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CRH neurons in the hypothalamic paraventricular nucleus (PVN) play a central role in regulating
the hypothalamus-pituitary-adrenal (HPA) axis and are directly influenced by 17�-estradiol (E2).
Although compelling evidence has suggested the existence of membrane-associated estrogen
receptors (mERs) in hypothalamic and other central nervous system neurons, it remains unknown
whether E2 impacts CRH neuronal excitability through this mechanism. The purpose of the current
study is to examine the existence and function of mER signaling in PVN CRH neurons. Whole-cell
recordings were made from CRH neurons identified by Alexa Fluor 594 labeling and post hoc
immunostaining in ovariectomized female mice. E2 (100nM) rapidly suppressed the M-current (a
voltage-dependent K� current) and potentiated glutamatergic excitatory postsynaptic currents.
The putative Gq-coupled mER (Gq-mER) characterized in hypothalamic proopiomelanocortin neu-
rons initiates a phospholipase C-protein kinase C-protein kinase A pathway; therefore, we exam-
ined the involvement of this pathway using selective inhibitors. Indeed, the ER antagonist ICI
182780 and inhibitors of Gq-phospholipase C-protein kinase C-protein kinase A blocked E2’s ac-
tions, suggesting dependence on the Gq-mER. Furthermore, STX, a selective ligand for the Gq-mER,
mimicked E2’s actions. Finally, to examine the in vivo effect of Gq-mER activation, E2 or STX
injection increased c-fos expression in CRH neurons in the PVN, suggesting CRH neuronal activa-
tion. This corresponded to an increase in plasma corticosterone. We conclude that the Gq-mER
plays a critical role in the rapid regulation of CRH neuronal activity and the HPA axis. Our findings
provide a potential underlying mechanism for E2’s involvement in the pathophysiology of HPA-
associated mood disorders. (Endocrinology 157: 3604–3620, 2016)
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4-isoxazolepropionic acid receptor; CORT, corticosterone; DAG, diacylglycerol; D-APV,
D-2-amino-5-phosphonovalerate; DMSO, dimethyl sulfoxide; DPN, diarylpropionitrile; E2,
17�-estradiol; EPSC, excitatory postsynaptic current; ER� KO, ER� knockout; GDP-�-S-Li3,
GDP analog guanosine 5�-[�-thio]diphosphate trilithium salt; GluR1, glutamate receptor 1;
GPER1, G protein-coupled estrogen receptor 1; Gq-mER, Gq-coupled, membrane-asso-
ciated estrogen receptor; H-89; N-[2-(p-Bromocinnamylamino)ethyl]-5-isoquinolinesul-
fonamide � 2HCl hydrate; HPA, hypothalamus-pituitary-adrenal; ICI, ICI 182780; IP3,
inositol triphosphate; I-V, current-voltage; mEPSC, miniature EPSC; mpd, medial
periventricular subdivision; ovx, ovariectomized; PIP2, phosphatidylinositol 4,5-bispho-
sphate; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; POMC,
proopiomelanocortin; PTX, picrotoxin; PVN, hypothalamic paraventricular nucleus;
Rin, input resistance; RMP, resting membrane potential; sEPSC, spontaneous EPSC;
TTX, tetrodotoxin; WT, wild type; XE991, 10,10-bis(4-pyridinylmethyl)-9(10h)-anthra-
cenone dihydrochloride.
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Hyperactivity of the neuroendocrine stress axis, the hy-
pothalamus-pituitary-adrenal (HPA) axis (1), is a key

phenomenon in depressive disorders (2). Produced by par-
vocellular neurons in the hypothalamic paraventricular nu-
cleus (PVN), CRH acts as the driving force of HPA axis
activation (3). Importantly, the sex hormone 17�-estradiol
(E2) plays a key role in regulating hypothalamic CRH ex-
pression and HPA axis activity (4, 5). Moreover, the exis-
tence of estrogen-responsive elements in the CRH gene
promoter region provides evidence for direct estrogenic
regulation of CRH expression (6).

Until now, most studies investigating estrogenic regu-
lation of CRH focused on gene expression (4, 7). Little
evidence is available regarding as to whether E2 can di-
rectly regulate cellular excitability of CRH neurons. The
rapid regulation of neuronal excitability by E2 in the cen-
tral nervous system has been extensively studied (8–14).
Electrophysiological evidence has further characterized
membrane-initiated E2 signaling (15, 16). For example, a
putative Gq-coupled, membrane-associated estrogen re-
ceptor (Gq-mER) identified in hypothalamic proopiomel-
anocortin (POMC) neurons rapidly activates a phospho-
lipase C (PLC)-protein kinase C (PKC)-protein kinase A
(PKA) signaling cascade (17, 18). Activation by STX, a
selective ligand of the Gq-mER, has been reported to con-
trol arcuate nucleus gene expression, energy metabolism,
thermoregulation, and bone remodeling (19, 20).

A potential target for the Gq-mER is the neuronal M-
current (KCNQ/Kv7 channels), a subthreshold, noninac-
tivating, voltage-dependent outward K� current that con-
trols action potential generation and neuronal excitability
(21–23). The M-current is a target of numerous neu-
rotransmitters with Gq-coupled G protein-coupled recep-
tors, including serotonin and acetylcholine (24, 25). Sup-
pression of the M-current allows neurons to fire more
rapidly (22) and increases cellular responses to excitatory
synaptic inputs (26). E2 has been found to regulate
KCNQ2/3 channels in PC-12 cells (27) and KCNQ5 chan-
nels (and the M-current) in neuropeptide Y neurons (28).
Therefore, we hypothesize that E2 could directly regulate
the M-current in PVN CRH neurons. Moreover, CRH
neurons in the PVN receive multiple excitatory synaptic
inputs (29, 30), which increase their activity and release of
CRH into the pituitary portal circulation. Elevated excit-
atory innervation of parvocellular neurons may predict
HPA axis activation (31). Recently, E2 was found to po-
tentiate glutamatergic synaptic transmission in the hip-
pocampus through distinct receptor subtype (ER�, ER�,
G protein-coupled estrogen receptor 1 (GPER1))-medi-
ated mechanisms in a sex-dependent manner (12). How-
ever, no study has examined the effects of E2 on the

excitatory postsynaptic current (EPSC) in PVN CRH
neurons.

To address these questions, in the present study, we
performed electrophysiological recordings in PVN CRH
neurons and studied the direct regulatory effects of E2. We
examined whether 1) the excitability of CRH neurons
could be subjected to a rapid modulation by E2, and 2)
whether this modulation is mediated by the Gq-mER path-
way similar to that characterized in arcuate POMC neu-
rons (17, 18). Indeed, our data suggest that activation of
Gq-mER by E2 or STX rapidly suppresses the M-current
and enhances glutamatergic neurotransmission in PVN
CRH neurons through the Gq-coupled PLC-PKC-PKA
signaling pathway.

Materials and Methods

Animals and treatments
All animal procedures are in accordance with institutional

guidelines based on National Institutes of Health standards and
approved by the Rutgers Institutional Animal Care and Use
Committee. All mice used were adult female mice (6–8 wk of
age). Wild-type (WT) C57BL/6 mice (The Jackson Laboratory)
were bred in-house. Ex3a ER� knockout (ER� KO) mice, re-
cently developed by Dr Ken Korach (NIEHS) (32), were gener-
ated from breeding pairs of heterozygous WT/KO. Weanlings
were genotyped as previously described (33). All animals were
housed with littermates and maintained under controlled tem-
perature (22°C) and photoperiod conditions (12-h light, 12-h
dark cycle; lights on between 6 AM and 6 PM) with a low-phy-
toestrogen chow (5V75; Lab Diets) and water ad libitum. They
were ovariectomized (ovx) under isoflurane anesthesia and al-
lowed to recover for 1 week before electrophysiology. Ovx fe-
males were provided with pain relief for 48 hours after surgery
by a daily injection of carprofen (4 mg/kg, Rimadyl)

Drugs
All drugs were purchased from Tocris unless otherwise spec-

ified. Tetrodotoxin (TTX) was dissolved in ultrapure H2O
(1mM stock); pH 4–5. E2 (Steraloids) and the ER antagonist ICI
182780 (ICI) were dissolved in dimethyl sulfoxide (DMSO)
(1mM and 10mM stock, respectively). 2-(4-hydroxyphenyl)-3-
phenylpent-2-enoic acid 4-(2-dimethylaminoethoxy)phenylam-
ide (E-enantiomer) (STX), the Gq-mER-selective ligand, was pro-
ducedbyAAPharmaSyn (34)andprovidedasagift fromDrMartin
J. Kelly and Dr Oline K. Rønnekleiv (Oregon Health & Science
University). STX was dissolved in DMSO (1mM stock). 10,
10-bis(4-pyridinylmethyl)-9(10h)-anthracenone dihydrochloride
(XE991), a KCNQ channel blocker, was dissolved in ultrapure
H2O (1mM stock). The PKA inhibitor H-89 dihydrochloride
(10mMstock), thePKAactivator forskolin (50mMstock), thePKC
inhibitor rottlerin (10mM stock), the PLC inhibitor U73122
(20mMstock)and its inactiveanalogU73343,and theER� agonist
diarylpropionitrile (DPN) (1mM stock) were all dissolved in
DMSO. The nonhydrolyzable GDP analog guanosine 5�-[�-thio-
]diphosphate trilithium salt (GDP-�-S-Li3) (Sigma-Aldrich), which
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was used to prevent G protein-mediated signaling, was dissolved in
H2O and applied in the final concentration (2mM) through patch
pipette immediately before use (35). Aliquots of the stock solutions
werestoredat�20°Cuntilneeded.Picrotoxin(PTX)(50mMstock;
Sigma-Aldrich) as well as 6-cyano-7-nitroquinoxaline-2,3-dione
disodium (CNQX) disodium salt (20mM stock) and D-2-amino-
5-phosphonovalerate (D-APV) (50mM stock) were dissolved in ul-
trapure H2O.

Tissue preparation
Slices were prepared as described previously. Mice were de-

capitated quickly at 10–11 AM. The brain was rapidly removed
from the skull, and a block containing the hypothalamus was
immediately dissected and submerged in cold (4°C), oxygenated
(95% O2, 5% CO2), high-sucrose artificial cerebrospinal fluid
(aCSF) consisting of 208mM sucrose, 2mM KCl, 26mM
NaHCO3, 10mM glucose, 1.25mM NaH2PO4, 2mM MgSO4,
1mM MgCl2, and 1mM HEPES (pH 7.3; 300 mOsm). Coronal
slices (250 �m) were cut on a vibratome at 4°C. The slices were
transferred to an auxiliary chamber where they were kept at
room temperature (25°C) in aCSF consisting of 124mM NaCl,
5mM KCl, 2.6mM NaH2PO4, 2mM MgCl2, 2mM CaCl2,
26mM NaHCO3, and 10mM glucose (pH 7.3; 310 mOsm) until
recording (recovery for 1–2 h). A single slice was transferred to
the recording chamber mounted on an Olympus BX51W1 up-
right microscope. The slice was continually perfused with warm
(35°C), oxygenated aCSF at 1.5 mL/min. Targeted neurons were
viewed with an Olympus �40 water-immersion lens.

Electrophysiological recordings
Electrophysiology was performed as described previously

(28). In hypothalamic slices, standard whole-cell patch recording
procedures and pharmacological testing were used. Whole-cell
voltage-clamp recordings were performed using pipettes made of
borosilicate glass and pulled using a P-97 Flaming/Brown Mi-
cropipette Puller (Sutter Instrument). An Axopatch 700B ampli-
fier, Digidata 1322A Data Acquisition System, and pCLAMP
software (version 10.2; Molecular Devices) were used for data
acquisition and analysis.

CRH neurons were identified based on a combination of an-
atomical, morphological, and immunohistochemical criteria: 1)
anatomical criterion: the location of the parvocellular neurons in
the PVN (dorsal portion of the medial parvocellular division
[mpd] region, between the third ventricle and lateral cluster of
large neurons) (36, 37); and 2) morphological criterion: small
and usually fusiform somata (38–40). Confirmation of a CRH
phenotype was conducted using post hoc histological identifi-
cation. The recorded neurons were first labeled with Alexa Fluor
594 via recording patch clamp (added intracellularly 0.1% in the
internal solution; Life Technologies) and then identified by post
hoc immunohistochemical analysis. Sections were fixed with 4%
paraformaldehyde (Sigma-Aldrich) overnight at 4°C. Immuno-
histochemistry was performed with anti-CRH primary antibody
(rabbit, 1:1000; Abcam) and goat-antirabbit Alexa Fluor 633
secondary antibody (1:1000; Life Technologies) (40, 41). Only
the identified CRH� neurons were subsequently analyzed.

Current-voltage (I-V) plots were constructed by voltage steps
from �50 to �140 mV at 10-mV increments applied at 1-second
intervals from a holding potential of �60 mV. The input resis-
tance (Rin) was determined from the slope of each I-V plot in the

range between �60 and �80 mV. Input resistance, series resis-
tance, and membrane capacitance were monitored throughout
the experiments. Only cells with stable series resistance (�30
M�; �20% change over the course of the recording) and input
resistance (�500 M�) were used for analysis.

To record M-currents, pipettes (3- to 5-M� resistance) were
filled with an internal solution containing 10mM NaCl, 128mM
K-gluconate, 1mM MgCl2, 10mM HEPES, 1mM ATP, 1.1mM
EGTA, and 0.25mM GTP (pH 7.3; 300 mOsm). In voltage
clamp, a standard deactivation protocol (24, 28) was used to
measure K� currents elicited during 500-millisecond voltage
steps from �30 to �75 mV in 5-mV increments after a 300-
millisecond prepulse to �20 mV. The amplitude of the M-cur-
rent relaxation or deactivation was measured as the difference
between initial (�10 ms) and sustained current (�475 ms) of the
current trace in the control conditions (1�M TTX; 5 min). After
baseline recording (	5 min), E2 or STX (100nM both with 1�M
TTX) (17, 18) was perfused for 10 minutes, and the protocol was
repeated and followed by perfusion of the KCNQ channel
blocker, XE991 (40�M with 1�M TTX) (24). Deactivation pro-
tocol was repeated twice for each perfusion condition and av-
eraged for analysis.

To study synaptic transmission in CRH neurons, pharmaco-
logically isolated spontaneous EPSC (sEPSC) or miniature EPSC
(mEPSC) were performed at a holding potential of �60 mV (42).
PTX (50�M) was added to block inhibitory synaptic transmis-
sion mediated by �-aminobutyric acid A receptors, and the N-
methyl-D-aspartate receptor antagonist D-APV (50�M) was
added to block currents mediated by N-methyl-D-aspartate re-
ceptors. To record mEPSC, TTX (1�M) was added to block
action potential in addition to PTX and D-APV. The internal
solution contained 40mM CsCl, 10mM HEPES, 0.05mM
EGTA, 1.8mM NaCl, 3.5mM KCl, 1.7mM MgCl2, 2mM Mg-
ATP, 0.4mM Na4-GTP, 10mM phosphocreatine, and 5mM
N-(2,6-Dimethylphenylcarbamoylmethyl)triethylammonium
(pH 7.3; 280–290 mOsm). After a stable baseline measurement
of an approximately 5-minute period (control condition), E2 or
STX was perfused in the bath with the slice for approximately 10
minutes. The sEPSC/mEPSC properties recorded during final 5
minutes of the E2- or STX-perfusion period were compared with
the properties recorded in the 5-minute time window of the con-
trol condition.

Acute effect of E2 and STX in vivo
For the acute experiment, 12 mice were assigned to a control

(n 
 4), E2 (n 
 4), or STX (n 
 4) group. Each group was given
an acute sc injection of vehicle control (50-�L DMSO), E2 (es-
tradiol benzoate, 1 �g in 50-�L DMSO), or STX (500 �g in
50-�L DMSO) (43), respectively. All animals were injected and
then perfused 30 minutes later.

Plasma corticosterone (CORT) assay
Cardiac blood samples were collected between 9–11 AM in hep-

arin-coated tubes during perfusion, immediately chilled on ice, and
centrifuged at 4000 revolutions per minute for 15 minutes at 4°C.
Plasma was stored at �80°C for measuring plasma CORT using
an ImmuChem Double Antibody Corticosterone RIA kit (MP
Biomedicals).
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Brain tissue, immunofluorescence, and image
acquisition

All animals were anesthetized in the morning (9–11 AM) with
ketamine (100mg/kg)/xylazine (10mg/kg) in their individual cages.
Theywereperfusedtranscardiallywithsaline followedby4%para-
formaldehyde. Brains were cut into 40-�m-thick sections. Immu-
nohistochemical staining of c-fos and CRH was performed in sec-
tions collected along the rostrocaudal axis throughout the PVN
(bregma, �0.58 to �1.22 mm), with primary antibodies of anti-
CRH(rabbit,1:1000;Abcam)andanti-c-fos (mouse,1:1000;Santa
Cruz Biotechnology, Inc) incubation overnight at 4°C. The follow-
ing day, sections were incubated for 2 hours in goat-antirabbit Al-
exa Fluor 546 or goat-antimouse Alexa Fluor 633 secondary anti-
bodies (both1:1000;LifeTechnologies)at roomtemperature.After
washing, they were embedded in Vectashield (Vector Laboratories)
for confocal imaging using an LSM-700 confocal microscope
(Zeiss). The c-fos�/CRH� double-labeled cells in the PVN were
counted by ImageJ software (NIH).

Data analysis
Comparisons of the I-V plots between control and subsequent

drug conditions were performed at each voltage (�30 to �75
mV) using a repeated-measures two-way ANOVA with post hoc
Newman-Keuls comparisons. Maximum current at �35 mV
was analyzed with paired Student’s t test. For sEPSC and mEPSC
recordings, amplitude and frequency of currents were analyzed
off-line using the Mini Analysis software (Synaptosoft). Com-
parisons of the amplitude of sEPSC and mEPSC between the
control condition and subsequent drug conditions were per-
formed using paired Student’s t tests. Comparisons of the c-fos�/
CRH� double-labeled cells in the PVN and plasma CORT con-

centration between the control and E2 or
STX conditions were performed using a
one-way ANOVA with post hoc New-
man-Keuls comparison. All statistical
analysis was conducted using GraphPad
Prism (GraphPad). Data were considered
significant when P � .05. All data values
were presented as mean � SEM. The
each n represents the number of cells
examined.

Results

Identification of recorded CRH
neurons in the hypothalamic
PVN

To identify individual PVN CRH
neurons after recording, a combina-
tion of anatomical, morphological,
and immunohistochemical criteria
was applied. Figure 1A shows a sche-
matic representation of the mouse
PVN, highlighting the location of
putative neuroendocrine CRH neu-
rons in the mpd region. Because
CRH neurons are thought to be lo-

cated mainly in the mpd region (40, 44), which is enriched
with parvocellular cells (36), we first applied the following
criteria before recording: 1) only cells within the mpd re-
gion were considered; and 2) within the mpd, we selected
cells with small and fusiform somata (38). Using these
anatomical and morphological criteria, the qualified neu-
rons were identified as putative parvocellular neurons
(36–38). Confirmation of CRH� cells was done by filling
recorded cells with Alexa Fluor 594 dye, which was in the
internal solution, followed by post hoc immunohisto-
chemical analysis using the CRH antibody. Only cells that
were confirmed after validation of their CRH-immuno-
positive profile were analyzed. An example of a typical
CRH neuron is shown in yellow color (Figure 1B) desig-
nated by an arrow. The overall success rate at patching
CRH neurons was approximately 40%.

E2 and STX rapidly suppresses the M-current in
PVN CRH neurons

First, we sought to determine the role of the M-current
in modulating CRH neuronal excitability. Under current
clamp, the firing activity of CRH neurons was continu-
ously monitored under control conditions with XE991
(40�M), a selective blocker of KCNQ channels (Figure
2A). After bath perfusion of approximately 3 minutes,
XE991 application induced action potentials. After 	7

Figure 1. Identification of recorded CRH neurons in hypothalamic paraventricular nucleus (PVN)
region. A, Schematic representation of the mouse PVN, highlighting the anatomical location of
putative neuroendocrine CRH neurons in the mpd region (black circle), located between the third
ventricle and lateral cluster of large neurons. B, Confirmation of the neurochemical profile of
recorded CRH neurons after patch clamp recording by intracellular dye labeling (Alexa Fluor 594,
added 0.1% intracellularly into internal solution) followed by immunohistochemical analysis. A
representative image is shown as an example (yellow; see arrow) of an identified CRH-
immunopositive (Alexa Fluor 633, green) neuron in the PVN region of a coronal mouse brain
slice, with its recorded location labeled with Alexa Fluor 594 (red). Scale bar, 50 �m.
Abbreviations: dp, dorsal parvocellular division; mpd, dorsal portion of the medial parvocellular
division; mpv, ventral portion of the medial parvocellular division; pmm, medial portion of
posterior magnocellular division; pml, lateral portion of posterior magnocellular division; pv,
periventricular parvocellular division; 3V, third ventricle.
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minutes, robust firing bursts were observed, suggesting
significant activation of the recorded neurons.

Next, we directly measured the M-current in CRH neu-
rons using a deactivation protocol (Figure 2B). This pro-
tocol examined the voltage range (�75 to �30 mV), in
which the M-current has its most profound effect on neu-

ronal excitability (28). The M-cur-
rent was calculated by subtracting
current relaxation, the difference be-
tween the instantaneous and steady
state (highlighted by arrows), in the
control and treated conditions (E2/
STX) (28). The maximum M-current
was recorded at �35 mV (Figure
2C). Over a period of 20 minutes, the
M-current did not significantly run-
down (n 
 3) (Figure 2C), and this
20-minute time period exceeded the
typical recording time (10 min) for
perfusion and evaluation of effects of
E2, STX, or the various pharmaco-
logical agents used in this study.

We next examined the effects of
E2 on the M-current in CRH neu-
rons, with 1�M TTX present to
block Na�-spike-dependent synap-
tic inputs. After 10 minutes of E2
(100nM) perfusion, the outward M-
current was attenuated, especially at
the higher voltages (P � .05 at �50,
�45, �40, �35, and �30 mV, n 

6), with a significant effect of E2
(F1,110 
 31.9, P � .0001) (Figure 2,
D and E). Subsequent application
of XE991 robustly decreased the
M-current (Figure 2D), suggesting
that the current responses were in-
deed mediated by KCNQ channels.
At �35 mV, the outward M-current
peak value decreased from 97.5 �
27.5 (control) to 30.8 � 16.3 pA
(n 
 6, P � .05) after E2 application.
Consequently, E2 application depolar-
ized the resting membrane potential
(RMP) and increased Rin in CRH neu-
rons (Table 1).

Because the effect of E2 on the M-
current occurs within minutes (	10
min), we hypothesized that this rapid
effect may be mediated by the Gq-
mER, as previously identified in ar-
cuate POMC neurons (17, 18). We

tested this hypothesis by directly applying the Gq-mER-
specific ligand STX. As expected, a 10-minute perfusion of
STX (100nM) attenuated the M-current. At all higher
voltages, the M-current was decreased (P � .05 at �50,
�45, �40, �35, and �30 mV, n 
 5) (Figure 2, F and G),
with a significant effect of STX (F1,88 
 13.04, P � .001).

Figure 2. 17�-estradiol (E2) and STX rapidly suppressed the M-current in recorded PVN CRH
neurons. A, An example of continuous firing activity in a recorded CRH� neuron during
perfusion of selective KCNQ channel blocker XE991 (40�M) for 10 minutes. B, The deactivation
protocol used to record the M-current in CRH neurons: from a holding potential of �60 mV, a
voltage jump to �20 mV (300 ms) was followed by steps from �30 to �75 mV in 5-mV
increments (500 ms). C, No M-current rundown was observed over a 20-minute duration (n 

3). D, Example of M-current traces under control conditions (control) and after perfusion with E2
(10 min, 100nM) and subsequent perfusion with XE991 (10 min, 40�M). E, I-V plot of M-current
from �75 to �30 mV under control conditions compared with after bath perfusion with E2 (10
min, 100nM, n 
 6). F, I-V plot of M-current from �75 to �30 mV under control conditions and
after bath perfusion with STX (10 min, 100nM, n 
 5). G, Example of M-current traces under
control conditions (control) and after perfusion with STX (10 min, 100nM) and subsequent
perfusion of XE991 (10 min, 40�M). All I-V plots were analyzed with a repeated-measures, two-
way ANOVA, and post hoc Newman-Keuls comparisons. Maximum peak current was analyzed by
a paired Student’s t test (*, P � .05; **, P � .01).
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The peak M-current at �35 mV decreased from 93.5 �
23.6 (control) to 41.7 � 23.3 pA (n 
 5, P � .05) after STX
application. Subsequent application of XE991 (40�M)
robustly decreased the M-current (Figure 2G). Similarly,
STX application depolarized CRH neurons and increased
their input resistance (Table 1). In summary, both E2 and
STX rapidly increased CRH neuronal excitability by sup-
pressing the M-current and depolarizing CRH neurons.

Gq-mER mediates the effects of E2 or STX on the
M-current in PVN CRH neurons by activating a
PLC-PKC�-PKA signaling pathway

To confirm the role of Gq-mER signaling pathway
(PLC-PKC�-PKA) activated by E2 and STX (17, 18) in
attenuating the M-current in PVN CRH neurons, we ap-
plied a series of specific pharmacological interventions.
First, to determine the involvement of an ER, we coper-
fused E2 (n 
 5) (Figure 3A) or STX (n 
 5) (Figure 3B)
together with the ER antagonist ICI (1�M). Treatment
with 1�M ICI eliminated the effect of E2 and STX, sug-
gesting they are indeed mediated by an ER.

Second, to determine whether Gq signaling is involved,
we introduced specific Gq inhibitor GDP-�-S-Li3 (2mM)
by intracellular dialysis through the patch pipette for 5
minutes before recording the effects of E2 (n 
 6) (Figure
3C) and STX (n 
 6) (Figure 3D). GDP-�-S is a nonhy-
drolyzable form of GDP that blocks the GTPase cycle in an
inactive state and competes with intracellular GTP for the
binding site of G protein (45). Therefore, GDP-�-S pre-
vents G protein-mediated signaling during receptor acti-
vation. In cells dialyzed with GDP-�-S, the inhibitory ef-
fect of E2 and STX on the M-current was completely
blocked, suggesting that the inhibition is indeed depen-
dent on Gq-coupled signaling.

Finally, activation of the �-subunit of Gq family acti-
vates PLC to hydrolyze phosphatidylinositol 4,5-bispho-
sphate (PIP2) in the membrane into diacylglycerol (DAG)
and inositol triphosphate. DAG, in turn, activates PKC�

and PKA (17, 18, 46). If activation of this pathway is
required, then each inhibitor should be able to abrogate

the cellular response to E2 or STX. First, we coperfused E2
(n 
 5) (Figure 3E) or STX (n 
 6) (Figure 3F) with
U73122 (10�M), an inhibitor of PLC. U73122 signifi-
cantly abrogated the effects of E2 and STX, suggesting
involvement of PLC. Moreover, U73343, the inactive an-
alog of U73122, did not block either E2 or STX (data not
shown). Because PKC� and PKA is implicated down-
stream of PLC (17, 18), we next examined the elective
PKC� inhibitor rottlerin (5�M) and PKA inhibitor
N-[2-(p-Bromocinnamylamino)ethyl]-5-isoquinolinesul-
fonamide � 2HCl hydrate (H-89) (10�M), respectively.
Both rottlerin and H-89 blunted the ability of E2 (rot-
tlerin, n 
 5 [Figure 3G]; H-89, n 
 4 [Figure 3I]) and STX
(rottlerin, n 
 5 [Figure 3H]; H-89, n 
 6 [Figure 3J]) to
inhibit the M-current, suggesting the requirement of PKC�

and PKA activation in the inhibition. These data are con-
sistent with our hypothesis that both E2 and STX atten-
uated the M-current through the Gq-mER linked to acti-
vation of PLC-PKC�-PKA signaling.

E2 and STX potentiates the amplitude of sEPSCs
and mEPSCs in PVN CRH neurons

Previous studies have shown that E2 acutely potentiate
EPSCs in the hippocampus and suprachiasmatic nucleus
(47, 48). Because suppression of the M-current increases
cellular responses to excitatory synaptic inputs (26, 49),
we hypothesized that acute E2 application would alter the
excitatory neurotransmission (measured by EPSCs) into
PVH CRH neurons. To test the effect of E2 on the sEPSCs,
we perfused CRH neurons with E2 for 10 minutes. E2
rapidly enhanced the average amplitude of sEPSCs (a rep-
resentative trace is shown in Figure 4A) from 17.2 � 2.2
(control) to 25.8 � 4.7 pA (E2, n 
 6, P � .05) (Figure 4B).
There was no significant change in the frequency of sEPSC
(control: 7.1 � 1.9 Hz vs E2: 4.7 � 1.3 Hz, n 
 6) (Figure
4C). Similarly, after a 10-minute STX application, the av-
erage amplitude of sEPSCs increased (a representative
trace is shown in Figure 4D) from 14.8 � 1.6 (control) to
20.3 � 2.7 pA (STX, n 
 6, P � .05) (Figure 4E). No
significant change in the average frequency of sEPSCs was
found either (control: 7.9 � 2.1 Hz vs STX: 5.8 � 1.2 Hz,
n 
 6) (Figure 4F). In summary, both E2 and STX rapidly
potentiated the amplitude of sEPSCs in PVN CRH
neurons.

Because the effect of E2 and STX on sEPSCs (enhancing
amplitude without changing frequency) may indicate a
postsynaptic effect, we next sought to examine the effect
of E2 and STX on the mEPSCs. A 10-minute perfusion of
E2 rapidly enhanced the average amplitude of mEPSCs (a
representative trace is shown in Figure 5A) from 15.2 �
2.3 (control) to 18.1 � 2.3 pA (E2, n 
 5, P � .01) (Figure
5B). There was no significant change in the average fre-

Table 1. RMP and Rin Before and After E2 or STX

Control Gq-mER Ligand

E2
RMP (mV) �68.31 � 5.86 �60.54 � 6.39b

Rin (G�) 0.93 � 0.12 1.24 � 0.03a

STX
RMP (mV) �68.42 � 5.71 �63.34 � 5.99b

Rin (G�) 0.95 � 0.07 1.38 � 0.15a

Data were analyzed by Student’s paired t test. RMP, resting membrane
potential; Rin, input resistance.
a P � .05, compared with control; n 
 5–6 cells/drug.
b P � .01, compared with control; n 
 5–6 cells/drug.
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quency of mEPSCs (control: 7.4 � 1.1 Hz vs E2: 5.2 � 1.0
Hz, n 
 5) (Figure 5C). Similarly, after a 10-minute STX
perfusion, the average amplitude of mEPSCs was rapidly
increased (a representative trace is shown in Figure 5D)
from 14.0 � 2.7 (control) to 16.8 � 2.6 pA (STX, n 
 5,
P � .01) (Figure 5E). No significant change in the average
frequency of mEPSCs was found either (control: 5.7 � 1.7
Hz vs STX: 5.3 � 0.6 Hz, n 
 5) (Figure 5F). In summary,

both E2 and STX rapidly potentiated
the amplitude of mEPSCs in PVN
CRH neurons.

Gq-PLC-PKC�-PKA signaling
mediates the potentiation of
mEPSC by E2 and STX

To determine whether the Gq-mER
signaling pathway (PLC-PKC�-PKA)
mediates the rapid potentiation of
mEPSC amplitude by E2 and STX in
PVN CRH neurons, we coperfused
E2 or STX with inhibitors of each
signaling molecule. First, we per-
fused E2 or STX with the ER antag-
onist ICI (1�M). ICI eliminated the
effect of E2 and STX. With ICI, av-
erage mEPSC amplitude did not
change after E2 (control: 16.6 � 2.2
pA vs E2�ICI: 17.8 � 5.5 pA, n 
 6)
(Figure 6A) or STX (control: 15.5 �
2.5 pA vs STX�ICI: 13.0 � 3.1 pA,
n 
 5) (Figure 6B), suggesting in-
volvement of an ER.

Second, intracellular dialysis with
GDP-�-S (2mM) for 5 minutes be-
fore experimentation also prevented
the augmentation of mEPSC ampli-
tude by E2 (control: 17.9 � 2.1 pA vs
E2�GDP-�-S: 15.0 � 3.0 pA, n 
 4)
(Figure 6C) and STX (control:
14.9 � 1.6 pA vs STX�GDP-�-S:
14.3 � 0.9 pA, n 
 5) (Figure 6D),
suggesting dependence on G protein
signaling. Third, we coperfused E2
or STX with the PLC inhibitor
U73122 (10�M). Again, U73122
abrogated the effects of E2 (control:
15.0 � 3.0 pA vs E2�U73122:
12.7 � 1.2 pA, n 
 5) (Figure 6E)
and STX (control: 17.1 � 4.7 pA vs
STX�U73122: 13.0 � 1.8 pA, n 

4) (Figure 6F).

Next, we coperfused E2 or STX
with the selective PKC� inhibitor rottlerin (5�M). Rot-
tlerin abolished the ability of both E2 (control: 13.5 �

3.1 pA vs E2�rottlerin: 10.7 � 1.9 pA, n 
 4) (Figure 6G)
and STX (control: 14.1 � 1.9 pA vs STX�rottlerin:
10.9 � 1.2 pA, n 
 4) (Figure 6H) to potentiate the am-
plitude of mEPSC. Finally, the selective PKA inhibitor
H-89 (10�M) also abrogated E2’s effect (control: 12.6 �

2.4 pA vs E2�H-89: 11.9 � 0.8 pA, n 
 5) (Figure 6I) and

Figure 3. Gq-mER mediates the inhibitory effect of E2 and STX on the M-current via PLC-PKC�-
PKA signaling pathway in PVH CRH neurons. I-V plots of M-current from �75 to �30 mV under
control conditions and E2 (100nM) or STX (100nM) when coperfused with (A and B) ER
antagonist ICI (1�M, both n 
 5), (C and D) with Gq inhibitor GDP�S (2mM, both n 
 6)
intracellularly dialyzed through patch pipette, (E and F) with PLC inhibitor U73122 (10�M, E2:
n 
 5, STX: n 
 6), (G and H) with selective PKC� inhibitor rottlerin (5�M; both n 
 5), and (I
and J) with specific PKA inhibitor H89 (10�M, E2: n 
 4, STX: n 
 6). All data were analyzed
with a repeated-measures, two-way ANOVA and post hoc Newman-Keuls comparisons.
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STX’s effect (control: 12.1 � 0.5 pA vs STX�H-89:
11.1 � 0.9 pA, n 
 5) (Figure 6J). In summary, the rapid
potentiation of mEPSC by E2 and STX in PVN CRH neu-
rons was largely mediated through the Gq-mER signaling
linked to PLC-PKC�-PKA pathway.

PKC� activation lies upstream of PKA activation in
the Gq-mER pathway

To determine the sequence of PKC� and PKA kinase
activation in the Gq-mER signaling pathway, we perfused
the PKA activator forskolin (10�M) with or without the

Figure 4. E2 and STX rapidly potentiated the amplitude of spontaneous excitatory postsynaptic currents (sEPSCs) in PVN CRH neurons. A, An
example of sEPSC during control conditions and perfusion of E2 (10 min, 100nM). B, Average sEPSC amplitude increased after E2 perfusion. C,
Average sEPSC frequency did not change after E2 perfusion. D, An example of sEPSC during control conditions and perfusion of STX (10 min, 100nM). E,
Average sEPSC amplitude increased after perfusion of STX. F, Average sEPSC frequency did not change after STX perfusion. Scale bars shows a 50-pA
amplitude and 1-second duration. Data were analyzed by a paired Student’s t test (*, P � .05). NS, no significant difference (P � .05).

Figure 5. E2 and STX rapidly potentiated the amplitude of miniature EPSCs (mEPSC) in PVH CRH neurons. A, An example of mEPSC during
control conditions and perfusion of E2 (10 min, 100nM). B, Average mEPSC amplitude increased after perfusion of E2. C, Average mEPSC frequency did
not change after E2 perfusion. D, An example of mEPSC during control conditions and perfusion of STX (10 min, 100nM). E, Average mEPSC amplitude
increased after perfusion of STX. F, Average mEPSC frequency did not change after STX perfusion. Scale bar shows a 50-pA amplitude and 1-second
duration. Data were analyzed by a paired Student’s t test (*, P � .05; **, P � .01). NS, no significant difference (P � .05).
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selective PKC� inhibitor rottlerin
(5�M). When used alone, forskolin
inhibited the M-current (F1,66 

13.44, P � .001, n 
 4) (Figure 7A).
At all higher voltages, the M-current
was suppressed (P � .05 at �55,
�50, �45, �40, �35, and �30
mV). Interestingly, forskolin alone
also potentiated the amplitude of
mEPSC (control: 16.3 � 2.2 pA vs
forskolin: 23.9 � 2.7 pA, n 
 4, P �
.01) (Figure 7B), without changing
the frequency (data not shown).
Forskolin alone also potentiated the
amplitude of sEPSC (control: 16.0 �
1.8 pA vs forskolin: 21.0 � 2.2 pA,
n 
 4, P � .01) (Figure 7C), without
changing the frequency (data not
shown). These data suggest that PKA
activation alone could mimic the effect
of E2 and STX in PVN CRH neurons.

If PKC� lies upstream of PKA ac-
tivation, then blocking PKC� should
not attenuate the effect of PKA acti-
vation by forskolin. Indeed, coperfu-
sion of the selective PKC� inhibitor
rottlerin (5�M) with forskolin (10�M)
inhibited the M-current (F1,66 

36.45, n 
 4, P � .0001) (Figure 7D).
At all higher voltages, the M-current
was suppressed (P � .05 at �50,
�45, �40, �35, and �30 mV).
Also, forskolin, when coperfused
with rottlerin, still potentiated the
amplitude of mEPSC (control: 13.1 �
0.4 pA vs forskolin�rottlerin: 22.6 �
1.4 pA, n 
 4, P � .01) (Figure 7E).
No significant change in the fre-
quency of mEPSC was found (data
not shown). For sEPSC, forskolin
coperfused with rottlerin also potenti-
ated the amplitude of sEPSC (control:
13.8 � 2.6 pA vs forskolin�rottlerin:
20.7 � 2.6 pA, n 
 4, P � .01) (Figure
7F). There was no significant change
in the frequency was found (data not
shown). In summary, these data indi-
cated that PKC� activation lies up-
stream of PKA activation in PVN
CRHneurons,which isalsoconsistent
with previous studies on the Gq-mER
(17).

Figure 6. The rapid effects of E2 and STX on mEPSC are mediated by the Gq-mER linked to
PLC-PKC�-PKA signaling in PVH CRH neurons. No significant differences in the mEPSC amplitude
were found between control conditions and E2 (10 min, 100nM) or STX (10 min, 100nM)
coperfusion with (A and B) ER� antagonist ICI (1�M, E2: n 
 6, STX: n 
 5), (C and D) with Gq
inhibitor GDP�S (2mM, E2: n 
 4, STX: n 
 5) intracellularly dialyzed through patch pipette, (E
and F) with PLC inhibitor U73122 (10�M, E2: n 
 5, STX: n 
 4), (G and H) with selective PKC�
inhibitor rottlerin (5�M, both n 
 4), or (I and J) with specific PKA inhibitor H89 (10�M, both
n 
 5). Data were analyzed by a paired Student’s t test. NS, no significant difference (P � .05).
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Effects of E2 and ER� agonist DPN in ER� KO mice
Because ER� is considered to be the predominant ER

subtype in the parvocellular CRH neurons in the PVN (7,
50, 51) and ER� expression in the PVN is relatively limited
(51, 52), we examined the effects of E2 and DPN (the
ER�-selective agonist) separately in PVN CRH neurons of
ER� KO mice to validate our hypothesis that the rapid
effects of E2 in the PVN were largely mediated through the
Gq-mER. E2 (100nM, 10 min) perfusion in ER� KO mice
inhibited the M-current in PVN CRH neurons (F1,80 

14.01, P � .001 n 
 5) (Figure 8A). At higher voltages, the
M-current was suppressed (P � .05 at �40, �35, and �30
mV). Again, E2 application also potentiated the amplitude
of mEPSC (control: 13.2 � 0.7 pA vs E2: 21.4 � 1.3 pA,
n 
 4, P � .05) (Figure 8B), without changing the fre-
quency (control: 5.1 � 0.7 Hz vs E2: 4.9 � 0.2 Hz, n 
 4)
(Figure 8C). E2 application also potentiated the amplitude
of sEPSC (control: 16.2 � 4.3 pA vs E2: 24.2 � 3.8 pA, n 

4, P � .05) (Figure 8D), without changing the frequency
(control: 5.8 � 0.8 Hz vs E2: 5.6 � 0.8 Hz, n 
 4) (Figure
8E). These data suggest E2’s rapid effects on PVN CRH
neurons do not require ER�.

To determine whether ER� is involved, DPN (100nM)
was perfused for 10 minutes in ER� KO mice and DPN did
not affect the M-current (n 
 4) (Figure 8F). Moreover,
DPN perfusion had no significant effect on the amplitude
(control: 15.6 � 3.0 pA vs DPN: 14.5 � 2.7 pA, n 
 4)
(Figure 8G) or the frequency (control: 5.4 � 0.6 Hz vs
DPN: 5.3 � 0.2 Hz, n 
 4) (Figure 8H) of mEPSC. Sim-
ilarly, DPN perfusion had no effect on the amplitude (con-
trol: 16.4 � 4.8 pA vs DPN: 20.4 � 5.1 pA, n 
 4) (Figure

8I) or the frequency (control: 6.4 � 1.1 Hz vs DPN: 6.9 �
1.4 Hz, n 
 4) (Figure 8J) of sEPSC. These data indicate
that ER� is not involved in the rapid effects of E2, which
is consistent with a previous study reporting that DPN had
no effect on basal plasma CORT concentration when di-
rectly infused into the PVN (53). In summary, our data
support the notion that ER� and ER� is not involved in
the membrane-initiated effects of E2. Furthermore, we
performed recordings on CRH neurons from WT mice
with DPN, which did not inhibit the M-current or aug-
ment EPSCs in CRH neurons (Supplemental Figure 1).
Therefore, the membrane-initiated effects of E2 de-
scribed in this study in CRH neurons are likely mediated
by the Gq-mER.

In vivo activation of the Gq-mER by STX stimulates
CRH neurons and basal plasma CORT

Because the above electrophysiological results sug-
gested a rapid, membrane-initiated activation of PVN
CRH neurons by E2 and STX, we hypothesized that E2 or
STX may also rapidly activate CRH neurons in the hypo-
thalamic PVN after in vivo application. Therefore, we ad-
ministered E2 or STX in ovx female mice and examined
c-fos activation in PVN CRH neurons 30 minutes after
injection. Interestingly, we found that both injection of E2
(Figure 9, B, E, and H) and STX (Figure 9, C, F, and I)
increased the number of c-fos�/CRH� double-immuno-
positive neurons in the PVN compared with control
(F2,8 
 9.9, P � .01) (Figure 9, A, D, and G). The average
number of c-fos�/CRH� neurons was increased in the E2
(371 � 50 cells, n 
 4, P � .01) and STX (333 � 56 cells,

Figure 7. PKC� activation lies upstream of PKA activation in the Gq-mER pathway in PVH CRH neurons. Application of PKA activator forskolin (10
min, 10�M) (A) inhibited the M-current (n 
 4) and (B) potentiated mEPSC amplitude (n 
 4) and (C) sEPSC amplitude (n 
 4). Coperfusion of
forskolin (10 min, 10�M) with the PKC� inhibitor rottlerin (5�M) (D) inhibited the M-current (n 
 4) and (E) potentiated mEPSC amplitude (n 
 4)
and (F) sEPSC amplitude (n 
 4). Data were analyzed by a paired Student’s t test (*, P � .05; **, P � .01).
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n 
 4, P � .01) groups compared with the control group
(111 � 23 cells, n 
 4) (Figure 9J), indicating that stim-
ulation of the Gq-mER activates CRH neurons.

We next examined whether activation of Gq-mER and
CRH neurons in vivo by E2 or STX would result in a rapid
activation of the HPA axis. Basal plasma CORT levels
were elevated in both E2- and STX-treated groups com-
pared with the control group (F2,9 
 19.0, P � .001) (Fig-

ure 9K). The average plasma CORT concentration in-
creased 30 minutes after injection with E2 (333.9 � 19.5
ng/mL, n 
 4, P � .05) or STX (478.0 � 39.5 ng/mL, n 

4, P � .001) compared with control (215.1 � 28.3 ng/mL,
n 
 4), suggesting a rapid activation of HPA axis.

Discussion

In the present study, we have defined a novel membrane-
initiated (mER) mechanism for estrogenic control of CRH
neuronal excitability in the hypothalamic PVN that is de-
pendent on Gq-coupled PLC-PKC�-PKA signaling path-
way (shown in Figure 10), similar to the one previously
identified in POMC neurons (17, 18). In addition, the
Gq-mER plays an important role in the rapid regulation of
HPA axis activity in vivo. Clinical studies have demon-
strated that HPA axis activity is associated with stress-
related neuropsychiatric disorders (eg, depression and
posttraumatic stress disorder) (54, 55). Exploring the de-
tailed mechanisms by which E2 stimulates CRH neuronal
activity provides an important neuroendocrine mecha-
nisms underlying the risk for these HPA-associated mood
disorders.

In the current study, E2 (and STX) was found to rapidly
increase excitability of PVN CRH neurons by suppressing
the M-current and facilitating excitatory glutamatergic
neurotransmission. We selected the current dose of
100nM, because it was previously shown to rapidly and
effectively modulate GABA-B receptor-mediated K� cur-
rent in the hypothalamus of female mice (17, 18, 56). This
dose of E2 and STX has been found to effectively promote
rapid pharmacokinetics in brain slices (17, 57, 58). In ad-
dition, all the female mice were ovx. This was to ensure
that all the E2-relevant studies were done in an estrogen-
free environment and to exclude the possible interference
of any cycling endogenous estrogens.

Our results demonstrated that the rapid effect of E2 or
STX is abolished by the antiestrogen ICI, suggesting de-
pendence on an ER. Potential ER candidates in the hypo-
thalamus may include ER�, ER�, ER-X, Gq-mER, and
GPR30 (GPER1) (59). Among these, ER-X is enriched in
postnatal but not adult cortical membranes (60, 61) and is
ICI insensitive (62). GPR30 is expressed in the hypothal-
amus (58) but is not involved in the actions of STX (63).
Recently, E2 was found to potentiate hippocampal gluta-
matergic neurotransmission, with distinct ERs (ER�,
ER�, GPER1) mediating the presynaptic vs postsynaptic
potentiation in a sex-dependent manner (12). Therefore,
in different brain regions E2 could signal via multiple dis-
tinct receptors through totally different mechanisms. In
the current study, the characterized mER is neither ER�

Figure 8. E2, but not the ER�-selective agonist DPN, modulates
M-current, mEPSC, and sEPSC in PVN CRH neurons from ER� KO
females. A, I-V plot of M-current from �75 to �30 mV under
control and E2 (10 min, 100nM) conditions in ER� KO females (n 

5, P � .05 at �40, �35, and �30 mV). E2 perfusion rapidly
potentiates (B) the amplitude but not (C) the frequency of mEPSC
and (D) the amplitude but not (E) the frequency of sEPSC in ER� KO
females (n 
 4 each). DPN (10 min, 100nM) perfusion in ER� KO
females had no significant effect on (F) the M-current, mEPSC (G)
amplitude or (H) frequency, or sEPSC (I) amplitude or (J) frequency
(n 
 4 each). All I-V plots were analyzed with a repeated-measures,
two-way ANOVA and post hoc Newman-Keuls comparisons. EPSC
data were analyzed by a paired Student’s t test (*, P � .05). NS, no
significant difference (P � .05).
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nor ER�, as it was activated by STX, which does not bind
to either ER� or ER� (17, 18). In addition, our data elu-
cidating the Gq-PLC-PKC-PKA pathway further vali-
dated our hypothesis that the Gq-mER is mediating most
of the rapid effects of E2. Moreover, the lack of a rapid
effect of DPN in ER� KO mice (and in WT mice) suggests

that, at least for the estrogenic-initiated rapid cascades
we examined, ER� was not involved and ER� was not
required. However, it remains possible that activating
other ER subtypes (ie, ER�, GPER1) may modulate ac-
tivity of CRH neurons through an upstream, presynap-
tic mechanism.

Figure 9. Comparison of the average number of c-fos�/CRH� double-labeled neurons in the PVN and basal plasma corticosterone (CORT)
concentration between E2- or STX-treated females and controls. A–C, Examples of CRH immunofluorescence labeling in the PVN from control
(DMSO) and E2- and STX-treated, ovx females. D–F, Examples of c-fos immunofluorescence labeling in the PVN from control and E2- and STX-
treated, ovx females. G–I, Merged panels from A�D, B�E, and C�F, respectively, demonstrating typical examples of c-fos�/CRH� double-labeling
in each group. Arrows point to examples of c-fos�/CRH� double-labeled neurons. Scale bar, 50 �m. J, The average number of c-fos�/CRH�-
labeled neurons in control, E2, or STX groups (n 
 4 each). E2 (P � .01) and STX (P � .01) increased the number of c-fos�/CRH�-labeled neurons
in the PVN. K, Basal plasma CORT levels in control, E2, or STX groups (n 
 4 each). E2 (P � .05) and STX (P � .001) increased basal plasma CORT
level compared with control. Data were analyzed by a one-way ANOVA with post hoc Newman-Keuls comparisons (*, P � .05; **, P � .01; ***,
P � .001).
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The rapid effect with E2 or STX (within 10 min) in
inhibiting the M-current is compatible with a membrane-
initiated mechanism, which may involve two concur-
rent mechanisms. The first involves the PLC-induced
hydrolysis of and depletion in the local concentration of
PIP2 in the membrane (22, 64), which has been found to
decrease the M-current (64, 65). Another mechanism
involves phosphorylation-induced regulation of the M-
current (66), by which PKA may act as a final effector.
Collectively, phosphorylation of KCNQ subunits in
combination with PIP2 depletion could contribute to
rapid inhibition of the M-current (as illustrated in Fig-
ure 10).

In addition to suppressing the M-current, Gq-mER ac-
tivation also enhanced excitatory glutamatergic neu-
rotransmission in CRH neurons. The increased amplitude
of both sEPSCs and mEPSCs without a change in fre-
quency indicated a postsynaptic effect (67). Such an in-
creased synaptic response could be due to an increased

density of glutamate receptors
�-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionic acid receptors
(AMPAR)) expressed on the post-
synaptic membrane (68–70). One
potential cellular mechanism could
be increased AMPAR surface traf-
ficking (ie, recruited by phosphory-
lation) (71, 72), which has been
suggested to underlie mEPSC poten-
tiation (73, 74). Importantly, ap-
proximately 46% of CRH neu-
rons express glutamate receptor 1
(GluR1), which is the predominant
AMPAR subunit (75). Because pro-
tein phosphorylation is a major
cellular mechanism in regulating re-
ceptor trafficking (76) and phos-
phorylation of GluR1 subunit is
closely correlated with AMPAR
membrane redistribution (77), we
propose that the Gq-mER activates
PLC-PKC-PKA kinases and triggers
rapid phosphorylation of AMPAR
(ie, GluR1 containing) and surface
trafficking. Indeed, both PKC (78,
79) and PKA (80, 81) were reported
to increase AMPAR trafficking
through direct phosphorylation of
GluR1 subunits.

Another possible cellular mecha-
nism may involve modulation of
ion conductances across AMPAR

through altered M-current activity and increased membrane
excitability.Although the interactionbetween theM-current
and EPSCs in hypothalamic neurons remains unknown, sev-
eral studies have examined the role of the M-current in mod-
ulating EPSCs. In cultured hippocampal neurons treated for
12–14 days with linopirdine, a KCNQ blocker, the fre-
quency of mEPSCs was reduced without changing the
mEPSC amplitude (82). Slice perfusion of XE991 increased
thefrequencyofmEPSCsinCA1pyramidalneuronsthrough
a calcium-dependent (P/Q- and N-type Ca2� channel) mech-
anism (83) and increased the amplitude of EPSC in pyrami-
dal neurons of the A1 layer 2/3 auditory cortex (84). These
data support the hypothesis that suppressing M-current
activity augments properties of EPSC in CRH neurons.
Collectively, our results support the view that E2-in-
duced potentiation of mEPSC is likely a consequence of
increased AMPAR surface trafficking (as illustrated in
Figure 10) and/or increased ion conductance across the
AMPAR.

Figure 10. A model cell illustrates the Gq-mER signaling pathway in hypothalamic PVN CRH
neurons that mediates the modulatory effect of E2 (or STX) on the M-current and on
mEPSCs (1). E2 (or STX) activates a membrane-associated ER (mER) that is Gq coupled. The
Gq protein activates PLC to catalyze the hydrolysis of membrane-bound PIP2 into IP3 and
DAG (2). DAG activates PKC� to augment adenylyl cyclase (AC) activity and generate cAMP,
which in turn activates PKA (3). PKA phosphorylates KCNQ subunits to inhibit the M-current.
Meanwhile, the hydrolysis of PIP2 (in step 1) in the membrane inhibits KCNQ activity. The
change in ion (K�) conductance may alter the properties of EPSC (amplitude or frequency).
The activation of PKA may also lead to the phosphorylation of AMPAR subunit (eg, GluR1-
containing) augmenting membrane trafficking and recruitment to rapidly increases the
amplitude of AMPAR currents (4).
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Hypophysiotropic parvocellular CRH neurons (85) are
densely innervated by excitatory glutamatergic fibers (29,
86–88). Therefore, Gq-mER-mediated augmentation of
glutamatergic neurotransmission into PVN CRH neurons
contributes to HPA axis activation. This was confirmed by
our in vivo study, showing that acute E2 and STX admin-
istration activates PVN CRH neurons and stimulates the
HPA axis. Such fast adaptive changes ensure a rapidly
measured stress response. If the current findings are ex-
trapolated to extrahypothalamic CRH neurons, such as
those located in the locus coeruleus-norepinephrine
arousal system, the bed nucleus of the stria terminalis, or
the amygdala (89, 90), then rapidly enhanced emotional-
arousal responses (eg, vigilance-checking and waking)
would be expected (91, 92). This potentially benefits fe-
males in the short-term. However, overactivation of glu-
tamatergic neurotransmission to CRH neurons has been
linked to depressive disorder (93). Thus, persistent acti-
vation of CRH neurons and a subsequent persistent HPA
hyperactivation could produce stress hypersensitivity in
females (1, 2).

In summary, we have provided electrophysiological ev-
idence that activation of the Gq-mER rapidly stimulates
PVN CRH neurons by suppressing the M-current and po-
tentiating glutamatergic neurotransmission. This is the
first study reporting that the Gq-mER plays a critical role
in the rapid control of PVN CRH neuronal activity and
HPA axis activation. Although the exact molecular nature
of this particular Gq-mER has not yet been precisely char-
acterized, our findings contribute towards a better under-
standing of the rapid actions of E2 in the hypothalamus
and provide a potential underlying mechanism for the in-
volvement of E2 in the pathophysiology of HPA-associ-
ated mood disorders.

Appendix

Acknowledgments

We thank Dr Martin J. Kelly and Dr Oline K. Rønnekleiv (Or-
egon Health & Science University) for the kind gift of STX and
for helpful criticisms of the manuscript.

Address all correspondence and requests for reprints to: Troy
A. Roepke, PhD, Department of Animal Sciences, School of En-
vironmental and Biological Sciences, Rutgers, The State Univer-
sity of New Jersey, 84 Lipman Drive, Bartlett Hall, New Bruns-
wick, NJ 08901. E-mail: ta.roepke@rutgers.edu.

This work was supported by National Institutes of Health
Grants R00DK083457, R00DK083457-S1, and P30ES005022
and the United States Department of Agriculture-National In-
stitute of Food and Agriculture Grant NJ06107. J.L. is supported
by the American Heart Association Postdoctoral Fellowship
16POST27710022.

Disclosure Summary: The authors have nothing to disclose.

References

1. Swaab DF, Bao AM, Lucassen PJ. The stress system in the human
brain in depression and neurodegeneration. Ageing Res Rev. 2005;
4:141–194.

2. de Kloet ER, Joëls M, Holsboer F. Stress and the brain: from adap-
tation to disease. Nat Rev Neurosci. 2005;6:463–475.

3. Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-residue
ovine hypothalamic peptide that stimulates secretion of corticotro-
pin and �-endorphin. Science. 1981;213:1394–1397.

4. Roy BN, Reid RL, Van Vugt DA. The effects of estrogen and pro-
gesterone on corticotropin-releasing hormone and arginine vaso-
pressin messenger ribonucleic acid levels in the paraventricular nu-
cleus and supraoptic nucleus of the rhesus monkey. Endocrinology.
1999;140:2191–2198.

5. Patchev VK, Hayashi S, Orikasa C, Almeida OF. Implications of
estrogen-dependent brain organization for gender differences in hy-
pothalamo-pituitary-adrenal regulation. FASEB J. 1995;9:419–
423.

6. Vamvakopoulos NC, Chrousos GP. Evidence of direct estrogenic
regulation of human corticotropin-releasing hormone gene expres-
sion. Potential implications for the sexual dimophism of the stress
response and immune/inflammatory reaction. J Clin Invest. 1993;
92:1896–1902.

7. Miller WJ, Suzuki S, Miller LK, Handa R, Uht RM. Estrogen re-

Table 2. Antibody Table

Peptide/Protein
Target

Antigen
Sequence
(if Known) Name of Antibody

Manufacturer, Catalog
Number, and/or Name
of Individual Providing
the Antibody

Species Raised
in; Monoclonal
or Polyclonal

Dilution
Used

CRH Row CRH: rat
CRH, 1–41 aa

Anti-CRH Abcam, ab8901 Rabbit 1:1000

c-fos Row c-fos: human,
120–155 aa

Anti-c-fos Santa Cruz Biotechnology,
Inc, (c-10) sc-271243

Mouse 1:1000

Alexa Fluor 546 Antirabbit Alexa 546 Life Technologies,
A11035

Goat 1:1000

Alexa Fluor 633 Antimouse Alexa 633 Life Technologies,
A21052

Goat 1:1000

doi: 10.1210/en.2016-1191 press.endocrine.org/journal/endo 3617

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 10 November 2016. at 13:08 For personal use only. No other uses without permission. . All rights reserved.

mailto:ta.roepke@rutgers.edu


ceptor (ER)� isoforms rather than ER� regulate corticotropin-re-
leasing hormone promoter activity through an alternate pathway.
J Neurosci. 2004;24:10628–10635.

8. Wong M, Moss RL. Electrophysiological evidence for a rapid
membrane action of the gonadal steroid, 17�-estradiol, on CA1
pyramidal neurons of the rat hippocampus. Brain Res. 1991;543:
148 –152.

9. Lagrange AH, Ronnekleiv OK, Kelly MJ. The potency of mu-opioid
hyperpolarization of hypothalamic arcuate neurons is rapidly at-
tenuated by 17�-estradiol. J Neurosci. 1994;14:6196–6204.

10. Kelly MJ, Rønnekleiv OK. Minireview: neural signaling of estradiol
in the hypothalamus. Mol Endocrinol. 2015;29:645–657.

11. Srivastava DP, Waters EM, Mermelstein PG, Kramár EA, Shors TJ,
Liu F. Rapid estrogen signaling in the brain: implications for the
fine-tuning of neuronal circuitry. J Neurosci. 2011;31:16056–
16063.

12. Oberlander JG, Woolley CS. 17�-estradiol acutely potentiates glu-
tamatergic synaptic transmission in the hippocampus through dis-
tinct mechanisms in males and females. J Neurosci. 2016;36:2677–
2690.

13. Woolley CS. Acute effects of estrogen on neuronal physiology. Annu
Rev Pharmacol Toxicol. 2007;47:657–680.

14. Kumar A, Bean LA, Rani A, Jackson T, Foster TC. Contribution of
estrogen receptor subtypes, ER�, ER�, and GPER1 in rapid estra-
diol-mediated enhancement of hippocampal synaptic transmission
in mice. Hippocampus. 2015;25:1556–1566.

15. Gu Q, Moss RL. 17�-estradiol potentiates kainate-induced currents
via activation of the cAMP cascade. J Neurosci. 1996;16:3620–
3629.

16. Mermelstein PG, Becker JB, Surmeier DJ. Estradiol reduces calcium
currents in rat neostriatal neurons via a membrane receptor. J Neu-
rosci. 1996;16:595–604.

17. Qiu J, Bosch MA, Tobias SC, et al. Rapid signaling of estrogen in
hypothalamic neurons involves a novel G-protein-coupled estrogen
receptor that activates protein kinase C. J Neurosci. 2003;23:9529–
9540.

18. Qiu J, Bosch MA, Tobias SC, et al. A G-protein-coupled estrogen
receptor is involved in hypothalamic control of energy homeostasis.
J Neurosci. 2006;206:5649–5655.

19. Roepke TA, Xue C, Bosch MA, Scanlan TS, Kelly MJ, Rønnekleiv
OK. Genes associated with membrane-initiated signaling of estro-
gen and energy homeostasis. Endocrinology. 2008;149:6113–
6124.

20. Roepke TA, Bosch MA, Rick EA, et al. Contribution of a mem-
brane estrogen receptor to the estrogenic regulation of body tem-
perature and energy homeostasis. Endocrinology. 2010;151:
4926 – 4937.

21. Yue C, Yaari Y. KCNQ/M channels control spike afterdepolariza-
tion and burst generation in hippocampal neurons. J Neurosci.
2004;24:4614–4624.

22. Hernandez CC, Zaika O, Tolstykh GP, Shapiro MS. Regulation of
neural KCNQ channels: signalling pathways, structural motifs and
functional implications. J Physiol. 2008;586:1811–1821.

23. Robbins J. KCNQ potassium channels: physiology, pathophysiol-
ogy, and pharmacology. Pharmacol Ther. 2001;90:1–19.

24. Roepke TA, Smith AW, Rønnekleiv OK, Kelly MJ. Serotonin
5-HT2C receptor-mediated inhibition of the M-current in hypotha-
lamic POMC neurons. Am J Physiol Endocrinol Metab. 2012;302:
E1399–E1406.

25. Liu L, Zhao R, Bai Y, et al. M1 muscarinic receptors inhibit L-type
Ca2� current and M-current by divergent signal transduction cas-
cades. J Neurosci. 2006;26:11588–11598.

26. Wang HS, McKinnon D. Potassium currents in rat prevertebral and
paravertebral sympathetic neurones: control of firing properties.
J Physiol. 1995;485(pt 2):319–335.

27. Dai X, Liu Y, Wang C, Luo Y, Li X, Shen Z. Effects of estrogen on

neuronal KCNQ2/3 channels expressed in PC-12 cells. Biol Pharm
Bull. 2013;36:1583–1586.

28. Roepke TA, Qiu J, Smith AW, Rønnekleiv OK, Kelly MJ. Fasting
and 17�-estradiol differentially modulate the M-current in neuro-
peptide Y neurons. J Neurosci. 2011;31:11825–11835.

29. Wittmann G, Lechan RM, Liposits Z, Fekete C. Glutamatergic
innervation of corticotropin-releasing hormone- and thyrotro-
pin-releasing hormone-synthesizing neurons in the hypothalamic
paraventricular nucleus of the rat. Brain Res. 2005;1039:53– 62.

30. Kusek M, Tokarski K, Hess G. Repeated restraint stress enhances
glutamatergic transmission in the paraventricular nucleus of the rat
hypothalamus. J Physiol Pharmacol. 2013;64:565–570.

31. Flak JN, Ostrander MM, Tasker JG, Herman JP. Chronic stress-
induced neurotransmitter plasticity in the PVN. J Comp Neurol.
2009;517:156–165.

32. Hewitt SC, Kissling GE, Fieselman KE, Jayes FL, Gerrish KE,
Korach KS. Biological and biochemical consequences of global
deletion of exon 3 from the ER � gene. FASEB J. 2010;24:4660 –
4667.

33. Mamounis KJ, Yang JA, Yasrebi A, Roepke TA. Estrogen response
element-independent signaling partially restores post-ovariectomy
body weight gain but is not sufficient for 17�-estradiol’s control of
energy homeostasis. Steroids. 2014;81:88–98.

34. Tobias SC, Qiu J, Kelly MJ, Scanlan TS. Synthesis and biological
evaluation of SERMs with potent nongenomic estrogenic activity.
ChemMedChem. 2006;1:565–571.

35. Lee DK, Jeong JH, Oh S, Jo YH. Apelin-13 enhances arcuate POMC
neuron activity via inhibiting M-current. PLoS One. 2015;10:
e0119457.

36. Kiss JZ, Martos J, Palkovits M. Hypothalamic paraventricular nu-
cleus: a quantitative analysis of cytoarchitectonic subdivisions in the
rat. J Comp Neurol. 1991;313:563–573.

37. Verkuyl JM, Hemby SE, Joëls M. Chronic stress attenuates GABAe-
rgic inhibition and alters gene expression of parvocellular neurons
in rat hypothalamus. Eur J Neurosci. 2004;20:1665–1673.

38. Verkuyl JM, Joëls M. Effect of adrenalectomy on miniature inhib-
itory postsynaptic currents in the paraventricular nucleus of the
hypothalamus. J Neurophysiol. 2003;89:237–245.

39. Levy BH, Tasker JG. Synaptic regulation of the hypothalamic-pi-
tuitary-adrenal axis and its modulation by glucocorticoids and
stress. Front Cell Neurosci. 2012;6:24.

40. Gunn BG, Cunningham L, Cooper MA, et al. Dysfunctional astro-
cytic and synaptic regulation of hypothalamic glutamatergic trans-
mission in a mouse model of early-life adversity: relevance to neu-
rosteroids and programming of the stress response. J Neurosci.
2013;33:19534–19554.

41. Swinny JD, O’Farrell E, Bingham BC, Piel DA, Valentino RJ, Beck
SG. Neonatal rearing conditions distinctly shape locus coeruleus
neuronal activity, dendritic arborization, and sensitivity to cortico-
trophin-releasing factor. Int J Neuropsychopharmacol. 2010;13:
515–525.

42. Wang XF, Liu JJ, Xia J, Liu J, Mirabella V, Pang ZP. Endogenous
glucagon-like peptide-1 suppresses high-fat food intake by reducing
synaptic drive onto mesolimbic dopamine neurons. Cell Rep. 2015;
12:726–733.

43. Zhang C, Bosch MA, Rick EA, Kelly MJ, Rønnekleiv OK. 17�-
estradiol regulation of T-type calcium channels in gonadotropin-
releasing hormone neurons. J Neurosci. 2009;29:10552–10562.

44. Alon T, Zhou L, Pérez CA, Garfield AS, Friedman JM, Heisler LK.
Transgenic mice expressing green fluorescent protein under the con-
trol of the corticotropin-releasing hormone promoter. Endocrinol-
ogy. 2009;150:5626–5632.

45. Eckstein F, Cassel D, Levkovitz H, Lowe M, Selinger Z. Guanosine
5�-O-(2-thiodiphosphate). An inhibitor of adenylate cyclase stimu-
lation by guanine nucleotides and fluoride ions. J Biol Chem. 1979;
254:9829–9834.

46. Nelson EJ, Hellevuo K, Yoshimura M, Tabakoff B. Ethanol-in-

3618 Hu et al Gq-mER Mediates E2’s Effects on CRH Neurons Endocrinology, September 2016, 157(9):3604–3620

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 10 November 2016. at 13:08 For personal use only. No other uses without permission. . All rights reserved.



duced phosphorylation and potentiation of the activity of type 7
adenylyl cyclase. Involvement of protein kinase C �. J Biol Chem.
2003;278:4552–4560.

47. Fatehi M, Fatehi-Hassanabad Z. Effects of 17�-estradiol on neu-
ronal cell excitability and neurotransmission in the suprachias-
matic nucleus of rat. Neuropsychopharmacology. 2008;33:
1354 –1364.

48. Smejkalova T, Woolley CS. Estradiol acutely potentiates hippocam-
pal excitatory synaptic transmission through a presynaptic mecha-
nism. J Neurosci. 2010;30:16137–16148.

49. Jones S, Brown DA, Milligan G, Willer E, Buckley NJ, Caulfield MP.
Bradykinin excites rat sympathetic neurons by inhibition of M cur-
rent through a mechanism involving B2 receptors and G� q/11.
Neuron. 1995;14:399–405.

50. Mitra SW, Hoskin E, Yudkovitz J, et al. Immunolocalization of
estrogen receptor � in the mouse brain: comparison with estrogen
receptor �. Endocrinology. 2003;144:2055–2067.

51. Shughrue P, Scrimo P, Lane M, Askew R, Merchenthaler I. The
distribution of estrogen receptor-� mRNA in forebrain regions of
the estrogen receptor-� knockout mouse. Endocrinology. 1997;
138:5649–5652.

52. Shughrue PJ, Komm B, Merchenthaler I. The distribution of estro-
gen receptor-� mRNA in the rat hypothalamus. Steroids. 1996;61:
678–681.

53. Liu J, Bisschop PH, Eggels L, et al. A Intrahypothalamic estradiol
modulates hypothalamus-pituitary-adrenal-axis activity in female
rats. Endocrinology. 2012;153:3337–3344.

54. Chopra KK, Ravindran A, Kennedy SH, et al. Sex differences in
hormonal responses to a social stressor in chronic major depression.
Psychoneuroendocrinology. 2009;34:1235–1241.

55. Bangasser DA, Valentino RJ. Sex differences in stress-related psy-
chiatric disorders: neurobiological perspectives. Front Neuroendo-
crinol. 2014;35:303–319.

56. Smith AW, Bosch MA, Wagner EJ, Rønnekleiv OK, Kelly MJ. The
membrane estrogen receptor ligand STX rapidly enhances GABAe-
rgic signaling in NPY/AgRP neurons: role in mediating the anorex-
igenic effects of 17�-estradiol. Am J Physiol Endocrinol Metab.
2013;305:E632–E640.

57. Kelly MJ, Rønnekleiv OK. Membrane-initiated actions of estradiol
that regulate reproduction, energy balance and body temperature.
Front Neuroendocrinol. 2012;33:376–387.

58. Micevych PE, Kelly MJ. Membrane estrogen receptor regulation of
hypothalamic function. Neuroendocrinology. 2012;96:103–110.

59. Kelly MJ, Rønnekleiv OK. Membrane-initiated estrogen signaling in
hypothalamic neurons. Mol Cell Endocrinol. 2008;290:14–23.

60. Toran-Allerand CD, Singh M, Sétáló G Jr. Novel mechanisms of
estrogen action in the brain: new players in an old story. Front
Neuroendocrinol. 1999;20:97–121.

61. Toran-Allerand CD, Guan X, MacLusky NJ, et al. ER-X: a novel,
plasma membrane-associated, putative estrogen receptor that is reg-
ulated during development and after ischemic brain injury. J Neu-
rosci. 2002;22:8391–8401.

62. Toran-Allerand CD. Estrogen and the brain: beyond ER-�, ER-�,
and 17�-estradiol. Ann NY Acad Sci. 2005;1052:136–144.

63. Qiu J, Rønnekleiv OK, Kelly MJ. Modulation of hypothalamic neu-
ronal activity through a novel G-protein-coupled estrogen mem-
brane receptor. Steroids. 2008;73:985–991.

64. Zhang H, Craciun LC, Mirshahi T, et al. PIP(2) activates KCNQ
channels, and its hydrolysis underlies receptor-mediated inhibition
of M currents. Neuron. 2003;37:963–975.

65. Winks JS, Hughes S, Filippov AK, et al. Relationship between mem-
brane phosphatidylinositol-4,5-bisphosphate and receptor-medi-
ated inhibition of native neuronal M channels. J Neurosci. 2005;
25:3400–3413.

66. Marrion NV. Control of M-current. Annu Rev Physiol. 1997;59:
483–504.

67. Pinheiro PS, Mulle C. Presynaptic glutamate receptors: physiolog-

ical functions and mechanisms of action. Nat Rev Neurosci. 2008;
9:423–436.

68. O’Brien RJ, Kamboj S, Ehlers MD, Rosen KR, Fischbach GD,
Huganir RL. Activity-dependent modulation of synaptic AMPA re-
ceptor accumulation. Neuron. 1998;21:1067–1078.

69. Queenan BN, Lee KJ, Pak DT. Wherefore art thou, homeo(stasis)?
Functional diversity in homeostatic synaptic plasticity. Neural Plast.
2012;718203:1–12.

70. Zadran S, Qin Q, Bi X, et al. 17-�-estradiol increases neuronal
excitability through MAP kinase-induced calpain activation. Proc
Natl Acad Sci USA. 2009;106:21936–21941.

71. Malinow R, Malenka RC. AMPA receptor trafficking and synaptic
plasticity. Annu Rev Neurosci. 2002;25:103–126.

72. Collingridge GL, Isaac JT, Wang YT. Receptor trafficking and syn-
aptic plasticity. Nat Rev Neurosci. 2004;5:952–962.

73. Baxter AW, Wyllie DJ. Phosphatidylinositol 3 kinase activation and
AMPA receptor subunit trafficking underlie the potentiation of min-
iature EPSC amplitudes triggered by the activation of L-type calcium
channels. J Neurosci. 2006;26:5456–5469.

74. Mandal M, Wei J, Zhong P, et al. Impaired �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking and
function by mutant huntingtin. J Biol Chem. 2011;286:33719–
33728.

75. Aubry JM, Bartanusz V, Pagliusi S, Schulz P, Kiss JZ. Expression of
ionotropic glutamate receptor subunit mRNAs by paraventricular
corticotropin-releasing factor (CRF) neurons. Neurosci Lett. 1996;
205:95–98.

76. Thomas GM, Huganir RL. MAPK cascade signalling and synaptic
plasticity. Nat Rev Neurosci. 2004;5:173–183.

77. Song I, Huganir RL. Regulation of AMPA receptors during synaptic
plasticity. Trends Neurosci. 2002;25:578–588.

78. Boehm J, Kang MG, Johnson RC, Esteban J, Huganir RL, Malinow
R. Synaptic incorporation of AMPA receptors during LTP is con-
trolled by a PKC phosphorylation site on GluR1. Neuron. 2006;
51:213–225.

79. Tao W, Chen Q, Zhou W, Wang Y, Wang L, Zhang Z. Persistent
inflammation-induced up-regulation of brain-derived neurotrophic
factor (BDNF) promotes synaptic delivery of �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor GluA1 subunits in de-
scending pain modulatory circuits. J Biol Chem. 2014;289:22196–
22204.

80. Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow
R. PKA phosphorylation of AMPA receptor subunits controls
synaptic trafficking underlying plasticity. Nat Neurosci. 2003;
6:136 –143.

81. Man HY, Sekine-Aizawa Y, Huganir RL. Regulation of �-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor trafficking
through PKA phosphorylation of the Glu receptor 1 subunit. Proc
Natl Acad Sci USA. 2007;104:3579–3584.

82. Zhou X, Song M, Chen D, Wei L, Yu SP. Potential role of KCNQ/
M-channels in regulating neuronal differentiation in mouse hip-
pocampal and embryonic stem cell-derived neuronal cultures. Exp
Neurol. 2011;229:471–483.

83. Sun J, Kapur J. M-type potassium channels modulate Schaffer col-
lateral-CA1 glutamatergic synaptic transmission. J Physiol. 2012;
590:3953–3964.

84. Lee S, Kwag J. M-channels modulate the intrinsic excitability and
synaptic responses of layer 2/3 pyramidal neurons in auditory cor-
tex. Biochem Biophys Res Commun. 2012;426:448–453.

85. Kawano H, Daikoku S, Shibasaki T. CRF-containing neuron sys-
tems in the rat hypothalamus: retrograde tracing and immunohis-
tochemical studies. J Comp Neurol. 1988;272:260–268.

86. Ziegler DR, Herman JP. Local integration of glutamate signaling in
the hypothalamic paraventricular region: regulation of glucocorti-
coid stress responses. Endocrinology. 2000;141:4801–4804.

87. Darlington DN, Miyamoto M, Keil LC, Dallman MF. Paraventricu-

doi: 10.1210/en.2016-1191 press.endocrine.org/journal/endo 3619

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 10 November 2016. at 13:08 For personal use only. No other uses without permission. . All rights reserved.



lar stimulation with glutamate elicits bradycardia and pituitary re-
sponses. Am J Physiol. 1989;256:R112–R119.

88. Feldman S, Weidenfeld J. Hypothalamic mechanisms mediating glu-
tamate effects on the hypothalamo-pituitary-adrenocortical axis.
J Neural Transm. 1997;104:633–642.

89. Müller MB, Zimmermann S, Sillaber I, et al. Limbic corticotropin-
releasing hormone receptor 1 mediates anxiety-related behavior and
hormonal adaptation to stress. Nat Neurosci. 2003;6:1100–1107.
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