since estro-
gen potentiated EPSPs in wild-type mice and in ERa knock-
out mice (Gu et al., 1999; Fugger et al., 2001), it is suggested
that E,-potentiation of fEPSPs in CA1 at least does not
require ERa. CA3 expresses a relatively high level of ERB
(Shughrue et al., 1997; Shughrue and Merchenthaler, 2000;
Zhang et al., 2002; Mitra et al., 2003). The greatest E,-
induced potentiation occurred following A/C fiber stimulation
in CA3 in which expresses both NMDA receptors and ER
(Fig. 8). Our recent work has shown that ERB is equally
efficacious as ERa on several measures of estrogen receptor
function (Zhao et al., 2004).

The potential significance of E, potentiation of CA3 and
of A/C fibers in particular can be gleaned from the anatomical
and functional complexity of CA3 (Laurberg and Sorensen,
1981; Fig. 9A). At the anatomical level, CA3 mossy fibers
participate in the trisynaptic pathway while the A/C fibers
send ipsilateral projections to reinforce connections and con-
tralateral projections to unify the two hippocampi of the brain
with contralateral projections forming synapses at the same
area from where they were sent (Swanson et al., 1978). A/C
fibers integrate information along the long axis of the hip-
pocampus (Amaral and Witter, 1989), that can assist the
dentate to overcome resistance to discharge (Stringer and
Lothman, 1989; Stringer et al., 1989), and unify hippocampi
function (Gloor et al., 1993).

CA3 pyramidal neurons express the highest density
of ERp, receive input from mossy fibers and A/C fibers,
and express both L-type calcium channels and NMDA
channels (Hell et al., 1993, 1996). These two calcium
channels participate in different phases of memory func-
tion with NMDA channels required for memory acquisi-
tion while L-type calcium channels are necessary for
memory retention (Grover and Teyler, 1990, 1992; Tey-
ler et al., 1995; Nakazawa et al., 2002; Woodside et al.,
2004). Consistent with these functional analyses, our
recent work has shown that E,-induces calcium influx
through L-type calcium channels and is required for E,
activation of the Src/ERK/CREB/Bcl-2 signaling cas-
cade (Wu et al., 2005; Zhao et al., 2005). E,-induced
Src/ERK signaling cascade is required for phosphoryla-
tion of the NMDA receptor and ultimately enhanced LTP
and morphogenesis (Akopian et al., 2003; Wu et al.,
2005; Zhao et al., 2005). Our in vitro data indicate that
E, activation of calcium influx is specific for calcium
conductance through L-type channels and not via N,T or
P,Q,R types of channels (Wu et al., 2005). These data
are consistent with observations from Thompson and
colleagues (Akopian et al., 2003) who have shown that
E, enhancement of LTP in hippocampal slices is depen-
dent upon voltage dependent calcium channels.

Significance of E, potentiation of A/C fibers in CA3

Increasing evidence indicates that CA3 can serve as an
associative memory network due to the sparse connectivity of
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Fig. 8. Estrogen receptor and potentiation map. Comparative depiction of E, receptor binding in hippocampus (Shughrue and Merchenthaler, 2000;
Milner et al., 2001; Mitra et al., 2003) and potentiation of the fEPSP within DG, CA3 and CA1 regions of the hippocampal slice. (A) Map of 1-125
estrogen binding in the hippocampus (Shughrue and Merchenthaler, 2000). (B1) Map of ER« labeling in hippocampus by four ER« antibodies (Milner
et al., 2001). (B2) Detailed ERa map of CA3 pyramidal neuron as detected by ERa antibodies (Milner et al., 2001). (C1) Map of ER labeling in
hippocampus as detected by ERB antibody 80424 (Mitra et al., 2003). (C2) Detailed ERp localization in CA3 pyramidal neuron as determined by ERB
antibody 80424 (Mitra et al., 2003). (D) DG evoked fEPSP amplitude potentiation map after 60 min exposure to E,. (E) CA1 evoked fEPSP amplitude
potentiation map after 60 min exposure to E,. (F) CA3 evoked fEPSP amplitude potentiation map after 60 min exposure to E,. (G) Superimposition
of maps of estrogen receptors and E,-induced potentiation. Though estrogen potentiated all of the fEPSP evoked in all three subfields of the
hippocampus, the greatest potentiation occurred at CA3 at the A/C fiber stimulation.

mossy fibers (0.005%) and its denser connectivity of asso-
ciational fibers (2%) (Traub and Miles, 1991; Rolls, 1996;
O'Reilly et al., 1998; Gonzales et al., 2001). In an associative
memory network, memories are proposed to be stored

through modification of synaptic strengths within the network
(Liaw and Berger, 1996). The associative fibers are modified
in a NMDA receptor-dependent manner to reinforce and
strengthen connections between coactive neurons within the
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commissural fibers form connections contralaterally. The green lines are the A/C fibers associated with the granule cells. (B) Schematic diagram of
the tri-synaptic pathway in hippocampal slice (adapted from (Nakazawa et al., 2002). The entorhinal cortex (EC) provides the input to the DG through
the perforant pathway. The granule cells from the DG send mossy fibers to the CA3 pyramidal cells, which extend their axons (Schaffer collaterals)
to the CA1 pyramidal cells. The other sets of fibers emanating from CA3 form excitatory recurrent collaterals within CA3 (associational fibers) and form
contralateral connections to CA3 and CA1 (commissural fibers). Estrogen has been demonstrated to potentiate fEPSP evoked by the perforant path,
mossy fibers, Schaffer collaterals and A/C fibers in CA3. (Red arrows demonstrate where there is an estrogen-induced potentiation on synaptic
transmission in the hippocampus.) Functionally, we propose that estrogen-induced potentiation of each component of the trisynaptic pathway leads
to an increase in the absolute number of items that can be stored in the memory network. The selective enhancement of the A/C fibers system of CA3
suggests that estrogen enhances the retrieval function of CA3 such that fewer elements (i.e. a partial representation) of a memory would be required
for the whole memory to be retrieved.

network (Nakazawa et al., 2002). The working model of as- pathway leads to an increase in the absolute number of
sociative connections/memory proposes that, entire memory items that can be stored in the memory network. Further,
patterns can be retrieved from partial representations of the the selective enhancement of the A/C fibers system of CA3
memory and is manifested as pattern completion (Traub and suggests that estrogen enhances the retrieval function of
Miles, 1991; Rolls, 1996; O'Reilly et al., 1998; Nakazawa et CA3 such that fewer elements (i.e. a partial representation)
al., 2002). Lack of NMDA receptors leads to impairment of of a memory would be required for the whole memory to be
pattern completion capability (Nakazawa et al., 2002). Impair- retrieved. If this hypothesis is correct, then the corollary
ment of association fiber function via decrement or lack of should be true: that a deficiency in estrogen would lead to
NMDA receptors is consistent with a crucial role of associa- a requirement for a greater number of the elements (larger
tional fibers for the pattern completion property of associative representation) of the memory to retrieve the entire mem-
memory recall. ory. This hypothesis is readily testable in both animal and
Estrogen potentiation of the fEPSP of each compo- human behavioral analyses.

nent of the trisynaptic pathway of the hippocampus sug-

gests that estrogen regulates hippocampal function broadly

while selectively enhancing the function of CA3 A/C fiber CONCLUSION

system (Fig. 9B). Functionally, we propose that estrogen- To summarize, data presented herein demonstrate that es-

induced potentiation of each component of the trisynaptic trogen significantly potentiated the fEPSPs within each of the
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subfields of the hippocampal trisynaptic pathway (perforant
path, mossy fibers, and Schaffer collaterals). Of particular
importance is the discovery that the greatest potentiation by
E, occurred at the A/C fiber synapse in CA3. Local potenti-
ation of synaptic transmission within each of the nodes of the
trisynaptic pathway coupled with the morphogenic effects of
E, could transform these local nodes of potentiation to a
global network of potentiation with the A/C fibers in CA3
enhancing memory retrieval through auto-associative mem-
ory and pattern completion. These findings extend our un-
derstanding of estrogen regulation of hippocampal synaptic
activity to each subfield of the hippocampal trisynaptic path-
way. More importantly, the discovery that the greatest impact
of E, is on the A/C fibers within CA3 provides a mechanistic
framework upon which to test hypotheses relevant to the
behavioral consequences of estrogen exposure in the hip-
pocampus. For example, E, potentiation of A/C fibers in CA3
of the hippocampus would predict that memory tasks that rely
on retrieval of information based on partial representations of
the memory would be sensitive to the absence or presence of
E,.
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