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Abstract

Background—Stress can increase impulsivity, and has a negative impact on psychiatric outcome.
Norepinephrine is heavily implicated in the stress response, and the alpha-2 antagonist yohimbine is
used clinically as a pharmacological stressor. Yohimbine induces mild anxiety and increases
impulsivity in healthy volunteers, but has more detrimental effects in some psychiatric populations,
triggering mania in bipolar patients and drug-craving in substance-dependent individuals.
Understanding the mechanism by which yohimbine affects brain function could provide insight into
the heightened reaction to stress seen in these patients.

Methods—The effects of yohimbine were assessed in rats using the five-choice serial reaction time
test of attention and impulse control. We then examined whether yohimbine altered CREB activity-
a transcription factor implicated in the stress response - in brain areas which regulate impulsivity.
The behavioral consequences of any changes in CREB activity were subsequently assessed using
viral-mediated gene transfer to regionally over-express CREB or the dominant negative protein
mCREB.

Results—Yohimbine increased impulsive responding in rats, and selectively increased CREB
phosphorylation within the orbitofrontal cortex (OFC), but not medial prefrontal cortex or nucleus
accumbens (NAc). Over-expressing mCREB, a dominant negative CREB antagonist, within the OFC
blocked yohimbine's effects on impulse control, whereas over-expressing CREB in this region
increased impulsive responding and potentiated the pro-impulsive actions of yohimbine.

Discussion—These data are suggestive of a novel molecular mechanism contributing to
impulsivity, which is sensitive to a pharmacological stressor. Such findings may improve our
understanding of the neurobiological pathways linking the response to stress and impulsivity in both
healthy and psychiatric populations.
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Introduction

High levels of impulsivity are associated with a number of disabling psychiatric disorders
including attention-deficit hyperactivity disorder (ADHD), bipolar disorder, substance abuse,
and pathological gambling (1-4). Impulsivity can be significantly influenced by the level of
stress and arousal an individual experiences (5); stressful life events have a negative impact
on the psychiatric outcome of patients with impulse control disorders (e.g. (6), and patients
with post-traumatic stress disorder (PTSD) often have impaired impulse control (7).
Norepinephrine (NE) plays a key role in regulating the stress-arousal response, and has been
implicated in the development and treatment of both impulse control disorders and PTSD (8;
9). NE may therefore be critically involved in mediating the interaction between impulsivity
and stress.

Key nodes within the affective corticostriatal loop, such as the nucleus accumbens (NAc) and
orbitofrontal cortex (OFC), have been implicated in aspects of impulse control (e.g. (10). A
growing body of data suggest that the functions of these areas are altered by stress, and stress-
induced increases in catecholamine release within the prefrontal cortex may contribute to the
impulse control deficits seen in ADHD (8). Preclinical studies exploring the molecular basis
of the stress response also implicate this circuitry. For example, stress increases
phosphorylation (activation) of the transcription factor CAMP response element binding
protein (CREB) within the rat NAc, and locally increasing CREB levels through viral-mediated
gene transfer produces a depression-like phenotype (11). Both of these behavioral and
molecular changes can be attenuated by the NE reuptake inhibitor, desipramine, in keeping
with the well-known ability of NE to regulate CREB function (12-14).

The alpha-2-adrenoceptor antagonist yohimbine is often used as a pharmacological stressor in
neuropsychological experiments. Yohimbine increases NE release via blockade of inhibitory
autoreceptors on noradrenergic neurons (15). Its administration heightens arousal, increases
heart rate and blood cortisol levels, and can lead to a mildly anxious state (e.g. (16). Yohimbine
has also been reported to increase impulsive responding in healthy volunteers (17). The
response to yohimbine is more pronounced and detrimental in some psychiatric populations:
it can induce the transition to mania in bipolar disorder (18), trigger withdrawal symptoms and
craving in opioid-dependent patients (16), and exacerbate panic and other symptoms in PTSD
patients (19). Such data suggest that a hypersensitivity to NE may contribute to these
psychopathologies. Furthermore, elevated impulsivity may mediate some of the negative
consequences of stress on psychiatric outcome. Understanding the mechanism by which
yohimbine modulates brain function could provide insight into the nature of this interaction.

In rats, yohimbine increases anxiety and other stress indices, and can also trigger relapse to
drug-seeking in the extinction-reinstatement model of addiction (20;21). However, its effects
in preclinical models of impulse control are unknown. The current set of experiments aimed
to determine: (a) whether yohimbine increases motor impulsivity in rats parallel to its effects
clinically, and (b) whether any alterations in impulsivity could be linked to drug-induced
changes in CREB, and upstream regulators such as ERK (extracellular signal regulated kinase),
implicated in the emotional response to stress.
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Materials and Methods

Subjects

All experimental protocols were approved by the Institutional Animal Care and Use Committee
at UT Southwestern and the Animal Care Committee at UBC.

Male Long-Evans rats (initial weight: 300-320g; Charles River, Kingston, NY) were pair-
housed with free access to water under a reverse light cycle in a climate-controlled colony
(lights on from 21.00-09.00). Animals performing behavioral tests (n = 56) were food restricted
(149 standard rat chow daily) and maintained at 85% of their free-feeding weight. Animals
used for ex vivo protein analysis (n = 12) had free access to food.

Experiment 1: Determining the effects of yohimbine on 5CSRT performance

Testing took place in 8 standard five-hole operant chambers (Med Associates, Roanoke, VA)
between 09.00 and 19.00. 16 rats were trained to perform the 5CSRT as described previously
(22;23). In brief, animals were trained to respond in one of the five holes when the stimulus
light located therein was briefly illuminated (0.5s, see supplemental methods). A correct
response- a nosepoke into the illuminated hole- was rewarded by delivery of a sugar pellet,
whereas a response in any other hole or a failure to respond was scored as incorrect or as an
omission respectively, and these were punished by a 5 s time out during which reward could
not be earned. Premature responses made before the stimulus light was illuminated provide an
index of impulsivity, and were likewise punished by a 5 s time-out. Once stable baseline
behaviour was established, yohimbine (0, 1, 2, 5 mg/kg) was administered intraperitoneally
according to a Latin square drug design 10 mins prior to the start of the task. Each drug injection
day was preceded by a drug-free baseline day and followed by a day during which animals
were not tested.

Experiment 2: Determining the effects of yohimbine on CREB signaling within brain areas
implicated in impulse control

12 rats were injected with either a dose of yohimbine which increased premature responding
(2 mg/kg, n = 6) or vehicle (n = 6). 30 mins later, animals were sacrificed by live decapitation.
Tissue samples from the OFC, mPFC and NAc were rapidly dissected, frozen on dry ice and
subsequently processed for western blotting (see Supplemental Methods for details). Levels
of CREB, pCREB (phospho-CREB), ERK 42/44 and pERK42/44 (phospho-ERK42/44) were
determined per sample and normalized relative to GAPDH.

Experiment 3: Determining the effects of modulating CREB activity on impulsivity

37 rats were trained to perform the 1CSRT: a simplified version of the 5CSRT in which the
stimulus light always appeared in the central hole. Animals were divided into 5 performance-
matched groups (n = 7-8). 2 groups received intra-OFC infusions of adeno-associated viruses
(AAVs) designed to over-express either CREB or a CREB mutant (NCREB) (see
supplementary methods). mCREB acts as a dominant negative protein to CREB: it binds to
CREB but the resulting dimer cannot activate gene transcription. Separate groups received
infusions of these AAVs into the NAc, an area implicated in regulating impulsivity and in
which CREB modulates the response to affective stimuli, but in which yohimbine did not
induce changes in pPCREB. The final group received infusions of AAV-GFP (green fluorescent
protein ) to control for any non-specific effects of viral-mediated gene transfer (OFC: n = 4;
NAc: n = 4). Animals were re-trained on the 1CSRT 8 days later, once AAV expression had
peaked. After 15 sessions (3 weeks), a stable post-operative baseline had been established.
Animals were then challenged with yohimbine as in experiment 1.
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Yohimbine hydrocholoride (Sigma, St. Louis, USA) was dissolved in distilled water. Injections
were given in a volume of 1ml/kg.

Data analyses

Results

All analyses were conducted using SPSS (version 9.0; SPSS, Chicago, IL).

5CSRT/1CSRT analysis—The following variables were analysed: the percent of trials on
which correct, incorrect and premature responses were made, the percentof trials omitted, the
total trials completed, and the latency to respond correctly and to collect reward. Any effects
of intra-OFC/ intra-NAc AAV CREB or mCREB were determined by ANOVA with 1 repeated
measures factor, DAY, and one between subjects factor GROUP (2 levels, GFP vs CREB/
mMCREB). Data were analysed in 5-day bins. The effects of yohimbine were analysed by
ANOVA with 1 repeated measures factor, DRUG (4 levels: three doses plus vehicle) and one
between subjects factor, GROUP. If any analyses produced a significant effect of DRUG, mean
values for individual doses were compared post hoc to vehicle control values via paired sample
Student’s t-tests.

Protein quantification—Density of protein bands were determined using NIH image.
Significant differences between vehicle and yohimbine-treated animals were determined
through independent-samples Student’s t-tests.

Experiment 1: Yohimbine increased impulsivity and speed of responding on the 5CSRT

Yohimbine significantly increased premature responding at both 1 and 2 mg/kg, yet had no
effect at the highest dose tested, such that the dose-response function resembled a typical U-
shaped curve (Figure 1A, dose: F3 39 = 15.630, p< 0.0001; vehicle vs 1 mg/kg: F1, 13 25.431,
p< 0.0001; vehicle vs 2 mg/kg: F1 13 = 17.996, p< 0.001; vehicle vs 5 mg/kg: F1 13 = 1.644,
NS). There was no effect of the drug on accuracy of target detection (Figure 1B, dose: F3 39 =
2.062, NS), indicating that yohimbine had not impaired attentional processes. The lower doses
of yohimbine also decreased omissions (dose: F3 39 = 5.561, p< 0.003; vehicle vs 1 mg/kg:
F1 13=7.380, p<0.018; vehicle vs 2 mg/kg: F1 13 =20.101, p<0.001), and reduced the latency
to respond correctly and to collect food reward (correct latency- vehicle: 0.62s + 0.043, 1 mg/
kg yohimbine 0.55 + 0.02. 2 mg/kg yohimbine 0.55 + 0.03 - dose: F3, 39 = 5.684, p< 0.002;
vehicle vs 1 mg/kg: Fy 135.182, p< 0.04; vehicle vs 2 mg/kg: F1 13 =5.528, p< 0.035; reward
collection latency - vehicle: 2.06s + 0.12, 2 mg/kg yohimbine 1.83 + 0.09- dose: F3 39 = 7.389,
p< 0.0001; vehicle vs 2 mg/kg: F1 13 = 6.780, p< 0.022). It should be noted that the response
to the highest dose of yohimbine was highly variable, with 3 animals (~20%) showing a
dramatic increase in omissions and a reduction in trials completed. However, these effects were
not significant across the group (Figure 1C, omissions: vehicle vs 5 mg/kg: F1 13 =1.257, NS;
trials completed- dose: F3 39 = 2.648, NS, data not shown). Yohimbine did not affect the
number of perseverative responses animals made (dose: F3 39 = 1.799, NS, data not shown).

Experiment 2: Yohimbine selectively increased pCREB and pERK 42 within the OFC

As shown in Figure 2A, yohimbine increased levels of pCREB within the OFC (t(8) = —2.260,
p< 0.054), but not within the mPFC (t(8) = -0.699, NS) or NAc (t(8) = 1.177, NS). Levels of
total CREB remained unaltered in all regions. There was also a trend for an increase in pERK42,
but not total ERK42, selectively within the OFC (Figure 2B, pERK42, OFC: t(8) = —2.148, p<
0.06; mPFC t(8) =<1.175, NS; NAc: t(8) = 0.138, NS; ERK 42, OFC: t(8) = 0.042, NS; mPFC:
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t(8) = 0.0001, NS; NAc: t(8) = 0.250, NS). There were no changes in levels of phospho- or
total ERK44 within any region tested.

Experiment 3a: Over-expressing CREB within the OFC, but not NAc, transiently increases
impulsive responding on the 1CSRT

During the first week of post-operative testing, increasing CREB expression in the OFC, by
use of viral-mediated gene transfer, significantly increased premature responding (Figure 3A,
pre-op vs post-op performance- CREBgrc vs GFP, surgery x group: F1 12 = 6.383, p< 0.027;
surgery x day x group: F1 4g = 2.589, p< 0.023; post-operative data only- CREBggc vs GFP,
group: F1 12 =7.896, p< 0.016; CREBggc group-surgery: F1 5 = 8.326, p< 0.034; GFP group-
surgery: Fq 7 = 0.395, NS). This increase in impulsivity was transient, and was no longer
observed in week 2 (CREBgrc vs GFP, post-operative data only- group: F1 12 = 2.501, NS).
In contrast, increasing CREB levels in the NAc had no effect on impulsivity (Figure 3B, pre-
op vs post-op performance-CREByac Vs GFP surgery x group: F1 14 = 0.012, NS). Infusions
of AAV mCREB did not alter behavior regardless of the region targeted (week 1 pre-op vs
post-op performance- MCREBQorc vs GFP surgery x group: F1 13 = 1.553, NS; mCREBnAc
vs GFP surgery x group: Fq 14 = 0.585, NS). No other variable was significantly affected by
viral injections.

Experiment 3b: Modulating CREB within the OFC affects yohimbine's ability to increase
impulsive responding

Two animals, one in the GFP control group and one in the OFC mCREB group, were excluded
from the experiment at this point due to ill health (final n per group: GFP: n =7, CREBggc: n
=6, MCREB@fgc: h = 6; CREBnac N =8; MCREBQggc: n = 8). As in experiment 1, the highest
dose of yohimbine tested lead to high numbers of omissions (30-100%) in around 20% of rats,
regardless of surgery condition. Given the smaller n per group in this phase of the experiment,
this dose was not included in the analyses due to the low number of trials completed by some
individuals.

In parallel to data obtained using the 5CSRT, yohimbine significantly increased premature
responding (Figure 4, dose: Fy g9 = 21.677, p< 0.0001, vehicle vs 1 mg/kg: Fq 39 = 43.459,
p< 0.0001; vehicle vs 2 mg/kg: F1 30 = 26.669, p< 0.0001). This effect of yohimbine was dose-
dependently affected by regional over-expression of CREB and mMCREB (dose x group:

Fg 60 = 2.323, p< 0.03; vehicle vs 1 mg/kg: dosexgroup: Fq 30 = 3.097, p< 0.03; vehicle vs 2
mg/kg: dosexgroup Fq 39 = 2.378, p< 0.074). When the effect of yohimbine was analysed
separately in each group, a significant dose effect was observed in all cohorts except those
which had received intra-OFC AAV mCREB, as these rats appeared unaffected by the drug
(Figure 4A, Dose- GFPZFZ' 12 = 71.516, p< 0.008; CREBnAC: ng 14 = 6.503, p< 0.01;
MCREBnAc F2, 14 = 10.062, p< 0.002; CREB@fc = FZ, 10 = 14.087, p< 0.001; mCREBofc:
F210=0.259, NS). Comparing mCREBgr rats to control subjects revealed that this null effect
was most pronounced at the 2 mg/kg dose (all doses, MCREBqrc vs GFP, dose x group:

F2 22 = 4.369, p< 0.025; water vs. 2 mg/kg: dose < group F; 11 = 5.804, p< 0.035).

In contrast, over-expression of CREB in the OFC tended to potentiate the effects of yohimbine
at the lowest dose tested (all doses, CREBpgc Vs GFP, group: Fy 11 = 3.426, p< 0.091; water
vs 1 mg/kg- group: Fq 11 = 5.088, p< 0.045; water- group: Fq 11 = 1.640, NS; 1mg/kg- group:
F1 11 = 5.575, p< 0.038). Over-expression of CREB or mCREB in the NAc had no effect on
the response to yohimbine (Figure 4B, all doses, CREBna Vs GFP, dose x group: Fy 26 =
0.088, NS; group: Fq 13 = 2.582, NS; mMCREBNac Vs GFP, dose x group: Fp 26 = 2.354, NS;
group: F1 13 = 1.811, NS). Although visual inspection of the data indicated that increasing
MCREB in the NAc potentiated the response to 1 mg/kg yohimbine, this was not statistically
significant due to high variability between individuals.
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In contrast to data from the 5CSRT, yohimbine no longer decreased the level of omissions,
though this likely reflects the fact that animals omitted far fewer trials on this simpler task
(mean omissions across all groups: 3.02% * 0.49, Dose: F» g9 = 0.124, NS; Dose x group:
Fg 60 =0.642, NS; group: F1 30 = 1.609, NS). No other behavioural variable was significantly
affected by yohimbine.

Discussion

Here we have shown that yohimbine increases motor impulsivity in rats, paralleling its effects
in humans (17), and that this is mediated at least partly by an increase in CREB activity within
the OFC: locally over-expressing the dominant negative protein, MCREB, blocked yohimbine's
effects on impulse control, whereas raising CREB levels in the OFC increased impulsive
responding and potentiated the pro-impulsive actions of yohimbine. These findings support
the hypothesis that acute activation of the noradrenergic system can increase impulsivity,
potentially as part of the stress-arousal response, and indicate a novel molecular mechanism
by which impulse control is regulated.

The extent to which the pro-impulsivity effects of yohimbine relate to feelings of anxiety or
hyper-arousal is unclear. Healthy volunteers did not report high levels of anxiety following
doses of yohimbine which increased impulsive responding (17) . In rats, the most robust
anxiogenic effects are obtained using higher doses of yohimbine (24). Hence, in the current
study, the most anxiogenic dose (5 mg/kg) did not affect impulsive responding, while doses
lower than those typically used to trigger anxiety (1-2 mg/kg) significantly increased
impulsivity. These data suggest that yohimbine's effects on impulsivity and anxiety are
dissociable, and may be experienced at different points along the arousal continuum. The ability
of yohimbine to increase impulsivity could also contribute to its ability to trigger relapse to
drug-seeking in rats (20;25). Although the latter effect has been attributed to a yohimbine-
induced activation of the stress response, impulsivity can engender relapse in human cocaine
addicts (4), and drugs which inhibit premature responding on the 5CSRT in rats can likewise
reduce reinstatement of drug-seeking (e.g. M100907, (26). The relationship between stress-
arousal and impulsivity in models of addiction may warrant further investigation.

It is unlikely that yohimbine is increasing CREB phosphorylation in the OFC via activation of
post-synaptic apa receptors; not only are the majority of a,a receptors presynaptic, but
activation of o, receptors decreases adenylyl cyclase activity through activation of Gy,
thereby reducing cAMP production and decreasing CREB activation (27). In contrast,
adrenoreceptors activate adenylyl cyclase (28). Given that yohimbine increases NE release,
the increase in OFC pCREB may arise through activation of postsynaptic B receptors in this
region. Indirect support for this suggestion comes from the finding that the  receptor antagonist
propranalol blocks the increase in premature responding caused by methylphenidate via a
centrally-acting mechanism (29). Theoretically, the effects of yohimbine reported here may
stem from the drug's actions at non-adrenergic receptors, as yohimbine can act as an antagonist
at dopamine D5 and an agonist at 5-HT 1 receptors (30;31). However, neither eticlopride (a
selective D, antagonist) nor 8-OH-DPAT (a selective 5-HTq receptor agonist) increase
premature responding on the 5CSRT, making such interpretations unlikely (22;32).

Although this is the first demonstration that modulating CREB activity can directly affect
impulsivity, the hypothesis that dysfunction within the NE-CREB pathway contributes to
impulse control disorders is not new. In bipolar disorder, peripheral NE levels positively
correlate with the severity of mania, and decrease when mania is successfully treated with
lithium (33). In rats, chronic lithium treatment decreases CREB phosphorylation in the frontal
cortex, striatum, and hippocampus (34), whereas repeated administration of valproic acid
attenuates stress-induced changes in tyrosine hydroxylase expression in noradrenergic neurons
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(e.g. (35). Furthermore, mice which lack an endogenous inhibitor of the CREB pathway have
been suggested as a putative model of ADHD due to their hyperactivity and elevated
exploratory behavior (36). This phenotype has been attributed to alterations in stress-
responsivity arising through deficits in regulation of the pineal hormone melatonin, release of
which depends on NE-induced CREB activation (37).

The mechanism by which increased orbitofrontal CREB activity potentiates impulsive
responding remains to be identified. Over-expressing CREB within the NAc and several other
neuronal cell types increased membrane excitability, potentially by modifying the behavior of
sodium and potassium ion channels (38;MARIE;HAN), but its effects on cortical pyramidal
cells have yet to be determined. Many genes contain CRE-binding sites, therefore the potential
transcriptional targets through which pCREB can act are numerous (~820 in the rat) (ADD
REF FOR HIS). Increasing CREB in the NAc did not enhance impulsive responding,
highlighting the regional specificity of this effect. Significant differences have been observed
in the function of CREB targets unique to the frontal cortex vs the striatum (42): those unique
to the frontal cortex were relatively enriched in the presenilin pathway implicated in cognitive
function and neurodegeneration. Whether such a pathway could play a role in impaired impulse
control as a result of increases in stress/arousal is highly speculative, although increases in a
truncated presenilin protein were observed in post-mortem frontal cortex samples from some
BD patients (43).

Despite the extensive pharmacological characterisation of the 5CSRT, only a limited number
of systemically-administered compounds have been found to increase premature responding:
the psychostimulant drugs cocaine and d-amphetamine, the selective 5-HTo¢ receptor agonist
SB242,084, the glutamate NMDA receptor antagonists dizocilpine, and Ro 63-1908 (32;44;
45); yet these drugs operate through very different pharmacological mechanisms. Identifying
the intracellular pathways through which these drugs affect impulsivity may indicate critical
points of functional convergence, information which may inform the design of treatments for
impulse control disorders. Whether activation of CREB in the OFC is one such critical point
remains to be determined, but increases in striatal pPCREB has been suggested as a common
mechanism underlying the antidepressant action of pharmacologically distinct drugs (13).

In summary, we have translated a clinical finding - that yohimbine increases impulsive
responding- into a preclinical model, and determined the underlying mechanism of action in
terms of the brain region and molecular signaling pathway involved. Such research may
contribute to an improved understanding of the super-sensitivity to yohimbine and other
stressors observed in psychiatric populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effects of yohimbine on 5CSRT performance
Yohimbine significantly increased premature responding on the 5CSRT (panel A). Accuracy
of target detection was unaffected by the drug, whereas lower doses decreased omissions. Data
shown are mean + SEM. * indicates a significant difference (p< 0.05) as determined by one-
way ANOVA comparing vehicle to drug dose.
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Figure 2. Western blot analysis of protein expression within the OFC, mPFC and NAc 30 mins

after yohimbine administration

Yohimbine selectively increased phosphorylation of CREB and ERKA42 in the OFC, but not
in the mPFC or NAc. No change in the levels of unphosphorylated proteins were observed.
Data are shown as the mean fold change from control £ SEM. * indicates a significant difference
(p< 0.05), # indicates a trend level of significance (p< 0.1) as determined by independent

samples Student's t-tests.

Biol Psychiatry. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sunetal.

Mean percent premature responses

A

25 1

20 1

15 1

10 1

OFC B
B GFP 25 -
* C— CREB
&= mCREB
20 1
15 4
10 1
5 o
0 -
1 2 3
week

Page 13

NAc
S GFP
1 CREB
= mCREB
2 3
week

Figure 3. Over-expressing CREB within the OFC increases premature responding in the 1CSRT
As shown in panel A, a transient increase in premature responding was observed in animals
over-expressing CREB within the OFC during the first week of post-operative testing, whereas
over-expressing mCREB did not affect performance. In contrast, behaviour was not altered by
increasing levels of CREB or mCREB within the NAc (panel B). Data are presented as the
average from each week of post-operative testing. * indicates a significant difference (p< 0.05)

from control.
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Figure 4. Modulating CREB activity within the OFC, but not the NAc, affects the increase in
premature responding caused by yohimbine

Yohimbine increased premature responding in control animals, and this effect was potentiated
in rats over-expressing CREB within the OFC and attenuated in those over-expressing mCREB
within this region (panel A). Over-expression of CREB or mCREB within the NAc did not
affect the response to yohimbine (panel B), with both groups showing a drug-induced increase
in premature responding comparable to the control group. * indicates a significant within-group
difference (p< 0.05) as determined by one-way ANOVA comparing vehicle to drug dose. #
indicates a significant between-group difference (p< 0.05) as compared to GFP controls via
independent samples Student's t-tests.
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