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Neurobiology of Disease

Basolateral Amygdala Hyperexcitability Is Associated with
Precocious Developmental Emergence of Fear-Learning in
Fragile X Syndrome
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Fragile X Syndrome is a neurodevelopmental disorder and the most common monogenic cause of intellectual disability, au-
tism spectrum disorders, and anxiety disorders. Loss of fragile x mental retardation protein results in disruptions of synaptic
development during a critical period of circuit formation in the BLA. However, it is unknown how these alterations impact
microcircuit development and function. Using a combination of electrophysiologic and behavioral approaches in both male
(Fmrl-/y) and female (Fmrl—/—) mice, we demonstrate that principal neurons in the FmrIKO BLA exhibit hyperexcitability
during a sensitive period in amygdala development. This hyperexcitability contributes to increased excitatory gain in fear-
learning circuits. Further, synaptic plasticity is enhanced in the BLA of FmrIKO mice. Behavioral correlation demonstrates
that fear-learning emerges precociously in the FmrlIKO mouse. Early life 4,5,6,7-tetrahydroisoxazolo [5,4-c]pyridin-3ol inter-
vention ameliorates fear-learning in FmrI1KO mice. These results suggest that critical period plasticity in the amygdala of the
Fmr1KO mouse may be shifted to earlier developmental time points.

Key words: basolateral amygdala; critical period; fear conditioning; fragile X syndrome; olfactory learning; synaptic
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Significance Statement

In these studies, we identify early developmental alterations in principal neurons in the Fragile X syndrome BLA. We show that, as
early as P14, excitability and feedforward excitation, and synaptic plasticity are enhanced in Fmr1KO lateral amygdala. This corre-
lates with precocious emergence of fear-learning in the FmrIKO mouse. Early life 4,5,6,7-tetrahydroisoxazolo [5,4-c]pyridin-3ol
intervention restores critical period plasticity in WT mice and ameliorates fear-learning in the FrnrIKO mouse.
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Introduction

Fragile X syndrome (FXS) is an X-linked, monogenic neurodeve-
lopmental disorder (NDD) characterized by intellectual disabil-
ity, attention deficit hyperactivity disorder, and autism spectrum
disorders (ASDs) (Hagerman et al., 2009). FXS is caused by a
CGG repeat expansion mutation of the FMRI gene (Liu et al,,
2018). Trinucleotide repeat expansion results in transcriptional
silencing of the FMRI gene and subsequent loss of expression of
the fragile x mental retardation protein (FMRP) (Fu et al., 1991).
FMRP is an RNA binding protein with important regulatory
functions during the transport and translation of target mRNAs
(Chen et al., 2003; Darnell et al., 2011; Darnell and Klann, 2013).
Further, FMRP is known to be differentially expressed during
nervous system development and plays a key role in normal
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cellular and synaptic development (Chen et al., 2003; Tessier and
Broadie, 2008; Darnell et al., 2011; Bonaccorso et al., 2015; Doll
and Broadie, 2015). Thus, loss of FMRP results in dysregulated
protein synthesis with subsequent alterations in critical period
(CP) induction and duration in FXS (Meredith et al., 2007;
Bureau et al., 2008; Harlow et al., 2010; Till, 2010; Vislay et al.,
2013).

Since the identification of the molecular pathophysiology
underlying FXS (Fu et al., 1991; Verkerk et al., 1991), subsequent
investigations have elucidated the functional role of FMRP in
regulating synaptic plasticity (Zha, 2013) with several studies
demonstrating impairments in homeostatic plasticity in FXS, a
process essential for normal synaptogenesis during early develop-
ment (Contractor et al., 2015). The precise balance between excita-
tion and inhibition (E/I) is essential for maintaining homeostatic
plasticity during normal development (Chaudhury et al,, 2016). In
NDDs like FXS, the timing and regulation of CPs are altered in
early postnatal development by aberrant E/I balance (Rubenstein
and Merzenich, 2003; Nelson and Valakh, 2015). These alterations
in synaptic development during CPs manifest as the temporal
onset of cognitive and behavioral deficits (Meredith, 2015). In
FXS, marked CP dysfunction has been identified within multiple
brain regions (Huber et al., 2002; Contractor et al., 2015), includ-
ing the somatosensory cortex (He et al., 2014; Contractor et al.,
2015) and the BLA (Olmos-Serrano et al., 2010; Vislay et al,
2013). Indeed, amygdala-based behaviors, including anxiety and
fear disorders, are highly comorbid in individuals with FXS and
ASDs (Tsiouris and Brown, 2004; Turk et al., 2005; Cordeiro et al.,
2011). Further, alterations in the BLA have been postulated to be
the leading cause of anxiety in FXS patients (Hagerman et al,,
2009; Cordeiro et al., 2011).

Previous studies from our laboratory identified alterations of
dendritic structure in adult excitatory principal neurons (PNs)
(Olmos-Serrano et al., 2010) and synaptic function during early
postnatal development in FXS (Vislay et al., 2013) in the BLA. In
addition to alterations in BLA PNs, our laboratory has identified
marked dysfunction in BLA interneurons during early postnatal
development (Olmos-Serrano et al., 2010; Paluszkiewicz et al.,
2011; Vislay et al, 2013; Cea-Del Rio and Huntsman, 2014;
Martin et al., 2014). Thus, inhibitory neurotransmission defects
in the BLA in FmrIKO mice suggest that hyperexcitable circuitry
may exacerbate amygdala-based behaviors in FXS (Olmos-Serrano
et al,, 2010, 2011). Interestingly, during the period of inhibitory syn-
aptic development (P10-P21) (Huntsman and Huguenard, 2000),
we observe a homeostatic enhancement of inhibitory function
between P14 and P16 in the BLA of FmrIKO mice (Vislay et al,
2013). These synaptic-level changes correspond with a well-defined
sensitive time window in CP development underpinning the func-
tional emergence of the amygdala in rodent models of fear-learning
(Moriceau and Sullivan, 2005). Thus, it stands to reason that the
window of effective CP plasticity may be altered (Meredith, 2015).
However, despite the importance of the amygdala in the regulation
of fear and fear responses, studies examining plasticity in emotional
processing systems in early development in FXS are lacking.

To better understand the synaptic basis of behavioral changes
in fear-learning during the sensitive period, we examined whether
homeostatic changes in inhibitory function in early life coincide
with changes in microcircuit development. In the present study,
we combined whole-cell patch clamp electrophysiology and a
developmentally appropriate classical Pavlovian odor-shock be-
havioral paradigm to explore the cellular, synaptic, circuit, and be-
havioral-level consequences of E/I balance alterations during a
sensitive period in the amygdala CP. We found that during this
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time period excitatory PNs in the BLA demonstrate hyperexcit-
ability. Further, we show that increases in evoked excitatory gain
in the BLA coincides with enhanced synaptic plasticity in the
FmrIKO mouse. Behavioral correlation demonstrates that aber-
rant fear-learning emerges early in the FmrIKO mouse. Early life
4,5,6,7-tetrahydroisoxazolo [5,4-c]pyridin-3ol (THIP) intervention
restores early postnatal CP plasticity in the WT animal and ameli-
orates fear-learning in the Fmr1KO mouse. These results suggest
that CP plasticity in the BLA of the FmrIKO mouse may be
shifted to earlier developmental time points and suggests syn-
aptic scaling is inadequate to control excitatory gain during
this time period. Thus, hyperexcitability may underpin the
precocious emergence of amygdala function in the FmrIKO
mouse model of FXS.

Materials and Methods

Contact for reagent and resource sharing

Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Molly M.
Huntsman (molly.huntsman@CUanschutz.edu).

Experimental model and subject details

All experiments and procedures were conducted in accordance with pro-
tocols approved and reviewed by the Institutional Animal Care and Use
Committee at the University of Colorado Anschutz Medical Campus, in
accordance with guidelines from the National Institutes of Health. Slice
electrophysiology experiments were conducted on mice aged PN days
14-16 (P14). Behavioral experiments were conducted on mice aged
PNI10 (days 8-10), P14 (days 14-16), and P21 (days 21-35). Experiments
were conducted on both male (Fmrl-/y) and female (Fmrl—/—) mice.
The following mouse lines were used in the experiments: C57Bl/6] (The
Jackson Laboratory #000664) and FVB.NH (The Jackson Laboratory
#001800) and B6.129P2-Fmr1'™!€&/] (The Jackson Laboratory #003025)
and FVB.l29P2-Pde6b+Ter’Cthrl‘mlcgr/] (The Jackson Laboratory
#004624). All mice were obtained from The Jackson Laboratory and
housed in polypropylene cages with wood shavings with a modified 10/
14 h light/dark cycle. Food and water were available ad libitum.

Acute slice preparation for electrophysiology

Mice aged P14-P16, were first anesthetized with carbon dioxide (CO,)
and decapitated. Brains were quickly removed by dissection and glued
cerebellar side-down on a vibratome (Leica Biosystems) stage and
immersed in an ice-cold and oxygenated cutting solution (95% O,/5%
CO,; in mum as follows: sucrose, 45; glucose, 25; NaCl, 85; KCI, 2.5;
NaH,POy,, 1.25; NaHCO3, 25; CaCl,, 0.5; MgCl,, 7; osmolality, 290-300
mOsm/kg). Acute coronal slices (300 um) were prepared using a per-
pendicular cut in the rostral-caudal axis at the caudal end of the brain
Leica vibratome. Slices containing BLA were incubated in oxygenated
(95% 0,/5% CO,) ACSF (in mm: glucose, 10; NaCl, 124; KCl, 2.5;
NaH,PO,, 1.25; NaHCO3;, 25; CaCl,, 2; MgCl,, 2; osmolality 290-300
mOsm/kg) at 36°C for at least 30 min. All reagents were purchased from
Sigma- Aldrich.

Electrophysiology

Slices were submerged in the slice chamber of a moving stage micro-
scope (Scientifica; Olympus) equipped with 4x (0.10NA) and 40x
(0.80 NA) objectives, differential interference contrast optics, infrared
illumination, LED illumination (CoolLED), a CoolSNAP EZ camera
(Photometrics), and Micro-Manager 1.4 (Open Imaging), and contin-
uously perfused with ACSF heated to 32°C-37°C at a rate of 2 ml/
min. Whole-cell patch-clamp recordings were made using borosilicate
glass pipettes (2.5-5.0 M(); King Precision Glass) filled with intracellular
recording solution. Data were acquired with a Multiclamp 700B ampli-
fier and were converted to a digital signal with the Digidata 1440 digit-
izer using pPCLAMP 10.6 software (Molecular Devices). Recordings were
obtained from visually identified excitatory PNs in the BLA. PNs were
targeted based on their large, pyramidal-like soma. PN identity was
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confirmed by examining neuron responses to brief (600 ms) depolarizing
and hyperpolarizing current pulses. Typically, PNs fire broad action
potentials (APs) separated by long afterhyperpolarizing potentials
(AHPs), and show significant AP frequency adaptation when firing con-
tinuously (Sah et al., 2003). Recordings were terminated if the physiology
of the neuron was inconsistent with BLA PNs (e.g., high membrane re-
sistance, narrow AP halfwidth, large and fast spontaneous EPSCs).

For voltage-clamp experiments, a cesium methanesulfonate (CsMe)-
based intracellular solution was used (in mm as follows: CsMe, 120;
HEPES, 10; EGTA, 0.5; NaCl, 8; Na-phosphocreatine, 10; QX-314, 1;
MgATP, 4; Na,GTP, 0.4; pH to 7.3 with CsOH; osmolality adjusted to
~290 mOsm/kg). For all current-clamp and plasticity experiments, a
potassium gluconate based intracellular solution was used (in mm as
follows: potassium gluconate, 135; HEPES, 10; KCl, 20; EGTA, 0.1;
MgATP, 2; Na,GTP, 0.3; pH to 7.3 with KOH; osmolality adjusted to
~295 mOsm/kg). Access resistance was monitored throughout the
experiments, and data were discarded if access resistance exceeded 25
M or varied by >%20%. No junction potential compensation was
performed. Data were sampled at 10 kHz and lowpass filtered at 4 kHz.
Offline, current data were filtered using either a third-order Savistky-
Golay filter with a 0.5 ms window or a 2 kHz lowpass Butterworth fil-
ter after access resistance was assessed. Mean traces were created by
first aligning all events by their point of maximal rise (postsynaptic
currents) and then obtaining the mean of all events.

Electrophysiology experimental design
Electrophysiological parameters have been previously described
(Guthman et al., 2020).

Ramped current injections. Immediately after achieving whole-cell
configuration, LA neurons were recorded at rest in current-clamp mode
(Inola = 0pA). Following a 3 s baseline period, the holding current was
linearly ramped from 0 to 400 pA over 2 s. Twenty-five sweeps of data
were collected for each neuron, and the data were used to determine the
resting membrane potential, AP threshold, and rheobase current of LA
PNs.

Square current injections. Following ramped current injections, we
recorded the responses of LA neurons to a series of square hyperpolariz-
ing and depolarizing current injections. Before initiation of the series of
current injections, V,, of the BLA neurons was adjusted to ~—70mV.
Each cell was subjected to two series of 600 ms square current injections:
—100to 100 pA at 10 pA intervals and —200 to 400 pA at 25 pA intervals.
The data collected in these experiments were used to determine active
and passive membrane properties of the neurons.

Spontaneous EPSCs/IPSCs. Spontaneous EPSCs (Vo4 = —70mV)
and IPSCs (Vy,gq = 0mV) in BLA PNs were recorded for 80 s each.

Input-output curves. Thalamic afferents from the internal capsule
were stimulated using a bipolar stimulating electrode (FHC). We
recorded evoked EPSCs (Vg = —70mV) and IPSCs (Vg = 0mV)
from LA PNs in response to internal capsule stimulation. Experiments
were conducted over a range of stimulation intensities (0 to 100 A with
a 10 pA interval).

Synaptic plasticity. Minimum sample sizes for plasticity studies
were determined by power calculation for a continuous endpoint, two-
independent sample study assuming a 20% difference in means based
on previously published literature with an @ of 0.05 and a power of
80%. For LTP experiments, we recorded AMPA-mediated EPSCs eli-
cited by electrical stimulation of the internal capsule (stimulation
frequency = 0.066 Hz) in BLA PNs from WT and Fmr1KO mice at P14-
P16 (voltage-clamp configuration, Vi, = =80 mV) in the presence or
absence of the GABA, receptor antagonist, gabazine (SR-95531, 10
pM in DMSO, Tocris Biosciences). Following a 5min baseline re-
cording, high-frequency electrical stimulation (HFS; 2 trains of 100
pulses delivered at 100 Hz, 20 s apart) was delivered to the internal cap-
sule. EPSCs were measured for 20-45 min after HFS in the same way as
baseline recordings. Synaptic strength was quantified as the integrated
charge of each evoked EPSC. Change in synaptic strength was deter-
mined by normalizing the integrated charge of each EPSC recorded both
before and after HFS to the average integrated charge of all baseline
recordings (average normalized integrated charge of baseline =100%).
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Successful LTP induction was defined as a significant increase in nor-
malized integrated charge during the last 5 min (minutes 16-20) after
HFS compared with baseline (minutes —5 to —1). Successful PTP induc-
tion was defined as a significant increase in normalized integrated charge
during the first 5 min post-tetanus (minutes 1-5) after HFS compared
with baseline (minutes —5 to —1).

Definitions of electrophysiological parameters
Viest- Vryest Was defined as the mean V,,, (Ioq = 0pA) during a 500 ms
baseline across all sweeps in the ramped injection experiments.

AP threshold. AP threshold was defined as the voltage at which dV/
dt exceeded 20 V/s. AP threshold was calculated at the first AP of each
sweep in the ramped injection experiments.

Rheobase current. Rheobase current was defined as the mean current
injected at AP threshold for the first AP across all sweeps in the ramped
injection experiments.

Membrane resistance. Membrane resistance was defined as the slope
of the best fit line of the I-V plot using the —100 pA to 100 pA (10 pA
steps) series of current injections. Mean voltage response to each current
injection step was defined as the difference between baseline mean mem-
brane voltage (100 ms before current injection) and the mean membrane
voltage during the 100 ms period from 50 ms after the start of the injection
to 150 ms after the start of the current injection. This 100 ms window was
chosen to allow for measurement of the change in V,, after the membrane
had charged and before any potential HCN channel activation. The I-V
plot was constructed using all current steps below rheobase.

Maximum firing rate (FR). Maximum FR was defined as the inverse
of the interspike interval (ISI) during the first 200 ms of the most depola-
rizing current injection step before attenuation of AP firing was
observed. Maximum FR was calculated using the —200 to 400 pA (25 pA
steps) series of current injections.

AP amplitude. Amplitude of the AP was defined as the voltage differ-
ence between the peak of the AP and its threshold potential (set at dV/
dt=20 V/s). AP amplitude was calculated at the rheobase sweep of the
—200 to 400 pA (25 pA steps) series of current injections.

AP halfwidth. AP halfwidth was defined as the time between the
half-amplitude point on the upslope of the AP waveform to the half-am-
plitude point on the downslope of the AP waveform. AP halfwidth was
calculated at the rheobase sweep of the 200 to 400 pA (25 pA steps) series
of current injections.

AHP magnitude. AHP magnitude was defined as the difference
between the most hyperpolarized membrane voltage of the AHP (occur-
ring within 100 ms after AP threshold) and AP threshold. AHP magni-
tude and latency data were calculated at the rheobase sweep of the
—200to 400 pA (25 pA steps) series of current injections. AAHP data
were calculated at the rheobase + 50 pA sweep of the —200to 400 pA
(25 pA steps) series of current injections.

AHP latency. AHP latency was defined as the time from AP thresh-
old and the peak of the AHP.

AAHP. AAHP was defined as the difference between the first and
last AHP (AAHP = AHP,,,, - AHPg,.o).

AP phase plot. The AP phase plot was obtained by plotting the rate
of change of the mean AP for each cell from the rheobase sweep of the
—200 to 400 pA (25 pA steps) series of current injections as a function of
the corresponding membrane voltage.

Latency to first AP. AP latency was defined as the time from the ini-
tiation of the current injection to the peak of the first AP. AP latency was
calculated at the rheobase sweep of the —200 to 400 pA (25 pA steps) se-
ries of current injections.

FR adaptation ratio. FR adaptation was defined as the ratio of the first
and the average of the last two ISIs, such that FR adaptation = ISIg/
meanISIj,g wo 151- FR adaptation was calculated at the rheobase 50 pA
sweep of the —200 to 400 pA (25 pA steps) series of current injections.

AP broadening. AP broadening was defined as the ratio of the AP half-
widths of the first two APs (Broadening = halfwidthecona/halfwidthg,). AP
broadening was calculated at the rheobase 50 pA sweep of the —200 to
400 pA (25 pA steps) series of current injections.

AP amplitude adaptation. AP amplitude adaptation was defined as
the ratio of the AP amplitude of the average of the last three APs and the
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first AP, such that AP Amplitude adaptation = meanAmplitudey,g 3 aps/
Amplitudeg, o ap. AP amplitude adaptation was calculated at the rheo-
base 50 pA sweep of the —200 to 400 pA (25 pA steps) series of current
injections.

Membrane decay T. Membrane decay 7 was determined by using a
single exponential fit, f (t) = Ae™*/7, to fit the change in V,, induced by a
—100 pA sweep in the —100to 100 pA (25pA steps) series of current

injections.
Hyperpolarization-induced sag. Hyperpolarization-induced sag was
Vinin — V.
calculated using the equation, = % 100%, where V,,;, was
Vinin — Vi

defined as the most hyperpolarized membrane voltage during the current
injection, Vi was defined as the mean steady-state membrane voltage (last
200 ms of the current injection), and Vj,; was defined as the mean baseline
membrane voltage (100 ms before current injection). Hyperpolarization-
induced sag was measured from the —200 pA current injection.

Rebound spikes. Rebound spikes were defined as the number of APs
in the 500 ms following the —200 pA current injection.

SEPSC/sIPSC detection and amplitude. sSEPSC/sIPSCs were detected
by a combined template and threshold method. Briefly, a template was
made by subsampling 10% of local peaks exceeding at least 6x or 7x
(sEPSC or sIPSC, respectively) the median absolute deviation of a rolling
baseline current (50 ms before the peak). The template current was then
truncated from its 20% rise point through the end of the decay time con-
stant for the template current. Next, all local peaks exceeding 6x or 7x
the median absolute deviation of a rolling baseline current (50 ms before
the peak) were collected. The template was then scaled to each individual
putative sEPSC or sIPSC peak, and each peak was assigned a normalized
charge integral relative to the template. Finally, a normalized charge integral
cutoff was chosen to exclude obvious noise/nonphysiological events below a
certain normalized charge integral. sSEPSC amplitude was defined as the dif-
ference between the peak amplitude of each detected current and its corre-
sponding baseline current. SEPSC/sIPSC amplitude for each cell was
defined as the median peak amplitude for that cell. SEPSC/sIPSC fre-
quency was defined as the inverse of the interevent intervals of the
events. The frequency measure for each neuron was defined as the
median of the SEPSC/sIPSC frequencies for that cell.

SEPSC/sIPSC 20%-80% rise time. The 20%-80% rise time was defined
as the time it took an sEPSC or sIPSC to reach 80% of its peak amplitude
from 20% of its peak amplitude. The 20%-80% rise time was calculated
from the mean sEPSC/sIPSC of a given LA PN.

SEPSC/SIPSC Tpecqy. SEPSC Tpecay was determined using a single ex-
ponential fit, f (t) = Ae /7. IPSC Thecay Was defined as the weighted
time-constant of IPSC decay. Briefly, a double exponential fit, f (t) =
Ae™/™ + Aye /72, was used to obtain the parameters to determine the
weighted time-constant where Tweighted = (T1A1 T T2A5)/ (A + A).
Thecay Was calculated using the mean sEPSC or sIPSC trace for a cell.

EPSC/IPSC detection and amplitude, input-output curves. To deter-
mine the evoked EPSC and IPSC amplitudes across varying stimulus
intensities, we first determined the peak time relative to the 100 A stim-
ulation. Then, we defined EPSC or IPSC amplitude as the maximum
positive or negative deflection, respectively, from the mean current
response within a window of 6 SDs of the peak time jitter.

Stimulation for half-maximum EPSC/IPSC amplitude. To get the
half-maximum stimulation intensity and the slope of the input-output
curve, we used the least squares method to fit a line to the EPSC/IPSC
output relative to stimulation input. We only used input values that eli-
cited non-zero EPSC/IPSC amplitudes to determine the best fit line. We
then used this best fit line to find the stimulation intensity that was asso-
ciated with 50% of the maximum EPSC/IPSC amplitude for the PN.

Input-output curve slope. We defined input-output slope as the slope
of the line created with a least squares fit of the input-output curve.

Behavior

Sample size and power calculations

Minimum sample sizes for behavioral studies were determined by power
calculation for a continuous endpoint, two-independent sample study
assuming a 40% difference in means based on previously published liter-
ature with an « of 0.05 and a power of 80%.
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Pavlovian odor-shock conditioning

FmrIKO and WT control animals, aged PN8-10 (P10), PN14-16 (P14),
and PN21-35 (P21), were randomly assigned with counterbalancing to
one of three experimental conditions: odor only, unpaired odor-shock,
or paired odor-shock using custom-made MATLAB software for the
random assignment of variables that also blinds the experimenter to ex-
perimental conditions. Pups were removed from the nest and placed in
the conditioning chamber maintained at a thermoneutral temperature
and given a 10 min acclimation period before conditioning commenced.
Trials were separated by an intertrial interval of 4 min. Pups in the paired
condition received 8 pairings of exposure to a neutral odor (conditioned
stimulus [CS], 1% isoamyl acetate, Sigma-Aldrich, 2 L/min) for 30 s and
coterminating with a mild, 0.5mA electric shock (unconditioned stimulus
[US]) delivered through an electrode placed on the tail. Odor delivery and
current delivery were controlled using a custom-made olfactometer and
MATLAB software (A. Li et al., 2015). In the case of the unpaired condi-
tioning controls, odor presentation and tail-shock were separated by at least
60 s. In the case of the odor-only condition, pups were exposed to a 30 s
CS-odor delivery only. The intertrial interval was 4 min. Trainings lasted for
45 min after which pups were returned to the nest. In the case of threshold
testing, all intervals and experimental conditions were reduced by 50%. For
THIP treatment studies, P14 WT and FmrIKO animals received intraperi-
toneal injections of THIP at a dose of 10 mg/kg (Borsini et al., 1986) or vehi-
cle control, ddH,0 30 min before conditioning. Animals were conditioned
as described above for threshold. All data collection and processing were
conducted in a randomized and blinded manner.

Y-Maze Alteration Test

To quantify a rodent’s willingness to explore novel environments, pups
were subjected to the Y-maze alteration test (Todrank et al, 2011;
Murthy and Gould, 2018). This test requires animals to choose to spend
their time between one of two arms of a Y-maze. In one arm of the Y-
maze was placed a socially familiar odor (bedding shavings) and the
other arm contained a Kimwipe with 20 pl of the conditioned odor (CS),
1% isoamyl acetate. For mouse pups younger than P21, pups were placed
at the decision point of a developmentally appropriate Y-maze contain-
ing two arms and a start box (with between-trial counterbalancing). Pup
choices toward or away from the CS odor, indicating preference or aver-
sion respectively, were recorded and quantified. Latency to decision was
also quantified. For mouse pups P21-P30, pups were placed in the start
box of the Y-maze and allowed to navigate freely. For mouse pups <P10
and P14-P16, pups were placed at the decision point of the Y-maze with
between trial counterbalancing. Pups were given 60 s to choose an arm.
For pups aged P21-P30, a response was considered a choice when the
pups body entered the alleyway of the arm. For pups aged <P10, a
response was considered a choice when the pup either oriented its head
toward one arm or the other or when the pups body entered the alleyway
of the arm. The experimenter was blind to experimental condition, and
all data were only decoded for analysis.

Quantification and statistical analysis

Statistical analyses

All data analysis was performed using custom-written MATLAB code
or GraphPad Prism. Normality of the data was assessed using the
Anderson-Darling test. For assessment of whether a single group dif-
fered from a normal distribution centered around zero, a one-sample ¢
test was used. For a test between two groups, a paired or unpaired f test
was used where appropriate. For tests between two groups of non-nor-
mal data, a Mann-Whitney U test (MWU) was used where appropriate.
For tests between three or more groups of normal data with one inde-
pendent variable, a one-way ANOVA was used with Tukey-Kramer post
hoc test to examine differences between groups. A Kruskal-Wallis test
was used to examine differences between three or more groups of non-
normal data with one independent variable. A Kruskal-Wallis test was
used to examine differences between three or more groups of non-normal
data with one independent variable. A MWU was used as a post hoc test fol-
lowing a significant result in a Kruskal-Wallis test and was corrected for
multiple comparisons using the FDR method (Curran-Everett, 2000). The
critical significance value was set to a = 0.05 or was set to an FDR-corrected
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Table 1. Differences in active and passive membrane properties among LA PNs in WT and Fmr1KO mice”

WT PNs Fmr1K0 PNs
(n=18;’n=19) (‘n=27;"n=19)
Mean/median  SEM/IQR  Mean/median  SEM/IQR Statistical comparisons zvalue, rank-sum
Resting membrane voltage (mV)* ~ —59.0742 + 17835  —52.0954 + 1.7034  p=0.0089, unpaired t test ci: [—12.1 - —1.84], tstat: —2.74, df: 43, SD: 8.37
Rheobase current (pA)° 87.8309 +8.92 46.4283 +322 p=9.4892e-06, unpaired ¢ = [24.8-58.04], tstat: 5.02,df: 43, SD: 27.1
t test
AP threshold (mV)* —28.1404 6.0520 —27.0483 92112 p=0.6514, MWU zval: —0.452, rank-sum: 394
Membrane resistance (w())° 257.41 89.27 329.62 10941 p=0.0042, MWU zval: —2.86, rank-sum: 272
Thembrane (MS)° 39.3 69767  43.76 17.6758  p=0.0154, MWU zval: —2.42, rank-sum: 287
Maximum FR (Hz)° 33.00 + 218 32.8733 + 153 p=0.9610, unpaired t test ¢ = [—5.27 - 5.53], tstat: 0.0493, df: 36, SD: 8.20
Spike frequency (Hz)®
0.00 0.00 0.00 0.00 p=1.00 z: 0, rs:370.5
0.00 0.00 0.00 000 p=1.00 2.0, 1s:370.5
0.00 0.00 0.00 0.00 p=06175 2. —0.50, rs: 362
0.00 0.00 0.00 4.21 p =0.1552 zZ. —1.42, 1s: 331
0.00 3.10 6.98 862  p=0.0374 7. —2.08, rs: 305
0.00 10.23 12.09 1343 p=0.0481 z. —1.98, rs: 306
6.85 1240 14.97 9.87 p =0.0101 Z. —2.57, rs: 282
9.43 9.80 18.54 953 p=0.0245 7 —2.25,15:293
13.18 8.81 21.68 933  p=10.0102 7. —2.57,15: 282
16.43 11.38 2451 5.88 p =0.0072 Z. —2.69, rs: 278
18.52 10.64 27.62 853  p=10.009 7. —2.61, rs: 281
21.34 11.82 28.12 5.54 p =0.0072 7. —2.69, rs: 278
23.85 9.52 30.73 6.73 p =0.0382 z: —2.07, rs: 299
27.64 10.96 31.82 6.08 p=0018 7. —2.36, 1s: 289
28.34 11.53 33.03 512 p=017 7 —1.37,15:323
31.65 9.85 34.53 6.20 p=0.129 z: —1.52,1s: 318
31.3 10.57 35.26 829  p=107371, MWU 7. —0.34, rs: 359
AP halfwidth (ms)® 147 +0.0562 1.76 + 0.0855 p=0.0068, unpaired t test ci: [—0.501 - —0.0864], df: 36 t-stat: —2.87, SD: 0.315
Latency to first AP (ms)" 114.80 82.60 152.00 126.53 p=10.0961, MWU zval: —1.66, rank-sum: 313
FR adaptation® 0.50 +0.042 0.51 +£0.029 p=0.7999, unpaired t test ¢ = [—0.115 - 0.0893], tstat: —0.255, df: 34, SD: 0.151
AP broadening’ 1.47 +0.0582 1.70 +0.0812 p=0.0248, unpaired t test ¢ = [—0.437 —0.0314], tstat: —2.342, df: 36, SD: 0.308
AP amplitude (mV)" 62.84 + 212 57.45 =+ 2.69 p=0.1240, unpaired t test ¢ = [—1.55 - 12.3], tstat: 1.57, df: 36, SD: 10.5
Amplitude adaptation” 0.95 0.0775 0.95 0.0888 p=0.7481, MWU zval: 0.321, rank-sum: 382
AHP magnitude (mV)® 19.01 34012 1846 29289 p=0.7261, WU zval: 0.35, rank-sum: 383
DAHP (mV)” —5.4016 3.2028  —3.2227 43274  p=0.0505, MWU zval: —1.96, rank-sum: 303
AHP latency (ms)® 50.3895 + 470 63.9009 + 467  p=0.0488, unpaired t test ¢ = [—26.95 —0.0748], tstat: —2.04, df: 36, SD: 20.4
Hyperpolarization-induced Sag (%)° 8.4436 *+ 135 7.4749 *+ 110 p=0.5824, unpaired t test ¢ = [—2.57- 4.51], tstat: 0.555, df: 36, SD: 5.38
Rebound APs” 0.00 0.00/0.00 0.00 0.00/0.00 p=1.00, MWU zval: 0, rank-sum: 370.5

“Normal data are mean =+ SEM with differences tested using an unpaired t test.
®Non-normal data are median and IQR with differences tested using an MWU.

value (appr) for multiple comparisons. All statistical tests were two-tailed.
Unless otherwise stated, experimental numbers are reported as n=x, y
where x is the number of neurons and y is the number of mice. Statistical
parameters are reported in Results, and figure legends display p values and
sample sizes.

Data display

Data visualizations were created in MATLAB, GraphPad Prism,
and Adobe Illustrator. Normal data are the mean = SEM. Non-
normal data are the median with error bars extending along the
interquartile range.

Data and software availability
Data and code are available on request.

Results

FmrIKO BLA PNs exhibit hyperexcitability during a
sensitive period in amygdala development

To examine whether there are differences in the intrinsic bio-
physical properties of PNs, we performed whole-cell patch-
clamp recordings in acute coronal brain slices containing the
BLA in infant WT and FmrIKO mice on postnatal days 14-16.

This postnatal timeframe corresponds to a known sensitive pe-
riod in the functional emergence of the amygdala (Moriceau and
Sullivan, 2005). Recordings were made in PNs in the BLA, the
subnuclei of the amygdaloid complex known to undergo plastic
changes in response to Pavlovian fear-conditioning. In these
experiments, we measured 18 membrane properties (Table 1) by
examining neuron responses to both a rheobase ramp and brief
(600 ms) depolarizing and hyperpolarizing current steps (see
Materials and Methods). We observed significant differences in
both active and passive membrane properties of FmrlKO PNs
compared with WT animals (for complete statistics, see Table 1).
Specifically, brief depolarizing current pulses elicited increased
spike frequencies as a function of injected current across the
test range of 100-325 pA (Fig. 1A,B; Table 1). However, no dif-
ferences in maximum FRs were observed in FmrlKO PNs
compared with WT control animals (Fig. 1A,B; for complete
statistical analyses, see Table 1; unpaired ¢ test: p=0.961, data
pooled from nwt = 19 neurons, 4 mice, 4 males, 0 females, 2
litters; np,,, k0 = 19 neurons, 4 mice, 4 males, 0 females, 2) as
spiking in FmrIKO BLA PNs exhibited marked saturation at
higher stimulus intensities. FmrIKO PNs exhibited higher
resting membrane potentials (V) such that at baseline PNs
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Figure 1. Membrane intrinsic properties are altered in PNs in the infant Fmr7KO BLA. A, Representative traces of maximum FR response to depolarizing current injections in P14 WT and
FmrTKO LA PNs. B, Left, Mean FR of BLA PNs. Error bars indicate SEM. *p << 0.05, spike frequencies found to be statistically significant at a given current injection. Spike frequency (Hz) values
are detailed in Table 1. Right, Maximum FR of LA PNs is not significantly different in Fmr7KO compared with WT LA (unpaired ¢ test: p =0.9610; data pooled from nyy = 19 neurons, 4 mice,
4 males, 0 females, 2 litters; ng,,7x0 = 19 neurons, 4 mice, 4 males, 0 females, 2 litters). €, Representative traces of voltage response to a ramped current injection in WT and Fmr7KO BLA
PNs. D, Fmr1KO BLA PNs have a more depolarized V., compared with WT BLA PNs (unpaired t test: p=0.089; data pooled from ny; = 19 neurons, 4 mice, 4 males, 0 females, 2 litters;
Nemriko = 19 neurons, 4 mice, 4 males, 0 females, 2 litters). E, Fmr7KO LA PNs exhibit a lower rheobase current from rest compared with WT BLA PNs (unpaired ¢ test: p=9.49 x 10~ data
pooled from nyy = 19 neurons, 4 mice, 4 males, 0 females, 2 litters; ng, ko = 19 neurons, 4 mice, 4 males, 0 females, 2 litters). F, Representative traces of voltage responses to intermediate
current injection traces used to determine membrane resistance and decay 7 (—100 to 100 pA; A10 pA). G, Membrane resistance is increased in Fmr7KO BLA PNs compared with WT BLA PNs
(MWU: p =0.0042; data pooled from nyr = 19 neurons, 4 mice, 4 males, 0 females, 2 litters; ng,,;xo = 19 neurons, 4 mice, 4 males, 0 females, 2 litters). H, Membrane decay 7 is increased
in Fmr1KO LA PNs compared with WT BLA PNs (unpaired t test: p = 0.0066; data pooled from ny,; = 19 neurons, 4 mice, 4 males, 0 females, 2 litters; ng,, ko = 19 neurons, 4 mice, 4 males,
0 females, 2 litters). I, Representative AP traces from a WT and Fmr7KO BLA PN at rheobase current injection. J, Representative phase plot traces from a WT and Fmir7KO BLA PN. K, Fmr1KO LA
PNs have broader AP halfwidths compared with WT BLA PNs (unpaired ¢ test: p = 0.0068; data pooled from nyy = 19 neurons, 4 mice, 4 males, 0 females, 2 litters; ng,xo = 19 neurons, 4
mice, 4 males, 0 females, 2 litters). B, D, E, H, K, Summary statistics are mean = SEM. G, Summary statistics are median with IQR. *p << 0.05. **p < 0.01. ***p < 0.001. P14 = P14-P16.

Complete statistical analyses reported in Table 1.

in in the BLA of FmrIKO mice were found to be more depo-
larized. Further, FmrIKO PNs exhibited a lower rheobase cur-
rent (Fig. 1C-E: V. unpaired ¢ test: p=0.0089; rheobase
current: unpaired ¢ test: p =9.49e-06, data pooled from nyr =
19 neurons, 4 mice, 4 males, 0 females, 2; ng,,,;xo0 = 19 neu-
rons, 4 mice, 4 males, 0 females, 2). Significant differences in
passive membrane properties were also observed. Fmrl KO
PN exhibited increased membrane resistance (R,;,) and mem-
brane decay () (Fig. 1F-H, R, MWU: p=0.0042; decay 7,
unpaired t test: p=0.0066, data pooled from nyr = 19 neu-
rons, 4 mice, 4 males, 0 females, 2; ng,,;;xo = 19 neurons, 4
mice, 4 males, 0 females, 2). No differences in membrane ca-
pacitance (C,,) were found between Fmrl KO and WT PNs.
We also assessed properties of single APs (spike half-width,
threshold, and amplitude). APs in FmrIKO PNs demonstrated
a larger half-width compared with WT animals (Fig. 1I-K,
unpaired t test: p=0.0068, data pooled from nyr = 19 neu-
rons, 4 mice, 4 males, 0 females, 2; ng,,,;xo = 19 neurons, 4
mice, 4 males, 0 females, 2). Spike threshold and spike am-
plitude were comparable between groups (Table 1).
Further, Fmr1KO PNs were found to have a longer AHP la-
tency with no differences observed in the AAHP (AAHP,
MWU: p=0.0505; AHP latency, unpaired ¢ test: p =0.0488,
data pooled from nwr = 19 neurons, 4 mice, 4 males, 0

females, 2; ng,,.,;x0 = 19 neurons, 4 mice, 4 males, 0 females,
2). Finally, we observed increases in AP broadening (Fig.
1C, AP broadening, MWU: p=0.0248, data pooled from
nwr = 19 neurons, 4 mice, 4 males, 0 females, 2; ng,,,1x0 =
19 neurons, 4 mice, 4 males, 0 females, 2). No other mem-
brane property comparisons reached statistical significance.
Together, these data reveal significant increases in intrinsic
hyperexcitability in FmrIKO PNs compared with WT con-
trols in the BLA of sensitive period animals.

Inhibitory synaptic strength is preferentially enhanced in the
BLA of FimrI1KO mice

Previous studies from our group identified an enhancement of
inhibitory neurotransmission such that the kinetics of IPSCs are
transiently increased over the P14-P16 development time point
(Vislay et al.,, 2013). One possible explanation for this enhance-
ment could be that it is a homeostatic response to a concomitant
increase in excitatory synaptic strength. However, our previous
studies on synaptic transmission across development were done
in the presence of NMDAR and AMPAR antagonists (D-APV
and DNQX, respectively) to induce a complete excitatory block-
ade and isolate sIPSCs. Therefore, we could not assess the excita-
tory synaptic contribution to changes in inhibitory currents.
Here we assessed sEPSCs and sIPSCs in visually identified PNs
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Figure 2.  Enhanced spontaneous IPSCs in the Fmr7KO BLA. A, Representative current traces from P14 LA PNs held at —70 mV. B, No significant difference in SEPSC amplitude in LA PNs

between WT and Fmr7KO mice (MWU: p =0.1289; data pooled from nyy = 27 neurons, 10 mice, 10 males, 0 females, 5 litters; ng;,;xo = 23 neurons, 10 mice, 8 male, 1 female, 6 litters). €,
No significant difference in SEPSC frequency in LA PNs between WT and Fmr7KO mice (MWU: p =0.0617; data pooled from nyr = 27 neurons, 10 mice, 10 males, 0 females, 5 litters, 5;
Nemrko = 23 neurons, 10 mice, 8 males, 1 females, 6 litters). D, No significant difference in SEPSC rise time in LA PNs between WT and Fmr7KO mice (MWU: p =0.1365; data pooled from
nyr = 27 neurons, 10 mice, 10 males, 0 females, 5 litters; ng,,;x0 = 23 neurons, 10 mice, 8 males, 2 females, 6 litters). E, No significant difference in SEPSC decay 7 in LA PNs between WT
and Fmr1KO mice (MWU: p=0.1105; data pooled from ny; = 27 neurons, 10 mice, 10 males, 0 females, 5 litters; ng,,x0 = 23 neurons, 10 mice, 8 males, 2 females, 6 litters). F,
Representative current traces from P14 LA PNs held at 0 mV. G, sIPSC amplitude is increased in LA PNs of Fmr7KO mice (MWU: p = 0.0024; data pooled from nyt = 27 neurons, 11 mice, 11
males, 0 females, 6 litters; ng,,x0 = 21 neurons, 12 mice, 10 males, 2 females, 6 litters). H, sIPSC frequency is increased in LA PNs of Fmr7KO mice (MWU: p = 0.0032; data pooled from
nyr = 27 neurons, 11 mice, 11 males, 0 females, 6 litters; ng,xo = 21 neurons, 12 mice, 10 males, 2 females, 6 litters). /, No significant difference in sIPSC rise time in LA PNs between WT
and Fmr1KO mice (MWU: p = 0.4335; data pooled from ny = 27 neurons, 11 mice, 11 males, 0 females, 6 litters; ng, ko = 21 neurons, 12 mice, 10 males, 2 females, 6 litters). J, No signifi-
cant difference in sIPSC decay 7 is reduced in LA PNs between WT and Fmr7KO mice (unpaired t test: p = 0.7326; data pooled from nyy = 27 neurons, 11 mice, 11 males, 0 females, 6 litters;
Nemeko = 21 neurons, 12 mice, 10 males, 2 females, 6 litters). J, Summary statistics are mean = SEM. B-E, G-I, Summary statistics are median with IQR. *p << 0.05. **p << 0.01. P14 =P14-

P16. Open circle represents male animal. Open square represents female animal. Complete statistical analyses are reported in Results.

in the BLA of FmrIKO and WT animals using a cesium-metha-
nesulfonate-based intracellular solution across the P14-P16 time
point in the absence of the D-APV, DNQX, and the Na-channel
blocker, TTX. We found no difference in sEPSC amplitude or
frequency between FmrIKO and WT PNs (Fig. 2A-C, sEPSC
amplitude, MWU: p=0.129, zval: 1.52, rank-sum: 767; sEPSC
frequency, MWU: p=0.0617, zval: —1.87, rank-sum: 592, data
pooled from nywr = 27 neurons, 10 mice, 10 males, 0 females, 5
litters; np,,;;xko0 = 23 neurons, 10 mice, 8 males, 1 female, 6).
Spontaneous EPSC tau (7) and 20%-80% rise time from
Fmr1KO PNs did not differ from WT controls (Fig. 2D,E,
sEPSC 7, p=0.111, zval: 1.60, rank-sum: 771; sEPSC rise
time, p=0.137, zval: 1.49, rank-sum: 760). In accordance
with our previous study (Vislay et al., 2013), we found a
statistically significant increase in sIPSC amplitude and
frequency for Fmr1KO PNs compared with WT PNs (Fig.
2F-H; sIPSC amplitude, MWU: p=0.0024, zval: —3.03,
rank-sum: 515); sIPSC frequency, MWU: p=0.0032, zval:
—2.95, rank-sum: 519; data pooled from nywr = 27 neurons,
11 mice, 11 males, 0 female, 6 litters; ng,,,;xo = 21 neurons,
12 mice, 10 males, 2 females, 6). No difference in sIPSC tau
(7) and 20%-80% rise time was found between FmrIKO and
WT controls (Fig. 2IJ; sIPSC 7, p=0.733, ci = [—1.30 to
1.84], tstat: 0.344, df: 46, SD: 2.68; sIPSC rise time p = 0.434,
zval: 0.783, rank-sum: 699). Together, inhibitory synaptic
kinetics are preferentially enhanced both presynaptically
and postsynaptically in Fmr1KO PNs without concomitant
changes in excitatory synaptic strength.

Tonic inhibition represents a powerful inhibitory current that
is mediated by GABA, receptor subunits (e.g., 6 and a3 subu-
nits) located outside of the synapse (Semyanov et al., 2004). To
assess for differences in tonic inhibition between FmrIKO and
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Figure 3.  Tonic inhibition is enhanced in the Fmr7KO BLA. A, Bar plots of pooled data of

THIP activated tonic current (pA) in BLA PNs in WT and Fmr7KO mice at P14 (P14: unpaired ¢
test, p=0.014, data pooled from nyy = 4 neurons, 2 mice, 2 males 0 females, 2 litters;
Nemrko = 7 neurons, 3 mice, 3 male, 0 female, 3 litters). B, Representative tonic current
traces in WT and Fmr7KO BLA PNs at P14. A, Summary statistics are mean = SEM.
*p < 0.05. P14 = P14-P16. Complete statistical analyses are detailed in Results.

WT animals during the P14 sensitive period, we bath-applied
the tonic-specific 6 subunit agonist, THIP and assessed
THIP-mediated tonic currents. At P14, tonic currents medi-
ated through 6 subunits in Fmr1KOs were significantly larger
than WT levels (Fig. 3A,B; tonic current: unpaired t test,
p=0.0221, ci = [—50.97 to —5.06], tstat: —2.76, df: 9, SD: 16.2;
data pooled from nyt = 4 neurons, 2 mice, 2 males, 0 females,
2 litters; np,,,;xo = 7 neurons, 3 mile, 3 males, 0 females, 3).
Similar to phasic inhibitory function (Vislay et al., 2013), tonic
inhibition reverts back to reduced levels by P21 in FmrIKOs
(Martin et al., 2014). Together, these data show that two dif-
ferent forms of functional inhibition are transiently increased
in FmrIKOs at the P14-P16 time point relative to WT
controls.
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Figure 4.

Enhanced excitatory gain in the Fmr7KO BLA. A, Experimental schematic. B, Representative mean traces of EPSCs (top) and IPSCs (bottom) in P14 LA PNs following internal capsule

stimulation. Color scales with stimulation intensity (light to dark: 0-100 wA). €, Mean evoked EPSC amplitude as a function of stimulation intensity. D, Shading represents SEM. Stimulation for
half-maximal EPSC amplitude is not significantly different for LA PNs from WT and Fmr7KO mice (unpaired ¢ test: p = 0.8618; data pooled from nyy = 19 neurons, 8 mice, 8 males, 0 females,
5 litters; nemriko = 18 neurons, 8 mice, 6 males, 2 females, 5 litters). E, Evoked EPSC input—output slope is significantly different in LA PNs in Fmr7KO mice (MWU t test: p = 0.0403; data
pooled from nyy = 19 neurons, 8 mice, 8 males, 0 females, 5 litters; ng,, ko = 18 neurons, 8 mice, 6 males, 2 females, 5 litters). F, Mean evoked IPSC amplitude as a function of stimulation
intensity. G, Shading represents SEM. Stimulation for half-maximal IPSC amplitude is not significantly different for LA PNs from WT and Fmr7KO mice (unpaired t test: p = 0.3749; data pooled
from nyr = 19 neurons, 8 mice, 8 males 0 females, 5 litters; ng,, ko = 17 neurons, 8 mice, 6 males, 2 females, 5 litters). H, Evoked IPSC input—output slope is not significantly different for LA
PNs from WT and Fmr7KO mice (MWU: p = 0.6363; data pooled from nyy = 19 neurons, 8 mice, 8 males, 0 females, 5 litters; ng;,;xo = 17 neurons, 8 mice, 6 males, 2 females, 5 litters). D,
G, Summary statistics are mean %= SEM. E, H, Summary statistics are median with IQR. *p << 0.05. P14 = P14-P16. Open circle represents male animal. Open square represents female animal.

Complete statistical analyses are detailed in Results.

Excitatory gain is enhanced in the BLA of Fmr1KO mice

In light of observed increases in the kinetics of spontaneous
IPSCs, we hypothesized that increases in inhibitory synaptic
strength may alter E/I microcircuit conductance in the infant
BLA. To assess this, we quantified the amplitudes of evoked
EPSCs and IPSCs in BLA PNs following stimulation of the tha-
lamic sensory afferents of the internal capsule (Fig. 4A4). We
focused on the sensory afferents of the internal capsule because
plasticity in this circuit underlies fear-learning (McKernan and
Shinnick-Gallagher, 1997), and developmental changes in this
circuit have been previously characterized (Thompson et al.,
2008). Evoked EPSC and IPSCs were isolated in voltage clamp
by holding at —70 and 0mV, respectively (Fig. 4B). Synaptic
input-output response curves were generated for both evoked
EPSC and IPSCs over a stimulus intensity range of 10-100 pA
(Fig. 4C,F). We found that feedforward excitatory drive onto
PNs, as measured by the stimulation necessary to achieve half-
maximal EPSC amplitude, was not different between groups
(Fig. 4C,D; unpaired ¢ test: p=0.8618; zval: —0.0760, rank-sum:
358; data pooled from nwr = 19 neurons, 8 mice, 8 males, 0
females, 5 litters; ng,,,;xo = 18 neurons, 8 mice, 6 males, 2
females, 5 litters). However, the slope of the input-output

function for FmrIKO PNs was found to exhibit a signifi-
cantly more negative slope (Fig. 3C,E; MWU ¢t test: p=
0.0403, zval: 2.05, rank-sum: 429; data pooled from nyr = 19
neurons, 8 mice, 8 males, 0 females, 5 litters; ng,,,;xo = 18
neurons, 8 mice, 6 males, 2 females, 5 litters). However, a
two-way ANOVA demonstrated statistically significant dif-
ferences between groups for stimulation intensity and geno-
type, but not the interaction between intensity and genotype
(Fig. 4C, two-way ANOVA Fg,0)=20, 21.21, 1.06, piutensity =
4.43e-27, PGenotype = 5.78e-06, pIntensityVGenotype = 0389)

Similarly, the stimulation for half-maximal IPSC amplitude
was not significantly different between groups (Fig. 4F,G; un-
paired ¢ test: p=0.375, zval: —0.887, rank-sum: 323; data pooled
from nyr = 19 neurons, 8 mice, 8 males, 0 females, 5 litters;
Npariko = 17 neurons, 8 mice, 6 males, 2 females, 5 litters).
Further, the slope of the IPSC input-output function was found
to be broadly normal between the FmrIKO and WT BLA PN at
P14 (Fig. 4F,H; MWU: p=0.636, zval: 0.0159, rank-sum: 352.5;
data pooled from nyyt = 19 neurons, 8 mice, 8 males, 0 females,
5 litters; ng,,,;x0 = 17 neurons, 8 mice, 8 males, 2 females, 5 lit-
ters). Two-way ANOVA demonstrated statistically significant
differences between IPSC amplitudes for stimulation intensity
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and genotype, but not the interaction between
intensity and genotype (Fig. 4C, two-way
ANOVA Fg 6= 1238, 1156, 041, Prasensity =
5.476e-17, PGenotype =7.53e-4, PIntensityVGenotype =
0.931).

Together, these data indicate that feed-
forward inhibition (FFI) in FmrIKO BLA
PNs is broadly normalized at this develop-
mental time point. Further, similar amounts
of activation of the thalamic afferents drive
similar FFI and FFE onto BLA PNs in
FmrIKO and WT mice. However, once
afferent activity is sufficient to elicit EPSCs
and IPSCs in the postsynaptic PN, the exci-
tatory and inhibitory amplitudes increase to
a larger degree as a function of afferent ac-
tivity in the FmrIKO mouse. This has the
overall net effect of altering the input-out-
put function such that significant increases
in excitatory and inhibitory gain are present
in the circuits necessary for fear-learning at
this early developmental time point.

LTP in the presence of inhibition is
robust in the BLA of Finr1KO mice early
in development

LTP is the mechanism mediating fear condi-
tioning in the amygdala and local circuit
GABAergic interneurons gate LTP in amyg-
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Figure 5.  Aberrant LTP in Fmr7KO BLA. A, Representative mean EPSCs from P14 LA PNs with 10 um gabazine. Solid
lines indicate mean EPSCs before LTP induction. Dashed lines indicate EPSCs at end of experiment. B, Normalized EPSC
charge integral across LTP experiments with 10 m gabazine. One of six PNs underwent a small but significant LTP; 3 of 6
PNs underwent a small but significant LTD in WT BLA. Three of six PNs underwent significant LTD in the Fmr7KO BLA
(paired t tests: pyr = 0.0063, pwr, = 0.0098, pyrs = 0.6225, pyrs = 0.6487, purs = 0.0476, pwre = 0.0373, Pronrikor =
0.2948, prmriko2 = 0.2390, Prmrikos = 0.0001, Prarrkos < 0.0001, primrrkos = 0.0003, prmsikos = 0.0649; nyr = 6 neurons,
5 mice, 5 males 0 females, 4 litters; ng,,;xo = 6 neurons, 4 mice, 3 males, 1 female, 4 litters). C, Representative mean
EPSCs from P14 LA PNs without gabazine. Solid lines indicate mean EPSCs before LTP induction. Dashed lines indicate
EPSCs at end of experiment. D, Normalized EPSC charge integral across LTP experiments without gabazine. One of six PNs
underwent significant LTP; 3 of 6 PNs underwent significant LTD in WT LA. Four of six PNs underwent LTP in Fmr7KO LA; 2
of 6 PNs underwent significant LTD in Fmr7KO LA (paired t tests: pyr; = 0.00,346, pyr, = 0.00,130, pyr3 = 0.0146,
Pwra = 01368, pyrs = 0.8837, pwrs = 04607, Prrrikor < 0.0001, Prmrrkoz = 0.0017, Primrikos = 0.0006, Primikos =
0.0007, primrikos = 0.0016, Primrikos = 0.00,280; nyr = 6 neurons, 4 mice, 4 males 0 females, 4 litters; ng o = 6 neu-
rons, 4 mice, 2 males, 2 females, 4 litters). Summary statistics are mean = SEM. P14 = P14-P16. Complete statistical anal-
yses are detailed in Results.

dala circuits associated with the processing

of fearful memories. Enhancement of inhi-

bition inactivates amygdala circuits and impairs fear condition-
ing, and it has been postulated that alterations in fear circuits
may be a leading cause of anxiety in FXS patients. Because LTP
is gated by FFI in the BLA and in light of our observations of
preferential enhancements in inhibitory synaptic strength and
normalization of FFI in the infant Fmr1KO BLA, we hypothe-
sized that induction of LTP at synapses between thalamic affer-
ents and BLA PNs would be reduced in Fmr1KO mice.

To test this hypothesis, we recorded AMPA-mediated EPSCs
in PNs in the BLA of infant FmrIKO and WT mice in the pres-
ence and absence of the GABA, receptor blocker gabazine (10
M) (Fig. 5). Evoked EPSCs were elicited by electrical stimulation
of the thalamic afferents of the internal capsule (voltage-clamp con-
figuration, Vg4 = -80 mV, stimulation frequency =0.066 Hz,
stimulation intensity =50% of maximal evoked response per
cell). Following a 5min baseline recording, HES (2 trains of
100 pulses delivered at 100 Hz, 20 s apart) was applied to the
thalamic afferents of the internal capsule. When inhibition
was blocked by gabazine, we did not find statistically significant
LTP or LTD when evaluated for all experiments (Fig. 5A,B
shows the mean difference = SEM, paired ¢ test for the EPSC
charge integral, last 5min wrgr, —6.17 = 4.44%, pwrgp =
0.175 ci = [—15.2 to 2.91], tstat: 1.39, df: 29, SD: 24.30; nyr = 6,
5). When evaluated on a per experiment basis, we observed a
small magnitude LTP in 1 of 6 P14 WT PNs and LTD in 3 of 6
P14 WT PNs (Fig. 5A,B; paired ¢ test EPSC charge integralyr;
=30.28 * 7.32%, pwri = 0.0063, ci = [14.3-46.3], tstat: 5.25, df:
4, SD: 12.9; EPSC charge integralyy, = —17.6 = 3.97%, pwra =
0.0098, ci = [—28.2 to —7.05], tstat: 4.63, df: 4, SD: 8.53; EPSC
charge integralyy; = —3.01 * 5.86%, pwrs = 0.623, ci = [—18.7 to
12.7], tstat: 0.533, df: 4, SD: 12.6; EPSC charge integralyry =
—1.28 & 2.73%, pwrs = 0.649, ci = [—8.51 to 5.95], tstat: 0.492, df:

4, SD: 5.82; EPSC charge integralyyts = —8.19 = 2.98%, pwrs =
0.0476, ci = [—16.2 to —0.142], tstat: 2.84, df: 4, SD: 6.48; EPSC
charge integralyyg = —37.2 = 9.27%, pwre = 0.0373, ci = [-70.8
to —3.55], tstat: 3.07, df: 4, SD: 27.1). In P14 FmrIKO PNs, we
observed a robust LTD when statistical significance was evaluated
for all experiments (Fig. 5A,B; paired ¢ tests: EPSC charge integral,
last 5 minutesgmrikogp —22.8 = 4.10%, Prmrixogp < 0.0001, ci =
[—31.2 to —14.4], tstat: 5.56, df: 29, SD: 22.5; ng,x0 = 6, 4).
When changes were evaluated on a per experiment basis, 3 of 6
P14 FmrIKO PNs tested showed significant LTD (Fig. 5A,B; paired ¢
test: EPSC charge integralp, ko1 = —0.173 = 0.1139%, prmrikor =
0.2948, ci = [—0.572 to 0.226], tstat: 1.21, df: 4, SD: 0.321; EPSC
charge integralg,, ko2 = —10.99 = 6.63%, Prmrxoz = 0.239, ci =
[-33.1 to —11.1], tstat: 1.32, df: 4, SD: 17.8; EPSC charge
integralg,ikos = —63.7 £ 5.204%, Prmrixos < 0.0001, ci = [—75.5
to —51.80], tstat: 14.9, df: 4, SD: 9.55; EPSC charge integralp,,1x04 =
2899 * 2422%, prunkos < 0.0001, ci = [—33.99 to —23.98],
tstat: 16.1, df: 4, SD: 4.03; EPSC charge integralgy,,1x05 =
—21.97 = 1.76%, prmrixos = 0.0003, ci = [—27.01 to —16.9],
tstat: 12.1, df: 4, SD: 4.06). Between group analysis demon-
strated a significant difference in LTD between P14 WT and
FmrIKO PNs (EPSC charge integralp,,1vswr = 15.7 = 5.27%,
Prmrivewr = 0.0058, ci = [4.91-26.2], tstat: 2.98, df: 29, SD:
28.8, unpaired ¢ test).

In contrast when local inhibition was not blocked, we found
that in FmrIKO mice LTP was statistically significant when eval-
uated on the basis of all experiments (paired ¢ test: EPSC charge
integral, last 5 minutesgmrikogp = 97.78 = 19.40%, Prmrikogp <
0.0001, ci = [87.2-108.3], tstat: 25.7, df: 4, SD: 8.49, ng,,1x0 = 6, 5).
When evaluated on a per experiment basis, 4 of 6 FmrIKO PNs
underwent significant and robust LTP following HES of thalamic
afferents (Fig. 5C,D) with 2 of 6 FmrIKO PNs undergoing signifi-
cant LTD (paired ¢ tests: EPSC charge integralg,ixor = 187.5 *
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6.876%, prmriko1 < 0.0001, ci = [177.4-197.6], tstat: 51.7, df: 4, SD:
8.11; EPSC charge integralp,ixox = 96.26 = 12.41%, prmrikoz =
0.0017, ci = [60.7-131.9], tstat: 7.51, df: 4, SD: 28.7; EPSC charge
integralp,ikos = 259.5 = 37.2%, prmrkos = 0.0006, ci = [186.1-
332.9], tstat: 9.82, df: 4, SD: 59.1; EPSC charge integral; gmrixos =
80.7 % 7.93%, prmrxos = 0.0007, ci = [57.2-104.2], tstat: 9.54, df: 4,
SD: 18.9; pmrikos = —20.5 * 2.73%, prmnkos = 0.0016, ci =
[—27.96 to —12.99], tstat: 7.60, df: 4, SD: 6.03; prikos = —16.8 =
3.66%, Prmrikos = 0.0280, ci = [—30.6 to —2.96], tstat: 337, df: 4,
SD: 11.11). In slices from WT mice in the absence of gabazine,
we found no statistically significant LTP or LTD when evaluated
for all experiments (Fig. 5C,D, paired t tests: EPSC charge inte-
gral, last 5min wrgp = —9.997 * 4.94%, pywrgrp = 0.0542, ci =
[—20.2 to 0.195], tstat: 2.02, df: 24, SD: 24.7; nw = 6, 5). One of
six WT BLA PNs underwent a small LTP, and 3 of 6 WT BLA
PNs underwent small, but significant LTD (Fig. 5C,D; paired ¢
tests: EPSC charge integralyr; = —32.96 = 12.3%, pwr =
0.0346, ci = [—62.04 to —3.88], tstat: 3.15, df: 4, SD: 23.4; EPSC
charge integralyyr, = 22.9 * 4.97%, pwr, = 0.0130, ci = [8.02-
37.8], tstat: 4.27, df: 4, SD: 12.01; EPSC charge integralyr; =
—24.04 * 6.13%, pwrs = 0.0146, ci = [—40.2 to —7.85), tstat:
4.12, df: 4, SD: 13.04; EPSC charge integralyrs = —15.9 = 7.51%,
pwra = 0.137, ci = [—39.70 to 7.87], tstat: 1.86, df: 4, SD: 19.2;
EPSC charge integralyyrs = —0.000368 = 0.002203%, pwrs =
0.884, ci = [—0.0069 to 0.0062], tstat: 0.156, df: 4, SD: 0.0053;
EPSC charge integralyyts = 6.82 * 8.21%, pwrs = 0.4607, ci =
[—16.40 to 30.04], tstat: 0.815, df: 4, SD: 18.7). Between-group
analysis demonstrated a significant difference in LTP between
P14 WT and FmrIKO PNs in the absence of GABA, receptor
blockade (EPSC charge integralp,, iyswr = 91.3 = 19.8%,
Prmrikos < 0.0001, ci = [51.1-131.4], tstat: 4.62, df: 4, SD: 116.9;
unpaired t test). Together, we found that, when inhibition is
blocked, a larger magnitude LTD predominates in FmrIKO PNs
compared with WT mice (Fig. 5C). Importantly, we found a
strong LTP response in FmrIKO PNs when inhibition remains
intact (Fig. 5D). Thus, significant bidirectional plasticity exists in
the FmrIKO mouse during a sensitive period in amygdala devel-
opment, and FmrIKO PNs undergo strong LTP in the presence
of inhibition.

Fmr1KO mice exhibit emergence of fear conditioning before
the known sensitive period

Given our observations of synaptic and microcircuit alterations
during the BLA-sensitive period, we sought to examine the emer-
gence of fear learning in the FimrlKO mouse during the sensitive
period (P10-P14 in mice). Since normal auditory processing in
mouse pups emerges around the second postnatal week of life
(Turner et al., 2005), it is not possible to use traditional auditory
fear conditioning in P10 animals, and it is technically challenging
to do this in P14 pups owing to their inability to navigate the
foot shock grid and the potential for delivery of full-body shocks.
However, early olfactory learning is necessary for the survival of
infant rodents (Singh and Tobach, 1975) and developmental
paradigms using olfactory CS-US learning are robust and well
characterized in young animals (Perry et al., 2017). Therefore, we
used a developmentally appropriate odor-shock fear condition-
ing paradigm to assay fear-learning across early postnatal devel-
opment in FmrIKO and WT mice. In this paradigm, mouse
pups receive 8 pairings of exposure to a neutral odor (1% isoamyl
acetate, CS) paired with a mild, 0.5 mA electric shock (US) deliv-
ered through an electrode placed on the tail. As a control, pups
received either the presentation of the CS only or an unpaired
presentation of CS and US. To assess fear conditioning, mouse
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pups were tested 24 h later for time spent in the two arms of a Y-
maze (containing CS odor or socially familiar bed shavings) (Y-
maze alteration test, Fig. 6A).

At P21, WT pups subjected to paired CS-US conditioning
demonstrated a significant CS-aversion (Fig. 6B; Kruskal-
Wallis ANOVA F, 51y=16.23, p=0.0003, MWU for post hoc
analysis, agpr = 0.0286, pwrpaired_odor < 0.0001, zval: —3.20,
rank-sum: 236.5, pwrpaired_unpaired P =0.0014, zval: 3.20, rank-
sum: 429.5, Pwrunpaired_odor= 0.391, zval: —0.858, rank-sum:
308). Similarly, we observed significant differences between
groups in P21 FmrIKO pups (Fig. 6B; Kruskal-Wallis
ANOVA F(351y=23.75, p <0.0001, MWU for post hoc analy-
sis, appr = 0.0286, Prmrikopaired odor< 0.0001, zval: —4.26,
rank-sum: 203.5, pprikopaired_unpaired < 0.0001, zval: —4.07,
rank-sum: 210.5, Prprikounpaired_odor= 0.619, zval: 0.497, rank-
sum: 348). No differences in paired CS-US responses were
observed between WT and FmrIKO pups (Fig. 6B; MWU,
appr = 0.0250, p=0.672, zval: 0.423, rank-sum: 346). At P14,
we again observed significant differences between groups in
P14 WT and Fmr1KO pups similar to P21 pups (Fig. 6B; WT
P14, Kruskal-Wallis ANOVA F, 33 =8.48, p=0.0144, MWU
for post hoc analysis, agpr = 0.0286, Pwrpaired_odor= 0.0094,
zval: —2.60, rank-sum: 106.5, pwrpaired_unpaired = 0.0212, zval:
—2.304, rank-sum: 110.5, pwrunpaired_odor= 0.8507, zval: 0.188,
rank-sum: 153.5; FmrlKO P14, Kruskal-Wallis ANOVA
F33=17.8, p=0.0001, MWU for post hoc analysis, agpr =
0.0286, Prmrikopaired_odor< 0.0001, zval: —3.72, rank-sum:
87.0, PEmrikopaired_unpaired = 0.0022, zval: —3.06, rank-sum:
98.5, PrmrikOunpaired_odor= 0.1097, zval: 1.60, rank-sum: 174.5).
Similarly, no differences in paired CS-US responses were
observed between P14 WT and Fmr1KO pups (Fig. 6B; MWU,
appr = 0.0286, p =0.529, zval: —0.630, rank-sum: 139).

In contrast, we found a striking difference in fear condi-
tioning between Fmr1KO and WT mice at P10. In accord-
ance with previous studies (Moriceau and Sullivan, 2005),
P10 WT pups subjected to the paired CS-US condition dem-
onstrated a paradoxical odor preference that was signifi-
cantly different between groups (Fig. 6B; WT P10, Kruskal-
Wallis ANOVA F; 33,=18.34, p=0.0001, MWU for post hoc
analysis, appr = 0.0357, pwipaired_odor < 0.0001, zval: 3.89,
rank-sum: 215, pwrpaired_unpaired < 0.0001, zval: 3.50, rank-
sum: 209, Pwrunpaired_odor= 0.9035, zval: 0.121, rank-sum:
152.5). However, Fmr1KO pups subjected to the paired CS-
US condition instead demonstrated an odor-aversion (Fmr1KO
P14, Kruskal-Wallis ANOVA F, 33 =16.21, p=0.0003, MWU
for post hoc analysis, appr = 0.0357, Prmrikopaired_odor < 0.0001,
zval: —3.54, rank-sum: 90, Prrikopaired unpaired = 0-0015, zval:
—3.182, rank-sum: 96, prurikounpaired_odor= 0.3389, zval: 0.956,
rank-sum: 166). A significant difference between paired CS-US
responses was observed between P10 WT and FmrIKO pups
(Fig. 5B; MWU, appr = 0.0357, p < 0.0001, zval: —4.12, rank-
sum: 80).

In light of our observation that fear-learning was broadly nor-
mal between P14-P16 WT and Fmr1KO mice, we asked whether
fear-learning thresholds might be altered in the FmrIKO mouse.
Previous studies using odor-associated fear conditioning para-
digms use ~8-12 CS-US pairings to induce strong odor-cued
fear-learning (Valley et al., 2009). To examine threshold differen-
ces, we modified the above-described paradigm and reduced the
CS-US presentations by half. Interestingly, a significant differ-
ence was observed between WT and FmrIKO mice using four
CS-US presentations. WT animals subjected to 4 CS + US pre-
sentations demonstrated a slight odor preference, and FmrIKO
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Precocious emergence of fear-learning in the Fmr1 KO mouse. A, Experimental schematic. Complete statistical analyses are detailed in Results. B, Fear-learning emerges before the

P14-sensitive period in Fmr7KO mice (P10, P10 nyr = 12 mice per condition, paired (P): 8 males, 4 females; unpaired (U): 7 males, 5 females; odor (0): 7 males, 5 females, 8 litters; ngy, k0 =
12 mice per condition, P: 8 males, 4 females; U: 4 males, 8 females; 0: 6 males, 6 females, 9 litters; P14 nyy = 12 mice per condition; P: 8 males, 4 females; U: 8 males, 4 females; 0: 9 males,
3 females, 8 litters; ng,7xo = 12 mice per condition, P: 5 males, 7 females; U: 7 males, 5 females; 0: 10 males, 2 females, 8 litters; P21 ny; = 18 mice per condition. P: 12 males, 6 females,
U: 13 males 5 females; 0 only: 11 males 7 females, 12 litters; ng,,xo = 18 mice per condition, P: 9 males, 9 females; U: 10 males, 8 females; 0: 12 males, 6 females, 12 litters). €, Fear-learning
thresholds are lower in P14 Fmr7KO mice (P14 nyr = 11 mice, 6 males, 5 females, 3 litters, ns,, ko = 17 mice, 10 males, 7 females, 3 litters). D, THIP administration changes the valence of
odor-cued fear-conditioning from odor aversion to odor preference in P14 WT and Fmr7KO mice (vehicle: P14 nyr = 7 mice, 4 males 3 females, 3 litters, ng,xo = 7 mice, 5 males, 2 females,
3 litters; THIP: P14 nyr = 7 mice, 5 males, 2 females, 3 litters, ng,,7x0 = 7 mice, 4 males, 3 females, 3 litters). E, Schematic concept-of-hypothesis of altered critical period plasticity in the FXS
amygdala. Modified from Martin and Huntsman (2012). B, €, Summary statistics are median with IQR. *p << 0.05. P10 = P8-P10; P14 = P14-P16. Complete statistical analyses are detailed in

Results.

mouse pups continued to display a learned aversion (Fig. 6C;
MWU, p =0.0042, zval: 2.87, rank-sum: 218.5).

In order to evaluate the effect of enhancing tonic inhibition on
odor-associated fear-conditioning, we administered systemic THIP
or vehicle control (ddH,0) via intraperitoneal injection in P14 WT
and FmrIKO mice and examined fear-learning using the above-
described paradigm. Surprisingly, we found that both WT and
FmrIKO THIP-treated animals demonstrated a valence
switch in odor-learning wherein, in response to odor-cued
fear-conditioning, WT and Fmr1KO animals demonstrated
odor preferences instead of odor aversions (similar to ani-
mals at P10) compared with vehicle-treated controls. (Fig.
6D; Kruskal-Wallis ANOVA F(;,4)=18,38, p=0.0004,
MWU for post hoc analysis, appr = 0.05, pwrcontrolvswthip=
0.0064, rank-sum: 31.5; pwrnipvsemrikomip= 0.0029, rank-
sum: 75; merlKOthistFmrlKOCnntrol: 0.0117, rank-sum: 33;
vehicle: P14 nywr = 7 mice, 4 males, 3 females, 3 litters,
Ng, ko = 7 mice, 5 males, 2 females, 3; THIP: P14 nywr = 7
mice, 5 males, 2 females, 3 litters, ng,,,;xo = 7 mice, 4 males,
3 females, 3 litters). Significant differences were also
observed between vehicle-treated WT and FmriKO pups
demonstrating, as before, stronger aversion learning in
FmrlKO animals at P14 (Fig. 6E; MWU for post hoc

analYSiS, Qppr = 0.05, PwTcontrolVsFmr1KOcontrol= 0.0181,
rank-sum: 35.5). Together, these data indicate that adult-
like fear learning emerges precociously in the FmrlKO
mouse (Fig. 6E) and that fear-learning thresholds are
altered in the P14-P16 FmrIKO mouse. Further, systemic
THIP treatment restores sensitive period odor-preferences
in WT animals and ameliorates precocious fear-learning in
FmrlKO animals identifying a role for early life THIP inter-
vention in FXS.

Discussion

A sensitive period is a transient window in the developing brain
in NDDs wherein heightened plasticity exists outside of the nor-
mal CP of development (Martin and Huntsman, 2012; Meredith
et al.,, 2012). Abnormal plasticity is a hallmark of NDDs, includ-
ing FXS, but whether plasticity defects in the BLA are present at
birth or emerge during development is unknown (Vislay et al,,
2013). In the present study, we show that PNs within the BLA ex-
hibit hyperexcitability during a sensitive period and that excita-
tory gain in fear-learning circuits is enhanced. This coincides
with increases in inhibition which may represent an attempt to
homeostatically balance changes in excitation in circuits
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responsible for fear-learning. Further, increases in CP period
plasticity are observed in the BLA. Behavioral correlation dem-
onstrates that fear-learning emerges precociously in the FrnrIKO
mouse. Indeed, an early life THIP intervention restores odor-
cued preferences in WT animals and ameliorates fear-learning
in Fmr1KO animals. These data suggest that the period of pro-
grammed synaptic and cellular changes required for normal
circuit development and refinement in the FXS BLA occur
earlier in development.

Hyperexcitable circuitry in the Finr1KO BLA results from
alterations in PN membrane intrinsic properties

Excitatory PNs in the BLA receive afferent input from the thala-
mus, lateral entorhinal cortex, and the cortical nucleus of the
amygdala which drives plasticity in ensembles of excitatory PNs
(Schoenbaum et al., 1999; Thompson et al., 2008; Nabavi et al.,
2014; Barsy et al., 2020). This input encodes the emotional and
motivational significance of the auditory or olfactory cues in
associative learning (Grace and Rosenkranz, 2002). Importantly,
hyperexcitable circuitry within the BLA has been postulated to
underpin neuropsychiatric conditions in FXS and ASDs (Turk et
al., 2005; Sharp, 2017). Here, we demonstrate P14 PNs in the
FmrI1KO BLA exhibit increased FRs, a lower rheobase, and depo-
larized RMPs. This finding is in accordance with previous studies
demonstrating hyperexcitability in cortical and hippocampal
PNs (Goncalves et al., 2013; Y. Zhang et al., 2014; Routh et al.,
2017; Z. Zhang et al., 2018). Interestingly, we also observed alter-
ations in AP broadening. AP broadening is a major facilitator of
frequency-dependent Ca®" dynamics with implications for
enhancements of LTP (Jackson et al., 1991). Within the BLA,
Ca®" activated K (BK) channels have been shown to be primar-
ily responsible for frequency-dependent spike broadening (Faber
and Sah, 2003). Importantly, FMRP has a known role in transla-
tion-independent modulation of BK channels (Deng et al., 2013).
Indeed, BK channel dysfunction has been shown in FmrIKO
hippocampal PNs to drive AP broadening, enhance presynaptic
calcium influx and neurotransmitter release at the synapse
(Deng and Klyachko, 2016). Thus, it stands to reason that BK
channelopathies may be present in BLA PNs. Future studies will
be needed to address which ion channels are affected in the
FmrIKO BLA in early development.

Functional inhibitory neurotransmission is enhanced in the
context of increased excitatory gain in Finr1KO BLA

In multiple brain regions, the biophysical properties of IPSCs fol-
low a patterned developmental maturation in the first 3 weeks of
life (Tia et al., 1996; Hollrigel and Soltesz, 1997; Dunning et al,,
1999; Huntsman and Huguenard, 2000). Interestingly, our pub-
lished work identified alterations in the developmental matura-
tion of inhibitory neurotransmission in Fmr1KO mice (Vislay et
al., 2013). Here, we extend these findings to include transient
increases in tonic inhibition. Interestingly, these changes in in-
hibitory neurotransmission occur in the absence of changes in
excitatory synaptic strength or kinetics. Tonic inhibition has
been shown to be a potent modulator of excitability in somato-
statin-expressing interneurons (Bryson et al., 2020). Our group
has shown that FFI in the BLA is mediated by SST-expressing
interneurons, particularly in circuits necessary for olfactory
learning (Guthman et al., 2018, 2020). Thus, increases in tonic in-
hibition may function to enhance FFI in a homeostatic manner.
Conversely, recent work has demonstrated that chronic stress and
exogeneous corticosterone administration increases tonic inhibi-
tion in Thyl-expressing neurons in the LA (Pan et al., 2020).
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Importantly, Thyl-expressing neurons have been shown to
mediate fear inhibition and extinction (Jasnow et al., 2013).
Thus, increases in tonic inhibition in these cells could func-
tion to paradoxically enhance fear-learning. More rigorous
investigations of tonic inhibition will be needed to determine
whether changes in tonic inhibition affect E/I balance in a cell
type-specific manner or apply more broadly.

Previous studies of neocortical E/I balance in early develop-
ment have found a preferential reduction in feedback inhibition.
Interestingly, feedforward inhibition is unaffected. Accordingly,
in our study, FFI onto BLA PNs in the Fmr1KO mouse is broadly
normal at P14. However, we observe an increase in excitatory
gain in the context of intact FFL In V1, large voltage-gated con-
ductances have been shown to increase membrane resistance
with depolarization and that this affects the input-output rela-
tionship such that gain and subthreshold selectivity is enhanced
(B. Li et al., 2020). We postulate that a similar phenomenon may
exist in the BLA. In particular, we find that PNs in the BLA ex-
hibit increased membrane resistance as well as a more depo-
larized RMP. Thus, the overall net effect of altered intrinsic
properties may be to alter the input-output function in the
Fmr1KO BLA such that significant increases in excitatory gain
are present in circuits necessary for fear-learning. We propose
that increases seen in phasic and tonic inhibitory neurotrans-
mission at P14-P16 are likely a homeostatic response to
restore E/I balance. However, this homeostatic correction may
not be completely effective. Together, this may result in lower
thresholds for fear-learning such that lesser stimuli result in
robust fear-learning in patients with FXS and ASDs. However,
we cannot rule out long-range connectivity changes, especially
under subthreshold threat response conditioning (Kirry et al.,
2020).

Hyperexcitable circuitry contributes to pathologic plasticity
in circuits important for fear-learning

Previous studies of amygdala function in mouse models of FXS
and human patients with FXS have demonstrated inconsistent
results (Garrett et al., 2004; Watson et al., 2008; Kim et al., 2014).
One possible explanation for this is that these studies necessarily
focused on older children, adolescents, or adults. Similarly, in
mouse models of FXS, plasticity studies have routinely been per-
formed in aged mice with reductions in both long- and short-
term synaptic plasticity observed in the BLA (Zhao et al., 2005;
Suvrathan et al., 2010). However, other studies have demon-
strated enhancement of early life LTP in the hippocampus in
Fmr1KO mice (Pilpel et al., 2009). To our knowledge, similar early
developmental plasticity studies have not been conducted in the
FmrIKO BLA. Importantly, changes in plasticity have been shown
to underpin the developmental emergence of mature adult-like
amygdala function (Thompson et al., 2008). Interestingly, under
conditions of GABA receptor blockade, LTD predominates, dem-
onstrating that immature GABA exhibits a strong influence on syn-
aptic plasticity in the neonatal amygdala. In accordance with this
study, we observed an enhancement of synaptic plasticity that is de-
pendent on the state of inhibition. With inhibitory blockade, we
observed LTD in FmrIKO PNs in the BLA. Conversely, under con-
ditions of intact inhibition, we observe robust and sustained LTP in
FmrIKO PNs in the BLA compared with WT animals. LTP within
in the BLA was been shown to be mediated by numerous mecha-
nisms, including dendritic R-voltage-dependent calcium channel
Ca”" spikes (Humeau and Luthi, 2007), Group 1 mGluR-mediated
enhancement of R-voltage-dependent calcium channels (Gray et al,,
2019), AMPAR subunit GluA2, and altered NMDAR/AMPA ratios
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(Banke and Barria, 2020). Future studies will be needed to dissect
the mechanistic basis by which plasticity is enhanced to identify
therapeutic targets.

Precocious emergence of adult-like functioning of the
amygdala

Previous studies examining fear-learning in adult FmrlKO
mice have demonstrated reductions in responses during con-
textual and cued fear-learning (Paradee et al., 1999). While
the development of fear-learning in rodent models is well
characterized, few studies have addressed fear-learning in
early development in mouse models of FXS or ASDs. Young
altricial infants (~P10), defenseless and confined to the nest,
rely on the parental protection with an age-specific approach
to the parent as a typical response to threat coupled with sup-
pression of fear learning (Bowlby, 1982). Thus, at P10, the ol-
factory fear conditioning paradigm induces a preference for
the odor cue in WT pups (Sullivan et al., 2000; Opendak et al.,
2019), which we replicate here. Our Fmr1KO results show that
this early sensitive period is precociously terminated likely
because of altered E/I balance and enhancements in BLA LTP.
Typically, this developmental transition occurs as pups de-
velop gross motor skills to make brief excursions out of the
nest. Since Fmr1KO mice do not show accelerated motor de-
velopment, this precocious fear learning may be one of the
first signs of a disruption in the delicate balance of coordi-
nated neurobehavioral development.

With maturation and preparation for independence
(~P14), a system of amygdala-dependent fear-learning and
self-defense emerges. At this time, infant and adult-like sys-
tems coexist, with parental presence engaging the infant
system and parental absence engaging the amygdala-de-
pendent fear-learning (Moriceau and Sullivan, 2006; Moriceau et
al., 2006; Tottenham et al., 2019). This neurobehavioral fear
transition has been documented across species (Ganella and
Kim, 2014; Gunnar et al., 2015; Hartley and Lee, 2015;
Pattwell and Bath, 2017; Callaghan et al., 2019; McLaughlin
et al.,, 2019; Tottenham et al., 2019; Sullivan and Opendak,
2021). Careful assessment demonstrates that fear-learning
thresholds are altered in the FmrIKO animal at this time
point. Interestingly, administration of THIP restored a pref-
erence for the odor cue in WT animals and ameliorated fear-
learning in Fmr1KO mice. This identifies a novel role for
tonic inhibition mediated by GABA4 receptor subunits (e.g.,
6 and a3 subunits) in CP plasticity. Indeed, tonic inhibition
robustly induces CP plasticity in visual cortex (Iwai et al,
2003). Of note, because THIP was systemically administered,
it is not possible to conclude that THIP modulates suppres-
sion of fear-learning through a unique effect in the BLA.
Thus, future studies using focal manipulations in the BLA
are warranted. It should also be noted that male and female
animals are not equally represented in our dataset. Thus, this
precludes a rigorous sex difference analysis. However, previ-
ous studies of hemizygous male and homozygous female
mice (as used in this study) demonstrated no differences
across a range of behavioral paradigms (Baker et al., 2010;
Ding et al., 2014). Further, our own studies demonstrated no
differences in plasticity (Svalina et al., 2021). This evidence
suggests that sex differences may not be the primary driver
of the pathology seen in Fmr1KO mice. However, given the
sex bias found in NDDs, future studies rigorously assessing
sex differences are warranted.
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