18198 • The Journal of Neuroscience, December 14, 2011 • 31(50):18198 –18210

Behavioral/Systems/Cognitive

Neurosteroidogenesis Is Required for the Physiological
Response to Stress: Role of Neurosteroid-Sensitive GABAA
Receptors
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The hypothalamic-pituitary-adrenal (HPA) axis, which mediates the body’s response to stress, is largely under GABAergic control. Here
we demonstrate that corticotropin-releasing hormone (CRH) neurons are modulated by the stress-derived neurosteroid, tetrahydrodeoxycorticosterone (THDOC), acting on ␦ subunit-containing GABAA receptors (GABAARs). Under normal conditions, THDOC potentiates the inhibitory effects of GABA on CRH neurons, decreasing the activity of the HPA axis. Counterintuitively, following stress, THDOC
activates the HPA axis due to dephosphorylation of KCC2 residue Ser940, resulting in a collapse of the chloride gradient and excitatory
GABAergic transmission. The effects of THDOC on CRH neurons are mediated by actions on GABAAR ␦ subunit-containing receptors
since these effects are abolished in Gabrd ⫺/ ⫺ mice under both control and stress conditions. Interestingly, blocking neurosteroidogenesis with finasteride is sufficient to block the stress-induced elevations in corticosterone and prevent stress-induced anxiety-like behaviors in mice. These data demonstrate that positive feedback of neurosteroids onto CRH neurons is required to mount the physiological
response to stress. Further, GABAAR ␦ subunit-containing receptors and phosphorylation of KCC2 residue Ser940 may be novel targets
for control of the stress response, which has therapeutic potential for numerous disorders associated with hyperexcitability of the HPA
axis, including Cushing’s syndrome, epilepsy, and major depression.

Introduction
Stress induces a physiological response which is mediated by
the hypothalamic-pituitary-adrenal (HPA) axis. Corticotropinreleasing hormone (CRH) release from the hypothalamus acts
in the pituitary to signal the release of ACTH, which triggers
the release of cortisol from the adrenal gland in humans (corticosterone in mice). The HPA axis is regulated by numerous
brain regions, neurotransmitter systems, and the negative
feedback of steroid hormones (for review, see Herman et al.,
2003; Larsen et al., 2003; Ulrich-Lai and Herman, 2009). These
inputs impinge on CRH neurons in the paraventricular nucleus (PVN), mediating the output of the HPA axis. Although
CRH neurons receive a wide variety of inputs from diverse
brain regions, their activity is ultimately regulated by GABAergic inhibition (Decavel and Van den Pol, 1990; for review, see
Herman et al., 2004). However, very little is known about the
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GABAAR subtypes which regulate the activity of CRH neurons, and thus, the output of the HPA axis.
GABAARs form heteropentameric assemblies from a potential
pool of 19 different subunits: ␣1– 6, ␤1–3, ␥1–3, ␦, , , , and 1–3
(Barnard et al., 1998; Whiting et al., 1999). Depending on their subunit composition, GABAARs have specific anatomical distributions
(Pirker et al., 2000), physiological properties, and pharmacology
(Hevers and Lüddens, 1998; Mody and Pearce, 2004). GABAARs
mediate two distinct forms of GABAergic inhibition, tonic and phasic, which are mediated by GABAARs with unique subunit assemblies (Farrant and Nusser, 2005). Extrasynaptically localized ␦
subunit-containing receptors mediate tonic GABAergic inhibition
in many brain regions and confer neurosteroid sensitivity (Mihalek
et al., 1999; Belelli et al., 2002; Brown et al., 2002; Wohlfarth et al.,
2002; Spigelman et al., 2003). Interestingly, stress alters the expression of extrasynaptic GABAARs (Verkuyl et al., 2004), implicating
these receptors in HPA axis regulation. Further, it has recently been
demonstrated that rostral ventrolateral medulla-projecting
parvocellular neurons in the PVN are regulated by a 4,5,6,7tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP)-sensitive tonic current (Park et al., 2007), indicating that neurosteroid-sensitive,
extrasynaptic ␦ subunit-containing GABAARs may play a role in the
regulation of these neurons (Boehm et al., 2006; Mortensen et al.,
2010). Here we demonstrate for the first time that stress-derived
neurosteroids modulate the physiological response to stress via actions on GABAAR ␦ subunit-containing receptors on CRH neurons.
Neurosteroid regulation of CRH neurons represents a novel mechanism of HPA axis regulation.
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The inhibitory actions of GABA require the maintenance of a
chloride gradient, which is primarily accomplished by the K ⫹/
Cl ⫺ cotransporter, KCC2, in the adult brain (Rivera et al., 1999,
2005; Payne et al., 2003). The surface expression and activity of
KCC2 are regulated by phosphorylation of KCC2 residue Ser940
(Lee et al., 2007). Further, activity-dependent dephosphorylation
and downregulation of KCC2 results in excitatory actions of
GABA (Lee et al., 2011). Here we demonstrate dephosphorylation of KCC2 residue Ser940 in the PVN following acute stress,
resulting in decreased surface expression of KCC2 and excitatory
actions of neurosteroids on CRH neurons. We propose a model
in which neurosteroid actions on GABAARs constitute a novel
positive feedback mechanism onto CRH neurons thereby mediating the physiological response to stress.

Materials and Methods
Animal handling

Adult (3-month-old), male C57BL/6 and Gabrd ⫺/ ⫺ mice (Mihalek et al.,
1999; a generous gift from Dr. Istvan Mody, University of California, Los
Angeles, Los Angeles, CA) were housed at the Tufts University School of
Medicine, Division of Laboratory Animal Medicine. Mice were housed in
clear plastic cages (5 mice/cage) in a temperature- and humiditycontrolled environment with a 12 h light/dark cycle (light on at 7:00
A.M.) and ad libitum access to food and water. Animals were handled
according to protocols approved by the Tufts University Institutional
Animal Care and Use Committee.

Western blot
Western blot analysis was performed as previously described (Maguire et
al., 2005, 2009; Maguire and Mody, 2007). Animals were anesthetized
with isoflurane, killed by decapitation, and the PVN, hippocampus, and
cerebellum were rapidly removed. The tissue was sonicated in homogenization buffer [containing (in mM): 10 NaPO4, 100 NaCl, 10 sodium
pyrophosphate, 25 NaF, 5 EDTA, 5 EGTA, 2% Triton X-100, 0.5% deoxycholate, 1 sodium vanadate, pH 7.4) in the presence of protease inhibitors (Complete Mini, Roche, and fresh PMSF). The lysate was
incubated on ice for 30 min, and then the supernatant was collected
following centrifugation at 14,000 rpm for 10 min at 4°C. Protein concentrations were determined using the DC Protein Assay (Bio-Rad). Total protein (100 g for the GABAAR ␦ subunit and 50 g for KCC2 and
Ser940) was loaded onto a 10% SDS polyacrylamide gel, subjected to gel
electrophoresis, transferred to an Immobilon-P membrane (Millipore),
blocked in 10% nonfat milk, and probed with a monoclonal antibody
specific for the GABAAR ␦ subunit (1:500, PhosphoSolutions 868-GDN),
KCC2 (1:1000, Millipore), or Ser940 (1:1000, a generous gift from Dr.
Steve Moss, Tufts University School of Medicine, Boston, MA). The blots
were incubated with peroxidase-labeled anti-rabbit IgG (1:2000, GE
Healthcare) and immunoreactive proteins were visualized using enhanced chemiluminescence (GE Healthcare). Optical density measurements were determined using the NIH ImageJ software.
For biotinylation experiments, slices containing the PVN were incubated in 1 mg/ml NHS-biotin (Pierce) in normal artificial CSF (nACSF)
for 30 min on ice. The slices were then washed thoroughly with ice-cold
nACSF and the total protein was isolated and quantified as described
above. Total protein (100 g) was incubated with 50 l of streptavidin
magnetic beads (Pierce) in 1 ml of PBS overnight at 4°C. The solution was
centrifuged and the pellet was thoroughly washed and resuspended in 50
l of loading buffer. The proteins were eluted from the magnetic beads
which were removed by centrifugation, and 20 l of the loading buffer/
protein solution was loaded onto a polyacrylamide gel and proteins visualized as described above.

Immunohistochemistry
Immunohistochemistry was performed as previously described (Maguire et al., 2009). Adult mice were administered 200 l of 10% fluorogold,
intraperitoneally, 3–5 d before tissue harvesting. The mice were anesthetized with isoflurane, killed by decapitation, and the brain was rapidly
removed. The brain was fixed by immersion fixation in 4% paraformal-
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dehyde overnight at 4°C, cryoprotected in 10 –30% sucrose, frozen at
⫺80°C, and 40 m sections were prepared using a Leica cryostat. The
sections were treated with 3% H2O2/MeOH for 30 min, blocked with
10% normal goat serum for 1 h, and probed with polyclonal antibodies
specific for GABAAR ␦ subunit (1:500, Millipore AB9752) and HRPlabeled anti-rabbit IgG (ABC Elite, Vector Laboratories). DAB reactivity
was visualized by light microscopy and optical density measurements
were determined in the region of interest (fluorogold-labeled PVN) in
serial sections in each animal using NIH ImageJ software. Sections were
processed in parallel to ensure equivalent treatment of each experimental
group.

Generation of CRH-GFP reporter mice
We engineered reporter mice which express GFP specifically in CRH
neurons, enabling us to definitively identify this subset of neurons within
the PVN. This reporter strain (CRH-GFP) was generated by crossing
mTomato-GFP mice obtained from Jackson Laboratory (Stock #007676)
with CRH-Cre mice obtained from the Mutant Mouse Regional Research
Center (MMRRC). GenSat provides in situ hybridization images of the
stock Tg(Crh-cre)KN282Gsat mice that we obtained from the MMRRC
(Fig. 1a), in which a thorough analysis of the CRH-Cre expression has
been characterized and noted to “match in situ data and is supported by
the literature” (Fig. 1a; GenSat; www.gensat.org). Further, the GenSat
characterization of these mice indicates that the veracity of the CRH-Cre
expression has been “Confirmed” which indicates that “multiple lines
yield matching datasets that agree with the available literature” (GenSat
website; www.gensat.org). These are the exact animals that we used for
this study and thus we are confident that the Cre recombinase expression
is specific for CRH neurons in this strain. To further confirm the specificity of Cre recombinase expression in CRH neurons, we crossed the
CRH-Cre mice with Rosa 26 reporter mice obtained from Jackson Laboratory (Stock #003474) and expression in the PVN was confirmed using
an X-gal staining assay kit (Genlantis) according to manufacturer’s instructions (Fig. 1b). Nearly all (99.9 ⫾ 0.1%) of LacZ-positive neurons in the
PVN were also positive for fluorogold, whereas, 55.7 ⫾ 6.3% of
fluorogold-positive neurons were LacZ-positive (Fig. 1c). We confirmed
these results by enhancing the GFP expression in the CRH-GFP mice
using a rabbit polyclonal anti-GFP antibody (Invitrogen, A6455) and an
anti-rabbit Alexa Fluor488 secondary antibody (Invitrogen, A11034)
(Fig. 1d). Nearly all the GFP-positive neurons in the PVN (98.4 ⫾ 0.6%)
were fluorogold-positive, whereas, only 58.9 ⫾ 18.6% of fluorogoldpositive neurons are also GFP-positive (Fig. 1c). Colocalization was determined using a correlation analysis based on the Pearson’s coefficient
with the Just Another Colocalization Plugin (Bolte and Cordelières,
2006) for ImageJ. The CRH expression in CRH-GFP neurons in the PVN
was confirmed by post hoc single-cell PCR performed on the cellular
contents harvested from our electrophysiology experiments as previously described (Browne et al., 2001; Hoyda et al., 2009). The cytoplasm
was aspirated into the patch pipette taking careful measures to avoid
aspiration of the nucleus. The cytoplasmic contents were then expelled
into a 0.5 ml PCR tube and 5 l of lysis buffer containing 2.9 l of
DEPC-treated water, 1.4 l of BSA, 1.4 l of oligo-dT (0.5 g/l), and
1.4 l of RNasin (40 U/l) was added to the harvested cytoplasm, heated
to 70°C for 10 min and then placed on ice for 1 min. Reverse transcriptase
(RT)-PCR was performed by adding 15 l of RT-PCR MasterMix containing 8 l of DEPC-treated water, 2 l of 10⫻ first strand buffer, 2 l of
MgCl2 (25 mM), 2 l of DTT (0.1 M), 1 l of deoxynucleotide triphosphates (10 mM), and 0.7 l of SuperScript III reverse transcriptase (200
U/l) and incubated at 42°C for 50 min. The reaction mixture was incubated at 70°C for 15 min and RNase H (0.5 l of 2 U/l) was added and
incubated at 37°C for 20 min. All reagents were obtained from Invitrogen
(SuperScript First Strand Synthesis Kit, 18080051). PCR amplification
was performed by adding 25 l of 2⫻ Multiplex Mastermix, 5 l of
primer mix (2 M each), 15 l of RNase-free water, and 5 l of cDNA
template (Qiagen Multiplex PCR kit, 206143) and using the following
cycling program: 94°C for 45 s, 60°C for 45 s, and 72°C for 70 s for 50
cycles. The primers used in this study were previously described for
single-cell PCR (Browne et al., 2001; Hoyda et al., 2009) and are listed in
Table 1. Total brain, control cDNA was obtained from Clontech and used
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Figure 1. Characterization of CRH-GFP mice. a, Cre recombinase expression in CRH-Cre mice (image adapted from GenSat Brain Atlas). b, LacZ reactivity (black) in the fluorogold-labeled PVN
(purple) from offspring of CRH-Cre mice crossed with Rosa26 reporter mice. The magnified image demonstrates the colocalization of LacZ and fluorogold in neurons within the PVN (top right). d, GFP
immunoreactivity in CRH-GFP mice generated by crossing CRH-Cre mice with mTomato reporter mice. The magnified image shows the colocalization of GFP (green) and fluorogold (purple) in the
CRH-GFP mice (bottom right). Nearly all the LacZ and GFP-positive neurons were also positive for fluorogold (c). In contrast, only ⬃50% of fluorogold-positive neurons were also positive for GFP or
LacZ (c). n ⫽ 6 mice per experimental group. e, Single-cell PCR products from individual CRH-GFP neurons in the PVN run on an ethidium bromide-stained 2% agarose gel. The primers used are
shown in Table 1. Lanes 1–10 are the products from individual CRH-GFP neurons. “No primers” lanes are two samples in which the PCR did not contain specific primers. Control cDNA lanes are the
product of PCRs using control cDNA as the template (Clontech). f, All of the CRH-GFP-positive neurons tested exhibited a PCR product for both CRH and Gabrd, but not oxytocin (OXT) or
thyrotropin-releasing hormone (TRH). n ⫽ 10 cells per experimental group.

Table 1. Primers for Single-cell PCR
Gene

Primer

Position

Sequence

Product size (bp)

Reference

Corticotropin-releasing hormone

CRH

Hoyda et al., 2009

Gabrd

258 bp

Browne et al., 2001

Oxytocin

OT

244 bp

Hoyda et al., 2009

Thyrotropin-releasing hormone

TRH

GGGGAAAGGCAAAGAAAAGG
GACAGAGCCACCAGCAGCAT
GGAGAAGAGAAAGGAGAAGAGGAA
GGACACCAGCAGCCGCAG
GACTGCTGCAAAGGCTGCCGGGAAC
ACCACTGTGCTAACCATGACCACAC
TTGAGTCTGGAACGGATGCCTC
CCCACTTCAATGCTGACTACAGG
CTGCCCCAGTCTCGCTTG
CCTCCGCTTCCGCAAGGCTTCTGGC
CTGCCCAGTCTCGCTTG
GCGAGGGCAGGTAGTTCTCC
AGAGGGGAGACTTGGGAGAA
CTTTGCTTCACCAGGGTCTC
ATTCATGGGCAGATGAGGAG
GGCGTTTCTCAGGCATTAAG

140 bp

GABAA receptor ␦ subunit

F (outside)
R (outside)
F (nested)
R (nested)
F (outside)
R (outside)
F (nested)
R (nested)
F (outside)
R (outside)
F (nested)
R (nested)
F (outside)
R (outside)
F (nested)
R (nested)

245 bp

Hoyda et al., 2009

F, Forward; R, reverse.
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as a positive control. Reactions without specific primers were used as negative controls. The single-cell PCR products from CRH-GFP neurons confirm that the GFP-positive neurons are indeed CRH neurons. Our data
demonstrate that 100 ⫾ 0.0% of CRH-GFP neurons express CRH mRNA,
but do not express oxytocin (0 ⫾ 0.0%) or thyrotropin-releasing hormone
(0 ⫾ 0.0%) (Fig. 1e,f). Consistent with the potential role of the GABAAR ␦
subunit in the regulation of CRH neurons, our data demonstrate that 100 ⫾
0.0% of CRH-GFP neurons also express Gabrd (Fig. 1e,f).

Electrophysiological recordings
Adult (3-month-old) mice were anesthetized with isoflurane, decapitated, and the brain rapidly removed. Coronal sections, 350 m thick,
including the PVN, were prepared in ice-cold nACSF using a Leica vibratome. The slices were stored oxygenated at 33°C for at least 1 h before
recording. Slices containing hypothalamic PVN neurons were placed
into a recording chamber maintained at 33°C (in-line heater, Warner
Instruments) and perfused with nACSF containing (in mM): 126 NaCl,
26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2, 2 MgCl2, and 10 dextrose
(300 –310 mOsm). Adequate O2 tension and physiological pH (7.3–7.4)
was maintained by continually bubbling the media with a gas mixture:
95% O2/5% CO2 and maintaining a high flow rate (ⱖ6 ml/min)
throughout the experiment. Tetrahydrodeoxycorticosterone (THDOC)
(10 nM) and SR95531 (Gabazine, ⱖ200 M) were added to the extracellular solution where indicated.
CRH neurons were visualized in the PVN by intraperitoneal fluorogold labeling to retrogradely label neurons projecting to the hypophyseal
pituitary portal (Larsen et al., 2003) as well as using morphological and
electrophysiological methods to identify parvocellular neurons in the
PVN (Luther et al., 2002). These techniques have been used in other
studies to identify CRH neurons (Hewitt et al., 2009; Kuzmiski et al.,
2010). In addition to these methods, we have generated a reporter mouse
(CRH-GFP mice) to aid in identification of CRH neurons in the PVN.
Whole-cell recordings were performed on visually identified, fluorogoldlabeled and/or GFP-positive CRH neurons located in the medial part of
the PVN. Intracellular recording solution contained (in mM): 140 CsCl, 1
MgCl2, 10 HEPES, 4 NaCl, 0.1 EGTA, 2 Mg-ATP, 0.3 Na-GTP (pH ⫽
7.25, 280 –290 mOsm) and electrodes with DC resistance of 5– 8 M⍀
were used for recording spontaneous IPSCs at VH ⫽ ⫺70 mV in the wholecell, voltage-clamp configuration in the presence of 3 mM kynurenic acid.
Tonic GABAergic currents were measured as previously described (Stell et
al., 2003; Maguire et al., 2005, 2009; Maguire and Mody, 2007). Briefly, the
mean current was measured during 10 ms epochs collected every 100 ms
throughout the experiment. A Gaussian was fit to these points to determine
the mean holding current in nACSF, in the presence of 10 nM THDOC, and
in the presence of saturating concentrations of SR95531. The difference in
the holding current in the presence or absence of SR95531 is attributed to the
tonic GABAergic current. Series resistance and whole-cell capacitance were
continually monitored and compensated throughout the course of the experiment. Recordings were eliminated from data analysis if series resistance
increased by ⬎20%.
The firing rate of visually identified, GFP-positive CRH neurons was
determined in the current-clamp configuration using an intracellular
recording solution containing (in mM): 130 K-gluconate, 10 KCl, 4 NaCl,
10 HEPES, 0.1 EGTA, 2 Mg-ATP, 0.3 Na-GTP (pH ⫽ 7.25, 280 –290
mOsm). The spontaneous firing rate was measured over a 5 min period
in nACSF and over a 5 min period in the presence of 10 nM THDOC.
The firing rate was also determined under perforated patch-clamp
conditions in GFP-positive CRH neurons in the current-clamp I ⫽ 0
configuration using an intracellular recording solution containing (in
mM): 130 K-gluconate, 10 KCl, 4 NaCl, 10 HEPES, 0.1 EGTA, 2 Mg-ATP,
0.3 Na-GTP (pH ⫽ 7.25, 280 –290 mOsm) with 50 g/ml gramicidin
(ABCD, Sigma). Perforated patch recordings with gramicidin were used
to maintain the native ionic gradients. The firing rate was recorded in the
I ⫽ 0 configuration to maintain the native resting membrane potential of
the CRH neurons which was not statistically different between experimental groups. Access resistance of ⬍20 M⍀ was achieved within 20 –30
min of establishing the G⍀ seal under perforated patch-clamp conditions. Series resistance and capacitive transients were carefully monitored throughout the experiments to confirm the stability of the
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perforated patch. The firing rate was determined once the resting membrane potential stabilized. The spontaneous firing rate was measured for
over a 5 min period in nACSF and over a 5 min period in the presence of
10 nM THDOC or ⱖ200 M SR95531. In addition, sIPSPs were measured
under perforated patch-clamp conditions in control mice and mice subjected to acute restraint stress.
For all electrophysiology experiments, data acquisition was performed
using a Molecular Devices Axopatch 200B and Powerlab hardware and
software (ADInstruments).

Microinfusions

Adult C57BL/6 or Gabrd ⫺/ ⫺ mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine until unresponsive to a foot pinch. A lengthwise incision was made along the scalp to expose the skull. A small burr hole
was made over the PVN (coordinates: ⫺0.9 mm anterior/posterior, ⫾0.2
mm medial/lateral, ⫺4.65 mm dorsal/ventral). A 5 l Hamilton syringe was
lowered above the PVN and 0.5 l of either vehicle (0.5% cresyl violet) or 100
nM THDOC (in 0.5% cresyl violet) was slowly injected at a rate of 0.5 l/min.
The syringe was left in place for at least 10 min before the slow removal of the
syringe. Thirty minutes following the microinfusion, a blood sample was
collected to determine the circulating concentration of corticosterone and
compared with blood samples collected from the same animals 24 h before
the microinfusion. Great care was taken to ensure that the corticosterone
levels were measured at the same time of day (⬃12 pm) to prevent differences due to diurnal changes in corticosterone levels. The brain was removed, postfixed, cryoprotected, and cryostat sectioned to confirm the
location of the microinfusion site in all experiments.

Corticosterone measurements
Whole blood was collected from experimental groups by submandibular
bleed or trunk blood collection. Submandibular blood was collected 24 h
before restraint stress (before). THDOC (20 mg/kg) and finasteride (50 mg/
kg) were dissolved in 1 ml of cremaphor heated to 65° and then 4 ml of 0.9%
injection saline was added. Mice either received vehicle (1 ml of cremaphor
⫹ 4 ml injection of saline), THDOC, or finasteride 30 min before a single 30
min restraint stress. The mice were allowed to recover for 30 min then decapitated and trunk blood was collected (after). Plasma was isolated by high
speed centrifugation and corticosterone levels were measured by enzyme
immunoassay according to manufacturer’s specifications (Enzo Life Sciences). Briefly, duplicate 5 l plasma samples were assayed and absorbance
measurements at 415 nM were compared with a standard curve. Samples
from different experimental groups were run in parallel.

Behavioral tests
Elevated plus maze. Mice were tested for 10 min on an elevated plus maze,
consisting of two open arms (38 cm ⫻ 5 cm) and two closed arms (38
cm ⫻ 5 cm ⫻ 15 cm) with a central open intersection (5 cm ⫻ 5 cm)
elevated 75 cm above the ground. Movement through the maze was
detected by 48 equally spaced photocells (Hamilton-Kinder). At the beginning of the test, each mouse was placed individually into the central
platform facing an open arm. The time spent and the entries into the
open and closed arms were measured by beam breaks using Motor Monitor software (Hamilton-Kinder, Poway, CA). Control, no stress mice
were minimally handled before testing. Stress animals were subjected to
a single 30 min restraint stress immediately before testing. THDOC (20
mg/kg) was administered 30 min before restraint and finasteride (50
mg/kg) was administered 120 min before restraint.
Open field. Mice were tested for 10 min in a 40 cm ⫻ 40 cm open field
photobeam frame with 16 ⫻ 16 equally spaced photocells (HamiltonKinder). Mice were placed individually into the center of the open field.
The time spent in the center of the open field and the total number of
beam breaks were measured using Motor Monitor software (HamiltonKinder). Experimental groups and drug treatments were identical to the
elevated plus maze.

Statistical analyses
All statistical tests were performed using GraphPad Prism 5 software. For
the Western blot and immunohistochemistry experiments, statistical
significance was determined using a one-way ANOVA with Bonferroni correction for multiple comparisons. Paired electrophysiological
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Figure 2. GABAAR ␦ subunit expression in the PVN. a, A representative Western blot demonstrating the relative abundance of the GABAAR ␦ subunit in the total protein isolated from the
cerebellum, PVN, and hippocampus in wild-type and Gabrd ⫺/ ⫺ mice. b, The average optical density of GABAAR ␦ subunit expression in the cerebellum, PVN, and hippocampus from wild-type and
Gabrd ⫺/ ⫺ mice. c, Representative gray scale images of GABAAR ␦ subunit immunoreactivity in the wild-type PVN and hippocampus compared with the Gabrd ⫺/ ⫺ PVN. d, The average optical
density of GABAAR ␦ subunit demonstrates expression in the PVN and hippocampus in sections from wild-type mice, but not Gabrd ⫺/ ⫺ mice. n ⫽ 3 mice per experimental group; statistical
significance of *p ⬍ 0.05 compared with Gabrd ⫺/ ⫺ levels using a one-way ANOVA with Bonferroni correction for multiple comparisons.

Figure 3. Neurosteroid regulation of CRH neurons. a, Representative traces of sIPSCs from GFP-positive CRH neurons in the presence or absence of 10 nM THDOC. b, The superimposed average
sIPSCs in the presence or absence of 10 nM THDOC highlight that there is no effect of THDOC on the average decay time (w) (see inset). c, The average histograms demonstrate that THDOC did not
significantly alter the frequency or amplitude of sIPSCs. d, Representative traces of the tonic current in CRH-GFP neurons from wild-type and Gabrd ⫺/ ⫺ mice held at ⫺70 mV throughout the
addition of 10 nM THDOC and saturating concentrations of SR95531. e, The average tonic current is significantly decreased in CRH neurons from Gabrd ⫺/ ⫺ mice compared with wild-type. THDOC
(10 nM) enhanced the tonic GABAergic inhibition in CRH-GFP neurons from wild-type mice, but not Gabrd ⫺/ ⫺ mice. n ⫽ 6 –12 mice, 15–32 cells; statistical significance of *p ⬍ 0.05 using a paired
t test.
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Table 2. Electrophysiological properties of CRH-GFP neurons in wild-type and
Gabrd ⴚ/ⴚ mice under stress and THDOC conditions
sIPSC Peak
Tonic current Firing Rate
sIPSC frequency Amplitude
(pA)
sIPSC tw (ms) (pA)
(Hz)
(Hz)
Wild-type nACSF 11.4 ⫾ 2.4
Wild-type THDOC 11.3 ⫾ 2.3
Gabrd ⫺/⫺ nACSF
Gabr ⫺/⫺ THDOC

56.9 ⫾ 6.8 12.8 ⫾ 1.2
54.0 ⫾ 5.2 13.0 ⫾ 1.0

11.2 ⫾ 2.5
20.9 ⫾ 2.5*
3.1 ⫾ 1.4
4.5 ⫾ 1.2

5.5 ⫾ 1.0
2.8 ⫾ 0.6*
8.4 ⫾ 0.8
9.8 ⫾ 1.4

* denotes significance compared to wild-type nACSF.

Table 3. Electrophysiological properties (perforated patch firing rate) of CRH-GFP
neurons in wild-type and Gabrd ⴚ/ⴚ mice under stress and THDOC conditions
Perforated patch firing rate
Perforated patch firing rate
(Hz)
(Hz)
nACSF
Control
Stress
Control
Stress

7.4 ⫾ 0.8
9.2 ⫾ 1.7

10 nM THDOC

nACSF
⫺/⫺

6.1 ⫾ 0.8* Gabrd
control
11.7 ⫾ 2.1* Gabrd ⫺/⫺ stress
nACSF
8.1 ⫾ 2.0
11.8 ⫾ 2.2

* denotes significance compared to nACSF.

10 nM THDOC

10.3 ⫾ 2.4 10.3 ⫾ 2.5
11.4 ⫾ 1.9 11.7 ⫾ 2.1
⬎200 M SR95531
10.8 ⫾ 2.8*
8.7 ⫾ 1.5*

experiments investigating the effect of THDOC or SR95531 in both wildtype and Gabrd ⫺/ ⫺ mice were analyzed using a paired t test. Similarly,
the paired corticosterone measurements were also analyzed using a
paired t test. A significant correlation between the level of KCC2 residue
Ser940 phosphorylation and corticosterone levels was determined using
the Spearman rank order correlation. A one-way ANOVA with a Bonferroni post hoc test was used to determine statistical significance for all the
behavioral experiments.

Results

GABAAR ␦ subunit expression in the PVN
We compared the expression of the GABAAR ␦ subunit in the
PVN with that in the hippocampus and cerebellum, brain regions
known to be enriched in this subunit. Western blot analysis of
total protein isolated from these three regions showed comparable relative abundance of this subunit (PVN: 48.2 ⫾ 3.8, hippocampus: 57.7 ⫾ 1.5, cerebellum: 59.0 ⫾ 2.0 OD units/100 g
total protein) (Fig. 2a,b). Total protein isolated from GABAAR ␦
subunit knock-out mice (Gabrd ⫺/ ⫺ mice) run on the same gel
with equivalent amounts of protein exhibited negligible GABAAR
␦ subunit expression (PVN: 13.7 ⫾ 0.3, hippocampus: 9.6 ⫾ 2.0,
cerebellum: 13.6 ⫾ 1.1 OD units/100 g total protein; Fig. 2a,b)
(n ⫽ 3– 8 mice per group; statistical significance of p ⬍ 0.05
determined using a one-way ANOVA with a Bonferroni correction
for multiple comparisons: F ⫽ 43.41; df
within-group ⫽ 23; df between group ⫽ 5),
demonstrating the specificity of the
GABAAR ␦ subunit expression by Western
blot analysis. GABAAR ␦ subunit expression
in the PVN was also analyzed using immunohistochemistry. The PVN was labeled by
intraperitoneal injection of fluorogold (200
l of 10% fluorogold) and the expression of
the GABAAR ␦ subunit in the fluorogoldlabeled region of interest (PVN) was
compared between wild-type and Gabrd ⫺/ ⫺ mice. The immunohistochemistry results confirmed the Western blot data
demonstrating that immunoreactivity for
the GABAAR ␦ subunit in the PVN (38.5 ⫾
6.5 OD units) was comparable to the dentate gyrus (57.7 ⫾ 5.4 OD units). However,
the GABAAR ␦ subunit was not expressed in
Gabrd ⫺/ ⫺ mice (PVN: 10.1 ⫾ 2.2, dentate
gyrus: 9.9 ⫾ 2.2 OD units) (Fig. 2c,d) (n ⫽ 3
animals per experimental group; statistical
significance of p ⬍ 0.05 determined using a
one-way ANOVA with Bonferroni correction for multiple comparisons: F ⫽ 16.82; df
within-group ⫽ 43; df between group ⫽ 3).
These data demonstrate that the GABAAR ␦
subunit may be functionally relevant in
CRH neurons.

Figure 4. Neurosteroid regulation of CRH neuronal activity. a, Representative traces of the spontaneous firing rate of CRH-GFP
neurons from wild-type and Gabrd ⫺/ ⫺ mice in nACSF and 10 nM THDOC. b, The binned firing rate (1 s bins) in the same
representative CRH neuron over time in the presence of nACSF or 10 nM THDOC (where indicated) from a wild-type (left) and
Gabrd ⫺/ ⫺ mouse (right). c, THDOC significantly decreased the basal firing rate of CRH-GFP neurons from wild-type mice, but not
Gabrd ⫺/ ⫺ mice. n ⫽ 12–13 cells, 6 mice per experimental group; significance of *p ⬍ 0.05 compared with firing rate in nACSF
using a paired t test.

Neurosteroid regulation of CRH
neurons
To determine whether CRH neurons are regulated by neurosteroid-sensitive GABAAR ␦
subunit-containing receptors, we performed whole-cell patch-clamp recordings
on visually identified CRH neurons (see
Materials and Methods). Spontaneous
IPSCs (sIPSCs) were recorded in the same
neurons in the presence or absence of the
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stress-derived neurosteroid, THDOC (10
nM), a concentration acting preferentially at
extrasynaptic GABAARs (Stell et al., 2003).
We did not observe any differences in the
frequency (nACSF: 11.4 ⫾ 2.4, THDOC:
11.3 ⫾ 2.3 Hz), amplitude (nACSF: 56.9 ⫾
6.8, THDOC: 54.0 ⫾ 5.2 pA), or weighted
decay (w) (nACSF: 12.8 ⫾ 1.2, THDOC:
13.0 ⫾ 1.0 ms) of sIPSCs in the presence of
10 nM THDOC (Fig. 3a– c, Table 2) (n ⫽ 19
cells, 8 mice per experimental group; statistical significance p ⬍ 0.05 using a paired t
test). However, we did observe a significant
potentiation of the tonic GABAergic current
in the presence of 10 nM THDOC (20.9 ⫾
2.5 pA) compared with nACSF (11.2 ⫾ 2.5
pA) (Fig. 3d,e, Table 2) (n ⫽ 32 cells, 12 mice
per experimental group; statistical significance p ⬍ 0.05 using a paired t test). These Figure 5. Local administration of THDOC into the PVN is sufficient to alter HPA axis activity. a, Timeline of blood sample
data demonstrate the presence of a collection, microinfusion, and corticosterone measurements. b, A representative section demonstrating cresyl violet diffusion into
neurosteroid-sensitive tonic GABAergic cur- the PVN of wild-type mice following microinfusion of 100 nM THDOC. Dotted line represents the extent of cresyl violet staining from
rent in CRH neurons, consistent with the ex- the site of the injection site (needle track; arrow). c, THDOC microinfusion into the PVN significantly decreased serum corticosterone
levels within 30 min. Vehicle administration did not alter corticosterone levels. n ⫽ 6 mice per experimental group; significance of
pression of the GABAAR ␦ subunit (Fig. 2).
Consistent with a role of the GABAAR *p ⬍ 0.05 compared with basal corticosterone levels using a paired t test.
␦ subunit in the regulation of CRH neurons, the tonic current in CRH neurons
from Gabrd ⫺/ ⫺ mice was significantly decreased (3.1 ⫾ 1.4 pA) compared with
wild-type levels (11.2 ⫾ 2.5 pA). Further,
CRH neurons from Gabrd ⫺/ ⫺ mice did
not exhibit a neurosteroid-sensitive tonic
GABAergic current (nACSF: 3.1 ⫾ 1.4,
THDOC: 4.5 ⫾ 1.2 pA) (Fig. 3d,e, Tables
2, 3) (n ⫽ 15–32 cells, 6 –12 mice per
experimental group; statistical significance of p ⬎ 0.05 using a paired t test).
These data implicate the GABAAR ␦
subunit in the neurosteroid-regulation
of CRH neurons.
To determine the impact of neurosteroid modulation of GABAARs on the
activity of CRH neurons, we performed Figure 6. Neurosteroidsexacerbatethecorticosteroneresponsetostress.a,Averagecorticosteronelevelsinpairedsamplesmeasured
current-clamp recordings on visually iden- before and after treatment with vehicle, THDOC (20 mg/kg) and finasteride (50 mg/kg). b, The average corticosterone levels in paired
c, Average corticosterone
tified CRH neurons. The spontaneous firing samples before and after 30 min restraint stress in wild-type animals treated with vehicle, THDOC, or finasteride.
⫺/ ⫺
mice. n ⫽ 5–11 mice per
rate of CRH neurons from wild-type mice levels measured before and after 30 min restraint stress in vehicle, THDOC, and finasteride-treated Gabrd
was significantly reduced in the presence of experimental group; significance of *p ⬍ 0.05 using a one-way ANOVA with Bonferroni correction for multiple comparisons.
10 nM THDOC (2.8 ⫾ 0.6 Hz) compared
analyzed the effect of THDOC microinfusion directly into the PVN
with nACSF (5.5 ⫾ 1.0 Hz) (Fig. 4, Table 2) (n ⫽ 12 cells, 6
on circulating corticosterone levels. Corticosterone levels were meamice per experimental group; statistical significance p ⬍ 0.05
sured 24 h before and 30 min after microinfusion with either
using a paired t test). Consistent with the role of the GABAAR
THDOC (0.5 l, 100 nM in 0.5% cresyl violet) or vehicle (0.5 l,
␦ subunit in mediating the neurosteroid-sensitivity of CRH
0.5% cresyl violet) (Fig. 5a). Cresyl violet staining was used to
neurons, THDOC did not significantly alter the spontaneous
ensure the location and the extent of the microinfusion into
firing rate of CRH neurons from Gabrd ⫺/ ⫺ mice (Fig. 4, Table
the PVN (Fig. 5b). Vehicle administration into the PVN did
2) (nACSF: 8.4 ⫾ 0.8 Hz; THDOC: 9.8 ⫾ 1.4 Hz) (n ⫽ 12–13
not significantly affect circulating corticosterone levels (pre:
cells, 6 mice per experimental group; significance p ⬎ 0.05
37.1 ⫾ 3.7 ng/ml; post-vehicle: 53.6 ⫾ 8.1 ng/ml). Local adusing a paired t test). These data demonstrate a role for the
ministration of THDOC into the PVN was sufficient to deGABAAR ␦ subunit in the regulation of CRH neurons via concrease circulating levels of corticosterone within 30 min (pre:
ferring neurosteroid sensitivity.
40.3 ⫾ 4.4 ng/ml; post-THDOC: 26.9 ⫾ 4.9 ng/ml; Fig. 5c)
(n ⫽ 6 mice per experimental group; significance p ⬍ 0.05
Neurosteroid actions on CRH neurons regulate
using a paired t test). These data demonstrate that neuroscorticosterone levels
teroids act locally in the PVN to decrease the activity of the
To investigate whether neurosteroid modulation of CRH neurons
HPA axis under basal conditions.
constitutes a novel regulatory mechanism on HPA axis activity, we
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corticosterone response to stress (71.1 ⫾
11.0 ng/ml) compared with vehicle
(306.7 ⫾ 69.8 ng/ml) (Fig. 6b) (n ⫽ 5–11
mice per experimental group; statistical significance, p ⬍ 0.05 using a one-way
ANOVA with Bonferroni post hoc test: F ⫽
12.98; df within-group ⫽ 30; df between
group ⫽ 5). There was no significant difference in the basal levels measured 24 h prior
(vehicle: 72.1 ⫾ 6.2 ng/ml; THDOC: 56.4 ⫾
7.0 ng/ml; finasteride: 51.8 ⫾ 16.1 ng/ml).
In Gabrd ⫺/ ⫺ mice, there was no significant
difference in the corticosterone levels following stress in vehicle (185.4 ⫾ 15.7 ng/
ml), THDOC (211.8 ⫾ 28.2 ng/ml), or
finasteride (142.2 ⫾ 35.9 ng/ml)-treated animals. Similarly, there was no difference in
their prestress levels (Fig. 6c) (vehicle:
46.3 ⫾ 14.5 ng/ml; THDOC: 29.7 ⫾ 5.4 ng/
ml; finasteride: 46.0 ⫾ 14.9 ng/ml) (n ⫽ 7–9
mice per experimental group; no statistical
difference determined using a one-way
ANOVA with Bonferroni post hoc test: F ⫽
13.69; df within-group ⫽ 46; df between
group ⫽ 5). These data demonstrate that
neurosteroidogenesis and GABAAR ␦
subunit-containing receptors play a critical
role in HPA axis reactivity in response to
stress.
Neurosteroids increase the activity of
CRH neurons following stress
The evidence that THDOC increased corticosterone levels in response to stress lead
Figure 7. THDOC increases the activity of CRH neurons following stress. a, Representative traces of the basal firing rate of CRH-GFP
us to hypothesize that THDOC may in⫺/ ⫺
neuronsrecordedunderperforatedpatch,currentclampI⫽0conditionsfromwild-typeandGabrd
miceinnACSFand10nM THDOC.
b, The average firing rate in paired samples in the presence or absence of THDOC in control wild-type mice or mice subjected to 30 min crease the activity of CRH neurons followrestraint stress. c, The average firing rate of CRH neurons in control or stress Gabrd ⫺/ ⫺ mice in the presence or absence of THDOC. n ⫽ ing stress rather than inhibit their activity.
To investigate this hypothesis, we mea11–12 cells, 5– 6 mice per experimental group; significance of *p ⬍ 0.05 compared with the firing rate in nACSF using a paired t test.
sured the spontaneous firing rate of CRH
neurons in the perforated patch I ⫽ 0
Neurosteroidogenesis mediates
current-clamp mode. Our data demonstrate that under basal
stress-induced elevations in corticosterone levels
conditions, THDOC (10 nM) decreased the spontaneous firing
rate of CRH neurons (nACSF: 7.4 ⫾ 0.8, THDOC: 6.1 ⫾ 0.8 Hz)
To further investigate the role of neurosteroid modulation of CRH
(Fig. 7a,b, Table 3). In contrast, following restraint stress,
neurons on HPA axis reactivity, we examined the effect of THDOC
THDOC significantly increased the firing rate of CRH neurons
and an inhibitor of neurosteroidogenesis, finasteride, on circulating
(nACSF: 9.2 ⫾ 1.7, THDOC: 11.7 ⫾ 2.1 Hz) (Fig. 7a,b, Table 3)
corticosterone levels. The effect of neurosteroids on corticosterone
(n ⫽ 11–13 cells, 5– 6 mice per experimental group; significance
release under no-stress conditions was analyzed by comparing the
p ⬍ 0.05 using a paired t test). In Gabrd ⫺/ ⫺ mice under basal
corticosterone levels in mice treated with vehicle, THDOC (20 mg/
conditions, there is no difference in the firing rate of CRH neukg, i.p.), or finasteride (50 mg/kg, i.p.) with basal levels in these mice
rons in the presence of 10 nM THDOC (nACSF: 10.3 ⫾ 2.4,
measured 24 h before. Our data suggest that under basal conditions,
THDOC: 10.3 ⫾ 2.5 Hz) (Fig. 7a,c, Table 3). Similarly, in Gathere was no significant difference in the effect of vehicle (92.1 ⫾ 28.9
brd ⫺/ ⫺ mice subjected to restraint stress, THDOC has no effect
ng/ml), THDOC (116.6 ⫾ 27.8 ng/ml) or finasteride (186.3 ⫾ 52.0
on the firing rate of CRH neurons (nACSF: 11.4 ⫾ 1.9, THDOC:
ng/ml) on corticosterone levels compared with the basal levels mea11.7 ⫾ 2.1 Hz) (Fig. 7a,c, Table 3) (n ⫽ 11–12 cells, 5– 6 mice per
sured 24 h prior (vehicle: 77.7 ⫾ 19.1 ng/ml; THDOC: 46.9 ⫾ 5.5
experimental group; p ⬎ 0.05 determined using a paired t test).
ng/ml; finasteride: 81.5 ⫾ 21.9 ng/ml) (Fig. 6a) (n ⫽ 5–11 mice per
These data suggest that following stress THDOC increases the
experimental group; p ⬎ 0.05 determined using a one-way ANOVA
activity of CRH neurons via actions on GABAAR ␦ subunitwith Bonferroni post hoc test: F ⫽ 2.381; df within-group ⫽ 42; df
containing receptors.
between group ⫽ 5). We used the restraint stress paradigm to invesTo determine whether THDOC increases the activity of CRH
tigate the role of neurosteroid modulation of the HPA axis on stress
neurons following stress via excitatory actions of GABA, we dereactivity. Interestingly, mice treated with THDOC 30 min before
termined whether spontaneous IPSPs (sIPSPs) were hyperpolarrestraint stress exhibited a significant increase in corticosterone levizing or depolarizing following stress using gramicidin perforated
els (611.4 ⫾ 135.4 ng/ml) compared with vehicle (306.7 ⫾ 69.8
patch-clamp recordings. Our data demonstrate that under basal
ng/ml). In contrast, finasteride treatment completely blocked the
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conditions, 100 ⫾ 0.0% of cells exhibited
hyperpolarizing sIPSPs consistent with the
inhibitory actions of GABA. In contrast, following stress only 16.7 ⫾ 11.2% of slices exhibited hyperpolarizing sIPSPs; whereas,
83.3 ⫾ 11.2% of cells exhibited depolarizing
sIPSPs (Fig. 8a,b) (n ⫽ 10 –12 cells, 4 mice
per experimental group; significance p ⬍
0.05 determined using an unpaired t test).
These data suggest that the actions of GABA
are largely excitatory in CRH neurons following stress. To confirm these findings, we
analyzed the effect of the GABA antagonist,
SR95531, on the spontaneous firing rate of
CRH neurons under perforated patch I ⫽ 0
conditions. Our data demonstrate that under basal conditions, SR95531 (⬎200 M)
increased the spontaneous firing rate of
CRH neurons (nACSF: 8.1 ⫾ 2.0, SR95531:
10.8 ⫾ 2.8 Hz) (Fig. 8c,d, Table 3). In contrast, following restraint stress, SR95531 significantly decreased the firing rate of CRH
neurons (nACSF: 11.8 ⫾ 2.2, SR95531:
8.7 ⫾ 1.5 Hz) (Fig. 8c,d, Table 3) (n ⫽ 12
cells, 4 mice per experimental group; significance p ⬍ 0.05 determined using a paired t
test). These results demonstrate that GABA
switched from inhibitory to excitatory following stress.
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Figure 8. Depolarizing and excitatory GABAergic responses following stress. a, Representative, hyperpolarizing sIPSPs recorded in CRH-GFP neurons under perforated patch, current clamp I ⫽ 0 conditions from control wild-type mice and depolarizing
sIPSPs recorded in slices from mice subjected to acute restraint stress. b, The percentage of cells exhibiting depolarizing sIPSPs from
control and stress wild-type mice. n ⫽ 10 –12 cells, 4 mice per experimental group; significance of *p ⬍ 0.05 using an unpaired
t test. c, Representative traces of the basal firing rate of CRH-GFP-positive neurons recorded under perforated patch, current clamp
I ⫽ 0 conditions from control and stress wild-type mice in nACSF and SR95531. d, The average firing rate of CRH neurons from
control or stress mice in the presence or absence of SR95531. n ⫽ 12 cells, 4 mice per experimental group; significance of *p ⬍ 0.05
using a paired t test.

Decreased phosphorylation of KCC2
residue Ser940 in the PVN
following stress
The evidence that THDOC increases the
excitability of CRH neurons following
stress suggests a collapse in the chloride
gradient as previously reported (Hewitt et
al., 2009). To investigate whether the collapse in the chloride gradient is due to a
loss in KCC2, we analyzed the expression
of KCC2 in total protein isolated from the
microdissected PVN in control mice and
mice subjected to restraint stress. Our
data demonstrate a modest, yet statistically significant, decrease in total KCC2
levels in the PVN following stress (92.4 ⫾
3.8 OD units/50 g protein) compared
with control (104.9 ⫾ 3.4 OD units/50 g
protein) (Fig. 9a,b) (n ⫽ 8 mice per experimental group; significance p ⬍ 0.05 determined using an unpaired t test). Figure 9. Dephosphorylation and downregulation of KCC2 following stress. a, Representative Western blot demonstrating
Dephosphorylation of KCC2 residue decreased expression of KCC2 (left), phosphorylation of KCC2 residue Ser940 (center), and surface biotinylated KCC2 (right) in two
Ser940 has been shown to decrease its cell independent PVN samples in control and stress mice. b, The average optical density measurements of KCC2 expression in control
surface expression and activity (Lee et al., mice and mice subjected to 30 min restraint stress. c, The average optical density of phosphorylated KCC2 residue Ser940 in the PVN
from control or stress mice. d, The percentage of phosphorylated KCC2 is significantly decreased following stress compared with
2010). Using a phospho-specific antibody to control. e, A Spearman rank order correlation of corticosterone levels and phosphorylation levels of KCC2 residue Ser940 reveals a
KCC2 Ser940, we demonstrate a significant significant negative correlation (r ⫽ ⫺0.6993). f, The average biotinylated KCC2 expression in the PVN of control and stress
decrease in the phosphorylation of KCC2 wild-type mice. n ⫽ 8 –10 mice per experimental group; significance of *p ⬍ 0.05 compared with control using an unpaired t test.
residue Ser940 following stress (38.4 ⫾ 8.7
OD units/50 g protein) compared with
compared with control (62.6 ⫾ 7.7%) (Fig. 9d) (n ⫽ 8 mice per
control (67.1 ⫾ 10.1 OD units/50 g protein) (Fig. 9a,c) (n ⫽ 8 mice
experimental group; significance p ⬍ 0.05 determined using an unper experimental group; significance p ⬍ 0.05 determined using an
paired t test). A regression analysis revealed a significant negative
unpaired t test). Furthermore, the percentage of phosphorylated
correlation between the levels of phosphorylation of KCC2 residue
KCC2 was significantly decreased following stress (40.4 ⫾ 8.0%)
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Figure 10. Neurosteroidogenesis is required for stress-induced anxiety-like behavior. a, b,
The average time spent (a) and the distance traveled (b) in the open arm of the elevated plus
maze in control mice and mice subjected to 30 min restraint stress and treated with vehicle,
THDOC, or finasteride. c, The average time spent in the center of the open field in control mice
and vehicle, THDOC, or finasteride-treated mice subjected to 30 min restraint stress. d, The
average locomotor behavior, assessed by the number of beam breaks, in control mice and
vehicle, THDOC, or finasteride-treated mice subjected to 30 min restraint stress. n ⫽ 11–12
mice per experimental group; *p ⬍ 0.05 compared with control, #p ⬍ 0.05 compared with
vehicle-treated stress using a one-way ANOVA with Bonferroni correction for multiple
comparisons.

Ser940 and corticosterone levels (r ⫽ ⫺0.6993) (Fig. 9e) (n ⫽ 12; p ⫽
0.0142 determined using a Spearman rank order correlation). To
determine whether alterations in KCC2 residue Ser940 phosphorylation had an effect on surface expression of KCC2, we performed a
surface biotinylation assay and probed for KCC2. These data demonstrate a decrease in surface biotinylated KCC2 in the PVN following stress (21.1 ⫾ 5.3 OD units/50 g protein) compared with
control (45.4 ⫾ 11.9 OD units/50 g protein) (Fig. 9f) (n ⫽ 10 mice
per experimental group; significance p ⬍ 0.05 determined using an
unpaired t test). These data indicate that dephosphorylation of
KCC2 residue Ser940 plays a key role in HPA axis reactivity to stress.
Neurosteroidogenesis mediates stress-induced anxiety
Our data demonstrate that blocking neurosteroidogenesis with
finasteride is sufficient to block the corticosterone response to
stress (Fig. 6b). Therefore, we investigated the effect of neurosteroidogenesis on stress-induced anxiety-like behavior. Following
restraint stress, mice spend significantly less time (16.9 ⫾ 5.8 s)
and travel a shorter distance (46.5 ⫾ 16.2 in) in the open arm of
the elevated plus maze compared with control mice (time: 37.2 ⫾
7.9 s; distance: 89.5 ⫾ 20.6 in) (Fig. 10a). THDOC treatment
before the restraint stress did not have a significant effect on
anxiety-like behavior (time in open arm: 29.5 ⫾ 7.1 s; distance in
open arm: 58.3 ⫾ 16.5 in) compared with vehicle-treated mice
(time in open arm: 16.9 ⫾ 5.8 s; distance in open arm: 46.5 ⫾ 16.2
in), likely because both these experimental groups exhibit high
levels corticosterone (Fig. 6). However, finasteride treatment before restraint stress significantly increased the amount of time
spent in the open arm (80.8 ⫾ 12.7 s) and increased the distance
traveled in the open arm (189.7 ⫾ 30.5 in) compared with
vehicle-treated controls (time in open arm: 16.9 ⫾ 5.8 s; distance
in open arm: 46.5 ⫾ 16.2 in) (Fig. 10a) (n ⫽ 10 –12 mice per
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experimental group; significance p ⬍ 0.05 determined using a
one-way ANOVA with Bonferroni post hoc test: F ⫽ 10.09; df
within-group ⫽ 39; df between group ⫽ 3). Consistent with the
anxiolytic effects of finasteride following stress, 5 of 11
finasteride-treated mice crossed from one open arm immediately
into the opposite open arm and 2 of 11 animals exhibited rearing
in the center of the elevated plus maze. These behaviors were not
observed in the other experimental groups. In addition, we found
similar anxiolytic effects of finasteride following stress in the
open field test. Restraint stress significantly decreased the
amount of time spent in the center of the open field (44.1 ⫾ 5.7 s)
without any change in locomotor behavior (1922 ⫾ 111.6 beam
breaks) compared with controls (time in center: 69.9 ⫾ 5.0 s;
beam breaks: 2067.6 ⫾ 78.8) (Fig. 10b). THDOC treatment did
not significantly alter the time spent in the center of the open field
(63.7 ⫾ 7.8 s) or the number of beam breaks (2320.1 ⫾ 211.3)
compared with vehicle-treated mice (time in center: 44.1 ⫾ 5.7 s;
beam breaks: 1922 ⫾ 111.6). However, finasteride treatment significantly increased the amount of time spent in the center of the
open field (72.1 ⫾ 10.4 s) with no change in locomotor behavior
(1979.7 ⫾ 136.4) compared with vehicle-treated mice (time in
center: 44.1 ⫾ 5.7 s; beam breaks: 1922 ⫾ 111.6); (Fig. 10b) (n ⫽
16 –19 mice per experimental group; significance p ⬍ 0.05 determined using a one-way ANOVA with Bonferroni post hoc test:
F ⫽ 4.599; df within-group ⫽ 55; df between group ⫽ 3). These
data indicate that neurosteroidogenesis is required to mediate the
anxiety-like behaviors induced by stress.

Discussion
This is the first study demonstrating that excitatory actions of
neurosteroids on GABAAR ␦ subunit-containing receptors are
required for the physiological response to stress and stressinduced anxiety-like behavior. Our data demonstrate that CRH
neurons are modulated by neurosteroids via actions on GABAAR
␦ subunit-containing receptors (Figs. 3, 4). Consistent with the
inhibitory actions of GABA, neurosteroids decrease the firing rate
of CRH neurons under normal conditions by potentiating the
effects of GABA on GABAAR ␦ subunit-containing receptors
(Figs. 4, 7). Interestingly, we discovered that following acute restraint stress, THDOC increases the activity of CRH neurons and
increases stress-induced corticosterone levels (Figs. 6, 7). These
data indicate that GABA is no longer inhibitory following stress
in CRH neurons and our data reveal the mechanism underlying
the collapse of the chloride gradient following stress involving
dephosphorylation and downregulation of KCC2.
The inhibitory actions of GABA rely on the maintenance of
the chloride gradient, which is largely accomplished by the K ⫹/
Cl ⫺ cotransporter (KCC2) in the adult (for review, see Farrant
and Kaila, 2007). Here we demonstrate that the collapse in the
chloride gradient in CRH neurons following acute stress depends
on the phosphorylation state of KCC2 residue Ser940 and surface
expression of KCC2 rather than total KCC2 levels (Fig. 9). Our
data provides the underlying mechanism of a previous demonstration of a collapse in the Cl ⫺ gradient following stress (Hewitt
et al., 2009). Dephosphorylation of KCC2 results in decreased
expression of KCC2 on the cell surface (Rivera et al., 2004; Wake
et al., 2007; Lee et al., 2011), causing depolarizing and excitatory
actions of GABA (Lee et al., 2011). Here we demonstrate for the
first time a stress-induced dephosphorylation of KCC2 residue
Ser940 and decreased surface expression of KCC2 in the PVN
(Fig. 9), resulting in excitatory actions of neurosteroids on CRH
neurons mediated by GABAAR ␦ subunit-containing receptors
(Fig. 7). These results demonstrate dynamic alterations in the
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Figure 11. A model of HPA axis regulation. The activity of the HPA axis is governed by CRH neurons in the PVN. These neurons receive inputs from many different brain regions and are modulated
by many different neurotransmitter systems. However, the activity of these neurons is ultimately under robust GABAergic control. We propose a model of HPA axis activation which overrides this
robust GABAergic inhibition by dephosphorylating and downregulating KCC2, resulting in a collapse in the chloride gradient, and excitatory actions of GABA. The stress-derived neurosteroid, THDOC,
potentiates GABAAR ␦ subunit-containing receptors, resulting in excitation of CRH neurons which is required to mount the physiological response to stress in a rapid, all-or-none fashion.

phosphorylation state of KCC2 and thus, the extent of GABAergic inhibition under physiological conditions. We propose a
model in which dephosphorylation and downregulation of
KCC2 is the normal mechanism through which CRH neurons are
relieved from robust GABAergic constraint to mount the physiological response to stress (Fig. 11), which may be necessary to
override the GABAergic control of the rhythmic, diurnal corticosterone secretion (for review, see Buijs and Kalsbeek, 2001).
In immature neurons, expression of the Na ⫹-K ⫹-Cl ⫺
cotransporter, NKCC1, predominates resulting in depolarizing
actions of GABA (Ben-Ari, 2002), although, in mature neurons it
is argued that depolarizing GABA is likely still inhibitory in hippocampal neurons via shunting inhibition (Staley and Mody,
1992; Banke and McBain, 2006). Deficits in KCC2 have been
suggested to result in deficient GABAergic inhibition and contribute to numerous disease states, including ischemia, neuropathic pain, trauma, and epilepsy (Coull et al., 2003; Dzhala et
al., 2005; Jin et al., 2005; Prescott et al., 2006; Huberfeld et al.,
2007; Papp et al., 2008). Our data suggest that under physiological conditions, such as in response to stress, there is a dynamic
regulation of KCC2, resulting in excitatory actions of GABA on
CRH neurons. These data support the idea that, in specific populations of adult neurons, GABA can be excitatory under physiological conditions. These findings build on existing evidence that
GABA is excitatory in KCC2 ⫺/ ⫺ mice (Hübner et al., 2001), follow-

ing spinal cord injury (Nabekura et al., 2002), and in adult human
patients with TLE (Cohen et al., 2002; Huberfeld et al., 2007; Muñoz
et al., 2007; for review, see Kahle et al., 2008). Thus, it is becoming
increasingly apparent that under both physiological and pathological conditions, GABA can be excitatory in specific populations of
adult neurons. In addition, the dynamic changes in chloride homeostasis via alterations in KCC2 expression can no longer be ignored
when considering the impact of GABAergic inhibition.
GABAergic inhibition has been proposed to play a key role in the
regulation of CRH neurons. Here we demonstrate, for the first time,
a role for the GABAAR ␦ subunit in the regulation of CRH neurons,
and thus, control of the HPA axis. Previously, GABAAR ␦ subunit
expression was documented in the PVN of the hypothalamus
(Pirker et al., 2000), although these findings have remained controversial merely due to the limited number of studies investigating
GABAAR subunit expression in this region. Interestingly, it was discovered that there are changes in the mRNA expression of extrasynaptic ␣5- and ␦-subunit-containing receptors following chronic
stress (Verkuyl et al., 2004), which implicate ␦-subunit-containing
receptors in stress reactivity. Here we observe the expression of the
GABAAR ␦ subunit in the PVN using both Western blot and immunohistochemical techniques (Fig. 2). Further, our functional data
demonstrate a neurosteroid-sensitive tonic current controlling the
activity of CRH neurons (Figs. 3, 4), implicating the involvement of
the GABAAR ␦ subunit in the regulation of these neurons. Most
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convincing are the data demonstrating a lack of neurosteroid sensitivity in CRH neurons from Gabrd ⫺/ ⫺ mice (Figs. 3, 4). These data
support a role for GABAAR ␦ subunit-containing receptors in the
regulation of the stress response. However, in light of the excitatory
actions of GABA on CRH neurons following stress, there must be
additional mechanisms functioning to shut down the HPA axis,
such as presynaptic changes on the GABA drive onto CRH neurons
(Verkuyl et al., 2005; for review, see Wamsteeker and Bains, 2010).
Additional experiments are required to fully understand the impact
of excitatory actions of GABA following stress and the implications
for the control of the HPA axis.
Our data demonstrate that neurosteroid actions on GABAARs
are required to mount the physiological response to stress (Fig.
6). This is in contrast to the findings that neurosteroids, including
THDOC, are anxiolytic under basal conditions (Crawley et al.,
1986; Reddy and Kulkarni, 1997; Rodgers and Johnson, 1998).
However, previous studies have demonstrated anxiogenic actions of neurosteroids under conditions of altered steroid hormone levels (Smith et al., 2006), consistent with our findings
following stress. It is interesting to note that previous studies have
shown that administration of the neurosteroid allopregnanolone
also exacerbated the corticosterone response to acute stress (Guo et
al., 1995). THDOC levels reach ⬃15–30 nM in the plasma following
stress and local concentrations of neurosteroids are likely much
higher (for review, see Reddy, 2003). In addition to elevations in the
stress-derived neurosteroid, THDOC, following stress, there are also
elevations in the levels of the ovarian-derived neurosteroid, allopregnanolone (Purdy et al., 1991). Future studies are required to determine the contribution of allopregnanolone to the regulation of the
HPA axis. However, since allopregnanolone is also a positive allosteric modulator of GABAARs, acting preferentially on GABAAR ␦
subunit-containing receptors, we predict that allopregnanolone may
also contribute to the excitation of CRH neurons.
This study demonstrates a novel role for GABAAR ␦ subunitcontaining receptors and phosphorylation of KCC2 residue Ser940
in the regulation of the HPA axis. Although the mechanism of KCC2
dephosphorylation associated with stress is currently unknown,
glutamate-mediated dephosphorylation and downregulation of
KCC2 has been shown to result in excitatory actions of GABA (Lee et
al., 2011). Future studies are required to determine the exact mechanism of stress-induced KCC2 Ser940 dephosphorylation following
stress, which may have therapeutic implications for stress-induced
anxiety-like behaviors. Information gained from this study, identifying novel targets for HPA axis regulation, may have therapeutic
potential in the treatment of many disorders associated with HPA
axis malfunction, such as epilepsy, osteoporosis, premature ejaculation, premenstrual syndrome, major depression, and postpartum
depression (for review, see Chrousos, 2009).
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