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ARTICLE INFO ABSTRACT

Keywords: Cholinergic neuromodulation plays an important role in numerous cognitive functions including regulating
AmygdalaA arousal and attention, as well as associative learning and extinction processes. Further, studies demonstrate that
Acerleh"lf“e cholinergic inputs from the basal forebrain cholinergic system influence physiological responses in the baso-
Acetylcholinesterase

lateral amygdala (BLA) as well as fear extinction processes. Since rodent models display individual differences in
conditioned fear and extinction responses, this study investigated if cholinergic transmission in the BLA during
fear extinction could contribute to differences between extinction resistant and extinction competent phenotypes
in outbred Long-Evans male rats. Experiment 1 used in vivo microdialysis to test the hypothesis that acetylcholine
(ACH) efflux in the BLA would increase with presentation of an auditory conditioned stimulus (CS+) during
extinction learning. Acetylcholine efflux was compared in rats exposed to the CS+, a CS- (the tone never paired
with a footshock), or to a context shift alone (without CS+ tone presentation). Consistent with acetylcholine’s
role in attention and arousal, ACH efflux in the BLA was increased in all three groups (CS+, CS-, Shift Alone) by
the initial context shift into the extinction learning chamber, but returned more rapidly to baseline levels in the
Shift Alone group (no CS+). In contrast, in the group exposed to the CS+, ACH efflux in the BLA remained
elevated during continued presentation of conditioned cues and returned to baseline more slowly, leading to an
overall increase in ACH efflux compared with the Shift Alone group. Based on the very dense staining in the BLA
for acetylcholinesterase (ACHE), Experiment 2 examined if individual differences in fear extinction were asso-
ciated with differences in cholinesterase enzyme activity (CHE) in the BLA and/or plasma with a separate cohort
of animals. Cholinesterase activity (post-testing) in both the BLA and plasma was higher in extinction competent
rats versus rats resistant to extinction learning. There was also a significant negative correlation between BLA
CHE activity and freezing during extinction learning. Taken together, our results support a role for ACH efflux in
the BLA during cued fear extinction that may be modulated by individual differences in ACHE activity, and are
associated with behavioral responses during fear extinction. These findings implicate individual differences in
cholinergic regulation in the susceptibility to disorders with dysregulation of extinction learning, such post-
traumatic stress disorder (PTSD) in humans.

Fear extinction
Individual differences
Microdialysis

1. Introduction extinction paradigms (Gold 2003; Power et al., 2003; Tinsley et al.,

2004; Robinson et al., 2011; Gould and Leach 2014; Knox 2016; Wilson

As demonstrated across a variety of studies, cholinergic signaling is
heavily implicated in cognitive function, arousal, and attention,
including the consolidation of long-term memories (see (Gold 2003;
Power et al., 2003; Tinsley et al., 2004; Hasselmo and Sarter 2011;
Robinson et al., 2011; Konig et al., 2018)). This cholinergic regulation is
most evident in various studies using systemic and region-specific
pharmacological manipulations during associative fear learning and

and Fadel 2017). During Pavlovian fear learning a neutral conditioned
stimulus (CS+) such as a tone is paired with an aversive unconditioned
stimulus such as a footshock (US). The temporal pairing of the CS+ and
US enables both the context and the CS+ (the tone), to elicit freezing and
other defensive responses even when the CS+ is presented in a novel
context (Fendt and Fanselow 1999). Extinction of cue-conditioned fear
is elicited by repeated re-exposure to the CS+ in the absence of the US
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(Baldi and Bucherelli 2015). Plasticity within and among neural regions
in the fear circuit that includes the amygdala, hippocampus and pre-
frontal cortex (PFC) is thought to contribute to these conditioned fear
and extinction behaviors (Fendt and Fanselow 1999; Milad and Quirk
2012; Baldi and Bucherelli 2015). In contrast to the mechanisms un-
derlying the original learning of the contextual or cue-conditioned
response, extinction learning is thought to involve disparate neuronal
populations and  signaling  processes  specifically = within
prefrontal-amygdalar circuits (Herry et al., 2008; Tronson et al., 2009;
Orsini and Maren 2012; Baldi and Bucherelli 2015; Rozeske et al.,
2015).

The basal forebrain cholinergic system (BFCS) provides dense neu-
romodulatory inputs to the basolateral amygdala (BLA) complex, tar-
geting both calcium/calmodulin protein kinase II (CaMK)-positive
(presumably glutamatergic) pyramidal neurons and interneurons in the
BLA (Muller et al., 2011; Lee and Kim 2019). Recent studies have
implicated a critical role for these inputs in cued fear responses, with a
particularly important influence on cued fear extinction. Optogenetic
stimulation of cholinergic inputs from the BFCS to the BLA can influence
physiological responses of both interneurons and pyramidal cells in the
BLA (Unal et al., 2015; Jiang et al., 2016; Aitta-Aho et al., 2018; Lee and
Kim 2019), and also suggest that cholinergic inputs enhance the “signal
to noise ratio” (Unal et al., 2015). Both muscarinic and nicotinic
cholinergic receptors have been implicated in these electrophysiological
responses (Unal et al., 2015; Jiang et al., 2016; Aitta-Aho et al., 2018;
Lee and Kim 2019). Further, optogenetic stimulation of amygdala
cholinergic inputs during acquisition disrupts the extinction, but not the
acquisition, of cued fear memories (Jiang et al., 2016). In addition,
increasing acetylcholine (ACH) release in the BLA using histaminergic
agonists improves the expression of fear memories (Cangioli et al.,
2002), while lesions of the BFCS system disrupt fear learning and
extinction (Knox 2016; Knox and Keller 2016). Pharmacological studies
support the role of both muscarinic and nicotinic receptor activation in
extinction memory formation and recall [see (Maruki et al., 2003; Elias
et al., 2010; Santini et al., 2012; Zeitlin et al., 2012; Zelikowsky et al.,
2013; Barreto et al., 2015; Wilson and Fadel 2017; Sharp 2019). These
studies are all consistent with the notion that the BFCS is activated and
enhances ACH efflux in projection sites including PFC and BLA, resulting
in increased endogenous tone on cholinergic receptors during both
exposure to conditioned cues and extinction training. The role of ACH in
cue detection and attentional performance (Hasselmo and Sarter 2011),
combined with the indication that BLA pyramidal neuron activity is
critical for determining the salience of a conditioned stimulus during an
aversive learning task (Sengupta et al., 2018), also suggest that cholin-
ergic regulation of BLA activity may be important during cued fear
learning and/or extinction. Although some studies have examined
acetylcholine release during associative learning responses, none of
these studies have focused on measuring ACH efflux in the BLA during
Pavlovian fear extinction (Acquas et al., 1996; Nail-Boucherie et al.,
2000; Izaki et al., 2001; Calandreau et al., 2006), which is one of the
goals of the present study. We also examined glutamate efflux since
anatomical and electrophysiological evidence suggests that cholinergic
inputs into the BLA modulate glutamate neurotransmission via both
muscarinic and nicotinic receptors (Yajeya et al., 2000; Jiang and Role
2008; McDonald et al., 2019), and inputs from BFCS may co-release
acetylcholine and glutamate (Nickerson Poulin et al., 2006).

The BLA has very dense staining for acetylcholinesterase (ACHE), the
enzyme that breaks down acetylcholine in the synaptic cleft to terminate
neurotransmission. Various stressors can alter ACHE enzyme activity
and alter the expression of ACHE splice variants in multiple brain re-
gions including amygdala (Kaufer et al., 1998; Birikh et al., 2003; Nij-
holt et al., 2004; Sklan et al., 2004; Das et al., 2005; Meshorer et al.,
2005; Perrier et al., 2005; Salmon et al., 2005; Dori et al., 2011;
Valuskova et al., 2017; Ketenci et al., 2020). Human studies also support
an association between plasma ACHE activity, ACHE genotypes, and
trait or state anxiety (Sklan et al., 2004). Further, a neuroimaging study
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in humans identified individual variation in genetic markers for ACH
synthesis and signaling that were correlated with differences in BFCS
modulation of amygdalar functional connectivity during processing of
salient stimuli, suggesting underlying neurobiological differences in
cholinergic regulation of this fear circuit (Gorka et al., 2015). In humans,
dysregulation of fear learning or extinction processes may predict sus-
ceptibility to traumatic stress disorders, and patients with
post-traumatic stress disorder (PTSD) show impairments in fear learning
and extinction (Guthrie and Bryant 2006; Shin and Liberzon 2010; Milad
and Quirk 2012; Pitman et al., 2012; Holmes and Singewald 2013;
Lommen et al., 2013; Kutlu and Gould 2015). Rodent models allow for
examining the mechanisms underlying individual differences in risk and
resilience following traumatic stress (Holmes and Singewald 2013;
Deslauriers et al., 2018), and such models have demonstrated individual
differences in fear extinction (Bush et al., 2007; Galatzer-Levy et al.,
2013; Holmes and Singewald 2013; Shumake et al., 2014; Gruene et al.,
2015; Sharko et al., 2017; Monfils et al., 2019) as well as various indices
of cholinergic function including ACH release in the PFC (van der Zee
etal., 1997; Izaki et al., 2001; McIntyre et al., 2002; Gold 2003). Some of
these cholinergic markers are correlated with behavioral responses
during learning tasks, including conditioned fear or extinction re-
sponses. Consistent with similar rodent models, we have seen individual
differences in cued fear extinction in outbred Long-Evans rats (Sharko
et al., 2017), and given the role of ACHE in cholinergic signaling, we
hypothesized that cholinesterase activity (CHE) in BLA might differ
between extinction resistant and extinction competent phenotypes.

Therefore, in the present study we investigated if cholinergic trans-
mission in the BLA induced by repeated cue presentation during fear
extinction could contribute to the differences between extinction resis-
tant and extinction competent rats. Experiment 1 used in vivo micro-
dialysis to test the hypothesis that ACH efflux would increase with
presentation of an aversive CS during extinction learning in the BLA. In a
separate cohort of animals, Experiment 2 examined if individual dif-
ferences in fear extinction were associated with differences in BLA or
plasma CHE activity. Our results demonstrate that acetylcholine efflux
in BLA is induced during cued fear extinction, and that individual dif-
ferences in CHE activity in this region are associated with freezing re-
sponses during fear extinction.

2. Materials and methods

2.1. Experiment 1: subjects and surgery for implanting microdialysis
cannulas

2.1.1. Subjects

The timeline for Experiment 1 is shown in Fig. 1A. Adult male Long
Evans rats (150-175 g on arrival; Envigo Indianapolis, IN) were singly
housed in an AAALAC accredited, temperature controlled vivarium
under a 12:12 light/dark cycle with ad libitum food and water. Rats were
habituated to brief handling prior to surgery. The University of South
Carolina Institutional Animal Care and Use Committee (IACUC)
approved all animal procedures. For experiment 1, rats were briefly
restrained to collect a tail blood sample (<0.5 mL) before behavioral
testing.

2.1.2. Stereotaxic surgery

On days 7-8 post-arrival, rats (N = 30) to be used for microdialysis
were surgically implanted with a unilateral cannula [MD-2251, Bio-
analytical Systems, Inc. (BAS), West Lafayette, IN, USA] aimed just
above the BLA via stereotaxic surgery with blunt ear bars. Rats were
anesthetized with isoflurane (1-5%) in oxygen, and local anesthetic (2%
carbocaine, s. c.) was injected at the scalp incision site and behind the
ears. Body temperature was maintained using a homeothermic blanket
system (Harvard Apparatus, Holliston, MA). A unilateral cannula with a
removable stylet for maintaining patency was inserted above either the
right or left BLA using the following coordinates measured from Bregma
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Fig. 1. Timeline and behavior during the microdialysis experiment (Experiment 1). Panel A shows the timeline for Experiment 1. Panels B-F show percent freezing
(immobility) during each minute of habituation on day one (B) and all conditioning trials (C, D, E, F) for all rats, including animals without probe placement in the
BLA (Panels B-G). Acoustic startle responses are also shown (Panel G). After taking pre-test tail blood sample, male Long-Evans rats were implanted with a
microdialysis guide cannula above the basolateral amygdala. Following 4-5 days of post-operative care, rats were habituated to the microdialysis procedure
including transfer into Contexts A and B on two separate days (Habituation, Panel B). Rats then underwent auditory fear conditioning with three tone-shock pairings
(CS+, N = 16) or were exposed to tones without shock (CS-, N = 9) followed by contextual recall 24 h later (both in Context C; Panel C). Microdialysis was performed
during extinction learning following a context shift and 20 tone presentations (CS+, N = 11, CS- N = 5) or a context shift without tone presentation (Shift Alone, N =
5, Panel E). Extinction recall in Context D (Panel F) and auditory startle responses (to confirm intact hearing, Panel G) were done prior to euthanasia and brain
harvesting for microdialysis probe placement. Panel B shows that immobility behavior during day one of habituation increased during the 21 min exposure in the
new context, without differences between CS+ and CS- groups. Note the similarity between habituation and the CS- and Shift Alone group in Panel C. Rats exposed to
3 tone-shock pairings (CS+, N = 16) froze more during the tone-shock pairings during acquisition (Panel C) and contextual fear recall (Panel D) than rats exposed to
tones without shock (CS-, N = 9). Panel E shows immobility during the microdialysis session that was initiated with a context shift followed by 20 tone presentations
at a 1 min ISI. CS+ animals (N = 11) exposed to the tones during the session showed greater freezing behavior during the first 10 min compared to the CS- (N = 9)
and Shift Alone (N = 5, no tone presentation) groups. During the last 10 min of the session, the Shift Alone and CS- groups showed increasing immobility that was
visually assessed as resting rather than freezing and was similar to habituation (time x group interaction, # = P < 0.05 between CS+ and Shift Alone groups). Panel F
shows CS+ rats exhibited more freezing during extinction recall then CS- groups; note that Shift Alone rats are not included in this data set since they did not undergo
extinction trial at the same time as other groups during microdialysis. Acoustic startle responses (Panel G) assessed after conditioning trials were intact in both CS+
and CS- groups, indicating that both groups responded similarly to auditory cues. * = P < 0.05 CS+ versus CS- groups; # = P < 0.05 CS+ versus Shift Alone groups.
Data are represented as mean + SEM. dB = decibels.

with skull flat: A/P —2.0/2.7, M/L + 4.8, and D/V 6.8 (Paxinos and responses to handling and a context shift during the microdialysis ses-

Watson 1997). Cannulas were stabilized using 2-3 skull screws sur- sion. Two rats were habituated and tested at a time, although micro-
rounded by dental cement (Duralay Inlay Resin, Reliance Dental dialysis chambers were separated by sound attenuating barriers.
Manufacturing, Alsip, IL). Rats were outfitted with a rat collar Habituation included transportation to the microdialysis room,
(MF-5371, BASi) for tethering during microdialysis testing. Nalbuphine connection to a tethering system (without probe insertion), 3 h in a
(1 mg/kg, s. c.) was administered postoperatively for pain management, Plexiglas microdialysis bowl (Context A, BASi Rat-turn bowl, 42 cm
the diet was supplemented with bacon softies (Bio-serve, Frenchtown, diameter x 35 cm height with Aspen bedding), a 21 min context shift
NJ) to maintain postoperative weight, and topical nitrofurazone powder into a distinct flat-bottom cylindrical enclosure (Context B, BASi, 31 cm
(NFZ puffer, Neogen Corporation) was used for prevention of infection diameter x 33 cm height without bedding; lemon scent), and then a
at the incision site. Animals were allowed 4-6 days of recovery from return to Context A for 39 min. The 21 min context shift was recorded
surgery, during which all rats were habituated to stylet removal. overhead via video camera and freezing behavior (immobility) was

analyzed using Freezescan software (CleverSys, Inc., Reston, VA) as
2.2. Experiment 1: behavioral analysis of microdialysis subjects described below.
2.2.2. Fear conditioning and extinction
After the two days of habituation, a fear conditioning and extinction
protocol described previously was used (Sharko et al., 2017), although

2.2.1. Habituation
Following surgical recovery, rats were habituated on 2 consecutive
days (4 h/day) to the microdialysis procedure in order to minimize



D.M. Kellis et al.

cue-conditioned recall and extinction learning occurred during micro-
dialysis. For all fear conditioning, microdialysis, and extinction trials,
Freezescan software (CleverSys, Inc., Reston, VA) was used to acquire
and analyze freezing behavior in 1-min bins that included tone presen-
tation and the inter-tone interval; Freezescan parameters were set such
that freezing behavior was detected as immobility (absence of move-
ment other than breathing). For fear acquisition, animals were put in a
sound-attenuating shock box (Context C; Med Associates, Inc., Fairfax,
VT). Following 3 min of unconditioned freezing, a conditioned CS+
group of rats (N = 16) were exposed to three 10 s (sec) tones (80 dB, 2
kHz) co-terminating with foot shock (1 s, 1 mA) presented at 60 s
interstimulus intervals (ISI). The unconditioned CS- group (N = 9) was
exposed to the same cue presentation protocol without footshock.
Ammonium hydroxide (7%) was used to clean the shock box between
rats. The following day, context-conditioned freezing was assessed via
an 8 min re-exposure to the shock box (Context C). One-two days later (4
rats at 4-5 days later), microdialysis sampling for analysis of ACH and
glutamate (GLU) efflux was done during re-exposure to 20 tones (10 s,
80 dB, 2 kHZ, 1 min ISI) in Context B (see section 2.3.1 below); twenty
tones allowed assessment of cue-conditioned recall and extinction
learning in a single trial (Likhtik et al., 2008; Sharko et al., 2017).
Following the 20 tone presentations, rats were switched back to Context
A for 90 min sampling during recovery. For extinction recall, 4-5 days
later rats were exposed to an additional 20 tones (10 s, 80 dB, 2 kHz, 1
min ISI) in a chamber identical to that used for Context B, except it was
located in a sound attenuated chamber (Context D). Context B and D
chambers for extinction learning and extinction recall were cleaned with
70% ethanol between subjects and were scented with lemon. After
extinction recall, animals were tested for acoustic startle responses (to
ensure adequate hearing), anesthetized for a tail blood sample for CHE
analysis, and perfused to collect brains for verification of cannula
placement.

2.2.3. Acoustic startle response

After the extinction recall trial, rats were tested for auditory startle
responses using SR-LAB™ Startle Response System hardware and
automated software (San Diego Instruments, San Diego, CA) using a
protocol modified from Kelly et al. (2007) in mice (Kelly et al., 2007).
Rats were placed in a cylindrical enclosure with an underlying piezo-
electric accelerometer within a sound attenuating isolation cabinet for
automated recording of startle responses. Chambers were cleaned with
70% ethanol between animals. After a 5-min acclimation period with 65
dB background noise, rats were presented with 40 msec white noise
auditory stimuli with a variable ISI of 10-17 s. After five 120 dB stimuli
to determine baseline responding, five stimuli at 0, 80, 85, 90, 95, 100,
105,110, 115 and 120 dB were presented in a random order and average
startle amplitude from the five trials at each intensity (80-120 dB) are
reported. This was followed by trials to assess habituation (five 120 dB
exposures), pre-pulse inhibition (PPI), and a second habituation period
(five 120 dB exposures) (data not reported).

2.3. Experiment 1: In vivo microdialysis for analysis of acetylcholine and
glutamate efflux in BLA during extinction learning

2.3.1. Microdialysis during Extinction Learning

Microdialysis was conducted as described previously (Reznikov
etal., 2009; Carrero et al., 2019) during the extinction learning trial. On
the day of the microdialysis session, guide cannula stylets were switched
to semi-permeable (30 kDa cutoff) microdialysis probes (MD-2200,
BASi) that projected 2 mm further than the guide cannula. The probe
was perfused at a rate of 2 pL/min with artificial cerebrospinal fluid
(aCSF) containing 150 mM NacCl, 3.0 mM KCl, 1.7 mM CaCl; dihydrate,
0.9 mM MgCl, hexahydrate, and 4.9 mM D-glucose, plus 100 nM
neostigmine bromide to promote reliable recovery of detectable levels of
ACH during collection (Konig et al., 2018). The outlet line was con-
nected to an FC-90 fraction collector (Amuza, San Diego, CA) with
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chilled storage tubes (4 °C) for dialysate collection in 10 min intervals.
Following a 3-h discard period in context A, six collections were used to
sample 1 h of baseline neurotransmitter efflux. Rats were then trans-
ferred into context B for the extinction learning trial. After 1 min for
unconditioned freezing, two 10 min samples were collected during the
presentation of 20 tones (10 s, ~80 dB, 2 kHZ, 1 min ISI) while freezing
was determined using a camera mounted above the chamber using
FreezeScan (CleverSys, Inc., Reston, VA). After the extinction learning
trial, rats were returned to context A for dialysate collections during a
90 min recovery period. Some conditioned rats in the CS+ group (N =5
total; N = 3 with placement in BLA) were exposed to this procedure
without tone presentation to determine the effects of the context shift
alone on ACH efflux (shift alone group). ACH and GLU efflux was
sampled during this initial microdialysis testing condition (CS+, CS-, or
Shift Alone) and the following 90 min recovery period. After recovery,
rats were shifted back into context B for 20 min without tones (except for
shift alone group, which now received tones) followed by an additional
90 min recovery period (data from second test session not included). A
10 pL aliquot of each dialysate was stored at —80 °C for ACH analysis
with the remaining dialysate being stored for GLU analysis.

2.3.2. Analysis of acetylcholine levels

High performance liquid chromatography (HPLC) for ACH was done
as described previously (Calva et al., 2018; Macht et al., 2019) using 10
pl of dialysates and external standards. ACH was analyzed with an
HPLC-ECD, HTEC-510 (Amuza, San Diego, CA) and separated from
other analytes via an AC-GEL analytical column (2.0 mm internal
diameter x 150 mm length, Amuza, San Diego CA) in mobile phase (pH
~8.5, 49.4 mM potassium bicarbonate, 134.3 pM disodium ethyl-
enediamine tetraacetate (EDTA-2Na), and 1.23 mM 1-decanesulfonic
acid, sodium salt). Subsequently, an AC-Enzympak II enzyme reactor
(1 mm internal diameter x 4 mm length, Amuza, San Diego, CA) pro-
vided post-column derivatization of ACH to hydrogen peroxide for
detection at a platinum electrode (applied potential = +450 mV). A
standard curve based on external standards (0.1, 1.0, and 10 pmol) was
utilized to quantify ACH in each dialysate (limit of detection ~5 fmol).

2.3.3. Analysis of glutamate levels

For GLU, 5 pl of dialysate was diluted with 5 pl aCSF for HPLC
analysis (see (Calva et al., 2018)). GLU was analyzed on a separate
HTEC-510 HPLC coupled to an AS-700 insight autosampler (Amuza, San
Diego, CA) used for automated derivatization and injection. Precolumn
derivatization was achieved by adding 2 pl of o-phthaldialdehyde re-
agent to each 10 pl dialysate, then injecting 10 pl of the derivatized
dialysate onto a FA-30DS 3 x 75 mm analytical column (Amuza, San
Diego, CA) for separation of GLU from other amino acids and metabo-
lites using a mobile phase consisting of 80% 0.1 mM phosphate buffer,
7% methanol, and 13% acetonitrile by volume with 148.6 nM
EDTA-2Na. Derivatized GLU was oxidized and detected on a glassy
carbon electrode with an applied potential of +750 mV. A standard
curve (100, 1000, and 10,000 nM) was utilized to quantify GLU in each
diluted dialysate (limit of detection ~100 nM).

2.4. Experiment 1: microdialysis probe placement

After behavioral testing, rats were deeply anesthetized (5% iso-
flurane) followed by intracardiac perfusion with clearing solution (0.1 M
phosphate buffer, 0.5 mM EDTA, 0.05% NaNO,) followed by 10%
formalin in 0.05 M phosphate-buffered saline to collect brains for can-
nula placement (see (Carrero et al., 2019)). After removal and
post-fixation in buffered 10% formalin, coronal sections (100 pm) were
stored in 0.1 M phosphate buffer at 4° C. Sections were stained for ACHE
(0.2 M Tris maleate buffer (pH 5.7), 0.1 M sodium citrate, 0.03 M cupric
sulfate, 5 mM potassium ferricyanide, and 1.7 mM acetylthiocholine
iodide) for ~60 min at room temperature followed by a 70% ethanol
rinse and coverslipping (Hedreen et al., 1985; Carrero et al., 2019). Rats
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lacking probe placement in BLA (mainly central amygdala or lateral
ventricle) were analyzed as a separate group to examine the specificity
of effects to the BLA (N = 5 CS+, N = 4 CS- rats).

2.5. Experiment 1: statistical analyses

For microdialysis experiments ACH and GLU efflux is presented as
percent of baseline, averaged over the six 10 min collections. Five rats
were removed from all analyses since a full set of dialysate samples at all
time points was not collected; additional animals were removed from
GLU analysis due to insufficient sample to complete analysis. Analysis of
variance (ANOVA) with time as a repeated measure was used to
compare efflux during baseline, tone presentation, and 90 min recovery
in CS4 (N =7), CS- (N = 5), and Shift Alone (no tone; N = 3) groups with
probe placement in the BLA; post-hoc Bonferroni analysis was used to
determine differences between the three treatment groups following a
significant main effect. In addition, both the average percent increase
and the area under the curve (AUC; based on pmol ACH changes) during
the 20 min tone presentation and 90 min recovery period were calcu-
lated for ACH and GLU. These were analyzed using one-way ANOVA in
the CS+ (N = 7), CS- (N = 5), Shift Alone (N = 3), and CS+ rats with
placement outside the BLA (N = 4) groups. Freezing behavior and startle
responses in the CS+ and CS- groups were compared using ANOVA with
repeated measures (time) for each behavioral trial. Pearson correlation
coefficients were used to explore relationships between behavioral
endpoints (freezing, startle) and changes in ACH and GLU efflux in BLA.
All data were analyzed using GraphPad Prism 8 (La Jolla, CA, USA).
Significance was set as alpha = 0.05. Data are expressed as means +
standard error of the mean (SEM).

2.6. Experiment 2: cholinesterase activity in plasma and BLA

CHE activity was assessed in both BLA and plasma immediately after
the extinction recall trial in a separate cohort of rats exposed to the CS+
protocol (N = 30). The timeline for Experiment 2 is shown in Fig. 4A.
Prior to fear conditioning, rats were outfitted with indwelling cardio-
transmitters [Data Sciences International (DSI), St. Paul MN) HD-S11]
implanted in the intraperitoneal cavity for monitoring cardiovascular
responses during testing ~12-16 days prior to behavioral testing (car-
diovascular data not included; see (Finnell et al., 2018) for surgical
methods).

2.7. Experiment 2: fear conditioning and extinction

Except for the extinction learning trial, which had to be modified for
conducting microdialysis, fear conditioning and extinction protocols
were as described in Experiment 1 and in (Sharko et al., 2017). All an-
imals received three tone-shock pairings (like CS+ group in Experiment
1) during fear acquisition in a shock box (Context A) and were tested for
contextual fear responses in the same context 24 h later (context recall
data not included). The following day, for cue-conditioned recall and
within-trial extinction learning, rats were placed in a novel context
(Context B) similar to Context D in Experiment 1. After a 3 min period to
measure unconditioned freezing, 20 tones (10 s, 80 dB, 2 kHz, 1 min ISI)
were presented. Forty-eight hours later, rats were returned to Context B
and extinction recall was assessed via the presentation of 20 tones (10 s,
80 dB, 2 kHZ, 1 min ISI) following 1 min of unconditioned freezing.
Freezing behavior in each trial was calculated using Freezescan as
described in Experiment 1 (CleverSys, Inc., Reston, VA). Freezing
behavior was averaged over the following periods: acquisition during
the three tone-shock pairings, 8 min of re-exposure to context A, the first
5 presentations of the conditioned tone in Context B (Cue-induced Fear),
the last 10 tones in Context B (Extinction Learning), and the first 5 tones
of Extinction Recall. Rats were divided into Extinction Resistant (ER)
and Extinction Competent (EC) groups using a median split of average
freezing during Extinction Learning (last 10 tones) (see (Sharko et al.,
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2017)).
2.8. Experiment 2: analysis of BLA and plasma cholinesterase activity

Immediately after extinction recall, rats were euthanized by rapid
decapitation for brain and blood collection and CHE analysis. Trunk
blood was collected into chilled tubes containing 100 pl of 30 mg/ml
EDTA and 10 pl Aprotinin (11,117KIU/ml), then centrifuged for 15 min
at 1500xg (4 °C) and serum was separated and stored at —20 °C until
analysis. Brains were removed, rapidly frozen using powdered dry ice,
and stored at —80 °C until analysis. For analysis of CHE in BLA, a 1 mm
brain slice was cut on a freezing microtome and placed on a chilled
Peltier plate while a 1 mm diameter BLA punch was taken. Punches were
placed in 400 pl of 0.1 M phosphate buffer on ice and homogenized
using a Next Advance Bullet Blender tissue homogenizer (Next Advance,
Troy, NY; 100 pl of beads, 3 min, speed 8). The supernatant was removed
and aliquots for protein analysis and CHE assay were stored at —80 °C
until assay.

A CHE activity assay (measuring both acetylcholinesterase and
butyrylcholinesterase activity) was performed on BLA and plasma using
the Abcam kit (#ab138871, Abcam, Cambridge, MA; see (Macht et al.,
2018)). Plasma was diluted 1:50 and BLA samples were diluted 1:2 using
the assay buffer. Fifty pl of standards ranging from 0 to 300 mU/mL and
diluted samples were added to a 96-well plate in duplicates, followed by
50 pl of acetylthiocholine reaction mixture. Following 30 min incuba-
tion in the dark, the plate was read at 410 nm absorbance using a
microplate reader (BioTek Synergy 2 Microplate Reader, Winooski, VT).
Sample CHE activity was interpolated from the linear standard curve.
Plasma values are expressed as mU CHE/pl; BLA activity is expressed as
mU CHE/mg protein. Protein was determined by analyzing 10 pl of BLA
homogenate using the Pierce™ BCA Protein Assay-Low Protein Standard
Curve (Thermo Fisher Scientific, Waltham, MA). One BLA sample from
the ER group was removed as an outlier.

2.9. Experiment 2: statistical analyses

Based on our prior results (Sharko et al., 2017) and other reports
(Bush et al., 2007; Galatzer-Levy et al., 2013; Shumake et al., 2014;
Monfils et al., 2019) demonstrating a non-normal distribution of
freezing during extinction learning, animals were divided into EC and
ER groups using a median split of the average percent freezing during
the last 10 tones of the extinction learning trial (Sharko et al., 2017).
Freezing in ER and EC groups was compared using two-way ANOVA
during cue-induced fear (first five tone presentations during extinction
learning), extinction learning (last 10 tones during extinction learning),
and extinction recall (first five tones of extinction recall trial). Bonfer-
roni post-hoc analysis was used to determine specific group differences
once a main effect was identified. CHE activity between the two groups
were compared in plasma and the BLA using t-tests. Pearson correlation
coefficients were used to determine significant relationships between
behavioral endpoints (freezing) and CHE activity. All data were
analyzed using GraphPad Prism 8 (La Jolla, CA, USA). Outliers were
identified using the ROUT method (GraphPad Prism 8, Q = 2%). Sig-
nificance was set as alpha = 0.05. Data are expressed as means &+ SEM.

3. Results

3.1. Behavioral analysis and microdialysis during fear conditioning and
fear extinction

As seen in Fig. 1 (panels C. D, E, F), rats exposed to the conditioned
cue paired with shock (CS+ group; N = 16) showed more freezing
behavior in all conditioning trials than rats that were exposed to the
tones without shock during acquisition (CS- group; N = 9). The behav-
ioral analysis includes all rats regardless of probe placement (both BLA
and outside BLA). The CS+/CS- effect was significant for acquisition [F



D.M. Kellis et al.

(1,23) =129, P < 0.0001], contextually-conditioned freezing [F (1,23)
=15.9, P < 0.001], and extinction recall [F (1,18) = 13.1, P = 0.002],
and the interaction between CS+ vs. CS- over time was also significant
during both acquisition [F (5,115) = 90.2, P < 0.0001] and extinction
recall [F (20,360) = 2.72, P = 0.0001]. Note that the CS+ group during
extinction recall (Fig. 1F) does not include the rats that were exposed to
Shift Alone (no tones) during microdialysis, since there was no extinc-
tion learning trial during the first context shift.

Freezing during the microdialysis session with the presentation of
the conditioned cue in the CS+ group was higher during the first 10 tone
presentations (Fig. 1E) compared to freezing in the CS- and Shift Alone
(no tones) groups. Immobility gradually increased during the 21 min
trial in the CS- and Shift Alone groups (with or without tone pre-
sentations, respectively). This pattern during microdialysis resulted in a
significant effect of time [F (20,400) = 7.85, P < 0.0001] and a time by
group interaction [F (40,440) = 2.65, P < 0.0001], but not a main effect
of group (CS+, CS- versus Shift Alone; [F (2,22) = 0.86, P = 0.4]). This
interaction resulted from greater freezing in the CS+ group compared to
the CS- group during the first 10 tones, and higher immobility in the
Shift Alone group during the later times in the trial (Fig. 1E). This
pattern in the CS- and Shift Alone groups was very similar to the
behavioral changes seen during the prior habituation to the same
context (Fig. 1B), which was associated with the animals transitioning
into sleeping or resting during the later parts of the trial after the context
shift. Using the automated Freezescan system, the absence of movement
(except breathing) used to detect freezing behavior also scores sleeping/
resting as freezing. Visual examination of the behavioral files confirmed
behavior in the CS+ group was indeed freezing, while later in the trial
CS- and Shift Alone groups were resting or sleeping (but not freezing).
The first habituation trial (Fig. 1B) also showed an effect of time [F
(20,460) = 9.5, P < 0.0001] but no difference between CS+ and CS-
groups [F (1,23) = 0.9, P = 0.35]. A comparison of freezing between
CS+ and CS- rats during the tone presentation (10 s) versus the inter-
tone interval (50 s) showed that immobility during the first 10 tone
presentations in the CS+ group (48.2 + 8.0%) was twice that seen in CS-
rats (24.1 £+ 5.2%). A similar difference was seen during the inter-tone
intervals (58.7 + 6.5% in CS+; 32.6 £ 5.2% in CS-; P < 0.05).
Further, CS+ rats showed similar levels of freezing during the tones and
inter-tone intervals through the trial. There was also no difference be-
tween CS+ versus CS- groups in the pre-tone interval (first minute of
session; 8.1 + 3.4 in CS+; 12.9 + 4.9% in CS-, P > 0.05). We also used a
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median split of freezing during extinction learning (during micro-
dialysis) to divide the N = 11 CS+ rats (including rats with placement
outside the BLA) into ER and EC phenotypes (like in Experiment 2),
however only two of seven rats in the CS+ group with probe placement
in the BLA showed the ER phenotype (N = 5 EC). This ER/EC compar-
ison may have been confounded by using an ACHE inhibitor in the
perfusate to allow reliable detection of ACH release during micro-
dialysis, which may have also modified freezing during the extinction
learning trial and therefore the extinction phenotype of the animal.

After the extinction recall session, animals used for the microdialysis
study were tested for acoustic startle responses to ensure similar re-
sponses to auditory cues. As seen in Fig. 1G, startle responses to
increasing auditory cues were robust [F (12,276) = 140.5 P < 0.0001]
and did not differ between the CS+ and CS- groups [F (1,23) =0.71,P =
0.4].

3.2. Acetylcholine efflux during presentation of conditioned cue and
extinction learning

Fig. 2 shows the location of the probes in the BLA used for analysis of
ACH efflux in the CS+ (N = 7), CS- (N = 5) and Shift Alone (N = 3)
groups. Not unexpectedly, baseline levels of acetylcholine were higher
in the BLA than in rats with placement outside the BLA (central amyg-
dala, lateral ventricle; Fig. 2C). This resulted in a main effect (F (2,21) =
5.56, P = 0.01) between the three groups, but no difference between
CS+ (N = 10) and CS- (N = 5) groups with placement in the BLA. The
extinction phenotype of the animals in the CS+ group with probe
placement in the BLA (N = 7 rats) is indicated in Fig. 2A (ER = white
bars; EC = black bars), although we did not compare ACH efflux be-
tween phenotypes due to the low N (N = 2) in the ER group.

As seen in Fig. 3, presentation of 20 conditioned cues after shifting to
a new context in the CS+ group increased ACH efflux in the BLA, fol-
lowed by a slow recovery back to baseline. This increase during the first
10 min collection (T1, context shift plus first 10 tones) and the shift back
to Context A (R1) was similar between all groups (CS+, CS-, Shift Alone),
resulting in a significant effect of time [F (16,192) = 10.3, P < 0.0001].
This suggests that the context shift alone increases ACH efflux and is
further supported by the ACH efflux pattern in the Shift Alone group
showing a peak at each context shift. In contrast, the percent increase in
ACH efflux remained elevated during the second set of ten conditioned
tones and the recovery period in the CS+ group, especially compared to

Fig. 2. Microdialysis probe placement and baseline
acetylcholine levels (Experiment 1). Panel A shows
probe placement in the basolateral amygdala (BLA)
(Paxinos and Watson, 1997). Panel B shows an
example of a section stained with acetylcholines-
terase demonstrating probe placement in the BLA
[(taken at 4x magnification; the optic tract (Opt) is
located medially and dotted lines indicate central
amygdala (CeA), lateral amygdala (LA), and basal
amygdala (BL)] Panel C shows average 1 h baseline
acetylcholine levels. The CS+ and CS- groups with
probe placement in the BLA showed no differences,
but higher baseline levels were seen in the BLA CS+
group compared to levels if probe placement was
outside the BLA (central amygdala or lateral
ventricle). Since placement within the BLA may have
influenced the ability to detect differences in ACH
efflux between extinction resistant (ER) and extinc-
tion competent (EC) groups, we have indicated
probes from ER (white bars) or EC (black bars) rats
from the CS+ rats exposed to tones during extinction
learning having probe placement in the BLA (N = 7).
Other probes are from animals in the CS- or Shift
Alone groups (grey bars). ** = P < 0.05 for CS+
versus not-BLA groups. Data are represented as mean
+ SEM.

CS+ Cs- Not BLA
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Fig. 3. Acetylcholine (ACH) efflux in basolateral amygdala (BLA) during cue-
conditioned recall and extinction learning (Experiment 1). Panel A shows
ACH as percent baseline release in all three groups with placement in the BLA
(CS+, N = 7; CS-, N = 5; Shift Alone, N = 3) over the six baseline collections
(B1-6), two collections during 20 tone presentations (T1, T2) and 90 min re-
covery (R1-9). Acetylcholine efflux increased relative to baseline following the
context shift (T1) in all groups, but remained elevated in the CS+ group during
the second tone collection (T2) and during the recovery period compared with
the Shift Alone (no tone presentation) group. The elevation of ACH release in
the CS+ group is highlighted by significant group differences for the average
percent baseline when collapsing across the tones and recovery bins (Panel CC;
F (2,12) = 6.4, P < 0.02) and higher area under the curve (AUC; Panel BB; F
(3,15) = 3.4, P < 0.05). The CS+ group had a higher average percent baseline
ACH release than the Shift Alone group (Panel CC) and the animals with
placement outside the BLA (Panel B). The low AUC for the animals with
placement outside the BLA suggest this effect is restricted to the BLA. # = P <
0.05 between CS+ and Shift Alone groups. ** = P < 0.05 for CS+ versus not-
BLA groups. Data are represented as mean + SEM.

the Shift Alone group (Fig. 3A, T2; # indicates P < 0.05 between CS+
and Shift Alone groups). This resulted in a significant difference between
the three groups with placement in the BLA [F (2,12) = 4.06, P = 0.045],
but not a significant interaction [F (33,192) = 1.4, P = 0.075]. This
enhanced ACH efflux in the CS+ group is supported by a significant
average percent increase in ACH efflux during the tones and recovery
period in animals with placement in the BLA (Fig. 3C; [F (2,12) = 6.4, P
= 0.013]. Further, AUC analysis showed that the CS+ group had a
greater total response than the other groups (Fig. 3B), including animals
exposed to the CS+ with placement outside the BLA, demonstrating the
regional specificity of the effect [F (3,15) = 3.4, P < 0.05]. Overall these
results suggest there is a significant efflux of ACH in the BLA just from a
context shift alone, although the presentation of a conditioned cue
(CS+) prolongs this response leading to enhanced overall ACH efflux in
BLA compared to groups during the Shift Alone or rats with placement
outside of the BLA.
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3.3. Glutamate efflux during presentation of conditioned cue and
extinction learning

The same dialysate samples were also analyzed for GLU efflux during
cue-conditioned freezing and extinction learning (one sample was
identified as an outlier based on baseline levels). Overall there was no
change in BLA GLU efflux during the tone presentation or recovery
period [F (16,166) = 1.2, P = 0.24] (data not shown). Further neither
the percent change in GLU [F (2,10) = 0.63, P = 0.55] nor the AUC for
GLU [F (2,10) = 1.3, P = 0.32] differed between the CS+, CS- and Shift
Alone groups. The percent change from baseline for GLU in the groups
were 109 + 15, 177 + 66, and 157 + 78 for the BLA CS+ (N = 6), BLA
CS- (N = 4), and BLA Shift Alone (N = 3) groups, respectively.

3.4. Extinction competent (EC) and extinction resistant (ER) rats show
different levels of cholinesterase (CHE) activity in BLA and plasma

As seen previously (Sharko et al., 2017), a median split of the animals
based on extinction learning (last 10 tones) produced two groups of rats
with different freezing profiles in Experiment 2 (Fig. 4B). Extinction
Competent rats showed lower levels of freezing during exposure to the
conditioned cue (first five tone presentations), as well as the last 10
tones of extinction learning and extinction recall (first 5 tones) when
compared to Extinction Resistant rats [F (1,27) = 35, P < 0.0001 for EC
vs. ER difference across all trials]. Since extinction trials lowered
freezing, there was also a main effect of trial [F (3,81)] = 18.4, P <
0.0001]. Since as seen previously there was no significant difference
between ER and EC groups during acquisition or context (not shown),
this also resulted in a significant interaction [F (3.81) = 5.4, P < 0.002].

As seen in Fig. 4C and D, EC rats had higher levels of CHE activity in
both the BLA [t (24) = 2.1, P < 0.05] and plasma [t (27) = 2.9, P =
0.007] than ER rats. There was also a significant correlation between
CHE activity in the plasma and BLA [r = 0.5, R? = 0.25, P < 0.01;
Fig. 4E], suggesting plasma CHE might be a proxy for brain (at least
BLA) CHE activity. Furthermore, there was a significant negative cor-
relation between BLA CHE activity (Fig. 4F, r = —0.44, R? = 0.19,P <
0.03) and freezing during the last 10 tones of extinction learning. A
similar trend was seen for plasma (data not shown; [r = —0.36, R? =
0.13, P = 0.056]). No significant correlations were seen between BLA
CHE activity and freezing during acquisition (r = —0.19, R%2=0.04,P =
0.36), cue-induced fear (first 5 tones of extinction learning, r = —0.26,
R? = 0.07, P = 0.2), or extinction recall (first 5 tones; r = —0.26, R =
0.07, P = 0.2). Interestingly, a comparable negative correlation was seen
between the plasma CHE activity in the blood sample taken after
extinction recall in Experiment 1, and freezing during the last 5 tones of
extinction learning during microdialysis in the CS+ group [N =7,r =
—0.78, R = 0.61, P < 0.04].

4. Discussion

Overall, these findings suggest that BLA ACH levels are increased
during presentation of a conditioned cue during extinction learning,
although ACH is also more transiently increased by exposure to a new
context. This finding contributes to evidence that ACH plays an impor-
tant role in attentional or arousal processing during learning tasks, and
is one of the first demonstrations that ACH efflux in the BLA is indeed
increased during an extinction learning trial, which is critical for acti-
vation of muscarinic or nicotinic receptors in this region as suggested by
the literature. Although a few studies have examined ACH release during
associative learning responses, none of these studies have focused on the
BLA during Pavlovian fear extinction (Acquas et al., 1996; Nail-Bouch-
erie et al., 2000; Izaki et al., 2001; Calandreau et al., 2006). In addition,
we also found that cholinesterase activity in both the BLA and plasma
was higher in animals showing effective extinction learning (EC rats)
versus rats resistant to extinction learning (ER rats), suggesting a sig-
nificant relationship between CHE activity in the BLA and extinction
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Fig. 4. Timeline (Panel A), fear extinction behavior (Panel B), and cholinesterase activity (CHE) in plasma and BLA (Panels C-F) for Experiment 2. Rats were
implanted with a DSI telemetry device for cardiovascular recordings (data not reported). Rats then underwent auditory fear conditioning acquisition via three tone-
shock pairings (CS+, N = 30) followed by contextual fear recall 24 h later (both in Context A, identical to Context C in Experiment 1). Extinction learning was then
assessed 24 h later with 3 min in Context B (identical to Context D in Experiment 1) to assess unconditioned freezing followed by exposure to 20 tones. Extinction
recall was assessed 48 h later followed immediately by euthanasia and collection of blood and brains for CHE analysis. Panel B shows group differences between
extinction resistant (ER) and extinction competent (EC) rats emerged during cue-induced fear (first 5 tone presentations), extinction learning (last 10 tone pre-
sentations of extinction learning), and extinction recall (first 5 tones of extinction recall), but not acquisition (during three tone-shock pairings). Rats were divided
into ER and EC groups based a median split of the average freezing during extinction learning (see Sharko et al., 2017). Panels C and D show that ER rats had lower
levels of post-test plasma and BLA CHE activity compared EC rats. Panels E and F demonstrate that not only were BLA and plasma CHE positively correlated (r = 0.49,
P < 0.01), but BLA CHE activity was negatively correlated with the average percent freezing during the last ten tones of extinction learning (r = —0.44, P = 0.02). *

= P < 0.05 for ER versus EC. Data are represented as mean + SEM. Closed squares = ER rats, open circles = EC rats.

learning. Taken together, our results support a role for ACH neuro-
transmission in the BLA during cued fear extinction processes, and
suggest a potential cholinergic basis in this region for individual dif-
ferences in extinction learning.

Using in vivo microdialysis, which samples the extracellular space,
we demonstrated that ACH was released during the extinction learning
trial and that the group exposed to the conditioned cue showed a more
prolonged elevation in ACH in the BLA compared to the Shift Alone
group given a context shift without any cue presentation (e.g., no tones).
Despite extensive handling and habituation to the microdialysis pro-
cedure including the context shift, all animals showed an initial increase
in ACH release in the BLA during the first 10 min (tones) of the
extinction learning trial, although this rapidly returned to baseline in the
Shift Alone group. In contrast, ACH levels remained elevated throughout
the rest of the tone presentations and recovery period in the CS+ group
when exposed to a conditioned cue. Further, comparison of AUC based
on pmol ACH release showed that the CS+ group had the greatest ACH
efflux in the BLA compared to other groups (CS-, Shift Alone), which was
significantly greater than CS+ animals with probes outside the BLA

suggesting the regional specificity of the increase in ACH. These results
are similar to other studies demonstrating that the handling associated
with moving rats into a testing chamber for microdialysis produces a
rapid and robust increase in ACH in both hippocampus and PFC,
including animals that had been extensively habituated to conditioned
auditory and visual cues (Acquas et al., 1996). The same study showed
unconditioned sensory stimuli also increased ACH efflux in these two
brain regions, similar to our results in the CS- group. Similarly, hippo-
campal ACH efflux increased following placement of the animals into
the conditioning chamber during acquisition and upon return to the
chamber in the unconditioned group, although there was a greater ACH
efflux in conditioned animals returned to the context (Nail-Boucherie
et al., 2000). The lack of striking differences in ACH efflux in the BLA
between CS+ and CS- groups may have been related not only to the
context shift enhancing ACH efflux on its own, but also the role of
cholinergic processes in locomotion and immobility (see (Konig et al.,
2018)). In both the CS- and Shift Alone groups, animals became
immobile over the course of microdialysis testing and visual inspection
demonstrated that this was due to a transition to resting or sleeping
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similar to that observed during habituation. This is perhaps not sur-
prising since this was a familiar environment without the presentation of
any conditioned stimuli. Further, microdialysis and testing was per-
formed during the light (inactive) phase of the circadian cycle, which
also influences cholinergic tone and fear responses (see (Albrecht and
Stork 2017)). Increases in ACH release in the cortex and hippocampus
during the dark (active) phase and in response to a novel environment
have been associated with motor activity (see (Konig et al., 2018)) and a
putative relationship between locomotor behavior and ACH release was
also seen in the BLA (Sturgill et al., 2020). In the present study,
exploratory post-hoc analysis revealed a negative correlation (r = —0.8,
R?=0.56, P < 0.002) between immobility (freezing or resting) and ACH
increases during the second 10 min bin (T2) of fear extinction when all
groups were collapsed (N = 15). Further, since freezing and active be-
haviors such as locomotion are mutually exclusive, differences in
freezing during extinction between ER and EC groups could be linked to
differences in locomotor behaviors in these phenotypes. In a separate
(unpublished) study, however, our analysis of activity in a runway task
during the control condition (neutral object) suggested the distance
traveled did not differ between ER and EC groups; we have not directly
examined these phenotypes for locomotion in an open field test so this
remains a possibility. Nevertheless, increases in ACH efflux, which are
prolonged in the CS+ group, might still be important in fear condi-
tioning or extinction learning, since it has been postulated that cholin-
ergic activation of BLA muscarinic receptors that regulate neural
plasticity may play a critical role in the influences of stress and arousal
levels on fear extinction (Knox 2016).

Like our previous study, in a separate cohort of Long Evans rats we
demonstrate individual differences in freezing that emerged during the
extinction learning trial, and divided animals into extinction resistant
and extinction competent groups based on average freezing during the
last 10 tone presentations (as in (Sharko et al., 2017)). Such individual
variations in fear extinction learning or recall have been seen in various
outbred and inbred strains of rats or mice (Herry and Mons 2004; Bur-
gos-Robles et al., 2007; Bush et al., 2007; Burgos-Robles et al., 2009;
Galatzer-Levy et al., 2013; Holmes and Singewald 2013; Shumake et al.,
2014; Gruene et al., 2015; Monfils et al., 2019), although these studies
used distinct methods to distinguish different extinction phenotypes.
Our behavioral differences between ER and EC groups appear quite
similar to previous studies in Long Evans or Sprague Dawley rats, since
differences were seen during extinction learning and recall, but gener-
ally not in acquisition of learned fear or contextually-conditioned
freezing (Bush et al., 2007; Galatzer-Levy et al., 2013; Shumake et al.,
2014; Sharko et al., 2017; Monfils et al., 2019). The ER-EC difference in
freezing during cue-induced fear (the first few tones before extinction
learning) could suggest there are pre-existing factors and/or disparities
in the consolidation of the original fear memory that impact subsequent
extinction learning. This possibility is supported by evidence that acti-
vation of histaminergic H3 receptors, which increases ACH release in the
BLA, improves expression of fear memories (Cangioli et al., 2002). An
intriguing possibility that awaits further study is that these differences
during fear acquisition contribute to the emergence of phenotypic var-
iations in ACHE activity that we observed after extinction recall.

In this study we also demonstrate that after behavioral testing, BLA
CHE activity was negatively correlated with freezing behavior during
extinction learning, with lower levels of CHE in ER compared to EC rats.
Since ACHE terminates cholinergic neurotransmission by hydrolyzing
acetylcholine, this suggests that reduced CHE activity in the BLA during
the extinction learning trial might drive sustained cholinergic signaling
in ER animals compared with EC subjects. Cholinesterase activity was
sampled after the extinction recall trial, so it is unclear if the differences
in CHE activity between ER and EC rats were preexisting, perhaps ge-
netic differences, or if the differences emerged as a result of fear learning
and/or extinction learning. A few studies have examined changes in
ACHE enzyme activity after various stressors, but these studies suggest
the changes are dependent on the brain region and the type of stress
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(Kaufer et al., 1998; Birikh et al., 2003; Das et al., 2005; Valuskova et al.,
2017; Ketenci et al., 2020). Interestingly, several studies demonstrate
stress-induced increases in the monomeric read-through variant of
ACHE (ACHE-R) in various brain areas, including the amygdala (Kaufer
et al., 1998; Nijholt et al., 2004; Meshorer et al., 2005; Perrier et al.,
2005; Salmon et al., 2005; Dori et al., 2011; Valuskova et al., 2017),
although the influence of the ACHE-R variant on ACHE activity is un-
clear since even after stress the variant is only ~1.5% of total ACHE
expression (Perrier et al., 2005). Nevertheless, human serum ACHE
levels have been demonstrated to correlate with trait and state anxiety
levels, and high expression of serum ACHE-R was associated with low
trait-anxiety scores in human (Sklan et al., 2004). Prior studies have also
demonstrated individual differences in other markers of cholinergic
signaling or correlations between indices of cholinergic function and
behavioral endpoints in aversive learning tasks (van der Zee et al., 1997;
McIntyre et al., 2002; Gold 2003), although none of these studies
examined ACHE activity directly. For example, the expression of choline
acetyltransferase (ChAT) mRNA in BFCS is enhanced by cue condition-
ing (Oh et al., 1992) and muscarinic receptor immunoreactivity in the
central amygdala was positively correlated with immobility in a
conditioned task (van der Zee et al., 1997; van der Zee and Luiten 1999).
In an operant task, ACH release in the PFC was negatively correlated
with lever presses during extinction, further suggesting that ACH efflux
can be dissociated from activity (Izaki et al., 2001). This latter finding
suggesting heightened ACH release was associated with enhanced
extinction learning differs from our data in the BLA showing elevated
CHE activity, and potentially reduced cholinergic signaling, in EC ani-
mals. Taken together, these findings may indicate there are
region-specific influences of cholinergic processes during extinction
learning. Alternatively, since we assessed CHE activity after extinction
recall, there might be differences between extinction learning and
extinction recall time points in CHE activity. This will require further
analysis at different time points, as well as comparison with additional
brain regions such as PFC. Although there was an association between
CHE activity and fear extinction behaviors, further analysis will be
needed to demonstrate whether or not phenotypic CHE differences
contribute to altered ACH efflux. A recent paper showed injections of an
organophosphate ACHE inhibitor resulted in impaired contextual fear
extinction that were accompanied by relatively small decreases in hip-
pocampal CHE activity (Rodrigues et al., 2020). These results led the
authors to suggest that low ACHE activity and enhanced cholinergic
stimulation was associated with contextual extinction resistance, how-
ever, ACHE changes with different doses examined at different time
points suggested that behavioral changes do not necessary always
accompany ACHE changes in all brain areas. As decreases in ACHE ac-
tivity induced by ACHE inhibition after fear conditioning were capable
of altering subsequent contextual fear extinction (Rodrigues et al.,
2020), knowing the timing of the alterations in BLA CHE activity will be
critical in understanding how these differences contribute to cued fear
extinction. Additional reports demonstrate decreased ACh efflux
alongside increased ACHE in the thalamus of tau-transgenic JNPL3 mice
compared to wild-types, but not for the hippocampus which showed
decreased ACh efflux in tau-transgenic JNPL3 mice compared to wild
types independent of a significant change in ACHE (Stein et al., 2019).
Collectively, these studies suggest that phenotypic differences in CHE
may indeed influence ACH release in BLA and fear extinction, but that
such a relationship is likely to be time and even brain region specific.
Further, our studies used only male subjects, but other groups have
indicated distinct extinction phenotypes are also seen in females (Shu-
make et al., 2014; Gruene et al., 2015). Future analysis will be needed to
determine if the differences in CHE seen in males are also seen in fe-
males. Our finding of individual differences in CHE activity in a rodent
model also provides insight into a potential neurobiological basis for
dysregulation of fear extinction in patients with PTSD (Guthrie and
Bryant 2006; Shin and Liberzon 2010; Milad and Quirk 2012; Pitman
et al., 2012; Holmes and Singewald 2013; Lommen et al., 2013; Kutlu
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and Gould 2015). Although additional studies are needed, our findings
of an association between BLA ACHE activity and freezing during
extinction learning suggest that differential changes in ACHE expression
and/or alternative splicing could modulate cholinergic signaling in the
BLA and contributes to an individual’s extinction phenotype.

Our findings contribute to an emerging literature that the dense
BFCS inputs to BLA (Muller et al., 2011; Lee and Kim 2019), shown to
modulate electrophysiological properties of BLA pyramidal neurons and
interneurons (Unal et al., 2015; Jiang et al., 2016; Aitta-Aho et al., 2018;
Lee and Kim 2019), are critical to associative processes involving a
discrete conditioned stimulus. Emerging evidence also indicates that
activation of the BFCS increases oscillations in the BLA (Aitta-Aho et al.,
2018), suggesting that ACH efflux in BLA could play a role in the
oscillatory coupling between the amygdala, PFC and hippocampus
during extinction learning and recall (Lesting et al., 2011; Lesting et al.,
2013; Gorka et al., 2015). This might even be coded by distinct neuron
types, firing patterns, or both in the BFCS (Laszlovszky et al., 2020). Our
demonstration of increased ACH efflux during the extinction learning
trial support findings that optogenetically stimulating BFCS inputs to the
BLA during acquisition disrupts the extinction, but not the acquisition,
of cued fear memories (Jiang et al., 2016). Further, since ER showed
lower ACHE activity in the BLA than EC rats, this also suggests that
prolonged or enhanced ACH efflux in the BLA might influence cued
extinction learning processes. It has been suggested that cholinergic
inputs enhance the “signal to noise ratio” in the BLA (Unal et al., 2015),
so prolonged ACH signaling might accentuate the “signal” in extinction
resistant animals, and attenuate extinction learning. This would be
congruent with the overall notion that acetylcholine plays a critical role
in cue detection and attentional performance (Hasselmo and Sarter
2011) and the recent suggestion that BLA pyramidal neuron activity is
critical for determining the salience of a conditioned stimulus during an
aversive learning task (Sengupta et al., 2018). Studies using acetylcho-
line biosensors in the BLA also demonstrated that ACH release increased
during learning of a cue-reward contingency, further supporting a role
for BLA ACH in cue salience and the formation of associations between
cues and either rewarding or aversive outcomes (Crouse et al., 2020).
Further, studies showing activation of histaminergic H3 receptors which
increase ACH release in the BLA enhances the expression of fear mem-
ories (Cangioli et al., 2002), which could also make extinction learning
more difficult. Mineur and Picciotto, 2019 suggest that heightened
levels of ACH from either genetic or environmental factors can lead to
attentional bias toward negative stimuli, and thus maladaptive behavior
by biasing the encoding of negative memories (Mineur and Picciotto,
2019). Our data suggesting that cholinergic transmission might be
enhanced in the ER phenotype due to reduced ACHE activity in the BLA
would support this notion. Unfortunately, due to both the low number of
subjects and the need to have the animals tethered during extinction
learning, it was not reasonable to assign individual subjects into clear
extinction phenotypes based on the last 10 min of extinction learning in
Experiment 1 (microdialysis) as was done in Experiment 2. When the N
= 11 CS+ rats (including rats with placement outside the BLA) were
divided into ER and EC phenotypes based on freezing during extinction
learning with microdialysis, only two of seven rats in the CS+ group
with probe placement in the BLA showed the ER phenotype (N = 5 EC);
two subjects in one of these groups was not sufficiently powered to
conduct reliable statistical analysis on any endpoints. This ER/EC
comparison was also confounded by using an ACHE inhibitor in the
perfusate to allow reliable detection of ACH release during micro-
dialysis, which may have also modified freezing during the extinction
learning trial and therefore the extinction phenotype of the animal
(Fadel, 2011; Konig et al., 2018).

Given that many forms of stress increase glutamate release in the
amygdala (see (Reznikov et al., 2007; Wilson et al., 2015)), and the
anatomical evidence suggesting that acetylcholine and glutamate might
be co-released (Nickerson Poulin et al., 2006), it was somewhat sur-
prising that we found no differences in glutamate efflux even in the CS +
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group. Prior studies have shown rapid, transient glutamate release in
amygdala during various auditory and contextual fear trials using a
rapid-sampling procedure (Venton et al., 2006), so it is possible that we
were unable to see brief transients averaged over our much longer 10
min sampling periods during microdialysis. Alternatively, it is possible
that the habituation to the microdialysis procedure blunted glutamate
responses due to the context shift alone, as we saw previously in the
central amygdala (Carrero et al., 2019), suggesting CS+ presentation
was not sufficient to induce additional glutamate efflux. Further, the
prolonged ACH release, or even modified choline levels, in the BLA
during microdialysis, may have attenuated glutamate release either
directly or via activation of inhibitory GABAergic neurons (Yajeya et al.,
2000; Pidoplichko et al., 2013; Unal et al., 2015; Jiang et al., 2016;
Aitta-Aho et al., 2018; Lee and Kim 2019).

5. Conclusion

We have demonstrated acetylcholine efflux is induced in the baso-
lateral amygdala during cued extinction learning. Further, we demon-
strate individual differences in cholinesterase activity in this region that
could modify the intensity or duration of cholinergic signaling during
fear extinction. These studies support the emerging evidence for an
important role of cholinergic processes, particularly in the BLA, in fear
extinction that could contribute to phenotypic differences in extinction
learning. Further, the results suggest that the cholinergic system might
be a viable target for identifying biomarkers or individualized thera-
peutic approaches for some of the symptoms associated with PTSD.
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