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Abstract

Distinct regions and cell types in the anteroldtgraup of the bed nucleus of the stria terminalis
(BNSTac) act to modulate anxiety in opposing ways. A higtof chronic stress increases
anxiety-like behavior with lasting electrophysiolcg) effects on the BNSJs. However, the
opposing circuits within the BNSJIs suggest that stress may have differential effeatshe
individual cell types that comprise these circtitshift the balance to favor anxiogenesis. Yet,
the effects of stress are generally examined katitrg all neurons within a particular region of
the BNST as a homologous population. We used pa#&shp electrophysiology and single-cell
guantitative reverse transcriptase PCR (scRT-PGRgtermine how chronic shock stress (CSS)
affects electrophysiological and neurochemical progs of Type I, Type Il, and Type llI
neurons in the BNSJs. We report that CSS resulted in changes in thatingsistance, time
constant, action potential waveform, and firingeraf Type Il but not Type | or Il neurons.
Additionally, only the Type Il neurons exhibiteeh éncrease irCrf mMRNA and a decrease in
striatal-enriched protein tyrosine phosphatdpnb) mRNA after CSS. In contrast, only non-
Type 1l cells showed a reduction in calcium-perbleaAMPA receptor (CP-AMPAR) current
and changes in mRNA expression of genes encodind®ANeceptor subunits after CSS.
Importantly, none of the effects of CSS observedevgeen in all cell types. Our results suggest
that Type Il neurons play a unique role in the BINS circuit and represent a population of
CRF neurons particularly sensitive to chronic stres

Highlights

* Chronic shock stress (CSS) induced cell-type sgkechanges in the anterolateral
BNST.

» CSS altered the electrophysiological propertiesglsas CRF and STEP mRNA
expression of Type Il but not Type | and Type éumnons.

* CSSinduced changes in the CP-AMPAR current andessmn of encoding genes only
in non-Type Il cells.

Keywords: bed nucleus of the stria terminalis, stress, siogleRT-PCR, AMPA receptors,
corticotropin releasing factor
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1. Introduction

Hypervigilance and sustainethxiety are core symptoms of post-traumatic stlessder
(PTSD) and some of the most deleterious (Stam 208@Qrowing body of pre-clinical data
strongly suggests that sustained states of ankietgsponse to chronic or traumatic stress is
maintained by hyper-activation of select limbiccaits, of which the bed nucleus of the stria
terminalis (BNST) is a core component (for revieae §Walker, Paschall et al. 2005, Lebow and
Chen 2016)). Indeed, recent human imaging studi® Ishown that activation of the BNST
plays a major role in both the adaptive, as welhatadaptive, response to stress (Avery, Clauss
et al. 2016), and sustained activation of the BNSdurs during anticipation of aversive events
in PTSD patients (Brinkmann, Buff et al. 2017).

Notably, the BNST plays an important role in regulg autonomic, endocrine and
behavioral responses to environmental stimuli (&miew see (Choi, Furay et al. 2007, Crestani,
Alves et al. 2013). Indeed, activity of neuronstlie anterolateral BNST has been reported to
regulate corticotropin releasing factor (CRF) mRBbWpression in the paraventricular nucleus of
the hypothalamus (PVN; (Herman, Cullinan et al.4)3%hereby directly regulating the function
of the classic HPA axis endocrine system. The BN&D contains a high density of CRF-
containing neurons (Sawchenko, Imaki et al. 1988y virally mediated overexpression of CRF
in these neurons or selective knockdown of thebiidny GABAA,1 receptor subunit results in
enhanced anxiety-like behavior (Gafford, Guo e8Il 2, Sink, Walker et al. 2012). Moreover,
chronic stress has been shown to upregulate gegmesskon of CRF and several other stress-
related neuropeptides, receptors, and transcrgdti@gulators in the anterolateral BNST (Stout,

Mortas et al. 2000, Choi, Nguyen et al. 2006, Hagkn&uo et al. 2009, Campos-Melo, Quiroz



et al. 2011, Ventura-Silva, Pego et al. 2012, LeRakman et al. 2014, Butler, Oliver et al. 2016,
Normandeau, Silva et al. 2017). Significantly,ahic stress sensitizes the BNST to subsequent
release of anxiogenic neuropeptides, such as PACARak, Roelke et al. 2014, King, Lezak et
al. 2017). A similar stress-induced sensitizatisacpss is thought to underlie stress-enhanced
fear learning (SEFL; (Gewirtz, McNish et al. 1988u and Fanselow 2009, Ponomarev, Rau et
al. 2010)), which is primarily dependent on aciimatof the basolateral amygdala but recruits
the BNST during periods of over training (Poul®gnnusamy et al. 2010). Hence, chronic
stress-induced sensitization of the anterolateM&B is thought to contribute to the sustained
state of anxiety observed in PTSD.

However, the anterolateral BNST is itself a hetermgpus structure that acts to promote
as well as oppose anxiety-like behavior throughatigvity of functionally distinct sub-regions
and cell types (Figure 1a) (Jennings, Sparta.€2l3, Kim, Adhikari et al. 2013, Daniel and
Rainnie 2016). Specifically, neurons in the antersdl BNST (adBNST) oppose anxiety-like
behavior, whereas a subset of neurons in the dN&TB(ovBNST) inhibits the adBNST, thereby
promoting anxiety-like behavior (Kim, Adhikari et 2013). Importantly, both of these regions
are primarily composed of GABAergic neurons, sugjggghat local neurons within BNST sub-
regions could inhibit one another and play opposotegs in the behavioral output of the nucleus
as a whole (Day, Curran et al. 1999, Kudo, Uchigaahet al. 2012). Indeed, intrinsic
GABAergic connections are abundant within the asié&teral BNST (Turesson, Rodriguez-
Sierra et al. 2013). Previous work from our lab sswn that there are three distinct neuronal
cell types, Type | through lll, in the anterolategeoup of the BNST (BNSA ) based on their
electrophysiological properties (Figure 1b,c) (Hameky Mania et al. 2007), as well as their

transcriptomic mRNA expression profiles for mulépbn channels and 5-HT receptor subunits



(Hazra, Guo et al. 2011, Hazra, Guo et al. 2012)n@e, the BNSA. ¢ is a heterogeneous
structure and is composed of the anterolateralc@umissural, juxtacapsular, fusiform, and
rhomboid nuclei as described by Dong et al. 200dufle 1a). The BNSA ¢ also incorporates
the ovBNST, which contains the largest cluster BFGeurons in the BNST, and which we have
shown correspond to Type Il BNST neurons (Dabrayskazra et al. 2011, Dabrowska, Hazra
et al. 2013).

Moreover, we have shown that chronic stress sgkdgtenhances long-term potentiation
(LTP) in Type Il neurons due to a decrease in esgion of striatal-enriched protein tyrosine
phosphatase (STEP; (Dabrowska, Hazra et al. 2038BP is known to act as a molecular brake
on synaptic plasticity in neurons (Paul, Olaussioal.€2007), and its reduction would, therefore,
act to facilitate LTP. However, chronic stress ircenhas been reported to cause a long-term
depression (LTD) of excitatory transmission in #mgterolateral BNST by reducing calcium-
permeable AMPA receptors (CP-AMPAR&MCEIlligott, Klug et al. 2010)). The authors
concluded that an increase in anxiety-like behawfter stress was most likely due to the
inability of the BNST to act as a “braking mechamison the PVN. An alternative explanation
could be that stress may have differential effeststhe individual neurons that comprise the
opposing circuits within the adBNST to shift thddmce from an anxiolytic to an anxiogenic
state.

Here, we used a combination of patch-clamp elebysiplogy and single-cell
guantitative PCR (scRT-PCR) to determine how clwoshock stress (CSS) affects the
electrophysiological and genetic expression prdfifielype I-1ll neurons in the BNSJg. By

examining the effect of CSS on the different cglies in the BNSA g, we attempt to shed light



on ways in which stress can differentially affegposing circuits within a sub-region of the

nucleus.

2. Materials and Methods

2.1. Animal Subjects

All experiments were performed in male Sprague-@gwlats aged 40-60 days old
(Charles River Laboratories, Wilmington, Massachkis$e Procedures were approved by the
Institutional Animal Care and Use Committee of Eyndniversity and were in compliance with
National Institute of Health guidelines. Rats wpegr-housed and maintained on a 12:12-hour
light-dark cycle withad libitum access to food and water. Experiments were pegdiim63 rats
(see Figure 2A for experimental design). For details on methodse Supplementary

Materials.

2.2. Chronic stress and behavioral testing

Before receiving CSS, rats were matched accordintpeir normalized acoustic startle
response (ASR) and then divided into two groupsn@-stressed (NS) rats and 31 CSS rats, so
as to ensure the groups did not differ in theirabasxiety. The ASR post-test was performed six
days after the final day of shock stress to meathegercent change in startle amplitude. On
days 13 and 14, rats were also tested in the ot &nd elevated zero maze (EZM)
respectively.

The CSS paradigm used in these experiments wagseald&pm previous studies in rat
(Hazraet al, 2012) For each of the seven consecutive days of CSS,wats allowed to
habituate to the shock chamber for 5 min beforeivérg 16 randomly presented foot-shocks
(0.5 s, 0.5 mA) over the course of ~30 min. CSS wadre monitored to ensure that no peripheral

tissue damage was caused by the shock protocolNEhanimals received exactly the same



handling procedures as the CSS group and weredpiacthe chamber for the same duration
each day without being shocked. At the end of eadsion in the chamber, the number of fecal
boli was manually recorded for each animal. Onegittay 8 or day 13, rats were returned to the

shock chamber (5 min) to measure freezing timefeca boli as a measure of context fear.

2.3. Electrophysiology

2.3.1. Preparation of BNST dlices and patch clamp recording

Electrophysiology experiments were completed 63 dHter the last day of shock stress
(Figure 2A). BNST slices were obtained as previously desdréomed kept at room temperature
for 1 h in oxygenated “cutting solution” and theansferred to regular artificial cerebrospinal
fluid (ACSF; (Hammack, Mania et al. 2007)). Indival slices were transferred to a recording
chamber mounted on the fixed stage of a Leica DNI6GB8 microscope (Leica Microsystems
Inc., Bannockburn, IL) and maintained fully subnemtgand continuously perfused with
oxygenated 32 °C ACSF with a speed of ~2 ml/mith.ré¢ordings were confined to the dorsal
BNSTaLc primarily focusing on the region of the oval nudegFigure 1A). Neurons cell type
was determined using their electrophysiologicafifg@s previously described (Hammack et al.
2007). Briefly, Type | neurons are characterized abyegular firing pattern in response to
membrane depolarization, and a depolarizing sathénvoltage response to hyperpolarizing
current injection that is mediated by the hyperpoédion-activated cation current, lh. Type Il
neurons are characterized by a burst-firing pattbat is mediated by activation of the low-
threshold calcium current, IT, and also expressramment |h. Type Il neurons are
characterized by a regular firing pattern, have prominent |h, and a pronounced fast
hyperpolarization-activated voltage rectificatiowicative of the inwardly rectifying potassium

current, IK(IR).



Whole-cell recordings were obtained as previousbgcdbed (Rainnie, Hazra et al. 2014).
Neurons were patched using one of three differecdnding patch solutions depending on the
experiment being done. For determining the AMPANIGDA ratio (AMPAR:NMDAR) and
AMPA current rectification plot, a cesium-basedgbmasolution was used, and spermine (100
HM) was added to maintain the polyamine block of A\NWPARS at positive potentials (Bellone
and Luscher 2006, Soto, Coombs et al. 2007). Gikperiments used a potassium-based patch
solution. For scRT-PCR, the potassium-based patdbtien was made RNase-free and
supplemented with RNAase inhibitor (1U/ul; Life Teologies, CA). Basic electrophysiological
properties were characterized from each cell rembréh the CP-AMPA and scRT-PCR

experiments as described elsewhere (Ehrlich, Ryah 2012).

2.3.2. Contribution of CP-AMPA receptors

Here, we used the selective CP-AMPAR antagonistadhthylacetyl spermine
trinydrochloride (Naspm) to assess the relativetrdaution of CP-AMPAR to the AMPAR
current in the NS and CSS condition. BNST neuroasewirst classified by cell type based on
their electrophysiological properties as previoudBscribed (Hammack, Mania et al. 2007,
Hazra, Guo et al. 2011). Evoked excitatory postgiioaurrents (EPSCs) were then recorded at
-70 mV in voltage-clamp mode before, during, angraNaspm (100 uM) application. Because
stress is known to differentially affect LTP in Teypl cells of the BNST (Dabrowska, Hazra et
al. 2013), the effect of stress on CP-AMPAR curianType Il cells was analyzed separately

from Types | and ILI.

2.4. Single-cell quantitative PCR

Cytoplasm was collected at the end of the recorttm@pplying light suction, and the

content of the pipette was expelled in an RNase tube containing 5ul of lysis buffer (Single



cell to CT kit - Life Technologies, CA). The RNA waetrotranscribed and the cDNA was stored
at -20°C until used. After quality controls of tk®NA using PCR amplification oGapdh,
Volutl andGad67, 31 cells were discarded leaving 130 cells furgirecessed for gPCR.

The genes of interest were preamplified using TagMasays, prior to qPCR. The
preamplification master mix (Applied Biosystems efinofisher, CA) was used in combination
with all the Tagman probes corresponding to ouregenof interest (listed inTable 1).
Preamplification uniformity was assessed using #®&Ct method. gPCR reactions were
performed using the Universal Tagman master mikrtelogy with the 7500 Fast Real-time
PCR system. Results were analyzed using Ak# method (Livak and Schmittgen 2001,

Vandesompele, De Preter et al. 2002).

2.5. Statistical Analysis

Statistical analyses were carried out using Prisi@r@aphPad Software Inc., San Diego,
CA), R (R version 3.2.3, RStudio v. 0.98.1103), andtlab (The MathWorks, Narick, MA).
Power transformations, Studentigest, Mann-WhitneyU-test, and two-way ANOVA with
Tukey’s multiple comparisons were performed as ade®pecifically, two-way ANOVAs were
performed on electrophysiological properti€sgure 3) and, when justified by main effects,
tests were performed between stress groups inasdidype, corrected for multiple comparisons,
to further probe the effects of stress on eachtgpkt. Two-way repeated measure ANOVAs
were used in the Naspm experimenEsggre 5). An alpha level of 0.05 was used for all
statistical tests for behavioral and electrophygjamal data sets, and the standard error of the
mean (SEM) is reported for the error. Due to tighhiumber of genes and groups for the scRT-
PCR analyses, the Bonferonni correction was usetbtect for the multiple comparisons. A

total of 31 comparisons was made for the scRT-P@Rys Therefore, the alpha level was



corrected to 0.002. However, this is a highly covetve correction, potentially resulting in

false negative results, so goy0.05 are reported as a potential trend.

3. Resaults

3.1. Context fear and anxiety-like behavior

After seven days of CSS, the percentage of tinegpént freezing in the shock context
was measured as an indicator of contextual feanilggn CSS rats froze significantly more than
NS rats (6@6 % of time compared to+d %; p<0.0001;Figure 2B). Importantly, the rats did
not appear to habituate behaviorally to the CS&digm, and there was no sign of peripheral
tissue damage. Notably, when tested 6 days afeefithl shock stress, freezing levels remained
significantly higher in the CSS animals than in N animalsigure 2B; t= 5.559p <0.0001).
Similarly, measures of fecal boli counts were digantly higher in the CSS group when
compared to the NS groupi@ure 2C; RM-ANOVA, F(7,98)=3.75p-0.0012). However, unlike
the freezing response, fecal boli counts show grpssive decline in the CSS group after day 4
of the shock presentation. Nevertheless, fecal dmlints were still significantly higher in the
CSS group than in the NS group 6 days after thaitetion of the CSS paradigm (Figure 1C;
Bonferroni's multiple comparison test, t=3.14$70.0171). Moreover, CSS rats had a
significantly higher increase in the ASR than N& @8%11% compared to#7% increase in
ASR, p<0.05), indicating CSS also caused a long-lastirggemse in anxiety-like behavior

(Figure 2D). There was no effect of CSS on open field or EAWure S1).

3.2. Effect of stress on electrophysiological propertiesof BNST neurons

There was a significant effect of both cell type@.01; F 2555.64) and CSSpk0.01,;

F1, 2558.14) on input resistancé&igure 3A), and t-tests, corrected for multiple comparisons,



showed that only Type Il cells had an effect ofSCSvith these cells having a significantly
lower input resistance than that of the NS grol§8(2:28.1 MQ compared to 378+28.1 MQ,
p<0.05). Similarly, there was a significant effe€lG5S on the membrane time constgst0(01;

F1, 255=7.601;Figure 3B), and Type Il cells from the CSS group had aelashembrane time
constant compared to the NS group (22.2 ms compared to 3@&8.6 ms,p<0.01). There was
no effect of stress on the capacitance of Typendlirons, suggesting that the change in time
constant corresponded to the change in input sesist

There was a significant effect of both cell type@.05; k. 25574.12) and CSSpk0.05;
F12554.10) on the rise time of the action potentkilgure 3C), but only a significant effect of
cell type £<0.01; F2559.42) on the decay time of the action potentighd lll cells from CSS
rats had a significantly longer rise time than Typecells from the NS group (0.%0.02 ms
compared to 0.48).02 ms,p<0.01). Although a two-way ANOVA only showed a sigrant
effect of cell type §<0.001; F »55=7.65) and not CSS (p=0.08; k=3=3.09) on action potential
half-width, at-test revealed that Type Il cells from CSS ratsl Isggnificantly wider action
potentials than Type Il cells from NS rats (halidth, 1.420.05 ms compared to 1 20.04 ms,
p<0.05;Figure 3D).

Finally, CSS had an effect on the firing rate op&yll cells in the BNST. With number
of spikes plotted against current injection, th@es no significant effect of stress on the slope of
the linear regressions for Type | (NS: G082 spikes/pA,n=28; CSS: 0.1#40.02 spikes/pA,
n=28;p=0.1) and Type Il neurons (NS: 0AR201 spikes/pA,n=47; CSS: 0.13 0.02 spikes/pA,
n=47; p=0.5), or the intercept (Type I: NS: -4B0 spikes; CSS: -4+B.8 spikesp=0.8; Type
II: NS: -1.8t0.6 spikes, CSS: -149.5 spikesp=0.8; Figure 4A-B). However, the slope in Type

Il cells from the CSS group was significantly sfealthan the slope from the NS group



(0.14+0.01 spikes/pAn=44 compared to 0.3#80.01 spikes/pAn = 37, p<0.05;Figure 4C-D).

To determine if this was just due to the decreas@put resistance, the firing rate was plotted
against the subthreshold membrane potential in Tymells. Here, both the slope and intercept
were significantly smaller in Type Ill cells fronhg CSS groupp&0.05, data not shown),

indicating CSS caused a reduction in the firinge raf Type Ill neurons independent of the
change in the input resistance of the cells. Thees no significant effect of CSS on

AMPAR:NMDAR, AMPA rectification, or other electrogBiological properties (see

Supplementary Materials).

3.3. Effect of stresson CP-AMPA receptors

A previous study reported a change in the contiobubf CP-AMPARS to the AMPAR
current after stress in the BNST of mice (McElligatiug et al. 2010). We next determined if
CSS caused a change in CP-AMPAR current in therdift cell types in the BNST of the rat.
As noted above, Type Il cells are uniquely sewsitio CSS Figures 3-4). In Type Il cells
from NS rats, there was a 10.0+£0.8% reduction @ dmplitude of the EPSCs with Naspm
application (Time: by 465=2.20,p<0.0001); however, there was no difference in ggponse to
Naspm between the NS and CSS group (CSS: 87.8+xf04selinep=0.5; Interaction of time
and stress: g, 46850.68,p=0.93; CSS: F;5=0.04,p=0.84; NS:n=8, CSS:n=6; Figure 5A). In
contrast, the amplitude of the EPSC in non-Typeeélls was reduced to 77.8+1.2% of baseline
by Naspm in NS rats and only 89.0+£0.7% of basdln€SS rats<0.0001), and there was a
significant interaction effect of time and CSS éhatction of time and stresSzokro14#2.37,

p<0.0001; CSS: £=2.58,p=0.12; NS:n=9, CSSn=19; Figure 5B).

3.4. Effect of stress on gene expression

3.4.1. Effect of CSSon mRNA for AMPA receptor subunitsin different cell types



Because of the changes seen in CP-AMPAR curré¢et siress, we next compared the
normalized expression level for AMPAR subunitshe three cell types from NS and CSS rats.
Almost all neurons tested (92%) expressed detexiabtls of the mRNA (Ct values below the
cut-off) for Gria 1-2. Notably, there was no effect of CSS on the exgioasof the AMPAR
subunit,Grial in any of the cell typed={gure 6A). However, both Type Ipk0.0001; sed able
S1 for sample sizes for scRT-PCR experiments) and Tlyfe<0.001) cells from CSS rats had
significantly higherGria2 expression than NS rats, whereas there was ndisagti difference
between CSS and NS groups for the Type Il cghsO(79; Figure 6B). Importantly, CP-
AMPARSs lack the GIuA2 subunits, coded Byia2, and non-Type Il cells showed a reduction
in CP-AMPAR current after CSS. No cells tested ldatiectable levels of &3 and Gria4

(Table S1).

3.4.2. Cdl-type specific expression of mRNA for CRF and STEP

Previously, we have shown that Type Ill neurongress the mRNA foCrf andPtpn5
(Dabrowskaet al, 2013a; 2013b). Hence, we next examined the egioreof Crf and Ptpn5
(STEP) in BNST neurons to determine if the effettG®S was also selective to Type |lli
neurons. Intriguingly, the majority of cells in aiell types in both conditions had detectable
amounts of MRNA for CRF; however, the amount ofiscaipt expression differed significantly
across cell type and stress condition. In the Nighals, Type Il cells expressed significantly
more Crf than Type Il cells g<0.0001), and there was a trend toward Type | detism NS
animals expressing mow@rf than Type Il cells from NS animal(=0.04; Figure 7A). After
CSS, there was a significant increaseCimi mRNA in Type Il cells p<0.0001). Interestingly,
the Crf expression in Type Il cells from CSS rats wasnueally distributed, with 4 out of 22

neurons expressin@rf at normalized quantities less than 0.0001 anddbeexpressin@rf at



normalized quantities greater than 1. There wasffazt of CSS orCrf expression in the Type |
or Type Il cells. In CSS rats, Type Il cells exgged significantly more&rf than Type |
(p=0.002) and Type Il cellp€0.001).

Like Crf, the majority of cells in each cell type and cadiodi expressed some detectable
amount of mRNA forPtpn5. In the NS animals, each cell type had similarlgwof PtpnS
MRNA, although there was a trend toward the Typesélls expressing morBtpn5 than the
Type | cells p=0.007;Figure 7B). However, Type Il cells in the CSS group hadngigantly
lower levels ofPtpn5 than Type Il cells from the NS group<0.0001). Alternatively, there was
no effect of stress in the normalized quantityPgdn5 mMRNA in Type Il cells and a slight trend
toward an increase iBtpn5S mMRNA in the Type | cells after CS$+0.048). Hence, Type Il
cells expressed significantly leBfn5 than Type | <0.0001) and Type Il cell$p€0.0009) in
CSS rats Kigure 6B). Importantly, there was a significant negativerelation between the
amount ofCrf and the expression tpn5 in Type Il cells from CSS (&0.36,p<0.01), but not

NS rats Figure 7C).

4. Discussion

We have shown multiple ways in which stress unigaélected Type Il neurons in the
BNSTaLc using a CSS paradigm that resulted in a strongegbeconditioned fear and increased
anxiety-like behavior as measured by the ASR. Itgaly, this and other studies have
suggested that the Type Il neurons represent apgaf CRF neurons in the BN®E
(Dabrowska, Hazra et al. 2011, Dabrowska, Hazia.€2013). The CSS also caused numerous
long-lasting physiological and genetic changes hiea BNSTy.c. First, only Type Il cells
exhibited significant changes in input resistariceg constant, action potential waveform, and

firing rate, as well as an increase in CRF and @edse in STEP mRNA levels after CSS. In



contrast, only non-Type Il cells from the CSS graexhibited a loss of sensitivity to the CP-
AMPAR antagonist, Naspm, indicating a reduction GR-AMPAR-dependent current after
stress. Accordingly, only Type | and Type Il ceflsowed an increase in mRNA expression
levels for the AMPAR subuniGria2. Together, our data show that chronic stress caguely

affect individual cell types in the BNQ/G.

4.1. Effect of CSSon context fear and anxiety-like behavior

As expected, the CSS paradigm caused rats to fieebe shock context the day after
the last exposure to the foot-shock. More impolyamtowever, freezing was also significantly
increased 6 days after CSS compared to the NS @ussistent with previous observations, the
7-day CSS paradigm also caused a long-lastingaseren anxiety-like behavior as measured by
an elevated ASR 6 days after the last day of sBuelss (Hazra, Guo et al. 2012). The BNST is
known to be critical for context fear conditioniagd an important modulator of the startle reflex
(Gewirtz, McNish et al. 1998, Zimmerman and Mar@i P, Davis and Walker 2014, Hammack,
Todd et al. 2015). Significantly, the chronic sg-<@sduced increase in anxiety-like behavior and
MRNA changes appear to require a period of “indobat(Gewirtz, McNish et al. 1998,
Bangasser, Santollo et al. 2005, Lezak, Roman. &04/4) suggesting that a tipping point may
need to be reached in the properties of discre®N&1 neurons after which long-term
behavioral changes are observed. Notably, wherkamic corticosterone administration has
been shown to increase CRF mRNA levels in the BNSAepard, Schulkin et al. 2006), the
same treatment does not mimic stress-induced cbBangePACAP and PAC1R mRNA
expression levels in the ovBNST (Lezak, Roelkd.e2@l4). Together these data further suggest
that there is a progressive alteration in the fionel properties of BNST neurons, which may

depend on the activation of multiple upstream/ddve@sn signaling cascades.



Recently, we reported that Type Ill CRF neuronghef ovBNST in both the rat and
mouse project to key downstream structures thatirarelved in the regulation of reward,
motivation, vigilance, as well as motor functioryck as the nucleus accumbens, ventral
tegmental area, periaqueductal gray, substantia,négnd pontine nuclei (Dabrowska, Martinon
et al. 2016). Significantly, CRF release in thesectures has been reported to 1) increase
defensive behaviors (Carvalho-Netto, Litvin et 2007), 2) escalate drug-intake and facilitate
addiction-like behavior (Tunstall and Carmack 201&onard, DeBold et al. 2017), and
following chronic stress switch the behavioral aeti CRF from appetitive to aversive (Lemos,
Wanat et al. 2012). Moreover, our results are cest with the elegant findings of a recent
study from de Lecea and colleagues (Giardino, Bbatischild et al. 2018). Here, that authors
used a combination of cell-type specific optogersetind viral tract tracing to show that in mice
CRF neurons of the anterior-lateral BNST prefeadiytinnervate hypocretin-containing neurons
of the lateral hypothalamus (LH) and that activatid this CRF BNST- LH pathway aversive.
Hence, increased CRF expression in Type Il neufolhewing chronic shock stress would be
expected affect to many, if not all, of these atyxielated behaviors.

It is notable that, whereas the behavioral respans€SS did not habituate, the
gastrointestinal response to CSS did. Howeves tiiservation is not without precedent.
Activation of the HPA axis is a metabolically derdarg process and habituation likely acts to
restrict the detrimental effects of long-term gloougicoid release (Grissom and Bhatnagar 2009,
Herman 2013). Significantly, Herman and colleaghi@ge argued that different limbic circuits
may be activated by predictable stressors (e.graies stress) compared to unpredictable

stressors, and that they also differ in their cdthabituation (Flak, Solomon et al. 2012). Given



the nature of our stress paradigm, it is probalhde both circuits are activated and, hence, the
observed differences in the freezing and fecal dmlints in response to CSS.

4.2. Effect of stresson electrophysiological properties and genetic expression in Typelll
cells

To date, no study has examined the effects of abrostress on intrinsic
electrophysiological properties of different cejipés in the BNST. Here, we showed that
multiple electrophysiological properties of Typé ¢ells were uniquely affected by CSS. CSS
caused a significant reduction in input resistanod membrane time constant of Type Il
neurons, thereby changing the neuron’s observetlsig-noise ratio, such that excitatory input
would need to be stronger in order to drive theroretio action potential threshold. A faster time
constant also makes the summation of EPSCs mdieudiif resulting in a higher frequency of
excitatory input required to drive the cell. Sudimceges may be one way in which Type llI
neurons maintain homeostatic control after a pakinicrease in activity during CSS (Gasselin,
Inglebert et al. 2015). The lower input resistantd@ype Il cells after CSS may also be due to
an increase in network activity (Léger, Stern et28l05). Indeed, the dorsal BNST has been
shown to be under tonic GABA inhibition (Egli anditfer 2003), and recent evidence suggests
that chronic stress increases the GABAergic comvigctbetween CRF neurons in the BNST
(Partridge, Forcelli et al. 2016). The observeduotion in firing rate in the Type Il cells is
potentially another way in which the Type Il nemsomaintain homeostatic plasticity after a
period of prolonged activation. Future studies doakamine the mechanisms behind these
changes in Type lll neurons after stress.

In contrast, Type Ill neurons exhibited a wideniofgthe action potential waveform,
which is not consistent with a homeostatic mechanis reduce excitability after prolonged

activation (Lee, Royston et al. 2015). The wideticac potential in Type Il cells may have



resulted in more calcium entry in the dendrites Qdbb and Beam 1991, Helmchen, Imoto et al.
1996), potentially acting on calcium-activated effes that could result in numerous down-
stream changes including an increase in neurotriiesrelease.

It is important to note that any changes in thespiiggical properties of ovBNST
neurons may also impact the classification schesee tor identification purposes in this study.
While we cannot fully rule this possibility out agpotential confound, we do not believe this to
be the case. Notably, virtually all of the clagsifion criteria used to differentiate Type | — Il
neurons from one another remain unchanged followingnic stressI{able 2)

Importantly, previous studies have shown that al8s# of Type Il cells in the rat
BNST expres€rf mRNA (Dabrowska, Hazra et al. 2011, Dabrowska, Hatral. 2013). CRF
acts throughout the brain, including within the BN® coordinate the stress response and
increase anxiety-like behavior (Lee and Davis 19818re, we showed that all cell types in the
BNSTac expressed some amount@ff, but the expression levels varied by cell type aede
only affected by CSS in Type Il neurons. Importgntvhile mRNA is not always translated
into protein a switch to a higher transcriptionerdllowing CSS suggests that the Type Il
neurons may also were translate more CRF. Consigt#ém our observation, increases @nf
MRNA expression in the dorsal BNST have been regosdfter chronic mild stress and
experimental neuropathic pain (Kim and Jung 2006uvirette, Vanelderen et al. 2012).
Moreover, Ressler and colleagues (Sink, Walket.2(4.3) have shown that cell type-selective
over-expression d&rf mRNA in BNST CRF neurons results in an long-fag&nhancement of
anxiety-like behavior and hypervigilance. Togethbese results suggest that the stress-induced
increase irCrf mRNA expression in Type Il neurons observed i ¢hrrent study could result

in enhanced CRF release from Type Il and subsédtyuecrease anxiety-like behaviors.



Chronic restraint stress facilitates LTP inductioype Il neurons due to a reduction in
expression oPtpn5 (STEP; (Dabrowska, Hazra et al. 2013)), and oRTsECR data replicated
the reduction irPtpn5 expression in Type 1l cells after CSS. STEP Israin-specific tyrosine
phosphatase known to oppose LTP in the amygdala BM8T (Paul, Olausson et al. ,
Dabrowska, Hazra et al. 2013). Previously we regadPtpnS expression was restricted to Type
Il cells and STEP-immunoreactivity was restrictedCRF neurons (Dabrowska, Hazra et al.
2013). Here, we showed th&pn5 was expressed in Type |, Type Il, and Type lllisel
however, Ptpn5 expression was only reduced in the Type Il nearobnlike previous
experiments, the pre-amplification step allowed tosdetect lower levels of expression.
Significantly, Type Il neurons were the only céyipe that showed an increase @nf and
reduction inPtpn5 after CSS. Moreover, the changes in mRNA expressiere negatively
correlated, such that Type Il neurons with highels of Crf expressed low levels d?tpn5,
suggesting that expression of one may influenceesspon of the other. Intriguingly, our data
suggest that the Type Ill neurons are also lesgade after stress; however, the reduction in
Ptpn 5 has been shown to facilitate LTP induction (Dalskay Hazra et al. 2013). Together,
these results suggest that stress causes mujiptientially competing, alterations in Type llI
neurons, and the balance of these changes, ieemégnitude of the loss iBtpn 5 and the

degree of change in membrane excitability, maycatfee net behavioral outcome.

4.3. AMPA Rectification and CP-AM PARs

The majority of AMPARSs are not permeable to calgiurowever, AMPARs lacking the
GIuA2 subunit are permeable to calcium and inwarddgtifying due to an intracellular
polyamine block at depolarized potentials (Cull-@anKelly et al. 2006). CP-AMPARSs have

been implicated in NMDA-independent LTD and LTP,memstatic regulation, and synaptic



priming (Cull-Candy, Kelly et al. 2006, Tukey andf2013). A previous study has shown that
stress can cause LTD in the BNST by reducing CP-ARHélependent current in mice; however
this study did not address the cell type-specifioitthis response (McElligott, Klug et al. 2010).
Despite the known presence of CP-AMPARSs in the BN&F did not observe the predicted
inward rectification of the AMPAR currenBgpplementary Materials, (Cull-Candy, Kelly et
al. 2006)), possibly because of an incomplete diffa of the exogenous spermine or the loss of
the block due to the polyamines permeating the ARRBAuring the prolonged depolarization at
+ 40 mV (Koh, Burnashev et al. 1995, Bellone anddher 2006). However, application of the
CP-AMPAR antagonist, Naspm, reduced the amplitul¢he EPSCs, and the sensitivity to
Naspm was blunted after CSS, indicating a redudatiathe contribution of CP-AMPARS to the
total AMPAR current after stress, replicating theess-induced reduction of Naspm-sensitivity
seen in mice (McElligott, Klug et al. 2010). We exdl this observation to show the effect of
stress on CP-AMPAR current was not seen equallgllircell types; CSS had no significant
effect on the Naspm response in Type |l whereasethvas a significant interaction effect of
time and stress in the non-Type lll cells. Althougls possible that Naspm may have had off-
target effects that could affect the EPSC amplitwe believe that this is unlikely as off-target
effects would be expected to occur uniformly actosatment groups. Hence, only non-Type llI
BNST neurons undergo the loss of CP-AMPARs aftezsst We have proposed a model of
opposing circuits within the BNST in which non-Typié and Type Ill CRF cells mutually
inhibit one another, with Type Ill cells acting emhance anxiety-like behavior (Daniel and
Rainnie 2015). With the loss of CP-AMPAR-dependantent, non-Type Il cells may be less

responsive to glutamatergic input, thereby lesg &blprovide inhibitory input to the Type lli



CRF neurons. This shift in synaptic strength mayliate, in part, the increase in anxiety-like
behavior seen after CSS.

AMPARs are composed of two sets of symmetric démgenerally, a dimer consisting of
GIuA2 (coded byGria2) with a dimer of either GIuAl, GIuA3, or GluA4 (ded by gene6rial,
Gria3, Griad respectively). However, CP-AMPARSs lack GIluA2 enftir¢Cull-Candy et al,
2006). All BNST cell types expressed mRNA farial andGria2, whereas none of the neurons
expressed mMRNA foGria3 or Griad. Although there was no change@nial expression with
stress in Type | — Il neurons, there was a sigaiit effect of stress on the expressioGob2.
The lack of change irGrial expression with stress fits with the lack of chang the
AMPAR:NMDAR. Importantly, only Type | and Type llels showed an increase &ria2
MRNA after stress, suggesting more AMPARSs in theserons would be able to incorporate

GIuA2 subunits, thereby reducing CP-AMPARSs in no/pé |l cells after CSS.

4.4. Conclusion

This study reveals several ways in which chromiess differentially affects Type I-1lI
neurons in the BNS{ . Importantly, none of the effects of stress obsdmnwere seen in all cell
types. We have shown that non-Type Il cells undeagreduction in CP-AMPAR current
indicative of LTD after CSS, potentially causinglaft in the balance of glutamatergic input in
the BNSTy ¢ to favor the Type Il cells. The contrasting eteof stress on Type Ill neurons
compared to the other cell types indicate Typendlirons perform a different role in the circuit
from non-Type Il cells. Importantly, we provide idgnce that Type Ill neurons represent a
group of CRF neurons particularly sensitive to C3$pe Il neurons showed a significant
reduction in Ptpn5 mRNA expression and increase @rf mRNA expression after CSS,

suggesting an increased sensitivity to future styoaplasticity and release of CRF to



downstream targets. Type Il cells also exhibitbgigiological changes indicative of a reduction

in excitability. Although the physiological changesy appear paradoxical, we would argue that
this is a mechanism by which the BNSTov circuitay enaintain a balance between the Type lli
and non-Type Il cells in response to homotypiesdors, and yet show an enhanced response to
unpredictable and/or novel stressors. Future studi® required to tease apart how these

individual changes in the circuit affect the beloaai output of the nucleus.
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Figure L egends

Figure 1: BNST organization. Anterolateral group of the bed nucleus of the steiaminalis

(BNSTALG), as defined by Dong et al. (2001), islmatd by the thicker hatched line. In the

present studies, neurons were recorded from tkealdBNSTALG regions outlined in grd}).

Localization of Type | (blue), Type Il (red), and/ge Ill (green) cells in the dBNST. The
location of the cell was approximated at the tinferexording. The bar graph shows the
percentage of neurons that were of each cell tyghea region of the oval nucleus, the AL/AD,
and the lateral dBNST as a whdB). Three electrophysiologically distinct cell typéslil)
observed in the BNSJ[ in their response to depolarizing and hyperpaiagizurrent injection

(C).

Figure 2. Experimental designA). ASR: acoustic startle response; NS: no streS§:Chronic
shock stress; OF: open field; EZM: elevated zeraen@SS rats froze more in the shock context
than NS rats on day 8 (N8:= 24; CSSn = 23) and day 13 (NS1= 8; CSS:n = 8) B). CSS
rats had an increase number of fecal boli throughwistress paradigm, indicative of increased
anxiety and emotionality (NS1= 24; CSSn = 23;C). On day 13, CSS rats showed a higher
increase in startle amplitude than the NS rats (NS:32; CSS:n = 31; D). There are no
significant differences between the NS and CSSpggon time spent in the open portion of the
EZM (NS:n = 12; CSSn = 12) on days 13 and 14 respectively.(Panel B: t-tests. Panel D:

Mann-WhitneyU-tests. * p < 0.05, **** p < 0.0001

Figure 3. CSS caused a change in input resistance, timeasansind action potential waveform

in Type Il cells. Type Il cells from the CSS gmyn = 52) had a significantly lower input



resistanceA) and time constanB( than Type Il cells from the NS group € 42). Type llI

cells from the CSS group also had a longer actiotergial rise time ©) and longer action
potential half-width D) than Type Il cells from the NS group. There wassignificant effect of
stress on any of the parameters measured in T{&:In = 33; CSSn = 31) or Type Il cells
(NS:n=52; CSSn = 49;A-D). Recordings from 24 NS and 23 CSS rats. Errcs bhow SEM.

*p <0.05, **p<0.01.

Figure 4. CSS caused a decrease in firing rate in Type lI$.c€he number of action potentials
(spikes) fired plotted against the current (pAkoted during a 750-ms long square-wave pulse
for Type | (NS:n = 28; CSSn = 28;A), Type Il (NS:n=47; CSSn =47;B), and Type Il (NS:

n = 37; CSS:n = 44;C) cells from CSS (black squares) and NS (grey esiclats. A linear
regression was done for each cell, and the aveslage and intercept was used to plot the line
for CSS (black) and NS (grey) animals (shaded regrepresent SEM). There was no difference
in the slope or intercept for Type A)Y or Type Il cells B). Type lll cells from CSS rats had a
significantly smaller slope than Type Ill cells finoN'S rats C). Representative trace of Type Il
cells from NS (grey) and CSS (black) rats injecteith a 200-pA square-wave current st&p.(

Scale bar: 50 ms and 20 mV.

Figure 5. CSS led to a loss of sensitivity to Naspm (100 jitihe BNST; however, Type Il
neurons did not show this effect of CSS. Type dli<in the BNST exhibited a depression of
EPSC amplitude with Naspm application; howeverygh&as no difference in the response
between NS (open circles= 8) and CSS (black squaress 6;A). Non-type Il cells, including

only Type | and Type Il cells showed a depressioEPSC amplitude with Naspm application,



and there was a significant difference in the raspdetween NS (open circless 9) and CSS
(black squaresn = 19; B). Error bars show SEM. Data from 9 CSS and 14 &lS. finsets,
representative average of three consecutive EP®B@sType Il A) and non-Type 111 B) cells
from NS and CSS rats before (grey) and after (Blapiplication of Naspm. Scale bars: 20 pA

and 20 ms.

Figure 6. Normalized quantities of mRNA for therial (Type I: NSn= 18, CSSh = 17; Type

II: NSn=32, CSS = 22; Type lll. NSn = 27, CSS = 22;A) andGria2 subunits (Type I: NS
n=18, CSh=17; Type ll. NSn = 31, CSS = 24; Type lll: NSn = 25, CSS = 22;B) from
cells classified as Type I-lll from NS (grey opeguares; 20 rats) and CSS (black closed

squares; 19 rats) rats. Used Mann-Whitbletests. Mean and SEM shownp* 0.002

Figure 7. Normalized quantities of mMRNA for CRF (Type I: MS 13, CSS1= 11; Type IIl: NS
n=31, CSS = 24; Type lll: NSn = 25, CSS = 22;A) and STEP (Type I: N8= 18, CSSh =
17; Type Il: NSn = 31, CSSh = 24; Type lll: NSn = 27, CSS = 22;B) from NS (grey open
squares; 20 rats) and CSS (black closed squareais)Qats. Used Mann-Whitnéjttests. *p <
0.002. Only showing comparisons within cell typ#det of CSS). Mean and SEM shown. The
amount of CRF mRNA is negatively correlated witle gamount of STEP mRNA in Type llI

cells from CSS ratJ). R = 0.36.

Table 1. List of gene names and TagMan reference numbers.

Table 2. Basic electrophysiological properties of Type Ip&yl, and Type lll cells in the
control and CSS rats



Table 3. Summary of genetic and electrophysiological chamgdype I, Type Il and Type IlI
cells following CSS.



Gene name (protein TagM an assay

name) reference

Grial (GIluR1) Rn00709588_m1
Gria2 (GIuR2) Rn00568514 _m1
Gria3 (GIuR3) Rn00583547_m1
Griad (GluR4) Rn00568544_m1
Crh (CRF) Rn01462137_m1
Ptpn5 (STEP) Rn01480059_m1
Ppplca (PP1A) Rn00580546_m1
Ppplcb (PP1B) Rn00565033_m1
Ppplcc (PP1C) Rn04339209 ml

Ppp3ca (Calcineurin A)  Rn00690508_m1
Ppp3cb (Calcineurin B)  Rn00566864 _m1
Ppp3cc (Calcineurin C)  Rn01465907_m1
Ppplrlb (DARPP-32)  Rn01452984 ml



Threshold (mV)

Rin (MW)

Spike latency (ms)

AP risetime (ms)

AP half width

| AR SCOre

Iy, score

Typel

-36.48 £0.5442

371.1+27.39

138.5 +£20.83

0.4941 + 0.02634

0.137 £0.04795

2.17 +£0.1623

0.04921 + 0.003539

CONTROL
Typell

-39.29 £ 0.4891

349.1+17.72

76.06 £ 6.443

0.532 +0.02177

0.3021 + 0.04009

2521 +0.1618

0.06625 +0.002491

Typelll

-35.17 £ 0.596

387.3+51.24

207.6 +£21.36

0.4557 +0.01502

0.161 + 0.03325

4.431 +0.5883

0.01416 &1769

Typel

-86:49.8739

320.8 + 28.68

112.5864

0.4772 £0.01922

1465 + 0.04369

2172 +0.2016

0.04635 +0.003509

CSs
Typell

-39.56 + 0.4425

334.1 +20.53

80.92 +11.64

0.5612 + 0.02554

0.3156 +0.04113

2.44 +0.1692

0.06844 +0.002876

Table 2: Basic electrophysiological properties of Type ype Il, and Type Il cells in the control and C%fsr

Typelll

-34.53 £0.7322

283.8 +28.09

190 + 23.54

0.5436 £ 0.01851

0.3183 £ 0.03484

4.128 +0.7379

0.0¥37.00131



CELL TYPES

TYPEI

Typell

TYPEIII

TRANSCRIPTOME

1 Gria2 mRNA level

1 Gria2 mRNA level

1 Crf mRNA level
| Ptpn5 mRNA level

ELECTROPHYSIOLOGY

| CP-AMPA current

| CP-AMPA current

lInput resistance
|Membrane time constant
1 Action potential rise time
1 Action potential width

| Firing rate

BEHAVIOR

Increased anxiogenesis to novel stressful stimuli

Increased anxiogenesis to novel stressful stimuli

Possible habituation to homotypic stress stimuli

Increased anxiogenesis to novel stressful stimuli



- Type | - Type ll -Type 1]

60
7]
H
@s0
840
2
530
8
g20
3
510
&

0

Total oval AL/AD
Location

Typel Type II Type 11T



Action potential rise time (ms)

500 *
400 T l
i
300 -
200
100
0 T T T
Type | Type Il Type lll
nNs Il css
0.8
*%
0.6
—T |
—lm
0.4
0.2
0 T T T
Type | Type |l Type lll
NS Il css

Time constant (ms)

w)

Action potential half-width (ms)

40 L.t
30 L
- T
20
10
0 T T T
Type | Type Il Type lll
nNs Il Css
2.0
*
1.5 -
e —T
1.0
0.5+
0 T T T
Type | Type |l Type I
nNs Il css



A ASR

Post-test
Context Recording (n = 11)
Test
n =47 ——1— Recording (n =12)
ASR Days 1-7 Recording (n=12)
Pre-test NS or CSS
OF EZM Recording (n = 12)
. 1 1 1 1 |
Designated LI B B B
asCNSSSor Context
Test
B Cc
80 - *kkk c 13 1
2 o NS
@
*k*kk Q10 -~ CSS
60 »
3
g 50
2 =
§ 40 — _8 6
Qo w
- § 4- N }
20 T — 5
g 27
£
0 . . S bt 0065 ,0
NS CSs NS CSss 0 1 2 3 4 5 6 7 13
Day 8 Day 13 Days
D E
300 _ * 80 -
S |
(0]
g 200 4 ~ 60+
< s
& g
% 100 4 c 40+
@ | g |
® c
£ =
S 0 4 £ 20
| =
©
5 1
-100 T T 0 T T
NS CSS NS CSSs



Type Il

Type |

sayIdg Jo JaquinN

200 250

150

Current (pA)

30

soyIds Jo JaquinN

Current (pA)

m CSS

NS

m CSS

NS

Type lll

seyIdg Jo Jaquiny

100 150 200 250

50

Current (pA)

m CSS

NS



Non-Type I

B

spniidwy OSd3 pazi|ew.ioN

_ O
_ ~—
n I
T |
_ e
=
a3
o o
o
Z 0
S
[e %
(2]
©
z
o
! T T T T T T 1
M N - O O ©o N ©O v
A - O O o o o
spnyidwy 9Sd3 pazjew.oN
- O
N
-0
0
I_ o
=
=
=2
o
o
Z [Te}
£
o
(7]
©
z
o
d T T 1 T 1
- - - +—~ O O o o o

Time (min)

Time (min)

m CSS

NS

m CSS

NS



>

Normalized Quantity

Gria1

64 oo

222

Type | Type Il

ONS =CSS

Type llI

zEotRy

Normalized Quantity 0

4-
3 %
n
118 %
n
1'£ [T i- QD n
oy T
0-
Type | Type Il Type llI

ONS

= CSS



Normalized Quantity 3>

Type |

Type Il
ONS =CSs

e e

Type lll

S o]
1 1

Normalized Quantity
N
1

STEP
=]
=]
]
=]
0o Egm G me
)

Type Il
ONS =CSS

E

Type I

Normalized Quantity of STEP

1 2 3
Normalized Quantity of CRF

N



