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Abstract

BACKGROUND—STEP is a brain-specific protein tyrosine phosphatase that opposes the
development of synaptic strengthening and the consolidation of fear memories. In contrast, stress
facilitates fear memory formation, potentially by activating corticotrophin releasing factor (CRF)
neurons in the anterolateral cell group of the bed nucleus of the stria terminalis (BNST a| g)-

METHODS—Here, using dual-immunofluorescence, single-cell RT-PCR, quantitative RT-PCR,
Western blot, and whole cell patch-clamp electrophysiology, we examined the expression and role
of STEP in regulating synaptic plasticity in rat BNST a; g neurons, and its modulation by stress.

RESULTS—STEP was selectively expressed in CRF neurons in the oval nucleus of the
BNST 5 g. Following repeated restraint stress (RRS), animals displayed a significant increase in
anxiety-like behavior, which was associated with a down-regulation of STEP mRNA and protein
expression in the BNSTa g as well as selectively enhanced magnitude of long-term potentiation
(LTP) induced in Type Ill, putative CRF neurons. To determine if the changes in STEP expression
following RRS were mechanistically related to the facilitation of synaptic strengthening, we
examined the effects of intracellular application of STEP on the induction of LTP. STEP
completely blocked the RRS-induced facilitation of LTP in BNST A g heurons.

CONCLUSIONS—Hence, STEP acts to buffer CRF neurons against excessive activation, while
down-regulation of STEP after chronic stress may result in pathological activation of CRF neurons
in the BNST [ g and contribute to prolonged states of anxiety. Thus, targeted manipulations of
STEP activity might represent a novel treatment strategy for stress-induced anxiety disorders.
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Introduction

Striatal-enriched protein tyrosine phosphatase (STEP; also known as protein tyrosine
phosphatase non-receptor type 5, PTPNDS), is a brain-specific tyrosine phosphatase that is
highly expressed in regions involved in learning and memory, such as the striatum,
neocortex, amygdala, and hippocampus (1, 2), where it contributes to the regulation of
synaptic plasticity and cognitive function (for review see (3)). Functionally, STEP
inactivates several kinases by dephosphorylating a regulatory tyrosine (Tyr) within their
activation loop. Target substrates include extracellular signal regulated kinase 1 and 2
(ERK1/2) (4), the stress-activated protein kinase p38 (4, 5), the Src family tyrosine kinase
Fyn (6), and proline-rich tyrosine kinase 2 (7). In addition, STEP dephosphorylates
regulatory Tyr residues in subunits of NMDA (GIuN2B, formerly known as NR2B) and
AMPA receptors, promoting internalization of GIUN1/GIuN2B and AMPA receptor
complexes (3, 8, 9). Dephosphorylation of these proteins significantly attenuates the
development of synaptic plasticity and the consolidation of memories (10-14).

Consistent with these findings, STEP blocks long-term potentiation (LTP) in amygdala
slices (15), while STEP-deficient mice show facilitated LTP and amygdala-dependent fear
conditioning (16). Moreover, knockdown of STEP in the dorsal hippocampus delayed
physiological recovery from stress, whereas STEP overexpression enhanced resilience to
stress (17). Consequently, it has been suggested that down-regulation of STEP function
plays a role in the etiology of stress-induced anxiety disorders, such as post-traumatic stress
disorder (PTSD) and generalized anxiety disorder (17).

Two regions that play a critical role in regulating fear and anxiety-like behavior in response
to stress stimuli are the central nucleus of the amygdala (CeA) and the bed nucleus of the
stria terminalis (BNST) (18). Both regions contain a high density of neurons that express the
stress hormone, corticotrophin releasing factor (CRF) (19, 20). CRF neurons in the
paraventricular nucleus of the hypothalamus (PVN) mediate the classic endocrine response
to stress; while activation of CRF neurons in the BNST is thought to initiate the behavioral
response to stress (18), and stress is known to modulate synaptic plasticity in the BNST (21,
22). The BNST is a heterogeneous structure consisting of several distinct nuclei, which
differentially regulate the stress axis (23) and anxiety-like behavior (24). Here, we have
focused on the anterolateral cell group of the BNST (BNST 4 g), which contains a high
density of CRF neurons (19, 25, 26) and is the only division showing somatodendritic
immunoreactivity for STEP.

Three distinct neuronal subtypes exist in the BNSTALG, Type I-111 (27), of which Type Il
neurons are thought to be CRF neurons (26, 28). However, little is known about the
mechanisms that regulate synaptic plasticity in Type I-111 neurons or the potential role of
STEP in these mechanisms. In the current study, we employed a combination of
immunohistochemical, molecular, electrophysiological, and behavioral techniques to
examine the relative expression, distribution and potential function of STEP in Type I-111
neurons of the BNST 5 g from control and stressed animals.
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Material and Methods

Animal subjects

All experiments were performed in adult (45-60 days old, n=78) male, Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA). For stereotaxic surgery and colchicine
injections, rats were anaesthetized with an intraperitoneal injection of dexdormitor (0.16 mg/
kg; Pfizer Animal Health, New York, NY, USA) and ketamine hydrochloride (48 mg/kg;
Butler-Schein Animal Health, Dublin, OH, USA). All procedures were approved by the
Institutional Animal Care and Use Committees of Emory University and were in compliance
with National Institutes of Health guidelines. Animals were housed in same sex groups, 4
animals per cage and were maintained on a 12:12-hr light—dark cycle with ad /ibitum access
to food and water. Animals were housed at least 1 week after arrival. Separate cohorts of
control, non-stressed (NS) and repeated restraint stressed (RRS) rats were used for each
experiment.

Detailed information on immunofluorescence, dual-immunofluorescence protocols and
confocal microscopy, single-cell RT-PCR (scRT-PCR) from physiologically defined Type I-
I11 BNST 5 g neurons, acoustic startle response (ASR) testing, quantitative RT-PCR (qtRT-
PCR) of BNSTa_g tissue samples from control and stressed rats, Western blot on the
BNST 5 g from control and stressed rats, SCRT-PCR of physiologically defined Type I-I11
BNST 5 g neurons from control and stressed rats, subcellular fractionation and NMDAR
subunits expression (GIUN1/GIUN2B) in BNST | ¢ of control and stressed rats, /n vitro
whole cell patch clamp electrophysiology in BNST of control and stressed rats is provided
in Supplementary Information.

Repeated restraint stress (RRS) experiments

A standard RRS protocol was utilized to mimic the behavioral effects of chronic stress. RRS
rats (n=36) were first tested for their baseline acoustic startle response (pretest ASR, day 1)
and then subjected to 1-hour per day restraint in wire-mesh restrainers for 4 consecutive
days (days 1-4), and then left undisturbed in their home cages for 6 days until behavioral
testing on day 10. Control non-stressed rats (NS, n=36) were tested for ASR and were then
left undisturbed. On day 10, all RRS and NS animals were retested for their ASR (posttest)
and then BNST samples were collected (following decapitation after isoflurane anesthesia)
and assayed for protein expression (n=4 per group), qtRT-PCR (n=4), scRT-PCR (n=4),
subcellular fractionation (n=8), and patch-clamp electrophysiology (n=16).

Statistical analysis

Results

All values were expressed as mean + SEM. Statistical analyses for Western blots and
quantitative RT-PCR were performed using t-Test. Two-way ANOVA was performed for
the behavioral experiments with treatment (NS and RRS) and time (pre-test and post-test) as
factors. Two-way ANOVA with repeated measures was performed for the
electrophysiological experiments with treatment (NS and RRS), and time as factors using
Graphpad Prism 4.0 software.

STEP is expressed in the extended amygdala

We first conducted an immunofluorescence study to determine the relative distribution of
STEP protein in the extended amygdala. Consistent with previous studies (15), high levels
of somatodendritic labeling were observed in the lateral subdivision of the CeA (CeAl, Fig.
1A"). High levels of somatodendritic STEP labeling was also observed in the BNST 5| g,
where the highest immunoreactivity was seen in its subdivisions, the oval (BNSTov) and
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juxtacapsular nuclei (BNSTjxt, Fig. 1B"). High levels of STEP-immunolabeling were also
observed in the postero-lateral division of the BNST, where it was mainly restricted to the
neuropil. As expected, very high levels of STEP labeling were also observed in the adjacent
striatum (Fig. 1B"), as well as in the lateral septum (data not shown).

STEP is co-localized with CRF in neurons of the extended amygdala

Since the CeAl and the BNST 5| g are two regions that contain a high density of CRF
neurons (19, 25), we next performed a dual-immunofluorescence study to determine whether
STEP was co-localized with CRF in neurons of the extended amygdala. The paraventricular
nucleus of the hypothalamus (PVN) also contains high numbers of CRF neurons. Hence, we
compared STEP expression in the PVN and the extended amygdala. Consistent with
previous studies (19, 20), high somatodendritic CRF immunoreactivity was observed in the
CeAl (Fig. 1A), BNST p|_g subdivisions - the BNSTov and fusiform nuclei (Fig. 1B), and
the parvocellular PVN (Fig. 1C). Little or no expression of CRF immunoreactivity was
observed in the BNSTjxt (19) (Fig. 1B). Dual-immunolabeling revealed almost complete co-
localization of STEP with CRF in neurons of the BNSTov and CeAl, such that STEP was
co-expressed by 98% of CRF neurons in the BNSTov, and by 94% of CRF neurons in the
CeAl. Moreover, 97% of STEP-positive neurons co-expressed CRF in the BNSTov, and
96% in the CeAl (Fig. 1A", 1B", 2A"). In contrast, limited STEP labeling was observed in
the PVN (Fig. 1C").

The high level of STEP expression in BNSTjxt indicated that STEP in the BNST | g might
also be expressed in subpopulations of non-CRF neurons. Several neuropeptides including,
but not limited to, NPY, ENK, and SOM are expressed by BNST a g neurons (29, 30).
However, although high levels of NPY- and ENK-immunolabeling were observed in the
BNSTov and BNSTjxt (Fig. 2B, 2C), neither peptide was seen to co-localize with STEP
(Fig. 2B", 2C"). In contrast, ENK-positive processes in the BNSTov and BNSTjxt were
often seen to make perisomatic contacts with STEP-positive neurons (Fig. 2C").

STEP is co-localized with its downstream substrates in the BNSTp g

We next examined the co-localization of STEP protein with its substrates and associated
proteins. High levels of GIuN1, p38, ERK1/2 (Fig. 3A’, B’, C'), and Fyn immunolabeling
were observed throughout the BNST 5| g, and dual-immunofluorescence revealed that nearly
all STEP-positive neurons in the BNSTov co-localized with GIuN1 (Fig. 3A"), p38 (Fig. 3B
"), and ERK1/2 (Fig. 3C"). Fyn-immunolabeling was mainly observed in the neuropil of the
BNST 5 g (not shown) and, hence, it was difficult to unequivocally co-localize Fyn with
STEP. Significantly, the most intense immunolabeling for ERK1/2 was observed in
BNSTov neurons that did not co-localize STEP (Fig. 3C-C"). Similarly, numerous GIuN1-
and p38 MAPK-positive neurons were observed that did not express STEP (Fig. 3A", 3B").
Nevertheless, these results indicate that STEP-positive neurons in the BNSTov express
many STEP substrates.

STEP is co-expressed with its substrates in Type lll BNSTa| g heurons

We then used scRT-PCR to examine mRNA transcript expression in electrophysiologically
defined Type I-111 neurons of the BNST 5| . Results from scRT-PCR confirmed the dual-
immunofluorescence results and showed that 100% of Type Ill, putative CRF neurons,
expressed mMRNA transcripts for STEP, whereas 30% of Type Il neurons, and no Type |
neurons expressed STEP mRNA. Notably, in contrast to our immunofluorescence study,
STEP mRNA was found in 71% of PVN neurons that also co-expressed CRF mRNA.

Examination of mRNA transcript expression for STEP substrates and associated proteins
revealed that transcripts for three subunits of the NMDA receptor (GIuN1, GIuN2A, and
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GIuN2B) and STEP substrates (p38, ERK1/2, and Fyn), showed a differential expression
pattern in Type I-111 neurons. Thus, transcripts for GIuN1 and GIuN2A were preferentially
expressed in Type I1 putative CRF neurons (60%), while transcripts for GIUN2B subunit
were found only in 10% of these neurons. In contrast, GIUN2B subunit was expressed in
50% of Type Il neurons. Moreover, the majority of Type | (70%) and 11 neurons (80%)
expressed mMRNA for ERK 1/2, while transcripts for Fyn and p38 were not detected in Type
I neurons and were found at low levels in Type Il neurons. In contrast, 100% of Type Il
neurons expressed mMRNA transcripts for ERK1/2, 70% expressed transcripts for Fyn, and
30% expressed transcripts for p38. The results of the scRT-PCR study, summarized in Table
S2 (see Supplementary Information), suggest that STEP in Type Ill, putative CRF neurons
may act to selectively regulate the activity of GIuN1, GIuN2A, ERK1/2, and Fyn.

RRS down-regulates STEP mRNA levels in the BNSTp g

Previously, we have shown that RRS (31) and repeated unpredictable shock stress (32)
cause an increase in anxiety-like behavior in rats, as measured by an increase in the acoustic
startle response (ASR) on day 10 following stress onset. We now examined whether this
effect was associated with alterations in STEP levels (MRNA and protein) in the BNSTp G-
Consistent with previous observations (31), there was a significant effect of treatment
(RRS), such that on day 10, stressed rats exhibited a significant increase in ASR as
compared to NS rats (F(59,180)=1.94, p=0.0005, n=24, two-way ANOVA, NS pos-test
0.797%0.14, RRS posttest 0.911+0.06). There was also a significant effect of time on ASR
(RRS pre-test 0.671+0.13, RRS post-test 0.911+0.06, F(1,180)=14.70, p=0.0002, n=24, two-
way ANOVA), but there was no significant interaction between time and treatment
(F(29,180)=0.64, p=0.9748, two-way ANOVA, Fig. 4A).

Next, we ran gtRT-PCR on mRNA isolated from the BNST 5 g of NS and RRS rats to
determine the effects of stress on STEP mRNA expression on day 10. STEP mRNA was
measured by real-time RT-PCR normalized to 18S RNA and the mean fold change in STEP
expression was calculated according to the formula AACT= (Ct STEP - C118S)RRS - (Ct
STEP - C118S)NS (33). RRS caused a significant (6-fold, p<0.05) reduction in STEP
MRNA transcript expression in the BNST 5| g compared to NS animals on day 10 following
the stress onset (Fig. 4B).

RRS down-regulates STEP mRNA expression in Type Il BNSTx| g neurons

Next, we ran scCRT-PCR experiments on samples obtained from BNST 5 g heurons of NS
and RRS rats to determine if RRS could differentially regulate STEP mRNA expression in
Type I-111 neurons. Consistent with our previous observations, STEP mRNA was expressed
in 100% of Type 111 neurons in the NS group (14/14), and in 27% of Type Il neurons (7/26),
but was not detected in Type I neurons (0/15). After RRS the number of Type Il neurons
expressing STEP mRNA decreased significantly to 29% of all Type 11l neurons tested
(4/14). The number of Type Il neurons expressing STEP also decreased to 12% of all
neurons tested (3/25). RRS had no effect on STEP mRNA expression in Type | neurons
(0/12). These results suggest that RRS reduced STEP mRNA expression preferentially in
Type I, putative CRF neurons.

RRS down-regulates STEP4¢ protein content in the BNSTp g

We then examined if RRS had a similar effect on STEP protein levels and/or its substrates.
Alternative splicing of the STEP gene produces two main products, a 46-kDa cytosolic
isoform and a 61-kDa membrane associated isoform (2). Although both STEP isoforms were
present in BNST 5 g tissue from NS and RRS rats (Fig. 5A), RRS caused a significant
reduction (2-fold) in levels of STEP4g but not STEPg; (NS STEP4¢ 11V=0.18+0.03, RRS
11V=0.07£0.01, p<0.008; NS STEPg; 11V=0.13+0.02, RRS 11VV=0.10£0.02, p=0.2, Fig. 4C,
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Fig. 5A). We also analyzed protein expression of STEP substrates in BNST 5 g sSamples
obtained from the same NS and RRS rats. No significant difference was observed in the total
protein level for any of the STEP substrates following RRS (Supplementary Information).
Finally, we examined whether protein levels for STEP4¢ correlated with individual measures
of ASR on day 10 (post-test). No significant correlation was observed between STEP,¢ and
the ASR in the control NS rats (r=0.428, p>0.05). However, in RRS-rats, STEP ¢ levels
showed a significant negative correlation with the post-test ASR (r2=—0.932, p<0.05), such
that the highest ASR amplitudes were observed in rats with the lowest STEP4¢ protein
levels, suggesting that reduced STEP levels might lead to increased ASR.

RRS up-regulates protein expression of NMDAR subunits in synaptic membranes of the
BNSTaLg neurons

Although we did not observe an effect of RRS on total protein levels of STEP substrates in
the BNST p|_g, we next examined whether RRS could alter the subcellular localization of
GluN1 and GIuN2B subunits of NMDAR in the BNST 5 g neurons. RRS caused significant
increase in protein expression of the GIuN1 subunit of the NMDAR in synaptic membranes
fraction of the BNST 5 g neurons on day 10 (NS 11V=0.50+0.05, RRS 11V=0.82+0.10,
p<0.05, Fig. 5B) and non-significant increase in GIuN2B subunit of the NMDAR (NS
11V=0.91+0.22, RRS 11\VV=1.32+0.28, p=0.08, Fig. 5C).

RRS facilities synaptic plasticity of Type lll neurons of the BNSTx| g

We next examined whether RRS could directly affect either basic membrane properties of
Type I-111 neurons, or basal excitatory synaptic transmission onto these neurons. As shown
in Table S3 (see Supplementary Information), RRS had no significant effect on any intrinsic
membrane property measured in Type I-111 neurons (p>0.05). Similarly, RRS had no
significant effect on the amplitude of the eEPSC evoked in response to low frequency
stimulation (0.2 Hz) of the afferent input (NS=136+19 pA, n=13; RRS=141+23 pA, n=6,
p>0.05). Consequently, we next examined if RRS-induced alterations in STEP protein
expression had any correlation with the induction of LTP in Type I-11l BNST 5 g heurons.

As illustrated in Figure 6, HFS induced a significant increase in the amplitude of the eEPSC
in all neurons recorded (183%, 185%, and 169% of baseline in Type I-111 neurons,
respectively, Fig. 6A-C). Moreover, two-way ANOVA revealed a significant difference in
the magnitude of LTP achieved in Type Ill neurons compared to Type | (F(1,400)=4.9,
p<0.05) and Type Il neurons (F(1,560)=7.11, p<0.01). These data suggest that STEP might
buffer Type Il CRF neurons against excessive activation. Notably, significant differences
were also observed in the magnitude of the LTP response of Type I-111 neurons following
RRS (176%, 192%, and 230% of baseline, respectively). Hence, RRS caused no significant
change in the magnitude of LTP achieved at any time point tested in either Type |
(F(39,520)=0.19, p=1.00, NS n=7, RRS n=8, Fig. 6A), or in Type Il neurons
(F(39,520)=0.31, p=1.00, NS n=5, RRS n=10, two-way ANOVA, Fig. 6B) compared to the
NS group. However, in Type Il neurons RRS caused a significant increase in the magnitude
of LTP achieved (F(1,440)=93.88, p<0.001, NS n=5, RRS n=8, two-way ANOVA, Fig. 6C),
although there was no significant interaction between time and LTP amplitude compared to
NS group (F(39,440)=0.27, p=1.00, two-way ANOVA). Thus, reduced STEP expression in
Type 11 neurons following RRS may make them susceptible to hyperactivation by strong
synaptic input.

STEP blocks RRS-induced facilitation of the synaptic plasticity of BNSTp g heurons

We next examined whether intracellular administration of exogenous STEP protein via the
patch-recording pipette might attenuate LTP induction in BNSTALG neurons. HFS induced
a significantly greater LTP in neurons from RRS rats (214% of baseline values, n=7, Fig.
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6D) as compared to control, NS rats (166%, n=6, p<0.05). Intracellular infusion of wild-type
STEP protein (TAT-WT-STEP,4; 300 nM) had no significant effect on either the induction
or maintenance of LTP in neurons recorded from NS rats (156%, n=7). However, inclusion
of TAT-WT-STEP,¢ abolished the facilitation of LTP magnitude induced by RRS (157% of
baseline, n=7, p<0.01 Fig. 6D). Therefore, reduced STEP expression in Type Il neurons in
response to RRS may result in a significant and long-lasting facilitation of LTP, and that this
effect could be reversed by intracellular application of exogenous STEP 4.

Discussion

We demonstrate for the first time that the protein tyrosine phosphatase STEP is expressed at
high levels in the subdivisions of the BNST 5 g, especially in the BNSTov and BNSTjxt
nuclei. STEP appears to selectively co-localize with CRF neurons of the BNSTov and in the
CeAl, but not in CRF neurons of the PVN. Furthermore, STEP neurons in the BNSTov
express mMRNA and protein for several downstream substrates of STEP, including the
synaptic plasticity-related kinases ERK1/2, p38, and Fyn. Thus, STEP may function to
selectively regulate synaptic plasticity in CRF neurons of the BNST 5 . Notably, we have
shown that RRS caused an elevation in ASR on day 10 following the stress onset, which was
associated with a concomitant 6-fold reduction in STEP mRNA expression and a 2-fold
reduction in STEP protein levels in the BNST p) g, as well as up-regulation of GIuN1
subunit of NMDAR in the synaptic membranes of BNST a5 g neurons, suggesting that RRS
may significantly impair the ability of STEP to regulate synaptic plasticity in CRF neurons
of the BNST 5. We further show that RRS was associated with a cell-type selective
reduction of STEP mRNA and facilitation of LTP in Type 111 CRF neurons, while
intracellular application of exogenous STEP prevented the RSS-induced facilitation of
synaptic plasticity in BNST g neurons.

STEP co-expression with peptide neurotransmitters and target substrates

Dual-immunofluorescence and scRT-PCR indicate that STEP was preferentially expressed
in CRF neurons and not with other neuropeptides in the BNSTov. STEP protein was also co-
localized with CRF in the CeAl but not in the PVN, suggesting that STEP expression is a
marker for CRF neurons in the extended amygdala. However, sScRT-PCR showed that the
majority of CRF neurons in the PVN expressed STEP mRNA transcripts, suggesting that in
the PVN STEP mRNA might be translated into mature protein only under certain
physiological conditions, e.g. following prolonged activation during stress. Discrepancy
between mRNA expression (34) and mature protein levels (35) has been shown in certain
neuronal populations before.

STEP requires NMDA-dependent dephosphorylation by calcineurin/PP1 to become
associated with its substrates (5). Once activated, STEP reduces NMDA receptor function
by dephosphorylating GIuN2B subunit at Tyrl472 (36). However, our scRT-PCR
demonstrated that in contrast to GIUN1A and GIuN2A subunits, which were expressed by
majority of Type Ill, putative CRF neurons, the GIuN2B subunit was only expressed at low
levels in Type 111 neurons. Although it is not yet known if the GIUN1 or GIuUN2A subunits
are also STEP substrates, /n vitro studies have shown that STEP promotes internalization of
GIuN1/GIuN2A receptor complexes (37).

STEP-positive neurons in the BNST 5| g express several STEP substrates, such as ERK1/2,
Fyn, and p38. Each of these kinases is activated by the NMDA receptor-signaling cascade
and normally facilities synaptic plasticity (5, 9, 36). These data suggest that the presence of
STEP in CRF neurons of the extended amygdala could function to suppress the activity of
key modulators of synaptic plasticity (Fig. 7).
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Stress modulation of STEP signaling in the BNSTp g

Glutamatergic activation of neurons in the BNST 5| g mediates sustained anxiety-like
responses to long-duration, but not short-duration, threats (38). Notably, CRF neurons in the
BNST 5| g are associated with the affective component of the stress response (39-41), and
chronic over-expression of CRF in the BNST p g is reported to increase depressive- (42), as
well as anxiety-like behaviors in rats (43). Thus, stress-induced activation of CRF neurons in
the BNST a_g could result in long-lasting anxiety-like behavior. Here, we have shown that
RRS increased the baseline ASR in rats 10 days after stress onset, which was strongly
positively correlated with a reduction in STEP protein expression in the BNST 5| .
However, while a correlation between reduced STEP levels and ASR potentiation following
RRS is apparent, we have not yet proven a cause-effect relationship. Confounds associated
with post-surgical stress have hindered progress on this issue.

Importantly, while RRS resulted in a 6-fold reduction in STEP mRNA expression and a 2-
fold reduction in STEP4¢ expression, our scRT-PCR indicated that STEP mMRNA was
preferentially down-regulated in Type Ill, putative CRF neurons in the BNSTa . In
agreement with our results, stress-susceptible rats express lower levels of STEP mRNA and
protein, and show lower STEP enzymatic activity in the hippocampus compared to non-
stressed and stress-unsusceptible rats (17).

At a functional level, we showed that RRS had no effect on basal synaptic transmission, but
significantly increased the magnitude of LTP induced in Type Ill, putative CRF neurons of
the BNST a_g. Consistent with our findings, STEP-KO mice show normal basal synaptic
transmission in the amygdala, but enhanced LTP (16), and inhibition of endogenous STEP
enhanced both stimulus-evoked NMDA-mediated EPSCs and LTP in the hippocampus (44).
Moreover, the enhanced LTP after RRS is consistent with decreased STEP expression in the
BNST 5 g and an associated up-regulation in the expression of GIuN1 subunit of NMDAR
in synaptic membranes of the BNST 5| g neurons. A possible cause-effect relationship
between STEP expression and the modulation of postsynaptic NMDAR is suggested by the
observation that intracellular STEP4¢ infusion completely blocked the facilitation of LTP
observed in RRS rats.

Consistent with this observation, administration of a substrate-trapping STEP protein (STEP
C-S), which prevents ERK translocation to the nucleus, disrupted LTP formation in the
amygdala, as well as fear memory consolidation /n vivo (15), suggesting that STEP plays a
key role in regulating experience-dependent synaptic plasticity. We propose that in the
BNST | g, STEP selectively buffers CRF neurons against hyper-activation by acute stress.
However, chronic stress-induced down-regulation of STEP could facilitate synaptic
plasticity, prolong activation of CRF neurons, and contribute to an increase in anxiety-like
behavior. Consistent with this observation, selective ablation of the GABA(A)al subunit in
CRF neurons increased anxiety-like behavior and impaired extinction of conditioned fear,
coincident with elevated plasma corticosterone levels (45).

Intriguingly, acute stressors are reported to preferentially activate enkephalinergic and not
CRF neurons in the BNST (46). Our results suggest that, unlike ENK or NPY neurons,
STEP may selectively buffer CRF neurons from significant activation in response to acute
stressors. Indeed, only chronic and not acute stress is reported to increase CRF mRNA and
peptide expression in the BNST (47, 48).

In conclusion, the present study demonstrates that STEP expression is uniquely associated
with CRF neurons of the BNSTov and CeAl, and that STEP-positive neurons in the
BNSTov also co-localize key molecules necessary for the regulation of synaptic plasticity.
Notably, we demonstrate the behavioral (increased anxiety), molecular (down-regulation of
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STEP expression and up-regulation of GIuN1 expression), as well as physiological
(facilitated synaptic plasticity of CRF neurons) changes in the BNST p| g in response to
RRS. We propose that chronic stress leads to activation of CRF neurons in the BNST 5 g,
which could then initiate anxiety-like behavior as a behavioral manifestation of chronic
stress. Hence, therapy targeted at increasing levels of STEP4¢ in the BNST ) g neurons
might have potential implications for treatment of chronic stress-induced anxiety disorders.
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‘BNSTov

4 BNSTxt

Figure 1. STEP and CRF immunor eactivity co-localize in neurons of the CeAl, BNST o g, but
not PVN

A-A" CRF (A, red, closed arrow) and STEP (A, green, open arrow) show high
somatodendritic immunoreactivity in the CeAl. Dual-label immunofluorescence revealed
almost complete co-localization of STEP with CRF in neurons of the CeAl (A", double
arrow). B-B" A similar pattern of co-localization was observed in neurons of the BNSTALG
subdivision BNSTov, but not BNSTjxt. C-C"” STEP did not co-localize with CRF in neurons
of the PVN. (S-Striatum, L V-Lateral ventricle, | C-Internal capsule, AC-Anterior
commissure, BNST 5| g-Anterolateral cell group of the BNST, BNST ov-Oval nucleus of the
BNST, BNST | xt-Juxtacapsular nucleus of the BNST, BNST al-Anterolateral nucleus of the
BNST, CeAl-Lateral division of the central nucleus of the amygdala, BL A-Basolateral
nucleus of the amygdala, 3V-3'd ventricle, 10x, scale bar 100 um).
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Figure 2. In the BNSTov STEP immunor eactivity co-localizeswith CRF but not NPY or ENK
A-A" At higher magnification CRF-positive cells (A, closed arrows) and STEP-positive (A,
open arrows) showed almost complete co-localization in the BNSTov (A", double arrows).
However, there are occasional STEP-immunoreactive neurons which do not appear to co-
localize CRF (A", open arrows). B-B" STEP-positive neurons (B', green, open arrows) do
not co-localize with NPY (B, red, closed arrows), or ENK (C-C"). ENK-positive processes
are observed to make perisomatic contacts with STEP-expressing neurons (C", double
arrow). (NPY -Neuropeptide Y, ENK-Enkephalin, 63x, scale bar 10 pm).
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Figure 3. STEP-positive neuronsin the BNST ov co-localize several known STEP substrates
A-A" All STEP-positive neurons (A, green, open arrows) co-localize GIuN1 (A, red, closed
arrows) in the BNSTp g (A", merged, double arrows) but the majority of GIuN1-
immunoreactive neurons do not co-localize STEP (A", merged, closed arrows). B-B”
Virtually all STEP-positive neurons in the BNST . G (B, open arrows) co-localize p38 (B’,
red, closed arrows). However, numerous p38-positive neurons do not co-localize STEP (B",
closed arrows). C-C" Nearly all STEP-positive neurons of the BNST 5 g (green, open
arrows, C) co-express ERK1/2 (C', closed arrows). However, the highest ERK1/2
immunoreactivity was observed in BNST neurons that do not express STEP (C”, closed
arrows). In addition, some STEP-positive cells do not express ERK 1/2 (C", open arrows).
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Figure 4. Repeat restraint stress (RRS) causes an increase in anxiety-like behavior and a
concomitant decreasein STEP mRNA and protein expression in the BNST a| g

A: A plot of the acoustic startle response (ASR) before (pretest, day 0) and 10 days after
RRS onset (posttest). On day 10 (six days after the termination of RRS), stressed rats
exhibited a significant increase in ASR as compared to NS rats (F(59, 180)=1.94, p=0.0005,
n=24, two-way ANOVA). There was also a significant effect of time on ASR (F(1,
180)=14.70, p=0.0002, n=24, two-way ANOVA), but there was no significant interaction
between time and treatment (F(29, 180)=0.64, p=0.9748, two-way ANOVA). B: A
histogram showing the effects of RRS on STEP mRNA expression levels in the BNST 5 .
STEP mRNA was measured by real-time RT-PCR normalized to 18S RNA expression, thus
we have analyzed mean fold change expressed as AACts between NS and RRS groups.
Quantitative RT-PCR revealed that RRS caused a significant (6-fold) decrease in STEP
MRNA levels compared to non-stressed rats (p<0.05, n=4). C: A histogram showing the
effect of RRS of STEP protein levels in the BNST 5 g. Western blot analysis showed that
RRS significantly reduced expression of the cytosolic 46 kDa STEP isoform, but not the 61
kDa membrane-bound STEP isoform (p<0.005, n=4).
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Figure5. A . RRSsignificantly down-regulates STEP protein content in the BNST 5o g. B-C.
RRS up-regulates protein content of the NMDAR subunitsin the synaptic membranes of the
BNST o g neurons

Representative Western blot showing that RRS significantly reduced expression of the

cytosolic STEP46 isoform (p<0.005, n=4, A). RRS caused a significant up-regulation in
protein expression of the GIuN1 subunit of the NMDAR in synaptic membranes fraction of
the BNST 5 g neurons on day 10 (n=8, p<0.05, B), and non-significant increase in GIuUN2B
subunit of the NMDAR (n=8, p=0.08, C).
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Figure 6. RRS significantly facilitates long-term potentiation (LTP) in Typelll but not Typel or
Il neurons, and this effect could be blocked by exogenous STEP application

A: Effect of high frequency stimulation of the stria terminalis (HFS, five 100 Hz, 1s trains,
interval 20s) on EPSC amplitude in Type | BNST | g heurons. EPSC amplitude was
normalized to the mean amplitude of the 15 min baseline eEPSC and expressed as the
percentage of baseline. In Type | neurons RRS had no effect on the magnitude of LTP level
at any time point (F (39, 520) = 0.19, p=1.00, Two-way ANOVA). B: RRS caused no
enduring change in LTP magnitude at any time point in Type Il neurons (F (39, 520) = 0.31,
p=1.00, Two-way ANOVA) in comparison to NS group. C: In Type Il neurons, RRS
significantly increased the magnitude of LTP (F (1, 440) = 93.88, p<0.001, Two-way
ANOVA). D: Administration of exogenous wild-type STEP protein (300 nM) in the patch-
recording pipette completely blocked the RRS-induced facilitation of LTP (p<0.05).
Application of the wild-type STEP protein had no effect on the magnitude of LTP induced
in non-stressed rats.
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Figure?7.

A schematic showing the proposed signaling cascade by which activation of STEP could
regulate the development of synaptic plasticity in CRF neurons of the BNST 5| . Following
NMDA receptor-dependent activation, STEP dephosphorylates tyrosine residues in the
activation domains of 1) NMDA receptors, 2) AMPA receptors, 3) p-38, 4) ERK1/2, and 5)
Fyn kinase. Dephosphorylation of these key STEP substrates would put a significant
temporal constraint on the induction of synaptic plasticity in these neurons. Green arrows =
activation. Red lines = inhibition.
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