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Hippocampal CA2, an inconspicuously positioned area between the well-studied CA1 and CA3 subfields, has captured research in-
terest in recent years because of its role in social memory formation. However, the role of cholinergic inputs to the CA2 area for
the regulation of synaptic plasticity remains to be fully understood. We show that cholinergic receptor activation with the nonselec-
tive cholinergic agonist, carbachol (CCh), triggers a protein synthesis-dependent and NMDAR-independent long-term synaptic
depression (CCh-LTD) at entorhinal cortical (EC)-CA2 and Schaffer collateral (SC)-CA2 synapses in the hippocampus of adult male
Wistar rats. The activation of muscarinic acetylcholine receptors (mAChRs) is critical for the induction of CCh-LTD with the
results suggesting an involvement of M3 and M1 mAChRs in the early facilitation of CCh-LTD, while nicotinic AChR activation
plays a role in the late maintenance of CCh-LTD at CA2 synapses. Remarkably, we find that CCh priming lowers the threshold for
the subsequent induction of persistent long-term potentiation (LTP) of synaptic transmission at EC-CA2 and the plasticity-resistant
SC-CA2 pathways. The effects of such a cholinergic-dependent synaptic depression on subsequent LTP at EC-CA2 and SC-CA2 syn-
apses have not been previously explored. Collectively, the results demonstrate that CA2 synaptic learning rules are regulated in a
metaplastic manner, whereby modifications triggered by prior cholinergic stimulation can dictate the outcome of future plasticity
events. Moreover, the reinforcement of LTP at EC inputs to CA2 following the priming stimulus coexists with concurrent sustained
CCh-LTD at the SC-CA2 pathway and is dynamically scaled by modulation of SC-CA2 synaptic transmission.
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The release of the neuromodulator acetylcholine is critically involved in processes of hippocampus-dependent memory forma-
tion. Cholinergic afferents originating in the medial septum and diagonal bands of Broca terminating in the hippocampal
area CA2 might play an important role in the modulation of area-specific synaptic plasticity. Our findings demonstrate that
cholinergic receptor activation induces an LTD of synaptic transmission at entorhinal cortical- and Schaffer collateral-CA2
synapses. This cholinergic activation-mediated LTD displays a bidirectional metaplastic switch to LTP on a future timescale.
This suggests that such bidirectional synaptic modifications triggered by the dynamic modulation of tonic cholinergic recep-
tor activation may support the formation of CA2-dependent memories given the increased hippocampal cholinergic tone dur-
ing active wakefulness observed in exploratory behavior.
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Introduction

Neuromodulation allows for the adaptation and reconfiguration
of neuronal circuits in response to changing external stimuli and
transitions in behavioral states (Marder, 2012). Activity-depend-
ent modifications in synaptic strength, such as LTP or LTD, cre-
ate highly coupled neuronal ensembles in the hippocampus that
encode information and form memories, and are regulated by
the action of neuromodulators (Palacios-Filardo and Mellor,
2019). The hippocampal subfield CA2, positioned between CA3
and CALl, is considered a modulatory gateway in the hippocam-
pal circuitry (Benoy et al.,, 2018) with enriched expression of
receptors for neuromodulators, such as oxytocin (H. J. Lee et al.,
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2008) and vasopressin (Young et al., 2006), and afferent projec-
tions from neuromodulator-releasing nuclei, such as the sub-
stance P-releasing supramammillary nucleus (Borhegyi and
Leranth, 1997; Chen et al.,, 2020), serotonergic median raphe
nucleus, vasopressinergic paraventricular nucleus (Cui et al.,
2013), and cholinergic medial septum and diagonal bands of
Broca (Meibach and Siegel, 1977; Nyakas et al., 1987; Yoshida
and Oka, 1995; Cui et al., 2013). The CA2 area also forms recip-
rocal connections projecting back to the supramammillary
nucleus (Cui et al,, 2013) and to the cholinergic nuclei of the
medial septum-diagonal bands of Broca complex (Gaykema et
al,, 1991). In addition, neurons of the CA2 area are well integrated
within the cortico-hippocampal network with direct innervation
from entorhinal cortex layer II (EC LII) neurons (EC LII—CA2)
terminating at the distal CA2 dendritic regions that express robust
activity-dependent LTP (Chevaleyre and Siegelbaum, 2010). In con-
trast, the CA3 Schaffer collateral (SC) inputs that synapse onto the
CA2 proximal dendritic region do not express canonical activity-
dependent LTP induced by conventional high-frequency stimula-
tion that is effective at CA3—CA1l synapses (Zhao et al., 2007).
However, neuromodulators, such as substance P (Dasgupta et al.,
2017), and agonists to the vasopressin 1b and oxytocin receptors
(Pagani et al., 2015) have been shown to promote synaptic potentia-
tion at the SC-CA2 synapses.

Among the hippocampal CA subfields, the CA2 stratum pyrami-
dale has been shown to have the highest density of the acetylcholine
synthesizing enzyme, choline acetyltransferase (ChAT)-positive
punctate immunoprecipitates in the human hippocampal formation
(Ransmayr et al,, 1989). ChAT immunoreactivity is also found to be
more concentrated in the CA2 and CA3 regions of the rat hippocam-
pus (Ichikawa and Hirata, 1986; Orta-Salazar et al., 2014). The CA2
region also shows the highest expression of acetylcholinesterase
(AChE) enzyme relative to other CA regions (Mellgren et al.,, 1977;
Bakst and Amaral, 1984). In view of the reciprocal connectivity of
CA2 with the cholinergic medial septum and diagonal bands of
Broca, and the enriched expression of cholinergic marker enzymes,
ChAT and AChE, in CA2 relative to other CA regions, we hypothe-
sized that cholinergic modulation shapes synaptic plasticity in hippo-
campal CA2 neurons.

In the present study, we have investigated how synaptic plas-
ticity is regulated in the hippocampal CA2 area on chemical
stimulation of cholinergic receptors with the nonselective cholin-
ergic agonist, carbachol (CCh). We observed that CCh-induced
long-term depression (CCh-LTD) “primes” CA2 synapses for
future LTP in a metaplastic manner. Metaplasticity refers to a
higher-order form of synaptic plasticity in which activity-de-
pendent modifications in synaptic strength at a given point in
time are regulated by the previous history of synaptic or cellular
activity (Abraham and Bear, 1996). We find that the metaplastic
trigger by prior cholinergic receptor activation-induced LTD
enables persistent LTP expression at EC-CA2 and SC-CA2 synapses
subsequently subjected to stimuli otherwise subthreshold for the
expression of lasting LTP. The CCh-primed persistent expression of
LTP at EC-CA2 coexists with concomitant CCh-LTD at SC-CA2
synapses, and is dynamically downscaled by the modulation of SC-
CA2 synaptic transmission, alluding to a heterosynaptic interplay
between afferent SC stimulation and the metaplastic reinforce-
ment of LTP at cortical inputs to CA2 neurons. Together, this
study brings to light a previously unrecognized role for metaplas-
ticity by cholinergic activation in the dynamic temporal regulation
of synaptic efficacy in CA2 neurons, which could potentially medi-
ate experience-dependent and behavioral state-dependent modu-
lation of synaptic plasticity, and thereby learning and memory.
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Materials and Methods

Animals and preparation of hippocampal slices. For electrophysio-
logical experiments, a total of 200 acute hippocampal slices were used
from 100 young adult male Wistar rats (P35-P49). All animals were kept
under 12 h light/dark cycle with food and water available ad libitum.
Animal procedures were performed in accordance with the protocols
R15-0200 and R16-0135, approved by the Institutional Animal Care and
Use Committee of the National University of Singapore. Rats were anes-
thetized using CO, and thereafter decapitated, following which brains
were removed and hippocampi quickly isolated in ACSF maintained at
4°C and pH 7.3. The composition (in mm) of ACSF (Dasgupta et al.,
2017) is as follows: 124 NaCl, 2.5 KCl, 2 MgCl, 2 CaCl,, 1.25 NaH,PO,,
26 NaHCOs3, and 17 D-glucose, equilibrated with 95% O, and 5% CO,
(carbogen). Using a manual tissue chopper, transverse hippocampal
slices with a thickness of 400 pm were prepared from the isolated hippo-
campi (right/left). Slices were then placed on a nylon net of an interface-
type slice recording chamber (Scientific Systems Design) and incubated
for a minimum of 2-3 h at 32°C before placing recording and stimulating
electrodes. The ACSF flow rate to the chamber was maintained at 1 ml/
min. Anesthetization, dissection, and transfer of slices to the chamber
were performed quickly and did not exceed an average duration of 5 min
(Shetty et al,, 2015).

Extracellular field potential recording. Three monopolar lacquer-
insulated stainless-steel electrodes (5 M{); AM Systems) were positioned
in the hippocampal area CA2 for the two-pathway experiments, and two
monopolar lacquer-insulated stainless-steel electrodes were placed in
area CA2 for the single-pathway experiments. Briefly, for the two-path-
way experiments, two stimulating electrodes, one stimulating the SC
fibers (CA3—CA2) and the other stimulating the entorhinal cortical
fibers (EC LII—CA2) onto CA2, were positioned at the proximal and
distal sites of the CA2 area, respectively. Field excitatory postsynaptic
potentials (fEPSPs) on stimulation of proximal and distal inputs were
recorded from the midline of proximal-distal CA2 dendritic region (Fig. 1A).
The same applies for the single-pathway experiments performed in this study,
with the exception that, in addition to the recording electrode at the CA2 den-
dritic region, only one stimulating electrode was positioned which stimulates
either the proximal SC fibers or the distal EC fibers onto CA2.

The recorded signals were amplified by a differential amplifier
(model 1700; AM Systems), digitized using a CED 1401 analog-to-digital
converter (Cambridge Electronic Design), and monitored online with
Intracell software (IfN) where the initial slope function (millivolts per
millisecond) of the fEPSP is measured for analysis. The independence of
the EC and SC synaptic inputs onto CA2 was confirmed using a cross-
input paired-pulse facilitation protocol with an interstimulus interval of
50 ms similar to our previous study (Dasgupta et al., 2017). The absence
of paired-pulse facilitation indicated that the two stimulating electrodes
activated independent synaptic inputs (Dasgupta et al., 2017). For the
experiment in Figure 2B, two stimulating electrodes, one stimulating the
SC fibers (CA3—CA1l) and the other stimulating the EC fibers (EC
LIII—CALl) onto CAl, were positioned at the CAl stratum radiatum
(SR) and CA1 stratum lacunosum-moleculare (SLM), respectively, and
fEPSPs were recorded from the CA1 dendritic region on stimulation of
the proximal SC and distal EC inputs (Fig. 2A).

After the preincubation period of 2-3 h for recovery of slices placed
in the interface chamber following dissection, an input-output relation
(afferent stimulation intensity vs fEPSP slope) for each stimulated synap-
tic input was generated to determine the test stimulation strength which
was set to obtain an fEPSP response with 40% of the maximal fEPSP
slope value. At this stimulus intensity, a stable baseline was recorded for
30 min before application of pharmacological agents or tetanizing stim-
uli. The basal stimulation consists of four sweeps of 0.2 Hz biphasic con-
stant current pulses (pulse duration, 0.1 ms per polarity) at each time
point (Shetty et al., 2015). For early LTP (E-LTP) induction, a “weak”
tetanization (WTET) protocol consisting of a single train of high-fre-
quency stimulation of 21 pulses at 100 Hz (pulse duration, 0.2 ms per po-
larity) was delivered (Shetty et al, 2015). The “strong” tetanization
(STET) protocol consisted of three trains of high-frequency stimulation
of 100 pulses at 100 Hz (pulse duration, 0.2ms per polarity) with an
intertrain interval of 10 min (Shetty et al., 2015). Paired-pulse stimula-
tion experiments in Figures 34, C and 8C were performed by delivering
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Figure 1.

Nonselective cholinergic receptor agonist, CCh, triggers long-lasting synaptic depression at EC and SC synaptic inputs to CA2 neurons. A, Schematic diagram represents the location

of electrodes in the acute hippocampal slices for extracellular field electrophysiology recordings from the CA2 region. Blue inverted triangle represents the placement of electrode in the SR stim-
ulating the SC afferents to CA2. Red inverted triangle represents the location of electrode in the SLM stimulating the EC afferents to CA2. Black inverted triangle represents the position of the
recording electrode in the CA2 dendritic region. B, Control experiments at basal synaptic stimulation frequency indicate the long-lasting stability of SC-CA2 and EC-CA2 fEPSP recordings in this
study (n=06). C, Bath application of 50 um CCh for 30 min after a 30 min stable baseline induced a long-lasting synaptic depression (CCh-LTD) at SC and EC inputs to CA2 at basal synaptic
stimulation, lasting for 4 h after CCh application (n = 10). Data are mean = SEM. Analog traces are representative SC-CA2 (blue) and EC-CA2 (red) fEPSPs within the initial 30 min baseline re-
cording (closed line) before CCh application, and 60 min (dotted line) and 270 min (hatched line) after baseline. D, E, Summary data with cumulative frequency distribution plots of SC-CA2 and
EC-CA2 fEPSP (%) values from € at 60 min (D) and 270 min (E) into CCh application. Calibration for analog traces: B, C, 3 mV, 5 ms.

pairs of stimulation pulses with an interstimulus interval of 10, 30,
50, 70, 100, 150, and 250 ms, to individual synaptic inputs at speci-
fied time points (described in Results) of the fEPSP recording for
the respective experiments. All field potential recordings in this
study were performed in the absence of application of GABA re-
ceptor antagonists similar to our previous studies (Dasgupta et al.,
2017, 2020), and therefore reflect responses from hippocampal
neurons with intact inhibitory transmission.

Pharmacology. The nonselective cholinergic receptor agonist, (2-hydrox-
yethyl)trimethylammonium chloride carbamate (CCh; C4382; Sigma-
Aldrich), was prepared as 50 mM stock in deionized water and diluted to a
final concentration of 50 um in ACSE. Protein synthesis inhibitor, emetine
dihydrochloride hydrate (emetine; E2375; Sigma-Aldrich), was prepared as
20 mm stock in deionized water and diluted to 20 uMm final concentration in
ACSF. The NMDAR antagonist, D-AP5 (0106; Tocris Bioscience), was
stored at —20°C as 50 mM stock prepared in deionized water and
diluted before application to a final concentration of 50 um in
ACSF. The M1 muscarinic receptor antagonist, 5,11-dihydro-11-
[(4-methyl-1-piperazinyl)acetyl]-6 H-pyrido[2,3-b][1,4] benzodiaze-
pin-6-one dihydrochloride (pirenzepine; 1071; Tocris Bioscience),
was prepared as 10 mm stock in deionized water and diluted to a
final concentration of 0.5 um in ACSF. The M2 muscarinic recep-
tor antagonist, 11-[[2-[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-di-
hydro-6H-pyrido([2,3-b][1,4]benzodiazepin-6-one (AF-DX 116; 1105;
Tocris Bioscience), was prepared as 10 mm stock in DMSO, stored at
—20°C, and diluted before application to a final concentration of 2 um
in ACSF. The M3 muscarinic receptor antagonist, 1,1-dimethyl-
4-diphenylacetoxypiperidinium iodide (4-DAMP; 0482; Tocris Biosci-
ence), was prepared as 10 mum stock in DMSO, stored at —20°C, and diluted
before application to a final concentration of 1 um in ACSF. The nonselec-
tive muscarinic receptor antagonist, (endo,syn)-(*)-3-(3-hydroxy-1-oxo-2-
phenylpropoxy)-8-methyl-8-(1-methylethyl)-8-azoniabicyclo[3.2.1]octane

bromide (atropine; 0692; Tocris Bioscience), was prepared as 5 mm
stock in deionized water and diluted to a final concentration of 1 um
in ACSF. The noncompetitive nicotinic receptor antagonist, N2,3,3-tet-
ramethylbicyclo[2.2.1]heptan-2-amine hydrochloride (mecamylamine; 2843;
Tocris Bioscience), was prepared as 20 mu stock in deionized water and
diluted to a final concentration of 20 um in ACSF. The concentrated phar-
macological agent stock solutions were diluted in ACSF to their respective
final concentrations shortly before application, after which the pharmaco-
logical agent-containing ACSF was saturated with carbogen and bath-
applied. Detailed descriptions of the duration and time point of applica-
tion for individual pharmacological agents are provided in Results. Where
DMSO was used to prepare the stock solution, the final DMSO concentra-
tion in the working solution was kept <0.1%, a concentration shown in
previous studies to not affect basal synaptic transmission (Navakkode et
al., 2004). Light-sensitive pharmacological agents were shielded from ex-
posure to light during storage and bath application.

Data presentation and statistical analysis. The fEPSP values are rep-
resented as the mean of normalized fEPSP slope function (percentage of
baseline) == SEM. Nonparametric tests were used for the statistical analy-
sis as the sample size per series did not always guarantee a Gaussian nor-
mal distribution of the data. When comparing between two time points
within the same group of data, the Wilcoxon signed-rank test (Wilcoxon
test) was used for analysis. When comparing between two different groups
of data at a specific time point, the values were analyzed using the Mann—
Whitney U test (U test). When three different groups are compared
against each other at a specific time point, the mean normalized fEPSP
(%) values were analyzed using the Kruskal-Wallis test followed by
Dunn’s multiple comparisons post hoc analysis. Kolmogorov-Smirnov
test was used to compare cumulative frequency distributions. Paired-pulse
ratio is calculated as the ratio (P2/P1) of the slope function of the second
fEPSP to that of the first for pairs of stimulation pulses delivered with the
specified interstimulus intervals. Kruskal-Wallis test followed by Dunn’s
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Figure 2.  Comparison of CCh-LTD between hippocampal CA1 and CA2 synapses. A, Schematic diagram represents the loca-
tion of electrodes in the acute hippocampal slices for extracellular field electrophysiology recordings from the CA1 region. Blue
inverted triangle represents the placement of electrode in the SR stimulating the SC afferents to CA1 (SC-CA1). Red inverted tri-
angle represents the location of electrode in the SLM stimulating the EC layer Ill (EC LIll) afferents to CA1 (EC-CA1). Black
inverted triangle represents the position of the recording electrode in the CAT dendritic region. B, Bath application of CCh (50
) for 30 min after a 30 min stable baseline induced a long-lasting synaptic depression at SC-CA1, lasting up to 270 min into
(Ch application, while synaptic responses at EC-CAT reversed to levels not significantly different from its baseline levels by
210 min into CCh application (n=10). €, Superimposition of CCh-LTD at CA2 synapses (data from Fig. 1() and CA1 synapses
(data from B) for the ease of comparison. D, Summary bar chart represents fEPSP (%) at 30, 60, 180, and 270 min into CCh
application compared between SC-CA1 and SC-CA2 synapses, and between EC-CAT and EC-CA2 synapses. Significant differences
between the two groups: *p << 0.05; **p << 0.01; Not significant: ns, p > 0.05; U test. Data are mean = SEM. B, Analog
traces are representative SC-CAT (blue) and EC-CA1 (red) fEPSPs within the initial 30 min baseline recording (closed line) before
(CCh application, and 60 min (dotted line) and 270 min (hatched line) after baseline. Calibration: B, 3 mV, 5 ms.
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cholinergic stimulation in CA2 neurons,
the nonselective cholinergic receptor ago-
nist, CCh (50 um), was bath-applied for
30 min after taking a baseline recording of
30min (Fig. 1C), resulting in a sustained
synaptic depression (CCh-LTD) that lasted
for 4 h after CCh application at both EC-
CA2 (Fig. 1C, red circles, 270min:
Wilcoxon test, p=0.0020) and SC-CA2
synapses (Fig. 1C, blue circles, 270 min:
Wilcoxon test, p=0.0039). A previous
study has shown that activity-dependent
LTD in response to low-frequency electri-
cal stimulation exhibits a heterogeneous
expression pattern in CA2 neurons in the
rat hippocampus (Zhao et al,, 2007). The
cumulative  frequency distribution of
fEPSP (%) values from Figure 1C, 60 and
270 min into CCh application, is shown in
Figure 1D and Figure 1E, respectively. The
data indicate some form of heterogeneity,
at a minor level, for CCh-LTD displayed
by EC- and SC-CA2 synapses, wherein
CA2 synapses in a few experiments dis-
played a near reversal to baseline values
over time (Fig. 1E). However, in the major-
ity of experiments, the EC- and SC-CA2
synapses remained significantly depressed
on cholinergic activation by CCh applica-
tion. We also noted that the cumulative
frequency distribution of field poten-
tials between EC and SC inputs to CA2
at 60 and 270 min into CCh application
is not significantly different (Fig. 1D,
Kolmogorov-Smirnov test, p = 0.7591; Fig.
1E, Kolmogorov-Smirnov test, p =0.7591).

multiple comparisons post hoc analysis was used to compare paired-pulse
ratios between three groups. Differences at p < 0.05 were considered statis-
tically significant. Prism (GraphPad Soft-ware) was used to plot the
graphs and for the statistical analysis. Detailed description of the statisti-
cal analysis for individual experiments is provided in Results.

Results

Cholinergic receptor activation triggers protein synthesis-
dependent and NMDAR-independent LTD at both EC- and
SC-CA2 synapses

Based on our hypothesis that cholinergic modulation could
shape synaptic plasticity in hippocampal CA2 neurons, we first
sought to investigate changes in synaptic efficacy along the prox-
imo-distal dendritic axis of neurons in area CA2 owing to choliner-
gic receptor activation. To this end, we performed extracellular
field potential recordings in acute rat hippocampal slices and
thereby recorded synaptic activity from a population of CA2
neurons as fEPSPs on stimulation of the distal EC-CA2 and the
proximal SC-CA2 synapses. Control recordings were performed
at basal stimulation frequency (0.2 Hz) that resulted in stable syn-
aptic responses for 5 h after a baseline of 30 min at EC-CA2 and
SC-CA2 synapses (Fig. 1B, EC-CA2, red circles, 300 min: Wilcoxon
test, p=0.6875 SC-CA2, blue circles, 300 min: Wilcoxon test,
p=0.6875), thus demonstrating the stability of the field potential
recordings performed in this study. To probe the effect of

Next, we sought to explore how the
CCh-induced depression at synapses in
area CA2 compares with that in area
CAL. To determine this, we recorded synaptic responses from
the hippocampal CA1 region on independently stimulating CA1
SR where SCs terminate on CA1l neurons (SC-CA1l), and CAl
SLM where axons primarily from EC layer III terminate on CA1
neurons (EC-CA1) (Fig. 2A). Briefly, CCh (50 um) was bath-
applied for a duration of 30 min after a 30 min stable baseline
and synaptic responses from SC-CAI and EC-CA1 were contin-
ued to be recorded up to 4 h after CCh application at basal stim-
ulation frequency throughout as shown in Figure 2B. We
observed that, similar to SC-CA2 synapses, synaptic responses in
CA1l SR (SC-CA1) displayed sustained CCh-induced synaptic
depression up to 4 h after CCh application (Fig. 2B, blue circles,
270 min: Wilcoxon test, p=0.0059). However, unlike EC-CA2,
which remained significantly depressed up to 270 min into CCh
application, synaptic responses at CA1 SLM (EC-CA1) returned
to levels not significantly different from its baseline levels by
210 min into CCh application (Fig. 2B, yellow circles, 210 min:
Wilcoxon test, p=0.0645). The CCh-induced depression has
also been previously reported to be expressed differently between
the SR and SLM of CALI area in that CAl SR displays greater
CCh-induced synaptic depression compared with CAl1 SLM
(Hasselmo and Schnell, 1994). The effect of CCh on synaptic
responses in SR and SLM of CA2 area (data from Fig. 1C) and
CALl area (data from Fig. 2B) is compared against each other at
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30, 60, 180, and 270 min into CCh A
application in Figure 2D. Together, the
summarized data in Figure 2D suggest
that, while the maintenance of LTD
in response to cholinergic receptor acti-
vation differs between CA2 SLM (EC-
CA2) and CAl SLM (EC-CAl) (Fig.
2D, 180 min: U test, p=0.0232, 270
min: U test, p=0.0115), it is similar
between CA2 SR (SC-CA2) and CAl
SR (SC-CA1) (Fig. 2D, 180 min: U test,
p=0.2475, 270 min: U test, p =0.3930),
and the CCh-induced immediate de- T
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and 60 min into CCh application. We
observed that, for 10 ms interstimulus
interval, the paired-pulse ratio at EC-
CA2 60 min into CCh application was
significantly higher than the control
paired-pulse ratio before CCh appli-
cation (Fig. 3A, Wilcoxon test, p=
0.0156). However, at higher interstimu-
lus intervals, the paired-pulse ratio at
EC-CA2 60min into CCh application
was not significantly different from that
before CCh application (Fig. 3A, Wilcoxon test, interstimulus
intervals 30 ms: p=0.9453, 50 ms: p=0.3828, 70 ms: p=0.1016,
100 ms: p=0.1953, 150 ms: p=0.9453, 250 ms, p=0.9453). The
percent paired-pulse ratio at 10 ms interstimulus interval in EC-
CA2 normalized by the average control paired-pulse ratio is pre-
sented in Figure 3B and shows a significant increase of
34.05*8.154% at 60min into CCh application (Fig. 3B,
Wilcoxon test, p=0.0156). However, the paired-pulse ratio at
SC-CA2 was not significantly different before CCh and 60 min
into CCh application, at all the interstimulus intervals tested (Fig.
3C, Wilcoxon test, interstimulus intervals 10 ms: p= 0.1172, 30 ms:
p=0.2422, 50ms: p=0.5469, 70ms: p=0.3125, 100ms: p=
0.8125, 150 ms: p > 0.9999, 250 ms: p =0.3828). This suggests that
no significant changes in presynaptic release probability are induced
at SC-CA2 synapses 60 min into CCh application. The percent
paired-pulse ratio at 10 ms interstimulus interval in SC-CA2 nor-
malized by the average control paired-pulse ratio is presented in
Figure 3D and shows no significant change between control and
CCh groups (Fig. 3D, Wilcoxon test, p=0.1172). An increase in
paired-pulse ratio in CA2 neurons after CCh application has been
previously reported in mice by means of whole-cell recordings of
CA2 pyramidal neurons where a significantly greater paired-pulse

Figure 3.
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ratio of evoked EPSCs was observed after CCh (10 um) application,
reflecting a decrease in presynaptic glutamate release probability
associated with CCh-induced depression of excitatory synaptic
transmission onto CA2 pyramidal neurons (Robert et al., 2020). It
is intriguing that, in the present study, the increase in paired-pulse
ratio at EC-CA2, 60 min into CCh application, was only observed at
the 10ms interstimulus interval and not at higher interstimulus
intervals. It must be noted here that the paired-pulse stimulation
experiments in the present study were conducted under conditions
that did not block spontaneous synaptic events or inhibitory synap-
tic transmission. Overall, given that the increase in paired-pulse ra-
tio at EC-CA2 synapses on CCh application was only displayed at
10 ms interstimulus interval, the observed effects likely reflect only
very short-term modifications of presynaptic release mechanisms,
possibly shaped by cholinergic stimulation-induced intracellular cal-
cium release patterns (Seymour-Laurent and Barish, 1995) or other
CCh-induced modulatory mechanisms that remain to be deter-
mined. Not being the primary focus of the present study, this was
not further explored and is open to future investigation.

Next, the persistence of CCh-induced synaptic depression
was shown to be protein synthesis-dependent as bath application
of the protein synthesis inhibitor, emetine (20 um), significantly
attenuated the late maintenance of synaptic depression at CA2
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Figure 4. Persistence of (Ch-LTD at CA2 synapses requires protein synthesis but is independent of NMDAR activation and con-

tinuous afferent synaptic drive. A, Bath application of the protein synthesis inhibitor, emetine (EME; 20 wum), attenuates the late
phase of CCh-LTD at CA2 synapses (n =7). B, Summary bar chart comparing fEPSP (%) at 60 min (acute CCh-LTD) and 270 min
(sustained CCh-LTD) into (Ch application between Figure 1C (CCh alone) and Figure 44 (CCh + emetine). C, Bath application of
the NMDAR antagonist, D-AP5 (50 wm), does not abrogate CCh-LTD that persists into the late phase (n=8). D, Summary bar
chart comparing fEPSP (%) at 60 and 270 min into CCh application between Figure 1C (CCh alone) and Figure 4C (CCh + D-
AP5). E, In intact hippocampal slices, suspension of basal test stimulus for 1 h (No stim) at EC-CA2 and SC-CA2 does not block
(Ch-LTD and displays stable synaptic depression into the late phase (n=6). F, Summary bar chart comparing fEPSP (%) at 60
and 270 min into CCh application between Figure 1C (CCh alone) and Figure 4£ (CCh + No stim). G, In hippocampal slices with
(A3 surgically removed, suspension of basal test stimulus for 1 h (CCh + No stim) at EC-CA2 and SC-CA2 also leads to significant
synaptic depression persisting into the late phase (open circles, n =7), that is comparable with CCh-LTD observed at EC-CA2 and
SC-CA2 without suspension of basal test stimulus (CCh + continuous stim) (filled circles, n=7). Data are mean % SEM.
Significant differences between two groups: *p < 0.05; **p << 0.01; Not significant: ns, p > 0.05; U test. Analog traces are
representative EC-CA2 (red) and SC-CA2 (blue) fEPSPs within 30 min before CCh application (closed line), at 60 min into CCh appli-
cation (dotted line), and at 270 min into CCh application (hatched line). G: Top, Analog traces represent experiments with unin-
terrupted test stimulation. Bottom, Traces from experiments where test stimulation was paused for 1 h. Calibration 4, (, E, G,
3mV, 5ms.
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synapses in response to CCh (Fig. 4A).
As shown in Figure 4A, emetine was
applied for a total of 1 h (30 min before
coapplication with CCh for another
30min), and this resulted in fEPSPs at
EC- and SC-CA2 synapses gradually
returning to levels not significantly
different from their respective base-
line recordings by 265 min into eme-
tine application for EC-CA2 (Fig. 4A,
red circles, 265 min: Wilcoxon test,
p=0.1094) and by 240 min into eme-
tine application for SC-CA2 (Fig. 44,
blue circles, 240 min: Wilcoxon test,
p=0.2969). Figure 4B represents the
fEPSP (%) values at 60 and 270 min
into CCh application compared between
Figure 4A (CCh + emetine) and Figure
1C (CCh alone) at the specific time
points. The experiments in Figures 4A
and 1C were not strictly interleaved
within the same time frame, but both
experiments used similar conditions for
preparation of hippocampal slices and
long-term electrophysiological record-
ings. As shown in Figure 4B, the acute
CCh-LTD (60min into CCh applica-
tion) was comparable with and without
emetine (EC-CA2, U test, p=0.8125;
SC-CA2, U test, p=0.4173). However,
the late phase of CCh-LTD (270 min
into CCh application) was significantly
attenuated in the presence of emetine
compared with the late phase of LTD
with CCh alone at both EC-CA2 (Fig.
4B, U test, p=0.0097) and SC-CA2 syn-
apses (Fig. 4B, U test, p=0.0185). As
shown in Figure 4A, by the end of
the recording period (270 min into
CCh application), EC-CA2 and SC-CA2
fEPSPs attained mean fEPSP (%) values
of 85.30 = 7.766% and 88.24 * 7.428%,
respectively, with emetine application,
and were also not significantly different
compared with their respective baseline
levels (Fig. 4A, EC-CA2, red circles,
300 min: Wilcoxon test, p=0.1563; SC-
CA2, blue circles, 300 min: Wilcoxon
test, p=0.3750). Overall, the data and
analyses in Figure 4A, B suggest that em-
etine significantly decreases the magni-
tude of the late phase of CCh-LTD but
does not appear to completely eliminate
it as a slight depression is still displayed
at the end of the recording period,
although not statistically significant.

The LTD induced by CCh, however,
was not NMDAR-dependent as coap-
plication of the NMDAR antagonist,
D-AP5 (50 um), with CCh did not
attenuate CCh-LTD at either synaptic
inputs to CA2 with fEPSPs significantly
lower than baseline levels even by
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270 min into CCh application (Fig. 4C, EC-CA2, red circles,
270 min: Wilcoxon test, p=0.0078; SC-CA2, blue circles,
270 min: Wilcoxon test, p =0.0234). Figure 4D compares fEPSP
(%) values from Figure 4C (CCh + D-AP5) against Figure 1C
(CCh alone), at 60 and 270 min into CCh application, and shows
that fEPSPs for both acute CCh-LTD (60 min) and sustained
CCh-LTD (270 min) in Figures 1C and 4C are not significantly
different from each other (Fig. 4D, EC-CA2, 60 min: U test,
p=0.5148, 270 min: U test, p=0.1728; SC-CA2, 60 min: U test,
p=0.3154, 270 min: U test, p=0.3599). We further determined
that CCh-LTD at CA2 synapses was independent of continuous
afferent synaptic drive as we observed a significant and lasting
LTD at EC- and SC-CA2 synapses even when test stimulation
was suspended for 1 h (30 min during application of CCh and
30 min immediately following CCh application) (Fig. 4E). As
demonstrated in Figure 4E, both EC- and SC-CA2 displayed sig-
nificant synaptic depression compared with their respective base-
line recordings, despite the 1 h pause in test stimulation (EC-
CA2, red circles, 270 min: Wilcoxon test, p=0.0313; SC-CA2,
blue circles, 270 min: Wilcoxon test, p =0.0313). Figure 4F com-
pares fEPSP (%) values from Figure 4E (CCh + suspension of
test stimulus) against Figure 1C (CCh alone), at 60 and 270 min
into CCh application, and shows that fEPSPs for both acute
CCh-LTD (60 min) and sustained CCh-LTD (270 min) in Figure
1C and 4E are not significantly different from each other (Fig.
4F, EC-CA2, 60min: U test, p=0.4278, 270min: U test,
p=0.7925; SC-CA2, 60 min: U test, p=0.4278, 270 min: U test,
p=0.1179). Although CCh-LTD was displayed at CA2 synapses
despite the pause in test stimulation as demonstrated in Figure
4E, it does not confirm that CCh-LTD at CA2 synapses is fully
activity-independent as CCh application has been shown to
induce oscillatory activity in CA3 pyramidal cells even in the ab-
sence of electrical stimulation (Williams and Kauer, 1997). To
rule out the role of CCh-induced CA3 neuronal activity in the
observed CCh-LTD at CA2 synapses, we monitored CCh-LTD
at EC- and SC-CA2 synapses with pause (Fig. 4G, open circles;
CCh + No stimulation for 1 h) and without pause in test stimu-
lation (Fig. 4G, filled circles; CCh + continuous stimulation) in
hippocampal slices with the CA3 region surgically removed
(Scheiderer et al,, 2006). Despite the removal of CA3 region, a
significant and lasting LTD was observed at EC- and SC-CA2
synapses compared with their respective baseline levels, when
CCh was bath-applied for 30 min after a 30 min stable baseline,
in experiments where test stimulation was not paused (Fig. 4G,
EC-CA2, red filled circles, 270 min: Wilcoxon test, p =0.0469;
SC-CA2, blue filled circles, 270 min: Wilcoxon test, p =0.0156).
Moreover, even when test stimulation was suspended briefly for
1 h (30 min during application of CCh and 30 min immediately
following CCh application) in hippocampal slices with CA3
removed, both EC- and SC-CA2 synapses still displayed a signifi-
cant and persistent CCh-LTD compared with their individual
baseline levels (Fig. 4G, EC-CA2, red open circles, 270 min:
Wilcoxon test, p=0.0156; SC-CA2, blue open circles, 270 min:
Wilcoxon test, p=0.0313). The persistent CCh-LTD so observed
in hippocampal slices with CA3 removed, with (Fig. 4G, open
circles) and without (Fig. 4G, filled circles) pause in test stimula-
tion, was also not significantly different compared against each
other at both EC-CA2 (Fig. 4G, 270 min: U test, p =0.9656) and
SC-CA2 (Fig. 4G, 270 min: U test, p=0.8718) synapses.
Together, these results suggest that CCh-LTD at CA2 synapses is
independent of CCh-induced CA3 neuronal activity as well.
However, it does not completely rule out activity dependence of
CCh-LTD at CA2 synapses as CCh application has also been
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observed to induce spontaneous burst firing of action potentials
in CA2 pyramidal cells even in the absence of synaptic transmis-
sion (Robert et al, 2020). Whether or not activity by CCh-
induced spontaneous firing of CA2 pyramidal cells has any role
in mediating the observed CCh-LTD at CA2 synapses remains to
be determined.

Differential role for mAChRs and nAChRs in facilitating
CCh-LTD at CA2 synapses

Acetylcholine (ACh) exerts its effects on neural activity by acting
on ionotropic nicotinic ACh receptors (nAChRs) and metabo-
tropic muscarinic ACh receptors (mAChRs) (Brown, 2019).
Given the expression of cholinergic receptors belonging to both
ACh receptor classes in the CA2 region (Wada et al, 1989;
Seguela et al., 1993; Levey et al.,, 1995), we were intrigued to
understand the relative roles played by the different cholinergic
receptors in mediating CCh-LTD at CA2 synapses. To this end,
the effects of different cholinergic receptor antagonists on
CCh-LTD at CA2 synapses were explored and compared against
CCh-LTD within the same time frame in interleaved control
experiments without receptor antagonists (Fig. 5A-E). It was
observed that the application of the selective muscarinic M1 re-
ceptor antagonist, pirenzepine (0.5 um), for a total duration of
50 min (20 min before coapplication with CCh for another
30 min), resulted in fEPSPs returning to levels not significantly
different from their individual baseline values by 100and
210 min into CCh application at EC- and SC-CA2 synapses,
respectively (Fig. 5A, EC-CA2, red open circles, 120 min:
Wilcoxon test, p=0.0742; SC-CA2, blue open circles, 230 min:
Wilcoxon test, p=0.0742). This attenuation of fEPSPs in the
presence of pirenzepine (Fig. 5A, open circles) was also signifi-
cantly different compared with both the early and late phases of
CCh-LTD in interleaved control experiments without pirenze-
pine (Fig. 5A, filled circles) at EC-CA2 (Fig. 5A, 60 min into
CCh: U test, p=0.0025; 250 min into CCh: U test, p=0.0152)
and SC-CA2 synapses (Fig. 5A, 60 min into CCh: U test,
p=0.0025; 250 min into CCh: U test, p=0.0055). However,
application of the selective muscarinic M2 receptor antagonist,
AF-DX 116 (2 um), for a total duration of 50 min (20 min before
coapplication with CCh for 30 min), did not abrogate the main-
tenance of CCh-LTD at CA2 synapses with fEPSPs significantly
depressed from its baseline values until the end of the recording
period at both EC- and SC-CA2 synapses (Fig. 5B, EC-CA2, red
open circles, 270 min: Wilcoxon test, p =0.0156; SC-CA2, blue
open circles, 270 min: Wilcoxon test, p =0.0313). The depression
of fEPSPs so observed in the presence of AF-DX 116 (Fig. 5B,
open circles) was also not significantly different compared with
CCh-LTD in interleaved control experiments without AF-DX
116 (Fig. 5B, filled circles) at EC-CA2 (Fig. 5B, 60 min into
CCh: U test, p=0.2785; 250 min into CCh: U test, p =0.9305)
and SC-CA2 synapses (Fig. 5B, 60 min into CCh: U test,
p=0.9203; 250 min into CCh: U test, p =0.2754). This suggests
that muscarinic M2 receptor activation does not play a significant
role in mediating CCh-LTD at CA2 synapses. Interestingly, appli-
cation of the muscarinic M3 receptor antagonist, 4-DAMP (1 um),
for a total duration of 50 min (20 min before coapplication with
CCh for 30 min) as shown in Figure 5C (open circles), blocked the
induction itself of CCh-LTD at both EC- and SC-CA2 synapses
with fEPSPs not differing significantly from their respective base-
line levels (Fig. 5C, EC-CA2, red open circles, 30 min into CCh:
Wilcoxon test, p =0.8125; SC-CA2, blue open circles, 30 min into
CCh: Wilcoxon test, p=0.4375). This blockade of CCh-LTD in
the presence of 4-DAMP was also significantly different compared
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mAChR and nAChR activation plays varied roles in the induction, early, and late phases of CCh-LTD at EC-CA2 and SC-CA2 synapses. A, Bath application of the muscarinic M1 recep-

tor antagonist, pirenzepine (0.5 um; 20 min before CCh and 30 min coapplication with CCh), significantly attenuates the early phase as well as the persistent expression of CCh-LTD at both EC-
and SC-CA2 synapses (open circles, n=9) compared with CCh-LTD in interleaved control experiments without pirenzepine (filled circles, n = 8). B, Muscarinic M2 receptor antagonist, AF-DX
116 (2 ) does not block CCh-LTD, and a significant depression persists into the late phase at EC- and SC-CA2 synapses (n=7) at levels comparable to CCh-LTD in interleaved control experi-

ments (n=8). €, Muscarinic M3 receptor antagonist, 4-DAMP (1 wm), results in the com

plete abrogation of CCh-LTD at EC- and SC-CA2 synapses (n =7) compared with persistent CCh-LTD in

interleaved control experiments (n = 8). D, The nonselective muscarinic receptor antagonist, atropine (1 ), also results in the complete blockade of CCh-LTD at both EC- and SC-CA2 synapses

(n=7) compared with persistent CCh-LTD in interleaved control experiments (n=8). E,

The nonselective nicotinic receptor antagonist, mecamylamine (20 wm), attenuates the late mainte-

nance of CCh-LTD at EC- and SC-CA2 synapses (n = 7), while interleaved control experiments (n = 8) display significant CCh-induced synaptic depression persisting into the late phase. Data are
mean = SEM. Analog traces are representative EC-CA2 (red) and SC-CA2 (blue) fEPSPs within 30 min before CCh application (closed line), at 60 min into CCh application (dotted line), and at
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with the early and late phases of CCh-LTD in interleaved control
experiments without 4-DAMP (Fig. 5C, filled circles) at EC-CA2
(Fig. 5C, 60 min into CCh: U test, p =0.0003; 250 min into CCh: U
test, p=0.0022) and SC-CA2 synapses (Fig. 5C, 60 min into CCh:
U test, p=0.0022; 250 min into CCh: U test, p=0.0289). A com-
plete blockade of muscarinic receptors with the nonselective mus-
carinic receptor antagonist, atropine (1 um), bath-applied for a
total duration of 50 min (20 min before coapplication with CCh
for 30 min) (Fig. 5D, open circles), also resulted in the induction
of CCh-LTD being fully abolished, with fEPSPs at EC- and SC-
CA2 synapses not significantly different from their respective
baseline levels (Fig. 5D, EC-CA2, red open circles, 30 min into
CCh: Wilcoxon test, p =0.4375; SC-CA2, blue open circles, 30 min
into CCh: Wilcoxon test, p=0.3125). The blockade of CCh-LTD
in the presence of atropine was also significantly different com-
pared with the early and late phases of CCh-LTD in interleaved
control experiments without atropine (Fig. 5D, filled circles) at
EC-CA2 (Fig. 5D, 60 min into CCh: U test, p=0.0003; 250 min
into CCh: U test, p=0.0003) and SC-CA2 synapses (Fig. 5D, 60
min into CCh: U test, p=0.0140; 250min into CCh: U test,
p=0.0289). In contrast, application of the nonselective nicotinic
receptor antagonist, mecamylamine (20 um), for 50 min (20 min
before coapplication with CCh for 30 min) resulted in fEPSPs
gradually returning to levels not significantly different from their
respective baseline values only by 235 min into CCh application at
EC-CA2 synapses (Fig. 5E, EC-CA2, red open circles, 255 min:
Wilcoxon test, p=0.0781) and by 190 min into CCh application at
SC-CA2 synapses (Fig. 5E, SC-CA2, blue open circles, 210 min:
Wilcoxon test, p =0.0781). At both EC- and SC-CA2 synapses, the
early phase of CCh-LTD was not significantly different in the pres-
ence of mecamylamine compared with its interleaved control (Fig.
5E, filled circles) experiments without mecamylamine (Fig. 5E,
EC-CA2, 60 min into CCh: U test, p=0.6794; SC-CA2, 60 min
into CCh: U test, p=0.1514), suggesting that nicotinic receptors
do not play a significant role in mediating the early phase of CCh-
LTD at CA2 synapses. An inspection of the fEPSP (%) values at
SC-CA2 in Figure 5E by the end of the recording period (250 min
into CCh application) for experiments with mecamylamine reveals
that the SC-CA2 fEPSPs attained a mean value of 101.8 = 6.078%
and were not significantly different compared with its baseline lev-
els (Fig. 5E, SC-CA2, blue open circles, 270 min: Wilcoxon test,
p>>0.9999). The SC-CA2 fEPSPs at this time point, for experi-
ments with mecamylamine, were also significantly different com-
pared with the late phase of CCh-LTD in its interleaved control
experiments without mecamylamine (Fig. 5E, SC-CA2, 250 min
into CCh: U test, p=0.0037). By the end of the recording period
(250 min into CCh application) for experiments with mecamyl-
amine in Figure 5E, the EC-CA2 fEPSPs attained a mean value of
84.41 +7.896% and were not significantly different compared
with its baseline levels (Fig. 5E, EC-CA2, red open circles,
270 min: Wilcoxon test, p=0.1094). However, this attenuation of
fEPSPs at EC-CA2 in the presence of mecamylamine was not sig-
nificantly different compared against the late phase of CCh-LTD
in its interleaved control experiments without mecamylamine
(Fig. 5E, EC-CA2, 250 min into CCh: U test, p = 0.0541). Together,
the inspection of fEPSP (%) values by the end of the recording pe-
riod for experiments with mecamylamine in Figure 5E and their

«—

250 min into CCh application (hatched line). Top, Analog traces in the presence of specific re-
ceptor antagonists. Bottom, Analog traces for its respective interleaved control experiments.
(alibration: A—E, 3mV, 5 ms.
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comparison against baseline values as well as against CCh-LTD in
interleaved control experiments separately, suggest that, although
mecamylamine does attenuate the late persistence of CCh-LTD at
both EC-CA2 and SC-CA2 synapses, it does not fully abrogate the
synaptic depression at EC-CA2, as opposed to SC-CA2 synapses
where mecamylamine appears to nearly eliminate the late phase of
CCh-LTD by the end of the recording period.

The results presented in Figure 5A, C, E are indicative of a
strong dependency for muscarinic M3 receptor activation in the
early facilitation of CCh-LTD at CA2 synapses with a weaker
role for muscarinic M1 receptors, and suggest that activation of
nicotinic receptors plays a role in the late maintenance of CCh-
LTD. The observed role for nicotinic receptors is in contrast to
the recent study in mice where nicotinic receptors were not
observed to be involved in CCh-induced synaptic depression in
CA2 neurons (Robert et al., 2020). However, we suspect that the
aforementioned study could not detect a role for nicotinic recep-
tors in CCh-LTD because of a short recording period. Similar to
their results, we also observed that the acute depression following
CCh application was not blocked by the nicotinic antagonist.
Together, the data presented in Figure 5A-E suggest that, while
activation of muscarinic M3 and M1 ACh receptors, and nico-
tinic ACh receptors, facilitates CCh-LTD, albeit with differences
in their contribution to the induction, early, and late phases of
CCh-LTD, the induction itself of CCh-LTD at CA2 synapses is
mediated through muscarinic and not nicotinic receptor activa-
tion. While these results are presented, it is also noted that more
confidence in the role of the different muscarinic receptors in
mediating CCh-LTD could only be derived by even more selec-
tive and targeted receptor blockade given that pharmacological
agents, such as pirenzepine used in this study, show moderate
cross-selectivity to other muscarinic receptor subtypes as well
(Marino et al., 1998). Nonetheless, the effects observed in this
study do suggest varied roles of the different cholinergic recep-
tors in mediating CCh-LTD at CA2 synapses.

Prior synaptic depression mediated by cholinergic receptor
activation primes CA2 synapses for LTP

As the maintenance of CCh-induced synaptic depression at CA2
synapses was shown to be protein synthesis-dependent, we
explored whether such protein synthesis and/or other activated
signaling downstream of cholinergic receptor activation could al-
ter the state of CA2 synapses to regulate subsequently induced
synaptic plasticity. We hypothesized that, if there is a common
pool of plasticity-related proteins between LTD and LTP, then
this could potentially “prime” the depressed synapses for LTP as
well when stimulus strength is altered. To this end, we performed
single-pathway experiments wherein we stimulated the EC
inputs alone to CA2 at the SLM and recorded fEPSPs from the
CA2 dendritic region. In the absence of CCh priming, a weak
tetanization (WTET) delivered at EC-CA2 synapses normally
results only in a short-lasting synaptic potentiation called early
LTP (E-LTP) that decays to baseline levels by 95min after
WTET (Fig. 6A, red circles, 95min: Wilcoxon test, p=0.1094).
Next, we explored how CCh priming affects WTET-induced
LTP at EC-CA2 synapses. Upon recording a 30 min stable base-
line, CCh was bath-applied for 30 min, which resulted in a signif-
icant synaptic depression at the EC-CA2 synapses (Fig. 6B, red
circles, 60 min: Wilcoxon test, p = 0.0078). However, after 60 min
into CCh application, the stimulus strength of the EC input was
increased such that the fEPSPs returned to values comparable to
the initial average baseline values before CCh application (Fig. 6B,
red circles, 80 min: U test, p=0.1949). As shown in Figure 6B, a
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Figure 6.  Prior synaptic depression by cholinergic receptor activation primes EC-CA2 synapses for persistent LTP expression in response to WTET delivered at a later point in time. A, Control
single-pathway experiment where EC fibers alone to CA2 were stimulated without prior CCh priming and WTET delivered at EC-CA2 following a stable baseline of 30 min, resulted in a short-
lasting potentiation (E-LTP) (n =8). B, Persistent potentiation (L-LTP) results when WTET was induced at EC-CA2 following a new reset stable baseline of 30 min on increasing the stimulus
strength 1 h into CCh application (n=8). (, Late inhibition of protein synthesis by bath application of the protein synthesis inhibitor, emetine (EME; 20 ), during the delivery of WTET at EC-
(A2 does not abrogate (Ch-primed reinforcement of WTET-induced LTP such that persistent LTP is still observed (n=9). D, Early inhibition of protein synthesis during CCh-LTD with emetine
bath-applied 30 min before CCh and 30 min together with CCh prevents the reinforcement of WTET-induced LTP at EC-CA2 (n=7). E, Summary bar chart comparing fEPSP (%) 3 h after WTET
at EC-CA2 from B (CCh) against € (EME during WTET) and D (EME before baseline reset). Differences between groups: *p << 0.05; ns, not significant, p > 0.05; Dunn’s multiple comparisons
post hoc analysis following Kruskal-Wallis test. Data are mean = SEM. B-D, Analog traces are representative EC-CA2 (red) fEPSPs within 30 min before CCh application (closed line 1), at
60 min into CCh application (hatched line 2), within 30 min before WTET (closed line 3), and at 180 min after WTET (hatched line 4). A, Analog traces are representative EC-CA2 fEPSPs within
the 30 min baseline before WTET (closed line) and at 180 min after WTET (hatched line). Calibration: A-D, 3 mV, 5 ms.

new stable baseline was thereafter recorded at the increased stimu-
lus strength for another 30 min, following which WTET was deliv-
ered to the EC-CA2 pathway. We observed that priming from
CCh-LTD results in the transformation of a transient WTET-
induced E-LTP to a long-lasting late LTP (L-LTP) at EC-CA2

maintained for 3 h after WTET (Fig. 6B, red circles, 275 min:
Wilcoxon test, p =0.0078). Thus, CCh-LTD serves as a metaplastic
trigger for the reinforcement of subsequently induced LTP by
stimuli subthreshold for producing L-LTP at EC-CA2 synapses.
Moreover, the magnitude of synaptic potentiation at EC-CA2 in
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WTET delivered following a new reset stable 30 min baseline on increasing stimulus strength 1 h into CCh application, elicited only a transient potentiation that quickly decayed to baseline lev-
els (n=28). B, In the control experiment without prior CCh priming, WTET delivered at SC-CA2 following a stable 30 min baseline also results in a transient potentiation that quickly decays to
baseline levels (n = 6). C, Strong tetanic stimulation (STET) following CCh-LTD elicits L-LTP expression at SC-CA2. STET delivered at SC-CA2 following the new reset 30 min baseline on increasing
the stimulus strength 1 h into CCh application led to the expression of persistent synaptic potentiation (L-LTP) up to 3 h (n = 13). D, Control experiment without prior CCh priming, where STET
was delivered at SC-CA2 following a stable baseline of 30 min, resulted in only a transient potentiation that quickly decayed to baseline levels (n = 10). Data are mean = SEM. A, C, Analog
traces are representative SC-CA2 (blue) fEPSPs within 30 min before CCh application (closed line 1), at 60 min into CCh application (hatched line 2), within 30 min before TET (closed line 3),
and at 180 min after TET (hatched line 4). B, D, Analog traces are representative SC-CA2 fEPSPs within the 30 min baseline before TET (closed line) and at 180 min after TET (hatched line).

Calibration: A-D, 3mV, 5 ms.

the early phase of LTP following CCh priming in Figure 6B was
observed to be significantly greater compared with that without
CCh priming in Figure 6A (60min after WTET: U test,
p=0.0002). L-LTP being a temporal phase of LTP that supplants
E-LTP over time (Sweatt, 2010), these results further suggest that
priming by CCh-LTD reinforces WTET-induced LTP at EC-CA2
synapses by increasing the magnitude of E-LTP as well as facilitat-
ing the expression of L-LTP.

In order to understand whether this “primed” reinforcement
of LTP is protein synthesis-dependent, we bath-applied the pro-
tein synthesis inhibitor, emetine, 15 min into resetting the base-
line by increasing the EC input stimulus strength after 60 min
into CCh application (Fig. 6C). As shown in Figure 6C, after re-
cording a new stable baseline for 15 min at the increased stimulus
strength, emetine was bath-applied for a total duration of
60 min, and WTET was delivered to EC-CA2 30 min into eme-
tine application. However, a significant synaptic potentiation
was still observed at EC-CA2 3 h after WTET (Fig. 6C, red
circles, 290 min: Wilcoxon test, p =0.0039). This prompted us to
explore whether early protein synthesis inhibition during CCh-
LTD could affect the primed LTP. Interestingly, when emetine
was applied for a total duration of 60 min (30 min before and
30min coapplication with CCh) as shown in Figure 6D, the
EC-CA2 synaptic potentials returned to levels not significantly
different from the reset baseline potentials by 95min after

WTET (Fig. 6D, red circles, 220 min: Wilcoxon test, p=0.0781).
Although there is a small yet significant post-tetanic potentiation
at EC-CA2 following WTET in Figure 6D (red circles, 1 min after
WTET: Wilcoxon test, p=0.0156), it is significantly attenuated
compared with the post-tetanic potentiation in Figure 6B (1 min
after WTET: U test, p=0.0006). These data demonstrate that
protein synthesis initiated in response to CCh-induced synaptic
depression is critical for the early induction phase as well as the
enabling of LTP expression on a sequential increase in stimulus
strength followed by WTET at EC-CA2. Figure 6E (bar chart)
represents EC-CA2 fEPSP (%) at 3 h after WTET from Figure 6B
compared against Figure 6C and Figure 6D, summarizing the
effect of protein synthesis inhibition at different time points on
the persistence of CCh-primed LTP at EC-CA2 synapses.

Similar to the LTP reinforcement observed at EC-CA2 synap-
ses that were weakly stimulated subsequent to CCh-LTD, we
next explored whether this metaplastic effect is also displayed by
the SC-CA2 synapses. We designed a single-pathway experiment
with a timeline similar to that in Figure 6B, with the exception
that, in place of EC stimulation, the SC-CA2 pathway was stimu-
lated at the proximal SR and fEPSPs were recorded from the
CA2 dendritic region (Fig. 7A). After 30 min of an initial stable
baseline, CCh was bath-applied for 30 min, which resulted in a
significant synaptic depression at SC-CA2 (Fig. 7A, SC-CA2,
blue circles, 60 min: Wilcoxon test, p=0.0078). Sixty minutes



Benoy et al.  Metaplasticity in Hippocampal Area CA2

into CCh application, the input stimulus strength for SC-CA2
was increased such that its fEPSPs returned to values comparable
to the initial average baseline values before CCh application (Fig.
7A, SC-CA2, blue circles, 80 min: U test, p=0.2786). After re-
cording a new reset stable baseline for 30 min at the increased
stimulus strength, WTET was delivered to the SC-CA2 pathway.
However, unlike the EC-CA2 pathway, the SC-CA2 synapses did
not display a persistent LTP and fEPSPs decayed to the reset
baseline potentials by 15 min after WTET (Fig. 7A, SC-CA2, blue
circles, 110 min: Wilcoxon test, p = 0.5469). Figure 7B shows the
control single-pathway experiment without CCh priming where
a WTET delivered at SC-CA2 following a 30 min stable baseline
recording results in a transient potentiation that decays to base-
line levels by 15 min after WTET (Fig. 7B, SC-CA2, blue circles,
15 min: Wilcoxon test, p=0.0938). As SC-CA2 synapses are dif-
ferent from EC-CA2 in their plasticity expression and have been
shown in multiple previous studies to be resistant to canonical
activity-dependent LTP (Zhao et al, 2007; Chevaleyre and
Siegelbaum, 2010; Dasgupta et al., 2017), we were intrigued to
explore whether a stronger stimulus could facilitate LTP rein-
forcement after CCh priming in the SC-CA2 pathway. To test
this possibility, a strong tetanization (STET) consisting of three
trains of high-frequency stimulation at 100 Hz was delivered at
SC-CA2 following CCh priming (Fig. 7C). Similar to the experi-
ment timeline in Figure 7A, after 30 min of an initial stable base-
line, CCh was bath-applied for 30 min, which resulted in a
significant synaptic depression at SC-CA2 (Fig. 7C, SC-CA2, blue
circles, 60 min: Wilcoxon test, p = 0.0005). Sixty minutes into CCh
application, the input stimulus strength for SC-CA2 was increased
to revert fEPSPs to values comparable to the initial average base-
line values before CCh application (Fig. 7C, SC-CA2, blue circles,
80min: U test, p=0.3358). Following a new stable baseline of
30min, STET was delivered to the SC-CA2 pathway, which
resulted in persistent LTP that remained significantly higher than
its reset baseline potentials for 3 h (Fig. 7C, SC-CA2, blue circles,
275 min: Wilcoxon test, p=0.0398). Figure 7D shows the single-
pathway control recording where SC-CA2 synapses were sub-
jected to STET following a 30 min stable baseline recording, result-
ing in only a transient potentiation that quickly decayed to
baseline levels by 15min after STET (Fig. 7D, SC-CA2, blue
circles, 15 min: Wilcoxon test, p=0.2754). Thus, cholinergic re-
ceptor activation-induced synaptic depression primes both EC
and SC synapses onto CA2 for persistent LTP, albeit in response
to different strength of plasticity-inducing tetanic stimuli.

CCh-primed LTP reinforcement at cortical synaptic inputs
to CA2 coexists with concurrent and sustained CCh-LTD in
the SC pathway

The spatial segregation of incoming information via the SC and
EC pathways converging onto CA2 proximal and distal dendritic
regions, respectively, raises the possibility of a heterosynaptic
trans-compartmental interaction in the processing of incoming
synaptic inputs to CA2 neurons. With the existence of a primed
LTP at EC-CA2 synapses demonstrated in response to prior cho-
linergic activation-induced synaptic depression in single-path-
way experiments (Fig. 6B), we were thus intrigued to perform
two-pathway experiments with similar experimental design to
explore whether there is an interaction between the EC and SC
pathways modulating the expression of the observed LTP. To
determine this, we performed experiments wherein we stimu-
lated both EC and SC fibers onto CA2 but differentially changed
the stimulus strength of both pathways after CCh-induced syn-
aptic depression. First, we performed a two-pathway experiment
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involving stimulation of EC and SC fibers, wherein a stable base-
line was recorded for 30 min, following which CCh was bath-
applied for 30 min, which resulted in a significant synaptic
depression at EC (Fig. 84, red circles, 60 min: Wilcoxon test,
p=0.0156) and SC (Fig. 84, blue circles, 60 min: Wilcoxon test,
p=0.0156) inputs to CA2. After 60 min into CCh application,
the stimulus strength of EC inputs alone was increased such that
fEPSPs at EC-CA2 reverted to values comparable to its initial av-
erage baseline values before CCh application (Fig. 84, EC-CA2,
red circles, 80 min: U test, p=0.7104). Stimulus strength for the
SC-CA2 pathway was unaltered such that SC-CA2 synapses dis-
played significant and sustained CCh-LTD until the end of the
recording period (Fig. 84, SC-CA2, blue circles, 275min:
Wilcoxon test, p=0.0156). In the EC-CA2 pathway, however, af-
ter 30 min of a stable reset baseline, WTET was delivered, which
resulted in persistent LTP lasting 3 h (Fig. 84, EC-CA2, red
circles, 275 min: Wilcoxon test, p =0.0156). Figure 8B shows the
control two-pathway experiment without CCh priming, where
WTET is delivered to EC-CA2 following a 30 min stable baseline
recording, resulting in only a short-lasting E-LTP that decays to
baseline levels by 40 min after WTET (Fig. 8B, EC-CA2, red
circles, 40 min: Wilcoxon test, p =0.0781). SC-CA2 synapses are
subjected to baseline stimulation throughout and display stable
synaptic responses until the end of the recording period (Fig. 8B,
SC-CA2, blue circles, 180 min: Wilcoxon test, p=0.9375). As
shown in Figure 8C, we also compared changes in the presynap-
tic release probability by performing paired-pulse stimulation at
EC-CA2 synapses at three different points in the experiment
timeline (before CCh application, at a time point in the reset
baseline after CCh application, and after 30 min after WTET),
for two-pathway experiments performed from Figure 8A. Pairs
of stimulation pulses with an interstimulus interval of 10, 30, 50,
70, 100, 150, and 250 ms were delivered at EC-CA2 at a point
during baseline recording before CCh application (pre CCh), at a
point during the new reset baseline taken after increasing stimu-
lus strength at EC (post CCh baseline reset) and after 30 min
after WTET (post WTET). However, the paired-pulse ratios
at EC-CA2 between the three experimental time points were
not significantly different from each other (Fig. 8C, Kruskal-
Wallis test with Dunn’s multiple comparisons post hoc analy-
sis, interstimulus intervals 10 ms: p =0.3672, 30 ms: p =0.5367,
50ms: p=0.1054, 70ms: p=0.7831, 100 ms: p=0.4154, 150 ms:
p=0.2378, 250ms: p=0.8268), suggesting that no significant
changes in presynaptic release probability are induced at EC-
CA2 synapses between the three experimental time points
assessed. Figure 8D shows the percent paired-pulse ratio normal-
ized by the average pre CCh paired-pulse ratio for the paired-
pulse stimulation experiments at 10ms interstimulus interval
from Figure 8C. Although there is a slight increase, at 10 ms
interstimulus interval, between the normalized EC-CA2 paired-
pulse ratio before CCh application (pre CCh) and at a point in
the new reset baseline after increasing EC stimulus strength (post
CCh baseline reset), it is not statistically significant (Fig. 8D,
Kruskal-Wallis test, p=0.3672, followed by Dunn’s multiple
comparisons post hoc analysis, p =0.4550). Similarly, the normal-
ized EC-CA2 paired-pulse ratio at a point in the new reset base-
line (post CCh baseline reset) and after 30 min after WTET (post
WTET) are not significantly different from each other (Fig. 8D,
Kruskal-Wallis test, p=0.3672, followed by Dunn’s multiple
comparisons post hoc analysis, p > 0.9999), suggesting that the
observed CCh-primed LTP at EC-CA2 in the two-pathway
experiment is not associated with a significant change in the pre-
synaptic glutamate release probability after 30 min after WTET.
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Figure 8.  (Ch-primed LTP reinforcement at EC-CA2 steadily coexists with concurrent CCh-LTD at SC-CA2 synapses. A, In two-pathway experiments where EC and SC fibers to CA2 were stimu-
lated, WTET delivered at EC-CA2 following a reset stable baseline on increasing the stimulus strength at EC-CA2 alone 1 h into CCh application, results in the persistent expression of LTP at EC-
(A2, that coexists with sustained CCh-LTD at SC-CA2 (n =7). B, Control experiment without prior CCh priming results in only a short-lasting potentiation on delivery of WTET at EC-CA2 (n=7).
€, No significant differences were observed for paired-pulse ratios at EC-CA2 analyzed for the experiments in 4, at three stages during the recording: In the baseline before CCh application (pre
(Ch), in the reset baseline after increasing stimulus strength at EC-CA2 (post CCh baseline reset), and 30 min after WTET at EC-CA2 (post WTET) (n = 6). D, EC-CA2 paired-pulse ratios at 10 ms
interstimulus interval from € normalized by the average Pre (Ch paired-pulse ratio and compared among the three stages (Dunn’s multiple comparisons post hoc analysis following Kruskal—
Wallis test, ns, not significant, p > 0.05). E, Increasing the stimulus strength at SC-CA2 along with EC-CA2 following CCh priming prevents LTP reinforcement at EC-CA2 subsequently subjected
to WTET such that only a short-lasting potentiation ensues at EC-CA2 (n=6). F, Summary bar chart comparing fEPSP (%) at EC-CA2 3 h after WTET between A (two-pathway [EC baseline
reset]) and E (two-pathway [SC, EC baseline reset]) (U test, *p << 0.05). Data are mean = SEM. A, E, Analog traces are representative EC-CA2 (red) and SC-CA2 (blue) fEPSPs within 30 min
before CCh application (closed line 1), at 60 min into CCh application (hatched line 2), within 30 min before WTET at EC-CA2 (closed line 3), and at 180 min after WTET at EC-CA2 (hatched line
4). B, Analog traces are representative EC-CA2 and SC-CA2 fEPSPs within the 30 min baseline before WTET at EC-CA2 (closed line) and at 180 min after WTET at EC-CA2 (hatched line).
C, Analog traces are representative EC-CA2 (red) fEPSPs for the paired-pulse stimulation at 10 ms interstimulus interval. Calibration: 4, B, E, 3mV, 5ms; ¢, 3mV, 10 ms.

In a separate two-pathway experiment, we followed the same
experimental design as Figure 8A, with the exception that the
stimulus strength was increased after 60 min into CCh applica-
tion at SC-CA2 in addition to the EC-CA2 pathway (Fig. 8E).
After a 30 min stable baseline, CCh was bath-applied for 30 min,
which resulted in a significant synaptic depression at both EC
(Fig. 8E, red circles, 60 min: Wilcoxon test, p=0.0313) and SC
inputs to CA2 (Fig. 8E, blue circles, 60 min: Wilcoxon test,
p=0.0313). After 60 min into CCh application, stimulus strength

at both SC and EC pathways was increased such that synaptic
potentials at both pathways reverted to values comparable to the
initial average baseline values before CCh application (Fig. 8E,
EC-CA2, red circles, 80 min: U test, p=0.1320; SC-CA2, blue
circles, 80 min: U test, p > 0.9999). Thirty minutes following the
reset stable baseline at EC-CA2 and SC-CA2, WTET was deliv-
ered at the EC-CA2 pathway alone (Fig. 8E). Unlike Figure 84,
this did not result in the late persistence of LTP at EC-CA2
with fEPSPs at EC-CA2 decaying to baseline levels by 35 min
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(n=18; green line) and two-pathway (n=7; red line) EC-CA2 WTET control experiments without CCh priming (from Figs. 64 and 8B, respectively), and from single (n =7; blue line) and two-
pathway (n=5; black line) experiments with CCh-induced synaptic depression before WTET at EC-CA2 (from Figs. 68 and 84, respectively). The field potential traces were normalized to the
amplitude of the first fEPSP in the train of high-frequency tetanic stimuli, and artifacts were truncated by linear interpolation. B, Integral of normalized TET area at EC-CA2 of experiments con-
ducted with and without CCh priming. €, Comparison of the total normalized TET area of individual experiments, with and without CCh priming. Total normalized TET area at EC-CA2 after CCh
priming in single and two-pathway experiments is significantly greater compared with their respective control experiments without CCh priming. Data show individual data points; mean =

SEM. Significant differences between the two groups: *p << 0.05 (U test).

after WTET (Fig. 8E, EC-CA2, red circles, 130 min: Wilcoxon
test, p=0.0625). The fEPSPs at SC-CA2 were not significantly
different from its reset baseline levels until the end of the re-
cording period (Fig. 8E, SC-CA2, blue circles, 275 min:
Wilcoxon test, p =0.6875). Figure 8F (bar chart) demonstrates
significant attenuation of the net EC-CA2 fEPSP (%) at 3 h af-
ter WTET in Figure 8E compared against Figure 8A (U test,
p=0.0350). Thus, the persistence of LTP at EC-CA2 following
CCh-induced synaptic depression is influenced by the
strength of concurrent synaptic responses at SC-CA2 and
coexists with sustained CCh-LTD in the SC-CA2 pathway.
EC-CA2 postsynaptic potentials 3 h following WTET were
also not significantly different between the two-pathway
experiment in Figure 8A and the single-pathway EC-CA2
experiment in Figure 6B (EC-CA2, 3 h after WTET: U test,
p=0.0939). However, the net post-tetanic potentiation imme-
diately following WTET was significantly higher in the single-
pathway EC-CA2 experiments in Figure 6B compared with
the two-pathway experiments performed in Figure 8A (EC-
CA2, 1 min after WTET: U test, p=0.0059) and Figure 8E
(EC-CA2, 1 min after WTET: U test, p=0.0127). It is unlikely that
the observed reduction in the magnitude of net post-tetanic poten-
tiation is because of the afferent stimulation of both pathways, as
we observed comparable levels of net post-tetanic potentiation at
EC-CA2 in the control single-pathway (Fig. 6A) and two-pathway
(Fig. 8B) EC-CA2 WTET experiments without CCh priming (EC-
CA2, 1 min after WTET: U test, p=0.6126). We speculate that
synaptic stimulation of SC-CA2 on CCh priming interferes with
the expression of post-tetanic potentiation at EC-CA?2 in the two-
pathway experiment contributing to the observed scaling down of
post-tetanic potentiation, although the mechanisms mediating this
heterosynaptic effect remain to be determined.

Further, to understand how prior synaptic depression induced
by cholinergic receptor activation may alter the level of depolariza-
tion in CA2 neurons in response to subsequent delivery of WTET
at EC-CA2 compared with control experiments where WTET was
delivered at EC-CA2 in the absence of cholinergic activation, we an-
alyzed and compared the tetanic stimuli-mediated summation of
field potentials at EC-CA2 with and without CCh priming (Fig.
9A-C). Figure 9A shows the average EC-CA2 field potential traces

in response to 100 Hz/s from single (Fig. 6A) and two-pathway
(Fig. 8B) EC-CA2 WTET control experiments without CCh
priming, and from single (Fig. 6B) and two-pathway (Fig. 84)
experiments where cholinergic receptor activation was
induced with CCh application before WTET at EC-CA2. The
field potential traces were normalized to the amplitude of the
first fEPSP in the train of high-frequency tetanic stimuli.
Figure 9B depicts the integral of normalized tetanization
(TET) area at EC-CA2 of single and two-pathway experiments
conducted with and without CCh priming. A comparison of the
total normalized TET area at EC-CA2 with and without CCh pri-
ming, as depicted in Figure 9C, shows that there is a significant
increase in the total normalized TET area at EC-CA2 after CCh
priming in both single pathway (Fig. 9C, U test, p=0.0205), and
two-pathway experiments (Fig. 9C, U test, p=0.0177) compared
with their respective control experiments without CCh pri-
ming. This suggests that the priming effect by prior CCh-
induced synaptic depression significantly increases the level
of depolarization in CA2 neurons immediately in response to
WTET at EC-CA2. This observed increase in TET area after
CCh priming is also suggestive of a possible enhancement of
transmitter release during tetanic stimulation in the CCh-
primed experiments compared with control experiments with-
out CCh priming, which may be partly contributing to the
early phase of CCh-primed LTP at EC-CA2 observed in
Figures 6B and 8A. However, we noted from the paired-pulse
stimulation experiments in Figure 8C that, by 30 min into LTP
induction, there is no significant presynaptic component in
the reinforcement of LTP as observed by comparable levels of
paired-pulse ratios before and after tetanic stimulation at EC-
CA2 in the two-pathway experiment. Overall, our data dem-
onstrate a cooperative interaction between concurrent CCh-
induced LTD at SC-CA2 and the metaplastic reinforcement of
LTP at EC-CA2 synapses. Interestingly, the CCh-primed LTP
at EC-CA2 synapses is downscaled by reversing the synaptic
weights at SC-CA2 after CCh priming to baseline levels.

Discussion
Cholinergic modulation of neuronal activity is critical to learning
and memory processes in multiple neural systems (Gold, 2003;
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Hasselmo, 2006). Numerous studies deciphered the role of
cholinergic signaling in the hippocampus for memory forma-
tion, particularly episodic and spatial memory, and synaptic
plasticity, including LTP and LTD (Teles-Grilo Ruivo and
Mellor, 2013; Haam and Yakel, 2017). While cholinergic
receptor activation-mediated synaptic depression has been
reported in multiple brain regions, including hippocampal
CA1 (Kirkwood et al., 1999), CA3 (Williams and Johnston,
1990), visual cortex (Kirkwood et al., 1999), perirhinal cortex
(Massey et al., 2001), and more recently in CA2 neurons
(Robert et al., 2020), previous studies have not looked into
the role of cholinergic modulation in the bidirectional and
temporal regulation of plasticity at CA2 synapses that we have
in the present study. The results demonstrate a dynamic mod-
ulation of synaptic plasticity in hippocampal area CA2 across
time owing to cholinergic receptor activation with the nonse-
lective cholinergic agonist, CCh, that induces a protein syn-
thesis-dependent LTD at both EC- and SC-CA2 synapses. The
results further suggest that muscarinic and nicotinic ACh
receptors are functionally present in area CA2, mediating dif-
ferent phases of CCh-LTD at EC- and SC-CA2 synapses. It is
also notable that the expression mechanisms of CCh-LTD at
CA2 synapses resemble LTD induced by activation of Gg-
coupled Group I metabotropic glutamate receptors (mGluR-
LTD) at CA1 synapses which is also protein synthesis-dependent
and NMDAR-independent (Huber et al., 2000, 2001; Volk et al.,
2007).

Importantly, the present work demonstrates that prior induc-
tion of synaptic depression by cholinergic receptor activation
acts as a “priming” signal that subserves the metaplastic rein-
forcement of synaptic potentiation in CA2 neurons in response
to a later bout of subthreshold plasticity-inducing stimuli.
Metaplasticity regulates plasticity thresholds based on the history
of synaptic activity such that modifications of neural activity at
one point in time can alter the ability of synapses to subsequently
generate synaptic plasticity, such as LTP or LTD (Abraham,
2008). We show that prior synaptic depression induced by cho-
linergic receptor activation primes EC-CA2 synapses for persis-
tent LTP expression in response to a later bout of weak
tetanizing stimuli which normally elicits only a short-lasting
LTP. We therefore propose that metaplasticity triggered by pri-
ming activity of CCh-induced synaptic depression shifts the
threshold (6) for conventional STET-induced persistent LTP at
EC-CA2 synapses, to a lower threshold (6') such that WTET
can result in the expression of L-LTP, similar to a Bienenstock-
Cooper-Munro model-like sliding synaptic modification thresh-
old that depends on the slowly varying time-averaged value of
neural activity (Bienenstock et al., 1982; Jedlicka, 2002).

We also report that prior CCh-induced synaptic depression
allows for the induction and persistent expression of LTP at SC-
CA2 synapses in response to strong tetanizing stimuli, which was
otherwise ineffective at inducing LTP at SC-CA2. Unlike EC-
CA2 synapses, the SC-CA2 pathway displayed only a transient
potentiation in response to WTET delivered subsequent to CCh-
LTD. This difference among EC- and SC-CA2 synapses in the
strength of induction stimuli required for the CCh-primed LTP
reinforcement could be because of the inherent differences in
plasticity expression along the proximo-distal dendritic axis of
CA2 neurons, with the proximal SC-CA2 synapses being resist-
ant to activity-dependent LTP (Carstens and Dudek, 2019). The
distinctive resistance to plasticity displayed by SC-CA2 synapses
has been attributed to multiple suppressive factors that include
the enriched expression of the scaffolding protein, regulator of G
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protein signaling 14 in CA2 neurons (S. E. Lee et al., 2010; Evans
et al, 2018), higher endogenous calcium buffering, and
enhanced calcium extrusion at CA2 dendritic spines (Simons
et al., 2009), dense expression of the specialized extracellular
matrix structures called perineuronal nets (Carstens et al.,
2016), high mitochondrial calcium uptake in CA2 neurons
(Farris et al., 2019), and the relatively high expression of
Group III metabotropic glutamate receptors in area CA2
(Dasgupta et al., 2020). We conjecture that metaplastic synap-
tic modifications may significantly contribute to plasticity
expression at the CA3—CA2 pathway when studied in the
temporal context of neuronal activity, although conventional
activity-dependent LTP is seemingly absent at these synapses.

Our results further indicate that protein synthesis down-
stream of cholinergic stimulation and resultant CCh-LTD is
required for the reinforcement of LTP at the cortical inputs to
CA2 neurons. This suggests that a pool of process-independent
plasticity-related proteins (PRPs) common to LTD and LTP is
likely synthesized in CA2 neurons during a period of high cho-
linergic tone allowing for the metaplastic reinforcement of subse-
quently induced LTP. It is possible that the activation of M1 and
M3 muscarinic AChRs, and nicotinic AChRs during CCh-LTD,
plays a role in the observed metaplasticity in CA2 neurons con-
ferred by cholinergic stimulation. Muscarinic M1 and M3
AChRs are Gg;-coupled receptors, downstream of which there
is activation of the mitogen-activated protein kinase pathway
extracellular signal-regulated kinases ERK1/2 (Lanzafame et al.,
2003) known to be involved in LTP and memory (Impey et al.,
1999). ERK1/2 activation has also been shown to be critical for
CCh-LTD (McCoy and McMahon, 2007; Scheiderer et al., 2008).
It is possible that the upregulation of such PRPs downstream of
cholinergic receptor activation could potentially pivot the synap-
ses toward persistent LTP in response to subthreshold plasticity-
inducing tetanizing stimuli. mAChR activation has also been
shown to be involved in mediating the learning-induced synaptic
delivery of AMPARs in CA1 neurons (Mitsushima et al., 2013).
CCh application has been shown in a recent study to induce
CA2 pyramidal neuron depolarization and burst firing of action
potentials mediated by the activation of M1 and M3 mAChRs,
and not M2 mAChRs (Robert et al,, 2020). The Gg/1;-mediated
signal downstream of M1, M3 mAChR activation can also mobi-
lize intracellular calcium by Ca®" release from inositol 1,4,5-tri-
sphosphate-sensitive intracellular stores, owing to phospholipase
C activation (Lanzafame et al., 2003). The consequent rise in in-
tracellular calcium levels can evoke signaling cascades that sup-
port LTP (Fernindez de Sevilla et al, 2008; Karagas and
Venkatachalam, 2019). Likewise, nicotinic AChRs are ligand-
gated cation-permeable ion channels, some of which are permea-
ble to calcium ions; and it is possible that a resultant increase in
cytoplasmic calcium levels may ensue signal transduction cascades
(Yakel, 2013) that could contribute to the observed CCh-primed
LTP at CA2 synapses. Overall, it appears that a summation of
multiple positive reinforcing effects in CA2 neurons downstream
of activation of the cholinergic receptors implicated in CCh-LTD
could serve to enhance the effectiveness of subthreshold plasticity-
inducing stimuli to elicit lasting LTP, although the exact underlying
mechanisms remain to be determined.

Further, while concurrent synaptic depression at SC-CA2
“cooperates” with the stable expression of CCh-primed LTP at
EC-CA2, reversing the synaptic weights at SC-CA2 toward base-
line “interferes” with the expression of primed LTP. This sug-
gests a trans-compartmental regulation of synaptic weights along
the proximo-distal dendritic axis of CA2 neurons such that
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CCh-primed LTP at distal cortical inputs to CA2 is modulated
by varying strength of concurrent synaptic responses at the prox-
imal SC pathway. This further underscores the importance of
synaptic information processing between CA3 and CA2 in the
expression of synaptic plasticity and memory mediated through
the stimulation of cortical inputs to CA2 neurons. This may also
be regarded as a possible homeostatic mechanism to reset synap-
tic weights in accordance with synaptic activity patterns. Thus,
metaplastic learning rules are extended to synaptic activity pat-
terns between heterosynaptic pathways. Such metaplastic regula-
tory mechanisms can potentially facilitate normalization of
synaptic weights (Miller, 1996; Yger and Gilson, 2015), and
thereby ensure the stability of a dynamically learning neuronal
network.

Collectively, the present study provides the first evidence that
priming activity by cholinergic receptor activation and the result-
ant synaptic depression in hippocampal CA2 neurons serves as a
metaplastic trigger enabling a bidirectional switch to persistent
LTP at EC-CA2 and SC-CA2 synapses. Hippocampal cholinergic
tone is increased during active wakefulness observed in explora-
tion of novel environments (Giovannini et al., 2001) and during
spatial learning tasks (Fadda et al., 2000). High hippocampal
cholinergic tone during active wakefulness promotes theta oscil-
lations that support memory encoding, whereas low cholinergic
tone during rest promotes sharp wave-ripple oscillations that
support memory consolidation (Buzsaki, 1989; Hasselmo and
McGaughy, 2004; Vandecasteele et al., 2014). Thus, a dynamic
modulation of CA2 cholinergic tone could potentially influence
neuronal oscillations and thereby the encoding and subse-
quent consolidation of CA2-dependent memories. It is there-
fore plausible that a temporally sequenced modulation of
synaptic strength at CA2 neurons subsequent to increased
hippocampal cholinergic tone during exploratory behavior
may contribute to the stability of encoded memories in a
metaplastic manner. Given that hippocampal CA2 is impli-
cated in spatial, social, and contextual memory (Hitti and
Siegelbaum, 2014; Wintzer et al., 2014; Alexander et al., 2016),
it would be of interest to study the effects of targeted activa-
tion or inactivation of basal forebrain cholinergic afferents to
the CA2 area on CA2-dependent memory and behavior.
These outstanding possibilities will be of interest to explore in
future studies.
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