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(Bacl(ground: Estrogen is involved in nociception. It is unclear whether estrogen affects spinal synaptic transmission and
Results: Estrogen facilitates NMDA transmission and spinal LTP via membrane estrogen receptor (mER)-initiated rapid

Conclusion: Estrogen increases spinal nociceptive synaptic transmission via activation of mER and NMDA receptors.
Significance: These results reveal a spinal mechanism by which estrogen enhances pain states.
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Recent evidence suggests that estrogen is synthesized in the
spinal dorsal horn and plays a role in nociceptive processes.
However, the cellular and molecular mechanisms underlying
these effects remain unclear. Using electrophysiological, bio-
chemical, and morphological techniques, we here demonstrate
that 17 B-estradiol (E2), a major form of estrogen, can directly
modulate spinal cord synaptic transmission by 1) enhancing
NMDA receptor-mediated synaptic transmission in dorsal horn
neurons, 2) increasing glutamate release from primary afferent
terminals, 3) increasing dendritic spine density in cultured spi-
nal cord dorsal horn neurons, and 4) potentiating spinal cord
long term potentiation (LTP) evoked by high frequency stimu-
lation (HFS) of Lissauer’s tract. Notably, E2-BSA, a ligand that
acts only on membrane estrogen receptors, can mimic E2-in-
duced facilitation of HFS-LTP, suggesting a nongenomic action
of this neurosteroid. Consistently, cell surface biotinylation
demonstrated that three types of ERs (ERe, ERB, and GPER1)
are localized on the plasma membrane of dorsal horn neurons.
Furthermore, the ERa and ERf antagonist ICI 182,780 com-
pletely abrogates the E2-induced facilitation of LTP. ERS (but
not ERa) activation can recapitulate E2-induced persistent
increases in synaptic transmission (NMDA-dependent) and
dendritic spine density, indicating a critical role of ERf3 in spinal
synaptic plasticity. E2 also increases the phosphorylation of
ERK, PKA, and NR2B, and spinal HFS-LTP is prevented by
blockade of PKA, ERK, or NR2B activation. Finally, HFS
increases E2 release in spinal cord slices, which can be prevented
by aromatase inhibitor androstatrienedione, suggesting activi-
ty-dependent local synthesis and release of endogenous E2.

Mounting evidence indicates that estrogen plays an impor-
tant role in an extensive spectrum of neural functions, such as
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nociception (1-3). The mechanisms by which estrogen modu-
lates pain appear to be highly complex and remain to be eluci-
dated. In the past several decades, studies regarding estrogen’s
regulation of pain have largely focused on the slow genomic
actions of the steroid. Recent studies have demonstrated that
estrogen can act nongenomically on nociception within sec-
onds to minutes (4-7).

Estrogen has been reported to rapidly enhance excitatory
synaptic transmission, especially via NMDA receptor
(NMDAR)*-mediated synaptic activity and LTP (8 —13). Estro-
gen also promotes the formation of new dendritic spines and
excitatory synapses in the hippocampus and cortex (13-16).
Estrogen has also been shown to rapidly phosphorylate extra-
cellular signal-regulated kinase (ERK) (17—19), a member of the
family of mitogen-activated protein kinases (MAPKSs) that is
strongly implicated in NMDA-dependent synaptic plasticity
and persistent pain hypersensitivity (20 —-22) via the activation
of membrane estrogen receptors (mERs) (23), which subse-
quently enhance NMDAR transmission and LTP (13, 24).

LTP is a long lasting form of synaptic plasticity, and synaptic
plasticity is fundamental to many neuronal functions, including
learning, memory, and pain (25). In the pain pathway, activa-
tion of peripheral nociceptors results in neuronal plasticity in
the CNS, which modifies the performance of the nociceptive
pathway by enhancing and prolonging responses to subsequent
peripheral stimuli. These changes in the spinal cord are known
as spinal central sensitization (26). High frequency stimulation
(HES) of peripheral nerves produces LTP of C-fiber-evoked

2 The abbreviations used are: NMDAR, NMDA receptor; GDPSS, guanosine-5'-
O-(2-thiodiphosphate); HFS, high frequency stimulation; LTP, long-term
potentiation; LTD, long-term depression; ER, estrogen receptor; mER,
membrane estrogen receptor; E2, 17 3-estradiol; BMI, bicuculline methio-
dide; ACSF, artificial cerebrospinal fluid; EPSC, excitatory postsynaptic cur-
rent; fEPSP, field excitatory postsynaptic potential; LT, Lissauer’s tract;
PERK, pPKA, and pNR2B, phosphorylated ERK, PKA, and NR2B, respectively;
Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; ANOVA, analy-
sis of variance; PPR, paired pulse ratio; APV, DL-2-amino-5-phospho-
novaleric acid; CNQX, 6-Cyano-7-nitroquinoxaline-2,3-dione; PPT, propyl
pyrazole triol; DPN, diarylpropionitrie.
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responses in the spinal dorsal horn, which are thought to be a
substrate for spinal central sensitization (27). Considering that
there are many similarities between mechanisms of synaptic
plasticity in different regions of the CNS, such as the spinal
dorsal horn and hippocampus (25), we propose that spinal cen-
tral sensitization and hippocampal LTP share similar mecha-
nisms. In this study, we investigated whether estrogen could
acutely modulate spinal synaptic transmission and plasticity
and further explored the molecular/cellular events and signal-
ing pathways that promote synaptic plasticity. We demon-
strated that estrogen might rapidly modulate spinal excitatory
synaptic transmission and facilitate LTP by increasing NMDA
transmission, presynaptic glutamate release, and dendritic
branching/spine density. The activation of mERs, PKA/ERK,
and NR2B is possibly involved in the process.

EXPERIMENTAL PROCEDURES

Animals and Reagents—Experiments were performed on
young (2—-3-week-old) Sprague-Dawley rats of both sexes. Rats
were obtained from the Experimental Animal Center of the
Chinese Academy of Science. All experimental procedures
were approved by the Shanghai Animal Care and Use Commit-
tee, and all efforts were made to minimize animals’ suffering
and the number of animals used.

All reagents were purchased from Sigma unless otherwise
noted. 17B-estradiol (E2) and ICI 182,870 were dissolved in
sesame oil or ethanol. E2-BSA was dissolved in phosphate-buff-
ered saline (PBS). Androstatrienedione (Steraloids) and
PD98059 were prepared in DMSO. Stock solutions of the fol-
lowing drugs were prepared in double-distilled H,O: bicucull-
ine methiodide (BMI), strychnine, APV, CNQX, NMDA,
AMPA, Ro 25-6981, and H89. QX-314 and GDPfSS was dis-
solved in an intracellular solution.

Spinal Cord Slice Preparation—Rat spinal cord slices were
prepared as described previously (28). Briefly, laminectomy was
performed under diethyl ether deep anesthesia, and the lumbo-
sacral segment of the spinal cord was rapidly removed and
placed in ice-cold sucrose artificial cerebrospinal fluid (ACSF)
containing 80 mm NaCl, 2.5 mm KCI, 1.25 mm NaH,PO,, 0.5
mM CaCl,, 3.5 mm MgCl,, 25 mm NaHCO,, 75 mM sucrose, 1.3
mM ascorbate, 3.0 mM sodium pyruvate, oxygenated with 95%
O, and 5% CO,, pH 7.4. Transverse slices (500 wm) with
attached dorsal roots (8 —12 mm) were prepared and then incu-
bated in preoxygenated recording ACSF with the following
composition: 125 mm NaCl, 2.5 mm KCl, 2 mm CaCl,, 1 mm
MgCl,, 1.25 mm NaH,PO,, 26 mm NaHCO3, 25 mM D-glucose,
1.3 mm ascorbate, 3.0 mm sodium pyruvate. The slices then
recovered at 32 *+ 1 °C for 40 min and then at room temperature
for an additional 1 h before experimental recordings. Slices
were then transferred into a recording chamber and continu-
ously perfused with recording solution at a rate of 5 ml/min
prior to electrophysiological recordings at room temperature.

Whole-cell Patch Clamp Recordings from Spinal Cord Slices—
tl;1Whole-cell recordings were obtained from neurons of the
superficial dorsal horn of the spinal cord. Neurons were identified
by infrared differential interference contrast video microscopy
with an upright microscope (Leica DMLFSA) equipped with a
X40, 0.8 numerical aperture water immersion objective and a

SEPTEMBER 28, 2012 +VOLUME 287 -NUMBER 40

CCD camera (IR-1000E). Patch pipettes (5-10 megaohms) were
made from borosilicate glass on a horizontal micropipette puller
(P-97, Sutter Instruments, Novato, CA) and were filled with a solu-
tion of the following composition: 120 mm potassium gluconate,
20 mm KCl, 2 mm MgCl,, 2 mm Na,ATP, 0.5 mm NaGTP, 20 mm
HEPES, 0.5 mm EGTA, pH 7.28, with KOH. QX-314 (5 mMm) and
GDPgS (1 mm) were added when necessary. To measure EPSCs
from neurons in lamina I and the outer part of lamina II, a constant
current pulse (0.3—0.5 mA) at 0.05 Hz was delivered to the dorsal
root by a suction electrode. EPSCs were recorded with normal
ACSF (2 mm Ca**, 1 mm Mg>") containing BMI (10 um) and
strychnine (1 um) to block GABA ,- and glycine receptor-medi-
ated inhibitory synaptic currents, whereas low Mg>*, high Ca>*
(2.5 mm Ca*", 0.25 mm Mg>") ACSF was used in the NMDAR
testing experiments. The membrane potential was held at —70
mV. When recording the NMDA receptor-mediated component
of EPSCs (NMDA-EPSCs), a holding potential of +40 mV was
used as indicated. Only 1 cell was recorded per slice to obviate
contamination due to previous treatment. Data were acquired
using an Axopatch 200B amplifier and were low pass-filtered at 2
kHz and digitized at 5 kHz. The series resistance (R;) was moni-
tored during recording. Cells in which R, deviated >20% or cells
with R, > 60 megaohms were excluded from analysis.

Field Potential Recordings from Spinal Cord Slices—Field
potential recordings from the superficial spinal dorsal horn
were obtained with glass microelectrodes (impedance 2-5
megaohms) filled with 135 mm NaCl, 5.4 mm KCl, 1.8 mm
CaCl,, 1 mm MgCl,, and 5 mm HEPES (pH adjusted to 7.2 with
NaOH). A bipolar tungsten electrode was used to stimulate
Lissauer’s tract (LT). The low pass filter was set to 1 kHz, and
the amplification was set to X500 (Axopatch 200B amplifier,
Axon Instruments). To minimize current spread to the dorsal
roots and the recording site, the electrode was placed at the
ventrolateral border of LT (29). For LTP-associated experi-
ments, recordings of field excitatory postsynaptic potentials
(fEPSPs) were made in the presence of BMI (10 um) and strych-
nine (1 um) to block the tonic inhibitory actions of GABA , and
glycine, respectively. The current intensity of the test stimuli
was set at a current strength sufficient to excite the C-fibers (0.1
ms, 0.5—-0.7 mA). LTP was induced at base-line stimulus inten-
sity using tetanic HFS. HFS consisted of three trains of 100
pulses at 100 Hz with 10-s intertrain intervals. Before HFS, test
pulses of 0.1 ms were given at 120- or 300-s intervals and
recorded for at least 10 min to ensure the stability of the
response. Data were collected with pClamp version 10.1 soft-
ware and analyzed using Clampfit version 10.1. The magnitude
of LTP was estimated by comparing averaged responses at 30 or
60 min after induction with averaged base-line responses
before induction.

Immunocytochemistry/Immunohistochemistry—Rats ~ were
sacrificed with an overdose of chloral hydrate (80 mg/kg) and
perfused transcardially with normal saline followed by 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4). Spinal cords
were then removed, postfixed in the same fixative for 6 hat 4 °C,
and immersed in a 10—-30% gradient of sucrose in phosphate
buffer for 24 —48 h at 4 °C for cryoprotection. Transverse sec-
tions (16 wm) were cut in a cryostat (Leica 1900) and processed
for immunofluorescence. Cultured spinal dorsal horn neurons
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(14 days in vitro) grown on glass coverslips were fixed in 4%
paraformaldehyde in 0.1 M PBS for 15 min at room tempera-
ture. The sections or cells were blocked with 10% donkey serum
in 0.01 M PBS (pH 7.4) with 0.3% Triton X-100 for 1 h at room
temperature. For ERae/NeuN/MAP-2, ER3/NeuN/MAP-2, or
GPER1/NeuN/MAP-2 double immunofluorescence, the sec-
tions or cells were incubated with a mixture of rabbit anti-ER«
(1:50; Santa Cruz Biotechnology, Inc., or Upstate), goat anti-
ERP (1:50; Santa Cruz Biotechnology, Inc.), rabbit anti-GPER1
(1:50; Abcam), and mouse anti-NeuN (neuronal marker,
1:1000; Millipore) or with mouse anti-MAP-2 (1:1000; Milli-
pore) overnight at 4 °C, followed by a mixture of Rhodamine
Red-X- and FITC-conjugated secondary antibodies for 2 h at
4°C. For immunohistochemical experiments on spinal cord
slices, five adjacent slices (350 um) from the same spinal seg-
ment were prepared as in the electrophysiological experiment
described above. At least two slices were used for controls (non-
treated and ethanol vehicle-treated) and three for E2 treatment
(10 M for 10, 30, or 60 min), and the remaining slices were used
for NMDA (100 wm, 10 min). This arrangement allowed nega-
tive (untreated or ethanol-treated slice) and positive controls
(NMDA -treated slice) for each animal. Subsequently, the slices
were rapidly fixed in cold 4% paraformaldehyde for 60 min and
then processed for immunostaining. The sections were blocked
with 10% donkey serum in 0.01 M PBS with 0.3% Triton X-100
for 4 h at room temperature. For pERK or pERK/pPKA double
immunofluorescence, the sections were incubated with mouse
anti-pERK (1:1000; Sigma) or a mixture of mouse anti-pERK
and rabbit anti-pPKA RII (Ser-96) (1:1000; Upstate), for 48 h at
4 °C, followed by FITC-conjugated or a mixture of Rhodamine
Red-X- and FITC-conjugated secondary antibodies for 4 h at
4. °C. All sections were coverslipped with a mixture of 50% glyc-
erin in PBS and then observed with a Leica SP2 confocal laser-
scanning microscope. The specificity of immunostaining was
verified by omitting the primary antibodies, and immuno-
staining signals disappeared after the omission of primary anti-
bodies. The specificity of primary antibodies was verified by the
preabsorption experiment. Sections were first incubated with a
mixture of ERe, ERB, and GPER1 primary antibody and the
corresponding blocking peptide (Santa Cruz Biotechnology,
Inc.; blocking peptide/primary antibody = 3:1) overnight, fol-
lowed by secondary antibody incubation. ER immunostaining
signals were abolished after absorption.

E2-BSA-FITC binding experiments were performed on cul-
tured spinal dorsal horn neurons grown on glass coverslips.
E2-BSA covalently coupled to FITC (E2-BSA-FITC) was resus-
pended at 1 mg/ml in PBS. The unfixed live cells were washed
one time with ACSF and incubated with E2-BSA-FITC (10
pg/ml) in PBS with 5% BSA for 30 min in the dark at 37 °C. For
E2-BSA-FITC/GIuN1 or E2-BSA-FITC/GluAl double stain-
ing, stained E2-BSA-FITC neurons were incubated with rabbit
anti-GluN1 (1:500; Sigma) or rabbit anti-GluA1 (1:200; Milli-
pore), respectively.

Western Blot—Under urethane (1.5 g/kg, intraperitoneally)
anesthesia at 10 min and 30 min after intrathecal injection of E2
or E2-BSA, the animals were rapidly sacrificed by decapitation
(n = 3 or 4/group). The L4 -L6 lumbar spinal cord was rapidly
removed, immediately frozen in liquid nitrogen, and stored at
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—70 °C until use. Frozen samples were homogenized in a lysis
buffer (12.5 ul/mg of tissue) containing a mixture of protease
inhibitors (Roche Applied Science) and PMSF (Sigma). Cul-
tured spinal dorsal horn neurons (14 days in vitro) were lysed
with radioimmune precipitation assay buffer. After incubating
inice for 30 min, samples were centrifuged at 10,000 rpm for 15
min at 4 °C. The supernatants were used for Western blotting.
Equal amounts of protein (~20 ug) were loaded and separated
in a 10% Tris-Tricine SDS-polyacrylamide gel. The resolved
proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes (Amersham Biosciences). The membranes
were blocked with 5% nonfat milk in Tris-buffered saline (pH
7.5) containing 0.1% Tween 20 for 2 h at room temperature and
incubated overnight at 4 °C with mouse anti-pERK (1:2000;
Sigma), rabbit anti-total ERK (1:100,000; Sigma), rabbit anti-
ERa (1:50 (Upstate) or 1:100 (Santa Cruz Biotechnology, Inc.)),
rabbit anti-ERB (1:200; Santa Cruz Biotechnology, Inc.), rabbit
anti-GPER1 (1:200; Abcam), rabbit anti-PKA (1:500; Upstate),
rabbit anti-phospho-NR2B (1:1000; Millipore), mouse anti-
NR2B (1:2000; Neuromab), rabbit anti-GluN1 (1:2000; Sigma)
and rabbit anti-GluA1 (1:500; Millipore), mouse anti-transfer-
rin receptor (1:1000; Invitrogen), and rabbit anti-CREB (1:1000;
Sigma). The blots were then incubated with the secondary anti-
body, goat anti-mouse or goat anti-rabbit IgG conjugated with
horseradish peroxidase (HRP) (1:1000; Pierce), for 2 h at 4 °C.
Signals were finally visualized using enhanced chemilumines-
cence (ECL; Pierce), and the bands were visualized with the
ChemiDox XRS system (Bio-Rad). All Western blot analyses
were performed at least three times, and consistent results were
obtained. A Bio-Rad image analysis system was then used to
measure the integrated optic density of the bands.

Cell Surface Biotinylation—Surface biotinylation experi-
ments were performed in live transverse spinal dorsal horn
slices and cultured dorsal horn neurons (14 days in vitro). After
treatment, the slices or cultured neurons were incubated with
PBS containing 0.5-1.0 mg/ml Sulfosuccinimidel-6-[biotin-a-
mido] hexanoate (Pierce) for 45 min on ice and rinsed in ice-
cold PBS containing 1 M glycine to quench the biotin reaction.
The cultured neurons were lysed, and the slices were homoge-
nized in modified radioimmune precipitation assay buffer (50
mwm Tris (pH 7.5), 150 mMm NaCl, 1% Triton X-100, 10% glycerol,
0.5 mg/ml BSA, 1 mm PMSF, 1 ug/ml leupeptin, 1 ug/ml apro-
tinin, and 1 pg/ml pepstain). The homogenates were centri-
fuged at 10,000 X g for 15 min at 4 °C, and the supernatant was
collected. The supernatant was incubated with 50 ul of Neu-
trAvidin-agarose (Pierce) for 4 h at 4 °C and washed three times
with radioimmune precipitation assay buffer. The total and
biotinylated surface proteins were detected using quantitative
Western blots as described above.

Estradiol Assay—Samples from the slice perfusate were col-
lected. To compare E2 concentrations in the perfusate from
spinal slices of different sexes, slices were incubated in the same
volume of ACSF. For LT stimulation experiments, ACSF was
added to the initial volume after each collection of perfusate to
exclude the influence of volume on the measurement of E2
concentration. The E2 concentration was determined with
double antibody radioimmunoassay kits according to protocols
provided by the manufacturer (National Atomic Energy
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Research Institute, Beijing, China). The sensitivity of the kit was
1.4 pg/ml.

Primary Spinal Dorsal Horn Neuron Culture and
Transfection—Spinal cord neurons were prepared from rat
embryos at embryonic day 15. Briefly, spinal cords were
removed from each embryo, and the dura was stripped. Dorsal
horn tissue was isolated according to the open book technique
(30). Subsequently, the spinal dorsal horn was dissociated with
trypsin, and cells were plated (1 X 10° to 1 X 10° cells/ml) in
Neurobasal medium (Invitrogen) supplemented with B27 (Invit-
rogen), L-glutamine (Invitrogen), and 5% fetal bovine serum (FBS)
(Sigma) on 60-mm dishes that were precoated with poly-D-lysine
(0.1 or 1 mg/ml; Sigma). After 4 h, the media (5% FBS B27 and
glutamine) were changed to feeding media without 5% FBS. Cells
were fed twice weekly thereafter with Neurobasal medium pre-
pared as above but without the 5% FBS. Spinal dorsal horn neurons
were grown at 37 °C in 5% CO, on coverslips. Cultured neurons
received transfection of GFP-lentivirus (Genechem, Shanghai) 3
days before imaging at 14 days in vitro.

Time Lapse Imaging—Three days after transfection, living
transfected neurons on coverslips were transferred to a stage
chamber filled with Neurobasal medium and imaged with a
Nikon (Tokyo, Japan) TE300 inverted microscope. Images were
obtained using a Yokogawa spinning disk (Solamere Technol-
ogy Group). Healthy neurons expressing GFP were identified
and imaged every 5—8 min for 30 min before and 30— 60 min
after E2 treatment at 37 °C in 5% CO,. At each time point,
Z-stacks of images were collected and analyzed using Origin
(Microcal Software).

Statistical Analysis—Data are presented as the mean = S.E.
Statistical comparisons were performed using Student’s ¢ test,
paired ¢ test, and one- or two-way ANOVA followed by post hoc
Student-Newman-Keuls test. In all cases, p < 0.05 was consid-
ered statistically significant.

RESULTS

E2 Rapidly Enhances NMDA Transmission via G Protein-
coupled Receptors in Superficial Dorsal Horn Neurons—Previ-
ous studies have shown that NMDAR and AMPAR function
can be rapidly regulated by estrogen in hippocampal neurons
(8, 11). To examine the effects of estrogen on NMDA- and
AMPA-evoked currents in the spinal cord, whole-cell patch
clamp recordings were performed on neurons from lamina I
and II of the spinal cord slices. In all of the experiments, male
and female rats at 2-3 weeks of age were randomly used
because there were no detectable sex differences in E2 concen-
trations in the perfusates of the spinal slices (male 189.65 +
25.27 pmol/liter versus female 185.93 = 28.94 pmol/liter; ¢ test,
p = 093, n = 4), and no estrous cycles were observed in the
infant female rats, thus excluding the fluctuations in ovarian
steroid hormones.

Application of NMDA (50 um) for 30 s through adding the
compound to a low Mg>* (0.25 mm) and high Ca>" (2.5 mm)
perfusion solution in the presence of tetrodotoxin (0.5 um),
BMI (10 um), strychnine (1 um), and CNQX (20 um) at —40 mV
evoked inward currents. Using the >20% potentiation crite-
rion, we found that E2 (100 nm to 10 um) dose-dependently
potentiated NMDA-currents (one-way ANOVA, F(3, 36) =
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3.12,p = 0.038, n = 7-12). E2 potentiated NMDA currents in 1
of 8 (13%), 4 of 7 (57%), and 7 of 12 (58%) cells at doses of 100
nM, 1 uM, and 10 uMm, respectively. The potentiation effect
began within 3—-5 min after bath application of E2 (Fig. 14).
Interestingly, when the slices were pretreated with 10 um E2 for 30
min, the NMDA currents were greatly enhanced in all 11 cells
recorded (Fig. 1B). In separate slices, we recorded an inward cur-
rent after 30 s of AMPA (10 um) bath application in normal ACSF
with tetrodotoxin, BMI, strychnine, and APV (50 um) at =70 mV.
The AMPAR currents were diversely affected by E2 in different
neurons and in general exhibited no effect (one-way ANOVA, F(2,
42) = 021, p = 0.811, n = 11-17) (Fig. 1C).

The potentiation of NMDA currents by E2 in dorsal horn
neurons within 3—5 min suggests a nongenomic, rapid mecha-
nism. Several studies have found that many rapid estrogen
effects are sensitive to G protein manipulation (31, 32). We
therefore tested whether the rapid enhancement of NMDA
currents in dorsal horn neurons by E2 is mediated by G pro-
teins. GDPBS (1 mm), a G protein inhibitor, was included in the
pipette internal solution. As shown in Fig. 1D, the potentiation
of NMDA currents by E2 was completely abolished (Student’s ¢
test, p = 0.64,n = 9).

The rapid regulation of NMDAR and AMPAR function by E2
was further confirmed by measuring the ratio of NMDAR- to
AMPAR-mediated components of the dorsal root stimulation-
evoked EPSCs in the spinal dorsal horn. We isolated NMDA-
EPSCs and AMPA-EPSCs at +40 and —70 mV in the presence
of BMI and strychnine and CNQX or APV, respectively. The
NMDAR/AMPAR ratio was then calculated. As shown in Fig.
1E, a short application of E2 (10 uM, 3—-5 min) significantly
increased the NMDAR/AMPAR ratio in individual experi-
ments (control 0.54 * 0.14 versus E2 0.67 = 0.17; paired ¢ test,
p < 0.01); this was the result of a selective increase in NMDA-
EPSCs and a decrease in AMPA-EPSCs (NMDA-EPSCs,
10.35 * 8.20% of base-line change; AMPA-EPSCs, —13.57 =
6.63% of base-line change).

Changes in the protein levels of the NMDAR subunit GluN1
and the AMPAR subunit GluA1l in the plasma membrane due
to E2 were also observed using the cell surface biotinylation
technique. To ensure that only cell surface proteins were
labeled with the membrane-impermeable biotin and were not
contaminated by cytoplasmic proteins, Western blots of
labeled protein fractions were tested. The immunoband for
GAPDH was nearly negative, which verified the purity of the
biotinylated sample. Transferrin receptor was used as a marker
for membrane proteins and served as loading control. Expect-
edly, membrane GluN1 levels were increased after 10 min of E2 (10
M) treatment compared with vehicle treatment. In contrast, the
AMPAR subunit GluA1 was reduced by E2 treatment. Neither the
GluN1 nor GluAl levels in the whole-cell protein extracts were
affected by E2 treatment (Fig. 1F). This result implies a possible
insertion of GluN1 into the membrane and internalization of
GluA1l from the membrane. This bidirectional glutamate receptor
trafficking suggests the formation of silent synapses (33, 34), but
this possibility remains to be investigated further.

Distribution of Estrogen Receptors in Dorsal Horn Neurons—
The membrane estrogen-binding site is thought to be the
molecular and cellular substructure underlying rapid estrogen
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FIGURE 1. Estrogen rapidly potentiates NMDA currents via G protein-coupled receptors in superficial dorsal horn neurons. NMDA and AMPA currents
were recorded in lamina | and Il neurons of spinal cord slices. E2 (100 nm to 10 um) was bath-applied for 3-5 min. A, infusion of E2 at concentrations of 100 nm
(n=28),1 um (n =7),and 10 um (n = 12) caused a rapid, dose-dependent increase in NMDA current amplitude (infusion period indicated by bar). Top, NMDA
current traces collected as controls and during E2 infusion. *, p < 0.05; **, p < 0.01 versus control. B, NMDA currents in neurons of control and E2 pretreatment
slices. NMDA currents obtained from slices pretreated for 30 min with E2 (n = 11) were significantly higher than those from naive slices (n = 16). Top, NMDA
current traces collected as control and pretreatment by E2. **, p < 0.01 versus naive control. C, E2 at concentrations of 1 um (n = 11) and 10 um (n = 17) had no
effects on AMPA currents. Top, AMPA current traces collected as controls and during E2 infusion. D, loading neurons with 1 mm GDP S abolished the acute
action of E2 on NMDA currents (n = 9). E, E2 increases the NMDA/AMPA ratio. Left, the effects of E2 on the NMDA/AMPA ratio in individual cells (n = 11).
Measurements were counted at the peak point of the traces at —70 mV for AMPA-EPSCs and at 40 ms after the stimulation artifacts for the traces at +40 mV
for NMDA-EPSCs. Right, the effects of E2 on NMDA-EPSCs and AMPA-EPSCs. Top, typical NMDA-EPSCs recorded at +40 mV and AMPA-EPSCs at —70 mV before
and after E2 application. **, p < 0.01 versus control. F, two examples showing the effects of E2 on expression of GIuN1 and GluA1 in surface biotinylation-
isolated membrane protein and whole cell protein extracts from cultured dorsal horn neurons and spinal slices. Neurons or slices were treated with vehicle or
E2 (10 um) for 10 min. Transferrin receptor (TrR), a marker for membrane proteins, served as a loading control. Error bars, S.E.

action (35). The distributions of E2-BSA binding sites on the
plasma membrane of cultured spinal dorsal horn neurons were
detected by E2-BSA-FITC (E2-BSA conjugated to FITC). Expo-
sure of intact cells to E2-BSA-FITC resulted in a punctate stain-
ing pattern of the plasma membrane (Fig. 24). This punctate
membrane staining pattern was remarkably similar to that pre-
viously described in other cells (36). Double staining showed
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that the punctuate staining was colocalized with GluN1 and
GluAl (Fig. 24), providing a cytological basis for rapid modu-
lation of spinal glutamate synapses by E2. Immunocytochemis-
try showed that all three types of ERs (ERa, ERB, and GPER1)
expressed in primary cultured rat spinal dorsal horn neurons
(14 days) co-localized with the neuronal marker NeuN and the
cytoskeletal marker microtubule-associated protein 2 (MAP2)
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FIGURE 2. Distribution of estrogen receptors in spinal dorsal horn neurons. A,immunocytochemistry for E2-BSA-FITC and double immunofluorescence for
E2-BSA-FITCand GIuN1 or GIuA1 in cultured spinal dorsal horn neurons. B, double immunofluorescence showed colocalization of ERe, ERB, and GPERT with the
neuronal marker NeuN and MAP-2 in cultured dorsal horn neurons. C, double immunofluorescence showed colocalization of ERe, ERB, and GPER1 with the
neuronal marker NeuN in the spinal dorsal horn in situ. D, evidence for mERs in cultured dorsal horn neurons (a) and spinal slices (b). Surface biotinylation
showed that ERe, ERB,and GPER1 were present in the membrane protein extract. Transferrin receptor (TrR), a marker of membrane proteins, served as a loading

control.

(Fig. 2B). The distribution of the three ERs was also confirmed
in fixed spinal sections in situ (Fig. 2C), consistent with previous
reports (6, 37). Furthermore, the surface proteins of dorsal horn
neurons were biotinylated, and Western blots from biotiny-
lated proteins were examined. As expected, ERa-, ERB-, and
GPER1-immunoreactive bands were all identified, thus validat-
ing the presence of mERs (Fig. 2D). Consistent with a recent
study on hypothalamic neurons, a full-length 66 kDa ERa-im-
munoreactive band and a 52 kDa ERa-immunoreactive band
were both detected in membrane proteins (38). These data pro-
vide cytological evidence for E2-mediated, membrane-initi-
ated, rapid actions.

E2 Facilitates Spinal LTP of fEPSPs by mERs—Previous stud-
ies have shown that E2 treatment significantly increased hip-
pocampal LTP magnitude when NMDA transmission was
increased relative to AMPA transmission (11). Our present
finding supports these previous studies by demonstrating that
E2 enhances the NMDA/AMPA ratio in spinal dorsal horn neu-
rons and suggests that estrogens also regulate spinal LTP.
fEPSPs in the superficial dorsal horn were evoked by stimula-
tion of LT (0.1 ms, 0.5-0.7 mA, 5-min interval) via a bipolar
tungsten electrode. The fEPSPs in the spinal dorsal horn were
recorded in the presence of BMI (10 uMm) and strychnine (1 um)
to block the tonic inhibitory action of GABA, and glycine.
Three trains of HFS (100 Hz for 1 s, 10-s train intervals) were
introduced to induce LTP of fEPSPs. As shown in Fig. 34, three-
train HFS reliably induced LTP of fEPSPs that could be com-
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pletely impaired by the NMDA receptor antagonist APV (50
M) (40 min point after HES, 0 = 14%) (Fig. 3, A and B), indi-
cating that spinal LTP in our study is NMDAR-dependent.
Preperfusion of E2 (10 wMm) 10 min before the HFS robustly
increased the magnitude of LTP of fEPSPs (60 min point, after
HFS, +170 £ 43% versus control LTP, +54 = 10%) (two-way
ANOVA, F(1, 132) = 4.828, p = 0.048, n = 5-7) (Fig. 3A).
Base-line fEPSPs were not changed by E2 (10 um), even at 30
min after E2 application (Fig. 3C). A membrane-impermeable
estrogen conjugate, E2-BSA (10 um), which has been observed
to act only on membrane ERs (39), mimicked the E2-induced
enhancement of LTP magnitude without altering base-line fEP-
SPs (Fig. 3, A and D), strongly implicating mERs in the E2-in-
duced facilitation of fEPSP L'TP in the superficial dorsal horn of
the spinal cord. The effect of E2 on the spinal LTP threshold
was also tested. As shown in Fig. 3E, a single train of HFS did not
produce LTP of fEPSPs in vehicle-treated slices but resulted in
a significant potentiation in slices preinfused with E2 for 10
min, suggesting a reduction in the threshold of LTP induction
by exogenous E2.

Next, we tested the effects of blocking ERs on E2-induced
facilitation of LTP with the ER antagonist ICI 182,780. Infu-
sions of ICI 182,780 (1 um) did not affect base-line synaptic
transmission (30 min after application, +8 * 13%), but they
completely abrogated the effect of E2 on spinal LTP (Fig. 3A4).
Interestingly, in addition to eliminating the enhancement of
LTP by E2, ICI 182,870 severely impaired LTP per se (two-way
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FIGURE 3. The role of E2 in spinal LTP of fEPSPs. A, three trains of HFS reliably induced LTP of fEPSPs in the spinal dorsal horn (n = 7). E2 (10 um) raised the
amplitude of LTP (n = 5). E2-BSA (10 uMm) induced an analogous enhancement of LTP magnitude (n = 5). E2-induced enhancement of LTP was blocked by 1 um
ICl 182,780 (n = 7). Top, traces collected during base-line recording (black line) and 60 min after three trains of HFS (gray lines) in different groups. B,
pretreatment with APV (50 um) completely impaired three-train HFS-induced LTP of fEPSPs (n = 5). Top, representative fEPSPs recorded at the times indicated
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times indicated by the fetters. E, one-train HFS (arrows) produced more potentiation following preinfusion with E2 (n = 12) compared with control slices (n =
13). Top, traces collected from slices during base-line recording (black line) and 30 min after delivery of one train of HFS (gray lines). F, E2 levels in the perfusate
of spinal slices before and after HFS. E2 levels were significantly elevated at 5 and 10 min after HFS compared with conditioning stimulation. Preincubation of
slices in ACSF containing androstatrienedione (ATD 20 and 100 um) for 30 min significantly attenuated the HFS-induced increase in E2 concentrations. *, p <

0.05; **, p < 0.01 versus controls; $, p < 0.05 versus HFS. Error bars, S.E.

ANOVA, F(1, 154) = 9.254, p = 0.009, n = 7). Three trains of
HES did not produce spinal LTP of fEPSPs following co-perfu-
sion of ICI 182,870 and E2 for 10 min, suggesting that the exist-
ence of endogenous local estrogen may be essential for the spi-
nal LTP induction.

To address whether the three trains of HFS that reliably
induce spinal LTP of fEPSPs can elicit endogenous estrogen
synthesis and release, we collected the perfusate of spinal slices
within 5 and 10 min before HFS and 5 and 10 min after HFS
with or without pretreatment with the aromatase inhibitor
androstatrienedione to analyze levels of local spinal synthesis
and release of E2. Following the HFS, E2 concentrations in the
perfusate were significantly increased at 5 and 10 min com-
pared with the 5 min (paired ¢ test, p < 0.01, » = 7) and 10 min
(paired t test, p < 0.05, n = 7) pre-HFS controls. Preincubation
of slices in ACSF containing androstatrienedione (20 and 100
uM) for 30 min significantly attenuated the HFS-induced
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increase in E2 concentrations at 5 min (one-way ANOVA, F(3,
18) = 7.845, p = 0.001, n = 4-7) and 10 min post-HFS (one-
way ANOVA, F(3, 18) = 4.864, p = 0.012, n = 4-7) (Fig. 3F),
indicating that HFS induced rapid synthesis and release of spi-
nal cord-derived estrogen.

E2-induced Facilitation of Spinal LTP Is Prevented by Block-
ing NR2B, PKA, and ERK Activation—Previous studies showed
that NR2B containing NMDA receptors are required for spinal
LTP induction (40, 41). Here, we further demonstrated that
NR2B-containing receptors also participate in E2-induced
heightened LTP in the spinal dorsal horn. As shown in Fig. 44,
at a lower concentration (0.3 uMm), the NR2B antagonist Ro
25-6981 did not prevent HFS-LTP induction (60 min point
after HFS, +54 = 10% for control versus +46 = 5% for Ro
25-6981) but completely blocked E2-induced potentiation of
HFS-LTP (60 min point after HFS, +170 = 43% for E2 versus
+38 = 16% for Ro 25-6981 + E2) (two-way ANOVA, F(1,
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FIGURE 4. Involvement of NR2B, PKA, and ERK activation in E2-induced facilitation of spinal LTP. A, at a dose of 0.3 um, Ro 25-6981 (Ro) eliminated
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121) = 11.559, p = 0.006, n = 5-8) (Fig. 4A). Additionally, the
rapid up-regulation of pNR2B in the dorsal horn neurons with
E2 exposure supports the important role of NR2B in the height-
ening of spinal LTP by E2 (Fig. 4B).

It has been reported that E2 exposure can activate many
intracellular signaling proteins, including PKA and ERK (3,
16-18, 42). PKA and ERK activation are both involved in the
induction and maintenance of LTP (43—45). We observed in
the present study that both the PKA inhibitor H89 (1 um; 60
min point after HFS, +170 *+ 43% for E2 versus 92 = 17% for
H89 + E2; two-way ANOVA, F(1,121) = 38.380, p <0.001,n =
5-8) and the MEK inhibitor PD98059 (50 um; 60 min point
after HFS, +170 = 43% for E2 versus +25 = 9% for PD + E2;
two-way ANOVA, F(1, 77) = 14.262, p = 0.007, n = 4-5)
blocked the action of E2 on spinal LTP, indicating a potential
role of PKA and ERK in the facilitation (Fig. 4C) of LTP. Fur-
thermore, E2 exposure acutely up-regulated pPKA levels in
dorsal horn neurons (Fig. 4D). Analogously, ERK activation by
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E2 was also observed in the spinal dorsal horn. Bath application
of E2 (10 wum) for 10 min produced a robust increase in pERK in
the presence of 1 um tetrodotoxin to block action potentials
(Fig. 4E). Finally, spinal application of E2 or E2-BSA up-regu-
lated pERK levels in the spinal dorsal horn (Fig. 4, F and G).

Presynaptic Glutamate Release Contributes to E2-induced
Facilitation of Spinal LTP—To determine the presynaptic
effects of E2, we recorded EPSCs evoked by paired pulse stim-
ulation of the dorsal root and examined the effects of E2 on the
paired pulse ratio (PPR), a measure related to neurotransmitter
release probability that is commonly used to assess changes in
presynaptic function (46, 47). At both 35- and 60-ms intervals,
PPRs were reduced by 5-min E2-treatment (paired ¢ test, p <
0.05, n = 11) (Fig. 5A). Because the PPR is inversely related to
release probability (46), our results indicate that E2 can acutely,
at least in part, increase presynaptic glutamate release.

Given that the burst response magnitude elicited by trains
of stimulation reflects the degree of calcium influx during
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tetanization, the level of NMDA receptor activity, and the
subsequent facilitation of LTP induction (48), we attempted
to identify whether excitatory neurotransmitter release dur-
ing HFS contributed to the heightened LTP. The burst area
under the first train of HES relative to the averaged area of
base-line NMDA-EPSCs was calculated. E2 pretreatment
produced significant enlargement of this area, which indi-
cates the involvement of transmitter release (control 5.99 *=
0.88 versus estrogen 9.71 * 1.88; t test, p < 0.05) (Fig. 5B).
Moreover, the percentages of increase in burst response area
across the second and third trains in E2-treated slices were
smaller than those of control slices, indicating greater teta-
nus-induced depletion of neurotransmitter in E2-treated
slices (Fig. 5C). Thus, excitatory neurotransmitter release
during HES possibly contributes to E2-induced increases in
LTP magnitude.

E2 Induces Chemical LTP of NMDA-EPSCs and LTD of
AMPA-EPSCs—Using the >20% potentiation criterion, in 11 of
20 neurons examined, the bath application of E2 (10 um) for 10
min rapidly and persistently enhanced the amplitude of mono-
synaptic NMDA-EPSCs evoked from the dorsal root for more
than 40 min (responders), which was defined as the chemical
LTP of NMDA-EPSCs. In the other nine neurons, the evoked
monosynaptic NMDA-EPSCs were unaffected by E2 (non-re-
sponders; Fig. 6A4). In contrast, in 7 of 14 neurons examined,
monosynaptic AMPA-EPSCs were reduced within 10 min after
E2, and this depression persisted more than 40 min, which was
defined as chemical LTD of AMPA-EPSCs (Fig. 6B). This result
indicated that E2 long lastingly modulated NMDA and AMPA
transmission in opposite directions. We pooled all of the E2
responders and non-responders together and still found that
the average amplitudes of the NMDA-EPSCs were persistently
potentiated, and the AMPA-EPSCs were persistently depressed
by E2 (Fig. 6C). To confirm the dominance of the potentiation
of NMDA transmission by E2, fEPSPs in the superficial dorsal
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horn evoked by LT stimulation (0.1 ms, 0.5-0.7 mA, 2-min
interval) were recorded in low Mg>" high Ca*>* ACSF to facil-
itate the opening of NMDARs. Consistently, LT fEPSPs were
enlarged by a brief application of E2, and this effect could be
eliminated by APV (50 um) (Fig. 6D).

To further investigate the relative contribution of classic ERs
to the acute chemical LTP of NMDA-EPSCs, the ERa- and
ERB-selective agonists PPT and DPN were used. The E2-in-
duced potentiation of NMDA-EPSCs was mimicked by DPN (5
uM) (Fig. 6E). In contrast, the ERa-selective agonist PPT (2 um)
failed to potentiate NMDA-EPSCs in any of the neurons we
recorded; PPT even resulted in a slight reduction of NMDA-
EPSCs (30 min point after E2 washout, 89.13 * 14.3% of base
line) (Fig. 6E). Somewhat consistently, a recent study showed
that blockade of ERa with MPP potentiates C-fiber stimula-
tion-induced EPSCs in spinal dorsal horn neurons (49). Taken
together, our present results raise the possibility that E2-in-
duced LTP of NMDA-EPSCs in the spinal cord may be medi-
ated by ERp, similar to what has been observed in the hip-
pocampus (10).

E2 Rapidly Modulates Dendritic Spine Morphogenesis—Den-
dritic spines are the anatomical loci of excitatory synapses on
neurons, and spine formation and maintenance are thought to
contribute to modified synaptic plasticity (15, 50). To investi-
gate whether E2 can rapidly change the dendritic spine mor-
phology of spinal dorsal horn neurons, which may contribute to
enhanced NMDA transmission and plasticity as discussed
above, we assessed the dendritic spine morphology of spinal
dorsal horn neurons following treatment with 10 um E2. GFP-
lentivirus was transfected into cultured spinal dorsal horn neu-
rons (14 days in vitro). Three days after transfection, the living
cells emit steady green fluorescence upon illumination by light
of suitable wavelengths. Neurons were pretreated for 30 min
with vehicle (ethanol) as a control and with 10 um E2 for a
maximum of 40 min. After E2 treatment, the lengths (one-way
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FIGURE 6. Estrogen induces chemical LTP of NMDA-EPSCs and LTD of AMPA-EPSCs. A, E2 (10 um) induced a chemical LTP of NMDA-EPSCin 11 of 20 neurons
(responders), whereas NMDA-EPSCs remained unaltered in the remaining neurons (non-responders) as compared with vehicle-treated (ethanol) neurons
(n = 6). Each point represents an averaged trace of three sweeps. Top, traces collected as controls, 5 min after E2 infusion, and after 30 min of washout.
B, E2 induced a chemical LTD of AMPA-EPSC in 7 of 14 neurons (responders), whereas AMPA-EPSCs were unchanged in the remaining neurons
(non-responders). C, when all E2 responders and non-responders were pooled together, a persistent potentiation of NMDA-EPSCs and a long lasting
depression of AMPA-EPSCs due to E2 were revealed. D, E2 rapidly increased LT stimulation-induced (0.1 ms, 0.5-0.7 mA, 2-min interval) fEPSPs
(LT-fEPSPs) in the superficial dorsal horn, and this effect was eliminated by APV (50 um). Top, traces collected as controls, 10 min after E2 infusion, 30 min
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11), DPN (5 um) (n = 9), and PPT (2 um) (n = 8) on NMDA-EPSCs. Left, traces collected as controls, 10 min after E2, DPN, or PPT infusion and after 30-min
washout. Error bars, S.E.

ANOVA, E(5,89) = 13.736, p = 0.017, n = 16) and densities of  capable of inducing spine morphogenesis. Cultured spinal dor-

dendritic spines and dendritic filopodia were both increased at
all time points observed (one-way ANOVA, F(5, 89) = 2.330,
p = 0.049, n = 16) (Fig. 7A) (supplemental Movie S1). Given
that the activation of ERB can mimic the E2-induced LTP of
NMDA-EPSCs, we also examined whether ERB activation is
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sal horn neurons were exposed to the ER agonist DPN at 5 um.
Fig. 7B shows an example of DPN exposure increasing the total
length and number of dendritic spines along the dendrites (also
see supplemental Movie S2). Thus, ERB may be involved in the
E2-induced promotion of synaptic plasticity.
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FIGURE 7. Estrogen rapidly modulates dendritic spine morphogenesis. A, E2 enhances dendritic spine density and length in GFP-expressing spinal dorsal
horn neurons. Top, schematic of the experiment, which involved 40-min exposure to E2 before 30-min vehicle treatment. Left, time lapse imaging of a typical
neuron expressing GFP. The neuron was imaged for the 30-min vehicle treatmentand then at0, 10, 20, 30, and 40 min after treatment with E2. Triangles indicate
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0.01 versus before E2. B, an example showing the time course of DPN-induced increases in spine length and spine number. Scale bars, 20 um. Error bars, S.E.

DISCUSSION

This study provides the first evidence that E2 in the spinal
cord acutely modulates excitatory synaptic transmission and
facilitates spinal LTP by increasing presynaptic glutamate
release, persistently potentiating NMDAR transmission, and
promoting dendritic spine formation and prolongation. This
effect was mediated by membrane-initiated, G protein-depen-
dent rapid signaling pathways. Furthermore, HES, which reli-
ably induced spinal LTP, rapidly increased perfusate E2
concentrations in the spinal cord slices, suggesting that
spine-derived E2 may function as a neuromodulator of neu-
ronal synaptic transmission and LTP, which are relevant to
nociception.

Estrogen as a Rapid Regulator of Neuronal Synaptic Trans-
mission and Plasticity—Accumulating evidence indicates that
E2 rapidly regulates excitatory synaptic transmission and LTP
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in the hippocampus, hypothalamus, and medial vestibular
nucleus (8, 9, 16, 18). To date, it has not been revealed whether
or how estrogen in the spinal cord regulates synaptic plasticity.
In the present study, estrogen robustly enhanced NMDA-
evoked currents within 5 min in spinal dorsal horn neurons,
suggesting that postsynaptic and/or extrasynaptic NMDAR
function can be rapidly potentiated. This finding is consistent
with a previous report that E2 exerts its acute effects via a post-
synaptic mechanism (51). Interestingly, when the slices were
pretreated by E2 for 30 min, NMDA currents exhibited larger
enhancements. One possible explanation is that 30-min E2
treatment may increase externalization of ERs, leading to an
exaggerated effect. In support of this idea, a recent study of
hypothalamic neurons demonstrated that E2 stimulation rap-
idly increases the insertion of ERa proteins into the plasma
membrane, and this effect peaks at 30 min (38).
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We also investigated the effects of exogenous E2 on HFS-
induced LTP of fEPSPs in the spinal dorsal horn. Because more
than 50% of LT fibers are C-primary afferent fibers, HES of
LT-evoked LTP in vitro is thought to be linked to the central
sensitization of pain (28, 52, 53). We found that E2 lowered the
threshold for LTP induction and enhanced LTP magnitude,
and these effects could be mimicked by E2-BSA, a mERs ago-
nist, indicating that the heightening of HES-LTP by E2 is medi-
ated, at least in part, by mERs. Furthermore, the colocalization
of E2-BSA-FITC with GluN1 and GluA1 provided an anatom-
ical groundwork by which estrogen could modulate NMDAR/
AMPAR transmission and synaptic plasticity of spinal dorsal
horn neurons via mERs. Immunocytochemistry/immunohisto-
chemistry and Western blot analyses of surface biotinylated
proteins revealed that GPER1, ERa, and ERB were distributed
in the surface of the dorsal horn neurons. Preperfusion of ICI
182,780 (a classical ER antagonist) completely blocked the
E2-induced potentiation of LTP. The effects of ICI 182,870 are
not likely to be mediated via antagonism of GPER1 because ICI
182,780 is thought to be an agonist at this receptor (54). In
hippocampal slices, ERB activation significantly enhances 6
burst stimulation-induced LTP in wild-type mice but not in
Esr2”/~ mice (15). Consistently, our current study further
demonstrated that the ER-selective agonist DPN, but not the
ERa-selective agonist PPT, could mimic the sustained effects of
E2 on NMDA-EPSCs in dorsal horn neurons. Although this
evidence does not rule out other candidates, such as GRER]I, for
mediating the rapid actions of mERs, it does suggest a critical
role of ERB in mediating the effects of estrogen on synaptic
plasticity and spinally based nociceptive processing.

Potential Synaptic Underpinnings of the E2-induced Increase
in Spinal LTP Magnitude—Several potential mechanisms
could contribute to the enhancement of LTP magnitude by E2.
In the hippocampus, E2-induced increases in NMDA transmis-
sion can directly increase LTP magnitude (11, 12). Overexpres-
sion of NR2B-containing NMDAR enhances LTP, whereas
blockade of NR2B prevents the estrogen-induced increase in
LTP magnitude (12, 55). In the spinal cord, this mechanism is
also possible. HFS-LTP required NMDARs and NR2B activa-
tion. E2 quickly phosphorylated NR2B, persistently enhanced
NMDA transmission, and depressed AMPA transmission, indi-
cating a critical role of NMDA transmission in E2-induced
increases in spinal LTP. Although E2 has been reported to
inhibit GABA and glycine receptors, and this inhibition has
been reported to contribute to E2-induced LTP enhancement
(31, 56), it is unlikely that E2 facilitates HFS-LTP in the spinal
dorsal horn by a disinhibition mechanism because, in our
experiment, LTP recordings were performed in the presence of
GABA , and GIyR antagonists.

E2 rapidly increases presynaptic glutamate release in the hip-
pocampus, which may contribute to persistent potentiation of
EPSC amplitude (10). In our study, E2-induced increases in
glutamate release probability may also be involved in the E2-in-
duced facilitation of HFS-LTP in the spinal cord. Moreover, an
increase in steady-state depolarization during HFS occurred in
spinal dorsal horn neurons following E2 treatment. The mech-
anism responsible for this increase in steady-state depolariza-
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tion is thought to be due to mass transmitter release and acti-
vation of extrasynaptic NMDAR (57).

Synaptic structural plasticity is always in line with functional
plasticity. Recent studies have shown that estrogen can rapidly
influence dendritic spine structure, and the changes in connec-
tivity contribute to modified synaptic plasticity in multiple
brain regions, including the hippocampus and cortex (13, 15,
50). It has also been reported that an E2-induced increase in
hippocampal LTP magnitude only occurs when spine density is
increased simultaneously with an escalation in NMDA trans-
mission relative to AMPA receptor transmission (11). Our data
also revealed an acute and sustained increase in spine density
and length in spinal dorsal horn neurons following treatment
with E2 or the ERB agonist DPN. Similarly, ERB activation
increases dendritic branching and the density of mushroom-
type spines in hippocampal neurons and also enhances LTP
magnitude (15). Thus, E2-induced dendritic spine morphogen-
esis may also contribute to enhancement of spinal LTP.

GPER1 belongs to the G protein-coupled, seven-membrane-
spanning receptor family and has been reported to mediate the
rapid effects of estrogen via generation of Gas/GBy (54) and
other well known membrane signaling cascades (1, 58). In addi-
tion to their nuclear localization, classical ERs (ERa and ERB)
can also be trafficked to the plasma membrane, where they may
directly bind to G proteins or link to other G protein-coupled
receptors (e.g. mGluRs), which then induce signaling pathways
(4, 59, 60, 61). Through these signaling pathways, estrogen can
not only rapidly modulate the synaptic transmission of dorsal
horn neurons but also can activate transcription factors, such as
cAMP-response element binding protein, to affect gene expres-
sion, leading to long term effects, including LTP. The spinal
PKA-MAPK pathway is a key signaling pathway in the spinal
nociceptive process (26, 62). Cross-talk between ERs, PKA,
ERK, and NMDARSs has been reported (3, 63, 64). In this study,
E2 rapidly increased pPKA, pERK, and pNR2B levels, and
blockade of PKA, ERK, or NR2B activation completely pre-
vented spinal HFS-LTP in E2-treated slices, providing further
evidence that the PKA-ERK signaling pathway is involved in
estrogen-induced facilitation of spinal LTP and nociceptive
behavioral responses. It is plausible that E2 activates PKA and
ERK by G protein signaling and then phosphorylates NMDAR:s.
Inhibition of spinal PKA or ERK activation has been demon-
strated to attenuate NDMAR subunit phosphorylation (3, 65).
Additionally, E2 increases presynaptic glutamate release, which
induces the NMDAR activation-Ca®* influx-PKA-ERK path-
way. Indeed, the NMDAR-PKA-ERK pathway has also been
shown to contribute to central sensitization and affective pain
(66). Together, the neurosteroid E2 acts as a neuromodulator
that activates a distinct suite of cellular/molecular events that
increases glutamate release, facilitates NMDAR transmission,
and modulates dendritic spine morphogenesis, resulting in the
enhancement of spinal synaptic transmission and LTP. Thus,
E2 is involved in spinal nociceptive processing.
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