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Abstract

Overgeneralization of conditioned threat responses is a robust clinical marker of anxiety disorders.
In overgeneralization, responses that are appropriate to threat-predicting cues are evoked by
perceptually similar safety-predicting cues. Inappropriate learning of conditioned threat responses
may thus form an etiological basis for anxiety disorders. The role of dopamine (DA) in memory
encoding is well established. Indeed by signaling salience and valence, DA is thought to facilitate
discriminative learning between stimuli representing safety or threat. However, the
neuroanatomical and biochemical substrates through which DA modulates overgeneralization of
threat responses remain poorly understood. Here we report that the modulation of DA D2 receptor
(D2R) signaling bidirectionally regulates the consolidation of fear responses. While the blockade
of D2R induces generalized fear responses, its stimulation facilitates discriminative learning
between stimuli representing safety or threat. Moreover, we show that controlled fear
generalization requires the coordinated activation of D2R in the bed nucleus of the stria terminalis
(BNST) and the central amygdala (CEA). Finally, we identify the mTORC1 cascade activation as
an important molecular event by which D2R mediates its effects. These data reveal that D2R
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signaling in the extended amygdala constitutes an important checkpoint through which DA
participates in the control of threat processing and the emergence of overgeneralized fear
responses.

Introduction

The central extended amygdala is a network of highly interconnected and evolutionary
conserved basal forebrain regions controlling behavioral responses towards threatening
stimuli (1). Its core components, the central nucleus of the amygdala (CEA) and the bed
nucleus of the stria terminalis (BNST), are highly similar in terms of inputs and outputs, and
serve complementary roles in the integration of threat-relevant information and the
orchestration of fear- and anxiety-related behaviors (1). Whereas the CEA is typically
regarded to control phasic fear responses towards specific and imminent threats, the BNST is
believed to play a prominent role in anxiety and sustained fear responses towards less
specific and less predictable threats (2). However, a more integrated role is likely given that
both structures receive monosynaptic inputs from the basolateral amygdala (BLA) and have
been implicated in generalization of conditioned threat responses (3-5).

Generalization of threat response is a fundamental behavioral phenomenon described across
species and sensory modalities and is proposed to enable the rapid deployment of
appropriate defensive strategies during novel encounters of cues resembling those predicting
threat (6). However, generalization of threat responses can become excessive, resulting in
strong defensive reactions towards cues that do not predict threatening outcomes.
Overgeneralization of threat responses is a core feature of anxiety disorders (7) and is
believed to result from disrupted memory encoding for threat-predicting stimuli (8).
Nevertheless, the neuronal mechanisms governing generalization remain poorly understood,
and the molecular substrates through which extended amygdala neurons consolidate adapted
behavioral reactions towards potential threats are elusive.

The central extended amygdala receives dense dopamine (DA) inputs originating from the
ventral tegmental area (VTA) and the dorsal raphe/periaqueductal grey (DR/PAG) (9). By
signaling salience and valence, DA is thought to facilitate discriminative learning of stimuli
representing safety and threat (10). Indeed, some DA neurons increase their firing rate in
response to aversive stimuli and their predictive cues (11, 12). Moreover, genetic depletion
of DA or pharmacological DA receptor blockade prior to conditioning fully disrupts the
acquisition of conditioned threat responses (13-16). In contrast, conditional inactivation of
N-methyl-D-aspartate (NMDA) receptors in DA neurons and the resulting suppression of
DA burst firing following exposure to aversive stimuli yields more subtle effects and was
shown to result in generalization of conditioned threat responses (12).

Because of the well-established role of DA in memory consolidation (17-21) we
hypothesized that DA may control generalization by ensuring the precise consolidation of
conditioned threat responses. Using a mouse behavioral paradigm for auditory threat
response generalization, we observed that DA controls generalization through concomitant
activation of D2 type receptors (D2R) in both the CEA and BNST. Using the
phosphorylation state of the neuronal activation marker ribosomal protein S6 (P-rpS6) (22),
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the canonical downstream target of the mTORC1 pathway (23), we found that these effects
on consolidation of conditioned aversive behavior were mediated though mTORC1 signaling
in the CEA and BNST.

Materials and Methods

Animals and housing

Male 8-12 weeks old C57BL6/J (Charles River Laboratories) and heterozygous BAC-
transgenic Drd2::EGFP reporter mice (C57BL6/N background, founder S188, GENSAT,
Rockefeller University, New York, NY) reporter mice were used in this study (24, 25). Mice
were housed in groups of 3-5 to avoid social isolation-induced anxiety and were maintained
in a 12 h light/dark cycle under stable laboratory conditions of temperature (22°C) and
humidity (60%). Mice were habituated to handling and injection procedures during five
consecutive days before experiments. All experiments were in accordance with the
guidelines of the French Agriculture and Forestry Ministry for handling animals
(C34-172-13).

Intracerebral cannula implantation

Mice were anesthetized with a mixture of ketamine (Imalgene 500, 50 mg/ml, Merial), 0.9%
(w/v) NaCl solution (saline) and xylazine (Rompun 2%, 20 mg/ml, Bayer) (2:2:1, i.p., 0.1
ml/30 g) and mounted on a stereotaxic apparatus using flat skull coordinates (26). Stainles
steel guide cannulae (26 gauge, 5.00 mm, Plastics One) were implanted 0.5 mm above the
CEl (A/P =-1.34 mm; M/L =2.90 mm; D/V =-4.25 mm) or BNSTov (A/P =+0.2 mm; M/L
= 2.0 mm; D/V = -3.50 mm). CEI cannulae were implanted vertically whereas BNSTv
cannulae were implanted under a 15° angle towards midline in the coronal plane to avoid
damage to the wall of the lateral ventricle. The guide cannulae were fixed to the skull with
anchor screws and dental acrylic (AgnTho’s). Following surgery, mice were placed on a
heating pad and a dummy cannula was screwed in the guide cannula to seal off the opening.
Mice were allowed to recover for a minimum of 7 days prior to behavioral testing.

Systemic drug administration

In the experiments with systemic drug administration, SKF81297 (5.0 mg/kg, i.p.),
SCH23390 (0.1 mg/kg), quinpirole (1.0 mg/kg, i.p.) and raclopride (0.3 mg/kg, i.p.) were
dissolved in 0.9% (w/v) NaCl (saline) and injected immediately following conditioning. The
used doses of DA receptor ligands were chosen based on previous studies showing /n vivo
regulation of DA signaling responses (27-29). Rapamycin (5.0 mg/kg) was solubilized in a
mixture of 5% (v/v) DMSO, 5% (v/v) Tween 80 and 15% (v/v) PEG-400 in water and was
injected once daily starting three days before the final injection immediately following fear
conditioning. This protocol was previously shown to selectively block mTORCL1 signaling
(30, 31). Control mice were injected with the appropriate vehicle at the corresponding time
point. The injected volume was 0.1 ml per 10 g bodyweight for all drugs except for
rapamycin, for which the injected volume was 0.05 ml per 10 g bodyweight. All drugs were
purchased from Tocris.
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Intracranial drug infusion

In the experiments with intracerebral drug administration, raclopride (1 mg/ml, 0.5 ug per
hemisphere) was dissolved in 0.9% (w/v) NaCl solution and infused immediately following
conditioning and rapamycin (2 mg/ml, 1 pug per hemisphere) was dissolved in DMSO. The
used dose of raclopride was chosen based on a previous study demonstrating regulation of
anxiety-related behavior upon infusion in the amygdala (32). Similarly, the used dose of
rapamycin was previously shown to modulate fear memory consolidation upon infusion in
the amygdala (33). Control mice were infused with the appropriate vehicle at the same time
point. Mice were gently hold by the scruff and the infusion cannula was inserted into the
guide cannula. The tip of the infusion cannula protrudes 0.5 mm from the tip of the guide
cannula, thus penetrating the brain site of interest. Infusions were made at a flow rate of 0.5
ul/min. A total volume of 0.5 pl was infused in each site. Following infusion, the infusion
cannula was left in place for 1 min to enable diffusion of drugs and to avoid liquid reflux
through the guide cannula.

Fear conditioning

The experiments were carried out in a fear conditioning apparatus comprising a test box (20
cm width x 20 cm length x 20 cm height) placed within a sound proof chamber (Panlab,
Harvard Apparatus). Two different contextual configurations were used (A: square
configuration, white walls, white rubber floor, washed with 70% ethanol; B: circular insert,
black walls, metal grid on black floor, washed with 1% acetic acid). On day 1, mice are
subjected to a habituation session in context A. After 2 min of habituation to the box, they
were exposed to 5 alternating presentations of two different tones (2.5 or 7.5 kHz, 85 dB, 30
s). The interval between tone presentations during the habituation session was randomized
between 20-120 s. On day 2, discriminative fear conditioning was performed in context B.
After 2 min habituation to the box, animals received 5 pairings of one tone (CS+, semi-
randomly assigned as 2.5 or 7.5 kHz, counterbalanced between mice across experimental
groups) with an unconditioned stimulus (US: 0.6 mA scrambled footshock, 2 s, coinciding
with the last 2 s of CS+ presentation). The other tone (CS-) was presented intermittently,
following each pairing of the CS+ with the US, but never coinciding with the US. The
interval between CS+ and CS- presentations during the conditioning session was
randomized between 20-120 s. On day 3, conditioned mice are submitted to fear retrieval in
context A. After 1 min habituation to the box, mice received presentations of the CS- or CS
+ in a block of 4 with 20-120 s interval followed 4 h later by 1 min habituation to the box
and 4 presentations of the CS+ or CS— in a block of 4 with 20-120 s interval. The order in
which the CS+ and the CS— were presented was counterbalanced across animals. Freezing
behavior during CS+ and CS- presentations was analyzed using a load cell coupler (Panlab,
Barcelona, Spain) and was defined as the lack of activity above a calibrated threshold for a
duration of 2 s or more as determined with the Freezing software (Panlab, Barcelona, Spain).
The average time spent freezing prior to presentation of the sounds during both test sessions
(Pre) was used as a measure for contextual fear generalization. Mice were randomly
assigned to experimental groups.
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Tissue preparation and immunofluorescence

Mice were rapidly anaesthetized with pentobarbital (500 mg/kg, i.p., Sanofi-Aventis, France)
and transcardially perfused with 4% (w/v) paraformaldehyde in 0.1 M sodium phosphate
buffer (pH 7.5) (34). Brains were post-fixed overnight in the same solution and stored at
4°C. Fourty um-thick sections were cut with a vibratome (Leica, France) and stored at
—20°C in a solution containing 30% (v/v) ethylene glycol, 30% (v/v) glycerol, and 0.1 M
sodium phosphate buffer, until they were processed for immunofluorescence (35). Sections
were processed as follows: free-floating sections were rinsed three times 10 min in Tris-
buffered saline (50 mM Tris-HCL, 150 mM NaCl, pH 7.5). For PKC8& immunofluorescence
staining an antigen-retrieval protocol was applied. Following the initial TBS rinse, sections
were incubated for 15 min at 75°C in a buffer containing 10 mM Citrate and 0.05%
Tween20 at Ph 6.5. Next sections were rinsed three times in TBS. Sections were then
permeabilized and blocked in a solution containing 3% BSA (w/v) and 0.3% (v/v) Triton
X-100 in TBS and incubated for 72 hrs at 4°C in 1% BSA (w/v), 0.1% (v/v) Triton X-100
with the primary antibodies. The following primary antibodies were used: chicken anti-GFP
(1:500, Life Technologies, A10262), rabbit anti-pS235/236-rpS6 (1:500, Cell Signaling
Technologies, 2211), and mouse anti-PKC8 (1:500, BD Transduction Laboratories,
610398). Following primary antibody incubation, sections were rinsed three times for 10
min in TBS and incubated for 45 min at room temperature with goat Cy2-, Cy3- or Cy5-
coupled secondary antibodies (1:500, Jackson Immunoresearch). Sections were rinsed for 10
min twice in TBS and twice in Tris-buffer (1 M, pH 7.5) before mounting in 1,4-
diazabicyclo-[2. 2. 2]-octane (DABCO, Sigma-Aldrich).

Confocal microscopy and image analysis were carried out at the Montpellier RIO Imaging
Facility. Images from each region of interest were single confocal sections obtained using
sequential laser scanning confocal microscopy (Zeiss LSM780). Photomicrographs were
obtained with the following band-pass and long-pass filter setting: Cy2 (band pass filter:
505-530), Cy3 (band pass filter: 560-615), and Cy5 (long-pass filter 650). Images used for
quantification were all single confocal sections. The objectives and the pinhole setting (1
airy unit) remain unchanged during the acquisition of a series for all images within an
experiment. The thickness of the optical section is ~1.6 um with a 20x objective and ~6 pm
with a 10x objective. P-rpS6-positive cells were quantified in zones or regions of the same
area corresponding to the CEIl or BNSTov. Quantification of immunoreactive cells was
performed blinded to experimental conditions using the cell counter plugin of the ImageJ
software taking as standard reference a fixed threshold of fluorescence.

Statistical analysis

Values are expressed as means + s.e.m. Statistical analysis was performed by one-way or
two-way ANOVA (with matching for repeated measures (RM) as indicated) followed by
Tukey post-hoc comparisons.
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Results

Bidirectional modulation of conditioned threat response generalization by D2R

We studied the molecular mechanisms controlling threat memory generalization, using a
protocol in which mice learn to distinguish between two auditory cues (conditioned
stimulus, CS) associated (CS+) or not (CS-) with a threat. After habituation (without shock)
to the CS+ and CS- in context A (day 1), mice were conditioned in context B (day 2).
During the conditioning, CS+ was specifically associated with an unconditioned stimulus
(US), a footshock. The CS— was presented during the same training session but never
associated with a footshock (Figure 1a). CS+ and CS— were presented 5 times during a 15-
min session (Figure 1a and Supplemental Figure 1). On day 3 (context A), mice were re-
exposed to one type of cue followed, 4 h later, by re-exposure to the other type of cue.
Freezing was measured as the typical threat response (Figure 1a, b). Following conditioning,
mice displayed high freezing levels after CS+ presentation (Figure 1b). Although less
pronounced, a significant freezing response was also observed following CS— presentation
suggesting a certain degree of fear generalization (Figure 1b). To determine whether DA
participates in the consolidation of this form of discriminative learning, dopamine D1R and
D2R agonists and antagonists were injected immediately after conditioning and mice were
tested the following day in a drug-free state (Figure 1a). Neither blockade (SCH23390, 0.1
mg/Kkg, i.p.) nor stimulation (SKF81297, 5 mg/kg, i.p.) of D1R altered the learned fear
responses (Figure 1b). In contrast, modulation of D2R bidirectionally regulated the
consolidation of fear responses: mice treated with a D2R antagonist, raclopride (0.3 mg/kg,
i.p.), displayed equivalent freezing response to both CS+ and CS- (Figure 1b). Conversely,
stimulation of D2R by quinpirole (1 mg/kg, i.p.) tended to enhance discrimination between
CS+ and CS- (Figure 1b). This was confirmed when mice were conditioned at a high
footshock intensity of 1 mA, after which saline-treated mice showed generalization, whereas
quinpirole-treated mice showed clearly different behavioral responses towards CS+ and CS-
(Figure 1c). Together these results suggested that DA gates the discrimination of cues
previously associated with different value through D2R.

CEA D2R control fear generalization

Although D2R binding sites have been detected in the CEA (32), the identity of D2R-
containing neurons in this brain area remains elusive. We therefore analyzed the anatomical
distribution of D2R-expressing cells in the CEA by using Dra2..EGFP mice. The analysis of
GFP expression revealed that D2R-expressing neurons were predominantly found in the
lateral part of the CEA (CEI) and to a lesser extent in the medial part of the CEA (CEm)
(Figure 2a, b). Double immunofluorescence analysis revealed that most CEl D2R-expressing
cells were PKC&-immunoreactive, a marker previously shown to identify GABAergic
neurons in this brain region (5) (Figure 2c, d).

To investigate whether CEA could be a target of DA activated by aversive stimuli, we
monitored P-rpS6 1 and 2 h after the end of the conditioning session. At 1 h we found an
increase in P-rpS6 in the CEI of mice subjected to five CS+US pairings compared to control
mice only exposed to the CS (Supplemental Figure 2a, b). In the CEIl, increased P-rpS6 was
specific towards PKC&* cells and was prevented when raclopride was injected after
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conditioning (Figure 2e, f). Moreover, the administration of quinpirole increased P-rpS6 in
CEI PKC8™ cells (Figure 2g and Supplemental Figure 3a, b). Together these results indicated
that both aversive conditioning and pharmacological stimulation of D2R activated CEI
PKC&* neurons.

To determine whether D2R located in the CEA participate in the control of fear
generalization, mice were implanted bilaterally with cannulas in the CEA (Figure 2h and
Supplemental Figure 4). Mice infused bilaterally with raclopride into the CEA immediately
following conditioning showed generalized freezing responses when re-exposed to CS+ and
CS- 24 h later (Figure 2i). Taken together, these data suggest that the stimulation of D2R in
the CEA is required to prevent generalization of threat responses.

Blockade of BNST D2R induces fear generalization

The BNST was previously shown to have a high density of D2R (36), but as for the CEA,
the identity of D2R-containing cells in this brain area is not known. We therefore used
Drd2::EGFP mice to characterize the distribution of D2R-expressing cells in the BNST
(Figure 3a). We found that GFP-containing cells were distributed throughout the BNST, with
the highest density in the oval nucleus of the BNST (BNSTov) (Figure 3b). Reminiscent of
our observations in the CEl, a high proportion of D2R-expressing BNSTov neurons co-
expressed PKCS (~84%) (Figure 3c, d). As observed in the CEA, aversive conditioning
increased the phosphorylation of rpS6 in the BNST (Supplemental Figure 5a, b), mainly in
BNSTov PKC&* cells and required D2R stimulation (Figure 3e, f). In addition, the
administration of quinpirole also increased P-rpS6 in the BNSTov PKC6&™ cells (Figure 3g
and Supplemental Figure 6a, b) indicating that similarly to CEl PKC8&" neurons BNSTov
PKC8&* cells are also highly responsive to aversive conditioning and pharmacological
stimulation of D2R.

We therefore tested whether the modulation of D2R located in the BNST affected fear
generalization. Mice bilaterally infused with raclopride into the BNST immediately
following conditioning displayed equivalent freezing responses during CS+ and CS-
presentation the following day (Figure 3h, i and Supplemental Figure 7), demonstrating their
inability to discriminate between cues predicting relative safety and threat. Together these
observations suggested that D2R in the BNST exerts a role highly similar to that of D2R in
the CEA in controlling generalization of threat responses.

Coordinated activation of D2R in the CEA and BNST prevents fear generalization

The concomitant activation of CEl and BNSTov PKC&* neurons following aversive
conditioning led us to investigate whether the coordinated stimulation of D2R in the CEA
and the BNST is required to prevent generalization of freezing responses. To test this
hypothesis, we performed a pharmacological disconnection of these structures by injecting
raclopride into the CEA in one hemisphere and into BNST in the other hemisphere (Figure
4). While the blockade of D2R in CEA on one side of the brain and in BNST on the other
side (i.e. disconnection) induced generalized freezing responses (Figure 4a and
Supplemental Figure 8a), the ipsilateral blockade of D2R in the two regions did not impact
on the discrimination between CS+ and CS- (Figure 4b and Supplemental Figure 8b). This
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result indicated that the concomitant recruitment of both structures is required to control
threat response generalization.

MTORC1 inhibition prevents rpS6 phosphorylation and induces overgeneralization

Among the various protein kinases involved in rpS6 phosphorylation, the canonical pathway
mammalian target of rapamycin complex 1 (mTORCZ1)/p70 ribosomal protein S6 kinases 1
and 2 (p70S6K1/2) plays a prominent role (37). We therefore tested whether the mTORC1
pathway was involved in the regulation of P-rpS6 in PKC&" BNSTov and CEI neurons
following aversive Pavlovian conditioning. While vehicle-treated mice showed an increase
of P-rpSé6 in the CEI (Figure 5a, b) and BNSTov (Figure 5c, d), the state of phosphorylation
of rpS6 was unchanged in both structures in mice pretreated with a low dose of the
mTORC1 inhibitor rapamycin (5 mg/kg, i.p.). Similarly, quinpirole-induced P-rpS6 in
PKC&8* BNSTov and CEl cells was strongly decreased in rapamycin-treated mice
(Supplemental Figure 9).

To determine whether mMTORC1 activation in the extended amygdala participated in the
control of fear generalization, two cohorts of mice were implanted bilaterally with cannulas
either in the CEA or in the BNST (Figure 5e, f). Bilateral infusion of rapamycin into the
CEA immediately after conditioning induced a general impairment of conditioned threat
learning since freezing responses evoked by the CS+ were significantly diminished
compared to saline (Figure 5e). On the other hand, bilateral infusion of rapamycin into the
BNST selectively disrupted discriminative learning as evidenced by the pronounced increase
in freezing responses during CS- presentation, which became indistinguishable from CS+
presentation (Figure 5f). Altogether, these results suggest that mMTORC1 activation in the
extended amygdala controls consolidation of threat memory.

Discussion

Previous pharmacological and genetic studies have suggested a role of DA in the
stabilization of aversive memory traces and in the modulation of threat response
generalization (12, 38). Generalization is controlled at different anatomical checkpoints
throughout the fear circuit including the prefrontal cortex (39, 40), the lateral amygdala (8,
41), and the extended amygdala (3-5). Here we demonstrate that DA facilitates the
consolidation of appropriate behavioral threat responses in mice following auditory fear
conditioning through concomitant D2R activation in the CEA and BNST. Importantly, our
results show that D2R signaling coordinates mTORCL1 activation in these two extended
amygdala structures that are often considered as largely independent but complementary
systems involved in fear and anxiety processing (2).

The CEA has a well-established role in the acquisition, consolidation and expression of fear
responses towards auditory threat-predicting cues (CS+) (3, 42, 43) but was also found to be
involved in generalization of fear responses towards non-predictive auditory cues (CS-) (3,
5). The BNST, however, does not appear to be critically involved in CS+ fear responses (44),
but nevertheless controls generalization towards CS— fear responses (4). Supporting their
involvement in generalization, both extended amygdala substructures have been shown to
contribute to anxiety-like behaviors (45-47). The CEA and BNST have strong reciprocal
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connections (48, 49) and receive direct glutamatergic inputs from the BLA (46, 47).
Moreover, their output towards the brainstem displays a surprising level of temporal
coordination in response to BLA stimulation (50, 51). Indeed, both the CEA and BNST
project towards the ventrolateral PAG (PAGVI), the brainstem region controlling freezing
behavior, suggesting that cooperation of extended amygdala outputs maximizes control over
conditioned threat responses.

The extended amygdala receives DA inputs from the VTA and the DR/PAG (9). The VTA
inputs are spread diffusely over the CEA and BNST, whereas the DR/PAG inputs are highly
focalized on the CEIl and BNSTov (52). The existence of D2R in the CEA and BNST was
previously reported using immunohistochemistry and receptor autoradiography approaches
(32, 36, 53). Extending these previous observations, our analysis revealed that D2R-
expressing neurons were mainly distributed in the CEl and BNSTov and that a large majority
of them also expressed PKC6 (78% for the CEl and 84% for the BNSTov). The presence of
D2R was further supported by the ability of quinpirole, a D2R agonist, to enhance rpS6
phosphorylation in CEl and BNST PKC&* neurons. However, one cannot exclude that the
observed effects on rpS6 phosphorylation in PKC8* cells are the integrated result of D2R
modulation within neuronal circuits of the CEA and BNST. Indeed, in addition to their
expression in CEA and BNST PKC&-expressing neurons, D2R are also found at presynaptic
levels where they could participate to disinhibition in the extended amygdala circuit by
decreasing GABA release therefore facilitating the activation of CEl and BNSTov PKC&*
neurons (36, 54, 55).

We found that aversive conditioning increased the P-rpS6 in CEl and BNSTov PKC6™ cells
through the stimulation of D2R. Interestingly, systemic or local infusion of raclopride
immediately following fear conditioning into the CEA or BNST elicited threat response
generalization. This suggests that activation of PKC6&™ cells following aversive conditioning
prevents threat response generalization whereas interventions that prevent activation of
PKC&™ cells elicit generalization. Interestingly, CEl PKC8* cells are inhibited by CEI
somatostatin-immunoreactive (SOM™) cells (3, 56) and fear conditioning with a high
intensity foot shock (1 mA) was previously shown to cause increased excitatory synaptic
transmission onto SOM™* cells and thereby weakening that onto PKC6&™ cells (42). In our
experiments, similar training conditions elicited threat response generalization, suggesting
that this phenomenon may result from shifts in synaptic strength between SOM™ cells and
PKC&* cells. Indeed, we found that the stimulation of D2R not only increased
phosphorylation of rpS6 specifically in PKC&* cells of the extended amygdala and but also
prevented fear generalization induced by conditioning with a high-intensity foot shock. In
line with our results, pharmacogenetic silencing of CEI PKC8* cells during fear
conditioning and subsequent testing was previously shown to increase freezing responses
both during and after auditory cue presentation, suggesting generalization (5). Moreover,
optogenetic activation of CEl PKC&* cells was shown to be anxiolytic (57). Interestingly, a
recent study demonstrated that optogenetic activation of CElI PKC&™" cells during retrieval of
fear memory was anxiogenic and promoted fear generalization (58). This apparent
contradiction may reflect the dual role of CEA in both incentive salience and valence (59).
Further investigation will be necessary to determine whether BNSTov and CEIl PKC6&™ cells
signals salience and/or valence.
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Several studies previously demonstrated the role of mTORCL1 signaling in fear memory
consolidation (33, 60-62). Indeed, the blockade of mMTORCL disrupted consolidation of
auditory CS+ fear responses (60, 61). Our present findings demonstrate that the increase in
rpS6 phosphorylation in extended amygdala PKC8* cells following fear conditioning or
D2R activation required mTORCL activation raising the possible role of mMTORCL1 in the
control of fear generalization. Supporting this hypothesis, the injection of rapamycin into the
BNST disrupted the discrimination between CS+ and CS— without affecting the
consolidation of CS+ freezing responses. On the other hand, local administration of
rapamycin in the CEA impaired the consolidation of conditioned threat responses to both CS
+ and CS-. The most parsimonious explanation for such results is that infused rapamycin
reached the adjacent LA/BIA complex, where inhibition of mMTORC1 signaling was
previously shown to disrupt the consolidation of CS+ freezing responses (33). Although
genetic approaches will be necessary to determine the contribution of CEA mTORC1
signaling in fear generalization, these findings indicate that in the BNST mTORC1 signaling
plays a role in the prevention of excessive fear generalization.

In conclusion, we identified D2R as a critical modulator of threat response generalization.
We found that D2R activation prevents excessive generalization through mTORCL signaling
in PKC&™ cells of the extended amygdala. Our data add to the growing body of evidence
showing that appropriate behavioral responses to threats require a highly orchestrated
cooperation between the CEA and BNST (1). Over time, transitions from phasic fear to
sustained fear and anxiety-related behaviors may be reflected by an anatomical shift from
the CEA to BNST. However, during the initial consolidation of conditioned threat responses,
both extended amygdala substructures are critically involved. These findings provide
insights into a potential etiological mechanism and core feature of anxiety disorders.
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Figure 1. Bidirectional modulation of Pavlovian defensive reactions by dopamine D2R
(a) Protocol of discriminative auditory Pavlovian conditioning. (b, ¢) Freezing responses

evoked by CS+ (blue bars) and CS— (grey bars) presentation in mice injected with saline,
SCH29390 (0.1 mg/kg, i.p.), SKF81297 (5 mg/kg, i.p.), raclopride (0.3 mg/kg, i.p.) or
quinpirole (1 mg/kg, i.p.) immediately after conditioning: pairings of sound cue with 0.6 mA
(b) or 1 mA (c) foot shock. The average time spent freezing prior to presentation of the
sounds during both test sessions (Pre, open bars) was used as a measure for contextual fear
generalization. The number of animals in each condition is indicated in the bars. Values are
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means + s.e.m. Statistical analysis, repeated measures ANOVA (values in Supplemental
Table 1: 1b and 1c). Tukey’s test, * p < 0.05, ** p < 0.01, *** p < 0.001 for comparison with
Pre; °° p < 0.01, °°° p < 0.001 for comparison between CS+ and CS-.
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Figure 2. Blockade of D2R in the CEA induces generalized freezing responses
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(a) Localization of D2R-expressing neurons in the CEA of Drd2::EGFP mice. Scale bar, 200
um. (b) EGFP-positive neurons were quantified as a percent of NeuN-positive (not shown)
cells 5 sections from 5 mice (c) Double immunostaining for EGFP (cyan) and PKC8 (red) in
the CELl. Scale bar, 100 um. Inset, high magnification of the area delineated by the yellow
dashed line square. Scale bar, 25 pm. (d) Estimation of the proportion of D2R-containing

neurons that express PKCS in the CEI (1019 cells analyzed, n = 5 mice). (€)

Immunofluorescence of P-rpS6 (red) and PKCS8 (cyan) in the CEIl 60 min after conditioning
in mice injected with either saline or raclopride. Scale bar, 100 um. (f) Number of P-rpS6-
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positive cells in PKC8* or PKC&™ neurons in the CEI of mice exposed to CS alone (white
bars) or paired with US (cyan bars) and injected either with saline or raclopride. (g) Number
of P-rpS6-immnopositive cells in PKC&* or PKC8™ neurons in the CEI of mice receiving a
single injection of quinpirole. (h) Schematic representation of the cannula placement for
raclopride infusion into the CEA. (i) Freezing responses evoked by CS+ and CS-
presentation in mice microinjected into the CEA with saline or raclopride immediately after
conditioning: 5 pairings of sound cue with 0.6 mA foot shock. In (f), (g) and (i) the number
of animals in each condition is indicated in the bars. Statistical analysis, two-way ANOVA
or repeated measures ANOVA (values in Supplemental Table 1: 2f, 2g and 2i), Tukey’s test
in (f) *** p < 0.001 for comparison between CS and CS+US; °° p < 0.01, for comparison
between saline and raclopride, in (g) *** p < 0.001 vs saline and in (i) * p < 0.05, ** p <
0.01, *** p < 0.001 for comparison with Pre; °° p < 0.01, for comparison between CS+ and
CS-.
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Figure 3. BNST D2R control fear generalization
(a) Localization of D2R-expressing neurons in the BNST of Drd2.:EGFP mice. Scale bar,

200 um. (b) EGFP-positive neurons were quantified as a percent of NeuN-positive (not
shown) cells 5 sections from 5 mice. (c) Double immunostaining for EGFP (cyan) and
PKCS (red) in the BNSTov. Scale bar, 100 um. Inset, high magnification of the area
delineated by the yellow dashed line square. Scale bar, 20 um. (d) Estimation of the
proportion of D2R-containing neurons that express PKCS in the BNSTov (Drd2.:EGFP. 725
cells analyzed; n = 5 mice). (€) Immunofluorescence of P-rpS6 (red) and PKC8 (cyan) in
the BNSTov 60 min after conditioning in mice injected with either saline or raclopride.
Scale bar, 100 um. (f) Number of P-rpS6-immunopositive cells in PKC8* or PKC8™ neurons
in the BNSTov of mice exposed to CS alone (white bars) or paired with US (cyan bars) and

Mol Psychiatry. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Bundel et al.

Page 20

injected either with saline or raclopride. (g) Number of P-rpS6-immunopositive cells in
PKC&* or PKC&™ neurons in the BNSTov of mice receiving a single injection of quinpirole.
(h) Schematic representation of the cannula placement for raclopride infusion into the
BNST. (i) Freezing responses evoked by CS+ and CS- presentation in mice microinjected
with saline or raclopride immediately after conditioning: 5 pairings of sound cue with 0.6
mA footshock. In (f), (g) and (i) the number of animals in each condition is indicated in the
bars. Statistical analysis, two-way ANOVA or repeated measures (values in Supplemental
Table 1: 3f, 3g and 3i), Tukey’s test in (f) ** p < 0.01 for comparison between CS and CS
+US; ° p < 0.05, for comparison between saline and raclopride, in (g) *** p < 0.001 vs
saline and in (i) * p < 0.05, ** p < 0.01, *** p < 0.001 for comparison with Pre; °° p < 0.01,
for comparison between CS+ and CS-.
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Figure 4. Concomitant D2R activation in the CEA and BNST preventsfear generalization
(a, b) Left panel, schematic diagram showing the location of raclopride infusion to block

D2R into the CEA and BNST. (a) Right panel, contralateral raclopride infusions in the CEA
and the BNST induce generalized freezing responses whereas ipsilateral infusions (b) do not
(experiment replicated in three groups of animals). In (a) and (b) the number of animals in
each condition is indicated in the bars and statistical analysis done with repeated measures
(values in Supplemental Tablel: 4a and 4b) and Tukey’s test, * p < 0.05, ** p < 0.01, *** p
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< 0.001 for comparison with Pre; ° p < 0.05, °° p < 0.01, °°° p < 0.001, for comparison
between CS+ and CS-.
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Figure 5. mTORC1 inhibition preventsrpS6 phosphorylation and induces gener alization of
defensive behavior

(&) Immunofluorescence of P-rpS6 (red) and PKC8 (cyan) in the CEIl 60 min after
conditioning in mice injected with either saline or rapamycin (5 mg/kg, i.p.). Scale bars, 100
um. (b) Number of P-rpS6-positive cells in PKC8* or PKC&™ neurons in the CEI of mice
exposed to CS alone (white bars) or paired with US (cyan bars) and injected either with
saline or rapamycin. *** p < 0.001 for comparison between CS and CS+US; ° p < 0.05, °° p
< 0.01 for comparison between vehicle and rapamycin. (c and d) Same as in (a and b) for
BNSTov. (€) Left panel, localization of cannula hits for bilateral infusion of rapamycin into
the CEA. Right panel, freezing responses evoked by CS+ and CS—presentation in mice
microinjected in the CEA with vehicle or rapamycin immediately after conditioning: 5
pairings of sound cue with 0.6 mA footshock. (f) same as in (e) for BNST. Mice
microinjected with saline (grey dots) and rapamycin (red dots). * p < 0.05, *** p < 0.001 for
comparison with Pre; °° p < 0.01, °°° p < 0.001, for comparison between CS+ and CS-. In
(b), (d), (e) and (f), the number of animals in each condition is indicated in the bars and
statistical analysis done by using two-way ANOVA or repeated measures (Values in
Supplemental Table 1: 5b, 5d, 5e and 5f) followed by Tukey’s test.
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