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Synchronous and Asynchronous Transmitter Release
at Nicotinic Synapses Are Differentially Regulated by
Postsynaptic PSD-95 Proteins

Robert A. Neff III, William G. Conroy, Jeffrey D. Schoellerman, and Darwin K. Berg
Neurobiology Section, Division of Biological Sciences, University of California, San Diego, La Jolla, California 92093-0357

The rate and timing of information transfer at neuronal synapses are critical for determining synaptic efficacy and higher network
function. Both synchronous and asynchronous neurotransmitter release shape the pattern of synaptic influences on a neuron. The
PSD-95 family of postsynaptic scaffolding proteins, in addition to organizing postsynaptic components at glutamate synapses, acts
transcellularly to regulate synchronous glutamate release. Here we show that PSD-95 family members at nicotinic synapses on chick
ciliary ganglion neurons in culture execute multiple functions to enhance transmission. Together, endogenous PSD-95 and SAP102 in the
postsynaptic cell appear to regulate transcellularly the synchronous release of transmitter from presynaptic terminals onto the neuron
while stabilizing postsynaptic nicotinic receptor clusters under the release sites. Endogenous SAP97, in contrast, has no effect on receptor
clusters but acts transcellularly from the postsynaptic cell through N-cadherin to enhance asynchronous release. These separate and
parallel regulatory pathways allow postsynaptic scaffold proteins to dictate the pattern of cholinergic input a neuron receives; they also
require balancing of PSD-95 protein levels to avoid disruptive competition that can occur through common binding domains.

Introduction
A remarkable feature of neuronal synapses is their ability to com-
municate information with high fidelity in a temporally precise
manner. Presynaptic action potentials cause two kinetically dis-
tinct modes of neurotransmitter release (Hagler and Goda,
2001). One is the near-simultaneous release of multiple quanta
of neurotransmitter at synapses caused by a single presynaptic
action potential that results in synchronous activation of
postsynaptic receptors (Katz and Miledi, 1965; Borst and
Sakmann, 1996). Elevated activity, however, can also cause
presynaptic terminals to release neurotransmitter in a less co-
ordinated and more delayed manner. This “asynchronous”
release helps sustain excitatory or inhibitory tone during high-
frequency synaptic transmission (Lu and Trussell, 2000; Maximov
and Sudhof, 2005; Iremonger and Bains, 2007; Daw et al., 2009).
The ability to fine-tune such features of the release process not
only extends the signaling range of synapses but also provides a
mechanism for sustained bidirectional activity-dependent mod-
ification of synaptic efficacy (Lau and Bi, 2005; Wyart et al., 2005;
Dan and Poo, 2006). Modifications of this type are thought to
underlie a range of higher-order cognitive functions (Dan and
Poo, 2006).

The PSD-95 family of scaffold proteins plays a prominent role
in coordinating and regulating synaptic function. In addition to
being essential for postsynaptic receptor localization and down-
stream signaling, two of the family members, PSD-95 and SAP97,
also act transsynaptically to regulate presynaptic function (El-
Husseini et al., 2000; Sans et al., 2003; Kim and Sheng, 2004; Elias
et al., 2006; Mauceri et al., 2007; Gardoni et al., 2009). Postsyn-
aptic PSD-95 induces accumulation of presynaptic proteins that
support synchronous glutamate release onto neurons by enhanc-
ing presynaptic Ca 2� sensitivity (Futai et al., 2007). Similarly,
SAP97 in the postsynaptic cell acts in retrograde manner to re-
cruit presynaptic release machinery and enhance presynaptic
function at glutamate synapses (Regalado et al., 2006). How
PSD-95 proteins coordinate these actions and whether asynchro-
nous release is affected remain unanswered questions.

Nicotinic signaling is widespread throughout the vertebrate
nervous system and is mediated by ligand-gated ion channels
termed nicotinic acetylcholine receptors (nAChRs). The PSD-95
family organizes postsynaptic components at nicotinic synapses
and helps stabilize nAChRs under presynaptic acetylcholine
(ACh) release sites (Conroy et al., 2003; Parker et al., 2004;
Temburni et al., 2004; McCann et al., 2008; Rosenberg et al.,
2008). Which family members are responsible for receptor align-
ment and whether they influence ACh release is unknown.

We show here that PSD-95 and SAP102 together promote
postsynaptic receptor expression and nicotinic synapse forma-
tion. In addition, they appear to act in a transcellular retrograde
manner to enhance synchronous ACh release. In contrast, SAP97
has no effect on postsynaptic nAChR levels or distribution but
acts transcellularly through N-cadherin to promote selectively
asynchronous ACh release. Overexpression of SAP97 can inter-
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fere with PSD-95 and SAP102 because of a common GK domain.
The results demonstrate that PSD-95 family members have dis-
tinct capabilities in regulating the organization of presynaptic
and postsynaptic components at nicotinic synapses and that their
levels must be regulated to prevent mutual interference.

Materials and Methods
Cell cultures. Dissociated embryonic day 8 (E8) ciliary ganglion (CG)
neurons were grown in culture for 7– 8 d on glass coverslips coated with
poly-D-lysine, fibronectin, and lysed fibroblasts as described previously
(Nishi and Berg, 1981; Zhang et al., 1994). The neurons form nicotinic
cholinergic synaptic connections with each other in culture under these
conditions without the addition of preganglionic neurons (Chen et al.,
2001; Conroy et al., 2003).

Transfections. Transient transfections were performed on HEK293
cells by calcium phosphate precipitation (Conroy and Berg, 1998). CG
neurons were transfected at the time of plating as described previously
(Conroy et al., 2003) using the transfection reagent Effectene (Qiagen,
0.25– 0.5 �g of DNA/well, 1:25 ratio of DNA/Effectene). The medium
was replaced at 24 h, and cultures were analyzed after 7– 8 d. Typical
transfection efficiencies were 1–2%.

Truncated and chimeric PSD-95 family member constructs. Green fluo-
rescent protein (GFP) fusion proteins for SAP102, SAP97, and PSD-93
(SAP102-GFP, SAP97-GFP, and PSD-93-GFP, respectively) were gener-
ated by PCR from cDNAs previously isolated from ciliary ganglia (Conroy et
al., 2003) and positioned in frame at the N terminus of GFP in the vector
pEGFP-N1 (Clontech). Truncated SAP97 and SAP102 constructs lacking
the GK domain were prepared by PCR with the 3� primers ttaggatcccgat-
agttcacttcttgttgatgactg and tttggatcccgggcgtagtgaatttcttgccgtgtc, respec-
tively, and subcloned in frame into pEGFP-N1.

RNA inhibition. A short hairpin RNA cassette (GenScript) was con-
structed using the following sequences for suppression of individual
PSD-95 family members: PSD-93— caccagacattactcactctta, PSD-95—
gcgacagcttcgaggagatcta, SAP102—agaaggatattcaggacaacaa, SAP97—
gcaaagcagttgaagcattaaa. The RNA cassettes were subcloned into the
expression vector pRFPRNAic (ARK-Genomics, Roslin Institute) that
uses a chick U6 promoter to drive expression of an RNA cassette with
chick-specific microRNA sequences flanking a specific RNA interference
(RNAi) target sequence and carries a red fluorescent protein (RFP) tag
under control of a �-actin promoter to track transfection.

Specificity of the RNAi constructs was assessed by individually coex-
pressing them with PSD-93-GFP, SAP97-GFP, and SAP102-GFP in
HEK293 cells. After 48 h, Triton X-100 lysates of the HEK293 cells were
prepared and subjected to SDS-PAGE, electroblotted to nitrocellulose,
and probed with anti-GFP monoclonal antibody (mAb) JL-8 (Clontech).
Signals were visualized by enhanced chemiluminescence. Because full-
length chick PSD-95 was not available (and a mouse/chick hybrid
PSD-95 proved lethal), we tested the specificity of the PSD-95 RNAi
construct by transfecting it into E8 CG neuron and assessing effects on
endogenous PDZ-containing proteins 7 d later. In this case, neurons
were fixed with 2% paraformaldehyde, washed with PBS, and incubated
overnight at 4°C in PBS (150 mM NaCl, 10 mM sodium phosphate, pH
7.4) containing 5% normal donkey serum, 0.05% Triton X-100, and
either an anti-PSD-95 mAb (1:500, clone K28/43) or a mAb that recog-
nizes all four PSD-95 family members (1:500, clone K28/86.2; UC Davis/
NINDS/NIMH NeuroMab Facility Antibodies Inc.). The cells were then
washed in PBS and incubated with FITC-conjugated donkey secondary
antibody (1:250, Jackson ImmunoResearch Laboratories) for 1 h at room
temperature (RT), rinsed, and imaged as described below.

Fluorescence microscopy. To label surface nAChRs, neurons were
lightly fixed with 0.15% paraformaldehyde (PFA) for 20 min at RT,
washed in Gray’s balanced salt solution (GBSS), and incubated with the
anti-�1/�3/�5 mAb 35 (1:500) (Conroy and Berg, 1998) for 30 min at
RT. After washing in GBSS, cells were then fixed with 2% PFA in PBS, for
20 min at RT. To label intracellular antigens, cells were incubated with
the anti-synaptotagmin mAb 48 (1:20; Developmental Studies Hybrid-
oma Bank, University of Iowa Department of Biological Sciences) over-
night at 4°C in PBS containing 5% normal donkey serum and 0.05%

Triton X-100. After washing in PBS, the cells were incubated with appro-
priate donkey Cy3-, Cy5-, or FITC-conjugated secondary antibody 1 h at
RT (1:250; Jackson ImmunoResearch Laboratories), rinsed, and
mounted on slides for imaging.

To label N-cadherin, cells were fixed with 2% PFA for 20 min at RT,
rinsed, and incubated overnight at 4°C with an anti-N-cadherin mAb
(1:500, clone GC-4). After washing in PBS, the cells were incubated with
donkey FITC-conjugated secondary antibody 1 h at RT (1:250), rinsed,
and mounted for imaging.

Cells were imaged and quantified as described previously (Conroy et
al., 2007). Briefly, cells were viewed on a Zeiss Axiovert equipped with
CCD camera and digital imaging with Slidebook software (Intelligent
Imaging Innovations). Fields of view containing both a transfected and
an untransfected neuron not contacting other cell bodies were randomly
selected and imaged. Reconstructed images were generated from z-axis
stacks of deconvolved 0.5 �m optical sections. Control and experimental
images were taken with the same exposure settings and displayed with the
same dynamic range of pixel intensities for direct comparison.

For quantification of somatic receptor and synaptotagmin levels and
alignment, three nonconsecutive focal planes were selected. Image inten-
sities were thresholded manually, and the cell surface was masked for
analysis by highlighting the perimeter of the cell surface with a drawing
tool having a width of 12 pixels. Clusters/puncta within the masked area
were defined as having at least 5 contiguous pixels with staining intensi-
ties at least twice background. Synaptotagmin puncta were counted as
being aligned with nAChR clusters if they were within 4 pixels (0.4 �m)
of each other (Triana-Baltzer et al., 2008).

To quantify receptor and synaptotagmin levels and alignment, the
most proximal 25 �m segments of all neurites extending from a cell were
masked in their entirety, thresholded, and analyzed as described above.
Neurite data are all expressed as mean values per neurite.

Electrophysiology. Cultures containing CG neurons were immersed in
artificial CSF (aCSF; 150 mM NaCl2, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2,
5 mM glucose, 10 mM HEPES) and placed in a recording chamber
mounted on a Zeiss Axiovert. Patch pipettes (2.0 – 4.0 M�) were visually
guided to the surface of individual CG neurons. Patch pipettes contained
150 mM CsCl, 4 mM MgCl2, 2 mM EGTA, 3 mM Mg-ATP, and 10 mM

HEPES, pH 7.4. Voltage-clamp recordings were made with an Axopatch
200A, and Clampex 8.2 software (Molecular Devices). Data were ac-
quired at 5 kHz and filtered at 2 kHz. Pipette capacitance was canceled in
all recordings. In experiments where nicotine was rapidly applied to

Figure 1. Simultaneous knockdown of PSD-95 and SAP102 reduces evoked EPSC amplitude
in E8 CG neurons. Neurons transfected with the indicated constructs were patch clamped in the
whole-cell configuration while stimulating presynaptic neurons with a bipolar extracellular
stimulating electrode (arrows) to evoke maximal EPSCs. Dispersion of PDZ scaffolds with CRIPT
reduced EPSC amplitude. RNAi knockdown of individual PSD-95 family members had no effect.
Simultaneous knockdown of PSD-95 and SAP102, but not other combinations of PSD-95 family
members, reduced EPSC amplitude. Values represent the mean�SEM with n �8 –23 cultures
per condition; n � 74 for controls. *p � 0.05 by ANOVA with Dunnett’s post hoc test.
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neurons, whole-cell capacitance was neutral-
ized, and series resistance was compensated by
80%. All activity was recorded at �70 mV.
Transfected neurons were identified by the
presence of GFP for overexpression con-
structs and RFP for RNAi constructs.

To evoke EPSCs, a bipolar extracellular
stimulating electrode (Fredrick Hauer Com-
pany) was positioned with an untransfected
presynaptic neuron between the two poles of
the electrode. Square-wave current injections
of �1 mA and 0.2–2.0 ms duration were ap-
plied at a frequency of 0.1 Hz to the soma and
adjacent axon tracts of the presynaptic neuron
with a pulse generator (Master-8) coupled
through a stimulus isolator (Iso-flex; A.M.P.I.).
Stimulus intensity was increased until maxi-
mum EPSC amplitude was achieved. For
paired-pulse protocols, paired stimuli were ap-
plied to presynaptic neurons at frequencies
ranging from 5 to 50 Hz. Postsynaptic cells
were discarded if they displayed stimulus-
evoked action potentials. The mean amplitude
of 10 successfully evoked EPSCs was calculated
using Clampfit 8.2 software (Molecular
Devices).

To quantify asynchronous release, we sub-
stituted 3 mM Sr 2� for Ca 2� in the recording
medium, thus enhancing the asynchronous
mode of ACh release (Goda and Stevens,
1994). Presynaptic neurons were stimulated
with a bipolar electrode as described above. To
avoid any remaining synchronous release
events in the analysis, we counted events that
occurred 100–900 ms after stimulation. Asyn-
chronous EPSCs were detected using automated
mini detection software with a threshold-based
spike detection algorithm and verified by visual
inspection (Mini Analysis, Synaptosoft). For
these experiments the amplitude threshold for
mini detection was set at four times the SD of the
mean background noise, 2.5 pA (background
noise range: 1.5–4.4 pA).

To record miniature EPSCs (mEPSCs), 1 �M

tetrodotoxin (TTX) was included in the
recording medium. To record depolarization-
induced mEPSCs, the potassium concentra-
tion of the recording medium was raised to 10 mM. Mini Analysis
software was also used to detect the mEPSCs, with an amplitude thresh-
old of four times the SD of the mean background noise level (low K �: 1.4
pA mean, 0.9 –2.1 pA range; high K �: 2.2 pA mean, 1.2–3.9 pA range).
All detected events were verified by visual inspection.

To assay the size of the readily releasable pool (RRP) of ACh, neurons
patch-clamped in the presence of 1 �M TTX were subjected to hyperos-
motic shock (Rosenmund and Stevens, 1996). Briefly, a 4 s application of
aCSF containing 0.5 M sucrose and 1 �M TTX was ejected from a patch
pipette positioned 30 �M from the patched neuron using a Picospritzer
(Parker Hannifin). To study the refill properties of the RRP, a second 4 s
sucrose application was applied after a 1 min interval (Jüngling et al.,
2006). Total charge was calculated by integrating the area of the response
for 5 s after the application using Clampfit 8.2 software.

Whole-cell responses to nicotine were measured by rapidly apply-
ing nicotine (20 �M) to neurons for 0.5 s using a large-bore applicator
as described previously (Zhang et al., 1996). CG neurons in culture have
only low levels of functional homopentameric �7-containing nAChRs
(�7-nAChRs), but to exclude any contribution from them to the whole-
cell nicotinic response, we routinely calculated the mean amplitude of the
response for the last 100 ms of a 500 ms nicotine application. The rapid
desensitization of �7-nAChRs largely constrains their contribution to

the first 50 ms of 20 �M nicotine application (Zhang et al., 1994). The
mean current amplitude of the heteropentameric �3-containing nAChR
(�3*-nAChR) response for a neuron was determined by averaging three
successive trials with nicotine (30 s intervals). Currents were analyzed
using Clampfit 8.2 software.

Function blocking anti-N-cadherin mAb. Blocking with an anti-N-
cadherin mAb was performed as described previously (Tang et al., 1998;
Regalado et al., 2006). Briefly, coverslips were placed in wells containing
0.25 ml of aCSF and either preimmune mouse IgG (Jackson ImmunoRe-
search Laboratories) or anti-N-cadherin mAb (1:100). After a 2–3 h in-
cubation, coverslips were transferred to a recording chamber and
continually perfused with normal aCSF.

Statistics. Data are presented as the mean � SEM unless otherwise
indicated. For each condition the mean represents the average of indi-
vidual means obtained from cultures (individual coverslips) where 1–3
cell pairs were analyzed per culture; n equals the number of cultures.
Single comparisons were performed using paired Student’s t tests, or
unpaired Student’s t tests without the assumption of homoscedasticity,
as appropriate. Experiments with more than one experimental condition
were performed using ANOVA with Dunnett’s post hoc test for compar-
isons versus control, and Bonferroni’s post hoc test for multiple compar-
isons. Differences in mEPSC amplitudes were determined using

Figure 2. PSD-95/SAP102 knockdown alters �3*-nAChR expression and synaptic alignment. A, CG neurons transfected either
with RFP as a negative control (Control, red) or RNAi targeting both PSD-95 and SAP102 (P95/S102-RNAi) and immunostained for
surface �3*-nAChRs (green) and the presynaptic marker synaptotagmin (Syntag, blue). Scale bar, 10 �m. B, PSD-95/SAP102
knockdown reduced the level of �3*-nAChRs on the surface (left) and the mean size of �3*-nAChR clusters (right) on CG cell
bodies, but did not alter the mean number of �3*-nAChR clusters aligned with presynaptic specializations (data not shown).
C, Proximal neurites of CG neurons transfected with RFP as a negative control (red) or PSD-95/SAP102-RNAi and immunostained for
surface �3*-nAChRs (green) and the presynaptic marker synaptotagmin (blue). Arrows indicate points of receptor/synaptotagmin
alignment. Scale bar, 5 �m. D, PSD-95/SAP102 knockdown reduced the levels of �3*-nAChRs on the surface (left) and disrupted
alignment of postsynaptic �3*-nAChR clusters under presynaptic specializations on proximal neurites (right), but did not alter the
mean size of �3*-nAChR clusters (data not shown). E, Left, Whole-cell responses to 20 �M nicotine in a control neuron and a
neuron transfected with PSD-95/SAP102-RNAi. Right, PSD-95/SAP102 knockdown decreased mean whole-cell responses to nic-
otine, whereas knockdown of SAP97 (S97-RNAi) had no effect. *p � 0.05 by unpaired Student’s t test (10 –11 cultures/condition).
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Kolmogorov–Smirnov tests on cumulative amplitude histograms. All
data were subjected to Grubb’s test for outliers. Statistics and data pro-
cessing were performed using Prism (Graphpad), Excel (Microsoft), and
Origin (OriginLab).

Materials. White leghorn chick embryos were obtained locally and
maintained at 37°C in a humidified incubator. All reagents were pur-
chased from Sigma unless otherwise indicated.

Results
PSD-95 family members required for evoked
nicotinic signaling
Chick CG neurons express all four members of the PSD-95 family
and receive cholinergic but not glutamatergic innervation in vivo
(Dryer, 1994; Conroy et al., 2003). Disrupting the PDZ interac-
tions of all PSD-95 family members with the dominant-negative
construct CRIPT in culture reduces the number of functional
nicotinic synapses CG neurons form with each other as evidenced
by reduced numbers of EPSCs (Conroy et al., 2003). To deter-
mine which PSD-95 family members were responsible, we pre-
pared RNAi constructs that selectively target individual family
members and coexpress RFP. Specificity was demonstrated by
showing that each construct reduced expression only of the cog-
nate PSD-95 family member heterologously expressed in
HEK293 cells and did not affect expression levels of other mem-
bers (supplemental Fig. 1A, available at www.jneurosci.org as
supplemental material). Because full-length chick PSD-95 was
not available for these tests, we assessed the potency of the
PSD-95 RNAi construct (PSD-95-RNAi) by transfecting CG neu-

rons and then immunostaining for native
PSD-95 with a specific antibody. A clear
reduction was observed in PSD-95 stain-
ing (supplemental Fig. 1B, available at
www.jneurosci.org as supplemental ma-
terial). Immunostaining for the entire
PSD-95 family showed that PSD-95-
RNAi expression had little overall effect,
indicating it did not depress the other ma-
jor contributors (supplemental Fig. 2,
available at www.jneurosci.org as supple-
mental material). Transfecting with con-
structs encoding PSD-95-RNAi and
SAP102-RNAi (PSD-95/SAP102-RNAi)
did produce a significant decrease in over-
all staining for the PSD-95 family (supple-
mental Fig. 2, available at www.jneurosci.
org as supplemental material).

To test for an effect on nicotinic input
to the cells, we transfected CG neurons
with RNAi constructs targeting PSD-95
family members and examined evoked
EPSCs 7– 8 d later. Under these condi-
tions EPSCs are mediated primarily by
�3*-nAChRs (Chen et al., 2001; Conroy et
al., 2003). Because transfected cells repre-
sent only a small fraction (�5%) of the
total population, most of the synaptic in-
put to a cell results from untransfected
neighbors; the untransfected cells in the
cultures are equivalent to controls, as
noted previously (Conroy et al., 2003).
Only the combination PSD-95/SAP102-
RNAi was effective at reducing the mean
amplitude of the evoked EPSC, paralleling
the effect of CRIPT overexpression (Fig.

1). None of the RNAi constructs alone, nor the other pairs tested,
were effective. This suggested that PSD-95 and SAP102 both sup-
port nicotinic innervation. Moreover, they appeared to play com-
plementary, if not overlapping, roles because both had to be
knocked down before a deficit in nicotinic input could be
detected.

cis versus trans effects of postsynaptic PSD-95/SAP102
We first tested for cis effects involving postsynaptic �3*-nAChRs.
CG neurons transfected with PSD-95/SAP102-RNAi were im-
munostained for �3*-nAChRs on the cell surface (Fig. 2A). The
cells had lower overall levels of �3*-nAChRs on the soma and had
smaller �3*-nAChR clusters juxtaposed to synaptotagmin-
containing boutons, compared to control cells expressing RFP
(Fig. 2B). The method of staining would not have excluded pre-
synaptic �3*-nAChRs, if they exist, but they are not expected to
have made a significant contribution because both electron mi-
croscopic analysis of CG neurons in situ and immunofluorescent
labeling of freshly dissociated CG neurons revealed prominent
postsynaptic �3*-nAChR clusters on the cells while presynaptic
�3*-nAChRs were undetectable (Horch and Sargent, 1995;
Shoop et al., 1999; Temburni et al., 2004; Rosenberg et al., 2008).
No change was seen in the number of �3*-nAChR clusters jux-
taposed to synaptotagmin puncta abutting the soma (defined
here as synaptic �3*-nAChR clusters; data not shown).

Because somatic recordings also include contributions from
proximal neurites, we analyzed immunostains of neurite initial

Figure 3. PSD-95/SAP102 knockdown diminishes spontaneous mEPSC frequency and PPD. A, Left, Whole-cell patch-clamp
recordings of mEPSCs in CG neurons in 1 �M TTX. Right, Overlay of 10 consecutive mEPSCs (gray) and the resulting mean (black)
from the cells yielding the recordings. B, Knockdown of PSD-95 and SAP102 (P95/S102-RNAi), but not SAP97 (S97-RNAi), de-
creased mean mEPSC frequency in CG neurons (*p � 0.05 by ANOVA with Dunnett’s post hoc test). C, PSD-95/SAP102 knockdown
also decreased mEPSC amplitude as seen in cumulative histograms (Cum Fraction; p � 0.01 by K-S test; 9 –15 cultures/condition).
D, Paired responses in patch-clamped CG neurons exhibited PPD when presynaptic inputs were stimulated (arrows) at an interval
of 20 ms. E, Neurons expressing PSD-95/SAP102-RNAi exhibited less PPD than did control neurons, whereas PPD was unchanged
in neurons expressing SAP97-RNAi (*p � 0.05 by unpaired Student’s t test; 11–15 cultures/condition).
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segments as well, and again found a reduc-
tion in the overall level of �3*-nAChRs
(Fig. 2C). In this case there was no change
in �3*-nAChR mean cluster size (data not
shown), but there was a reduction in the
number of synaptic �3*-nAChR clusters
(Fig. 2D). Consistent with the decrement
in overall �3*-nAChR staining, whole-
cell recordings demonstrated that cells
expressing PSD-95/SAP102-RNAi had
smaller responses to nicotine than did cells
expressing only control RFP (Fig. 2E). No
change in whole-cell response was seen in
cells expressing SAP97-RNAi. Thus synap-
tic �3*-nAChR clusters were impacted
differently on neurites versus cell bodies
of PSD-95/SAP102-RNAi-expressing cells,
suggesting that additional components
influence receptor fate and that such com-
ponents are not equally distributed be-
tween soma and proximal neurites. Both
kinds of changes seen here with PSD-95/
SAP102-RNAi, however, would serve to
diminish the evoked EPSC amplitude.
Most influential would have been the per-
centage decrement in clusters on neurites
because on control cells such clusters were
at least three times as abundant as those
on cell bodies (25.2 � 3.3 and 7.3 � 1.2
clusters/cell for neurites and soma, re-
spectively; n � 25 cultures; p � 0.0001).

No change was seen in the number,
size, or intensity of synaptotagmin-con-
taining boutons contacting the soma of
neurons expressing PSD-95/SAP102-RNAi
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).
Thus the substantial decrease in size of
synaptic �3*-nAChR clusters on the soma
of such cells was not matched by a reduc-
tion in the size or number of presynaptic
puncta contacting the clusters. Similarly,
no significant change was seen in the num-
ber, size, or intensity of synaptotagmin
puncta on neurites of PSD-95/SAP102-
RNAi-expressing cells (supplemental
Fig. 3, available at www.jneurosci.org as supplemental mate-
rial). While the variability in the synaptotagmin values would
have obscured small changes, it seems clear that postsynaptic
knockdown of PSD-95 and SAP102 did not produce major
changes in the size or abundance of presynaptic release sites.

If the number of functional synapses is reduced by PSD-95/
SAP102-RNAi expression, one would expect to see a reduction in
the frequency of spontaneously occurring mEPSCs. Further, if
the size of postsynaptic �3*-nAChR clusters is reduced, one
might expect a reduction in mean mEPSC amplitude. Both of
these were seen when mEPSCs were measured in the presence of
TTX to block action potentials. PSD-95/SAP102-RNAi expression
substantially reduced the frequency of mEPSCs (Fig. 3A,B). It also
reduced, though less extensively, the amplitude of mEPSCs as re-
vealed by cumulative amplitude histograms (Fig. 3C). SAP97-RNAi,
tested as a negative control, had no effect on mEPSC frequency (Fig.
3B) or on amplitude (data not shown).

To test for a trans effect of PSD-95/SAP102-RNAi, we exam-
ined release probability. This was done by comparing the mean
paired-pulse ratios (PPRs) of evoked EPSCs in control cells and
cells transfected with PSD-95/SAP102-RNAi. When control cells
were subjected to paired stimuli separated by a range of intervals
(20 –200 ms), they exhibited significant paired-pulse depression
(PPD) at stimulation frequencies �5 Hz (�200 ms intervals). A
20 ms interval (50 Hz) was chosen for the paired pulses because
this yielded the maximum PPD in control cells while still clearly
separating the two evoked EPSCs in time (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). Neu-
rons transfected with PSD-95/SAP102-RNAi displayed a sub-
stantial decrement in PPD compared to control cells or cells
transfected with SAP97-RNAi (Fig. 3D,E). The size of the RRP of
transmitter in response to a sucrose challenge was not decreased
by PSD-95/SAP102-RNAi expression (supplemental Fig. 5, avail-
able at www.jneurosci.org as supplemental material). The finding

Figure 4. SAP97 sustains nicotinic transmission during extended depolarizations and supports asynchronous ACh release.
A, Top left, Traces showing mEPSCs recorded from CG neurons in the presence of 10 mM KCl and 1 �M TTX. Top right, Overlay of 10
consecutive mEPSCs (gray) and the resulting mean (black) from the cells yielding the recordings. Bottom, Under these conditions,
SAP97 knockdown significantly decreased mEPSC frequency (left; *p � 0.05 by ANOVA with Dunnett’s post hoc test; 14 –28
cultures/condition), but did not alter mEPSC amplitude (right). B, Top, Traces showing responses in CG neurons to asynchronous
release of transmitter. The cells were transfected with the indicated RNAi constructs targeting individual PSD-95 family members.
EPSCs that occurred �100 ms (dotted line) after the stimulus (arrows) were counted as asynchronous release events. Bottom,
Knockdown of SAP97 decreased the mean number of asynchronous events that occurred in response to a single stimulus. Knock-
down of PSD-95/SAP102 or PSD-95 alone did not alter asynchronous release (values presented relative to controls in same cultures;
*p � 0.05 by ANOVA with Dunnett’s post hoc test; 4 –19 cultures/condition).
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that PSD-95/SAP102-RNAi reduced the amplitude of the evoked
EPSCs (Fig. 1), while increasing substantially PPR (decreasing
PPD), provides strong evidence that knockdown of PSD-95 and
SAP102 in the postsynaptic neuron reduced the probability of
transmitter release from presynaptic terminals contacting the
cell. This would be a transcellular effect.

Unique presynaptic effects of postsynaptic SAP97
SAP97-RNAi had no effect on evoked EPSC amplitude, whole-
cell nicotinic response, mEPSC frequency, or PPD (Figs. 1–3),
but did have an effect on one aspect of acetylcholine (ACh) re-
lease. Examining mEPSCs in elevated KCl showed that SAP97-
RNAi reduced mEPSC frequency under these conditions (Fig.
4A). Depolarization-induced mEPSC release is likely to be cal-
cium mediated. Because SAP97 knockdown did not alter syn-
chronous release (evoked EPSCs) (Fig. 1), we assayed
asynchronous release, which also is calcium mediated and may
contribute to mEPSCs under these conditions. To test whether
SAP97 preferentially supports asynchronous ACh release, we ex-
amined evoked EPSCs in the presence of 3 mM Sr 2� (Goda and
Stevens, 1994). Counting events that occurred 100 –900 ms after
stimulation demonstrated that SAP97-RNAi, but not PSD-95-
RNAi or PSD-95/SAP102-RNAi, significantly depressed asyn-
chronous release (Fig. 4B).

N-Cadherin may represent a mechanism by which SAP97 can
transcellularly regulate presynaptic release in a retrograde man-
ner. SAP97 in the postsynaptic neuron can act in part through
N-cadherin to regulate accumulation of release machinery at glu-
tamatergic synapses on the cell (Regalado et al., 2006). N-Cadherin
can also regulate voltage-gated calcium currents, a key determi-
nant of transmitter release (Piccoli et al., 2004; Marrs et al., 2009).
To test for an effect of SAP97 on N-cadherin, we transfected CG
neurons with SAP97-RNAi and immunostained 7– 8 d later.
SAP97-RNAi substantially reduced surface N-cadherin levels
while PSD-95-RNAi and PSD-95/SAP102-RNAi each had no ef-
fect (Fig. 5A). To test the relevance of N-cadherin for asynchro-

nous release, we applied a function-
blocking anti-N-cadherin mAb 2–3 h
before examining evoked release in 3 mM

Sr2� (replacing external Ca 2�). The mAb
produced a decrement in asynchronous
release equivalent to that produced by
SAP97 knockdown (Fig. 5B). Applying
the N-cadherin mAb to cells expressing
SAP97-RNAi produced no further decre-
ment (Fig. 5B). Neither the mAb nor
SAP97-RNAi expression had any effect on
synchronous release as reflected by evoked
EPSC amplitude (data not shown). The re-
sults are consistent with SAP97 acting
through N-cadherin on the postsynaptic
cell to exert a transcellular retrograde ef-
fect on asynchronous release.

Overexpression of SAP97 and SAP102
constructs identifies a critical domain
Overexpressing SAP97 in the neurons had
an unexpected effect. Transfecting neu-
rons with a SAP97 construct coupled to
GFP for visualization (SAP97-GFP) pro-
duced changes similar in many respects to
those caused by PSD-95/SAP102-RNAi
rather than causing the opposite of

SAP97-RNAi. SAP97-GFP reduced the mean amplitude of
evoked EPSCs (Fig. 6A), reduced the whole-cell current induced
by nicotine (Fig. 6B), and reduced PPD (increased PPR) (Fig.
6C). The results suggested that SAP97-GFP might function pri-
marily as a dominant-negative for PSD-95 and SAP102. Heter-
ologously expressed SAP97-GFP does distribute much more
widely in CG neurons than does SAP102-GFP, consistent with
the possibility that it binds to and redistributes components nor-
mally associated with the PSD-95/SAP102 complex (supplemen-
tal Fig. 6, available at www.jneurosci.org as supplemental
material). Further support for a dominant-negative effect came
from analysis of truncated constructs. Removing the GK domain
of SAP97-GFP (SAP/GK-GFP) prevented it from reducing the
evoked EPSC amplitude, changing the whole-cell response to
nicotine, or altering the PPD (Fig. 6 A–C), though the con-
struct was expressed at levels comparable to other constructs.
Overexpression of full-length SAP97 appears to exert a
dominant-negative effect on pathways regulated by PSD-95
and SAP102, perhaps by competing for components that bind
to a GK domain.

Additional evidence for the importance of a GK domain came
from examining the effects of overexpressing SAP102 variants.
Transfecting CG neurons with a full-length SAP102 construct
(SAP102-GFP) in most respects achieved the opposite of PSD-
95/SAP102-RNAi, as might be expected. Thus, overexpressing
SAP102 increased the mean amplitude of the evoked EPSCs by
threefold (Fig. 7A), increased the number of �3*-nAChR clusters
aligned under synaptotagmin-containing presynaptic contacts
on neurites by fourfold (Fig. 7B), and increased the PPD (Fig.
7C). All of these actions were opposite in direction to those of
PSD-95/SAP102-RNAi. Overexpression of SAP102 did not, how-
ever, increase the whole-cell response to nicotine (Fig. 7D) or the
total amount of �3*-nAChRs on the cell surface as judged by
immunostaining (data not shown), indicating that it could not by
itself augment all elements vulnerable to PSD-95/SAP102-RNAi.

Figure 5. SAP97 knockdown impairs N-cadherin expression, a transmembrane protein important for asynchronous release.
A, Left, CG neurons expressing RNAi constructs targeting PSD-95 family members (red) were immunostained for N-cadherin
(green). Right, N-Cadherin (N-Cad) levels were reduced by SAP97 (S97-RNAi) but not by PSD-95 (P95-RNAi) or PSD-95/SAP102
(P95/S102-RNAi) knockdown (*p � 0.05 by ANOVA with Dunnett’s post hoc test; 5–17 cultures/condition). Scale bar, 5 �m.
B, Disruption of N-cadherin interactions with a function blocking mAb (N-Cad mAb) selectively impaired asynchronous release.
Left, Traces showing asynchronous release (as in Fig. 4 B) with cells treated with IgG (control) or N-Cad mAb. Right, Quantification
showing that the N-Cad mAb effect was equivalent to but not additive with the SAP-97-RNAi effect on asynchronous release (*p �
0.05; **p � 0.01 by ANOVA with Dunnett’s post hoc test; 6 cultures/condition).
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Particularly revealing was the analysis
of CG neurons transfected with a SAP102
construct lacking a GK domain (SAP102/
GK-GFP). It mimicked PSD-95/SAP102-
RNAi in behaving like a dominant-
negative: it reduced the mean amplitude
of evoked EPSCs (Fig. 7A), decreased the
number of �3*-nAChR clusters aligned
under synaptotagmin puncta (Fig. 7B),
decreased PPD (Fig. 7C), and reduced the
whole-cell nicotinic response (Fig. 7D).
The simplest explanation is that overex-
pressed SAP102/GK-GFP saturates key
PSD-95/SAP102 binding sites, e.g., those
involving PDZ domains, and therefore pre-
vents endogenous PSD-95 and SAP102
from positioning needed GK-binding
proteins at those sites. The results demon-
strate the importance of the GK domain
and indicate the vulnerability of PSD-95/
SAP102 actions to dominant-negative ef-
fects from components having a portion
of their binding domains in common.

Discussion
The PSD-95 family of PDZ-containing
proteins is vital for glutamatergic trans-
mission. Here we show that three postsyn-
aptic PSD-95 family members exert
distinct but overlapping effects in coordi-
nating nicotinic synapse formation and
regulating nicotinic transmission. Pre-
and postsynaptic mechanisms combine to
achieve the common goal of reliable nico-
tinic input. PSD-95 and SAP102, which
associate with �3*-nAChRs (Conroy et
al., 2003), together help maintain �3*-
nAChR clusters on the surface, align them
under presynaptic release sites, and ap-
pear to regulate synchronous ACh re-
lease onto the receptors by a transcellular retrograde-acting
mechanism. SAP97, in contrast, does not interact with �3*-
nAChRs (Conroy et al., 2003) and does not affect �3*-nAChR clus-
ter number, size, or position. Instead, it acts transcellularly, likely
through N-cadherin, to selectively support asynchronous ACh re-
lease. Overexpressing individual PSD-95 family members can be
deleterious for nicotinic synapse formation. Together, the results
demonstrate a multitiered regulation of nicotinic input by
postsynaptic PSD-95 family members and indicate that the rela-
tive levels of individual family members must be controlled to
optimize the pattern and strength of nicotinic input a neuron
receives.

The ability of PSD-95/SAP102-RNAi to depress the amplitude
of evoked EPSCs suggested both cis and trans effects of endoge-
nous PSD-95 family members. The reduced �3*-nAChR cluster
size and resulting reduction in mEPSC amplitude in PSD-95/
SAP102-RNAi transfected cells represents a cis effect. The de-
crease in probability of transmitter release, inferred from the
reduced PPD, implies a trans effect. Fewer vesicles were released
by the initial stimulus in this case, apparently leaving a higher
fraction of the release sites occupied and able to discharge during
the second stimulus of the pair, consistent with conventional
PPD models (Dittman et al., 2000). A less likely alternative expla-

nation is that postsynaptic changes in receptor mobility alters
the postsynaptic response as recently reported for glutamate
receptors (Heine et al., 2008; Frischknecht et al., 2009); whether
�3*-nAChR mobility affects the EPSC is unknown. In support of
a trans effect was also the finding that PSD-95/SAP102-RNAi
decreased the mEPSC frequency without changing the RRP or
number of synaptotagmin puncta abutting the cells. This too is
consistent with a deficit in the release machinery at presynaptic
sites contacting the cells.

Interestingly, PSD-95 and SAP102 at least partially compen-
sate for each other in supporting nicotinic input. This follows
from the finding that RNAi knockdown of either one alone
proved insufficient to reduce evoked EPSCs. The two proteins
clearly have overlapping capabilities. Compensatory upregula-
tion may also occur, as seen for SAP102 and PSD-95 at glutamate
synapses on rat hippocampal neurons (Elias et al., 2006).

SAP97-RNAi did not influence �3*-nAChR trafficking to or
distribution on the surface, in contrast to its effects on AMPA
receptors (Rumbaugh et al., 2003; Nakagawa et al., 2004; Waites
et al., 2009); nor did it alter synchronous ACh release. Surpris-
ingly, it did exert a transcellular effect at nicotinic synapses to
regulate asynchronous release of transmitter. This was indicated
by the ability of SAP97-RNAi to depress mEPSC frequency elic-
ited by elevated KCl concentrations while having no effect on

Figure 6. Overexpression of SAP97 has a dominant-negative effect that depends on the GK domain. A, Left, Evoked EPSCs.
Right, SAP97-GFP (S97-GFP) expression decreased evoked EPSC amplitude while SAP97/GK-GFP (S97-GK) did not (11–14 cultures/
condition). B, Left, Whole-cell responses to rapidly applied nicotine. Right, SAP97-GFP expression diminished the mean whole-cell
response to nicotine while SAP97/GK-GFP did not (4 –10 cultures/condition). C, Left, Responses to paired stimuli. Right, SAP97-
GFP expression decreased the magnitude of PPD (increased PPR), whereas SAP97/GK-GFP did not (8 cultures/condition). SAP97
acted as a dominant-negative via its GK domain to impair ACh release. *p � 0.05 by ANOVA in A and C; ***p � 0.001 by unpaired
Student’s t test in B.
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either evoked EPSC amplitude or spontaneous mEPSC frequency
in the absence of elevated KCl. Confirmation was provided by
direct measurement of evoked asynchronous release in the pres-
ence of Sr 2�. Together, the results indicate that members of the
PSD-95 family independently regulate synchronous and asynchro-
nous transmitter release at nicotinic synapses.

Separate regulation of synchronous and asynchronous trans-
mitter release was unexpected. The preponderance of evidence
suggests that synchronous and asynchronous release access the
same pool of synaptic vesicles but are mediated by different
presynaptic calcium sensors (Goda and Stevens, 1994; Sun et al.,
2007). Synchronous release dominates at low-frequency stimula-
tion, coordinating vesicle release from multiple sites for additive
effect with short latency. Asynchronous release can become
prominent at high-frequency stimulation, extending the signal-
ing range of the synapse (Lu and Trussell, 2000; Hagler and Goda,
2001; Hefft and Jonas, 2005; Iremonger and Bains, 2007). In prin-
ciple, asynchronous release can be more broadly distributed than

synchronous release because it does not
require close proximity to voltage-gated
calcium channels (Iremonger and Bains,
2007; Sun et al., 2007). Conceivably the
two kinds of release may, in some cases,
occupy different spatial domains. Chick
ciliary neurons in vivo receive normal syn-
aptic input via �3*-nAChRs at postsynap-
tic densities and ectopic transmission via
both �3*- and �7-nAChRs outside postsyn-
aptic densities on somatic spines (Shoop
et al., 2002; Coggan et al., 2005; Sargent,
2009). If the two spatially distinct kinds of
release employ different calcium sensors
(Daw et al., 2009), presynaptic firing fre-
quency could determine the receptor sub-
population activated and therefore the
downstream signaling pathways.

SAP97 and PSD-95 employ distinct
retrograde signaling pathways at gluta-
mate synapses. PSD-95 binds neuroligin,
and postsynaptic neuroligin can interact
with presynaptic �-neurexin to align pre-
synaptic release sites over postsynaptic
glutamate receptors (Irie et al., 1997;
Scheiffele et al., 2000; Craig and Kang,
2007). PSD-95/neuroligin interactions
also mediate transsynaptic regulation of
transmitter release at glutamate synapses
(Futai et al., 2007). CG neurons express a
variety of neuroligins and neurexins (Ross
and Conroy, 2008) and neuroligin–neur-
exin interactions promote nicotinic syn-
apse formation between the neurons in
culture (Conroy et al., 2007). Accord-
ingly, neuroligin–neurexin offers a candi-
date transsynaptic bridge for postsynaptic
PSD-95/SAP102 regulation of presynaptic
events at nicotinic synapses, including
synchronous release of ACh. Notably,
PSD-95 also binds APC via a PDZ domain
(Shimomura et al., 2007), and APC helps
organize a postsynaptic complex in CG
neurons that promotes nicotinic synapse
formation (Temburni et al., 2004; Rosen-

berg et al., 2008). The APC complex may provide a second path-
way for mobilizing neuroligin–neurexin transsynaptic effects.

SAP97, in contrast, is likely to act through N-cadherin to in-
fluence nicotinic synaptic function. N-Cadherin is found at many
synapses and has been widely documented to participate in glu-
tamate synapse formation (Brusés, 2006). Postsynaptic SAP97
can use an N-cadherin link to influence presynaptic development
at glutamate synapses (Regalado et al., 2006), and N-cadherin can
self-associate to regulate voltage-gated calcium channels (Piccoli
et al., 2004; Marrs et al., 2009). Results presented here indicate
that CG neurons express N-cadherin and that knockdown of
SAP97, but not PSD-95/SAP102, reduced N-cadherin levels.
Moreover, a function-blocking anti-N-cadherin mAb replicated
the effects of SAP97-RNAi on asynchronous release, without af-
fecting synchronous release. Combining the mAb with SAP97-
RNAi transfection produced no further reduction, consistent
with a shared pathway or target. The results suggest that SAP 97
uses N-cadherin as a transcellular bridge to exert effects on asyn-

Figure 7. SAP102 requires a GK domain to enhance nicotinic synaptic input. A, Left, Evoked EPSCs. Right, SAP102-GFP (S102-
GFP) increased the mean evoked EPSC amplitude while SAP102/GK-GFP (S102-GK) reduced it (6 –9 cultures/condition). B, Left,
Proximal neurites of transfected neurons (green) immunostained for surface �3*-nAChRs (red) and the presynaptic marker
synaptotagmin (blue). Arrows indicate examples of receptor/synaptotagmin alignment. Right, SAP102-GFP expression increased
the number of �3*-nAChR clusters aligned with presynaptic specializations (Syn �3*-nAChR Clust); SAP102/GK-GFP decreased it
(4 cultures/condition). C, Left, Responses to paired stimuli. Right, SAP102-GFP increased PPD (decreased PPR) while SAP102/GK-
GFP decreased PPD (increased PPR; 7 cultures/condition). D, Left, Whole-cell responses to nicotine. Right, SAP102-GFP did not alter
whole-cell responses to nicotine (5 cultures/condition), but SAP102/GK-GFP decreased it (6 cultures/condition). *p � 0.05;
***p � 0.001 by unpaired Student’s t test.
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chronous release while a neuroligin–neurexin bridge is likely to
mediate PSD-95/SAP102 regulation of synchronous release.

Overexpression of SAP97 and SAP102 constructs revealed the
potential for cross talk between PSD-95 family members. While
SAP102 overexpression yielded, for the most part, the opposite
effects of PSD-95/SAP102 knockdown, SAP97 overexpression
unexpectedly produced results similar to PSD-95/SAP102-RNAi
rather than the opposite of SAP97 knockdown. This is consistent
with a dominant-negative effect, and required the GK domain of
SAP97. Further evidence for the importance of the GK domain
came from SAP102 constructs where deletion of GK converted
the truncated SAP102 sequence into a dominant-negative. This is
perhaps surprising, given that PSD-95 can bind directly to neu-
roligin via a PDZ domain (Irie et al., 1997). Apparently such
interactions are not alone sufficient to enhance nicotinic trans-
mission and instead also require functional GKs. The GK domain
interacts with numerous components (Feng and Zhang, 2009),
and through GKAP and Shank, can tether Homer and regulators
of F-actin (Kim et al., 1997; Naisbitt et al., 1999; Tu et al., 1999;
Kim and Sheng, 2004). Both GKAP and Homer colocalize with
PSD-95 in CG neurons (W. G. Conroy, unpublished results). An
excess of GK domains provided by overexpression of a protein
with inappropriate PDZ domains could misdirect associated pro-
teins and their linked partners. Overexpressed SAP97-GFP did
display a very different distribution in CG neurons from that of
overexpressed SAP102-GFP. The results indicate that the neuron
must tightly regulate the relative levels of individual PSD-95 fam-
ily members for optimal outcomes.

CG neurons were used here because they readily form nico-
tinic cholinergic synapses in culture, express all four members of
the PSD-95 family, and do not have glutamatergic innervation
which could complicate interpretation of PDZ-protein manipu-
lations. The results may have broad relevance, however, because
nicotinic receptors are widely distributed throughout the CNS
where they can serve both presynaptic and postsynaptic func-
tions, generate fast EPSCs, and localize in part with PSD-95
(McGehee et al., 1995; Gray et al., 1996; Frazier et al., 1998; Hefft
et al., 1999; Nong et al., 1999; Ji and Dani, 2000; Alkondon and
Albuquerque, 2001; Fabian-Fine et al., 2001; Hatton and Yang,
2002; Levy and Aoki, 2002; Le Magueresse et al., 2006; Farías et
al., 2007). The regulatory mechanisms that PSD-95 family mem-
bers exert on nicotinic input to CG neurons may also extend to a
variety of glutamate synapses in the CNS because the same com-
bination of PSD-95 family members is coexpressed in many cases
and because glutamatergic synapses can display both synchro-
nous and asynchronous release. How common these regulatory
mechanisms are at CNS synapses will be an important question
for the future.
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