Dopamine Reorganizes Neuronal Ensembles during Hippocampal SWs

Figure 4. Neuronal activities during SWs are optically imaged. A. A confocal image of the CA1 stratum pyramidale in an OGB1-loaded slice.
The location of an LFP electrode is shown by the white lines. B. Example of calcium transients from 9 cells and LFP trace, before (left) and after (right)
SKF38393 application. €. Simultaneous cell-attached recording and calcium imaging. Numbers of spikes are represented above each spike. Spike
timimgs detected from the calcium trace are shown by bars below the trace. D. A peri-SW time histogram of calcium events. Data are the means *
SEMs from 8 slices, including a total of 7,709 calcium events emitted by 199 cells. The time period between —200 ms and 50 ms relative to the SW
peak was defined as a SW window (shadow). Calcium events during this time window are regarded as SW-locked activities. E. Representative raster
plots of calcium events 0-3 min before (top) and 15-18 min after (bottom) the bath application of 30 uM SKF38393. Green or orange bars above
each raster plot indicate the time stamps of individual SW events. Thick dots in the rastergram indicate SW-locked activities. F~H. Comparisons of
peri-SW time histograms from each slices in 3 parameters; Time lag of the histogram peak from the SW peak (F), skewness of the histograms (G) and
kurtosis of the histograms (H). 1. Comparisons of the co-activation probability of any given pairs of cells that participated at least once in SW before

(left) and after (right) the drug application. Each dot indicates a single neuron pair.

doi:10.1371/journal.pone.0104438.g004

relationship between the number of SW-participating neurons and
the number of patterns. These two values were not correlated
(Fig. 7G, Before (green); R*=0.21, P=0.24. After (orange);
R*=8.3x 10_4', P =0.95). Thus, the effect of the increased chance
of possible cell combinations on the increased SW patterns was, if
any, minimal.

Finally, we sought to confirm this conclusion at a different level
of neuronal activity. The SW patterns are reported to be reflected
in SW-related LFP spectrum patterns [30,31,43,44]. Indeed, we
found diverse SW patterns in the LFP spectra (Fig. 8A). We thus
applied the same clustering method to the correlation coefficients
between the LFP spectrum patterns (Fig. 8B). The number of SW
clusters increased after SKF38393 treatment (Fig. 8C right;
P =0.0039, ¢; = 3.38, paired {-test, 7 = 8 slices), while this tendency
is not observed in the control group (Fig. 8C left; P =0.69,
t,=0.53, paired {-test, n =5 slices).

Discussion

We demonstrated that a brief bath-application of dopamine to
hippocampal slices induced a long-lasting increase in the SW event
frequency through dopamine D;/Ds receptor activation. The
D,/Ds receptor activation did not largely change SW-participat-
ing neurons and the number of neurons involved in single SWs,
but it reorganized combinations of neurons co-participating in
SWs and thereby expanded the diversity of the internal structures
of SWs. D,/D;s receptor activation is reported to suppress
cholinergically induced gamma oscillations [43]. On the other
hand, a decreased level of cholinergic tone is associated with the
SW/ripple-rich state of hippocampal networks [46], and we have
previously demonstrated that cholinergic receptor activation
suppresses the occurrence of SW/ripples [23]. Recent studies
have demonstrated that SW/ripple-related firing increases in
frequency in slices that received cholinergic stimulation, and such
specific enrichment of SW/ripples may be linked to the efficiency
of memory consolidation [47,48]. Therefore, dopamine-induced
increases in SW repertoires may be associated with an enrichment
of episodic-like contexts encoded in memories.

CA3 neurons that fire in ripple events are known to increase in
number when rats are rewarded [9]. In our study, dopamine
receptor activation did not significantly change the power of CAl
ripple oscillations or the number of CAl neurons that were
activated in single SW events, but it readily increased the
amplitude of SWs. SWs are recorded as sharp sources of the field
potentials in CAl stratum pyramidale and are likely to reflect
synaptic inputs from CA3 neurons [34] (although caution must be
taken to interpret what the SW components mean, especially when
LFPs were recorded from the soma; because they do not directly
measure the pure sum of synaptic activity (or spiking activity) of
individual excitatory neurons and are often contaminated with
active sources of somatic inhibition). This idea that dopamine-
induced increase in the SW size suggests an increased level of
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synaptic inputs is consistent with the fact that after reward
stimulation, ripple events come to recruit more CA3 neurons [9].
fMCI from the CA3 region is required to confirm this hypothesis,
but unfortunately, it is extremely difficult to load CA3 neurons
with calcium indicators, due to unknown reasons (unpublished
data).

An apparent contradiction is that neither the ripple power nor
the number of calcium events in a SW event accompanied the
increased SW amplitude, suggesting that stronger synaptic inputs
did not lead to more spike outputs. During SW/ripples, pyramidal
cells as well as inhibitory interneurons, such as basket cells and
bistratified cells, increase their firing rates [35]. We have recently
shown that the SW amplitude correlates with the strength of SW-
relevant phasic inhibitory inputs as well as excitatory inputs [40].
Therefore, synaptic inputs to CAl pyramidal cells are likely
balanced between excitation and inhibition during SWs [24,49,50]
and thereby may provide the homeostatic properties of CAl
network excitability, as opposed to increased CA3 excitation
during SW/ripples.

We directly evaluated the pattern change in individual SWs by
utilizing the affinity propagation algorithm. This algorithm
allowed us to detect the latent cliqueness underlying SWs based
on their internal patterns. Interestingly, although dopamine
receptor activation did not change the overall tendency of
individual neurons to participate in SWs or the mean number
of neurons involved in a single SW, it readily reorganized subsets
of neurons that participated jointly in SWs. As a result, dopamine
increased the total number of SW categories. However, possible is
another trivial explanation that the increased repertoires was
merely a mathematical consequence of an increase in the total
number of active neurons. In other words, the effect may be due
partly to more visibility of the latent network through an
emergence of previously silent interactions. Although the slight
increase in SW-participated neurons after SKF38393 administra-
tion was not statistically significant, our results cannot alone
determine whether higher activation of individual neurons led to
an apparent increase in neuronal ensemble repertoires or whether
the network actively recruited a more number of neuronal
interactions in order to increase the repertoires.

We imaged calcium activities at 50 Hz and cannot dissolve
sequential activation of SW-participating neurons [51-54]. It will
be interesting to see dopamine-induced changes in spike sequence
patterns. To this end, faster image acquisition is needed.
Moreover, fMCI using chemical dyes does not allow us to
distinguish pyramidal neurons from GABAergic interneurons. Our
data would be more informative if the activity patterns can be
dissociated between different types of neurons. Using a targeted
patch-clamp recording technique, we have recently demonstrated
that interneurons fire action potentials during almost all SW events
[40]. Because their firing patterns are rather homogenous
compared to a rich repertoire of pyramidal neuron activity.
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Figure 5. SKF38393 preserves SWs-participating neurons. A. A Venn diagram of the population of cells that participated in at least one SW
event during the 3-min periods before and after the application of control aCSF (left) or 30 pM SKF38393 (right). The values indicate the percentage
of cells involved in the corresponding states to the total cells. The two populations overlapped significantly. Control: P=1.85x10"" versus the chance
level (21.2%), Z=4.28; SKF38393: P=1.62 x10 % versus the chance level (16.9%), Z=5.65, Z-test for a proportion. B. Relationship of the frequencies of
SW-locked activities of individual neurons before and after control aCSF (left) or 30 uM SKF38393 (right) administration. Each dot indicates a single
neuron. Control: R2=0.57, P=5.0x10"*8, t,5; =18.3; SKF38393: R?=0.64, P=3.7x10"%, t35,=25.5, t-test of a correlation coefficient. C. The mean
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percentage of cells that participated in a single SW event to the total cells before and after aCSF or SKF38393 administration. Each gray dataset
represents a single slice. Control: P=0.93, t,=0.098; SKF38393: P=0.25, t,=1.23, paired t-test. Data are the means = SEMs of 5 or 8 slices. D.
Comparison of the mean amplitudes of SW-locked calcium transients from 150 and 199 SW participants before and after the drug application.
Control: R=0.091, SKF38393, R*=0.00025, P=0.13, Z=1.53, Z-test for two correlation coefficients. Each dot indicates a single neuron.
doi:10.1371/journal.pone.0104438.g005

Therefore, we believe that interneurons are unlikely to finely necessary. Recently available dopamine-related optogenetic tools
modulate (or be modulated by) the SW activity patterns. [55] or caged-dopamine reagents [56] will help this approach.
Under in vivo conditions, sets of place cells that were activated In conclusion, this study provides an insight into the cellular
prior to reward stimuli are preferentially reactivated in subsequent mechanisms for reward-enhanced memory consolidation in terms
SW/ripples. Our in vitro work failed to show that the increased of SW/ripples. It is also intriguing to interpret our data in relation
repertories of SWs arose from increased occurrence of a specific to the dopamine hypothesis of schizophrenia. Dopamine release is
set of “rewarded” SWs that had rarely emerged during the increased in patients with schizophrenia [57], and an experimental
baseline period. To assess whether dopamine facilitates SWs in a mouse model of schizophrenia exhibits an aberrantly increased
pattern-specific manner, investigations using online closed loop- level of SW/ripples [54]. Combining a pattern-specific closed-loop
driven, SW pattern-triggered activation of dopamine receptors is system with behavioral assessments will reveal a causal link
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Figure 6. Putative pyramidal neurons are more affected by SKF38393 than putative interneurons. A. The mean SW-locked probability of
cells with the top 20% SW-locked probability (left) and that of the bottom 80% SW-locked probability (right). B. The mean amplitude of calcium
transients of the top 20% SW-locking cells (left) and that of the bottom 80% cells (right; *P=0.016, t; = 3.14, paired t-test). C. A Venn diagram of the
population of cells that participated in at least one SW event during the 3-min periods before and after the application 30 pM SKF38393 for the top
20% SW-locking cells (left) and the bottom 80% cells (right).

doi:10.1371/journal.pone.0104438.9006
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Figure 7. SKF38393 increases the repertoires of SW-relevant firing patterns. A. Representative spatiotemporal patterns of SW-locked
activities in 136 SW events during the observation period of 3 min. B. The correlation coefficients between patterns of SW-participating neurons were
calculated for all possible SW pairs. The representative correlation matrix was obtained from 136 SWs shown in A. C. Cumulative distribution of the
correlation coefficients before (green) and after (orange) perfusion with control aCSF [left, 795 SW events (before) and 1,076 (after) from 8 slices] and
SKF38393 [right, 795 SW events (before) and 1,076 (after) from 8 slices]. D. The affinity propagation algorithm separated 136 SW events in B. into 26
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SW subgroups, indicated by different colors. E. The mean number of the SW subgroups before and after the application of control aCSF (left) and
SKF38393 (right). Each gray dataset indicates a single slice. *P=0.030, t;=2.25, paired t-test. Data are the means = SEMs of 5 or 8 slices. F. The same
analysis as E was repeated a time window between —50 and +50 ms relative to the SW peak (left). The mean numbers of the SW subgroups before
and after the application of control aCSF (left) and SKF38393 (right) are shown in the bar graph. *P=0.036, t;=2.12, paired t-test. Data are the means
+ SEMs of 8 slices. G. The relationship between the number of SW-participating neurons and of SW patterns. Data obtained from the same slice are

connected with black line. Before (green); R*=0.21, P=0.24. After (orange); R*=8.3x107%, P=0.95.

doi:10.1371/journal.pone.0104438.g007

between dopaminergic SW modulation and its behavioral
consequence.

Methods

Animal ethics

Experiments were performed with the approval of the animal
experiment ethics committee at the University of Tokyo (approval
number: P24-8) and according to the University of Tokyo
guidelines for the care and use of laboratory animals.

Drug

Dopamine dihydrochloride (Sigma-Aldrich, St Louis, MO),
SCH23390 (Tocris-Bioscience, Bristol, UK), (S)-(—)-sulpiride (Sig-
ma-Aldrich), and SKF38393 hydrochloride (Sigma-Aldrich) were
dissolved at 10 mM in water and stocked at 4°Cl. Immediately
before use, they were diluted to the final concentration with aCSF
containing (in mM): 127 NaCl (Nacalai Tesque, Kyoto, Japan), 1.6
KCl (Wako, Tokyo, Japan), 1.24 KH,PO, (Nacalai Tesque), 1.3
MgSO, (Nacalai Tesque), 2.4 CaCl, (Wako), 26 NaHC O35 (Wako),
and 10 p-glucose (Wako).

Slice Preparation

Acute slices were prepared from the hippocampal formation of
male 3-to-4-week-old ICR mice. Mice were anesthetized with
ether and decapitated, and a posterior brain block (400 um thick)
was obliquely cut at an angle of 12.7° in the fronto-occipital
direction using a vibratome in ice-cold oxygenated cutting solution
consisting of (in mM) 222.1 sucrose, 27 NaHCOg, 1.4 NaH,PO,,
2.5 KCl, 1 CaCly, 7 MgSOy, 0.5 ascorbic acid [23,58]. Slices were
transferred to an interface chamber containing oxygenated aCSF
at 35°C and were allowed to recover for at least 1.5 h. On
average, 2—4 slices were obtained from one brain.

Electrophysiological recording

Experiments were performed in a submerged chamber perfused
at 7-9 ml/min with oxygenated aCSF at 35-37°C. LFPs were
recorded from CAI stratum pyramidale using borosilicate glass
pipettes (1-2 MQ) filled with aCSF. Signals were amplified by
MultiClamp 700B (Molecular Devices, Union City, CA, USA),
digitized at 10,000 Hz and filtered with a band of 1-2,000 Hz by
pCLAMP 10 Molecular Devices). Offline analysis was conducted
using custom-made MATLAB routines (MathWorks, Natick, MA,
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Figure 8. SKF38393 increases the repertoires of SW-relevant LFP spectra patterns. A. Representative fast Fourier transform spectra of 136
SW events during the pre-treatment baseline period of 3 min. B. The correlation matrix obtained from the 136 SWs was sorted by the affinity
propagation and was clustered into 14 SW subgroups. C. The mean numbers of the SW subgroups before and after administration with control aCSF
(left) and SKF38393 (right). Each gray dataset indicates a single slice. **P=0.0059, t,=3.38, paired t-test. Data are the means = SEMs of 8 slices.
doi:10.1371/journal.pone.0104438.g008
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USA). To detect SW/ripples, LFP traces were band-pass filtered at
2-30 Hz and were thresholded at 4 times above the SD of the
baseline noise. The detected SW events were scrutinized by eye
and manually rejected if they were erroneously detected. Cell-
attached patch-clamp recordings were obtained from CAl
pyramidal neurons with an Axopatch 700B amplifier (Molecular
Devices). Borosilicate glass pipettes (4-7 MQ) were filled with
aCGSF. Signals were low-pass filtered at 1-2 kHz, digitized at
20 kHz and analysed with pCLAMP 10.2 software (Molecular
Devices). fEPSPs were recorded at room temperature. Stimuli
were delivered through bipolar tungsten electrodes placed in the
CAl stratum radiatum to stimulate Schaffer collaterals, and
fEPSPs were recorded from the CAl stratum radiatum using glass
pipettes filled with aCSF. Test pulses with a duration of 100 ps was
given every 30 s, and the stimulus intensity was set at about 30%
of the maximum amplitude of fEPSPs. Changes in fEPSPs were
expressed as a percentage change in their amplitudes and maximal
slopes, relative to the mean values during the baseline period of
—15 to 0 min).

Optical recording

fMCI was conducted using acute slices loaded locally with
OGBI1-AM [36]. Fluorophores were excited at 488 nm and
visualized using a 507-nm long-pass emission filter. Videos were at
50 frames/s using a 16x objective (CFI75LWDI16xW, Nikon,
Tokyo, Japan), a Nipkow-disk confocal microscope (CSU-X1;
Yokogawa Electric, Tokyo, Japan), and a cooled EM-CCD
camera (iXon DU897, Andor, Belfast, UK). The fluorescence
change was measured as (F,—Fp)/Fp, where the F, is the
fluorescence intensity at a given time point; Fy is the baseline.
Spike-elicited calcium transients were automatically detected and
visually inspected [59]. Our automatic algorithm was composed of
two steps, 7.e., a conditioning (learning) phase and a test (spike
detection) phase. In the conditioning phase, the parameters were
tuned to give the most appropriate probability of spike detection
from sample datasets. In the test phase, the algorithm with the best
tuned parameters was used to extract spike signals from datasets
different from those used in the conditioning phase. The data used
for conditioning was collected from 10 cells. All routines were
written in MATLAB (Math Works). Co-activation probability
within a SW was calculated for any pair of cells that participated at
least once in SWs. The probability for cell A and cell B was given
as N(ANB)/(N(A)+N(B)—N(ANB)), where N(ANB) is the number
of SWs in which cell A and cell B fired in the same SW events, and
N(A) (or N(B)) is the number of SWs in which cell A (or cell B)
participated. The co-activation probability without SWs was
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calculated for any pair of cells that fired at least once during the
period without SWs i.e. activities that occurred outside the SW
period z.e., from —200 ms to +50 ms relative to the SW peak. Two
spikes that occurred within 250 ms was defined as co-activated
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calcium transients that occurred within 500 ms relative to the SW
peak. For each neuron, the total number of calcium transients
within SW periods was divided by the recording period (3 min)
and was defined as the SW-locked activity frequency of the
neurons.

Statistical Analysis

The affinity propagation was performed with custom-written
MATLARB software [41]. The correlation matrix, which represents
the similarity between all possible SW pairs, was calculated from a
Cell-SW matrix and was treated with the algorithm. The
clustering was conducted by iteratively passing “messages”
between the data points until it reached the equilibrium.
Specifically, for the first step, the “responsibility” was passed from
a point to any other points. The responsibility means how
comparatively suitable a point is to be the exemplar for another
point rather than any other point. For the second step, the
“availability” was passed from a point to any other points. The
availability means how comparatively appropriate it would be for
any other points to pick message-sending point as its exemplar.
The affinity propagation for LFP traces was performed in the same
way, but now using a spectrum-SW matrix in which each row
corresponded with the ripple power in fast Fourier transform at a
band filter of 100-600 Hz. The bin used was 1 Hz. We reported
data as the means = SEMs unless specified otherwise. Student’s ¢-
test, Z-test for the equality of two proportions, Z-test for a
proportion, [-test for a correlation coefficient, Z-test for two
correlation coefficients, and Kolmogorov-Smirnov test were used
to assess the significance of the differences. P<<0.05 was considered
statistically significant.
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Synaptic Plasticity Associated with a Memory Engram in the
Basolateral Amygdala
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Synaptic plasticity is a cellular mechanism putatively underlying learning and memory. However, it is unclear whether learning induces
synaptic modification globally or only in a subset of neurons in associated brain regions. In this study, we genetically identified neurons
activated during contextual fear learning and separately recorded synaptic efficacy from recruited and nonrecruited neurons in the
mouse basolateral amygdala (BLA). We found that the fear learning induces presynaptic potentiation, which was reflected by an increase
in the miniature EPSC frequency and by a decrease in the paired-pulse ratio. Changes occurred only in the cortical synapses targeting the
BLA neurons that were recruited into the fear memory trace. Furthermore, we found that fear learning reorganizes the neuronal ensemble
responsive to the conditioning context in conjunction with the synaptic plasticity. In particular, the neuronal activity during learning was
associated with the neuronal recruitment into the context-responsive ensemble. These findings suggest that synaptic plasticity in a subset

of BLA neurons contributes to fear memory expression through ensemble reorganization.

Introduction

One cellular mechanism underlying fear conditioning is likely to
be synaptic plasticity in the amygdala. Fear conditioning poten-
tiates synaptic strength in the amygdala (McKernan and
Shinnick-Gallagher, 1997; Tsvetkov et al., 2002) and is impaired
when synaptic plasticity in the amygdala is inhibited (Fanselow
and Kim, 1994; Rumpel et al., 2005). However, it is unclear
whether fear learning induces synaptic modification in the
amygdala globally or only in a subset of neurons. Because studies
using activity-dependent gene expression showed that a subset of
amygdala neurons are involved in fear conditioning (Han et al.,
2007, 2009; Reijmers et al., 2007), we hypothesized that fear
learning induces synaptic modification only in neurons that are
recruited into the memory trace. Furthermore, if this is the case,
synaptic modification in a subset of neurons would likely lead to
areorganization of amygdala neuronal ensemble activity.
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Here, we tested these ideas by combining whole-cell record-
ings with imaging of neuronal activity histories. We examined
synaptic plasticity and ensemble reorganization associated with
contextual fear conditioning. Further, we focused our analysis on
the basolateral amygdala (BLA) because of its importance in con-
textual fear conditioning (Maren, 2001).

Materials and Methods

Animals, All experiments were approved by the animal experiment ethics
committee at the University of Tokyo (approval number 24-8, 24-10),
and were in accordance with the University of Tokyo guidelines for the
care and use of laboratory animals. For catFISH, we used male C57BL/6]
mice (815 weeks old; SLC) on a 12 h light/dark cycle with lights on from
7:00 A.M. to 7:00 P.M., with access to food and water ad libitum. For
electrophysiological experiments, we used male or female Arc-dVenus
transgenic mice (3—-5 weeks old; Eguchi and Yamaguchi, 2009).

Behavioral procedures. In the electrophysiological experiments with
fear memory retrieval (Fig. 1), we examined synaptic efficacy in the neu-
rons that were activated during memory retrieval. On day 1, mice in the
fear conditioning (FC) group were conditioned in a conditioning cham-
ber with three footshocks (1 mA, 2 s, 150 s intervals). Mice in the imme-
diate shock (IS) group received a footshock (1 mA, 6 s) immediately after
they were placed in the chamber. On day 2, both groups were re-exposed
to the chamber for 5 min and killed 5 h later, when dVenus fluorescence
reaches a plateau (Eguchi and Yamaguchi, 2009). In the electrophysio-
logical experiments without fear memory retrieval (Fig. 2), we examined
synaptic efficacy in the neurons that were activated during fear condi-
tioning. Mice were conditioned in the conditioning chamber with three
footshocks and killed 5 h later.

In the catFISH experiments that examined fear conditioning-induced
ensemble reorganization, the behavioral test comprised three sessions. In
session 1, mice in the FC group were placed in the conditioning chamber
for 5 min. The mice were returned to their home cage and 36 min later, in
session 2, they were conditioned with three footshocks (1 mA, 2's, 150 s
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intervals) in the chamber. They were returned to their home cage again,
and 20 min later (session 3) they were re-exposed to the chamber for 5
min to induce recall of the fear memory. The IS group, a control for
associative learning, was given footshocks 0, 10, and 20 s after being
placed in the chamber in session 2, instead of the fear conditioning pro-
tocol. In the catFISH experiments that examined the time course of the
cytoplasmic Homer la signals, mice were exposed to the conditioning
chamber for 5 min without shock. They were killed immediately, 25 min
or 70 min after the context exposure.

All sessions were video recorded to enable the automatic scoring of
freezing behavior according to the previously described method (No-
mura and Matsuki, 2008).

Electrophysiology. Mice were deeply anesthetized with diethyl ether
and decapitated 5 h after re-exposure to the conditioning context. Brains
were removed quickly, and coronal slices (300 pm thick) containing the
BLA were prepared with a vibratome (VT 12008S; Leica) in ice-cold, ox-
ygenated (95% O,/5% CO,) modified artificial CSF (mACSF) contain-
ing 222.1 mM sucrose, 27 mm NaHCOj, 1.4 mm NaH,PO,, 2.5 mm KCl,
0.5 mm ascorbic acid, 1 mm CaCl,, and 7 mm MgSO,,.

Picrotoxin (100 pum) was added to ACSF (127 mm NaCl, 1.6 mm KCI,
1.24 mm KH,PO,, 1.3 mm MgSO,, 2.4 mm CaCl,, 26 mm NaHCO;, and
10 mwm glucose). Whole-cell patch-clamp recordings were performed
with glass microelectrodes (3—8 M(2) filled with internal solution (135
mm K-gluconate, 4 mm KCl, 10 mm phosphocreatine-Na,, 10 mum
HEPES, 4 mm MgATP, and 0.3 mm Na,GTP, pH 7.2-7.3, 280-295
mOsm). Because the BLA receives projections from diverse cortices and
thalamus including the entorhinal and perirhinal cortices and mediodor-
sal thalamic nucleus, which are involved in contextual fear conditioning
(Maren and Fanselow, 1997; Sacchetti et al., 1999; Li et al., 2004), we
examined the effect of contextual fear conditioning on the cortico-BLA
and thalamo-BLA synapses. Electrical stimulation was applied to the
internal capsule to evoke EPSCs in BLA neurons from thalamic afferents,
or to the external capsule to evoke EPSCs from cortical afferents, using
bipolar tungsten electrodes (0.1-1 M{}). Paired stimuli were given with
an interstimulus interval of 50 ms, and the ratio between the amplitude of
the second and first EPSCs was calculated. Miniature EPSCs (mEPSCs)
were recorded at a holding potential of —70 mV in the presence of
tetrodotoxin (1 pm). mEPSCs were detected using an in-house MATLAB
program and were defined as inward currents with amplitudes >7 pA
unless stated (Miura et al., 2012). Data were sampled at 20 kHz and
filtered at 2 kHz using an Axopatch 200B, 700B amplifier (Molecular
Devices), DIGIDATA1320A, 1440A (Molecular Devices), and pClamp
10.2 (Molecular Devices). All data were acquired, stored, and analyzed
using Clampex 10, Clampfit, and MATLAB.

Fluorescence in situ hybridization. Mice were killed immediately after
session 3, and their brains were removed and frozen quickly. In situ
hybridization was performed according to previously published proto-
cols (Nomura et al., 2012). The coronal brain sections (20 pwm) were
hybridized with the riboprobes (DIG-Homer la antisense riboprobe, 2
pg/ml; Fluorescein-Arc antisense riboprobe, 1 pg/ml). The signals were
detected with an anti-Fluorescein HRP-conjugated antibody (1:200;
PerkinElmer); a TSA Plus DNP System (1:10; PerkinElmer); an anti-DIG
peroxidase-conjugated antibody (1:500; Roche); Tyramide-biotin (1:
5000), an Alexa488-conjugated anti-DNP antibody (Invitrogen); and
Alexa594-conjugated streptavidin (Invitrogen). The nuclei were coun-
terstained with Hoechst.

Z-stacks of 1-um-thick optical sections were acquired with LSM-510
(Zeiss) and CV1000 (Yokogawa Denki) confocal microscopes using 40X
objective lenses. Only cells that were presumptive neurons with whole,
large nuclei stained diffusely with the Hoechst dye were included in the
analysis. The designation “intranuclear positive” was assigned to neurons
that exhibited one or two of the characteristic intense intranuclear areas
of fluorescence. The designation “cytoplasmic positive” was assigned to
neurons that contained perinuclear/cytoplasmic labeling over multiple
optical sections.

Immunohistochemistry. For dVenus detection, mice were transcardi-
ally perfused with 4% PFA in PBS 5 h after re-exposure to the condition-
ing context. The sections were incubated with rabbit anti-GFP antibody
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(1:1000; Invitrogen), Alexa488 anti-rabbit IgG (1:500; Invitrogen), and
NeuroTrace Blue (1:50; Invitrogen).

Data analysis. All values are given as the mean * SEM. Two-way factorial
ANOVA, repeated-measure ANOVA, Student’s ¢ test, the Tukey—Kramer
test, and the paired ¢ test were used for appropriate comparisons.

An overlap score between neuronal populations that were active dur-
ing both sessions 1 and 3 was obtained as follows: S, = percentage of total
cytoplasmic Homer 1a+ neurons, Sy = percentage of total nuclear Arc+
neurons, S5 = percentage of neurons in which both cytoplasmic Homer
la and nuclear Arc were observed, chance level (C,;) = S, X §,/100,
overlap score between sessions 1 and 3 = (S,; — C;5)/(S; — C,3) X 100.
The recruiting score was calculated as the percentage of neurons that
changed their activity from inactive in session 1 to active in session 3.

Results

Contextual fear conditioning induces presynaptic potentiation
in BLA neurons recruited into a fear memory trace

To identify the neurons that were recruited into a memory trace,
we used Are-dVenus transgenic mice. These mice express a desta-
bilized version of the fluorescent protein Venus under the control
of the Arc promoter (Eguchi and Yamaguchi, 2009). The Arc-
dVenus mice allowed us to identify the neurons that were re-
cruited into the memory trace by dVenus fluorescence produced
by Arc activation during fear memory expression. The mice re-
ceived contextual fear conditioning, and 24 h later they were
re-exposed to the conditioning context (Fig. 1A). They showed
robust freezing during the re-exposure to the context (Fig. 1B),
suggesting that they recalled the contextual fear memory. They
were killed 5 h after the context re-exposure for the subsequent
electrophysiological studies. An IS group, which received a foot-
shock immediately after they were placed in the chamber, was
prepared as a control for associative fear learning (Fig. 1B). The
percentage of dVenus+ BLA neurons in FC mice was higher than
that of home cage (HC) controls (Fig. 1C,D).

Brain slices were prepared for whole-cell recordings from BLA
neurons. We measured mEPSCs from dVenus+ (V+) and dVe-
nus— (V—) neurons of the mice in the FC and IS groups. The
mEPSC frequency of the dVenus+ neurons in the FC group was
higher than that of the dVenus— neurons in the FC group and the
dVenus+ neurons in the IS group (Fig. 1 E,F). There was no
significant group X dVenus interaction for mEPSC amplitude
(Fig. 1G).

To probe the synaptic efficacy of dVenus+ neurons in the FC
group, we measured the evoked EPSCs and paired-pulse ratio
(PPR). The EPSC amplitude of the dVenus+ neurons in the FC
group was higher than that of the dVenus— neurons in the FC group
in the cortical, but not the thalamic, pathway (Fig. 1 H,I). PPRin the
dVenus-+ neurons of the FC group was lower than that in dVenus—
neurons of the FC group in the cortical, but not the thalamic, path-
way (Fig. 1 J,K). These results indicate that the synaptic efficacy of
cortico-amygdala synapses is presynaptically enhanced in the FC
group, and that this enhancement is restricted to neurons that were
recruited into the memory trace (i.e., dVenus+ neurons).

We tested whether fear memory retrieval is required for the
high mEPSC frequency in the recruited neurons. Arc-dVenus
mice were killed 5 h after they received fear conditioning without
re-exposure to the conditioning context (Fig. 2A). BLA dVenus+
neurons showed higher mEPSC frequency and amplitude than
dVenus— neurons (Fig. 2B-D). These results suggest that the
high mEPSC frequency in the recruited neurons is attributable to
fear conditioning.

In all the analyses described above, we detected mEPSCs with
a 7 pA threshold. This analysis strictly removed noise (false pos-
itive EPSCs) but could miss small mEPSCs. To avoid missing
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Figure1.  Contextual fear conditioning induces presynaptic potentiation in BLA neurons recruited into a fear memory trace. A, Experimental procedure. B, The FC group showed longer freezing

time during the test than the IS group. , A representative fluorescence image of BLA neurons with dVenus. D, Re-exposure to the conditioning contextincreased the proportion of dVenus -+ neurons
intheBLA (one-way ANOVA, F, 1, = 6.7, p = 0.0068; Tukey's test, home cage (HC) vs FC, p = 0.0050). £, F, dVenus + (V +) neurons of the FCgroup had a higher mEPSC frequency than dVenus —
(V—) neurons of the FCgroup and dVenus-+ neurons of the IS group (n = 10 dVenus -+ and 10 dVenus— neurons per behavioral group from 14 mice in the FC group and 12 mice in the IS group;
two-way ANOVA, F,W,, = 4.9,p = 0.033; dVenus + (FC) vs dVenus— (FC), p = 0.042; dVenus -+ (FC) vs dVenus— (IS), p = 0.024). G, There was no significant group X dVenus interaction of
mEPSCamplitude (Fy, 55, = 0.33,p = 0.57). H, 1, The EPSCamplitude of the dVenus + neurons in the FC group was higher than that of the dVenus — neurons in the FCgroup in the cortical but not
thalamic pathway (1 = 710 neurons from 5 mice; cortical pathway, repeated-measures ANOVA, Fg 155 = 4.5, p = 4.1 10 ~*). Calibration: 20 ms, 100 pA. J, K, The PPRin dVenus-+ neurons
in the FC group was lower than that of dVenus— neurons in the FC group in the cortical but not thalamic pathway (n = 7-11 neurons from 7 mice; cortical pathway, Student's ttest, t,,) = 2.3,

p = 0.041). Calibration: 20 ms, 50 pA. **p << 0.01, *p << 0.05.

small mEPSCs, we also performed an additional analysis detect-
ing mEPSCs with a 5 pA threshold. Similarly with the 7 pA
threshold analyses, we found that BLA dVenus+ neurons
showed a higher mEPSC frequency (dVenus+: 12.1 = 2.8 Hz;
dVenus—: 6.9 = 2.1 Hz; paired t test, t;5, = 4.7, p = 0.0051) and
amplitude (dVenus+: 10.0 = 0.19 pA; dVenus—: 8.3 = 0.14;
frsy = 9.9, p = 0.0002) than dVenus— neurons.

Fear conditioning reorganizes a context-responsive BLA
neuronal ensemble based on the activity of individual BLA
neurons during fear conditioning

Because synaptic potentiation in a subset of neurons is likely to
lead to a reorganization of neuronal ensembles, we tested
whether a BLA neuronal ensemble responsive to context is al-
tered by fear conditioning. Mice in the FC group were subjected
to context exposure in session 1 (S1), contextual fear condition-
ing in session 2 (S2), and context re-exposure in session 3 (S3)
with 36 and 20 min intervals (Fig. 3A). They spenta much greater
time freezing in session 3 versus session 1 (Fig. 3B). The IS group

demonstrated significantly less freezing in session 3 than the FC
group.

To identify neurons that were active during each session, we
used temporal activity mapping with cellular resolution by ob-
serving Arc and Homer 1a RNA (i.e., catFISH; Guzowski et al.,
1999; Marrone et al., 2008). Transcribed Arc RNA first appears in
neuronal nuclei, after which processed Arc mRNA accumulates
in the cytoplasm. Homer 1a RNA is transcribed later than Arc
RNA. Previously, we reported that nuclear Arcis observed imme-
diately after neuronal activity and that cytoplasmic Arc and nu-
clear Homer 1a are observed 25-30 min after neuronal activity in
the amygdala (Hashikawa et al., 2011; Nomura et al., 2012). Be-
cause the characteristics of the cytoplasmic Homer 1a signal have
been described for hippocampal neurons (Marrone et al., 2008)
but not amygdala neurons, we first examined the time course of
the cytoplasmic Homer Ia signal after neuronal activity. We
found that in the basolateral amygdala, as well as the hippocam-
pal CA1, more cytoplasmic Homer Ia+ neurons were observed
when mice were killed 70 min after context exposure compared



