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CREB regulates excitability and the allocation of
memory to subsets of neurons in the amygdala

1-4

Yu Zhou'=*7, Jaejoon Won'!~4, Mikael Guzman Karlsson!™*, Miou Zhou'4, Thomas Rogerson!™,
Jayaprakash Balaji'~, Rachael Neve>, Panayiota Poirazi® & Alcino J Silval™

The mechanisms that determine how information is allocated to specific regions and cells in the brain are important for memory
capacity, storage and retrieval, but are poorly understood. We manipulated CREB in a subset of lateral amygdala neurons in

mice with a modified herpes simplex virus (HSV) and reversibly inactivated transfected neurons with the Drosophila allatostatin

G protein—coupled receptor (AlstR)/ligand system. We found that inactivation of the neurons transfected with HSV-CREB during
training disrupted memory for tone conditioning, whereas inactivation of a similar proportion of transfected control neurons did
not. Whole-cell recordings of fluorescently tagged transfected neurons revealed that neurons with higher CREB levels are more
excitable than neighboring neurons and showed larger synaptic efficacy changes following conditioning. Our findings demonstrate
that CREB modulates the allocation of fear memory to specific cells in lateral amygdala and suggest that neuronal excitability is

important in this process.

Memory is thought to depend on specific sets of connected neu-
rons that, together, support the ‘memory trace’. Previous results have
demonstrated that only a portion of eligible neurons in a network
participate in a given memory. For example, approximately 70% of
lateral amygdala neurons receive the sensory input involved in tone
conditioning, but less than 25% are thought to encode this form of
conditioning1‘6. Why are some neurons, rather than their neighbors,
recruited to store a given memory? Recent results suggest that the
transcription factor CREB (cyclic adenosine 3’,5’-monophosphate
response element binding protein) is crucial for determining which
neurons in lateral amygdala take part in encoding an auditory fear
memory; neurons with relatively higher CREB levels are preferentially

STo) recruited into fear memory traces>®. In this study, we used cell-specific

molecular manipulations and inducible and reversible inactivation
of targeted cells to study the molecular basis of memory allocation in
amygdala neurocircuits. At the heart of our approach is the transfec-
tion of a subset of neurons in the amygdala with a viral vector that
includes a fluorescently tagged Crebl gene and a receptor system that
allowed us to reversibly silence those neurons. We found that the virally
manipulated CREB biased the allocation of memory to the transfected
neurons, as silencing those neurons had a disproportionate effect on
memory. Notably, we also found that neurons with higher CREB levels
were more excitable than neighboring neurons and experienced larger
synaptic efficacy changes following conditioning.

RESULTS
We used a neurotropic, replication-defective HSV” to coexpress green
fluorescent protein (GFP)-tagged CREB and the Drosophila AlstR®

(HSV-CREB virus; Fig. 1a) in a subset of lateral amygdala neurons.
The activation of AlstRs has been shown to turn on endogenous mam-
malian G protein—coupled inwardly rectifying K* (GIRK) channels.
On binding to its ligand (allatostatin), AlstR/GIRK complexes cause
membrane hyperpolarization and, consequently, a decrease in neuro-
nal excitability®. As previous studies have found that there is abundant
expression of GIRK channels in the amygdala®, we expected that the
activity of HSV-CREB-transfected neurons in tone-conditioned mice
could be manipulated by local infusion of allatostatin'®!!, As a con-
trol, we also used a virus that expressed GFP-tagged B-galactosidase
(LacZ) instead of GFP-tagged CREB (HSV-LacZ virus; Fig. 1a). These
viruses were microinjected into lateral amygdala, which is essential
for auditory Pavlovian fear conditioning®10.

Histological staining with an antibody to GFP revealed that ~20%
of lateral amygdala neurons were transfected with virus and that the
majority of transfected cells were in the lateral amygdala (Fig. 1b).
No significant difference was observed between the infection rates
for the HSV-CREB and HSV-LacZ viruses (18 + 3% versus 21 * 4%,
n=4mice per group, P> 0.05). Cannula placement was confirmed with
crystal violet staining at the end of each experiment (Supplementary
Fig. 1). Only those mice with bilateral placements in the basolateral
complex of the amygdala were used for analysis. Notably, western blot
analyses indicated that HSV-CREB viral transfection increased CREB
levels in the amygdala; transfection with HSV-LacZ had no detectable
effect on CREB expression (Supplementary Fig. 2).

We first determined whether lateral amygdala neurons transfected
with either the HSV-CREB or the HSV-LacZ virus could be selec-
tively silenced by allatostatin administration. Whole-cell patch-clamp
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Figure 1 Selective and reversible modulation a
of a set of genetically targeted lateral amygdala
neurons. (a) Schematic of the viral amplicons.

HSV-CREB [E4/5-GFPIBREBHYHOMY Alstr 31

(b) Robust and localized GFP expression in HsV-Lacz |E4/5 GFPIEYAIMENT Alstr ) (2)
lateral amygdala following HSV-CREB (top) g
and HSV-LacZ virus infection (bottom). Left, c ACSF 20 nM AL Wash o
illustration of cannula tip locations (black dot : j ‘
in lateral amygdala) of the representative brain GFP* J 100 pA 500 pA 100 pA Wi ]
slices (middle). Middle, low-magnification =
images showing GFP expression (green) in 700 pA 2100 pA 700 pA =" 5
lateral amygdala following virus infection. _ 20mVL__ D M E
Scale bar represents 120 um. Right, high- GFP /-,.100 PA 100pA FOO pA 200ms NS R
magnification images showing GFP expression \ > l A ‘
in lateral amygdala neurons. Transfected lateral -100pA  -100pA  —100pA === EILC A
amygdala cells were stained with both GFP d e
(green) and DAPI (red). Scale bar represents < 10 1,000 W GFP* A ACSF m AL A Wash 160 W GFP"

: . € -] *  OGFP < 60 &A O GFP
20 um. (c) Representative traces showing that T8 - g o 800 2 A‘A:! . §1.; 120
allatostatin (20 nM) quickly (~5 min) and Z 6 3£ 600 S801 Al Lannt 52
reversibly |nact|\{ated transfected (GFPf) lateral £, §§ 400 —20q AT 200 400 600 §§ 80 **
amygdala pyramidal neurons, whereas it had S g2 1 (pA) 22 40
no effect on neighboring nontransfected (GFP~) s 2 £ 20 _60 =
neurons in the same slices. The dashed line ©o0 0 0
represents the resting potential at —-60 mV. The currents injected are shown next to associated traces. ACSF, artificial cerebrospinal fluid. (d) Summary

of the selective effect of allatostatin on resting membrane potential (RMP, left) and the spike current threshold (right) of transfected lateral amygdala
neurons. (e) The selective effect of allatostatin (AL) on input resistance of transfected lateral amygdala neurons. Left, /-V curves and linear regression
used to calibrate input resistance. Right, summary of the selective effects of allatostatin. In c—e, the transfected neurons include both HSV-CREB and
HSV-LacZ neurons. Only about two neurons were recorded from the same slice. n = 12-16 cells from four mice for each experimental group. Unpaired

ttest, * P<0.05 and ** P< 0.01.

recordings were performed in both visually identified GFP-positive
neurons and GFP-negative neighboring cells in the same brain slices
from HSV-CREB or HSV-LacZ mice. Consistent with previous stud-
ies'?, we found that allatostatin administration quickly and reversibly
caused the membrane potential to become more negative (—5.9 = 1.2
mV, t=3.73, P <0.01) in GFP-positive neurons, but had no effect on
the membrane potential of GFP-negative neighboring cells (-0.3
0.9 mV). Moreover, allatostatin administration quickly and reversibly
increased the spike current threshold (600 £ 210% of the baseline,
t=2.33, P <0.05) and decreased the input resistance (51 + 12% of the
baseline, t = 3.96, P < 0.01) of GFP-positive lateral amygdala neurons,
whereas it had no effect on GFP-negative neurons (Fig. 1c—e).

Cell-specific disruption of fear memory in HSV-CREB mice

Next, we determined whether inactivation of the subpopulation of
lateral amygdala neurons transfected with HSV-CREB disrupted
memory for tone conditioning. If higher levels of CREB expres-
sion disproportionally commit transfected neurons to encoding the
memory for tone fear conditioning>®, then inactivation of these neu-
rons should have a much greater effect on recall than inactivation of
neurons transfected with the control HSV-LacZ virus. To test this
hypothesis, we bilaterally micro-infused both virus preparations into
the lateral amygdala ~3 d before tone fear conditioning®. Memory for
tone conditioning was assessed by measuring the percentage of time
that the mice spent freezing during a tone presentation conducted

Figure 2 Local infusion of allatostatin selectively
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24 h after conditioning. To test the effect of inactivating transfected
neurons, we bilaterally infused allatostatin (10 uM, 0.5 pl) or vehicle
into the lateral amygdala ~30 min before the retrieval of auditory
fear memory. Notably, mice transfected with HSV-CREB (HSV-CREB
mice) and treated with allatostatin showed less freezing (41.4 £ 3.7%,
t=2.58, P < 0.05) than HSV-CREB mice treated with saline (65.3 +
8.5%), whereas allatostatin had no effect on freezing of the HSV-LacZ
mice (Supplementary Fig. 3).

As a control, we also infused allatostatin or vehicle into the lateral
amygdala of separate groups of mice and waited 4 h (instead of 30 min)
before testing tone conditioning (Supplementary Fig. 4). We found
that allatostatin infusion 4 h before testing had no effect on retrieval,
indicating that the effect of allatostatin in vivo lasts at least 30 min,
but no longer than 4 h. In addition, the absence of a memory effect in
mice that received the control virus strongly suggests that allatostatin
did not have a nonspecific effect on lateral amygdala neuronal func-
tion. Thus, these data support the hypothesis that neurons with higher
CREB expression are disproportionally engaged in the neuronal repre-
sentation that encodes tone fear memory in the lateral amygdala.

To test whether the effects of allatostatin are reversible, we repeated
the experiment just described, but added a second test 24 h after the
first test. In the second test, we reversed the treatments so that the mice
that were infused with allatostatin in the first test were infused with

Figure 4 HSV-CREB neurons in conditioned mice show increased synaptic
efficacy. (a) Comparison of lateral amygdala synaptic properties in naive
(untrained) versus conditioned (trained) mice. Left, evoked EPSCs in
thalamo-lateral amygdala synapses were enhanced after conditioning.
Two-way ANOVA, F1,37 =7.68, P<0.01 (naive, n= 15 neurons;
conditioned, n = 24 neurons from 6 mice per group). Right, PPF was
decreased in thalamo-lateral amygdala synapses after conditioning.
Two-way ANOVA, F1,82 =26.35, P<0.001 (naive, n= 37 neurons;
conditioned, n = 47 neurons from 8 mice per group). (b) Comparison
of lateral amygdala synaptic properties in naive versus conditioned
mice transfected with HSV-CREB virus. Naive CON and conditioned
CON refer to nontransfected (GFP negative) lateral amygdala neurons,
whereas naive HSV-CREB and conditioned HSV-CREB refer to
transfected (GFP positive) neurons from naive and conditioned mice.
Left, HSV-CREB neurons (n = 12) showed increased synaptic EPSCs
after conditioning compared with other groups (naive CON, n = 5;
naive HSV-CREB, n = 7; conditioned CON, n = 8, from 5-6 mice

per group). One-way repeated ANOVA, P< 0.001; Newman-Keuls
multiple comparison test, P < 0.001. Right, HSV-CREB neurons
showed decreased PPF after conditioning. HSV-CREB neurons,

n = 13; naive CON, n = 10; naive HSV-CREB, n = 11; conditioned
CON, n =8, from 6 mice per group. One-way ANOVA, P < 0.001;
Newman-Keuls multiple comparison test, P < 0.001. Inserts,

sample traces from different neurons as indicated. The stimulation
intensity was 30 pA and the interstimulus interval in PPF

was 35 ms.
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Figure 3 Allatostatin does not disrupt conditioning in HSV-CREB mice
established before viral transfection. (a) Schematic of the experimental
design. Mice were trained on fear conditioning (FC) 1 d before viral
transfection and on CTA 3 d after viral transfection. (b) Allatostatin
infusion impaired CTA memory, which was generated after virus infusion
(training after virus infusion). The aversion index is defined as (milliliters
of water consumed)/(milliliters of water + milliliters of saccharin
consumed) x 100%. The higher the aversion index, the more the mice
preferred water to saccharin and the better the CTA memory. Unpaired
ttest, *P < 0.05. (c) Allatostatin had no effect on established tone fear
conditioning memory (training before virus infusion). Pre-tone, freezing
before tone presentation; tone, freezing during tone presentation. n=9
mice for allatostatin group and n = 6 mice for vehicle group.

vehicle in the second test (and vice versa). We found (Fig. 2a) that the
effects of allatostatin were fully reversible, as HSV-CREB mice treated
with allatostatin in the first test (test 1, 50.7 + 5.7% freezing) showed
normal freezing in the second test (test 2,67.1 +5.1%, t=2.14,n =15,
P <0.05) when treated with saline. In addition, HSV-CREB mice treated
with saline in the first test (71.1 £ 4.8% freezing) showed a memory
impairment (freezing time: 47.3 + 5.8%, t=3.17,n=17,P <0.01 com-
pared with test 1) when treated with allatostatin in the second test.

If higher CREB expression increases the probability that neurons
in the lateral amygdala encode the tone memory?, then inactivating
those neurons during tone conditioning should prevent them from
participating in the encoding process, and consequently preclude
HSV-CREB from biasing memory allocation. To test this hypothesis,
we included an allatostatin manipulation during both training and
testing (Fig. 2b). Consistent with CREB’s role in memory consolida-
tion!>14, we found that activation of the HSV-CREB neurons dur-
ing training enhanced tone-associated fear memory (vehicle/vehicle,
70.0 £ 5.5%, n = 12), whereas inactivation of the HSV-CREB neu-
rons with allatostatin during training reduced tone-associated fear
memory to control levels (allatostatin/vehicle, 47.4 + 6.4%, n = 12;
Fig. 2b). Notably, we found that, although allatostatin during test-
ing disrupted freezing in mice that received saline during training
(vehicle/allatostatin versus vehicle/vehicle), the same treatment
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did not affect freezing in mice that received allatostatin during
training (allatostatin/allatostatin, 49.5 £ 6.6%; allatostatin/vehicle,
47.4 £ 6.4%; n = 12 per group, Fisher’s PLSD, P > 0.05; Fig. 2b). This
result indicates that allatostatin administration during testing does
not affect memory retrieval in mice treated with allatostatin during
training, demonstrating that HSV-CREB can only affect memory allo-
cation when transfected cells are active during training. Altogether,
these results indicate that neuronal activation during training is
crucial for CREB’s role in memory allocation.

Because our measures of memory allocation were taken at least
24 h after training (Fig. 2a,b), it is possible that the well-known
effects of CREB on memory consolidation'®!# could be confound-
ing our interpretation of CREB’s role on memory allocation. Thus,
we tested memory allocation 30 min after training, a time point that
is known to precede memory consolidation'>!4. Indeed, when tested
30 min post-training, HSV-CREB mice did not show higher freezing
than HSV-LacZ mice, indicating that HSV-CREB does not enhance
tone fear memory 30 min post-training (Fig. 2¢c). Nevertheless, local
administration of allatostatin immediately after training did disrupt
30-min memory for tone conditioning in HSV-CREB mice (HSV-
CREB/vehicle, 50.9 + 5.5%; HSV-CREB/allatostatin, 28.9 + 5.2%;
F; 4, =6.93, Fisher’s PLSD, P < 0.05, n = 12 per group), whereas it had
no effect on HSV-LacZ mice (HSV-LacZ/vehicle, 48.1 + 7.5%; HSV-
LacZ/allatostatin, 52.9 + 5.7%; Fig. 2c). These findings indicate that
CREB’s role in memory allocation cannot be attributed to its effects on
memory consolidation. In addition, memory allocation was observed
as early as 30 min following training. Previous results have suggested
that transfection with HSV-CREB does not recruit more lateral amyg-
dala neurons during encoding and that the total number of lateral
amygdala neurons involved in a specific memory remains unchanged
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Figure 5 CREB increases neuronal excitability in transfected lateral
amygdala neurons. (a) Left, traces of sample recordings showing more
action potentials in response to increasing current injections (=100,

0, 100, 200 and 400 pA; 600 ms) in a HSV-CREB neuron than in a
neighboring nontransfected neurons (CON). Right, we found significantly
more action potentials in HSV-CREB neurons (n = 58, from 8 mice)

than in controls (n = 64, from 12 mice from the other three groups,
repeated ANOVA, P < 0.05). (b) HSV-CREB changed the firing properties
of transfected lateral amygdala pyramidal neurons. Left, sample

voltage traces showing two lateral amygdala neurons with distinct firing
properties?4. Rapidly adapting (RA) cells fired only 1-5 spikes at the
onset of the current injection (600 ms, 400 pA) and remained silent for
the rest of the current pulses. Slowly adapting (SA) cells fired more than
six spikes. Right, distribution of firing properties of HSV-CREB neurons
and control lateral amygdala neurons. (¢) HSV-CREB neurons showed
reduced post-burst AHP compared with control neurons. Left, sample
post-burst AHP traces from a HSV-CREB neuron and a neighboring control
neuron. Right, histogram showing AHP difference between HSV-CREB
neurons (n = 58, from 8 mice) and the control neurons (n = 64, from

12 mice from the other three groups) as measured at peak and 300 ms
after the end of current step. Unpaired ¢ test, * P < 0.05.

across various CREB manipulations>®. This implies that our tone fear
results 24 h after training are not simply the result of silencing of neu-
rons driven into the amygdala memory trace by HSV-CREB.

To test the behavioral specificity of the HSV-CREB effects on mem-
ory, we repeated the experiments described above with two important
modifications. First, we fear-conditioned the mice before (and not
after) viral injection. Second, we trained the same mice on taste aver-
sion conditioning (CTA) 3 d after viral infection (Fig. 3). We chose CTA
because it also depends on the amygdala'>~17. As predicted, we found
that allatostatin infusion impaired CTA memory (HSV-CREB/vehicle,
71.9 + 7.7%; HSV-CREB/allatostatin, 50.0 + 5.9%; t = 2.31, P < 0.05;
Fig. 3b), but had no effect on tone fear memory (HSV-CREB/vehicle,
50.6 £ 8.6%; HSV-CREB/allatostatin, 49.9 + 9.8%, P > 0.05; Fig. 3¢).
Notably, the total levels of fluid consumption in CTA test were the same
in different treatment groups. These data demonstrate the behavioral
specificity of the HSV-CREB effects and indicate that pre-training, but
not post-training, HSV-CREB infusions affects memory allocation in
lateral amygdala. These data also demonstrate that CREB has a role in
the allocation of memory for CTA, suggesting that our findings may
be generally applicable to amygdala-dependent learning.

HSV-CREB neurons show increased synaptic efficacy

Previous studies in thalamo-lateral amygdala synapses following tone
fear conditioning found that synaptic transmission was increased and
paired-pulse facilitation (PPF) was decreased'®!°, To test whether
HSV-CREB neurons in lateral amygdala are preferentially recruited
to encode fear memory, we studied synaptic transmission and PPF in
HSV-CREB neurons and nontransfected neighboring cells in the same
brain slices in both naive and conditioned mice (24 h post-training).
Consistent with previous findings'®!%, our whole-cell recording

Figure 6 HSV-CREB changes the input-output function of transfected
lateral amygdala neurons. (a) Unit E-S curve of a HSV-CREB neuron

and a neighboring nontransfected neuron (CON). Insert, representative
EPSPs and action potentials traces from a HSV-CREB and a CON neuron
following increasing synaptic stimulations. (b) HSV-CREB lowered the
input-output threshold in transfected lateral amygdala neurons. The
threshold was quantified as the EPSP slope (mV ms~1) corresponding to
50% firing probability. (¢) HSV-CREB did not change the slope (gain) of
the linear component of the E-S curve. HSV-CREB, n=10; CON, n=11
from 5 mice. Unpaired ttest, * P< 0.01.
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studies in the thalamo-lateral amygdala pathway showed that fear
conditioning potentiated synaptic transmission (two-way ANOVA,
F1,37 =7.68, P < 0.01; Fig. 4a) and decreased PPF (two-way ANOVA,
F, g, = 26.35, P < 0.001; Fig. 4a).

We found that HSV-CREB neurons in conditioned mice (condi-
tioned HSV-CREB) had both enhanced synaptic transmission and
reduced PPF when compared with the other three control groups,
which included neighboring neurons without viral transfection in
conditioned mice (conditioned CON), HSV-CREB neurons (naive
HSV-CREB) and neighboring nontransfected neurons (naive CON)
in naive mice (one-way repeated-measures ANOVA, P < 0.001;
Fig.4b). Statistical analysis showed that the evoked excitatory postsynaptic
currents (EPSCs) and PPF in conditioned HSV-CREB neurons were
significantly different from the other three groups (Newman-Keuls
multiple comparison test, P < 0.001). On the contrary, although the
evoked EPSCs in conditioned CON neurons were also different from
those of naive HSV-CREB and naive CON neurons (P < 0.05-0.01),
the average PPFs among those three groups were identical (P > 0.05).
Both synaptic EPSCs and PPF were indistinguishable in the naive HSV-
CREB and naive CON groups, indicating that HSV-CREB did not
change evoked basal synaptic transmission and PPF at thalamo-lateral
amygdala synapses in naive, unconditioned mice. Taken together, these
data provide additional evidence for the hypothesis that neurons with
higher CREB function are disproportionally engaged in neuronal rep-
resentations that encode tone fear memory in the lateral amygdala.

HSV-CREB neurons show increased neuronal excitability

How could neurons with higher CREB levels bias memory allocation?
It is possible that higher levels of CREB expression lead to increased
expression of specific channels and signaling proteins that increase the
excitability of these neurons?%-22, thereby increasing the probability that
they are recruited during learning. To test this hypothesis, we prepared
acute lateral amygdala slices ~3 d after virus infusion and performed
whole-cell recordings. We found that, although HSV-CREB did not
affect the resting membrane potential, input resistance, spike ampli-
tude or the spike half-width of transfected lateral amygdala pyramidal
neurons (Supplementary Table 1), it did significantly lower the action
potential threshold of those neurons (HSV-CREB, —38.8 + 0.9 mV;
one-way ANOVA, P < 0.05 compared with the other three control
groups, —35.4 £ 1.0 mV to —35.7 £ 1.0 mV; Supplementary Table 1).
In addition, HSV-CREB caused a robust increase in the number of
action potentials elicited by depolarizing current injections; in HSV-
CREB neurons (1 = 58, from eight mice), the number of action poten-
tials triggered by depolarizing current injections was higher than in
nontransfected neurons or in neurons transfected with the HSV-LacZ
control virus (repeat ANOVA analysis, P < 0.05; Fig. 5a). Accordingly,
HSV-CREB neurons showed a reduced spike-frequency adaptation;
analysis of the distribution of neuronal firing properties indicated
that 62% (36 out of 58) of HSV-CREB neurons fired more than six
spikes in response to a 400-pA, 600-ms current injection, whereas only
19% (12 out of 64) of control neurons did so (Fig. 5b). Altogether, the
decreased spike threshold, increased number of action potentials and
reduced spike frequency adaptation indicate that HSV-CREB neurons
have increased intrinsic excitability. Because the afterhyperpolariza-
tion (AHP) is also known to affect excitability?>~27, we measured the
post-burst AHP of HSV-CREB and control neurons at two time points:
the negative peak and 300 ms after the end of the current pulse. We
found that HSV-CREB neurons had a significant (one-way ANOVA,
P < 0.05) reduction in the amplitude of the AHP at 300 ms after the
current pulse, but not at peak amplitude (Fig. 5¢), suggesting that later
components of the AHP may be specifically affected by HSV-CREB.
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Next, we determined whether the intrinsic excitability changes in
HSV-CREB neurons alter the input-output function of neurons, an
important property for information processing during learning. We
measured the relationship between the excitatory postsynaptic poten-
tial (EPSP) slope and spike probability following different synaptic
stimulation intensities (the E-S curve) in HSV-CREB—transfected and
neighboring control neurons. We observed a leftward shift of the E-S
curve in HSV-CREB neurons (HSV-CREB, 2.6 £ 0.3 mV ms~!; CON,
4.6+0.6mVms;P<0.01; Fig. 6). Specifically, we found a decrease
in the EPSP slope that yields action potentials with 50% probabil-
ity, which can be explained by a lower threshold for action potential
generation in HSV-CREB cells (Supplementary Table 1). In contrast,
the slope of the E-S curve was not changed. This result indicates that
HSV-CREB neurons have stronger EPSP spike coupling.

Previous studies showed that both changes in synaptic strength (LTP)
and changes in intrinsic excitability could lead to a left shift of the
E-S curve?®-30, Our whole-cell recordings in HSV-CREB and neighbor-
ing nontransfected neurons showed that HSV-CREB did not change
evoked basal synaptic transmission and PPF at thalamo-lateral amygdala
synapses in naive mice (Fig. 4b). In addition, there was no detectable
difference in the AMPA/NMDA EPSC ratio between HSV-CREB and
HSV-LacZ neurons (Supplementary Fig. 5). Consistently, HSV-CREB
expression did not change the slope of the E-S curve (Fig. 6), suggesting
that inhibition was not changed?®-3°, Thus, the E-S potentiation that
we observed in HSV-CREB neurons is probably a result of changes in
the intrinsic electrical properties of postsynaptic neurons. Our analyses
of intrinsic and synaptically driven excitability in naive mice indicate
that HSV-CREB increases the excitability of lateral amygdala neurons
and strengthen their input-output function. These findings provide a
possible explanation for the selective role of CREB in memory alloca-
tion: neurons with higher CREB levels have higher excitability and are
therefore more likely to be recruited in a memory trace.

DISCUSSION

We found that CREB was able to modulate the allocation of fear
memory to specific neurons in the lateral amygdala and that neuro-
nal excitability may be important in this process. Because we found
that neurons with virally encoded CREB (that is, higher CREB levels)
were more excitable, they were more likely to be both activated dur-
ing conditioning and recruited into storing the conditioning episode.
Synchronous or correlated activity with thalamic inputs could in turn
lead to the strengthening of thalamo-amygdala connections with these
neurons. Indeed, our findings indicate that these synapses are stronger
in HSV-CREB neurons from trained mice. Thus, only a specific subset
of neurons, the ones with higher levels of CREB expression, and thus
higher excitability, will be engaged in the memory trace.

In addition to its involvement in excitability, a large body of evi-
dence suggests that CREB-dependent transcription is essential for
both long-lasting forms of synaptic plasticity and long-term memory,
but not short-term plasticity or short-term memory>!=3°, Thus, the
excitability and synaptic plasticity mediated by CREB will eventually
work together to support the memory representation in a subset of
neurons of the lateral amygdala.

It is possible that differences in the endogenous levels of CREB
activity normally contribute to the diversity of firing properties in
projection neurons in the lateral amygdala4. Although the Creb tar-
get genes that are responsible for the changes in excitability that we
observed in lateral amygdala neurons are still not known, it is possible
that, as has previously been seen in other brain areas?0-2%3¢, increased
CREB expression or activity in the amygdala changes the expression
of voltage-dependent ion channels and the second messenger systems
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that modulate those channels, and consequently increases the excit-
ability of specific amygdala neurons?’. This subset of neurons with
higher excitability could then be more easily activated during learn-
ing and would therefore be more likely to be recruited into specific
memory representations. Thus, dynamic regulation of intracellular
CREB activity in individual neurons of a network might be one of the
crucial organizing principles for memory allocation. Therefore, some
or all of the cooperating and antagonizing signaling pathways known
to regulate CREB activity might fine tune the process that allocates
memories in neuro-networks®’.

Following robust activation of CREB, it is also possible that CREB
repressors, such as inducible cAMP early repressor38, are transcribed.
The progressive accumulation of CREB repressors could then have
an overall negative effect on CREB activity and therefore on memory
allocation. The balance of factors that either promote or dampen
neuronal excitability would then control whether two memories are
stored in the same or different cells. It is possible that CREB is only
one of many factors involved in memory allocation and that excit-
ability is just one of several mechanisms that determine which cells
in a network encode a given memory.

Our results provide direct evidence that memory is not evenly stored in
neuronal networks!2>6 and that CREB is involved in determining which
subset of neurons is recruited during training. Notably, CREB does not
seem to change the total number of neurons in the memory trace>°, sug-
gesting that there may be a competitive process that determines cellular
participation in the memory trace. At a circuit level, it is possible that
there is a relationship between the total number of activated neurons and
network inhibition; the initial recruitment of a larger number of neurons
would result in stronger inhibition and therefore in a feedback circuit
process that limits the total number of cells committed to any one given
memory. Our results, along with others>®, represent an important step
toward unraveling the organizing principles and mechanisms behind
the emergence of Hebbian cell assemblies responsible for information
storage and retrieval in brain structures such as the amygdala.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Mice. Adult F, hybrid (C57BI/6NTac x 12956/SvEvTac) mice were group housed
(3—4 per cage) on a 12-h light/dark cycle. Food and water were available ad libitum
throughout the experiment. All procedures were approved by the Chancellor’s
Animal Research Committee at the University of California at Los Angeles, in
accordance with US National Institutes of Health guidelines.

HSV vectors. Two vectors were used, HSV-CREB-AlstR (HSV-CREB vector)
and HSV-LacZ-AlstR (Control vector). Genes of interest (Creb, LacZ and AlstR)
were cloned into a bicistronic HSV amplicon’. To visualize transgene expres-
sion, we fused eGFP to the 5" end of the CREB and LacZ ¢cDNA. Crebl or LacZ
were expressed from an IE4/5 promoter and AlstR from a CMV promoter. The
amplicon was packaged according to published methods®.

Surgery and virus infusion. Mice were pretreated with atropine sulfate
(0.1 mg per kg of body weight, intraperitoneal), anesthetized with chloral hydrate
(400 mg per kg, intraperitoneal) and placed in a stereotaxic frame. The skin was
retracted and holes were drilled in the skull bilaterally above the lateral amygdala
(anterior-posterior = —1.3, medial-lateral = +3.3, ventral = —4.8 mm from
bregma) according to a mouse brain atlas*’. For behavioral experiments, a stain-
less steel outer cannula (Plastic One) was implanted to lateral amygdala and
fixed on the skull with dental cement. After cannula implantation, mice were
single-housed and handled every day. Virus infusion was delayed until 7 d after
surgery to ensure physical recovery. A virus solution (1.3 pl, bilateral) was deliv-
ered to lateral amygdala at a flow rate of 0.065 pl min~! through inner injection
cannula (Plastic one, 22 gauge) attached by polyethylene tubing to Hamilton
microsyringes mounted in an infusion pump (Harvard Instruments). The infu-
sion cannula was left in place an additional 10 min to ensure diffusion of the
vector. For electrophysiological studies, virus solution (1.3 ul) was delivered to
lateral amygdala over 5 min through glass micropipettes (Sutter Instrument)
immediately after the holes were drilled. The micropipette was left in place
for 5 min post-injection. Electrophysiological or behavioral experiments were

performed 3 d following virus infusion*!.

Allatostatin administration. The peptide allatostatin'?> (New England) was
dissolved in ddH, O to make a 2.5 mM stock solution. Saline was added to dilute
it to the proper final concentration for each specific experiment. Allatostatin
solution (0.5 pl), or the same amount of vehicle (saline), was delivered bilaterally
to the lateral amygdala of awake mice at a flow rate of 0.25 pl min~! through
inner injection cannula. The cannula was left in place for 2 min post-injection.
Behavioral procedures were started ~30 min after injection.

Auditory (tone) fear conditioning. Training consisted of placing the mice
in a conditioning chamber (context A) and presenting a tone 2 min later
(2,800 Hz, 85 dB, 30 s) that terminated with a shock (2 s, 0.5 mA). Mice remained
in the chamber for an additional minute. The mice were tested for auditory fear
conditioning either 30 min or 24 h later. Mice were placed in a novel chamber
(context B) and the tone conditioned stimulus was presented (for 1 min) 2 min
later. Our index of memory, freezing (the cessation of all movement except for
respiration), was assessed via an automated scoring system (Med Associates) with
a 30 frames per s sampling; the mice needed to freeze continuously for at least
1 s before freezing could be counted. The same training protocol was also used in
the electrophysiological studies. Slices were cut 24 h after training.

CTA. CTA training took place in the light part of the cycle 7 d after surgery.
Mice were deprived of water for 24 h and then pretrained for 5 d to get their
daily water ration within 40 min per d from two tubes (10 ml). HSV virus was
infused into lateral amygdala on both sides 3 h after the second day of pretraining.
Conditioning started 3 d after virus injection.

On the conditioning day, the two tubes were filled with 0.2% saccharin sodium
salt (wt/vol, the taste conditioned stimulus) instead of water. The conditioned

stimulus was presented for 20 min and mice were treated 20 min later with the
malaise-inducing agent LiCl (0.06 M, 2% of body weight, intraperitoneal).

Testing for aversion to saccharin occurred 24 h later. Allatostatin/vehicle was
infused 30 min before testing. Two tubes (one containing water and the other
containing saccharin) were presented for 40 min. The intake of each fluid was
measured and the aversion index, defined as (milliliters of water consumed)/
(milliliters of water + milliliters of saccharin consumed) x 100%. The 50%
aversion index is the equal preference level, and the higher the aversion index, the
more the mice preferred water to saccharin.

Histology. After the behavioral experiments, mice were killed by transcardial per-
fusion with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, wt/vol). Brains
were sliced coronally (40 um). The cannula tip locations were confirmed by crystal
violet staining at the end of each experiment. Only those mice with bilateral place-
ments in the basolateral complex of the amygdala were included in analysis.

Quantitative analyses of infection levels were performed using the US National
Institutes of Health image processing system. Before confocal imaging, we used
transmission light microscopy and the thalamo-lateral amygdala fibers and
the cortico-lateral amygdala fibers to locate the dorsal and lateral boundary of
the lateral amygdala. The total number of GFP-positive cells in the lateral amy-
gdala was counted bilaterally with a fixed sample window (0.1 mm?) across at
least six sections from comparable anteroposterior levels from each mouse. To
assess the number of nuclei in the areas counted, we re-stained the slices using
4’,6’-diamidino-2-phenylindole (DAPI) after washout of FITC-conjugated
primary antibody to GFP. The percentage of GFP-positive cells was calculated as
the percentage of GFP-positive cell per total DAPI-labeled nuclei in the lateral
amygdala. After the immunofluorescent studies, brain slices were counter stained
with crystal violet to confirm the position of the infusion cannula.

Electrophysiology. Brains were rapidly removed from adult mice (3—4 months old)
2-3 d after virus infusion and placed in ice-cold ACSF containing 120 mM NaCl,
20 mM NaHCO,, 3.5 mM KCl, 1.25 mM NaH,PO,, 2.5 mM CaCl,, 1.3 mM MgSO,
and 10 mM D-glucose. Coronal slices (400 um thick) containing the amygdala
were prepared and allowed to recover in oxygenated (95% 0,/5% CO,) ACSF at
25-29 °C for atleast 1 h before experiments were performed. All solutions were bub-
bled with 95% O,/5% CO, and perfused over the sliceata rate of ~2 mlmin~! at 31 °C.
Cells were visualized with an upright microscope using infrared or epifluorescent
illumination, and whole-cell current-clamp recordings were made from neurons
in the lateral amygdala with a Dagan 3900A amplifier and Multiclamp 700A.
Electrodes (3-6 MQ) contained 120 mM potassium methansulfate, 20 mM KCl,
10 mM HEPES, 0.2 mM EGTA, 2.0 mM MgCl,, 2 mM Mg, ATP, 0.3 mM Na,;GTP,
7 mM phosphocreatine (pH 7.2-7.4, 290-300 mOsm). Alexa 568 (0.2 mg ml~!,
Molecular Probes) was included in the internal solution. Responses were filtered
at 2 kHz and digitized at 10 kHz. All data were acquired, stored and analyzed using
pClamp9.0 (Axon Instruments) and Matlab (R2007a). Access resistance was mon-
itored throughout the experiment. Input resistance was monitored throughout
the experiment by applying a hyperpolarizing current (=100 pA). Only cells that
reached the minimal criteria for health and stability (resting membrane potential
more negative than —55 mV and access resistance less than 20 MQ) were included
in the analyses of this study.

Pyramidal neurons in lateral amygdala were identified on the basis of their
action potential half-width and spike frequency adaptation in response to a long
depolarizing current injection, as described previously?4. Cell passive membrane
properties were examined at resting potential. The spike amplitude, half-width
and spike threshold were measured from the first spike in each trace that showed
the smallest number of evoked spikes (usually only one spike) in response to
a depolarizing step (either 50, 100 or 150 pA, 600 ms). Spike amplitudes were
measured from resting potential. The threshold for spike initiation was taken as
the beginning of the upstroke of the action potential. Action potential half-widths
were measured as the spike width at the half-maximal voltage. Input resistance
was calibrated by fitting the I-V curve with a linear regression. To investigate the
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firing properties of neurons, we delivered 15 current injection steps (600-ms
duration) from —200-500 pA in 50-pA increments. This protocol was repeated
three times to obtain stable responses. In the allatostatin experiments, this pro-
tocol was repeated six times, twice to obtain control responses, twice after the
application of allatostatin and repeated twice again after washout of allatostatin.
The lateral amygdala cells that we recorded were further divided into two groups
on the basis of spike-frequency adaptation?*. Rapidly adapting cells fired only
1-5 spikes at the onset of the current injection (600 ms, 400 pA) and remained
silent for the rest of the current pulses. Slowly adapting cells fired more than six
spikes. Post-burst AHPs were evoked in current clamp by applying a 50-ms supra-
threshold stimulation (=400 pA, mostly 400 pA) current step from a holding
potential of =60 mV to induce at least two spikes*>43, Cells that fired only once
with varying injection currents were excluded from further analysis. The AHPs
were measured at two time points: the negative peak of the AHP and 300 ms
after the end of the 50-ms pulse. Drugs were applied by adding them to the
superfusate at the appropriate concentration. Because the neuronal excitability
of uninfected cells in HSV-CREB mice (n = 40 neurons, 8 mice), HSV-LacZ
vector—transfected cells (n = 12 neurons, 2 mice) and nearby uninfected cells
(n = 12 neurons, 2 mice) were not significantly different (P > 0.05), we pooled
the data and used it as a control.

The thalamo-lateral amygdala pathway was stimulated with a bipolar plati-
num electrode. The distance between the recording and stimulating sites was
between 150 and 450 um. We delivered 100-us stimuli at 10-s intervals. For the
basal synaptic transmission studies, the input-output curve was constructed
by varying stimulus intensity (10-100 pA) and measuring the corresponding
EPSC amplitude. Peak EPSC was measured as the peak inward current. For PPF
studies, the peak amplitude for individual responses was measured as the
difference between the current level before the stimulus artifact and the peak
of the EPSC!8. Stimulation position and intensity were set to evoke an EPSC of
~50-200 pA. For experiments carried on trained mice, the same training protocol
(see tone fear conditioning section) was applied and recordings were conducted
24 h after training.

To compare the AMPA/NMDA ratio of evoked synaptic transmission, we meas-
ured the AMPA component as the EPSC peak amplitude at =70 mV; the NMDA
component was determined by measuring the current amplitude at 100 ms after
EPSC onset at 30 mV*#4. Stimulation position and intensity were set to evoke
an EPSC of ~50-200 pA. In the AMPA/NMDA ratio study, experiments were
performed in the presence of the GABA,, receptor blocker picrotoxin (100 uM).

For synaptically evoked excitability studies, series of pulses (at least 60 pulses,
10 pulses for each stimulation intensity) were given at each of the stimulation
intensities used (covering a range of responses from subthreshold to supra-
maximal). E-S curves were constructed by binning the totality of the EPSP slopes
and plotting the average of the bin versus the percentage of successful action
potentials in that bin?®. Stimulation intensities ranged from 30 to 300 pA. The
data points were fit with a sigmoid, S = 1/(1+ exp[(E,, — E)/K]), where E is
the EPSP slope that yields action potentials 50% probability (the input-output
threshold). The gain was determined by calculating the slope of the linear potion
of the sigmoid.

Statistical analysis. Results are expressed as mean * s.e.m. ANOVA analyses or
t tests were used for statistical comparisons between groups as described in the
context. P < 0.05 indicates significant difference between groups.
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Supplementary Fig.1 lllustration of cannula tip positions in amygdala (white

arrow). Crystal violet staining.
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Supplementary Fig.2 Representative western blot analysis showed that HSV-

CREB viral infection increased total CREB levels in the amygdala. Endogenous
CREB (42 kDa) and viral GFP-CREB (69 KDa) were measured in amygdala tissue
punches from mice transfected with either HSV-CREB-AIstR or HSV-LacZ-AlstR.

As expected, mice transfected with HSV-LacZ had no detectable GFP-CREB.
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Supplementary Fig.3 Inactivation of the subpopulation of LA neurons transfected

with HSV-CREB-AIstR disrupted long-term memory (LTM) for tone conditioning.

Left: schematic of the experimental design. Middle and Right: histogram showing
that AL during test (24 h after conditioning) blocks freezing in HSV-CREB-AIstR
mice (middle), but has no effect on HSV-LacZ-AlstR mice (right). Pre-tone (VEH) or
AL refers to baseline freezing (before tone presentation) of VEH or AL treatment
group, tone (VEH) or AL refers to test freezing (during tone presentation) of VEH or
AL group. Mice received HSV-CREB-AIstR (or HSV-LacZ-AlstR) vector and were
tested after AL (or VEH) administration. n = 12 for each HSV-CREB group and

n=10 for each HSV-LacZ group. *P < 0.05 as indicated.
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Supplementary Fig.4 AL infusion 4 h before testing had no effect on retrieval.

Left: schematic of the experimental design. AL or vehicle was injected into the LA 4

h (instead of 30 min) before testing tone conditioning. Right: Histogram showing

that AL infusion 4 h before testing had no effect on retrieval. n = 8 to 10 animals for

each group.
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Supplementary Fig.5 HSV-CREB vector transfection did not affect the evoked

basal synaptic transmission or PPF of LA neurons in naive mice. (a) Input-output
curve showing that HSV-CREB does not change the basal synaptic transmission in
LA neurons of naive mice. The intensity of extracellular stimulation is varied from
10 um to 100 um. (b) Averaged data show that there is no difference between the
PPF ratios of HSV-CREB and HSV-LacZ transfected cells of naive mice. (c) HSV-
CREB does not affect AMPA/NMDA EPSC ratios of transfected LA neurons. Left:
sample AMPA/NMDA currents induced by electrical stimulation of the thalamic
pathway in HSV-CREB and HSV-LacZ neurons. Right: averaged data showing
that there is no difference on AMPA/NMDA EPSC ratios of HSV-CREB (n = 14

from 5 mice) and HSV-LacZ neurons (n = 12 from 5 mice).
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Supplementary table: Membrane properties of LA pyramidal neurons after HSV-

CREB virus infection in vivo

HSV-CREB+ HSV-CREB- HSV-LacZ+ HSV-LacZ-
(n=58) (n=40) (n=12) (n=12)

RMP (mV) -58.9+0.7 -60.4 + 0.6 -59.2+1.3 —-61.1+1.5
aSpike -38.8+0.9* -356+1.0 -354+1.0 -35.7+1.0
threshold (mV)
aSpike 91.8+2.0 946+238 93.5+3.0 95.1+35
amplitude (mV)
aSpike half- 1.5+0.1 1.5+0.1 1.5+0.1 1.6+0.1
width (ms)
Input resistance | 151.3 £ 9.6 138.3+ 8.6 140.7 £ 10.4 136.9 + 10.8

(MQ)

Results are mean = SEM. *P < 0.05 as indicated.

2 First spike from each trace that showed the smallest number of evoked spikes

(usually only 1 spike) in response to small depolarizing step (600 ms with the

intensity of either 50,100 or 150 pA).
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