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Abstract

Corticotrophin Releasing Factor (CRF) is a critical stress-related neuropeptide in major output 

pathways of the amygdala, including the central nucleus (CeA), and in a key projection target of 

the CeA, the bed nucleus of the stria terminalis (BnST). While progress has been made in 

understanding the contributions and characteristics of CRF as a neuropeptide in rodent behavior, 

little attention has been committed to determine the properties and synaptic physiology of specific 

populations of CRF-expressing (CRF+) and non-expressing (CRF−) neurons in the CeA and BnST. 

Here, we fill this gap by electrophysiologically characterizing distinct neuronal subtypes in CeA 

and BnST. Crossing tdTomato or channelrhodopsin-2 (ChR2-YFP) reporter mice to those 

expressing Cre-recombinase under the CRF promoter allowed us to identify and manipulate CRF+ 

and CRF− neurons in CeA and BnST, the two largest areas with fluorescently labeled neurons in 

these mice. We optogenetically activated CRF+ neurons to elicit action potentials or synaptic 

responses in CRF+ and CRF− neurons. We found that GABA is the predominant co-transmitter in 

CRF+ neurons within the CeA and BnST. CRF+ neurons are highly interconnected with CRF− 

neurons and to a lesser extent with CRF+ neurons. CRF+ and CRF− neurons differentially express 

tonic GABA currents. Chronic, unpredictable stress increase the amplitude of evoked IPSCs and 

connectivity between CRF+ neurons, but not between CRF+ and CRF− neurons in both regions. 

We propose that reciprocal inhibition of interconnected neurons controls CRF+ output in these 

nuclei.
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1. Introduction

Anxiety disorders, the most common of neuropsychiatric conditions, contribute to the 

etiology of major depression and substance abuse (Kessler et al., 2005). The macrocircuitry 

controlling fear and anxiety relies crucially on the amygdala, a brain region important for 

emotional processing (Kim et al., 2013; Luthi and Luscher, 2014), as well as the bed nucleus 

of the stria terminalis (BnST), a key amygdala output target.

Within the amygdala, the basolateral nucleus (BLA) is comprised of ~90% glutamatergic 

neurons, whereas the central nucleus (CeA) contains 95% GABAergic medium sized 

neurons (Marek et al., 2013). A primary output sub-region of the amygdala is the medial 

CeA (CeM). When the CeM is chemically or electrically excited, autonomic and behavioral 

responses associated with fear and anxiety via projections to the hypothalamus and 

brainstem results. The BnST is also considered an essential target of the CeA. It serves a key 

role in stress responses by receiving inputs from the CeA and then projecting to the 

paraventricular nucleus of the hypothalamus (PVN), the main regulator of systemic 

glucocorticoid levels. In addition, the BnST sends both GABAergic and glutamatergic 

projections to the ventral tegmental area (VTA) and other areas involved in the regulation of 

anxiety (Jennings et al., 2013; Johansen, 2013).

CRF is a neuropeptide that is particularly enriched in the CeA and BnST. It has received 

special attention for its role in anxiety, and the hormonal and behavioral response to 

adversity (Pitts et al., 2009; Schulkin, 2011). In fact, CRF infusion in either region increases 

heart rate in rats (Nijsen et al., 2001) and causes anxiety-like behavior (Koob and Thatcher-

Britton, 1985; Daniels et al., 2004; Sahuque et al., 2006; Davis et al., 2010; Donatti and 

Leite-Panissi, 2011).

Within the CeA and BnST, GABA is also critical regulator of anxiety-like behaviors, and a 

well-established contributor to neurophysiological and behavioral phenotypes associated 

with these states including drug and alcohol consumption (Richter et al., 2000; Hayes et al., 

2005; Funk et al., 2006; Lowery-Gionta et al., 2012; Herman et al., 2013b; Silberman and 

Winder, 2013; Zorrilla et al., 2014; Herman et al., 2015). As reviewed by Gilpin (Gilpin, 

2012) increases in local GABA within the CeA are translated to decreased inhibitory tone 

within CeA target regions, including the BnST. Disinhibition of these target zones is 

associated with increases in stress and anxiety-like behavior. Consistent with this, 

microinjection of the GABAA receptor agonist, muscimol, into the BnST attenuates the 

response to both conditioned and unconditioned fear-evoking stimuli (Fendt et al., 2003). 

Moreover, in some species, the CeA provides a CRFergic projection to the BnST (Sakanaka 

et al., 1986), as well as to lateral hypothalamus, the reticular formation, and parabrachial 

nuclei. Interestingly, there is a well-established anatomical and functional GABAergic 

projection from CeA to BnST (Sun and Cassell, 1993; Li et al., 2012). The degree to which 
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these GABAergic and CRFergic projections overlap remains to be conclusively 

demonstrated.

Immunohistochemical, in situ hybridization (Day et al., 1999), and single cell PCR data 

have confirmed overlap and co-expression of markers of GABAergic and CRFergic 

phenotype in the BnST (Sarkar et al., 2011; Dabrowska et al., 2013). In other brain regions, 

CRF co-localizes with other neurotransmitter markers, for example, glutamate in the PVN 

(Hrabovszky et al., 2005; Dabrowska et al., 2013). Co-localization between CRF and other 

neuropeptide markers (e.g., oxytocin, vasopressin, and neurotensin) has also been reported 

(Sawchenko et al., 1984) in the PVN, and co-expression with prodynorphin (which also co-

localized with GABA) has been described in the CeA (Ma et al., 2003; Marchant et al., 

2007). The diversity in CRF co-expression across neuronal types and across brain regions 

underscores the importance of detailed examination of the functional phenotype of these 

neurons.

Despite a long history of interest in CRF within the amygdala and BnST, only recently have 

studies begun to dissect the functional phenotype of CRF neurons in these regions. While a 

wealth of prior studies have characterized the cytochemical organization of the CRF system 

in the brain, only the recent availability of CRF-specific Cre driver lines have allowed the 

dissection of the neurophysiology of this neuron population. We chose the CRF-CRE 

transgenic line that has recently been used to characterize the firing properties of CRF+ 

neurons in the BnST, CeA (Silberman et al., 2013), PVN (Wamsteeker Cusulin et al., 2013), 

and hippocampus (Hooper and Maguire, 2016), and displays excellent fidelity as a reporter 

line (Chen et al., 2015).

The genetic tools described above were used here to test the following hypotheses: 1) CRF+ 

neurons display functional, GABAergic synaptic connections with other CRF+ neurons as 

well as between CRF+ and CRF− neurons and 2) that chronic mild stress would alter the 

connectivity amongst CRF+ neurons. We tested these hypotheses through a combination of 

electrophysiological, pharmacological, and optogenetic approaches to provide a 

comprehensive characterization of the synaptic networks of CRF+ neurons in the CeA and 

BnST. Consistent with our hypothesis, we found that GABA is the primary and functional 

co-transmitter in CRF+ neurons, and that the synaptic strength and connectivity is enhanced 

by chronic stress. The work presented here begins to address the specific role of the synaptic 

interactions of CRF+ networks in the control of anxiety.

2. Methods

2.1. Slice preparation, pharmacology and electrophysiology

The strain of transgenic mice examined in this study, to genetically identify or activate 

fluorescent neurons was JAX stock #012704 (B6(Cg)-CRFtm1(cre)Zjh/J) (Silberman et al., 

2013; Wamsteeker Cusulin et al., 2013). The CRF-ires-Cre allele contains Cre recombinase 

in the 3′ UTR of the CRF locus allowing the expression of Cre directed by the endogenous 

CRF promoters/enhancers. Hemizygous mice were bred with either tdTomato “rosa26 
floxed-stop”, Ai14, Jackson Laboratory (Bar Harbor, ME) Stock # 007914 (Madisen et al., 

2010) or ChR2H134R-EYFP, Ai32, Jackson Laboratory Stock # 012569 “reporter” mice 
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(Madisen et al., 2012). These mice display the typical patterns of CRF+ labeling throughout 

the CNS (Taniguchi et al., 2011; Chen et al., 2015). Acute slice preparations were prepared 

as described previously (Adedoyin et al., 2010; Partridge et al., 2014). Male or female mice 

were sacrificed by decapitation in agreement with the guidelines of the AMVA Panel on 

Euthanasia and the Georgetown University animal care and use committee. Following 

dissection, brains were rapidly placed in ice-cold slicing solution containing (in mM): NaCl 

(85), KCl (2.5), CaCl2 (1), MgCl2 (4), NaH2PO4 (1), NaHCO3 (25), glucose (25), and 

sucrose (75), osmolarity 325 mOsm. Recordings from 250 μm coronal slices containing the 

BnST or amygdala were performed in artificial cerebrospinal fluid (aCSF) containing (in 

mM): NaCl (124), NaHCO3 (26), dextrose (10), KCl (4.5), CaCl2 (2.0), Na2HPO4 (1.2) and 

MgCl2 (1), osmolarity 325 mOsm. Epifluorescent excitation of the tissue allowed neuron 

selection using a 60× water immersion objective. Recording pipettes were filled with either 

potassium chloride (KCl) or potassium gluconate (Kgluc) solutions. The KCl solution 

contained (in mM): KCl (145); HEPES (10), EGTA (5), ATP·Mg (5), and GTP·Na (0.2), 

osmolarity 305 mOsm; adjusted to pH ~7.20 with KOH. For Kgluc-based internal solutions, 

KCl was replaced with (145 mM) potassium gluconate. Stock solutions of bicuculline 

methobromide (BIC), tetrodotoxin (TTX), 2,3-dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), all from Abcam Biochemical 

(Cambridge, MA) were prepared in water and diluted 1:1000 in aCSF.

Recording electrodes were made from glass capillary tubes (Drummond Scientific Company, 

Broomall, PA, Cat. #5-000-2050) using a vertical heating puller (PP-83, Narishige, Tokyo, 

Japan). Pipettes with tip resistances between 4 and 6 MΩ were used for all recordings. Patch 

clamp recordings were performed using a MultiClamp 700B amplifier while signals were 

low-pass filtered at 2 kHz, sampled at 5 kHz and acquired with a Digidata 1440A 

(Molecular Devices, Sunnyvale, CA) on a Dell OptiPlex 990 PC.

2.2. Morphological studies

Confocal z-stacks (0.5–1.3 μm in thickness) were collected with a ThorLabs Imaging 

resonance laser scanning confocal (Sterling, VA) equipped with a 488 nm/561 argon laser 

integrated on a Nikon Eclipse FN1 upright microscope. “z-projection” stacks were prepared 

with Image J software (v1.47n, Bethesda, MD).

2.3. Immunohistochemistry

Brain sections were prepared from adult male or female mice aged ~3 months. After 

isoflurane anesthesia, animals were placed on an elevated surgical board and a Y-incision in 

the thoracic-abdominal region was made to expose the heart. A needle was inserted into the 

left ventricle, clamped in place, and connected to a pumping perfusion system. The 

perfusion was initiated with a 200 mL 0.1 M phosphate-buffered saline wash (PBS) pH 7.4, 

followed by a 200 mL phosphate-buffered paraformaldehyde fixative (0.1 M and 4% 

respectively, pH 7.4). The brains were then removed and stored overnight in the phosphate-

buffered paraformaldehyde fixative before being transferred to a 20% sucrose solution 

(PBS/20% sucrose).

Partridge et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2020 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunostaining was performed as in Valentino et al. (Valentino et al., 1992). Frozen 30 μm 

coronal sections were cut on a cryostat and collected in a series of 4 wells in 0.1 M PBS. 

Sections were incubated in 0.75% H2O2 for 20 min and then rinsed 3 × 10 min with PBS 

containing 0.3% Triton-X and 0.04% bovine serum albumin (PBS-TX-BSA). Sections were 

incubated with either rabbit anti-CRF (1:1000, Dr. Wylie Vale, the Salk Institute, La Jolla, 

CA), rabbit anti-GABA (1:1000, Sigma) or mouse monoclonal anti-GAD67 (1:500, 

MAB5406, Chemicon-Millipore, Billerica, MA), in PBS-TX-BSA and 0.1% sodium azide 

for 48–72 h at 4 °C. Following three PBS-TX-BSA rinses (10 min each), sections were 

incubated in secondary antibodies for 90 min at room temperature. For 

immunohistochemical processing of sections from crf;tdTomato mice, secondary antibodies 

were donkey anti-rabbit conjugated to FITC (Jackson Immuno Research, West Grove, PA). 

Sections were then rinsed in PBS, mounted, and cover-slipped with Fluoromount G (South-

ernBiotech, Birmingham, AL). For confocal imaging, 2-channel resonance laser scanning 

confocal was used for excitation of endogenous tdTomato or FITC fluorescence. 1 μm thick 

z-stack images (1024 × 1024 pixels) were processed with ImageJ software and presented as 

a composite image of 12–20 z-stacks. Immuno-reactive neurons for GAD67 from 

representative sections containing either the CeA or BnST (24 sections from 3 adult male 

mice) were counted and analyzed for dual-labeling. Co-localization of immunostaining 

overlap was performed by manually tracing regions of interest corresponding to the cell 

bodies of neurons expressing tdTomato with Image J in all focal planes. Counts of neurons 

co-localizing the two markers were expressed as a percentage of the total number of 

neurons.

2.4. Optogenetics and slice recording

Coronal slices from Cre-dependent ChR2-YFP “reporter” mice were acutely prepared from 

postnatal day 17 to adult animals (>PD300). Slices were excited with 488 nm light from an 

argon laser source at 3–8% power or from X-Cite 120 LED (Excelitas Technologies, 

Waltham, MA) with maximal light intensity adjusted to prevent loss of voltage-clamp (Vhold 

= −70 mV). We assessed maximal light evoked postsynaptic currents in response to light 

applications greater than 100 ms to avoid the variability that we observed with shorter light 

pulse duration due to a variety of uncontrolled variables such as the time constant of the 

presynaptic cells and changes in release probability with repeated stimulations. All 

experiments were performed at room temperature (22–24 °C) with the exception of a subset 

performed at elevated temperature (30–32 °C) in attempts to observe endogenous CRF 

release. Access resistance was monitored periodically with a 15 ms, −5 mV test pulse 

applied 30 ms before the onset of light stimulation. Those neurons in which the access 

resistance changed by >10% were discarded from the final population of cells for statistical 

analyses. Light stimulations did not alter the passive membrane properties as assessed by the 

test pulse. The following compounds were tested in optogenetic experiments at the following 

concentrations in micromolar (μM): BIC (25), GABAzine (10), NBQX (5), or antalarmin 

(25). All these agents were purchased from Sigma-Aldrich (St. Louis, MO).

2.5. Patch clamp analysis

Standard electrophysiological analysis was conducted to measure the mean peak response 

obtained by averaging the largest IPSC across 20 trials separated by 10 s intervals. Data 
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collected were derived from 26 mice with an average of 8 cells per mouse (range 3–24 

cells). The rate of action potentials was determined via threshold detection software 

(Clampfit v10.4, Molecular Devices LLC, Sunnyvale, CA). Spontaneous inhibitory 

postsynaptic currents (sIPSCs) were analyzed with mini Analysis 6.0.3 (Synatosoft Inc., Fort 

Lee, NJ). AMPA-mediated sEPSCs were identified by their rapid decay kinetics (<7 ms) and 

were excluded from the analysis. sIPSC frequency assessment was based on at least 100 

events in each cell studied.

2.6. Chronic unpredictable stress paradigm

This protocol consisted of a once daily stressor from the following three paradigms given 

randomly over a 5–7 day time period: 1) cold stress: prolonged exposure to 4 °C cold room 

for 120 min each in novel cage; 2) restraint stress: 1 h placement of mouse in a Falcon 50 

mL conical tube with custom made air holes for air circulation (Fisher Scientific); or 3) foot 

shock stress: randomly variable between 0.5s and 1s in duration, 10 × 0.5–1.0 mA shocks 

given randomly over at 90 s time interval (Schweizer et al., 2009). Electrophysiology 

experiments were performed 16–40 h after the last stressor, a period during which we found 

behavioral signs of anxiety caused by chronic stress (see below).

2.7. Behavioral assessment of chronic unpredictable stress effects

B6129SF2/J wild type mice (JAX strain # 101045), selected to approximate the genetic 

background of F1 offspring resulting from our crosses of CRF-Cre and reporter lines, were 

used for behavioral verification of the efficacy of our chronic stress paradigm.

Two days after chronic stress, animals were tested for anxiety-like behavior in the open field, 

followed two weeks later by habituation of the acoustic startle response. We selected these 

two time points to demonstrate long-lasting effects of chronic stress in our animals. For open 

field testing, mice were placed in the center of a novel Plexiglas chamber and tracked using 

ANYmaze software (Stoelting) and the time in the center vs periphery of the chamber was 

calculated over the 5 min test. For habituation of the acoustic startle response, animals were 

tested in the SRLab startle system (San Diego Instruments) and presented with a series of 

five 120 dB white noise pulses, followed by prepulse inhibition trials as previously described 

(Washington et al., 2012; Wurzman et al., 2015), followed by another five 120 dB white 

noise pulses. Habituation of startle was calculated by taking the average startle response to 

the last five trials divided by the average startle response to the first five trials.

2.8. Statistics

Unpaired Student’s t-tests were used to investigate relationships between control and treated 

conditions unless otherwise indicated. In some cases, we employed Mann-Whitney-U tests 

(non-parametric) when sample size was lower, normality was in question, or variance was 

unequal. Paired Student’s t-tests were used for two-sample comparisons within the same 

neuron. Statistics were conducted with GraphPad Prism (La Jolla, CA) or Excel software. 

All data values in text and figures are presented as mean ± SEM. All figures were prepared 

with ClampFit, ImageJ, Powerpoint, Igor or Excel software. While both age and sex are 

biological variables of interest, they were not of primary concern for this manuscript. Thus, 

we collapsed across age and sex to maximize statistical power for the comparisons of 
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primary interest, e.g., stressed vs non-stressed. This approach is supported by the finding of 

Sterrenburg and colleagues, who found similar levels of cFos responsivity [a presumptive 

marker of neuronal activation] in male and female rats after stressors, despite sex differences 

in CRF and plasma stress responses (Sterrenburg et al., 2012). We were not able to make a 

comparison between young and old or male and female animals as all of these analyses were 

underpowered when assessed by post-hoc power analysis.

3. Results

3.1. CRF expressing neurons in the BnST and CeA

Mice that express Cre recombinase in neurons directed by the promoter for the crf gene have 

been recently used to study CRF immunopositive neurons in the BnST and CeA (Silberman 

et al., 2013), the PVN (Wamsteeker Cusulin et al., 2013) and the olfactory bulb (Huang et 

al., 2013). To confirm and extend these results, we performed electrophysiology and 

immunohistochemistry on genetically identified CRF neurons located in BnST and CeA. To 

analyze the properties of CRF neurons we investigated mice that express tdTomato red 

fluorescence in these neurons. Fig. 1 compares a horizontal slice (Fig. 1A) with coronal 

slices (Fig. 1B–C) at low magnification (2×). In the horizontal slice crf;tdTomato expressing 

neurons are seen at low density throughout the cortex and hippocampus. However bright 

clusters of high neuronal densities are seen in extended areas corresponding to the CeA and 

the BnST. Orthogonal coronal slices at two distinct sections (Fig. 1B–C) clearly reveal 

identifiable clusters of high CRF+ neuron density. The BnST (Fig. 1B) is located in the more 

rostral section containing the anterior commissure, which was used to identify the location 

of the BnST. The CeA (Fig. 1C) is displayed in a more caudal section. High power (60×) 

photomicrographs of these neurons, below the low power images, show that they are 

heterogeneous in shape and size in the BnST but more medium sized with spiny dendrites in 

the CeA. Immunostaining with antibodies against CRF revealed co-expression of somatic 

tdTomato and CRF antigen immunoreactivity as seen in Fig. 1D and reported for CRF 

neurons of the PVN (Wamsteeker Cusulin et al., 2013) BnST, amygdala and hippocampus 

(Chen et al., 2015). CRF immunoreactivity and tdTomato expression extensively co-

localized in 480 neurons in 3 sections each analyzed from 2 mice. CRH immunoreactivity 

was observed in 83% of the tdTomato neurons. Conversely, nearly all soma containing CRH 

co-expressed tdTomato (98%).

Current clamp recordings from tdTomato expressing neurons (CRF+) in BnST (Fig. 1E) or 

CeA (Fig. 1F) matched the reported hyperpolarized and largely variable resting membrane 

potential in BnST and CeA neurons, respectively (Silberman et al., 2013). In addition, 

compatible with that detailed study, the action potential firing pattern in response to current 

injection was characterized by a delay to first spike and the presence of inward rectification 

for CeA neurons that responded occasionally with burst firing to depolarizing current 

injection. Similar types of CeA CRF+ neurons were reported in the study of Silberman et al. 

(2013). This phenotype matches one of several subtypes of unidentified CeA neurons 

characterized by the response to depolarizing current injections (Lopez de Armentia and 

Sah, 2004; Chieng et al., 2006; Herman et al., 2013a). Non-labeled neurons in CeA were of 
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two major sub-types, one with striatal projection neuron-like firing (Luo et al., 2013) and the 

other with a somatostatin/neuropeptide Y-like neuron firing (Ibanez-Sandoval et al., 2011).

3.2. Optogenetic activation of crf;ChR2-YFP neurons

To further characterize the synaptic physiology of CRF+ neurons in the BnST and CeA, 

optogenetic techniques were used to manipulate their activity in slices from CRF;ChR2-YFP 

expressing mice. As shown in the example trace in Fig. 2A, repetitive pulses of blue light 

consistently evoked sustained action potential firing in cell attached mode from a CRF+ 

neuron in the CeA. For the subset of cells in which we did this experiment, similar results 

were seen in 13/13 CRF+ BnST neurons and 19/19 CRF+ CeA neurons. The majority of our 

recordings in the BnST were performed in the ventral area of this large nucleus. However, 

the CRF neurons within this area were visualized across several sub-nuclei within the ventral 

BnST. We therefore pooled data from these areas to maximize the number of neurons from 

which data were collected.

Upon whole cell current clamp recordings, blue light activation of CRF+ neurons induced 

depolarization that, when sufficiently large, were capable of triggering individual or repeated 

action potentials as in the example CeA neuron shown in Fig. 2B. We then used voltage 

clamp recordings (Vhold = −70 mV), as shown in the traces in Fig. 2C, to determine the 

extent and shape of optogenetically activated currents from CRF+ neurons. In this 

configuration, we consistently evoked inward currents that activated and inactivated in a 

reliable manner with the duration of the light pulse.

When the light evoked response from CRF+ neurons was examined in more detail by 

recording with high [Cl]i we occasionally observed fast postsynaptic current (PSC)-like 

events stochastically superimposed on the larger ChR2 current (Fig. 2C, left). We detected 

these types of events in 4 of 14 BnST CRF+ neurons and 11 of 28 CeA CRF+ neurons. This 

is graphically illustrated in Fig. 2D. Upon application of 25 μM bicuculline (BIC), the PSC-

like events were greatly reduced and a more isolated ChR2 current remained (Fig. 2C, right). 

The amplitude of the BIC insensitive current was on average 157 ± 27 pA in 14 BnST CRF+ 

neurons and 237 ± 41 pA in 28 CeA CRF+ neurons. When an averaged ChR2 current (from 

within each individual cell) was subtracted from the total current response we were able to 

study light-evoked fast PSCs in CRF+ neurons (see Fig. 2E). The light-evoked PSCs may be 

due to glutamate release from other CRF+ neurons; either directly on the recorded CRF+ 

neuron, or via polysynaptic pathways by intermediary neurons. Therefore, we tested these 

hypotheses with application of the AMPA receptor antagonist NBQX (5–10 μM). The 

evoked synaptic responses were unaltered in 4/4 CRF+ neurons in the BnST and 5/5 CRF+ 

neurons in the CeA where we observed light evoked synaptic responses. These results 

demonstrate that CRF+ neurons release GABA upon optogenetic stimulation, and suggest 

that GABA together with CRF is the major co-transmitter in these cells.

We next turned our attention on CRF− neurons and repeated the experiments described 

above. Initial current clamp recordings from unidentified CRF− neurons in BnST were quite 

variable (example in Fig. 3A). Spiking patterns and resting membrane potential values were 

unpredictable and only partially matched the three major types of BnST neurons previously 

reported in rats (Hammack et al., 2007). In contrast, several CRF− neurons located in the 
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CeA were found to have non-accommodating regular firing pattern with inward rectification 

similar to those reported in striatal spiny projection neurons (Luo et al., 2013). As shown in 

Fig. 3B, in additional CRF− neurons located in the CeA, we observed burst firing typical of 

somatostatin expressing neurons (Taniguchi et al., 2011).

When light evoked responses were studied in more detail from CRF− neurons, while 

recording with high [Cl]i, we frequently observed fast inward currents that resembled IPSCs 

(Fig. 3C–D). In both BnST (Fig. 3C) and CeA (Fig. 3D) the evoked currents were stochastic 

when observing the peak amplitude. Light evoked PSCs were seen in 18 of 45 BnST CRF− 

neurons and 22 of 30 CeA CRF− neurons. As in CRF+ neurons, this is graphically illustrated 

in Fig. 3E. To ascertain the type of neurotransmitter receptor mediating the light evoked 

currents, we focally applied NBQX (5 μM). This failed to significantly alter the synaptic 

response in 7/7 CRF− neurons in BnST and 9/9 CRF− neurons in the CeA (Examples in Fig. 

3C from CRF− lacking neurons). The nature of the light-evoked PSCs was investigated 

further with GABAA receptor antagonists. In both the BnST (Fig. 3C) and the CeA (Fig. 

3D), BIC (25 μM) abolished the PSCs (n = 8/9 CRF− cells in BnST, n = 10/14 CRF− cells 

CeA). This is summarized in Fig. 3F. Comparable results were seen with GABAzine (10 

μM, not shown). To determine if the evoked current was action potential mediated we tested 

the effects of a voltage-gated sodium channel blocker. TTX (500 nM) abolished the current 

in all 6 neurons tested in this condition. These data, taken together suggest that activation of 

CRF+ neurons (or terminals) in BnST and CeA release GABA that produce IPSCs in target 

neurons.

To support these electrophysiological observations, we performed immunohistochemical 

studies using the crf;tdTomato strain and antibodies which detect GABA (Valentino et al., 

2001) or GAD67 (Dabrowska et al., 2013). As shown in Fig. 3G, the majority of putative 

CRF neurons (tdTomato+) in the CeL were co-labeled by anti-GABA antibodies. Analysis of 

200 neurons from 6 sections showed that in CeL 4.0± 2.3% of tdTomato positive cells did 

not stain with the GABA markers and 18± 7% of GABA or GABAergic neurons did not co-

localize with tdTomato expression. In contrast, in 50 neurons from 5 sections of CeM we 

observed 40± 18% of tdTomato positive cells that did not stain with the antibody for GABA 

markers and 65± 12% of GABAergic neurons that did not express td-Tomato. Control 

sections which lacked primary antibodies to GABA did not label any structures. Dual-

immunofluorescence experiments in BnST have revealed that 95% of CRF+ neurons co-

localized GAD67 but the majority of GAD67+ neurons do not co-localize CRF (Dabrowska 

et al., 2013).

3.3. Tonic GABA conductance in BnST and CeA neurons

To investigate the occurrence of tonic activation of GABAA receptors in CRF− and CRF+ 

neurons in the BnST and CeA we studied the action of a selective GABAA antagonist on 

holding current values. Fig. 4A shows on a slow time course the effect of BIC on holding 

currents in voltage clamp recordings from CRF− or CRF+ neurons. In the BnST, BIC 

unmasked a current of 18.4 ± 4.6 pA in CRF− neurons (n = 19) while this value averaged 3.5 

± 1.1 pA in CRF+ neurons (n = 14, Fig. 4B). CRF− neurons in CeA were also more sensitive 

to the effect of BIC (10.1 ± 1.1 pA, n = 22) than CRF+ neurons (5.9 ± 1.3 pA, n = 14, Fig. 
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4B). Thus in both structures, BIC unmasked significantly larger tonic current in the CRF− 

neurons as compared to the CRF+ neurons (BnST and CeA Mann-Whitney, p < 0.05). To 

extend this finding we used a pharmacological tool to probe the “extra-synaptic” pool of 

GABAA receptors. As the δ subunit is enriched in extra-synaptic GABAA receptors we used 

the δ preferring agonist THIP (1 μM). In 9 CRF− neurons from CeA, THIP evoked an 

average inward current of 22.5 ± 5.2 pA while in 6 CRF+ neurons, average THIP current 

was 3.7 ± 1.8 pA (p < 0.005, Mann Whitney test). In 5 CRF− neurons from BnST, THIP 

evoked an average inward current of 48.4 ± 20.6 pA while in 5 CRF+ neurons, average THIP 

current was 2.9 ± 1.4 pA (p < 0.008, Mann Whitney test). These data are reported in Fig. 4C.

3.4. Chronic unpredictable stress induces anxiety-like behavior and affects synaptic 
connectivity in CRF+ neurons in CeA and BnST

Because stress has been shown to modulate the CRF system (Lightman and Young, 1988; 

Merlo Pich et al., 1995; Sandi et al., 2008), resulting in behavioral states consistent with 

anxiety in animal models, and because chronic stress has been shown to modulate synaptic 

transmission within the amygdala (Padival et al., 2013; Liu et al., 2014; Masneuf et al., 

2014), we next aimed to test the hypothesis that chronic, unpredictable stress (CUS) alters 

the physiology of CRF+ neurons in CeA and BnST.

As shown in Fig. 5, CUS resulted in a significant decrease in time spent in the center of an 

open field task, consistent with an anxiety-like response (Mann Whitney U = 22, P = 

0.0108). This effect was detected 48 h after the final stressor. To determine if an enduring 

pro-anxiety state was induced by our manipulations, we examined the habituation of 

acoustic startle response 14 days after the last stressor. We found that animals subjected to 

CUS displayed reduced habitation as compared to non-stressed control animals (Fig. 5B; 

Mann Whitney-U = 17, P = 0.043). These data provide behavioral validation for the CUS 

paradigm, which we subsequently employed in crf;ChR2-YFP mice in order to examine 

synaptic function.

We compared the effects of CUS on light evoked responses from CRF− and CRF+ neurons 

in the BnST and CeA from crf;ChR2-YFP mice. As shown in Fig. 5C, repetitive IPSCs were 

evoked by light stimuli. We used longer light stimuli (400 ms) to increase our ability to 

detect peak light evoked responses in control vs stressed animals. Fig. 5D summarizes the 

average peak response to light activation from CRF− and CRF+ neurons in the CeA. The 

average peak response increased only in CRF+ neurons. We did not detect any significant 

effect in synaptically mediated responses under control and stress conditions in CRF− 

neuron in the CeA (Fig. 5D). Moreover, neither the resting membrane potential nor the 

passive membrane properties of CRF− or CRF+ neurons in either region was modified by 

CUS. Finally, as shown in Fig. 5E, after CUS we found a significant increase (X2 test) in the 

proportion of CRF+ neurons that displayed light-evoked synaptic currents. By contrast, 

stress failed to alter the percent of CRF− neurons with light evoked IPSCs in both BnST and 

CeA and the persistence of the light response.
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3.5. The lack of an effect of a CRF R1 antagonist on IPSCs amplitude and sIPSC 
frequency in control vs stressed mice

To investigate the possibility that light evokes co-release of GABA and CRF from CRF+ 

neurons in the BnST and CeA after CUS, we studied the action of a CRF receptor R1 

preferring antagonist, antalarmin (Habib et al., 2000; Oberlander and Henderson, 2012) in 

CRF− neurons (Fig. 6A–D). In this subset of experiments the peak PSC response to 

prolonged light activation, was 60 ± 18 pA (n = 7 BnST neurons) and 274 ± 147 pA (n = 9, 

CeA neurons). During perfusion of aCSF with 25 μM antalarmin the response was 52 ± 15 

pA and 258 ± 123 pA for BnST and CeA neurons, respectively (p = 0.69, paired t-test). In 

slices originating from stressed animals, the averaged peak PSC were 243 ± 129 pA (n = 6 

BnST neurons) and 116 ± 38 pA (n = 15 CeA neurons). During perfusion with antalarmin 

the response was 198 ± 101 pA and 97 ± 33 pA for BnST and CeA neurons, respectively (p 

= 0.23, paired t-test). Statistical comparison with two-way repeated measures analysis of 

variance (ANOVA) failed to reveal any significant changes due to application of 25 μM 

antalarmin (Fig. 6A,B). This suggests that if co-release of CRF and GABA occurs with light, 

it did not acutely change the GABA response in target CRF− neurons.

CRF acting through the CRF R1 was shown to increase the frequency of sIPSCs, leading to 

inhibition of postsynaptic dorsolateral BnST neurons (Oberlander and Henderson, 2012) and 

CeA neurons (Nie et al., 2009). Therefore we measured the occurrence of sIPSCs in CRF− 

and CRF+ neurons in the BnST and CeA from control mice and mice exposed to CUS (Fig. 

6C,D). In control mice, we found that the sIPSC frequency in CRF− neurons was 1.05 ± 0.26 

Hz (n = 12 BnST neurons) and 1.07 ± 0.21 Hz (n = 16 CeA neurons). During perfusion with 

antalarmin, the frequency became 0.78 ± 0.23 Hz and 0.86 ± 0.17 Hz for BnST and CeA 

neurons, respectively. In the CUS group, the sIPSC frequency was 1.81 ± 0.40 Hz (n = 10 

CRF− neurons in BnST) and 0.92 ± 0.25 Hz (n = 12 CeA CRF− neurons). During perfusion 

with antalarmin the frequency became 1.54 ± 0.33 Hz and 0.80 ± 0.20 Hz for BnST and 

CeA neurons respectively. Statistical comparisons failed to reveal any significant changes 

due to either stress or CRF R1 antagonist application (Fig. 6C,D). Further, sIPSCs were not 

significantly different between CRF− and CRF+ neurons in BnST and CeA (not shown). 

Finally, the effects of stress and antalarmin in CRF+ neurons were also not significant in 

both areas.

Because we saw a lack of an effect of the receptor antagonist, we also tested the hypothesis 

that higher recording temperatures could affect the release of CRF from optogenetically 

driven neurons. In a separate series of experiments we performed at elevated temperatures 

(30–32 °C), we also failed to see an effect of 25 μM antalarmin on the frequency or 

amplitude of sIPSCs in 4 cells tested. Further, antalarmin did not modulate the amplitude of 

light evoked responses from control mice. We tested the effects of 2 different light 

stimulation frequencies (8.3 vs 50 Hz) as higher frequency stimulation has been shown to 

cause an increase in the release of CRF.

4. Discussion

Here, we have provided direct electrophysiological and immunohistochemical evidence that 

CRF+ neurons in the amygdala and BnST are GABAergic. Our data provide functional 
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support to previous anatomical and biochemical evidence (Sun and Cassell, 1993; 

Dabrowska et al., 2013). These CRF+ neurons, which are critical for the response to both 

acute and chronic adversity (Walker and Davis, 2008; Walker et al., 2009; Luthi and 

Luscher, 2014), have been associated with the control of anxiety-like responses within the 

extended amygdala (Davis et al., 2010). A similar role for GABAergic neurons in the 

amygdala has been described, for example, the facilitation of the expression of fear learning 

through disinhibition (Wolff et al., 2014). Here, we have shown that these two populations of 

neurons (GABA and CRF) are highly overlapping.

The pattern of expression of tdTomato CRF+ neurons we detected is consistent with that 

previously reported in the PVN, CeA and BnST (Silberman et al., 2013; Wamsteeker 

Cusulin et al., 2013; Chen et al., 2015) and is consistent with decades of histological 

characterization of CRF expression patterns. Within the BnST and the CeA, tdTomato/CRF+ 

neurons form a longitudinal group of cells in horizontal slices that appear as a cluster of high 

density neurons in coronal slices. This high density of fluorescent signal greatly assists with 

the localization of these neurons. Our immunohistochemical evidence supports the findings 

showing that CRF+ neurons in crf-Cre mice are CRF immunopositive and express tdTomato 

(Wamsteeker Cusulin et al., 2013; Chen et al., 2015). CRF+ neurons in CeA have similar 

soma size and electrophysiological characterization of the action potential firing patterns 

reveals fewer subtypes compared to the more complex varieties found in BnST (Dabrowska 

et al., 2013; Silberman et al., 2013).

Here, we employed the optogenetic approach, which has been recently utilized to examine 

neural circuitry controlling anxiety (Johansen et al., 2012; Sparta et al., 2013). We found that 

ChR2 expression in CRF+ neurons enabled robust light induced control of membrane 

potential and action potential firing, which was modulated by regulating light intensity. 

Patch clamp recordings from labeled CRF neurons and neighboring unlabeled (non-CRF) 

neurons during optogenetic stimulation of the field revealed the release of GABA on to the 

majority of CRF− neurons in both the CeA and BnST in response to optogenetic activation 

of CRH neurons.

The prevalent fast synaptic action of CRF+ neurons is GABAergic, without a strong 

glutamatergic component as revealed by the near complete blockade of light-evoked 

synaptic responses by selective GABA antagonists and the lesser effect of glutamatergic 

antagonists (e.g., NBQX). Indeed, the low efficacy of NBQX suggests direct connectivity 

between presynaptic CRF+ neurons and their targets, without an intermediate glutamatergic 

synapse. Further support for the predominate GABAergic phenotype is derived from our 

immunohistochemistry experiments with anti-GABA antibodies. These experiments 

revealed extensive co-labeling of GABA and tdTomato (as a marker of CRF+ neurons) in the 

CeM but not in nearby CeL.

In addition to the striking GABAergic innervation of CRF− neurons by CRF+ neurons, a 

fraction of CRF+ neurons also receive GABAergic innervation from CRF+ neuron 

collaterals. This pattern reveals a complex reciprocal synaptic connectivity within the CeA 

and BnST. This is reminiscent of negative feedback microcircuit regulation in the dorsal 

striatum (Plenz, 2003). While it is plausible that GABAergic synaptic connectivity amongst 
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CRF neurons occurs within each brain region of interest, it is also clear from numerous prior 

studies that CRF neurons can send long-range projections to other brain regions. For 

example, CRF neurons in the amygdala can project to the BnST, and CRF neurons in the 

nucleus of the solitary tract project to the parabrachial nucleus (Swanson et al., 1983; 

Herbert and Saper, 1990; Gray, 1993). This presents the possibility that reciprocal 

optogenetic activation results from synaptic terminals deriving from one of these regions. 

This will need to be investigated systematically with targeted virus injection studies.

CRF-R1 receptors, one of two subtypes of CRF receptors are found throughout the brain. 

Interestingly, they are found on CRF neurons in the PVN (Imaki et al., 2001), and have also 

been reported in CRF+ neurons in the CeA (Beckerman et al., 2013). Recently, it has been 

reported that within CeA, genetically identifiable CRF receptor type 1, CRF-R1-eGFP+ 

expressing neurons have relatively large tonic GABAergic currents that display reduced 

sensitivity to THIP, the GABAA receptor δ subunit preferring agonist (Herman et al., 

2013a). This study directly measured these parameters and compared them to CRF-R1 

lacking neurons (eGFP−). Our results suggest that many CRF+ neurons share some of these 

properties with CRF-R1 neurons suggesting a partial overlap in these populations of 

genetically identified neurons (Beckerman et al., 2013).

CRF release in the extended amygdala has typically been associated with high-frequency, 

long duration firing of neurons; along with modulatory actions through G-protein coupled 

receptors (Rainnie et al., 1992; Yu and Shinnick-Gallagher, 1998). Our results show that the 

CRF-R1 antagonist, antalarmin, failed to affect light evoked IPSCs in CRF− neurons in 

BnST and CeA. While long-duration light activation of CRF+ neurons may have released 

CRF, the degree of neuropeptide release may have been insufficient to produce an effect 

detectable by blockade with antalarmin. Alternatively, light evoked GABAergic responses 

are not sensitive to CRF release. Future studies with bath application of CRF may be better 

suited to evaluate the effects of peptide signaling on CRF+ or CRF-lacking neurons. Acute 

CRF application in brain slices has been shown to increase sEPSCs (Silberman et al., 2013) 

and sIPSCs (Oberlander and Henderson, 2012) in BnST as well as sIPSCs in CeA neurons 

(Nie et al., 2009). In the present study, antalarmin failed to affect sIPSCs in BnST and CeA 

in both control and CUS treated mice. In agreement with our results, antalarmin failed to 

alter sIPSC frequency in BnST neurons in control mice (Oberlander and Henderson, 2012). 

However, antalarmin attenuates increases in sIPSC frequency in BnST neurons in an anxiety 

model caused by anabolic steroids (Oberlander and Henderson, 2012). The discrepancy with 

our results may relate to differences between these two models of anxiety. This further 

supports the possibility that GABAergic responses may not be sufficiently sensitive to the 

endogenous CRF level in brain slices.

The key role of the BnST and CeA in the expression of responses to aversive stimuli 

prompted us to investigate a model of adversity that involved multiple stressors (Carvalho-

Netto et al., 2011). While basal anxiety-like behavior in the open field task in the present 

study was high, we still were able to detect an increase in anxiety-like behavior after chronic 

stress. The chronic unpredictable stress paradigm significantly increased the proportion of 

CRF+ neurons receiving GABAergic input from other CRF+ neurons, as well as the strength 

of their synaptic connections consistent with observations of CRF neurons in the PVN 
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(Sarkar et al., 2011). This effect was seen in both the BnST and the CeA and it was specific 

for CRF+ but not CRF− neurons. This increased connectivity could be mediated by sprouting 

of GABAergic axons or by increases in quantal efficacy, but further work is required to 

understand the precise mechanisms. This increase in GABAergic inhibition within the 

extended amygdala CRF system may have functional consequences with respect to circuit 

output. A decrease in CeA outflow to the BnST would be expected to trigger anxiety-like 

responses. Indeed, chronic stress in our experiments was associated with increased anxiety-

like behavior. Additionally, cell-specific deletion of the α1 subunit of the GABAA receptor 

in CRF neurons was shown to enhance anxiety (Gafford et al., 2012). Together with the data 

reported here, this is consistent with findings of Kim et al. (2013) who demonstrated that 

inputs from the amygdala can activate sub-regions of BnST and reduce anxiety, while 

inhibition of these inputs can increase anxiety (Kim et al., 2013).

5. Conclusions

Here we have shown that CRF neurons within the BnST and CeA employ GABA as a co-

transmitter. These neurons send projections to both CRF+ and CRF− neurons within these 

structures. Chronic unpredictable stress selectively increased the interconnections between 

CRF+ neurons and other CRF+ neurons, and not between CRF+ and CRF− neurons. It is 

appealing to speculate that CRF neuron mediated GABAergic synaptic remodeling plays a 

critical role in the ability of these circuits to mediate the behavioral responses to adversity.
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Fig. 1. 
crf;tdTomato neurons in BnST and CeA. (A) Low magnification image illustrating the high 

expression of red fluorescent CRF+ neurons in BnST (b) and the CeA (a) in a horizontal 

section. Scale bar 1 mm. (B) Low magnification (2×) image illustrating the extent of red 

fluorescent CRF+ neurons in a coronal sections containing the anterior commissure (white 
arrows) to identify the location of the BnST. (C) Low magnification (2×) image illustrating 

the extent of red fluorescent CRF+ neurons in a more caudal section containing the 

amygdala (a). The lower panels in B and C illustrate at a higher magnification (60×) neurons 

in the respective areas. Scale bars 1.6 mm (top) 25 μm (bottom). (D) Immunodetection of 

CRF in CeA neurons expressing tdTomato. Anatomical distribution is compared between 

CRF mediated tdTomato expression (red, top), anti-CRF antibody staining (green, middle) 

and merged images (yellow, bottom). The left panels are low power images, and on the right 

are the same areas at increased magnification. Scale bars 100 (left) & 50 μm (right). Current 

clamp recordings from visually identified CRF+ neurons in the BnST (E) and CeA (F). 

Superimposed voltage responses to hyperpolarizing and depolarizing current injections 

illustrate the intrinsic membrane properties and the firing pattern of CeA and BnST. Red 

traces highlight contrasting firing patterns.
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Fig. 2. 
crf;ChR2-YFP neurons are photo-active and release GABA. (A) Optogenetic activation of 

CRF+ neurons in the CeA shows that sequential pulses of light (blue horizontal bars) 

consistently evoked sustained action potential firing in a cell-attached recording. (B) Light 

activation induced sustained depolarizations (superimposed gray traces, example trace in 

blue) leading to action potentials in current clamp. (C) Light activation (time course shown 

in top blue trace) also induced fast inward currents (superimposed gray traces, example trace 

in red) recorded with a high [Cl−]i pipette solution in voltage clamp. Application of 25 μM 

BIC (right traces) in the same cell revealed an isolated ChR2 current. The response to a 

preceding 5 mV test pulse used to monitor access and input resistance is also shown. (D) Pie 

chart depicting the percentage of synaptically responsive CRF+ neurons (blue wedge) in 

BnST (top) and CeA (bottom). Unconnected CRF+ neurons are shown in yellow. (E) 

Superimposed light evoked IPSCs (gray, example in blue) obtained by subtraction of the 

average ChR2 current in BIC and shown in the absence (left), the presence of NBQX (5 μM, 

center) and BIC (right).
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Fig. 3. 
Optogenetic activation of GABAergic currents in unidentified CRF− lacking neurons. 

Current clamp recordings from an unlabeled neuron in the BnST (A) or CeA (B) from a 

crf;ChR2-YFP mouse. Shown are voltage responses to 10 pA hyperpolarizing and 

depolarizing current injection steps highlighting the differences in firing patterns of these 

neurons (superimposed gray traces, example trace in red). Voltage clamp recordings 

(superimposed gray traces, average blue trace) of light evoked (100 ms pulse) postsynaptic 

currents in the absence and presence of 5 μM NBQX or 25 μM BIC in a CRF− neuron in 

BnST (C) or 25 μM BIC in CeA (D). (E) Pie chart depicting the percentage of synaptically 

responsive CRF− neurons (blue wedge) in BnST (left) and CeA (right). Unresponsive CRF− 

neurons are depicted in gray. Summary box and whisker plots comparing the 

pharmacological effects on the % inhibitory effect of NBQX (left) or BIC (right) on light 

evoked postsynaptic currents (PSC) from BnST (gray bars) or CeA (white bars) (F). 
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Immuno-detection of GABA in CRF+ neurons expressing td-Tomato (G). Anatomical 

distribution is compared between crf-mediated tdTomato expression (red, left), anti-GABA 

antibody staining (green, middle) and merged images (yellow, right). The top panels are 

from CeL while the middle panels are from nearby CeM. The bottom panels are control 

immunostaining lacking primary antibodies from CeL. Scale bars 100 μm.
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Fig. 4. 
GABAA mediated tonic currents in BnST and CeA neurons. (A) Example voltage clamp 

recordings from unidentified CRF− lacking neurons and visually identified CRF+ neurons in 

the CeA illustrating spontaneous inhibitory postsynaptic currents (sIPSCs) and the 

occurrence of tonic GABAergic conductance. The GABAA receptor antagonist BIC (25 μM) 

abolished sIPSCs and revealed tonic current. The extrasynaptic GABAA receptor preferring 

agonist THIP (1 μM) differentially increased tonic current. Summary box and whisker plots 

comparing the pharmacological effects of BIC (B) and THIP sensitive current (C). White 

bars are recordings from CRF− lacking neurons while the gray bars are recordings from CRF
+ neurons. *, p < 0.05, Mann-Whitney test.
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Fig. 5. 
Chronic Unpredictable Stress induces anxiety-like behavior in wild type mice and affects 

synaptic connectivity in CRF+ neurons in BnST and CeA. (A) Two days after cessation of 

chronic stress (consistent with the timing used in our electrophysiological experiments), 

stressed animals showed increased anxiety-like behavior in the open field. This is evident in 

a significant decrease in the time spent in the center of the arena. *p < 0.05, Mann-Whitney 

test. (B) Two weeks after cessation of chronic stress, anxiety-like behavior was assessed by 

habituation to acoustic startle (120 dB white noise). Animals exposed to chronic 

unpredictable stress displayed significantly less habituation of the acoustic startle response. 

*, p < 0.05, Mann-Whitney test.(C) Delivery of blue light (top, blue steps) evoked IPSCs 

from a CRF+ neuron from a control (left) and a stressed animal (right). Superimposed 

multiple trial traces are shown in gray and example traces in black. (D) Summary box and 

whisker plots comparing the peak IPSC from control (gray) and stressed (red) neurons for 
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400 ms blue pulses. (E) Chi-square analysis of the % neurons responding to light with PSCs 

are shown in control (gray) or stressed (red) conditions. Fractions inside each bar correspond 

to the number of responding neurons (numerator) over the total number of cells recorded 

(denominator). *, p < 0.05.
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Fig. 6. 
CRF R1 receptor antagonists do not significantly affect spontaneous IPSCs in control or 

stressed mice (A) Summary box and whisker plots comparing the peak IPSC in the absence 

(control, white) and presence (gray) of 25 μM antalarmin, a CRF receptor antagonist, for 

400 ms light evoked IPSCs from CRF− neurons from the BnST (left) or CeA (right). (B) 

Same data plotted from CRF− lacking neurons exposed to stress protocols. The numbers 

below the brain region description indicate number of neurons tested. (C) Example voltage 

clamp recordings (left) from unidentified CRF− lacking neurons in the BnST illustrating 

spontaneous inhibitory postsynaptic currents (sIPSCs) in the absence (control) and presence 

of a CRF R1 antagonist (antalarmin). Summary box and whisker plots (right) comparing the 

lack of a pharmacological effect in BnST and CeA. (D) Same data plotted from CRF− 
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lacking neurons exposed to stress protocols. The numbers above the brain region description 

indicate number of neurons tested.
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