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Interhemispheric cortical long-term potentiation

in the auditory cortex requires heterosynaptic

activation of entorhinal projection

Xiao Li,"?* Ling He,! Xiaohan Hu,' Fengwen Huang," Xue Wang,' Mengying Chen," Ezra Ginn Yoon,'
Stephen Temitayo Bello,” Tao Chen," Xi Chen,"? Peng Tang,'® Congping Chen,*” Jianan Qu,*>°

and Jufang He'-28*

SUMMARY

Long-term potentiation (LTP), which underlies learning and memory, can
be induced by high-frequency electrical stimulation (HFS or HFES) and is thought
to occur at the synapses of efferent projection. Here, the contralateral connectiv-
ity in mice auditory cortex was investigated to reveal the fundamental corticocort-
ical connection properties. After HFES, plasticity was not observed at the terminal
synapses at the recording site. The optogenetic HFS at the recording site of the
interhemispheric cortical projections could not induce LTP, but HFES at the
recording site could induce the interhemispheric cortical LTP. Our subsequent re-
sults uncovered that it is the cholecystokinin (CCK) released from the entorhino-
neocortical pathway induced by HEFS that modulates the neuroplasticity of the
afferent projections, including interhemispheric auditory cortical afferents. Our
study illustrates a heterosynaptic mechanism as the basis for cortical plasticity.
This regulation might contribute new spots for the understanding and treatment
of neurological disorders.

INTRODUCTION

Brain connections determine the brain’s functional organization, hence complex cognition and associative
behavior require an integration of cortical areas orchestrated by densely yet precisely connected net-
works.! The cortical network connectivity can be shaped by experience to adapt to both the complexity
and changes in the environment. The developing brain exhibits a high possibility of change and cortical
plasticity progressively declines across the life span.”™ The investigation of plasticity mechanisms may
shed light on the neurobiological mechanisms underlying normative aging and neurodegenerative
processes.

Interhemispheric commissural circuits are essential in high-level associative complexity through the bilat-
eral integration of information.” The callosal projection is the largest connection system of the mammalian
brain that can directly activate contralateral pyramidal neurons, as well as inhibitory interneurons.*® These
callosal inputs can drive excitation or inhibition in cortical circuits to achieve cortical integration or segre-
gation of lateralized functions.” In the auditory cortex (AC), callosal communication between the two cere-
bral hemispheres is necessary for sound localization processes underlying spatial hearing.”'%"" The forma-
tion of callosal synapses is supported by presynaptic and postsynaptic neuronal co-activities based on the
Hebbian rule in post-natal periods.'”"® Nevertheless, how an adult brain forms interhemispheric cortical
plasticity needs to be elucidated. Herein, we focus on the induction of interhemispheric cortical long-
term potentiation (LTP) in the auditory cortex of adult mice using in vivo methodology attempting to
answer the proposed question.

LTP, a form of synaptic change, is considered to be the basis of memory traces in different brain re-
gions."*"'? Impairment of LTP-like cortical plasticity is a key indicator in some neurological diseases such
as Alzheimer's diseases.””?' LTP can be induced by high-frequency stimulation (HFS), which activates
both presynaptic fibers and the postsynaptic neurons and thus produces homosynaptic Hebbian
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Figure 1. Interhemispheric cortical LTP could not be homosynaptic but heterosynaptic LTP

(A) Left panel: AAV-hSyn-Chronos-GFP was injected into the auditory cortex at site L of C57 mice. Right panel: Images of
virus-expressing neurons in injection site L and site R. Confocal images presenting the afferent fibers were detected in site
R in the enlarged image (scale bars: 500 and 100 um).

(B) Left panel: The diagram of the experiment design. A laser of 473-nm wavelength was used to activate the afferent terminals
with opsins expression at site R, which was projected from the contralateral auditory cortex. Glass pipette electrodes at site R
were usedto record the field EPSPs evoked by electrical stimulation ES-L and laser stimulations LS-R. Right panel: Experimental
protocol. ES was applied to site L (ES-L). Laser was applied to site R (LS-R). HFES-L was applied to site L.

(C) Left: Representative fEPSP traces evoked by ES-L and LS-R (473 nm, right) before (dotted) and after (solid) HFES-L.
Right: Normalized fEPSP slopes in response to ES-L (red) and LS-R (473 nm, blue) before and after HFES-L (ES-L: **,

p < 0.001, two-way RM ANOVA; LS-R: ns, p = 0.809, two-way RM ANOVA; ES-L vs. LS-R after HFES-L: **, two-way RM
ANOVA, p < 0.001).

(D) A schematic Diagram. Upper: Stronger outputs from the stimulation (left) site due to the enhanced neural activity in
response to ES after the HFS. Lower: Strengthened synaptic connectivity within the recording site after the HFS.

(E) AAV-hSyn-Chronos-GFP was injected into the auditory cortex at site L of C57 mice. 473 nm laser was used to activate
the afferent terminals with opsins expression at site R, which was projected from the contralateral auditory cortex. Glass
pipette electrodes at site R were used to record the field EPSPs evoked by ES-L and LS-R.

(F) Experimental protocol. ES was applied to site L. Laser was applied to site R. HFLS was applied to site R. Lower: The
fEPSPs evoked by HFLS-R.
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Figure 1. Continued

(G) fEPSPs in response to HF 473 nm laser pulse train at site R. Left: Representative fEPSP traces evoked by ES-L and LS-R
(473 nm) before (dotted) and after (solid) HFLS-R. Right: Normalized fEPSP slopes in response to ES-L (red) and LS-R
(473 nm, blue) before and after HFLS-R (ES-L: ns, p = 0.970, two-way RM ANOVA; LS-R: ns, p = 0.906, two-way RM
ANOVA).

(H) Upper panel: AAV-hSyn-ChrimsonR-tdTomato was injected into the auditory cortex at site L of C57 mice. Lower panel:
Images of virus-expressing neurons in injection site L and site R. Confocal images presenting the afferent fibers were
detected in site R in the enlarged image (Scale bars: 500 and 100 pm).

(I) Upper panel: The diagram of the experiment design. A laser of 620-nm wavelength was used to activate the afferent
terminals with opsins expression at site R, which was projected from the contralateral auditory cortex. Glass pipette
electrodes at site R were used to record the field EPSPs evoked by electrical stimulation ES-L and laser stimulation LS-R.
Lower panel: Experimental protocol. ES was applied to site L. Laser was applied to site R. HFES-R was applied to site R.
(J) Left: Representative fEPSP traces evoked by ES-L and LS-R (620 nm) before (dotted) and after (solid) HFES-R. Right:
Normalized fEPSP slopes in response to ES-L (black) and LS-R (620 nm, red) before and after HFES-R (Response to ES-L,
before vs. after HFES-R: **, p < 0.001, two-way RM ANOVA,; response to LS-R, before vs. after HFES-R, **, p < 0.001, two-
way RM ANOVA).

(K) HFLS-R could neither potentiate the neural response to ES-L nor to LS-R; HFES-L could potentiate the response to ES-
L but not to LS-R; HFES-R could potentiate the response to both ES-L and LS-R.

(L) Besides the cortical neurons, HFS could also activate the afferent fibers from other brain regions and cortical fibers
locally.

the requirements to trigger this LTP at the system-level (in vivo) are yet to be discovered.””?® In the current
study, we found that HFS could not induce the homosynaptic LTP of interhemispheric cortical pathway.
Conversely, the interhemispheric cortical LTP could be induced in a heterosynaptic manner with the assis-
tance of other projections. The studied heterosynaptic plasticity, in some ways, assists in preventing
runaway dynamics of basic Hebbian plasticity by introducing another force to drive the interhemispheric
cortical pathway cooperatively.?” According to previous studies, the entorhinal cortex enables neocortical
plasticity via its CCK-positive cortical projection neurons, and this plasticity can be suppressed by the infu-
sion of a CCK-B receptor (CCK-BR) antagonist.”®”” Moreover, CCK plays an essential role in inducing LTP
and enabling associative memory formation.”” Therefore, we hypothesize that the entorhino-neocortical
projections are necessary to mediate the heterosynaptic LTP of interhemispheric cortical pathway through
CCK release.

This work might depict a heterosynaptic mechanism underlying the formation of interhemispheric cortical
plasticity that could foster the diversity of research on complicated cortical plasticity.

RESULTS

Interhemispheric cortical LTP is not homosynaptic but heterosynaptic LTP

The presynaptic and postsynaptic neuronal activity enables callosal cortical plasticity in the developing
brain,'”"® on which homosynaptic plasticity is based, according to the Hebbian rule. HFS is the most adop-
ted methodology to induce a homosynaptic Hebbian-type LTP,'%1/~19:22-24
occur at the synapses that terminate from the stimulation site projecting onto neurons at the recording
site.’>*" To investigate the requirements for cortical plasticity in a mature brain, we first utilize HFS to
induce interhemispheric LTP in the auditory cortex of adult mice. Contralateral cortical projection illus-
trates a “mirror-like” symmetrical but attenuated connectivity.”” Both hemispheric auditory cortices served
as the stimulation site L and the recording site R, respectively. We combined optogenetics and electrical

whose plasticity is thought to

stimulation through in-vivo electrophysiology recordings.

To confirm the topological homosynaptic cortical projections, we injected the virus (AAV-hSyn-Chronos-
GFP) into the auditory cortex (site L) of wild-type C57 mice (Figure 1A left panel). Projections labeled by
the virus injected in site L were found in the mirrored location of the contralateral auditory cortex (site R,
Figure 1A right panel). The commissural fibers were only found via corpus callosum, meaning most of
the interhemispheric projection neurons in the auditory cortex are callosal projection neurons (Figure 1A
right panel). The majority, accounting for 93.5 + 3.8% of the GFP* neurons, were CamKIl* neurons
(Figures STA and S1B). This result confirmed that the neurons of one hemisphere directly projected to
the contralateral auditory cortex, and these projections are excitatory.

During the electrophysiology experiment (Figure 1B left panel), we first inserted low-impedance electrodes
into the layer V of the left auditory cortex where the virus had been injected (site L) for ES (ES-L), as well as
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glass electrodes into the symmetrical site of the right hemisphere (site R) for neural responses recording.
Then we attached an optic fiber on the cortex’s surface near site R for laser stimulation (LS-R), which could
specifically activate the projection terminals of the pathway L— R, to examine the possible contribution of
the plasticity in the recording site R to the HFES-L-induced LTP of pathway L— R. Since we inserted the ES
electrode into the same location where the virus was injected, LS-R activated many fiber terminals that ES-L
also activated. We applied ES-L and LS-R alternatively and detected neural responses to ES-L or LS-R at site
R by the slope of the field excitatory postsynaptic potentials (fEPSPs). ES-L could evoke extracellular
neuronal spikes (Figure S1C). High-frequency electrical stimulation at site L (HFES-L, Figure S1D) was
delivered to induce the LTP of the pathway L— R after baseline probe testing (Figure 1B right panel).
The fEPSPs in response to ES-L were potentiated, but fEPSPs to LS-R remained unchanged after HFES-L
(two-way RM ANOVA, significant interaction F[1,138] = 116.3, p < 0.001; responses to ES-L: 99.0 + 1.4%
vs. 151.0 + 3.1%, before vs. after HFES-L, pairwise comparison, p < 0.001; LS-R activation: 98.4 + 1.9%
vs. 99.3 + 3.0%, before vs. after HFES-L, pairwise comparison, p = 0.809, n = 14 from 9 mice, Figure 1C).
The difference between the fEPSPs in response to ES-L and LS-R was significant after HFES-L (151.0 +
3.1% vs. 99.3 £ 3.0%, responses to ES-L vs. LS-R activation, pairwise comparison, p < 0.001, Figure 1C).
These results indicated that HFES-L-induced neuroplasticity might not occur within the synapses at site
R but in the stimulation site L (Figure 1D). We reasoned that HFES-L at the neocortex enabled
neuroplasticity around the stimulation site L; the enhanced local cortical network at site L resulted in
stronger outputs generated by ES after HFS than before HFS (Figure 1D upper panel). Therefore, the
LTP observed in site R is not an interhemispheric cortical LTP (Figure 1D lower panel).

These results differ from our current understanding of neuroplasticity occurring in synapses at the
recording site of projections from the stimulation site in the HFS-induced LTP. Previous studies have
demonstrated that the inactivation of a targeted neuron prevents neuroplasticity from happening.®°
In the next experiment, we silenced site R while applying HFS to site L to ensure our results were reliable.
If the neuroplasticity occurred at site L as we expected, the potentiation of the fEPSPs could still be
recorded.

We infused lidocaine (1.0%, 0.5 pl) into site R after baseline probe ES testing (Figure STE). Lidocaine
temporarily suppressed the neuronal activity at site R (Figure S1F, time at O min). In the control group
without HFES-L, the fEPSP slope dropped initially and gradually recovered after lidocaine infusion. After
the recovery of the neural activity, the fEPSP slope remained the same as before (Figure S1F, blue dots;
99.8 + 0.7% vs. 100.9 + 2.0%, before vs. after, pairwise comparison, p = 0.594, n = 19 from 5 mice). In
the experimental group, HFES-L was applied after the lidocaine infusion. The neural responses to ES-L
were successfully potentiated even when the neurons at recording site R were temporarily silenced during
HFES-L (Figure ST1F, red dots; two-way RM ANOVA, significant interaction F [1,158] = 208.9, p < 0.001;
99.3 + 0.9% vs. 147.9 + 2.4% before vs. after lidocaine pairwise comparison, p < 0.001, n = 13 from 6
mice). The result of the control group excluded the possibility of LTP caused by any rebound effects after
neural suppression by lidocaine. This cortical LTP occurred even though the neural activities at site R were
silenced. Compared to Figure 1C ES group, the mean difference of LTP induced by HFES-L with or without
neural activities at site Ris 5.1 4+ 4.4%, which is nonsignificant (two-way RM ANOVA, pairwise comparison,
p = 0.241), implying that neural plasticity could only occur within site L.

Previously, we adopted a traditional method to induce interhemispheric cortical LTP, the HFES-L had
proved herein to induce a local LTP but not the interhemispheric cortical LTP. The plasticity did not occur
at site R, where synaptic pathway L— R connections are located, but at the HFS site L. Hence, how could the
real LTP of the interhemispheric cortical pathway L— R be formed?

First, we tried to conduct high-frequency activation of the interhemispheric cortical projections directly.
The same virus-injected mice were employed as those in the experiment in Figures 1A-1C. The experi-
mental protocol is shown in Figures 1E and 1F. Neural responses to ES-L and LS-R were recorded at site
R. We applied high-frequency laser stimulation at site R (HFLS-R) to directly activate the commissural ter-
minals of pathway L— R. The fEPSPs response to HFLS-R showed that the activation of the projection could
follow HFLS-R at 80 Hz (Figure 1F). Still, the fEPSPs evoked by either ES-L or LS-Rwere not potentiated after
HFLS-R (ES-L: 98.7 £+ 0.9% vs. 98.6 + 2.0%, before vs. after HFLS-R, pairwise comparison, p = 0.970; LS-R:
98.6 + 2.6% vs. 99.0 + 2.5%, before vs. after HFLS-R, pairwise comparison, p = 0.906, n = 13 from 8 mice,
Figure 1G). It further proved that the high-frequency activation of terminals of commissural projection
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neurons failed to strengthen the synaptic connectivity of the pathway L— R. Interhemispheric cortical LTP
could not be formed in a homosynaptic manner.

In the next experiment, we tried to apply the high-frequency electrical stimulation at site R (HFES-R) to
induce LTP of the interhemispheric cortical pathway L— R. HFES-R could induce high-frequency activation
of all the afferent projections to site R non-specifically. Since HFS could enable neuroplasticity around the
HFS site (Figure 1C), we aimed to verify if the cortical HFS could enable the plasticity of the afferents from
the contralateral hemisphere.

We injected the virus (AAV-hSyn-ChrimsonR-tdTomato) into the auditory cortex (site L) of C57 mice
(Figure TH). Projections labeled by the virus from site L were found in the contralateral auditory cortex
at site R. We delivered HFES-R to the recording site R after baseline probe testing (Figure 11). The fEPSPs
to both ES-L and LS-Rwere potentiated after HFES-R this time (response to ES-L: increased by 34.2 + 3.8%,
pairwise comparison p < 0.001; response to LS-R: increased by 36.6 + 3.8%, pairwise comparison p < 0.001,
Figure 1J), which suggested neural plasticity occurred at recording site R (two-way RM ANOVA, significant
interaction F[1,168] = 38.1, p < 0.001; response to ES-L: 99.6 + 0.5% vs. 133.9 + 3.7% before vs. after HFES-
R, n =17 from 12 mice; response to LS-R: 100.8 + 0.5% vs. 137.4 + 3.7%, n = 17 from 12 mice, Figure 1J).
The mean difference of LTP induced by HFES-R to ES or laser at site Ris 3.5 + 5.2%, which is nonsignificant
(two-way RM ANOVA, pairwise comparison, p = 0.496). The real interhemispheric cortical LTP of pathway
L— R was successfully induced by HFES-R.

Figure 1G showed that high-frequency laser stimulation of the interhemispheric afferent terminals (at site R)
could not induce the interhemispheric cortical LTP of pathway L— R. However, the high-frequency electri-
cal stimulation at the recording site R could induce this interhemispheric cortical LTP (Figures 1J and 1K).
Besides the specific projection from site L, HFES-R could activate other afferent projections at site R (Fig-
ure 1L), which might help modulate this LTP. These results imply that the interhemispheric cortical LTP of
pathway L— R could not be homosynaptic but heterosynaptic LTP.

Interhemispheric cortical LTP could be generated in a heterosynaptic manner through the
modaulation of entorhino-neocortical projections

At first, we surprisingly found that HFES-L could not induce the homosynaptic LTP of the interhemispheric
cortical pathway but only triggered the local neural plasticity around the stimulation site L. Further, we
confirmed that the interhemispheric cortical LTP could only be induced in a heterosynaptic manner.
Next, we aimed to find which pathway was responsible for modulating this synaptic plasticity. Previous
studies showed that the entorhinal cortex enables neocortical plasticity via its CCK-positive cortical projec-
tion neurons and this plasticity can be suppressed by the infusion of a CCK-B receptor (CCK-BR) antago-
nist.”>*’ Therefore, we hypothesize that the entorhino-neocortical CCK projections are necessary to modu-
late the heterosynaptic LTP of the interhemispheric cortical pathway.

In the following experiment, we examined whether the high-frequency stimulation of entorhino-neocortical
CCK projections induced hetero-synaptic LTP in the commissural terminals of the pathway L— R. We in-
jected two viruses, one into the entorhinal cortex, ipsilateral to site R (AAV-EF1a-FLEX-Chronos-eYFP)
and the other into site L (AAV-hSyn-ChrimsonR-tdTomato) in CCK-ires-Cre mice (Figure 2A). The virus in
the entorhinal cortex selectively infected the CCK neurons, and the virus in the auditory cortex transfected
neurons non-specifically (Figures 2B and 2C). Virus-labeled afferents from both the auditory cortex and the
entorhinal cortex overlapped in site R, where optical fiber was placed (Figure 2C). In the entorhinal cortex,
90.1 + 3.1% of eYFP* neurons were CamKII*, 5.0 + 1.4% were GAD67", and 92.7 + 0.93% of eYFP express-
ing neurons were CCK" (Figures S2A and S2C: total 1,474 neurons, 1,326 eYFP* neurons, n = 12 slices, N =3
mice; Figures S2B and S2C: 1,665 eYFP™ neurons, n = 12 slices, N = 3 mice, correspondingly), implying most
entorhino-neocortical projections at site R were from excitatory CCK neurons.

We delivered ES to site L (ES-L) and monitored the neural activity at site R. The optic fiber at site R activated
the afferents of L— R with red light or the afferents of entorhino-neocortex with blue light (Figure 2D). We
applied ES-L and red light at site R (LS-R) alternatively for the baseline fEPSPs, before delivering high-fre-
quency laser stimulation of blue light to site R (HFLS, five pulses at 50 Hz for each burst, ten bursts at
0.1 Hz). Five pulses of ES-L were presented after each blue light HFLS burst at 1 Hz to activate the
pathway L— R (HFLS-ES, Figure 2E, pairing protocol). The fEPSPs evoked by blue light HFLS showed that
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Figure 2. Interhemispheric cortical LTP could be generated in a heterosynaptic manner through the modulation
of entorhino-neocortical afferents

(A) AAV-hSyn-ChrimsonR-tdTomato was injected into the auditory cortex at site L; AAV-EF1a-FLEX-chronos-eYFP or
AAV-EF1a-DIO-eYFP was injected into the entorhinal cortex on the contralateral side of CCK-Cre mice.

(B) Locations of tdTomato expressing somas in site L and projecting fibers in site R are revealed (scale bar: 500 pm).
(C) Enlarged images show the AAV-hSyn-Chrimson-tdTomato injection site (left panel) and both afferents from the
auditory cortex (red) and entorhinal cortex (green, middle panel, scale bars: 100 um). Right: Confocal image shows the
virus injection position in the entorhinal cortex (Ent, scale bar: 500 um).

(D) Diagram of the experiment design; 473 nm and 620 nm lasers were used to activate the afferent terminals with opsins
expression atsite R, which was projected from the entorhinal and contralateral auditory cortex, respectively. Glass pipette
electrodes at site R were used to record the field EPSPs evoked by ES-L and 620 nm laser stimulations (LS-R).

(E) Experimental protocol. ES was applied to site L. Laser of 620 nm was applied to site R. High-frequency laser of 473 nm
(5 pulses-50 Hz x 10 burst-0.1Hz, HFLS) were applied to site R, followed by low-frequency ES-L (5 pulse-1Hz x 10
burst-0.1Hz, ES).

(F) Upper: fEPSPs evoked by HF 473 nm laser pulse train at site R of CCK-ires-Cre mice from the experimental group.
Lower: fEPSPs in response to HF 473 nm laser pulse train at site R of CCK-ires-Cre mice from the control group.

(G) Experimental group. Upper: Representative fEPSP traces evoked by ES-L and LS-R (620 nm, right) before (dotted) and
after (solid) HFLS-ES pairing. Lower: Normalized fEPSP slopes in response to ES-L (black) and LS-R (620 nm, red light)
before and after HFLS-ES pair (ES-L: ** Two-way RM ANOVA, p < 0.001; LS-R: ** Two-way RM ANOVA, p < 0.001; ES-L vs.
LS-R after HFLS-ES pair: ns, two-way RM ANOVA, p = 0.132).

(H) Control group. Upper: Representative fEPSP traces evoked by ES-L and LS-R (620 nm) before (dotted) and after (solid)
HFLS-ES pair. Lower: Normalized fEPSP slopes in response to ES-L (black) and LS-R (620 nm, red) before and after HFLS-
ES pair (ES-L: ns, two-way RM ANOVA, p = 0.923; LS-R: ns, two-way RM ANOVA, p = 0.816).

entorhino-neocortical afferent terminals reliably followed the high-frequency laser stimulation (Figure 2F
upper panel). After the pairing of blue-light HFLS and ES-L (Figure 2E), the fEPSPs response to ES-L and
red light LS-R were both potentiated in a similar level (fEPSP traces and time course, Figure 2G; two-way
RM ANOVA, significant interaction F[1,198] = 2.04, p = 0.155; responses to ES-L: pairwise comparison,
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Figure 3. High-frequency activation of the entorhino-neocortical projections could release CCK that enables the
interhemispheric cortical plasticity

(A) A schematic diagram illustrated the hypothetic model of the heterosynaptic neuroplasticity for the commissural LTP
induction. Left: The activation of the L— R pathway; middle: High-frequency activation of the entorhino-neocortical
afferents triggered the CCK release; right: Synaptic plasticity of the interhemispheric cortical pathway enabled by the
regulation of CCK.

(B) AAV-syn-CCKsensor was injected into the auditory cortex at site R, and pAAV-Syn-FLEX-ChrimsonR-tdTomato/pAAV-
Syn-ChrimsonR-tdTomato into the entorhinal cortex, ipsilateral to site Rin CCK-ires-Cre/CCK-KO mice. Enlarged images
show the AAV-hSyn-Chrimson-tdTomato injection site (upper right) and co-localized (lower right) entorhino-neocortical
projections (lower left) with CCKsensor expression (lower middle, Scale bars: 1 mm and 200 um).

(C) Upper: The diagram of the experiment design. An optical fiber was attached to the cortex’s surface near site R to
activate entorhino-neocortical terminals by red light. Another optical fiber was placed into site R to monitor the
fluorescence intensity. Lower: Traces of fluorescence signal of the CCK-sensor before and after the high-frequency laser
stimulation (50 Hz red light, HFLS) in CCK-Cre or CCK-KO mice. Averaged AF/F0% was shown as the mean value in solid
line and SEM in shadow area. The fluorescence increased after HFLS in CCK-Cre mice (red), but the HFLS could not induce
the increase in CCK-KO mice (blue).

(D) Bar charts showing the averaged AF/F0% from the different groups before and after HFS. (Bonferroni multiple
comparisons test: before vs. after HFLS in CCK-Cre: **, p <0.0001, n = 21, N = 11; before vs. after HFLS in CCK-KO: ns, p =
1.0, n =22, N = 11; After HFLS in CCK-Cre vs. CCK-KO: p < 0.0001).
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Figure 3. Continued

(E) Upper: Electrode and drug-injection pipette placement. ES was applied to site L. CCK or ACSF was injected at the
stimulation site R; Lower: Normalized fEPSP slopes before and after CCK (red) or ACSF (blue) injections at site R followed
by ES (CCK group: **, two-way RM ANOVA, p <0.001; ACSF group: ns, two-way RM ANOVA, p = 0.658; After CCK vs. after
ACSF: **, two-way RM ANOVA, p < 0.001).

(F) Upper: Electrode and drug-injection pipette placement. ES was applied to site L. CCK or ACSF was injected at the
recording site L. Lower: Normalized fEPSP slopes before and after CCK (red) or ACSF (blue) injection at site L, followed by
ES (CCK group: **, two-way RM ANOVA, p < 0.001; ACSF group: ns, two-way RM ANOVA, p = 0.784; After CCK vs. after
ACSF: **, two-way RM ANOVA, p < 0.001).

(G) Representative images of CCK-BR expression in CCK-ABRKO and wild-type mice. Upper: Immunolabeling showing
CamKIl* and CCK-BR" neurons in the auditory cortex of wild-type mice (1295, scale bar: 20 um). Lower: Immunolabeling
showing CamKII" and CCK-BR™ neurons in the auditory cortex of CCK-ABRKO mice (scale bar: 20 um).

(H) Upper: Positions of recording and stimulating electrodes in the mouse auditory cortex. Lower: Normalized fEPSPs
slopes before and after HFS in 129s mice (red) or CCK-ABRKO mice (blue) (two-way RM ANOVA, 129s mice; **p < 0.001;
CCK-ABRKO mice: ns, p = 0.377; After HFES-L in 129s vs. CCK-ABRKO: **, two-way RM ANOVA, p < 0.001).

99.8 £ 0.9%vs. 130.2 £ 2.9%, before vs. after paring, p <0.001, n = 20 from 6 mice; response to red light LS-
R: pairwise comparison, 99.5 £ 2.6% vs. 139.0 + 5.1%, before vs. after paring, p < 0.001, n = 20 from 6 mice;
pairwise comparison between fEPSPs to ES-L and red light LS-R at 60 min after the pairing, p = 0.132; Fig-
ure 2G), indicating that LS-R and ES-L may activate similar projections at site R. Different from the experi-
ments in Figure 1C, the neural plasticity occurred at the recording site Rbut not site L. The interhemispheric
cortical LTP was successfully induced under the modulation of entorhino-neocortical CCK projections.

For the control group, we injected the AAV-EF1a-DIO-eYFP virus into the entorhinal cortex, so that the en-
torhino-neocortical CCK projections would not be activated by the blue laser (Figure 2F lower panel). The
other conditions remained unchanged. The same HFLS-ES pairing induced no LTP of pathway L— R via
either ES-L or red light LS-R (two-way RM ANOVA, significant interaction F[1,168] = 0.055, p = 0.816; fEPSP
to ES-L: pairwise comparison, 99.6 £+ 0.5% vs. 99.2 + 1.0%, before vs. after pairing, p = 0.923; fEPSP to red
light LS-R: pairwise comparison, 100.0 + 3.6% vs. 100.9 + 3.8%, before vs. after pairing, p = 0.816; n = 17
from 6 mice; Figure 2H). We also specified the expression of the AAV-EF1a-DIO-eYFP virus in the entorhinal
cortex (Figures 5S2D-52K) and found the same results as the experimental group.

The interhemispheric cortical LTP of pathway L— R could not be induced by high-frequency activation of its
commissural terminals, which means that the LTP is not homosynaptic LTP. In contrast, this LTP could be
induced in the commissural terminals when their low-frequency activation was paired with high-frequency laser
stimulation of entorhino-neocortical CCK projections. These results indicate that the interhemispheric cortical
LTP could be generated in a heterosynaptic manner through the modulation of entorhino-neocortical afferents.

High-frequency activation of the entorhino-neocortical projections could release CCK that
enables the interhemispheric cortical plasticity

In the final experiment, we aimed to explore how entorhino-neocortical CCK projections could modulate the
LTP of the interhemispheric cortical pathway. Immunohistochemistry showed that 37.9 + 2.8% of eYFP" and
excitatory postsynaptic density protein 95 (PSD95) labeled interhemispheric cortical terminals were CCK pos-
itive (Figures S3A and S3C). We inferred that very limited CCK, if any, was released during the current stimu-
lation protocol of commissural projection terminals of the interhemispheric pathway. However, 90.3 + 0.6% of
PSD95 and eYFP co-labeled entorhino-neocortical terminals were CCK positive (Figures S3B and S3C), and
91.2 £ 1.4% were colocalized with CCK-BRs (Figures S3D and S3E). It showed that much more CCK was in
the entorhino-neocortical projections than that in the commissural terminals of pathway L— R. According
to our previous studies, cortical neural plasticity could be readily induced by presynaptic and postsynaptic co-
activation in the presence of CCK.”® Hence, we proposed that the high-frequency activation of entorhino-
neocortical projections could trigger CCK release from their terminals, and the released CCK enabled the
interhemispheric cortical plasticity of pathway L — R (Figure 3A). To monitor the dynamics of CCK, we adopted
the G protein-coupled receptor (GPCR) activation-based CCK sensor, which is a circular-permutated green
fluorescent protein inserted into the intracellular domain of CCK-BR. Once the CCK-BR binds with CCK,
the increased fluorescence intensity can be measured by fiber photometry.

We injected the AAV-syn-CCK sensor virus into site R, and pAAV-Syn-FLEX-ChrimsonR-tdTomato/pAAV-
Syn-ChrimsonR-tdTomato into the entorhinal cortex, ipsilateral to site R in CCK-Cre/CCK-KO mice
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(Figure 3B). The AAV-syn-CCK sensor was well expressed six weeks after the virus was injected into the
auditory cortex™ (Figure 3B). We then applied a high-frequency red laser (HFLS) at the auditory cortex
to activate the entorhino-neocortical terminals. We observed the fluorescence increased significantly in
CCK-Cre mice but not in CCK-KO mice (Figures 3C and 3D Averaged AF/F0%: two-way ANOVA followed
by Bonferroni multiple comparisons test, significant interaction, F[1, 41] = 28.48, p < 0.0001; before vs. after
HFLS in CCK-Cre: —0.003 + 0.004 vs. 0.253 + 0.040, p < 0.0001; before vs. after HFLS in CCK-KO: 0.004 +
0.002 vs. 0.001 + 0.025, ns, p = 1.0; After HFLS in CCK-Cre vs. CCK-KO: 0.253 + 0.040 vs. 0.001 + 0.025,
p < 0.0001), suggesting that CCK was released from entorhino-neocortical afferents by the high-frequency
activation. We also applied HFLS to the entorhinal cortex directly. Similarly, fluorescence enhanced greatly
in CCK-Cre mice but not in CCK-KO mice (Figures S4A and S4B averaged AF/F0%: two-way ANOVA fol-
lowed by Bonferroni multiple comparisons test, significant interaction, F [1, 34] = 36.24, p < 0.0001; before
vs. after HFLS in CCK-Cre: 0.004 + 0.002 vs. 0.271 + 0.029, p < 0.0001; before vs. after HFLS in CCK-KO:
0.007 + 0.003 vs. 0.001 + 0.034, ns, p = 1.0; After HFLS in CCK-Cre vs. CCK-KO: 0.271 + 0.029 vs. 0.001 +
0.034, p <0.0001). Lastly, we confirmed that fluorescence intensity in the auditory cortex increased after the
administration of CCK-4 but not after artificial cerebrospinal fluid (ACSF) on the surface of the auditory cor-
tex (Figures SA4C and S4D Averaged AF/F0% of CCK-Cre mice: two-way ANOVA followed by Bonferroni
multiple comparisons test, significant interaction, F [1, 20] = 10.99, p = 0.0035; before vs. after CCK4:
0.068 + 0.031 vs. 9.00 + 3.12, **, p = 0.0014; before vs. after ACSF: —0.062 + 0.050 vs. —1.11 + 0.320,
ns, p = 1.0; After CCK-4 vs. after ACSF: 9.00 + 3.12 vs. —1.11 + 0.320, p < 0.0001; averaged AF/F0% of
CCK-KO mice: two-way ANOVA followed by Bonferroni multiple comparisons test, significant interaction,
significant interaction, F[1, 17] = 12.8, p = 0.0023; before vs. after CCK4: 0.035 + 0.022vs. 8.89 + 2.04,p =
0.0001; before vs. after ACSF: —0.018 + 0.031 vs. —0.540 + 0.814, ns, p = 1.0; After CCK-4 vs. after ACSF:
8.89 + 2.04 vs. —0.540 £ 0.814, p < 0.0001).

We proved that high-frequency activation of entorhino-neocortical CCK projections could trigger the release
of CCK. It was reasonable to deduce that besides HFES-R, HFES-L could also induce high-frequency activation
of the entorhino-neocortical projections ipsilaterally at site L. Like HFES-R, HFES-L could also trigger CCK
release from the entorhino-neocortical terminals and then enable the local neural plasticity around stimulation
site L, which formed the local cortical LTP. Hence, we further investigated whether CCK could enable neural
plasticity at either site L or site R during the activation of interhemispheric cortical pathway L— R. In this exper-
iment, we infused either CCK or ACSF into the proximity of recording site R after baseline testing (Figure 3E
upper panel). After the infusion, LFS (0.1 Hz) was applied to site L to induce both pre- and postsynaptic acti-
vation, which was necessary for enabling neural plasticity, as described previously.”® The interhemispheric
cortical LTP was induced by the CCK infusion at site R but not the ACSF infusion (two-way RM ANOVA, sig-
nificant interaction F [1,183] = 139.1, p < 0.001; pairwise comparison, before vs. after CCK, 100.4 + 0.9% vs.
143.2 + 2.5%, p < 0.001, n = 20 from 5 mice; whereas before vs. after ACSF, pairwise comparison, 100.6 +
0.9% vs. 99.4 + 2.7%, p = 0.658; pairwise comparison, Difference between CCK group and ACSF group at
60 min after the pairing is 43.8 + 3.7%, p < 0.001, Figure 3E). Subsequently, we infused either CCK or
ACSF into the stimulation site L after baseline testing, followed by LFS to site L (Figure 3F upper panel).
The recorded fEPSPs were potentiated by the CCK infusion but not by the ACSF infusion (two-way RM
ANOVA, significant interaction F [1,203] = 134.8, p < 0.001; pairwise comparison, before vs. after CCK,
100.5 + 0.6% vs. 137.2 + 1.8%, p < 0.001, n = 24 from 5 mice, whereas before vs. after ACSF, 99.7 + 0.7%
vs. 100.4 £+ 2.2%, p = 0.784, n = 17 from 4 mice. The difference between the CCK group and ACSF group
at 60 min after the pairing was 36.6 + 2.8%, p < 0.001, Figure 3F). Although LTP could be induced by the in-
jection of CCK at either site R (Figure 3E) or site L (Figure 3F), this LTP occurred in different pathways. One is
the interhemispheric cortical LTP (Figure 3E), and the other (Figure 3F) is a local LTP.

Lastly, we adopted CCK-ABRKO mice to prove that CCK is needed in the neocortical LTP. Genetic modi-
fication has better specificity than antagonists to CCK receptors. Genotyping results indicated that the
inserted genes were in our homozygous CCK-ABRKO mice (see Figures SS5A-S5C). Immunochemistry stain-
ing showed minimal CCK-BR signals in CCK-ABRKO mice in contrast with their wild-type control (129S,
Figures 3G and S5D). To reconfirm the critical role of CCK in inducing cortical neural plasticity, we exam-
ined whether the knockout of CCK-AR and CCK-BR could result in deficits in HFS-induced neural plasticity.
Indeed, the recorded fEPSPs were not potentiated by HFS in the auditory cortex of CCK-ABRKO mice (two-
way RM ANOVA, significant interaction F[1,118] = 67.6, p < 0.001; pairwise comparison, 100.3 + 0.8% vs.
103.8 £ 3.4%, before vs. after HFS, p = 0.377, N = 12 mice; Figure 3H blue dots), whereas significant poten-
tiation was induced in the wild-type 129s mice group (pairwise comparison, 100.7 £ 0.8% vs. 149.4 + 4.4%,
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before vs. after HFS, p < 0.001, N = 12 mice; Figure 3H red dots). Altogether, these results shown in Figure 3
confirmed that HFS induced the release of CCK at the stimulation site in the neocortex, enabling neural
plasticity to occur in the surrounding areas.

DISCUSSION

In the present study, we had shown that: 1) When we applied the commonly used method (HFES-L) to
induce LTP of contralateral cortical pathway L— R, a local cortical LTP was formed. The neural plasticity
occurred in site L but not in site R, meaning that it was a local LTP of neural connectivity around the stim-
ulation site, but not the LTP of the interhemispheric cortical pathway L— R. 2) LTP of the interhemispheric
cortical pathway could only be induced in a heterosynaptic manner through the modulation of entorhino-
neocortical afferents. 3) The entorhino-neocortical projections influenced cortical neural plasticity via CCK
release, which occurred once their terminals were activated by high-frequency stimulation. Then, the CCK
could enable neural plasticity through the presynaptic and postsynaptic co-activities.

HFES-L could induce local cortical LTP, and the real interhemispheric cortical LTP could only
be enabled in a heterosynaptic manner

Neural activity is vital to developing callosal connections in the visual and somatosensory cortex during
post-natal periods.'”"** In this time period, the formation of callosal synapses is supported by presynap-
tic and postsynaptic neuronal activity based on the Hebbian rule.'*"* Evidence for the sensitive period has
also been found in the development of auditory callosal plasticity.”® Nevertheless, few studies have
focused on how an adult brain enables interhemispheric cortical plasticity to adapt to a changing environ-
ment. Cortical plasticity has been shown to decline with age, and this often correlates with neurocognitive
impairments.”” The neuronal degeneration in Alzheimer’s disease has been described as a progressive
cortical disconnection syndrome, among which corpus callosum atrophy is one of the indicators.’**?
Also, LTP-like cortical plasticity impairment can predict the onset of dementia in patients.”’ Understanding
the mechanism of cortical plasticity may reveal mechanisms underlying neurodegenerative disease. We
investigated these questions through the induction of interhemispheric cortical LTP in the auditory cortex.

We adopted two separate sites in the two hemispheres of the auditory cortex as the stimulation site L and
the recording site R, respectively. Optogenetic and electrophysiological experiments verified that LTP of
the response to ES could be recorded after the HFES-L, but the response to laser activation of the commis-
sural terminals at the recording site did not exhibit any LTP. This result suggests that the plasticity only
occurred at the stimulation site but not at the synapses of terminals at the recording site. The local cortical
LTP was formed but not the interhemispheric cortical LTP. Furthermore, high-frequency laser activation of
the interhemispheric afferent terminals at the recording site could not induce LTP of the interhemispheric
cortical pathway. The widely used experimental method for inducing LTP is to deliver HFS to the presyn-
aptic axon of a synapse or group of synapses.'®?*** HFS can evoke the activation of both presynaptic fibers
and postsynaptic neurons; therefore, HFS-induced LTP is always considered Hebbian LTP, which requires
simultaneous pre- and postsynaptic depolarization.'®"’~""??* The current understanding pointed out
that LTP occurs at the synapses of the axon terminals that project onto neurons at the recording site.'”
Thus, the failure of the interhemispheric cortical LTP induction by HFES-L indicated that the interhemi-
spheric cortical LTP could not be homosynaptic LTP.

In contrast, the HFS at the recording site R readily induced this LTP. Compared to the laser stimulation of
the specific projection terminals, the HFS at the recording site could also activate other afferent projec-
tions, implying that interhemispheric cortical LTP should be heterosynaptic.

LTP of the interhemispheric cortical pathway could be modulated through the entorhino-
neocortical CCK projections

The neocortex and hippocampus are considered important for each stage of declarative or explicit memories,
including formation, maintenance, and retrieval phases.***° The entorhinal cortex in the medial temporal lobe
has been shown to form strong reciprocal connections with the neocortex, serving as the gateway from the
hippocampus to the neocortex.”’ ™ Neurons in the entorhinal cortex exhibit extensive CCK labeling®®=>?
and project to neocortical areas, including the auditory cortex.”®*%*? CCK is the most abundant among all
neuropeptides,” and the mice lacking the CCK gene exhibit poor performance in passive avoidance tasks
and display impaired spatial memory.>" The local infusion of CCK agonist could potentiate neural responses,

10 iScience 26, 106542, April 21, 2023

iScience



iScience

while the CCK-BR antagonist could prevent the establishment of a cross-modal association.”®?? Our results
revealed that optogenetic HFS of the entorhino-neocortical CCK projections pairing with the activation of
the interhemispheric cortical pathway readily induced the interhemispheric cortical LTP, while activating the
interhemispheric cortical pathway alone induced no LTP. Given that CCK enabled neural plasticity, we believe
entorhino-neocortical projections modulated the cortical neuroplasticity in a heterosynaptic manner through
CCK release: The activation of CCK-BR increased intracellular calcium concentration of the postsynaptic neu-
rons at site R.°°> We assumed that the calcium elevation could facilitate the calcium-dependent protein
kinase Il (CaMKIl) to be activated by the interhemispheric input, which could trigger the recruitment of
AMPARSs at the post-synapses>®° (Figure 3A, middle and left panel). A few slice electrophysiology studies
demonstrated that the interhemispheric LTP could be induced by delivering HFS to the presynaptic projec-
tion.”>?® It seems to contradict our in-vivo results. The explanation is that the difference in calcium concentra-
tions in-vitro slice or in-vivo recording may influence the results of LTP induction.®'** Presynaptic calcium
concentration relates to the release probability of CCK from entorhinal projections, and the activation of
CCKBr increases intracellular Ca?* concentration of postsynaptic neuron, which facilitates the occurrence of
heterosynaptic plasticity. Inglebert et al.® indicated that classical Hebbian plasticity induction at rat hippo-
campal synapses was greatly influenced by calcium. The abnormally higher extracellular calcium concentration
in-vitro and physiology calcium concentration in-vivo make the plasticity rules differ greatly.®®

28,29,64

Together with earlier publications, we conclude that participation of the entorhino-neocortical CCK

projections is necessary to induce interhemispheric cortical LTP at a system level.

High-frequency activation of the entorhino-neocortical projections could release CCK that
enables the cortical plasticity

Fiber photometry is well developed to monitor the release of various kinds of neural chemicals.* Genet-
ically encoded sensors that detect various neurotransmitters and neuropeptides have been adopted in

studying neural circuits.’

The CCK sensor detected CCK was released from entorhino-neocortical projections by optogenetic HFS. This
result was consistent with previous findings by Chen et al.,”” who found an increased CCK concentration after
HFS of the auditory cortex by using microdialysis and ELISA, while the temporal resolution of the CCK sensor,
what we employed in this study is much higher (time-resolved vs. 30 min). The results of the current study indi-
cated that CCK was elevated for over a minute. While in our previous brain slice study, CCK was present only
during the HFS, and the LTP lasted at least 1 h after CCK was washed away.29 So, we believe CCK can execute
its function as plasticity induction at a high rate. The reason for the long-time elevation of the CCKmay be: The
artificial HFS is too intense for a normal functional brain, resulting in a large amount of CCK release. The
released CCK8s could stay for almost half an hour at 37°C before degradation.®® Previous studies have demon-
strated that CCK could enable neural plasticity, but they focused on the ipsilateral cortical pathway.”®?? Our
last experiment further confirmed that LTP of the interhemispheric cortical pathway could be induced under
the application of CCK at the recording site without HFS. Similarly, the application of CCK at the stimulation
site could induce the local cortical LTP without HFS. No LTP could be triggered in CCK-ABRKO mice. These
data confirmed the importance of CCK in neural plasticity. It is the CCK released from the entorhino-neocor-
tical afferents triggered by HFS at the auditory cortex that modulates cortical plasticity, including interhemi-
spheric cortical plasticity.

The complexity of the cortical network

Most callosal projections are glutamatergic and are derived from neurons in cortical layers Il/Ill and V, tar-
geting layers II/1ll and layer V neurons.®’**® In this study, we placed the stimulation and recording electrodes
into the layer V because entorhinal CCK neurons mainly project to layer V neurons in the auditory cortex.”’

As a complicated cellular system, the neocortex consists of six layers in a horizontal view. Neurons in each
layer present diverse features in anatomy and function.®” Besides, these cells in the cortex connect tightly,
whether within or across layers, mainly through excitatory regulations.’ In the sensory cortex, information
propagates from layer IV to layers II/lll and then to layers V/VI, since layer IV principal cells send the main
output to layer I/l and layer I1/11l pyramidal neurons project extensively to layers V/VI.”"’? Layer V neurons
have the most substantial axonal innervation of subcortical and cortical structures, making up a significant
cortex output.”” In the entorhinal cortex, layer V neurons are also the primary origin of entorhinal projec-

tions to diverse cortical and subcortical structures.”®
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Interhemispheric projection can directly activate contralateral pyramidal neurons, as well as inhibitory inter-
neurons, and it is cell-type dependent.”® Due to the complexities of the cortical network and the multiple
neuronal targets of interhemispheric projection, the response at the recording site is a mix of monosynaptic
excitation, polysynaptic excitation, and polysynaptic inhibition. However, in our electrophysiological experi-
ments, we only recorded the slope of fEPSP, which mainly represents the direct excitatory response. The
maximum slope of fEPSP appears within 5 ms in most of our optical stimulation recordings (see representative
single fEPSP traces of laser activation in Figures 1C, 1F, 1G, 1J, 2F, 2G, and 2H), which is in a monosynaptic time
window.”*”? Intracellular recordings in cats confirmed that the contralateral stimulation of A1 elicited excit-
atory postsynaptic potentials that were often followed by inhibitory postsynaptic potentials.’® Thus, Polysyn-
aptic activity may contribute to the slope of fEPSP but not much.”” The influence of interhemispheric input on a
given cortical area is a mix of direct and indirect projections, as well as excitation and inhibition. We have to
admit that it is not comprehensive to only consider direct excitatory projections. The fine balance between
excitatory projection neurons and local GABAergic interneurons is also crucial for the proper function and
plasticity of the cortex. Since there are some CCK-expressing interneurons (CCK-INs) localized in the cortex
and previous investigators proposed several mechanisms regarding the role of CCK in the GABAergic micro-
circuit and interactions with excitatory circuits. For those coexpressing both CCK and vasoactive intestinal
peptide interneurons (VIP-CCK-INs), most studies hold the idea that VIP-CCK-INs take the leading control
in the disinhibition by inhibiting somatostatin-expressing interneurons or parvalbumin-expressing interneu-
rons in the cortex.”®’? While CCK-INs also project directly to the pyramidal neurons, the function of those
CCK-INs remains elusive. Future research in this direction is necessary.

In conclusion, our results explain a CCK-based heterosynaptic mechanism underlying the formation of
interhemispheric cortical plasticity, which is modulated by entorhinal efferent. Recently non-invasive brain
stimulation are increasingly being applied in many neurological and psychiatric disorders, especially in Alz-
heimer's disease, in which LTP impairment has been widely demonstrated as one of the earliest patholog-
ical events occurring, correlating with memory impairment and subsequent decline.””?' Our current study
revealed that the reason for the impairment of LTP-like cortical plasticity might be due to the atrophy of
entorhinal cortex, as the degeneration of the entorhinal cortex occurs before the onset of overt demen-
tia.®%®" How this specific type of plasticity influences behaviors, and the mechanism of CCK released regu-
lating learning and memory in a behavioral context can be further explored in future studies. Overall, this
novel regulation could provide avenues for a comprehensive understanding of cortical connectivity in the
future and offer new targets for neurological disorders involving cortical plasticity.

Limitations of the study

In our electrophysiological experiments, we only recorded the slope of fEPSP, which mainly represents the
direct excitatory response. The influence of interhemispheric input on a given cortical area is a mix of direct
and indirect projections, as well as excitation and inhibition. The fine balance between excitatory projec-
tion neurons and local GABAergic interneurons is also crucial for neuronal network organization and infor-
mation processing. We have to admit that it is not comprehensive to only consider direct excitatory
projections.

Entorhinal neurons project to widespread cortical and subcortical areas. These areas may project to the
auditory cortex and subsequently, make up an indirect projection from the entorhinal cortex to the auditory
cortex. In our experiment, we injected a virus of Chronos into the entorhinal cortex of mice. The laser was
only provided in the auditory cortex during the entorhinal projection activation. Thus, only the projections
of the entorhinal-auditory were activated. However, there is still a slight chance that entorhinal projection
neurons were activated antidromically. We believe the entorhinal cortex is crucial for CCK release since en-
torhinal cortex CCK knockdown by shRNA could abolish the LTP of auditory evoked potential in the lateral
amygdala of mice.®” However, we cannot ensure this is the same case in the auditory cortex. A further
shRNA study may solve this question.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-CamKIl o (Rabbit polyclonal) Abcam Cat# ab5683
RRID: AB_305050
Anti-CCK (26-33) (CCK-8) Sigma Cat# C2581
(Rabbit polyclonal) RRID: AB_258806
Anti-PSD95 (Mouse monoclonal) Thermofisher Cat# MA1-045
RRID: AB_325399
Anti-GAD67 (Mouse monoclonal) Millipore Cat# MAB5406
RRID: AB_2278725
Anti-CCK-BR (Goat polyclonal) Abcam Cat# ab77077

Anti-rabbit IgG Alexa 647
(Donkey polyclonal)
Anti-goat IgG Alexa 647
(Donkey polyclonal)
Anti-mouse 1gG Alexa 594
(Donkey polyclonal)
Anti-rabbit IgG Alexa 405
(Donkey polyclonal)
Anti-rabbit IgG Alexa 594

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs

RRID: AB_1523282

Cat# 711-605-152
RRID: AB_2492288

Cat# 705-605-147
RRID:AB_2340437

Cat# 715-585-150
RRID: AB_2340854

Cat# 711-475-152
RRID: AB_2340616

Cat# 111-584-147

(Goat polyclonal) RRID: NA

Bacterial and virus strains

AAV9-Syn-Chronos-GFP UNC vector core N/A
PAAV-Syn-ChrimsonR-tdT Addgene RRID: Addgene_59171
AAV9-Syn-Flex-Chronos-GFP UNC vector core N/A
AAV-Ef1a-DIO-EYFP BrainVTA N/A
AAV9-Syn-ChrimsonR-tdTomato UNC vector core N/A
PAAV-hSyn-CCK2.3 Vigene Bioscience N/A

PAAV-Syn-FLEX-rc[ChrimsonR-tdTomato]

Addgene

RRID: Addgene_62723

Chemicals, peptides, and recombinant proteins

DAPI

Pentobarbital sodium (Dorminal 20%)
Urethane

Lidocaine

Atropine

Santa Cruz Biotechnology
Alfasan International B.V
Sigma-Aldrich

Tokyo Chemical Industry
Sigma-Aldrich

Cat# sc-3598
N/A

Cat# U2500
Cat# LO156
Cat# A0257

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: CCK-ires-Cre
Mouse: CCK-CreER
Mouse: CCK-ABKO
Mouse: 129S1/SvimJ

Laboratory Animal Research Unit,
City University of Hong Kong
Jackson Laboratories

Jackson Laboratories

Jackson Laboratories

Jackson Laboratories

RRID: IMSR_JAX:000664

RRID: IMSR_JAX:019021
RRID: IMSR_JAX: 012710
RRID: IMSR_JAX: 006365
RRID: IMSR_JAX: 002448
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

TDT OpenEX Tucker-Davis https://www.tdt.com/component/

Technologies openexsoftware-suite/

Matlab Mathworks http://www.mathworks.com/
products/matlab/

ImageJ Schindelin et al. https://imagej.nih.gov/ij/

SPSS IBM https://www.ibm.com/
products/spss-statistics

Other

Fiber Optic Cannula Inper Cat# FOC-W-L-6-20037

Tungsten-wires California Fine Wire Cat#100-211

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Jufang HE (jufanghe@cityu.edu.hk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

The Animal Subjects Ethics Sub-Committee of the City University of Hong Kong approved all experimental
procedures. Experiments were conducted using adult C57BL/6J, CCK-Cre, CCK-KO, CCK-ABRKO and
12951/SvimJ mice (male, 2 to 4 months old). Animals were housed at 20-24C with 40-60% humidity under
a 12-hour-light/12-hour-dark cycle (lights off from 8:00 am to 8:00 pm) with free access to food and water.

METHOD DETAILS

In-vivo extracellular recordings

Virus injection

Animals were anesthetized with pentobarbital (100 mg/kg) and supplemented with atropine (0.05 mg/kg,
Sigma). The anesthetized mice were head-fixed on a stereotaxic device (RWD Life Science). In the experiments
shown in Figure 1, C57BL/6 wild-type (C57) mice were adopted as the subjects. AAV9-Syn-Chronos-GFP
(300 nL, 4.5E12 gc/mL, Boyden/UNC vector core, for Figures TA-1C and 1E-1G) or pAAV-Syn-ChrimsonR-
tdTomato virus (300 nL, 5.2E12 gc/mL, Addgene for Figures 1H-1J) was injected into one hemisphere of
the auditory cortex (AP: —2.7 mm posterior to bregma, ML: —4.2 mm lateral to the midline, DV: 0.7 mm below
the pia), at a rate of 30 nL/min (Nanoliter Injector, World Precision Instruments). In the experiments in Figure 2,
CCK-ires-Cre (Ccktm!-1(Cre)zih/ j 57 background, Jackson Laboratory) mice were adopted as the subjects.
AAV9-Syn-Flex-Chronos-eYFP (300 nL, 6.5E12 gc/mL, Boyden/UNC vector core)/AAV-Ef1a-DIO-eYFP
(300 nL, 6.4E12 gc/mL, BrainVTA, Wuhan, as control) was injected into the entorhinal cortex (AP: 4.2 mm
posterior to bregma; ML: 3.5 mm lateral to the midline; DV: 3.0 mm below the pia), and AAV9-Syn-
ChrimsonR-tdTomato (300 nL, 4.1E12 gc/mL, Boyden/UNC vector core) was injected into the contralateral
auditory cortex (AP: 2.7 mm posterior to bregma, ML: —4.2 mm lateral to the midline, DV: 0.7 mm below
the pia), so that we could separately activate the afferents from the entorhinal and the contralateral auditory
cortex with different wavelengths of the laser. We used the wavelength of 473 nm to activate the afferent ter-
minals from the entorhinal cortex with Chronos expression and the wavelength of 635 nm to activate the
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afferent terminals from the contralateral auditory cortex with ChrimsonR expression. The power of the 473 nm
laser and 635 nm laser at the optic fiber end was maintained at 20 mW/mm? and 30 mW/mm?, respectively.

Surgery

Anesthesia was induced by urethane sodium (2 g/kg, i.p.) and maintained throughout the surgery and during
neuronal recordings, with periodic supplements. Atropine sulfate (0.05 mg/kg, s.c.) was administered 15 min
before the induction of anesthesia to inhibit tracheal secretions. A local anesthetic (xylocaine, 2%) was liberally
applied to the incision site. Animals were mounted in a stereotaxic device, and a midline incision was made in
the scalp. A craniotomy was performed (—2 mm to —4 mm posterior and —1.5 mm to —3 mm ventral to sagittal
sutur) to access the auditory cortex of each hemisphere, and the dura mater was opened. For all in vivo exper-
iments, electrodes were bilaterally and symmetrically inserted into layer V of the auditory cortex (where the
virus was injected and its symmetric site, if applicable). For the electrophysiological experiments without laser
stimulation, tungsten electrodes (<500 kQ, FHC Inc.) could be used for either recording or stimulation. For the
optogenetic experiments, glass pipette electrodes (homemade) rather than metal electrodes were used for
recording to avoid the photoelectric effect, and an optical fiber was lowered onto the surface of recording
site R for the laser stimulation. For all experiments involving drug infusions, the tips of glass pipettes were
covered by 0.1 uL silicone oil to avoid leaking. Throughout the experiment, body temperature was maintained
at 37-38°C with a heating blanket (homeothermic blanket system, Harvard Apparatus, Holliston, MA, USA).

Recording

The stimulating electrode was inserted into the left auditory cortex virus injection (if applicable) site (site L), and
the recording electrodes array was placed symmetrically into the right auditory cortex (site R). Electrode place-
ments were confirmed by neuronal responses to stimulation applied to the contralateral hemisphere, and the
locations of these electrodes were confirmed to receive mutual projections. Electrodes were positioned by a
stepping-motor micro driver-controlled from outside of the soundproofed chamber. Recording electrodes
were attached to a 16-channel head stage, pre-amplified, passed onto an acquisition processor, filtered
with a bandwidth of 1-5,000 Hz, and stored using TDT software (OpenEX, TDT, Alachua, FL).

In the experiment shown in Figures 1A-1C, we first recorded fEPSPs in response to ES (ES-L, 0.1 Hz at site L,
50-150 pA) and laser (LS-R, 0.1 Hz at site R, =5 mW, 5 ms duration) for 16 min, during which the ES-Land LS-
R were alternately delivered with an interval of 5s. The maximum current recorded was defined as that
which could elicit a saturated fEPSP. We adopted a current equal to 40% of the current evoking the
maximum fEPSP as the testing current and 80% of that as the HFS current. The fEPSPs were recorded for
16 min before and 60 min after the HFS, which was applied to the stimulation site L (HFES-L).

In the experiment shown in Figures STE and S1F, a glass pipette was inserted adjacent to the recording site
Rfor lidocaine infusion. After recording baseline fEPSPs in response to ES-Lfor 16 min, we infused lidocaine
(1.0% in saline, 0.5 pL) at a rate of 0.05 pL/min. After the neural activities at site R were silenced, HFS was
delivered to site L (HFES-L). No HFS was provided in the control group. fEPSPs were then recorded for
90 min after the neural activities at site R started to recover.

In the experiment shown in Figures 1E-1G, high-frequency laser stimulation (HFLS, 5 pulses at 80 Hz for
each burst, 10 bursts at 5 Hz for each train, using 4 trains, with an inter-train-interval of 10 s) was delivered
to site R(HFLS-R). fEPSPs in response to ES-L and LS-Rwere recorded for 16 min before and 60 min after the
HFLS-R application.

For the experiment in Figures TH-1J, fEPSPs in response to ES-L and LS-R were recorded 16 before and
60 minutes after the application of HFES-R.

For the experiment in Figure 2, high-frequency (50 Hz, 5 ms, 10 pulses) blue laser stimulation (HFLS) to the
entorhino-neocortical projection terminals was applied to site R followed by the pairing of the low-fre-
quency (1 Hz, 5 pulses) ES-L. The pairing of blue light HFLS and low-frequency ES-L (HFLS-ES) was repeated
10 times with an inter-trial interval of 10s. fEPSPs in response to ES-L and LS-R were recorded 16 min before
and 60 min after the HFLS-ES paring.

In the experiment shown in Figures 3E, a glass pipette was inserted adjacent to the recording electrode
(site R) to infuse CCK-4 (0.5 pL, 10 pm, Sigma) or artificial cerebrospinal fluid (ACSF, Harvard Apparatus,
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USA) into the auditory cortex of C57 mice at a rate of 0.1 pL/min. ES (0.1 Hz) was continuously presented
during the infusion. fEPSPs in response to ES were recorded 16 min before and 60 min after the injection.

Similarly, in the experiment shown in Figure 3F, a glass pipette was inserted adjacent to the stimulating
electrodes (site L) to infuse CCK-4 (0.5 pL, 10 pm, Sigma) or ACSF into the auditory cortex of C57 mice
at a rate of 0.1 uL/min. ES (0.1 Hz) was continuously presented during the infusion. fEPSPs in response
to ES were recorded for 16 min before and 60 min after the injection.

In the experiment shown in Figures 3G and 3H, we adopted CCK-ABRKO mice (Cckar™1kPn CckbrtmTKen.
006365, Jackson Lab) and their wild-type control, 129s mice, as the subjects. Two electrode arrays were in-
serted symmetrically into both hemispheres of the auditory cortex, one for stimulating (site L) and the other
for recording (site R). fEPSPs were recorded for 16 min before and 60 min after the HFES-L.

Data analysis

Mean fEPSP slopes before and after the pairings were normalized, calculated by linear regression and
compared using two-way ANOVA with repeated measures (RM) followed by Bonferroni-adjusted pairwise
comparison.

Fiberphotometry
Preparation

In all the fiberphotometry experiments, pAAV-hSyn-CCK2.3 (3.5E13 gc/mL, Vigene Bioscience) was injected
into the auditory cortex of CCK-Cre or CCK-KO [CCK-CreER, Cck™'~, Ccktm2.1(Cre/ERT2)Zjh/J] mice (AP:
—2.6 and —3.2 mm posterior to bregma, ML: —4.2 mm lateral to the midline, DV: —0.90 mm below the pia).
This GPCR activation-based CCK sensor, GRABCCK, was developed by inserting a circular-permutated green
fluorescent protein (cpEGFP) into the intracellular domain of CCK-BR.®* When the endogenous or exogenous
ligand (CCK) bind to the CCK-BR, a conformational change in cpEGFP will be happened as well as anincrease in
fluorescence intensity, and the CCK activity could be visualized in vivo. After a 6-week recovery, a craniotomy
was performed to access the auditory cortex (—2 mm to —4 mm posterior and —1.5 mm to —3 mm ventral to
sagittal suture), and the dura mater was opened. An optic fiber (400 um diameter, 0.22 NA, Thorlabs, Newton,
NJ) was lowered into the auditory cortex (100-200 pm from the brain surface) to record the signal of the CCK
sensor (Figures 3B-3D and S4A-S4D). Before signal recording, the optic fiber was lowered to the brain surface
at different sites to confirm the best site for the recording, where we could capture the strongest fluorescence
signal of CCK sensor. This optic fiber cannula was attached to a single fluorescent MiniCube (Doric Lenses,
Quebec, QC, Canada) with built-in dichroic mirrors and LED light sources through a fiber patch cord. The exci-
tation light at 470 and 405 nm were released by two fiber-coupled LEDs (M470F3 and M405FP1, Thorlabs) and
were sinusoidally modulated at 210 and 330 Hz, respectively. The 473 nm channel is the GRABcck channel and
the 405 nm channel is employed as the isosbestic control channel. An LED driver (LEDD1B, Thorlabs) coupled to
the RZ5D processor (TDT, Alachua, FL) managed the excitation light's intensity through the software Synapse.
The emission fluorescence was captured and transmitted by a bandpass filter in the MiniCube. To avoid photo-
bleaching, the excitation light intensity at the tip of the patch cord’s tip was adjusted to less than 30 uW. The
fluorescent signal was then detected, amplified, and transformed into an analog signal by the photoreceiver
(Doric Lenses). The analog signal was then digitalized by the RZ5D processor and subjected to a 1 kHz low-
pass analysis using Synapse software.

Recording

For the laser stimulation experiments in Figures 3B-3D and S4A, CCK-Cre and CCK-KO mice were adopted as
the subjects. pAAV-Syn-FLEX-ChrimsonR-tdTomato (400 nL, 8.5E12 gc/mL, Addgene)/pAAV-Syn-ChrimsonR-
tdT (400 nL, 6.5E12 gc/mL, Addgene) was infused into the entorhinal cortex of CCK-Cre or CCK-KO mice
(—4.2 mm posterior, 3.5 mm lateral, and 3.0 mm ventral to bregma) about 6 weeks before. For the experiment
in Figure S4A, an additional craniotomy was performed (—4 to —5 mm posterior and —2.5 to —3.5 lateral to
bregma for mice) to access the entorhinal cortex. One optic fiber (100 um diameter, 0.22 NA, Thorlabs,
Newton, NJ) was inserted into the auditory cortex (100-200 um from the brain surface, Figures 3B-3D), or
the entorhinal cortex (Figure S4A ~2.6 mm ventral to the brain surface) of mice to deliver the high-frequency
laser stimulation. The fluorescent signal was recorded 25s before and 75s after the HFLS (5-10 mW, 635 nm)
application.
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For the experiments in Figures S4C we measured the CCK sensor activities before and after the CCK-4
application in different type of mice. CCK-4 (100 uM, 3 pL, Abcam) or ACSF (3 pL) was applied on the brain
surface. The fluorescent signal was recorded 2 min before and 5 min after the drug application.

Fiber photometry analysis

Analysis of the signal was done by the custom-written MATLAB (Mathworks) codes. We first extracted the
signal of the 473 nm and 405 nm channels corresponding to the defined periods before and after each stim-
ulus or CCK4/ACSF infusion. A fitted 405 nm signal was created by regressing the 405 nm channel onto a
linear fit of its respective 473 channel (MATLAB polyfit function). The fluorescence change (AF/F) was then
calculated with the formula (473 nm signal — fitted 405 nm signal)/fitted 405 nm signal.**

Immunohistology and image acquisition

Preparation

Mice were anesthetized by an overdose of pentobarbital sodium and transcardially perfused with 30 mL
cold phosphate-buffered saline (PBS) and 30 mL 4% (w/v) paraformaldehyde (4% PFA). Brain tissue was
removed, post-fixed with 4% PFA, and treated with 30% (w/v) sucrose in 4% PFA at 4°C for 2-3 days. Brain
tissue of 30 um thickness was sectioned on a cryostat (Leica CM3500, Germany) and preserved with anti-
freeze buffer (20% (v/v) glycerol and 30% (v/v) ethylene glycol diluted in PBS) at —20°C.

Brain slices were washed 3 times per 10 minutes each time before blocking with the buffer (10% (v/v) goat
serum in PBS with 0.2% (v/v) Triton X-100) at room temperature. After 2 hours of blocking, the slices were
bathed in the rabbit anti-CamKIl (Abcam, ab5683, 1:1000, shown in Figures S1A, S2A, S2D, and S2l), rabbit
anti-CCK (Sigma, C-2581, 1:3000, shown in the Figures S2B, S2H, S3A, and S3B), mouse anti-PSD95 (Ther-
mofisher, MA1-045, 1:500, shown in the Figures S3A, S3B, and S3D), mouse -anti-GADé7 (Millipore,
MAB5406, 1:500, shown in Figures S2A and S2J), goat anti-CCK-BR (Abcam, ab77077, 1:1000, shown in
Figures 3G and S3D) which was prepared with blocking buffer shaking for 36 hours at 4°C. After washing
4 times in PBS (each time for 10 min), sections were incubated with the corresponding fluorophore-conju-
gated secondary antibodies (1:250): donkey anti-rabbit 647 (Jackson Immunostar 711-605-152), donkey
anti-goat 647 (Jackson Immunostar 705-605-147, donkey anti-mouse 594 (Jackson Immunostar 715-585-
150), donkey anti-rabbit 405 (Jackson Immunostar 711-475-152), or donkey anti-rabbit 594 (Jackson Immu-
nostar 111-584-147) for 2.5 h at 25°C. Sections were then rinsed with PBS three times before DAPI staining
(1:5000 (v/v) diluted in PBS) and mounting.

All the sections were mounted with 70% (v/v) glycerol in PBS on slides. Image acquisition (10X, 20X, 63X,
and 100X magnification) was performed with Nikon ATHD25 confocal Microscope (Nikon, Japan).

IHC images analysis

The images were analyzed with NIS element (Nikon) or ImageJ (NIH).%® The 8-bit grayscale image was back-
ground subtracted for counting immunoreactive signals before applying a threshold to all images. The
threshold was adjusted within 10% of the average intensity, and signals at or above the threshold are
considered immunopositive.

For quantification of eYFP*/GFP"/tDTomato™ neurons co-expressing CamKll (Figures S1A, S2A, S2D,
and S2I), CCK (Figures S2B and S2H), Entorhinal cortex projecting eYFP* terminals coexpressing CCK
(Figures S3A, S3B and S3C), Entorhinal cortex projecting eYFP" terminals coexpressing CCK-BR
(Figures S3D and S3E), 20X images or 100X Z-stack images were acquired for 2-3 fields of view surround-
ing the AC of each slice. The percentage of eYFP*/GFP*/tDTomato™ cells, as identified by their fluores-
cent protein expression, overlapping with the CCK, CamKIl, or GAD67 was calculated for each field of
view. For the quantification of eYFP™ terminals of entorhino-neocortical projections, coexpressing CCK
or CCK-BR, terminals were firstly identified by the spot detection with NIS, which recognized the
colocalized position of eYFP* and PSD95 as excitatory terminals. The number of those terminals was
counted and summarized. Then those terminals were examined if there is CCK or CCK-BR. Colocalized
points were finally recognized as eYFP* terminals of entorhino-neocortical projections, coexpressing
CCK or CCK-BR. The neurons or terminals were counted blindly by others using the NIS element and
ImagelJ.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses (two-way RM ANOVA) were done in SPSS (IBM, USA). Pairwise comparisons
were adjusted by Bonferroni correction. N represents the number of animals and n represents the
number of recordings (change to a different stimulation/recording site). Statistical significance was set
at p < 0.05.
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