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Abstract

Acetylcholine (ACh) signaling in the hippocampus, is important for behaviors related to learning, 

memory and stress. In this study, we investigated the role of two ACh receptor subtypes previously 

shown to be involved in fear and anxiety, the M1 mAChR and the α2 nAChR, in mediating the 

effects of hippocampal ACh on stress-related behaviors. Adeno-associated viral vectors containing 

short-hairpin RNAs targeting M1 or α2 were infused into the hippocampus of male C57BL/6J 

mice, and behavior in a number of paradigms related to stress responses and fear learning was 

evaluated. There were no robust effects of hippocampal M1 mAChR or α2 nAChR knockdown in 

the light/dark box, tail suspension, forced swim or novelty-suppressed feeding tests. However, 

effects on fear learning were observed in both knockdown groups. Short term learning was intact 

immediately after training in all groups of mice, but both the M1 and α2 hippocampal knock down 

resulted in impaired cued fear conditioning 24 hours after training. In addition, there was a trend 

for a deficit in contextual memory the M1 mAChR knockdown (KD) group 24 hours after training. 

These results suggest that α2 nicotinic and M1 muscarinic ACh receptors in the hippocampus 

contribute to fear learning and could be relevant targets to modify brain circuits involved in stress-

induced reactivity to associated cues.

INTRODUCTION

While responses to stress are regulated by multiple neurotransmitter systems, elevated 

acetylcholine (ACh) signaling in the hippocampus is sufficient to result in a number of 

stress-induced behaviors (Mineur et al. 2013). Consistent with these findings, ACh levels are 

increased in the hippocampus during exposure to stressors (Paul et al. 2015). This is 

consistent with human studies demonstrating that increased ACh signaling by inhibiting its 

degradation results in feelings of anxiety and depression in healthy subjects (Risch et al. 

1981).Thus, hippocampal ACh signaling appears to contribute to adaptive and maladaptive 

responses to stressors.
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Both adaptive and maladaptive responses to stress involve encoding of environmental stimuli 

that can predict future threats, as can be assessed by fear learning. Stress can potentiate fear 

conditioning by limiting cognitive flexibility (Raio and Phelps 2015), and also impairs fear 

extinction (Maren and Holmes 2016). Acetylcholine plays a critical role in fear conditioning 

both by strengthening the association between sensory stimuli and predicted outcomes 

(Hasselmo 2006; Hasselmo and McGaughy 2004; Mineur and Picciotto 2019), and by 

influencing tone-fear association and extinction (Jiang et al. 2016; Wilson and Fadel 2017). 

However, the role of specific cholinergic receptor subclasses in these process remains is not 

fully understood.

Acetylcholine signals though two broad classes of cholinergic receptors: muscarinic 

(mAChRs), which are coupled to either Gi (M2 and M4 subtypes) or Gq (M1, 2, 3) G-

proteins (Kruse et al. 2014), and nicotinic (nAChRs) which contain an intrinsic cation 

channel gated by ACh and generally depolarize the neurons on which they are expressed 

(Albuquerque et al. 2009). Pharmacological and genetic studies have identified multiple 

roles for mAChR and nAChR subtypes in the brain. In the hippocampus, M1 mAChRs 

contribute to cognitive behaviors, such as memory and matching-to-sample problem solving, 

and engage NMDA receptor signaling (Wess et al., 2007(Anagnostaras et al. 2003). The role 

of hippocampal M1 receptor signaling in responses to stressful stimuli is still debated, but 

muscarinic agonists can impair cued and contextual fear conditioning, whereas antagonists 

can enhance it (for a review see (Wilson and Fadel 2017). Nicotinic agonists are generally 

thought to augment contextual fear learning (Davis et al. 2006; Gould and Higgins 2003; 

Gould and Lommock 2003; Kutlu et al. 2016). Lotfipour and colleagues have shown that 

genetic deletion of α2-containing (α2*) nAChRS in mice impairs fear learning (Lotfipour et 

al. 2017). While α2 AChRs are expressed at high levels in the interpeduncular nucleus, the 

effect of constitutive knock out of this subtype on fear conditioning may be specific to their 

expression in GABAergic interneurons of the oriens lacunosum moleculare (OLM) in the 

CA1 region of the hippocampus (Leao et al. 2012). Stress-induced ACh release engages the 

hippocampal network by stimulating activity of OLM neurons, which in turn, decreases 

activity of CA1 pyramidal neurons (Haam et al. 2018). Consistent with this, constitutive 

knockout of the α2* nAChR subunit prevents nicotine-induced LTP in the CA1 area of the 

mouse hippocampus (Lotfipour et al. 2017). Thus, α2* nAChRs appear to be ideally located 

to modulate hippocampal activity in response to stress-induced ACh signaling.

In the current study, we aimed to determine whether M1 mAChRS and α2* nAChRs, two 

predominant hippocampal cholinergic receptors implicated in modulation of cognitive and 

emotional behaviors, could contribute to stress-related behaviors and fear learning at 

baseline and in response to a pharmacological challenge that increases ACh signaling.

METHODS

Animals

Adult male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, 

USA). Animals were maintained in a controlled environment with a 12-hour light/dark cycle 

(lights on at 7:00 am) at 22°C± 2°C and housed 5 per cage. All testing occurred during the 

light phase of the cycle. Food and water were accessible ad libitum. Animals were between 
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10 and 23 weeks of age at the beginning of the study. A total of 43 animals were used and 

cages were randomly assigned to 3 different groups: scrambled shRNA (control), α2 nAChR 

knockdown (KD), or M1 mAChR KD.

Since the social defeat test was used as one of the primary outcome measures of stress 

sensitivity in this study, only male mice were used in these experiments.

shRNA design

Unique short hairpin RNAs (shRNAs) targeting either the mRNA encoding the M1 mAChR 

(Chrm1) or the α2 nAChR subunit (Chrna2) were designed, constructed and validated using 

previously published methods (Mineur et al. 2011; Hommel et al. 2003). Briefly, each 

shRNA was designed either against the mRNA encoding Chrm1 (GenBank accession NM_ 

001112697.1): 5’ to 3’: 1 GCAACGCCTCTGTCATGAATCTTC; or against

Chrna2 (GenBank accession NM_144803.2): 5’ to 3’:

GATCTACCCCGACGTCACCTACTA. All sequences were checked by BLAST to ensure 

that no other genomic sequences were targeted. shRNAs were then ligated into a pAAV-

EGFP-shRNA recombinant vector according to previously described protocols (Benavides et 

al. 2007; Hommel et al. 2003). Positive clones were identified by PCR and DNA 

sequencing. Control shRNAs were designed with a scrambled targeting sequence that has no 

known targets in the Mus Musculus genome.

Viral production

Adeno-associated virus 2 (AAV2) production was performed by transfecting Human 

Embryonic Kidney (HEK) 239 cells with 135 μg each of pAAV-shRNA, pHelper and pAAV-

RC plasmids using the standard calcium phosphate method as described previously (Mineur 

et al. 2011; Hommel et al. 2003; Zolotukhin et al. 1999). 72 hr post transfection, cells were 

recovered, pelleted and re-suspended in freezing buffer (0.15 M NaCl and 50 mM Tris, pH 

8.0), and lysed by repeating 3 freeze-thaw cycles and incubated with Benzonase (50 U/ml 

final; to remove nucleic acids) for 30 min at 37° C. Cell residues were removed by 

centrifugation at 37000 g for > 20 min. The clarified lysate was then collected and added to 

a centrifuge tube containing a 15%, 25%, 40% and 60% iodixanol gradient and centrifuged 

at 50,000g for 200 min at 10°C. The 40% fraction was extracted, diluted in PBS-MK (1X 

PBS, 1mM MgCl2 ,2.5 mM KCl), concentrated and purified with a Centricon Plus-20 100K 

filter column.

Stereotaxic surgeries

Surgeries were performed in a stereotaxic frame (KOPF Instruments, CA, USA) under 

isoflurane anesthesia (Isoflo® USP, Zoetis, NJ, USA), starting at 4% and maintained at 2%. 

The breathing of the animals was monitored and reactions to noxious stimuli were checked 

every 2-minutes. Surgery bilaterally targeted the hippocampus by using the following 

coordinates from Bregma: anterior/posterior: −1.8 mm, lateral ± 1.2 mm, dorsal/ventral −3.0 

mm. These coordinates were based on previous studies showing that viral manipulations of 

acetylcholinesterase and α7 nAChRs in this hippocampal region alter stress related 

behaviors (Mineur et al. 2018b; Mineur et al. 2013). Using a 5 μL syringe (Hamilton, Reno, 
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NV, USA), 1.5 μL of AAV virus (scramble, or α2 KD, or M1 KD) was bilaterally injected 

into the hippocampus with an infusion rate of 0.2 μL/min. Needle was then kept in place for 

an additional 6 min to reduce the risk of backflow upon syringe removal. The syringe was 

lowered an additional 0.1 mm before removal. Mice were marked by ear punches under 

anesthesia during surgery to prevent additional stress. Postoperative monitoring was 

performed the following 1 days and animals were then left to recover for at least 5 weeks to 

allow shRNA expression and target mRNA knockdown (Fig.1A).

Drug injection

Mouse were injected i.p. 30 minutes before each test with 0.15 mg/kg physostigmine 

(Sigma) mixed at 1.5 mg/ml in PBS.

Behavioral assays

Animals were tested in a battery of behavioral tests sensitive to stress in the order described 

below.

Light/Dark Box Test—Mice were tested in a 36.5 x 10 x 16 cm box consisting of two 

opaque Plexiglas compartments with a grid bottom. A 100 W desk lamp was used to 

illuminate the light side compartment through a transparent Plexiglas cover. The dark side 

was covered by a black, opaque lid. Test subjects were put in the light compartment facing 

the corner and could freely cross between the two compartments through a small opening. A 

crossing was defined as having all four paws in same compartment. Animals were tested for 

6 min after first crossing into the dark compartment. Time until first crossing, time spent in 

light side and number of crossings into light side were measured.

Tail Suspension Test—A paperclip was attached to the tip of the tail (around 4mm) with 

strong adhesive tape and mice were suspended and recorded for 6 min. An entire cage was 

tested at one time and the individual mice could not see each other while suspended. Testing 

was done with lights on, and time immobile and number of bouts were scored.

Forced swim test—2.5 L of water was put in 5L cylindrical beakers around 2 hours prior 

to testing to let water adjust to room temperature. Animals were put in the testing room 30 

min prior to testing. Regular wildtype mice were placed in each beaker for 15 min (day 1) 

and 5 min (day 2) prior to test subjects in order to provide similar scent cues for all 

experiments. Animals were carefully put in water with precautions taken to not put nose or 

ears under water. Time spent immobile and number of bouts immobile were measured.

Marble Burying Test—Animals were left to acclimate for 1 hr in a dimly lit room prior to 

testing. Regular wildtype mice were put in 29 x 23 x 15 cm plastic boxes with 4 cm new 

bedding and left to explore for 40 min to provide uniform scent cues for all subjects. 20 dark 

blue marbles (1 cm diameter) were arranged in a 5x4 grid on top of the bedding. Each 

mouse was placed in a corner of the box and lid was put on. Animals were tested for 40 min. 

Marbles were considered buried if 75% or more was covered. After each test, bedding was 

flattened, and marbles were rearranged in the same grid.
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Novelty Suppressed Feeding Test—Animals were weighed and placed in new cages 

without food in order to prevent them from eating any hidden pieces of food. The goal was 

to reduce the mice to 85% of their free feeding body weight. Mice were re-weighed after 

36-38 h and placed in a dimly-lit testing room for 30 min prior to testing. The tested mouse 

was placed in a 47 x 46 x 21 cm testing box with 2 cm fresh bedding during the acclimation 

period. Mice were then individually tested by lowering them gently into a corner of the box 

with a small piece of food placed on a round piece of white paper in the middle of the box. 

Time until mice started to bite into the food was recorded. Mice were then removed and 

placed in a holding tank until the entire cage had been tested. Mice were excluded if they did 

not initiate feeding within 6 min. After the test, each animal was placed one at a time in their 

home cage for 5 min with a pre-weighed piece of chow to confirm that they were interested 

in food. The piece of food was weighed again, and amount of chow eaten in the home cage 

was recorded.

Social Defeat Paradigm—Male single-housed CD1 mice (retired breeders) were kept in 

their home cage with bedding unchanged for 2 weeks and screened for aggression. The test 

subjects were introduced to the aggressor in the CD1 home cage. After the first attack, the 

two mice were separated by a metal mesh, leaving about 90% of the box for the CD1 mouse. 

After 10 min, the test mice were put back into their home cage. Defeat was initiated twice a 

day for 4 days, with a new CD1 mouse for each tested subject each session. On the fifth day, 

social interaction (SI) was tested. Each test subject was allowed to explore a novel open field 

environment (38 x 35 x 21 cm) for 2.5 min after which, a novel CD1 mouse was put in a 

holding tank in one end of the box, and the test subject was left to explore for another 2.5 

min. Interaction score was measured as a ratio between time spent in the interaction zone (5 

cm around holding tank) with and without a CD1 mouse.

Cued and Contextual Fear Conditioning Test—The fear conditioning protocol was 

adapted from previously published studies and allows for detection of subtle alterations in 

hippocampal signaling (Mineur et al. 2007; Park et al. 2016; Phillips and LeDoux 1992; Fig. 

4A). Mice were left to acclimate for 30 min in a dimly lit room before testing. Testing was 

performed in a 43 x 17 x 26 cm shuttle box (Med Associates, Inc., VT, USA) with a metal 

grid floor and clear Plexiglas walls and top. The bottom of the box was covered with plastic 

and home cage bedding was added. Walls were covered with paper and tape to introduce 

some visual cues. Habituation to the test chamber was performed in the morning of day 1. 

Animals were left in this area for 540 sec in a “safe” context (session 1) with home cage 

bedding. This session was used to habituate the animals to a safe environment and to limit 

contextual confounds during the cued recall phase (session 4). The box was then cleaned 

with water after each mouse. The training session was done in the afternoon on day 1 with 

an auditory cue (chime tone ~ 75 db) and in a specific “unsafe” context (session 2). Animals 

were put in the box with almond scent underneath the metal grid. Animals were tested for 

540 sec with the following schedule using Med-PC IV software: 160 sec start - 20 sec tone 

cue with a 0.5 mA foot shock in the last 2 sec - 40 sec resting period - repeated 5 times - 60 

sec resting period in the end. A total of 6 shocks were delivered during the training session. 

In the morning of day 2, contextual recall was assessed. Animals were put back in the grid-

floor box (“unsafe context”) with a new scent (vanilla) and left for 340 sec (session 3). The 
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use of a different odor was used to avoid testing elemental memory (ie, memory of the 

experience of being tested) as opposed to a specific cued or contextual memory (Fitch et al. 

2002). In the afternoon, the cued recall session was performed. Animals were put back in the 

same part of the box as in session 1 (“safe context”, with plastic bottom and home cage 

bedding) for 340 sec but with cues delivered as follows: 160 sec rest, 20 sec cue, 40 sec rest 

(repeated 3 times)(session 4). All 4 sessions were filmed as reference and freezing time was 

evaluated. During each cue on the training session (day 1), freezing was measured to assess 

the learning rate of the different groups. Freezing behavior in was measured during the entire 

context recall session, and only when cues were playing during the cued recall phase. 

Freezing was defined as no other movements than breathing.

Locomotor Activity—Animals were put in an open field enclosure (48 x 22 x 18 cm) for 

20 min. Ambulatory activity was measured by the number of beam breaks (Accuscan), 

excluding repeated beam breaks due to stereotypic behavior.

Tissue processing and verification of viral infusion/placement

A subset of the animals used for validation of knockdown (see below). All other mice were 

anesthetized with 0.2 mL Fatal Plus® (Patterson Veterinary Supplies, Inc., Devens, MA, 

USA) and perfused intracardially with chilled 4% paraformaldehyde (PFA) for 5-10 min 

after which the brains were removed to determine the infusion site and degres of viral 

infection. Post-fixation and cryoprotection were done simultaneously by storing the brains in 

30% sucrose in 4% PFA at 4°C before slicing with a Leica SM2000R sliding microtome 

(Leica Biosystems, Wetzlar, Germany) at 40 μm thickness (Mineur et al., 2017). Slices were 

kept in a solution of 0.02% sodium azide in PBS (pH 7.4) and were then mounted on slides 

(Superfrost Plus Microscope Slides, Fisherbrand, Thermo Fisher Scientific, Waltham, MA, 

USA) and examined through an Olympus Fluoview FV10i confocal microscope (Olympus), 

and infection was confirmed by the detection of green fluorescence in the hippocampus 

(Fig.1A).

Validation of Hippocampal mAChR M1 Knockdown

Confirmation of hippocampal M1 KD was done by analyzing a subset of animals (5 to 6 

animals with confirmed infection) via immunohistochemistry and confocal microscopy 

(Fig.1B). The scrambled-shRNA infected mice were used as control. Three to four slices 

from each brain, selected from the dorsal region of the hippocampus where infection was 

highest, were used for immunostaining, following the same protocol as Wohleb et al. (2016). 

Slices were washed in PBS (pH 7.4) for 8 min on a shaker and then blocked (3% NDS/0.3% 

Triton/PBS) for 1 hour at room temperature on a shaker. Slices were washed for another 8 

min and then incubated at 4°C overnight on a shaker with an M1 primary antibody (Frontier 

Institute; mAChR-M1- RB-Af340; 1:1000 dilution). The next day sections were washed and 

incubated with a conjugated secondary antibody (Alexafluor 647 goat anti-rabbit; 1:1000 

dilution) overnight at 4°C on a shaker. Immunofluorescent images were then captured with 

an Olympus Fluoview confocal microscope scanning at 480 nm and 647 nm.

Three areas of similar surface area (250 μm2) per slice, positive for infection as visualized 

by GFP expression, were quantified for integrated density of immunostaining of M1 by 
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Image J. Results were then averaged per slice and counted as an “n” of 1. Averaged 

integrated densities were then compared between the control (scramble) and knockdown 

animals.

Validation of hippocampal α2 nAChR Knockdown

Validation of hippocampal nAChR α2 knockdown was done by qPCR because specific α2 

antibodies for immunocystochemistry are not available.

Several mice were heavily sedated with isoflurane (3 x α2 nAChR hippocampal knockdown 

and 2 x scramble) and quickly decapitated. The brains were quickly removed on ice, and the 

entire hippocampus was micro-dissected and put in small tubes on dry ice. The RNA was 

then extracted (RNeasy® Lipid Tissue kit, Qiagen). The RNA was then converted to 

complementary DNA (cDNA) by reverse transcription (QuantiTect ® Reverse Transcription 

Kit, Qiagen). The cDNA was diluted 1:6 and a qPCR protocol was run with each sample in 

triplicate using α2 primers. Primers selective for amplification of TATA-box binding protein 

(Tbp) were also run in triplicate and this housekeeping gene was used as a control because 

of its stable expression across conditions. The qPCR protocol was inspired from (Calarco et 

al. 2018; Mineur et al. 2018a; Wigestrand et al. 2011).

The samples were then processed with Sybr green (Invitrogen) following the manufacturer’s 

recommendations. cDNA was then amplified with a StepOnePlus real-time PCR machine 

(Applied Biosystems) and cDNA concentration was quantified using 2−ΔΔCT as described by 

(Livak and Schmittgen 2001).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 and Staview (SAS) softwares. 

Values are expressed as means ± standard error of the means (SEM). One-way analysis of 

variance (ANOVA) was used when comparing means between groups, or unpaired two-

tailed t-test when comparing two main groups (control baseline vs. control physostigmine), 

and α was set at 95%. One-way ANOVA with repeated measures was used for fear 

conditioning learning rate on day 1. When ANOVA reached significance and equal variance 

was assumed (as defined by Brown-Forsythe test), individual knockdown groups were 

individually compared to one control group by Dunnett’s posthoc tests.

RESULTS

Validation of M1 mAChR and α2 nAChR knockdown

Following analyses of immunofluorescence of brain slices expressing M1 knockdown in the 

hippocampus, results indicated a decrease of ~ 21% compared to control animals (F(1,14) = 

25.3, p = 0.002). Of note, this number is likely underestimated in neurons, as AAV2 used to 

carry the shRNAs do not infect glial cells, which are also known to express M1 mAChRs.

For α2 nAChRs, results of the qPCR analyses indicated a decrease of 42.7 % (unpaired t-test 

from averaged triplicates from full hippocampi: t(7) = 4.9; p = 0.018); compared to control 

animals.
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Effect of knockdown of M1 mAChRs or α2 nAChRs in the light/dark box and marble 
burying task.

Behavior in the light/dark box and marble burying task is sensitive to acute administration of 

anxiolytic drugs (Archer et al. 1987; Bourin and Hascoet 2003). In the light-dark test, there 

was no difference in the time spent in the light side in or the time to first cross among any of 

the groups (All F<1; Fig. 1C). As expected, decreasing ACh breakdown by administering 

physostigmine significantly decreased latency to cross, and decreased time spent in the light 

side of the light/dark box (t(22) = 5.58, p = 0.022), but neither M1 nor α2 KD had an effect 

on these parameters, even though ACh tone was increased (All F<1; Fig. 1D). In the marble 

burying task, neither M1 or α2 KD changed the number of marbles buried between groups, 

with or without physostigmine treatment (Fs<1; Fig. 1E and 1F, respectively), while 

physostigmine administration resulted in a significant decrease in marbles buried.

Effect of M1 mAChRs or α2 nAChRs in the hippocampus in the tail suspension test (TST) 
and forced swim test (FST).

Behavior in the TST and FST is sensitive to acute administration of antidepressant drugs 

(Porsolt et al. 1977; Steru et al. 1985). In the TST, both KD had no measurable effects at 

baseline or following physostigmine treatment (All F<1; Fig. 2A and 2B), although 

physostigmine increased time immobile, as expected (t(28) = 2.812, p = 0.009).

In the FST, a significant difference in the time spent immobile during the 15 min test was 

detected between groups on the first day of testing (ANOVA, F(2, 39) = 5.01; p=0.012; 

Fig.2C). Post-hoc analysis revealed that α2 knockdown in hippocampus induced a 

significant decrease in immobility time compared to the scrambled control animals (t(28) = 

3.08, p = 0.007). In parallel, there was a significant decrease in the number of bouts of 

immobility (ANOVA, F(3, 39) = 4.46; p = 0.018), with posthoc analysis only reaching 

significance in α2 KD animals (t(28) = 2.78, p = 0.015, Fig. 2C). Physostigmine induced a 

significant increase in the time immobile on both days of the FST, but none of the effects of 

α2 KD were detected in animals that received physostigmine (ANOVA; F <1; Fig. 2D).

No differences were seen in the number of immobility bouts regardless of treatment group or 

physostigmine injection (All F<1).

Effects of hippocampal knockdown of M1 mAChRs or α2 nAChRs in novelty suppressed 
feeding and the social defeat paradigm.

Behavior in the novelty-suppressed feeding task and social interaction test after social defeat 

is sensitive to chronic administration of antidepressant drugs (Dulawa and Hen 2005). In the 

novelty suppressed feeding test, there was no difference in the latency to feed between the 

different treatment groups, (F<1; Fig. 3A). Following physostigmine injection, however, 

control animals trended towards a greater latency to initiate feeding but this did not quite 

reach significance (ANOVA, F (2, 33) = 3.16, p = 0.056) (Fig. 3B).

Modest weight loss was observed after food restriction in animals with the hippocampal M1 

KD (% body weight from free-feeding body weight: Scr = 87.65% +/− 0.2449; M1KD = 

85.36 +/− 0.6806; α2KD = 86.87 +/− 0.3408; ANOVA F (2, 38) = 7.137, p = 0.003 with 
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posthoc t(23) = 3.78, p = 0.001 for M1 KD vs control at baseline and t(21) = 3.12, p = 0.076 

following physostigmine administration). However, no differences were seen between 

groups in the overall amount eaten in home cage in either test (ANOVA with F <1 at 

baseline and after physostigmine), despite a significant effect of physostigmine (t25) = 3.5, p 

= 0.002).

In the social defeat paradigm, no differences were observed in the social interaction ratio 

regardless of hippocampal α2 nAChR or M1 AChR KD, acute physostigmine injection 

alone, or KD following physostigmine injection (All F<1; Fig. 3C and 3D).

Effects of hippocampal α2 nAChR and M1 mAChR KD in cued and contextual fear 
conditioning

Behavior in the fear conditioning test is sensitive to muscarinic antagonists and constitutive 

knock out of α2 nAChRs (Anagnostaras et al. 1999; Gale et al. 2001; Lotfipour et al. 2017). 

Freezing time was recorded during each of the six cues during training session on day 1, to 

evaluate learning rate. All animals learned the task at a similar rate as measured by rate of 

freezing behavior over time (repeated-measures ANOVA, F(5, 205) = 75.5, p < 0.0001), with 

no effect of α2 nAChR or M1 mAChR KD (two-way repeated-measures ANOVA, F(10, 

195) = 1.66, p = 0.093; Fig. 4B).

Contextual (hippocampal-dependent) recall was not different between groups on day 2 (F<1, 

Fig. 4C); however, following physostigmine injection one hour before testing, freezing time 

was somewhat increased in the training context, but it did not reach significance in either 

group; Fig. 4D).

In response to the shock-paired cue, a significant decrease in freezing time was observed 

(ANOVA F (2, 40) = 5.84, p = 0.006) in both the M1 KD (t(28) = 3.32, p = 0.004) and the 

α2 KD (t(28) = 2.3, p = 0.005) groups when compared to the scrambled control animals 

(Fig. 4E). Physostigmine had no effects on freezing on its own, however, following 

physostigmine treatment, no difference was observed in the KD groups compared to control 

animals (ANOVA F (2, 35) = 1.14, p = 0.331, Fig. 4F).

DISCUSSION

Elevated ACh signaling in hippocampus as a result of local blockade of its degradation can 

increase behaviors induced by stress (Mineur et al, 2013). This study therefore investigated 

whether M1 mAChRs and α2* nAChRs are important for mediating the effects of 

hippocampal ACh on stress-induced behaviors and fear learning at baseline and following 

elevation of ACh signaling. Consistent with previous studies, administration of the 

cholinesterase antagonist physostigmine increased behavioral responses to stress across a 

number of paradigms. These studies show that hippocampal α2 nAChRs and M1 mAChRs 

are not responsible for effects of increased ACh tone on behaviors sensitive to anxiolytics, 

but contribute to a subset of behaviors sensitive to acute antidepressant administration in 

rodents, as well as to recall of a shock-paired cue after fear conditioning.
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In the hippocampus, α2* nAChRs are expressed exclusively on OLM neurons, a group of 

cells involved in negative feedback to the CA1 output neurons. These neurons are responsive 

to the elevation of acetylcholine induced by challenging conditions, and are activated during 

risk taking behavior (Leao et al. 2012; Mikulovic et al. 2018). Conversely, M1 mAChRs are 

the most highly expressed muscarinic receptors in the hippocampus (Levey et al. 1991) and 

are involved in fear conditioning (Wilson and Fadel 2017) and learning tasks (Anagnostaras 

et al. 2003).

The greatest effects of hippocampal α2 and M1 knock down were observed in the fear 

conditioning test. Although freezing during the learning phase and in the context paired with 

shock was unaltered by hippocampal α2 or M1 KD, both groups showed a robust decrease 

in freezing to the shock-paired cue. These effects were not observed following 

physostigmine administration, suggesting that increasing ACh tone overcomes the effects of 

decreasing the number of α2* or M1 receptors in the hippocampus. The selective effects of 

hippocampal α2 and M1 knock down on cued fear conditioning were somewhat surprising 

because modulating hippocampal signaling is thought to affect contextual, rather than cued, 

fear conditioning, however responses to shock-paired cues also require hippocampal 

function (Phillips and LeDoux 1992). One possible explanation is that, whereas dorsal 

hippocampus is known to be critical for contextual fear conditioning and spatial information 

rather than emotional valence (Zelikowsky et al. 2014), the ventral hippocampus is thought 

to be involved in fear and anxiety aspects of fear conditioning, without any effects on 

contextual memory (Kheirbek et al. 2013). Due to extensive spread of viral infection across 

hippocampal subfields once the capsule of the hippocampus is pierced (Fig. 1A), even 

though our target infusion site was the dorsal hippocampus, it is clear that infection included 

parts of ventral hippocampus as well. We therefore cannot make strong conclusions about 

selective cholinergic effects on dorsal or ventral aspects of the structure.

Notably, M1 and M3 constitutive knock out mice show specific deficits in contextual fear 

conditioning (Miyakawa et al. 2001; Patricio et al. 2017). Similarly, scopolamine impairs 

contextual fear conditioning, and it has been suggested that muscarinic receptors are critical 

mediators of the contextual fear response (Wilson and Fadel 2017). Hippocampal injections 

of scopolamine, nicotine, or nicotinic antagonists, all fail to alter cued fear conditioning 

(Wilson and Fadel 2017). Similarly, whereas contextual freezing is unaffected at baseline in 

α2 nAChR knock out (α2KO), and male mice do not show a significant change in cued 

freezing after fear conditioning, they do show a deficit in contextual fear learning (Lotfipour 

et al. 2013); notably, the deficit in contextual fear learning in these knockout mice could not 

be rescued with nicotine administration (Lotfipour et al. 2017).

The observation that both M1 mAChR and the α2 nAChR hippocampal knockdown 

decreased freezing to a shock-paired tone suggests that ACh signaling converging on activity 

of OLM neurons may be involved in this response. Cued fear learning requires intact 

amygdala signaling and plasticity (Phillips and LeDoux 1992), but the hippocampus also 

contributes to cue-fear learning (LeDoux 2003). M1 mAChRs are expressed both pre- and 

post-synaptically in multiple hippocampal subfields and cell types, and could alter the 

activity of hippocampal projections, including to the amygdala. Importantly, hippocampal 

knockdown decreases M1 mAChR expression both in cell bodies of hippocampal neurons 
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and in their synaptic projections outside the hippocampus, suggesting that the effects of M1 

knockdown in hippocampus on cued fear conditioning may be mediated through terminals in 

amygdala or other brain areas. In contrast, hippocampal knock down of α2* nAChRs would 

likely decrease the activity of local OLM interneuronal networks, which could indirectly 

regulate activity of the amygdala. Indeed, activity of hippocampal OLM neurons in CA1 

facilitates cued fear association as mice with hypersensitive α2* nAChRs show greater fear 

learning and increased CA1 plasticity (Lotfipour et al. 2017). Injection of the M1/M3 

agonist cevimeline into the basolateral amygdala (BLA) after cued fear conditioning 

decreased cued fear recall, but a decrease in cued fear conditioning was not seen in 

constitutive M1 knock out mice (Young and Thomas 2014).

It is possible that the differences observed between published constitutive knock out and 

pharmacological studies and what we report here is due to the fact that delivery of shRNAs 

into the hippocampus in adult mice decreases, but not does not eliminate, target protein 

expression. Further, constitutive knockout mice lack expression of the target gene in all brain 

areas and tissues, whereas in the current study knock down only occurred in the 

hippocampus. M1 mAChRs are expressed throughout the brain and body, and the α2 nAChR 

subunit is expressed at high levels in the interpeduncular nucleus, which is also involved in 

behavioral responses to stress. Also, constitutive knock out mice lack the target protein 

throughout development, and compensatory changes in gene expression (Tian et al. 2011; 

Wigestrand et al. 2011), or adaptative changes in circuitry regulated by ACh may occur 

(Kleeman et al. 2016) that reflect an important role for ACh signaling through these 

receptors during development. Finally, details of the fear learning paradigm used could also 

explain the differences between the current results and those seen in α2KO mice. In this 

study we pre-exposed mice to the test setting and the training protocol involved 6 CS-US 

pairings. Conversely, experiments in α2KO mice did not involve a pre-exposure session and 

only used 2 CS-US pairings (Lotfipour et al. 2013). Thus, it is possible that differences in 

cued fear conditioning were observed here because animals received more training, resulting 

in detection of more subtle effects of α2 nAChR knockdown on cued fear memory recall. 

Thus, these studies taken together suggest a role of ACh signaling through multiple receptor 

subtypes, and different aspects of fear conditioning are likely to be affected depending on 

the specific method of receptor manipulation and the paradigms used.

In line with previous studies, administration of physostigmine increased anxiety-like 

behaviors measured in the light/dark box and the marble burying tests (Mineur et al. 2013); 

however, neither hippocampal α2 nAChR or M1 mAChR knockdown had effects in these 

assays, in line with published work demonstrating that hippocampal knock down of the α7 

nAChR subtype had no effect on behaviors sensitive to anxiolytic treatment at baseline or 

following physostigmine administration (Mineur et al., 2017). Thus, ACh signaling in the 

hippocampus through these nAChR and mAChR subtypes does not appear to be essential for 

anxiety-like behaviors in male mice. Studies in other rodent models are consistent with this 

interpretation. In rats, intrahippocampal scopolamine injections did not affect the overall 

number of crossings or time spent in light side in the light/dark box, although muscarinic 

blockade did decrease time to the first crossing into the light side (Smythe et al., 1998). 

Similarly, constitutive M1 KO mice did not show significant changes in behavior in the 

light/dark box (Miyakawa et al. 2001). In mice, intraperitoneal administration of 
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dicyclomine (an M1 mAChR selective antagonist) decreased the number of buried marbles 

at doses starting at 2 mg/kg (Veeraragavan et al., 2011), unlike what we observed with 

hippocampal M1 KD in the hippocampus, suggesting that M1 receptors outside the 

hippocampus likely underlie these behavioral changes.

No significant differences were observed between groups in the tail suspension test, 

although it is worth noting that a wide distribution of the data was observed at baseline, 

limiting statistical power. Following physostigmine injections, less variability was observed 

and mice showed more immobility overall, as was previously observed (Mineur et al. 2013), 

but hippocampal α2 nAChR or M1 mAChR knock down had no effects at baseline or 

following AChE antagonism. In contrast, in the forced swim test, a significant decrease in 

time spent immobile was observed following hippocampal α2* nAChR knock down, as was 

seen at a trend level following knock down of the α7 nAChR subunit in the hippocampus 

(Mineur et al. (2017). Thus, multiple nAChR subtypes in the hippocampus appear to 

contribute to regulation of immobility in response to inescapable stress in the forced swim 

test. Contrary to the widespread distribution of α7 nAChRs in the hippocampus, α2 nAChRs 

are almost exclusively located on GABAergic OLM interneurons. Thus, it is possible that 

decreasing ACh signaling through α2 nAChRs, and by extension, decreasing activity of 

OLM neurons, could disrupt the inhibitory/excitatory balance in the hippocampus and/or 

disrupt feedback to CA1 during forced swim. Blocking activity of OLM neurons may 

therefore improve the reactivity to stress induced by forced swim. In contrast to what was 

observed with hippocampal α7 KD, knocking down α2 nAChR did not prevent the 

increased immobility induced by physostigmine. As mentioned above, α7 nAChRs are 

expressed widely throughout the hippocampus, and also mediate the majority of cholinergic 

signaling in OLM neurons (Leao et al. 2012; Muller and Remy 2014). Thus, α2* nAChRs 

appear to have greater effect at baseline and only a limited role when ACh levels are 

increased and additional nAChR subtypes are engaged.

Behavior in the novelty suppressed feeding test is responsive to both chronic antidepressant, 

and acute anxiolytic, administration, whereas the social defeat test is only sensitive to 

chronic antidepressant treatment. Hippocampal α2 KD or M1KD did not alter baseline 

behavior in these tasks or the response to physostigmine significantly. The current data do 

not suggest a major role for hippocampal α2* nAChRs or M1 mAChRs in the effects of 

physostigmine on social defeat behavior.

Together with previous studies, the results shown here demonstrate that multiple receptor 

subtypes are involved in mediating effects of hippocampal ACh signaling on stress-induced 

behaviors. Thus, modulating ACh signaling with more specific pharmacological compounds 

might prevent aberrant effects of stress, such as cued-induced fear learning in post-traumatic 

stress disorder, while preserving critical functions of ACh, such as hippocampus-dependent 

learning.
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Key Finding:

Fig. 4. Knock down of M1 muscarinic or α2 nicotinic ACh receptors in hippocampus 

impairs cued fear conditioning.
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Figure 1: 
Demonstration of hippocampal infection, M1 knock down, and effect of hippocampal M1 

mAChR and α2 nAChR KD in the light-dark box and marble burying task. A) 
Representative image of viral infection in hippocampus. B) Representative images of anti-

M1 mAChR immunohistochemistry following infusion of either the scrambled shRNA 

construct (left) or the vector carrying the shRNA targeting the M1 mAChR into the 

hippocampus (right). Time spent in the light side of the box in the Light/Dark Test C) at 

baseline or D) following physostigmine treatment. Number of marbles buried in the Marble 

Burying Test E) at baseline or F) following physostigmine treatment. [n] represents the 

number of animals per treatment group. Scatterplots represent independent data points for 

each animal. Data are represented as means +/− SEM.
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Figure 2: 
Effect of hippocampal M1 mAChR and α2 nAChR KD in the tail suspension and forced 

swim tests. Time spent immobile in the Tail Suspension Test A) at baseline or B) following 

physostigmine treatment. Time spent immobile in the Forced Swim Test C) at baseline or D) 
following physostigmine treatment. [n] represents the number of animals per treatment 

group. Scatterplots represent independent data points for each animal. Data are represented 

as means +/− SEM. * p < 0.05.
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Figure 3: 
Effect of hippocampal M1 mAChR and α2 nAChR KD in novelty suppressed feeding and 

social defeat. Time before first feeding episode in the Novelty Suppressed Feeding Test A) at 

baseline or B) following physostigmine treatment. Interaction ratio in the Social Interaction 

(SI) Test C) at baseline or D) following physostigmine treatment. [n] represents the number 

of animals per treatment group. Scatterplots represent independent data points for each 

animal. Data are represented as means +/− SEM. * p < 0.05.
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Figure 4: 
Effects of hippocampal M1 mAChR and α2 nAChR KD on behavior in a cued and 

contextual fear conditioning task. A) Depiction of the different sessions in the cued and 

contextual fear conditioning paradigm used here. B) Freezing behavior over 6 consecutive 

20-sec cues co-terminated by 2-sec shock (learning rate). Time spent freezing in the shock-

paired context C) at baseline or D) following physostigmine treatment. Time spent freezing 

in response to the shock-paired cue E) at baseline or F) following physostigmine treatment. 

[n] represents the number of animals in each treatment group. Scatterplots represent 

independent data points for each animal. Data are represented as means +/− SEM. * p < 

0.05; ** p < 0.05.
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