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Prefrontal cortex projections to the nucleus reuniens
suppress freezing following two-way signaled

avoidance training
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Signaled active avoidance (SAA) behavior requires the suppression of defensive reactions, such as freezing, that conflict with
the avoidance response. The neural mechanisms of this inhibitory process are not well understood. Here, we demonstrate
that ventromedial prefrontal cortex projections to the nucleus reuniens of the thalamus are recruited following SAA
training to suppress freezing in rats. This projection may serve as a crucial common pathway for the inhibition of innate
defensive reactions that interfere with proactive behavior, thus facilitating adaptive coping.

[Supplemental material is available for this article.]

Though freezing is a natural reaction to threatening stimuli, adap-
tive coping in real-world scenarios often requires flexibility in the
face of threat (Moscarello and Maren 2018). If, for instance, a per-
son finds themselves in the path of an oncoming car, the tendency
to freeze increases the odds of injury, while the ability to overcome
freezing and take action is necessary to stay safe. Signaled active
avoidance (SAA) in rat models this adaptive transition from reac-
tive to proactive forms of coping. The subject first associates a con-
ditioned stimulus (CS) with an aversive unconditioned stimulus
(US), creating an aversive Pavlovian memory that elicits a constel-
lation of defensive reactions, including freezing. Subsequently, the
subject learns that an action performed during the CS causes omis-
sion of the US. As the avoidance response is acquired, freezing and
other innate defensive reactions to the CS (ultrasonic vocalization,
defection) are suppressed (Solomon et al. 1953; Choi et al. 2010;
Moscarello and LeDoux 2013) and remain inhibited even when
the CS is tested off-baseline in a distinct context that does not allow
the avoidance response (Kamin et al. 1963; Starr and Mineka 1977;
Mineka and Gino 1980; Moscarello and LeDoux 2014). Though
the attenuation of CS-evoked freezing that occurs over the course
of SAA training is well-documented, the mechanism underlying
this effect is not fully understood.

Prior work demonstrates that inactivation of the ventromedi-
al prefrontal cortex (vimPFC) increases the expression of freezing
and attenuates the expression of avoidance in rats (Moscarello
and LeDoux 2013). vimPFC projects robustly to the midline
thalamus, including the nucleus reuniens (NR) (Vertes 2006;
Vertes et al. 2007). This pathway has been shown to inhibit the
expression of CS-evoked freezing in an extinction paradigm
(Ramanathan et al. 2018a) and to negatively regulate the acquisi-
tion and expression of aversive memory in other associative learn-
ing paradigms (Davoodi et al. 2011; Xu and Sidhof 2013;
Ramanathan et al. 2018b; Troyner et al. 2018). On the basis of
these results, we hypothesized that the vmPFC-NR projection is re-
cruited by SAA training to suppress CS-evoked freezing. This report
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describes a series of experiments in which chemogenetic and
pharmacological manipulations were used to test this hypothesis
in rats.

Three experiments were performed. A detailed account of all
materials and procedures is available in Supplemental Methods.
In all three experiments, each subject received three daily sessions
of two-way SAA training in a standard shuttle box (Coulbourn
Instruments). The first trial of the first session of SAA training
was a Pavlovian trial, in which each subject received a 15 sec
tone CS (70 dB, 2.5 kHz) that preceded a foot shock US (0.7 mA,
1 sec) no matter what the subject did during the CS. This was fol-
lowed by 30 daily avoidance trials, which differed in that subjects
could inactivate the tone and avoid the shock if they shuttled
across the divided chamber in either direction during the CS.

The day after SAA ended, each subject was placed in a novel
context and exposed to 10 CSs identical to those presented during
SAA training. This test occurred in a cubical Pavlovian condition-
ing chamber scented with lavender and fitted with a black
Plexiglas floor. Crucially, it lacked the divider necessary for
shuttling and thus did not allow the avoidance response. This off-
baseline test procedure served to isolate freezing from the avoid-
ance response and thus assessed the role of the vinPFC-NR pathway
in the expression of freezing, specifically. Several classic studies
have used comparable off-baseline tests to study the influence of
SAA training on aversive reactions evoked by the CS (e.g., Kamin
et al. 1963; Starr and Mineka 1977; Mineka and Gino 1980). This
behavioral design is schematized in Figure 1A.

The initial experiment was designed to confirm the role of
vmPFC neurons in the suppression of CS-evoked defensive that re-
sults from SAA training. Stereotaxic infusions of adeno-associated
virus (AAVS5) containing the gene construct for either an inhibitory
DREADD (CamKII-hM4Di-HA-mCitrine) or GFP (hSyn-HA-GFP)
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vmPFC-NR projections suppress freezing
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Figure 1. (A) Behavioral design: rats received three sessions of signaled
active avoidance (SAA) training. Twenty-four hours after the final session,
rats were administered ip CNO or vehicle, placed in a novel context that
did not allow the avoidance response and exposed to 10 CSs (off-baseline
test). (B) Representative example of hM4Di expression in ventromedial
prefrontal cortex (vmPFC), visualized with VIP. Enlarged region shows
VIP-labeled vmPFC neurons (scale bar 0.1 mm). (C) Greatest/least extent
of hM4Di expression in vmPFC. Brain maps adapted from Swanson
(2004). (D) Percent total possible avoidance responses across three daily
sessions of SAA training (left); freezing during a 15-sec baseline (B), fol-
lowed by the 10 CSs presented during test (middle); freezing averaged
across the 10 CSs presented at test (right). The hM4Di-CNO group
showed enhanced freezing relative to other groups, with the exception
of poor avoiders (* indicates P<0.01).

were introduced into vimPFC (AP +2.7, ML 0.6, DV —5.4). Because
both prelimbic and infralimbic PFC have been implicated in SAA
(Moscarello and LeDoux 2013; Bravo-Rivera et al. 2014), and
because NR-projecting neurons in both prelimbic and infralimbic
PFC have been demonstrated to provide equivalent levels of
freezing suppression (Ramanathan et al. 2018a), this and the sub-
sequent experiment targeted vimPFC as a whole instead of attempt-
ing to manipulate distinct subregions.

After at least 21 d of recovery, animals received the SAA train-
ing paradigm described above. The day after SAA training ended,
animals were given an ip injection of CNO (5 mg/kg) or vehicle
(saline with 15% DMSO). Twenty minutes after injections were
administered, subjects received the off-baseline test of the CS.
Freezing was scored offline by a trained rater blinded to group.
Following the test, animals were transcardially perfused with 4%
paraformaldehyde and their brains processed using immunocyto-
chemical techniques to label hM4Di or GFP expressing neurons
with VIP (very intense purple) (Fig. 1B,C).

All groups showed robust avoidance behavior during SAA
training, with the exception of poor avoiders, who were defined
as subjects from any group that performed six avoidance responses
or fewer (i.e., avoided on <20% of trials) on the third day of SAA
(Fig. 1D, left). This criterion was applied following SAA training
(but prior to the off-baseline test), and poor avoiders were aggregat-
ed into their own group that received a vehicle injection.
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A one-way ANOVA performed on freezing averaged across the
10 CSs presented during the off-baseline test revealed a main effect
for group [F318=16.15, P<0.001]. Tukey’s HSD post hoc tests
confirmed that the hM4Di-CNO group (subjects receiving CNO in-
activation of vimPFC, n=7) displayed a significant increase in freez-
ing relative to both the hM4Di-veh group (subjects expressing
hm4Di in vimPFC that received vehicle injections, n=7) and the
GFP-CNO group (subjects expressing GFP in viPFC that received
CNO, n=35) (P<0.001 in both cases; Fig. 1D, right). Notably, the
only group from which hM4Di-CNO subjects did not differ were
the poor avoiders (n=3), which also showed high levels of freezing.
In other words, vmPFC inactivation caused good avoiders to
behave like poor avoiders in this test of CS-evoked freezing. Thus,
this experiment confirms that the inactivation of vinPFC prevents
the suppression of freezing elicited by the CS following SAA
training.

The next experiment tested the role of vmPFC projections to
NR in the attenuation of CS-evoked freezing. All subjects received
intra-vmPFC infusions of AAVS bearing the gene construct for
either hM4Di (hSyn-hM4Di-HA-mCitrine) or GFP (hSyn-HA-GFP).
In addition, subjects were also all implanted with a single chronic
indwelling cannula aimed at NR (AP —1.7, ML £2, DV -7.6, carrier
arm angled at 15°). Surgery was followed by a 6-wk recovery period,
to allow for DREADD expression in the terminals of vmPFC
neurons (Fig. 2A; Supplemental Fig. 1). SAA training and the off-
baseline test of CS-evoked freezing were identical to the previous
experiment, except that intracranial injections of CNO (1 mM,
0.2 pL) or vehicle were administered directly into NR 20 min prior
to the off-baseline CS test. Following test, subjects were transcar-
dially perfused, their brains isolated, and viral expression labeled
with VIP.
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Figure 2. (A) Representative example of hM4Di expression in vmPFC, vi-
sualized with VIP (top left). Greatest/least extent of hM4Di expression in
vmPFC (top right). Representative example of cannula placement, with
VIP-labeled vmPFC fibers evident in NR (bottom left). Cannula hits in and
around NR (bottom right). Brain maps adapted from Swanson (2004).
(B) Percent total possible avoidance responses across three daily sessions
of SAA training (left); freezing during a 15-sec baseline (B), followed by
the 10 CSs presented during test (middle); freezing averaged across
the 10 test CSs (right). The hM4Di-NR CNO group showed enhanced
freezing relative to other groups, with the exception of poor avoiders
(*indicates P<0.01).
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As above, subjects displayed robust avoidance during SAA
training, with the exception of the poor avoiders (Fig. 2B, left).
These subjects were culled from the other groups following SAA
and prior to test, using the same performance criterion described
in the previous experiment. Similar to the prior experiment, poor
avoiders received vehicle injections.

A one-way ANOVA performed on freezing averaged across the
10 CSs presented during the off-baseline test revealed a main effect
for group [F4,25,=21.8, P<0.01]. Tukey’s HSD post hoc tests con-
firmed that the hM4Di-NR CNO group (subjects receiving CNO in-
activation of vimPFC terminals in NR, n=8) displayed a significant
increase in freezing relative to the hM4Di-NR veh group (subjects
expressing hM4Di in vmPFC neurons that received vehicle injec-
tions in NR, n=6), as well as relative to the hM4Di-NR CNO misses
group (subjects with misplaced cannula that received CNO inacti-
vation of vmPFC terminals, n=35), and finally relative to the
GFP-NR CNO group (subjects expressing GFP in vimPFC neurons
that received CNO in NR, n=6) (P<0.01 in all cases; Fig. 2B, right).
Similar to the previous experiment, the only group from which
hm4Di-NR CNO group did not differ were the poor avoiders (n=
5), who froze at high levels during the test. In other words, the
selective inactivation of vmPFC terminals in NR of good avoiders
caused those subjects to produce levels of CS-evoked freezing com-
parable to poor avoiders. Thus, this specific projection pathway is
crucial for the suppression of freezing following SAA training.

Finally, to verify its role, we performed an experiment in
which we inactivated NR with muscimol during the off-
baseline test of CS-evoked freezing. A pharmacological inactiva-
tion technique was chosen for this experiment to corroborate
more cutting-edge chemogenetic approaches with a “tried and
true” methodology (e.g., prior work demonstrates the effect of
vmPFC muscimol inactivation on SAA; Moscarello and LeDoux
2013). Subjects were implanted with a single chronic indwelling
cannula aimed at NR (AP —1.7, ML 2, DV —7.6, carrier arm angled
at 15°; Fig. 3A) and allowed to recover for at least 21 d. SAA training
and the off-baseline test of CS-evoked freezing were identical to the
designs described above, except that intracranial injections of mus-
cimol (0.02 pg/0.2 pL) or vehicle (saline) were administered into
NR 30 min prior to test. Subjects were then transcardially perfused
and their brains isolated, sectioned, and stained with cressyl violet
to reveal cannula placement.

All subjects acquired avoidance during SAA training (Fig. 3B,
left). There were no poor avoiders in this cohort. This may be due
to the fact that poor avoiders occur at a relatively low baseline
rate (Galatzer-Levy et al. 2014; Krypotos et al. 2018) and this phar-
macological study required fewer groups than our DREADD
studies.

A B s
—_ —_— _— *
- B3 © O
» 5 H § 10
o
§ 2 2
Y7 T N N
S 8 8 5
° o > ° [
° 3 w w
123 B12345678910 &L 2
o : Yo 3
~ Sessions CSs & &
—o- muscimol -O- muscimol misses vehicle

Figure 3. (A) Cannula hits in and around NR. Brain maps adapted from
Swanson (2004). (B) Percent total possible avoidance responses across
three daily sessions of SAA training (left); freezing during a 15-sec baseline
(B), followed by the 10 CSs presented during the test (middle); freezing
averaged across the 10 test CSs (right). The muscimol group showed
enhanced freezing relative to other groups (* indicates P<0.01).
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One-way ANOVA performed on freezing averaged across the
10 CSs presented during the off-baseline test revealed a main effect
for group [F(2,11)=15.98, P<0.01]. Tukey’s post hoc tests revealed
that the muscimol group (n=6) froze at higher levels than the
vehicle group (n=6) and the muscimol misses group (subjects
with misplaced cannula that received muscimol, n=3) (Fig 3B,
right; P<0.001 in both cases). Thus, pharmacological inactivation
prevents subjects that have acquired the avoidance response from
suppressing CS-evoked freezing.

This report demonstrates for the first time that NR-projecting
vmPFC neurons underlie a well-documented phenomenon in
which SAA training leads to the suppression of behavioral reactions
used by many researchers as proxy measures of fear (Solomon
et al. 1953; Kamin et al. 1963; Starr and Mineka 1977; Mineka
and Gino 1980; Choi et al. 2010; Moscarello and LeDoux 2013;
for review of the problematic use of emotion terms to describe
animal behavioral models see: LeDoux 2013, 2014, 2017). These
results add to a growing body of work describing the role of pre-
frontal cortex in multiple processes underlying active avoidance
behavior (Martinez et al. 2013; Moscarello and LeDoux 2013;
Bravo-Rivera et al. 2014; Campese et al. 2015; Diehl et al. 2018;
Martinez-Rivera et al. 2019) by illustrating how a specific vimPFC
output pathway attenuates freezing even when the CS is presented
off-baseline, in an environment distinct from the one in which
SAA training occurred.

One possible interpretation of these data is that the
vmPFC-NR pathway provides a constitutively active form of freez-
ing inhibition and that inactivation of this projection increases
freezing regardless of prior training. While the data set presented
here does not speak directly to this possibility, Ramanathan et al.
(2018a) demonstrated that pharmacological inactivation of NR
and chemogenetic inactivation of NR-projecting vmPFC neurons
consistently enhance the expression of CS-evoked freezing only af-
ter twenty or more trials of extinction training. In addition, Xu and
Stidhof (2013) show no effect on the expression of contextual
freezing when the vimPFC-NR projection is permanently silenced
following conditioning. These reports, in conjunction with the
data presented here, indicate that the vmPFC-NR projection is a
common pathway recruited by memory phenomena that suppress
freezing instead of providing a tonic or ongoing form of freezing
inhibition.

Previous studies demonstrate that the vmPFC-NR pathway
functions to integrate contextual information with the acquisition
and expression of aversive Pavlovian memories (Davoodi et al.
2011; Xu and Sudhof 2013; Ramanathan et al. 2018a,b; Troyner
et al. 2018). Much of this work focuses on the role of vmPFC-NR
in the expression of aversive associative memories that are specific
to particular spatial context or place. In contrast, SAA training
suppresses freezing and other defensive reactions across distinct
spatial contexts, in a way that is not tied to a particular location
(Kamin et al. 1963; Starr and Mineka 1977; Mineka and Gino
1980; Moscarello and LeDoux 2013). One possible interpretation
is that learned control over the US creates an internal or cognitive
context (for review of contextual processing see: Maren et al.
2013), engaging the vmPFC-NR projection to inhibit defensive re-
actions such as freezing across different spatial environments. This
is consistent with research on learned helplessness, which demon-
strates that prior experience of control over shock duration in one
environment can reduce CS-evoked freezing when shock is later
paired with a Pavlovian cue in a distinct experimental setting
(Baratta et al. 2008; Maier and Seligman 2016). Indeed, the effect
of controllability can even generalize from appetitive to aversive
behavior, as illustrated by a study demonstrating that control
over food and water delivery leads to reduced thigmotaxis in an
open field assay (Joffe et al. 1973). The function of such an internal
context may be explained using the concept of agency, in which
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past experiences of control allow the organism to infer that
proactive, as opposed to reactive, behavioral strategies will carry
an adaptive benefit (Moscarello and Hartley 2017). In other words,
learned control in SAA and other paradigms may create a context
that engages the vmPFC-NR pathway to suppress defensive
behaviors that interfere with the ability to explore and exploit
the environment.

While the majority of subjects acquire active avoidance
behavior, poor avoiders are unable to make the transition from
freezing to avoidance (Choi et al. 2010; Lazaro-Mufioz et al.
2010; Galatzer-Levy et al. 2014). The neurobiological process that
prevents some subjects from making this behavioral shift is not
well-characterized. Previous work demonstrates that good avoiders
show higher levels of cFos immunoreactivity in vimPFC relative
to poor avoiders (Martinez et al. 2013), suggesting that poor avoid-
ers are unable to recruit the vmPFC and, potentially, the pro-
jections to NR that our current data suggest are necessary to
suppress freezing. In addition, a neighboring corticothalamic
projection, originating in the prelimbic subregion of mPFC and
terminating in the paraventricular nucleus (PVN) of the dorsal
midline thalamus, plays an opposing role by promoting the expres-
sion of conditioned freezing (Do-Monte et al. 2015). Thus, the fail-
ure to transition from freezing to avoidance may be due to a
maladaptive balance of activity among mPFC projections and their
targets along the dorsal-ventral axis of the midline thalamus, in
which PVN-projecting neurons remain persistently active and
NR-projections neurons are not recruited, biasing the subject to a
reactive behavioral strategy dominated by freezing.

In conclusion, I demonstrate that the vimPFC-NR pathway
is recruited following SAA training to suppress conditioned
freezing. Because other research demonstrates the critical role
played by this projection in the contextual modulation of aversive
memory, I argue that control over the US may create a cognitive
context that alters the retrieval and/or expression of the CS-US
association formed early on in SAA training. Recent evidence
indicates that the diminution of CS-evoked conditioned
reactions (skin conductance response) also occurs in humans
performing in an SAA paradigm; this effect is associated with
increased activity in vmPFC (Boeke et al. 2017). The pathway
described in this report may have a conserved function, modu-
lating the expression of conditioned defensive reactions in
multiple species and facilitating adaptive coping in a complex, flu-
id environment.
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