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Abstract

The a2 adrenergic receptor antagonist yohimbine (YO) is a sympathomimetic drug that crosses
the blood-brain barrier after systemic administration. YO promotes increased transmitter release
from noradrenergic (NA) axon terminals in the central nucleus of the amygdala (CEA), bed
nucleus of the stria terminalis (BST), hypothalamus, and other brain regions implicated in
physiological and behavioral responses to stressful and threatening stimuli. YO is potently
anxiogenic in humans and experimental animals, including rats. To determine whether direct
connections between the CEA and anterolateral group of BST nuclei (algBST) are necessary for
YO anxiogenesis in rats, neurotoxic ibotenate lesions of the CEA in one hemisphere and the ipsi-
or contralateral algBST were conducted to disrupt CEA-algBST communication uni- or
bilaterally. Sham-lesioned controls received microinjections of vehicle into the CEA and algBST.
Two weeks later, anxiety-like behavior was assessed in the elevated plus maze (EPMZ) in rats
after i.p. saline or YO (1.0 mg/kg). Central ibotenate lesion placement and extent was assessed
postmortem in NeuN-immunolabeled tissue sections. The ability of YO to increase anxiety-like
behavior in the EPMZ was similarly robust in rats with sham lesions or ipsilateral CEA-algBST
lesions. Conversely, YO anxiogenesis in the EPMZ was disrupted in rats with asymmetric lesions
designed to bilaterally disconnect the CEA and algBST, whereas neither unilateral nor bilateral
disconnecting lesions altered EPMZ behavior in rats after i.p. saline. We conclude that the
anxiogenic effects of increased NA signaling in rats after YO require direct CEA-algBST
interactions that do not shape EPMZ behavior under baseline conditions.
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Introduction

The emotional state of anxiety is characterized by physiological and behavioral arousal
coupled with increased avoidance behavior during exposure to novel or otherwise
unpredictable stimuli or environments (Gray, 1982). The amygdala and bed nucleus of the
stria terminalis (BST) are implicated as critical components of a widely distributed central
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neural system that regulates anxiety (Hale et al., 2008). Certain subregions of these limbic
forebrain structures, i.e., the central nucleus of the amygdala (CEA) and the anterolateral
group subnuclei of the BST (algBST), are bidirectionally interconnected (Dong et al., 2001a,
Dong et al., 2001b, Dong and Swanson, 2003, 2004, Walker et al., 2009, Bienkowski and
Rinaman, 2012). The CEA and algBST are implicated in stress responsiveness and anxiety
(Davis et al., 1997, Herman and Cullinan, 1997, Davis, 2002, Walker et al., 2009), and
certain aspects of BST-mediated responses appear to depend on inputs from the CEA
(Jasnow et al., 2004, Nakagawa et al., 2005, Walker et al., 2009). However, the functional
importance of direct CEA-algBST connections in anxiety remains unexplored.

Previous reports indicate that extensive bilateral lesions of the amygdala or BST do not by
themselves alter behavior in laboratory tests commonly used to assess anxiety in rats,
including the elevated plus maze (EPMZ) (Treit et al., 1993, Mdller et al., 1997, Treit et al.,
1998, McHugh et al., 2004). However, such lesions can blunt the anxiogenic effects of
treatments such as restraint stress (Moller et al., 1997) that increase central noradrenergic
(NA) signaling. Increased NA signaling within the amygdala and BST contributes
importantly to the full expression of physiological and behavioral responses to emotional
and stressful events (Delfs et al., 2000, Cecchi et al., 2002a, Cecchi et al., 2002b, Morilak et
al., 2003, Watanabe et al., 2003, Fendt et al., 2005, Morilak et al., 2005, Banihashemi and
Rinaman, 2006). Based on available evidence, we propose that the anxiogenic effect of
increased NA signaling depends on CEA-algBST connections. NA projections from the
hindbrain to the CEA and algBST are activated by stressful and emotive stimuli (Aston-
Jones et al., 1999, Dayas et al., 2001, Myers and Rinaman, 2002, Zhu and Onaka, 2002,
Bailey et al., 2003, Myers and Rinaman, 2005, Bienkowski and Rinaman, 2008, Rinaman,
2011), and CEA lesions can reduce BST responses to these stimuli (Nakagawa et al., 2005).
It is unclear, however, whether direct CEA-algBST interactions are necessary for behavioral
responses to anxiogenic stimuli or treatments that increase central NA signaling above
typical baseline levels.

Drugs such as yohimbine (YO) also increase central NA signaling and are sufficient to
generate symptoms of emotional distress. YO, which readily crosses the blood-brain barrier
after systemic administration, antagonizes norepinephrine (NE) at inhibitory metabotropic
a2 adrenergic receptors that are located both pre- and postsynaptically, thereby antagonizing
the ability of NE to initiate G; protein-mediated reductions in intracellular cCAMP
(Szemeredi et al., 1991). In consequence, YO increases neurotransmitter release from NA
axon terminals by blocking presynaptic feedback inhibition of release, and simultaneously
reduces the ability of NE to exert inhibitory postsynaptic effects while leaving the excitatory
effects of NE at postsynaptic a1l and p receptors unopposed. Systemic YO is potently
anxiogenic in humans, and is used clinically as a probe to identify abnormal physiological
and affective responses to increased NA signaling (Charney et al., 1983, Gurguis et al.,
1997). YO also reliably increases anxiety-like behavior in rats, as evidenced by decreased
locomotor and exploratory behaviors and reduced time spent within the open arms of the
EPMZ (Handley and Mithani, 1984, Pellow et al., 1985, Baldwin et al., 1989, Johnston and
File, 1989, Cole et al., 1995, Redfern and Williams, 1995).

Given the information reviewed above, we hypothesized that direct CEA-algBST
connections are necessary for the ability of YO to increase anxiety-like behavior in rats
during EPMZ exposure. To test this hypothesis, the excitatory neurotoxin ibotenate (IBO)
was used to create fiber-sparing lesions of the CEA and algBST within one hemisphere or in
opposite hemispheres, followed by analysis of EPMZ behavior in lesioned and sham-
lesioned rats after systemic administration of YO or vehicle. Direct CEA-algBST
connections are exclusively ipsilateral in rats (Dong et al., 2001a). Therefore, as illustrated
in Figure 1, asymmetrical crossed IBO lesions were designed to disrupt CEA-algBST
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communication in both hemispheres, whereas ipsilateral IBO lesions were designed to
disrupt CEA-algBST communication only unilaterally. Both lesion paradigms spare NA and
other central inputs to one non-lesioned CEA and one non-lesioned algBST in each animal,
and also preserve neural projections from the intact CEA and algBST to other central
targets. Thus, we also hypothesized that EPMZ behavior in i.p. saline-treated rats would not
be significantly altered by either unilateral or bilateral CEA-algBST disconnecting lesions.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (250-275 g BW; Harlan Laboratories) were housed singly
in hanging, wire-bottom stainless steel cages in an AAALAC-accredited controlled
environment (20-22°C, 12:12 hr light:dark cycle; lights on at 0700 hr) with ad libitum
access to water and pelleted chow (Purina 5001). Rats were acclimated to this environment
for at least one week before stereotaxic surgery, described below. Experimental protocols
were approved by the University of Pittsburgh Institutional Animal Care and Use
Committee, and are consistent with the U.S. Public Health Service’s Policy on Humane Care
and Use of Laboratory Animals and the Guide for the Care and Use of Laboratory Animals.
Data from 68 rats are included in this report.

Stereotaxic surgery

IBO was microinjected into the CEA on one side of the brain and, in the same rats, into the
contralateral or ipsilateral algBST (Fig. 1). Lesion placement was based on results from
published tracing studies (Dong et al., 2001a, Shin et al., 2008, Walker et al., 2009),
including a recent study from our laboratory that mapped the distribution of CEA neurons
that project to the algBST, and of algBSTneurons that project to the CEA (Bienkowski and
Rinaman, 2012).

Rats were anesthetized by isoflurane inhalation (1-2% in oxygen) and mounted into a
stereotaxic frame in the flat-skull position. A 1.0 I Hamilton syringe with a sharpened
beveled tip was attached to the stereotaxic arm. Injection coordinates targeting the
anterolateral subnucleus of the BST (alBST; 0.3 mm caudal, 2.0 mm lateral, and 6.3 mm
ventral to bregma) were selected based on a standard rat brain atlas (Swanson, 2004). The
alBST is part of the algBST, which also includes the juxtacapsular, oval, rhomboid,
fusiform, and subcommissural BST nuclei (Dong and Swanson, 2004). Results from pilot
studies indicated that most of the algBST was effectively lesioned by targeting the alBST
with an 800 nl infusion of IBO. The injection needle was angled 10 degrees from vertical to
avoid passing through the lateral ventricle and septum en route to the alBST target site. IBO
was dissolved in vehicle (phosphate buffered saline, pH 7.7) to yield a 0.4% solution. With
the beveled tip facing laterally to reduce exposure of the medial BST to injectate, IBO or
vehicle (800 nl) was pressure injected into the alBST at 50 nl/min using an automated
syringe pump (Stoelting, Wood Dale, IL). The tip was left in place for 5 min after volume
delivery. After left side alBST injections, two CEA microinjections of either IBO or vehicle
were made on the right side of the brain (crossed IBO lesions) or again on the left side of the
brain (ipsilateral IBO lesions) in the same surgical session (500 nl per CEA injection site; 50
nl/min). Injection coordinates targeting the caudal CEA (2.5 mm caudal, 4.2 mm lateral, 8.2
mm ventral to bregma) and the more rostral CEA (1.5 mm caudal, 3.5 mm lateral, 8.2 mm
ventral to bregma) were selected based on a standard rat brain atlas (Swanson, 2004). CEA
injections were made with the beveled microinjection tip facing medially to reduce exposure
of the lateral and basolateral nuclei to injectate. After both CEA injections were complete,
the skin was closed with stainless steel clips and an analgesic was administered (Ketoprofen,
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2 mg/kg s.c.; Fort Dodge Labs). Rats were returned to their home cages after recovery from
anesthesia, where they remained for 2 weeks before EPMZ behavioral data were collected.

The potential effects of IBO lesions on EPMZ behavior were assessed in rats 2 weeks post-
surgery. The EPMZ was constructed according to standard specifications, with four white
laminate arms (10 x 50 cm each) oriented in a square cross formation elevated 100 cm
above the floor. Two opposing arms were enclosed on three sides by black walls (50 cm
tall); the other two arms had no walls but had a continuous plexiglass rim (1 cm tall) to help
prevent rats from falling off the open arms during exploration. Thirty minutes before the
EPMZ test, IBO- or sham-lesioned rats were injected i.p. with 0.15M NaCl (saline) vehicle
(0.7 ml/100 g BW) or with the same volume of saline containing YO (see Fig. 3A for final
subgroup sample sizes). YO (Sigma, St. Louis, MO) was freshly dissolved before each
experiment by vortexing a measured amount of drug (1.0 mg/kg BW) in sterile 0.15 M NaCl
for 5 min at room temperature, followed by passage through a 0.45 wm syringe filter (Millex
HV) to remove undissolved residual particles, as previously described (Myers et al., 2005,
Banihashemi and Rinaman, 2006). After filtration, the actual YO dose delivered was
something less than 1.0 mg/kg BW, but was consistent across rats.

Rats were returned to their home cage immediately after i.p. injection. Thirty minutes later
(between 0800 and 1000 hr), rats were brought individually into the adjacent testing room
and were placed into the center of the EPMZ with their head facing an open arm. The
experimenter left the room and the rat was allowed to explore the EPMZ for 5 min (300
sec), with behavior videotaped for later offline analysis. Lighting was moderate and indirect,
with both open arms evenly illuminated. The EPMZ was cleaned with a dilute germicidal
agent (Quatricide PV) and dried thoroughly between rats.

EPMZ behavioral scoring and data analysis

Videotaped EPMZ behavior was scored offline without knowledge of each rat’s surgical
group or i.p. treatment. Scored variables during the 5 min (300 sec) test included the number
of open, closed, and total arm entries as a measure of exploratory and locomotor behavior,
and cumulative time spent within the open arms as a measure of anxiety-like behavior. The
latter was expressed as open arm time ratio for each rat (i.e., seconds spent in open arms/
300). Multivariate two-way ANOVA was used to reveal potential interactions and main
effects of surgical group (i.e., sham lesioned, crossed IBO lesioned, and ipsilateral IBO
lesioned) and i.p. treatment (i.e., YO vs. saline vehicle) on arm entries and open arm time
ratio. When F values indicated significant interactions or main effects of surgical group or
i.p. treatment, the ANOVA was followed by one-way ANOVAs within surgical group or i.p.
treatment group, and post hoc LSD t-test comparisons between groups of interest.
Differences were considered statistically significant when £< 0.05. Three rats were
considered outliers because their EPMZ open arm time ratios lay more than 2.0 standard
deviations away from their respective group means. Data from outlier rats are not included
in the results and do not contribute to the reported group sizes.

Perfusion fixation and tissue collection

Approximately one week after EPMZ testing, rats were deeply anesthetized with
pentobarbital sodium (Nembutal; 75 mg/kg BW, i.p) and transcardially perfused with
aqueous 0.15M NacCl followed by 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4).
Fixed brains were removed from the skull, postfixed for 24 hours, cryoprotected in 20%
sucrose, frozen, and sectioned coronally (35 um) on a freezing-stage microtome. Sections
were collected serially in six adjacent sets and either processed immediately as described

Neuroscience. Author manuscript; available in PMC 2013 October 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caietal.

Page 5

below (/mmunocytochemical procedures), or stored in cyropreservant solution (Watson et
al., 1986) at —20°C for later processing.

NeuN immunoperoxidase labeling

One set of tissue sections (i.e., containing sections spaced by 210 wm) from each rat was
processed for immunoperoxidase localization of the specific neuronal marker NeuN (Wolf et
al., 1996) to identify IBO lesion placement and extent. For this purpose, tissue sections were
rinsed for 30 min in 0.1M phosphate buffer followed by 20 min incubation in buffer
containing 1% sodium borohydride, 30 min rinsing, 10 min incubation in buffer containing
0.5% H202, and 30 min rinsing. Primary and secondary antisera were diluted in buffer
containing 1% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) and
0.5% Triton X-100 (Sigma). Sections were incubated overnight at room temperature in
monoclonal mouse anti-NeuN (1:10,000; Millipore), rinsed, incubated for 90 min in
biotinylated donkey anti-mouse 1gG (1:500; Jackson ImmunoResearch), rinsed, incubated
for 2 hrs in Elite Vectastain avidin-biotin kit reagents (Vector Laboratories, Burlingame,
CA), rinsed, and finally reacted for 5 min in 0.1M Na-acetate buffer containing 1% nickel
sulfate, 0.5% diaminobenzidine (DAB), and 0.025% H,05, to generate a blue-black
immunoperoxidase reaction product identifying Reacted tissue sections were rinsed,
mounted onto Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA),
dehydrated in graded alcohols, cleared in xylene, and coverslipped using Cytoseal 60
(VWR, West Chester, PA).

Analysis of IBO lesion placement and extent

Results

Forebrain sections processed for NeuN labeling were examined to reveal regions of neural
loss after IBO microinjections into the CEA and alBST. IBO lesion sites were characterized
by clear and complete absence of NeuN labeling. A Nikon light microscope connected to a
computerized data acquisition system (Stereolnvestigator; MBF Bioscience) was used to
draw the outer borders of 10-15 tissue sections (spaced 210 pm apart) that spanned the
visible extent of NeuN loss in each rat, which typically included sections approximately 3.0
mm caudal to bregma (for CEA lesions) through more rostral sections at the level of bregma
or slightly rostral to bregma (for algBST lesions). Regions in which NeuN labeling was
absent were plotted onto these mapped sections as “lesion zones”, with reference to a
stereotaxic atlas (Swanson, 2004) to approximate the anatomical boundaries of IBO-induced
lesions in each rat.

IBO lesion placement

IBO microinjection sites were reliably characterized by a loss of NeuN immunolabeling that
defined the boundaries of the lesion (Fig. 2B,D). As expected, lesion size and placement
varied across cases. In some IBO rats, large portions of the intended CEA and/or algBST
target sites remained NeuN-positive, either due to misdirected IBO injections or apparent
failure of IBO neurotoxicity. Cases with misplaced or incomplete lesions were excluded
from further analysis and do not contribute to any of the group sizes or data reported in this
manuscript. In the remaining IBO-lesioned rats (n=47; 27 crossed IBO and 20 ipsilateral
IBO), most of the intended CEA and algBST target regions were characterized by
substantial loss of NeuN labeling that often extended into closely adjacent regions (see Fig.
2B,D). EPMZ data from all of these cases were analyzed and are included in the results. It
was not possible to generate complete or nearly complete IBO lesions of the CEA or algBST
that did not also extend, to varying degrees, into closely adjacent nuclei. However, the
common feature across all IBO lesions included in our report is damage to known
interconnected regions of the CEA and algBST in the opposite or the same hemisphere.
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Occasional unilateral damage to small portions of adjacent regions is unlikely to have
contributed significantly to experimental outcomes, given that ipsilateral CEA-algBST
lesions produced a similar degree of “bystander” damage to adjacent nuclei, but exerted no
significant effect on YO anxiogenesis (see Results).

The needle tract could usually be located in tissue sections from sham-lesioned rats that
received vehicle microinjections into the CEA and the contralateral or ipsilateral algBST.
However, it was not possible to identify vehicle microinjection sites, as there was no
apparent loss of NeuN-positive neurons (Fig. 2A,C). EPMZ data from all sham-lesioned rats
(n=21; 15 crossed sham and 6 ipsilateral sham) are included in the results.

EPMZ behavior

Among sham-lesioned control rats, EPMZ behavior did not vary significantly as a function
of stereotaxic injection placement (i.e., crossed vs. ipsilateral vehicle injections into the
algBST and CEA), and so data from sham-lesioned rats were grouped together according to
i.p. treatment (n=9 saline vehicle, n=12 YO; see Figure 3).

Multivariate two-way ANOVA revealed a main effect of i.p. treatment (saline vs. YO) on all
assessed parameters, a main effect of surgical group (sham vs. ipsi IBO vs. crossed I1BO
lesion) on maze open arm time and total arm entries, and an interaction between i.p.
treatment and surgical group on open arm time (Table 1). Graphical results and post-hoc t-
comparisons are illustrated in Figure 3. As expected, YO markedly reduced open arm time
and the number of arm entries (open, closed, and total) in sham-lesioned rats. Interestingly,
among rats tested in the EPMZ after i.p. saline, surgical lesion group had no significant
effect on any dependent behavioral variable [Fig. 3; F(2,35)=0.18-3.11 across variables, all
P values > 0.05]. Conversely, in YO-treated rats, surgical group had a significant effect on
open arm time ratio [F(2,31)=6.36, P=0.005], open arm entries [F(2,31)=4.61, P=0.018], and
total arm entries [F(2,31)=4.42, P=0.021], but not closed arm entries (P=0.12). Post hoc tests
confirmed that open arm time ratio, open arm entries, and total arm entries were reduced to a
similar extent by YO in rats with sham or ipsilateral IBO lesions, whereas the same
behavioral parameters were not reduced by YO treatment in rats with asymmetrical crossed
IBO lesions (Fig. 3).

Discussion

Results from previous studies indicate that increased NA signaling within the CEA and
algBST promotes anxiety-like behavior in rats (Cecchi et al., 2002b; Cecchi et al., 2002a).
The present study used an asymmetrical disconnecting lesion approach and EPMZ testing to
determine whether direct CEA-algBST interactions are necessary for the behavioral effects
of increased NA signaling after YO treatment. Consistent with previous reports (Pellow et
al., 1985, Baldwin et al., 1989, Johnston and File, 1989, Cole et al., 1995), systemic
administration of YO in sham-lesioned rats reduced their overall maze exploration and
reduced the proportion of total test time spent within the open arms of the maze. Ipsilateral
IBO lesions that disrupted CEA-algBST interactions in only one hemisphere did not
significantly alter the ability of YO to reduce maze exploration or increase anxiety-like
behavior, and neither asymmetrical crossed nor ipsilateral IBO lesions altered EPMZ
behavior in rats after i.p. saline. Conversely, crossed IBO lesions that disrupted CEA-
algBST interactions in both hemispheres significantly disrupted the ability of systemic YO
to decrease maze exploration and open arm time. These results support the view that CEA-
algBST communication in at least one hemisphere is necessary for the ability of YO to
increase anxiety-like maze behavior in rats, whereas disruption of CEA-algBST
communication has no significant effect on maze behavior under conditions in which central
NA signaling is not pharmacologically enhanced.
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Among adrenergic receptors, YO is specific in its antagonism of the a.2 “inhibitory”
subtype, and was used in this study as an experimental tool to increase excitatory NA
receptor signaling. Although YO has been suggested or reported to interact with receptors
for other monoamines (Johnston and File, 1989, Winter and Rabin, 1992, Millan et al.,
2000), the a.2 receptor agonist clonidine reverses YO-induced anxiety, and the ability of YO
to increase cFos expression in the cortex, amygdala, and other brain regions in rats is
attenuated or blocked by pretreatment with clonidine or propranolol, a postsynaptic -
adrenergic receptor antagonist (Charney et al., 1983, Gubits et al., 1989, Johnston and File,
1989, Bing et al., 1992, Tsujino et al., 1992). Nevertheless, interpretation of our results does
not depend on whether or not YO’s actions are limited to increased transmitter release from
NA terminals and increased postsynaptic adrenergic receptor signaling. Instead, YO can be
viewed as an effective pharmacological tool that reliably promotes an organismic state of
sympathetic arousal and increased anxiety, and that the latter effect depends on CEA-
algBST interactions.

The CEA and BST receive direct and relayed input from sensory and cortical areas that
transmit the occurrence of stressful or emotional events (Swanson, 2000, Watts and
Swanson, 2002), and both regions provide output to hypothalamic and brainstem nuclei that
drive behavioral, hormonal, and autonomic responses to these events (LeDoux et al., 1988,
Herman and Cullinan, 1997, Swanson and Petrovich, 1998). Previous investigators have
used electrolytic or neurotoxic approaches to inactivate or lesion amygdala and BST regions
that include the CEA and algBST, to examine effects on stress-related emotional behaviors.
For example, CEA inactivation blocks fear-potentiated but not light-enhanced startle
(Walker and Davis, 1997), attenuates conditioned freezing, and abolishes conditioned place
avoidance (CPA) responses to shock-paired cues and contexts (Holahan and White, 2004a,
b). CEA lesions and algBST lesions are similarly effective in blocking the ability of a
noxious visceral stimulus to support CPA (Tanimoto et al., 2003, Deyama et al., 2007),
supporting roles for both regions in negative affective responses to visceral feedback. The
BST is necessary for the ability of morphine withdrawal to support CPA, an effect which
also requires an intact CEA (Nakagawa et al., 2005). Bilateral CEA lesions that reduce
hypothalamic-pituitary-adrenal (HPA) axis activation in a cytokine model of interoceptive
stress (i.e., systemic interleukin-1p) also significantly reduced cFos activation in the algBST
(Xu et al., 1999). It is important to note that the studies cited above used bilateral lesions or
inactivation of either the CEA or BST to achieve significant experimental outcomes; thus, in
addition to removing CEA or BST contributions to the assessed outcome, CEA-algBST
communication was also bilaterally disrupted. However, although extensive bilateral lesions
of the amygdala or BST disrupt CEA-algBST circuits bilaterally, they do not by themselves
alter baseline behavior in the EPMZ or other tests commonly used to assess anxiety-like
behavior in rats (Treit et al., 1993, Moéller et al., 1997, Treit et al., 1998, McHugh et al.,
2004). One report indicates that bilateral neurotoxic BNST lesions attenuate baseline
anxiety-like behavior in rats as assessed in the elevated zero maze (Waddell et al., 2006),
although that study used female rats that had previously been exposed to a shock
conditioning procedure, which might have recruited central NA signaling that to exert an
anxiogenic effect on “baseline” maze performance.

CEA lesions can blunt the anxiogenic effects of treatments such as restraint stress (Méller et
al., 1997) that increase central noradrenergic (NA) signaling, consistent with the present
results that CEA-algBST circuit disruption blocks the ability of YO to increase anxiety-like
behavior in the EPMZ. Our study is the first to examine the functional consequences of
disconnecting the CEA from the algBST by using fiber-sparing neurotoxic lesions. One
CEA and one algBST were preserved in each IBO-lesioned animal; thus, both asymmetrical
crossed and ipsilateral lesions preserved the multiple other inputs to and outputs from one
intact CEA and one intact algBST in each rat. Our results demonstrate that asymmetrical
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crossed IBO lesions completely disrupt YO anxiogenesis, whereas ipsilateral lesions do not.
The asymmetrical crossed IBO lesion also removed a key route through which the CEA
modulates both algBST and hypothalamic neural responses to stressful and emotional events
(see Fig. 1). In contrast, ipsilateral IBO lesions did not attenuate the ability of YO to reduce
maze exploration and reduce open arm time ratio. Thus, in the absence of direct CEA-
algBST communication in at least one hemisphere, the multiple other inputs and outputs of
the intact CEA and the intact algBST are insufficient to support YO anxiogenesis in the
EPMZ. By extension, CEA-algBST interactions may exhibit varying degrees of necessity
for mediating behavioral and physiological responses to naturalistic threats that increase
central NA signaling.

As part of the “striatal” amygdala, CEA neurons are primarily GABAergic and co-express
CRF, similar to neurons in the algBST (Swanson and Petrovich, 1998, Dong et al., 2001a).
Thus, CEA-algBST communication is mediated largely through GABAergic and CRF
signaling, and there is good evidence that CRF receptor signaling within the BST plays a
critical role in anxiety and other behavioral responses to threatening stimuli (Erb et al., 2001,
Jasnow et al., 2004, Walker et al., 2009). The similar maze behavior displayed by rats in all
three lesion groups after i.p. saline supports the view that GABAergic/CRF-mediated
connections between the CEA and algBST are not critical for shaping exploratory behavior
in the EPMZ in the absence of YO, despite the apparent necessity of these connections for
anxiogenic responses to increased NA signaling after YO treatment. This conclusion is
consistent with a previous report that pharmacological blockade of postsynaptic
adrenoceptors within the anterior BST does not alter baseline EPMZ behavior, although it
does reverse the anxiogenic effects of prior immobilization stress (Cecchi et al., 2002a). We
propose that CEA-algBST circuits are engaged by YO and other stimuli that increase central
NA signaling in such a way as to shift behavior towards anxiogenesis. This proposal is ripe
for future studies using other experimental paradigms and assays to explore the circuit
features and necessity of CEA-algBST interactions for mediating behavioral and
physiological responses to actual and perceived homeostatic threats.
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Figure 1.

Schematic of connections among the algBST, CEA, paraventricular nucleus of the
hypothalamus (PVN), and the hindbrain nucleus of the solitary tract and ventrolateral
medulla (NST/VLM). A, in intact (sham lesion) rats, reciprocal connections exist between
the algBST and CEA bilaterally. The PVN receives direct input from the algBST bilaterally,
and the algBST relays signals from the CEA to the PVN. The PVN, algBST, and CEA each
receive direct NA input from the NST and VLM. B, in rats with crossed IBO lesions, the
algBST and CEA are disconnected bilaterally, leaving one intact algBST and one intact
CEA that do not directly communicate. The PVN and the intact algBST and CEA receive
direct NA input from the NST and VLM. The intact algBST projects directly to the PVN,
but the algBST no longer relays signals from the CEA to the PVN. C, in rats with ipsilateral
IBO lesions, the algBST and CEA are disconnected only in one hemisphere. The PVN
receives input from the intact algBST, which relays signals from the intact CEA. The PVN
and the intact algBST and CEA receive direct NA input from the NST and VLM. Many
other inputs to and outputs from the algBST and CEA are not diagrammed.
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Figure 2.

Representative photomicrographs of NeuN immunoperoxidase-labeled tissue sections from
one crossed sham-lesioned rat (A,C) and one ipsilateral IBO-lesioned rat (B,D). Two small
arrows point out injection needle tracts in the sham-lesioned rat (A: algBST target site; C:
CEA target site), although there is no visible loss of NeuN labeling. Conversely, the IBO-
lesioned rat displays a restricted loss of NeuN immunolabeling within the dorsal and ventral
algBST (B) and the CEA (D). The algBST lesion site depicted in panel B extends partially
into the subjacent LPO, while the CEA lesion site depicted in panel D extends partially into
the closely adjacent BLA. Scale bar in D applies also to A-C. Abbreviations not defined in
manuscript: 3, third ventricle; ac, anterior commissure; BMA, basomedial amygdala; CP,
caudate putamen; EP, endopiriform nucleus; fx, fornix; int, internal capsule; LA, lateral
amygdala; LPO, lateral preoptic area; LS, lateral septum; MEA, medial amygdala; MPN,
medial preoptic nucleus; oc, optic chiasm; ot, optic tract; st, stria terminalis.
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Closed Arm Entries

saline vehicle i.p.
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Total Arm Entries

saline vehicle i.p. YO (1.0 mg/kg) i.p.

Behavioral data from the EPMZ test. Surgical group key is boxed in panel A, applies also to
B-D. Numbers within the base of each bar in panel A indicate group size (n), and apply also
to B-D. A, time spent in the open arms of the maze expressed as open arm ratio (i.e., open
arm time/300 sec). B, number of entries into the open arms of the maze. C, number of
entries into the closed arms of the maze. D, total number of arm entries. In all panels, * =
significantly reduced compared to the same surgical group after i.p. saline, and @ =
significantly reduced compared to Y O-treated rats with crossed IBO lesions.
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Multivariate two-way ANOVA main effects, interactions, and P values for EPMZ behavioral parameters in

sham-lesioned, crossed IBO-lesioned, and ipsilateral IBO-lesioned rats after i.p. saline or YO.

Effect Source EPMZ parameter F P<
1.p. treatment [F(1,62)] Openarmtimeratio 18.6 *0.001
Saline vehicle vs. YO (1.0 mg/kg) i
Open arm entries 16.7 *0.001
Closed arm entries 255 *0.001
Total entries 352 *0.001
Surgical group [F(2,62)] Open arm time ratio 3.3 *0.04
Sham vs. crossed IBO vs. ipsi IBO lesioned i
Open arm entries 2.2 n.s. (P=0.12)
Closed arm entries 2.7 n.s. (P=0.08)
Total entries 37 *0.03
Interaction [F(2,62)] Openarmtimeratio 6.4  *0.003
Surgical group x I.p. treatment i
Open arm entries 2.6 n.s. (P=0.08)
Closed arm entries 2.8 n.s. (P=0.07)
Total entries 2.3 n.s. (P=0.11)

See Figure 3 for graphical display of data and post-hoc comparisons. ns, not significant.
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