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The loss of behavioral flexibility is common across a number of neuropsychiatric illnesses. This may be in part due to the
loss of the ability to detect or use changes in action—outcome contingencies to guide behavior. There is growing evidence
that the ventral hippocampus plays a critical role in the regulation of flexible behavior and reward-related decision making.
Here, we investigated the role of glutamatergic projections from the ventral hippocampus in the expression of contingency-
mediated reward seeking. We demonstrate that selectively silencing ventral hippocampus projections can restore the use of
action—-outcome contingencies to guide behavior, while sparing cue-guided behavior and extinction learning. Our findings
further indicated that the ability of the ventral hippocampus to promote habitual response strategies may be in part me-
diated by selective projections from the ventral hippocampus to the nucleus accumbens shell. Together these results impli-
cate glutamatergic projections from the ventral hippocampus in the regulation of behavioral flexibility and suggest that
alterations in ventral hippocampus function may contribute to overreliance on habitual response strategy observed in neu-
ropsychiatric illnesses including addiction and obsessive-compulsive disorder.

The ability to flexibly regulate behavior is critical for successful
navigation of ever-changing environments. The loss of behavioral
flexibility can be modeled by the transition from goal-directed ac-
tions to habitual behavior. Goal-directed reward-seeking behav-
iors are defined as those that are driven by action-outcome
relationships and are therefore sensitive to changes in contingen-
cy. Over time and repeated performance, habitual response strat-
egies may dominate behavior (Everitt and Robbins 2015; Barker
and Taylor 2016). In these conditions, behavior is no longer sen-
sitive to changes in action-outcome contingency, and rather is
elicited by stimuli. While in many conditions the development
of habits can be advantageous by freeing cognitive resources, un-
der certain conditions reliance on habitual response strategies can
become maladaptive and maintain problematic behavior. For ex-
ample, deficits in behavioral flexibility are common in multiple
neuropsychiatric illnesses such as obsessive-compulsive disorder
and alcohol use disorders in which patients show an overreliance
on habitual response strategies (Sjoerds et al. 2013; Gillan et al.
2015).

The expression of goal-directed actions and habitual behav-
iors is subserved by distinct neural circuitry. Much research has fo-
cused on the role of prefrontal and striatal structures in habits. In
particular, prelimbic and infralimbic prefrontal cortex (PFC) subre-
gions have distinct contributions to response strategy selection
(Smith and Graybiel 2013). Prelimbic PFC is required for the acqui-
sition, but not expression, of goal-directed actions (Killcross and
Coutureau 2003; Tran-Tu-Yen et al. 2009), while infralimbic PFC
is necessary for habitual reward seeking (Coutureau and Killcross
2003; Smith et al. 2012; Barker et al. 2017). Similarly, the dorsome-
dial striatum, which receives substantial projections from the pre-
limbic PFC, is necessary for the expression of goal-directed actions
(Yin et al. 2005). In contrast, the dorsolateral striatum has a similar
role to the infralimbic PFC in habitual behavior, and is necessary
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for the expression of habitual reward seeking (Yin et al. 2004,
20006).

While these structures have well-established roles, it is be-
coming appreciated that structures outside of corticostriatal cir-
cuits additionally contribute to response strategy selection.
Recent research has implicated ventral hippocampal plasticity in
the acquisition and expression of habitual behavior (Barfield
et al. 2017). In particular, Barfield and colleagues demonstrate
that overreliance on habitual response strategies in a rodent model
of adolescent stress are accompanied by a loss of full-length tyro-
sine kinase receptor B (trkB) expression, and further, that this def-
icit could be rescued by overexpression of trkB within the ventral
hippocampus. Though much research into the role of the hippo-
campus as a whole has focused on its contribution to spatial and
contextual learning and memory and mnemonic processing,
there is a growing appreciation of the separable contributions of
the ventral and dorsal subregions (Pennartz et al. 2011). A critical
role for the ventral portion of the hippocampus has been identi-
fied in the regulation of decision-making and reward-seeking
behavior, including regulation of approach/avoidance behavior
(Ito and Lee 2016) and contextual memory retrieval (Riaz et al.
2017). Despite this growing evidence of a likely role for the ventral
hippocampus in regulation of response strategy, minimal research
has investigated the direct contribution of ventral hippocampus
projections to the expression of behaviors that are insensitive to
action—outcome contingencies. Here, we investigated how puta-
tive glutamatergic projection neurons in the ventral hippocampus
may contribute to the expression of habitual response strategies.
We further identify a selective role for ventral hippocampus pro-
jections to the nucleus accumbens in the regulation of response
strategy.
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Ventral hippocampus regulates behavioral flexibility
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DREADD in the ventral hippocampus
were trained to self-administer sucrose
(Fig. 1A,B). Mice acquired the lever press
contingency and discriminated between
active and inactive levers (rmANOVA:
Fa,17)=28.76, P<0.001) and escalated re-
sponding across training (Fig. 1C) (main
effect of day, F(1_951/33_174)=16.331, P<
0.001; Greenhouse-Geisser corrected;
lever xday interaction: F12336.099)=
14.127, P<0.001; Greenhouse-Geisser
corrected). After training, mice under-
went degraded and nondegraded test
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balanced injections of either CNO or sa-
line. Results indicated a degradation x
drug interaction (Fig. 1D; F,19)=5.743,
P<0.05), as well as a main effect of degra-
dation (F1,19)=11.006, P<0.01). Nomain
effect of drug was observed (Fg,19)=
0.091, P=0.766). Post-hoc analyses re-
vealed that during saline test conditions,
responding was not sensitive to changes
in contingency (f19=0.943, P>0.4).
However, under CNO testing conditions
in which ventral hippocampus projec-
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tions were silenced, mice reduced re- Saline
sponding whenever the contingency
was degraded (f(19)=3.356, P<0.05), sug-
gesting that CNO selectively reduced re-
sponding. Of note, response rates in the
degraded test session in which animals re-
ceived CNO were not significantly differ-
ent from the saline test session in which
the contingency was degraded. This sug-
gests that changes in response rate during
the nondegraded test session in which
the ventral hippocampus is silenced
may partially mediate this effect. Thus,
the current findings demonstrate that under conditions in which
ventral hippocampus function is intact, response rates are not
modulated by change in action-outcome contingency. However,
when ventral hippocampus projections are silenced, response rates
are different in sessions in which the contingency is intact (nonde-
graded) versus when it is degraded.

Because reinforcer delivery was matched to each animal’s own
performance, reinforcer delivery rates did not differ between de-
graded and nondegraded test sessions. rmANOVA indicated no
main effects of drug (F1,15)=0.767, P=0.393), contingency degra-
dation (F3,18)=1.046, P=0.32), or degradation x drug interactions
(F(1,18) =0.785, P=0.387).

Although drug and test order was counterbalanced to negate
any potential order effects on these within subjects comparisons,
these data were separately analyzed using test order and drug order
as independent factors. This analysis revealed a significant degra-
dation x drug interaction is still present (F(1,16=6.611, P=0.021).

Figure 1.
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Restoration of sensitivity to changes in contingency by ventral hippocampus inhibition.
(A) Timeline of experimental procedures. Virus infusion occurred 1-2 wk prior to the onset of experimen-
tal training. Habit testing was performed within subjects; test conditions and drug exposure order were
counterbalanced. (B) Composite of all injections indicating the spread of the inhibitory Gi-DREADD
within the ventral hippocampus was assessed by imaging expression of the mCherry tag (left).
Example photomicrograph of mCherry tag expression in the ventral hippocampus (right). (C) Mice es-
calated responding across acquisition. (D) Under these training conditions, mice were insensitive to
changes in action-outcome contingencies under control conditions. In mice expressing the
Gi-DREADD within the ventral hippocampus, administration of the DREADD agonist CNO promoted
the use of goal-directed response strategies. (E) Inhibition of the ventral hippocampus did not impact
consummatory behavior during the contingency degradation test sessions.

No four-way interaction (drugxdegradation xtest order x drug
order: F,16=2.474, P=0.135) was present. No three-way
interactions were observed (drugxdegradationxdrug order:
Fa,16=0.103, P=0.752; drugxdegradation x test order: Fg, 16 =
0.915, P=0.353; drugx test order xdrug order: F;,15=0.638, P=
0.436; drugxtest orderxdrug order: F(;16=1.131, P=0.303).
However, in addition to the significant drug x degradation interac-
tion, two-way interactions between the effects of drug and drug or-
der (F(1,16=19.436, P<0.001) and between degradation and test
order (F1,16)=8.670, P=0.01) were observed. No interaction be-
tween drug and test order (F;,16=0.276, P=0.606), degradation
x drug order (F,16)=0.909, P=0.354), or test order x drug order
(F1,16)=0.00, P=0.999) were present. No main effects of test order
or drug order were present (F(;,16)=2.590, P=0.127; F(; 16,=0.591,
P=0.453; respectively). To further deconstruct the interactions be-
tween drug and drug order, and test and test order, post-hoc com-
parisons were performed. Post-hoc analyses indicate that test order
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did not impact response rates for responding in CNO testing con-
ditions (uncorrected P=0.428). However, response rates during sa-
line test conditions were higher if mice were tested in the saline
testing condition first (uncorrected P=0.002), suggesting that hav-
ing previously been tested in the CNO condition resulted in lower
response rates overall in the saline test sessions. Further, test order
impacted response rates such that if the nondegraded test session
occurred first, response rates in the nondegraded test sessions
were higher than if the nondegraded test session occurred second
(uncorrected P=0.01). However, the order of test session did not
impact response rates in the degraded test sessions (uncorrected
P=0.335). Together, these findings indicate that while test order
can impact overall response rates, it does not do so in a way thatim-
pacts the degradation test by drug interaction.

Inhibition of the ventral hippocampus did not impact
licking behavior during contingency degradation testing
To determine if inhibition of putative glutamatergic neurons in the
ventral hippocampus regulated licking behavior in general, we
examined licking during degraded and nondegraded test sessions.
No effect of CNO administration (F(;,18=0.049, P=0.827), con-
tingency degradation (F;,18)=2.312, P=0.146), nor CNO adminis-
tration x contingency degradation interaction (F(1,15)=0.013, P=
0.912) was observed, indicating that inhibition of the ventral hip-
pocampus did not impact reward consumption (Fig. 1E).

CNO administration does not impact response strategy
selection in mice lacking the Gi-DREADD

To determine if CNO impacted sensitivity to change in contin-
gency independent of Gi-DREADD activation in the ventral
hippocampus, a separate cohort of animals (1 = 5) received a micro-
infusion of a control virus expressing YFP in the ventral hippo-
campus. Mice were trained to self-administer sucrose in the
absence of CNO, and escalated responding across acquisition
(Fig. 2A; F2.691,10.763)=4.952, P<0.05; Greenhouse-Geisser cor-
rected) and discriminated between active and inactive levers
(main effect of lever: F;4,=26.344, P<0.01; leverxday inter-
action: F3 569,10.276)=3.977, P<0.0S5; Greenhouse-Geisser correct-
ed). After response acquisition, mice received an injection (i.p.)
of either CNO or saline prior to degraded and nondegraded test ses-
sions in a counterbalanced fashion. Analysis of this data indicated
there was no main effect of CNO (Fig. 2B; F(;,4)=0.318, P=0.603)
or drug x degradation interaction (F; 4)=2.737, P=0.173) in mice
lacking DREADD expression, nor was there any main effect of con-
tingency degradation (F,4,=0.362, P=0.580).
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Silencing ventral hippocampus projections did not impact
expression of cue-guided licking behavior

To determine if inhibition of ventral hippocampus projections
generally impacted the use of established contingencies to guide
behavior, we investigated discrimination in sucrose consumption
during the presence of a reward predictive cue after systemic ad-
ministration of CNO or saline in mice expressing the Gi-coupled
DREADD in the ventral hippocampus. Our results indicate that
acute silencing of putative glutamatergic projection neurons in
the ventral hippocampus did not impact the use of established
stimulus—outcome contingencies to guide consummatory behav-
ior. Mice exhibited greater licking behavior during the presenta-
tion of a reward-paired cue (Fig. 3A; rmANOVA; F; 5=9.765, P<
0.05), but no main effect of CNO (F(;,5=0.126, P=0.737) or
CNO x cue interaction (F(;,5)=0.013, P=0.915) were observed.

In order to determine if silencing ventral hippocampus pro-
jections impacted conditioned responding independent of uncon-
ditioned licking behavior, we analyzed licking behavior during the
first cue presentation during each test session when no sucrose was
present prior to reward presentation. Our data indicate no main ef-
fect of reward delivery (rmANOVA; F(; 5,=2.348, P=0.186), main
effect of CNO (F(y,5)=1.345, P=0.299), nor a CNO x reward interac-
tion (F1,5)=3.485, P=0.121).

Acquisition of extinction was not influenced by silencing
ventral hippocampus projections

To determine if ventral hippocampus projections were involved in
the acquisition of extinction of sucrose seeking, a subset of mice
expressing the Gi-coupled DREADD were retrained under condi-
tions in which the action-outcome contingency was intact. After
stable responding, mice received either CNO or saline and under-
went an extinction protocol. All mice reduced responding under
extinction conditions (Fig. 3B; main effect of day: F s50,18.504)=
29.614, P<0.001; Greenhouse-Geisser corrected), but no effect of
CNO administration (F(;,12)=0.384, P=0.547) or drug x day inter-
action (F(.ss50,18.504)=0.362, P=0.648; Greenhouse-Geisser cor-
rected) were observed.

Selective silence of ventral hippocampus projections

to the accumbens shell restores sensitivity

to change in contingency

To assess a selective role for ventral hippocampus to nucleus
accumbens shell projections in the expression of contingency-in-
sensitive behavior, a separate cohort of
mice (n=12) expressing the Gi-coupled
DREADD in the ventral hippocampus un-
derwent cannulation to target the nucle-
us accumbens shell (Fig. 4A-C). Mice
T were trained to self-administer sucrose
in the absence of CNO, and showed an es-
calation of responding across acquisition
(Flg. 4D; F(34817,35.053):17'4847 P<0.01,
Greenhouse-Geisser correction) and dis-
criminated between active and inactive
levers (main effect of lever; F(11)=
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Figure 2. CNO administration does not impact response strategy in animals lacking the DREADD re-
ceptor. (A) To confirm that off-target effects of CNO did not mediate the observed role for ventral hip-
pocampus in response strategy selection, a cohort of mice received an injection of a virus that did not
contain the Gi-DREADD and were trained to self-administer sucrose under the same conditions.
(B) Administration of CNO in mice that did not express the Gi-DREADD in the ventral hippocampus

did not mediate response strategy selection.
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CNO 38.786, P<0.01; leverxday interaction;
F(2‘931,32'794) =14.625, P<0.01; Green-
house-Geisser correction). After acquisi-
tion, mice received a microinfusion of
CNO or saline targeting the nucleus
accumbens shell 10 min prior to degraded
and nondegraded test sessions in a coun-
terbalanced order. Analysis of the results
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Figure 3. Effects of ventral hippocampus inhibition may be selective to contingency degradation.

(A) To determine if inhibition of the ventral hippocampus prevented the use of cues to guide behavior,
a subset of animals expressing the Gi-DREADD in the ventral hippocampus underwent Pavlovian condi-
tioning in which a cue predicted sucrose delivery. Administration of CNO did impact the expression of
cue-guided consummatory behavior. (B) Inhibition of the ventral hippocampus did not impact the ac-

Discussion

The results of the present study identify a
role for projection neurons from the ven-
tral hippocampus in the expression of
contingency-insensitive behaviors. Our
findings indicate that after training
under habit-promoting conditions, si-
lencing of putative glutamatergic projec-
tions from the ventral hippocampus
promotes the use of flexible, action—out-
come contingency-mediated reward seek-
ing (Fig. 1D). That is, in mice expressing
the inhibitory Gi-DREADD in the ventral
hippocampus, administration of the
DREADD agonist CNO in

resulted

quisition of extinction of sucrose seeking.

revealed a significant degradation x drug
interaction (Fig. 4E; F4,11)=6.443, P<
0.05), but no significant main effects of
degradation (F(1,11)=0.148, P=0.708) or
drug (F1,11)=3.907, P=0.074). Post-hoc
comparisons indicate a significant differ-
ence in lever presses during the degraded
versus nondegraded test when CNO was
microinjected into the nucleus accum-
bens shell (f31)=2.994, P<0.05). Howev-
er, under saline testing conditions, no
significant difference was observed be-
tween degraded and nondegraded condi-
tions (t(ll) =0.41 ]., P> 07)

Because reinforcer delivery during
contingency degradation test sessions
was matched to reinforcer delivery rates
during control sessions, no differences
in reinforcer delivery were observed.
rmANOVA indicated no main effect of
drug (Fq,11)=1.045, P=0.329) or degra-
dation (F(1,11)=1.019, P=0.346), nor a
drug x degradation interaction (F,11)=
1.019, P=0.334).

Selective inhibition of ventral
hippocampus projections to the
nucleus accumbens shell reduces

licking behavior

In order to determine if ventral hippo-
campus projections to the accumbens
shell regulated reward consumption, we
assessed licking behavior during contin-
gency degradation and nondegraded
test sessions. In contrast to systemic ad-
ministration of CNO, our findings indi-
cated that selectively inhibiting the
ventral hippocampus to nucleus accum-
bens shell during both degraded and
nondegraded test sessions resulted in a
reduction of licking behavior (main ef-
fect of drug; Fi,11)=5.001, P=0.047).
No main effect of degradation (F(1,11)=
1.280, P=0.282) nor drug x degradation
interactions (F1,11)=0.457, P=0.513)
were observed (Fig. 4F).
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Figure 4. Selective inhibition of ventral hippocampus projections to the nucleus accumbens shell pro-
motes the use of action—outcome contingencies. (A) Timeline of experimental procedures. Surgical and
training procedures were identical to those described in Figure 1B, except that nucleus accumbens shell
cannula were implanted at the time of surgery. (B) Photomicrgraph showing ventral hippocampus ter-
minals within the nucleus accumbens. (C) Composite of injections indicating the spread of the
Gi-DREADD within the ventral hippocampus (lef) and accumbens cannula placements (right).
(D) Acquisition of sucrose seeking. (E) Under control conditions, mice expressing the Gi-DREADD
were insensitive to changes in action-outcome contingencies. Selective inhibition of the ventral hippo-
campus to nucleus accumbens shell promoted the use of action-outcome contingencies to mediate
reward seeking. (F) Selective inhibition of the ventral hippocampus to the nucleus accumbens shell
reduces consummatory behavior in both nondegraded and degraded test sessions.
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reduced response rates when the action-outcome contingency was
degraded. This may result from increased ability to detect the
change in contingency, or from facilitated use of changes in con-
tingency to guide behavior. This role for the ventral hippocampus
appears to be distinct from the function of the dorsal hippocam-
pus where loss of function results in an inability to detect changes
in action—outcome contingency, potentially due to impairments
in the ability to detect the rate of noncontingent reward delivery
(Corbit and Balleine 2000).

Given the identified role of the ventral hippocampus in ex-
pression of habit-like response strategies, we investigated whether
this was related either a role for the ventral hippocampus in pro-
moting stimulus-mediated behavior, or detection of changes in
contingency in general. To determine if the ventral hippocampus
is required for the expression of cue-guided behavior, mice were
trained to associate a cue with the delivery of a sucrose reward.
Our data indicate that inhibition of ventral hippocampus projec-
tions did not impact the ability to use cues to guide consummatory
behavior (Fig. 3A). Similarly, our data indicate that inhibition of
the ventral hippocampus did not impact acquisition of extinction
(Fig. 3B).

The ventral hippocampus sends substantial projections to the
medial portion of the nucleus accumbens shell, and stimulation of
these terminals can reinforce behavior (Britt et al. 2012). To deter-
mine if the nucleus accumbens is a downstream target that may
mediate the actions of the ventral hippocampus in response strat-
egy, we selectively inhibited these projections. Our results reveal a
specific role for the ventral hippocampus to accumbens shell path-
way in the regulation of response strategy (Fig. 4D). The ventral
hippocampus and its projections to the nucleus accumbens shell
have been predicted to contribute to determination of action
plan values, in part by the assignment of a “value” to a given trial
(Pezzulo et al. 2014). This suggests that the ventral hippocampus
may promote insensitivity to changes in contingency by pro-
moting performance of behaviors that previously resulted in rein-
forcement. We thus speculate that selective silencing of ventral
hippocampus-nucleus accumbens shell projections during the
loss of an established contingency may promote behavioral flexi-
bility by reducing reliance on the cached value of an action on a
given trial. This is consistent with recent findings that loss of
normal BDNF signaling in the ventral hippocampus resulted in
overreliance on habitual response strategies (Barfield et al. 2017),
suggesting that reductions in ventral hippocampus plasticity
may produce inflexible behavior. Our findings suggest that after
acquisition of habitual response strategies, inhibition of ventral
hippocampus may enable detection of changes in contingency,
consistent with a role of ventral hippocampus-accumbens shell
projections in the maintenance of previously reinforced behaviors.

Hippocampal projections to the nucleus accumbens have
been reported to play a similar role in regulation of behavioral flex-
ibility in latent inhibition “switching” models. In this model, the
hippocampus compares established and new contingencies via
projections to the nucleus accumbens and promotes response strat-
egy “switching” when there is a high mismatch between old and
new contingencies, but maintenance of current response strategies
when there is low mismatch (Weiner and Feldon 1997). In the ab-
sence of the hippocampus, behavior is mediated entirely by cur-
rent reward predictions (Weiner and Feldon 1997; Schmajuk
et al. 2001; Ouhaz et al. 2014), which is similar to our findings in
a contingency degradation test session. It is of interest that we
did not observe an impact of silencing the ventral hippocampus
on extinction learning. This may be because the “mismatch” be-
tween the established contingency and the extinction condition
is sufficient for the hippocampus to promote “switching” behavior
while reward prediction differences between the degraded and
nondegraded test sessions are lower.
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One caveat to consider in interpreting these findings is that it
is possible that time spent consuming the reward could have differ-
entially impacted behavior when the ventral hippocampus was si-
lenced leading to alterations in response rates. However, because
reinforcer delivery rates were matched between test conditions
and because licking behavior was not increased during degraded
test sessions, we do not think that this competing response con-
tributed significantly to changes in response rate during sessions
in which the contingency was degraded. Further, it is possible
that inhibition of the ventral hippocampus promoted anticipatory
checking for rewards during contingency degradation sessions.
While we do not have data to demonstrate that this is the case,
this increased reward seeking and checking is consistent in the
use of contingencies to guide behavior, but not with facilitated
detection of a changed contingency.

It is of interest that while systemic administration of CNO did
not impact licking behavior either in a Pavlovian reward-seeking
paradigm nor during contingency degradation test sessions, local
administration of CNO within the accumbens shell to selectively
inhibit ventral hippocampus-shell projections reduced licking
behavior during both nondegraded and degraded test sessions
(Fig. 4E). Of note, the assessment of cue-guided licking behavior
did not assess licking that occurred prior to reward delivery, and
it is possible that a shift in licking behavior patterns occurred
that are not captured in these results. These findings are somewhat
surprising given reports demonstrating that reductions of nucleus
accumbens firing rates are requisite for consummatory behavior
(Krause et al. 2010) and excitation of other glutamatergic projec-
tions to the shell have opposing effects on consummatory behav-
ior (Millan et al. 2017). However, it is important to note that our
study did not effectively discriminate between anticipatory licking
behavior and consummatory licking behavior, and so it is possible
that these results represent a shift in the pattern of licking behavior
rather than a reduction in consummatory behavior surrounding
reward delivery.

In addition to the nucleus accumbens shell, the ventral por-
tion of the hippocampus has glutamatergic projections to a num-
ber of other structures that may contribute to its role in response
strategy selection. For example, the ventral hippocampus inner-
vates the orbitofrontal cortex (Ishikawa and Nakamura 2003),
which has a known role in habitual behavior (Gourley et al.
2013; Gremel and Costa 2013). Lesions of the ventral hippocam-
pus can mimic some of the effects of orbitofrontal lesions, includ-
ing impairments in reversal learning, suggesting that the role of
ventral hippocampus in promoting the use of previously estab-
lished contingencies may be mediated, at least in part, by projec-
tions to the orbitofrontal cortex (Gourley et al. 2010). Similarly,
the ventral hippocampus preferentially innervates the ventrome-
dial PFC, including the infralimbic PFC and the more ventral por-
tion of the prelimbic PFC, suggesting another potential structure in
a larger circuit by which ventral hippocampus projections may reg-
ulate response strategy selection.

Together with a growing literature identifying roles for
the ventral hippocampus in the regulation of approach/avoidance
behavior and context retrieval, our observations suggest that
the ventral hippocampus may significantly contribute to the
ability to flexibly regulate behavior in an adaptive manner.
Interestingly, recent research indicates that the ventral hippocam-
pus may be particularly susceptible to perturbations in early life and
adolescence including impairments following chronic alcohol ex-
posure (Almonte et al. 2017) or models of chronic stress (Barfield
et al. 2017). These findings implicate the ventral hippocampus as
a target that may contribute to the dysregulation of behavioral flex-
ibility observed in neuropsychiatric illness, and as a substrate that
may be directly impacted by factors that promote the development
of these illnesses across the lifespan.
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Materials and Methods

Subjects

Adult male C57BL/6] mice were obtained from Jackson Laborato-
ries and used in accordance with the University Institutional Ani-
mal Care and Use Committee guidelines. Mice were housed in the
Medical University of South Carolina vivarium on a reverse 12 h:12
h light-dark cycle. All behavioral testing was performed during the
dark cycle. Mice were food restricted to 90% of their free-feeding
weights during behavioral testing. Water was available ad libitum
for the duration of the study.

Conditioning chambers

Standard instrumental chambers housed within sound-attenuat-
ing boxes were used for these experiments (Med Associates). The
side walls of the chambers were stainless steel panels, and the front
door, ceiling, and back wall were clear Plexiglas. Chambers had
house lights at the top middle panel on the right wall, above a mag-
azine into which liquid reinforcers were delivered by syringe pump
to the magazine. Reinforcer wells were equipped with lickometers.
Retractable levers were extended during appropriate sessions on ei-
ther side of the magazine. A fan provided ventilation and back-
ground noise.

Surgery

Prior to any training, mice underwent stereotaxic surgery for injec-
tion of an AAV expressing a Gi-coupled DREADD under control of a
CaMKlIla promoter (AAV8-CaMKIlo-hM4Di-mCherry; University
of North Carolina Vector Core and Addgene. pAAV-CaMKIla-
hM4D(Gi)-mCherry was a gift from Bryan Roth (Addgene viral
prep #50477-AAVS; http://n2t.net/addgene:50477; RRID: Addgene_
50477)). Virus was microinjected bilaterally into the ventral hippo-
campus (AP -3.2 mm, ML £2.8 mm, DV —-4.0 mm). Viral vectors
were infused over 2 min, with a 5 min diffusion period (0.2 uL/
side). A subset of mice additionally had bilateral cannula (Plastics
One) implanted targeting the nucleus accumbens shell (AP +1.5
mm, ML +0.6 mm, DV —3.7 mm). Cannula were secured to the skull
using Metabond and dental cement. Surgeries were performed un-
der isoflurane anesthesia. In order to control for off-target effects of
systemic CNO, one cohort of animals received a microinjection of a
null virus, that did not express the Gi-DREADD (AAV2-hSyn-EYFP).
These mice were treated identically. All mice were allowed to recov-
er for at least 1 wk prior to food restriction.

Instrumental training

After recovery from surgery, mice were restricted to 90% of their
free feeding weights. Each day, mice had a 30 min training session
in which they were trained to perform a response for delivery of
20 pL of a 10% sucrose solution. Two levers were presented. One
lever was assigned to be an “active” lever, on which responding re-
sulted in reinforcer delivery, and the other lever was assigned as an
“inactive” lever, on which responding had no consequence. At the
initiation of training, a press on the active lever was reinforced on a
fixed ratio 1 (FR1) schedule during which each press resulted in a
reinforcer delivery. After 3 d of >20 lever presses on the active lever,
mice were graduated to a random interval (RI) 30 schedule. During
these sessions, the first lever press after a randomly determined in-
terval (averaging 30 sec) was reinforced. After three RI30 sessions,
mice performed nine RI60 sessions before the beginning of habit
testing. No drug or saline was delivered during task acquisition.

Contingency degradation testing

The ability to update behavior when action-outcome contin-
gencies changed was assessed using a contingency degradation
paradigm (Barker et al. 2013). The testing conditions during degra-
dation testing were identical to training conditions, except that
during the degraded sessions, delivery of the 10% sucrose reinforc-
er was no longer contingent upon a lever press. Rather, reinforcer
delivery was determined by the number of reinforcers that each an-
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imal earned during the previous session in which the contingency
was intact. Delivery was spaced equivalently across the 30-min ses-
sion, and responses on the lever were recorded but did not have an
outcome. Mice underwent four testing conditions: a Degraded
Session and a Nondegraded Session (identical to training condi-
tion), with CNO and saline administered as described below. The
order of these sessions was counterbalanced. This testing proce-
dure enables assessment of increased sensitivity to changes in con-
tingency often with only a single day of degradation training
(Barker et al. 2013, 2014; Serlin and Torregrossa 2014; Butkovich
et al. 2015). While other measures of contingency degradation
may be of value in the future to clearly elucidate all sources of chan-
ge in behavior, this paradigm was chosen as the ability to observe
within-session reductions in behavior does not require memory
consolidation which may also be altered by ventral hippocampus
function.

Drug administration

In order to silence ventral hippocampus projections, the DREADD
agonist clozapine-N-oxide (CNO; Cayman Chemical) was admin-
istered either systemically (i.p.) or locally into the nucleus accum-
bens shell. In systemic administration experiments, CNO was
dissolved in sterile saline. CNO or saline were administered 30
min prior to test sessions (i.p., 2 mg/kg). To control for the poten-
tial off-target effects of CNO that may result from metabolism into
clozapine, one cohort of animals lacking the DREADD receptor re-
ceived CNO or vehicle prior to degraded and nondegraded test ses-
sions under conditions that were identical to those described above
(MacLaren et al. 2016; Gomez et al. 2017; Mahler and Aston-Jones
2018; Manvich et al. 2018). In experiments examining the effect of
selective inhibition of ventral hippocampus to nucleus accumbens
shell projections, CNO was infused 10 min prior to each test ses-
sion (500 uM; 0.2 pL/side). Infusions took place over a 2 min period
and the infusion cannula was left in place for an additional 2 min
to allow diffusion of the CNO. The order of drug administration
was determined based on response rates and the order of drug ver-
sus vehicle administration was counterbalanced.

Pavlovian training

A subset of mice that had been trained to self-administer sucrose
were trained in a cue-outcome association following the comple-
tion of habit testing. The same conditioning chambers used for op-
erant self-administration were used in these studies, but levers were
retracted. During 30 min sessions, a previously neutral cue (tone)
was associated with the delivery of a 10% sucrose solution. Mice
did not receive saline or vehicle injections during training.
During these sessions, the tone was played on a fixed time schedule
(120 sec off, 60 sec on). Twenty microliters of sucrose was delivered
during each “cue-on” period on a random time schedule so that
sucrose delivery could not be anticipated. No sucrose was delivered
during “cue-oft” intervals. No response was required to initiate re-
ward delivery, and sucrose delivery was not contingent on behav-
ior. Licks at the magazine were recorded during the cue-on and
cue-off intervals. After acquisition, mice underwent a single test
session during which CNO or vehicle were administered systemi-
cally as described above.

Extinction

A subset of mice that had undergone habit testing were retrained in
the absence of CNO or saline injections in sessions in which the
RI60 contingency was intact (i.e., the action-outcome relationship
was in place). After establishing stable responding, mice were as-
signed based on response rates to receive either CNO or saline in-
jections (i.p.) during an extinction protocol; mice received the
same drug across extinction days. On the day prior to extinction
training (day 0), mice received an injection of CNO or saline 30
min prior to an RI60 session in which the contingency was in
place. On the first day of extinction (extinction day 1), mice re-
ceived an injection of the same drug assigned on day O (CNO or sa-
line) 30 min prior to being tested in extinction. Conditions were
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identical to training except that while lever presses resulted in the
pumps turning on under the same RI60 contingency as during
training, no sucrose was delivered. Mice received six sessions of ex-
tinction training.

Histology

After testing was complete, mice were sacrificed via rapid de-
capitation and brains were post-fixed in 4% PFA for 24 h, and
cryoprotected in a 30% sucrose solution for at least 48 h. Virus ex-
pression and placement was confirmed by assessment of mCherry
or EYFP expression. Cannula placement was confirmed by identify-
ing tract placement. Tissue from a subset of animals underwent
immunofluorescent processing to generate images for this manu-
script. Tissue was harvested as before, via rapid decapitation, and
underwent post-fixing and cryoprotection in sucrose prior to slic-
ing at 40 pm. Sections were incubated overnight in a rabbit
anti-DsRed primary antibody (1:500; Living Colors) and visualized
using an AlexaFluor-594 conjugated donkey anti-rabbit secondary
antibody (1:250; Jackson ImmunoResearch).

Statistical analyses

All statistical analysis was performed using SPSS. Training and test-
ing data were analyzed using rmANOVA, with P<0.05 considered
significant. CNO administration was analyzed as a within-subject
variable for habit and cue-mediated behavior experiments, but
as a between-subjects for extinction data. Significant interac-
tions were followed by Bonferroni corrected t-tests. A subset of
rmANOVA results were Greenhouse-Geisser corrected for viola-
tions of sphericity.
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