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Cholecystokinin from the entorhinal cortex enables neural
plasticity in the auditory cortex
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Patients with damage to the medial temporal lobe show deficits in forming new declarative memories but can still
recall older memories, suggesting that the medial temporal lobe is necessary for encoding memories in the neocortex.
Here, we found that cortical projection neurons in the perirhinal and entorhinal cortices were mostly immunoposi-
tive for cholecystokinin (CCK). Local infusion of CCK in the auditory cortex of anesthetized rats induced plastic
changes that enabled cortical neurons to potentiate their responses or to start responding to an auditory stimulus that
was paired with a tone that robustly triggered action potentials. CCK infusion also enabled auditory neurons to start
responding to a light stimulus that was paired with a noise burst. Ir vivo intracellular recordings in the auditory cor-
tex showed that synaptic strength was potentiated after two pairings of presynaptic and postsynaptic activity in the
presence of CCK. Infusion of a CCK antagonist in the auditory cortex prevented the formation of a visuo-auditory
association in awake rats. Finally, activation of the entorhinal cortex potentiated neuronal responses in the auditory
cortex, which was suppressed by infusion of a CCKj antagonist. Together, these findings suggest that the medial tem-
poral lobe influences neocortical plasticity via CCK-positive cortical projection neurons in the entorhinal cortex.
Keywords: auditory cortex; neural plasticity; long-term potentiation; entorhinal cortex; hippocampal system; memory for-
mation
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Introduction

The hippocampal system consists of the hippocampus
and adjacent entorhinal, perirhinal, and parahippocampal
cortices [1]. Functioning as the gateway from the hip-
pocampus to the neocortex, the entorhinal and perirhinal
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cortices form strong reciprocal connections with the
neocortex [2-4]. Observations that patients with hippo-
campal damage show deficits in forming new long-term
memories for facts and events [5, 6] have led to our cur-
rent understanding that the hippocampal system is essen-
tial for establishing enduring declarative memories [1].
These patients, however, can still recall older memories
[7-9], suggesting that these memories are permanently
stored in the neocortex [10, 11].

An outstanding question is whether the medial tem-
poral lobe sends a “plasticity-enabled” signal to the neo-
cortex to switch on the encoding of new associations. If
so, which chemical is likely to serve as this signal? As
neurons in the entorhinal and perirhinal cortices project
to the neocortex, including the auditory cortex [2, 3], we
expect that the candidate signal is released from their
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axons. Previous findings of heavy cholecystokinin (CCK)
labeling in the entorhinal and perirhinal cortices [12-14]
prompted us to examine whether neurons projecting from
the entorhinal and perirhinal cortices to the neocortex
contain CCK.

CCK is the most abundant of all neuropeptides [15].
Reports that blocking CCK receptors suppresses condi-
tioned fear [16] and knocking out the CCK-B receptor
gene reduces anxiety-like behavior [17] in rodents sug-
gest that CCK is associated with memory function. This
possibility is further supported by findings that CCK
is involved in hippocampal long-term potentiation and
long-term depression [18]. Mice lacking the CCK gene
exhibit poor performance in a passive avoidance task and
impaired spatial memory [19]. Therefore, we examined
whether CCK is involved in neocortical plasticity both
within and across sensory modalities using extracellular
recordings in anesthetized rats. As synaptic strength is
potentiated only by multiple trains of high-frequency
stimulation that evoke simultaneous presynaptic and
postsynaptic activity [20-24], we investigated the condi-
tions required for synaptic plasticity in the presence of
CCK using intracellular recordings. In the awake rat,
we further tested whether preventing CCKj receptor
activation disrupts the establishment of a cross-modal
association, similar to what is observed after entorhinal
cortex inactivation [25]. Finally, we examined whether
activation of the entorhinal cortex potentiates neuronal
responses in the auditory cortex and whether this poten-
tiation is suppressed by local application of a CCK;; an-
tagonist in the auditory cortex.

Results

CCK-containing neurons in the medial temporal lobe
project to the neocortex

We first investigated whether CCK-containing neurons
in the entorhinal and perirhinal cortices of the medial
temporal lobe send axonal projections to the auditory
cortex in rats. After True Blue was infused into the au-
ditory cortex (Figure 1A and 1B), retrogradely labeled
neurons in the entorhinal cortex were examined (Figure
1C). Retrogradely labeled neurons were found in both
the entorhinal and perirhinal cortices after infusion of
True Blue into the auditory cortex (Figure 1). The high
degree of True Blue (Figure 1D) and CCK (Figure 1E)
co-labeling (Figure 1F) indicates that the majority of
projection neurons in the perirhinal (93.5% + 2.15%, n
= 6) and entorhinal (100%) cortices were CCK-positive
(Figure 1G). True Blue-labeled neurons in the perirhinal
and entorhinal cortices were mainly in layer V. These
findings suggest that the medial temporal lobe may influ-
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Figure 1 Perirhinal and entorhinal cortices interact with the au-
ditory cortex through CCK-containing neurons. (A) Experimental
preparation. True Blue was infused into the auditory cortex, and
True Blue and CCK were co-labeled in the entorhinal cortex. (B)
True Blue infusion site in the auditory cortex. (C) Location of the
retrogradely labeled neurons in the entorhinal cortex. (D-F) Ret-
rograde True Blue labeling (D) and CCK immunoreactivity (E) in
the entorhinal cortex after infusion of True Blue into the auditory
cortex. Overlay of the two images (F). (G) Percentage of True
Blue-labeled neurons also labeled with CCK in the perirhinal
and entorhinal cortices. Nissl stain delineating the boundaries of
the hippocampal formation. Au, auditory cortex; PRh, perirhinal
cortex; Ent, entorhinal cortex; DLEnt and MEnt, dorsolateral and
medial regions of the entorhinal cortex; A, anterior; P, posterior.
Scale bars: 500 pm (A-C); 20 um (D-F).

ence auditory cortex activity through CCK-containing
neurons.
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Local infusion of CCK potentiates auditory responses in
anesthetized rats

We speculate that CCK is a neuromodulator of cortical
neuroplasticity. If this hypothesis is correct, we should be
able to induce neuronal plasticity in anesthetized animals
by local infusion of CCK. First, we attempted to potenti-
ate neuronal responses in the auditory cortex after local
infusion of CCK. As shown by the gray traces in Figure
2A, the neuron recorded in channel 1 (Chl) responded
weakly to the pure-tone stimulus f; before infusion of
CCK into the auditory cortex near the recording site.
Afterward, the same auditory stimulus was repeatedly
presented with an inter-stimulus interval of 10 s. Approx-
imately 5 min after CCK infusion, the auditory response
in Chl started to show potentiation. This potentiation
grew larger at 7 min and was maintained throughout the
recording period (i.e., for 17 min). The neuron recorded
in channel 2 (Ch2) showed no response to the stimulus f;
either before or after CCK infusion.

In total, we recorded 69 neurons that responded to the
auditory stimulus. Paired #-tests were used to compare
responses of neurons to the auditory stimulus with their
spontaneous firing rates. We categorized neurons with a
P-value > 0.1 as unresponsive and neurons with a P-val-
ue < 0.1 as responsive. Of the 32 unresponsive neurons,
21 showed minimal increases and 11 showed minimal
decreases in Z-score after infusion of CCK and stimulus
presentation for 20 min (open circles in Figure 2B). Of
the 37 responsive neurons, 36 showed increases and 1
showed a minimal decrease in Z-score (filled circles in
Figure 2B). Z-scores of unresponsive neurons did not
change 20 min after CCK infusion (0.14 £+ 0.05 vs 0.19 +
0.07, n =32, P=0.326, paired t-test, Figure 2C), where-
as Z-scores of responsive neurons significantly increased
after CCK infusion (1.09 £ 0.12 vs 1.94 + 0.17, n =37, P
< 0.001, paired #-test). These results indicate that a neu-
ronal response to the stimulus is a prerequisite for CCK-
induced potentiation in anesthetized rats.

Our next question was whether CCK infusion would
allow a neuron to begin responding to a particular audi-
tory stimulus to which it previously showed no response.
We used two auditory stimuli; one was a stimulus that
was too weak to evoke action potentials but presumably
induced some form of presynaptic activity and the other
was a stimulus that was strong enough to trigger action
potentials. The strong stimulus was a pure tone at a fre-
quency that evoked neuronal responses under anesthesia,
and the weak stimulus was a pure tone at a frequency
that did not evoke neuronal responses. We examined
whether neurons would show altered responses to the
weak stimulus after multiple pairings of strong and weak
stimuli in the presence of CCK (Figure 3A). Neuronal re-
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sponses to the weak stimulus were compared before and
after infusion of CCK, phosphate buffered saline (PBS)/
acetylcholine, or no drug at the recording site.

After determining the frequency response profile of
an auditory cortical neuron (Figure 3B, left panel), a fre-
quency (f)) (t0 in Figure 3C, Z=0.573 £ 0.263, P =0.602,
paired t-test) was selected as the weak stimulus. This
weak stimulus was paired with a frequency that evoked
the best neuronal response (f;, strong stimulus) for 36
trials (P36). Figure 3C (left panel) shows a representative
neuron that responded to the paired stimuli (P36) but did
not show significantly enhanced responses to the weak
stimulus after pairings in the absence of CCK (t1, Z =
0.919+0.434, P=0.051; 12, Z=0.678 £ 0.283, P=0.126;
Figure 3D).

After a CCK infusion pipette was used and the elec-
trode array was reinserted into the same recording site, a
neuron that was likely different from that previously re-
corded (Figure 3B, right panel) showed a weak response
to the weak stimulus f, (t3, Z=0.390 = 0.291, P =0.292,
Figure 3C and 3D). In the presence of CCK, only 11
pairings between the weak stimulus f, and the strong
stimulus f;; (P11, given within 110 s) were required to
significantly potentiate neuronal responses to the weak
stimulus f; (t4, Z = 2.177 £ 0.463, P < 0.001; t5, Z =
2.621 £ 0.448, P < 0.001; Figure 3C and 3D, right). This
increase was maintained for at least 1 h and 35 min (t6,
Z=1.307 £+ 0.327, P <0.01; Figure 3D). The increase in
Z-score after 11 pairings (P11) in the presence of CCK
was statistically significant (one-way analysis of variance
(ANOVA)).

Another example of long-term plasticity involving the
weak stimulus is shown in Figure 4A. Before stimulus
pairings, the neuron did not respond to a weak stimulus (f;
= 18 kHz, t0, Z = 0.050, P = 0.250, paired ¢-test). After
local infusion of CCK, the weak stimulus f, was paired
with a strong stimulus at the best frequency (fy;= 14 kHz,
f,+1f;;) for 10 trials (P10; note that f, and f;; were presented
in a sequential manner). As shown in the raster plots and
raw traces, the neuron responded to the strong stimulus
during the pairings (P10) as evidenced by the timing of
action potentials. Fifteen minutes after the pairings (tl1),
the neuron also showed a strong response to the weak
stimulus f, (Z = 1.718, P < 0.001). This increased re-
sponse was still present 1 h after the pairings (12, Z= 0.960,
P < 0.01). This change in response to the weak stimulus
occurred only in rats infused with CCK (Figure 4A) and
not in control rats infused with PBS (Figure 4B). With
PBS infusion, the representative neuron responded to the
strong stimulus (P10, P10’, and P10”, Figure 4B), but no
change in neuronal response was observed after pairing
the weak and strong stimuli (t0 vs t1-t3, Figure 4B).
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Of the 17 neurons that underwent stimulus pairings
in the presence of CCK, 16 showed a significant post-
pairing increase in Z-score (filled red circles, Figure 5A).
This was in contrast to the control experiments, in which
25 of 26 neurons that underwent stimulus pairings with-
out CCK showed no significant post-pairing increase in
Z-score (open squares, Figure 5A). The effects of drug
and stimulus pairings were analyzed using a two-way
repeated measures ANOVA, which revealed a significant
interaction (P < 0.001), indicating that both drug and
stimulus pairings were necessary to produce changes in
Z-scores. Post-hoc analyses using t-tests were further
conducted. In control conditions, mean Z-scores after
stimulus pairings were equivalent to those before stimu-
lus pairings (0.195 + 0.073 vs 0.129 + 0.062, n = 26, P
= 0.346, paired #-test, Figure 5B). In the CCK condition,
however, mean Z-scores after stimulus pairings were sig-
nificantly increased (1.305 £ 0.143 vs 0.124 + 0.074, n =
17, P <0.001, paired #-test). Z-scores for the control and
CCK groups were similar before stimulus pairings but
significantly different after stimulus pairings (P < 0.001,
unpaired #-test, Figure 5B).

CCK enables visual responses of auditory neurons in
anesthetized rats

In a separate experiment, we successfully produced a
cross-modal association between a light stimulus and the
electrical stimulation of the auditory cortex using classi-
cal fear conditioning in behaving rats. Auditory cortical
neurons around the stimulation site started to respond to
the light stimulus after 20 or 30 trials [25]. The involve-
ment of the medial temporal lobe was essential for the
formation of this cross-modal association. In line with
our hypothesis that the medial temporal lobe influences
the auditory cortex through CCK, we predict that the
same cross-modal association should be produced in
anesthetized rats with local infusion of CCK in the audi-
tory cortex.

To test this prediction, we examined whether auditory
neurons would respond to a visual stimulus after pairing
the visual stimulus with a strong auditory stimulus in the
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presence of CCK in the anesthetized rat cortex. Respons-
es of auditory cortical neurons to a visual stimulus were
compared before and after CCK was locally infused to
the recording site and a visual stimulus was paired with
a noise burst or electrical stimulation of the auditory cor-
tex. Recording electrodes and the drug infusion pipette
were inserted into the auditory cortex. Two experiments
with CCK infusion and two control experiments with no
CCK infusion were performed in naive rats. Seven con-
trol experiments were performed without CCK before
later infusion of CCK.

Before stimulus pairings, a representative neuron
responded to the auditory stimulus (responses to noise
bursts alone are not shown, but detectable at P20 during
simultaneous presentation of visual and auditory stimuli,
Figure 6A) but not to the visual stimulus (t0, Figure 6A).
Five minutes after CCK was infused into the auditory
cortex, a 500-ms light stimulus was presented, followed
by a noise burst 100 ms later. The stimulus pairing was
repeated for 20 trials (P20, Figure 6A). After the pair-
ings, the neuron began to respond to the light stimulus
(t1). Responses to the light stimulus were potentiated af-
ter 20 additional trials (P20’ and t2; note that the neuron
responded to the early light stimulus component of the
paired light and sound stimuli in several trials shown in
P20 and most trials shown in P20°, Figure 6A). Z-scores
of neuronal responses to the light stimulus increased
from t0 (0.000 £ 0.202, P = 0.306, paired #-test) to tl
(0.711 £ 0.286, P < 0.001, paired #-test) and t2 (1.284 +
0.394, P <0.05, paired ¢-test) (Figure 6A).

Control experiments were carried out in naive rats
with no CCK infusion. A representative neuron did not
respond to the light stimulus (t0; Figure 6B) but re-
sponded to the noise burst as reflected by its responses
to the paired light and sound stimuli (P20 and P20’). The
neuron showed no changes in its response to the light
stimulus after stimulus pairings (t1 and t2). Responses to
the light stimulus were not significantly different from
spontaneous firing (P > 0.05, t-test), and Z-scores were
not significantly different before and after stimulus pair-
ings (P> 0.05, one-way ANOVA) (Figure 6B).

Figure 2 Enhancement of neuronal responses in the auditory cortex after local infusion of CCK in anesthetized rats. (A)
Raster plots show neuronal responses to a pure-tone stimulus (f, = 9.9 kHz) before (trials 1-20; gray) and after (trials 21-120;
red) CCK was infused near the recording sites in the auditory cortex. Responses of a neuron to f, (Ch1, left panel) increased
after CCK infusion, whereas those of a neuron that was unresponsive to f; (Ch2, right panel) did not change after CCK
infusion. Experimental preparation is shown at the top panel. (B) Z-scores of neuronal responses to the auditory stimulus 15-
20 min after CCK infusion plotted as a function of Z-scores before CCK infusion for all neurons that were responsive (filled
circles) or unresponsive (open circles) to the auditory stimulus. Z-scores were calculated based on differences between
average neuronal firing during the most responsive period after stimulus onset and spontaneous firing during an 8-s period
before stimulus onset for each neuron. (C) Mean Z-scores before and after CCK infusion for unresponsive and responsive

neurons in the auditory cortex. **P < 0.01, paired t-test.
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In total, 19 of the 20 recorded neurons showed a sig-
nificant increase in Z-score after stimulus pairings in the
presence of CCK, whereas 0 of the 9 neurons showed a
change in Z-score after stimulus pairings without CCK
(Figure 6C). The effects of drug and stimulus pair-
ings were analyzed using a two-way repeated measures
ANOVA, which revealed a significant interaction (P <
0.001), indicating that both drug and stimulus pairings
were necessary to produce changes in Z-scores. Post-hoc
analyses using t-tests were further conducted. Mean Z-
scores before and after stimulus pairings were equivalent
when no CCK was present (0.011 £ 0.033 vs 0.020 +
0.036, P = 0.528, n = 31, t-test), whereas mean Z-scores
significantly increased after stimulus pairings in the pres-
ence of CCK (0.073 + 0.042 vs 0.820 = 0.068, P < 0.001,
n = 20, t-test) (Figure 6D). Z-scores in the CCK and no
CCK groups were similar before stimulus pairings but
significantly different after stimulus pairings (P < 0.001,
unpaired z-test, Figure 6D).

Potentiation of synaptic strength after local infusion of
CCK in anesthetized guinea pigs

The current understanding is that synaptic strength of
cortical and hippocampal neurons is potentiated only by
multiple trains of high-frequency stimulation that evoke
simultaneous presynaptic and postsynaptic activity [20-
24]. However, in line with our hypothesis that CCK is
involved in neuronal plasticity in the cortex, we predict
that synaptic strength can be changed after only a few
pairings of presynaptic and postsynaptic co-activity in
the presence of CCK.

Using in vivo intracellular recordings in anesthetized
guinea pigs, we tested whether synaptic strength in the
auditory cortex could be changed by only two pairings
of presynaptic and postsynaptic activity in the presence
of CCK (Figure 7A). We used an auditory stimulus to
provide presynaptic input to the neuron and depolarizing
current injection to produce postsynaptic neuronal fir-
ing. A representative neuron responded to the auditory
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stimulus with an excitatory postsynaptic potential (EPSP)
(Figure 7B). Reponses of 5 individual neurons and the
averaged trace are shown before, 4 min after, and 10 min
after two pairings of presynaptic and postsynaptic activ-
ity in the presence of CCK (CCK/Pr/Po, Figure 7B). The
auditory stimulus triggered presynaptic neurotransmitter
release, and current injection into the recorded neuron
induced postsynaptic firing. Compared with baseline,
EPSP amplitude was potentiated 4 min after the pairings
(Figure 7B) and became progressively larger 10 min after
the pairings (average EPSP amplitude: baseline, 4.3 mV;
4 min, 8.6 mV; 10 min, 12.9 mV; Figure 7B).

This potentiation of EPSP amplitude was statistically
significant 4 min after the two pairings of presynaptic
input and postsynaptic firing in the presence of CCK (3.9
+ 1.6 vs 5.1 £ 1.7mV, P<0.01, n = 14, paired ¢-test, Fig-
ure 7H). This potentiation was maintained in each neuron
as long as the recordings lasted: 10 min (z = 6), 15 min (n
=3), 50 min (n=2), or 110 min (n = 1) (Figure 7G).

In one control experiment, local infusion of CCK did
not cause direct changes in membrane potential of a re-
corded neuron (Figure 7C). Presynaptic input (Pr, reflect-
ed in EPSP to the auditory stimulus), postsynaptic action
potentials (Po), and the presence of CCK were three fac-
tors that were necessary to produce changes in membrane
potential; any combination of two factors (PrPo, CCK/Pr,
or CCK/Po for two trials) failed to produce changes in
membrane potential (Figure 7D-7F). Statistically, no syn-
aptic strengthening was observed after simultaneous pre-
synaptic and postsynaptic activity without local infusion
of CCK in the auditory cortex (PrPo, 4.2+ 1.6 vs 4.4+ 1.5
mV, n=11, P=0.178, t-test, Figure 7H), when there was
only presynaptic activity in the presence of CCK (CCK/
Pr,40+1.7mVvs37+1.7mV, n=14, P=0.331, -
test, Figure 7H), or when there was only postsynaptic fir-
ing in the presence of CCK (CCK/Po, 4.0 £ 1.7 mV vs 4.3
+1.7mV,n=12, P=0.412, t-test, Figure 7H).

In the presence of CCK, the auditory cortex was ca-
pable of undergoing progressive plastic changes. A rep-

Figure 3 Neuroplasticity induced by local infusion of CCK into the auditory cortex of anesthetized rats. (A) Experimental
preparation is shown. (B) Frequency-response functions were used to identify frequencies that evoked little to no neuronal
response (f;) and the best neuronal response (fg). Frequency-response functions were acquired for 18 frequencies (500 Hz-
24 kHz) presented in random order. Each frequency was repeated 30 times. Neuronal response was defined as the average
number of spikes between 0 and 60 ms from stimulus onset. The measured time points (T and T’) were 1 h before and 4
h after the control infusion that preceded CCK infusion. (C) The left panel shows neuronal responses (raster plots and raw
traces) to f, at different times before (t10) and after the control infusion (t1-t2). The right panel shows neuronal responses after
changing to a CCK infusion pipette (t3-t6). Stimulus pairings consisted of simultaneous presentation of f, and fg for 36 (P36)
and 11 trials (P11). In all raster plots and raw traces, trials are presented in bottom-up order. (D) Z-scores were calculated
based on differences between average neuronal firing during a 60-ms period after stimulus onset and spontaneous firing
during a 60-ms period before stimulus onset. The experimental timeline is depicted below the graph. **P < 0.01, paired t-test
(stimulus-evoked vs spontaneous firing); N.S., not significant; #P < 0.05 and ##P < 0.01, one-way ANOVA.
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resentative neuron showed an increase in the initial EPSP
component at the first measurement after the pairings
(open arrowheads, t1 vs t0, Figure 8A). Furthermore, an
inhibitory component appeared at the first measurement
after the pairings (filled arrowhead, t1) and intensified
over time (filled arrowheads, t2-t4), and the second EPSP
component also increased over time after the pairings
(arrows, t0-t4, Figure 8A). In another representative neu-
ron, there was no change in the first EPSP component
after presentation of only the auditory stimulus (t1 vs t0,
Figure 8B), but potentiation was induced after pairings
of presynaptic and postsynaptic activity in the presence
of CCK (12 vs t1, Figure 8B). In summary, the auditory
cortical neurons underwent synaptic changes reflecting
combined effect of excitatory and inhibitory synapses.

CCK, antagonist prevents the establishment of a cross-
modal association in awake rats

In the next experiment, we tested our hypothesis that
CCK enables neuronal plasticity in the neocortex of
awake rats. This experiment was designed to examine
whether abolishing CCK receptor activation disrupts the
establishment of artificial visuo-auditory associations,
similar to what occurs after entorhinal cortex inactivation
[25]. If a new association cannot be established in the
auditory cortex with local infusion of a CCK;; antagonist,
this would suggest that CCK is the communication sig-
nal between the medial temporal lobe and the neocortex.
In a separate experiment, we found that fewer than 30
trials of aversive conditioning involving the sequential
presentation of a light stimulus and electrical stimulation
of the auditory cortex were necessary to induce a visuo-
auditory association in the auditory cortex of awake rats.
Neurons that were initially unresponsive to the light
stimulus became responsive to the stimulus after con-
ditioning, providing evidence of the establishment of a
visuo-auditory association [25].

In the present experiment, the infusion cannula was
effective in delivering the drug, evidenced by the abol-
ishment of spontaneous firing after the infusion of a
glutamate receptor antagonist, DNQX (Figure 9). A rep-
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resentative neuron in the stimulation site of the auditory
cortex initially showed no response to the light stimulus
(10, Figure 10A). After a CCK;; antagonist (L-365, 260)
was infused into the stimulation site, no obvious re-
sponses to the visual stimulus were observed even after
three blocks of 30 conditioning trials (using the same
experimental paradigm of our previous study [25]) (t1-t3,
Figure 10A). By contrast, a visuo-auditory association
was readily established after conditioning in the absence
of the CCKjy antagonist, with significant neuronal re-
sponses to the light stimulus observed after one or two
sessions of 30 conditioning trials (t5 and t6, Figure 10A).
In a control experiment, saline infusion failed to prevent
encoding of the association, excluding the possibility of
a non-specific action (t4, Figure 10B). Collectively, a
visuo-auditory association was not established after three
sessions of 30 conditioning trials in the presence of the
CCKj antagonist (t1-t3), but was observed after only a
single session of 30 conditioning trials in the presence of
saline (Figure 10B).

As a summary of experiments in awake rats, Z-scores
of neuronal responses to the visual stimulus after condi-
tioning were plotted as a function of Z-scores before con-
ditioning (Figure 10C). No neurons showed a significant
increase in Z-score after conditioning in the presence
of the CCK,; antagonist, whereas all neurons in 8 rats
showed a significant increase when no antagonist was
present. The effects of drug and conditioning were ana-
lyzed using two-way repeated measures ANOVA. There
was a significant main effect for both factors (P < 0.001)
and a significant interaction between the two factors (P <
0.001). Post-hoc analyses using ¢-tests were further con-
ducted. Mean Z-scores did not change after conditioning
in the presence of the CCK; antagonist (0.026 & 0.062 vs
0.026 = 0.078, n = 14, P = 0.455, paired t-test), but in-
creased significantly (0.022 + 0.095 vs 1.708 + 0.310, P <
0.001, n = 8, paired #-test) after conditioning without the
CCKj antagonist (Figure 10D). Z-scores from the CCKj
antagonist and no CCK;; antagonist groups were equiva-
lent before conditioning but significantly different after
conditioning (P < 0.001, unpaired #-test, Figure 10D).

Figure 4 Neuronal responses to a weak stimulus after pairing with a strong stimulus in the presence of CCK in anesthetized
rats. (A) An unresponsive neuron in the auditory cortex became responsive after 10 pairings (P10) of f, (18 kHz) and f; (14
kHz). Raster plots and raw traces show neuronal responses to f, before (t0) and after stimulus pairings (1, t2). Z-scores were
calculated based on differences between average neuronal firing during a 30-ms period after stimulus onset and spontaneous
firing during a 30-ms period before stimulus onset. **P < 0.01, paired t-test (stimulus-evoked vs spontaneous firing); ##P <
0.01, one-way ANOVA. A frequency-response function was acquired at the beginning of the experiment (T). (B) Pairing of f,
and fg after local infusion of PBS did not induce a change in neuronal responses. Raster plots and raw traces show neuronal
responses to f; at different times before and after pairings of f, and f; during three blocks of 10 trials (P10, P10’, and P10”).
Z-scores were calculated based on differences between average neuronal firing during a 90-ms period after stimulus onset
and spontaneous firing during a 90-ms period before stimulus onset. N.S., not significant, one-way ANOVA.
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Figure 5 Post-pairing changes in neuronal responses with and without CCK infusion in the auditory cortex of anesthetized
rats. (A) Post-pairing Z-scores were plotted as a function of pre-pairing Z-scores for all neurons in the experimental condition
(i.e., infusion of CCK) and control conditions (No CCK, no infusion; Non-CCK, infusion of PBS and infusion of PBS/acetylcho-
line). Neurons showing a significant change in Z-score after stimulus pairings are shown as filled symbols, otherwise they are
shown as open symbols. Different colors indicate different conditions. (B) Mean Z-scores before and after stimulus pairings
with or without the presence of CCK. All three control conditions were considered as the no CCK condition. **P < 0.01, paired
t-test; ##P < 0.01, unpaired t-test. Post-hoc t-tests were performed after two-way repeated measures ANOVA.

Activation of the entorhinal cortex potentiates responses
in the auditory cortex in anesthetized rats

To examine whether activation of neocortical projec-
tion neurons in the entorhinal cortex of the medial tem-
poral lobe enables neural plasticity in anesthetized rats,
we examined neuronal responses in the auditory cortex
after pairings of entorhinal cortex activation and auditory
stimuli (pairing session, P: Figure 11A, right; experimen-
tal preparation and stimulation sites in the entorhinal cor-
tex shown in Nissl sections: Figure 11A, left). As shown
in Figure 11B, the response of a neuron to the same audi-
tory stimulus increased ~5 min after stimulus pairings
(marked by P and a red arrow). This change was main-

tained throughout the recording period, lasting at least 15
min after stimulus pairings. In another example shown in
Figure 11C, the response of a neuron to the same audito-
ry stimulus increased 20 min after stimulus pairings and
further increased 40 min after stimulus pairings. Com-
pared to baseline responses before stimulus pairings (13.0
+ 3.13 Hz, t0), neuronal responses significantly increased
20 min (28.0 = 5.56 Hz, t1, P < 0.05, t0 vs tl, one-way
ANOVA) and 40 min (32.0 £ 5.85 Hz, t2, P < 0.01, t0
vs t2, one-way ANOVA) after stimulus pairings (Figure
11D). These findings indicate that pairings of entorhinal
cortex activation and auditory stimuli could potentiate
responses in the auditory cortex in anesthetized rats.

Figure 6 Cross-modal responses after pairing auditory and visual stimuli in the presence of CCK in anesthetized rats. (A)
Top panel: Raster plots and raw traces show neuronal responses to the light stimulus (L; t0, t1, and t2) and the combined
light stimulus and noise burst stimulus (L+S; P20 and P20’) at different times before and after CCK infusion. Bottom panel: Z-
scores were calculated based on the difference between average neuronal firing during a 200-ms period after light stimulus
onset and spontaneous firing during a 200-ms period before stimulus onset. Experimental timeline is illustrated below the
graph. *P < 0.05, **P < 0.01, paired t-test; #P < 0.05, ##P < 0.01, one-way ANOVA. (B) Top panel: Raster plots and raw trac-
es show neuronal responses to the light stimulus (t0, t1, and t2) and the combined light and sound stimuli (P20 and P20’) at
different times in a naive control rat with no CCK infusion (a different rat from that shown in A). Bottom panel: Z-scores were
calculated based on the difference between average neuronal firing during a 120-ms period after light stimulus onset and
spontaneous firing during a 120-ms period before light stimulus onset. N.S., not significant, one-way ANOVA. (C) Z-scores
of neuronal responses to the light stimulus after stimulus pairings are plotted as a function of Z-scores before stimulus pair-
ings for all neurons in the experimental condition (with CCK infusion) and control conditions (No CCK, no infusion; Non-CCK,
infusion of PBS). Neurons showing a statistically significant change in Z-score after stimulus pairings are shown as filled
symbols, otherwise they are shown as open symbols. (D) Mean Z-scores before and after stimulus pairings with or without
the presence of CCK. **P < 0.01, paired t-test; ##P < 0.01, unpaired t-test. Post-hoc t-tests were performed after two-way re-

peated measures ANOVA.
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Figure 7 In vivo intracellular recordings of potentiated synaptic strength induced by two pairings of presynaptic and postsyn-
aptic activity after CCK infusion in the auditory cortex of anesthetized guinea pigs. (A) Experimental preparation is shown.
(B) Neuronal responses to repeated auditory stimuli before (baseline) and after local infusion of CCK and stimulus pairings
(1: raw traces, 2: 5 consecutive individual trials, and 3: averaged traces). Pairings consisted of depolarization of the recorded
neuron (producing action potentials) for 400-600 ms during presentation of the auditory stimulus. (C) Raw data show neu-
ronal responses to auditory stimuli before, during, and after CCK infusion. (D-F) Neuronal responses to repeated auditory
stimuli before (1: five consecutive individual trials, and 2: averaged traces) and after stimulus pairings in different conditions. (D)
Depolarization of the recorded neuron (producing action potentials) during two presentations of the auditory stimulus (PrPo); (E)
Two presentations of the auditory stimulus after CCK infusion (CCK/Pr); (F) Two depolarizations of the recorded neuron after
CCK infusion (CCK/Po). (G) Responses of 6 different neurons to the auditory stimulus were examined at different times after
stimulus pairings. (H) Means and standard errors of EPSP amplitude before (open bars) and after (hashed bars) experimen-
tal and control procedures. Experimental procedures involved the presence of CCK, presynaptic input (Pr, auditory stimulus),
and postsynaptic activity (Po, current injection). EPSP responses to the auditory stimuli were compared before and after four
different sessions: (1) PrPo (n = 11); (2) CCK/Pr (n = 14); (3) CCK/Po (n = 12); and (4) depolarization of the recorded neuron

during two presentations of the auditory stimulus after CCK infusion (CCK/PrPo; n = 14). *P < 0.05, paired t-test.

CCK, antagonist suppresses entorhinal cortex-potentiated
responses in the auditory cortex in anesthetized rats

In the final experiment, we tested our hypothesis that
the entorhinal cortex enables neural plasticity in the neo-
cortex through the action of CCK. If our hypothesis is
true, then an infusion of CCKj antagonist in the auditory
cortex should suppress neuroplasticity in the auditory
cortex after pairings of entorhinal cortex activation and
auditory stimuli (Figure 12A). A representative neuron
shown in Figure 12B responded to the auditory stimulus
(69.6 = 7.76 Hz) before stimulus pairings (t0, baseline)
and showed no significant change in firing rate 20 min
(t1, 69.6 + 11.0 Hz, P = 1, t0 vs t1, one-way ANOVA)
or 40 min (t2, 100 + 14.8 Hz, P = 0.064, t0 vs t2, one-
way ANOVA) after stimulus pairings in the presence of
the CCK; antagonist. However, this neuron showed a
significant increase in firing rate 20 min (122 £ 14.0 Hz,
P <0.05, t3 vs t4, one-way ANOVA) and 40 min (130 +
11.0 Hz, P < 0.01, t3 vs t5, one-way ANOVA) after fur-
ther pairings of entorhinal cortex activation and auditory
stimuli without further infusion of CCK; antagonist (P’,
82.4+12.8 Hz, t3).

As shown in Figure 12C, infusion of a control solu-
tion did not suppress neuroplasticity. Firing rate did not
change 20 min after stimulus pairings (70.7 + 6.22 vs
83.3 + 8.58 Hz, P = 0.239, t0 vs t1, one-way ANOVA),
but increased 40 min after stimulus pairings (111 = 7.71
Hz, t0 vs t2, P < 0.001, one-way ANOVA).

All control neurons showed significantly increased re-
sponses after pairings of entorhinal cortex activation and
auditory stimuli (no infusion: 39.9 £ 17.0 vs 75.9 £ 23.1
Hz, P < 0.01, n = 7, paired ¢-test; infusion of vehicle:
39.7 +£20.0 vs 59.5 £ 23.6 Hz, P <0.01, n = 10, paired ¢-
test; no further infusion 60 min after infusion of CCKj
antagonist: 58.7 £ 14.0 vs 95.5 £ 19.0 Hz, P < 0.01, n =
12, paired t-test; Figure 12D). By contrast, in the pres-
ence of the CCKj, antagonist, neuronal responses showed
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a slight but statistically significant decrease after stimu-
lus pairings (60.5 + 14.7 vs 48.9 £ 11.4 Hz, P<0.05, n =
12, paired #-test; Figure 12D).

We observed a slight but non-significant difference
between neuronal responses from intact control (i.e., no
infusion) and vehicle control groups (151% = 28.7%
vs 119% + 28.4%, Figure 12E), indicating that infusion
may have had a small suppressive effect. This might
explain the slight suppression observed after infusion of
the CCKj, antagonist (13.5% + 5.23%). The mean change
in neuronal response after the last stimulus pairings 1 h
after infusion of CCKy antagonist was 83.5% =+ 19.8%,
which was smaller than that for the intact control group,
suggesting that the CCK; antagonist may have had a
lasting effect even 1 h after infusion.

Summarizing the results of these final two experi-
ments, we found that activation of the entorhinal cortex
induced neuronal plasticity in the auditory cortex, lead-
ing to a potentiation of neuronal responses to an auditory
stimulus. Local infusion of a CCK; antagonist into the
auditory cortex abolished this entorhinal cortex-induced
potentiation.

Discussion

The present study demonstrates that cortical projection
neurons in the perirhinal and entorhinal cortices contain
CCK. Infusion of CCK in the auditory cortex of anesthe-
tized rats induced neural plasticity, potentiating neuronal
responses in the auditory cortex and enabling cortical
neurons to start responding to an auditory stimulus that
was paired with a tone that robustly triggered action po-
tentials. CCK infusion also enabled neurons in the audi-
tory cortex to start responding to a light stimulus that was
paired with a noise burst or electrical stimulation of the
auditory cortex. Furthermore, in vivo intracellular record-
ings in guinea pigs showed that EPSP amplitude was po-
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Figure 8 Time course of evoked membrane potential after CCK infusion in the auditory cortex of anesthetized guinea pigs.
(A) Progressive changes after CCK infusion in the auditory cortex of an anesthetized guinea pig. Intracellular recordings
show averaged responses (thick trace) and individual trial responses (thin trace) to repeated auditory stimuli before (t0)
and at different times (t1-t4) after infusion of CCK and two pairings of auditory stimulus and current injection (CCK/PrPox2).
Open arrowheads show the initial EPSP component before and after the pairings (t0 and t1). Filled arrowheads show an
early inhibitory component that appeared after the pairings (t1-t4). Arrows show the second EPSP component before and
after the pairings (t0-t4). Scale bars apply to all traces. Experimental timeline is illustrated below the traces. (B) Change in
neuronal responses after the pairings of presynaptic and postsynaptic activity in the presence of CCK. Traces show neuronal
responses (averaged, thick; individual trials, thin) to the auditory stimulus before (t0) and after local infusion of CCK (t1-
t5). The t1 measurement was carried out after two presentations of the auditory stimulus alone (CCK/Prx2), and the t2-t5
measurements were carried out at different times after two pairings of the auditory stimulus and depolarization (CCK/PrPox2)

as shown in the below experimental timeline.

tentiated after two pairings of auditory stimulus-evoked
presynaptic activity and current injection-evoked post-
synaptic activity in the presence of CCK. This change in
synaptic strength required the presence of CCK as well
as simultaneous presynaptic and postsynaptic activity. In
the awake rat, local infusion of a CCK, antagonist into
the auditory cortex prevented the formation of a visuo-
auditory association in the auditory cortex even after 90
conditioning trials, in contrast to the successful forma-
tion of the association after only 20-30 trials without
the CCKj antagonist. In the anesthetized rat, neuronal
responses in the auditory cortex were potentiated after

pairing electrical stimulation of the entorhinal cortex
with auditory stimuli. Local infusion of a CCKy antago-
nist in the auditory cortex suppressed this potentiation.
Together, these findings suggest that the medial temporal
lobe influences cortical plasticity through CCK.

In a recent study, an artificial association between a
visual stimulus and electrical stimulation of the auditory
cortex was established through classical conditioning
[25]. After 20 conditioning trials, the visual stimulus
activated auditory cortical neurons near the stimulation
site. Inactivation of the entorhinal cortex blocked the en-
coding of this association. These results seem to mimic

Cell Research | Vol 24 No 3 | March 2014
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B 23 min after DNQX injection

Figure 9 Effectiveness of the implanted infusion cannula was tested using a glutamate receptor antagonist. Raw traces show
neuronal responses of four channels to repeated auditory stimuli recorded by four separate electrodes in the auditory cortex. (A)
Neuronal responses before DNQX injection. (B) Neuronal responses 23 min after DNQX injection. Noise recorded in the right

panel was likely generated by animal movements.

symptoms of the patient H.M., for whom no new declara-
tive memories could be formed after bilateral surgical re-
moval of the temporal lobe. Previous experiments in rats
have shown that inactivation of the perirhinal cortex dis-
rupts the encoding, retrieval, and consolidation of object
recognition memory [26], whereas deep brain stimulation
in the medial temporal lobe of human patients enhances
memory performance [27]. These findings are consistent
with our current understanding that the formation of as-
sociative memories in the neocortex requires interactions
with the hippocampal system [5, 6]. Here, we propose a
model in which the medial temporal lobe sends a plastic-
ity-enabled signal through the entorhinal and perirhinal
cortices to the neocortex to reinforce neural plasticity.
We hypothesize that this plasticity-enabled switch is the
neuromodulator CCK.

CCK is the most abundant of all neuropeptides [15].
Earlier studies have shown that CCK modulates social
and exploratory behaviors in rodents [17, 28, 29]. A link
between CCK and memory function was suggested by
the discovery of CCK-positive neurons in the hippo-
campus [18]. Heavy CCK labeling, however, was also
observed in the perirhinal and entorhinal cortices [12]. In
the present study, neurons in the entorhinal and perirhi-
nal cortices that project to the auditory cortex were found
to contain CCK and therefore may fulfill the plasticity-
enabled signal.

Previous studies show that activation of CCKj re-
ceptors in the amygdala potentiates the acoustic startle
response [30, 31], and application of a CCKj antagonist
attenuates fear-potentiated startle [32]. Also, blocking
CCK receptors suppresses conditioned fear [16], and
knocking out the CCKj receptor gene reduces anxiety-

www.cell-research.com | Cell Research

like behavior [17]. Based on the findings in the present
study, this suppressed conditioned fear and reduced anx-
iety-like behavior may result from disrupted learning in
the absence of a functional CCK pathway. Evidence that
mice lacking the CCK gene show poor performance in a
passive avoidance task and impaired spatial memory [19]
supports this possibility.

Experience enables plastic changes in the auditory
cortex [33-35]. For instance, pairing a weakly responsive
sound with a sound that evokes strong responses with a
short inter-stimulus interval induces a shift in auditory
cortical frequency tuning in ferrets [36], and activation
of the cholinergic system promotes this plasticity [37]. In
the present study in anesthetized rats, repetitive presenta-
tions of an auditory stimulus after local infusion of CCK
near the recorded auditory cortical neuron potentiated
the neuronal responses. After pairing weak and strong
stimuli during 11 trials in the presence of CCK, auditory
cortical neurons started to respond strongly to the weak
stimuli, which initially evoked no or weak responses.
In other words, auditory cortical plasticity normally ob-
served only in behaving rats appeared after repetitive
presentation of the stimulus or after 11 pairing trials (over
a period of 110 s) in the presence of CCK in anesthetized
rats. However, the shift in frequency tuning in anesthe-
tized ferrets after pairing two sounds was maintained for
less than 12 min [36] and thus, was most likely not CCK-
dependent.

Previous studies suggest that stimuli in one sensory
modality can influence the activity of cortical areas as-
sociated with other sensory modalities. In humans, an
auditory stimulus can activate the visual cortex after
paired auditory-visual stimuli [38-40]. Visual stimuli,
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Figure 10 A CCK antagonist blocked the encoding of an associative memory in the auditory cortex of awake rats. (A) Raster
plots and peristimulus time histograms (PSTHs) show neuronal responses to the light stimulus before (t0, gray) and after (1
and t3, blue) local infusion of a CCK receptor antagonist in the auditory cortex as well as after (16, gray) conditioning without
the CCK receptor antagonist. For both A and B, each conditioning trial consisted of sequential presentation of a light stimulus
(L), electrical stimulation of the auditory cortex (E,c), and foot shock (FS). Conditioning sessions consisted of 30 trials (C30).
Scale bar for PSTHs: 25 spikes/bin; bin: 200 ms. Z-scores were calculated based on the differences between average
neuronal firing during a 1.2-s period after the onset of a light stimulus and spontaneous firing during the same duration before
stimulus onset. Experimental timelines are shown below the graphs. *P < 0.05, **P < 0.01, paired t-test; N.S., not significant,
##P < 0.01, one-way ANOVA. (B) Raster plots show neuronal responses to the light stimulus before (t0, gray) and after local
infusion of a CCK receptor antagonist (t1 and t3, blue) or saline (t4, green) and conditioning. Scale bar for PSTHs: 25 spikes/
bin; bin: 100 ms. Z-scores were calculated based on the differences between average neuronal firing during a 1-s period after
the onset of a light stimulus and spontaneous firing during the same duration before stimulus onset. Experimental timelines
are shown below the graphs. *P < 0.05, paired t-test; N.S., not significant, #P < 0.01, one-way ANOVA. (C) Z-scores of
neuronal responses to the light stimulus after conditioning are plotted as a function of Z-scores before conditioning for all
neurons in both the experimental condition (with infusion of CCK receptor antagonist) and control conditions (without infusion
of CCK antagonist, i.e., no injection or injection of saline). Neurons showing statistically significant changes in Z-score
after conditioning are shown as filled symbols, otherwise they are shown as open symbols. Different control conditions are
indicated by different colors. (D) Mean Z-scores before and after conditioning with or without the CCK antagonist in the
auditory cortex. **P < 0.01, paired t-test; ##P < 0.01, unpaired t-test. Post-hoc t-tests were performed after two-way repeated

measures ANOVA.

such as silent lip-reading and light, can activate the audi-
tory cortex [41-43], and auditory stimuli can activate the
visual cortex [39, 44, 45]. In trained monkeys, somato-
sensory neurons [46, 47] and prefrontal cortical neurons
[48-50] respond to both auditory and visual stimuli. In
awake rats, the co-occurrence of auditory and visual
stimuli with foot shock causes neurons in the auditory
cortex to begin responding to the visual stimulus [25].
The strong and direct cortical projections from the visual
cortex to the auditory cortex in other studies [51] provide
an anatomical substrate for the ready establishment of
visuo-auditory associations. In the present study using
anesthetized rats, pairing a visual stimulus with a strong
auditory stimulus for 20 trials in the presence of CCK
enabled auditory cortical neurons to respond to the visual
stimulus.

High-frequency or theta-burst stimulation is widely
used to produce changes in the synaptic strength of corti-
cal and hippocampal neurons in anesthetized animals,
cultured neurons, and slice preparations [21-24]. In the
presence of CCK, no high-frequency stimulation was
required to enhance synaptic efficacy. However, simulta-
neous presynaptic input and postsynaptic firing were still
prerequisites for a change in synaptic strength. It was
striking that only two trials of coordinated presynaptic
and postsynaptic activity were sufficient to produce a
strong synaptic change in the presence of CCK. It will be
interesting to investigate possible links between high-fre-
quency stimulation and CCK in long-term potentiation.

Infusion of CCK in the auditory cortex induced com-
plex changes in EPSPS, including alterations in the ini-
tial component as well as changes in the inhibitory and

www.cell-research.com | Cell Research

secondary components. These alterations were probably
caused by changes in the surrounding neural circuitry,
including GABAergic neurons. Although beyond the
scope of the current study, early studies show that many
GABAergic neurons are CCK-immunopositive and that
all CCK-containing neurons in the neocortex are GAB-
Aergic [52]. A more recent study, however, shows that
many CCK mRNA-Iabeled neurons in the neocortex are
excitatory [53].

After a local infusion of a glutamate antagonist into
the entorhinal cortex of behaving rats, classical condi-
tioning failed to produce a visuo-auditory association,
which was otherwise readily produced in the absence of
the antagonist [25]. Here, we replicated these results us-
ing local infusion of a CCKj antagonist into the auditory
cortex instead of local infusion of a glutamate antagonist
in the entorhinal cortex. In other words, inactivation of
the CCKj receptor in the auditory cortex had a similar
effect as inactivation of the entorhinal cortex in suppress-
ing neuronal plasticity in the auditory cortex. Moreover,
our final two experiments support our hypothesis that the
medial temporal lobe enables neuronal plasticity in the
neocortex via CCK-containing neurons in the entorhinal
cortex. That is, pairing electrical stimulation of the ento-
rhinal cortex with auditory stimuli potentiated neuronal
responses in the auditory cortex, and this potentiation
was suppressed by local infusion of a CCKj; antagonist.

We speculate that the mechanism on memory en-
hancement by deep brain stimulation of the entorhinal
cortex [27] is related to the activation of CCK neurons.
Putting together the separated anatomical evidences of
neocortical projection of the entorhinal cortex and layer
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Figure 11 Enhanced auditory response after electrical stimulation of the entorhinal cortex in anesthetized rats. (A)
Experimental preparation (left panel) and details of the stimulus pairings (P) (right panel). (B) Raster plots showing neuronal
responses in the auditory cortex before and after stimulus pairings. Pairing sessions started at 0 min indicated on the right
vertical axis (marked by a red arrow at the left vertical axis). An auditory stimulus (100-ms duration) was repeatedly delivered
at time 0 in the horizontal axis with an inter-stimulus interval of 2 s. Only partial raster data of 400 ms is shown here. Two
stimulating electrodes simultaneously activated two sites of the entorhinal cortex to provide a larger opportunity to activate
auditory cortex projection neurons. Lesions were made at the end of the experiment (following the method described in [64]),
shown by red circles in the Nissl-stained sections. The truck of the other stimulation electrode was identified in the left panel
marked by the red arrow. (C) Raster plots showing auditory responses of another neuron before (t0) and after (11 and t2)
stimulus pairings. (D) Neuronal responses to the auditory stimulus before and 20 and 40 min after stimulus pairings for the
neuron shown in C. Firing rates after stimulus pairings were compared with that before stimulus pairings. #P < 0.05 and ##P

< 0.01, one-way ANOVA.

distribution of CCKj receptors [54-56], layer VI neurons
of the association auditory cortex are likely the target
cells of entorhinal CCK neurons. A further anatomical
investigation is required to address the question. Upon
the activation of CCKj receptors, the induction of activ-
ity-dependent plasticity would occur in the postsynaptic
neuron in the auditory cortex.

In summary, long-term plasticity in the auditory cortex
was induced by pairing different stimuli in the presence
of CCK. This plasticity occurred within the auditory sen-
sory modality as well as across visual and auditory sen-
sory modalities. The presence of a CCK antagonist in the
auditory cortex blocked the encoding of visuo-auditory
associations. Neuronal responses in the auditory cortex
were potentiated after pairing electrical stimulation of the
entorhinal cortex and auditory stimuli, and local infusion
of a CCKj, antagonist into the auditory cortex resulted in
the suppression of this potentiation. We conclude that the
medial temporal lobe enables cortical plasticity through
the release of CCK from neurons in the perirhinal and
entorhinal cortices.

Materials and Methods

Animals

Sprague-Dawley rats were used for immunohistochemistry, in
vivo extracellular recordings, and behavioral experiments. Guinea
pigs were used for in vivo intracellular recordings. Animals were
confirmed to have clean external ears and normal hearing. All ex-
perimental procedures were approved by the Animal Subjects Eth-
ics Sub-Committees of The Hong Kong Polytechnic University.

Auditory and visual stimuli

Auditory stimuli, comprised of pure tones and noise bursts,
were digitally generated using a computer-controlled Tucher-Davis
Technologies (TDT, Alachua, FL, USA) auditory workstation and
delivered through a coupled electrostatic speaker (ED1, TDT).
Auditory stimuli were presented via the speaker placed at about
40 cm above the animal or to the ear contralateral to the implanted
electrodes via a hollow ear bar for the anesthetized animal. Sound
pressure level was calibrated with a condenser microphone (Center
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Technology, Taipei). The visual stimulus, comprised of white light,
was generated by light-emitting diodes placed 40 cm above the ex-
perimental chamber. When the light was on, the illumination at the
bottom of the chamber was 26 lux.

True Blue and CCK co-labeling

True Blue (5%, 1 pl, Invitrogen) in 0.1 M PBS was stereotaxi-
cally infused into the auditory cortex. All rats were sacrificed 8
days after infusion and perfused transcardially with 200 ml 0.9%
NaCl followed by 300 ml 4% paraformaldehyde/0.1 M phosphate
buffer containing 0.1% glutaraldehyde. Brains were removed and
stored in 4% paraformaldehyde/0.1 M phosphate buffer containing
0.1% glutaraldehyde at 4 °C for 90 min. Brain blocks were soaked
in 30% sucrose/0.1 M phosphate buffer until they sank, and 20-um
sections were cut on a cryostat (Leica, Germany). Sections were
divided into 15 sets. One of these sets was incubated with 0.3%
hydrogen peroxide in PBS for 30 min; blocked with antibody
solution (PBS containing 10% normal donkey serum, 3% bovine
serum albumin, 0.3% Triton X-100, and 0.02% sodium azide)
for 2 h; incubated with rabbit polyclonal CCK antibody (20078;
ImmunoStar; 1:200) in the antibody solution overnight; and fi-
nally incubated with 4 pg/ml AlexaFluor488-conjugated antibody
against rabbit IgG (A11008; Invitrogen) in the antibody solution.
All procedures were conducted at room temperature and followed
by three 5-min washes in PBS. Control experiments to test the
specificity of the reactions included preadsorption of CCK rabbit
primary antiserum with 50 g/mL sulfated CCK and omission of
the primary antiserum. No staining was observed in these control
experiments.

Images of stained cells were acquired using an epifluorescence
microscope equipped with appropriate filters (AlexaFluor488,
excitation: 488 nm, emission: 505-530 nm; True Blue, excita-
tion: 365 nm, emission: 420 nm). Images were processed and
superimposed to identify double-labeled neurons using Photoshop
software (Version CS5.1). One set of sections from each rat was
stained using the Nissl method.

In vivo extracellular recordings in anesthetized rats
Anesthesia was induced with urethane sodium (2 g/kg, i.p.)
and maintained throughout surgery and neuronal recordings with
periodic supplements. Atropine sulfate (0.05 mg/kg, s.c.) was
administered 15 min before induction of anesthesia to inhibit tra-
cheal secretions. A local anesthetic (xylocaine, 2%) was liberally
applied to the incision site. Animals were prepared for surgery
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as previously described [57, 58]. Briefly, rats were mounted in a
stereotaxic device, and a midline incision was made in the scalp. A
craniotomy was performed at the temporal lobe (~3.0-5.0 mm pos-
terior and ~2.5-~6.5 mm ventral to bregma) to access the auditory
cortex, and the dura mater was opened.

Four tungsten microelectrodes with impedances of 1-3 MQ
(Frederick Haer & Co., Bowdoinham, ME, USA) and an attached
drug infusion pipette (50-pum tip size) were used to record neuronal
responses in the auditory cortex. Electrodes were remotely con-
trolled by a stepping motor microdrive outside the soundproofed
room. Neuronal signals recorded by the electrode, together with
the auditory and light stimuli, were amplified and stored using
TDT (OpenEX, TDT) and Axoscope softwares (Axon Instruments,
Sunnyvale, CA, USA). Single-unit spikes were distinguished us-
ing spike sorting software (OpenSorter, TDT; SPKtool, an open-
source MATLAB code, Mathworks, Inc., Natick, MA, USA). A
threshold of 3 standard deviations (SDs) above baseline was used
to distinguish spikes. A template matching method in SPKtool or a
K-means clustering method in OpenSorter was used to sort single-
unit spikes. The unit with the highest amplitude and a normal
overlaid spike profile was chosen from each electrode. Another
inclusion criterion was that the number of spikes with an inter-
spike interval of < 2 ms in the histogram should be < 0.2% of the
total number of spikes. The latency of spike occurrence relative to
stimulus delivery was calculated using Matlab (Mathworks, Inc.).

In the first experiment, we examined whether repeated presen-
tations of auditory stimuli after infusion of CCK induces neuronal
plasticity in the auditory cortex. Recorded neurons were confirmed
to be auditory neurons by showing responses to auditory stimuli.
A pure-tone stimulus of non-best-frequency (f|) was selected as
the testing stimulus. CCK octapeptide (CCK-8, abbreviated as
CCK, 0.4 pul, 10 ng/pl, Tocris) was infused into the auditory cortex
through the implanted pipette. Neuronal responses to the stimulus
f, were monitored for at least 15 min.

In the next experiment, neuronal responses to pure tones of
different frequencies were recorded (i.e., frequency-response
functions). For each rat, an f, stimulus was chosen that met two
conditions: (1) it evoked no neuronal response, and (2) it was in
close temporal proximity to the best frequency (designated as
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“f5”). CCK (0.2 pl, 10 ng/ul) was infused into the auditory cortex
through the implanted pipette. The weak and strong stimuli with
frequencies of f; and f; were presented either simultaneously or
sequentially with a 100-ms inter-stimulus interval. The sound
intensity of f,+f; was adjusted to between 60 and 80 dB, which
was strong enough to trigger action potentials in the neurons of
interest. After the pairings of weak and strong stimuli, neuronal re-
sponses to the weak stimulus were examined at different time de-
lays. In control experiments, rats received infusions with PBS and
acetylcholine (1 pl, 10 nM), infusions with PBS, or no infusions.

For visuo-auditory association experiments, the weak stimulus
was changed to a visual light stimulus. Neurons that responded to
the auditory stimulus but not the light stimulus were selected (n
= 20). After infusion of CCK (1 pl, 0.2 pl/min), the light stimu-
lus was paired with a strong auditory stimulus (noise burst) or
electrical stimulation of the auditory cortex that evoked neuronal
responses. The light stimulus (L) preceded the auditory stimulus
(S) by 100 ms. Neuronal responses to the light stimulus were com-
pared before and after pairings of the light stimulus with the strong
auditory stimulus (L+S).

One single-unit spike was isolated from each recording elec-
trode. Single-unit spikes were distinguished using the same method
as previously described. We adopted an analysis of Z-scores (mean
+ SE (standard error)) to examine neuronal responses to the light
stimulus [59]. The Z-score of the neuronal response to the light
stimulus was calculated against the mean neuronal spontaneous fir-
ing rate before stimulus onset. The duration of sampled recordings
was set after examining the neuronal responses to the stimulus and
was kept the same for each unit. Spontaneous neuronal firing was
calculated before stimulus onset using the same sample duration.
Z-scores represent the distance between stimulus-evoked neuronal
responses and average spontaneous firing in units of SD (i.e., Z
= (x-n)/6; where x is the stimulus-evoked neuronal response of
each trial, and p and § are the mean and SD of spontaneous firing
rates of all trials). Higher Z-scores generally indicate larger neu-
ronal responses to the stimulus but also depend on the number of
testing trials. Mean Z-scores were calculated over repeated trials.
Comparisons between stimulus-evoked neuronal responses and
spontaneous firing over repeated trials were performed using ¢-

Figure 12 Application of CCKg antagonist in the auditory cortex suppressed entorhinal cortex activation-induced potentiation
of neuronal responses in the auditory cortex. (A) Experimental preparation is shown. (B) Raster plots showing neuronal
responses before (t0) and after (t1 and t2) stimulus pairing. CCKg antagonist was infused into the auditory cortex before t0.
Pairings (P) of electrical activation of the entorhinal cortex and presentation of auditory stimuli were performed immediately
after t0 at time 0O in the horizontal axis. Sixty minutes after the first pairing session, when the CCKg antagonist was perfused
away by CSF circulation, another pairing session (P’) was performed. Neuronal responses in the auditory cortex were
examined at 20-min intervals as shown in the right (t3, before P’; t4 and t5, 20 and 40 min after P’, respectively (i.e., 80 and
100 min after P)). Lower panel shows neuronal responses to the auditory stimulus before and after stimulus pairing (t0-t5).
Firing rates after stimulus pairing were compared with that before stimulus pairings. N. S., not significant, #° < 0.05 and ##P
< 0.01, one-way ANOVA. (C) Raster plots show auditory responses before (t0) and after (11 and t2) stimulus pairings (P) with
an infusion of ACSF as a vehicle control. ACSF was infused before t0. The pairing session (P) was performed immediately
after t0 at time 0 in the horizontal axis. Neuronal responses in the auditory cortex were examined at 20-min intervals. Lower
panel shows neuronal responses to the auditory stimulus before and after stimulus pairings (t0-t2). Firing rates after stimulus
pairings were compared with that before stimulus pairings. N. S., not significant, ##P < 0.01, one-way ANOVA. (D) Bar graphs
show means and SEMs of neuronal responses before and 20 min after stimulus pairings in the following conditions: intact (no
infusion), infusion of ACSF, infusion of CCKg antagonist, and 1 h after infusion of CCKj antagonist. *P < 0.05 and **P < 0.01,
paired t-test. (E) Bar graphs show means and SEMs of changes (%) in neuronal response before and 20 min after stimulus
pairings. **P < 0.01, paired t-test (CCK antagonist group vs 1 h after CCK antagonist group).

www.cell-research.com | Cell Research

327



@ Cholecystokinin enables neural plasticity

328

tests. Changes in Z-score after each pairing session were used to
assess the effectiveness of the pairing in inducing neuronal plastic-
ity. Post-pairing Z-scores were plotted as a function of pre-pairing
Z-scores for the same units. Comparisons of mean Z-scores before
and after each pairing session within neurons were performed
using paired z-tests, and comparisons between groups were per-
formed using one-way ANOVA. Statistical significance was set at
P <0.05.

In vivo intracellular recordings in anesthetized guinea pigs

As CCK is conserved between rats and guinea pigs [60], and
our lab has optimized intracellular recording techniques in guinea
pigs, we used guinea pigs (n = 17) for intracellular recordings as
previously described [61, 62]. Cerebrospinal fluid (CSF) was re-
leased at the level of the medulla through an opening at the back
of the neck, and animals were artificially ventilated. The recording
electrode was a glass pipette filled with 3.0 M KAc or 0.5 M KC1
(pH 7.6, 0.05 M Tris HCI buffer) with a resistance between 60 and
150 MQ. The electrode was advanced perpendicular to the surface
of the auditory cortex using a stepping motor. After the electrode
reached the surface of the neocortex, the opening of the skull was
covered by low temperature-melting paraffin. The electrode was
then advanced 4 um per step.

A negative potential was detected upon penetrating the mem-
brane of a cell. After amplification, the membrane potential and
the auditory stimulus were stored using Axoscope software. The
direct current level of the recording electrode was frequently
checked and set to zero, and its value after each recording was
used to adjust the recorded membrane potential for some neurons.
Neurons showing a resting membrane potential of < 50 mV and
spontaneous spikes (if any) at > 50 mV were included.

The auditory stimuli were noise bursts or pure tones between
40 and 80 dB that triggered EPSPs in the recorded neurons. Neu-
rons with an EPSP onset of less than 40 ms after auditory stimuli
were included. To elicit postsynaptic neuronal firing, a depolar-
izing current lasting 200-600 ms was injected into the recorded
neurons across the entire auditory stimulus presentation period.
CCK (0.2 pl) was infused through a glass pipette with a 15-um tip
placed ~300 um away from the recording electrode.

EPSP responses to the auditory stimuli were compared before
and after 4 different sessions: (1) depolarization of the recorded
neuron (strong enough to elicit action potentials) during two pre-
sentations of the auditory stimulus (i.e., pairing session); (2) two
presentations of the auditory stimulus after CCK infusion; (3) two
depolarizations of the recorded neuron after CCK infusion; and
(4) depolarization of the recorded neuron during two presenta-
tions of the auditory stimulus after CCK infusion. EPSP amplitude
in response to the noise burst was averaged over 10 trials before
and after the pairings. Group data were expressed as mean + SE.
Only neurons showing EPSP amplitudes 0.5 mV and spontane-
ous firing rates < 2 Hz were included. High spontaneously firing
neurons were excluded to minimize the possibility of including
neuronal plasticity caused by spontaneous firing in the presence of
CCK. Statistical differences were evaluated using paired Student’s
t-tests, and statistical significance was set at P < 0.05.

Stimulating, recording and drug infusion in awake rats
Rats were prepared for surgery in the same manner as de-
scribed for in vivo extracellular recordings in anesthetized rats. A

home-made electrode array normally consisting of 6 electrodes (2
stimulating electrodes, < 100 k€, stainless steel wire; 4 recording
electrodes, 0.5-1.0 MQ, tungsten wire; A-M system) was im-
planted into the left auditory cortex [58, 63]. The electrode array
was advanced using a micromanipulator. After the array reached
a position where neurons showed good auditory responses, the
opening of the skull was covered by a layer of silicone. Electrodes
were connected to a 20-pin socket that was cemented to the skull.

To examine the influence of CCK on encoding of new associa-
tive memories, a cannula guide was also implanted in the auditory
cortex. The guide was cemented to the skull along with the elec-
trode array. Animals recovered from surgery for 3 days. When not
in use, the guide was blocked with a dummy cannula extending
0.2 mm below the guide. During infusion, a Hamilton syringe was
connected to the infusion needle, which extended 0.5 mm below
the guide. Drug microinfusion was performed using a Quintes-
sential Stereotaxic Injector (Stoelting Co., Wood Dale, IL, USA).
After infusion, the needle remained in place for 5 min before being
withdrawn.

Classical conditioning was performed 15 min after infusion
of either CCK-B receptor antagonist (L-365,260, 50 ng/ml, 2 pl,
0.2 pl/min, Tocris; n = 5) or saline (0.9% NaCl; n = 4). During
the conditioning trials, a light stimulus (100 ms) was followed by
electrical stimulation of the auditory cortex 200 ms later, which
was followed by a foot shock 300 ms later (0.5-0.9 mA; 600-ms
duration). Therefore, the foot shock was presented 500 ms after the
onset of the light stimulus. Two electrical pulses (30-200 pA) were
used to activate the auditory cortex. Each session consisted of 30
trials. Later, some rat underwent one or two control sessions with
no infusion (n = 2) or a saline infusion (n = 2). A 30-min rest oc-
curred between sessions. Test trials were conducted after each con-
ditioning session to measure neuronal responses to the conditioned
visual stimulus. In some animals, a water-soluble glutamate AMPA
receptor antagonist (DNQX, 15 mM, 2 ul, 0.2 pl/min, Tocris) was
infused to test the effectiveness of the infusion.

Stimulation of the entorhinal cortex and local application of
CCK, antagonist

The final experiments were carried out using anesthetized rats.
Two stimulation electrodes were inserted in parallel at anteropos-
terior direction into the entorhinal cortex (bregma: ~7.0-8.0 mm,
mediolateral: 5.5 mm). Another recording electrode was inserted
into the auditory cortex. After obtaining a frequency-response
function for a recorded neuron, baseline neuronal responses to an
auditory f; stimulus were recorded for 200 trials. Next, electrical
stimulation of the entorhinal cortex was paired with presentation
of the f; stimulus. Pairings consisted of a 5-pulse burst of electrical
stimulation at 10 Hz. Two seconds after electrical stimulation, f;
(100-ms duration) was presented 5 times with a 1-s inter-stimulus
interval. Pairings were repeated 4 times with an inter-pairing in-
terval of 10 s. Neuronal responses to the f; stimulus were recorded
for 20 min or longer after stimulus pairings.

In the next experiment, a glass pipette was inserted to infuse
CCKj antagonist (L-365,260 in 50% artificial cerebrospinal fluid
(ACSF) + 50% dimethyl sulfoxide (DMSO)) or vehicle (50%
ACSF + 50% DMSO) near the recording site in the auditory cor-
tex. Neuroplasticity following pairings of electrical stimulation and
auditory stimuli was examined after infusion of CCK; antagonist
or vehicle into the auditory cortex. Neuroplasticity was examined
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again 1 h after antagonist infusion, when the antagonist should
be perfused away by CSF circulation. Neuronal responses were
sampled and compared immediately before (baseline), 20 min af-
ter, and 40 min after stimulus pairings. Comparisons of firing rates
before and after each pairing within neurons were performed using
paired t-tests, and comparisons between neurons were performed
using ANOVA. Statistical significance was set at P < 0.05.

After the physiological experiment, an electrical current was
applied to the posterior stimulation electrode in the entorhinal cor-
tex to mark the location of the electrodes. The brain was sectioned
and stained using Nissl method.
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