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Abstract The entorhinal cortex is involved in establishing enduring visuo-auditory associative
memory in the neocortex. Here we explored the mechanisms underlying this synaptic plasticity
related to projections from the visual and entorhinal cortices to the auditory cortex in mice using
optogenetics of dual pathways. High-frequency laser stimulation (HFS laser) of the visuo-auditory
projection did not induce long-term potentiation. However, after pairing with sound stimulus, the
visuo-auditory inputs were potentiated following either infusion of cholecystokinin (CCK) or HFS
laser of the entorhino-auditory CCK-expressing projection. Combining retrograde tracing and
RNAscope in situ hybridization, we show that Cck expression is higher in entorhinal cortex neurons
projecting to the auditory cortex than in those originating from the visual cortex. In the presence
of CCK, potentiation in the neocortex occurred when the presynaptic input arrived 200 ms before
postsynaptic firing, even after just five trials of pairing. Behaviorally, inactivation of the CCK* projec-
tion from the entorhinal cortex to the auditory cortex blocked the formation of visuo-auditory asso-
ciative memory. Our results indicate that neocortical visuo-auditory association is formed through
heterosynaptic plasticity, which depends on release of CCK in the neocortex mostly from entorhinal
afferents.

Editor's evaluation

This fundamental work advances our understanding of how neuropeptides influence cortical circuits

and cortical plasticity. The evidence supporting the conclusions is compelling. This work would be of
interest to neuroscientists working on cortical processing and plasticity and general roles neuropep-

tides play in brain function.

Introduction

Cross-modal association is crucial for our brain to integrate information from different modalities. This
integrated processing is fundamental for creating complete and context-rich memories. Traditionally,
it is assumed to mainly occur in higher-order association cortices as evidenced by both anatomical
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(Cusick et al., 1995; Seltzer et al., 1996) and physiological (Fuster et al., 2000; Lipton et al., 1999,
Sakai and Miyashita, 1991, Schlack et al., 2005; Sugihara et al., 2006) studies. Evidence from fMRI
studies (Calvert et al., 1997, Finney et al., 2001, Foxe et al., 2002; Pekkola et al., 2006) and in
vivo electrophysiological recordings (Brosch et al., 2005; Zhou and Fuster, 2004; Zhou and Fuster,
2000) has also indicated the involvement of unimodal sensory cortices. With respect to the visuo-
auditory association, we have demonstrated that neurons in the auditory cortex (AC) start to respond
to light stimuli after a classical fear conditioning, coupling light and electrical stimulation (ES) of the
AC, and this type of association can be blocked by inactivation of the entorhinal cortex (EC) (Chen
et al., 2013). This is consistent with that removal of the bilateral medial temporal lobe, where the EC
locates, prevents the formation of long-term declarative memory in patient H.M. (Milner and Klein,
2016; Scoville and Milner, 1957).

The EC is strongly and reciprocally connected with both the hippocampus and neocortex (Canto
et al., 2008; Swanson and Kéhler, 1986), and rich in cholecystokinin (CCK)-positive neurons, both in
rat (Greenwood et al., 1981; Innis et al., 1979; Kéhler and Chan-Palay, 1982) and mouse (Meziane
et al., 1997). As the most abundant neuropeptide in brain (Beinfeld et al., 1981; Dockray et al.,
1978, Innis et al., 1979, Larsson and Rehfeld, 1979, Rehfeld, 1978, Vanderhaeghen et al., 1980),
sulphated cholecystokinin octapeptide (CCK-8S) was shown to have excitatory effects on pyramidal
neurons (Dodd and Kelly, 1981) and plays an important role in learning and memory (Horinouchi
et al., 2004; Lo et al., 2008, Meziane et al., 1993, Nomoto et al., 1999; Tsutsumi et al., 1999).
The neocortex expresses a variety of neuropeptides, primarily in GABAergic, inhibitory interneurons
(Hendry et al., 1984; Somogyi et al., 1984; Somogyi and Klausberger, 2005). CCK is, however,
also found in pyramidal projection neurons, which have high levels of Cck transcript as shown with
in situ hybridization (Burgunder and Young, 1988, Schiffmann and Vanderhaeghen, 1991, Siegel
and Young, 1985). In line with these findings, we have previously shown that the cortical projecting
neurons in the EC of mouse and rat mostly are CCK* and glutamatergic, and are important for visuo-
auditory association (Chen et al., 2019, Li et al., 2014, Zhang et al., 2020). However, how various
pathways are involved and the underlying mechanism to establish the visuo-auditory association is
still not clear.

In the present study, we expanded our research on visuo-auditory association by using two chan-
nelrhodopsins, Chronos and ChrimsonR, to examine various ways to potentiate the visual cortex (VC)
to AC projection: (i) high-frequency laser stimulation (HFS laser) of VC-to-AC projection with classical
high-frequency stimulation protocol; (ii) infusion of a CCK agonist in the AC followed by (a) pairing of
presynaptic activation of VC-to-AC terminals expressing opsin by single pulse laser stimulation with
postsynaptic noise-induced AC firing (CCK + Pre/Post Pairing), (b) presynaptic activation of VC-to-AC
terminals (CCK + Pre), (c) postsynaptic noise-induced AC firing (CCK + Post), and (d) nothing (CCK
alone); (iii) HFS laser of EC-to-AC CCK" projection followed by (a) pairing of presynaptic activation
of VC-to-AC terminals expressing opsin by single pulse laser stimulation with postsynaptic noise-
induced AC firing (HFS laser EC-to-AC + Pre/Post Pairing), (b) presynaptic activation of VC-to-AC
terminals (HFS laser EC-to-AC + Pre), (c) postsynaptic noise-induced AC firing (HFS laser EC-to-AC
+ Post), (d) nothing (HFS laser EC-to-AC alone); (iv) HFS laser of VC-to-AC projection followed by
Pre/Post Pairing (HFS laser VC-to-AC + Pre/Post Pairing); and (v) testing different parameters of the
pairing protocol: the frequency of the laser stimulation of the EC-to-AC CCK* projection; the delay
between the termination of HFS laser of EC-to-AC CCK" projection and Pre/Post Pairing (Delay 1);
and the delay between presynaptic activation of VC-to-AC projection and postsynaptic AC activation
(Delay 2). Of particular interest was to test spike timing-dependent plasticity (STDP), an extension of
the Hebbian learning rule, stating that, in order to induce potentiation, the critical window between
the arrival of presynaptic input and postsynaptic firing should not be more than 20 ms (Bi and Poo,
1998, Markram et al., 1997, Zhang et al., 1998). This theory has been challenged (Bittner et al.,
2017; Drew and Abbott, 2006; Izhikevich, 2007), and we hypothesized that endogenous CCK could
be involved in a type of synaptic potentiation that is different from STDP. Furthermore, behavioral
experiments were conducted to assess the impact of disrupting the EC-to-AC CCK* projection or
the VC-to-AC projection on the establishment and recall of visuo-auditory associations. Besides, we
used retrograde tracing and RNAscope in situ hybridization to analyze Cck expression in EC neurons
projecting to the AC versus those from the VC and examined whether CCK was released following
HFS of the EC-to-AC CCK" projection by using CCK sensor.
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Results

The auditory cortex receives a direct projection from the visual cortex
To examine the origin of the visual information underlying the previously observed visual responses
in the AC (Chen et al., 2013; Li et al., 2014), we injected the retrograde tracer cholera toxin subunit
B (Alexa Fluor 488 Conjugate) in the AC. The auditory thalamus was strongly labeled in the dorsal
(MGD), ventral (MGV), and medial (MGM) subdivisions (Figures 1A1 and 2). Many retrogradely
labeled neurons were observed in both the primary and associative VC (Figure 1A3 and 4), but
more were observed in the associative than the primary VC and were mainly distributed in the layer V
(Figure 1, Figure 1—figure supplement 1A, two-way ANOVA, F, 4, = 4.707, significant interaction,
p=0.0033, n = 5; F(;40 = 9.768, primary [6.3 + 1.0] vs. associative [11.1 + 2.2], p=0.0033, 95% confi-
dence interval [Cl] of difference [-7.8 to =1.7]; F4, 40 = 17.18, different layers, p<0.0001; Bonferroni'’s
multiple comparison test, Layer |-Associative VC [0.7 = 0.4] vs. Layer V-Associative VC [28.9 * 4.7],
p<0.0001, 95% Cl of difference [-40.2 to —16.2]; Layer ll/ll-Associative VC [6.3 + 1.7] vs. Layer V-Asso-
ciative VC [28.9 + 4.7], p<0.0001, 95% ClI of difference [-34.5 to —10.6]; Layer IV-Associative VC [10.7
+ 2.9] vs. Layer V-Associative VC [28.9 + 4.7], p=0.0002, 95% ClI of difference [-30.2 to —6.3]; Layer
VI-Associative VC [8.8 = 2.1] vs. Layer V-Associative VC [28.9 * 4.7], p<0.0001, 95% ClI of difference
[-32.1 to -8.2], see Supplementary file 1 for detailed statistics). The result here is consistent with
previous studies reporting the existence of reciprocal projections between the VC and AC (Bizley
et al., 2007; Budinger et al., 2006; Falchier et al., 2002; Falchier et al., 2010, Rockland and Ojima,
2003), and provides a possible anatomical basis for the visual inputs of visuo-auditory associations
formed in the AC.

HFS of the VC-to-AC projection does not induce long-term potentiation
(LTP)

HFS is a classical protocol to induce LTP (Bashir et al., 1991; Bliss and Gardner-Medwin, 1973, Bliss
and Lemo, 1973; Hernandez et al., 2005; Yun et al., 2002), which typically consists of 1 s train of
pulses at 100 Hz repeated three times with an inter-trial interval (ITl) of 10 s. Based on the current
understanding, we should be able to induce LTP if the VC-to-AC projection is activated with HFS
laser. We injected AAV9-syn-ChrimsonR-tdtomato in the VC of wildtype mice and manipulated the VC
projection terminals in the AC expressing ChrimsonR (Figure 1B), a variant of channelrhodopsin-2.
Laser stimulation of the VC-to-AC projection induced a field excitatory postsynaptic potential (fEPSPyc.
w-ac) in the AC as an indicator of the VC-to-AC input. To prevent photoelectric artifacts, fEPSPs evoked
by laser stimulation were recorded by glass pipette electrodes with an impedance of 1 MQ rather than
metal electrodes (Cardin et al., 2010, Kozai and Vazquez, 2015; Figure 1—figure supplement 1B
and C). The recording of fEPSPs was conducted across layers II/1ll to layer V within the AC (Figure 1B).
Generally, a laser with higher intensity induced an fEPSP with a steeper slope and larger amplitude
until saturation was reached (Figure 1C). Considering the kinetics of ChrimsonR (Klapoetke et al.,
2014), we modified the HFS protocol and used four trials of 1 s pulse train at 80 Hz with an [Tl of 10 s
(Figure 1D, upper, Figure 1—figure supplement 1D). We chose the laser intensity that induced a
50% fEPSP saturation for baseline and the post-HFS tests and 75% for HFS laser. However, no signif-
icant LTP was induced in the VC-to-AC projection by HFS laser of this pathway alone (Figure 1D,
bottom, paired t-test, t(9) = 0.878, before [101.7 + 1.8%)] vs. after [95.6 + 7.1%], 95% Cl of difference
[-9.5% to 21.6%)], p=0.403, n = 10, see Supplementary file 1 for detailed statistics).

VC-to-AC inputs are potentiated after pairing the activation of their
terminals with noise bursts in the presence of CCK

Hebbian theory claims that cells that fire together wire together. We next tested whether VC-to-AC
inputs can be potentiated after pairing with repetitive AC activation. We used laser stimulation of
VC-to-AC projection to evoke presynaptic input and noise stimulus to trigger postsynaptic AC firings.
Since the latency of fEPSPyc.o.ac is approximately 2-2.5 ms, and the firing latency of noise responses
in the AC of mice is mostly equal to or longer than 13 ms, we presented the laser stimulus 10 ms
after noise. Therefore, we activated the presynaptic input just before the postsynaptic firing (Pre/Post
Pairing, Figure 1E). Responses to noise at different sound intensities were first tested (Figure 1F), and
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Figure 1. Visual cortex-to-auditory cortex (VC-to-AC) projection was potentiated after pairing laser stimulation evoked presynaptic activation with
noise-induced postsynaptic firing in the presence of CCK. (A) Images show the injection site of the retrograde tracer (CTB488) in the AC (A1, scale bar:
1000 um) and retrogradely labeled neurons in the auditory thalamus (A2, an enlargement of the boxed area in A1, scale bar: 500 pm) and the VC (A3,
scale bar: 1000 um; A4, an enlargement of the boxed area in A3, scale bar: 200 um). MGV, MGD, and MGM are abbreviations for the ventral, dorsal, and
medial parts of the medial geniculate nucleus, respectively. (B) Left: schematic drawing of the experimental setup. AAV9-syn-ChrimsonR-tdtomato was
injected in the VC. The recording of field excitatory postsynaptic potential (fEPSP) was performed across layer II/1ll to layer V. L, laser fiber; R, recording
electrode. Right: representative images of the injection site in the VC (1) and the projection terminals in the AC (2). Blue, Nissl staining. Scale bars: 1,
200 pm; 2, 20 um. (C) lllustration of the fEPSP slope measurement (upper, for details refer to ‘Materials and ethods’) and the input/output curve of fEPSP
slope evoked by laser stimulation at different intensities (bottom). Blue and yellow lines indicate 50 and 75% of fEPSP saturation. (D) Upper: modified
high-frequency stimulation (HFS) protocol. Bottom: normalized fEPSPy ., ac slopes before and after HFS laser of VC-to-AC projection alone; inset,
example traces before (dashed) and after (solid) HFS laser. Error bars represent SEM. Paired t-test, t(9) = 0.878, n.s. p=0.403, n = 10. (E) The protocol of
pairing laser stimulation-evoked presynaptic input with noise-induced postsynaptic firing. (F) Peristimulus time histogram (PSTH)s of spike responses to
noises at different sound intensities (40-90 dB, from bottom to top). (G) Normalized fEPSPyc ., ac slopes (bottom) and example traces (upper) before and
after Pre/Post Pairing with CCK-8S (red) or artificial cerebrospinal fluid (ACSF, gray) infusion in the AC. Error bars represent SEM. ****p<0.0001, n = 14
for the CCK group, n = 15 for the ACSF group, two-way repeated measures (RM) ANOVA with Bonferroni's post hoc test. See Supplementary file 1 for
detailed statistics.

The online version of this article includes the following source data and figure supplement(s) for figure 1:
Source data 1. Data for Figure 1 and Figure 1—figure supplement 1.

Figure supplement 1. VC-to-AC projection was not potentiated in the absence of any one of the following three conditions: presynaptic activation,
postsynaptic firing, and CCK.
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we chose the intensity that evoked reliable firing for Pre/Post Pairing. After 80 trials of only Pre/Post
Pairing, the VC-to-AC inputs were not potentiated (Pre/Post Pairing, Figure 1G, gray, ACSF group).
In the previous studies, we have shown that CCK has an important role in neocortical plasticity
(Chen et al., 2019, Li et al., 2014; Zhang et al., 2020). We then examined whether the VC-to-AC
inputs could be potentiated after Pre/Post Pairing in the presence of CCK (CCK + Pre/Post Pairing).
In line with our hypothesis, the VC-to-AC inputs were strongly potentiated after infusion of CCK-8S
compared with ACSF. The averaged fEPSPyc.,ac slope increased immediately after pairing and
remained elevated for 1 hr in the CCK injection group (Figure 1G, Figure 1—figure supplement
1E, two-way repeated measures [RM] ANOVA, F; »; = 25.125, significant interaction, p<0.0001; red,
CCK before[101.3 = 0.8%] vs. CCK after [136.5 £ 7.7%], 95% Cl of increase [23.5% to 46.9%], Bonfer-
roni's pairwise comparison, p<0.0001, n = 14; gray, ACSF before [99.9 + 0.8%] vs. ACSF after [95.3
+ 2.9%], 95% Cl of difference [-6.7% to 15.9%], Bonferroni’s pairwise comparison, p=0.411, n = 15,
see Supplementary file 1 for detailed statistics). But there was no significant potentiation of the
VC-to-AC inputs in the following scenarios: (i) when CCK was applied alone without pairing (CCK
alone, Figure 1—figure supplement 1F and G, n = 8, before [104.2 + 3.4%] vs. after [102.8 + 9.1%],
95% Cl of difference, [-25.2% to 22.5%)], paired t-test, t(7) = 0.1357, p=0.8959, see Supplementary
file 1 for detailed statistics), (i) when CCK was applied followed by presynaptic activation (CCK +
Pre, Figure 1—figure supplement 1H and I, n = 10, before [99.8 = 1.6%] vs. after [107.7 = 5.9%],
95% Cl of difference [-5.4% to 21.3%], paired t-test, {9) = 1.347, p=0.2110, see Supplementary
file 1 for detailed statistics), and (iii) when CCK was applied followed by noise-induced postsynaptic
firing (CCK + Post, Figure 1—figure supplement 1J and K, n = 10, before [103.3 * 2.6%] vs. after
[108.7 = 8.6%], 95% CI of difference [-15.9% to 26.7%)], paired t-test, t(9) = 0.5719, p=0.5814, see
Supplementary file 1 for detailed statistics). These findings collectively suggest that a visuo-auditory
association in the AC is enabled through a direct projection from the VC-to-AC, specifically when
CCK is combined with Pre/Post Pairing protocols. Conversely, the absence of any one of these three
components — CCK, presynaptic, or postsynaptic activation - fails to potentiate the VC-to-AC inputs.

HFS laser of EC-to-AC CCK* terminals results in LTP of VC-to-AC

inputs after pairing with postsynaptic firing in the AC evoked by noise
stimulus

We have shown that cortical projection neurons in the EC mostly are CCK* and glutamatergic, and that
HFS induces CCK release in the AC (Chen et al., 2019). We then explored whether endogenous CCK
could enable the potentiation of the VC-to-AC inputs. Utilizing Chronos and ChrimsonR (Klapoetke
et al., 2014), we successfully manipulated two distinct neural pathways using dual-color activation:
473 nm wavelength light for Chronos and 635 nm for ChrimsonR (Figure 2—figure supplement 1A
and B). We injected AAV9-Ef1a-Flex-Chronos-GFP and AAV9-hSyn-ChrimsonR-tdTomato in the EC
and VC of the Cck™“ mouse to activate the EC-to-AC CCK* projection and the VC-to-AC projection,
respectively (Figure 2A). HFS laser (80 Hz, 5 ms/pulse, 10 pulses) of the EC-to-AC CCK" projection
was applied, and after a 10 ms interval, Pre/Post Pairing was followed (Figure 2C, HFS laser EC-to-AC
+ Pre/Post Pairing and Figure 2—figure supplement 1C). This protocol was repeated for five trials
with an ITl of 10 s. Likewise, we injected AAV9-Ef1a-Flex-Chronos-GFP in the VC of CaMKlla-Cre
mice (Figure 2B) and applied five trials of HFS laser of the VC-to-AC projection followed by Pre/Post
Pairing (Figure 2D, HFS laser VC-to-AC + Pre/Post Pairing) as a control.

Potentiation of the VC-to-AC inputs was observed after HFS laser EC-to-AC + Pre/Post Pairing
but not after HFS laser VC-to-AC + Pre/Post Pairing (Figure 2E, LTP curves; Figure 2F, fEPSP traces;
Figure 2G, two-way RM ANOVA, F ., = 10.490, significant interaction, p=0.004; red, HFS laser
EC-to-AC + Pre/Post Pairing before [99.9 + 1.5%] vs. after [120.7 + 4.0%], 95% Cl of increase [10.9%
to 30.8%], Bonferroni’s pairwise comparison, p<0.001, n = 13; green, HFS laser VC-to-AC + Pre/Post
Pairing before [99.9 + 2.0%)] vs. after [97.2 = 6.7%)], 95% CI of difference [-8.6% to 14.1%)], Bonfer-
roni's pairwise comparison, p=0.623, n = 10; HFS laser EC-to-AC + Pre/Post Pairing after vs. HFS
laser VC-to-AC + Pre/Post Pairing after, 95% Cl of difference [8.1% to 38.9%], Bonferroni’s pairwise
comparison, p=0.005, see Supplementary file 1 for detailed statistics). Additionally, this potentiation
did not occur when we applied high-intensity noise stimuli (90 dB SPL) before Pre/Post Pairing (High-
Intensity Noise + Pre/Post Pairing, Figure 2—figure supplement 1D and E, n = 10, before [102.3
+ 1.2%)] vs. after [106.2 = 5.3%], 95% CI of difference [-10.0% to 17.8%)], paired t-test, {9) = 0.6357,
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Figure 2. High-frequency stimulation (HFS) laser of entorhinal cortex-to-auditory cortex (EC-to-AC) CCK*
projection but not the visual cortex-to-auditory cortex (VC-to-AC) projection induced the potentiation of VC-to-
AC inputs after pairing with noise-evoked postsynaptic activation. (A) Left: schematic drawing of the experimental
setup. AAV9-Ef1o-Flex-Chronos-GFP and AAV9-Syn-ChrimsonR-tdTomato were injected in the EC and VC of

Figure 2 continued on next page
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Figure 2 continued

Cck'=C mice, respectively. L, laser fiber; R, recording electrode; S, sound. Right: representative images of the
injection sites in the VC (1) and the EC (2). Blue, Nissl| staining. Scale bars: 1, 1000 uym; 2, 1000 pm. (B) Schematic
drawing of the experimental setup. AAV9-Ef1a-Flex-Chronos-GFP was injected in the VC of CaMKlla-cre mice. L,
laser fiber; R, recording electrode; S, sound. (C, D) Protocols of HFS laser EC-to-AC + Pre/Post Pairing and HFS
laser VC-to-AC + Pre/Post Pairing, respectively. (E) Normalized fEPSPyc i, ac slopes before and after HFS laser
EC-to-AC + Pre/Post Pairing (red) or HFS laser VC-to-AC + Pre/Post Pairing (green). **p<0.01, two-way repeated
measures (RM) ANOVA with post hoc Bonferroni test. (F) Example fEPSPyc..ac traces before and after HFS laser
EC-to-AC + Pre/Post Pairing (red) or HFS laser VC-to-AC + Pre/Post Pairing (green). Scale bars: upper, 5 ms and
0.05 mV, bottom, 5 ms and 0.05 mV. (G) Individual and average fEPSPyc., ac slope changes before and after HFS
laser EC-to-AC + Pre/Post Pairing (red) or HFS laser VC-to-AC + Pre/Post Pairing (green). **p<0.01, ***p<0.001,
n.s. p=0.623, n = 13 for HFS laser EC-to-AC + Pre/Post Pairing, n = 10 for HFS laser VC-to-AC + Pre/Post Pairing
group, two-way RM ANOVA with post hoc Bonferroni test. (H) Normalized fEPSPy. slopes before and after HFS
laser EC-to-AC + Pre/Post Pairing (black) or HFS laser VC-to-AC + Pre/Post Pairing (gray). **p<0.01, two-way RM
ANOVA with post hoc Bonferroni test. (I) Example fEPSPy... traces before and after HFS laser EC-to-AC + Pre/
Post Pairing (black) or HFS laser VC-to-AC + Pre/Post Pairing (gray). Scale bars: upper, 50 ms and 0.2 mV; bottom,
50 ms and 0.2 mV. (J) Individual and average fEPSPy.;. slope changes before and after HFS laser EC-to-AC + Pre/
Post Pairing (black) or HFS laser VC-to-AC + Pre/Post Pairing (gray). **p<0.01, n.s. p=0.898, n = 8 for HFS laser
EC-to-AC + Pre/Post Pairing group, n = 10 for HFS laser VC-to-AC + Pre/Post Pairing group, two-way RM ANOVA
with post hoc Bonferroni test (K) Normalized fEPSPgc.o.c slopes before and after HFS laser EC-to-AC + Pre/Post
Pairing. (L) Example fEPSPcc..ac traces before and after HFS laser EC-to-AC + Pre/Post Pairing. Scale bars: upper, 5
ms and 0.2 mV. (M) Individual and average fEPSPgc i, ac slope changes before and after HFS laser EC-to-AC + Pre/
Post Pairing. paired t-test, t(12) = -1.424, n.s. p=0.180, n = 13. (N) Normalized fEPSPc . ac slopes before and after
HFS laser EC-to-AC + Pre/Post Pairing in the presence of ACSF (red) or L-365,260 (gray). **p<0.01, two-way RM
ANOVA with post hoc Bonferroni test. (O) Example fEPSPyc.,ac traces before and after HFS laser EC-to-AC + Pre/
Post Pairing in the presence of ACSF (red) or L-365,260 (gray). Scale bars: upper, 5 ms and 0.05 mV; bottom, 5 ms
and 0.05 mV. (P) Individual and average fEPSPyc., ac slope changes before and after HFS laser EC-to-AC + Pre/Post
Pairing in the presence of ACSF (red) or L-365,260 (gray). ****p<0.0001, n.s. p=0.6354, n = 8 for the ACSF group,

n = 10 for the L-365,260 group, two-way RM ANOVA with post hoc Bonferroni test. See Supplementary file 1 for
detailed statistics.

The online version of this article includes the following source data and figure supplement(s) for figure 2:
Source data 1. Data for Figure 2 and Figure 2—figure supplement 1.

Figure supplement 1. Essential trio for VC-to-AC projection potentiation: presynaptic activation, postsynaptic
activation, and HFS of EC-to-AC CCK" projection that induced CCK release in the AC.

p=0.5408, see Supplementary file 1 for detailed statistics). fEPSPs evoked by noise stimuli were
also potentiated after HFS laser EC-to-AC + Pre/Post Pairing but not HFS laser VC-to-AC + Pre/Post
Pairing (Figure 2H, LTP curves; Figure 2I, fEPSP traces; Figure 2J, two-way RM ANOVA, F; ;,, = 9.711,
significant interaction, p=0.007; black, HFS laser EC-to-AC + Pre/Post Pairing before [100.4 + 1.2%]
vs. after [143.2 + 14.9%], 95% ClI of increase [20.5% to 65.2%)], Bonferroni's pairwise comparison,
p=0.001, n = 8; gray, HFS laser to VC-to-AC + Pre/Post Pairing before [101.7 + 0.5%] vs. after [100.5
+ 2.3%], 95% Cl of difference [-18.8% to 21.2%], Bonferroni's pairwise comparison, p=0.898, n = 10;
HFS laser EC-to-AC + Pre/Post Pairing after vs. HFS laser VC-to-AC + Pre/Post Pairing after, 95% Cl of
difference [14.2% to 71.3%], Bonferroni’s pairwise comparison, p=0.006, see Supplementary file 1 for
detailed statistics), and neither potentiated after High-Intensity Noise + Pre/Post Pairing (Figure 2—
figure supplement 1F and G, n = 12, before [96.3 £ 2.1%] vs. after [98.1 £ 4.7%], 95% Cl of difference
[-9.0% to 12.4%], paired t-test, t(11) = 0.3529, p=0.7308, see Supplementary file 1 for detailed statis-
tics). However, the EC-to-AC CCK"* inputs were not significantly potentiated after HFS laser EC-to-AC
+ Pre/Post Pairing (Figure 2K, LTP curves; Figure 2L, fEPSP traces; Figure 2M, paired t-test, t(12) =
-1.424, before [99.3 = 0.9%] vs. after [102.7 £ 2.3%], 95% Cl of difference [-8.4% to 1.8%], p=0.180, n
= 13, see Supplementary file 1 for detailed statistics). These results suggest that applying HFS laser
to the EC-to-AC CCK" projection, but not to the VC-to-AC CaMKII+ projection, is necessary to induce
potentiation of VC-to-AC inputs. Generalized high-intensity stimuli also do not lead to the formation
of potentiation. Taken together, our results demonstrate a typical form of heterosynaptic plasticity, in
which the potentiation of the VC-to-AC input is not dependent on HFS activation of its own pathway
but requires HFS activation of the EC-to-AC projection that presumably triggers CCK release.
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To gain a deeper insight into the heterosynaptic plasticity of the VC-to-AC inputs, dependent on
the EC-to-AC CCK" pathway, we carried out various control experiments. The results indicated that
the VC-to-AC inputs were not significantly potentiated in the following scenarios: (i) when HFS laser
of the EC-to-AC CCK" projection was applied alone (HFS laser EC-to-AC alone, Figure 2—figure
supplement 1H and I, n = 12, before [99.4 = 1.2%] vs. after [110.8 + 6.9%], 95% ClI of difference
[-3.9% to 26.8%)], paired t-test, t(11) = 1.644, p=0.1283, see Supplementary file 1 for detailed statis-
tics), (ii) when HFS laser of the EC-to-AC CCK* projection was applied followed by presynaptic acti-
vation of the VC-to-AC inputs (HFS laser EC-to-AC + Pre, Figure 2—figure supplement 1L and M,
n =9, before [100.0 = 1.3%] vs. after [103.2 = 3.3%], 95% ClI of difference [-5.0% to 11.4%)], paired
t-test, t(8) = 0.8988, p=0.3950, see Supplementary file 1 for detailed statistics), and (i) when HFS
laser of the EC-to-AC CCK* projection was applied followed by noise-induced postsynaptic firing (HFS
laser EC-to-AC + Post, Figure 2—figure supplement 1P and Q, n = 12, before [100.6 + 1.4%] vs.
after [103.3 £ 6.9%], 95% Cl of difference [-11.7% to 17.0%], paired t-test, t(11) = 0.4089, p=0.6904,
see Supplementary file 1 for detailed statistics). At the same time, fEPSPs evoked by noise stimuli
were significantly potentiated after HFS laser EC-to-AC + Post (Figure 2—figure supplement 1R
and S, n = 10, before [99.0 £ 2.3%] vs. after [109.7 = 4.1%], 95% CI of increase [3.8% to 17.8%)],
paired t-test, t(9) = 3.491, p=0.0068, see Supplementary file 1 for detailed statistics), but not after
HFS laser EC-to-AC alone (Figure 2—figure supplement 1J and K, n = 8, before [103.1 + 1.5%] vs.
after [74.3 £ 2.7%], 95% Cl of difference [-33.2% to -24.4%], paired t-test, t(7) = 15.33, p<0.0001,
see Supplementary file 1 for detailed statistics, indicating a decrease) and HFS laser EC-to-AC + Pre
(Figure 2—figure supplement 1N and O, n = 9, before [99.7 + 0.6%] vs. after [93.6 *+ 4.0%], 95% ClI
of difference [-15.7% to 3.6%)], paired t-test, t(8) = 1.456, p=0.1836, see Supplementary file 1 for
detailed statistics). These findings suggest that HFS laser EC-to-AC CCK" projection, presynaptic acti-
vation, and postsynaptic firing are three prerequisites to potentiate the VC-to-AC inputs. Together
with the results in Figure 1 and Figure 1—figure supplement 1, we hypothesized that the HFS laser
EC-to-AC CCK* projection induced endogenous CCK release.

To validate our hypothesis, we injected AAV9-Syn-Flex-ChrimsonR-tdTomato into the EC of Cck™s¢
mice and AAV9-syn-Cck2.3 into the AC to express G protein-coupled receptor activation-based CCK
sensors (Wang et al., 2023). This setup allowed us to use fiber photometry to effectively monitor CCK
dynamics in the AC when HFS laser was applied to the CCK" neurons in the EC (Figure 2—figure
supplement 1T and U). The results demonstrated that HFS laser of the EC CCK" neurons evoked
a significant rising of CCK signal in the AC (Figure 2—figure supplement 1V and W, two-way RM
ANOVA, F 14 = 4.876, significant interaction, p=0.0422; CCK sensor before [0.0 + 0.0] vs. after [2.6
= 1.1], 95% ClI of increase [0.5 to 4.6], Bonferroni’s pairwise comparison, p=0.0125, n = 9; isosbestic
before [0.0 + 0.0] vs. after [0.0 £+ 0.1], 95% CI of difference [-2.0 to 2.0], Bonferroni’s pairwise compar-
ison, p>0.9999, n = 9; see Supplementary file 1 for detailed statistics), indicating that endogenous
CCKis released in the AC in response to HFS laser stimulation of the CCK* neurons in the EC. Further-
more, to assess the role of endogenously released CCK in the potentiation of the VC-to-AC inputs, we
infused L-365,260, a CCK B receptor antagonist, into the AC prior to the HFS laser EC-to-AC + Pre/
Post Pairing protocol. We observed that L-365,260 blocked the potentiation of the VC-to-AC inputs
following this protocol, whereas ACSF did not show this effect (Figure 2N, LTP curves; Figure 20,
fEPSP traces; Figure 2P, two-way RM ANOVA, F ;, = 53.29, significant interaction, p<0.0001; red,
ACSF before [98.3 = 4.3%)] vs. after [144.1 £ 4.3%], 95% Cl of increase [35.2% to 56.4%], Bonferroni’s
pairwise comparison, p<0.0001, n = 8; gray, L-365,260 before [100.6 + 3.8%] vs. after [104.6 + 3.8%],
95% Cl of difference [-13.4% to 5.5%], Bonferroni's pairwise comparison, p=0.6354, n = 10; ACSF
after vs. L-365,260 after, 95% CI of difference [28.8% to 50.2%)], Bonferroni’s pairwise comparison,
p<0.0001, see Supplementary file 1 for detailed statistics).

HFS laser of the EC-to-AC CCK* terminals ex vivo leads to LTP of the
VC-to-AC inputs after pairing with electrical stimulation

We also performed similar experiments at the single-cell level ex vivo. Slices were prepared from
Cck™“ mice after injection of AAV9-Ef1a-Flex-Chronos-GFP in the EC and of AAV9-Syn-ChrimsonR-
tdTomato in the VC (Figure 3A). Pyramidal neurons in the AC were patched (Figure 3B), and excitatory

postsynaptic currents (EPSCs) evoked by laser stimulation of the VC-to-AC projection (EPSCyc.o.nc,
Figure 3C) and ES of the AC (EPSCgs, Figure 3D) were recorded. HFS laser of the EC-to-AC CCK*
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Figure 3. High-frequency stimulation (HFS) laser of entorhinal cortex-to-auditory cortex (EC-to-AC) CCK" projection ex vivo leads to long-term
potentiation (LTP) of visual cortex-to-auditory cortex (VC-to-AC) inputs after pairing with electrical stimulation (ES). (A) Positions of the whole-cell
recording pipette, electrical stimulation electrode, and the optical fiber in a slice of Cck"“ mice with AAV-Ef10-Flex-Chronos-GFP injected in the EC
and AAV-Syn-ChrimsonR-tdTomato injected in the VC. (B) Representative pyramidal neuron firing in response to current injection. (C, D) Representative
traces of EPSCyc.o.ac (C) and EPSCes (D) of pyramidal neuron. EPSC, excitatory postsynaptic current. Scale bars: (C), 10 ms and 10 pA; (D), 10 ms and

20 pA. (E) Representative EPSC trace in response to HFS laser of the EC-to-AC CCK" terminals (blue rectangles, 80 Hz, 5 ms/pulse). (F) Protocols of HFS
laser EC-to-AC + Pre/Post Pairing (left) and HFS laser VC-to-AC + Pre/Post Pairing (right). (G) Normalized EPSCyc.o.ac amplitudes before and after HFS
laser EC-to-AC + Pre/Post Pairing (red) or HFS laser VC-to-AC + Pre/Post Pairing (gray). (H) Example EPSCyc.,.ac traces before (dashed, at timepoint 1
or 1"in G) and after (solid, at timepoint 4 or 4" in G) HFS laser EC-to-AC + Pre/Post Pairing (red, upper) or HFS laser VC-to-AC + Pre/Post Pairing (gray,
bottom). (I) Individual and average EPSCyc.,.ac amplitude changes before and after HFS laser EC-to-AC + Pre/Post Pairing (red) or HFS laser VC-to-AC
+ Pre/Post Pairing (gray). ***p<0.001, ****p<0.0001, n.s. p>0.9999, n = 7 for both HFS laser EC-to-AC + Pre/Post Pairing group and HFS laser VC-to-AC
+ Pre/Post Pairing group, two-way repeated measures (RM) ANOVA with post hoc Bonferroni test. (J) Normalized EPSCgs amplitudes before and after
HFS laser EC-to-AC + Pre/Post Pairing (black) or HFS laser VC-to-AC + Pre/Post Pairing (gray). (K) Example EPSCgs traces before (dashed, at timepoint 1
or 1"in J) and after (solid, at timepoint 4 or 4" in J) HFS laser EC-to-AC + Pre/Post Pairing (black, upper) or HFS laser VC-to-AC + Pre/Post Pairing (gray,
bottom). (L) Individual and average EPSCgs amplitude changes before and after HFS laser EC-to-AC + Pre/Post Pairing (black) or HFS laser VC-to-AC +
Pre/Post Pairing (gray). **p<0.01, ***p<0.001, n.s. p>0.9999, n = 7 for both HFS laser EC-to-AC + Pre/Post Pairing group and HFS laser VC-to-AC + Pre/
Post Pairing group, two-way RM ANOVA with post hoc Bonferroni test. See Supplementary file 1 for detailed statistics.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Figure 3 continued on next page
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Figure 3 continued
Source data 1. Data for Figure 3.

Figure supplement 1. Examples of EPSC traces evoked by different stimuli at specified time points in Figure 3 recorded under various conditions.

projection (Figure 3E) was followed by the pairing of presynaptic activation evoked by laser stimula-
tion of the VC-to-AC projection and postsynaptic activation evoked by ES, which was repeated five
times with an ITl of 10 s (HFS laser EC-to-AC + Pre/Post Pairing, Figure 3F, left). As a control, we
replaced the HFS laser of EC-to-AC CCK"* projections with HFS laser of VC-to-AC projection (HFS laser
VC-to-AC + Pre/Post Pairing, Figure 3F, right).

Similar to the in vivo results, the amplitude of EPSCyc.o.ac significantly increased after HFS laser
EC-to-AC + Pre/Post Pairing but not after HFS laser VC-to-AC + Pre/Post Pairing (Figure 3G, LTP
curves; Figure 3H, EPSCc.,.ac traces; Figure 3I, two-way RM ANOVA, F; 1, = 13.16, significant inter-
action, p=0.0035; red, increased by 78.9 + 15.0% after HFS laser EC-to-AC + Pre/Post Pairing, 95% ClI
of increase [40.6% to 117.2%], Bonferroni’s pairwise comparison, p=0.004, n = 7; gray, changed by
2.2 £ 15.0% after HFS laser VC-to-AC + Pre/Post Pairing, 95% CI of difference [-36.1% to 40.5%],
Bonferroni's pairwise comparison, p>0.9999, n = 7; HFS laser EC-to-AC + Pre/Post Pairing after vs.
HFS laser VC-to-AC + Pre/Post Pairing after, 76.1 = 14.9% of difference, 95% Cl of difference [40.6%
to 111.7%], Bonferroni’s pairwise comparison, p<0.0001, see Supplementary file 1 for detailed statis-
tics; Figure 3—figure supplement 1A and B, 10 successive example traces and their averaged trace
of the EPSCs at different timepoints as shown in Figure 3G). Likewise, the EPSCgs amplitude signifi-
cantly increased after HFS laser EC-to-AC + Pre/Post Pairing but not after HFS laser VC-to-AC + Pre/
Post Pairing (Figure 3J, LTP curves; Figure 3K, EPSC g traces; Figure 3L, two-way RM ANOVA, F; 1,
= 10.54, significant interaction, p=0.0070; black, HFS laser EC-to-AC + Pre/Post Pairing before vs.
after, increased by 64.0 + 14.0%, 95% Cl of increase [28.3% to 99.8%)], Bonferroni’s pairwise compar-
ison, p=0.0013, n = 7; gray, changed by 0 + 14.0% after HFS laser VC-to-AC + Pre/Post Pairing,
95% Cl of difference [-35.65% to 35.86%], Bonferroni’s pairwise comparison, p>0.9999, n = 7; HFS
laser EC-to-AC + Pre/Post Pairing after vs. HFS laser VC-to-AC + Pre/Post Pairing after, 65.0 + 13.6%
of difference, 95% Cl of difference [32.5% to 97.4%], Bonferroni’s pairwise comparison, p=0.0001, see
Supplementary file 1 for detailed statistics; Figure 3—figure supplement 1C and D, 10 successive
traces and their averaged trace at different timepoints as shown in Figure 3J).

EC-to-AC-projecting neurons have higher CCK expression levels than
VC-to-AC-projecting neurons

The results from both in vivo and ex vivo experiments showed that HFS laser EC-to-AC + Pre/Post
Pairing led to potentiation of the input from the VC-to-AC. In contrast, a similar protocol applied
from the VC to the AC (HFS laser VC-to-AC + Pre/Post Pairing) did not induce such potentiation. We
established that HFS laser stimulation of CCK* neurons in the EC resulted in CCK release in the AC, as
depicted in Figure 2—figure supplement 1T-W. Moreover, infusing a CCKB receptor antagonist into
the AC inhibited the potentiation of the VC-to-AC inputs following the HFS laser EC-to-AC + Pre/Post
Pairing, as shown in Figure 2N-P. This leads to a consideration of the underlying differences between
the EC-to-AC projection and the VC-to-AC projection. A plausible explanation could be the variation
in CCK expression levels between the AC-projecting neurons in the EC and those in the VC.

We next explored whether the levels of Cck transcript, and thus possibly CCK peptide, could be
underlying this difference by using RNAscope combined with retrograde tracing with AAV virus. We
injected AAVretro-hSyn-Cre-WPRE-hGH in the AC of Ai14 mice, a Cre reporter line, retrogradely
labeling the EC and VC neurons projecting to AC with Cre-dependent tdTomato. The expression
level of Cck was then assessed by RNAscope, a semi-quantitative in situ hybridization method
(Figure 4A-D). The RNAscope assay allows quantitative detection of RNA species and has been
widely used to determine gene expression levels (Caldwell et al., 2021; Jolly et al., 2019, Chan
et al., 2018). We found that the expression level of Cck was significantly higher among projecting
neurons in the EC than in the VC across three animals analyzed (Figure 4E, Welch's t-test, (539) =
7.615, EC[1.48 £ 0.05] vs. VC[1.00 =+ 0.04], 95% ClI of difference [0.36 to 0.60], p<0.0001, n = 345 for
EC, n = 199 for VC; Figure 4—figure supplement 1, animal 1, Welch's t-test, #(78) = 5.315, p<0.0001;
animal 2, Welch's t-test, t(51) = 2.521, p=0.015; animal 3, Welch’s t-test, t{91) = 3.0122, p=0.003,
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Figure 4. Auditory cortex (AC)-projecting neurons in the entorhinal cortex (EC) express higher level of Cck than those in the visual cortex (VC).

(A) Overview of injection site at the AC and projecting neurons in the VC. Scale bar: 500 um. (B) Expression of Slc17a7 (vGlut1) and Cck in retrogradely
labeled neurons (tdTomato+) in the VC. Scale bars: upper, 200 um; bottom, 20 pm. (C) Overview of injection site at the AC and projecting neurons in
the EC. Scale bar: 500 um. (D) Expression of Slc17a7 and Cck in retrogradely labeled neurons (tdTomato+) in the EC. Scale bars: upper, 200 pm; bottom,
20 pm. (E) Comparison of Cck expression level in AC-projecting neurons of EC and VC (data points are from three animals). Unpaired t-test, ***p<0.001.
Black, high level; gray, low level. (F) Pie chart shows percentage of projecting neurons expressing low and high Cck level in the VC (upper) and the EC
(bottom), respectively. See Supplementary file 1 for detailed statistics.

The online version of this article includes the following source data and figure supplement(s) for figure 4:
Source data 1. Data for Figure 4 and Figure 4—figure supplement 1.

Figure supplement 1. Comparison of Cck expression level in neurons in the entorhinal cortex (EC) and visual cortex (VC), which project to the auditory
cortex (AC).

see Supplementary file 1 for detailed statistics). The proportion of projecting neurons expressing
elevated Cck levels was also higher in the EC compared with the VC (Figure 4F). In terms of cell count,
we identified 345 CCK* AC-projecting neurons in the EC and 199 in the VC across three animals. Out
of these, 217 out of 345 cells in the EC and 81 out of 199 cells in the VC showed elevated Cck tran-
scripts. These results suggest that after HFS laser stimulation more CCK is released from the AC-pro-
jecting neurons in the EC than from those in the VC, which may, at least, be one explanation why the
former but not the latter can produce LTP.
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Effect of different parameters of the pairing protocol on the
potentiation level of VC-to-AC inputs

Neuropeptide release likely is frequency-dependent (Bean and Roth, 1991; Hékfelt, 1991; Iverfeldt
et al., 1989; Lundberg and Hékfelt, 1983; Shakiryanova et al., 2005; Whim and Lloyd, 1989), and
our results suggest that CCK released from the EC-to-AC CCK"* projection was critical for generating
visuo-auditory cortical LTP. We hypothesized that the frequency of the laser used to stimulate the
EC-to-AC CCK" projection was critical for the level of potentiation of the VC-to-AC input. We there-
fore varied the frequency of the laser stimulation (80, 40, 10, or 1 Hz). As shown in Figure 5A, left,
the delay between the termination of repetitive laser stimulation of the CCK* EC-to-AC projection
and presynaptic activation (Delay 1) was set at 10 ms, and the delay between pre- and postsyn-
aptic activation (Delay 2) was set at 0 ms. The potentiation level of the VC-to-AC inputs showed a
tendency to increase as the frequency of laser stimulation of the CCK* EC-to-AC projection increased
(Figure 5A, right, two-way RM ANOVA, F 34 = 10.666, significant interaction, p<0.001; 1 Hz before
[99.7 + 1.3%] vs. after [96.6 £ 2.9%], 95% CI of difference [-3.6% to 9.8%], Bonferroni’s pairwise
comparison, p=0.352, n = 9; 10 Hz before [98.5 + 1.2%] vs. after [105.8 = 2.5%], 95% CI of increase
[0.2% to 14.4%), Bonferroni’s pairwise comparison, p=0.044, n = 8; 40 Hz before [99.4 + 0.8%)] vs. after
[110.5 £ 1.8%], 95% Cl of increase [4.0% to 18.3%], Bonferroni’s pairwise comparison, p=0.003, n = 8;
80 Hz before [99.9 + 1.5%)] vs. after [120.7 + 4.0%], 95% ClI of increase [15.2% to 26.4%), Bonferroni’s
pairwise comparison, p<0.001, n = 13, see Supplementary file 1 for detailed statistics). If higher than
10 Hz, the VC-to-AC inputs were significantly potentiated. However, at 1 Hz no significant potentia-
tion was observed.

In contrast to small-molecule neurotransmitters that are rapidly cleared by reuptake pumps, neuro-
peptides are mostly released extrasynaptically, are removed/inactivated more slowly, and may have
longer-lasting effects. Thus, we explored the role of Delay 1, that is, if the time interval between
the termination of HFS laser and the Pre/Post Pairing influenced the degree of potentiation of the
VC-to-AC inputs (Delay 2 = 0 ms, HFS laser frequency = 80 Hz, Figure 5B, left). The VC-to-AC inputs
were significantly potentiated, when Delay 1 was 10, 85, 235, or 535 ms rather than 885 or -65 ms
(Figure 5B, right, two-way RM ANOVA, Fss4 = 7.115, significant interaction, p<0.001; 10 ms before
[99.9 £ 1.5%] vs. after [120.7 = 4.0%], 95% CI of increase [14.6% to 27.1%], Bonferroni's pairwise
comparison, p<0.001, n = 13; 85 ms before [99.8 = 0.8%)] vs. after [119.1 + 3.5%), 95% Cl of increase
[13.0% to 25.5%], Bonferroni's pairwise comparison, p<0.001, n = 13; 235 ms before [99.5 + 3.7%] vs.
after [117.0 £ 5.2%], 95% Cl of increase [8.3 to 26.7%)], Bonferroni's pairwise comparison, p<0.001, n
= 6; 535 ms before [99.4 = 0.6%] vs. after [110.4 £ 1.9%], 95% Cl of increase [3.8% to 18.0%], Bonfer-
roni's pairwise comparison, p=0.003, n = 10; 885 ms before [99.6 + 0.8%] vs. after [102.7 = 1.3%)],
95% ClI of difference [-10.2% to 4.0%)], Bonferroni's pairwise comparison, p=0.385, n = 10; —65 ms
before [99.0 = 0.8%)] vs. after [100.1 + 3.0%], 95% ClI of difference [~ 6.4% to 6.0%], Bonferroni’s pair-
wise comparison, p=0.945, n = 13, see Supplementary file 1 for detailed statistics).

The Hebbian theory states, popularly, that “cells that fire together wire together” (Léwel and
Singer, 1992), a more accurate interpretation being ‘synaptic strength increases when the presyn-
aptic neuron always fires immediately before the postsynaptic neuron’ (Caporale and Dan, 2008).
Based on this, the interval between pre- and postsynaptic activation should be critical for poten-
tiation. In the next experiment, the interval (Delay 2) between the VC-to-AC projection activation
(i.e., presynaptic activation) and natural AC activation (i.e., postsynaptic activation) was set as the
only variable (Delay 1 = 10 ms, HFS laser frequency = 80 Hz, Figure 5C, left). The potentiation of
the VC-to-AC inputs showed a decreasing trend as Delay 2 increased. Significant potentiation was
observed when Delay 2 was 0, 50, 200, rather than 400, 800 ms, and < (without noise) (Figure 5C,
right, two-way RM ANOVA, Fss,) = 4.133, significant interaction, p=0.003; 0 ms before [99.9 =
1.5%] vs. after [120.7 + 4.0%], 95% Cl of increase [15.0% to 26.7%], Bonferroni's pairwise compar-
ison, p<0.001, n = 13; 50 ms before [99.7 + 0.6%] vs. after [110.7 + 2.7%], 95% CI of increase
[4.6% to 17.2%], Bonferroni's pairwise comparison, p=0.001, n = 11; 200 ms before [102.0 = 1.2%]
vs. after [110.6 + 3.3%], 95% CI of increase [2.6% to 14.7%], Bonferroni’s pairwise comparison,
p=0.006, n = 12; 400 ms before [97.5 + 1.5%] vs. after [105.3 + 2.1%], 95% CI of difference [-
16.4% to 0.8%], Bonferroni's pairwise comparison, p=0.073, n = 6; 800 ms before [98.6 + 1.8%] vs.
after [101.8 = 2.1%], 95% ClI of difference [- 11.8%% to 5.4%], Bonferroni’s pairwise comparison,
p=0.454, n = 6; o before [100.0 + 1.3%] vs. after [103.2 = 3.3%], 95% CI of difference [- 10.2% to
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Figure 5. Effect of different parameters of the pairing protocol on the potentiation level of the visual cortex-to-
auditory cortex (VC-to-AC) inputs. (A) Left: schematic drawing of experiment design. Delay 1 = 10 ms, Delay 2 =0
ms, and the frequency was varied (80, 40, 10, or 1 Hz). Right: individual and average fEPSPyc., ac slopes (normalized
to the baseline) after pairing at different frequencies. Two-way repeated measures (RM) ANOVA with post hoc
Bonferroni test, n.s., no significant, *p<0.05, **p<0.01, ***p<0.001, n = 9 for 1 Hz, n = 8 for 10 Hz, n = 8 for 40 Hz,

n = 13 for 80 Hz. Data points in groups 1 Hz and 40 Hz refer to our previous study (Zhang et al., 2020). (B) Left:
schematic drawing of experiment design. HFS laser frequency = 80 Hz, Delay 2 = 0 ms, and Delay 1 was varied

(10, 85 235, 535, 885, and —-65 ms). Right: individual and average fEPSPyc . ac slopes (normalized to the baseline)
after pairing at different Delay 1s. Two-way RM ANOVA with post hoc Bonferroni test, n.s., no significant, *p<0.05,
**p<0.01, ***p<0.001, n = 13, 13, 13, 6, 10, 10 for Delay 1 = 65, 10, 85, 235, 535, and 885 ms, respectively. (C) Left:

Figure 5 continued on next page
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Figure 5 continued

schematic drawing of experiment design. HFS laser frequency = 80 Hz, Delay 1 = 10 ms, and Delay 2 was varied
(0, 50, 200, 400, 800 ms, and ). Right: individual and average fEPSPyc.,.ac slopes (normalized to the baseline) after
pairing at different Delay 2s. Two-way RM ANOVA with post hoc Bonferroni test, n.s., not significant, *p<0.05,
**p<0.01, ***p<0.001, n =13, 11, 12, 6, 6, 9 for Delay 2 = 0, 50, 200, 400, 800 ms, and oo, respectively. (D) Three-
dimensional summary of the effect of different parameters (Frequency, Delay 1 and Delay 2) on the potentiation
level of the VC-to-AC inputs. Parameters locate inside black cubes can induce significant potentiation. See for
Supplementary file 1 detailed statistics.fEPSP, field excitatory postsynaptic potential; HFS, high-frequency
stimulation.

The online version of this article includes the following source data for figure 5:

Source data 1. Data for Figure 5.

3.8%], Bonferroni's pairwise comparison, p=0.363, n = 9, see Supplementary file 1 for detailed
statistics).

Taken together, our study indicates that significant potentiation of the VC-to-AC inputs can be
observed (Figure 5D, black cube) across five pairing trials with a 10 s ITl, under certain tested condi-
tions: (i) the frequency of repetitive laser stimulation of the CCK* EC-to-AC projection was maintained
at 10 Hz or higher (as we did not test frequencies between 1 and 10 Hz), (ii) Delay 1 was set within the
tested range of 10-535 ms (noting the absence of data between -65 and 10 ms), and (jii) Delay 2 was
within the range of 0-200 ms (acknowledging that negative values for Delay 2 were not explored).

Inactivation of the EC-to-AC CCK* projection prevents the
establishment of the visuo-auditory association behaviorally

Next, we ask whether the endogenous CCK released from the EC-to-AC pathway is essential for the
generation of visuo-auditory associations, which can be reflected in a behavioral context. To that end,
we adopted the Designer Receptors Exclusively Activated by Designer Drugs-based chemogenetic
silencing tools. We bilaterally injected AAV9-Syn-DIO-hM4Di-EYFP or AAV9-Syn-DIO-EYFP in the EC
of Cck "= mice to express the hM4Di in the CCK* neurons in the EC. Neurons expressing hM4Di can
be suppressed in the presence of clozapine-N-oxide (CNO). First, CNO was injected bilaterally into
the AC to inactivate the EC-to-AC CCK* pathway, followed by a 25-trial pairing session of the visual
stimulus (VS) with the auditory stimulus (AS). We repeated the above drug and pairing session four
times per day and on three consecutive days. On day 4, baseline tests for the freezing response to the
AS and VS were performed (three trials) before the mouse was fear-conditioned to the AS. After fear
conditioning, freezing responses to the AS and VS were further examined on day 5 (Figure 6A). As
expected, mice showed no freezing response to the AS before conditioning, but a high freezing rate
to the AS after conditioning (Figure 6B, GFP-CNO-AS-Baseline [8.8 + 2.9%] vs. GFP-CNO-AS-Post
intervention [69.0 *+ 4.4%)], 95% ClI of difference [47.3%~73.0%], p<0.0001, n = 10; EC-AC-hM4Di-
CNO-AS-Baseline [11.2 = 3.7%] vs. EC-AC-hM4Di-CNO-AS-Post intervention [65.9 + 4.0%], 95% ClI
of difference [39.3% to 70.2%)], p<0.0001, n = 7; two-way RM ANOVA with post hoc Bonferroni test,
see Supplementary file 1 for detailed statistics). The GFP group showed a significantly increased
freezing response to the VS, indicating that an association between the AS and VS had been estab-
lished by the pairings (Figure 6B, blue square, GFP-CNO-VS-Baseline [7.0 = 2.1%] vs. GFP-CNO-VS-
Post intervention [44.9 + 4.8%], 95% ClI of difference [25.0% to 50.8%)], p<0.0001, n = 10, two-way
RM ANOVA with post hoc Bonferroni test, see Supplementary file 1 for detailed statistics). However,
inactivation of the EC-to-AC CCK"* projection (EC-AC-hM4Di-CNO) blocked this association, resulting
in a nil response to the VS (Figure 6B, beige square, EC-AC-hM4Di-CNO-VS-Baseline [6.7 + 1.3%]
vs. EC-AC-hM4Di-CNO-VS-Post intervention [8.4 = 1.7%], 95% Cl of difference [-17.2% to 13.7%],
p>0.9999, n = 7, two-way RM ANOVA with post hoc Bonferroni test, see Supplementary file 1 for
detailed statistics). There was also a significant difference between the freezing rates to the VS of
experimental and control groups (Figure 6B, EC-AC-hM4Di-CNO-VS-Post intervention [8.4 £ 1.7%, n
= 7] vs. GFP-CNO-VS-Post intervention [44.9 + 4.8%, n = 10], 95% CI of difference [20.8% to 52.1%)],
p<0.0001, two-way RM ANOVA with post hoc Bonferroni test, see Supplementary file 1 for detailed
statistics). These results demonstrate that inactivation of the EC-to-AC CCK"* projection prevented the
generation of the association between the VS and AS and suggest an essential role of endogenous
CCK in the generation of the visuo-auditory association.
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Figure 6. Roles of the entorhinal cortex-to-auditory cortex (EC-to-AC) CCK* projection and visual cortex-to-
auditory cortex (VC-to-AC) projection in establishing and retrieving of the visuo-auditory associative memories.
(A) Schematic drawing of the experimental design that the chemogenetic manipulation was applied in the
encoding phase. (B) Bar chart showing freezing percentages to the auditory stimulus (AS) and visual stimulus

Figure 6 continued on next page
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Figure é continued

(VS) before and after the conditioning in different conditions. ****p<0.01, n.s., not significant, n = 7 for the EC-
AC-hM4Di-CNO group, n = 7 for the VC-AC-hM4Di-CNO group, and n = 10 for the GFP-CNO group, two-way
repeated measures (RM) ANOVA with post hoc Bonferroni test. (C) Schematic drawing of the experimental

design that the chemogenetic manipulation was applied in the retrieval phase. (D) Bar chart showing freezing
percentages to the AS and VS before and after the conditioning in different conditions. ****p<0.01, **p<0.01, n.s.,
not significant, n = 6 for the EC-AC-hM4Di-CNO group, n = 7 for the VC-AC-hM4Di-CNO group, and n = 6 for

the GFP-CNO group, two-way RM ANOVA with post hoc Bonferroni test. (E) Schematic drawing of our theory that
endogenous CCK, presynaptic activation, and postsynaptic firing enables the plasticity of the VC-to-AC inputs. See
Supplementary file 1 for detailed statistics.

The online version of this article includes the following source data and figure supplement(s) for figure 6:
Source data 1. Data for Figure 6 and Figure 6—figure supplement 1.

Figure supplement 1. Visuo-auditory associative memory could not be formed without CCK.

In a similar strategy, we bilaterally expressed hM4Di in the VC and infused CNO in the AC to silence
the VC-to-AC projection to explore its role in establishing the visuo-auditory association behaviorally
(Figure 6A). The results indicated that inactivation of the VC-to-AC projection (VC-AC-hM4Di-CNO)
also blocked the association between VS and AS (Figure 6B, red square, VC-AC-hM4Di-CNO-VS-
Baseline [6.6 = 1.7%] vs. VC-AC-hM4Di-CNO-VS-Post intervention [6.2 £ 1.9%], 95% CI of difference
[-15.0% to 15.9%], p>0.9999, n = 7, two-way RM ANOVA with post hoc Bonferroni test, see Supple-
mentary file 1 for detailed statistics). Same inactivation did not disrupt the association between
AS and foot shock (Figure 6B, red circle, VC-AC-hM4Di-CNO-AS-Baseline [10.0 + 2.3%] vs. VC-AC-
hM4Di-CNO-AS-Post intervention [69.8 + 5.1%], 95% Cl of difference [44.4% to 75.2%)], p<0.0001,
n = 7; two-way RM ANOVA with post hoc Bonferroni test, see Supplementary file 1 for detailed
statistics). These results further proved that the VC-to-AC projection is also essential for the visuo-
auditory association.

The inactivation of the EC-to-AC CCK* projection disrupts the
behavioral recall of visuo-auditory associative memory

Given the crucial role of the EC-to-AC CCK" projection in establishing visuo-auditory association,
we further explored its involvement in memory recall within a behavioral context. We modified the
above protocol. After VS and AS pairing in three consecutive days, we performed the baseline tests
for the freezing response to both AS and VS on day 4. Subsequent to these baseline tests, the mice
were fear-conditioned to the AS. On day 5, before testing the freezing responses to the AS and VS,
we infused the CNO in the AC of the mice that had hM4Di expression in the CCK* neurons of the
EC (Figure 6C). We found that inactivation of the EC-to-AC CCK" projection did not interfere with
the fear memory response to the AS (Figure 6D, beige circle, EC-AC-hM4Di-CNO-AS-Baseline [13.6
+ 3.8%] vs. EC-AC-hM4Di-CNO-AS-Post intervention [58.2 + 14.0%], 95% ClI of difference [14.3% to
74.8%), p=0.0014, n = 6; two-way RM ANOVA with post hoc Bonferroni test, see Supplementary
file 1 for detailed statistics). However, this inactivation did disrupt the memory retrieval of associative
memory between VS and AS (Figure 6D, beige square, EC-AC-hM4Di-CNO-VS-Baseline [12.0 * 3.0%]
vs. EC-AC-hM4Di-CNO-VS-Post intervention [14.5 = 2.8%], 95% CI of difference [-32.7% to 27.7%],
p>0.9999, n = 6, two-way RM ANOVA with post hoc Bonferroni test, see Supplementary file 1 for
detailed statistics).

In addition, we explored the role of the projection the VC-to-AC in the memory recall of the associ-
ation between AS and VS. We employed a similar protocol to the previous experiment, but with a crit-
ical variation: on day 5, prior to testing the freezing responses to VS and AS, we specifically targeted
the VC-to-AC projection that expressing hM4Di by bilaterally infusing CNO into the AC to silence
this pathway (Figure 6D). Our results showed that inactivation of the VC-to-AC projection did not
disrupt the fear memory response to AS (Figure 6D, red circle, VC-AC-hM4Di-CNO-AS-Baseline [13.3
+ 1.9%] vs. VC-AC-hM4Di-CNO-AS-Post intervention [68.5 + 5.9%], 95% CI of difference [27.3% to
83.2%], p<0.0001, n = 7; two-way RM ANOVA with post hoc Bonferroni test, se Supplementary file
1 for detailed statistics). Nonetheless, this inactivation significantly impaired the recall of associative
memory between VS and AS (Figure 6D, red square, VC-AC-hM4Di-CNO-VS-Baseline [11.9 = 4.0%]
vs. VC-AC-hM4Di-CNO-VS-Post intervention [16.2 = 4.0%], 95% CI of difference [-32.3% to 23.7%],
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p=0.9986, n = 7, two-way RM ANOVA with post hoc Bonferroni test, see Supplementary file 1 for
detailed statistics).

These findings indicate that in addition to their role in establishing visuo-auditory associations,
both the EC-to-AC CCK" projection and the VC-to-AC projection are crucial for retrieving recent
associative memory.

Application of a CCKBR antagonist blocks formation of the visuo-

auditory association

The above results demonstrate that the formation of visuo-auditory associations in a behavioral context
requires CCK* inputs from the EC. We have also demonstrated that HFS laser stimulation of EC CCK*
neurons induced the release of endogenous CCK in the AC in Figure 2—figure supplement 1T-W.
To further validate the role of CCK in the visuo-auditory memory task, we infused either L-365,260 or
ACSF as a control into the AC. This was followed by a session of 25 pairings of VS with AS. Same as
above, we repeated the above drug and pairing session four times per day and on three consecutive
days. On day 4, baseline tests for the freezing response to the AS and VS were performed (three trials)
before the mouse was fear-conditioned to the AS. After fear conditioning, freezing responses to the
AS and VS were further examined on day 5 (Figure 6—figure supplement 1A). As expected, mice
showed no freezing response to the AS before conditioning, but a high freezing rate to the AS after
conditioning (Figure 6—figure supplement 1B, ACSF-AS-Baseline [7.4 = 3.2%] vs. ACSF-AS-Post
intervention [67.8 = 4.0%], 95% CI of difference [47.4% to 73.3%], p<0.001, n = 9; L-365,260-AS-
Baseline [5.8 = 1.6%] vs. L-365,260-AS-Post intervention [67.5 = 4.1%], 95% CI of difference [47.9% to
75.4%], p<0.001, n = 8; two-way RM ANOVA with post hoc Bonferroni test, see Supplementary file 1
for detailed statistics). The ACSF mice group showed a significantly increased freezing response to the
VS (Figure 6—figure supplement 1B, blue, ACSF-VS-Baseline [4.1 £ 0.9%] vs. ACSF-VS-Post inter-
vention [24.4 + 3.8%], 95% Cl of difference [12.0% to 28.7%], p<0.001, n = 9, two-way RM ANOVA
with post hoc Bonferroni test, see Supplementary file 1 for detailed statistics). However, the bilat-
eral infusion of L-365,260 into the AC blocked this association, resulting in a nil response to the VS
(Figure 6—figure supplement 1B, red, L-365,260-VS-Baseline [4.3 = 1.2%] vs. L-365,260-VS-Post
intervention [2.5 + 1.6%], 95% Cl of difference [-7.1% to 10.6%], p=1.000, n = 8, two-way RM ANOVA
with post hoc Bonferroni test, see Supplementary file 1 for detailed statistics), which indicated that
an association between the VS and AS was not established. There was a significant difference between
the freezing rates to the VS of experimental and control groups (Figure 6—figure supplement 1B,
L-365,260-VS-Post intervention [2.5 + 1.6%, n = 8] vs. ACSF-VS-Post intervention [24.4 + 3.8%, n = 9],
95% Cl of difference [12.8% to 31.1%)], p<0.001, two-way RM ANOVA with post hoc Bonferroni test,
see Supplementary file 1 for detailed statistics). These results demonstrate that the CCKBR antago-
nist prevented the generation of the association between the VS and AS and suggest an essential role
of CCK in the generation of the visuo-auditory association.

Systemic administration of CCK-4 rescues the deficit of Cck’ mice in

visuo-auditory memory

As seen after treatment with a CCK antagonist, we expected that Cck” mice would show a deficit in
the formation of associative memory, and we tested this hypothesis (Figure 6—figure supplement
1C). Our previous results demonstrated that 6-9 trials were needed for Cck” mice to produce a
freezing rate of >60% in response to the conditioned AS, whereas only 3 trials were needed for wild-
type mice, suggesting a general associative learning deficit in the Cck’ mice (Chen et al., 2019). The
Cck’ mice in the control group (with saline injection) consistently showed a minimal freezing response
to VS after visuo-auditory association and fear conditioning (Figure 6—figure supplement 1D, blue).
To determine whether systemic administration of CCK could rescue this deficit, we administrated
CCK-4 through a drug infusion cannula implanted into the transverse sinus. There is evidence that the
tetrapeptide CCK-4 can penetrate the blood-brain barrier (Rehfeld, 2000). CCK-4 injection resulted
in a significantly higher freezing rate compared to the controls (Figure 6—figure supplement 1D,
red, CCK-VS-Post intervention [41.9 + 5.6%, n = 7] vs. Saline-VS-Post intervention [10.0 £ 1.1%, n = 7],
95% Cl of difference [19.5% to 44.2%)], p<0.001; two-way RM ANOVA with post hoc Bonferroni test,
see Supplementary file 1 for detailed statistics), indicating that the visuo-auditory association was
rescued upon CCK-4 administration.
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To better compare the strength of visuo-auditory association under different experimental condi-
tions, we calculated the ratio of the freezing response to the VS compared with that to the AS after
conditioning (Figure 6—figure supplement 1E). The ratio of the CCKBR antagonist (L-365,260)-
treated group was the lowest among all groups, demonstrating a nearly complete abolishment of
the visuo-auditory association. Interestingly, the ratio of the CCK-4 group was the highest among
all groups (Figure 6—figure supplement 1E, F5 ,; = 28.797, CCK-4 infusion in CCK”" mice [69.5 +
6.2%, n = 7] vs. ACSF infusion in the wildtype mice [38.8 + 7.3%, n = 9], 95% CI of difference [9.5%
to 51.8%], p=0.002, one-way ANOVA with post hoc Bonferroni test, see Supplementary file 1 for
detailed statistics). This result indicates a possible compensatory upregulation of CCK receptors in
Cck’ mice, leading to the highest association between the VS and AS, findings that are worth further
investigation.

Discussion

In the present study, we show that a direct input from the VC to the AC can be enhanced following
pairing with postsynaptic firing triggered by auditory stimuli in the presence of CCK (Figure 6E). This
potentiation was evident with both exogenous CCK administration and after applying HFS laser to
the CCK* EC-to-AC projection, which resulted in the release of endogenous CCK. Notably, significant
potentiation of the presynaptic input was achieved after just five pairing trials, even when the presyn-
aptic activation occurred 200 ms prior to postsynaptic firing. Additionally, our behavioral experiments
demonstrated that inactivating the EC-to-AC CCK* projection not only hindered the formation of
visuo-auditory associations but also impaired the recall of these recent associative memories.

Critical projections

Cross-modal association can be considered as the potentiation of synaptic strength between different
modalities. Consistent with other studies (Bizley et al., 2007; Budinger et al., 2006; Falchier et al.,
2002, Falchier et al., 2010; Rockland and Ojima, 2003), we describe a direct projection in the mouse
from the VC to the AC for the visuo-auditory association using both retrograde and anterograde-
tracing methods. The projection terminates both in the superficial and deep cortical layers. Our
previous study on mouse demonstrated that neurons in the EC retrogradely labeled by true blue
injected into the AC are almost 100% CCK* (Li et al., 2014). We here confirm that CCK is expressed
in neurons of the EC and released to the AC.

Cortical neuropeptides

Cortical neurons express a number of neuropeptides (Somogyi and Klausberger, 2005), whereby
CCK is the most abundant of all. CCK comes in different forms, but it is the sulphated octapeptide,
CCK-8S, that predominates in the brain (Dockray et al., 1978; Rehfeld, 1978). CCK is expressed in
GABAergic interneurons (Houser et al., 1983), and many pyramidal neurons (DeFelipe and Farifias,
1992) also have high levels of Cck transcript (Burgunder and Young, 1988; Schiffmann and Vander-
haeghen, 1991). The CCK" interneurons are relatively few, but exert a critical control of cortical activity
(Somogyi and Klausberger, 2005). However, it is CCK in the pyramidal neurons that are in focus in
the present study, especially the CCK*, glutamatergic projection from EC-to-AC. In our experiments,
we also use exogenous CCK in the experiments, both CCK-8S and CCK-4, which are at the C-terminus
not only of proCCK but also of gastrin. The small size of the latter fragment is the reason why it is
considered to pass the blood-brain barrier (Rehfeld, 2000). We infused CCK-4 into the transverse
venous sinus aiming at obtaining maximal peptide levels in the cortex.

Optogenetics

The present study is based on optogenetics, that is, genetic introduction of light-sensitive channels
(Channelrodopsins), allowing control of selective neuron populations by light — a method that has
revolutionized neuroscience research (Deisseroth et al., 2006; Knépfel et al., 2010). Here, by using
the two channels Chronos and ChrimsonR, we were able to activate two distinct projection terminals
converging in the same target area (the EC-to-AC CCK" projection and the VC-to-AC projection).

Prerequisites for synaptic plasticity
Our previous finding based on in vivo intracellular recording indicated that there are three prereqg-
uisites to enable synaptic plasticity: presynaptic activation, postsynaptic firing, and, in this particular
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system, the presence of CCK (Li et al., 2014). Replacing the classical HFS protocol (HFS laser of the
VC-to-AC projection) with local infusion of CCK-8S followed by pairing between laser stimulation-
induced presynaptic VC-to-AC inputs and postsynaptic firing evoked by noise stimuli led to the poten-
tiation of the VC-to-AC inputs. We hypothesize that these events may underlie the visuo-auditory
association observed in the AC, further demonstrating the critical role of CCK to enable synaptic
plasticity (Chen et al., 2019, Li et al., 2014).

Simple pairing between HFS laser of the EC-to-AC CCK" projection and presynaptic activation of
the VC-to-AC projection without postsynaptic activation did not induce LTP in the VC-to-AC inputs.
Neither did low-frequency (1 Hz) laser stimulation of the EC-to-AC CCK" projection induce LTP of the
VC-to-AC inputs, probably since insufficient CCK was released by low-frequency stimulation. Surpris-
ingly, no LTP was recorded after HFS laser of the VC-to-AC projection followed by Pre/Post Pairing.
We demonstrate that the AC-projecting neurons in the VC have lower Cck expression compared to
those in the EC. This could be a reason why LTP was not observed for the VC-to-AC inputs after only
five trails of HFS laser VC-to-AC + Pre/Post Pairing. If the number of pairing trials or if laser stimulation
intensity reaches a certain level, enough CCK may be released from the CCK* VC-to-AC-projecting
neurons, and LTP may occur.

These findings suggest that in traditional LTP HFS also activates CCK* projection terminals, thereby
releasing CCK and enabling potentiation (Chen et al., 2019). Subsequent experiments, in which the
frequency of repetitive laser stimulation of the EC-to-AC CCK" projection terminals was changed,
showed that the degree of potentiation increased with increasing frequency. This finding can be
explained by the frequency-dependent nature of neuropeptide (CCK) release (Bean and Roth, 1991,
Hékfelt, 1991; Iverfeldt et al., 1989; Shakiryanova et al., 2005; Whim and Lloyd, 1989).

In addition, the potentiation of the VC-to-AC inputs decreased as the interval between the termi-
nation of HFS laser and Pre/Post Pairing increased in the positive direction. A time window of 535 ms
was observed to produce significant potentiation. If we would have increased the number of pairing
trials, the effective Delay 1 might have lengthened.

Hebbian plasticity

We addressed the issue of STDP and the critical time limit. Here the Hebbian rule has, arguably, been
the most influential theory in learning and memory. This rule says that in order to induce potentiation
the presynaptic subthreshold input should occur at most 20 ms before postsynaptic firing (Bi and
Poo, 1998; Markram et al., 1997, Zhang et al., 1998). However, this theory has been challenged
(Drew and Abbott, 2006; Izhikevich, 2007), with a prevalent question being: how can associations
be established across behavioral time scales of seconds or even longer if the critical window is only 20
ms? (Bittner et al., 2017). Bittner et al. reported that five pairings of presynaptic subthreshold inputs
with postsynaptic calcium plateau potentials produce a large potentiation, and that presynaptic inputs
can arrive seconds before or after postsynaptic activity, a phenomenon termed ‘behavioral time scale
synaptic plasticity’ (Bittner et al., 2017).

This may account for the highly plastic nature of place fields in the hippocampus. In agreement, we
observed potentiation in the neocortex, even when presynaptic input arrived 200 ms (Delay 2) earlier
than postsynaptic firing and after only five trials pairing, but only in the presence of CCK. This time
window could perhaps be extended as the paring trials increase. In general terms, these results fit
with the fact that neuropeptides are known to exert slow and long-lasting effects (van den Pol, 2012).
We did not explore the reverse direction, in which postsynaptic activity occurred before presynaptic
activity, because noise stimuli induced more than one spike and thus timing would be difficult to
control.

Limitations

In the behavioral part of our study, we focused exclusively on male subjects, which presents a
notable limitation. Gender differences in brain function and response to stimuli are well-documented,
suggesting that our findings might not fully extend to female subjects. This exclusion may limit the
generalizability of our results. Future research including both genders would be valuable to under-
stand more comprehensively the neurobiological mechanisms involved in visuo-auditory associations.
Acknowledging this limitation, our study paves the way for subsequent research to explore potential
gender-specific variations and their implications.
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The natural condition that can activate the EC-to-AC projection similarly to the HFS laser is pending
future exploration. We anticipate that stimuli with high valence, such as the air puff used in our prior
studies (Sun et al., 2022, Liang et al., 2023), may significantly activate this pathway. Future studies
can further examine how other areas are integrated to form cross-modality associative memory ulti-
mately. In summary, we found that a direct projection from the VC to the AC provide an anatomical
basis for visuo-auditory association. The VC-to-AC inputs was potentiated after pairing with postsyn-
aptic firing evoked by the AS in the presence of CCK that was applied either exogenously or (endog-
enously) released from the EC-to-AC CCK* projection terminals stimulated with an HFS laser. In the
presence of endogenous CCK, significant potentiation of presynaptic input could be induced even if
it arrived 200 ms earlier than postsynaptic firing and after only five trials of pairing. Finally, through
the behavior experiments, we proved that the EC-to-AC CCK* projection is important for both estab-
lishing and retrieving the recent visuo-auditory associative memories.

Materials and methods

Key resources table

Reagent type (species)

or resource Designation Source or reference Identifiers Additional information
Peptide, recombinant  Alexa Fluor 488-conjugated Cholera
protein Toxin Subunit B Thermo Fisher Scientific Cat# C34775

Sequence-based
reagent

Mm-Slc17a7-C2

Advanced Cell Diagnostics

Cat# 416631-C2

Sequence-based
reagent

Mm-Cck-C1

Advanced Cell Diagnostics

Cat# 402271-C1

Sequence-based
reagent

Mm-Tomato-C4

Advanced Cell Diagnostics

Cat# 317041-C4

Recombinant DNA

reagent AAV?-Syn-ChrimsonR-tdTomato UNC Vector Core N/A
Recombinant DNA
reagent AAV9-Ef1a-Flex-Chronos-GFP UNC Vector Core N/A
Recombinant DNA
reagent AAV9-Syn-hM4Di-EGFP-WPRE-PA Taitool BioScience N/A
Recombinant DNA
reagent AAV9-Syn-EGFP-WPRE-pA Taitool BioScience N/A

Recombinant DNA
reagent

AAVretro-hSyn-Cre-WPRE-hGH

A gift from James M. Wilson

Addgene viral prep
#105553-AAVrg,
RRID:Addgene_105553

Recombinant DNA

reagent AAV9-EF1a-DIO-EYFP-WPRE BrainVTA Cat# PT-0899
Recombinant DNA AAV9-Syn-DIO-ChrimsonR-mCherry-

reagent WPRE-Hgh BrainVTA Cat# PT-1374
Recombinant DNA AAV9-Syn-DIO-hM4Di-EYFP-WPRE-hGH

reagent pA BrainVTA Cat# PT-0043
Recombinant DNA

reagent AAV9-Syn-Cck2.3 BrainVTA Cat# PT-1629

Genetic reagent (Mus
musculus)

Mouse: C57BL/6J

The Laboratory Animal Services

Centre, Chinese University of Hong
Kong; Laboratory Animal Research
Unit, City University of Hong Kong

RRID:IMSR_JAX:000664

Genetic reagent (M.
musculus)

Mouse: B6.Cg-Tg(Camk2a-cre)T29-1Stl/J

The Jackson Laboratory

RRID:IMSR_JAX:005359

Genetic reagent (M.
musculus)

Mouse: B6.Cg-Gt(ROSA)26Sor!™HeAG-

thomato)Hze/J (Ai14)

The Jackson Laboratory

RRID:IMSR_JAX:007914

Genetic reagent (M.
musculus)

Mouse: CC/("M W(CVeJZIh/J (Cck\vesere)

The Jackson Laboratory

RRID:IMSR_JAX:012706

Continued on next page
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or resource Designation Source or reference Identifiers Additional information
The Laboratory Animal Services

Genetic reagent (Rattus Centre;

norvegicus) Rat: Sprague-Dawley Chinese University of Hong Kong N/A

Chemical compound,

drug Pentobarbital sodium (Dorminal 20%) Alfasan International B.V. N/A

Chemical compound,

drug Urethane Sigma-Aldrich Cat# U2500

Chemical compound,

drug Lidocaine Tokyo Chemical Industry Cat# L0156

Chemical compound,

drug CNO Sigma-Aldrich Cat# C0832

Chemical compound,

drug CCK-4 Abcam, Cambridge Cat# ab141328

Chemical compound,

drug CCK-8S Tocris Bioscience Cat# 1166

Chemical compound,

drug L-365,260 Tocris Bioscience Cat# 2767

Software, algorithm Fiji https://imagej.net/software/fiji/ RRID:SCR_002285

http://www.mathworks.com/
products/matlab/;

Software, algorithm MATLAB R2020a MathWorks RRID:SCR_001622
http://www.plexon.com/
products/offline-sorter;

Software, algorithm ffline sorter Plexon RRID:SCR_000012

Software, algorithm

Synapse suite

Tucker-Davis Technologies

https://www.tdt.com/
component/synapse-software/

Software, algorithm Origin OriginLab https://www.originlab.com/;
https://www.ibm.com/
products/spss-statistics;

Software, algorithm SPSS IBM RRID:SCR_019096

Other (stains)

Fluorescent Niss| Stain (Neurotrace 640)

Thermo Fisher Scientific

IHC 1:200 (To satin the Niss!
bodies in the neurons, refer to
section ‘Histology’)

Cat# N21483;
RRID:AB_2572212

Please refer to section ‘Drug

Other Guide Cannula RWD Life Science Cat# 62004 infusion’
Please refer to section '‘Drug
Other Dummy cannula (metal) RWD Life Science Cat# 62108 infusion’
Please refer to section ‘Drug
Other Internal injector RWD Life Science Cat# 62204 infusion’
Please refer to section ‘Drug
Other PE tube RWD Life Science Cat# 62329 infusion’
Please refer to section
‘Endogenous CCK release
detection with fiber
Other Fiber Optic Cannula Inper Cat# FOC-W-L-6-20037 photometry’

Animals

In this study, we utilized adult C57BL/6J mice, CaMKIlla-Cre mice (Jackson lab stock #005359), Ai14
mice (Jackson lab stock #007914), Cck "= mice (Jackson lab stock #012706), and Sprague-Dawley
rats. For the behavioral experiments, we exclusively used male subjects. All animals were verified
to have clean ears and normal hearing. They were kept under a controlled environment with a 12
hr-light/12 hr dark cycle, with the light period spanning from 8:00 pm to 8:00 am the following day.
The temperature was maintained at 20-24°C and humidity levels were kept between 40 and 60%. All
animals were provided with unlimited access to both food and water. All experimental procedures
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received approval from the Animal Subjects Ethics Sub-Committee of the City University of Hong
Kong (reference number of animal ethics review: A-59 and A-0467).

Viruses

Adeno-associated viruses (AAVs) were purchased from the UNC Vector Core (AAV9-Syn-ChrimsonR-
tdTomato, AAV9-Efla-Flex-Chronos-GFP), Taitool BioScience (AAV9-Syn-hM4Di-EGFP-WPRE-PA,
AAV9-Syn-EGFP-WPRE-pA), Addgene (AAVretro-hSyn-Cre-WPRE-hGH [#105553-AAVrg]), and Brain
VTA (AAV9-EF1a-DIO-EYFP-WPRE [PT-0899], AAV9-Syn-DIO-ChrimsonR-mCherry-WPRE-Hgh [PT-
1374], AAV9-Syn-DIO-hM4Di-EYFP-WPRE-hGH pA [PT-0043], AAV9-Syn-Cck2.3 [PT-1629)).

Surgery

For the procedure involving intracranial injection and the implantation of optical and drug cannulas,
the animals were first prepared by administering an intraperitoneal (i.p.) injection of pentobarbital at
a dosage of 80 mg/kg (Dorminal 20%, Alfasan International B.V., Woerden, the Netherlands). For the
induction of anesthesia required for acute in vivo recordings, we utilized urethane at a concentration of
2 g/kg (i.p., Sigma-Aldrich, St. Louis, MO). Throughout the surgical procedure, we frequently admin-
istered 2% lidocaine (Tokyo Chemical Industry [TCI], #L0156, Tokyo, Japan) in droplet form directly
onto the incision site to provide localized pain relief. To sustain anesthesia throughout the surgery,
we periodically administered supplementary doses of either pentobarbital sodium or urethane. The
animals were positioned on a stereotaxic instrument to ensure precision and stability. Prior to incision,
the scalp area was thoroughly sterilized using 70% ethanol to prevent infection. A careful midline
incision was then made, and the skull was carefully exposed. Meticulous adjustments were made to
align the bregma and lambda reference points, as well as to ensure the leveling of the left and right
sides. Following this preparation, craniotomies were then performed over the target brain regions,
creating the necessary access for the subsequent procedure. Throughout the surgery, the animal’s
body temperature is maintained between 37 and 38°C using a heating blanket (Homeothermic
Blanket System, Harvard Apparatus, USA) to prevent hypothermia. All surgical tools are sterilized via
autoclaving before the procedure to uphold strict hygiene standards. Post-surgery, animals used for
chronic experiments are closely monitored until they fully regain consciousness. Following recovery,
they are returned to the Laboratory Animal Research Unit of the university for regular care. To prevent
postoperative infections, erythromycin ointment is applied to the wound daily for a minimum of 1 wk.

Brain microinjection of the AAVs or retrograde tracer

A pipette with a fine tip, loaded with AAV or retrograde tracer, is mounted on a Nanoliter 2000/Micro4
system (World Precision Instruments [WPI], Sarasota County, FL). To initiate the procedure, craniot-
omies of approximately 0.5-1 mm in diameter are performed over the targeted brain regions. The
pipette is then carefully advanced to the target depth and held in place for 5 min to ensure stability
before the infusion begins. The AAV or tracer is infused at a consistent rate of 25 nL/min, a standard
speed for all injections to maintain precision. Following a 5 min infusion period, the pipette is gradu-
ally withdrawn, taking care to minimize potential damage to brain tissues.

Drug infusion

For acute in vivo electrophysiological recordings, we utilized a 5 pL Hamilton syringe (#7105, Reno,
NV) connected to a custom glass pipette via a flexible plastic tube (RWD Life Science #62329, Shen-
zhen, China). This assembly was operated by a syringe pump (KD Scientific #78-8210, Holliston, MA)
to precisely infuse various drugs near the recording site in the AC. In chronic experiments, cannulas
with an outer diameter of 0.41 mm (RWD Life Science #62004 and #62108, Shenzhen) were bilaterally
implanted in the AC at specific coordinates: AP —=2.9 mm, ML 0.35 mm medial to the juncture of the
parietal and temporal skull bones, and DV -0.85 mm from the dura, on both the left and right sides.
For bilateral drug infusion in the AC through these implanted cannulas, two 5 pL Hamilton syringes
(#7105, Reno), connected to soft PE tubes (RWD Life Science #62329, Shenzhen) and corresponding
injectors (RWD Life Science #62204, Shenzhen), were controlled by a dual syringe pump (KD Scientific
#78-8210, Holliston) for the administration of different drugs. For drug infusion via the transverse
sinus, we employed the same type of drug cannulas, implanting them directly above the sinus. The
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infusion system utilized for this process mirrored that used for bilateral infusion in the AC through
implanted cannulas.

Retrograde tracing

For retrograde tracing, cholera toxin subunit B (CTB) with Alexa Fluor-488 conjugate (CTB488, 5 mg/
mL, Fisher Scientific #C34775) was injected into the AC of rat (AP -3.5 mm [site 1], -4.5 mm [site 2],
and -5.5 mm [site 3], ML 3.8 mm ventral to the edge differentiating the parietal and temporal skull,
and DV -0.5 mm [depth 1] and -0.9 mm [depth 2], 50 nL for each of these six site-depth combinations).
To quantify retrogradely labeled neurons, the Cell Counter plugin in Fiji was used. The cell density of a
region was calculated by the total number of manually identified labeled neurons divided by the area.

Quantification of CCK expression levels of AC-projecting neurons in the
VC and the EC

To label the AC-projecting neurons in the VC and the EC, AAVretro-hSyn-Cre-WPRE-hGH (2.10E+13
vg/mL, Addgene, USA) was injected in three locations (100 nL/each) in the AC of Ai14 mice (AP
-2.6 mm [site 1], =2.9 mm [site 2], and =3.2 mm [site 3], ML 1.0 mm ventral to the edge differentiating
the parietal and temporal skull, and DV -0.5 mm from the dura). Three weeks later, the mice were
deeply anesthetized with pentobarbital (Dorminal 20%, Alfasan International B.V.) and transcardially
perfused with 20 mL of warm (37°C) 0.9% saline, 20 mL of warm fixative (4% paraformaldehyde, 0.4%
picric acid, 0.1% glutaraldehyde in PBS), and 20 mL of the same ice-cold fixative. Brains were dissected
out and postfixed in the same fixative for 24 hr at 4°C. The tissues were then washed three times with
PBS and cryoprotected in 10% (overnight [O/N] at 4°C), 20% (O/N at 4°C), and 30% (O/N at 4°C)
sucrose in PBS. Tissues were embedded in OCT compound, sectioned at 20 pm, and mounted onto
Superfrost plus slides (Thermo Fisher Scientific, Waltham, MA). For in situ hybridization (RNAscope),
the manufacturer’s protocol was followed (Advanced Cell Diagnostics, San Francisco, CA). All exper-
iments were replicated in three animals. The probes were designed by the manufacturer and avail-
able from Advanced Cell Diagnostics. The following probes were used in this study: Mm-Slc17a7- C2
(#416631-C2), Mm-Cck-C1 (#402271-C1), and Mm-Tomato-C4 (#317041-C4). All images were taken
with the same settings on the same confocal microscope. The expression level of Cck in each animal
was normalized against the mean Cck expression observed in the projecting neurons located within
the VC. Neurons were categorized based on their Cck expression levels: those exhibiting Cck expres-
sion below the established average were defined as 'low Cck-expressing' neurons, whereas neurons
with Cck expression surpassing this average value were classified as 'high Cck-expressing' neurons.

in vivo fEPSP recording with optogenetics

To avoid photoelectric artifacts, we employed glass pipette electrodes (~1 MQ) to record the fEPSPs
when stimulating the projecting terminals that expressed various opsins in different experimental
setups. In all our experimental setups, we followed a structured three-phase approach: initially, a
baseline recording was conducted to establish the initial activity levels responding to different stimuli.
This was followed by the manipulation phase, where specific experimental interventions were applied.
Finally, recordings were made post-manipulation to observe and document the effects of the inter-
ventions. During both the baseline and post-manipulation recording phases of our experiments, the
intensity of the stimuli was consistently maintained at the same level to ensure comparability. Addi-
tionally, a fixed ITI of 15 s was established for identical stimuli, allowing for sufficient recovery and
response consistency. When using two or three types of stimuli, we interleaved them, spacing each
evenly within the 15 s trial period for balanced presentation. Different intervention protocols were
described as follows.

Modified HFS protocol

We modified the HFS protocol and used four trials of 1 s laser pulse train (635 nm, the pulse width is
5 ms) at 80 Hz, each separated by a 10 se ITl, as illustrated in the upper part of Figure 1D. To activate
the VC-to-AC projection, we injected AAV9-Syn-ChrimsonR-tdTomato (4.1 E+12 vg/mL, UNC Vector
Core, Chapel Hill, NC) in two locations (150 nL/each) of the VC of wildtype mice. The coordinates were
as follows: AP -2.7 mm (site 1) and —=3.3 mm (site 2), ML 1.7 mm, DV -0.5 mm.
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Pre/Post Pairing protocol

The Pre/Post Pairing protocol entailed laser stimulation (635 nm, with a pulse width of 5 ms) of the
projection from the VC to the AC to induce presynaptic activation, paired with a noise stimulus for
postsynaptic firing. Given that the latency for the fEPSP from VC-to-AC is typically around 2-2.5 ms,
and the latency for noise-induced responses in the AC of mice is generally 13 ms or more, we timed
the laser stimulus to occur 10 ms following the noise stimulus. This timing ensured that presynaptic
input was activated just prior to the onset of postsynaptic firing. We repeated this pairing sequence
across a total of 80 trials.

CCK (or ACSF) + Pre/Post Pairing protocol

Following the baseline recording, CCK-8S (10 ng/pL, 0.5 pL, 0.1 uL/min; Tocris Bioscience, Bristol, UK)
or ACSF was infused into the AC. This was then followed by 80 trials of Pre/Post Pairing as described
above. Subsequent to the completion of CCK (or ACSF)+ Pre/Post Pairing, we transitioned into the
post-pairing recording phase.

CCK alone, CCK + Pre, and CCK + Post protocols

The procedures for these protocols were consistent with the CCK + Pre/Post Pairing protocol, with
these specific variations: (i) CCK alone: after the baseline recording, only CCK-8S was infused into the
AC, without any subsequent Pre/Post Pairing; (ii) CCK + Pre: following the baseline recording, CCK-8S
was infused into the AC. This was then followed by 80 trials of presynaptic activation, achieved through
laser stimulation of the projection from the VC-to-AC; and (iii) CCK +Post: after the baseline recording
and infusion of CCK-8S into the AC, the procedure was followed by 80 trials of noise stimuli.

HFS laser VC-to-AC + Pre/Post Pairing protocol

To activate the VC-to-AC projection, we injected AAV9-Ef1a-Flex-Chronos-GFP (3.7 E+12 vg/mL,
UNC Vector Core) in the VC (the coordinates and volume of virus were the same as above described)
of CaMKlla-Cre mice. The HFS laser VC-to-AC + Pre/Post Pairing protocol entailed applying HFS to
the VC-to-AC projection, consisting of 10 pulses at 80 Hz, using 473 nm laser stimulation, where each
pulse was 5 ms in width. After finishing the HFS, we waited for 10 ms before initiating the Pre/Post
Pairing, as previously described. The presynaptic activation of the VC-to-AC projection was induced
by 473 nm laser stimulation (with a pulse width of 5 ms). And the postsynaptic firing was evoked by
noise stimulus. The HFS laser VC-to-AC + Pre/Post Pairing process was carried out for a total of five
trials.

HFS laser EC-to-AC + Pre/Post Pairing protocol

To activate the EC-to-AC CCK" projection and the VC-to-AC projection, respectively, we injected
the AAV9-Ef1a-Flex-Chronos-GFP in the EC (AP =4.2 mm, ML 3.5 mm and DV -3.0 mm, 300 nL), and
AAV9-hSyn-ChrimsonR-tdTomato in the VC (the coordinates and volume of virus were the same as
above described) of the Cck™® mice. The HFS laser EC-to-AC + Pre/Post Pairing protocol entailed
applying HFS to the EC-to-AC projection, consisting of 10 pulses at 80 Hz, using 473 nm laser stimula-
tion, where each pulse was 5 ms in width. After finishing the HFS, we waited for 10 ms before initiating
the Pre/Post Pairing, as previously described. The presynaptic activation of the VC-to-AC projection
was induced by 635 nm laser stimulation (with a pulse width of 5 ms). And the postsynaptic firing was
evoked by noise stimulus. The HFS laser EC-to-AC + Pre/Post Pairing process was carried out for a
total of five trials.

HFS laser EC-to-AC alone, HFS laser EC-to-AC + Pre, and HFS laser
EC-to-AC + Post protocols

The protocols we employed were in line with the HFS laser EC-to-AC + Pre/Post Pairing protocol, with
the following specific variations: (i) HFS laser EC-to-AC alone: after completing the baseline recording,
we administered only the HFS laser targeting the EC-to-AC pathway. This was done without any
subsequent Pre/Post Pairing and was carried out for a total of five trials. (ii) HFS laser EC-to-AC +
Pre: following the baseline recording, HFS laser stimulation was applied to the EC-to-AC pathway.
Then, 10 ms after the completion of the HFS, laser stimulation of the VC-to-AC projection was carried
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out, but without the accompanying noise stimulus. The process was carried out for a total of five
trials. (iii) HFS laser EC-to-AC+Post: post-baseline recording, we applied HFS laser to the EC-to-AC
pathway. Subsequently, 10 ms following the termination of the HFS, a noise stimulus was introduced,
but without the presynaptic activation of the VC-to-AC projection. The process was carried out for a
total of five trials.

Different variations of the HFS laser EC-to-AC + Pre/Post Pairing protocol

To investigate how varying parameters in this protocol influenced the potentiation of inputs from
the VC to the AC, we focused on three specific variables: the frequency of HFS laser (referred to as
‘frequency’ with a default value of 80 Hz), the interval between the cessation of HFS laser stimulation
and the onset of the Pre/Post Pairing (termed ‘Delay 1’ with a default value of 10 ms), and the time
gap between presynaptic and postsynaptic activations (named ‘Delay 2" with a default value of 0 ms).
When adjusting any one of these variables, the other two were maintained at their respective default
settings.

L-365,260 (or ACSF) + HFS laser EC-to-AC + Pre/Post Pairing protocol
Following the baseline recording, L-365,260 (10 pg/mL, 0.5 pL, and 0.1 pL/min, Tocris Bioscience) or
ACSF was infused into the AC. This was then followed by five trials of HFS laser EC-to-AC + Pre/Post
Pairing as described above. After that, we transitioned into the post-pairing recording phase.

High-Intensity Noise + Pre/Post Pairing protocol

In the High-Intensity Noise + Pre/Post Pairing protocol, we administered a 90 dB SPL noise stimulus
and then waited for 10 ms prior to initiating the Pre/Post Pairing as above described. The presynaptic
activation of the VC-to-AC projection was triggered using 635 nm laser stimulation (with a pulse width
of 5 ms). Concurrently, the postsynaptic firing was evoked by the noise stimulus. This High-Intensity
Noise + Pre/Post Pairing sequence was repeated for a total of five trials.

Optimizing laser intensity for pathway-specific activation

To determine the optimal laser intensity for activating two distinct pathways, we conducted experi-
ments on Cck™ " mice. In one set of experiments, we injected AAV9-Ef1a-Flex-Chronos-GFP into the
EC, as depicted in Figure 2—figure supplement 1A. For another set, AAV9-Syn-ChrimsonR-tdTomato
was injected into the VC, shown in Figure 2—figure supplement 1B. In both sets, we stimulated the
terminals in the AC using 473 nm and 635 nm lasers at various intensity levels. In the EC-injected mice
(Figure 2—figure supplement 1A, right), we observed that the fEPSP slopes progressively increased
with the intensity of the 473 nm laser, reaching saturation at 30 mW/mm? (indicated by a green solid
line). However, the 635 nm laser did not evoke any responses, even at an intensity as high as 40 mW/
mm? (represented by a red dashed line). On the other hand, in VC-injected animals (Figure 2—figure
supplement 1B, right), the fEPSP slopes increased and saturated with the 635 nm laser (red solid
line). Interestingly, at 40 mW (green dashed line), the 473 nm laser could induce fEPSPs, but these
responses were relatively small. Therefore, to minimize the likelihood of cross-activation between
the two pathways, we carefully controlled the fiber end intensities of the 473 nm and 635 nm lasers,
keeping them below 30 mW/mm? and 40 mW/mm?, respectively.

Brain slice preparation and patch-clamp recordings

At least 4 wk after virus injection, acute brain slices were prepared using a protective cutting and
recovery method to achieve a higher success rate for patch clamp. Briefly, anesthetized mice received
transcardial perfusion with NMDG-aCSF (92 mM NMDG, 2.5 mM KCI, 1.25 mM NaH,PO,, 30 mM
NaHCOs;, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate,
0.5 mM CaCl,-4H,0, and 10 mM MgSO,-7H,0; pH 7.3-7.4), and the brain was gently extracted from
the skull and then cut into 300-pm-thick sections. Slices were submerged in NMDG-aCSF for 5-10 min
at 32-34°C to allow protective recovery and then incubated at room temperature ACSF (119 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH,PO,, 24 mM NaHCO;, 12.5 mM glucose, 2 mM CaCl,-4H,0, and
2 mM MgSO,-7H,0, ~25°C) for at least 1 hr before transferring into recording chamber. All solutions
were oxygenated with 95% O,/5% CO, for 30 min in advance.
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Whole-cell recordings were made from pyramidal neurons at the AC at room temperature. The
signals were amplified with Multiclamp 700B amplifier, digitized with Digital 1440A digitizer, and
acquired at 20 kHz using Clampex 10.3 (Molecular Devices, Sunnyvale, CA). Patch pipettes with a
resistance between 3 and 5 MQ were pulled from borosilicate glass (WPI) with a Sutter-87 puller
(Sutter). The intracellular solution contained 145 mM K-gluconate, 10 mM HEPES, 1 mM EGTA, 2 mM
MgATP, 0.3 mM Na2-GTP, and 2 mM MgCl,; pH 7.3; 290-300 mOsm. The pipette was back-filled with
internal solution containing 145 mM K-gluconate, 10 mM HEPES, 1 mM EGTA, 2 mM MgATP, 0.3 mM
Na2-GTP, and 2 mM MgCl,; pH 7.3; 290-300 mOsm.

Pyramidal neurons were identified based on their characteristic pyramidal-like morphology and a
regular spiking firing pattern, determined by injecting a range of hyperpolarizing and depolarizing
currents in 50 pA steps for 1 s each. An ES electrode was positioned approximately 200 um from the
recording neuron, and laser stimulations were administered via an optic fiber. Only those neurons
responsive to both laser and ES were selected for subsequent experiments. In the voltage-clamp
recording mode, with a holding potential of =70 mV, we recorded EPSCs elicited by both electrical
(0.05 Hz, 0.5 ms) and laser (0.05 Hz, 5 ms) stimulations for a duration of 10 min. This was followed
by HFS using a laser (80 Hz, five pulses, 5 ms pulse width) targeting either CCK* EC terminals (using
473 nm laser) or VC terminals (using 635 nm laser). After 10 ms, we paired presynaptic activation,
induced by laser stimulation of the VC-to-AC projection, with postsynaptic activation triggered by
ES of the AC. This pairing protocol was repeated five times at 10 s intervals. Subsequently, EPSCs
induced by both electrical and laser stimulation were recorded for an additional 30 min. Throughout
the recording, =5 mV hyperpolarizing pulses of 10 ms duration were applied every 20 s to monitor the
access resistance (Ra). Recordings were terminated if Ra varied by more than 20%.

Endogenous CCK release detection with fiber photometry

We administered an injection of AAV-Syn-DIO-ChrimsonR-mCherry (5.0 E+12 vg/mL, BrainVTA,
Wuhan, China) into the EC (AP —4.2 mm, ML 3.5 mm, and DV =3.0 mm, 300 nL) of Cck"*°* mice.
Concurrently, AAV-Syn-Cck2.3 (5.2 E+12 vg/mL, BrainVTA) was injected into the AC of these mice.
Following the virus injections, fiber optic cannulas (200 pm, 0.37 N/A, Inper, Hangzhou, China) were
implanted in both the EC and AC, 10 min after virus injection. The tip of each cannula was posi-
tioned 100 pm above the site of virus infusion to ensure optimal light delivery. After a 3-week period,
allowing for sufficient expression of the injected vectors, we proceeded to record the CCK dynamics
(excitation light: 465 nm) and the isosbestic signal (excitation light: 405 nm) in the AC when activating
the CCK" neurons in the EC with HFS laser stimulation (635 nm laser at 50 Hz).

Visuo-auditory association task

VS lasting 5 s and AS lasting 3 s were initially paired and presented to mice. Each pair of stimuli was
separated by a brief interval of 0.5 s. This pairing was repeated for 25 trials in each session, with an ITI
of 30 s. Mice underwent four such sessions daily over a period of 3 d. On the fourth day, we conducted
a baseline assessment, measuring the percentage of freezing behavior over a 10 s period following the
separate presentations of VS and AS. Subsequently, the AS was paired with foot shocks, administered
over three trials, to condition the mice. On the fifth day, post-conditioning tests were performed,
evaluating freezing responses to both VS and AS independently. To assess the roles of different path-
ways and CCK in our experimental task, we conducted specific manipulations at various phases, as
follows. (1) Inactivation of CCK* EC-to-AC projection during the encoding phase: In Cck"*"® mice, we
bilaterally injected AAV9-Syn-DIO-hM4Di-EYFP (300 nL, 5.70E+12 vg/mL, BrainVTA) or AAV9-EF1a-
DIO-EYFP (300 nL, 5.24E+12 vg/mL, BrainVTA) into the EC (using the same coordinates as above),
followed by bilateral implantation of drug cannulas in the AC. Three weeks later, behavioral tasks
commenced. During the encoding phase, we inactivated the CCK* EC-to-AC projection by bilaterally
infusing CNO (3 pM, Sigma-Aldrich #C0832, Darmstadt, Germany) into the AC before each day’s VS
and AS pairing for the first three days. (2) Inactivation of VC-to-AC projection during the encoding
phase inactivation of VC-to-AC projection during the encoding phase: We bilaterally injected either
AAV9-Syn-hM4Di-EGFP (4.5 E+12 vg/mL, Taitool BioScience, Shanghai, China) or AAV9-Syn-EGFP
(1.42 E+13 vg/mL with a twofold dilution, Taitool BioScience) into the VC (the coordinates and volume
of virus were the same as above described) of Cck"™“® mice. After 3 wk, behavioral tasks began. To
inactivate the VC-to-AC projection during encoding, CNO (3 pM) was infused into the AC prior to
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the VS and AS pairing on the first three days. (3) Inactivation of CCK* EC-to-AC projection the during
retrieval phase: Using a similar method as in step 1, we inactivated the CCK* EC-to-AC projection
during the retrieval phase. CNO (3 pM) was infused into the AC before the freezing response tests
to VS and AS on day 5. (4) Inactivation of VC-to-AC projection during the retrieval phase: Following
the procedure in step 2, we inactivated the VC-to-AC projection during the retrieval phase. CNO
(3 pM) was infused into the AC before day 5's freezing response tests to VS and AS. (5) Blockade of
CCK signaling during the encoding phase in wildtype mice: Drug cannulas were bilaterally implanted
in the AC of wildtype mice. After a 5-day recovery period, behavioral experiments commenced. To
inhibit the CCK signaling pathway, L-365,260 (10 pg/mL, 0.5 pL at 0.1 uL/min, Tocris Bioscience) or
ACSF was bilaterally infused into the AC before the pairing of visual and auditory stimuli (VS and AS)
on the first three days. (6) Activation of CCK signaling in Cck” mice during the encoding phase: In
Cck’” mice, a drug infusion cannula was implanted atop the venous sinus (transverse sinus) to facilitate
intravenous (i.v.) drug administration. Before the VS and AS pairing on the first three days, we injected
either CCK-4 (0.01 mL, 3.4 pM) or saline (0.01 mL) through the implanted cannulas to activate the CCK
signaling pathway.

Histology

Animals were anesthetized with an overdose of pentobarbital sodium and subsequently perfused
transcardially with 0.01 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in
0.01 M PBS (4% PFA). The brains were extracted and post-fixed in 4% PFA for 24 hr. Brain tissues were
sectioned at 60 pm thickness using a vibratome (Leica VT1000 S, Wetzlar, Germany). Nissl| staining
(Neurotrace 640, 1:200 in 0.01 M PBS with 0.1% Triton X-100, 2 hr, Thermo Fisher Scientific) was
conducted to indicate the neurons. Imaging was performed using a Nikon Eclipse Ni-E upright fluo-
rescence microscope (Tokyo, Japan) or a Zeiss LSM880 confocal microscope (Oberkochen, Germany).

Acoustic stimuli, visual stimuli, electrical stimulation, and laser
stimulation

In our experiments, all stimuli were generated using RZ6 and RZ5D processing stations (Tucker-Davis
Technologies [TDT], FL) with control facilitated by Synapse software from the TDT Synapse suite. The
acoustic stimuli, created as analog signals, were transmitted through a free-field magnetic speaker
(MF-1, TDT). We calibrated the sound pressure level of these acoustic stimuli using a condenser micro-
phone (Center Technology, Taipei). Visual stimuli, also in the form of analog signals, were presented
via a white LED array. The ESs aimed at activating the AC were generated by the TDT system and
administered through a low-impedance stimulation electrode, coupled with an isolator (ISO-Flex,
A.M.PL., Jerusalem, Israel). For laser stimulation, we utilized a laser generator (Inper, #B1465635),
which was activated by signals sent from the Synapse-controlled RZ5D processor. The laser light was
then directed to the specific target areas via a fiber patch cable (200 pm, 0.37 NA, Inper). Throughout
these procedures, all events were captured and recorded by the TDT system, ensuring accurate docu-
mentation and analysis.

Quantification of the electrophysiological data

The fEPSP slope (in vivo) and EPSC amplitude (ex vivo) were used to compare the response level
before and after different manipulation protocols. To calculate the fEPSP slope (Figure 1C, upper), we
initially identified the most linear segment (marked by a starting point t1 and an end point t2, typically
ranging from 20% and 80% of the maximum amplitude) within the descending phase of the fEPSP. We
then conducted a linear regression analysis using the data from this specific segment (spanning from
t2 to t1). The absolute value of the slope of the resultant regression line was thus determined to be
the slope of the fEPSP. For comparative analyses, baseline values of fEPSP slopes or EPSC amplitudes
were first averaged. Subsequent values were then normalized against this baseline.

Statistical analysis

All statistical analyses were performed using SPSS software (IBM, USA). Pairwise comparisons were
adjusted by Bonferroni correction. Statistical significance was set at p<0.05. Refer to Supplementary
file 1 for detailed statistics.

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 27 of 33


https://doi.org/10.7554/eLife.83356

e Llfe Research article

Neuroscience

Acknowledgements

This work was supported by Hong Kong Research Grants Council, General Research Fund: 11103220M,
11101521M (GRF, JFH); Hong Kong Research Grants Council, Collaborative Research Fund: C1043-
21GF(CRF, JFH); Innovation and Technology Fund: MRP/053/18X, GHP_075_19GD (ITF, JFH); Health
and Medical Research Fund: 06172456, 09203656 (HMRF, XC, JFH); The Swedish Research Council:
2018-0273 (TH); The Arvid Carlsson Foundation (TH); The Swedish Research Council: 220-01688 (TH);
Key-Area Research and Development Program of Guangdong Province: 2018B030340001 (WJS); and
the following charitable foundations for their generous support to JFH: Wong Chun Hong Endowed
Chair Professorship, Charlie Lee Charitable Foundation, and Fong Shu Fook Tong Foundation.

Additional information

Funding

Funder Grant reference number Author
Hong Kong Research General Research Fund Jufang He
Grants Council 11103220M

Hong Kong Research General Research Fund Jufang He
Grants Council 11101521M

Hong Kong Research Collaborative Research Jufang He
Grants Council Fund C1043-21GF

Hong Kong Innovation and Innovation and Technology Jufang He
Technology Commission ~ Fund MRP/053/18X

Hong Kong Innovation and Innovation and Technology Jufang He
Technology Commission  Fund GHP_075_19GD

Hong Kong Health Bureau Health and Medical Xi Chen
Research Fund 06172456

Hong Kong Health Bureau Health and Medical Jufang He
Research Fund 09203656

Swedish Research Council 2018-0273 Tomas Hokfelt

Arvid Carlsson Foundation Tomas Hokfelt

Swedish Research Council 220-01688 Tomas Hokfelt

Key Area Research and 2018B030340001 Wenjian Sun

Development Program of
Guangdong Province

Wong Chun Hong Jufang He
Endowed Chair
Professorship

Charlie Lee Charitable Jufang He
Foundation
Fong Shu Fook Tong Jufang He
Foundation

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Wenjian Sun, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation,
Visualization, Methodology, Writing — original draft; Haohao Wu, Data curation, Formal analysis,
Investigation, Visualization, Methodology; Yujie Peng, Formal analysis, Investigation, Visualization,
Methodology; Xuejiao Zheng, Jing Li, Dingxuan Zeng, Formal analysis, Investigation; Peng Tang,
Ming Zhao, Hemin Feng, Hao Li, Ye Liang, Investigation; Junfeng Su, Conceptualization; Xi Chen,
Conceptualization, Resources, Software, Supervision, Funding acquisition, Validation, Investigation,

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 28 of 33


https://doi.org/10.7554/eLife.83356

e Llfe Research article

Neuroscience

Methodology, Writing - review and editing; Tomas Hokfelt, Conceptualization, Resources, Supervi-
sion, Funding acquisition, Validation, Project administration, Writing - review and editing; Jufang He,
Conceptualization, Resources, Data curation, Supervision, Funding acquisition, Validation, Project
administration, Writing - review and editing

Author ORCIDs

Wenjian Sun ® https://orcid.org/0000-0003-1584-8242
Jing Li ® http://orcid.org/0000-0001-8075-0650

Xi Chen ® http://orcid.org/0000-0002-2144-6584
Jufang He ® http://orcid.org/0000-0002-4288-5957

Ethics
All experimental procedures were approved by the Animal Subjects Ethics Sub-Committees of City
University of Hong Kong (Reference number of animal ethics review: A-59 and A-0467).

Decision letter and Author response
Decision letter https://doi.org/10.7554/¢elife.83356.5a1
Author response https://doi.org/10.7554/elife.83356.sa2

Additional files

Supplementary files
e MDAR checklist

e Supplementary file 1. Detailed statistics related to all figures and figure supplements.

Data availability
Source data files have been provided for Figures 1-6 and their figure supplements.

References

Bashir ZI, Alford S, Davies SN, Randall AD, Collingridge GL. 1991. Long-term potentiation of NMDA receptor-
mediated synaptic transmission in the hippocampus. Nature 349:156-158. DOI: https://doi.org/10.1038/
34915620, PMID: 1846031

Bean AJ, Roth RH. 1991. Extracellular dopamine and neurotensin in rat prefrontal cortex in vivo: effects of
median forebrain bundle stimulation frequency, stimulation pattern, and dopamine autoreceptors. The Journal
of Neuroscience 11:2694-2702. DOI: https://doi.org/10.1523/JNEUROSCI.11-09-02694.1991, PMID: 1880545

Beinfeld MC, Meyer DK, Eskay RL, Jensen RT, Brownstein MJ. 1981. The distribution of cholecystokinin
immunoreactivity in the central nervous system of the rat as determined by radioimmunoassay. Brain Research
212:51-57. DOI: https://doi.org/10.1016/0006-8993(81)20031-7, PMID: 7225864

Bi GQ, Poo MM. 1998. Synaptic modifications in cultured hippocampal neurons: dependence on spike timing,
synaptic strength, and postsynaptic cell type. The Journal of Neuroscience 18:10464-10472. DOI: https://doi.
org/10.1523/JNEUROSCI.18-24-10464.1998, PMID: 9852584

Bittner KC, Milstein AD, Grienberger C, Romani S, Magee JC. 2017. Behavioral time scale synaptic plasticity
underlies CA1 place fields. Science 357:1033-1036. DOI: https://doi.org/10.1126/science.aan3846, PMID:
28883072

Bizley JK, Nodal FR, Bajo VM, Nelken I, King AJ. 2007. Physiological and anatomical evidence for multisensory
interactions in auditory cortex. Cerebral Cortex 17:2172-2189. DOI: https://doi.org/10.1093/cercor/bhl128,
PMID: 17135481

Bliss TVP, Gardner-Medwin AR. 1973. Long-lasting potentiation of synaptic transmission in the dentate area of
the unanaesthetized rabbit following stimulation of the perforant path. The Journal of Physiology 232:357-374.
DOI: https://doi.org/10.1113/jphysiol.1973.sp010274

Bliss TVP, Lomo T. 1973. Long-lasting potentiation of synaptic transmission in the dentate area of the
anaesthetized rabbit following stimulation of the perforant path. The Journal of Physiology 232:331-356. DOI:
https://doi.org/10.1113/jphysiol. 1973.sp010273

Brosch M, Selezneva E, Scheich H. 2005. Nonauditory events of a behavioral procedure activate auditory cortex
of highly trained monkeys. The Journal of Neuroscience 25:6797-6806. DOI: https://doi.org/10.1523/
JNEUROSCI.1571-05.2005, PMID: 16033889

Budinger E, Heil P, Hess A, Scheich H. 2006. Multisensory processing via early cortical stages: Connections of the
primary auditory cortical field with other sensory systems. Neuroscience 143:1065-1083. DOI: https://doi.org/
10.1016/j.neuroscience.2006.08.035, PMID: 17027173

Burgunder JM, Young WS. 1988. The distribution of thalamic projection neurons containing cholecystokinin
messenger RNA, using in situ hybridization histochemistry and retrograde labeling. Brain Research 464:179—
189. DOI: https://doi.org/10.1016/0169-328x(88)20024-1, PMID: 3208109

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 29 of 33


https://doi.org/10.7554/eLife.83356
https://orcid.org/0000-0003-1584-8242
http://orcid.org/0000-0001-8075-0650
http://orcid.org/0000-0002-2144-6584
http://orcid.org/0000-0002-4288-5957
https://doi.org/10.7554/eLife.83356.sa1
https://doi.org/10.7554/eLife.83356.sa2
https://doi.org/10.1038/349156a0
https://doi.org/10.1038/349156a0
http://www.ncbi.nlm.nih.gov/pubmed/1846031
https://doi.org/10.1523/JNEUROSCI.11-09-02694.1991
http://www.ncbi.nlm.nih.gov/pubmed/1880545
https://doi.org/10.1016/0006-8993(81)90031-7
http://www.ncbi.nlm.nih.gov/pubmed/7225864
https://doi.org/10.1523/JNEUROSCI.18-24-10464.1998
https://doi.org/10.1523/JNEUROSCI.18-24-10464.1998
http://www.ncbi.nlm.nih.gov/pubmed/9852584
https://doi.org/10.1126/science.aan3846
http://www.ncbi.nlm.nih.gov/pubmed/28883072
https://doi.org/10.1093/cercor/bhl128
http://www.ncbi.nlm.nih.gov/pubmed/17135481
https://doi.org/10.1113/jphysiol.1973.sp010274
https://doi.org/10.1113/jphysiol.1973.sp010273
https://doi.org/10.1523/JNEUROSCI.1571-05.2005
https://doi.org/10.1523/JNEUROSCI.1571-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16033889
https://doi.org/10.1016/j.neuroscience.2006.08.035
https://doi.org/10.1016/j.neuroscience.2006.08.035
http://www.ncbi.nlm.nih.gov/pubmed/17027173
https://doi.org/10.1016/0169-328x(88)90024-1
http://www.ncbi.nlm.nih.gov/pubmed/3208109

e Llfe Research article

Neuroscience

Caldwell C, Rottman JB, Paces W, Bueche E, Reitsma S, Gibb J, Adisetiyo V, Haas MS, Heath H, Newman W,
Baum J, Gianani R, Kagey MH. 2021. Validation of a DKK1 RNAscope chromogenic in situ hybridization assay
for gastric and gastroesophageal junction adenocarcinoma tumors. Scientific Reports 11:9920. DOI: https://
doi.org/10.1038/s41598-021-89060-3, PMID: 33972574

Calvert GA, Bullmore ET, Brammer MJ, Campbell R, Williams SC, McGuire PK, Woodruff PW, Iversen SD,

David AS. 1997. Activation of auditory cortex during silent lipreading. Science 276:593-596. DOI: https://doi.
org/10.1126/science.276.5312.593, PMID: 9110978

Canto CB, Wouterlood FG, Witter MP. 2008. What does the anatomical organization of the entorhinal cortex tell
us? Neural Plasticity 2008:381243. DOI: https://doi.org/10.1155/2008/381243, PMID: 18769556

Caporale N, Dan Y. 2008. Spike timing-dependent plasticity: a hebbian learning rule. Annual Review of
Neuroscience 31:25-46. DOI: https://doi.org/10.1146/annurev.neuro.31.060407.125639, PMID: 18275283

Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai LH, Moore Cl. 2010. Targeted
optogenetic stimulation and recording of neurons in vivo using cell-type-specific expression of
channelrhodopsin-2. Nature Protocols 5:247-254. DOI: https://doi.org/10.1038/nprot.2009.228, PMID:
20134425

Chan S, Filézac de L'Etang A, Rangell L, Caplazi P, Lowe JB, Romeo V. 2018. A method for manual and
automated multiplex RNAscope in situ hybridization and immunocytochemistry on cytospin samples. PLOS
ONE 13:e0207619. DOI: https://doi.org/10.1371/journal.pone.0207619, PMID: 30458053

Chen X, Guo Y, Feng J, Liao Z, Li X, Wang H, Li X, He J. 2013. Encoding and retrieval of artificial visuoauditory
memory traces in the auditory cortex requires the entorhinal cortex. The Journal of Neuroscience 33:9963—
9974. DOI: https://doi.org/10.1523/JNEUROSCI.4078-12.2013, PMID: 23761892

Chen X, Li X, Wong YT, Zheng X, Wang H, Peng Y, Feng H, Feng J, Baibado JT, Jesky R, Wang Z, Xie H, Sun W,
Zhang Z, Zhang X, He L, Zhang N, Zhang Z, Tang P, Su J, et al. 2019. Cholecystokinin release triggered by
NMDA receptors produces LTP and sound-sound associative memory. PNAS 116:6397-6406. DOI: https://doi.
org/10.1073/pnas.1816833116, PMID: 30850520

Cusick CG, Seltzer B, Cola M, Griggs E. 1995. Chemoarchitectonics and corticocortical terminations within the
superior temporal sulcus of the rhesus monkey: evidence for subdivisions of superior temporal polysensory
cortex. The Journal of Comparative Neurology 360:513-535. DOI: https://doi.org/10.1002/cne.903600312,
PMID: 8543656

DeFelipe J, Farifias . 1992. The pyramidal neuron of the cerebral cortex: morphological and chemical
characteristics of the synaptic inputs. Progress in Neurobiology 39:563-607. DOI: https://doi.org/10.1016/
0301-0082(92)90015-7, PMID: 1410442

Deisseroth K, Feng G, Majewska AK, Miesenbéck G, Ting A, Schnitzer MJ. 2006. Next-generation optical
technologies for illuminating genetically targeted brain circuits. The Journal of Neuroscience 26:10380-10386.
DOI: https://doi.org/10.1523/JNEUROSCI.3863-06.2006, PMID: 17035522

Dockray GJ, Gregory RA, Hutchison JB, Harris JI, Runswick MJ. 1978. Isolation, structure and biological activity
of two cholecystokinin octapeptides from sheep brain. Nature 274:711-713. DOI: https://doi.org/10.1038/
274711a0, PMID: 79141

Dodd J, Kelly JS. 1981. The actions of cholecystokinin and related peptides on pyramidal neurones of the
mammalian hippocampus. Brain Research 205:337-350. DOI: https://doi.org/10.1016/0006-8993(81)90344-9,
PMID: 6162516

Drew PJ, Abbott LF. 2006. Extending the effects of spike-timing-dependent plasticity to behavioral timescales.
PNAS 103:8876-8881. DOI: https://doi.org/10.1073/pnas.0600676103, PMID: 16731625

Falchier A, Clavagnier S, Barone P, Kennedy H. 2002. Anatomical evidence of multimodal integration in primate
striate cortex. The Journal of Neuroscience 22:5749-5759. DOI: https://doi.org/10.1523/JNEUROSCI.22-13-
05749.2002, PMID: 12097528

Falchier A, Schroeder CE, Hackett TA, Lakatos P, Nascimento-Silva S, Ulbert |, Karmos G, Smiley JF. 2010.
Projection from visual areas V2 and prostriata to caudal auditory cortex in the monkey. Cerebral Cortex
20:1529-1538. DOI: https://doi.org/10.1093/cercor/bhp213, PMID: 19875677

Finney EM, Fine |, Dobkins KR. 2001. Visual stimuli activate auditory cortex in the deaf. Nature Neuroscience
4:1171-1173. DOI: https://doi.org/10.1038/nn763, PMID: 11704763

Foxe JJ, Wylie GR, Martinez A, Schroeder CE, Javitt DC, Guilfoyle D, Ritter W, Murray MM. 2002. Auditory-
somatosensory multisensory processing in auditory association cortex: an fMRI study. Journal of
Neurophysiology 88:540-543. DOI: https://doi.org/10.1152/jn.2002.88.1.540, PMID: 12091578

Fuster JM, Bodner M, Kroger JK. 2000. Cross-modal and cross-temporal association in neurons of frontal cortex.
Nature 405:347-351. DOI: https://doi.org/10.1038/35012613, PMID: 10830963

Greenwood RS, Godar SE, Reaves TA, Hayward JN. 1981. Cholecystokinin in hippocampal pathways. The
Journal of Comparative Neurology 203:335-350. DOI: https://doi.org/10.1002/cne.902030303, PMID:
7320233

Hendry SH, Jones EG, DeFelipe J, Schmechel D, Brandon C, Emson PC. 1984. Neuropeptide-containing neurons
of the cerebral cortex are also GABAergic. PNAS 81:6526-6530. DOI: https://doi.org/10.1073/pnas.81.20.
6526, PMID: 6149547

Hernandez RV, Navarro MM, Rodriguez WA, Martinez JL, LeBaron RG. 2005. Differences in the magnitude of
long-term potentiation produced by theta burst and high frequency stimulation protocols matched in stimulus
number. Brain Research. Brain Research Protocols 15:6-13. DOI: https://doi.org/10.1016/j.brainresprot.2005.
02.003, PMID: 15878145

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 30 of 33


https://doi.org/10.7554/eLife.83356
https://doi.org/10.1038/s41598-021-89060-3
https://doi.org/10.1038/s41598-021-89060-3
http://www.ncbi.nlm.nih.gov/pubmed/33972574
https://doi.org/10.1126/science.276.5312.593
https://doi.org/10.1126/science.276.5312.593
http://www.ncbi.nlm.nih.gov/pubmed/9110978
https://doi.org/10.1155/2008/381243
http://www.ncbi.nlm.nih.gov/pubmed/18769556
https://doi.org/10.1146/annurev.neuro.31.060407.125639
http://www.ncbi.nlm.nih.gov/pubmed/18275283
https://doi.org/10.1038/nprot.2009.228
http://www.ncbi.nlm.nih.gov/pubmed/20134425
https://doi.org/10.1371/journal.pone.0207619
http://www.ncbi.nlm.nih.gov/pubmed/30458053
https://doi.org/10.1523/JNEUROSCI.4078-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23761892
https://doi.org/10.1073/pnas.1816833116
https://doi.org/10.1073/pnas.1816833116
http://www.ncbi.nlm.nih.gov/pubmed/30850520
https://doi.org/10.1002/cne.903600312
http://www.ncbi.nlm.nih.gov/pubmed/8543656
https://doi.org/10.1016/0301-0082(92)90015-7
https://doi.org/10.1016/0301-0082(92)90015-7
http://www.ncbi.nlm.nih.gov/pubmed/1410442
https://doi.org/10.1523/JNEUROSCI.3863-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17035522
https://doi.org/10.1038/274711a0
https://doi.org/10.1038/274711a0
http://www.ncbi.nlm.nih.gov/pubmed/79141
https://doi.org/10.1016/0006-8993(81)90344-9
http://www.ncbi.nlm.nih.gov/pubmed/6162516
https://doi.org/10.1073/pnas.0600676103
http://www.ncbi.nlm.nih.gov/pubmed/16731625
https://doi.org/10.1523/JNEUROSCI.22-13-05749.2002
https://doi.org/10.1523/JNEUROSCI.22-13-05749.2002
http://www.ncbi.nlm.nih.gov/pubmed/12097528
https://doi.org/10.1093/cercor/bhp213
http://www.ncbi.nlm.nih.gov/pubmed/19875677
https://doi.org/10.1038/nn763
http://www.ncbi.nlm.nih.gov/pubmed/11704763
https://doi.org/10.1152/jn.2002.88.1.540
http://www.ncbi.nlm.nih.gov/pubmed/12091578
https://doi.org/10.1038/35012613
http://www.ncbi.nlm.nih.gov/pubmed/10830963
https://doi.org/10.1002/cne.902030303
http://www.ncbi.nlm.nih.gov/pubmed/7320233
https://doi.org/10.1073/pnas.81.20.6526
https://doi.org/10.1073/pnas.81.20.6526
http://www.ncbi.nlm.nih.gov/pubmed/6149547
https://doi.org/10.1016/j.brainresprot.2005.02.003
https://doi.org/10.1016/j.brainresprot.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15878145

e Llfe Research article

Neuroscience

Hokfelt T. 1991. Neuropeptides in perspective: the last ten years. Neuron 7:867-879. DOI: https://doi.org/10.
1016/0896-6273(91)90333-u, PMID: 1684901

Horinouchi Y, Akiyoshi J, Nagata A, Matsushita H, Tsutsumi T, Isogawa K, Noda T, Nagayama H. 2004. Reduced
anxious behavior in mice lacking the CCK2 receptor gene. European Neuropsychopharmacology 14:157-161.
DOI: https://doi.org/10.1016/50924-977X(03)00103-2, PMID: 15013032

Houser CR, Hendry SH, Jones EG, Vaughn JE. 1983. Morphological diversity of immunocytochemically identified
GABA neurons in the monkey sensory-motor cortex. Journal of Neurocytology 12:617-638. DOI: https://doi.
org/10.1007/BF01181527, PMID: 6352867

Innis RB, Corréa FM, Uhl GR, Schneider B, Snyder SH. 1979. Cholecystokinin octapeptide-like immunoreactivity:
histochemical localization in rat brain. PNAS 76:521-525. DOI: https://doi.org/10.1073/pnas.76.1.521, PMID:
284371

Iverfeldt K, Serf6z6 P, Diaz Arnesto L, Bartfai T. 1989. Differential release of coexisting neurotransmitters:
frequency dependence of the efflux of substance P, thyrotropin releasing hormone and [3H]serotonin from
tissue slices of rat ventral spinal cord. Acta Physiologica Scandinavica 137:63-71. DOI: https://doi.org/10.1111/
j-1748-1716.1989.tb08721.x, PMID: 2477992

Izhikevich EM. 2007. Solving the distal reward problem through linkage of STDP and dopamine signaling.
Cerebral Cortex 17:2443-2452. DOI: https://doi.org/10.1093/cercor/bhl152, PMID: 17220510

Jolly S, Lang V, Koelzer VH, Sala Frigerio C, Magno L, Salinas PC, Whiting P, Palomer E. 2019. Single-cell
quantification of mrna expression in the human brain. Scientific Reports 9:12353. DOI: https://doi.org/10.1038/
s41598-019-48787-w, PMID: 31451701

Klapoetke NC, Murata Y, Kim SS, Pulver SR, Birdsey-Benson A, Cho YK, Morimoto TK, Chuong AS,
Carpenter EJ, Tian Z, Wang J, Xie Y, Yan Z, Zhang Y, Chow BY, Surek B, Melkonian M, Jayaraman V,
Constantine-Paton M, Wong GKS, et al. 2014. Independent optical excitation of distinct neural populations.
Nature Methods 11:338-346. DOI: https://doi.org/10.1038/nmeth.2836, PMID: 24509633

Knépfel T, Lin MZ, Levskaya A, Tian L, Lin JY, Boyden ES. 2010. Toward the second generation of optogenetic
tools. The Journal of Neuroscience 30:14998-15004. DOI: https://doi.org/10.1523/JNEUROSCI.4190-10.2010,
PMID: 21068304

K&hler C, Chan-Palay V. 1982. The distribution of cholecystokinin-like immunoreactive neurons and nerve
terminals in the retrohippocampal region in the rat and guinea pig. The Journal of Comparative Neurology
210:136-146. DOI: https://doi.org/10.1002/cne.902100204, PMID: 6290546

Kozai TDY, Vazquez AL. 2015. Photoelectric artefact from optogenetics and imaging on microelectrodes and
bioelectronics: New challenges and opportunities. Journal of Materials Chemistry. B 3:4965-4978. DOI: https://
doi.org/10.1039/C5TB00108K, PMID: 26167283

Larsson L, Rehfeld JF. 1979. A peptide resembling COOH-terminal tetrapeptide amide of gastrin from A new
gastrointestinal endocrine cell type. Nature 277:575-578. DOI: https://doi.org/10.1038/277575a0, PMID:
105297

Li X, Yu K, Zhang Z, Sun W, Yang Z, Feng J, Chen X, Liu CH, Wang H, Guo YP, He J. 2014. Cholecystokinin from
the entorhinal cortex enables neural plasticity in the auditory cortex. Cell Research 24:307-330. DOI: https://
doi.org/10.1038/¢cr.2013.164, PMID: 24343575

Liang Y, Li J, Tian Y, Tang P, Liu C, Chen X. 2023. The anterior cingulate cortex promotes long-term auditory
cortical responses through an indirect pathway via the rhinal cortex in mice. The Journal of Neuroscience
43:4262-4278. DOI: https://doi.org/10.1523/JNEUROSCI.2252-22.2023, PMID: 37160368

Lipton PA, Alvarez P, Eichenbaum H. 1999. Crossmodal associative memory representations in rodent
orbitofrontal cortex. Neuron 22:349-359. DOI: https://doi.org/10.1016/s0896-6273(00)81095-8, PMID:
10069340

Lo CM, Samuelson LC, Chambers JB, King A, Heiman J, Jandacek RJ, Sakai RR, Benoit SC, Raybould HE,
Woods SC, Tso P. 2008. Characterization of mice lacking the gene for cholecystokinin. American Journal of
Physiology. Regulatory, Integrative and Comparative Physiology 294:R803-R810. DOI: https://doi.org/10.1152/
ajpregu.00682.2007, PMID: 18160529

Léwel S, Singer W. 1992. Selection of intrinsic horizontal connections in the visual cortex by correlated neuronal
activity. Science 255:209-212. DOI: https://doi.org/10.1126/science. 1372754, PMID: 1372754

Lundberg JM, Hokfelt T. 1983. Coexistence of peptides and classical neurotransmitters. Trends in Neurosciences
6:325-333. DOI: https://doi.org/10.1016/0166-2236(83)90149-2

Markram H, Libke J, Frotscher M, Sakmann B. 1997. Regulation of synaptic efficacy by coincidence of
postsynaptic APs and EPSPs. Science 275:213-215. DOI: https://doi.org/10.1126/science.275.5297.213, PMID:
8985014

Meziane H, Devigne C, Tramu G, Soumireu-Mourat B. 1993. Effects of anti-CCK-8 antiserum on acquisition and
retrieval by mice in an appetitive task. Peptides 14:67-73. DOI: https://doi.org/10.1016/0196-9781(93)90012-6,
PMID: 8441708

Meziane H, Devigne C, Tramu G, Soumireu-Mourat B. 1997. Distribution of cholecystokinin immunoreactivity in
the BALB/c mouse forebrain: an immunocytochemical study. Journal of Chemical Neuroanatomy 12:191-209.
DOI: https://doi.org/10.1016/s0891-0618(96)00211-6, PMID: 9141651

Milner B, Klein D. 2016. Loss of recent memory after bilateral hippocampal lesions: memory and memories-
looking back and looking forward. Journal of Neurology, Neurosurgery, and Psychiatry 87:230. DOI: https://
doi.org/10.1136/jnnp-2015-311092, PMID: 26283686

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 31 0f 33


https://doi.org/10.7554/eLife.83356
https://doi.org/10.1016/0896-6273(91)90333-u
https://doi.org/10.1016/0896-6273(91)90333-u
http://www.ncbi.nlm.nih.gov/pubmed/1684901
https://doi.org/10.1016/S0924-977X(03)00103-2
http://www.ncbi.nlm.nih.gov/pubmed/15013032
https://doi.org/10.1007/BF01181527
https://doi.org/10.1007/BF01181527
http://www.ncbi.nlm.nih.gov/pubmed/6352867
https://doi.org/10.1073/pnas.76.1.521
http://www.ncbi.nlm.nih.gov/pubmed/284371
https://doi.org/10.1111/j.1748-1716.1989.tb08721.x
https://doi.org/10.1111/j.1748-1716.1989.tb08721.x
http://www.ncbi.nlm.nih.gov/pubmed/2477992
https://doi.org/10.1093/cercor/bhl152
http://www.ncbi.nlm.nih.gov/pubmed/17220510
https://doi.org/10.1038/s41598-019-48787-w
https://doi.org/10.1038/s41598-019-48787-w
http://www.ncbi.nlm.nih.gov/pubmed/31451701
https://doi.org/10.1038/nmeth.2836
http://www.ncbi.nlm.nih.gov/pubmed/24509633
https://doi.org/10.1523/JNEUROSCI.4190-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21068304
https://doi.org/10.1002/cne.902100204
http://www.ncbi.nlm.nih.gov/pubmed/6290546
https://doi.org/10.1039/C5TB00108K
https://doi.org/10.1039/C5TB00108K
http://www.ncbi.nlm.nih.gov/pubmed/26167283
https://doi.org/10.1038/277575a0
http://www.ncbi.nlm.nih.gov/pubmed/105297
https://doi.org/10.1038/cr.2013.164
https://doi.org/10.1038/cr.2013.164
http://www.ncbi.nlm.nih.gov/pubmed/24343575
https://doi.org/10.1523/JNEUROSCI.2252-22.2023
http://www.ncbi.nlm.nih.gov/pubmed/37160368
https://doi.org/10.1016/s0896-6273(00)81095-8
http://www.ncbi.nlm.nih.gov/pubmed/10069340
https://doi.org/10.1152/ajpregu.00682.2007
https://doi.org/10.1152/ajpregu.00682.2007
http://www.ncbi.nlm.nih.gov/pubmed/18160529
https://doi.org/10.1126/science.1372754
http://www.ncbi.nlm.nih.gov/pubmed/1372754
https://doi.org/10.1016/0166-2236(83)90149-2
https://doi.org/10.1126/science.275.5297.213
http://www.ncbi.nlm.nih.gov/pubmed/8985014
https://doi.org/10.1016/0196-9781(93)90012-6
http://www.ncbi.nlm.nih.gov/pubmed/8441708
https://doi.org/10.1016/s0891-0618(96)00211-6
http://www.ncbi.nlm.nih.gov/pubmed/9141651
https://doi.org/10.1136/jnnp-2015-311092
https://doi.org/10.1136/jnnp-2015-311092
http://www.ncbi.nlm.nih.gov/pubmed/26283686

e Llfe Research article

Neuroscience

Nomoto S, Miyake M, Ohta M, Funakoshi A, Miyasaka K. 1999. Impaired learning and memory in OLETF rats
without cholecystokinin (CCK)-A receptor. Physiology & Behavior 66:869-872. DOI: https://doi.org/10.1016/
s0031-9384(99)00033-5, PMID: 10405116

Pekkola J, Ojanen V, Autti T, Jaaskeldinen IP, M6ttonen R, Sams M. 2006. Attention to visual speech gestures
enhances hemodynamic activity in the left planum temporale. Human Brain Mapping 27:471-477. DOI: https://
doi.org/10.1002/hbm.20190, PMID: 16161166

Rehfeld JF. 1978. Immunochemical studies on cholecystokinin. Il. distribution and molecular heterogeneity in the
central nervous system and small intestine of man and hog. The Journal of Biological Chemistry 253:4022—
4030 PMID: 649618.

Rehfeld JF. 2000. Cholecystokinin and panic disorder--three unsettled questions. Regulatory Peptides 93:79-83.
DOI: https://doi.org/10.1016/s0167-0115(00)00179-8, PMID: 11033055

Rockland KS, Ojima H. 2003. Multisensory convergence in calcarine visual areas in macaque monkey.
International Journal of Psychophysiology 50:19-26. DOI: https://doi.org/10.1016/s0167-8760(03)00121-1,
PMID: 14511833

Sakai K, Miyashita Y. 1991. Neural organization for the long-term memory of paired associates. Nature 354:152-
155. DOI: https://doi.org/10.1038/354152a0, PMID: 1944594

Schiffmann SN, Vanderhaeghen JJ. 1991. Distribution of cells containing mRNA encoding cholecystokinin in the
rat central nervous system. The Journal of Comparative Neurology 304:219-233. DOI: https://doi.org/10.1002/
cne.903040206, PMID: 2016418

Schlack A, Sterbing-D'Angelo SJ, Hartung K, Hoffmann KP, Bremmer F. 2005. Multisensory space representations
in the macaque ventral intraparietal area. The Journal of Neuroscience 25:4616-4625. DOI: https://doi.org/10.
1523/JNEUROSCI.0455-05.2005, PMID: 15872109

Scoville WB, Milner B. 1957. Loss of recent memory after bilateral hippocampal lesions. Journal of Neurology,
Neurosurgery, and Psychiatry 20:11-21. DOI: https://doi.org/10.1136/jnnp.20.1.11, PMID: 13406589

Seltzer B, Cola MG, Gutierrez C, Massee M, Weldon C, Cusick CG. 1996. Overlapping and nonoverlapping
cortical projections to cortex of the superior temporal sulcus in the rhesus monkey: double anterograde tracer
studies. The Journal of Comparative Neurology 370:173-190. DOI: https://doi.org/10.1002/(SICI)1096-9861(
19960624)370:2<173::AID-CNE4>3.0.CO;2-#, PMID: 8808729

Shakiryanova D, Tully A, Hewes RS, Deitcher DL, Levitan ES. 2005. Activity-dependent liberation of synaptic
neuropeptide vesicles. Nature Neuroscience 8:173-178. DOI: https://doi.org/10.1038/nn1377, PMID:
15643430

Siegel RE, Young WS. 1985. Detection of preprocholecystokinin and preproenkephalin A mRNAs in rat brain by
hybridization histochemistry using complementary RNA probes. Neuropeptides 6:573-580. DOI: https://doi.
org/10.1016/0143-4179(85)20121-0, PMID: 3841195

Somogyi P, Hodgson AJ, Smith AD, Nunzi MG, Gorio A, Wu JY. 1984. Different populations of GABAergic
neurons in the visual cortex and hippocampus of cat contain somatostatin- or cholecystokinin-immunoreactive
material. The Journal of Neuroscience 4:2590-2603. DOI: https://doi.org/10.1523/JNEUROSCI.04-10-02590.
1984, PMID: 6149275

Somogyi P, Klausberger T. 2005. Defined types of cortical interneurone structure space and spike timing in the
hippocampus. The Journal of Physiology 562:9-26. DOI: https://doi.org/10.1113/jphysiol.2004.078915, PMID:
15539390

Sugihara T, Diltz MD, Averbeck BB, Romanski LM. 2006. Integration of auditory and visual communication
information in the primate ventrolateral prefrontal cortex. The Journal of Neuroscience 26:11138-11147. DOI:
https://doi.org/10.1523/JNEUROSCI.3550-06.2006, PMID: 17065454

Sun W, Tang P, Liang Y, Li J, Feng J, Zhang N, Lu D, He J, Chen X. 2022. The anterior cingulate cortex directly
enhances auditory cortical responses in air-puffing-facilitated flight behavior. Cell Reports 38:110506. DOI:
https://doi.org/10.1016/j.celrep.2022.110506, PMID: 35263590

Swanson LW, Kdhler C. 1986. Anatomical evidence for direct projections from the entorhinal area to the entire
cortical mantle in the rat. The Journal of Neuroscience 6:3010-3023. DOI: https://doi.org/10.1523/
JNEUROSCI.06-10-03010.1986, PMID: 3020190

Tsutsumi T, Akiyoshi J, Isogawa K, Kohno Y, Hikichi T, Nagayama H. 1999. Suppression of conditioned fear by
administration of CCKB receptor antagonist PD135158. Neuropeptides 33:483-486. DOI: https://doi.org/10.
1054/npep.1999.0766, PMID: 10657528

van den Pol AN. 2012. Neuropeptide transmission in brain circuits. Neuron 76:98-115. DOI: https://doi.org/10.
1016/j.neuron.2012.09.014, PMID: 23040809

Vanderhaeghen JJ, Lotstra F, De Mey J, Gilles C. 1980. Immunohistochemical localization of cholecystokinin-
and gastrin-like peptides in the brain and hypophysis of the rat. PNAS 77:1190-1194. DOI: https://doi.org/10.
1073/pnas.77.2.1190, PMID: 6987667

Wang H, Qian T, Zhao Y, Zhuo Y, Wu C, Osakada T, Chen P, Chen Z, Ren H, Yan Y, Geng L, Fu S, Mei L, Li G,

Wu L, Jiang Y, Qian W, Zhang L, Peng W, Xu M, et al. 2023. A tool kit of highly selective and sensitive
genetically encoded neuropeptide sensors. Science 382:eabq8173. DOI: https://doi.org/10.1126/science.
abq8173, PMID: 37972184

Whim MD, Lloyd PE. 1989. Frequency-dependent release of peptide cotransmitters from identified cholinergic
motor neurons in Aplysia. PNAS 86:9034-9038. DOI: https://doi.org/10.1073/pnas.86.22.9034, PMID: 2554338

Yun SH, Mook-Jung I, Jung MW. 2002. Variation in effective stimulus patterns for induction of long-term
potentiation across different layers of rat entorhinal cortex. The Journal of Neuroscience 22:RC214. DOI:
https://doi.org/10.1523/JNEUROSCI.22-05-j0003.2002, PMID: 11880535

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 32 0f 33


https://doi.org/10.7554/eLife.83356
https://doi.org/10.1016/s0031-9384(99)00033-5
https://doi.org/10.1016/s0031-9384(99)00033-5
http://www.ncbi.nlm.nih.gov/pubmed/10405116
https://doi.org/10.1002/hbm.20190
https://doi.org/10.1002/hbm.20190
http://www.ncbi.nlm.nih.gov/pubmed/16161166
http://www.ncbi.nlm.nih.gov/pubmed/649618
https://doi.org/10.1016/s0167-0115(00)00179-8
http://www.ncbi.nlm.nih.gov/pubmed/11033055
https://doi.org/10.1016/s0167-8760(03)00121-1
http://www.ncbi.nlm.nih.gov/pubmed/14511833
https://doi.org/10.1038/354152a0
http://www.ncbi.nlm.nih.gov/pubmed/1944594
https://doi.org/10.1002/cne.903040206
https://doi.org/10.1002/cne.903040206
http://www.ncbi.nlm.nih.gov/pubmed/2016418
https://doi.org/10.1523/JNEUROSCI.0455-05.2005
https://doi.org/10.1523/JNEUROSCI.0455-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15872109
https://doi.org/10.1136/jnnp.20.1.11
http://www.ncbi.nlm.nih.gov/pubmed/13406589
https://doi.org/10.1002/(SICI)1096-9861(19960624)370:2<173::AID-CNE4>3.0.CO;2-#
https://doi.org/10.1002/(SICI)1096-9861(19960624)370:2<173::AID-CNE4>3.0.CO;2-#
http://www.ncbi.nlm.nih.gov/pubmed/8808729
https://doi.org/10.1038/nn1377
http://www.ncbi.nlm.nih.gov/pubmed/15643430
https://doi.org/10.1016/0143-4179(85)90121-0
https://doi.org/10.1016/0143-4179(85)90121-0
http://www.ncbi.nlm.nih.gov/pubmed/3841195
https://doi.org/10.1523/JNEUROSCI.04-10-02590.1984
https://doi.org/10.1523/JNEUROSCI.04-10-02590.1984
http://www.ncbi.nlm.nih.gov/pubmed/6149275
https://doi.org/10.1113/jphysiol.2004.078915
http://www.ncbi.nlm.nih.gov/pubmed/15539390
https://doi.org/10.1523/JNEUROSCI.3550-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17065454
https://doi.org/10.1016/j.celrep.2022.110506
http://www.ncbi.nlm.nih.gov/pubmed/35263590
https://doi.org/10.1523/JNEUROSCI.06-10-03010.1986
https://doi.org/10.1523/JNEUROSCI.06-10-03010.1986
http://www.ncbi.nlm.nih.gov/pubmed/3020190
https://doi.org/10.1054/npep.1999.0766
https://doi.org/10.1054/npep.1999.0766
http://www.ncbi.nlm.nih.gov/pubmed/10657528
https://doi.org/10.1016/j.neuron.2012.09.014
https://doi.org/10.1016/j.neuron.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23040809
https://doi.org/10.1073/pnas.77.2.1190
https://doi.org/10.1073/pnas.77.2.1190
http://www.ncbi.nlm.nih.gov/pubmed/6987667
https://doi.org/10.1126/science.abq8173
https://doi.org/10.1126/science.abq8173
http://www.ncbi.nlm.nih.gov/pubmed/37972184
https://doi.org/10.1073/pnas.86.22.9034
http://www.ncbi.nlm.nih.gov/pubmed/2554338
https://doi.org/10.1523/JNEUROSCI.22-05-j0003.2002
http://www.ncbi.nlm.nih.gov/pubmed/11880535

L]
ELlfe Research article Neuroscience

Zhang LI, Tao HW, Holt CE, Harris WA, Poo M. 1998. A critical window for cooperation and competition among
developing retinotectal synapses. Nature 395:37-44. DOI: https://doi.org/10.1038/25665, PMID: 9738497

Zhang Z, Zheng X, Sun W, Peng Y, Guo Y, Lu D, Zheng Y, Li X, Jendrichovsky P, Tang P, He L, Li M, Liu Q, Xu F,
Ng G, Chen X, He J. 2020. Visuoauditory associative memory established with cholecystokinin under
anesthesia is retrieved in behavioral contexts. The Journal of Neuroscience 40:2025-2037. DOI: https://doi.
org/10.1523/JNEUROSCI.1673-19.2019, PMID: 31980587

Zhou YD, Fuster JM. 2000. Visuo-tactile cross-modal associations in cortical somatosensory cells. PNAS
97:9777-9782. DOI: https://doi.org/10.1073/pnas.97.17.9777, PMID: 10944237

Zhou YD, Fuster JM. 2004. Somatosensory cell response to an auditory cue in a haptic memory task. Behavioural
Brain Research 153:573-578. DOI: https://doi.org/10.1016/}.bbr.2003.12.024, PMID: 15265656

Sun, Wu, Peng et al. eLife 2024;0:83356. DOI: https://doi.org/10.7554/eLife.83356 33 0f 33


https://doi.org/10.7554/eLife.83356
https://doi.org/10.1038/25665
http://www.ncbi.nlm.nih.gov/pubmed/9738497
https://doi.org/10.1523/JNEUROSCI.1673-19.2019
https://doi.org/10.1523/JNEUROSCI.1673-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/31980587
https://doi.org/10.1073/pnas.97.17.9777
http://www.ncbi.nlm.nih.gov/pubmed/10944237
https://doi.org/10.1016/j.bbr.2003.12.024
http://www.ncbi.nlm.nih.gov/pubmed/15265656

	Heterosynaptic plasticity of the visuo-­auditory projection requires cholecystokinin released from entorhinal cortex afferents
	Editor's evaluation
	Introduction
	Results
	The auditory cortex receives a direct projection from the visual cortex
	HFS of the VC-to-AC projection does not induce long-term potentiation (LTP)
	VC-to-AC inputs are potentiated after pairing the activation of their terminals with noise bursts in the presence of CCK
	HFS laser of EC-to-AC CCK﻿+﻿ terminals results in LTP of VC-to-AC inputs after pairing with postsynaptic firing in the AC evoked by noise stimulus
	HFS laser of the EC-to-AC CCK﻿+﻿ terminals ex vivo leads to LTP of the VC-to-AC inputs after pairing with electrical stimulation
	EC-to-AC-projecting neurons have higher CCK expression levels than VC-to-AC-projecting neurons
	Effect of different parameters of the pairing protocol on the potentiation level of VC-to-AC inputs
	Inactivation of the EC-to-AC CCK﻿+﻿ projection prevents the establishment of the visuo-auditory association behaviorally
	The inactivation of the EC-to-AC CCK﻿+﻿ projection disrupts the behavioral recall of visuo-auditory associative memory
	Application of a CCKBR antagonist blocks formation of the visuo-auditory association
	Systemic administration of CCK-4 rescues the deficit of ﻿Cck﻿﻿-/-﻿ mice in visuo-auditory memory

	Discussion
	Critical projections
	Cortical neuropeptides
	Optogenetics
	Prerequisites for synaptic plasticity
	Hebbian plasticity
	Limitations

	Materials and methods
	Animals
	Viruses
	Surgery
	Brain microinjection of the AAVs or retrograde tracer
	Drug infusion
	Retrograde tracing
	Quantification of CCK expression levels of AC-projecting neurons in the VC and the EC
	in vivo fEPSP recording with optogenetics
	Modified HFS protocol
	Pre/Post Pairing protocol
	CCK (or ACSF) + Pre/Post Pairing protocol
	CCK alone, CCK + Pre, and CCK + Post protocols
	HFS laser VC-to-AC + Pre/Post Pairing protocol
	HFS laser EC-to-AC + Pre/Post Pairing protocol
	HFS laser EC-to-AC alone, HFS laser EC-to-AC + Pre, and HFS laser EC-to-AC + Post protocols
	Different variations of the HFS laser EC-to-AC + Pre/Post Pairing protocol
	L-365,260 (or ACSF) + HFS laser EC-to-AC + Pre/Post Pairing protocol
	High-Intensity Noise + Pre/Post Pairing protocol

	Optimizing laser intensity for pathway-specific activation
	Brain slice preparation and patch-clamp recordings
	Endogenous CCK release detection with fiber photometry
	Visuo-auditory association task
	Histology
	Acoustic stimuli, visual stimuli, electrical stimulation, and laser stimulation
	Quantification of the electrophysiological data
	Statistical analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


