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Cellular/Molecular

Cholinergic Coordination of Presynaptic and Postsynaptic
Activity Induces Timing-Dependent Hippocampal Synaptic
Plasticity

Zhenglin Gu, Patricia W. Lamb, and Jerrel L. Yakel

Laboratory of Neurobiology, National Institute of Environmental Health Sciences, National Institutes of Health, Department of Health and Human Services,
Research Triangle Park, North Carolina 27709

Correlated presynaptic and postsynaptic activity is the key factor in inducing Hebbian plasticity and memory. However, little is known
about the physiological events that could mediate such coordination. Correlated cholinergic input induces spike timing-dependent
plasticity-like hippocampal synaptic plasticity. Cholinergic receptors are localized to both presynaptic and postsynaptic glutamatergic
sites and thus have the potential to coordinate presynaptic and postsynaptic activity to induce plasticity. By directly monitoring presyn-
aptic and postsynaptic activities with genetically encoded calcium indicators in mouse septohippocampal cocultures, we found interac-
tive but independent presynaptic and postsynaptic modulations in the cholinergic-dependent synaptic plasticity. Neither presynaptic
nor postsynaptic modulation alone is sufficient, but instead a coordinated modulation at both sites is required to induce the plasticity.
Therefore, we propose that correlated cholinergic input can coordinate presynaptic and postsynaptic activities to induce timing-
dependent synaptic plasticity, providing a novel mechanism by which neuromodulators precisely modulate network activity and plas-

ticity with high efficiency and temporal precision.

Introduction

Synaptic plasticity has been widely studied and deemed to be a cel-
lular mechanism underlying learning and memory (Bliss and Col-
lingridge, 1993; Martin et al., 2000; Dan and Poo, 2006; Neves et al.,
2008). Recent studies have revealed that synaptic plasticity can be
greatly facilitated when presynaptic and postsynaptic activities are
precisely coordinated, as evidenced in spike timing-dependent plas-
ticity (STDP) (Bell et al., 1997; Magee and Johnston, 1997; Markram
etal., 1997; Zhanget al., 1998; Egger et al., 1999; Feldman, 2000), and
thus provides a potential mechanism to induce plasticity in a physi-
ological context as a part (or the result) of continuous neural activi-
ties. Understanding the mechanisms that could coordinate
presynaptic and postsynaptic activities is critical not only to our un-
derstanding of synaptic plasticity, but also to the nature of informa-
tion processing and integration in general underlying higher brain
functions.
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Acetylcholine (ACh) (Jerusalinsky et al., 1997; Power et al.,
2003; Dani and Bertrand, 2007; Kenney and Gould, 2008), as well
as other modulatory neurotransmitters (Bailey et al., 2000; Reis et
al., 2009), has long been suggested to be heavily involved in syn-
aptic plasticity and various higher brain functions. ACh receptors
are distributed to both presynaptic and postsynaptic sites of glu-
tamatergic and GABAergic synapses (Levey et al., 1991; Fabian-
Fine et al., 2001; Volpicelli and Levey, 2004; Dani and Bertrand,
2007; Drever et al.,, 2011), providing the potential capability of
coordinating presynaptic and postsynaptic activities. Recent
studies have suggested the importance of the timing of applied
ACh in modulating high-frequency stimulation (HFS)-induced
hippocampal synaptic plasticity (Ji et al., 2001; Ge and Dani,
2005). Moreover, we have recently demonstrated that the activa-
tion of endogenous cholinergic inputs can also induce timing-
dependent synaptic plasticity in the hippocampus, with a
temporal precision of milliseconds (Gu and Yakel, 2011); this
provides an ideal model to study information integration and
plasticity induction that involves neuromodulators. In the mean-
time, newly developed genetically encoded calcium indicators
(GEClISs) (Tian et al., 2012) have provided the ability to directly
monitor neuronal activities at either the synapse or the network
level. Differently colored (Tian et al., 2009; Zhao et al., 2011)
GECIs have provided excellent tools to monitor presynaptic and
postsynaptic components at the same time, greatly facilitating
our understanding of the coordinated activities that mediate syn-
aptic plasticity and other neuronal functions.

In this study, we have used a septohippocampal coculture
system (Gdhwiler and Hefti, 1984; Gidhwiler and Brown, 1985;
Rimvall et al., 1985; Fischer et al., 1999) instead of acute hip-
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pocampal slices that were used previously for two reasons:
first, the ease in expressing GECIs to restricted hippocampal
subregions for presynaptic and postsynaptic activity observa-
tion, and second, to be able to express the a7 nicotinic ACh
receptor (nAChR) subtype to either presynaptic or postsynap-
tic sites (or both) in a7 nAChR knock-out (KO) slices. The
latter has been our main tool to dissect out the roles of pre-
synaptic and postsynaptic @7 nAChRs in inducing the a7
nAChR-dependent long-term potentiation (LTP) and short-term
depression (STD), which has helped us reveal the individual contri-
bution of presynaptic and postsynaptic modulation in synaptic plas-
ticity formation.

Materials and Methods

Animals and chemicals. o7 nAChR knock-out mice and choline acetyl-
transferase (ChAT)-Cre transgenic mice (of either sex) were originally
purchased from Jackson Laboratory and bred at the National Institute of
Environmental Health Sciences (NIEHS). Mice were tattooed and geno-
typed at day 4 and used for slice culture from days 8 to 12. All procedures
were approved and performed in compliance with NIEHS/NIH Humane
Care and Use of Animals in Research protocols. Unless otherwise indi-
cated, general chemicals were obtained from Sigma, and culture media
were from Sigma or Invitrogen.

Coculture slice preparation. Slice cultures were prepared as described
by Bastrikova et al. (2008), which was adapted from Stoppini et al.
(1991). Brain slices of 300 wm were cut with a vibratome (Leica,
VT1000S). The detachable parts of the vibratome and surgery instru-
ments for dissecting brains were all autoclaved. Briefly, mice (8—12 days
old) were anesthetized with isoflurane and decapitated. Brains were
quickly removed into ice-cold cutting medium (MEM supplemented
with 25 mm HEPES, 10 mm Tris-base, 10 mM glucose, and 3 mm MgCl2,
pH 7.2). Horizontal hippocampal slices and coronal septum slices were
cut in cutting medium. The hippocampus and medial septum tissues
were then dissected out from the slices and placed next to each other onto
the Transwell membrane inserts (Corning) that were prefilled with 1.2
ml of culture medium, which was prepared as a 2:1 mixture of basal
medium Eagle (Sigma) and Earle’s balanced salts solution (Sigma) and
supplemented with (in mm) 20 NaCl, 5 NaHCO3, 0.2 CaCl2, 1.7 MgSO,,
48 glucose, 26.7 HEPES, 10 ml/L penicillin-streptomycin (Invitrogen),
insulin (1.32 mg/L) (Sigma), and 5% horse serum (Invitrogen) with pH
7.2. The slices were stored in a CO, incubator at 34°C and fed twice a
week with a half change of media. For the a7 nAChR knock-out cocul-
tures, the septal tissue that provides the cholinergic inputs was from
wild-type littermates, and only the hippocampi were from a7 nAChR
knock-out mice.

Virus infection. All of the plasmids were subcloned to an adeno-
associated virus (AAV) vector with a synapsin promoter for neuronal
expression. All of the viruses were packaged with serotype 9 helper at the
virus core facility at NIEHS. The AAV vector with synapsin promoter
(Addgene plasmid no. 26972) and ChR2 (Addgene plasmid no. 20297)
plasmids were from Karl Deisseroth at Stanford University (Stanford,
CA). The rat a7 nAChR plasmid was obtained from James Patrick at the
Baylor College of Medicine (Houston, TX) (Séguéla et al.,, 1993).
GCaMP3 (Addgene plasmid no. 22692) was from Loren Looger at Janelia
Farm Research Campus (Ashburn, VA). R-GECO1 (Addgene plasmid
no. 32444) was from Robert Campbell at the University of Alberta (Ed-
monton, Alberta, Canada). AAV serotype 9 helper plasmid was from
James Wilson at University of Pennsylvania (Philadelphia, PA). The day
after culturing, viruses (5 nl) were microinjected to the desired areas with
a Drummond “Nanoject” (Drummond Scientific). Experiments were
done 7 days after virus infection to allow protein expression and cholin-
ergic innervation into the hippocampus.

Pairing two input pathways by electrical stimulation and an optogenetic
approach. Cocultured slices were cut out with the attached Transwell
membrane from the inserts and put into a submerged chamber contin-
uously perfused with 95%0,/5%CO, balanced ACSF (in mm: 122 NaCl,
2.5KCl, 1.3 MgCl,, 2 CaCl,, 1.2 NaH,PO,, 25 NaHCO;, 25 glucose) at a
rate of 2 ml/min. Whole-cell patch clamp was performed under guidance
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of infrared differential interference contrast optics using an Axopatch
200B patch amplifier (Molecular Devices) with a glass pipette filled with
an internal solution containing (in mm) 120 potassium gluconate, 2
NaCl, 5 MgATP, 0.3 Na,GTP, 20 KCI, 10 HEPES, 1 EGTA, and 11.3
D-glucose with pH ~7.2-7.3 and osmolarity of ~270-280 mOsm. Data
were digitized with Digidata 1322A, collected with Clampex, and ana-
lyzed with Clampfit. Excitatory postsynaptic currents (EPSCs) were re-
corded under voltage-clamp at —60 mV.

Evoked EPSCs were recorded from hippocampal CA1 pyramidal
neurons by electrically stimulating the Schaffer collateral (SC) path-
way. The stimulation intensity was adjusted to evoke a postsynaptic
current of about 50—-100 pA in amplitude, and the intensity was
usually around 20-100 uA for 0.1 ms. Light-sensitive ChR2 was se-
lectively expressed in cholinergic neurons by microinjecting a Cre-
inducible AAV containing a double-floxed inverted ChR2 (fused with
mCherry for visualization) to the septal tissue from ChAT-Cre trans-
genic mice. Extensive cholinergic innervations to the hippocampus
can be observed 7 days later. Cholinergic terminals expressing ChR2
and mCherry were visualized with 543 nm light and activated in the
stratum oriens (SO) layer above the CAl pyramidal neuron under
patch-clamp recording with 488 nm light (20 ms) generated by the
Zeiss LSM 510 NLO META system. The exposure time, intensity, and
area were controlled by the LSM 510 system. The intensity of the light
used to activate ChR2 in processes was usually 7.5 mW for 20 ms. The
cholinergic response (nAChR-mediated currents in CA1 neurons)
was usually induced at around 20 ms after initiating the light exposure
(Gu and Yakel, 2011). To achieve a 100 ms interval for cholinergic
inputs before SC inputs, the light exposure was set at 120 ms before SC
input in Clampex. To achieve a 10 ms interval for cholinergic inputs
after SC inputs, the light exposure was set at 10 ms before SC input to
take into account the 20 ms delay of cholinergic activation by light
exposure.

Calcium imaging. Cocultured slices with the attached membrane were
cut out and put into a chamber that was continuously perfused with
95%0,/5%CO, balanced ACSF. Calcium imaging was done with a cus-
tomized spinning disc confocal microscopy. The spinning disk
(PerkinElmer) was installed onto an Olympus microscope with a 60X
objective lens (numerical aperture, 0.9). Lasers (Melles Griot) of 488 and
568 nm were used to excite GCaMP3 and R-GECOI, respectively. Emis-
sions were filtered through bandpass filters 500-550 and 585—630 nm,
respectively. The images were collected at 5 Hz with an iXon3 EMCCD
camera (Andor) controlled by Andor iQ imaging software, which was
connected with a Sutter Lambda 10 (Sutter Instrument) to select between
different channels, a Neos Acousto-optic tunable filter to adjust the laser
intensity, and a kinetic trigger device (Andor) to control the image tim-
ing. Images were analyzed with NIH Image].

Choline-induced a7 nAChR currents in cultured hippocampal slices. o7
nAChR-mediated currents were recorded with whole-cell patch clamp
and induced by pressure applications (50 ms, 10 psi) of 10 mm choline
(Fayuk and Yakel, 2004) at a 2 min interval through a glass pipette located
in the stratum radiatum area (about 150 wm away from the soma of the
neurons under recording). Pressure was applied through a PPM-2 pneu-
matic pump (Harvard Apparatus). Tetrodotoxin (1 wm) was added to
the perfusion ACSF and choline solution.

Statistics. For whole-cell recordings, the amplitude of SC-EPSCs were
analyzed with Clampfit. The percent changes were calculated by compar-
ing with the average of 10 min baseline recording. For calcium imaging,
the averages of 1 s of baseline sampling (i.e., 5 time points) before SC
stimulation was used to calculate the percent change of the SC-induced
peak calcium intensity. Values were presented as mean = SEM. Two-
tailed Student’s ¢ tests were performed to compare changes with the
baseline or control.

Results

Cholinergic inputs induce timing-dependent hippocampal
plasticity in septohippocampal cocultures as in acute
hippocampal slices

Previous studies have shown that the septohippocampal coculture
system provides an excellent model to study cholinergic modulation
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Figure1.  Monitoring neuronal synaptic activities with calcium imaging in septohippocampal slice cocultures. 4, Septal tissue and hippocampus were dissected out from 300 pum brain slices and
placed next to each other for culture. B, Abundant cholinergic innervation (red) into the hippocampus (Hippo) (green) 7 days after coculturing. C, Genetically encoded calcium indicator GCaMP3
(green, in synapsin promoter-driven AAV) was expressed in hippocampal CAT neurons, and the dendritic spines were monitored in CAT SR layer (box in the middle panel) as postsynaptic activities
(right panel). D, GCaMP3 was expressed in CA3 neurons, but the projecting axons were monitored in CA1 SR area as presynaptic activities (right panel). The remaining areas of the hippocampus were
shown with another red fluorescent protein also driven by synapsin promoter. MS, Medial septum; DG, dentate gyrus.
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of hippocampal functions (Gahwiler and
Brown, 1985; Fischer et al., 1999), even in-
cluding complex network activities like
theta oscillations (Fischer et al., 1999). In
addition, a major advantage of using the co-
culture system (instead of acute hippocam-
pal slices) is that this allows for the
expression of proteins (e.g., nAChR sub-
units or GECIs) to restricted hippocampal
subregions either in wild-type or transgenic
mice (Fig. 1). We have previously shown
that septal cholinergic inputs, activated ei-
ther by electrical stimulation or via an opto-
genetic approach, can induce three types of
hippocampal Schaffer collateral (SC) to CAl
synaptic plasticity, depending on the timing of
the cholinergic input activation relative to the
SC inputs in acute hippocampal slices (Gu
and Yakel, 2011). In this study, we used GE-
Cls to measure calcium activity changes at
both presynaptic and postsynaptic sites to
understand their respective contributions to
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CAL1 or CA3 regions, and experiments were
done 7 days after viral infection to allow
protein expression and cholinergic innerva-
tion into the hippocampus (Fig. 1 B-D).

First we verified that the three different
forms of ACh release-induced synaptic
plasticity that we had previously observed
in acute hippocampal slices using an op-
togenetic approach was well preserved
with the same timing-sensitive modula-
tion in the septohippocampal coculture
system. We selectively expressed the light-activated cation chan-
nel channelrhodopsin-2 (ChR2) in cholinergic neurons by mi-
croinjecting a Cre-inducible AAV containing a double-floxed
inverted ChR2 (fused with mCherry for visualization) (Tsai et al.,
2009; Witten et al., 2010) to the septal tissue from ChAT-Cre
transgenic mice. Extensive cholinergic innervations to the hip-
pocampus can be observed 7 days later (Fig. 1B). Cholinergic
inputs were then activated with 488 nm light exposure (20 ms) in
the stratum oriens layer above the CA1 pyramidal neuron under
patch-clamp recording. The SC pathway was activated via an
electrode (Fig. 2A). Pairing of cholinergic fiber activation (via
light exposure) with SC pathway (electrical) stimulation at three
time intervals was selected to mimic the corresponding pairings
of SO and SC electrical stimulation that produced the three types
of synaptic plasticity previously observed in acute hippocampal
slices (Gu and Yakel, 2011) (Fig. 2B).

Figure 2.
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Optogenetically activated cholinergic inputs induce similar timing-dependent hippocampal plasticity in sep-
tohippocampal cocultures as in acute hippocampal slices. A, Cholinergic projections (infected with ChR2) in a small region
in the hippocampal SO were exposed to 488 nm light (20 ms) for timed activation. B, Three different intervals for pairing
cholinergic (S0) and SC pathways were used to induce plasticity, as used in acute hippocampal slices previously. €, LTP was
induced by optically activating the cholinergicinput 100 ms before stimulating the SC. The pairing protocol was introduced
at the time point of 0 min as indicated by the arrow. D, STD was induced by activating the cholinergic input 10 ms before
the SC. E, LTP was induced by pairing the SC 10 ms before optically activating the cholinergicinput. F, Bar graph showing
the amplitude changes of the three types of synaptic plasticity, analyzed at 30 min for LTP and 10 min for STD. *p < 0.001,
as compared with before pairing, Student’s t test, n = 5 in each group. Ssc, Stimulation of the SC; Hipp, hippocampus; DG,

Consistent with the results from acute hippocampal slices, when
the cholinergic input was activated 100 ms before SC stimulation,
LTP was induced (Fig. 2C). When cholinergic inputs were activated
10 ms before SC stimulation, STD was induced (Fig. 2 D). Finally,
when cholinergic input was activated 10 ms after SC stimulation,
LTP was induced (Fig. 2E). These results demonstrated that the
complex cholinergic modulation of hippocampal plasticity was well
preserved in the septohippocampal coculture system as in the acute
hippocampal slices (Fig. 2 F). Furthermore, these results reinforced
our previous observation of the robust timing-dependent cholin-
ergic control of hippocampal function by successfully duplicating it
in another system. Here, we focus on these first two forms of plastic-
ity (i.e., the LTP and STD), both of which were previously shown to
be dependent on activation of the &7 nAChR, and attempt to dissect
out the individual contribution of presynaptic and postsynaptic a7
nAChRs in inducing this plasticity.
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The a7 nAChR-dependent LTP involves prolonged calcium
activity enhancement at both presynaptic and postsynaptic
sites

Initially we examined whether the &7 nAChR-dependent LTP was
due to enhanced presynaptic or postsynaptic activity. By expressing
the genetically encoded calcium indicator GCaMP3 (Tian et al.,
2009) in restricted hippocampal subregions, we have been able to
monitor the SC stimulation-induced intracellular calcium increases
in either presynaptic or postsynaptic sites during and after the induc-
tion of LTP. To measure postsynaptic activity in the CA1 region,
GCaMP3 was selectively expressed in hippocampal CAl neurons
and their dendrites, and the fluorescent signal was monitored in the
CALI stratum radiatum (SR) layer (Fig. 1C). To measure presynaptic
activity in the CA1 region instead, GCaMP3 was selectively ex-
pressed in CA3 neurons by viral microinjection in the CA3 region,
and the fluorescent signal from the projecting axons was monitored
in the CA1 SR layer (Fig. 1D). To avoid activating ChR2 while im-
aging GCaMP3 with 488 nm light, in these cases the cholinergic
neurons were electrically stimulated with an electrode placed in the
septal tissue (rather than using light to activate ChR2); this induced
the same timing-dependent plasticity when paired with SC stimula-
tion (data not shown).

Calcium imaging was carried out in the CA1 SR region 5 s
before and after SC stimulation to measure the basal transient
increase in intracellular calcium levels (i.e., GCaMP3 intensity
increase) due to SC stimulation. When measuring the aver-
aged fluorescence from the whole image, stimulation of the SC
pathway usually induced a 5% increase over the background
fluorescence, with the peak reached within 0.5 s and returning
to basal levels within 2 s (Fig. 3A). This sampling was repeated
every 1-2 min until stable responses were achieved (usually
after about 10 min), after which the pairing protocol was in-
troduced to induce synaptic plasticity. The sampling was then
carried out for another 30 min to monitor any changes in the
SC stimulation-induced calcium responses, and then the peak
amplitude of the responses at 10 and 30 min after the pairing
protocol were compared with the basal SC responses.

When monitoring the postsynaptic calcium activity in the CA1
SR region (i.e., when GCaMP3 was expressed in CA1 neurons and
the dendrites were monitored), the SC stimulation-induced re-
sponse amplitudes were significantly increased after pairing the cho-
linergic input 100 ms before SC pathway stimulation (43 = 8 and
58 * 6% increase at 10 and 30 min, respectively, n = 6; Fig. 3A, B,E).
This increase lasted for at least 30 min, demonstrating that a protocol
that induces LTP at CA1 synapses induces prolonged increases in
postsynaptic calcium activity. When monitoring presynaptic cal-
cium activity in the same region (i.e., when the GCaMP3 was ex-
pressed in the CA3 neurons and the projecting SC axons were
monitored in the CA1 SR region), SC stimulation-induced response
amplitudes were also increased after pairing cholinergic input 100
ms before SC pathway stimulation (54 = 3 and 41 * 7% increase at
10 and 30 min, respectively, n = 6; Fig. 3C—E), also demonstrating
that the LTP-inducing protocol significantly increases presynaptic
calcium activity for a prolonged period of time. These presynaptic
data are significant, as our previous work had suggested that there
was only a transient increase in presynaptic activity when using the
paired-pulse ratio (PPR) as an indicator (Gu and Yakel, 2011).

Both presynaptic and postsynaptic @7 nAChRs are required
to induce the &7 nAChR-dependent LTP

We previously showed that the &7 nAChR-dependent LTP was
likely due to a postsynaptic effect, since it appeared to require the
activation of the NMDAR and prolongation of the NMDAR-
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mediated calcium transients in the spines and GluR2-containing
AMPAR synaptic insertion. To examine the contributions of pre-
synaptic and/or postsynaptic «7 receptors to plasticity in more
detail, we used a strategy of restoring the expression of the a7
nAChR subunit to slices obtained from a7 nAChR knock-out
mice; in these mice, this form of LTP was absent. Initially, we
verified that in septohippocampal cocultures from a7 nAChR
knock-out mice (the septal tissue providing cholinergic inputs
was from wild-type mice), the pairing protocol that normally
would induce the a7 nAChR-dependent LTP, failed to induce
any significant prolonged increase in calcium signals at either
postsynaptic or presynaptic sites (—6 * 4 and —3 = 5% change at
30 min, respectively, n = 5; Fig. 3E).

Next, we then restored the &7 nAChR (Séguéla et al., 1993) to
either postsynaptic (by expressing the a7 nAChR along with
GCaMP3 into CAl neurons) or presynaptic sites (by expressing
the a7 receptor into CA3 neurons in a7 nAChR knock-out
slices). The a7 nAChR was also subcloned to the AAV vector
under the synapsin promoter. The restricted localization of a7
nAChRs and GCaMP3 to either CA1 or CA3 was verified with the
GCaMP3 expression pattern before imaging experiments. When
the a7 receptor was restored in the postsynaptic CA1 neurons
only, the SC stimulation-induced GCaMP3 responses were tran-
siently increased in the postsynaptic sites after the pairing (44 *
5% and —1 = 2% change at 10 and 30 min, respectively, n = 5;
Fig. 4A, B,E). Similarly, when the &7 nAChR was restored in the
presynaptic CA3 neurons only, the SC stimulation-induced
GCaMP3 responses were also transiently increased in the presyn-
aptic sites after the pairing (50 * 7% and 4 * 4% increase at 10
and 30 min, respectively, n = 5; Fig. 4C—E). When we expressed
the &7 nAChR in both CAl and CA3 neurons in the same slice
(i.e., both postsynaptically and presynaptically), this restored the
LTP that was seen in wild-type slices (i.e., a prolonged enhance-
ment in the SC stimulation-induced GCaMP3 responses both
presynaptically and postsynaptically; 31 = 6 and 70 £ 7% in-
crease at 30 min, respectively, n = 5; Fig. 4E) These data demon-
strate that both presynaptic and postsynaptic a7 nAChRs play a
role in regulating synaptic activities and that both presynaptic
and postsynaptic a7 receptors must be present to induce the a7
nAChR-dependent LTP. Furthermore these findings suggest that
coordination between the presynaptic and postsynaptic modula-
tion is required to induce this form of LTP.

Both presynaptic and postsynaptic @7 nAChRs are required
to induce the &7 nAChR-dependent STD

We have previously shown that the STD induced by pairing cholin-
ergic input stimulation 10 ms before SC pathway stimulation was
also mediated by the a7 nAChR, although a presynaptic mechanism
was previously suggested from the change in the paired-pulse ratio.
Therefore, we tested whether a presynaptic mechanism alone is suf-
ficient to explain this STD. In wild-type cocultured slices, we ob-
served a transient decrease in the SC stimulation-induced GCaMP3
responses at both postsynaptic (—39 = 5 and 8 = 5% change at 10
and 30 min, respectively, n = 5; Fig. 5A, B,E) and presynaptic sites
(—37 = 6 and —3 = 3% change at 10 and 30 min, respectively, n =
5; Fig. 5C-E). Furthermore, both responses were abolished in a7
nAChR knock-out slices (Fig. 5E). When we restored the 7 nAChR
to either the presynaptic (5 = 7% change at 10 min, n = 5; Fig. 5F)
or the postsynaptic (6 = 7% change at 10 min, n = 5; Fig. 5F) sites
alone (in &7 nAChR knock-out slices), we could not restore the STD
(Fig. 5F); restoring the a7 receptor to both presynaptic and postsyn-
aptic sites in the same slice was required to restore the STD in the a7
knock-out slices (Fig. 5F). This suggests that a presynaptic mecha-
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The «7 nAChR-mediated LTP involves prolonged calcium activity enhancement in both presynaptic and postsynaptic sites in septohippocampal slice cocultures. LTP was

induced by pairing SO pathway 100 ms before SC pathway in septohippocampal slice cocultures. A, Normalized SC pathway stimulation-induced postsynaptic GCaMP3 responses showing
the prolonged enhancement of postsynaptic calcium activities after the SO pathway pairing protocol. SC pathway was stimulated at the time point of 0 s as indicated by the arrow. B,
Images of SC pathway-induced postsynaptic calcium imaging from different time points before or after pairing protocol. ¢, Normalized presynaptic GCaMP3 responses showing the
prolonged enhancement after the SO pathway pairing protocol. D, Images of presynaptic calcium imaging from different time points before or after pairing protocol. E, Bar graph showing
the prolonged postsynaptic (Post) and presynaptic (Pre) responses during LTP; both were abolished in «:7 nAChR knock-out slices. *p << 0.01, **p << 0.001, as compared with before

pairing, Student’s t test, n = 6 in each group. Ss, Stimulation of the SC; WT, wild type.

nism alone is not sufficient to induce this form of STD, again further
implicating some type of coordination between presynaptic and
postsynaptic sites.

The expression of functional &7 nAChRs in pyramidal neu-
rons was verified by directly measuring choline (10 mm)-induced
a7 nAChR currents (Fayuk and Yakel, 2004). The a7 nAChR
currents were induced in all of the CA1 and CA3 pyramidal neu-
rons we tested (8 —12 neurons for either group), with peak ampli-
tudes of ~50—100 pA that were completely blocked by the
a7-selective antagonist methyllycaconitine (MLA) (10 nMm);
choline-induced responses were absent in a7 nAChR knock-out

slices (Fig. 6 A, B). Virus-introduced a7 nAChRs (fused and visu-
alized with yellow fluorescent protein, YFP, in AAV virus under
the synapsin promoter) restored a7 nAChR currents in both CA1
and CA3 neurons from «7 nAChR knock-out slices, with peak
amplitudes not significantly different than those from wild-type
slices (Fig. 6 A, B) in both CA1 and CA3 neurons. Expression of
the reporter YFP alone (in AAV under the synapsin promoter)
did not result in any @7 nAChR currents in knock-out slices and
had no obvious effects in wild-type slices (data were combined
with the respective knock-out and wild-type groups as shown in
Fig. 6B).
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b2 (the Ssc response) b3 (insetin b1)

]

30min after pairing

d3 (insetind1)

Expression of a7 nAChR in postsynaptic or presynaptic sites in a7 nAChR KO slice only induced transient activity enhancement in postsynaptic or presynaptic sites, respectively. 4, .7

nAChR was coexpressed with GCaMP3 in hippocampal CA1 area of &7 nAChR knock-out mice (where the a7 nAChR-dependent LTP was abolished) as postsynaptic rescue of c7 nAChR. Normalized
postsynaptic GCaMP3 responses show transient enhancement after the SO pathway pairing protocol. B, Images of postsynaptic calcium imaging from different time points before or after pairing
protocol, with left panels showing the original images, middle panel showing the active calcium responses to SC stimulation, and right panels showing some potential dendritic spines. The
potentiation was present in most of the dendrites responsive to SC stimulation (middle panels). ¢, &7 nAChR was coexpressed with GCaMP3 in hippocampal CA3 area as presynaptic rescue. Normalized
presynaptic GCaMP3 responses show transient enhancement of presynaptic calcium activities after the SO pathway pairing protocol. D, Images of presynaptic calcium imaging from different time points before
or after pairing protocol, with individual panels similar as described in B. E, Bar graph showing the requirement of both presynaptic and postsynaptic presence of c7 nAChRs to induce LTP. Red signals (in Band
D) show the SCstimulation-induced calcium increases (also shown separately in the middle panels) over the basal signals before stimulation (green). Arrows indicate some synapticsites with significant transient
calcium increase. *p << 0.01, **p << 0.001, as compared with before pairing, Student’s t test, n = 5in each group. Ssc, Stimulation of the SC.

To further verify the direct involvement of postsynaptic a7
nAChRs in CAl pyramidal neurons in this plasticity, we com-
pared the plasticity in individual 7 nAChR-positive (fused with
YFP) and neighboring a7 nAChR-negative CA1 pyramidal neu-
rons from the knock-out rescue (both CA1 and CA3 rescue) slices
with whole-cell patch clamp. Consistent with the GCaMP3 im-
aging data, both LTP and STD were induced in a7 nAChR-

positive CA1 pyramidal neurons (Fig. 6C—F). However, only STP
was induced in @7 nAChR-negative CA1 pyramidal neurons with
the LTP pairing protocol, and no plasticity was induced with the
STD protocol (Fig. 6C-F), which is consistent with the
presynaptic-only rescue imaging data. These results strongly sug-
gest the direct involvement of a7 nAChRs in postsynaptic CA1
pyramidal neurons in inducing either LTP or STD.
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The a7 nAChR-mediated STD involves transient calcium activity depression in both postsynaptic and presynaptic sites. The 7 nAChR-dependent STD was induced by pairing SO 10 ms

before SC. A, Normalized postsynaptic GCaMP3 responses showing the transient depression of postsynaptic calcium activities after the SO pathway pairing protocol. B, Images of postsynaptic (Post)
calcium imaging from different time points before or after pairing protocol, with individual panels similar as described in Figure 4 B. €, Normalized presynaptic GCaMP3 responses showing the
transient depression after the SO pathway pairing protocol. D, Images of presynaptic (Pre) calcium imaging from different time points before or after pairing protocol. E, F, Bar graphs showing that
the presence of a7 nAChRs at both presynaptic and postsynaptic sites was required to induce the STD. Red signals (in B and D) show the SC stimulation-induced calcium increases (also shown
separately in the middle panels) over the basal signals before stimulation (green). Arrows indicate some synaptic sites with significant transient calcium decrease. *p << 0.01, **p < 0.001, as

compared with before pairing, Student’s t test, n = 5 in each group. Ssc, Stimulation of the SC.

Differential presynaptic and postsynaptic mechanisms in the
expression of both &7 nAChR-dependent LTP and STD
revealed with dual-color GECI imaging

Although the a7 nAChR rescue experiments suggest that the in-
duction of both the &7 nAChR-dependent LTP and STD requires
coordination between presynaptic and postsynaptic activities,

the similar time courses between the presynaptic and postsynap-
tic changes could suggest that both of these two forms of plasticity
were expressed primarily via presynaptic mechanisms; the ob-
served postsynaptic change during the plasticity expression may
simply be the result of presynaptic modulation. However, we did
see some differences in the time course of presynaptic and post-
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We expressed green GCaMP3 in CA3
neurons and red R-GECO1 in CAl neu-
rons in the same slices to observe green
presynaptic and red postsynaptic activi-
ties simultaneously while monitoring in
the CA1 SR region. With this dual-color
imaging, we found that in many cases the
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neurons, Student’s t test, n = 5 in each group. WT, Wild type.

synaptic changes during either LTP or STD (especially during
LTP). For example, the increase at 30 min (58%) was larger than
that at 10 min (43%) at postsynaptic sites, but smaller (41% at 30
min versus 54% at 10 min) at presynaptic sites during the LTP
(Fig. 3E). Another important issue is that the presynaptic and
postsynaptic activities observed above were not from the same
slices, since the recordings were done separately. To clarify this
question, we expressed two differently colored GECIs (green
GCaMP3 and red calcium indicator R-GECO1) (Tian et al., 2009;
Zhao et al,, 2011) in the same slices, one at presynaptic sites and
the other at postsynaptic sites. In this way we could observe the
presynaptic and postsynaptic activities in the same slice simulta-
neously during the expression of either LTP or STD. A high de-
gree of correlation between the changes in the presynaptic and
postsynaptic activities would suggest a major role for the presyn-
aptic sites in the expression of either form of plasticity.

% change of EPSC amplitude
A b D L
o o O o o
‘ * 3

Postsynaptic a7 R in KO

Postsynaptic functional «7 nAChRs in CA1 pyramidal neuron were required to induce either LTP or STD. 4, Typical
traces of a7 nAChR currents from whole-cell patch clamp recordings of CA1 pyramidal neurons. The 7 nAChR currents were
induced by pressure application (10 psi for 50 ms) of 10 mm choline to the SR area (about 150 m from the cell body). The a7 nAChR
currents were completely blocked by MLA (10 nm) and absent in a7 nAChR knock-out slices. B, Bar graph showing the expression
of functional 7 nAChRs in CA1 and CA3 pyramidal neurons in septohippocampal slice cultures and the efficient rescue by virus-
introduced ce7 nAChRs to the knock-out slices. *p << 0.001 as compared with wild-type, Student's t test, n = 8 —12in each group.
C, E, Whole-cell recordings of EPSCs showing normal LTP and STD in 7 nAChR-positive CA1 pyramidal neurons in o7 nAChR
knock-out rescue (at both CA1 and CA3 sites) slices, while both forms of plasticity were disrupted in neighboring &7 nAChR-
negative CA1 pyramidal neurons. D, F, Bar graphs showing the difference of the plasticity between &7 nAChR-positive and their
neighboring 7 nAChR-negative CA1 pyramidal neurons. *p << 0.001, as compared with o7 nAChR-positive CA1 pyramidal

data suggest that an independent postsyn-
aptic mechanism is driving the expression
of later stage LTP.

Similarly, differential modulation of
presynaptic and postsynaptic activities was
seen in the expression of STD. As shown in
Figure 7E-G during the 7 nAChR-depen-
dent STD, both presynaptic and postsynap-
tic activities were similarly decreased at 10
min; however, they were significantly differ-
ent at 30 min. The postsynaptic to presyn-
aptic ratio were significantly changed at 30
min as compared with that at 10 min
(—1.52 = 0.32at 30 min versus 1.2 = 0.04 at
10 min, n = 5, p < 0.001, t test). These re-
sults again strongly suggest the existence of
an independent postsynaptic mechanism
during the expression of STD.

In summary, our data show that both
presynaptic and postsynaptic mecha-
nisms contributed to the expression of the
a7 nAChR-dependent LTP and STD.
More importantly, we have provided direct evidence that the a7
nAChR-dependent modulation of both presynaptic and postsyn-
aptic sites is required to induce both of these forms of plasticity.
Therefore, we conclude that cholinergic inputs, through activation
of a7 nAChRs located at both synaptic sites, coordinate presynaptic
and postsynaptic activities to induce synaptic plasticity.

+ -

Discussion

Previously, we have shown that activating the septal cholinergic
terminals in acute hippocampal slices induced three different
types of hippocampal SC to CA1 synaptic plasticity, depending
on the precise timing of cholinergic stimulation relative to the SC
input (Gu and Yakel, 2011). Two of these forms of plasticity,
including long-term potentiation and short-term depression,
were dependent on the activation of the &7 nAChR. Here, we
have directly monitored the presynaptic and postsynaptic activity
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Figure7. Differential presynapticand postsynaptic changesin 7 nAChR-dependent LTP and STD revealed with dual-color GEClimaging. GECls (green GCaMP3 and red R-GECO1) were expressed
separately in hippocampal CA3 and CA1 to monitor presynaptic and postsynaptic activities simultaneously for LTP (4-D) and STD (E—G). A, Normalized presynaptic GCaMP3 responses showing
smaller enhancement at 30 min than that at 10 min. B, Normalized postsynaptic R-GECO1 responses showing stronger enhancement at 30 min than that at 10 min. C, Bar graph showing the
differential changes of the later stage (at 30 min) between presynaptic and postsynaptic activities during the LTP. D, Images of presynaptic and postsynaptic (Figure legend continues.)
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changes with GECIs to investigate their individual contributions
to the induction and expression of the a7 nAChR-dependent
LTP and STD. To do this, we used a coculture system whereby a
slice from the septum was cultured next to a slice with hippocam-
pus; in these cocultures, we confirmed that all three forms of
plasticity that we had observed in acute slices was preserved. Then
we expressed the GECIs into either the postsynaptic CA1 neurons
or presynaptic CA3 neurons and monitored in the CA1 stratum
radiatum region for postsynaptic (dendrites of CAl neurons) and
presynaptic (axons of CA3 neurons) activities, respectively. We
observed a prolonged enhancement (>30 min) of the SC-induced cal-
cium responses both postsynaptically and presynaptically in the
a7 nAChR-dependent LTP. During the a7 nAChR-dependent
STD there was a short-term depression of the calcium responses
both presynaptically and postsynaptically. Dual-color calcium
imaging revealed a differential time course and pattern of post-
synaptic versus presynaptic modulation during both LTP and
STD (especially during the later stages), suggesting the existence
of independent postsynaptic modulatory mechanisms. A similar
time course between the presynaptic and postsynaptic changes
would otherwise suggest that the postsynaptic change was merely
the result of the presynaptic change.

To determine whether presynaptic or postsynaptic a7 recep-
tors (or both) might be required for either LTP or STD, we ex-
pressed a7 receptors to either presynaptic or postsynaptic sites in
slices from a7 nAChR knock-out (KO) mice. We found that the
a7 receptors were required both presynaptically and postsynap-
tically to restore either LTP or STD in the o7 nAChR KO slices.
This is consistent with the idea that there are independent post-
synaptic and presynaptic modulations during the plasticity.
Taken together, these results demonstrate that modulation at
either presynaptic or postsynaptic sites alone is insufficient. In-
stead, coordinated modulation at both sites is required to induce
either the LTP or the STD. Therefore, it appears that cholinergic
inputs, through a7 nAChRs at both presynaptic and postsynaptic
sites, can thus coordinate presynaptic and postsynaptic activities
to induce timing-dependent synaptic plasticity.

Neuromodulator systems have been heavily implicated in
higher brain functions and the induction of synaptic plasticity
(Jerusalinsky et al., 1997; Bailey et al., 2000; Power et al., 2003;
Dani and Bertrand, 2007; Kenney and Gould, 2008; Reis et al.,
2009). The a7 nAChRs, as well as other neuromodulator recep-
tors, are known to be expressed at both the presynaptic and post-
synaptic sites of glutamatergic and GABAergic terminals and can
modulate synaptic excitability via presynaptic or postsynaptic
mechanisms (Levey et al., 1991; Fabian-Fine et al., 2001; Sher et
al., 2004; Volpicelli and Levey, 2004; Dani and Bertrand, 2007;
Drever et al., 2011). The nAChR-dependent modulation of syn-
aptic plasticity has been widely observed in the hippocampus and
is thought to involve either presynaptic or postsynaptic mecha-
nisms. For example, activation of nAChRs (both a7 and non-a7
receptors) in the CAl, dentate regions, and entorhinal cortex

<«

(Figure legend continued.) SC stimulation-induced calcium increases at different time points
during the LTP. Left two panels show the active presynapticand postsynaptic calcium responses
to SCstimulation, respectively. The third panels are merged images of presynapticand postsyn-
aptic responses, with the right panels showing some potential spines. E, Normalized presynap-
tic GCaMP3 responses showing the transient depression after the SO pathway pairing protocol.
Arrow indicates stimulation of the SC pathway. F, Normalized postsynaptic R-GECO1 responses
showing the transient depression after pairing the SO pathway. G, Bar graph showing the
differential recovery between presynaptic and postsynaptic activities during the STD. Ss, Stim-
ulation of the SC.
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enhances synaptic plasticity (Fujii et al., 1999; Mann and Green-
field, 2003; Tu et al., 2009; Ondrejcak et al., 2012). In addition,
the activation of &7 nAChRs on hippocampal interneurons can
block concurrent STP and LTP in pyramidal cells, whereas pre-
synaptic nAChRs can enhance the release of glutamate and, thus,
increase the probability of inducing LTP (Ji et al., 2001). How-
ever, the precise molecular mechanisms involving the induction
and expression of synaptic plasticity and the role of presynaptic
and postsynaptic changes remains unresolved and still much de-
bated (Lisman, 2009; Glanzman, 2010). It is likely that in most
cases, both presynaptic and postsynaptic components will be in-
volved in the coordination and forming of synaptic plasticity.
Here, we have provided direct evidence for presynaptic and post-
synaptic modulation to cooperate in the induction of synaptic
plasticity and, importantly, we show here that neuromodulator
systems can serve as the mediator of such coordination.

The molecular mechanisms underlying the o7 nAChR-mediated
plasticity are not clear at this time, but may involve NMDA receptor
activation and retrograde signaling, the two major molecular mech-
anisms proposed to connect the presynaptic and postsynaptic activ-
ities in inducing synaptic plasticity. The NMDA receptor, because of
its depolarization-sensitive Mg>" block, has been proposed as the
coincidence detector for presynaptic and postsynaptic activities in
both HFS-induced plasticity and STDP. We have previously shown
that the @7 nAChR-dependent LTP also involves NMDA receptor
activation and prolonged postsynaptic intracellular calcium in-
crease, suggesting that &7 nAChR activation may facilitate NMDA
receptor activation. Retrograde signals (e.g., brain-derived neu-
rotrophic factor or endocannabinoid) are released from the postsyn-
aptic sites in an activity-dependent manner and affect presynaptic
sites, thereby inducing plasticity (under the correct conditions).
Neuromodulators can also facilitate retrograde messenger release
with reduced calcium requirement, or in some cases even without
calcium increases or postsynaptic firing (Kim et al., 2002; Best and
Regehr, 2008; Regehr et al., 2009). However, other networks of neu-
rons (for example GABAergic interneurons) or non-neuronal cells
(such as astrocytes or glia) could aid in communication between the
presynaptic and postsynaptic sites that is responsible for the pro-
longed increase in calcium responses observed both presynaptically
and postsynaptically. For example, non-neuronal cells in the brain
also express a variety of neurotransmitter receptors and ion channels
(including the a7 nAChRs) (Vélez-Fort et al., 2009; Shen and Yakel,
2012) and participate in synaptic signaling and plasticity in the brain
(Araque et al., 2002; Agulhon et al., 2008; Fiacco et al., 2009).

Neuromodulator-dependent associative heterosynaptic plas-
ticity has several advantages over Hebbian homosynaptic plastic-
ity (Bailey et al., 2000). First, it incorporates extrinsic signals into
local networks, and second it significantly prolongs the expres-
sion of LTP and with higher efficiency and specificity. Currently,
NMDA receptor-dependent homosynaptic plasticity is primarily
induced by controlled postsynaptic depolarization through HFS
or current injection. Little is known about how endogenous neu-
ronal firing patterns lead to synaptic plasticity. Our study here
has provided direct evidence that the precisely timed modulatory
transmitter release can induce glutamatergic synaptic plasticity
through coordinating the presynaptic and postsynaptic activities.
Here, we propose that precisely timed activation of cholinergic
inputs through the a7 nAChRs, as well as potentially other
neuromodulator systems, can coordinate the presynaptic and
postsynaptic activities to induce synaptic plasticity with high ef-
ficiency and temporal precision.
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