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M1 Muscarinic Receptors Modulate Fear-Related
Inputs to the Prefrontal Cortex: Implications
for Novel Treatments of Posttraumatic
Stress Disorder

James Maksymetz, Max E. Joffe, Sean P. Moran, Branden J. Stansley, Brianna Li,
Kayla Temple, Darren W. Engers, J. Josh Lawrence, Craig W. Lindsley, and P. Jeffrey Conn
ISS
ABSTRACT
BACKGROUND: The prefrontal cortex (PFC) integrates information from multiple inputs to exert top-down control
allowing for appropriate responses in a given context. In psychiatric disorders such as posttraumatic stress
disorder, PFC hyperactivity is associated with inappropriate fear in safe situations. We previously reported a form
of muscarinic acetylcholine receptor (mAChR)–dependent long-term depression in the PFC that we hypothesize is
involved in appropriate fear responding and could serve to reduce cortical hyperactivity following stress. However,
it is unknown whether this long-term depression occurs at fear-related inputs.
METHODS: Using optogenetics with extracellular and whole-cell electrophysiology, we assessed the effect of
mAChR activation on the synaptic strength of specific PFC inputs. We used selective pharmacological tools to
assess the involvement of M1 mAChRs in conditioned fear extinction in control mice and in the stress-enhanced
fear-learning model.
RESULTS: M1 mAChR activation induced long-term depression at inputs from the ventral hippocampus and
basolateral amygdala but not from the mediodorsal nucleus of the thalamus. We found that systemic M1 mAChR
antagonism impaired contextual fear extinction. Treatment with an M1 positive allosteric modulator enhanced
contextual fear extinction consolidation in stress-enhanced fear learning–conditioned mice.
CONCLUSIONS: M1 mAChRs dynamically modulate synaptic transmission at two PFC inputs whose activity is
necessary for fear extinction, and M1 mAChR function is required for proper contextual fear extinction. Furthermore,
an M1 positive allosteric modulator enhanced the consolidation of fear extinction in the stress-enhanced fear-learning
model, suggesting that M1 positive allosteric modulators may provide a novel treatment strategy to facilitate exposure
therapy in the clinic for the treatment of posttraumatic stress disorder.
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The prefrontal cortex (PFC) integrates information from a
diverse set of cortical and subcortical sources (1,2) and is a
central structure involved in higher-order cognitive functions
(3,4). Normal function of the PFC is critical for top-down pro-
cessing of internal and external signals to inhibit inappropriate
thoughts, emotions, and actions, and it allows for relevant
behavioral responses in appropriate contexts (5–7). To prop-
erly integrate synaptic information and facilitate executive
functions, input to the PFC undergoes dynamic regulation via
mechanisms of synaptic plasticity, including long-term
potentiation and long-term depression (LTD) of synaptic
strength. These forms of synaptic plasticity are commonly
considered the molecular correlates of learning and memory
(8–10) and are critical in directing PFC activity to guide
emotional and behavioral responses (5,11).
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The PFC plays a critical role in extinction of fear condi-
tioning by integrating information from the ventral hippocam-
pus (vHipp) and the basolateral amygdala (BLA), key regions
for encoding conditioned fear and regulating emotional re-
sponses to fearful stimuli (11,12). Interestingly, multiple studies
suggest that exposure to acute or repeated stress can induce
disruptions in PFC function (6,7) and can dramatically inhibit
normal fear extinction (13). Stress-induced loss of fear
extinction can impair recovery from trauma and is thought to
play a critical role in sustaining pathological fear in persons
with posttraumatic stress disorder (PTSD) (13).

Preclinical and clinical studies suggest that cholinergic
projections to the PFC from the basal forebrain play important
roles in the extinction of fear learning (14). Acetylcholine acts in
large part through the five subtypes of muscarinic
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acetylcholine receptors (mAChRs), M1 to M5, of which the
primarily Gaq-coupled M1 and Gai-coupled M4 subtypes are
the most abundant in the PFC (15). mAChRs are involved in
working memory (16) and attention (17), as well as appropriate
fear (18) and emotional responses (19). These roles of mAChRs
in the PFC have been studied primarily using nonselective pan-
mAChR antagonists such as scopolamine (16,18,19), but the
relative contribution of each subtype to cognitive and affective
functions has remained elusive, in part because of a dearth of
subtype-selective compounds. We and others have recently
developed selective ligands for mAChR subtypes, including
highly selective agonists (20), antagonists (21), and positive
allosteric modulators (PAMs) (9,22–26) for the M1 mAChR.
Using these new tools, along with genetic manipulations
(27,28), we recently reported that M1 mAChR activation in-
duces a form of LTD in the rodent prelimbic PFC (PL) (9). This
finding is especially interesting in light of studies suggesting
that PFC neurons display robust firing during states of high
fear and that depression of excitatory inputs to the PFC may
be important for fear extinction learning (29–31). This raises the
possibility that M1 LTD could play a role in mAChR regulation
of fear extinction learning. If so, this could provide important
new insights that are relevant for the treatment of PTSD and
other disorders in which fear extinction learning is disrupted.
However, the PFC receives input from multiple subcortical
areas (1,32), and it is not known whether M1 LTD is expressed
at synapses in the vHipp-PFC-BLA circuit that have been
implicated in fear conditioning and extinction learning.

We now report a series of studies in which we found that M1

mAChR activation induces LTD at the vHipp-PFC and BLA-
PFC synapses but not at synapses from the mediodorsal
nucleus of the thalamus (MDT). Further studies utilizing viral-
mediated deletion of M1 from pyramidal cells revealed that
vHipp-PFC mAChR LTD requires postsynaptic M1 in PFC py-
ramidal neurons. Interestingly, selective blockade of M1

impaired contextual fear extinction. Finally, we found that an
M1 PAM was able to reverse deficits in contextual fear
extinction in a rodent model of PTSD, implying that M1 PAMs
may have clinical efficacy as an adjunct to exposure therapy.
These results are especially exciting in light of the development
of M1 PAMs as potential therapeutics for psychiatric and
neurodegenerative disorders.
METHODS AND MATERIALS

Animal Use

C57BL/6J mice were acquired from Jackson Laboratories (Bar
Harbor, ME). Chrm1loxP/loxP mice (28) were bred in-house.
Experiments were performed in group-housed mice 8 to 12
weeks of age (2–5 per cage) on a 12-hour light/dark cycle
(lights on at 6:00 AM) and given access to food and water ad
libitum. All experimental protocols were approved by the
Vanderbilt Institutional Animal Care and Use Committee. Viral
injections were performed as previously described (10,33)
with adeno-associated virus 5 (AAV5)–a-calcium/calmodulin-
dependent protein kinase II (aCaMKII)–channelrhodopsin-2
(ChR2)–enhanced yellow fluorescent protein (eYFP),
AAV5–aCaMKII–Cre–mCherry, and AAV5–aCaMKII–mCherry
(UNC Viral Core, Chapel Hill, NC).
990 Biological Psychiatry June 15, 2019; 85:989–1000 www.sobp.org/
Electrophysiology

Extracellular field and whole-cell recordings were performed
as previously described (9,10). PFC slices were prepared
using an N-methyl-D-glucamine–based cutting and recovery
solution (34) and transferred to artificial cerebrospinal fluid
(aCSF) (126 mmol/L sodium chloride, 2.5 mmol/L potassium
chloride, 1.25 mmol/L anhydrous monosodium phosphate, 26
mmol/L sodium bicarbonate, 10 mmol/L glucose, 2 mmol/L
calcium dichloride, 1 mmol/L magnesium sulfate) supple-
mented with 500 mmol/L ascorbate for 1 hour. The recording
chamber was perfused with aCSF (31�C 6 1�C) at a rate of 2
mL/min. For field recordings, recording electrodes filled with
aCSF were placed in PL layer V. For whole-cell recordings
voltage-clamped at 270 mV, mCherry-positive neurons in PL
layer V were filled with a potassium-based internal solution
(125 mmol/L potassium gluconate, 4 mmol/L sodium chlo-
ride, 10 mmol/L HEPES, 4 mmol/L adenosine 50-triphosphate
magnesium salt, 0.3 mmol/L guanosine 50-triphosphate so-
dium salt hydrate, 10 mmol/L Tris-phosphocreatine). Local
glutamate release was elicited with 470-nm light to activate
ChR2 or via a concentric bipolar stimulating electrode in layer
II/III at a rate of 0.05 Hz for field and 0.1 Hz for whole-cell
recordings.

Behavior-Cued and Contextual Fear Extinction

Fear conditioning was performed as described in
Supplemental Materials and Methods. Mice were handled for 2
days prior to fear conditioning. Percent time spent freezing
was used as a measure of learned fear. The stress-enhanced
fear learning (SEFL) model involved an initial day of 10
random footshocks delivered over 1 hour in a distinct context.

Compounds

Oxotremorine-M (Oxo-M) was obtained from Tocris (Bio-
Techne, Minneapolis, MN). VU0255035, VU0364572, and
VU0453595 were synthesized in-house. For electrophysiology,
stock solutions were prepared in deionized water or dimethyl
sulfoxide and diluted to working concentrations in aCSF
(#0.1% dimethyl sulfoxide). For behavior, compounds were
prepared in 20% b-cyclodextrin and administered via intra-
peritoneal injection.

Data Analysis

Data are presented as mean 6 standard error. Statistical an-
alyses were performed using GraphPad Prism (GraphPad
Software, San Diego, CA). A paired or unpaired two-tailed
Student’s t test, one- or two-way analysis of variance, or
repeated-measures two-way analysis of variance with Bon-
ferroni’s post hoc test were used where appropriate. Results of
statistical analyses are presented in the figure legends.

RESULTS

Muscarinic LTD in the PFC Is Input Specific

Our lab and others previously reported that the cholinergic
agonist carbachol induces LTD of extracellular field excitatory
postsynaptic potentials (fEPSPs) recorded in layer V in
response to electrical stimulation of layer II/III in PL slices
(9,35). We first confirmed that this LTD is induced by the
journal
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mAChR-selective agonist Oxo-M (36) in acute slices of the
mouse PFC. Bath application of Oxo-M (10 mmol/L) induced a
robust LTD of electrically evoked fEPSPs measured after drug
washout (Figure 1A, E), a finding that is consistent with our
previous carbachol data and confirms that LTD in the PFC can
be induced by a more selective mAChR agonist.

We then determined whether Oxo-M would induce LTD at
distinct subcortical inputs to the PFC. We used an optogenetic
approach whereby we injected mice with virus encoding the
expression of eYFP-tagged ChR2 into the afferent region of
interest and prepared acute PFC slices 3 to 4 weeks later.
Corroborating previous reports (32), we detected terminals
from the vHipp, the BLA, and the MDT throughout the PFC
(Supplemental Figure S1). After establishing a stable baseline
of optically evoked fEPSPs (ofEPSPs), bath application of Oxo-
M (10 mmol/L) induced LTD of vHipp-evoked ofEPSPs
(Figure 1B, E) and of BLA-evoked ofEPSPs (Figure 1C, E) but
not of MDT-evoked ofEPSPs (Figure 1D, E). The LTD of elec-
trically evoked fEPSPs and vHipp- and BLA-evoked ofEPSPs
were of similar magnitude but were all significantly different
from the MDT input (Figure 1F). Together, these data suggest
that mAChR LTD of glutamatergic transmission in the PFC
exhibits input specificity and is observed at specific inputs
from the BLA and vHipp.

Input-Specific mAChR LTD Is Mediated by M1

Receptors

Next, we assessed whether M1 mediates mAChR LTD at
vHipp-PFC and BLA-PFC synapses. Consistent with prior
studies using electrical stimulation (9), Oxo-M-induced LTD at
the vHipp input was blocked in the constant presence of the
M1 antagonist VU0255035 (10 mmol/L) at a concentration se-
lective for M1 over other mAChR subtypes (9,21,37,38)
(Figure 2A, C). Furthermore, we found that bath
application of the selective M1 allosteric agonist VU0364572
(20) (30 mmol/L) was sufficient to induce LTD at the vHipp-PFC
synapse (Figure 2B, C). Similarly, BLA-PFC mAChR LTD was
significantly attenuated by VU0255035 (Figure 2D, F) and was
induced by the allosteric agonist VU0364572 (Figure 2E, F).
This finding is consistent with the role of M1 in mediating
mAChR LTD of electrically evoked fEPSPs and confirms that
M1 is the subtype mediating mAChR LTD at inputs from the
vHipp and BLA to the PFC.

vHipp-PFC mAChR LTD Requires Postsynaptic M1

Receptors

Previously, we reported that mAChR LTD of electrically evoked
fEPSPs correlated with increased inhibition onto layer V py-
ramidal neurons and that this may contribute to M1 LTD (33).
As M1 is expressed on both PFC glutamatergic pyramidal
neurons and gamma-aminobutyric acidergic interneurons
(39–41), this finding brings into question the localization of M1

involved in M1 LTD. To address this, we used a viral-mediated
knockdown approach allowing for selective deletion of M1

receptors from glutamatergic pyramidal neurons in the PFC
(Figure 3A). Five to 6 weeks postinjection, we prepared slices
to confirm viral expression and observed cell bodies labeled
with mCherry and terminals positive for eYFP throughout the
PFC (Supplemental Figure S2).
Biological Ps
Using whole-cell electrophysiology in acute slices, we
confirmed the genetic deletion of M1 by monitoring the
depolarizing inward current induced by a cholinergic agonist,
previously shown to be dependent on postsynaptic M1 re-
ceptors (42). In mCherry-positive neurons from aCaMKII–
mCherry–infected mice, Oxo-M (10 mM) induced a depolarizing
inward current, while in mCherry-positive neurons from
aCaMKII–Cre–mCherry–infected mice, Oxo-M did not cause
any change in the holding current (Figure 3B). Oxo-M caused a
significant increase in the frequency of spontaneous excitatory
postsynaptic currents (EPSCs) during Oxo-M add that returned
to baseline levels on washout (Figure 3C) in control-infected
cells. In Cre-infected cells, the Oxo-M-induced increase in
spontaneous EPSC frequency was abolished and, interest-
ingly, we observed a significant decrease in spontaneous
EPSC frequency that persisted following drug washout
(Figure 3D), a finding that might be due to activation of other,
inhibitory mAChRs (15). These data functionally confirm dele-
tion of M1 from PFC pyramidal cells, validating our genetic
approach.

Having confirmed deletion of M1 from pyramidal cells, we
then determined whether postsynaptic M1 receptors were
required for mAChR LTD at the vHipp-PFC synapse. We
selected the vHipp-PFC input based on the complete blockade
of LTD by the M1 antagonist (Figure 2A) compared with the
significant but incomplete block of BLA-PFC LTD (Figure 2D).
Furthermore, to control for the effects of incomplete viral
infection on extracellular field recordings (Supplemental
Figure S3), we used whole-cell patch clamp recordings to
measure optically evoked EPSCs from vHipp terminals. In mice
infected with control virus, Oxo-M (10 mmol/L) induced an LTD
of optically evoked EPSCs (Figure 3E, G). Compared with that
in control mice, LTD induced by Oxo-M in mice infected with
Cre virus was significantly attenuated (Figure 3F, H, I). These
data indicate that postsynaptic M1 mediates mAChR LTD at
vHipp-PFC synapses.
M1 Receptor Function Is Necessary for Contextual
but Not Cued Fear Extinction

Together, these data show that M1 is poised to regulate syn-
aptic transmission at two long-range inputs to the PFC. Given
the established role of mAChRs and inputs from the BLA and
vHipp in extinction of fear conditioning, we hypothesized that
the in vivo relevance of this input-specific modulation may
relate to fear extinction. We implemented a 5-day fear condi-
tioning protocol to assess the effects of M1 antagonism on
both auditory-cued and contextual fear extinction (Figure 4A).
Mice were conditioned on day 1. During cued extinction on day
2 and context extinction on day 4, mice were administered
vehicle (20% b-cyclodextrin) or 3, 10, or 30 mg/kg VU0255035
via intraperitoneal injection 30 minutes prior to being placed
into the extinction context. There was no significant effect of
M1 antagonism within the cued fear extinction session
(Figure 4B) nor on cued extinction recall on day 3 (Figure 4B).
Interestingly, there was a significant effect of M1 antagonism
on within-session contextual fear extinction (Figure 4C), and
mice administered 30 mg/kg VU0255035 prior to contextual
fear extinction on day 4 displayed significantly higher freezing
to the context on recall day 5 compared with vehicle-treated
ychiatry June 15, 2019; 85:989–1000 www.sobp.org/journal 991
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mice (Figure 4C). Importantly, the maximal dose of 30 mg/kg
VU0255035 did not affect freezing in animals that were not
exposed to footshocks on day 1 (Supplemental Figure S4).
Overall, these data suggest that M1 activation is not required
for auditory-cued fear extinction but is required for contextual
fear extinction.

M1 Potentiation Enhances Fear Extinction in a
Model of PTSD

Impaired fear extinction is a hallmark of anxiety-related disor-
ders, including PTSD, which is estimated to affect 3.5% of the
United States population annually (43). Exposure therapy is
one of the most common treatment paradigms for PTSD, and it
shares many similarities with pavlovian fear extinction used in
rodents (44). Pharmacological manipulations that enhance the
acquisition and/or consolidation of fear extinction therefore
may be beneficial for use in conjunction with exposure therapy.
Based on our findings, we hypothesized that enhancing M1

function with a PAM may enhance contextual fear extinction in
a rodent model of PTSD.

To test this hypothesis, we used the extensively validated
SEFL model, which produces phenotypes in rodents that
mimic PTSD symptoms in the clinical population (43)
(Figure 5A). On day 1, mice underwent SEFL conditioning
and exhibited greater freezing during fear acquisition in a
novel context (context B) on day 2 (Figure 5B) and when
exposed to context B on day 3 (Figure 5C). SEFL-conditioned
mice then received either vehicle (20% b-cyclodextrin) or the
M1 PAM VU0453595 (10 mg/kg) prior to contextual fear
extinction in context B on day 3. Pretreatment with
VU0453595 had no effect on the expression of contextual fear
assessed during the first 3 minutes in context B and no effect
on within-session extinction (Figure 5D). When mice were
tested for the consolidation of extinction on day 4, PAM-
treated mice spent significantly less time freezing than
vehicle-treated mice (Figure 5D), indicating that VU0453595
enhanced the consolidation of contextual fear extinction in
SEFL-conditioned mice.

DISCUSSION

In these studies, we found that mAChR activation induces LTD
at synapses onto PL layer V from the vHipp and BLA inputs but
not from the MDT. Furthermore, we confirmed that M1
=

Figure 1. Muscarinic long-term depression (LTD) in the prefrontal cortex is inp
weeks after adeno-associated virus 5–a-calcium/calmodulin-dependent protein
was injected into the ventral hippocampus (vHipp) (blue), basolateral amygdala
Electrical stimulation of prelimbic prefrontal cortex layer II/III evoked field excitator
Application of 10 mmol/L oxotremorine-M (Oxo-M) induced an acute depression f
6 10.47%; 7 slices). (B) Optical stimulation of afferents from vHipp-ChR2–injecte
interpulse interval) elicited optically evoked fEPSPs (ofEPSPs) that also underwent
9.50%; 7 slices). (C) ofEPSPs evoked from stimulation of BLA-ChR2 afferents wer
7 slices). (D) ofEPSPs evoked in MDT-ChR2–injected mice exhibited a small acu
baseline, not expressing LTD (100.6% 6 3.72%; 6 slices). Sample traces for pan
bars = 0.2 mV and 20 ms). (E) Summary data of change in fEPSP amplitude for eac
corresponding to the gray-shaded regions in panels (A–D). Paired Student’s t test
fEPSP amplitude corresponding to gray-shaded regions expressed as a percent
6.228, p = .003. Bonferroni’s post hoc test: Electrical vs. MDT: p , .01, vHipp vs
BLA: p . .05; BLA vs. vHipp: p . .05. *p , .05; **p , .01; ***p , .001. Rec., re

Biological Ps
mediates LTD at both inputs and that postsynaptic M1 is
required for LTD at the vHipp-PFC synapse. This suggests that
M1 activation modulates fear-related inputs to the PFC in an
input-selective manner. Based on the roles of the vHipp, BLA,
and PFC in fear extinction, we further identified M1 as neces-
sary for contextual fear extinction. Finally, we demonstrated
that M1 potentiation enhances fear extinction in a rodent model
of PTSD, suggesting that M1 PAMs have potential clinical
utility in the treatment of PTSD and stress-related disorders.

Dysregulated connectivity of subcortical regions to the PFC
is present in multiple psychiatric disorders (45–47). Under-
standing the functional consequences of this finding has been
a major focus of psychiatric-related research, and it has been
aided by novel circuit-based techniques, including opto-
genetics (48). There have been tremendous advances in
establishing the circuitry underlying specific behaviors and
how these circuits might be perturbed in psychiatric disorders.
However, there is a critical need to identify circuit-specific
targets to translate preclinical observations into clinically
effective treatments (49). We took advantage of these circuit-
based approaches and found that activation of M1 selectively
induces LTD at the vHipp and BLA inputs to the PFC, identi-
fying M1 as a potential therapeutic target to modulate these
circuits.

Intact communication between the hippocampus, amyg-
dala, and PFC is essential for proper fear extinction in both
humans (50) and rodents (51) and is dysregulated in anxiety-
related disorders such as PTSD (52). In animal models, BLA
and vHipp inputs to the PFC are involved in anxiety-related
behaviors (48,53,54), and inactivation studies demonstrate
that the vHipp, BLA, and PFC are all required for fear extinction
(51) while the vHipp-PFC pathway gates fear after extinction
learning (29). Thus, it is clear that the vHipp and BLA inputs to
the PFC are important for fear extinction and may be disrupted
in anxiety-disorder models.

Our observation that M1 activation induces LTD at the
vHipp-PFC and BLA-PFC synapses along with work demon-
strating that PFC mAChRs are required for fear extinction (18)
suggested that these two phenomena are related. Consis-
tently, we found that M1 antagonism impaired contextual fear
extinction but had no effect on the extinction of auditory-cued
fear. Our data do not definitively identify M1 in the PFC as the
mediator of these behavioral effects because of technical
limitations including that muscarinic LTD measured
ut specific. Acute slices of the mouse prefrontal cortex were prepared 3 to 4
kinase II–channelrhodopsin-2 (ChR2)–enhanced yellow fluorescent protein
(BLA) (green), or mediodorsal nucleus of the thalamus (MDT) (purple). (A)

y postsynaptic potentials (efEPSPs) recorded in layer V (inset, sample traces).
ollowed by LTD of fEPSPs measured 55–59 minutes post drug add (53.49%
d mice with paired pulses of 470-nm blue light (1-ms pulse duration; 50-ms
induction of LTD following bath application of Oxo-M (10 mmol/L) (62.01% 6
e also sensitive to Oxo-M (10 mmol/L) and expressed LTD (65.61%6 5.28%;
te depression in the presence of Oxo-M (10 mmol/L) but rapidly returned to
els (A–D) correspond to the baseline (1) and the gray-shaded area (2) (scale
h input; (1) baseline amplitude, (2) amplitude at 55–59 minutes post drug add
: Electrical, vHipp p , .05, BLA p, .001, MDT p = .778. (F) Summary data of
of baseline compared across inputs. One-way analysis of variance: F3,23 =
. MDT and BLA vs. MDT: p , .05, Electrical vs. vHipp: p . .05; Electrical vs.
cording electrode; Stim., stimulating electrode.
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Figure 2. Input-specific muscarinic acetylcholine receptor long-term depression (LTD) is mediated by M1 receptors. Recordings from ventral hippocampus
(vHipp)-channelrhodopsin-2–injected or basolateral amygdala (BLA)–channelrhodopsin-2–injected mice. (A) In the constant presence of the selective M1

antagonist VU0255035 (VU’035) (10 mmol/L), oxotremorine-M (Oxo-M) (10 mmol/L) induced an acute depression of optically evoked field excitatory post-
synaptic potentials (ofEPSPs) in prelimbic prefrontal cortex (PFC) layer V evoked from vHipp afferents, but muscarinic acetylcholine receptor LTD was blocked
(99.96% 6 7.67%; 5 slices). (B) Bath application of the selective M1 allosteric agonist VU0364572 (VU’572, 30 mmol/L) for 10 minutes also induced LTD of
ofEPSPs elicited from vHipp afferent stimulation (69.48% 6 6.38%; 5 slices). (C) Summary data for vHipp ofEPSP amplitude 55–59 minutes post drug add.
Unpaired Student’s t test, Oxo-M vs. Oxo-M 1 VU’035: p , .05; paired Student’s t test comparing baseline to shaded area in panel (B): p , .05. (D) LTD of
ofEPSPs evoked from BLA–channelrhodopsin-2–expressing afferents in response to Oxo-M (10 mmol/L) was also blocked in the constant presence of VU’035
(83.86% 6 3.34%; 6 slices). (E) Bath application of VU’572 for 10 minutes also induced LTD of ofEPSPs elicited from BLA afferent stimulation (61.71% 6
4.24%; 5 slices). (F) Summary data for BLA ofEPSP amplitude 55–59 minutes post drug add. Unpaired Student’s t test, Oxo-M vs. Oxo-M 1 VU’035: p , .05;
paired Student’s t test comparing baseline to shaded area in panel (E): p , .05. Shaded time courses in panels (A) and (D) correspond to Oxo-M alone from
Figure 1. In panels (A) and (D), the solid, colored line represents the mean ofEPSP amplitude and the gray-shaded region around the line shows 6SEM.
*Unpaired Student’s t test p , .05, &paired Student’s t test p , .05.
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extracellularly was still intact in Cre-injected Chrm1loxP/loxP

mice. This finding suggests incomplete viral knockdown of M1;
therefore, testing the necessity of PFC M1 for the observed
behavioral effects remains elusive. Nonetheless, our approach
identified the involvement of M1 in fear extinction and that an
M1 PAM could enhance fear extinction in a model of PTSD,
thus translating circuit-based neuroscience to a potential
therapeutic mechanism.

Concerning the potential mechanism, the hippocampus
communicates contextual information to the PFC via mono-
synaptic connections from the ventral pole (55). M1 LTD at the
vHipp-PFC synapse may therefore reflect a modulation of
contextual information flowing into the PFC and may be more
related to regulation of contextual aspects of fear rather than
to nonspatial cued fear (56). This finding is consistent with our
observation that M1 antagonism blocks LTD at the vHipp-PFC
synapse and impairs contextual fear extinction. Furthermore,
single-unit recordings in PL indicate that decreased activity of
PL pyramidal neurons corresponds with reduced fear re-
sponses (29), consistent with a reduced afferent drive into the
994 Biological Psychiatry June 15, 2019; 85:989–1000 www.sobp.org/
PL via an LTD-like mechanism. M1 LTD of vHipp-PL trans-
mission could be required to reduce fear responses during
contextual fear extinction by reducing vHipp-mediated exci-
tation of PL neurons. While we identified postsynaptic M1 as
necessary for mAChR LTD at the vHipp-PFC synapse, the
molecular mechanisms mediating vHipp-PFC M1 LTD are still
unknown. Future work investigating signaling downstream of
M1 that is necessary for the induction, expression, and
maintenance mechanisms will be instrumental to investigate
how this plasticity changes after fear extinction and will
identify targets and mechanisms that could improve the
treatment of disorders with dysfunctional vHipp-PFC con-
nectivity. M1 also enhances the output of infralimbic (IL) cortex
pyramidal neurons, and fear extinction correlates with
enhanced activity of IL neurons (18,57); thus, M1 PAMs might
enhance fear extinction via actions in the IL in addition to LTD
in the PL. It is possible that both mechanisms contribute to
extinction, and investigating the differential involvement of M1

in the PL and IL to fear extinction is an interesting future
direction.
journal
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Figure 3. Ventral hippocampus–prefrontal cortex muscarinic acetylcholine receptor long-term depression (LTD) requires postsynaptic M1 receptors. (A)
Chrm1loxP/loxP mice were injected with adeno-associated virus 5–a-calcium/calmodulin-dependent protein kinase II (aCaMKII)–Cre–mCherry (white with blue
outline throughout) or adeno-associated virus 5–aCaMKII–mCherry (red with blue outline throughout) into the prefrontal cortex and coinjected with adeno-
associated virus 5–aCaMKII–channelrhodopsin-2 (ChR2)–enhanced yellow fluorescent protein into the ventral hippocampus. Recordings were performed
5–6 weeks post injection. (B) Oxotremorine-M (Oxo-M) (10 mmol/L) induced an inward current in neurons from control mCherry-infected mice (288.55 6 10.92
pA; 7 cells) but failed to elicit an inward current in neurons from Cre-mCherry–infected mice (28.651 6 6.06 pA; 6 cells) (Student’s t test, mCherry vs. Cre p ,

.0001). (C) Oxo-M (10 mmol/L) induced a significant increase in spontaneous excitatory postsynaptic current (sEPSC) frequency recorded before optical
stimulation in mCherry neurons. (One-way repeated-measures analysis of variance, F2,6 = 13.52, p, .001, Bonferroni’s post hoc test p, .001 baseline [BL] vs.
Oxo-M, 7 cells). (D) Conversely, Oxo-M induced a significant decrease in sEPSC frequency in Cre-mCherry neurons. (One-way repeated-measures analysis of
variance, F2,4 = 11.49, p , .01, Bonferroni’s post hoc test p , .05 BL vs. Oxo-M, p , .01 BL vs. LTD, 5 cells). (E) A representative experiment for an mCherry-
infected neuron (scale bar = 25 pA and 25 ms) and (F) a Cre-infected neuron (scale bar = 100 pA and 25 ms). (G) Summary time course for control mCherry
muscarinic acetylcholine receptor LTD experiments. Bath application of Oxo-M (10 mmol/L) induced an LTD of optically evoked EPSCs (op-EPSCs) evoked
from ventral hippocampus-ChR2 terminals in mCherry-infected neurons (60.15%6 6.67%; 7 cells). (H) Summary time course for Cre LTD experiments. LTD of
op-EPSCs was attenuated in Cre-mCherry–infected neurons (82.66% 6 6.13%; 6 cells). In both panel (G) and panel (H), light shaded areas correspond to the
time at which Oxo-M sEPSC measurements were taken for panels (C) and (D). Dark shaded areas correspond to the time at which LTD sEPSC measurements
were taken for panels (C) and (D) and for quantification in panel (I). (I) Summary data for op-EPSC amplitude 40–49 minutes post Oxo-M add. Unpaired
Student’s t test, p , .05. *p , .05; **p , .01; ***p , .001; ****p , .0001. DIh, change in holding current; VH, ventral hippocampus.
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vHipp afferents increase feedforward inhibition (FFI),
contributing to the decreased activity of PL pyramidal neurons
during reduced fear responding during extinction (29). We
found that M1 LTD at the vHipp-PFC synapse occurs at
Biological Ps
excitatory inputs onto PL pyramidal neurons recorded under
whole-cell conditions where the contribution of inhibition is
negligible. Therefore, vHipp-PL LTD may occur simultaneously
with enhanced vHipp-mediated FFI to synergistically reduce
ychiatry June 15, 2019; 85:989–1000 www.sobp.org/journal 995
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Figure 4. M1 receptor function is necessary for contextual but not cued fear extinction. (A) Schematic depicting the training and testing procedure used.
Mice were conditioned in context A with five mild footshocks, each preceded by a 30-second tone. On day 2, mice were administered the M1 antagonist
VU0255035 (3, 10, or 30 mg/kg [mpk], via intraperitoneal injection) or vehicle (20% b-cyclodextrin) 30 minutes before being exposed to a series of 12 tones in a
novel context B to assess extinction of auditory cued fear. On day 3, mice were placed back in context B and exposed to nine tones to assess consolidation of
cued fear extinction. On day 4, mice were again administered VU0255035 or vehicle and placed in context A for 12 minutes to assess contextual fear
extinction. On day 5, mice were placed back in context A for 3 minutes to assess contextual fear extinction consolidation. (B) At all doses, VU0255035 had no
effect on auditory cued fear extinction on extinction day 2 (two-way repeated-measures analysis of variance (ANOVA), effect of drug: F3,35 = 0.960, p = .423;
effect of tone block: F3,35 = 36.00, p , .0001; interaction, F9,35 = 1.787, p = .079) or on recall day 3 (one-way ANOVA, F3,35 = 0.350, p = .789). Data for days 2
and 3 are binned by three tones, and mice were excluded from analysis if baseline freezing was .30%. The bar graph depicts average percent freezing to the
first three tones on recall day 3, corresponding to the gray-shaded box (nVehicle = 13, n3 mg/kg = 5, n10 mg/kg = 12, n30 mg/kg = 9). (C) Systemic M1 antagonism
impaired within-session contextual fear extinction (two-way repeated-measures ANOVA; effect of drug: F3,39 = 3.663, p = .020; effect of time block: F3,39 =
12.56, p , .0001; interaction: F3,39 = 0.317, p = .968), and 30 mg/kg VU0255035 significantly impaired contextual extinction recall on day 5 (one-way ANOVA,
F3,39 = 5.177, p , .01; Bonferroni’s post hoc test, vehicle vs. 30 mg/kg p , .05). Extinction on days 4 and 5 are depicted as 3-minute bins. The bar graph
depicts R1 (nVehicle = 14, n3 mg/kg = 7, n10 mg/kg = 11, n30 mg/kg = 11). *p , .05. B, baseline; E, extinction bin; R, recall bin; S, shock.
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the activity of PL pyramidal neurons. M1 activation enhances
PFC interneuron activity (41), and an M1-driven increase in FFI
may also contribute to fear extinction. Our previous finding that
M1 LTD of electrically evoked fEPSPs correlates with
enhanced inhibition onto PL pyramidal neurons (33) may
suggest this, and the contribution of muscarinic modulation of
inhibition to fear extinction is an interesting future direction, as
our results do not rule out contributions of both enhanced FFI
and M1 LTD mechanisms to fear extinction. M1 is expressed in
pyramidal neurons in the human cortex (58–60), but M1 in
gamma-aminobutyric acidergic interneurons has been
demonstrated only in rodent (40,41) and nonhuman primate
996 Biological Psychiatry June 15, 2019; 85:989–1000 www.sobp.org/
(61) cortices. Therefore, while our results pertaining to M1 in
PFC pyramidal neurons are likely relevant to humans, the
clinical implications of M1 modulation of inhibitory transmission
are unknown and would require identification of M1 in human
cortical interneurons.

Systemic and intracortical delivery of the pan-muscarinic
antagonist scopolamine impairs the consolidation of cued
fear extinction in rats (18). In contrast to these findings, the M1

antagonist VU0255035 did not impair cued fear extinction in
the present studies. While M1 mAChR activation promotes
cued fear consolidation (62), our findings suggest that M1 is
not necessary for cued fear extinction, and other muscarinic
journal
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Figure 5. M1 potentiation enhances fear extinction in a model of posttraumatic stress disorder. (A) Schematic illustrating the stress-enhanced fear learning
(SEFL) model and experimental design. On day 1, mice underwent SEFL conditioning in context A, where they received 10 footshocks at random intervals over
1 hour. Control (CTL) mice were placed in context A for 1 hour. Days 2, 3, and 4 were performed in a novel context B. On day 2, mice were conditioned with two
mild footshocks in context B. On day 3, SEFL-conditioned mice were administered vehicle (Veh) (20% b-cyclodextrin) or 10 mg/kg (mpk) VU0453595 via
intraperitoneal injection 15 minutes before being placed back in context B, where they underwent a 15-minute context extinction session. On day 4, mice were
placed back in context B for 3 minutes to assess context extinction consolidation. Mice that received SEFL on day 1 froze significantly more (B) on day 2
during acquisition and (C) on day 3. The bar graph depicts the first 3 minutes in context B on day 3 (unpaired Student’s t test, p, .001; nCTL = 8, nSEFL/Veh = 10).
(D) Administration of 10 mg/kg VU0453595 had no effect on within-session extinction on day 3 (two-way repeated-measures analysis of variance: effect of
drug: F1,18 = 5.033, p = .440; effect of time block: F4,18 = 15.15, p , .0001; interaction: F4,18 = 0.782, p = .541) but enhanced consolidation of contextual fear
extinction measured on day 4 (unpaired Student’s t test, p , .05; nSEFL/Veh = 10, nSEFL/10 mg/kg VU0453595 = 10). *p , .05; ***p , .001. B, baseline; E, extinction
bin; R, recall bin; S, shock.
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subtypes may contribute to extinction of cued fear. Our pre-
sent studies provide insight into this hypothesis. M1 antago-
nism or genetic deletion does not impair the acute depression
of fEPSPs at vHipp/BLA-PFC synapses. This transient
depression may be permissive for cued, but not contextual,
fear extinction. Additionally, although the M1 antagonist
attenuated mAChR LTD at the BLA-PFC synapse, we did not
observe a complete block. Other muscarinic receptors, such
as M4, likely contribute to mAChR LTD at the BLA-PFC
Biological Ps
synapse, and M1-independent depression may be sufficient
for cued fear extinction. The involvement of M4 in fear extinc-
tion is an intriguing future direction given the aforementioned
scopolamine effect and the relatively high expression of M4 in
the PFC.

The rodent PL shares connectivity and anatomical similar-
ities to the human dorsal anterior cingulate cortex (dACC), and
thus the LTD we observed could relate to decreased activity of
the human dACC observed during fear extinction (63). In a
ychiatry June 15, 2019; 85:989–1000 www.sobp.org/journal 997
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functional magnetic resonance imaging study, PTSD patients
exhibited dACC and amygdala hyperactivity and hippocampal
hypoactivity compared with that of control subjects during a
fear extinction task (52). Hyperactivity of the dACC and
amygdala might reflect a deficit in mechanisms similar to
mAChR LTD, while reductions in hippocampal activity could
relate to deficits in a previously described hippocampal LTD-
to–long-term potentiation switch (64), a reduction in vHipp-
mediated FFI, and/or a deficit in vHipp-PFC M1 LTD. The
aforementioned functions of M1 suggest that it could be a valid
therapeutic target to rescue deficient extinction in PTSD and
imply with M1 expression in human cortex that our findings
have translational relevance to humans.

M1 potentiation could possibly reduce dACC hyperactivity
in PTSD patients via LTD of hyperactive amygdala inputs and
shifting vHipp input toward inhibition via enhanced FFI and
LTD of excitatory transmission. This hypothesis is consistent
with our finding that the M1 PAM VU0453595 enhances
contextual fear extinction in the SEFL model. Mimicking the
disrupted circuitry in PTSD, rodents exposed to stressors
including SEFL exhibit hyperactivity of the PL and BLA and
hypoactivity of the hippocampus (13), suggesting that these
models exhibit excellent face validity with respect to the hu-
man disorder. Treatment with an M1 PAM before extinction
enhanced the consolidation and recall of contextual fear
extinction, suggesting that M1 PAMs may be effective thera-
peutics to enhance exposure therapy in the clinic. Dysfunc-
tional connectivity between the hippocampus, amygdala, and
PFC (46,65) and impaired fear extinction (66) are present in
many psychiatric disorders; therefore, these results and po-
tential translatability may be relevant to disorders other than
PTSD. This is especially exciting as M1 PAMs have entered or
completed phase I trials (see ClinicalTrials.gov Identifiers
NCT03220295 and NCT02769065) with schizophrenia and
Alzheimer’s disease as intended therapeutic indications.
Excitingly, our findings suggest that PTSD might be another
promising therapeutic area for these novel drugs.

In conclusion, we report that activation of M1 induces LTD
of fear-related inputs from the vHipp and BLA to the PFC. This
finding is consistent with those of previous studies demon-
strating mAChR LTD at hippocampal inputs to the PFC (33,67),
and it further identifies the BLA, but not the MDT, as another
input that expresses this form of synaptic plasticity. We also
show that M1 activation is required for contextual fear extinc-
tion and that potentiating M1 in vivo with a PAM enhances
contextual fear extinction in the SEFL model of PTSD. Our
results add M1 LTD at the vHipp and BLA inputs to the
extensively studied functions of M1 in the PFC; however, future
studies are necessary to determine the role of M1-dependent
input-specific modulation in other PFC-dependent processes.
Overall, these results demonstrate that M1 is poised to regulate
fear-related information processing and suggest that M1 PAMs
could modulate aberrant limbic inputs to the PFC and could be
useful as adjunct therapeutics to facilitate exposure therapy for
PTSD in the clinic.
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