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Abstract

The stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis is normally 

suppressed during pregnancy. Dysregulation of the HPA axis has been proposed to play a role in 

postpartum depression. However, direct investigation into the relationship between the HPA axis 

and postpartum depression has been hindered by the lack of useful animal models. Building on our 

discovery of a role for the K+/Cl− co-transporter, KCC2, in the GABAergic regulation of CRH 

neurons in the paraventricular nucleus of the hypothalamus (PVN), critical for mounting the 

body’s physiological response to stress, we assessed the role of KCC2 in the regulation of the HPA 

axis during pregnancy and the postpartum period. Here we demonstrate that the normal 

suppression of the stress-induced activation of the HPA axis during the peripartum period involves 

maintenance of KCC2 in the PVN. Mice lacking KCC2 specifically in corticosterone-releasing 

hormone (CRH) neurons, which govern the activity of the HPA axis (KCC2/Crh mice), exhibit 

dysregulation of the HPA axis and abnormal postpartum behaviors. Loss of KCC2 specifically in 

CRH neurons in the PVN is sufficient to reproduce the depression-like phenotype and deficits in 

maternal behaviors during the postpartum period. Similarly, chemogenetic activation of CRH 

neurons in the PVN is sufficient to induce abnormal postpartum behaviors and chemogenetic 

silencing of CRH neurons in the PVN can ameliorate abnormal postpartum behaviors observed in 

KCC2/Crh mice. This study demonstrates that dysregulation of the HPA axis is sufficient to induce 

abnormal postpartum behaviors and deficits in maternal behaviors in mice, providing empirical 

support for a role of HPA axis dysfunction in the pathophysiology of postpartum depression
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1. Introduction

The risk of depression in women becomes significantly increased during the postpartum 

period, with nearly 20% of mothers suffering from postpartum depression (Gavin et al. 

2005;Steiner 1998) and a much larger percentage (up to 75%) suffering from postpartum 

blues (Robertson 2008). Though antenatal depression is a strong predictor of postpartum 

depression (Milgrom et al. 2008), antenatal anxiety is also associated with an increased risk 

of postpartum depression (Heron et al. 2004). Indeed, over two-thirds of women with 

postpartum depression experience anxiety-related symptoms (Wisner et al. 2013) and 

antenatal anxiety symptoms may even be a stronger predictor of PPD than antenatal 

depressive symptoms (Matthey et al. 2003).

Stress has been identified as a significant risk factor for postpartum depression (O’hara and 

Swain 1996;Pfost et al. 1990;Rich-Edwards et al. 2006); for review see (Stowe and 

Nemeroff 1995). These clinical observations led to the hypothesis that abnormalities in 

stress reactivity, mediated by the HPA axis, may contribute to postpartum depression. 

Experimentally, chronic stress during pregnancy (Maguire and Mody 2016) or during 

lactation (Carini et al. 2013) induces abnormal maternal behaviors and depression-like 

behaviors in postpartum rodents. The effects of stress on abnormal postpartum behaviors are 

thought to be mediated by corticosterone since these behaviors can be mimicked by 

administration of exogenous corticosterone during pregnancy and/or the postpartum period 

(Brummelte and Galea 2010;Brummelte et al. 2006;Maguire and Mody 2016), suggesting a 

role for the HPA axis in the pathophysiology of postpartum depression. Interestingly, a 

recent study demonstrated that early life stress can also negatively impact maternal 

behaviors, which is associated with HPA axis dysfunction (Morrison et al. 2017).

The stress-induced activation of the HPA axis is normally blunted during pregnancy 

(Brunton et al. 2008;Brunton and Russell 2008;Brunton and Russell 2011;de and Buitelaar 

2005;Kammerer et al. 2002;Schulte et al. 1990). Expression of CRH mRNA in the PVN 

(Johnstone et al. 2000) and CRH peptide in the median eminence (Ma et al. 2005) are both 

reduced during late pregnancy and decreased CRF signaling is associated with appropriate 

maternal care (Klampfl et al. 2013;Klampfl et al. 2014;Klampfl et al. 2016). 

Adrenocorticotropic hormone (ACTH) and corticosterone secretion are decreased in non-

human animal models following stress (Brunton and Russell 2008). In women, exogenous 

CRH does not elicit an increase in ACTH or cortisol (Schulte et al. 1990) and stress-induced 

cortisol levels are reduced (Altemus et al. 1995;Heinrichs et al. 2001;Kammerer et al. 2002) 

during late pregnancy, consistent with HPA axis hypofunction. Inability to suppress the 

stress-induced activation of the HPA axis during pregnancy and the postpartum period has 

been proposed to play a role in postpartum depression (for review see (Bloch et al. 

2003;Chrousos et al. 1998). Evidence of altered levels of cortisol, ACTH, and CRH in 

patients suffering from postpartum depression support the proposed role for HPA axis 
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dysfunction in contributing to postpartum depression (for review see (Bloch et al. 

2003;Chrousos et al. 1998). In fact, elevated levels of CRH have been suggested to be a 

diagnostic criteria for postpartum depression (Yim et al. 2009). However, the involvement of 

the HPA axis in postpartum depression remains controversial (for review see (Meltzer-Brody 

2011). One of the major limitations in determining the relationship between the HPA axis 

and postpartum depression has been the reliance on correlational studies in humans given 

the relative lack of animal models of this complex disorder.

Our research program previously characterized a mouse model lacking neurosteroid-

sensitive GABAA receptors (GABAARs) which exhibit depression-like behaviors restricted 

to the postpartum period and deficits in maternal behaviors (Maguire and Mody 2008). 

Through a series of hypothesis-driven studies, we discovered that the abnormal postpartum 

behaviors in Gabrd−/− mice involve hyperexcitability of the HPA axis during the postpartum 

period (Maguire and Mody 2016), leading us to investigate the mechanisms of HPA axis 

regulation during pregnancy and the postpartum period.

Previous studies from our laboratory and others demonstrated a critical role for the K+/Cl− 

co-transporter, KCC2, on CRH neurons in the PVN in the regulation of the stress-induced 

activation of the HPA axis (Hewitt et al. 2009;Sarkar et al. 2011). These studies 

demonstrated a role for chloride homeostasis in regulating the physiological response to 

stress (Gunn et al. 2013;Hewitt et al. 2009;Sarkar et al. 2011;Ye et al. 2012). Specifically, 

our laboratory demonstrated that dephosphorylation of KCC2 at residue Ser940 and 

downregulation of KCC2 plays a role in the activation of the HPA axis (Sarkar et al. 2011). 

Here we investigate whether KCC2 plays a role in the regulation of the HPA axis during 

pregnancy and the postpartum period. Our data demonstrate that the suppression of the HPA 

axis during pregnancy and the postpartum period involves maintenance of KCC2 expression 

in the PVN. Selective loss of KCC2 in CRH neurons (KCC2/Crh mice; lenti-CRH-Cre mice) 

results in the inability to suppress the HPA axis during pregnancy and the postpartum period, 

which is associated with increased anxiety- and depression-like behaviors during the 

postpartum period and deficits in maternal behaviors. Consistent with a role for 

hypothalamic CRH activity as a contributing factor in abnormal peripartum stress reactivity 

and pathological postpartum behaviors, chemogenetic activation of CRH neurons in the 

PVN induced an abnormal postpartum phenotype in wildtype (CRH-Cre) dams. Further, 

inhibition of CRH neurons in the PVN reversed the abnormal postpartum phenotype 

observed in KCC2/Crh dams. These findings support a role for KCC2 in peripartum stress 

hyporeactivity necessary for adaptive maternal behaviors.

2. Methods

2.1 Animals

Adult (>P60) female mice were bred and housed at Tufts University School of Medicine’s 

Division of Laboratory Animal Medicine facility under a 14/10 light schedule (lights on at 

7:00am). Experiments were performed in virgin, pregnant (day 18), and postpartum (48–72 

hours) females. Females were housed in groups of 2–4 and were mated with a receptive 

male three days after soiled-male bedding was introduced to the cage. The presence of a 

vaginal plug was used to time pregnancy (Positive plug=day 0) and at approximately day 14 
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of pregnancy, dams were individually housed to enable quantification of pup survival. The 

estrous cycle was not monitored in the experimental virgin animals used in this study. 

However, under these housing conditions, which include ventilated racks and gender 

isolation, we have determined that the female mice are acyclic. Animals had ad libitum 
access to food and water. All procedures were approved by the Tufts University Institutional 

Animal Care and Use Committee and adhered to the ethical guidelines presented in the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (National 

Research Council 2011).

We generated mice lacking functional KCC2 specifically in CRH neurons by crossing a 

floxed KCC2 (KCC2f/f) mouse line (a generous gift from Dr. Stephen J. Moss) with CRH-

Cre mice originally obtained from the Mutant Mouse Regional Research Center (Stock # 

030850-UCD) and characterized in a previous manuscript from our laboratory (Sarkar et al. 

2011).

The floxed KCC2 mice, KCC2/Crh mice, and Cre−/− littermates are maintained on a 129/Sv 

background. The CRH-Cre mice used for the DREADD experiments have been backcrossed 

onto a C57Bl6/J background for over 12 generations. Thus, these experiments will assess the 

role that dysregulation of the HPA axis plays in abnormal postpartum behavior in two 

different strains of mice. Genotyping of the KCC2/Crh mice was carried out in-house using 

the following primers:
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KCC2 5’: ATGAGTAGCAGATCCCATAGGCGAACC

3’: CTGCCAAGAGCCATTACTACAGTGGATG

CRH-Cre 5’: CTGTCTTGTCTGTGGGTGTCCGAT

3’: CGGCAAACGGACAGAAGCATT

The expected PCR product size is 426 bp for wild type and 543 bp for floxed KCC2 mice, 

which is sufficient to discriminate between wild type mice and floxed KCC2 mice. The 

expected PCR product size is 310 bp for CRH-Cre.

2.2 Acute Restraint Stress

To demonstrate postpartum stress hyporeactivity in mice, restraint stress was performed by 

placing each mouse into a 50mL falcon tube modified with breathing holes. Following this 

30 minute restraint stress, mice were anesthetized with isoflurane and rapidly decapitated. 

Trunk blood was collected for corticosterone measurements, and the PVN was rapidly 

microdissected for Western blot analysis.

2.3 DREADD and LV-pCRF3.0-Cre experiments

Designer Receptors Exclusively Activated by Designer Drugs (DREADD) were employed to 

selectively activate (Gq DREADD) or inhibit (Gi DREADD) CRH neurons in the PVN 

(Alexander et al, 2009; Krashes et al, 2011). An LV-pCRF3.0-Cre virus (provided by Dr. 

Kerry Ressler and the Emory University Viral Vector Core Facility) was employed in floxed 

KCC2 mice to specifically eliminate KCC2 in CRH neurons confined to the PVN. CRH-Cre 

mice were stereotaxically injected bilaterally with 250nl of AAV-hSyn-DIO-hM3D(Gq)-

mCherry (Gq DREADD) into the PVN using the following stereotaxic coordinates (0.45mm 

posterior, ±0.05mm lateral, and 5.0mm depth). KCC2/Crh mice were stereotaxically injected 

bilaterally into the PVN with 250nl of AAV-hSyn-DIO-hM4D(Gi)-mCherry (Gi DREADD) 

to suppress the HPA axis hyperexcitability in these mice during the postpartum period. Both 

CRH-Cre and KCC2/Crh mice were bilaterally injected with 250nl of AAV-GFP (Vector 

Biolabs, Serotype 2) into the PVN to serve as corresponding controls and also treated with 

clozapine-N-oxide (CNO; Sigma-Aldrich) to control for any off-target effects (Gomez et al. 

2017). LV-pCRF3.0-Cre was bilaterally injected into the PVN of floxed KCC2 mice using 

these same coordinates. All DREADD, LV-pCRF3.0-Cre, and control injections were done 5 

days prior to breeding, leaving approximately 28 days for optimal expression prior to 

experimentation. Accurate targeting and specific expression of the DREADD viruses and 

LV-pCRF3.0-Cre virus in CRH neurons was confirmed by post-hoc analysis using 

immunohistochemistry to confirm colocalization with the endogenous CRH peptide. At 48–

72 hours postpartum, dam behaviors were assessed using the forced swim test and maternal 

approach test. For the DREADD experiments, DREADD and GFP controls were injected 

with 3 mg/kg CNO 30 minutes prior to assessing postpartum behaviors. CNO was prepared 

by dissolving 3 mg CNO in 50 μL of DMSO and suspending this in 1 mL of injection saline. 

Mice were injected with a volume of 100 μL per 10 g of body weight.
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2.4 Behavioral Tests

Behavioral tests were conducted on virgin and postpartum (48–72 hrs) KCC2/Crh mice and 

Cre−/− littermates in at least three separate cohorts. All behavioral tests occurred between 

9am and 4pm, following at least 30 minutes of habituation in the behavioral testing room. 

Postpartum mice remained with their litters between testing. Pregnant mice were excluded 

from behavioral testing to minimize distress to the dams. Lactation can also influence 

behavior and maternal separation can cause stress to the dams and pups, which the authors 

considered when designing the experiments and interpreting the data focusing on 

comparisons between postpartum mice of each experimental group. Littermates (KCC2/Crh 

and Cre−/− controls) were used for all behavioral experiments. For the FST and Maternal 

Approach tests, the behavioral tests were videotaped and scored by two different 

investigators, one blinded to the experimental condition, to confirm an unbiased analysis and 

reproducibility of the results. The independent analysis by different investigators obtained 

similar results between experimental groups.

Elevated Plus Maze—The elevated plus maze is composed of two opposing 38cm × 

6.5cm wide arms, standing 75cm from the ground. The closed arms included 10cm high 

walls allowing an average Δlux of 250lx between the open and closed arms. All four arms 

comprised 48 equally spaced photocells. To initiate the test, the mice were placed 

individually in the central 5cm × 5cm square, facing the open arms. The entries, distance 

traveled, and total time spent in the open arm were measured during the 10 minute test using 

the automated MotorMonitor software (Hamilton-Kinder). The ratio of both time spent in 

open arms and open arm entries (reported as percentage) were used as indices of anxiety-

like behavior.

Light/Dark Box—Mice were individually placed in the dark side of a 2 compartment light/

dark box with equally sized compartments and an average Δlux of 300lx. The box was 

contained in a 22cm × 43cm photobeam frame (4×6 equally spaced photo emitters and 

detectors). These frames interfaced with the MotorMonitor software (Hamilton-Kinder) 

which coded the distance traveled in the light and dark sides of the box. The percent of time 

spent in the light side of the box was measured during the 10 minute test as a measure of 

anxiety-like behavior.

Forced Swim Test—Mice were placed into a plastic beaker (21cm diameter) containing 

15cm of water (23– 25°C) for 6 minutes. A video camera was used to record each session. 

Two different investigators scored the videos to measure the latency to the first bout of 

immobility and the total time spent immobile during the 6 minute test.

Maternal Approach Test—To investigate the impact of stress during the postpartum 

period on maternal behavior, immediately following the forced swim stress, the mice were 

tested in the maternal approach test. The dams were returned to their homecage, to the far 

corner opposite their nest and litter, and the dam’s behavior in the homecage was 

videorecorded for 30 minutes. The latency to approach the pups and the total time spent in 

contact with pups were measured as indices of maternal behavior following a stressful event.
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2.5 Corticosterone Measurements

Trunk blood was collected in CAPIJECT® (T-MG) tubes at baseline, at the end of a 30-

minute restraint stress or 30 minutes following the 6-minute forced swim test. All samples 

were collected between 10am and 12pm. The blood was spun down and serum collected and 

stored at −20°C prior to subjection to the ELISA analysis. Corticosterone was measured 

using a commercially available enzyme immunoassay kit, according to the manufacturer’s 

instructions (Enzo Pharmaceuticals, New Jersey). Briefly, samples were run in duplicate and 

compared to a standard curve of known corticosterone concentrations. In our hands, the 

corticosterone assay has an inter-assay variability of 6.3 ng/ml. Different experimental 

groups were run in parallel in 4 separate cohorts.

2.6 Immunohistochemistry

Mice were anesthetized with isoflurane, sacrificed by guillotine-assisted decapitation, and 

the brain was rapidly harvested and placed into ice-cold 4% paraformaldehyde. Brains were 

cryoprotected using successive overnight incubations in 10% and 30% sucrose, frozen in 

dry-ice chilled isopentane and sectioned at 40μm. Free-floating sections containing the 

hypothalamus were blocked for 1h with 10% NGS (in 0.3% TritonX100) and incubated with 

either a rabbit anti-KCC2 antibody (Millipore, 1:1,000) or a rabbit anti-CRH antibody 

(kindly provided by Dr. Paul Sawchenko on behalf of Dr. Wylie Vale, Salk Institute for 

Biological Studies, 1:10,000) for 4 days at 4°C. Sections were then washed in PBS and 

incubated with a biotinylated anti-rabbit secondary antibody (VectaStain Elite ABC Kit, 

Vector Labs, 1:200) for 2 hours at room temperature (RT). Sections were washed in PBS and 

incubated with streptavidin conjugated AlexaFluor 488 or AlexaFluor 568 (Molecular 

probes, 1:1,000) for 2 hours at RT. Following a final series of PBS washes, sections were 

quickly rinsed with ddH2O, mounted (Vectashield HardSet mounting medium with DAPI, 

Vector Labs), and imaged with a Nikon A1R confocal. For the CRH immunohistochemistry, 

colchicine (50μg in a 2μl volume) was injected unilaterally into the lateral ventricle using the 

following stereotaxic coordinates (0.5mm posterior, 1mm lateral, 2mm depth) 24 hours prior 

to tissue processing as previously described by our laboratory (Hooper and Maguire 2016).

2.7 Western blot

Western blots were carried out as previously described (MacKenzie and Maguire 

2015;O’Toole et al. 2013;Sarkar et al. 2011). Briefly, mice were anesthetized between 10am 

and 12pm with isoflurane, sacrificed by guillotine-assisted decapitation, the brain was 

rapidly removed, and the PVN was grossly microdissected and placed in ice-cold 

homogenization buffer (10mM NaPO4, 100mM NaCl, 10mM Na pyrophosphate, 25 mM 

NaF, 5 mM EDTA, 5 mM EGTA, 2% Triton X-100, 0.5% Deoxycholate, 1 mM Na 

vanadate, pH 7.4), in the presence of protease inhibitors (complete mini, Roche, in fresh 

100mM PMSF dissolved in ethanol). The tissue was briefly sonicated and the lysate was 

incubated on ice for 30 minutes. The supernatant was collected following centrifugation at 

14,000 rpm for 5min at 4°C. Protein concentrations were determined using DC Protein 

Assay (Bio-Rad, Hercules, CA). Total protein (25 μg) was loaded onto a 12% SDS-

polyacrylamide gel, subjected to electrophoresis and transferred to a PDVF membrane 

(Immobilon P, Millipore, Temecula, CA), blocked in 10% nonfat milk, and probed with a 
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polyclonal antibody specific for KCC2 (1:1,000, Millipore, Temecula, CA), a polyclonal 

antibody specific for the phosphorylated Ser940 residue on KCC2 (1:1,000, a generous gift 

from Dr. Stephen J. Moss), or a monoclonal β-tubulin antibody (1:10,000, Sigma Aldrich, 

St. Louis, MO). The blots were then incubated with either peroxidase labeled anti-rabbit IgG 

(1:2,500, GE Healthcare) or peroxidase labeled anti-mouse IgG (1:2,500, GE Healthcare) 

and immunoreactive proteins were visualized using enhanced chemiluminescence 

(Amersham/GE Healthcare). All experimental groups were run in parallel. Optical density 

measurements were performed using NIH ImageJ software and normalized to total protein 

levels (25μg total protein) rather than a housekeeping protein, which have shown variability 

in expression levels (Li and Shen 2013).

2.8 Electrophysiological recordings

Mice were anesthetized with isoflurane, sacrificed by guillotine-assisted decapitation, and 

the brain was rapidly removed and immersed in ice cold artificial cerebrospinal fluid (ACSF) 

containing (in mM) 126 NaCl, 26 NaHCO3, 1.5 NaH2PO4, 5 KCl, 2 CaCl2, 10 dextrose 

(300–310 mOsm) and 3 mM kynurenic acid. Coronal sections (350 μm) were cut using a 

Leica vibratome and incubated at 33°C in normal ACSF for at least one hour prior to 

transferring to the recording chamber. The recording chamber was maintained at 33°C (in 

line heater, Warner Instruments) and continuously perfused at a rate of ≥ 4 ml/minute with 

ACSF throughout the experiment. Solutions were continuously bubbled with 95% O2 and 

5% CO2. For all electrophysiological recordings, series resistance and whole-cell 

capacitance were continually monitored and compensated throughout the course of the 

experiment.

EGABA measurements—Kynurenic acid (3 mM) was added to the extracellular solution 

to isolate GABAergic currents. Perforated patch clamp recordings were performed on CRH 

neurons in the PVN to measure the equilibrium potential for evoked GABAergic currents 

(EGABA). An internal solution containing (in mM): 140 KCl, 4 NaCl, 10 HEPES, 0.1 EGTA, 

2 Mg-ATP, 0.3 Na-GTP (pH = 7.25, 280–290 mOsm) with 50 μg/ml gramicidin (ABCD, 

Sigma) was used to easily determine if the perforated patch was ruptured. A > 1GΩ seal was 

achieved and perforation was continuously monitored by the decrease in input resistance, the 

gradual increase in the capacitive transient following a −5mV voltage step, and Vpipette 

reaching the resting membrane potential (RMP). Recordings were immediately rejected if 

the membrane potential and/or input resistance suddenly changed or if the perforated patch 

ruptured, evident by a sudden switch to inwardly directed IPSCs. At the end of each 

experiment, the perforated patch was ruptured, and the average whole-cell EGABA was 

measured to be −12.7 ± 9.3 mV.

Inhibitory postsynaptic currents were evoked by stimulating the peri-PVN region known to 

be enriched in GABAergic neurons and were recorded in CRH neurons in the PVN. The 

evoked IPSCs were recorded at holding voltages from −100mV to 0mV in 10mV steps and 

the currents generated at each holding voltage were used to plot the current-voltage (I-V) 

relationship. Data were excluded if the GABAa mediated I-V relationship failed to cross the 

x-axis between −90 and −30 mV. The I-V relationship was fit with a linear regression and 

the x-axis intercept was calculated as the EGABA value for each cell.
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Chemogenetic modulation of CRH neurons—Whole-cell patch clamp recordings 

were performed on CRH neurons from Gq DREADD and Gi DREADD mice to confirm 

chemogenetic modulation of CRH neurons. An internal 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) and electrodes with DC resistance of 5–8MΩ were used to record changes in 

the firing rate and resting membrane potential (RMP) following bath application of CNO 

(500nM). The average firing rate was measured over a 60 s segment before and a 60 s 

segment after the application of CNO. The RMP was measured over a 100 ms, action 

potential-free period immediately before application of CNO and compared to the RMP 

after stabilization following CNO administration.

2.9 Statistical Analyses

All data were analyzed using GraphPad Prism 6 or Excel. Comparison between KCC2/Crh 

vs. Cre−/− littermates, DREADD vs. GFP, and lenti-CRH-Cre vs. GFP was carried out using 

a Student’s t-test. Comparison between reproductive status (virgin, pregnant, and 

postpartum) was conducted using a one-way ANOVA with a Bonferroni postdoc test for 

multiple comparisons. Comparison between reproductive status (virgin, pregnant, and 

postpartum) and genotype (Cre−/− and KCC2/Crh) or state (control vs. stress) was conducted 

using a two-way ANOVA with a Sidak posthoc test for multiple comparisons. A Kruskal-

Wallis test was also performed to verify statistical significance in cases where heterogeneity 

of variance was violated. All data are represented as the average ± SEM. Statistical 

significance was defined as p <0.05. A timeline of the experimental approach is provided 

(Figure 1).

3. Results

3.1. The stress-induced dephosphorylation and downregulation of KCC2 in the PVN is 
prevented during pregnancy and the postpartum period

To investigate the role of KCC2 in HPA axis regulation during the peripartum period, we 

examined the phosphorylation state of KCC2 at residue Ser940, which has been shown to 

regulate the surface expression and function of the transporter (Lee et al. 2007), and total 

KCC2 expression in the PVN in virgin, pregnant, and postpartum mice with or without 

stress exposure. Here, we demonstrate interactions between the phosphorylation state of 

KCC2 at residue Ser940 and reproductive status [F (2, 48) = 9.543, p<0.05], and between 

total KCC2 expression and reproductive status [F (2, 55) = 6.475, p<0.05]. Total KCC2 

expression and the phosphorylation of KCC2 at residue Ser940 are decreased in virgin 

females following a single, 30 min restraint stress compared to non-stressed controls (Figure 

2a–c; p values <0.05). This stress-induced dephosphorylation and downregulation of KCC2 

is not observed in pregnant or postpartum mice. There is no difference in total KCC2 

expression in pregnant or postpartum mice subjected to acute restraint stress compared to 

non-stressed controls (Figure 2a,b). Similarly, there is no difference in the phosphorylation 

at KCC2 residue Ser940 in pregnant or postpartum mice subjected to acute restraint stress 

compared to non-stressed controls (Figure 2a,c). These data demonstrate that there is a 

maintenance of the phosphorylation of KCC2 at residue Ser940 and total KCC2 expression 

in the PVN following stress during the peripartum period.

Melón et al. Page 9

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2. Selective deletion of KCC2 from CRH neurons increases CRH activity via 
depolarizing EGABA

To confirm a role of KCC2 in the PVN in peripartum stress reactivity, we generated mice 

which lack KCC2 specifically in CRH neurons by crossing a floxed KCC2 (KCC2fl/fl) 

mouse line with a CRH-Cre line. The floxed KCC2 mice were generated by GenOway 

(GenOway, France) and provided by Dr. Steve Moss (Tufts University School of Medicine). 

A schematic representation of the targeting strategy is depicted in Figure 3a,b. A 772-nt 

region encompassing exons 21 through 24 are flanked by LoxP sites (Figure 3a,b), encoding 

for 186 amino acids in the intracellular, C-terminal domain of the protein, a region with 

numerous sites for posttranslational modifications (for review see (Kahle et al. 2013) and the 

ISO domain which is critical for isotonic transport function (Acton et al. 2012). The CRH-

Cre line used in the current study was previously characterized by our laboratory (Sarkar et 

al. 2011). Further confirmation of the fidelity of the expression of Cre recombinase with the 

endogenous CRH peptide was accomplished by crossing the CRH-Cre mice with floxed Ai9 

reporter mice (Jax Stock #007909). The tdTomato reporter expression (red) colocalized with 

the endogenous CRH peptide (green) in the PVN (Figure 3d, left panel) and in the median 

eminence (Figure 3d, right panel). In fact, although the reporter is not expressed in all 

neurons expressing the endogenous CRH peptide (57.6 ± 8.3 %), the endogenous CRH 

peptide is expressed in 87.7 ± 3.1% of neurons expressing Cre recombinase (n = 36 sections, 

6 mice), highlighting the fidelity of Cre recombinase expression in PVN CRH neurons in 

this line.

A reduction of KCC2 in CRH neurons was confirmed by Western blot analysis of KCC2 in 

the total protein isolated from the PVN. KCC2 expression is significantly decreased in the 

PVN from KCC2/Crh mice compared to Cre−/− littermates (Figure 3e–f), although not 

completely eliminated since the PVN is a heterogeneous nucleus. The reduction in KCC2 

was sufficient to shift the equilibrium potential for GABAergic currents (EGABA) in 

KCC2/Crh mice compared to Cre−/− littermates (Figure 3g,h; t(21) = −3.82; p<0.05), 

consistent with a decrease of KCC2 function in CRH neurons. We calculated that this 

dramatic shift in EGABA in KCC2/Crh mice equates to a rise in intracellular chloride levels 

from approximately 13.7 ± 8.9 mM (Glykys et al. 2014) to 28 mM. The shift in EGABA in 

KCC2/Crh mice was significantly different from the EGABA values obtained in the whole-

cell patch clamp configuration (Figure 3h; t(21) = −1.48; p<0.05), demonstrating the 

integrity of the perforated patch clamp recordings. These data demonstrate that KCC2/Crh 

mice are a useful model for studying the role of KCC2 in CRH neurons in mediating the 

neuroendocrine and behavioral responses to stress during the peripartum period.

3.3. KCC2/Crh mice have the inability to suppress the stress-induced activation of the 
HPA axis during pregnancy and the postpartum period

The stress-induced activation of the HPA axis is suppressed during pregnancy and the 

postpartum period. Corticosterone levels following a 30 min restraint stress are significantly 

increased in virgin females (211.8 ± 60.0 ng/ml) compared to non-stressed controls (31.5 

± 6.0 ng/ml; n= 12 mice per experimental group; t(22) = −2.99; p<0.05). The stress-induced 

increase in circulating corticosterone is suppressed in pregnant and postpartum dams 

compared to virgin (Figure 4a; [F(2, 57)=4.16, p<0.05). These data demonstrate that the 
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stress-induced activation of the HPA axis is suppressed during pregnancy and the postpartum 

period in mice. To assess peripartum stress reactivity in KCC2/Crh dams, stress-induced 

elevations in corticosterone levels were measured in virgin, pregnant, and postpartum 

KCC2/Crh mice following a single, 30 min restraint stress. Unexpectedly, there is no 

difference in baseline corticosterone levels between unstressed, virgin KCC2/Crh mice (31.1 

± 8.5 ng/ml) and Cre−/− littermates (31.5 ± 6.0 ng/ml; data not shown; n = 8 – 12 mice per 

experimental group; ns determined using a Student’s t-test; t(18) = 0.04; p<0.05)). Whereas, 

the stress-induced corticosterone levels are decreased in pregnant and postpartum Cre−/− 

littermates compared to virgin (Figure 4a), there is no difference in stress-induced elevations 

in corticosterone following acute restraint stress in virgin, pregnant, or postpartum 

KCC2/Crh mice, demonstrating their inability to suppress the stress-induced activation of 

the HPA axis (Figure 4b; ns determined using a one-way ANOVA; [F(2, 17)=0.48). 

However, there is a significant difference between stress-induced corticosterone levels in 

pregnant and postpartum KCC2/Crh mice compared to pregnant and postpartum Cre−/− 

littermates (p values<0.05 using a two-way ANOVA with Sidak’s multiple comparison test; 

[F (1, 45) = 27.43].

3.4 KCC2/Crh mice exhibit depression-like behaviors during the postpartum period

Inability to suppress the HPA axis during pregnancy and the postpartum period has been 

implicated in postpartum depression (for review see (Bloch et al. 2003;Chrousos et al. 

1998). Consistent with a role of HPA axis dysfunction in postpartum depression, the 

inability to suppress the stress-induced activation of the HPA axis in KCC2/Crh mice 

(Figure 4b) is associated with depression-like behaviors during the postpartum period. The 

data support a significant interaction between reproductive status and genotype on both the 

latency to the first bout of immobility: [F (1, 37) = 11.06, p <0.05] and total time spent 

immobile [F (1, 37) = 8.729, p<0.05] in the forced swim task. Posthoc analysis confirms that 

the latency to the first bout of immobility is decreased and the total time spent immobile in 

the forced swim test is increased in postpartum KCC2/Crh mice compared to postpartum 

Cre−/− littermates, virgin Cre−/− mice, and virgin KCC2/Crh mice (Figure 4c,d; p 

values<0.05).

3.5 KCC2/Crh mice do not exhibit the anxiolytic effect of the postpartum period

The attenuated neuroendocrine response to stress in wild type mice during the postpartum 

period is associated with anxiolysis assessed using the elevated plus maze and light-dark 

box. Data support an interaction of reproductive status and genotype [F (1, 25) = 10.13), 

p<0.05]). Posthoc analysis confirm that postpartum wild type dams spend a greater percent 

of time in the open arms of the elevated plus maze compared to wild type virgins (Figure 4e, 

p<0.05). This postpartum anxiolysis was not observed in postpartum KCC2/Crh dams when 

compared to their virgin counterparts (Figure 4e).

Similarly, postpartum wild type (Cre−/−) dams exhibit a decrease in anxiety-like behaviors in 

the light/dark box. Data support an interaction of reproductive status and genotype [F (1, 25) 

= 4.917, p<0.05]). Posthoc analysis confirm that postpartum wild type dams exhibit an 

increase in distance traveled in the light compartment of the light/dark box compared to wild 

type virgin mice (Figure 4f, p<0.05). In contrast, there was no difference in the distance 
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traveled in the light compartment of the light/dark box between virgin and postpartum 

KCC2/Crh mice (Figure 4f). However, there was no difference in the total distance traveled 

in the dark compartment across groups (virgin Cre−/−: 2489 ± 255.1 cm; virgin KCC2/Crh 

2471± 360.8 cm; postpartum Cre−/− dams: 3071± 329.3 cm; postpartum KCC2/Crh dams: 

2264 ± 268.9 cm; data not shown; ns determined using a two-way ANOVA).

These data demonstrate that KCC2/Crh mice do not exhibit the anxiolytic effects of the 

postpartum period, an effect that is observed in wild type (Cre−/− mice; Figure 4e,f).

3.6 KCC2/Crh mice exhibit deficits in maternal behaviors

The impact of HPA axis dysregulation on maternal behaviors was assessed using the 

maternal approach test. Representative time lapse images are shown in Figure 4g. KCC2/Crh 

mice exhibit deficits in maternal behaviors, evident from a dramatic increase in the latency 

to approach their pups and a decrease in the amount of time spent interacting with their pups 

during the 30 min maternal approach test compared to Cre−/− littermates (Figure 4g,h; 

latency t(17) = −2.95, total time t(17) = 6.03; p values<0.05). Consistent with deficits in 

maternal behaviors, there is an increased mortality rate in pups born to KCC2/Crh dams 

(24.8 ± 8.4 %) compared to Cre−/− littermates (5.6 ± 4.6 %; data not shown; n = 13 – 14 

dams, 97 – 104 pups; p<0.05 using a Students t-test; t(25) = −1.96; p<0.05). These data 

suggest that the inability to suppress the stress-induced activation of the HPA axis during the 

peripartum period is associated with deficits in maternal behaviors.

3.7 Activation of CRH neurons in the PVN induces abnormal postpartum behaviors

Activation of CRH neurons in Gq DREADD mice was confirmed using whole-cell 

electrophysiological recordings. CNO application causes a depolarization in the RMP and an 

increase in the firing rate compared to the RMP recorded in the same cells in nACSF (Figure 

5a–d; RMP t(8) = −4.95, firing rate t(7) = −3.88; p values<0.05).

Activation of CRH neurons in postpartum Gq DREADD dams increases depression-like 

behaviors. Gq DREADD mice exhibit a decrease in the latency to the first bout of 

immobility and an increase in the total time spent immobile in the forced swim test 

compared to AAV-GFP controls (Figure 5e,f; latency t(23) = −2.19, total time t(23) = −6.24; 

p values<0.05).

Activation of CRH neurons in postpartum Gq DREADD dams also induces deficits in 

maternal behaviors. Gq DREADD mice exhibit an increase in the latency to approach and 

spend less time interacting with their pups in the maternal approach test compared to AAV-

GFP controls (Figure 5g,h; latency t(22) = −2.66, total time t(22) = 2.62; p values<0.05). 

The differences in postpartum behaviors cannot be attributed to changes in locomotor 

activity since Gq DREADD mice exhibit a similar distance traveled in the open field (2243.8 

± 319.3 cm) compared to AAV-GFP control (2667.3 ± 218.6 cm; data not shown, ns 

determined using a Student’s t-test; t(15) = 1.12).

These data demonstrate that inappropriate activation of CRH neurons in the PVN during the 

postpartum period is sufficient to induce depression-like behaviors and deficits in maternal 

behaviors.

Melón et al. Page 12

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.8 Silencing CRH neurons ameliorates abnormal postpartum behaviors in KCC2/Crh 
mice

Inhibition of CRH neurons in KCC2/Crh mice expressing Gi DREADD was evident from 

the hyperpolarization in the RMP of CRH neurons in the PVN following CNO 

administration and a decrease in the firing rate compared to nACSF (Figure 5a–d; RMP t(9) 

= 5.00, firing rate t(9) = 3.38; p values<0.05). In contrast, CNO has no effect on the RMP in 

mice expressing AAV-GFP and does not cause a change in the firing rate (Figure 5a–d; ns 

determined using a paired Student’s t-test; RMP t(6) = 1.07, firing rate t(6) = 0.49).

Silencing CRH neurons in postpartum KCC2/Crh dams increases the latency to the first bout 

of immobility and decreases the total time spent immobile in the forced swim test compared 

to KCC2/Crh controls (Figure 5i,j; latency t(20) = −3.66, total time t(20) = 3.17; p 

values<0.05).

Silencing CRH neurons in postpartum KCC2/Crh dams is also sufficient to improve the 

observed deficits in maternal behaviors. Gi DREADD mice exhibit an decrease in the 

latency to approach and spend more time interacting with their pups in the maternal 

approach test compared to AAV-GFP controls (Figure 5k,l; latency t(23) = 2.30, total time 

t(23) = −3.09; p values<0.05).

These data demonstrate that suppressing CRH neuron activation in the PVN is sufficient to 

reduce depression-like behaviors and deficits in maternal behaviors in postpartum 

KCC2/Crh mice.

3.9 Selective deletion of KCC2 from CRH neurons in the PVN induces abnormal 
postpartum behaviors

Reduction of KCC2 specifically in CRH neurons in the PVN of mice by stereotaxic injection 

of the LV-pCRF3.0-Cre virus was confirmed using immunohistochemistry and Western blot 

analysis. The intensity of KCC2 immunoreactivity in CRH neurons in the PVN expressing 

the LV-pCRF3.0-Cre virus is decreased compared to GFP controls (Figure 6a,b; t(7) = 3.86; 

p<0.05). Similarly, the expression of KCC2 assessed using Western blot analysis in total 

protein isolated from the PVN of mice bilaterally injected with the LV-pCRF3.0-Cre virus is 

decreased compared to GFP controls (Figure 6c,d; t(15) = 2.42; p<0.05). Similar to 

KCC2/Crh mice, there is not a complete loss of KCC2 within the PVN since this is a 

heterogeneous nucleus.

Alterations in stress reactivity during the postpartum period resulting from the loss of KCC2 

expression in CRH neurons in the PVN of mice injected with the LV-pCRF3.0-Cre virus was 

assessed by measuring corticosterone levels following a single 30 min restraint stress in 

mice at 48–72 hours postpartum. The stress-induced elevation in corticosterone is increased 

in postpartum mice injected with the LV-pCRF3.0-Cre virus (193.0 ± 13.9 ng/ml) compared 

to GFP controls (86.8 ± 19.1 ng/ml; n = 6–9 mice per experimental group; data not shown; p 

< 0.05 using a Student’s t-test; t(13) = −4.07; p<0.05). These data demonstrate that 

elimination of KCC2 in CRH neurons in the PVN prevents the suppression of the stress-

induced activation of the HPA axis during the postpartum period.
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The loss of KCC2 in CRH neurons specifically in the PVN (LV-pCRF3.0-Cre mice) is 

sufficient to induce abnormal postpartum behaviors. LV-pCRF3.0-Cre dams exhibit 

depression-like behaviors at 48–72 hours postpartum, evident by a decrease in the latency to 

the first bout of immobility and an increase in the total time spent immobile in the forced 

swim test compared to GFP controls (Figure 6e,f; latency t(19) = 3.44, total time t(19) = 

−7.29; p values<0.05).

The loss of KCC2 in CRH neurons in the PVN is also sufficient to induce deficits in 

maternal behaviors. LV-pCRF3.0-Cre dams exhibit an increase in the latency to approach 

their pups and spend less time interacting with their pups in the maternal approach test 

compared to GFP controls (Figure 6g,h; latency t(18) = −5.00, total time t(18) = 3.50; p 

values<0.05).

These data demonstrate a specific role for KCC2 in CRH neurons in the PVN in regulating 

HPA axis function during the postpartum period and influencing depression-like and 

maternal behaviors.

4. Discussion

Here we demonstrate that dysregulation of the HPA axis during the postpartum period, either 

in KCC2/Crh mice, Gq DREADD mice, or lenti-CRH-Cre mice, is sufficient to induce 

depression-like behaviors during the postpartum period and deficits in maternal behaviors. 

These findings are consistent with clinical findings suggesting that HPA axis dysfunction 

plays a role in postpartum depression (see (Bloch et al. 2003;Chrousos et al. 1998) and 

previous experimental evidence in rodents demonstrating that chronic stress is sufficient to 

induce abnormal maternal behaviors (Carini et al. 2013;Maguire and Mody 2016). Further, 

our ability to reverse this dysfunction by using Gi DREADDs to dampen CRH activity in the 

PVN specifically implicate this neuronal population in mediating these abnormal behaviors 

during the postpartum period.

The data presented herein also demonstrates a role for KCC2 regulation of CRH neurons in 

maintaining peripartum stress hyporeactivity. Further, we demonstrate that hyporeactivity of 

CRH neurons in the PVN is essential for adaptive behaviors and appropriate maternal 

behaviors during the postpartum period. These data support stress hyporeactivity as an 

important neuroendocrine adaptation that reduces the vulnerability to display maladaptive 

postpartum behaviors and supports regulation of KCC2 activity as a potential novel target 

for the treatment of postpartum depression.

Our findings demonstrate a specific role for CRH neurons in the PVN in mediating 

abnormal postpartum behaviors. HPA axis hyperexcitability and excessive glucocorticoid 

production during the peripartum period have been suggested to contribute to abnormal 

postpartum behaviors, due to the evidence that administration of exogenous glucocorticoids 

induces abnormal postpartum behaviors in rodents (Brummelte and Galea 2010;Maguire and 

Mody 2016). However, recently, a novel neural circuit involving CRH neurons projecting 

from the PVN to the lateral hypothalamus has been demonstrated to play a role in the 

behavioral manifestations of stress (Fuzesi et al. 2016). Thus, it is possible that activation of 
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this neural circuit contributes to depression-like behaviors during the postpartum period and 

deficits in maternal behaviors. Future studies are required to dissociate the role of 

glucocorticoids versus CRH-specific neural circuits in mediating abnormal postpartum 

behaviors.

The data generated in the current study relied on the use of a CRH-Cre line whose fidelity 

was recently questioned. Therefore, we found it necessary to validate this tool prior to use. 

To this end, we crossed our CRH-Cre line with an Ai9 reporter mouse and quantified the 

degree of colocalization with the endogenous CRH peptide in the PVN. Our findings 

contradict previous reports questioning the specificity of Cre recombinase expression in the 

PVN of these CRH-Cre mice (Chen et al. 2015). Instead, we demonstrate a high degree of 

colocalization of the reporter with endogenous CRH immunoreactivity in both the PVN and 

the median eminence in Figure 3d.

In this study, we also discovered a novel role for KCC2-mediated regulation of CRH 

neurons in the PVN in the suppression of the stress-induced activation of the HPA axis 

during the peripartum period. Previous studies convincingly demonstrate a role for 

neurosteroids in the suppression of the HPA axis during the postpartum period (Brunton et 

al. 2009;Brunton and Russell 2008;Brunton and Russell 2011). However, the mechanisms 

whereby neurosteroids mediate suppression of the HPA axis during the peripartum period 

are unknown, but are thought to involve a GABAergic mechanism (Brunton and Russell 

2008;Schiller et al. 2014). Here we demonstrate that the phosphorylation of KCC2 at residue 

Ser940 and total KCC2 expression is maintained in the PVN following subjection to an 

acute stressor in pregnant and postpartum mice, in contrast to virgin animals where the 

transporter is rapidly dephosphorylated and downregulated. However, the mechanisms 

maintaining KCC2 expression in the PVN are unknown, but hormonal changes during the 

peripartum period are obvious potential candidates. Future studies are required to investigate 

the mechanisms regulating KCC2 expression in the PVN during pregnancy and the 

postpartum period as well as the potential relationship with neurosteroid-mediated 

regulation of the HPA axis during the postpartum period.

Interestingly, changes in ovarian hormones and neurosteroids have also been implicated in 

the pathophysiology of peripartum depression (Schiller et al. 2014). For example, a negative 

correlation was found between serum allopregnanolone concentrations and depression in late 

pregnancy (Hellgren et al. 2014) and the postpartum period (Nappi et al. 2001). However, 

deficits in absolute levels of progesterone and/or allopregnanolone in the pathophysiology of 

postpartum depression remain controversial, which may be in part due to the likely diversity 

in underlying etiologies, which confound correlational studies in humans. However, changes 

in the levels of ovarian hormones and ovarian hormone-derived neurosteroids may contribute 

to vulnerability to postpartum mood disorders in susceptible women (for review see (Schiller 

et al. 2014). In fact, a recent open-label study using a positive allosteric modulator (PAM) 

targeting GABAA receptors has shown promise in patients with severe postpartum 

depression (Kanes et al. 2017).

It is interesting to note that the loss of KCC2 in CRH neurons does not alter baseline 

corticosterone levels, which is somewhat surprising given that CRH neurons in the PVN are 
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tightly controlled by GABAergic inhibition (for review see (Levy and Tasker 2012) and 

KCC2 is critical for the inhibitory effects of GABA (for review see (Ben-Ari 2002). Our 

studies demonstrate that the loss of KCC2 in CRH neurons is not sufficient to disrupt the 

activity of the HPA axis under basal conditions, but rather the phenotype of these animals is 

only evident during the postpartum period or following stress exposure. A recent study 

suggested that impermeant anions play a role in establishing the chloride gradient in neurons 

(Glykys et al. 2014). Perhaps under baseline conditions, the chloride gradient is effectively 

maintained by impermeant anions, but when the system is challenged, such as following 

stress, KCC2 is required to maintain chloride homeostasis. Another potential explanation is 

that KCC2 functions at equilibrium near the normal resting membrane potential (Kaila et al. 

2014) and disruptions which push the system away from equilibrium are required to 

appreciate deficits in KCC2 function. Regardless, the unique phenotype of the KCC2/Crh 

mice, including changes in anxiety- and depression-like behaviors restricted to the 

postpartum period, makes these animals useful for investigating the pathophysiological 

mechanisms contributing to postpartum depression.

5. Conclusions

Our data support stress hyporeactivity as an important neuroendocrine adaptation that 

reduces the vulnerability to maladaptive postpartum behaviors. Further, these data suggest 

that KCC2 plays a role in the normal suppression of the HPA axis during the peripartum 

period and may be a useful target for the treatment of postpartum depression. However, there 

remains much we need to learn about how KCC2 is regulated during the peripartum period 

and how dysregulation of the HPA axis mediates the development of mood disorders and 

deficits in maternal behaviors.
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HPA hypothalamic-pituitary-adrenal

KCC2 K+/Cl− co-transporter 2

CRH corticotropin releasing hormone

PVN paraventricular nucleus of the hypothalamus

DREADD Designer Receptors Exclusively Activated by Designer Drugs

CORT corticosterone

ACTH adrenocorticotropic hormone
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Highlights

• Suppression of the stress-induced activation of the HPA axis during the 

peripartum period involves maintenance of KCC2 expression in the PVN.

• The inability to suppress the HPA axis during the peripartum period induces 

abnormal postpartum behaviors.

• Inappropriate engagement of CRH neurons is sufficient to induce abnormal 

postpartum behaviors.

• A reduction in KCC2 specifically in CRH neurons in the PVN induces HPA 

axis dysfunction and abnormal postpartum behaviors.

Melón et al. Page 20

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Timeline of the experimental procedures.
a, Trunk blood was collected and the PVN was microdissected from virgin, pregnant (day 

18), and postpartum (48 hrs postpartum) mice following a 30 min restraint stress or in 

unstressed control mice to measure circulating corticosterone levels and KCC2 expression in 

the PVN, respectively. b, Anxiety-like, depression-like, and stress-induced changes in 

maternal behaviors were assessed in KCC2/Crh mice and Cre−/− littermates at 48–72 hrs 

postpartum. In parallel, trunk blood was collected from virgin, pregnant, and postpartum 

KCC2/Crh and Cre−/− littermates following a single, 30 min restraint stress or in unstressed 

controls. c, AAV-hSyn-DIO-hM3D(Gq)-mCherry, AAV-hSyn-DIO-hM4D(Gq)-mCherry, 
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LV-pCRF3.0-Cre, or AAV-GFP was stereotaxically injected into the PVN of KCC2/Crh 

mice or Cre−/− mice 5 days prior to mating and depression-like behaviors and stress-induced 

changes in maternal care were assessed at 48–72 hrs postpartum.
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Figure 2: Suppression of the stress-induced activation of the HPA axis involves maintenance of 
KCC2 in the PVN.
a) Representative Western Blots of total KCC2 expression, the phosphorylation of KCC2 at 

residue Ser940, and β-tubulin in total protein isolated from the PVN of control and stressed 

virgin, pregnant, and postpartum wild type mice. The average optical density of total KCC2 

expression (b) and the phosphorylation at KCC2 residue Ser940 (c) is decreased in virgin 

mice following acute restraint stress (n = 10–14 mice per experimental group; * denotes p 

values < 0.05 using a two-way ANOVA). The stress-induced dephosphorylation of KCC2 at 

residue Ser940 and downregulation of total KCC2 expression was not observed in pregnant 

or postpartum mice.
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Figure 3: Characterization of floxed KCC2 and KCC2/Crh mice.
a, A diagram of the predicted structure of wild type KCC2 (top panel), with a predicted 

topology of 12 membrane spanning segments, and the truncated KCC2 protein (bottom 

panel), which has a truncated C-terminal domains and lacks numerous sites for 

posttranslational modifications as well as the ISO domain which is critical for transport 

function. b, The targeting strategy for homologous recombination to generate the floxed 

KCC2 mouse strain. Line diagrams representing the targeting construct with the Neo 

cassettes with the red arrowheads indicating the locations of the LoxP sites, the targeted 

allele following homologous recombination and FLIP mediated excision of the Neo cassette. 

c, PCR products demonstrating the ability to discriminate between mice which are wild type, 

heterozygous, and homozygous for the floxed KCC2 gene (top panel) and those expressing 

CRH-Cre (bottom panel). d, Ai9 reporter expression in CRH/Ai9 mice (red) colocalizes with 

the endogenous CRH peptide in the PVN (left panel) and median eminence (right panel), 

confirming the fidelity of Cre recombinase expression in CRH neurons. e, Representative 

Western blot of KCC2 expression in two independent KCC2/Crh mice and Cre−/− 

littermates. f, The average optical density of KCC2 expression in the PVN is decreased in 

KCC2/Crh mice compared to Cre−/− littermates (n = 5 mice per group; * denotes p < 0.05 

using a Student’s t-test). g, Representative evoked GABAergic currents in CRH neurons in 

the PVN of KCC2/Crh mice and Cre−/− littermates recorded from −100 - −50 mV in 10mV 

steps. h, The average EGABA value is depolarized in KCC2/Crh mice compared to Cre−/− 

littermates, consistent with the lack of KCC2 function. The EGABA value recorded in the 
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whole-cell configuration is provided for comparison (n = 11–12 cells, 3 mice per 

experimental group; * denotes p values < 0.05 using a one-way ANOVA).
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Figure 4: KCC2/Crh mice exhibit abnormal postpartum behaviors.
a) The average serum corticosterone levels in Cre−/− controls following subjection to a 30 

minute restraint stress in virgin, pregnant, and postpartum mice (n = 8–12 mice per 

experimental group; * denotes significance using a one-way ANOVA). b, Following a single, 

30 min restraint stress, the average serum corticosterone levels are elevated in pregnant and 

postpartum KCC2/Crh mice pregnant and postpartum Cre−/− littermates (n = 6–8 mice per 

experimental group; * denotes p values < 0.05 using a one-way ANOVA). Postpartum 

KCC2/Crh mice exhibit a decreased latency to the first bout of immobility (c) and an 

Melón et al. Page 26

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased total time spent immobile (d) in the forced swim test, suggesting increased 

depression-like behaviors compared to virgin mice and postpartum Cre−/− littermates. 

Postpartum wild type mice exhibit anxiolysis during the postpartum period, evident by the 

increased percent time spent in the open arm of the elevated plus maze (e) and the increased 

distance traveled in the light compartment of the light/dark box (f). KCC2/Crh mice exhibit 

deficits in maternal behaviors in the maternal approach test. g, Representative time-lapse 

images of Cre−/− and KCC2/Crh dams in the maternal approach test demonstrate 

interactions of the Cre−/− dams with their pups while the KCC2/Crh dams remain distant 

from their litter. h, KCC2/Crh mice exhibit an increased latency to approach their pups and 

spending less time interacting with their pups in the maternal approach test (for all 

experiments, n = 6–15 mice per experimental group; * denotes p values < 0.05 using a two-

way ANOVA).

Melón et al. Page 27

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: Chemogenetic modulation of CRH neurons in the PVN alters postpartum behaviors.
a, A representative image demonstrating colocalization of DREADD expression (mCherry, 

red) with the endogenous CRH peptide (AlexaFluor-488, green). b, Representative 

electrophysiological recordings demonstrating the effect of CNO administration on the firing 

rate and RMP of CRH neurons from Gq DREADD and Gi DREADD mice. c, The average 

change in the RMP after CNO application in mice expressing either AAV-GFP, Gq 

DREADD, or Gi DREADD compared to the RMP recorded in the presence of nACSF (n = 7 

– 10 cells, 2 mice per experimental group; * denotes p < 0.05 compared to AAV-GFP using a 

paired Student’s t-test). d, The average firing rate is increased upon bath application of CNO 

in CRH neurons expressing Gq DREADD and decreased in CRH neurons expressing Gi 

DREADD. CNO had no effect in CRH neurons expressing AAV-GFP Postpartum wild type 

mice (Cre−/−) expressing Gq DREADDs in CRH neurons in the PVN exhibit a decreased 

latency to the first bout of immobility (e) and spend an increased total time immobile (f) in 

the forced swim test (n = 11–14 mice per experimental group; * denotes p<0.05 using a 

Student’s t-test). Wild type dams expressing Gq DREADDs exhibit an increased latency to 

approach their pups (g) and spend less time interacting with their pups (h) in the maternal 

approach test (n = 11–14 mice per experimental group; * denotes p < 0.05 using a Student’s 

t-test). Silencing of CRH neurons in the PVN of KCC2/Crh mice increases the latency to the 

first bout of immobility (i) and decreases the total time spent immobile in the forced swim 

test (j) compared to KCC2/Crh AAV-GFP controls (n = 8–14 mice per experimental group; * 

denotes p < 0.05 using a Student’s t-test). KCC2/Crh dams expressing Gi DREADDs exhibit 

a decreased latency to approach their pups (k) and spend more time interacting with their 

pups (l) in the maternal approach test (n = 8–18 mice per experimental group; * denotes 

p<0.05 using a Student’s t-test).
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Figure 6: Elimination of KCC2 from CRH neurons exclusively in the PVN is sufficient to induce 
abnormal postpartum behaviors.
a, A representative image of GFP or lenti-CRH-Cre expression in the PVN (green) and 

KCC2 expression (red). b, The average KCC2 optical density in the PVN of mice 

stereotaxically injected with either GFP or lenti-CRH-Cre (n = 4–5 mice per experimental 

group; * denotes p < 0.05 using a Student’s t-test). c, Representative Western blots of total 

protein isolated from the PVN and probed for KCC2 or β-tubulin. d, The average KCC2 

optical density determined using Western blot analysis in mice stereotaxically injected with 

either GFP or lenti-CRH-Cre (n = 8–9 mice per experimental group; * denotes p < 0.05 

using a Student’s t-test). There is an increase in depression-like behaviors in postpartum 

mice (48–72 hrs) with a loss of KCC2 expression specifically in CRH neurons in the PVN 

(lenti-CRH-Cre), evident from a decrease in the latency to immobility (e) and an increase in 

the total time spent immobile in the forced swim test (f), compared to GFP postpartum 

controls. Deficits in maternal behaviors, such as an increase in the latency to approach their 

pups (g) and a decrease in the total interaction time (h) in the maternal approach test, are 

also observed in mice stereotaxically injected with lenti-CRH-Cre into the PVN compared to 

GFP controls. (n = 9–12 mice per experimental group for all behavioral experiments; * 

denotes p < 0.05 using a Student’s t-test).
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