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ARTICLE INFO ABSTRACT

Keywords: Stress reduces cognitive flexibility and dopamine D1 receptor-related activity in the prelimbic cortex (PL), effects

Cognitive flexibility hypothesized to depend on reduced corticotropic releasing factor receptor type 1 (CRFr1) regulation of dopamine

(S;lissl neurons in the ventral tegmental area (VTA). We assessed this hypothesis in rats by examining the effect of
T

chronic unpredictable restraint stress (CUS), mild acute stress, or their combination on cognitive flexibility,
CRFrl expression in the VTA and D1l-related activity in PL. In Experiment 1, rats received either CUS or
equivalent handling for 14 days before being trained to press two levers to earn distinct food outcomes. Initial
learning was assessed using an outcome devaluation test after which cognitive flexibility was assessed by
reversing the outcomes earned by the actions. Prior to each reversal training session, half the CUS and controls
receiving acute stress with action-outcome updating assessed using a second devaluation test and CRFrl
expression in the VTA assessed using in-situ hybridisation. Although CUS did not itself affect action-outcome
learning, its combination with acute stress blocked reversal learning and decreased VTA CRFrl expression
after acute shock. The relationship between these latter two effects was assessed in Experiment 2 by pharma-
cologically disconnecting the VTA and PL, unilaterally blocking neurons expressing CRFrl in the VTA and D1
receptors in the contralateral PL during reversal learning after acute stress. Acute stress again blocked reversal
learning but only in the group with VTA-PL disconnection, demonstrating that VTA CRFr1-induced facilitation of
dopaminergic activity in the PL is necessary for maintaining cognitive flexibility after acute stress. [250].
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1. Introduction (Kelly and Fudge, 2018).

Accordingly, DA release in the mPFC is highly sensitive to stress,

Although the negative influence of stress on cognitive flexibility is
well documented, the neural basis of this effect remains unclear. Studies
in rodents suggest that exposure to unpredictable stressors remodels
cellular processes in the medial prefrontal cortex (mPFC) resulting in a
deficit both in cellular activity and in specific cognitive functions
(Arnsten, 2009), notably in the capacity for goal-directed action (Dia-
s-Ferreira et al., 2009). Other studies suggest that the functional effects
of stress-induced changes in mPFC are related to changes in dopamine
(DA) neurotransmission. The acquisition of goal-directed action has
been found to rely on the prelimbic prefrontal cortex (PL, area 32)
(Balleine, 2019), and within that area, on plasticity involving the
interaction of glutamatergic and DAergic processes (Kruse et al., 2009;
Tseng and O’Donnell, 2004). Reducing dopamine-related activity using
either DA antagonists or by inhibiting the DA input to the PL from its
source in the ventral tegmental area (VTA) abolishes such acquisition

with mild stress-inducing increases in DA and promoting behavioural
flexibility (Sullivan, 2004), whereas more severe stress depletes cortical
DA (Matuszewich et al., 2014), produces deficits in behavioral flexibility
(Hurtubise and Howland, 2017), in the cognitive and motivational
processes required to learn new responses to control stress (Maier and
Seligman, 2016); and exacerbates the negative effects of subsequent
exposure to even a mildly stressful event (Mor et al., 2017).
Corticotropin-releasing factor (CRF) appears to be key to coordinating
these neural responses (Orozco-Cabal et al., 2006). Within the VTA the
type 1 receptor for CRF (CRFrl) plays a central role in modulating
mesocortical DA activity after stress (Kelly and Fudge, 2018; Wanat
et al., 2013) and selective disruption of CRFr1 in the VTA reduces both
the magnitude and duration of the effects of stress on mPFC DA activity
(Refojo et al., 2011; Vranjkovic et al., 2018). Nevertheless, whether
CRFrl-mediated changes in VTA activity are responsible for the effects
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of stress on executive function and cognitive flexibility has yet to be
assessed.

To address this question, rats were exposed to chronic unpredictable
restraint stress (CUS) before acquiring two specific goal-directed actions
involving encoding distinct action-outcome associations on two levers
using standard methods; pressing one lever earned food pellets the other
a sucrose solution (Balleine and Dickinson, 1998; Bradfield et al., 2013).
Half of the rats were then given additional acute stress (AS) before
learning that these lever press-outcome contingencies had been
reversed. To establish the degree of goal-directed control of lever
pressing after exposure to these stressors, we used an outcome devalu-
ation test in which one outcome was selectively devalued using a spe-
cific satiety treatment. We then analysed CRFr1 mRNA expression in the
VTA to establish whether CUS had altered this expression in response to
an AS. In a subsequent study, we assessed the functional effects of dis-
connecting the pathway between CRFr1 containing neurons in the VTA
and D1 receptor-expressing neurons in the PL using the same behavioral
assessments. Rats were given asymmetrical infusions of a CRFrl
antagonist into the VTA and a D1 antagonist into the contralateral PL.
We predicted that: (i) rats exposed to chronic unpredictable stress will
demonstrate an impairment in learning following mild acute stress; (ii)
this impaired learning will be associated with an attenuation of CRFrl
mRNA expression in the VTA and (iii) infusions of a CRFrl antagonist
into the VTA will disrupt the DA projection to the PL and impair the
flexible updating of goal-directed learning after acute stress.

2. Methods
2.1. Animals

All experimental procedures were approved by the University of New
South Wales Animal Ethics Committee (AEC number 19/64B) and were
compliant with the ARRIVE guidelines (Kilkenny et al., 2010).
Eighty-five male outbred Long Evans rats were housed within a
climate-controlled facility on a 12-h light/dark cycle (lights on at 07:00)
in groups ranging between two and four rats. Rats had ad-libitum access
to water and chow prior to commencement of behavioural training.

2.2. Experiment 1. The effect of CUS on behavioural flexibility

2.2.1. Apparatus

Behavioural training was conducted using 16 operant conditioning
chambers (MED Associates) each enclosed within a sound and light
attenuating shell. Each chamber contained a pellet dispenser that
delivered grain pellets (45 mg, Bioserv Biotechnologies) and a pump
that delivered 20% sucrose solution (0.2 ml). Chambers contained two
retractable levers and a recessed magazine cantered between them. An
infra-red photobeam was positioned at the threshold of the magazine to
record entries. Each chamber contained a light (3W, 24V) illuminated
for the duration of all behavioural sessions. Sessions were pre-
programmed and controlled by microcomputers running MED Associ-
ates proprietary software (Med-PC). Lever pressing, magazine entry,
reinforcer delivery as well as the presentation time of each lever was
captured for each session using this software.

2.2.2. Chronic unpredictable restraint stress

Rats were randomly assigned to Naive (n = 29) or Chronic Unpre-
dictable Stress (CUS) (n = 33) experimental groups. The CUS treatment
involved daily restraint for 2 h inside plexiglass tubes (20 cm length,
6.35 cm diameter, Ibisci, USA) over 14 days. Each day, the restraint was
given at a different time between 6 a.m. and 10 p.m. to ensure the stress
was unpredictable. Rats allocated to the naive treatment were handled
for a few minutes daily over the 14 days. Percentage body weight change
was calculated at two-day intervals during the stressor period.
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2.2.3. Instrumental training

Two days prior to commencing training rats were food-restricted
with daily intake was restricted to 15g of chow, which was main-
tained for the remainder of the experiment. Weight was monitored
thrice weekly to ensure it remained above 85% of baseline body weight.

Behavioural training started with one session of magazine training.
Rats received 20 pellet and 20 sucrose outcomes at 15-s intervals for 15
min. Rats were then trained to press the levers such that, for each rat,
one lever was assigned to deliver pellets and the other a sucrose solution,
counterbalanced to control for any lever position preference. Each
training session was divided into four periods, two on each lever in
alternation. During each period, one lever was extended until either 20
outcomes were delivered or 15 min had elapsed after which the lever
was retracted and a 2-min break was instituted after which the other
lever was inserted, and so on. Two training sessions were conducted
each day with the order of lever presentation counterbalanced across
sessions.

Outcomes were delivered on a continuous reinforcement schedule
for three sessions, then on a random ratio (RR)-5 schedule, i.e, the
outcome was delivered after five presses on average, then three sessions
on RR10 and two sessions on RR20.

2.2.4. Outcome devaluation by satiety

After this training rats completed two specific satiety-induced
outcome devaluation tests on successive days. To induce specific
satiety, rats were placed into clean devaluation boxes and given unre-
stricted access to either sucrose solution or pellets for 45 min. They were
then transferred to their operant chamber to compete a 10-min extinc-
tion test. Both levers were extended simultaneously, however, no out-
comes were delivered during the test. The lever associated with the
outcome that was pre-satiated was considered the devalued lever and
the other lever valued. The following day, rats received the same pro-
tocol only with the alternative outcome presented during the pre-
feeding phase.

2.2.5. Mild acute stress and outcome-identity reversal

To assess the rats’ ability to update changes in A-O contingencies
they next received three training sessions with the outcome identities
reversed; e.g., if, initially, pressing the left lever delivered a pellet and
the right lever sucrose solution then pressing the left lever now delivered
sucrose solution and the right lever a pellet. In this phase, rats received
only one training session per day structured as previously described with
the outcomes delivered on an RR-10 schedule.

During this phase each of the previously generated stress groups was
subdivided into two sub-groups: one received a mild acute stress (AS),
involving 5 min force swim test, prior to each reversal training session,
whereas the other received no treatment. This resulted in four groups:
naive (n = 16), naive with AS (n = 13), CUS (n = 17) and CUS with AS (n
= 16). For the forced swim test, rats were placed individually into a
white plastic oval bin (100 cm high, 30 cm maximum diameter) filled to
a height of 45 cm with clear, fresh water (at 25 + 1 °C) for 5 min. Rats
were then dried with a towel and allowed 10 min for grooming before
being placed in the operant conditioning chambers for the reversal
training. The sub-groups under each stress condition were matched for
performance in the first devaluation test to ensure similar levels of
performance during initial training between the sub-groups.

After reversal training, rats completed a second round of outcome
devaluation tests conducted as described above except that, after the
first test, rats received a fourth refresher RR10 training session with or
without the acute stress (as appropriate).

2.2.6. Novel mild stress and euthanasia

To assess the impact of acute stress on VTA CRFrl expression, all AS
rats received a series of foot shocks before euthanasia. Rats were placed
into an unfamiliar operant chamber where the stainless-steel rod floor
was connected to a shock generator (Med-Associates, USA). In a single
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session, rats received three foot-shocks (5 mA) at random intervals over
the course of 10 min. Rats were then transferred by hand into a novel
cage where they were left for 20 min. Euthanasia was completed by
rapid decapitation without anaesthesia. Brains were removed and the
tissue block containing the midbrain was snap frozen over dry ice for in-
situ hybridisation analysis. The remaining rats were similarly euthan-
ised without any additional stress treatment.

2.2.7. Blood collection and corticosterone quantification

Blood was collected at two timepoints; the first via tail-snip the day
after the completion of CUS/daily handling treatment, a minimum of 16
h following the last restraint, and the second at decapitation. All samples
were collected between 10am and 12pm. For the tail-snip, each rat was
briefly restrained using a soft flexible canvas while the tail end was cut
to collect blood — and the second after decapitation. At both time points,
blood vials were left to coagulate at room temperature for 20 min before
being cooled on ice. Vials were then transferred to a centrifuge (5430R,
Eppendorf) and spun at 3000xg for 15 min at 4 °C. The supernatant
serum was collected and stored at —80 degrees C. Circulating cortico-
sterone levels were assessed using an ELISA kit (R&D Systems) and a
microplate reader (SPECTROstar OMEGA, BMG LABTECH, Germany).

2.2.8. In-situ hybridisation

Frozen, unfixed tissue was sliced using a cryostat (Leica Micro-
systems) and mounted on Superfrost Plus slides. Ten series of 14 pm
coronal sections were taken from —4.7 to —5.8 mm from bregma. Slides
were stored in slide racks at —20 °C for 1 h and then stored at —80 °C.
Identification of CRFrl mRNA was achieved using the RNAscope®
2.5HD brown reagent kit (Advanced Cell Diagnostics, USA) and CRFr1
probe (Rn-Crhr1-C3, Advanced Cell Diagnostics, USA). Pictures from the
center of the left and right parabrachial pigmented nucleus of the VTA
were taken using the 40x objectives. Optical densities were calculated
using ImagelJ.

2.3. Experiment 2: The effect of disconnection of the VTA-PL projection
on the effect of AS

Next, we assessed the role of CRFr1 in VTA neurons projecting to the
PL in cognitive flexibility in healthy rats following an acute stress. This
was achieved by training rats using the same behavioural protocol as in
experiment 1, but pharmacologically disconnecting the pathway be-
tween CRFr1 containing neurons in the VTA and D1 receptor-expressing
neurons in the PL prior to the AS and reversal contingency training.

2.3.1. Surgery

Under isoflurane anaesthesia (5% induction and 2% maintenance in
100% oxygen), rats (n = 25) were placed in a stereotaxic frame
(Stoelting) and received a subcutaneous injection of Bupivacaine hy-
drochloride at the incision site. A midline incision was made to expose
the skull, bregma and A were used to ensure the head was in a horizontal
plane, and two small holes were drilled above the target regions. A guide
cannula (26 gauge, plastic one) was implanted unilaterally above the
VTA (AP: —5.4 mm from bregma, ML +1.2 from the midline and DV:
—8.2 below the skull surface) with a second guide cannula implanted
above either the ipsilateral or contralateral prelimbic cortex (AP: 3.7
mm from bregma, ML +0.6 mm from the midline and DV: 4 mm below
the skull surface, at a 10° angle). Three small screws were drilled into
the skull and the cannula fixed with dental acrylic. Rats were given
seven days recovery.

2.3.2. Behavioural training and testing

After recovery, the rats received a similar instrumental protocol to
that described above with a few modifications. Rats received initial
instrumental training using the original contingency. Training included
magazine training, three continuous reinforcement training sessions,
three RR5 and three RR10 training sessions, followed by the first
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outcome devaluation test. Then all rats received three AS and identity
reversal training sessions, but with an infusion of either the CRFrl
antagonist Antalarmin (500 ng in 250 nl over 3 min) or saline into the
VTA and dopamine D1 receptor antagonist SCH23390 (200 ng in 250 nl
over 3 min) or saline into the prelimbic cortex, prior to the AS. Finally,
the reversal learning was assessed by a second devaluation test over two
days. The experimental group (n = 8) received the antagonists infused
into the VTA and PL in contralateral hemispheres with the aim, there-
fore, of abolishing VTA CRFrl1 modulation of PL dopamine D1r activity
bilaterally. Two control groups were used: one given ipsilateral antag-
onist infusions leaving one hemisphere functionally intact (n = 8), and
the second given saline infusions contralaterally, leaving both hemi-
spheres functionally intact (n = 7). At the end of the protocol, rats were
decapitated without anaesthesia, separate tissue blocks containing VTA
and prelimbic cortex were fixed, sectioned and Nissl stained to confirm
cannula placement.

3. Results
3.1. Acute and chronic stressors impair cognitive flexibility

To investigate how cognitive flexibility is affected by exposure to
chronic unpredictable stress (CUS), mild acute stress (AS), and the two
in combination, we assessed the ability of rats to update action-outcome
encoding after outcome-identity reversal (Bradfield and Balleine, 2017).
We first assessed the effect of CUS on encoding the initial
action-outcome associations and then whether exposure to additional
AS prior to reversal training sessions altered updating. As such, there
were four experimental groups: Naive; Naive with AS; CUS; and CUS with
AS.

Two weeks of CUS (2-hr per day; cf. Fig. 1A), resulted in a significant
decrease in bodyweight compared Naive rats, F(; 50y = 44.42, p < .001.
There was an effect of time, F(; 50y = 4.20, p = .046, and a significant
stress x time interaction, F; 50y = 60.31, p < .001, indicating the effects
of CUS exposure increased over time (Supplementary figure A). Addi-
tionally, CUS rats (M = 27.24, SD = 8.60) had significantly higher
circulating corticosterone than Naive rats (M = 14.18, SD = 6.62), t(3g)
= 0.38, p < .001 (Supplementary figure B).

All animals were then food-deprived and trained to press two levers
for the pellet and sucrose outcomes on random ratio (RR) schedules of
reinforcement. All rats learned to press the levers and increased their
performance as the ratio requirement increased. A repeated measures
ANOVA showed pressing rates increased over the training, F11,52) =
30.79, p < .001, but that this increase differed between the CUS and
naive rats yielding a stress x training interaction, F11,52) = 2.29, p =
.023. Pressing rates were significantly lower for CUS than Naive rats, F
(1,62) = 6.75, p = .012, suggesting attenuated rigour after CUS
(Fig. 1B). Nevertheless, both groups earned a similar number of out-
comes during training (pellet: t(124) = 0.34, p = .929, sucrose t(124) =
0.72, p = .72) (Supplementary figure C).

We assessed the effect of CUS on initial A-O learning using specific-
satiety induced outcome devaluation tests. A two-way ANOVA,
comparing stress and devaluation treatments, showed a significant
devaluation effect, F(; 57y = 73.75, p < .001. The reduced vigour in
which the CUS rats pressed lead to a significant interaction between
lever pressing and CUS treatment, A = 0.90, F 57y = 6.10, p = .017.
Nevertheless, Bonferroni adjusted pairwise comparisons indicated a
significant devaluation effect (devalued < valued) emerged in both
Naive (p < .001) and CUS (p < .001) rats (Fig. 1C). During specific
satiety pre-feeding, the CUS rats showed reduced consumption of the
outcomes, F(; 56) = 23.29, p < .001. Multiple comparisons revealed that
CUS rats consumed less pellets (p < .001) and sucrose (p = .006) than
Naive rats (Supplementary figure D).

Next, we examined whether CUS, AS or CUS with AS affected
cognitive flexibility as assayed by the rats’ ability to encode a change in
action-outcome contingency. Rats completed additional training with
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reversed lever-outcome identity contingencies (Fig. 1A). Half of all rats
were allocated to an acute stress treatment and completed a 5-min
forced swim immediately before each training session. Rats given CUS
plus the additional AS showed reduced pressing rates during reversal
training (Fig. 1D). A repeated measures ANOVA revealed that pressing
rates increased significantly over sessions, F(3 165y = 15.96, p < .001, and
there was no interaction was between group and sessions, F(9165) =
1.81, p = .070. There was, however, evidence of a difference in lever
pressing between treatment groups F(3 55y = 6.55, p < .001, with main
effects for CUS F(1 55y = 12.38, p < .001 as well as AS Fq,55) = 7.42,p =
.008. Bonferroni adjusted pairwise comparisons indicated reduced
pressing rates in CUS with AS when compared with naive rats on training
days one (p = .009), two (p = .002) and four (p = .012). These differ-
ences in performance resulted in differences in the number of outcomes
earned but only on the pellet lever: one-way ANOVA revealed a signif-
icant difference in pellets earned between groups F(34g) = 7.57, p <
.001, with post-hoc tests revealing a significance decrease for CUS with
AS compared with Naive, Naive with AS and CUS groups, ts) = 4.45,p <
.001. There were no differences in the number of sucrose rewards earned
during reversal training largest F(3 48) = 2.33, p = .086 (Supplementary
Figure E).

A second outcome devaluation test was conducted to assess learning
of the new action-outcome contingencies (Fig. 1E). A 2 x 4 Mixed
ANOVA revealed a significant overall effect of outcome devaluation, F
1,55 = 27.81, p < .001. However, as is clear from Fig. 1E, this effect
interacted with stress treatment, F(3 55 = 3.10, p = .034, and, indeed,
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Fig. 1. Contingency Learning Following
Chronic and Acute Stress Exposure

(A) Experimental design. (B) Group mean
lever pressing rates during initial learning
and (C) Group mean lever pressing totals
over two days of devaluation testing for the
initial contingencies. (D) Group mean lever
pressing rates during reversal learning and
(E) Group mean lever pressing totals over
two days of devaluation testing for the
reversed contingencies. All error bars repre-
sent SEM. *p < .05, *p < .01, **p < .001.

Devaluation

hkw

[ Control
B Cus

Naive

Naive (+AS)
mm CUS
mm CUS (+AS)

-

post-hoc, Bonferroni adjusted pairwise comparisons revealed the dif-
ference between devalued and valued lever was significant for the Naive
(p < .001), Naive with AS (p < .001) and CUS (p < .003) groups but not
for CUS with AS (p = .901). As with the first devaluation assessment,
consumption data during outcome devaluation after reversal (Supple-
mentary Figure F) showed a reduction in outcome consumption in the
AS, CUS and CUS + AS groups when compared with Naive group, with a
main effect of CUS, F(; 54) = 15.12, p < .001 and AS F(; 54) = 13.12,p <
.001, but no CUS x AS interaction F(; 54) = 1.981, p = .165.

3.2. CRFr1 expression in the VTA following chronic and/or acute stress

We assessed CRFr1 expression in the VTA at different coronal levels
using in situ hybridisation (Fig. 2A) in each of the stress groups. Analysis
of staining revealed an increase in total mRNA signal in the posterior
part of the VTA when measured as optical density. There was a signifi-
cant anatomical effect with the more posterior coronal sections showing
higher positivity for CRFr1, F3 75y = 13.79, p < .001, and a significant
between-groups effect, F (375) = 11.97, p < .001, but no interaction
between these variables Fg 75y = 0.58, p = .809. Multiple post hoc
comparisons revealed that AS increased total CRFr1 mRNA expression at
—5.16 mm (p = .030), —5.40 mm (p = .009) and —5.64 mm (p = .014)
posterior to bregma when compared to Naive rats. However, no differ-
ences were observed between Naive and CUS rats at any coronal levels, p
> .05 (Fig. 2B). Furthermore, although it appeared that the increased
expression following AS was attenuated in rats with prior exposure to
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Fig. 2. CRFrl mRNA Expression in the VTA

(A) Representative image from the VTA displays CRFrl mRNA expression in
brown staining. (B) Group mean expression of CRFrl mRNA at each coronal
levels by optical density or (C) or cell total. Error bars from SEM. Naive, AS, and
CUSn =6, CUS and ASn = 7. *p < .05, *p < .01. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

CUS, multiple comparisons analysis revealed no significant difference
between CUS and CUS with AS at any coronal level, p > .05. Interest-
ingly, there was no evidence of differences between any of the groups in
the number of cells that were positively stained (Fig. 2C) indicating that
the increase in the optical density represents increased expression in
cells already expressing CRFr1 rather than recruitment of new cells that
did not express CRFr1 prior to the AS.

3.3. VTA-PL disconnection blocks action-outcome updating

The results of Experiment 1 suggest CUS attenuated the CRFrl
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activity in the VTA induced by acute stress and that it was this reduction
and its consequent effects on DA activity in the PL that blocked the
ability of rats to update the action-outcome associations after outcome
identity reversal. To test this claim, Experiment 2 directly assessed the
influence of VTA CRFrl-induced DA activity in the PL on cognitive
flexibility by disconnecting the VTA input to the PL prior to identity
reversal. To achieve this, naive rats were first implanted with guide
cannulae, one above the VTA and a second above either the contralateral
or ipsilateral PL. Rats then received a similar instrumental protocol to
Experiment 1, consisting of basic training, outcome devaluation, acute
stress followed by training with the outcome identities reversed and a
second outcome devaluation test (Fig. 1A). Prior to the reversal sessions,
rats received an infusion of the CRFrl antagonist Antalarmin or saline
into the VTA and the dopamine D1 receptor antagonist SCH23390 or
saline into the prelimbic cortex. They were then given an AS treatment
followed by an outcome identity reversal training session. This resulted
in three experimental groups: a group given contralateral drug infusions,
to block CRF-modulated PL dopamine activity in both hemispheres; a
group given ipsilateral drug infusions, to block CRF-modulated PL
dopamine activity but only in one hemisphere, and a group given
contralateral saline infusions, leaving both hemispheres intact.

Cannulae placements in both the VTA and prelimbic cortex are
illustrated in Fig. 3A. All rats have successfully acquired the initial as-
sociations, an effect of acquisition p < .001 but not of group or inter-
action indicated no differences between the three groups in the
performance during training (Fig. 3B). The subsequently conducted
devaluation test revealed that all groups acquired the initial action-
outcome associations (Fig. 3C). A 2 x 3 Mixed ANOVA revealed a sig-
nificant devaluation effect, F1,20) = 43.85, p < .001, but effect of group,
Fo,20) = 0.60, p = .559, and no evidence of a significant interaction
between group and devaluation, Fo20) = 1.43, p = .263. Post-hoc
Bonferroni adjusted pairwise comparisons identified a significant dif-
ference in pressing between the devalued and valued levers in the Saline
(p < .001), Ipsilateral (p = .018) and Contralateral (p < .001) groups
indicating that all groups encoded the initial action-outcome
associations.

The rats then were trained with the outcome identities reversed,
receiving the drugs/saline infusions prior to the AS and training sessions
(Fig. 3D) Repeated measures ANOVA revealed a main effect of training
session, F(1.7535.02) = 13.46, p < .001, but neither an effect of group,
F2,40)=2.37,p =.119, nor a group x session interaction, F(4 409y = 0.03,
= .742, indicating no differences in performance during reversal
training. Following the second devaluation test (Fig. 3E) a 2 x 3 mixed
ANOVA revealed no overall effect of group F(z 20y = 2.372, p > .05 or of
devaluation, F1 20y = 1.99, p = .17; there was, however, a significant
interaction between devaluation and group, A = .37, F2.20) = 17.41,p <
.001. Post-hoc Bonferroni corrected pairwise comparisons revealed
significant devaluation effects in the Saline (p < .001), Ipsilateral (p =
.003) and Contralateral (p < .008) groups. However, as is clear from
Fig. 3E, the difference in group Contralateral was reversed compared to
the other two groups. To reveal this, we tested two contrasts: we
compared groups Saline and Ipsilateral, which didn’t differ from each
other F(1 20y = 0.076, p > .05; and then we compared groups Saline +
Ipsilateral vs group Contralateral F; 20y = 20.451, p < .001.

Therefore, these results indicated that both saline infusions and
ipsilateral disconnections do not appear to impair the acquisition and
updating of lever contingencies. However, the blocking of the CRFrl
receptor in the VTA and D; receptor in the contralateral prelimbic area
appeared completely to abolish the encoding of new action-outcome
associations after exposure to AS.

hS]

4. Discussion

The capacity to update action-outcome encoding is essential for goal-
directed behaviour to remain adaptive in a changing environment, a
core component of cognitive flexibility. Here we found that neither
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Fig. 3. Contingency Learning Following
Disconnection

(A) Distributions of guide canula implanta-
tion sites within the prelimbic cortex. (B)
Group mean lever pressing rates during ses-
sions of initial learning. (C) Group mean
lever pressing totals over two days of deval-
uation testing for the initial contingencies.
(D) Group mean lever pressing rates during
sessions of reversal learning. (E) Group mean
lever pressing totals over two days of deval-
uation testing for the reversed contingencies.
All error bars represent SEM. *p < .05, *p <
.01, **p < .001.
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exposure to acute nor chronic stress alone impaired this capacity or the
ability of rats to incorporate new information for goal-directed control.
However, the combined effect of the two stressors led to an impairment
in updating action-outcome associations and in goal-directed learning
generally. We subsequently found that CRFrl mRNA expression in the
VTA increases following AS and that CRFrl mediated changes in the
dopaminergic output from the VTA to the PL cortex are required for
successful updating after exposure to AS. These findings suggest that the
impaired learning found in rats receiving both acute and chronic stress
was due to an attenuation in the increase in CRFrl expression in the VTA
induced by acute stress.

4.1. The combination of CUS and AS impairs learning

Several measures were taken to ensure the efficacy of the CUS model
throughout the duration of the protocol. Elevated circulating cortico-
sterone levels, a hallmark of chronic stress, were found immediately

following the CUS period and remained elevated at the completion of
behavioural testing. Stress-induced weight loss during the CUS period,
even though rats had ad-libitum access to food in the home cage, is also a
reliable indicator for the CUS efficacy (Sequeira-Cordero et al., 2019;
Willner, 2005). Chronically stressed rats also showed reduced pressing
rates when the behavioral requirement to earn reward was increased
later in instrumental training, suggesting a reduced level of motivation
or engagement with the task when the effort required to achieve the
reward was increased but not when the effort required was minimal. As
all rats completed the training sessions, the reduced pressing rate did not
appear to lead to differences in initial learning during the acquisition of
new action-outcome associations and did not translate to changes in
performance in the initial devaluation tests. Finally, chronically stressed
rats showed some evidence of anhedonia, consuming significantly fewer
rewards during the devaluation pre-feeding prior to both devaluation
tests. Nevertheless, given that similar consumption levels were sufficient
to produce devaluation in the first test, this effect was unlikely to



D. Mor et al.

underlie the reduced sensitivity to outcome devaluation in the CUS plus
AS group.

The effect of CUS on a range of cognitive flexibility processes changes
with the type, duration and severity of stress. Previous studies that
demonstrated that CUS impaired cognitive flexibility often used stress
paradigms which included longer or more severe stress. Many CUS
studies also used a stress paradigm that presents different forms of stress
in unpredictable order and times (Hurtubise and Howland, 2017). The
current study used one form of stress, a 2-h daily restraint, but was given
at a different time each day, to maintain the stress as unpredictable. CUS
rats in the current study presented with intact sensitivity to outcome
devaluation in the first devaluation test. This indicates that the CUS
severity used in the study was not sufficient to disrupt processes such as
action-outcome encoding and updating, and producing goal-directed
behaviour. This is consistent with a study by Dias-Ferreira and col-
leagues, that edthat CUS accelerates the transition from goal-directed to
habitual control, but demonstrated that this transition required a longer
training period than was used in our study (Dias-Ferreira et al., 2009).
Furthermore, this study used male rats only; and considering the large
literature about difference in response to stress between males and fe-
males (Georgiou et al., 2018), it will need to be determined whether this
effect is found in females as well.

In the second devaluation test, however, after the contingencies were
reversed, Naive and AS groups showed intact devaluation with compa-
rable performance to the original devaluation, indicating that the
amount of reversal training given was sufficient for the rats to acquire
the new relationship and that AS on its own does not compromise
learning and/or performance. Rats in the CUS groups showed reduced
performance in the final devaluation, but still pressed significantly more
on the valued lever: therefore, all three groups demonstrated sensitivity
both to the change in outcome value and in the contingency (Balleine
and Dickinson, 1998). In contrast, rats in the CUS plus AS group did not
show sensitivity to devaluation. Failure to show outcome devaluation is
typically associated with the transition from goal-directed to habitual
control of behaviour (Balleine, 2019), however, given that rats in this
group showed intact devaluation after initial training, this effect is more
likely to be due to an impaired ability to update the action-outcome
contingency after outcome reversal.

Studies on the circuitry mediating reversal learning has focused on
the orbitofrontal cortex rather than the prelimbic (Hurtubise and
Howland, 2017). However, in these studies, the reversal learning is
achieved via negative feedback, where the action delivering the rewards
was no longer effective, and the animal needed to learn to use a different
action to get the reward. The process of reversal learning we have used
does not involve negative feedback, but reversal identities of the two
A-O associations. The cognitive task required is updating changes in
contingencies, which is a well-known function of the prelimbic cortex
(Balleine and Dickinson, 1998; Corbit and Balleine, 2003).

4.2. CUS attenuates the effect of acute stress-induced on VTA CRFr1
expression

CREF is considered to be a neuromodulator; it does not produce fast
membrane potential changes as neurotransmitters do, but instead is
expressed and released together with other primary neurotransmitters
such as glutamate and GABA. Combined with primary neurotransmit-
ters, CRF will influence the general excitatory/inhibitory state of target
neurons (Gallagher et al., 2008; Kelly and Fudge, 2018). In the VTA, CRF
can be co-released with either glutamate or GABA, onto either dopa-
minergic neurons or interneurons. The overall effect of CRF release is
enhanced dopaminergic output (Wise and Morales, 2010). In Experi-
ment 1 we found an increase of CRFrl after AS in the mid- and caudal
levels of the VTA, but not in the rostral level. Subpopulations of dopa-
minergic neurons in the VTA influence different physiological processes.
Rostromedially, neurons appear more strongly to code reward predic-
tion errors whereas dorsolaterally and caudally, neurons appear more
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strongly involved in salience coding (Matsumoto and Takada, 2013).
This suggests a role for the stress-induced increase in CRFrl expression
in processes such as orienting or preparatory strategies to confront new
or uncertain events (Kelly and Fudge, 2018). As VTA CRFr1 activation
enhances DA output into the prelimbic cortex, the large increase in
CRFrl expression following AS in naive rats most likely indicates a
significant increase in DA in the prelimbic. Although the pattern of
increased CRFrl expression following AS was also found in CUS rats, the
magnitude of the increase was smaller, failing to reach significance. This
suggests that the increased DA in the prelimbic would also be attenuated
and might not be sufficient to sustain adequate function in the face of
acute stress. It is important to note that the link between an increase in
CRFrl mRNA and subsequent changes in DA is based on the assumption
that the 30 min timeframe is sufficient for translational and functional
effects. This will need to be confirmed in future studies.

While it is known that an acute stress increases activation of dopa-
minergic neurons projecting specifically to the prelimbic cortex and
reducing the expression of CRFrl in the VTA reduces DA levels in the
mPFC, (Refojo et al., 2011; Vranjkovic et al., 2018), it is not clear if the
attenuated CRFrl expression we found reflects reduced activation in
these subgroups of neurons specifically. A causative link between the
attenuated expression and the learning impairment is yet to be estab-
lished. It is important to notice that the changes we have found in CRFrl
mRNA expression were in response to a foot shock, and not to an
additional forced swim stress. This was done as the study aimed to test
the effect of a novel stress on CRFrl expression, and habituation to the
forced swim could have possibly occurred by that stage. However, it is
possible that the two stresses produced variable levels of CRFrl
expression, or that the exposure to the forced swim habituated or sen-
sitised the response to the foot shock, and therefore the magnitude of the
CRFrl-increased expression, in response to the forced swim prior to
reversal training might be varied.

CRF action in the VTA has also been suggested to influence moti-
vational drive via an influence on dopaminergic output to the nucleus
accumbens (NAc) (Wanat et al., 2013). It was not clear, however, if this
was achieved by activation of CRFrl VTA neurons projecting to the NAc
or indirectly by influencing dopamine release in the NAc by the mPFC
(Deutch et al., 1991; Doherty and Gratton, 1996; Lammel et al., 2012);
AS reduced motivational drive and dopamine release in NAc in response
to a food reward. Blocking CRF activity in the VTA was found to reverse
this effect and infusing CRF into the VTA reduced motivational drive
without stress. The CRF input to the VTA in vivo was also found to gate
afferent inputs to the VTA in a stimulus- and pathway-specific manner
and led both to increased and decreased dopamine release in NAc,
depending on the source of the CRF (Wanat et al., 2013). These effects
are generally consistent with the reduction in pressing rates and
increased CRFrl expression in the VTA we observed after AS. After CUS,
on the other hand, although rats still showed a persistent reduction in
pressing rates, they did not show increased CRFr1 expression, suggesting
that the role of CRF in the VTA in regulating motivational drive may
differ in naive and chronically stressed rats.

There are several processes that may underly attenuated CRFrl
expression after acute stress in CUS rats. A major regulator of the CRFr1
receptor expression is CRF itself (Parham et al., 2004) which is found in
a range of structures known to regulate behavioural responses to stress,
such as the lateral bed nucleus of stria terminalis, the central nucleus of
the amygdala and the paraventricular nucleus of the hypothalamus
(Rodaros et al., 2007). Attenuation of the CRF input to the VTA from
these structures could in turn have led to attenuated CRFrl expression.
Stress-induced epigenetic modifications and expression of CRFrl pro-
moter regions have also been found in the amygdala, hypothalamus and
mPFC (Sotnikov et al., 2014; Viola et al., 2019; Wan et al., 2014) and,
therefore, it is possible that a similar effect might alter CRFr1 expression
in the VTA following CUS.
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4.3. Disconnecting CRF containing neurons in the VTA- D1 containing
neurons in the prelimbic cortex impairs learning during stress

The current study also found that CRFrl-related activity in VTA
neurons projecting to the PL is essential for cognitive flexibility after
stress. Rats in which this pathway was disconnected during reversed
contingency training showed similar performance to control rats but did
not update changes in the action-outcome contingencies during outcome
identity reversal and instead relied on previous learning to choose a
course of action. Activation of CRFrl in the VTA enhances dopamine
release in the PL and activates D1 receptors on pyramidal neurons. This
process promotes glutamate co-activation, stabilises heightened excit-
ability and brings the membrane potential of pyramidal neurons closer
to threshold, thereby enabling a prolonged PL activity (Lewis and
O’Donnell, 2000; Thurley et al., 2008). Activation of D1 receptors in the
PL has long been implicated in important cognitive functions particu-
larly working memory (Sawaguchi and Goldman-Rakic, 1991; Seamans
et al., 1998) and this function of the PL is pivotal for the encoding of new
action-outcome associations (Balleine, 2019). The difference in the
pattern of deficits induced in Experiments 1 and 2 is important in this
regard. Note that, although both CUS plus AS rats in the Experiment 1
and the contralateral group in Experiment 2 could not encode the
updated contingencies, in the former, CUS plus AS had a profound effect
on choice and animals could not use either the initially learned or the
updated contingencies to control performance. This suggests both the
stability of initial learning and the ability to update that learning was
affected by this treatment. In contrast, after more discrete disconnection
of the VTA-PL pathway, only the ability to encode the new contingencies
was affected and prior learning was spared. Thus, whereas CUS + AS
affects the whole goal-directed circuit, including striatum and its
thalamic input, disconnection was specific to the function of the VTA-PL
pathway, suggesting the PL is engaged in new learning and not the
maintenance of previous learning.

Although dopamine levels in the mPFC are immediately elevated
after stress, they peak 20-30 min after stress commencement indicating
sustained and enhanced activity in the dopaminergic projection (Pas-
cucci et al., 2007). The current study suggests, therefore, that sustained
CRFr1 mRNA expression in the VTA could be a mechanism maintaining
dopamine release in the PL, as CRFrl1 mRNA was significantly elevated
30 min after stress and blocking this pathway prevented learning for at
least 90 min after the stress; i.e., for the duration of the stress and the
training session. Therefore, sustained CRFrl expression is likely to sus-
tain D1 activation of pyramidal neurons, maintaining the
NMDA-dependent heightened “up” state and so executive function
following stress. In line with this, CUS has been reported to increase D1
receptor excitability in the PL cortex (Anderson et al., 2019) and to cause
morphological changes associated with PL impairment in a D1 depen-
dent manner (Lin et al., 2015). As such, although the pathways is
important for maintaining behavioural flexibility after AS, it may well
form part of the mechanism leading to stress-related pathology in the
long term.

5. Conclusions

In summary, this study further develops our understanding of the
interaction between the CRF and the VTA DA systems in the brain and
how this interaction facilitates cognitive processes following stress. We
have shown that exposure to either AS or CUS alone does not impair
cognitive flexibility as assessed by the ability to update changes in
action-outcome associations for goal-directed action, but the combina-
tion of CUS and AS compromises the rats’ ability to maintain behav-
ioural flexibility. We have also shown that exposure to AS increases
CRFrl expression in the VTA, a process that was attenuated in rats
previously exposed to CUS. Finally, CRFrl-related activity in VTA neu-
rons projecting to D1 containing neurons in the PL is essential for
cognitive flexibility after stress.
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