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Too Much of a Good Thing: Blocking Noradrenergic
Facilitation in Medial Prefrontal Cortex Prevents the
Detrimental Effects of Chronic Stress on Cognition

Julianne D Jett' and David A Morilak*'

'Department of Pharmacology and Center for Biomedical Neuroscience, University of Texas Health Science Center, San Antonio, TX, USA

Cognitive impairments associated with dysfunction of the medial prefrontal cortex (mPFC) are prominent in stress-related psychiatric
disorders. We have shown that enhancing noradrenergic tone acutely in the rat mPFC facilitated extra-dimensional (ED) set-shifting on the
attentional set-shifting test (AST), whereas chronic unpredictable stress (CUS) impaired ED. In this study, we tested the hypothesis that the
acute facilitatory effect of norepinephrine (NE) in mPFC becomes detrimental when activated repeatedly during CUS. Using microdialysis,
we showed that the release of NE evoked in mPFC by acute stress was unchanged at the end of CUS treatment. Thus, to then determine if
repeated elicitation of this NE activity in mPFC during CUS may have contributed to the ED deficit, we infused a cocktail of «-, -, and f5,-
adrenergic receptor antagonists into the mPFC prior to each CUS session, then tested animals drug free on the AST. Antagonist treatment
prevented the CUS-induced ED deficit, suggesting that NE signaling during CUS compromised mPFC function. We confirmed that this was
not attributable to sensitization of adrenergic receptor function following chronic antagonist treatment, by administering an additional
microinjection into the mPFC immediately prior to ED testing. Acute antagonist treatment did not reverse the beneficial effects of chronic
drug treatment during CUS, nor have any effect on baseline ED performance in chronic vehicle controls. Thus, we conclude that blockade of
noradrenergic receptors in mPFC protected against the detrimental cognitive effects of CUS, and that repeated elicitation of noradrenergic

INTRODUCTION

Cognitive deficits associated with prefrontal cortical dys-
function play an integral role in the onset and maintenance
of stress-related neuropsychiatric illnesses, such as depres-
sion and anxiety disorders (Kendler et al, 1999; Murphy
et al, 1999; Austin et al, 2001; Beck, 2005; Disner et al, 2011).
Depressed patients commonly express impairments in
cognitive flexibility, that is, the ability to modify pre-
established patterns of thought or behavior based on
feedback from the environment (Channon, 1996; Merriam
et al, 1999; Murphy et al, 1999; Austin et al, 2001; Disner
et al, 2011). The attentional set-shifting test (AST) was
developed to measure cognitive flexibility in rats, including
extra-dimensional (ED) cognitive set-shifting, which
depends critically on the functional integrity of the medial
prefrontal cortex (mPFC) (Birrell and Brown, 2000). This
region has been shown to be hypoactive in depressed
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patients and individuals exposed to chronic psychosocial
stress (Stuss et al, 2000; Siegle et al, 2007; Fales et al, 2009;
Liston et al, 2009). In previous studies, we found that
chronic unpredictable stress (CUS) compromised the
performance of rats on the ED stage of the AST (Bondi
et al, 2008, 2010). However, despite clinical and preclinical
evidence demonstrating that chronic stress impairs
mPFC cognitive function and is a risk factor for depression,
the mechanisms underlying these relationships remain
unknown.

Norepinephrine (NE) modulates cortical function under
conditions of stress, vigilance, arousal, and attention
(Aston-Jones et al, 1991; Cole and Robbins, 1992; Berridge
et al, 1993; Berridge and Waterhouse, 2003; Morilak et al,
2005). Previous results from our laboratory showed that
enhancing noradrenergic tone acutely by administration
of the a,-adrenergic autoreceptor antagonist, atipamezole,
facilitated ED performance through activation of o;-
adrenergic receptors in the mPFC (Lapiz and Morilak,
2006). Further, chronic administration of the selective NE
reuptake inhibitor, desipramine, during CUS prevented the
stress-induced ED deficits (Bondi et al, 2008, 2010). These
observations are consistent with monoamine theories
of depression, which suggest that depressive behaviors
(eg, impairments of cognitive flexibility) result from
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deficiencies in monoaminergic modulatory function
(Glavin, 1985; Anisman and Zacharko, 1990; Ressler and
Nemeroff, 2000; Nutt, 2002; Morilak and Frazer, 2004).
However, recently we showed that noradrenergic modula-
tion in the mPFC remains intact after CUS, in that acute
atipamezole administration still enhanced ED performance,
and o,-receptors in the mPFC continued to facilitate
cognitive flexibility after CUS (Bondi et al, 2010). Given
that acute stress evokes NE release in the mPFC (Nakane
et al, 1994), these observations suggested that stress-
induced NE activity may be maintained over the course of
CUS, and that repeated elicitation could impair the
functional integrity of the mPFC, that is, that repeated
facilitation creates an allostatic overload (McEwen, 2004).

Allostatic overload, a physiological mediator’s inability to
maintain homeostasis after prolonged activation induces
maladaptive responses, has been studied extensively with
respect to the stress hormone corticosterone (McEwen,
2003, 2004; de Kloet et al, 2005). Studies have shown that
acute stress and systemic corticosterone administration
evoke glutamate release in the hippocampus and mPFC
(Moghaddam et al, 1994; Bagley and Moghaddam, 1997;
Venero and Borrell, 1999). This acute response is associated
with glutamate facilitating cognitive function, thus enabling
an organism to better cope with environmental demands
(Joels et al, 2006; Yuen et al, 2009, 2011). Conversely,
prolonged stress exposure and chronic corticosterone
treatment lead to dendritic atrophy in the hippocampus
and mPFC (Magarinos and McEwen, 1995; Wellman, 2001;
Cook and Wellman, 2004). This morphological consequence
of chronic corticosterone exposure has been associated with
excessive glutamate release and impaired cognitive function
(Magarinos and McEwen, 1995; McEwen et al, 1997; Liston
et al, 2006; Martin and Wellman, 2011).

Similar to corticosterone, NE modulates basal excitatory
signaling and acute stress-evoked glutamate release in the
mPFC (Marek and Aghajanian, 1999; Lupinsky et al, 2010).
Therefore, through a process of cumulative excitotoxicity or
similar negative consequence of repeated facilitation, repeated
stress-induced noradrenergic activity in the mPFC may play a
role in the development of CUS-induced ED deficits. Thus,
the present study tested the hypothesis that the modulatory
effects of NE in the mPFC, which enhance cognitive flexibility
acutely, may contribute to the development of cognitive
dysfunction when elicited repeatedly over the course of CUS
treatment. We first used in vivo microdialysis to establish that
acute stress continues to induce NE release in the mPFC at the
end of the 2-week CUS procedure. Subsequently, to determine
if this repeated elicitation of NE activity in the mPFC during
CUS compromises cognitive flexibility, we microinjected o;-,
p1-, and f,-adrenergic receptor antagonists into the mPFC
prior to each CUS session. Following chronic drug and stress
treatment, cognitive set-shifting capability was tested on the
AST. Portions of this work have been presented in abstract
form (Jett et al, 2008).

MATERIALS AND METHODS
Animals

A total of 152 adult male Sprague-Dawley rats (Harlan,
USA), 230-250 g upon arrival, were initially grouped-housed
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(three rats/cage) in 25 x 45 x 15 cm® cages, on a 12/12-h
light/dark cycle (lights on at 0700 hours), and provided food
and water ad libitum. For social defeat, 24 male Long-Evans
rats, 400-450 g (Charles River, USA), were pair-housed with
ovariectomized females in large cages (63 x 63 x 40 cm®) in
an adjacent room. Experiments were conducted during the
light phase. All procedures were in accordance with NIH
guidelines and approved by the UTHSCSA Institutional
Animal Care and Use Committee.

Chronic Unpredictable Stress

CUS was conducted as described previously (Bondi et al,
2008, 2010), excluding swim stress to avoid infection follo-
wing surgery. A different stressor was administered daily, at
various times of day, for 2 weeks (Table 1). Following each
session, rats recovered for 1h in an isolated room, then
were transferred to clean cages and returned to housing.
Unstressed controls were handled 2-3 min/day.

Attentional Set-Shifting Test

AST procedures were as described previously (Lapiz and
Morilak, 2006). One week before testing, rats were food
restricted to 14 g/day. The testing arena was 75 x 44 x 30
cm® with a removable divider at one end to form a start
box. A clear panel divided the opposite third into two
sections. A terracotta digging pot (diameter 7cm, depth
6cm) was placed in each section. Pots were differentiated
along two dimensions, digging medium and odor (see
Table 2). Each pot was initially scented with 20ul of
aromatic oil (Frontier Natural Brands, Boulder, CO, USA),
then 1-2 pl daily for consistency. Only one combination of
odor/medium was applied to each pot. A 1/4 piece of Honey
Nut Cheerio (General Mills Cereals, Minneapolis, MN,
USA), was buried at a depth of 3cm in the ‘positive’
pot. Prior to each stage, powdered Cheerio was sprinkled
onto the medium of both pots to prevent location of the

Table | CUS Treatment Schedule

Day I 30-min restraint

Day 2 I-h shaking/crowding (6 rats/box, 220 shakes/min)

Day 3 Social defeat (with 45 min protected exposure post-defeat)
Day 4 10-min tail pinch (in restraint tube)

Day 5 24-h wet bedding

Day 6  Social defeat

Day 7 I-h shaking/crowding

Day 8  I5-min mild footshock (30's every 3min, 55 on/5s off. 1.5mA)
Day 9  30-min restraint

Day 10 Social defeat (begin food restriction, when applicable, for AST expts)

Day 'l 15-min mild footshock
Day 12 10-min tail pinch

Day 13 24-h wet bedding
Day 14 15-min mild footshock

Day |5 Habituation day for AST
Day 16 Training day for AST
Day |7 Testing day for AST
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Table 2 Attentional Set-Shifting Test Protocol®

Discrimination stage Dimensions

Example combinations

Relevant Irrelevant (+) (-)

Simple (SD) Odor Clove/Sawdust Nutmeg/Sawdust

Compound (CD) Odor Medium Clove/Raffia Nutmeg/Metallic Filler
Clove/Metallic Filler Nutmeg/Raffia

Reversal | (R1) Odor Medium Nutmeg/Raffia Clove/Metallic Filler
Nutmeg/Metallic Filler Clove/Raffia

Intra-dimensional shift (ID) Odor Medium Rosemary/\Wood balls Cinnamon/Plastic beads
Rosemary/Plastic beads Cinnamon/Wood balls

Reversal 2 (R2) Odor Medium Cinnamon/Plastic beads Rosemary/Wood balls
Cinnamon/Wood balls Rosemary/Plastic beads

Extra-dimensional set-shift (ED) Medium Odor Velvet/Citronella Crepe/Thyme

Velvet/Thyme Crepe/Citronella

*Representative examples of stimulus pairs, and the progression through the stages of the attentional set-shifting test, with odor as the initial discriminative dimension,
shifting to digging medium in the ED stage. Half the rats began with medium as the initial stimulus and shifted to odor. For each task, the positive stimulus is in bold, and

is paired randomly across trials with the two stimuli from the irrelevant dimension.

reward by smell. Trials were initiated by lifting the
start gate, allowing access to both pots. AST was conducted
over 3 days:

Day 1: Habituation. Rats were trained to dig for reward
in unscented pots filled with sawdust.

Day 2: Training. Rats were trained to make simple
discriminations (SDs) in the testing arena. They first learned
to associate reward with odor (lemon vs rosewood, pots filled
with sawdust) then digging medium (felt vs paper, no odor).
Training stimuli were not used during testing.

Day 3: Testing. Rats were tested on a series of discrimina-
tion tasks, in which the discriminative stimulus dimension
and positive cue within that dimension were varied
according to the contingency schedule in Table 2. The first
task was a SD, similar to the training trials, involving only
one stimulus dimension. Half the rats had to discriminate
between pots differentiated by odor, and the other half
discriminated between digging media in unscented pots (for
clarity, the remainder of this description will consider odor
discrimination). The second task was a compound dis-
crimination (CD), in which the same discrimination was
required, but the second, irrelevant stimulus (eg, medium)
was introduced. The third task was a reversal (R1), in which
the same odors and media were used, but the negative odor
from the previous task was now positive. The fourth task
was an intra-dimensional shift (ID), in which all new stimuli
were introduced, and odor remained the relevant dimen-
sion. The fifth task was a reversal of this discrimination
(R2). The sixth task required an ED cognitive set-shift, in
which all new stimuli were again introduced, but this time
the relevant dimension was also changed, that is, digging
medium became the relevant dimension and odor was
irrelevant. The dependent measure was the number of trials
required to reach criterion of six consecutive correct
responses on each task (Trials to Criterion, TTC).

Experiment 1: Effects of CUS on Acute Stress-Evoked NE
Release in the mPFC

Sixteen rats were divided into CUS or control groups. They
were anesthetized (ketamine 43 mg/ml, acepromazine
1.4 mg/ml, xylazine 8.6 mg/ml, 1.0 ml/kg i.m., 25% supple-
ment as needed), and a microdialysis guide cannula (CMA
Microdialysis, North Chelmsford, MA, USA) was implanted
unilaterally, terminating 2mm above the infralimbic/
prelimbic boundary in the mPFC (coordinates relative to
bregma, with a 10° lateral angle: AP +2.6mm, ML+
1.4mm, DV —1.7mm; Paxinos and Watson, 1998). The
cannula was anchored to the skull using jeweler screws and
dental acrylic. Rats were treated prophylactically with anti-
biotic (penicillin G, 300 000 IU/ml, 1.0 ml/kg, s.c.), hydrated,
and singularly housed in fresh cages. Experimental proce-
dures commenced 1-week post-surgery.

All rats were habituated to the microdialysis room and
buckets (60 cm height x 30cm diameter) for 10 min/day
after CUS or handling sessions on days 12-14. Microdialysis
was conducted 1 day after CUS (day 15). A microdialysis
probe (CMA/12) with 20kDa MW cutoff was inserted,
extending 4 mm beyond the tip of the guide, centering the
active membrane in the mPFC. Artificial cerebral spinal
fluid (147 mM NaCl, 2.5mM KCl, 1.3mM CaCl,, 0.9 mM
MgCl,, pH 7.4) was perfused though the probe at 1.0 pl/min.
After 2h equilibration, four baseline samples were collected
at 30min intervals into tubes containing 2.5l of 0.2 uM
EDTA. The fifth sample was collected during acute
immobilization stress, a novel stimulus that was not applied
during CUS. The rats were held prone on a plastic rack large
enough to support their body (26 x 13 cm?®), and their head,
limbs, and torso were taped gently but securely to the rack.
After 30 min, the rat was returned to the bucket for four 30-
min recovery samples. NE in the dialysate was quantified by
HPLC with coulometric detection (Coulochem II, ESA, East
Chelmsford, MA, USA). Mobile phase contained 60 mM
sodium phosphate, 75pM EDTA, 1.5mM sodium 1-
octanesulfonic acid, 6% methanol, pH 4.6, at a flow rate
of 0.6 ml/min. NE was measured against a calibration curve
established daily. Detection limit was 0.5 pg/sample.

Neuropsychopharmacology
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Experiment 2: Effect of Blocking Adrenergic Receptors
in the mPFC During Each Stress Treatment on the
CUS-Induced Cognitive Set-Shifting Deficit on the AST

Forty-three rats were assigned to four groups defined by
chronic stress (CUS or control), and drug treatments
(vehicle or antagonists). Six additional rats were used as
shams to determine if repeated bilateral microinjections
alone altered performance on the AST. All rats were
implanted with bilateral 23 ga stainless steel guide cannulae
terminating 1 mm above the mPFC (10° approach; coordi-
nates relative to bregma: AP +2.6 mm, ML £ 1.4 mm, DV
— 2.7 mm; Paxinos and Watson, 1998). CUS and non-stress
control treatments were as above. Prior to each stress or
handling session, rats were gently restrained in a towel
while the obdurators were removed and replaced with 30 ga
stainless steel microinjectors. Animals were returned to
their home cage to receive a microinjection (0.5 ul/side at
0.25 ul/min) of 0.6% saline vehicle, or a cocktail containing
the o;-adrenergic receptor antagonist, benoxathian (2 nmol/
0.5pl, Sigma), the f;-receptor antagonist, betaxolol
(1 nmol/0.5 pl, Tocris), and the f3,-antagonist, ICI 118,551
(1 nmol/0.5 pl, Tocris). In previous studies, these doses were
shown to be effective in blocking acute noradrenergic
modulation of specific behavioral responses in the hy-
pothalamus, extended amygdala, and mPFC (Cecchi et al,
2002a,b; Lapiz and Morilak, 2006). Microinjectors were left
in place for 2 min to allow for diffusion, then removed and
the obdurators replaced. Uninjected shams were handled
similarly, without inserting microinjectors. For CUS rats,
stress sessions commenced 5min after removing the
injectors, while control rats and shams were returned to
housing. Thus, all rats (excluding shams) received 14
microinjections in the mPFC over 2 weeks. AST testing
was conducted 3 days after the last stress/drug session. The
experimenter was blind to drug conditions.

Experiment 3: Control Experiment to Test if Repeated
Antagonist Treatment During CUS May Have Masked
the Cognitive Deficit by Sensitizing Adrenergic
Receptors in mPFC

The hypothesis tested in experiment 2 was that chronic
adrenergic antagonist treatment prevented CUS-induced ED
deficits by protecting the mPFC from the detrimental effects
of repeated NE-mediated facilitation. We have shown
previously that under basal conditions, blocking NE
receptors in the mPFC during testing had no effect on
cognitive set-shifting, whereas acutely elevating NE trans-
mission facilitated set-shifting by activating o,-adrenergic
receptors (Lapiz and Morilak, 2006). Therefore, an alter-
native explanation must be considered, that repeated
antagonist treatment could have sensitized adrenergic
receptor function in mPFC, essentially mimicking the
effects of elevated NE transmission. Thus, experiment 3
tested whether the seemingly protective effects of
adrenergic antagonist treatment during CUS were instead
attributable to sensitization of basal adrenergic receptor
function.

Eighty-seven rats were divided by stress (CUS or
control) and repeated microinjection treatment (vehicle or
antagonists). On the testing day, after completing the R2
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stage, rats were removed from the testing arena and
administered an additional acute vehicle or adrenergic
antagonist injection into the mPFC as above. The experi-
menter was blind to both chronic and acute drug
treatments. Behavioral testing resumed with the ED stage
5min after injection.

Statistical Analysis

Cannulae placement was determined by histology. Animals
with cannulae outside the mPFC, or that did not complete
the behavioral procedures were removed from analysis a
priori. In experiment 1, baseline NE levels in control and
CUS-treated rats were compared by Student’s t-test. Two-
way multivariate analysis of variance (MANOVA) with
repeated measures was used to analyze the effect of acute
immobilization stress. In experiment 2, we first confirmed
that repeated daily microinjections did not alter behavior by
comparing non-injected shams to vehicle-controls. Effects of
CUS and antagonist administration on ED set-shifting were
then analyzed by two-way MANOVA. Secondarily, potential
effects on the other tasks (SD-R2) leading up to the ED stage
were similarly analyzed by two-way MANOVA. In experi-
ment 3, ED performance was analyzed by three-way
MANOVA (Stress x Chronic Drug x Acute Drug). Because
acute drug administration occurred after the test stages
preceding ED, performance on these tasks was analyzed as in
experiment 2, by two-way MANOVA. Where significant
main effects or interactions were detected, post hoc
comparisons were made using the Newman-Keuls test.
Significance was determined at p <0.05.

RESULTS

Experiment 1: Effects of CUS on Acute Stress-Evoked NE
Release in the mPFC

Figure 1 shows an example of a microdialysis probe track
located in the mPFC. Figure 2 shows extracellular NE levels

Figure | A representative photomicrograph of a coronal section
through the mPFC stained with Cresyl Violet, showing a unilateral
microdialysis cannula track terminating 2mm above the mPFC. A
microdialysis probe extended 4mm beyond the cannula tip, centering
the active membrane in the mPFC (arrowhead). IL, infralimbic cortex; PrL,
prelimbic cortex. Scale bar= | mm.
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Figure 2  Effects of CUS on NE levels in microdialysate samples collected
from the mPFC. There were no baseline differences (samples BI-B4)
between control and CUS rats before 30 min of acute immobilization
stress. Acute immobilization stress (bar) significantly elevated NE
levels in the immobilization sample (IMB), and in the first two recovery
samples (RI-R2). The acute stress-induced increase in NE levels in
mPFC was comparable in CUS-treated rats and controls (main
effect of sample, p<0.001; post hoc comparisons: *p<0.05 compared
with baseline samples). Data are expressed as pg/sample (mean = SEM;
n=7-8/group).

Figure 3 A representative photomicrograph of a coronal section
through the mPFC stained with Cresyl Violet, showing bilateral guide
cannulae tracks terminating | mm above the mPFC. Microinjectors
extended | mm beyond the cannulae, centering the tips in the mPFC
(arrowheads). IL, infralimbic cortex; Prl, prelimbic cortex. Scale bar= | mm.

collected from the mPFC before, during, and after acute
immobilization stress. There were no differences in mean
baseline NE levels in control and CUS-treated rats (Control:
2.69 + 0.42 pg/sample; CUS: 2.49 + 0.40 pg/sample; t;5 = 0.352,
p=0.73, n=7-8/group), and acute immobilization induced
a similar increase in NE in the mPFC of CUS and control rats
(Control: 5.34 + 0.82 pg/sample; CUS: 5.43 £ 0.71 pg/sample).
Two-way MANOVA revealed a significant main effect of
Sample (Fg 104 = 20.05, p<0.001), with NE levels significantly
elevated in the samples collected during and immediately
after immobilization stress (p <0.05). There was no effect of
CUS (Fy,;3=0.11, p=0.74), nor a CUS x Sample interaction
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Figure 4 Protective effects of noradrenergic receptor blockade in mPFC
during CUS on ED set-shifting. A cocktail of the o -adrenergic receptor
antagonist, benoxathian, the f}-adrenergic antagonist, betaxolol, and the
Por-adrenergic antagonist, ICI 18,551 was microinjected bilaterally into
the mPFC prior to each CUS stress session. CUS rats given vehicle
microinjections  (Veh) expressed a significant ED set-shifting deficit
compared with unstressed controls (¥»<0.001) and compared to CUS
rats treated with the antagonists (Ant; ~p<0.001). All data are expressed
as mean + SEM, n=9-10/group.

(Fg104=1.75, p=0.095). One animal was eliminated due to
misplaced probe.

Experiment 2: Effect of Blocking Adrenergic Receptors
in the mPFC During Each Stress Treatment on the
CUS-Induced Cognitive Set-Shifting Deficit on the AST

Figure 3 shows the localization of bilateral cannulae tracks
in the mPFC. The microinjection procedure alone did not
affect behavior on the AST, as there were no differences in
TTC between sham-implanted and vehicle-injected controls.
Further, the CUS and Drug treatment groups did not differ
on the training discrimination the day before testing
(p>0.05), indicating that there were no pre-existing
differences between treatment groups on their ability to
learn the contingencies or perform the required tasks prior
to testing.

In the analysis of CUS and repeated drug treatment effects
on ED set-shifting, two-way MANOVA revealed significant
main effects of Stress (F; 33 =9.76, p<0.01), Drug treatment
(F133=7.85, p<0.01), and a Stress x Drug interaction
(F133=15.05, p<0.001). Figure 4 shows the TTC for all
groups on the ED set-shifting task. Replicating the effects of
CUS previously demonstrated (Bondi et al, 2008, 2010), CUS
rats treated with vehicle microinjections into mPFC before
each stress session had significantly higher TTC than the
non-stressed vehicle-injected controls (p <0.001). However,
treating rats with adrenergic receptor antagonists prior to
each stress session prevented the CUS-induced deficit in
cognitive set-shifting, as TTC were significantly lower than
in vehicle-treated CUS rats (p <0.001) and were comparable
to non-stressed vehicle-controls. Repeated antagonist treat-
ment alone, in the absence of CUS, had no effect on
subsequent set-shifting performance (p> 0.05). Analysis of
the SD-R2 stages preceding the ED set-shifting task revealed
the expected effect of Task (F, ;3, =36.54, p<0.001), but not
for Stress (F; 33 =2.75, p>0.1), Chronic Drug (F, ;5 =0.724,
p>0.4) nor an interaction (F,;3,=1.46, p>0.21). No
animals were excluded from analysis.
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Figure 5 Effects of noradrenergic receptor blockade in mPFC
during CUS, followed by an acute microinjection into the mPFC
immediately prior to testing on the ED task. Acute antagonist (Ant)
administration immediately prior to the ED task had no effect in any
condition. As in Figure 4, after collapsing across acute drug treatment, CUS
induced a significant ED set-shifting deficit (CUS 4 chronic vehicle
compared with controls: *p<0.001) that was prevented by chronic
Ant treatment (CUS + chronic antagonists compared with CUS + chronic
vehicle:  +p<000l). All data are expressed as mean*SEM,
n=9-11/group.

Experiment 3: Control Experiment to Test if Repeated
Antagonist Treatment During CUS May Have Masked
the Cognitive Deficit by Sensitizing Adrenergic
Receptors in mPFC

There were no pre-existing differences in TTC on the
training day discrimination (p>0.05). Figure 5 shows the
TTC for all groups on the ED set-shifting task. A three-way
MANOVA revealed significant main effects of Stress
(F17,1=8.37, p<0.01), Chronic Drug (F;;; =18.34,
p<0.001), and a Stress x Chronic Drug interaction
(F171=4.76, p<0.04). However, there was no effect of
Acute Drug treatment immediately prior to ED (F, ;; =1.13,
p=0.29). As in experiment 2, post hoc analysis indicated
that CUS rats chronically treated with vehicle had
significantly higher TTC compared with unstressed controls
(p<0.05). Further, repeated administration of adrenergic
receptor antagonists again prevented the detrimental effects
of CUS, reducing TTC compared with vehicle-treated CUS
rats (p<0.05), to a level comparable to unstressed
vehicle-controls. Most importantly, acute adrenergic recep-
tor blockade in mPFC immediately prior to ED
did not hinder performance in CUS rats treated with
chronic antagonists during CUS. If repeated antagonist
treatment during CUS had sensitized adrenergic receptors
in mPFC, inducing facilitation under basal conditions,
then acute antagonist treatment prior to ED testing would
have been expected to compromise ED performance and
increase TTC. Thus, these data do not support the alternate
interpretation that receptor sensitization may have
masked a CUS-induced deficit. Three animals were
excluded from analysis in experiment 3 due to cannula
misplacement, one failed to complete training (unstressed/
chronic drug) and four dropped out during testing (three
from the CUS/vehicle group, one from the unstressed/
chronic drug group).
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Figure 6 Behavioral specificity of adrenergic antagonist treatment in the
mPFC during CUS. Performance on each task of the AST preceding the ED
set-shifting task is shown in experiment 3. In this experiment, as in
experiment 2 (not shown), CUS induced a deficit on the RI reversal
learning task (*»<0.001), which was not prevented by chronic adrenergic
antagonist treatment in the mPFC during CUS (p>0.43). Note that in
experiment 3, but not experiment 2 (nor in previous studies), CUS had a
very modest effect on the SD task (*p <0.03), which also was not affected
by chronic adrenergic antagonist treatment in the mPFC (p>0.98). The
lack of effect on other components of the AST confirms the behavioral
specificity of drug treatment in the mPFC on ED set-shifting. All data are
expressed as mean £ SEM, n= 18-21/group.

Behavioral Specificity of Repeated Adrenergic
Antagonist Treatment in mPFC During CUS

In both experiments 2 and 3, there was no effect of chronic
drug treatment on any task preceding ED set-shifting (SD-
R2, p>0.05 for all analyses). Further, there were no main
effects of CUS, nor CUS x Chronic Drug interactions for any
task except the first reversal (R1). On the R1 reversal task,
in agreement with previous reports (Bondi et al, 2008,
2010), there was a significant effect of CUS in both
experiment 2 (F;33=4.1366, p<0.05) and experiment 3
(F1,75=14.54, p<0.001). However, as expected, and by
contrast with ED, the CUS-induced deficit in reversal
learning was not prevented by chronic adrenergic antago-
nist treatment in the mPFC during CUS (in experiment 2,
Chronic Drug: F,;3;=0.2704, p>0.60; CUS x Chronic
Drug interaction: F; 33 =1.4193, p>0.24; in experiment 3,
Chronic Drug: F;;5=0.087, p>0.79; interaction:
F,75=0.606, p>0.44; see Figure 6), confirming the
behavioral specificity of the drug treatment in mPFC.

In experiment 3, but not experiment 2, there was also a very
modest effect of CUS on the SD task, from 9.9+0.6 to
12.0 £ 0.7 TTC (F, 75 = 5.46, p <0.05, see Figure 6), but no effect
of Chronic Drug (F,;5=0.008, p=0.93) nor an interaction
(Fy,75=0.0004, p=0.98). While it is not unusual for CUS to
have occasional effects on a task other than ED or R1, this is
not a consistent finding. Moreover, the mild effect on the SD
task did not impact performance on the subsequent CD task,
and it was not affected by chronic drug treatment in the mPFC.

DISCUSSION

Our laboratory and others have demonstrated that NE
facilitates ED set-shifting in the mPFC (Lapiz and Morilak,
2006; Tait et al, 2007; Bondi et al, 2008; McGaughy et al,
2008). Further, we showed recently that increasing



noradrenergic transmission acutely in the mPFC continued
to facilitate cognitive set-shifting that had been compro-
mised by chronic stress exposure (Bondi et al, 2010). In the
current study, acute stress-evoked NE release in the mPFC
after 2 weeks of CUS exposure was comparable to that in
unstressed control rats. This implies that each acute stressor
administered over the course of CUS treatment elicited an
effective NE response in the mPFC, a necessary pre-
requisite for the hypothesis that repeated activation of
acute NE facilitation might contribute to the CUS-induced
ED deficit. Subsequently, we showed that adrenergic
receptor blockade in the mPFC prior to each stress session
prevented the CUS-induced ED deficit. The beneficial effect
of antagonist treatment was not attributable to masking of
the CUS-induced deficit by noradrenergic receptor super-
sensitivity. Moreover, the CUS-induced deficit in reversal
learning was unaffected by antagonist treatment in mPFC.
Because ED set-shifting is dependent on the functional
integrity of the mPFC (Birrell and Brown, 2000), whereas
reversal learning is dependent on the orbitofrontal cortex
(McAlonan and Brown, 2003), the lack of drug effect on
reversal learning confirmed the behavioral and anatomical
specificity of antagonist treatment in the mPFC.

High levels of tonic noradrenergic activity have been
associated with ‘scanning attention’ and vigilance (Aston-
Jones et al, 1999, 2000). Under these conditions, animals are
more broadly receptive to environmental stimuli, as
opposed to being focused on an established or expected
contingency (Sara et al, 1994; Aston-Jones et al, 1999).
Thus, elevated NE tone appears to enhance cognitive
flexibility by allowing the organism to disengage pre-
eminent responses, and to re-direct behavior to new or
alternative strategies that may be required by the demands
of a changing or challenging environment. We have shown
previously that activation of «;-adrenergic receptors in
many brain regions facilitates a range of behavioral and
physiological responses to acute stress, including shock
probe defensive burying, reductions in open-arm explora-
tion on the elevated plus maze, and activation of the
hypothalamic-pituitary-adrenal (HPA) axis (Cecchi et al,
2002b; Pardon et al, 2003; Ma and Morilak, 2005a,b; Morilak
et al, 2005; Bondi et al, 2007). In addition, we found that o;-
adrenergic receptor activation enhances cognitive flexibility
in the mPFC (Lapiz and Morilak, 2006; Bondi et al, 2010).
The «;-adrenergic receptor enhances cortical excitatory
signaling and acute stress-evoked glutamate release (Marek
and Aghajanian, 1999; Lupinsky et al, 2010), thereby
facilitating the signal-to-noise ratio of evoked synaptic
transmission and sharpening cellular responses in cortex
(Waterhouse et al, 1981, 2000). Thus, elevated NE levels
may facilitate cognitive flexibility and behavioral adaptation
by increasing glutamate neurotransmission in the mPFC
circuitry. However, these acutely adaptive effects of NE may
come at a cost when elicited repeatedly by chronic stress, as
excessive glutamate signaling can also induce excitotoxicity,
leading to cellular damage or even cell loss (Bruno et al,
1993; Skaper et al, 2001). In other studies, repeated stress-
induced cognitive impairments have been attributed to
glutamate-mediated pyramidal cell dendritic atrophy in the
mPFC and hippocampus (Woolley et al, 1990; Liston et al,
2006; Martin and Wellman, 2011). The o,-adrenergic
receptor is expressed on mPFC pyramidal cells, in which
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stress-induced dendritic remodeling has been noted (Marek
and Aghajanian, 1999; Wellman, 2001; Radley et al, 2004;
Lupinsky et al, 2010). Thus, CUS-induced deficits in
cognitive flexibility may be the result of repeated induction
of noradrenergic facilitation in mPFC, leading to excessive
glutamate transmission and pyramidal cell dysfunction.

In our previous studies, blocking f-adrenergic receptors
in mPFC did not affect acute noradrenergic modulation of
cognitive set-shifting (Lapiz and Morilak, 2006). None-
theless, f-receptors have been shown to facilitate glutamate
signaling in the mPFC, and to enhance signal-to-noise ratio
of evoked synaptic responses in many brain regions
(Woodward et al, 1991; Ji et al, 2008). In addition, chronic
stress downregulates ff-adrenergic receptor binding in the
cortex (Nomura et al, 1981). Although our previous results
suggest that cortical o;-receptors are most likely responsible
for the effects observed in the present study, it is possible
that chronic stress could recruit receptor mechanisms that
were not involved in acute modulatory processes. Thus, to
minimize excessive animal use and resource expenditure,
while optimizing the likelihood of revealing an effect of
noradrenergic modulation during chronic stress, we elected
to administer a cocktail of oy, f;-, and f,-adrenergic
receptor antagonists during CUS rather than test each
subtype-specific antagonist separately. Having now demon-
strated an important role for NE in CUS-induced cognitive
dysfunction, future investigations will determine the
specific adrenergic receptor involved in this effect.

In the context of stress, the HPA axis is activated together
with the brain noradrenergic system (Joels and Baram,
2009; Joels et al, 2011). Consequently, elevated noradrener-
gic signaling would have converged with stress-evoked
glucocorticoid signaling over the course of CUS. Glucocor-
ticoids have also been shown to have facilitatory as well as
potentially damaging effects in the brain, and to interact
with NE specifically in the context of stress-induced
plasticity (McGaugh and Roozendaal, 2002; Roozendaal
et al, 2008; Krugers et al, 2012). Administration of
glucocorticoid receptor antagonists during chronic stress
or during prolonged corticosterone treatment has been
shown to prevent dendritic atrophy in the mPFC and
hippocampus (Magarinos and McEwen, 1995; Wellman,
2001; Liu and Aghajanian, 2008; Popoli et al, 2012).
Therefore, corticosterone may contribute to chronic
stress-induced cognitive impairments associated with these
regions (Musazzi et al, 2011; Popoli et al, 2012). NE and
glucocorticoids converge to facilitate glutamate signaling in
the hippocampus and basolateral amygdala during con-
solidation of memory for fear conditioning (McGaugh and
Roozendaal, 2002; Roozendaal et al, 2008; Krugers et al,
2012). Thus, corticosterone and NE may likewise act
synergistically during chronic stress to compromise the
functional integrity of the mPFC. In other studies, neither
op-adrenergic receptor antagonist administration nor re-
moval of the adrenal glands alone completely blocked acute
stress-evoked glutamate release in the mPFC (Moghaddam
et al, 1994; Lupinsky et al, 2010). This suggests that
individually inhibiting the modulatory actions of either NE
or corticosterone during chronic stress may reduce stress-
evoked glutamate release to a level that maintains function,
but is no longer so excessive as to compromise the integrity
of the mPFC. The present results are consistent with this, as
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noradrenergic receptor blockade in mPFC during CUS,
presumably in the presence of stress-evoked corticosterone
activity, protected cognitive function.

The NE and HPA systems in the brain may also interact
indirectly to influence cognition in the mPFC. Although the
prelimbic region of the mPFC does not innervate the
paraventricular nucleus of the hypothalamus (PVN) directly,
there is evidence that attenuating stress-evoked NE release in
the mPFC can reduce acute activation of the PVN (Radley
et al, 2008). Thus, adrenergic receptor blockade in the mPFC
may decrease the repeated stress-induced activation of the
HPA axis, thereby reducing circulating levels of corticoster-
one during CUS and protecting the mPFC indirectly. This
hypothesis remains to be tested.

Recent studies from our laboratory have demonstrated
that chronic administration of the selective NE reuptake
inhibitor, desipramine (DMI), during CUS prevented the
stress-induced impairment of cognitive set-shifting (Bondi
et al, 2008, 2010). These results may at first seem contra-
dictory to the current finding that repeated activation of
noradrenergic transmission in the mPFC during CUS
compromised cognitive set-shifting. As discussed above,
elevating NE may enhance ED performance by facilitating
glutamate signaling in the mPFC. Depression has been
associated with hypoactivity, reduced glutamate levels, and
decreased NMDA receptor expression in the mPFC (Hasler
et al, 2007; Feyissa et al, 2009; Merkl et al, 2011). Chronic
stress has been shown to impair limbic-prefrontal cortical
function by downregulating NMDA receptor expression in
the mPFC of rats (Lee and Goto, 2011). By contrast, chronic
DMI administration has been shown to attenuate acute
stress-induced enhancement of glutamate release (Musazzi
et al, 2011), thereby ‘dampening’ potentially excessive
excitation. Chronic DMI treatment tonically elevates extra-
cellular NE, effectively uncoupling NE transmission from
phasic activity in the presynaptic NE neuron. DMI also can
dampen the stress-evoked activation of the noradrenergic
system through the persistent inhibitory influence of o,-
adrenergic autoreceptors, which remain functional after
chronic DMI treatment (Lapiz et al, 2007). Therefore, with
chronic reuptake blockade, the modulatory effects of NE are
exerted tonically, and are dissociated from the phasic
convergence with other stress-activated modulatory influ-
ences, such as glucocorticoids, that may otherwise lead to
excessive facilitation of glutamate signaling, possible
neurotoxicity, and functional dysregulation in mPFC. Thus,
chronic NE reuptake blockade may restore glutamate
signaling and enhance mPFC-mediated cognitive function
sufficiently to overcome the CUS-induced deficit (Bondi
et al, 2010), while limiting the degree of facilitation to a level
that does not induce further damage.

Aston-Jones et al (2000) described an inverted U-shaped
relationship between noradrenergic activity and cognitive
performance on a focused attention task. However, they
were describing electrical activity of noradrenergic neurons
on a msec time frame, relating a low tonic but highly
reactive pattern of activity (ie, high signal-to-noise ratio) to
high performance on a signal detection task, in which a
burst of activity in noradrenergic neurons would enhance
the salience of a target stimulus relative to background or
distracting stimuli. By contrast, a pattern of high tonic
activity but less phasic reactivity would be more conducive
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to ‘scanning’ attention, in which unexpected environmental
stimuli would be more detectable. However, this inverted-U
is unlikely to pertain in the present study. The multiple
acute stressors comprising the CUS procedure induce
elevated noradrenergic activity that is phasic in the sense
that it is time-locked to a temporally distinct stressful
stimulus, and thus convergent with other stress-evoked
processes (eg, glucocorticoid secretion, glutamate activa-
tion, cytokine induction, etc). But that is on a minutes-to-
hours time frame. On the msec time frame considered by
Aston-Jones et al, the electrical activity of noradrenergic
neurons elicited during acute stress is most likely ‘tonic’
(Jacobs et al, 1991). This is consistent with the observation
that acute elevation of NE enhances cognitive flexibility on
the AST (Lapiz and Morilak, 2006), as these tasks require
that new cues from the environment disengage the
previously learned contingency to allow plasticity, thus
resembling a state of ‘scanning’ rather than focused
attention. The present data suggest that the cumulative
effect of repeatedly activating this acutely facilitatory
noradrenergic process in the mPFC, perhaps in concert
with other convergent processes evoked by acute stress,
ultimately contributes to the detrimental consequences of
chronic stress on cognitive capability in the mPFC.

The observation in the present study that blockade of
adrenergic receptors in mPFC is protective against the
detrimental consequences of chronic stress may be relevant
to recent reports of the potentially beneficial effects of the
op-adrenergic receptor antagonist, prazosin, in the treat-
ment of trauma-related nightmares and sleep disturbance in
post-traumatic stress disorder (PTSD) (Raskind et al, 2007).
In our animal experiments, drug was administered during
the application of chronic stress, which was then terminated
prior to testing. However, in patients suffering from PTSD,
even after the traumatic event or situation has passed, the
cognitive process of re-experiencing the trauma may in
itself become a secondary chronic stressor that maintains a
dysregulatory state. Thus, blocking noradrenergic facilita-
tion may likewise ‘protect’ the mPFC during the ongoing
stress of PTSD, restoring prefrontal cognitive function to a
point where behavioral interventions, such as cognitive-
behavioral therapy, may become effective (Gehrman and
Harb, 2010). Similar treatment strategies may be effective in
reducing the risk of relapse of depression or anxiety
disorders when faced with subsequent life stress (Kendler
et al, 1998, 1999).

It is increasingly recognized that cognitive dysfunction
underlies many of the affective symptoms associated with
stress-related neuropsychiatric illnesses, such as depression,
PTSD, and other anxiety disorders (Beck et al, 1987; Beck,
2005). Noradrenergic signaling in the mPFC is important
for the cognitive changes that accompany arousal and
attention (Aston-Jones et al, 2000), and NE modulates
executive processes that are essential to effectively adapt to
the demands of a changing or challenging environment
(Lapiz and Morilak, 2006; Bondi et al, 2010). With such
modulatory systems, either too much or too little can be
detrimental, and the ‘optimal level’ of modulation con-
stantly changes relative to changes in both the context and
activity in the circuits being modulated. Understanding this
dynamic balance, and the mechanisms through which it can
be dysregulated by factors such as chronic stress, may



inform the development of more effective strategies for the
treatment or prevention of stress-related psychiatric dis-
orders.
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