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exploration test of anxiety in the rat
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Abstract

The presence of behavioral control over a stressor can blunt many of the effects of the stressor. We have recently reported that
uncontrollable stress (inescapable electric tailshock, IS) reduces later social exploration of a juvenile whereas controllable
stress (escapable shock, ES) does not. Activation of the ventral medial prefrontal cortex (vmPFC) is crucial to blunting the
effects of IS on later escape behavior (learned helplessness). The goal of the current study was to test the role of the vmPFC in
modulating the effects of stressor controllability on anxiety in the social exploration test. Thus, adult male rats were implanted
with cannula guides for drug microinjection into the vmPFC. In Experiment 1, temporary inactivation of the vmPFC with the
GABA, agonist muscimol before exposure to ES prevented the protective effects of stress control, leading to reduced social
exploration. In Experiment 2, excitation of the vmPFC prior to IS with the GABA-activated C1¢’ channel antagonist
picrotoxin mimicked the stress resistance produced by control and prevented IS-induced reduction in social exploration.
These results are consistent with prior work and identify the vmPFC as a critical component of the neural circuitry mediating
the effects of stressor control on later behaviors. The relationship between the vmPFC, dorsal raphé nucleus, and other
structures mediating stress-induced anxiety are discussed.
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Introduction and reduced social interaction, while exposure to
tailshock that is escapable (ES) does not (Short and
Maier 1993; Amat et al. 2005; Christianson et al.
2008).

Our laboratory has determined that one mechan-

The degree of behavioral control that an individual has
over a stressor often determines the consequence of
that stressor (Maier and Watkins 2005) and may play a

critical role in the development of pathological
behaviors after a traumatic event (Foa et al. 1992).
Indeed, numerous behavioral outcomes have been
reported to follow uncontrollable stress but not an
equal exposure where the stressor is controllable
(Shors 2004; Maier and Watkins 2005). For example,
exposure to a series of inescapable electrical tailshocks
(IS) produces behavioral changes that include exag-
gerated fear conditioning, poor shuttle escape learning,

ism by which behavioral control operates is to prevent
stress-induced activation and sensitization of the
serotonergic dorsal raphé nucleus (DRN), the
mechanism by which uncontrollable stress leads to
the behavioral consequences cited above. Using iz vivo
microdialysis we have found that extracellular
serotonin (5-HT) concentrations in the DRN nearly
triple at the beginning of the shock session, whether
the tailshocks are uncontrollable or controllable.
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However, when behavioral control is present 5-HT
levels quickly return to baseline as the subject learns
the escape response, even though tailshocks continue
(Maswood et al. 1998; Amat et al. 2005). Extracellu-
lar 5-HT within the DRN reflects DRN 5-HT
activation because activated DRN 5-HT neurons
release 5-H'T within the DRN from axon collaterals,
as well as at axon terminals in projection regions
(Matos et al. 1996). Extracellular DRN 5-HT may
also reflect the activity of serotonergic inputs to the
DRN, such as the median raphé (MR) but we have
demonstrated that MR is activated equally by ES and
IS (Takase et al. 2004). Interestingly, both IS and ES
activate brain regions that send excitatory input to the
DRN (Amat et al. 2001) but as noted, only IS results
in a sustained activation of 5-HT neurons. Thus, the
differential net impact of IS and ES would seem to
require ES-induced inhibitory inputs to the DRN.

In the rat, the infralimbic/prelimbic region of the
ventromedial prefrontal cortex (vmPFC) sends
glutamatergic efferents to the DRN (Gabbott et al.
2005) and this vimPFC region has been theorized to
contribute to resilience after stress (Jordan et al.
1994). Efferent axons from the vmPFC to the DRN
synapse preferentially on GABAergic interneurons
that inhibit 5-HT cells (Jankowski and Sesack 2004).
Thus, activation of descending vmPFC pyramidal
neurons enhances inhibition within the DRN and
decreases 5-HT neuronal activity (Celada et al.
2001). The foregoing suggested that perhaps the
vmPFC detects behavioral control when it is present,
leading to output to the DRN and inhibition of DRN
5-HT neurons. This hypothesis has been supported
in a number of ways. First, inhibition of the vimPFC
via microinjection of the GABAA agonist muscimol
prior to stressor exposure had no effect on the DRN
5-HT neuronal response to IS, but led ES to produce
DRN activation, later escape failure, and exaggerated
post-shock freezing similar to IS, despite successful
shock escape during the initial ES (Amat et al. 2005).
Thus, preventing vmPFC activation during ES made
the subject appear as if it had experienced IS.
Conversely, pharmacological activation of the
vmPFC by microinjection of the GABA-activated
CI“? channel antagonist picrotoxin during IS
reduced the stimulation of DRN 5-HT and prevented
escape deficits after IS (Amat et al. 2008). That is,
pharmacological activation of the vmPFC appeared
to give rats the “illusion of control”. In sum, the
evidence suggests that stress exposure per se activates
the DRN, which may be a final common pathway
whose projections lead to anxiety-like behaviors.
However, when stress is controllable the vmPFC
inhibits the DRN and prevents many of the sequelae
of uncontrollable stress.

The data implicating the critical role of the vmPFC,
however, all depend on post-shock freezing and
shuttlebox shock escape failure as the behavioral

endpoints. Thus, the generality of the vmPFC effects
described above is unknown. We have recently
reported that social exploration of a juvenile con-
specific, a putative measure of anxiety (Christianson
et al. 2008), is reduced by IS, but not ES.
Furthermore, this effect of IS was dependent on
activation of DRN 5-HT (Christianson et al. 2008).
The goal of the present study was to determine
whether the stress-protective effect of behavioral
control on juvenile social exploration is the result of
vmPFC activation. In Experiment 1, muscimol was
microinjected into the vmPFC before ES or home-
cage control (HC) treatment to determine whether
activation of this region by ES is necessary for the
protective effects of behavioral control on stressor-
induced reductions in social exploration. Inactivation
of vmPFC by muscimol should release the DRN from
inhibition by stressor control and generate a behavior
profile similar to that produced by IS. In Experiment 2,
picrotoxin was microinjected into the vmPFC
before IS or HC treatment to determine whether
activation of the region during stress is sufficient to
prevent the usual reduction in social exploration
produced by IS.

Materials and methods
Subjects

Adult (60—-70 days old and weighing 275-350 g at the
time of testing) and juvenile (28—32 days old and
weighing 90-100g at the time of testing) male
Sprague-Dawley (Harlan, Indianapolis, IN, USA)
rats were used. Rats were housed in plastic tub cages,
4 rats/cage with free access to food and water.
The vivarium maintained a 12 h light/dark cycle with
lights on at 7:00 am. All behavioral procedures were
conducted in the first 5h of the light cycle.
The experimental protocols were reviewed and
approved by the University of Colorado Institutional
Animal Care and Use Committee and were in
accordance with NIH guidelines.

Escapable and inescapable tailshock procedures

Escapable tail shocks were administered in
14 X 11 X 17 cm acrylic wheel turn boxes enclosed
in sound-attenuating chambers. Electric shock was
delivered through copper electrodes augmented by
electrode paste attached 2 and 4 cm from the base of
the tail by a Precision Regulated Animal Shocker
(Coulbourn Instruments, Allentown, PA, USA). One
hundred tailshocks were presented on a variable
interval 60-s schedule (VI-60). For ES subjects,
turning a wheel at the front of the chamber terminated
each tailshock according to a protocol previously
described (Amat et al. 2005). Shock intensity was
1.0 mA for the first 33 trials, 1.3 mA for the following



33 trials, and 1.6 mA for the remaining 34 trials.
These parameters were used to maintain escape
behavior in the ES subjects. For IS, 100, 5s 1.6 mA
inescapable tailshocks were administered in clear
plastic restraining tubes on a VI-60-s schedule.
This method has been reported previously, approxi-
mates the amount of shock received in yoked-IS,
and elicits behavior that is indiscriminable from 100
trials of yoked-IS treatment on social exploration
(Christianson et al. 2008). Naive, HC rats remained in
their cages. A restraint stress-only control group was
not included as this treatment was indescriminable
from HC controls in a prior experiment (Christianson
et al. 2008).

Fuvenile social exploration test

Each experimental adult rat was allocated a separate
transparent plastic tubcage with shaved wood bedding
and a wire lid located in a brightly lit testing room;
food and water were not available in the testing cages.
Twenty-four hours before stress exposure rats were
removed from the vivarium and placed into the single
cage. After 60 min a juvenile stimulus rat was added to
the cage. Investigative behaviors, including sniffing,
pinning, and allogrooming, initiated by the adult rat
were timed by an observer who was blind to
group membership. After 3min, the juvenile was
removed and the adult was returned to the homecage.
Juvenile stimulus rats were used for multiple tests but
were never exposed to the same adult more than once.
This social exploration pretest was used to habituate
the subjects to the procedure and to screen for rats
with unusual baseline social exploration. In our
experience, healthy naive rats typically explore for
approximately 80s; thus, rats with pretrest social
exploration times less than 50s were excluded as
outliers. Sickness, induced by lipopolysaccharide for
example, reduces social exploration (Bluthe et al.
1992). Twenty-four hours after stress, social explora-
tion tests were conducted exactly as on the day before
stress.

Cannula placement and microinjection procedures

All surgery was conducted under inhalational
anesthesia (2—3% isoflurane in oxygen). Each rat
was implanted with a single dual guide cannula (26 g,
1mm center-to-center distance; Plastics One,
Roanoke, VA, USA) so that bilateral injector tips
would reach the border between the infralimbic and
prelimbic cortices (AP +2.9, LM £0.5, DV — 2.9).
Coordinates were taken from bregma and dura
according to Paxinos and Watson (1998). Cannulae
were fixed to the skull with three screws and dental
cement. A stylet was placed in the cannula extending
1mm below the tip of the guide. After surgery
each rat received prophylactic antibiotic, s.c. 0.25 ml

Prefrontal cortex, stress, and anxiety 447

Twin-Pen (Agrilabs, St. Joseph, MO, USA) per kg
body weight. Intracerebral microinjections were made
by gently restraining the rat in a towel and replacing
the stylet with a microinjector that extended 1 mm
beyond the cannula tip (33 g; Plastics One) joined to a
cannula connector. In Experiment 1, muscimol,
500 ng/side, in 0.5 pl 0.9% saline or saline alone was
injected at a rate of 1 wl/min through PE-50 tubing by
a 25 pl Hamilton syringe and a Kopf micromanipu-
lator. Injectors remained in place for 2 min to permit
diffusion. In Experiment 2, 0.5ul of picrotoxin,
100 ng/side, in 0.9% saline or saline alone was injected
in the same way. Muscimol and picrotoxin doses were
determined in pilot studies. At the end of each
experiment rats were overdosed with sodium pento-
barbital (60mg/kg i.p.) and brains removed and
processed for cresyl violet verification of cannula
placement using standard procedures.

Experimental procedures

Experiment 1. After at least 7 days of acclimation to the
vivarium, bilateral guide cannulae were implanted.
After 7-10 recovery days, all rats were given a social
exploration pretest and then randomly assigned to one
of four groups in a (Stress: ES or HC) by (Drug:
Muscimol or Saline) between subjects factorial design
(n = 10/group). IS rats were not included because the
question posed was whether inactivation of the
vmPFC during ES would now lead ES to reduce
social exploration. IS subjects were not needed to
answer this question, while intra-vmPFC muscimol
had no effect on IS subjects in prior studies (Amat
et al. 2005, 2006; Baratta et al. 2007). On the
following day, the rats received microinjection of
either muscimol or saline 60 min before ES. Rats in
the HC group were returned to the vivarium after
injection. Twenty-four hours after the onset of stress
all rats were given the social exploration test.

Experiment 2. As in Experiment 1, rats were implanted
with cannulae, allowed 7—10 days to recover and given
a social exploration pretest. Rats were randomly
assigned to one of four groups in a (Stress: IS or HC)
by (Drug: Picrotoxin or Saline) between-subjects
factorial design (z = 10/group). On the following day,
rats received intracrebral microinjection of either
picrotoxin or saline 60 min before IS exposure. Rats in
the HC group were returned to the vivarium after
injection. Twenty-four hours after the onset of stress
all rats were given the social exploration test. ES
subjects were not included because the question posed
was whether intra-vmPFC picrotoxin would block the
reduction in social exploration produced by IS.
Picrotoxin had no effect in ES subjects in prior
studies (Amat et al. 2008).
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Experiment 1

Bregma + 3.32

Figure 1.
Stereotaxic Coordinates (Paxinos and Watson 1998).

Results
Experiment 1

Exclusion of subjects with social exploration times less
than 50 s yielded the following group sizes: ES-Saline,
n =8, ES-Muscimol, n= 10, HC-Saline, n =8,
HC-Muscimol, n = 9. Pretreatment with muscimol
did not interfere with acquisition of the wheel-turn
escape response and all ES rats quickly reached the
maximum escape requirement (four full turns) with
escape latencies under 5s for the majority of trials;
these data are comparable to those previously reported
(Amat et al. 2005). Location of the cannula tips and
mean social exploration time are shown in Figures 1
and 2, respectively. In intracerebral saline-treated rats,
ES had no effect on social exploration relative to
unstressed HC controls. However, inhibition of the
vmPFC by muscimol led to a significant reduction
in social exploration after ES but had no effect
on the HC group. A two-way ANOVA identified a
main effect of Stress, F(1,30) = 5.754,p = 0.023, and
a significant Stress by Drug interaction, F(1,
30) = 14.65, p < 0.001. The main effect of Drug did
not reach significance, p = 0.14. Fisher’s protected
least significant difference (PLSD) post-hoc compari-
sons indicated that mean social exploration in the

Experiment 2
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ES-Muscimol group was significantly less than ES-
Saline and both HC groups, ps < 0.01. No other
comparisons reached significance.
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Figure 2. Escapable stress and social exploration. Mean (£ SEM)
time spent in social exploration of a juvenile during a 3-min test.
Escapable stress had no effect on social exploration (ES-Saline
group) but inactivation with muscimol microinjection of vmPFC
during stress interfered and significantly reduced social exploration
in the ES-Muscimol group. HC: home cage controls. *ES-Muscimol
group significantly less than all other groups, ps < 0.01.7 = 8-10rats
per group.
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Figure 3. Inescapable stress and social exploration. Mean (= SEM)
time spent in social exploration of a juvenile during a 3-min test.
Inescapable stress (IS-Saline group) reduced social exploration
compared to the HC. However, activation of the vmPFC at the time of
stress with picrotoxin microinjection (IS-PIX group) completely
prevented the effect of stress and social exploration time was similar to
controls (HC). *IS-Saline group significantly less than HC-Saline
and IS-Picrotoxin groups, ps < 0.01. 7z = 10 rats per group.

Experiment 2

No rats had social exploration times less than 50s in
the social exploration pretest. Location of cannula tips
and mean social exploration time are shown in
Figures 1 and 3, respectively. IS reduced social
exploration but activation of vmPFC before IS
completely prevented this effect. A two-way ANOVA
identified a marginally significant main-effect of Stress,
F(1,36) = 3.634, p = 0.065 and a significant Stress by
Drug interaction, F(1, 36) = 6.16, p = 0.018. The
main effect of Drug did not reach significance,
p=0.11. Fisher’s PLSD post-hoc comparisons
revealed that mean social exploration time was
significantly reduced in the IS-Saline group compared
to HC-Saline and IS-Picrotoxin groups, ps < 0.01.
No other comparisons reached significance.

Discussion

The data from the present experiments further
implicate the vmPFC in the neural circuitry that
mediates the resistance to the behavioral effects of a
stressor that occurs when behavioral control over the
stressor is present. Rats were exposed to escapable or
inescapable tailshocks, with concomitant pharmaco-
logical inactivation or activation of the vmPFC during
the stressor, respectively. Prior experiments have
suggested that the control over stress activates
vmPFC regions (Amat et al. 2005, 2006; Baratta
et al. 2007). Thus, rats with an active (ES-Saline and
IS-Picrotoxin) vmPFC during the stressor showed no
effect of the stressor session in the social exploration
test 1 day later. Based on previous observations in our
laboratory, with respect to social exploration, inacti-
vation of the vmPFC during IS (IS-Muscimol) has no
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effect on IS subjects (Amat et al. 2005); likewise,
activation of the mPFC (ES-picrotoxin) has no effect
on ES subjects (Amat et al. 2008). Therefore, these
experimental groups were unnecessary in the present
study. The present results complement prior work that
utilized post-shock freezing and shuttle escape
measures and illuminate the way by which control
over stress relates to anxiety-like endpoints.

As noted, IS results in prolonged activation of the
DRN, leading to downregulation of somatodendritic 5-
HT, 5 autoreceptor mRNA (Greenwood et al. 2003),
resulting in sensitization of 5-HT neurons to sub-
sequent aversive stimuli (Amat et al. 1998). Inhibition
of the DRN during IS prevents the subsequent
reduction in social exploration (Christianson et al.
2008). Taken with the anatomical relationship between
the vmPFC and the DRN described above, the present
data further support the argument that control over
stress regulates the activity of the DRN by a circuit
involving the vimPFC.

The vmPFC receives a convergence of thalamic and
subcortical inputs and is considered to be an executive
center suited to regulate a range of neural processes
(Dalley et al. 2004). It is likely, therefore, that when
the vmPFC receives sensory information that contains
a contingent relationship between motor behaviors
and shock termination (i.e., the escape response) then
it is able to inhibit stress responsive nuclei such as the
DRN. In contrast, when there is no apparent
relationship between behavior and shock termination
the vmPFC does not send inputs to stress-responsive
regions, and so they remain unregulated. If this is the
case, then the critical variable determining the
outcomes of stressor controllability experiments is
not whether the subject detects the non-contingency
of behavior and shock as was originally proposed
(Maier and Seligman 1976), but rather that behavioral
control over stress activates vmPFC output.

These experiments implicate the vmPFC in the
regulation of anxiety-like behavior. Social exploration is
awidely used measure of anxiety-like behavior (File and
Seth 2003) and DRN activity is correlated with reduced
exploration (Higgins et al. 1992; File et al. 1996;
Overstreet et al. 2006). The idea here is that activity
within the DRN modulates anxiety behavior via
projections to limbic regions such as the basolateral
amygdala (Lowry et al. 2005). Therefore, social
exploration may be reduced in IS-treated rats because
the DRN is sensitized and is hyper-responsive in the
mildly-anxiogenic context of a social encounter.
However, the vmPFC might instead, or in addition,
directly modulate amygdala activity (Quirk et al. 2003).
The role of the DRN and vmPFC in anxiety are
reinforced by two human studies. Lanzenberger et al.
(2007) reported a reduction in DRN 5-HT 5 receptors
in social anxiety disorder patients and Monk et al.
(2008) found an inverse relationship between prefrontal
cortex and amygdala activity when patients with



450 ¥ P Christianson et al.

generalized anxiety were presented with anxiogenic
stimuli. Because the present data do not directly address
the relationship between the vimPFC and the amygdala,
the possibility of an important action of the vmPFC by
this route remains open. Nonetheless, the role of the
vmPFC in anxiety-like behavior may be simply to
prevent sensitization of the DRN.
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