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Fear learning and aversive stimuli
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synaptic transmission in
perisomatic inhibitory cells of the
basal amygdala
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Inhibitory circuits in the basal amygdala (BA) have been shown to play a crucial
role in associative fear learning. How the excitatory synaptic inputs received by
BA GABAergic interneurons are influenced by memory formation, a network
parameter that may contribute to learning processes, is still largely unknown.
Here, we investigated the features of excitatory synaptic transmission received
by the three types of perisomatic inhibitory interneurons upon cue-dependent
fear conditioning and aversive stimulus and tone presentations without
association. Acute slices were prepared from transgenic mice: one group
received tone presentation only (conditioned stimulus, CS group), the second
group was challenged by mild electrical shocks unpaired with the CS (unsigned
unconditioned stimulus, unsigned US group) and the third group was presented
with the CS paired with the US (signed US group). We found that excitatory
synaptic inputs (miniature excitatory postsynaptic currents, mEPSCs) recorded
in distinct interneuron types in the BA showed plastic changes with different
patterns. Parvalbumin (PV) basket cells in the unsigned US and signed US group
received mEPSCs with reduced amplitude and rate in comparison to the only CS
group. Coupling the US and CS in the signed US group caused a slight increase
in the amplitude of the events in comparison to the unsigned US group, where
the association of CS and US does not take place. Excitatory synaptic inputs onto
cholecystokinin (CCK) basket cells showed a markedly different change from PV
basket cells in these behavioral paradigms: only the decay time was significantly
faster in the unsigned US group compared to the only CS group, whereas the
amplitude of mMEPSCs increased in the signed US group compared to the only
CS group. Excitatory synaptic inputs received by PV axo-axonic cells showed the
least difference in the three behavioral paradigm: the only significant change was
that the rate of mEPSCs increased in the signed US group when compared to
the only CS group. These results collectively show that associative learning and
aversive stimuli unpaired with CS cause different changes in excitatory synaptic
transmission in BA perisomatic interneuron types, supporting the hypothesis
that they play distinct roles in the BA network operations upon pain information
processing and fear memory formation.
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Introduction

Pavlovian fear conditioning is one of the most used behavioral
paradigms, which serves as a model to study the basic cellular and
circuit mechanisms underlying associated learning in neural networks.
In this paradigm, an aversive stimulus (unconditioned stimulus, US) is
presented together with a cue (conditioned stimulus, CS), resulting in
a formed association between these signals wherein the animal learns
that the cue (i.e.,, the CS) predicts the US. Previous studies have shown
that the amygdala plays a central role in associative fear learning, and
proposed that the association of CS and US takes place in the lateral
nucleus of the amygdala (LA) (Romanski et al., 1993; Fanselow and
Kim, 1994; Pape and Pare, 2010). Recent studies indicate that the link
between the cue and aversive stimuli may even take place in the
thalamus (Barsy et al., 2020), the association then being transmitted to
the LA. The LA, after processing the information in conjunction with
other inputs, passes it to the basal amygdala (BA). However, recent
findings also imply that the BA has a direct role in fear memory
processes (Herry et al., 2008; Amano et al., 2011; Jasnow et al., 2013).

Similar to other cortical areas, the BA networks are composed of
glutamatergic excitatory principal neurons and GABAergic inhibitory
interneurons (Vereczki et al, 2021). Although it is known that
interneurons are necessary for appropriate and balanced cortical
network functions, there is no evidence so far that excitatory synaptic
inputs received by interneurons show plastic changes upon fear memory
formation in the BA (Lucas et al., 2016; Polepalli et al., 2020; He et al.,
2021). Interneurons in the BA show high diversity in their
neurochemical content, electrophysiological properties and target
distributions, which endow them with distinct roles in the network
functions (Hajos, 2021). Among the many interneuron types, those
which target the cell body, proximal dendrites and axon initial segment
can control the activity of principal neurons the most efficiently (Miles
etal, 1996). These interneurons, named perisomatic-region targeting
interneurons (PTIs), are composed of three main types. Axo-axonic cells
(AAC) often express parvalbumin (Vereczki et al., 2021) and target the
axon initial segments of principal neurons (Somogyi, 1977; McDonald
etal, 2002; Veres et al., 2014), whereas two types of basket cells contact
(PVBC) and
cholecystokinin (CCKBC) containing basket cells (Freund and Katona,

somata and proximal dendrites: parvalbumin
2007). Based on the position of their inhibitory input onto principal
neurons, PTTs can very effectively inhibit and delay cell firing (Cobb
et al., 1995; Woodruff and Sah, 2007; Veres et al., 2014, 2017). Thus, PTIs
can tightly control the activity of the BA networks and are potentially
crucial regulators of CS-US association, however the role of distinct PTI
types requires clarification. There is evidence that simultaneously
manipulating all PV containing cells in the LA and BA can interfere with
cue-dependent fear learning in the amygdala (Wolff et al., 2014), but
how AACs and PVBCs in the BA contribute to this memory process is
unknown. In vivo recordings suggest that the US elicits high firing
activity in AACs, while PVBCs show heterogenous response: some are
excited while others inhibited by aversive stimuli (Bienvenu et al.,, 2012;
Krabbe etal,, 2019). Due to the lack of appropriate tools for monitoring
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CCKBC activity in vivo, it is still unknown how their firing changes
upon CS-US association. As inhibitory control of principal neuron
firing by PTTs is very effective (Veres et al., 2014, 2017), any change in
excitatory synaptic inputs on these GABAergic cell types can potently
alter the activity of the local networks as well as the BA output.

To reveal the changes in the properties of excitatory synaptic
inputs on PTIs upon fear learning, we recorded miniature excitatory
postsynaptic currents (mEPSC) from identified AACs, PVBCs, and
CCKBCs in acute slices prepared from three groups of mice that
experienced different behavioral protocols using a tone as CS and a
mild electrical shock as US. One group experienced CS only, another
group received independent random CS and US (unsigned US group),
and the third group was presented with CS co-terminating with US
(signed US group). As fear memory formation was only observed in
the signed US group, with this approach we could compare the effects
of fear memory formation on the excitatory synaptic transmission
received by PT1Is with those obtained upon the presentation of sensory
inputs (auditory and noxious stimuli).

Our results showed that the excitatory synaptic inputs on all PTI
types underwent changes in response to aversive stimuli, while
formation of fear association caused only minor further modifications
in their properties. The different alterations in mEPSC characteristics
in distinct PTI types suggest that these cells fulfill different roles
during aversive information processing in BA network function and
fear memory formation.

Materials and methods
Experimental animals

All experiments were approved by the Committee for the Scientific
Ethics of Animal Research (22.1/360/3/2011) and were performed
according to the guidelines of the institutional ethical code and the
Hungarian Act of Animal Care and Experimentation (1998; XXVIII,
section 243/1998, renewed in 40/2013) in accordance with the European
Directive 86/609/CEE and modified according to the Directives
2010/63/EU. Transgenic or double-transgenic male mice (6-15weeks
old) expressing eGFP under the control of the Pvalb promoter (BAC-PV-
eGFP, n =19, Meyer et al., 2002), expressing DsRed under the Cck
promoter (BAC-CCK-DsRed, n =16, Mate et al., 2013), or expressing
both eGFP and DsRed controlled by Pvalb and Cck promoters,
respectively, were used (1 =4). Mice were housed in groups of 4-6 in the
animal facility on a 12h light/dark cycle under controlled temperature
(26.5°C). Four days before the experiments, mice were kept individually
to avoid cross-influence of stress levels in behavioral experiments.

Behavioral tests

Cue-dependent fear conditioning consisted of a chamber with
black dotted white background, slightly curved walls, metal rod floor,
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white illumination and was cleaned with 70% ethanol (context A).
First, mice were allowed to habituate to this context for 5min at
Zeitgeber time (ZT) 2-3 h, then returned to their home cage. After 1h,
mice were transferred back to context A, where, after a 120s-long
acclimation period, three different protocols were used. (1) only CS
group (n =14): CS (7.5kHz sound for 20s) was presented 7 times
without US (with 110+23s intervals; mean + SD); (2) unsigned US
group (n =12): 7 CS and 7 US (mild electrical shocks, 2mA for 1s)
were presented randomly [with 111+21s intervals for CS and
110+ 33s intervals for US (mean +SD)]; (3) signed US group (n =13):
20s-long CS presentations were co-terminated with the 1s-long US,
pairs repeated 7 times at random intervals (110 +23s; mean+SD). On
the next day at ZT 1-2h, for testing cued fear expression, after a
120s-long acclimation, mice were subjected to a 20s-long CS in a
novel context (context B: square chamber with white background,
paper floor, red illumination, cleaned with 1% acetic acid). Freezing
(as an index of fear) was post hoc measured manually on video
recordings with an in-house software (H 77, courtesy of Prof. Jézsef
Haller, Institute of Experimental Medicine, Budapest, Hungary) by
trained observers blind to the animal treatment. Freezing was defined
as no visible movement of the body except that required for
respiration. Freezing levels are expressed as a percentage (duration of
freezing within the CS/total time of the CS or duration of freezing
during baseline/total time of the baseline, respectively).

Slice preparation

Immediately after the fear expression test, mice were transferred
to the anesthetizing chamber and deeply anesthetized with isoflurane
and decapitated for acute slice preparation. The brain was quickly
removed and placed into ice-cold solution containing (in mM): 252
sucrose, 2.5 KCl, 26 NaHCO;, 0.5 CaCl,, 5 MgCl,, 1.25 NaH,PO,, 10
glucose, bubbled with 95% O,/ 5% CO, (carbogen gas). Horizontal
slices of 200-pm thickness containing the BA were prepared with a
Leica VT1200S vibratome and kept in an interface-type holding
chamber filled with artificial cerebrospinal fluid (ACSF) at 36°C that
gradually cooled down to room temperature. ACSF contained the
following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH,PO,, 2 MgCl,, 2
CaCl,, 26 NaHCO;, and 10 glucose, bubbled with carbogen gas.

Electrophysiological recordings

After atleast 1h incubation, slices were transferred to a submerged
type recording chamber perfused with ACSF (32-34°C) containing
0.5 pM tetrodotoxin (T'TX, Hello Bio) and 100 pM picrotoxin (Sigma-
Aldrich) with the flow rate of approximately 2-2.5mL/min.
Recordings were performed under visual guidance using differential
interference contrast microscopy (Olympus BX61W or Nikon FN-1)
with a 40x objective. Neurons expressing eGFP or DsRed were
visualized with the aid of a mercury arc lamp and detected with a
CCD camera (Hamamatsu Photonics or Andor Zyla). Patch pipettes
(4-7 MQ) for whole-cell recordings were pulled from borosilicate
capillaries with inner filament (thin walled, OD 1.5) using a
DMZ-Universal Puller (Zeitz Instruments) or using a P1000 pipette
puller (Sutter Instruments). The internal solution contained (in mM):
110K-gluconate, 4 NaCl, 2Mg-ATP, 20 HEPES, 0.1 EGTA, 0.3 GTP
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(sodium salt), 10 phosphocreatine, 0.2% biocytin, and 0.1 spermine
adjusted to pH 7.3 using KOH, with an osmolarity of
290 mOsm/L. Neurons were recorded in whole-cell mode at a holding
potential of —65mV with 9-15 MQ series resistance (Rs mean + SD,
in MQ: PVBC only CS: 11.29+ 1.30, unsigned US: 11.23 + 1.76, signed
US: 10.49+0.81; CCKBC only CS: 10.85+1.71, unsigned US:
10.24+1.23, signed US: 10.28+1.53; AAC only CS: 11.63+1.80,
unsigned US: 11.30+1.58, signed US: 11.29 + 1.08). Recordings were
performed with a Multiclamp 700B amplifier (Molecular Devices),
low-pass filtered at 3kHz, digitized at 10-50kHz, and not corrected
for junction potential. Data acquisition software EVAN 1.3 (courtesy
of Professor Istvan Mody, Department of Neurology and Physiology,
University of California, Los Angeles, CA) or Clampex 10.4
(Molecular Devices) were used for recordings. mEPSC analysis was
performed on the recordings obtained between 5 and 10 min after
establishing whole cell configuration. During the analyzed time period
(30-120s) series resistance did not change more than 10%. During the
offline analysis with Clampfit 10.4, individual miniature events were
detected automatically, followed by visual inspection of each detected
event and those missed by the algorithm. Only events with peak
amplitude higher than 10 pA were considered as mEPSCs. Peak
amplitude and inter-event interval of mEPSCs were measured in
Clampfit 10.4 (n =approximately 200 consecutive events/neuron) and
analyzed with Origin 2021. Statistical analysis was performed on the
pooled datasets in each group. mEPSC kinetics were analyzed on the
average trace of approximately 150 selected events. 10-90% of rise
time was measured with Clampfit 10.4, the decay time constant (tau)
was calculated by fitting an exponential curve on the average trace in
Origin 2021.

Immunostainings for identification of the
recorded cells

After the recordings, slices were fixed overnight in 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4).
Biocytin-filled recorded cells were visualized with Alexa488-
conjugated streptavidin (1:10.000, Molecular Probes). For CCKBC
identification, immunostaining using guinea pig anti-CB1 (1,1,000;
Frontier Institute, CB1-GP-Af530) or rabbit anti-CB1 (1,1,000,
Cayman chemical, # 10006590), visualized either with Alexa405-
coupled donkey anti-guinea pig secondary antibody (1:500, Jackson)
or Alexa647-coupled donkey anti-rabbit secondary antibody (1,500,
Jackson) was performed on biocytin-filled DsRed+ cells, and only
those with CB1 receptor expression on their axonal boutons were
included in the study. To distinguish PVBCs and AACs,
immunostaining against calbindin was performed in biocytin-filled
eGFP+ cells (rabbit anti-calbindin 1:3000 (Swant, CB-38a) or chicken
anti-calbindin, 1:1000 (SYSY #214006), revealed with Cy3-coupled
donkey-anti rabbit or chicken secondary antibodies, respectively,
1:500, Jackson). Interneurons with calbindin expression in their
somata and/or axon terminals were considered BCs (Vereczki et al.,
2016). AACs were defined if they showed no immunoreactivity for
calbindin and displayed characteristic cartridges of terminals
surrounding putative axon initial segments (AISs), that were
visualized with Ankyrin G staining in case for 7 AACs (rabbit-anti
Ankyrin G, 1:100, Santa Cruz sc-28,561, visualized with Cy3-coupled
donkey anti-rabbit antibody, Jackson) (Gulyas et al., 2010; Veres et al.,
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2014). Confocal images were taken using a Nikon C2 microscope
using CFI Super Plan Fluor 20X objective (N.A. 0.45; z step size: 1 pm,
xy: 0.31 pm/pixel) and CFI Plan Apo VC60X Oil objective for higher
magnification (N.A. 1.40; z step size: 0.13 pm, xy: 0.08 pm/pixel).

Statistical analysis

As data showed non-normal distribution according to the
Shapiro-Wilk test, Kruskal- Wallis ANOVA (K-W ANOVA) with post
hoc Dunn’s test was used. The relationship between mEPSC properties
and freezing levels was tested with Pearson’s r correlation and
ANOVA. All statistics were performed using OriginPro 2018 and
Origin 2021.

Results

Separation of the effects of fear memory
formation and sensory inputs

To distinguish between the effects of fear memory formation and
the CS/US presentations on the excitatory synaptic inputs of BA PTTs,
three different behavioral paradigms were used (Figure 1A). First, to test
the behavioral consequences of the CS presentation, mice were subjected
to the CS (tones) without the US (shocks, Figure 1A, only CS group,
black). As expected, these mice showed no elevated freezing levels upon
the CS demonstration the next day in a different context (Figure 1B,
black). Then, to test the effects of CS and US without association, tones
and shocks were presented randomly during conditioning (Figure 1A,

10.3389/fncel.2023.1120338

unsigned US group, red). In this group, the delivery of the US was not
signed by the CS, therefore, the association between CS and US did not
form, as demonstrated by the lack of freezing upon the cue presentation
the next day (Figure 1B, red). In contrast, when tones were co-terminated
with mild electrical shocks, i.e., the oncoming US was signed by a CS
(Figure 1A, signed US group, blue), the fear memory was formed. The
results of the CS-US association were clear when the next day the CS
presentation alone induced significant freezing in a different context
(Figure 1B cue, K-W ANOVA p =3x107°), while there was no difference
during the baseline period (Figure 1B baseline, K-W ANOVA p =0.29).
Thus, in line with previous findings, pairing a CS with a US results in
lasting changes in neuronal networks, assessed at the behavioral level
(Ledoux, 2003). Importantly, there was no difference in the cue evoked
freezing levels of BAC-PV-eGFP and BAC-CCK-DsRed mice in the
unsigned US and signed US group (Mann-Whitney test, p =0.78 and
P =0.69, respectively), indicating that distinct BAC insertion in the two
mouse lines does not compromise the fear memory porcesses. Our
experimental design, therefore, allows the separation of the
consequences of fear memory formation from those caused by the
sensory signals via ex vivo investigations using the three mouse groups.

Excitatory synaptic inputs in PVBCs are
reduced upon the US presentation

To test whether excitatory synaptic inputs in different PTT types are
capable of plastic changes, acute brain slices containing the amygdala
were prepared immediately after cued fear testing. PV neurons in the BA
were visually targeted based on their eGFP expression and their calbindin
content was confirmed post hoc (Figures 2A, B). Calbindin is a

A1

A2

1. only CS
tone_ N nON n00a0
no shock

2. unsigned US

tone_ 01000 00N
shock

3. signed US

tone_nNNN0 00N
shock

FIGURE 1

Day 1: Habituation ~ Behavioral challenge Day 2: Cued fear test
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Fear memory effectively formed upon signed US presentation, but not in other conditions. (A;) Experimental design. (A;) The three mouse groups with
different combinations of CS (tone) and US (shock) presentation. (B) Freezing tested on the consecutive day was elevated only in the signed US group,
therefore the other two conditioning paradigms can serve as assessments of the effects of the sensory inputs on the network. Asterisk indicates
significant difference (K-W ANOVA p = 3x107¢, only CS vs. unsigned US p = 0.39, only CS vs. signed US p = 2x107¢, unsigned US vs. signed US
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neurochemical marker for PVBCs in the rodent amygdala that separates
these interneurons from PV AACs (

). mEPSCs were recorded in whole-cell patch-clamp mode in the
presence of 0.5pM tetrodotoxin (TTX, voltage-gated Na* channel
blocker) and 100 pM picrotoxin (GABA, receptor antagonist) in slices
from the three behavioral groups challenged differently (

). To evaluate the changes in the properties of synaptic inputs
in PVBCs mEPSC parameters recorded from all cells were pooled in
). The distribution of
mEPSC amplitudes in PVBCs sampled in the three groups showed
, K-W ANOVA p =1x107"); we found
a 11% decrease in mEPSC amplitudes in the unsigned group when

each group separately and analyzed (
significant differences (

compared to the only CS group (Dunn’ test p =6x107") and a 5%
decrease when we compared the signed US to the only CS group (Dunn’s
test p =0.025). Interestingly, there was a significant increase (7%) in this
mEPSC feature in PVBCs if we compared those that were recorded in
the unsigned and signed US groups (Dunn’s test p =1x107°). This
observation implies that the US itself can elicit changes in mEPSC peak
amplitudes in PVBCs, but the associated learning subsides those changes.
When we compared the inter-event intervals (IEI) of mEPSCs
( ) we found significant changes among groups (K-W ANOVA
p =3x107*). When compared to the only CS group, the unsigned US
presentation led to a 26% (Dunnss test p =2x107") increase in IEIs (i.e.,

10.3389/fncel.2023.1120338

reduced the rate), and the signed US group also showed a 23% increase
(Dunn’s test p =2x107"). There was no difference in mEPSC rates in the
unsigned and signed US group (Dunnss test p =0.3), implying that the
effect of CS and US association on this mEPSC characteristic is
indistinguishable from those that are caused by the independent
presentation of CS and US. Rise time and decay kinetics of mEPSCs were
, K-W ANOVA p =0.758
and p =0.598, respectively). Taken together, these results suggest that the

not different in the three paradigms (

US presentation decreases mEPSC amplitudes and their occurrence in
PVBCs, but fear memory formation may cause a slighter reduction in
the amplitude of their excitatory synaptic inputs in comparison to CS
presentation only.

Increased amplitude and decreased decay
time constant of mMEPSCs in CCKBCs upon
US presentation

Next, we assessed whether the excitatory synaptic inputs in the
other main basket cell type, CCKBCs, are also capable of plastic changes
in our paradigms. To selectively record from these cells, a CCK-DsRed
mouse strain was used ( )
to visually target CCKBCs based on their DsRed content (

o]felal%ule] 0.92 mm

schematic drawings representing horizontal brain sections [based on

Interaural plane:
1.08 mm

only CS

wmwwmmwwﬁ?ﬁw
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c - [ .70
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FIGURE 2

Differences in mEPSC properties in PVBCs recorded in slices prepared from the three groups of mice. (A) Maximum z intensity projection image of a
biocytin-filled PVBC. Inset: Axon terminals of PVBCs (orange) are immunopositive for calbindin (Calb, cyan), a neurochemical marker that distinguishes
PVBCs from AACs in the BA. Arrows indicate colocalization. Scales: 50 pm and 1pum (inset). (B) Position (orange x) of the recorded PVBC depicted on

]. Out of the 50 recorded cells, only 30 randomly selected

interneurons are shown for clarity. APir: piriform amygdalar area, BA: basal amygdala, BAp: posterior part of the basal amygdala, BMP: basomedial
amygdala, posterior part, HC: hippocampus, LV: lateral ventricle. (C) Representative traces of miniature excitatory postsynaptic current (mEPSC)
recordings in the presence of 0.5 uM tetrodotoxin (TTX) and 100 uM picrotoxin in the three groups. Scales: 20 pA (y) and 100 ms (x). (D,E) Cumulative
distribution of MEPSC peak amplitudes (D) and inter-event intervals (E); data pooled from all cells in each group. Graphs in inserts are plotted using a
normal probability Y axis. p values show the result of K-W ANOVA post hoc Dunn'’s tests (see details in

). n.s., non-significant difference.
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TABLE 1 Data and statistical analysis of mEPSC amplitude and inter-event interval in the recorded PTls.

Variable Group Cell Value (€17e]0] ) Paired p value Change
number (median+1Q | comparison p comparison (Dunn’s
(mouse range) value (K-W test)
number) ANOVA)
Only CS vs.
Only CS 17 (7) 24.35+21.41 6%107"7 11% |
Peak unsigned US
amplitude Unsigned Only CS vs. signed
17 (6) 21.66+16.55 1*#107'¢ 0.0251 5% |
(pA) Us us
(Figure 2D) Unsigned US vs.
Signed US 16 (7) 23.11£20.85 1¥107° 7% 1
signed US
PVBC
Only CS vs.
Only CS 17 (7) 23.70+34.90 2%1077 26% 1
unsigned US
IEI (ms) Unsigned Only CS vs. signed
17 (6) 30.00+43.60 3%107 2%107"7 23% 1
(Figure 2E) UsS UsS
Unsigned US vs.
Signed US 16 (7) 29.24+44.55 1 -
signed US
Only CS vs.
Only CS 23 (6) 17.13+7.12 0.124 -
Peak unsigned US
amplitude Unsigned Only CS vs. signed
24 (6) 17.32+7.67 0.001 9%10™* 3% 1
(pA) Us Us
(Figure 3D) Unsigned US vs.
CCKBC Signed US 21 (6) 17.58+7.96 0.303 -
signed US
Only CS 23 (6) 83.31+£137.0
IEI (ms) Unsigned
24 (6) 85.35+£144.75 0.175
(Figure 3E) UsS
Signed US 21(6) 83.75+131.30
Peak Only CS 20 (7) 18.06+10.51
amplitude Unsigned
14 (5) 17.76 £10.64 0.406
(pA) Us
(Figure 4D) Signed US 21(7) 18.19+11.17
Only CS vs.
AAC Only CS 20 (7) 58.75+104.00 v 1 -
unsigned US
IEI (ms) Unsigned Only CS vs. signed
14 (5) 56.45+96.73 0.031 0.026 7% |
(Figure 4E) Us Us
Unsigned US vs.
Signed US 21(7) 54.45+90.50 0.465 -
signed US

Vereczki et al., 2016). After recordings, CBI content of axon terminals
was confirmed with immunolabeling (Figure 3A insets). mEPSCs were
recorded (Figure 3C; Tables 1, 2) and analyzed by the same methods as
in PVBCs described above. The evaluation of changes in mEPSC
characteristics recorded in CCKBCs showed a difference in their peak
amplitudes (Figure 3D, K-W ANOVA p =0.001). There was a slight
(3%) but significant increase in mEPSC peak amplitudes in the signed
US groups when compared to the only CS controls (Dunn’s test
p =2x10""). However, there was no significant difference between the
only CS vs. unsigned US (Dunnss test p =0.12) and unsigned US vs.
signed US comparisons (Dunn’s test p =0.30). Interestingly, we could
not find any difference in the IEI of mEPSCs (Figure 3E, K-W ANOVA
p =0.175). Regarding the kinetic properties of mEPSCs (Table 2), the
rise time was not different in the three paradigms (K-W ANOVA
p =0.895), however, there was a significant 17% decrease in the decay
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time constant when we compared the only CS group to the unsigned
US group (Dunn’s test p =0.004). Taken together, these results show that
the fear learning increases the amplitude of mEPSC and the unsigned
US accelerates the mEPSC decaying phase in the CCKBC population.

Excitatory synaptic inputs in AACs change
only upon fear memory formation

Besides the two basket cell types, AACs are the third PTI type that
are capable to efficiently control the spiking activity of principal
neurons (Veres et al., 2014). Therefore, any change in the excitatory
synaptic inputs of AACs as a consequence of fear conditioning could
be pivotal in the accomplishment of their functions. AACs were
targeted in the BA based on their eGFP content in PV-eGFP animals
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TABLE 2 Data and statistical analysis of mEPSC kinetic features recorded in PTls.

Variable Group Cell Value (€17e]0] ) Paired p value Change
number (median+1Q  comparison p comparison (Dunn’s
(mouse range) value (K-W test)
number) ANOVA)
Only CS vs.
Only CS 17 (7) 0.28+£0.07
unsigned US
Rise time Unsigned Only CS vs. signed
17 (6) 0.31+0.06 0.758
10-90% (ms) Us Us
Unsigned US vs.
Signed US 16 (7) 0.34+0.09
signed US
PVBC
Only CS vs.
Only CS 17 (7) 0.94+0.38
unsigned US
Decay time Unsigned Only CS vs. signed
17 (6) 1.01+£0.40 0.598
constant (ms) Us Us
Unsigned US vs.
Signed US 16 (7) 1.06+0.4
signed US
Only CS vs.
Only CS 23 (6) 0.60+£0.20
unsigned US
Rise time Unsigned Only CS vs. signed
24 (6) 0.61+0.09 0.895
10-90% (ms) UsS UsS
Unsigned US vs.
Signed US 21 (6) 0.60+0.11
signed US
CCKBC
Only CS vs.
Only CS 23 (6) 1.91+0.58 0.004 17% |
unsigned US
Decay time Unsigned Only CS vs. signed
24 (6) 1.57+£0.41 0.006 0.375 -
constant (ms) UsS UsS
Unsigned US vs.
Signed US 21(6) 1.80+0.46 0.352 -
signed US
Only CS vs.
Only CS 20 (7) 0.26£0.09
unsigned US
Rise time Unsigned Only CS vs. signed
14 (5) 0.33+0.08 0.230
10-90% (ms) UsS UsS
Unsigned US vs.
Signed US 21(7) 0.32£0.09
signed US
AAC
Only CS vs.
Only CS 20 (7) 0.84+0.20
unsigned US
Decay time Unsigned Only CS vs. signed
14 (5) 0.93+0.18 0.289
constant (ms) UsS US
Unsigned US vs.
Signed US 21(7) 0.91+0.24
signed US

and were separated post hoc from PVBCs based on their characteristic
axonal cartridges formed around axon initial segments that can
be visualized by Ankyrin-G staining (Figures 4A, B) and the absence
of calbindin immunolabeling in their somata and axon terminals.
mEPSCs were recorded (Figure 4C; Tables 1, 2) and analyzed as
described above. Unlike basket cells, excitatory synaptic inputs in
AACs did not show change in their amplitude (Figure 4D, K-W
ANOVA p =0.406), however, there was a slight but significant change
in the rate of mEPSCs ((Figure 4E, K-W ANOVA p =0.031): in the
signed US group the rate of mEPSCs were 7% higher than in the only
CS group (Dunn’s test p =0.026). Rise time and decay kinetics of

Frontiers in Cellular Neuroscience

mEPSCs were not different in the three paradigms (Table 2, K-W
ANOVA p =0.23 and p =0.289, respectively). Taken together, our data
indicate that there is a unique increase in mEPSC rates in AACs upon
signed US presentation that was not present in any other PTI type.

Fear learning strength does not correlate
with mEPSC properties

As the strength of fear memory learning can be variable among
individual mice, assessed by the time spent in freezing, we asked the
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FIGURE 3
Increased amplitude of MEPSCs in CCKBCs upon US presentation (A) Maximum z intensity projection image of a biocytin-filled CCKBC. Inset: Axon
terminals of same CCKBC (blue) are immunopositive for type one cannabinoid receptors (CB1, pink). Arrows indicate colocalization. Scales: 50 pm and
1um (inset). (B) Position (blue x) of the recorded CCKBC depicted on schematic drawings representing horizontal brain sections [based on

1. Out of the 68 recorded cells, only 30 randomly selected interneurons are shown for clarity. APir: piriform amygdalar area, BA: basal amygdala,
BAp: posterior part of the basal amygdala, BMP: basomedial amygdala, posterior part, HC: hippocampus, LV: lateral ventricle. (C) Representative traces
of miniature excitatory postsynaptic current (nEPSC) recordings in the presence of 0.5pM TTX and 100 pM picrotoxin from the three groups. Scales: 10
pA (y) and 100 ms (x). (D,E) Cumulative distribution of mEPSC peak amplitudes (D) and inter-event intervals (E); data pooled from all cells in each group.
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non-significant difference.

Graphs in inserts are plotted using a normal probability Y axis. p values show the result of K-W ANOVA post hoc Dunn'’s tests (see details in

).ns.,

question whether the variability in freezing is reflected in the
excitatory inputs of PTIs in the BA. Therefore, we compared the
electrophysiological properties of mEPSCs in PTIs recorded from
mice with different freezing levels upon cue presentation on the test
day, as a proxy for the strength of fear learning ( )
We correlated the peak amplitude, IEI, rise time and decay time
constant of mEPSCs in PVBCs ( ), CCKBCs ( )and
AACs ( ), in each behavioral paradigm (only CS, unsigned
US and signed US groups). We found that none of the groups showed
a significant linear correlation with the freezing level of the animal
(p >0.05), suggesting that the level of behavioral output induced by
fear learning in the individuals is not reflected in the properties of
excitatory inputs at the single cell level.

In this study, we revealed cell type-specific changes in the
properties of excitatory synaptic transmission in PTTs upon unsigned
aversive stimulus presentation and fear memory formation in
comparison to tone presentation only in the BA ( ). Both the
peak amplitude and rate of mEPSCs in PVBCs decreased in the
unsigned and signed US paradigm when compared to the only CS

Frontiers in

group, though a smaller decrease could be observed in the amplitude
of mEPSCs when the unsigned US and CS only groups were
compared. AACs received excitatory synaptic inputs with shorter
inter-event intervals (i.e., the mEPSC rate increased) when the US was
paired to the CS compared to the only CS group. These results suggest
that although these two PTI types show similarities in their PV
expression and features in the membrane voltage responses (

), their excitatory synaptic inputs are modified distinctly by
fear learning, implying the different roles of PVBCs and AACs in
network function. In contrast to PVBCs and AACs, CCKBCs were the
only cell type showing any change in mEPSC kinetics (in decay time
constant) after unpaired US protocol, with no further modification
after fear memory formation. Also, in sharp contrast to PVBCs, there
was a slight but significant increase in mEPSC amplitudes in the fear
association paradigm when we compared it to the only CS group. Such
opposite change in the synaptic transmission observed between
CCKBCs and PVBCs is exemplified in multiple instances. For
example, nitric oxide originating from the postsynaptic pyramidal
neurons reduces the inhibitory transmission from the axon terminals
of CCKBC:s ( ), but increases transmission at the
output synapses of PVBCs ( ). Thus, opposite
alterations in CCKBC and PVBC characteristics under various
circumstances may be a general rule in cortical circuits.
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FIGURE 4

Excitatory synaptic inputs in AACs change only upon the signed US presentation. (A) Maximum z intensity projection image of a biocytin-filled AAC.
Inset: Axon terminals of the same AAC (green) form a characteristic cartridge along an Ankyrin-G (magenta) labeled axon initial segment. Scales: 50 pm
and 5pm (inset). (B) Position (green x) of each recorded AAC depicted on schematic drawings representing horizontal brain sections [based on

]. Out of the 55 recorded cells, only 30 randomly selected interneurons are shown for clarity. APir: piriform amygdalar area, BA: basal amygdala,
BAp: posterior part of the basal amygdala, BMP: basomedial amygdala, posterior part, HC: hippocampus, LV: lateral ventricle. (C) Representative traces
of miniature excitatory postsynaptic current (mMEPSC) recordings in the presence of 0.5pM TTX and 100 pM picrotoxin obtained in AACs sampled from
the three groups. Scales: 10 pA (y) and 100 ms (x). (D,E) Cumulative distribution of MEPSC peak amplitudes (D) and inter-event intervals (E); data pooled
from all cells in each group. Graphs in inserts are plotted using a normal probability Y axis. p values show the result of K-W ANOVA post hoc Dunn'’s

tests (see details in ). n.s., non-significant difference.

It has been shown that activity of interneurons changes in
response to both the CS and US (
order to dissect their role in processing aversive stimuli versus fear

), therefore, in

memory formation, it is important to use a control group that was
exposed to the auditory stimulus (only CS group), instead of using
naive mice as controls. To separate the effects of aversive stimuli and
fear memory formation, we used the unsigned US group as an
additional reference where the noxious stimulus could not
be predicted by the presentation of the CS. With the use of these two
groups, we demonstrated that excitatory synaptic inputs of all PTT
types in the BA were modified in response to the aversive stimuli.
Notably, CCKBCs were the only PTT type that showed a change in the
kinetic properties of their excitatory synaptic inputs in the unsigned
group, a finding that may imply a unique alteration in the excitatory
input of CCKBCs after exposure to aversive stimuli. The faster decay
of mEPSCs may be related to the changes in subunit composition of
ionotropic glutamate receptors mediating the synaptic communication
between the excitatory cells and CCKBCs. Such changes in kinetics
upon environmental challenges have been described recently (

). Our findings that mEPSC amplitudes are increased in the
signed US group when compared to the only CS group may suggest
that increasing excitation on CCKBCs can lead to a more potent
recruitment of these interneurons upon learning. This elevated

Frontiers in 09

recruitment may cause an increased synaptic inhibition in the
principal neuron populations that can be overcome only by those
highly active, presumably coding, principal neurons that are able to
trigger depolarization induced suppression of inhibition (DSI) at their
GABAergic inputs from CCKBCs (

), while the
synaptic inhibition on the non-coding cells remains intact. This
process, therefore, may be an efficient mechanism to improve the
signal-to-noise ratio in BA networks during aversive stimulus
processing ( ). Alternatively, the change in the
excitatory synaptic transmission received by CCKBCs could reflect
their crucial role in stress responses evoked by the unpredictable
noxious stimuli, a paradigm that serves also as a stress model
( ). Notably, it has been previously shown that
PVBCs and CCKBCs form independent, parallel inhibitory networks
in the BA (
divergent functions in amygdala operations.

Although the extent of the changes in mEPSC properties in BA
PTIs may seem a rather small, it has to be kept in mind that both PV

), a circuit motif that also supports their

and CCK interneurons receive thousands of glutamatergic inputs
( ) of which only a small portion
is expected to be altered upon associative learning or noxious stimulus
processing. This assumption is based on the observations that PTTs
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FIGURE 5

No correlation in the properties of mMEPSCs in PTls and the expression of fear levels. The median values of peak amplitude, inter-event interval, rise

time 10-90% and decay time constant (tau) of mMEPSCs for each cell are shown as a function of the freezing levels upon cue presentation in PVBCs (A),
CCKBCs (B), and AACs (C).

Significant changes in the properties of mEPSCs
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FIGURE 6

Summary of significant changes in the properties of excitatory synaptic inputs of PTls in the BA in the three behavioral paradigm. Black arrows indicate
the compared pairs, only the significant changes in mEPSC amplitude, rate and decay time are shown and are expressed in % values. Green numbers
and upward arrows indicate increase, purple numbers and downward arrows indicate decrease. For the exact tests and significance values see

Tables 1, 2.

receive excitatory inputs from their neighbor principal neurons
(Andrasi et al., 2017), a portion of which is engaged in memory
processes or pain processing does not exceed typically 10-15%
(Trouche et al., 2013; Senn et al., 2014; Grewe et al., 2017; Corder et al.,
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2019). In addition, interneurons are innervated also by extra-
amygdalar excitatory afferents, e.g., from the thalamus (Krabbe et al,
2019). Although their ratio is unknown within the glutamatergic
synapses received by distinct GABAergic cell types in the BA at
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present, these inputs may also undergo plastic changes upon fear
learning (Barsy et al., 2020), thus, they can also contribute to the
observed changes in this study. Moreover, not all GABAergic
interneurons within a population have been found to participate in
these neural processes (Bienvenu et al.,, 2012; Wolff et al,, 2014; Krabbe
et al,, 2019). Thus, in a randomly sampled interneuron pool, the
contribution of the excitatory inputs that underwent plastic changes
in our circumstances to the entire population may be rather limited.

A previous study compared the changes of synaptic inputs on PV
interneurons in the LA and BA after fear learning and found that the
rate of mEPSCs in PV interneurons is changed only in the LA but not
in the BA (Lucas et al., 2016). However, in that study PVBCs and
AACs were not distinguished. As the excitatory synaptic inputs of
these GABAergic cell types underwent different alterations after
learning in the BA (Figure 6), pooling of their data may mask the
changes observed between the mEPSC properties recorded in PVBCs
and PV AACs. What could be the mechanisms underlying the
observed decrease in mEPSC amplitudes in PVBCs upon the US
presentation? Our previous study showed that excitatory synaptic
inputs on PVBCs and AACs can undergo LTD in a CB1 receptor-
dependent manner in the hippocampus (Peterfi et al, 2012) a
mechanism that might explain the US-induced decrease in the
amplitude of excitatory synaptic inputs observed in PVBCs. However,
the increased mEPSC rate in AACs in the signed US group in
comparison to the only CS group indicates that synaptic mechanisms
underlying the changes in mEPSC properties observed in PVBCs and
AACs during the different challenges are necessarily distinct.

The basolateral amygdala is thought to play a central role in fear
memory processes, and PTTs in this region are crucial in regulating
BA networks due to their powerful capacity to control principal
neuron functions (Veres et al., 2014, 2017). Previous studies have
highlighted cell type specific roles of interneurons by reporting
specific responses to aversive stimuli and firing during oscillations
(Bienvenu et al., 2012; Manko et al., 2012; Krabbe et al., 2019), unique
sensitivity to neuromodulators (Bocchio et al., 2016; Fu et al., 2022;
Mineur et al., 2022), and behavior-induced, target specific output
changes (Trouche et al., 2013). Our study extends this knowledge to
the level of their excitatory input by showing PTI type specific
differences upon aversive stimulus processing and fear memory
formation, which will help us to understand how different types of
interneurons in the BA network function in health and disease.
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Veres et al.
Glossary
AAC axo-axonic cell
ACSF artificial cerebrospinal fluid
AnkG Ankyrin G
APir piriform amygdalar area
BA basal amygdala
BAp posterior part of the basal amygdala
BC basket cell
BMP basomedial amygdala, posterior part
Calb calbindin
CB1 type 1 cannabinoid receptor
CCK cholecystokinin
CS conditioned stimulus
DSI depolarization induced suppression of inhibition
eGFP enhanced green fluorescent protein
GABA gamma-amino butyric acid
HC hippocampus
IEI inter-event interval
LA lateral amygdala
LTD long-term depression
LTP long-term potentiation
v lateral ventricle
mEPSC miniature excitatory postsynaptic potential
PB phosphate buffer
PFA paraformaldehyde
PTI perisomatic region targeting interneuron
PV parvalbumin
TTX tetrodotoxin
Us unconditioned stimulus
ZT Zeitgeber time
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