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Stress often disrupts behavior and can lead to psychiatric illness. Considerable evidence suggests that corticotropin-releasing factor (CRF)

plays an important role in regulating the effects of stress. CRF administration produces stress-like effects in humans and laboratory

animals, and CRF levels are elevated in individuals with stress-related illness. Recent work indicates that k-opioid receptor (KOR)

antagonists can block CRF effects, raising the possibility that at least some of the effects of stress are mediated via KORs. Here we

examined the effects of CRF on performance in the 5-choice serial reaction time task (5CSRTT), a test used to quantify attention in

rodents, as well as functional interactions between CRF and KORs. Male Sprague-Dawley rats were trained in the 5CSRTT and then each

was implanted with an intracerebroventricular (ICV) cannula. After recovery and restabilization of performance, they received a single

intraperitoneal (IP) injection of vehicle or JDTic (10 mg/kg), a KOR antagonist with long-lasting (414 days) effects. In subsequent

sessions, rats received ICV infusions of CRF (0.25–1.0mg) or vehicle and were tested 60 min later. CRF dose-dependently disrupted

performance as reflected by decreases in correct responding, increases in omission errors, increases in latencies to respond correctly, and

increases in time to complete the session. JDTic attenuated each of these CRF-induced deficits while having no effects on its own. The

persistent ability of JDTic to disrupt KOR function was confirmed using the tail immersion assay. These findings indicate that KOR

antagonists can prevent acute stress-related effects that degrade performance in tasks requiring attention.
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INTRODUCTION

Stress can have disruptive effects on behavior, cognition,
and motivation (Campeau et al, 2011; Knoll and Carlezon,
2010). Exposure to severe or repeated stress can cause or
exacerbate psychiatric illnesses including anxiety and
depressive disorders such as posttraumatic stress disorder
(PTSD) (Keane et al, 2006; Keller et al, 2007; Kessler et al,
2010). Stress-related illnesses are debilitating and burden-
some because they tend to be persistent, resistant to
treatment, and comorbid with substance abuse disorders
(Chilcoat and Breslau, 1998; Greenberg et al, 1999; Koob
and Kreek, 2007). Currently, there are no treatments
available that reliably block the effects of stress or have
broad efficacy in reversing the long-term effects of prior
stress exposure.

There is considerable evidence that corticotropin-releas-
ing factor (CRF) plays an important role in regulating stress
effects. CRF is a neuropeptide that is released in the brain in
response to stress (Koob, 1999). Administration of CRF
produces many of the same physiological and behavioral
effects as stress in people and laboratory animals (Hauger
et al, 2009), and people with stress-related psychiatric
illness have higher levels of CRF in cerebrospinal fluid
(CSF) and blood (Bremner et al, 1997; Sautter et al, 2003; de
Kloet et al, 2008). Although much is known about the neural
mechanisms by which CRF regulates stress (Bangasser and
Valentino, 2012), it has remained difficult to develop
clinically effective antistress agents that act directly at
CRF receptors (Zorrilla and Koob, 2010).

Accumulating evidence suggests that important aspects of
the stress-related effects of CRF are mediated by k-opioid
receptors (KORs) (Bruchas and Chavkin, 2010; Knoll and
Carlezon, 2010), the receptor at which the endogenous
opioid dynorphin acts (Chavkin et al, 1982). For example,
the prototypical KOR antagonist nor-binaltorphimine (nor-
BNI) blocks CRF-induced dysphoria in the place condition-
ing test (Land et al, 2008) and reductions in open arm time
in the elevated plus maze (Bruchas et al, 2009). Our groupReceived 22 June 2012; revised 16 July 2012; accepted 16 July 2012
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has shown in preliminary tests that JDTic, another highly
selective KOR antagonist that is structurally unrelated to
nor-BNI (Carroll et al, 2004), also blocks CRF-induced
elevations in acoustic startle behavior (Van’t Veer et al,
2011). The observations that CRF-induced phosphorylation
of KORs is blocked by KOR antagonists (Land et al, 2008)
and CRF-induced anxiety behavior is reduced in dynorphin
knockout mice (Bruchas et al, 2009) provide molecular
evidence for links between CRF and KOR systems.
Interactions between these systems have been thoroughly
characterized within the raphe nucleus (Bruchas et al, 2011)
but may also occur in other brain regions (Pliakas et al,
2001; Newton et al, 2002; Shirayama et al, 2004; Muschamp
et al, 2011b; Knoll et al, 2011). The notion that KOR
antagonists block the effects of stress fits well with other
evidence that these agents have antidepressant-like (Pliakas
et al, 2001; Newton et al, 2002; Mague et al, 2003; Shirayama
et al, 2004) and anxiolytic-like effects, including the ability
to block acquisition of fear-potentiated startle (Knoll et al,
2007, 2011), a procedure often used to study PTSD
(Mahan and Ressler, 2012). In addition, KOR agonists can
produce key behavioral signs of stress (McLaughlin et al,
2003, 2006; Mague et al, 2003; Todtenkopf et al, 2004).
When considered together, these findings raise the
possibility that pretreatment with KOR antagonists could
reduce or prevent the effects of stress, representing an
alternative approach to modulating the behavior-disrupting
effects of CRF.

The present studies were designed to examine how CRF
affects a subset of cognitive behaviors in rodents, and
whether pretreatment with a selective KOR antagonist
(JDTic) mitigates any stress-like effects. Cognitive behavior
was quantified using the 5-choice serial reaction time task
(5CSRTT), a food-motivated test that is analogous to the
continuous performance task used to study attention in
humans (Rosvold et al, 1956; Robbins, 2002). The 5CSRTT
yields metrics that quantify attention, reaction time,
motivation, and impulsivity (Robbins, 2002; Paine et al,
2007; Nemeth et al, 2010). Stress is known to degrade
performance in tasks requiring attention or concentration in
humans (Campeau et al, 2011), and poor concentration is
one of the diagnostic criteria for stress-related psychiatric
illnesses such as PTSD (American Psychiatric Association,
2000). Previous work has demonstrated that JDTic produces
long-lasting (414 days) disruptions of KOR function
(Carroll et al, 2004) and that the behavioral effects of JDTic
and nor-BNI are virtually identical (Knoll et al, 2007; Knoll
and Carlezon, 2010). To confirm that a single injection of
JDTic produced disruption of KOR function for the duration
of our tests in the 5CSRTT, we examined the ability of the
KOR agonist U50,488 to produce antinociceptive effects in
the tail immersion assay (Smith and French, 2002).

MATERIALS AND METHODS

Rats

A total of 14 male Sprague-Dawley rats (Charles River,
Raleigh, NC; 250–275 g at the start of the experiment) were
used. Rats were housed two per cage upon arrival and kept
on a 12 : 12-h light/dark cycle (lights on at 0700 h) and given
1 week to acclimate with free access to food (Purina Rat Chow;

Ralston Purina, St Louis, MO) and water. Beginning 2 days
before the start of training, the rats were food restricted to
85% of their free-feeding weight. Experiments were con-
ducted in accordance with National Institutes of Health and
McLean Hospital guidelines for the care and use of laboratory
animals.

5CSRTT

The apparatus and training have been described previously
(Paine et al, 2007). Briefly, the operant chambers (Med-
Associates, St Albans, VT) were contained within sound-
attenuating cubicles. One wall contained five apertures
capable of LED illumination and outfitted with infrared
detectors to record nose-pokes. The opposite wall contained
a food reward receptacle also capable of illumination and
nose-poke detection that was connected to a pellet
dispenser. Rats were handled for 3 days before the start of
training. During the next 3 days, rats were trained to
retrieve food pellets (45 mg; Bio-Serv, Frenchtown, NJ) from
the food magazine. Rats were then trained to nose-poke in
one of five spatial locations within 5 s of the presentation of
a brief stimulus light (0.5 s). A timely response in this
aperture resulted in delivery of one food pellet. Incorrect
nose-pokes in the other apertures resulted in a 5-s timeout.
Similarly, failing to respond (omission) or responding
during the 5-s intertrial interval (premature response)
resulted in a 5-s timeout. Sessions were 90 trials or
30 min, whichever came first. Performance measures of
primary interest were: % correct ((correct responses/
(correct + incorrect + omitted responses))� 100), accuracy
((correct responses/(correct + incorrect responses))� 100),
% omissions ((total omissions/number of trials)� 100;
trials in which no response was emitted), latency to make
a correct response (the time from the stimulus onset to a
correct response; a putative indicator of speed of processing
or decision making), reward latency (the time from a
correct response to the collection of the food pellet; a
putative indicator of motivation), premature responses
(responses during the ITI; a putative indicator of
impulsivity), and time to complete the task (a putative
indicator of overall performance capabilities). The
criteria to advance to the next stages of the experiments
were 460% correct responses and o20% omissions for 5
consecutive days.

Stereotaxic Surgery

Upon meeting performance criteria, rats underwent surgery
to implant an intracerebroventricular (ICV) cannula. Each
rat was anesthetized with an intraperitoneal (IP) injection of
pentobarbital (65 mg/kg) supplemented with subcutaneous
atropine (0.25 mg/kg) to minimize bronchial secretions, and
placed in a stereotaxic instrument (David Kopf Instruments,
Tujunga, CA). For each rat, a stainless steel guide cannula
(23 gauge, Plastics One, Roanoke, VA) with a dummy stylet
extending 1.5 mm beyond the tip was lowered into the right
lateral ventricle at coordinates relative to bregma; ante-
roposterior ¼�0.8 mm, mediolateral ¼ 1.3 mm, and low-
ered �3.5 mm ventral to dura. Dental acrylic (Stoelting,
Wood Dale, IL) secured the cannula to screws (Plastics One)
attached to the skull. Rats were housed individually after
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surgery to recover for 5–7 days, and then tested until their
performance had restabilized to baseline levels (±10%)
while also fulfilling the basic response criteria (460% correct
responding, o20% omissions). Microinfusions were per-
formed by removing the dummy stylet and replacing it with a
30-gauge infusion stylet (Plastics One) attached to a Hamilton
microsyringe (10ml) by polyethylene tubing. ICV infusions of
CRF (0.25, 0.5, or 1.0mg) or vehicle (artificial CSF (aCSF);
Harvard Apparatus, Holliston, MA) were performed over a 2-
min period at a rate of 0.5ml/min, with an additional 2 min of
diffusion time before the stylet was removed and the dummy
stylet was replaced. Testing began 60 min after infusion.

5CRSTT Studies: Drugs and Design

CRF was purchased from American Peptide (Sunnyvale, CA)
and dissolved in aCSF. JDTic was synthesized at Research
Triangle Institute (Research Triangle Park, NC) and
dissolved in 0.9% saline; 10 mg/kg (based on the salt form
of the drug) was selected because this dose produces strong
anxiolytic-like effects in rats (Knoll et al, 2007). Rats first
received an infusion of aCSF to ensure the infusion
procedure did not affect performance, and to obtain data
to serve as baseline. After 48 h, the rats received an injection
of either JDTic (10 mg/kg, IP; n¼ 7) or vehicle (1.0 ml/kg, IP,
n¼ 7). A 24-h pretreatment period was used before
beginning behavioral testing to optimize KOR selectivity
(Carroll et al, 2004; Knoll et al, 2007). Rats were subsequently
tested with CRF in the following order: 0 (aCSF), 0.5, 1.0, and
0.25mg. Rats did not receive subsequent treatments until
their performance had restabilized to baseline levels
(±10%), while also fulfilling the basic response criteria
(460% correct responding, o20% omissions).

Tail Immersion Assay: Drugs and Design

After the final test in the 5CSRTT, the ability of a single
injection of JDTic to produce long-lasting disruptions of
KOR function was assessed by quantifying KOR agonist-
induced analgesia in the tail immersion assay (Smith and
French, 2002). A stopwatch was used to measure the latency
at which each rat removed its tail from a 52 1C (±1 1C)
water bath. A baseline measurement was obtained before
treatment with the KOR agonist (±)-trans-U50,488 metha-
nesulfonate (15 mg/kg, IP, dissolved in 0.9% saline; dose
based on the salt form of the drug). Latencies were re-
assessed 60 min after KOR agonist treatment. A cutoff time
of 15 s was used to prevent tissue damage to the tail.

Histological Analysis

After the tail immersion assay, rats were overdosed with
pentobarbital (130 mg/kg, IP) and perfused with 0.9% saline
followed by 4% paraformaldehyde. Brains were kept over-
night in 30% glycerol before sectioning (40 mm). ICV
cannula placements were verified in histological analyses
by an observer unaware of the treatment conditions. Data
from rats in which the tip of the cannula was found to be
embedded in brain tissue adjacent to the lateral ventricle,
rather than being located within the lateral ventricle itself,
were excluded from the statistical analyses as this could
affect the quality of the ICV infusion.

Statistics

For the 5CSRTT, two-way (treatment� session) analyses of
variance (ANOVAs) with repeated measures were used to
compare the effects of an ICV infusion alone (baseline) with
the effects of the ICV infusion plus the pretreatment (saline
or JDTic). Separate two-way (pretreatment� treatment)
ANOVAs with repeated measures were used to compare
the effects of various doses of CRF in saline- or JDTic-
treated mice. Analyses were performed for each individual
metric. For the tail immersion assay, a two-way (pretreat-
ment� treatment) ANOVA with repeated measures was
used to examine the effects of prior treatment with JDTic on
U50,488-induced antinociception, and a t-test was used to
examine group differences in the timing of the tail
immersion assay. Significant interactions in the ANOVAs
were further analyzed using Newman–Keuls post-hoc tests,
whereas significant main effects in the absence of interac-
tions were further analyzed using Simple Main Effects tests.

RESULTS

Three rats (1 vehicle and 2 JDTic) were excluded because
histological analyses revealed that the tips of their guide
cannula had been embedded in tissue adjacent to the lateral
ventricle. The tips of the ICV cannulas for the remaining six
vehicle-treated rats and five JDTic-treated rats were located
entirely within the lateral ventricle (Figure 1) and thus data
from these rats were included in the final statistical
analyses.

CRF produced JDTic-sensitive disruptions in perfor-
mance in four of the 5CSRTT metrics: percent correct
responding, percent omission errors, latency to make a
correct response, and time to complete the task (Figure 2).
For correct responding, administration of JDTic did not
produce any effects on its own (Figure 2a, left panel).
However, the effects of CRF depended on an interaction of
pretreatment (saline or JDTic) and treatment (CRF dose)
(F(3, 27)¼ 3.60, Po0.05; Figure 2a, right panel). The post-
hoc analyses of within-subject effects revealed that CRF
significantly reduced the percentage of correct responding
at 0.5 and 1.0 mg doses (all P-values o0.01) in saline-treated
rats, but only at the 1.0 mg dose (Po0.01) in JDTic-treated
rats. Between-group analyses revealed that correct respond-
ing was significantly higher in JDTic-treated rats than in
saline-treated rats at the 0.5 mg dose of CRF (Po0.01).
Similarly, for omission errors, JDTic did not produce any
effects on its own (Figure 2b, left panel), but the effects of
CRF depended on a pretreatment� treatment interaction
(F(3, 27)¼ 3.33, Po0.05; Figure 2b, right panel). The post-
hoc analyses of within-subject effects revealed that CRF
significantly increased the percentage of omitted responses
at 0.5 and 1.0 mg doses (all P-values o0.01) in saline-treated
rats, but only at the 1.0 mg dose (Po0.01) in JDTic-treated
rats. Between-group analyses revealed that the percentage of
omitted responses was lower in JDTic-treated rats than
in saline-treated rats at the 0.5 mg (Po0.01) and 1.0 mg
(Po0.05) doses of CRF. Whereas JDTic on its own did not
have any effects on latency to make correct responses
(Figure 2c, left panel), the effects of CRF depended on the
main effects of pretreatment (F(1, 9)¼ 5.82, Po0.05) and
treatment (F(3, 27)¼ 9.48, Po0.01; Figure 2c, right panel).
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The post-hoc analyses of between-group effects using Simple
Main Effects tests revealed that the latencies to respond
correctly were lower in JDTic-treated rats than in saline-
treated rats at the 0.5 mg dose of CRF (F(1, 9)¼ 10.9,
Po0.01). JDTic on its own also did not have any effects
on time to complete the task (ie, to finish the test session;
Figure 2d, left panel), but the effects of CRF depended on
a pretreatment� treatment interaction (F(3, 27)¼ 3.00,
Po0.05; Figure 2d, right panel). The post-hoc analyses of
within-subject effects revealed that CRF significantly
increased the time to complete the task at the 0.5 mg
(Po0.05) and 1.0 mg doses (Po0.01) in saline-treated rats,
but not at any of the doses tested in the JDTic-treated rats.

Between-group analyses revealed that time to complete the
task was shorter in JDTic-treated rats than in saline-treated
rats at the 0.5 mg dose of CRF (Po0.01).

In addition (Table 1), CRF produced effects on other
metrics that were not affected by JDTic treatment: there
were main effects on accuracy (F(3, 27)¼ 3.56, Po0.05),
latencies to collect the reward (food pellet) (F(3, 27)¼ 5.87,
Po0.01), and number of premature responses (F(3, 27)¼
3.33, Po0.05).

In the tail immersion assay, latencies to remove the tail
from the hot water depended upon a significant pretreat-
ment� treatment interaction (F(1, 9)¼ 9.34, Po0.05;
Figure 3). The post-hoc analyses of within-subject effects
revealed that latencies were significantly higher 60 min after
U50,488 (15 mg/kg, IP) in the saline-treated group (Po0.01)
but not in the JDTic-treated group. Between-group analyses
revealed no group differences at baseline but significantly
higher latencies in the saline-treated rats 60 min after
U50,488 treatment (Po0.01). Rats in the JDTic-treated
group received the tail immersion test 11.0 (±1.6) days
after pretreatment, whereas rats in the saline-treated group
received it 15.8 (±6.4) days after pretreatment. This
difference was not statistically significant (t(9)¼ 1.76, not
significant); much of the variability in the saline-treated
group was attributable to a rat that was resistant to
restabilization after treatment with the 1.0 mg dose of CRF.

DISCUSSION

We report three important findings. First, we show that
administration of CRF, an approach known to mimic effects
of stress in humans and laboratory animals (Bangasser and
Valentino, 2012), can produce dramatic disruptions of
performance in rats as measured in the 5CSRTT. This

Figure 1 Representative micrograph of ICV cannula track in cresyl
violet-stained tissue. Rats were excluded if the tip of the cannula was
embedded in the brain tissue surrounding the lateral ventricle (LV).

Figure 2 Effects of JDTic pretreatment on the ability of CRF to affect performance in the 5CSRTT. Left panel represents effects of pretreatment alone on
baseline (a) percent correct responses, (b) percent omissions, (c) latency to correct responses (in seconds), and (d) latency to complete the task (in
seconds); right panel represents effects after various doses of CRF. *Po0.05, **Po0.01 within-group comparisons, ^Po0.05, ^^Po0.01 between-group
comparisons, Newman–Keuls post-hoc t-tests.
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finding is novel, considering that previous work suggests
that CRF can enhance performance in the 5CSRTT at lower
doses (0.1 mg) and shorter pretreatment times (20 min)
(Ohmura et al, 2009), and suggests an inverted U-shaped
function of CRF on cognitive behavior. Second, we show
that pretreatment with a single injection of JDTic, a highly
selective KOR antagonist with long-lasting effects (Carroll
et al, 2004), can reduce or prevent numerous acute stress-
related effects that degrade performance in tasks requiring
attention. Finally, we confirm that the behavioral effects of
JDTic are persistent in rats, producing a virtually complete
blockade of KOR function for at least 11 days after
administration. These findings are broadly consistent with
previous work indicating that KOR antagonists can block
the effects of stress (Bruchas and Chavkin, 2010; Knoll and
Carlezon, 2010), but extend it to a more complex aspect of
cognitive behavior (attention/concentration) using a proce-
dure that is directly analogous to that used to measure
attention in humans (Robbins, 2002).

The primary indicator that CRF disrupted performance in
these studies is a decrease in the percentage of correct
responses. CRF also increased the percentage of trials in
which the rats failed to respond (omission errors) and
increased the latency to make a correct response, an effect
that may reflect reduced speed of processing or decision
making (Robbins, 2002; Paine et al, 2007; Nemeth et al,
2010). The fact that CRF increased the time required to

complete the task (ie, collect 90 rewards before the end of
the 30-min test session) likely reflects the accumulation of
5-s timeout periods after omitted responses and the small
but significant increases in decision-making time over the
course of the session. Although some of these 5CSRTT
metrics are clearly related (eg, latencies to respond and time
to complete the task), previous work demonstrates that key
metrics can vary independently and that different drug
classes can produce different patterns of alterations in
responding (Paine et al, 2007; Nemeth et al, 2010).
Pretreatment with JDTic attenuated each of these CRF
effects. JDTic was most effective at intermediate doses of
CRF that caused significant disruptions of behavior, but its
effects were less evident at high doses of CRF that caused
more profound stress-like behavior, suggesting lower
efficacy in preventing the acute effects of extreme amounts
or degrees of stress. Importantly, JDTic did not have any
effects of its own on any of these measures. Although some
of the JDTic effects might be suggestive of behavioral
activation, stimulant effects have not been observed with
this class of drugs. For example, we did not observe any
effects of KOR antagonists on locomotor activity at doses
that produce antidepressant-like or anxiolytic-like effects
(Mague et al, 2003; Knoll et al, 2007), or alterations in
reward-driven behavior or response capabilities at doses
that block the prodepressive-like effects of KOR agonists on
motivation (Todtenkopf et al, 2004). JDTic also blocks
(rather than primes) stress-induced reinstatement of
cocaine self-administration in rats (Beardsley et al, 2005),
another indicator of a lack of effects that would raise
concerns about stimulant effects or abuse potential of this
class of drugs. The fact that JDTic did not attenuate the
effects of CRF on accuracy, time to collect the reward, or
premature responses reinforces the notion that individual
5CSRTT metrics are not inextricably linked to one another.
The CRF-induced reductions in accuracy reflect gradual
increases in ‘commission errors’, where the rat responds but
at the incorrect aperture. JDTic caused nominal reductions
in the accuracy-disrupting effects of CRF, but these effects
were not statistically significant. Overall, this pattern of
effects (increases in omission errors but not commission
errors) resembles that seen in this test following adminis-
tration of ketamine (Nemeth et al, 2010), a drug known to
disrupt attention in humans (Knott et al, 2011). Both
omission and commission errors can have significant
adverse consequences during times of stress.

The mechanisms by which KOR antagonists prevent the
effects of stress in general or of CRF specifically are not fully

Figure 3 Effects of JDTic pretreatment on latency to withdraw the tail
(in seconds) in the tail immersion assay at baseline or 60 min after
administration of the KOR-selective agonist U50,488 (15 mg/kg, IP).
**Po0.01 within-group comparisons, ^^Po0.01 between-group compar-
isons, Newman–Keuls post-hoc t-tests.

Table 1 Additional 5CSRTT Metrics

Metric Group Pretreat aCSF CRF 0.25 CRF 0.5 CRF 1.0 Statisticsa

Accuracy Vehicle 74.0±4.6 77.7±4.2 75.8±4.4 69.0±6.1 58.2±6.6 F(3, 27)¼ 3.56

JDTic 76.2±2.4 78.2±4.3 81.6±4.9 82.8±2.3 67.8±2.8 Po0.05

Reward latency Vehicle 1.53±0.10 1.65±0.14 1.93±0.33 2.09±0.41 2.35±0.36 F(3, 27)¼ 5.87

JDTic 1.52±0.15 1.48±0.11 1.59±0.16 1.63±0.17 2.40±0.30 Po0.01

Premature Vehicle 21.8±5.8 20.8±10.2 15.4±4.1 10.8±1.6 9.7±1.8 F(3, 27)¼ 3.33

JDTic 21.8±6.8 17.2±2.9 16.4±3.7 4.4±2.0 7.6±1.7 Po0.05

aMain effects of treatment (CRF dose). No main effects of pretreatment or interactions.
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understood. There is no evidence from published studies
that KOR antagonists bind to CRF receptors. Although it
would be speculative to attribute our effects to actions in
any particular brain area or circuit, there are some obvious
candidates. As one example, there is evidence that KOR
antagonists produce antistress effects via interactions with
the intracellular signaling molecule p38a MAPK (Bruchas
et al, 2011). Stress produces increases in the activity
(phosphorylation) of p38a MAPK within the dorsal raphe
nucleus (DRN), which sends serotonin (5HT)-containing
projections to forebrain areas critical for modulating fear
and anxiety responses (Lowry et al, 2005). This effect is
mimicked by administration of U50,488, which produces
dysphoria (see Carlezon et al, 2009), and is blocked by KOR
antagonism. Activation of p38a MAPK leads to increases in
surface expression of 5HT transporters and, in turn,
decreases in extracellular levels of 5HT. Indeed, central
administration of CRF inhibits DRN neurons and produces
decreases in 5HT release (Price et al, 1998; Kirby et al,
2000). Thus, it is possible that the effects of JDTic reported
here may be due to inhibition of CRF-induced decreases in
5HT via blockade of CRF-regulating KORs within the DRN
(see Bruchas et al, 2011; Muschamp et al, 2011a). Another
possibility is that actions in striatal regions may contribute
to these effects. Lesions of the striatum, an area rich in
dopamine (DA), degrade 5CSRTT performance (Rogers
et al, 2001). Previous work has shown that systemic DA
receptor antagonism decreases premature responses and
increases omissions and response latencies in the 5CSRTT
(Harrison et al, 1997). Likewise, depletion of DA from the
striatum increases both response latencies and omissions
(Cole and Robbins, 1989; Baunez and Robbins, 1999), a
pattern of effects similar to that which we observed after
CRF administration. CRF stimulates dynorphin release
(Nikolarakis et al, 1986; Song and Takemori, 1992), which
can in turn inhibit DA release via KOR activation at
terminals of midbrain DA neurons (Donzanti et al, 1992;
Svingos et al, 1999), creating a hypo-dopaminergic state.
Additionally, there is evidence that the DRN sends direct
projections to the striatum that regulates DA release:
activation of 5HT receptors in the striatum increases
extracellular concentrations of DA (Benloucif and Galloway,
1991; Benloucif et al, 1993), whereas CRF reduces 5HT
release in the striatum (Price et al, 1998), raising the
possibility that CRF-induced decreases in 5HT may reduce
DA activity in this region. Blockade of KORs with JDTic
either at DA nerve terminals or within the DRN may
attenuate reductions in DA activity, thereby improving
performance in the 5CSRTT. These possibilities are not
mutually exclusive; indeed, each may be only one of several
mechanisms acting in concert, considering that stress can
elevate dynorphin expression in areas including the ventral
striatum (nucleus accumbens (NAc)) and hippocampus,
and that microinjections of KOR antagonists into these
regions is sufficient to produce antidepressant-like effects
(Pliakas et al, 2001; Newton et al, 2002; Shirayama et al,
2004; Muschamp et al, 2011b). The NAc is of particular
interest because it is embedded within a complex circuitry
that can influence the function of other brain areas
implicated in motivation and emotion, such as the frontal
cortex and amygdala (see Carlezon and Thomas, 2009). It is
not yet known if all of these effects can be tied together

within a single neural circuitry model. Clearly, a broad
scope of additional work is needed to further characterize
CRF/KOR interactions and determine if the effects in the
various behavioral tests are attributable to a uniform neural
substrate or circuit.

JDTic (10 mg/kg) was administered once, 24 h before
testing began, because this drug is known to have a slow
onset and long duration of action (Carroll et al, 2004; Knoll
et al, 2007; Knoll and Carlezon, 2010). Indeed, data from the
present study confirm that JDTic can disrupt responsive-
ness to a KOR-selective agonist for at least 11 days. The
mechanism of this effect is not fully understood, but may
involve ligand-directed signaling (also known as biased
agonism), a process by which a drug can act as an
antagonist of some downstream intracellular signaling
pathways while simultaneously acting as an agonist at
others. The long-lasting effects of KOR antagonists in
general may be related to their ability to activate c-Jun
N-terminal kinase-1 (JNK), leading to a de-coupling of
KORs from their intracellular signaling cascades (Melief
et al, 2010; Melief et al, 2011), rather than long-term
persistence of these drugs in the brain (Munro et al, 2012).
From a drug development perspective, such long-lasting
effects may be ultimately desirable once safety and efficacy
are established, but they complicate early-phase clinical
studies in humans (Carlezon et al, 2009). Next-generation
KOR antagonists that block p38a MAPK without stimulat-
ing JNK may be optimal as therapeutic agents.

These new findings supplement a growing body of
evidence suggesting that KOR antagonists can block the
effects of stress. These agents produce antidepressant-like
effects in models that depend upon stressful experiences
such as inescapable swimming or shock to trigger a
depressive-like state (Pliakas et al, 2001; Newton et al,
2002; Mague et al, 2003). They also produce anxiolytic-like
effects in models where stress produces a resistance to
exploring open spaces (elevated plus maze) or persistent fear
behaviors in the presence of cues associated with prior pain
or trauma (fear conditioning) (Knoll et al, 2007). The fact
that KOR antagonists produce both these antidepressant-
and anxiolytic-like behaviors together gives them a unique
profile, as acute administration of standard antidepressants
tends to produce anxiogenic effects in rodent models that
may reflect those often seen early in antidepressant
treatment regimens in humans (Knoll et al, 2007).

There are currently no methods to prevent the immediate
effects of stress or the subsequent development of anxiety or
depressive disorders. In situations where stress can be
predicted, the ability to intervene with a preventive measure
in advance of stress exposure may promote short-term
safety and long-term health. The present studies indicate
that pretreatment with a KOR antagonist can improve
cognitive performance that is typically degraded under
stress-like conditions, an effect that would be particularly
desirable in humans when stress is accompanied by danger
or the potential for harm. Considering prior work showing
that pretreatment with this same class of agents has
anxiolytic effects and attenuates the development of
conditioned fear (Knoll et al, 2007) in a rodent version of
a method often used to study PTSD in people (Mahan and
Ressler, 2012), these new findings provide further evidence
that KOR antagonists can prevent stress-induced processes
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that may render individuals vulnerable to acute injury and
contribute to the development of psychiatric illness.
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