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The mammalian amygdala expresses various neuropeptides whose signaling has been implicated in emotionality. Many neuropeptides
require amidation for full activation by peptidylglycine �-amidating monooxygenase (PAM), a transmembrane vesicular cuproenzyme
and regulator of the secretory pathway. Mice heterozygous for the Pam gene (PAM �/�) exhibit physiological and behavioral abnormal-
ities related to specific peptidergic pathways. In the present study, we evaluated emotionality and examined molecular and cellular
responses that characterize neurophysiological differences in the PAM �/� amygdala. PAM �/� mice presented with anxiety-like behav-
iors in the zero maze that were alleviated by diazepam. PAM �/� animals were deficient in short- and long-term contextual and cued fear
conditioning and required higher shock intensities to establish fear-potentiated startle than their wild-type littermates. Immunohisto-
chemical analysis of the amygdala revealed PAM expression in pyramidal neurons and local interneurons that synthesize GABA. We
performed whole-cell recordings of pyramidal neurons in the PAM �/� amygdala to elucidate neurophysiological correlates of the fear
behavioral phenotypes. Consistent with these observations, thalamic afferent synapses in the PAM �/� lateral nucleus were deficient in
long-term potentiation. This deficit was apparent in the absence and presence of the GABAA receptor antagonist picrotoxin and was
abolished when both GABAA and GABAB receptors were blocked. Both evoked and spontaneous excitatory signals were enhanced in the
PAM �/� lateral nucleus. Phasic GABAergic signaling was also augmented in the PAM �/� amygdala, and this difference comprised
activity-independent and -dependent components. These physiological findings represent perturbations in the PAM �/� amygdala that
may underlie the aberrant emotional responses in the intact animal.

Introduction
Neuropeptides are the most diverse class of neurotransmitters, and
many share a common biosynthetic pathway. Peptide �-amidation
is a final and often essential final step in conferring full biological
activity to many neuropeptides (Eipper and Mains, 1988; Eipper et
al., 1992). In mammals, this reaction is performed exclusively by a
single vesicular transmembrane protein, peptidylglycine �-amidating
monooxygenase (PAM) (Eipper et al., 1983; Mains et al., 1991).
PAM has two luminal enzymatic domains [peptidylglycine �-
hydroxylating monooxygenase (PHM); peptidyl �-hydroxyglycine
�-amidating lyase (PAL)] that act sequentially to catalyze the Cu-
dependent cleavage of a C-terminal glycine (Prigge et al., 1997,
2000). The inherently unstructured cytosolic domain of PAM is
multiply phosphorylated (Yun et al., 1995; Steveson et al., 1997;

Rajagopal et al., 2009), can regulate the peptidergic exocytic pathway
(Ciccotosto et al., 1999; Alam et al., 2001), and can signal to the
nucleus (Rajagopal et al., 2009).

Our group has previously described a model of genetic PAM
deficiency (Czyzyk et al., 2005; Bousquet-Moore et al., 2009). Ho-
mozygous deletion of Pam results in embryonic lethality at embry-
onic day 14.5 and a phenotype similar to that of mice lacking the
precursor of adrenomedullin, an amidated peptide (Caron and
Smithies, 2001). Heterozygous mice (PAM�/�), with half the nor-
mal levels of PAM protein and amidating activity, grow normally
and reproduce but exhibit striking physiological and behavioral ab-
normalities (Bousquet-Moore et al., 2009, 2010) including impaired
vasoconstriction and temperature regulation, a hypersensitivity to
pentylenetetrazol-induced seizures, augmented anxiety-like behav-
iors, and disrupted Cu homeostasis. Here we report deficits in fear
responses in PAM�/� mice, prompting our exploration of synaptic
transmission in the PAM�/� amygdala.

The amygdala is a heterogeneous group of limbic nuclei that
play a critical role in mediating fear and anxiety-like behaviors
(Sah et al., 2003; LeDoux, 2007). The basolateral complex, com-
posed of lateral and basolateral nuclei, receives the majority of
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inputs to the amygdala. Inhibition of these nuclei by local inter-
neurons is crucial in maintaining low baseline amygdala activity
and gating plasticity at excitatory afferent synapses (Marowsky et
al., 2005; Muller et al., 2006; Shaban et al., 2006; Tully et al.,
2007). Among these afferent pathways are inputs carrying dis-
crete sensory information relevant to pavlovian fear condition-
ing, a behavioral model for fear learning and memory (Maren
and Quirk, 2004; Pare et al., 2004; Lanuza et al., 2008).

PAM mRNA is present throughout the rodent CNS, including
cortex, hippocampus, and amygdala (Schafer et al., 1992). In this
study, we show that PAM protein is expressed in pyramidal neu-
rons and interneurons of the basolateral complex. Pyramidal
neurons and interneurons secrete neuropeptides in addition to
glutamate and GABA (Salio et al., 2006). Altered function of these
neurons, resulting from PAM limitation, could disrupt the exci-
tatory–inhibitory balance of sensitive brain regions and affect
behavior. To investigate this hypothesis, we performed electro-
physiological studies in the basolateral complex of the PAM�/�

amygdala. Impairment of synaptic plasticity at thalamic afferent
synapses, increased neural excitability that was GABAA depen-
dent, and enhanced activity-dependent GABAergic transmission
were evident in the PAM�/� amygdala. Collectively, these find-
ings demonstrate that PAM�/� mice provide a unique model for
peptidergic disruption with behavioral and physiological pertur-
bations that may be relevant to anxiety-spectrum disorders in
humans.

Materials and Methods
Animals
Male and female mice for these studies were generated from wild type
with PAM �/� pairing in the University of Connecticut Health Center
(UCHC) animal facility. Wild-type and PAM �/� littermates (�20 gen-
erations bred into C57/BL6J background) were weaned between postna-
tal days 19 and 21 and group housed until experiments. Animals were
maintained under a 12 h light/dark cycle (lights on at 7:00 A.M.) and
were given ad libitum access to food and water. The behavioral experi-
ments were conducted at Duke University between 11:00 A.M. and 2:00
P.M., where adult male and female wild-type and PAM �/� mice (12–20
weeks of age) were tested. Since no sex differences were observed, the data
were collapsed across this variable. All experiments were conducted with
approved protocols from the UCHC and Duke University Institutional
Animal Care and Use Committees and in accordance with National In-
stitutes of Health guidelines for animal care.

Behavior
Drugs. Diazepam (Sigma-Aldrich) was dissolved in sterile water contain-
ing �0.3% Tween 80 (Sigma-Aldrich) of the total volume. The vehicle or
benzodiazepine (diazepam) was administered (intraperitoneally) 30 min
before testing.

Neurophysiological screen. The details of the tests used for assessment
of general sensory and motor function and spontaneous activity in the
open field have been described previously (Pogorelov et al., 2005; Taylor
et al., 2008).

Zero maze. The details of the zero maze have been published previously
(Pogorelov et al., 2005). The maze was illuminated at 50 – 60 lux and
enclosed by black curtains. A video camera was positioned 100 cm above
the maze. Naive mice were placed into a closed quadrant and permitted
to investigate the maze for 5 min. The videotapes were analyzed with
Noldus Observer (Noldus Information Technology) and scored for per-
centage of time spent in the open areas, latency to enter the open areas,
and number of head dips and freezing episodes (see below for definition).

Fear conditioning. Details of the fear-conditioning tests have been pub-
lished previously (Taylor et al., 2008). Mice were assigned to one of four
test groups: 1 h context, 24 h context, 1 h cued, and 24 h cued. All mice
were conditioned with a single 30 s, 72 dB tone [conditioned stimulus
(CS)] and 2 s, 0.4 mA scrambled footshock [unconditioned stimulus

(UCS)] on day 1. One-half of the animals were examined 1 h after con-
ditioning either in the context or in the cued test, and the remainder were
evaluated separately 24 h later in these two respective tests. Context
testing consisted of returning the mouse to the same chamber in which
the CS–UCS pairing had been presented. For cued tests, the mice were
placed into a novel chamber with a different level of illumination, floor,
walls, shape, and dimensions than the conditioning chamber. All tests
were videotaped, and the behaviors were later scored using the Noldus
Observer by a trained observer who was blind to the genotype of the mice
and time interval of testing. Freezing was defined as the lack of all move-
ment by the animal except for respiration for �1 s (Anagnostaras et al.,
2000; Porton et al., 2009).

Fear-potentiated startle. This test has been described in detail previ-
ously (Taylor et al., 2008). Testing was conducted in a MED Associates
apparatus over 5 d. On day 1, baseline startle responses were assessed over
18 trials with 40 ms bursts of white noise at 100, 105, and 110 dB pre-
sented in pseudorandom order with an intertrial interval of 30 –90 s. On
day 2, one-half of the startle stimuli were administered immediately after
a 30 s, 12 kHz, 70 dB pure tone (CS); the other half were presented
without the CS. Twenty-four hours later, mice were conditioned with 10
CS–UCS pairings. One-half of the mice were conditioned with 0.25 s, 0.4
mA, and the remainder was conditioned with 0.6 mA scrambled shock
(UCS). Forty-eight hours later, mice were tested for potentiation of their
startle responses by the CS using the same procedure described for day 2.
Potentiation to the CS was defined as the percentage increase in the
startle response for the CS plus startle-stimulus trials relative to the base-
line startle responses on day 1.

Shock-threshold testing. This procedure has been described previously
(Grove et al., 2004; Taylor et al., 2008). Briefly, mice were acclimated to a
single test chamber (MED Associates) for 2 min before being presented
with five different footshock intensities (0, 0.1, 0.2, 0.4, and 0.6 mA) for
2 s. Intershock intervals were between 30 and 90 s. Behavioral responses
were videotaped and scored subsequently using the Noldus Observer
program. Behaviors were given scores of 0 –5. A score of 0 denoted the
lowest level of response that involved the continuation of activity. A score
of 1 signified a low-level response to shock that included freezing, face
wiping, self-grooming, shaking, or rapid forward departures. A score of 2
was a moderate response that could involve retreating from shock or tail
rattling. A score of 3 denoted stationary reactive responses including
kicking and vocalization. A score of 4 signified locomotor reactivity such
as darting and leaping. A score of 5 was indicative of jumping against the
walls or ceiling of the chamber. Behavioral scores were summed for each
animal and analyzed as a function of genotype and shock intensity.

Immunocytochemistry
Immunohistochemical staining of tissue sections from perfusion-fixed
mice has been described previously (Ma et al., 2001, 2002, 2008). Briefly,
male wild-type and PAM �/� littermates were perfused transcardially
with 4% formaldehyde/0.1 M sodium phosphate buffer, pH 7.4, under
deep ketamine anesthesia. After fixation, brains were postfixed in 4% para-
formaldehyde for 3 h. Coronal sections were cut (15 �m) through the amyg-
dala using a cryostat and immunostained with rabbit antiserum JH629 to the
exon A (exon 16) region of PAM1 (Maltese and Eipper, 1992), mouse
monoclonal IgG to GAD67 (Millipore), Alexa-488 donkey anti-rabbit
[heavy and light chains (H � L)] (Invitrogen), and Cy3-conjugated
AffiniPure F(ab�)2-fragment donkey anti-mouse (H�L) (Jackson Im-
munoResearch Laboratories) as described previously (Ma et al., 2001).

Electrophysiology
Slice preparation. Male wild-type and PAM �/� littermates 4 –7 weeks of
age were decapitated, and their brains were quickly removed into ice-
cold artificial CSF (aCSF) containing (in mM) 125 NaCl, 26 NaHCO3, 10
glucose, 2.3 KCl, 2 CaCl2, 2 MgSO4, and 1.26 KH2PO4 (aerated with 95%
O2 and 5% CO2, pH 7.3, 310 mOsm/kg) (Zhou et al., 2008). Coronal
slices, 300 �m thick, were incubated at room temperature for at least 1 h
before recordings.

Whole-cell recordings. Slices were transferred to a recording chamber
heated to 32°C and perfused with aerated aCSF. Recording pipettes had
3–5 M� tips. The internal pipette solution used in most experiments was
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composed of (in mM) 135 K-gluconate, 10 HEPES, 10 P-creatine, 3
Na2ATP, 2 MgCl2, and 0.3 Na2GTP (pH 7.3, 285 mOsm/kg) (Zhou et al.,
2008). IPSCs were recorded using a pipette solution composed of (in
mM) 120 CsCl, 10 HEPES, 1 EGTA, 0.1 CaCl2, 1.5 MgCl2, 4 Na2-ATP, 0.3
Na2-GTP, and 5 QX-314 (pH 7.3, 310 mOsm/kg). Neurons were patched
under visual guidance using infrared differential interference contrast
optics. Data were collected using a Multiclamp 700B amplifier (Molecu-
lar Devices) and analyzed using pClamp 9.2 software (Molecular
Devices).

Evoked synaptic transmission. Synaptic activity was evoked using 200
�s current pulses elicited with a Master 8 and an ISO-Flex stimulator
(A.M.P.I.) through bipolar tungsten electrodes (World Precision Instru-
ments). Electrode placement in the internal and external capsules pref-
erentially stimulated afferent axons originating in thalamic and cortical
areas, respectively (Weisskopf and Ledoux, 1999). Input–output curves
for thalamic and cortical inputs were generated from excitatory and inhibi-
tory compound currents recorded at Vholding � �55 mV. Only outward
currents were sensitive to picrotoxin (PTX; data not shown). AMPA and
NMDA receptor-mediated currents were recorded at Vholding � �70 and
�50 mV, respectively. NMDA receptor-mediated current amplitude was
measured 50 ms after the stimulus to avoid contamination by the AMPA
component. For the majority of neurons recorded in these experiments,
reversal potentials were assessed by recording currents at voltages be-
tween �70 and �50 mV in 10 mV increments. Reversal potential was
calculated as the X-intercept of a fit to the linear portion of the I–V curve
for each neuron. A two-term exponential curve was fit to each �50 mV
current trace to assess fast and slow decay components of the mixed
AMPA- and NMDA-mediated current. To record evoked IPSCs
(eIPSCs), placement of the stimulating electrode locally in the amygdala
neuropil medial to the recording pipette allowed preferential stimulation
of local interneurons (Marowsky et al., 2005; Silberman et al., 2008) and
was kept as consistent as possible. The axonal arbors of amygdalar inter-
neurons are extensive, often encompassing the whole basolateral nucleus
(Rainnie et al., 2006). In addition, parvalbumin-positive amygdalar in-
terneurons (the most prevalent class of interneuron) are electrically cou-
pled via dendritic and axonal gap junctions (Muller et al., 2005).
Therefore, action potential activity could be produced reliably through
local stimulation pulses and maximal responses consistently achieved in
a given amygdala slice. Paired pulses were applied, and the ratio of the
second eIPSC amplitude to the first was interpreted as an inverse indica-
tor of release probability.

Synaptic plasticity. Stimulating electrodes were placed in the internal
capsule to evoke thalamic afferents (Weisskopf et al., 1999; Tully et al.,
2007). In whole-cell configuration, experiments were conducted in
current-clamp mode in the presence and absence of PTX. The holding
current was adjusted to maintain Vm � �70 mV throughout the course
of experiments. The 10 –90% rise slope of EPSPs was used as the measure
of synaptic efficacy. Stimulation strength was adjusted to produce a 3– 6
mV EPSP, and test stimuli were applied at 0.1 Hz. After establishment of
a steady baseline, long-term potentiation (LTP) was induced using an
action potential pairing induction protocol. This induction paradigm
was originally characterized as being L-type voltage-gated calcium chan-
nel dependent (Bauer et al., 2002). Fifteen paired trains were applied at
0.1 Hz; each train consisted of 10 pulses at 30 Hz paired with 2.5 ms
current pulses of �1 nA or greater to elicit an action potential at a 5 ms
delay to the onset of each synaptic event. If 1 nA was not sufficient, then
the pulse amplitude was increased by �50 pA until action potentials were
observed throughout the train. LTP was measured as the normalized
fractional difference between the 35– 40 min interval after induction and
the 5 min interval before induction; neurons were pooled by genotype.
Only one neuron was used per slice. For field-potential (FP) recordings,
pulse durations were 100 �s. Recording pipettes (3–5 M�) were filled
with aCSF and placed in the neuropil of the lateral amygdala. Fast
GABAergic transmission was blocked using 100 �M PTX throughout
these experiments. Stimulation strength was adjusted to achieve 30 –50%
of the maximum voltage response for each slice. The same stimulation
strength was used for test stimulation and induction. At least 20 min of stable
baseline was recorded before applying the induction protocol. Theta burst
stimulation consisted of four sets at 20 s intervals; each set included 10 bursts

at 200 ms intervals; each burst was four pulses at 100 Hz. Test stimulation
responses for the 10 min before induction and between 50 and 60 min after
induction were used in the assessment of plasticity.

Membrane properties. A series of negative and positive current steps
were applied immediately after achieving whole-cell configuration (25 �
50 pA steps, �300 to �900 pA; 500 ms steps). The six initial negative
steps were used to calculate membrane resistance; single exponential
curve fits yielded time constant (�) and capacitance values. Action po-
tential threshold was defined and measured as the point of voltage inflec-
tion for the first spike fired in the lowest current step. An action potential
was defined as a brief, accelerating depolarization �20 mV in amplitude.

Nonevoked synaptic transmission. All nonevoked synaptic activity was
recorded at Vholding � �70 mV. Synaptic events were filtered at 1 kHz
and analyzed using MiniAnalysis (Synaptosoft). Events were pooled by
experimental condition for statistical comparison. To avoid overrepre-
sentation of neurons with higher frequencies in our analyses, the smallest
number of events recorded from a single neuron in an experiment was
used as the number of consecutive event values each neuron contributed
to the pool. Spontaneous EPSCs (sEPSCs) were quantified using the fifth
minute of activity after whole-cell conversion for each neuron. For spon-
taneous IPSCs (sIPSCs) and miniature IPSCs (mIPSCs), the eighth
minute of activity was analyzed for each neuron to allow equilibration of
the pipette solution. Threshold amplitudes were set at 7 pA for sEPSCs
and 20 pA for sIPSCs and mIPSCs; these values were based on the root
mean square of the baseline noise from wild-type recordings at multiples
of four and five, respectively (Zhang et al., 2009).

Pharmacology. All drugs were applied through the perfusate. PTX (100
�M; Sigma-Aldrich) was used to block fast GABAA receptor-mediated
transmission. CGP35348 (1 �M; Tocris Biosciences) was used to block
slow GABAB receptor-mediated transmission. Tetrodotoxin (TTX; 1 �M;
Alomone Labs) was used to block action potential-dependent activity.
6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 �M; Sigma-Aldrich) or
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 �M; Tocris Bio-
sciences) and 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (3
�M; Tocris Biosciences) were used to block glutamatergic transmission
while recording inhibitory synaptic transmission. CNQX and DNQX
stocks were prepared in DMSO; the final concentration of DMSO in the
recording solution was 0.01%. All other drug stocks were prepared in
water.

Statistics
For behavioral data, zero maze responses were analyzed by two-way
ANOVA where genotype and treatment were examined; average percent-
age freezing responses in contextual fear conditioning were evaluated for
genotype and test time. Repeated-measures ANOVA (RMANOVA) was
used to examine fear-conditioning responses over time where within-
subject effects were applied to the 1 min observations and between-
subject effects for genotype and test time (i.e., 1 or 24 h). RMANOVA was
also used to evaluate freezing responses in cued fear conditioning during
the pre-CS and CS intervals and for fear-potentiated startle where the
within-subject effects were applied to the three startle stimulus intensities
and the between-subjects effect was applied to the two shock intensities
and genotypes. The interactions were decomposed by Bonferroni-
corrected pairwise comparisons. In all cases, a p � 0.05 was considered
significant.

For synaptic plasticity experiments, LTP was calculated using averaged
values of EPSP rise slope �5 to 0 before and 35– 40 min after AP pairing
or FP rise slope �10 to 0 before and 50 – 60 min after theta burst stimu-
lation. Successful LTP was defined within a group by Wilcoxon signed
rank test comparisons to baseline and within a neuron as �1.15 of base-
line. Comparisons of proportions of neurons that potentiated between
groups used z tests. Comparisons between mean LTP values between
groups used unpaired t tests. ANOVA (one- and two-way) were used as
indicated for analyses involving genotype (wild type vs PAM �/�) and/or
treatment (aCSF vs PTX or mIPSC vs sIPSC). These include membrane
properties, sEPSC, and mIPSC/sIPSC. RMANOVA was used to make
genotypic comparisons across within-subject treatments (e.g., serial cur-
rent steps or stimulation intensities). Unpaired t tests were used to detect
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differences for individual treatments. In all cases, a p � 0.05 was consid-
ered significant.

Results
PAM �/� mice present with an anxiety-like phenotype that is
alleviated with diazepam
A general assessment of sensory and motor function revealed the
wild-type and PAM�/� animals to be indistinguishable (supple-
mental Table S1, available at www.jneurosci.org as supplemental
material). Naive PAM�/� mice display anxiety-like behaviors in
the elevated zero maze (Bousquet-Moore et al., 2010), where
reduced time in the open areas is the major indicator of this
response (Shepherd et al., 1994). To determine whether this be-
havior was responsive to anxiolytic drugs, wild-type and
PAM�/� animals were given vehicle or diazepam. As reported,
vehicle-treated PAM�/� mice spent less time in the open areas
than wild-type controls ( p � 0.05) (Fig. 1A). Diazepam dose-
dependently increased open area time in both genotypes; how-
ever, anxiolytic responses to diazepam were different between
genotypes. For wild-type animals, 1 mg/kg diazepam was re-
quired to significantly increase open area time ( p � 0.001),
whereas both doses were sufficient for PAM�/� animals ( p �
0.01). The response in mutants to 0.5 mg/kg diazepam was sim-
ilar to that of the vehicle wild-type controls; the 1 mg/kg dose
increased the open area time of wild-type mice more than
PAM�/� mice ( p � 0.05). The latency to first enter an open area
revealed wild-type mice to have shorter latencies than PAM�/�

animals ( p � 0.01) (Fig. 1B). Diazepam reduced these latencies
relative to vehicle for the genotypes at both doses ( p � 0.05).
Both doses of diazepam were less efficacious in PAM�/� mice
than in wild-type controls ( p � 0.05). Diazepam also dose-
dependently increased head dipping and decreased freezing be-
haviors in both genotypes (supplemental Fig. S1A,B, available at

www.jneurosci.org as supplemental material). It also enhanced
the numbers of closed-to-open-to-closed area transitions (wild
type: 2.00 	 0.93, 3.00 	 1.29, 2.30 	 0.45; PAM�/�: 0.00 	 0.05,
1.00 	 0.32, 2.10 	 0.74; transitions to 0, 0.5, and 1 mg/kg diaz-
epam, respectively). Together, these data demonstrate that
PAM�/� mice present with an anxiety-like phenotype that can be
alleviated with the anxiolytic drug diazepam.

PAM �/� mice are deficient in short- and long-term
conditioned fear responses
Naive PAM�/� mice were examined in fear conditioning as de-
scribed previously (Taylor et al., 2008; Porton et al., 2009), where
a 2 s, 0.4 mA scrambled footshock (UCS) was paired once with a
12 kHz tone (CS). Contextual and cued testing occurred 1 or 24 h
after conditioning. During conditioning, no genotypic differ-
ences in freezing behavior were observed before or during pre-
sentation of the CS or after the CS–UCS pairing (supplemental
Table S2, available at www.jneurosci.org as supplemental mate-

Figure 2. PAM �/� mice are deficient in fear conditioning. Wild-type (Wt) and PAM �/�

littermates were conditioned and tested 1 or 24 h later in context- and cue-dependent fear
conditioning. A, B, Percentage of time freezing during context testing 1 h (A) or 24 h (B) after
conditioning. Animals were tested in the same chamber in which they had been conditioned,
but in the absence of the CS and UCS. C, D, Percentage of time freezing during cued testing 1 h
(C) or 24 h (D) after conditioning. In cued testing, animals were tested in a novel chamber, and
after 2 min, the CS was presented in the absence of the UCS. E, Mean percentage of time freezing
by Wt and PAM �/� mice over the 5 min context test, conducted 1 and 24 h after conditioning.
F, Mean percentage of time freezing by PAM �/� mice during cued testing at 1 h (left) and 24 h
(right) after conditioning; the pre-CS results are averaged over the first 2 min interval, and the
CS results are over the final 3 min of testing during CS presentation. *p � 0.05, compared with
Wt mice; �p � 0.05, compared with freezing responses at 1 h; ^p � 0.05, compared with the
pre-CS interval in the cued test (ANOVA, RMANOVA, Bonferroni-corrected pairwise compari-
sons). n � 10 mice pre genotype per test condition and time.

Figure 1. PAM �/� mice display anxiety-like behaviors that are alleviated with diazepam.
Wild-type (Wt) and PAM �/� littermates received vehicle, 0.5 or 1 mg/kg diazepam (intraperi-
toneally) and were tested in the zero maze 30 min later. A, Effects of diazepam on percentage of
time spent in the open areas by Wt and PAM �/� mice. B, Diazepam effects on the latency to
first enter the open areas. *p � 0.05, compared with Wt mice; �p � 0.05, compared with
vehicle treatment within genotype; ^p � 0.05, compared with vehicle-treated Wt mice be-
tween genotypes (ANOVA, Bonferroni-corrected pairwise comparisons). n � 10 –13 mice per
genotype per treatment.
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rial). At both the 1 and 24 h contextual
tests, freezing in PAM�/� mice was de-
creased relative to that for wild-type litter-
mates ( p � 0.01) (Fig. 2A,B). This effect
was also evident when freezing was col-
lapsed over the 5 min interval ( p � 0.001)
(Fig. 2E). Although freezing in the context
tests for both genotypes increased during
the 24 h relative to the 1 h test ( p � 0.001),
freezing was reduced at both times in
PAM�/� mice relative to the wild-type
controls ( p � 0.001). Hence, the
PAM�/� animals are deficient in contex-
tual fear conditioning at both 1 and 24 h.

Similar results were observed for cued
testing (Fig. 2C,D). Freezing before pre-
sentation of the CS was not different be-
tween genotypes at 1 h (Fig. 2C, left) or
24 h (Fig. 2D, left). During the 3 min CS,
freezing in wild-type mice was higher than
that for PAM�/� animals during both the
1 and 24 h tests ( p � 0.001). Freezing in
wild-type mice was stable across the 3 min
period of CS presentation and was higher
at 24 h than at 1 h ( p � 0.001). In com-
parison, freezing in PAM�/� animals was
only enhanced during the 24 h test over
the last minutes compared with that dur-
ing the 1 h test ( p � 0.01). Analysis of
collapsed data as mean percentage of
freezing (Fig. 2F) demonstrated that both
genotypes engaged in more freezing dur-
ing the CS than the pre-CS interval ( p �
0.001). Additionally, freezing by wild-
type mice during the CS presentation was
higher at 24 h than at 1 h ( p � 0.001); this
increase was not observed in the mutants.
Collectively, these data demonstrate that
PAM�/� mice are markedly impaired in
short- and long-term contextual and cued
fear conditioning. Because amygdala le-
sions depress freezing responses in both
the contextual and cued tests whereas le-
sions of the hippocampus only decrease
freezing in context but leave cued freezing
intact (Kim and Fanselow, 1992; Phillips
and Ledoux, 1992), our results suggest
that PAM�/� mice may have some amyg-
dala dysfunction.

PAM �/� mice display aberrant
fear-potentiated startle responses
Fear-potentiated startle was used to ex-
amine amygdala function in PAM�/�

mice (Taylor et al., 2008; Porton et al.,
2009). Mice were conditioned at one of
two shock intensities (0.4 and 0.6 mA)
and tested for potentiation at three differ-
ent startle intensities (100, 105, and 110
dB) 48 h after the CS–UCS pairing. Startle responses on test days
1 and 2 did not differ among genotypes to the different UCS
conditions (supplemental Fig. S2A,B, available at www.jneuro-
sci.org as supplemental material). Hence, baseline startle reactiv-

ities and potentiation of responses to a pure tone were similar
between wild-type and PAM�/� mice. Forty-eight hours after the
CS–UCS pairing, animals were examined for fear-potentiated
startle. When conditioned with 0.4 mA shock (Fig. 3A, left),

Figure 3. PAM �/� mice show abnormal fear-potentiated startle. Wild-type (Wt) and PAM �/� littermates were conditioned
with two different intensities of shock (0.4 and 0.6 mA). A, Percentage of potentiation by Wt and PAM �/� mice to a 12 kHz, 70 dB
tone preceded by a 100, 105, or 110 dB white-noise startle stimulus; animals were conditioned with 0.4 mA (left) or 0.6 mA (right)
shock. B, Sensitivity of Wt and PAM �/� mice to varying intensities of scrambled footshock; behavioral responses are represented
by composite scores during the application of the shock. *p � 0.05, compared with Wt mice; �p � 0.05, compared with
responses to the 100 dB startle stimulus; #p � 0.05, compared with responses to the 105 dB startle stimulus; ^p � 0.05,
compared with responses after 0.4 mA shock (ANOVA, RMANOVA, Bonferroni-corrected pairwise comparisons). n � 9 –10 mice
per genotype per shock intensity for fear-potentiated startle; n � 10 mice per genotype for shock-threshold testing.

Figure 4. PAM is expressed in pyramidal neurons and interneurons in the basolateral complex. Coronal sections (15 �m)
through the amygdala of wild-type (Wt) and PAM �/� mice were immunostained simultaneously with antisera to PAM (green)
and GAD67 (red). A, B, Low-power merged images of Wt and PAM �/� amygdalae. LA, Lateral amygdala; BLA, basolateral
amygdala; CeA, central amygdala; LPCS, lateral paracapsular cells; MPCS, medial paracapsular cells. Scale bars, 100 �m. C, D,
High-power images of the area in LA of Wt and PAM �/� amygdalae outlined in A and B. Arrows indicate GAD67-positive
interneurons. Asterisks indicate pyramidal neurons surrounded by GAD67-immunoreactive puncta representing axo-somatic
GABAergic terminals. Staining for PAM was apparent in the soma of both interneurons and pyramidal neurons. Scale bars, 20 �m.

13660 • J. Neurosci., October 13, 2010 • 30(41):13656 –13669 Gaier et al. • PAM Heterozygosity Alters Amygdala Function (43/50 char)



PAM�/� mice showed significantly less potentiation of their star-
tle responses than wild-type controls ( p � 0.01); however, when
the shock intensity was increased to 0.6 mA, potentiation to the
startle stimuli was similar between genotypes (Fig. 3A, right).
Overall, these findings are particularly noteworthy since in shock-
threshold testing (Fig. 3B), no genotype differences were discerned
across different intensities of footshock, including those used in the
fear-conditioning or fear-potentiated startle tests. Hence, the defi-
ciencies of the PAM�/� mice in fear conditioning and fear-
potentiated startle cannot be attributed to genotype differences in
response to shock. Together with the fear-conditioning results, these
findings for fear-potentiated startle strongly suggest that the amyg-
dala is dysfunctional in PAM�/� mice.

Pyramidal neurons and interneurons of the basolateral
complex express PAM
To determine how a change in PAM expression causes these be-
havioral outcomes, we compared the cellular expression patterns
of PAM in the basolateral complex of wild-type and PAM�/�

amygdala. There were no gross differences in the structures of
PAM�/� and wild-type amygdalae. In agreement with haploin-
sufficiency of the Pam gene (Czyzyk et al., 2005), PAM immuno-
reactivity was consistently less intense in PAM�/� compared
with wild-type amygdala (Fig. 4A,B). GAD67 immunoreactivity
was localized to GABAergic presynaptic terminals and the somata
of amygdala interneurons (Muller et al., 2003, 2006; Rainnie et
al., 2006). In the basolateral nucleus, GAD67 immunoreactivity
in both genotypes was consistently stronger than in the lateral
nucleus (supplemental Fig. S3A, available at www.jneurosci.org
as supplemental material).

When examined at higher magnification, PAM immunoreac-
tivity was apparent in the soma of both wild-type and PAM�/�

lateral amygdala neurons (Fig. 4C,D, green). Although present in
secretory granules, PAM is concentrated in the trans-Golgi net-
work and endocytic vesicles and is accumulated in the perinu-
clear region of the cell soma (Niciu et al., 2006). While PAM was
present in both GAD67-negative pyramidal neurons (Fig. 4C,D,
asterisks) and GAD67-positive interneurons (arrows), PAM im-
munoreactivity was more intense in interneurons. This finding is
consistent with previous in situ hybridization analyses of PAM
expression in the rat cerebral cortex and hippocampus (Schafer et
al., 1992). Interneurons of the basolateral nucleus also exhib-
ited stronger PAM immunoreactivities than pyramidal neu-
rons in both genotypes (supplemental Fig. S3A, arrows,
available at www.jneurosci.org as supplemental material).

In both lateral and basolateral nuclei, intense GAD67-
immunoreactive puncta, representing axo-somatic GABAergic
synapses, surrounded the somata of pyramidal neurons (Fig.
4C,D; supplemental Fig. S3A, red, available at www.jneurosci.org
as supplemental material). These synapses are likely contributed
by local interneurons and paracapsular neurons, which mediate
the tight feedforward and feedback inhibition described in these
areas (Szinyei et al., 2000; Sah et al., 2003; Marowsky et al., 2005).
We combined electrophysiological and pharmacological ap-
proaches to study the function of these synapses in regulating excit-
ability and plasticity in the wild-type and PAM�/� amygdala.

Deficient synaptic plasticity at PAM �/� thalamic
amygdala afferents
To investigate the neurophysiological basis for the behavioral
abnormalities displayed by PAM�/� mice (Figs. 1–3), we per-
formed several electrophysiological experiments in the PAM�/�

amygdala. Extensive experiments have demonstrated that the lat-

eral, basolateral, and central nuclei of the amygdalae are critical to
fear conditioning (Davis, 1990; Ledoux, 2000; Kim and Jung,
2006). Auditory and somatosensory inputs, which carry relevant
information about the CS and UCS, terminate primarily in the

Figure 5. PAM �/� mice exhibit a deficiency in thalamic afferent LTP that relies on GABAer-
gic transmission. Thalamic afferents were stimulated, and pyramidal neuron membrane re-
sponses were recorded in whole-cell mode in the lateral nuclei of wild-type (Wt) and PAM �/�

amygdala slices. Insets above each plot depict representative averaged traces for each genotype
before (solid) and after (dashed) LTP induction as indicated (baseline and after induction). A–C,
Time course (1 min bins) of averaged LTP experiments using an action potential (AP) pairing
induction paradigm. Synaptic efficacy was assessed using the rise slope of EPSPs that were
normalized (NL) for genotypic comparisons. Experiments were conducted in aCSF control solu-
tion (A; n � 10 Wt, 11 PAM �/�), aCSF with 100 �M PTX (B; n � 9 Wt, 7 PAM �/�), or aCSF
with PTX and CGP35348 (1 �M) (C; n � 12 Wt, 10 PAM �/�). D, Values of LTP assessed at 40
min after induction for individual pyramidal neurons are plotted by experimental condition
(data from A–C). Bars depict mean values, and error bars depict the SEM. #p � 0.05, compared
with baseline; �p � 0.05, compared with aCSF within genotype; NS, not significant compared
to baseline; (Wilcoxon signed rank test).
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lateral nucleus, which is essential to nor-
mal cued conditioning (Ledoux et al.,
1990). Thalamic inputs to the lateral nu-
cleus are also important at the time of the
CS–UCS pairing and play a more critical
role in amygdala plasticity and learning
than cortical pathways and their corre-
sponding inputs (Quirk et al., 1997).

Since PAM�/� mice were most defi-
cient in cued fear conditioning (Fig. 2), we
assessed the status of glutamatergic synap-
tic plasticity at thalamic afferent synapses
(Fig. 5). LTP at this synapse is the stron-
gest neural correlate to fear learning and
memory to date (Maren and Quirk, 2004;
Pare et al., 2004; Sigurdsson et al., 2007;
Sah et al., 2008). We stimulated thalamic
afferents and recorded EPSPs in wild-type
and PAM�/� pyramidal neurons from
the lateral nucleus. LTP was induced by
synchronized trains of afferent stimula-
tion with postsynaptically induced action
potentials. In control solution, both wild-
type and PAM�/� neurons failed to po-
tentiate consistently above baseline, and
there was no difference in mean LTP val-
ues between genotypes (Fig. 5A). How-
ever, a larger proportion of wild-type
neurons could be stimulated to induce
LTP than PAM�/� neurons (wild type, 7
of 10; PAM�/�, 1 of 11; p � 0.05, z test).
Since previous LTP studies have shown
that limiting fast GABAergic transmission
is necessary for LTP induction in acute
slices (Bauer et al., 2002; Tully et al.,
2007), we used the same induction para-
digm in the presence of the GABAA recep-
tor antagonist PTX (100 �M) (Fig. 5B).
Wild-type neurons reliably displayed LTP
under these conditions ( p � 0.01),
whereas PAM�/� neurons failed to po-
tentiate. We replicated this finding using a
theta burst stimulation induction paradigm, which is reliant on
NMDA receptor-mediated postsynaptic calcium signaling (Pan
et al., 2009) and field potential recordings (supplemental Fig.
S4, available at www.jneurosci.org as supplemental material).
This deficit in thalamic afferent LTP cannot be explained by in-
herent differences in NMDA receptor signaling (supplemental
Fig. S5, available at www.jneurosci.org as supplemental
material).

GABAergic tansmission can also suppress glutamatergic LTP in-
duction through GABAB receptors. GABAB receptors are expressed
on the dendrites of amygdalar pyramidal neurons and the glutama-
tergic terminals that innervate them (McDonald et al., 2004). In
addition, GABAB activation suppresses glutamate release from tha-
lamic and cortical afferent terminals (Pan et al., 2009). To test
whether GABAB receptors were involved in the PAM�/� LTP defi-
cit, we induced LTP using the same action potential pairing para-
digm described above in the presence of PTX and the GABAB

receptor antagonist CGP35348 (1 �M) (Fig. 5C). Under these con-
ditions, thalamic afferent synapses were potentiated in wild-type and
PAM�/� amygdala neurons to similar extents ( p � 0.01). Collec-
tively, these data provide clear evidence for a synaptic plasticity def-

icit at amygdalar afferent synapses that is reliant on GABAergic
transmission and correlates with the fear learning and memory def-
icit of PAM�/� mice.

Input-specific synaptic enhancement in the
PAM �/� amygdala
We assessed the balance of excitation and inhibition at pathway-
specific afferent synapses in the amygdala by stimulating tha-
lamic or cortical inputs and recording current responses in
pyramidal neurons of the lateral nucleus. Interneurons of the
amygdala mediate disynaptic feedforward inhibition (Szinyei et
al., 2000; Bissiere et al., 2003; Sah et al., 2003; Bauer and Ledoux,
2004; Shin et al., 2006) and contribute a GABAergic outward
current that follows the monosynaptic glutamatergic inward cur-
rent. We adjusted the holding potential to �55 mV to observe
both of these currents in a single trace and generated input–
output curves for thalamic and cortical input pathways (Fig. 6).
Both inward and outward current amplitudes increased with
stimulation strength in both genotypes. For thalamic inputs,
PAM�/� inward current amplitudes were enhanced compared
with wild type at stimulation intensities between 25 and 45 �A

Figure 6. Baseline synaptic efficacy is enhanced at thalamic but not at cortical inputs to the PAM �/� lateral nucleus. Record-
ings of current responses (Vholding � �55 mV) to graded intensities of single stimuli applied to thalamic and cortical afferent
pathways of wild-type (Wt) and PAM �/� lateral amygdala slices. Responses consisted of a monosynaptic glutamatergic inward
current followed by a disynaptic GABAergic outward current, representing feedforward inhibition. A, D, Representative traces
depict pyramidal neuron responses to thalamic (A) and cortical (D) stimulation. B, E, Amplitude of evoked monosynaptic inward/
excitatory current plotted as a function of stimulus intensity for thalamic (B) and cortical (E) inputs. C, F, Amplitude of evoked
disynaptic outward/inhibitory current plotted as a function of stimulus intensity for thalamic (C) and cortical (F ) inputs. Thalamic:
n � 9 Wt, 11 PAM �/�; cortical: n � 8 Wt, 10 PAM �/�. *p � 0.05, compared with Wt (unpaired t test at individual stimulation
intensities).
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(Fig. 6A–C). PAM�/� outward currents were significantly larger
over an even wider range of stimulation intensities. For cortical
inputs, wild-type and PAM�/� inward current amplitudes were
identical over the full stimulation ladder, and PAM�/� outward
currents were significantly larger at only one stimulation inten-
sity (Fig. 6D–F). These data demonstrate enhancement of affer-
ent synaptic efficacy and feedforward inhibition in the PAM�/�

lateral amygdala that is specific to the thalamic pathway.

Subtle signs of hyperexcitability
in the PAM �/� amygdala also implicate GABA
Alterations in the firing properties or synaptic organization of
amygdalar neurons could influence postsynaptic and presynaptic
responses to LTP induction, thus contributing to the LTP deficit

observed in PAM�/� mice. The low-dose
effect of diazepam on anxiety-like behav-
ior in PAM�/� mice (Fig. 1) and the
hypersensitivity of PAM�/� mice to pen-
tylenetetrazol (Bousquet-Moore et al.,
2010) suggested that GABAergic inhibi-
tion was abnormal. With this in mind, we
recorded the membrane and synaptic ac-
tivities of pyramidal neurons in the lateral
and basolateral nuclei of the amygdala in
aCSF in the presence and absence of PTX.

We began these studies by measuring
passive and active membrane properties.
In current-clamp mode, wild-type and
PAM�/� amygdala neurons were injected
with a series of negative and positive
current steps (Fig. 7). Passive mem-
brane properties were derived from
voltage responses to negative current
steps and yielded no significant geno-
typic differences (supplemental Tables
S3, S4, available at www.jneurosci.org as
supplemental material). Positive cur-
rent steps induced action potentials with
similar kinetics in wild-type and PAM�/�

amygdalar pyramidal neurons. Current
steps of increasing amplitude were
applied until the numbers of action poten-
tials declined because of depolarization-
induced inactivation of voltage-gated
Na� channels. The maximum numbers of
action potentials fired in response to a sin-
gle current step by wild-type and
PAM�/� neurons in aCSF were similar in
the lateral nucleus (Fig. 7B). PTX in-
creased the maximum number of action
potentials in wild-type and PAM�/� neu-
rons. However, this enhancement oc-
curred over a broader range of current
steps in PAM�/� neurons compared with
wild-type (supplemental Fig. S6 A, B,
available at www. jneurosci.org as sup-
plemental material). In the basolateral
nucleus, the number of action potentials
fired was about twofold higher than in
the lateral nucleus for both genotypes in
aCSF (Fig. 7 B, E), and the addition of
PTX did not alter the maximum number
of action potentials fired in either geno-

type. Under aCSF conditions, PAM �/� neurons tended to
inactivate earlier than their wild-type controls, and this differ-
ence was abolished in the presence of PTX (supplemental Fig.
S7 A, B, available at www.jneurosci.org as supplemental
material).

After termination of the current step, an afterhyperpolariza-
tion (AHP) of the membrane potential was often observed (sup-
plemental Figs. S6E, S7E, arrow, available at www.jneurosci.org
as supplemental material). In the lateral nucleus under control
conditions, PAM�/� neurons displayed larger maximum AHP
amplitudes than wild-type neurons ( p � 0.05) (Fig. 7C). With
the addition of PTX, PAM�/� AHPs were significantly reduced
whereas wild-type AHPs remained unchanged ( p � 0.001). In
the basolateral nucleus, no differences were observed between

Figure 7. Active membrane properties of PAM �/� amygdalar pyramidal neurons are mostly intact but show subtle signs of
hyperexcitability. A series of depolarizing 500 ms current steps were applied to wild-type (Wt) and PAM �/� pyramidal neurons in
the presence and absence of PTX (100 �M). A, D, Representative active membrane voltage responses recorded in control solution
(aCSF; left) and in the presence of PTX (right). Insets below indicate current step amplitude corresponding to displayed voltage
traces. B, E, Action potentials (APs) elicited by current steps were counted, and the maximum numbers of APs are plotted by
genotype and treatment condition for lateral (B; n � 17 Wt, 22 PAM �/�) and basolateral (E; n � 24 Wt, 26 PAM �/�) nuclei
pyramidal neurons. Scatter points represent values for individual neurons, and bars represent group means with SEs. C, F, Peak
amplitudes of the AHPs that occurred at the offset of each step were measured, and the maximum value for each neuron is plotted
by genotype and treatment condition for lateral (C) and basolateral (F ) nucleus pyramidal neurons. *p � 0.05, compared with Wt
within treatment; �p � 0.05, compared with aCSF within genotype (two-way ANOVA, Bonferroni-corrected pairwise
comparisons).
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genotypes or treatment conditions (Fig.
7F). However, AHP values plotted as a
function of current step amplitude re-
vealed a twofold enhancement of the AHP
in wild-type neurons with PTX, and this
effect of PTX was not observed in
PAM�/� neurons (supplemental Fig.
S7C,D, available at www.jneurosci.org as
supplemental material). Collectively,
these data identify subtle but significant
signs of membrane hyperexcitability, in-
cluding enhanced action potential firing
and impaired AHP, in both the lateral and
basolateral nuclei of PAM�/� mice.

We next examined the status of fast
glutamatergic signaling in PAM�/�

amygdala neurons (Fig. 8). Using the
same design as in the previous experi-
ment, we compared sEPSC in wild-type
and PAM�/� amygdala neurons in con-
trol and PTX conditions. Under control
conditions, sEPSC frequency was higher
in PAM�/� than in wild-type neurons
( p � 0.05) (Fig. 8A,B). PTX reduced the
frequency and amplitude of sEPSCs in
the lateral nucleus and abolished the
PAM�/� enhancement in frequency. The
opposite was observed in the basolateral
nucleus wherein PTX increased the sEPSC
frequency ( p � 0.001) and amplitude
( p � 0.05) similarly in wild-type and
PAM�/� neurons (Fig. 8A,B). These data
suggest that the membrane and baseline
excitatory synaptic properties of PAM�/�

amygdala neurons are essentially intact
with signs of hyperexcitability in PAM�/�

lateral nucleus neurons that are GABA
dependent.

GABAergic transmission is enhanced in
the PAM �/� amygdala
Enhanced behavioral sensitivity to low-
dose diazepam and the effects of PTX on
amygdala neuronal input and output
strongly suggest that GABAergic inhibition is perturbed in the
PAM�/� brain. To test this hypothesis directly, we recorded
GABAergic activity in wild-type and PAM�/� lateral nucleus
neurons (Fig. 9). The addition of TTX (1 �M) blocked action
potential-mediated GABAergic activity and left only activity-
independent mIPSCs (supplemental Fig. S8A, available at www.j-
neurosci.org as supplemental material). mIPSCs recorded from
PAM�/� neurons displayed increased frequencies ( p � 0.001)
and amplitudes ( p � 0.001) compared with those recorded from
the wild-type lateral nucleus (Fig. 9A). Enhanced frequency of
PAM�/� activity-independent GABAergic events in the lateral
nucleus could result from an increase in release probability or
synapse number. To distinguish these possibilities, we evoked
inhibitory signals via local stimulation (Marowsky et al., 2005)
and increased the stimulation strength to achieve maximal re-
sponses (Fig. 9B). The charges of evoked synaptic responses were
significantly larger than wild-type responses across the full range
of stimulation intensities and at their maximal values. This dif-
ference in charge was evidently contributed by a combination of

peak current amplitude and fast decay time (supplemental Fig.
S8B–E, available at www.jneurosci.org as supplemental mate-
rial); however, these particular parameters were not significantly
different between genotypes. Charge signified the absolute num-
ber of Cl� ions that pass in response to a given stimulus, and its
enhancement in the PAM�/� lateral nucleus supports either a
greater number of inhibitory synapses or enhanced release
probability.

We then adjusted the stimulation strength to that which
evoked a half-maximal response and recorded current responses
to paired pulses (Fig. 9C). There was no statistical difference in
paired-pulse ratio between wild-type and PAM�/� at any of the
three interpulse intervals tested, suggesting that the enhanced
GABAergic activity observed in the PAM�/� lateral amygdala
does not result from a difference in release probability, but rather
from an increase in the number of GABAergic synapses. Re-
sponse to paired pulses, as a function of interpulse interval, de-
pended on genotype ( p � 0.05). The complicated circuitry of the
interneuronal network makes specific interpretation of this result

Figure 8. Enhanced spontaneous glutamatergic activity in the PAM �/� lateral nucleus is dependent on GABAA receptors.
sEPSC from wild-type (Wt) and PAM �/� lateral and basolateral nucleus pyramidal neurons were recorded at Vholding ��70 mV
in the presence and absence of PTX (100 �M). Traces are representative examples of sEPSC activity for each genotype and treatment
condition. A, C, sEPSC activity from Wt and PAM �/� pyramidal neurons in the lateral (A; n � 25 Wt, 25 PAM �/�; 38 events per
neuron) and basolateral (C; n � 20 Wt, 24 PAM �/�; 63 events per neuron) nuclei recorded in control solution (aCSF). Frequency
and amplitude of sEPSC events are plotted for each genotype (right). B, D, sEPSC activity recorded in the presence of PTX. Data are
from Wt and PAM �/� pyramidal neurons in the lateral (B; n � 24 Wt, 21 PAM �/�) and basolateral (D; n � 19 Wt, 23 PAM �/�)
nuclei. *p � 0.05, compared with Wt; �p � 0.05, compared with aCSF within genotype (two-way ANOVA, Bonferroni-corrected
pairwise comparisons).
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difficult, but it is clear that activity-dependent inhibitory signals
from the interneuronal network are perturbed in PAM�/� mice.

To determine whether there is an activity-dependent compo-
nent of GABAergic enhancement in the PAM�/� amygdala, we
recorded sIPSCs in the absence of TTX. We kept glutamatergic
transmission blocked to ensure isolation of interneuronal net-
work activity. As expected, sIPSC frequency and amplitude were
significantly increased compared with those of mIPSCs caused by
the addition of large activity-dependent GABAergic events (Fig.
9D, arrows). Although PAM�/� neurons appeared to display a
larger increase in frequency than wild-type neurons, ANOVA
found no significant interaction between TTX condition and ge-
notype. In the basolateral nucleus, sIPSC frequency was threefold
higher than in the lateral nucleus (supplemental Fig. S9, available
at www.jneurosci.org as supplemental material). These results
correlate with the substantial increase in GAD67 immunoreac-
tivity, presumably representing GABAergic synapses, between
the lateral and basolateral nuclei (Fig. 4; supplemental Fig. S3,
available at www.jneurosci.org as supplemental material). sIPSCs
recorded from PAM�/� neurons displayed enhanced frequen-
cies ( p � 0.05) and reduced amplitudes ( p � 0.001). Collec-
tively, these data provide clear evidence for enhanced GABAergic
transmission in the PAM�/� amygdala.

Discussion
This study identifies neurophysiological correlates in the amyg-
dala that may contribute to the behavioral abnormalities ob-
served in PAM-deficient animals. We have previously shown that
half the normal amount of PAM is insufficient to support normal
physiology and that heterozygous mice exhibit an anxiety-like
phenotype (Czyzyk et al., 2005; Bousquet-Moore et al., 2009,
2010). Data presented here expand the PAM�/� behavioral phe-
notype to include learned fear, characterize cellular PAM expres-
sion in the amygdala, and demonstrate signs of enhanced
inhibition that likely contribute to the observed deficit in amyg-
dalar afferent synaptic plasticity. Our data indicate that PAM
heterozygosity affects several neuronal properties and neuro-
transmitter systems in the amygdala (Fig. 10), which is consistent
with the multiple modulatory/signaling pathways in which neu-
ropeptides play a role. Our results emphasize the importance and
sensitivity of peptidergic pathways in mammalian amygdala-
dependent emotions and behaviors.

Integrating the PAM �/� behavioral and
physiological phenotypes
Anxiety and fear responses
Our results show that PAM�/� mice display anxiety-like behav-
iors and are deficient in contextual and cued fear conditioning.
These findings were unexpected because “anxious” mice often
show enhanced fear responses (Korte and De Boer, 2003). Over
the years, evidence has accrued that projections from the lateral
bed nucleus of stria terminalis mediate certain types of anxiety
and stress responses, whereas the medial central nucleus of the

4

plotted for 25, 50, and 100 ms intervals (right; n � 16 Wt, 13 PAM �/�). D, sIPSCs were
recorded from Wt and PAM �/� neurons in the absence of TTX and local stimulation. Repre-
sentative current traces depicting sIPSCs recorded from Wt and PAM �/� pyramidal neurons
(left) are shown. Arrows indicate putative action potential-dependent GABAergic events. sIPSC
frequency and amplitude are plotted for both genotypes (right; n � 25 Wt, 21 PAM �/�; 36
events per neuron). *p � 0.05, compared with Wt; �p � 0.05, compared with mIPSC value
within genotype (ANOVA, Bonferroni-corrected pairwise comparisons for mIPSC and sIPSC
data).

Figure 9. GABAergic signaling is enhanced in the PAM �/� lateral nucleus. Wild-type (Wt)
and PAM �/� pyramidal neurons in the lateral nucleus were dialyzed with a high [Cl �]-
containing pipette solution, and IPSCs were recorded under glutamatergic blockade. A, mIPSCs
were recorded in the presence of 1 �M TTX. Representative current traces depicting mIPSCs
recorded from Wt and PAM �/� pyramidal neurons (left) are shown. Mean mIPSC frequency
and amplitude are plotted for both genotypes (right; n � 28 Wt, 25 PAM �/�; 37 events per
neuron). B, Local stimulation elicited “evoked” IPSCs in Wt and PAM �/� neurons only in the
absence of TTX. Two superimposed representative current traces from each genotype in re-
sponse to a 20 �A single stimulus are shown (left). Charge (the integral of current) was used as
a measure of synaptic strength and is plotted as a function of stimulation intensity (right; n �
21 Wt, 16 PAM �/�). *p � 0.05, compared with Wt (unpaired t tests at individual stimulus
intensities). C, Paired pulses were applied under the same conditions as in B. Averaged traces for
each genotype depict representative current responses to paired pulses evoked at an intensity
that elicited half-maximal responses for individual neurons (left). Ratios for both genotypes are
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amygdala controls phasic fear (Iwata et al.,
1986; Ledoux et al., 1988; Hitchcock and
Davis, 1991). Recent studies indicate that
anxiety and learned fear may differ in a
number of attributes that include behav-
ioral responses, anatomical substrates,
and transmitter/signaling mechanisms
(Davis et al., 2010). The consequences of
PAM haploinsufficiency may differen-
tially affect these pathways/systems, re-
sulting in the observed dissociated fear
phenotype. Indeed, there are neuropep-
tide receptor knock-out models with dis-
sociated fear phenotypes (Shumyatsky et
al., 2002; Zeng et al., 2007). Thus, the
PAM�/� fear phenotype may signify dis-
tinct neuropeptidergic systems in innate
and learned fear pathways.

Fear learning/memory and LTP
The disruption of synaptic plasticity ob-
served at the thalamic inputs to the amyg-
dala strongly correlates with the fear
learning and memory phenotype of
PAM�/� mice, and it may serve as the
neurophysiological basis for these behav-
ioral impairments. Deficiencies at both
short (1 h) and long (24 h) time points in
both cued and contextual testing demon-
strate impaired formation and/or consol-
idation of associative emotional memory.
It is clear, however, that PAM�/� mice are capable of learning;
deficiencies in fear-potentiated startle were observed at the low
and not the high shock intensity. This result is quite striking since
both genotypes display similar levels of behavioral reactivities
and sensitivities to a wide range of footshock intensities that in-
cluded those used in conditioning. One explanation is that en-
hanced GABAergic inhibition in the PAM�/� amygdala sets a
higher threshold for plasticity induction during training. This
notion is supported by evidence for enhanced GABAergic activity
in the PAM�/� amygdala and the ability of complete GABAergic
blockade to eliminate the LTP deficit in PAM�/� mice. Future
experiments will focus on determining how specific enhance-
ments in GABAergic inhibition may contribute to the fear learn-
ing and memory deficit of PAM�/� mice.

Anxiety-like behaviors and GABA
PAM�/� mice display anxiety-like behaviors in the zero maze,
and the alleviation of these responses with diazepam provides
pharmacological validation for the behavior. The anxiety-like re-
sponses of the heterozygotes may be attributable to a reduction in
bioactivity of one or several PAM-requiring neuropeptides that
normally exert anxiolytic actions. Many neuropeptides modu-
late the excitatory–inhibitory balance by regulating pyramidal neu-
ron and interneuron membrane activities (Fig. 10). The
prominent enhancement in GABAergic activity in the PAM�/�

amygdala signifies disruption of that balance. The augmented
GABAergic tone may render the PAM�/� brain susceptible to
inhibitory limitation during stressful behavioral tasks such as the
elevated-zero maze (Martijena et al., 2002;Stork et al., 2002) by
endogenous hormones/neuromodulators (e.g., catecholamines,
glucocorticoids) (Marowsky et al., 2005; Duvarci and Pare, 2007;
Tully et al., 2007). This is also consistent with hypersensitivity of
PAM�/� mice to diazepam in the elevated-zero maze and penty-

lenetetrazol during seizure induction (Bousquet-Moore et al.,
2010). Alternatively, changes in the functional expression of
GABA and/or benzodiazepine receptors were not assessed in
these experiments and could contribute to the anxiety-like phe-
notype of PAM�/� mice. It should be emphasized that anxiety is
a complex condition that is mediated by a variety of brain regions
that, at least, include the frontal cortex, bed nucleus of stria ter-
minalis, and the amygdala (LeDoux, 2000, 2007; Maren and
Quirk, 2004; Pare et al., 2004; Kim and Jung, 2006; Davis et al.,
2010). Therefore, we cannot draw any definitive conclusions re-
garding the physiological basis for the PAM�/� anxiety-like phe-
notype and sensitivity to diazepam from these studies alone.

PAM �/� as a model for insufficient amidation
Approximately half of all neuropeptides are amidated, and ami-
dation can be rate limiting under physiological conditions
(Merkler, 1994) and in PAM haploinsufficiency (Bousquet-
Moore et al., 2009). Insufficient amidation and the resulting re-
duction in bioactive anxiolytic peptides would be the simplest
explanation for how PAM haploinsufficiency might affect behav-
ior. The prototypical example is neuropeptide Y (NPY), one of
the most abundant neuropeptides in the mammalian brain. NPY,
which has a C-terminal tyrosine amide (Eipper et al., 1992), sup-
presses anxiety-like behavior and learned fear responses when
injected directly into the basolateral complex (Gutman et al.,
2008). However, relative levels of amidated NPY are unchanged
in the PAM�/� brain (Czyzyk et al., 2005), and direct physiolog-
ical effectors of NPY signaling (e.g., passive membrane properties
of pyramidal neurons) (Sosulina et al., 2008) are unaltered in the
PAM�/� amygdala (Fig. 10, right). Therefore, it is unlikely that
changes in NPY signaling dominate the PAM�/� phenotype.

Different Gly-extended precursors have varied affinities for
the PHM catalytic core. For example, thyrotropin-releasing hor-

Figure 10. Roles of various amygdalar neuropeptides in neurophysiological alterations in the PAM �/� amygdala. PAM and
neuropeptides are expressed in glutamatergic pyramidal neurons (PN) and GABAergic interneurons (IN) of the basolateral complex
of the amygdala. GRP is expressed and secreted by PNs of the basolateral complex. GRP binds to the GRP receptor, which is
expressed on INs and signals to increase GABA release (Shumyatsky et al., 2002). TRH also signals to increase GABA release (Gaier
et al., unpublished data). The major neuropeptides expressed by local interneurons include CCK and NPY. CCK depolarizes inter-
neurons to increase GABA release (Chung and Moore, 2007, 2009). NPY acts directly on PNs, hyperpolarizing them and reducing
membrane resistance (Sosulina et al., 2008). In the PAM �/� amygdala (right), we found signs of enhanced GABA release,
increased GABAergic synapse number, increased baseline glutamatergic signaling, reduced LTP at thalamic afferent synapses, and
impairment of PN AHP.
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mone (TRH) terminates with proline amide (Eipper et al., 1992),
and its Gly-extended precursor (TRH-Gly) is a particularly poor
substrate for amidation. Consistent with this, there is an abun-
dance of TRH-Gly in the amygdala compared with high PAM-
expressing areas like the hypothalamus (PAM�/� mice are
euthyroid) (Bousquet-Moore et al., 2009), and PAM heterozy-
gosity also impairs amidation of TRH in the amygdala (E. A.
Nillni, unpublished data). Since TRH signaling in the amygdala is
involved in mediating anxiety-like behavior (Thompson and
Rosen, 2000; Yarbrough et al., 2007; Zeng et al., 2007), particu-
larly in the elevated-plus maze (Zeng et al., 2007; Gutierrez-
Mariscal et al., 2008), the mechanism how TRH may influence
amygdala physiology is an important avenue for future study. For
example, TRH enhances GABAA receptor-mediated transmis-
sion in the basolateral complex (E. D. Gaier, B. A. Eipper, and
R. E. Mains, unpublished data) (Fig. 10), which may underlie its
reported anxiolytic effects and relate to the genotypic differences
we observed. However, TRH signaling has no effect on learned
fear responses (Thompson and Rosen, 2000; Zeng et al., 2007),
making it unlikely that deficient TRH signaling could solely ac-
count for the PAM�/� phenotype.

Nonenzymatic roles of PAM
Regulating the secretory pathway
PAM heterozygosity could have effects outside of a reduction in
amidating activity. Overexpression of PAM in a pituitary corti-
cotropic cell line reorganizes the actin cytoskeleton, impairs reg-
ulated secretion of amidated and nonmodified peptides, and
impairs normal secretory granule maturation and localization
(Ciccotosto et al., 1999). These effects are mediated through the
cytosolic domain of PAM (Alam et al., 2001). Therefore, it is
plausible that limitations in PAM could have the opposite effect
and enhance stimulus-evoked secretion. In this sense, increased
anxiogenic peptide signaling would account for the PAM�/�

phenotypes. Potential candidates include cholecystokinin (CCK)
(Fendt et al., 1995; Chen et al., 2006) and corticotropin-releasing
hormone/factor (synthesized in the central nucleus) (Bale and
Vale, 2004), both of whose signaling increases GABAergic trans-
mission in the amygdala (Nie et al., 2004; Chung and Moore,
2007, 2009). Regulation of GABAergic transmission is clearly a
major modulatory target of amygdalar neuropeptides (Fig. 10,
left). Our findings in the PAM�/� amygdala suggest net enhance-
ment of that signaling, which supports a nonamidation-
dependent mechanism for PAM haploinsufficiency.

Gastrin-releasing peptide (GRP), another amidated peptide
(Baldwin et al., 2007), is expressed and secreted by pyramidal
neurons of the basolateral complex (Fig. 10). GRP signaling sup-
presses LTP by enhancing the excitability of and the GABA re-
lease from local interneurons on which the GRP receptor is
expressed (Shumyatsky et al., 2002). However, contradictory ev-
idence using GRP receptor antagonist infusion into the amygdala
of rats (Roesler et al., 2004; Mountney et al., 2006, 2008; Bedard et
al., 2007) makes it difficult to predict the role of GRP signaling
in modulating amygdala neurophysiology and amygdala-
dependent behaviors. Thus, altered GRP signaling in the
PAM �/� brain may contribute to physiological and behav-
ioral differences we observed.

Copper metabolism
It is clear that copper metabolism is intricately tied with PAM
function and vice versa. Copper can regulate the cleavage and
recycling of PAM (De et al., 2007) and could therefore have im-
portant effects on nuclear signaling. Some PAM�/� behavioral

phenotypes can be rescued with dietary copper supplementation
of PAM�/� mice and mimicked with mild copper depletion in
wild-type mice (Bousquet-Moore et al., 2009, 2010). Anxiety-like
behavior falls into this category, whereas seizure sensitivity does
not. On the other hand, PAM heterozygosity could mediate its
effects by altering copper signaling. Copper is secreted by neu-
rons and can suppress NMDA receptor function through a nitric
oxide-dependent mechanism (Schlief et al., 2006). Nitric oxide
signaling is also required for auditory fear conditioning and LTP
at thalamic afferent amygdalar synapses (Schafe et al., 2005; Ota
et al., 2008). Therefore, copper signaling may play a role in lim-
iting synaptic plasticity in the PAM�/� amygdala.

PAM�/� animals exhibit impairments involving several in-
terdependent organ systems, and there is evidence for both
amidation- and nonamidation-related mechanisms in explaining
their behavioral and physiological deficits. These layers of com-
plexity likely reflect the multifaceted regulation of peptide signal-
ing and the plethora of roles peptides play in physiology and
pathophysiology. Clearly, peptidergic signaling relies on normal
PAM function. Peptides are a promising avenue of novel thera-
peutics in psychiatric treatments of anxiety disorders (Mathew et
al., 2008). Pursuing the study of how dietary, pharmacological,
and genetic influencers of PAM function can alter physiology,
and behavior brings us closer to identifying how peptidergic sig-
naling pathways can serve as targets for clinical intervention.
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