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Little is known about the cellular signals that organize synapse
formation. To explore what signaling pathways may be involved,
we employed heterologous synapse formation assays in which a
synaptic adhesion molecule expressed in a nonneuronal cell induces
pre- or postsynaptic specializations in cocultured neurons. We found
that interfering pharmacologically with microtubules or actin fila-
ments impaired heterologous synapse formation, whereas blocking
protein synthesis had no effect. Unexpectedly, pharmacological in-
hibition of c-jun N-terminal kinases (JNKs), protein kinase-A (PKA),
or AKT kinases also suppressed heterologous synapse formation,
while inhibition of other tested signaling pathways—such as MAP
kinases or protein kinase C—did not alter heterologous synapse
formation. JNK and PKA inhibitors suppressed formation of both
pre- and postsynaptic specializations, whereas AKT inhibitors im-
paired formation of post- but not presynaptic specializations. To
independently test whether heterologous synapse formation de-
pends on AKT signaling, we targeted PTEN, an enzyme that hydro-
lyzes phosphatidylinositol 3-phosphate and thereby prevents AKT
kinase activation, to postsynaptic sites by fusing PTEN to Homer1.
Targeting PTEN to postsynaptic specializations impaired heterolo-
gous postsynaptic synapse formation induced by presynaptic adhe-
sion molecules, such as neurexins and additionally decreased
excitatory synapse function in cultured neurons. Taken together,
our results suggest that heterologous synapse formation is driven
via a multifaceted and multistage kinase network, with diverse sig-
nals organizing pre- and postsynaptic specializations.
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Synapse formation is the universal process that underlies
construction of all of the brain’s circuits, but little is known
about its mechanisms. Unknown signaling pathways presumably
organize synapses, but what pathways are involved remains unclear.
Synapse formation likely requires interactions between pre- and
postsynaptic neurons via adhesion molecules that transmit bidirec-
tional signals to pre- and postsynaptic neurons and organize pre-
and postsynaptic specializations (reviewed in refs. 1-3). Synapses
exhibit canonical features that include a presynaptic side that re-
leases neurotransmitters rapidly and transiently and a postsynaptic
side that recognizes these neurotransmitters. Interestingly, only the
presynaptic side of a synapse harbors canonical features that are
shared by all synapses, such as synaptic vesicles and active zones
with the same components in excitatory and inhibitory synapses. In
contrast, the postsynaptic sides differ dramatically between excit-
atory and inhibitory synapses. Even excitatory and inhibitory neu-
rotransmitter receptors exhibit no homology, and few if any
molecular components are shared among excitatory and inhibitory
postsynaptic specializations.

At present, it is unknown what intracellular signaling pathways
are involved in the assembly of pre- and postsynaptic speciali-
zations, whether different types of signaling pathways exist for
pre- vs. postsynaptic specializations, and how excitatory vs. in-
hibitory synapses are organized. In the present study, we chose
the heterologous synapse formation assay as an approach in or-
der to begin to address these fundamental questions (4). In the
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heterologous synapse formation assay, nonneuronal cells, such as
HEK293T cells, express a synaptic adhesion molecule that then
induces pre- or postsynaptic specializations when these nonneuronal
cells are cocultured with neurons (5-9). For example, if a postsyn-
aptic adhesion molecule, such as neuroligin-1 (Nlgn1) or latrophi-
lin-3, is expressed in HEK293T cells, and the HEK293T cells are
cocultured with neurons, these neurons form presynaptic speciali-
zations on the HEK293T cells (5, 10). If, conversely, a presynaptic
adhesion molecule, such as a neurexin or teneurin, is expressed in
HEK293T cells, postsynaptic specializations are induced in cocul-
tured neurons (8, 9, 11).

Many adhesion molecules have been shown to induce heter-
ologous synapse formation, including neurexins, neuroligins,
latrophilins, teneurins, SynCAMSs, neuronal pentraxin receptors,
SALMs, LAR-type PTPRs, and others (5, 6, 8-15), suggesting
that there are common “synapse signaling” pathways and that
the heterologous synapse formation assay nonspecifically trans-
duces different adhesion molecules signals into a response that
organizes pre- or postsynaptic specializations. Even engagement
of neuronal AMPA-type glutamate receptors by the neuronal
pentraxin receptor, when expressed in HEK293T cells, causes
organization of postsynaptic specializations in the heterologous
synapse formation assay, testifying to the broad nature of the
signals that mediate heterologous synapse formation (12).
Strikingly, any given adhesion molecule triggers only either pre- or
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postsynaptic specializations, but not both, indicating signal-
ing specificity. Most adhesion molecules—with the exception of
teneurin splice variants (11)—induce both excitatory and inhibi-
tory synaptic specializations at the same time. Heterologous syn-
apses resemble real synapses and are functional (6, 7). Overall,
these observations suggest that specific signaling pathways
regulate synapse formation and that the heterologous synapse
formation assay provides a plausible and practical paradigm to
dissect such signaling pathways, even though it represents an ar-
tificial system that lacks much of the specificity of physiological
synapse formation.

In the present study, we have employed pharmacological in-
hibitors and molecular interventions to probe the nature of the
signals mediating heterologous synapse formation. Our data

reveal that multiple parallel protein kinase signaling pathways
are required for heterologous synapse formation. We identified a
role for both JNK and PKA signaling in the formation of pre-
and postsynaptic specializations and found that the PI3 kinase
pathway is specifically required for the formation of post- but not
presynaptic specializations. Thus, our data provide initial insight
into the signaling mechanisms underlying heterologous synapse
formation that may be relevant for synapse formation in general.

Results

Heterologous Synapses Are Formed from Presynthesized Components
by a Mechanism Involving the Cytoskeleton. In the heterologous
synapse formation assay, HEK293T cells expressing a particular
adhesion molecule are cocultured with cortical neurons cultured

A B Postsynaptic Presynaptic
2 hrs ! specializations specializations
24 hrs m ' SD95, VvGIuT1,
Primary Infection at DIV3 Treatments A @B — ,Q AE ' H0m8r1 VGAT,...
P’\gosusss cortical culture when needed at DIV16 \ \ } ,‘ \ )v«L\,‘ ' Nrxn, NI
, gn,
@ @@ Co-culture Immunostaining ! NPR, LRRTM
o & t DIV16 for synaptic 1 ,
g <4 @ markers at DIV17 |
HEK293T cells transfected with '
synaptic adhesion molecules ' HEK293T cells HEK293T cells
VAT  VvGIuT VGIuT1 E Fiag PSD95  Merged
XX¥

VGIuT1 signal (a.u.)
o o
N S

o

VGAT

= Nign1

E)
304
g
Nrxn1p 2 0.2 Nrxn1B
3
s 0 =
N

eGFP + Flag + PSD95
Nocodazole
+ Nrxn1pB

DMSO
+ Nrxn1B

Nocodazole
+Nign1

Control

VGIuT1 signal (a.u.
o
S

<}
N
3/25

PSD95 signal (a.!

Anisomycin CytoD Anisomycin CHX
+Nign1 306 + Nrxn1B +Nrxn1B +Nrxn1B
- \(_“, -

5% ¥

*

E 0.2

Q

>0

Fig. 1. Inhibition of microtubule and microfilament assembly, but not of protein synthesis, blocks induction of presynaptic specializations by neuroligin-1
(NIgn1) or of postsynaptic specializations by neurexin-1p (Nrxn1p) during heterologous synapse formation assays. (A and B) Experimental design of heter-
ologous synapse formation assays in which pre- or postsynaptic adhesion molecules expressed in HEK293T cells selectively induce post- or presynaptic spe-
cializations, respectively, in cocultured neurons (A), and schematic of the resulting heterologous synapses (B). (C—F) NIgn1 specifically induces pre- but not
postsynaptic specializations in heterologous synapse formation assays, whereas Nrxn1p induces post- but not presynaptic specializations. In contrast, an
inactive mutant adhesion molecule (NPR-Mut, for neuronal pentraxin receptor mutant) does neither (C and E, representative images; D and F, quantifications
of pre- and postsynaptic specializations, respectively). Presynaptic specializations were labeled by immunostaining for vGIuT1 (purple; specific for excitatory
synapses) and vGAT (red; specific for inhibitory synapses). Transfected cells were identified by imaging coexpressed eGFP, and adhesion molecules were
visualized by labeling for the FLAG epitope included in the Nign1, Nrxn1p, and NPR-Mut constructs. (G-J) Inhibitors of microtubule (nocodazole, 1 pg/mL) or
microfilament assembly (cytochalasin D; 2 pM) block formation of pre- (G and H) and postsynaptic specializations (/ and J) in heterologous synapse formation
assays, whereas inhibitors of protein synthesis (anisomycin, 25 pg/mL; cycloheximide, 50 pM) have no effect (G and /, representative images; H and J,
quantifications of pre- and postsynaptic specializations, respectively). Mouse cortical neurons were treated with the indicated chemicals for 2 h before and
continuing during the 24-h coculture with HEK293T cells expressing Nign1 (G and H) or Nrxn1p (/ and J). Controls expressing only eGFP were not quantified
since no heterologous synapse formation was detectable. Representative images show merged views; for individual staining patterns, see S/ Appendix, Fig. S1.
All numerical data are means + SEM. Numbers in bars list the number of independent experiments/cells analyzed. Statistical significance was examined by
one-way ANOVA comparing individual test conditions to control (ns = P > 0.05, * = P < 0.05, ** = P < 0.01, *** = P < 0.001).
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from newborn mice at DIV16 for 24 h (Fig. 14). Then pre- or
postsynaptic specializations are visualized on the surface of the
HEK293T cells by immunocytochemistry for pre- or postsynaptic
markers, such as vGluT1 and vGAT for presynaptic or PSD95 and
Homer1 for postsynaptic specializations (Fig. 1 B—F). Heterolo-
gous synapse formation exhibits specificity in that presynaptic
adhesion molecules, such as neurexins or the neuronal pentraxin
receptor (NPR), induce only postsynaptic specializations, whereas
postsynaptic adhesion molecules, such as neuroligins or LRRTMs,
induce only presynaptic specializations (Fig. 1 B—F and SI Ap-
pendix, Fig. S1 A and B).

We first asked whether basic cell-biological features of neurons,
such as gene transcription, protein synthesis, or the actin- and
microtubule-based cytoskeleton, are required for heterologous
synapse formation. Application of drugs inhibiting the actin- or
microtubule-based cytoskeleton blocked most heterologous synapse
formation (Fig. 1 G—J and SI Appendix, Fig. S1). In contrast,
drugs inhibiting protein translation had no effect. These data
show that consistent with its relatively fast time course, heter-
ologous synapse formation involves assembly of presynthesized
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components into synaptic specializations via a mechanism involving
the cytoskeleton.

Multiple Kinases Are Required for the Induction of Both Pre- and
Postsynaptic Specializations during Heterologous Synapse Formation.
To explore potential intracellular signaling pathways that regulate
synapse formation, we tested whether the nonspecific kinase in-
hibitors staurosporine and genistein (SI Appendix, Table S1) in-
terfere with heterologous synapse formation. Both significantly
decreased the development of presynaptic specializations during
heterologous synapse formation, as measured by the accumulation
of vGIuT1 and vGAT signals on the surface of the HEK293T cells
expressing Nlgn1 (Fig. 2 4 and B and SI Appendix, Fig. S24). This
result prompted us to examine specific major kinase pathways,
such as the MAP kinase, PKA, PI3 kinase, and PKC pathways.
The JNK inhibitor SP6000125, the PKA inhibitors H89 and
PKI (16), and the DLK inhibitor GNE-3511 (17) significantly
inhibited Nlgn1-induced presynaptic specializations (Fig. 2.4 and
B and SI Appendix, Fig. S24). Other kinase inhibitors, however,
including inhibitors of PKC, MLCK, JAK2, p56, ERK MAP ki-
nases, and MEK, did not show a significant effect on Nlgn1-induced
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Fig. 2. Protein kinase inhibitors targeting the DLK—JNK or the PKA pathway impair formation of presynaptic specializations induced by Nign1 or LRRTM2
during heterologous synapse formation. In all experiments, cortical mouse neurons were treated with the indicated chemicals starting 2 h before and
continuing during the 24-h coculture with HEK293T cells expressing Nign1 or LRRTM2. Representative images show merged views; for individual staining
patterns, see S/ Appendix, Fig. S2. (A and B) Two broad-spectrum protein kinase inhibitors (staurosporine A [STS], 0.1 pM; genistein, 50 ug/mL), a DLK inhibitor
(GNE-3511 1 pM), a JNK inhibitor (SP6000125, 25 pM), and two PKA inhibitors (H89, 20 uM; PKI, 0.1 pM) impair Nign1-induced formation of presynaptic
specializations during heterologous synapse formation assays (A, representative merged images; B, quantifications). (C and D) An independent JNK inhibitor
(JNK-IN-8, 0.1 pM) also impairs Nign1-induced formation of postsynaptic specializations (C, representative merged images; D, quantifications). (E and F) An
independent PKA inhibitor (KT5720, 0.1 uM) similarly impairs NIgn1-induced formation of postsynaptic specializations induced by Nlgn1 (E, representative
merged images; F, quantifications). (G and H) Two JNK inhibitors (SP6000125, 25 pM; JNK-IN-8, 0.1 uM) and two PKA inhibitors (KT5720, 0.1 pM; PKI, 0.1 uM)
impair LRRTM2-induced formation of presynaptic specializations during heterologous synapse formation assays (G, representative merged images; H,
quantifications). All numerical data are means + SEM. Numbers in bars list the number of independent experiments/cells analyzed. Statistical significance was
examined by one-way ANOVA comparing individual test conditions to control (* = P < 0.05, ** = P < 0.01, *** = P < 0.001).

Jiang et al.
Multiple signaling pathways are essential for synapse formation induced by synaptic
adhesion molecules

PNAS | 30f8
https://doi.org/10.1073/pnas.2000173118

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2000173118/-/DCSupplemental
https://doi.org/10.1073/pnas.2000173118

presynaptic specializations (S Appendix, Fig. S44). In addition,
inhibitors of proteasomes that often interfere with signaling path-
ways were also without significant effect on heterologous synapse
formation (SI Appendix, Fig. S44).

Since JNKs function downstream of DLK in a linear signaling
pathway (18), these results suggest that the DLK—JNK and PKA
signaling pathways are required for Nlgnl-induced heterologous
synapse formation. We verified the potential roles of the JNK
and PKA pathways in Nlgnl-induced presynaptic specializations
by testing other JNK and PKA inhibitors. Again, we observed
that the other JNK inhibitor JNK-IN-8 and PKA inhibitor
KT5720 significantly blocked Nlgnl-induced presynaptic spe-
cialization (Fig. 2 C-F and SI Appendix, Fig. S2 B and D).
Moreover, we observed a robust signal for JNK protein in Nlgn1-
induced presynaptic specializations during heterologous synapse
formation; this signal was decreased when heterologous synapse
formation was inhibited with the JNK antagonist SP6000125
(8I Appendix, Fig. S2C).

Next, we investigated neurexin-induced postsynaptic speciali-
zations, using neurexin-1p (Nrxnlf) as the inducing agent. We
found that the JNK inhibitor SP6000125 and JNK-IN-8, the PKA
inhibitors PKI and KT5720, and the DLK inhibitor GNE-3511
also significantly suppressed the induction of postsynaptic spe-
cializations by Nrxn1p in heterologous synapse formation assays,
as probed via the accumulation of PSD95 or of Homerl signals
on the surface of the HEK293T cells (Fig. 3 and SI Appendix,
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Fig. S3 4, C, and D). We detected during heterologous synapse
formation a strong immunocytochemical signal for JNK protein
in Nrxnlp-induced postsynaptic specializations; this signal was
also decreased when heterologous synapse formation was inhibi-
ted with the JNK antagonist SP6000125 (SI Appendix, Fig. S3B).
In contrast to JNK and PKA inhibitors, inhibitors for PKC,
JAK2, p38, MEK, and proteasomes again did not block Nrxn1f-
induced postsynaptic specializations (SI Appendix, Fig. S4B).
Thus, both JNK and PKA signaling play important roles in the
formation of both pre- and postsynaptic specializations.

Interestingly, the JNK inhibitor JNK-IN-8 only partly de-
creased the Nlgnl-induced formation of presynaptic specializa-
tions, but severely impaired the Nrxnlf-induced formation of
postsynaptic specializations. In contrast, the PKA inhibitor
KT5720 blocked formation of excitatory but not inhibitory pre-
synaptic specializations completely (Figs. 2 and 3). The inhibition
of synapse formation in the heterologous assay by inhibitors of
the DLK—JNK or the PKA pathways was independent of the
adhesion molecule used for synapse induction since presynaptic
NPR or postsynaptic LRRTM had the same effect (Figs. 2 G and
H and 3 G and H).

P13 Kinase Inhibitors Specifically Inhibit Induction of Post- but Not of
Presynaptic Specializations. In addition to inhibitors of PKA and
DLK—JNK signaling pathways that impaired induction of both
pre- and postsynaptic specializations, we observed that inhibitors
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Protein kinase inhibitors targeting the DLK—JNK or the PKA pathway also suppress formation of postsynaptic specializations induced by Nrxn1p or by

the NPR during heterologous synapse formation assays. Cortical mouse neurons were treated with the indicated compounds for 2 h before and continuing
during the 24-h coculture with HEK293T cells expressing Nrxn1p or NPR. Postsynaptic specializations were visualized by staining for PSD95 (A and B) or
Homer1 (C-H), while transfected HEK293T cells were identified by coexpressed eGFP and by labeling for the FLAG epitope present on adhesion molecules.
Representative images show merged views; for individual staining patterns, see S/ Appendix, Fig. S3. (A and B) Inhibitors of DLK (GNE-3511 1 pM), JNK
(SP6000125, 25 uM), or PKA (PKI, 0.1 pM) suppress formation of postsynaptic specializations induced by Nrxn1p in heterologous synapse formation assays
(A, representative merged images; B, quantifications). (C and D) A second JNK inhibitor (JNK-IN-8, 0.1 pM) also impairs heterologous postsynaptic synapse
formation induced by Nrxn1p (C, representative merged images; D, quantifications). (E and F) A second PKA inhibitor (KT5720, 0.1 pM) also impairs heter-
ologous postsynaptic synapse formation induced by Nrxn1 (E, representative merged images; F, quantifications). (G and H) A JNK inhibitor (JNK-IN-8, 0.1 pM)
and a PKA inhibitor (JNK-IN-8, 0.1 pM) similarly suppress heterologous postsynaptic synapse formation induced by NPR (G, representative merged images; H,
quantifications). All numerical data are means + SEM. Numbers in bars list the number of independent experiments/cells analyzed. Statistical significance was
examined by one-way ANOVA comparing individual test conditions to control (* = P < 0.05, ** = P < 0.01, *** = P < 0.001).
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of phosphatidylinositol-3 kinases (PI3 kinases) or of AKT pro-
tein kinase that is activated by the product of PI3 kinases,
phosphatidylinositol-3-phosphate (PI3P), impaired induction of
postsynaptic specializations by presynaptic adhesion molecules
(Fig. 4 and SI Appendix, Fig. S5). Strikingly, the PI3 kinase and
AKT inhibitors had no effect on the induction of presynaptic
specializations by postsynaptic adhesion molecules. This observa-
tion was confirmed with multiple pharmacological agents, in-
cluding the AKT inhibitors GSK2110183 and ARQ092 (19, 20)
and the PI3 kinase inhibitors BEZ235 and GDC-0941 (21, 22),
suggesting that the PI3 kinase pathway is specifically required for
induction of post- but not presynaptic specializations (Fig. 4 and S
Appendix, Fig. S5). Immunocytochemistry showed that AKT lo-
calizes to postsynaptic specializations induced by HEK293T cells
expressing Nrxnlf and that the AKT signal is decreased when
formation of Nrxnlp-induced postsynaptic specializations is
inhibited by the AKT antagonist GDC-0941 (SI Appendix, Fig.
S5G), suggesting recruitment of AKT to nascent postsynaptic
sites. These results further indicated the importance of the PI3
kinase pathway in the postsynaptic specialization.

PTEN Targeted to Postsynaptic Locations Specifically Inhibits Induction
of Postsynaptic Specializations. Identification of signaling pathways
by pharmacological inhibition is potentially limited owing to a lack
of drug specificity. To independently test whether postsynaptic
activation of AKT is essential for the formation of functional
synapses, we targeted a PTEN to postsynaptic sites. PTEN is an
enzyme that hydrolyzes PI3P to PI3, thereby preventing activation
of AKT (23). Specifically, we fused PTEN to Homerl, using
Homer1 alone as a negative control. The PTEN-Homerl1 fusion
protein (PTEN-Hrl) severely depressed Nrxnlp-induced forma-
tion of postsynaptic specializations but had no effect on Nlgnl-
induced formation of presynaptic specializations (Fig. 4 G and H
and SI Appendix, Fig. S5 H and I). Thus, PI3 kinases regulate
formation of post- but not presynaptic specializations in the
heterologous synapse formation assay.

In a final set of experiments, we asked whether the role of the
PI3 kinase pathway extends to synapse formation between neu-
rons. Since all of the signaling pathways implicated in synapse
formation in our current experiments operate at many different
subcellular locations in a neuron, we cannot test this question by
simply incubating neurons with a pharmacological inhibitor. The
PTEN-Hrl tool, however, provides us with an approach to
pursue this question. Thus, we infected cultured cortical neurons
at DIV3 with lentiviruses expressing Homer1 alone or PTEN-
tagged Homerl (PTEN-Hrl) and measured the density of syn-
apsin-, vGluT1-, or vGAT-positive synaptic puncta on dendrites
at DIV16 (Fig. 5 A-D). In addition, we examined the soma size
and dendrite length (SI Appendix, Fig. S5 J and K). We found
that overexpression of the homerl-tagged PTEN significantly
reduced the puncta size and density of vGluT1, but not those of
synapsin or VGAT (Fig. 5 A-D). There was a small but significant
decrease in the density of vGluT1-positive puncta that, however,
was modest compared to the effect of the inhibition of the PI3
kinase pathway on heterologous synapse formation.

We next investigated the possibility that PTEN-Hr1 may have
altered synaptic transmission, a plausible possibility given that
deletion of many adhesion molecules, such as neuroligins, that
are active in the heterologous synapse formation assay never-
theless does not produce a synapse loss in cultured neurons, but
instead causes a change in synaptic transmission (24-26). Over-
expression of PTEN-Hr1 caused a large decrease (~60%) in the
frequency of spontaneous miniature excitatory postsynaptic
currents (mEPSCs), but not of miniature inhibitory postsynaptic
currents (mIPSCs), with the analysis of the means between
control and experimental groups, suggesting that it also impairs
organization of excitatory synapses in synapses formed between
neurons (Fig. 5 E-J).
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Discussion

Significant progress has been made in the identification and
characterization of adhesion molecules that may mediate syn-
apse formation (reviewed in refs. 1-3). How synaptic adhesion
molecules organize pre- and postsynaptic specializations, how-
ever, remains largely unknown. It seems likely that adhesion
molecules activate transsynaptic signal transduction cascades in
promoting synapse formation, but what signals are involved has
not yet been explored. Here, we took advantage of the heterol-
ogous synapse formation assay (4) to ask whether any of the
canonical signal transduction pathways that govern cellular
functions are required for the organization of synapses. In ex-
amining this question, we used both pharmacological inhibitors
that affect an entire neuron and a genetically encoded tool that
disrupts signaling specifically at postsynaptic localizations in a
neuron. Our results suggest that at least two canonical protein
kinase pathways, the PKA and the DLK—JNK pathway, are
required for the formation of pre- as well as postsynaptic spe-
cializations during heterologous synapse formation, whereas a
third canonical protein kinase pathway, the PI3 kinase—AKT
pathway, is selectively required for assembly of post- but not
presynaptic specializations. Since these signaling pathways in-
terconnect and engage in cross-talk with each other at multiple
levels, they may converge at certain points to mediate the syn-
aptogenic processes initiated by various adhesion molecules. We
validated these results using multiple synaptic adhesion mole-
cules during heterologous synapse formation to ensure that our
observations do not selectively apply to only one set of adhesion
interactions and used a panoply of pharmacological agents in
addition to the genetically encoded signaling disrupters to con-
firm specificity. Moreover, we observed recruitment of JNK ki-
nase to nascent pre- and postsynaptic sites and the recruitment
of AKT to nascent postsynaptic sites in the heterologous synapse
formation paradigm. Notably, other canonical protein kinase
pathways tested, such as the PKC and the ERK MAP kinase
pathways, were not required for heterologous synapse formation.
Viewed together, our results suggest that synapse formation as
visualized by the generation of pre- or postsynaptic specialization
during heterologous synapse formation assays involves multiple
canonical signaling pathways that are activated by synaptic
adhesion molecules.

The heterologous synapse formation assay produces functional
hemisynapses at least on the presynaptic side (6). These hemi-
synapses that are generated in the assay are remarkably similar
to synapses observed in vivo, both in terms of their ultrastructure
and in terms of their protein composition (5-9). Nevertheless,
the heterologous synapse formation assay has notable limita-
tions. The fact that nearly all synaptic adhesion molecules induce
pre- or postsynaptic specializations in this assay, even though
most of them are not required for synapse formation in vivo but
are involved in organizing specific properties of synapses (1),
suggests that any transsynaptic signal activated by a synaptic
adhesion molecule can trigger a synapse organization reaction.
As a result, the requirement for PKA, JNK, and AKT signaling
in heterologous synapse formation should not be interpreted as
evidence for a necessary role of these kinases in the initial for-
mation of synapses, but rather as an indication that these kinases
are involved in one of the many processes that likely generate
synapses and endow synapses with specific properties. In support
of this conclusion, we found that blocking postsynaptic AKT
signaling in neurons using the PTEN-Homerl fusion protein
only modestly decreased vGlutl puncta density, but suppressed
spontaneous excitatory synaptic events much more effectively
(Fig. 5). This result suggests that in a “real” synapse, AKT sig-
naling is primarily required for organizing the components me-
diating synaptic transmission and not necessarily for establishing
a synaptic junction.
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Fig. 4. Inhibition of the PI3 kinase — AKT pathway severely impairs formation of Nrxn1g-induced postsynaptic specializations, but not of Nign1-induced
presynaptic specializations. Pre- and postsynaptic specializations that are formed on transfected HEK293T cells (green owing to coexpressed eGFP, with
synaptic FLAG-tagged Nrxn1p or NIgn1 shown in blue) were visualized by staining for the indicated markers. All representative images show merged views;
for individual staining patterns, see SI Appendix, Fig. S5. (A) The PI3 kinase inhibitor LY294002 (50 puM) severely impaired Nrxn1p-induced postsynaptic
specializations as visualized by Homer1 staining (Left, representative merged images; Right, quantifications). In this and the experiments shown in B-F,
cortical mouse neurons were treated with the indicated chemicals at DIV16 for 2 h before and for 24 h during coculture with HEK293T cells expressing Nign1,
Nrxn1B, or NPR-Mut (as a further negative control). (B) LY294002 had no effect on Nign1-induced presynaptic specializations imaged by staining for vGIuT1
and vGAT. (C) Inhibitors of PI3P-activated AKT kinase (GSK2110183, 10 nM; ARQ092, 50 nM) suppressed Nrxn1p-induced postsynaptic specializations visu-
alized by staining for PSD95. NPR-Mut was included as an additional negative control. (D) GSK2110183 and ARQ092 had no effect on Nign1-induced pre-
synaptic specializations examined by staining for vGluT1 and vGAT. (E) The PI3 kinase inhibitors BEZ235 (0.1 uM) and GDC-0941 (0.1 pM) decreased Nrxn1p-
induced postsynaptic specialization. (F) The PI3 kinase inhibitors BEZ235 and GDC-0941 did not affect Nlgn1-induced presynaptic specialization. (G) Targeting
PTEN that hydrolyzes PI3P and thereby blocks AKT activation to postsynaptic sites by fusing PTEN to Homer1 (PTEN-Hr1) greatly impairs formation of Nrxn1p-
induced postsynaptic specialization during heterologous synapse formation (Left, representative images; Right, quantifications). In this panel and in H,
neurons were infected at DIV3 with lentiviruses expressing a PTEN-HA-Homer1 fusion protein (PTEN-Hr1) or HA-Homer1 (HA-Hr1, as a control), cocultured
with transfected HEK293T cells at DIV16, and analyzed at DIV17. (H) Pten-Homer1 did not affect NIgn1-induced presynaptic specializations visualized using
vGIuT1 and VvGAT staining. All numerical data are means + SEM. Numbers in bars list the number of independent experiments/cells analyzed. Statistical
significance was examined by one-way ANOVA comparing individual test conditions to control (ns = P > 0.05, ** = P < 0.01, *** = P < 0.001).

How might the various protein kinases act in organizing pre-
and/or postsynaptic specializations? As canonical intracellular
signaling pathways, PKA-, JNK-, and AKT-mediated signals
obviously contribute to many cellular processes. Since our data
show that the microtubule- and actin-based cytoskeleton is
critical for heterologous synapse formation (Fig. 1), it is pos-
sible that these signaling pathways contribute to synapse for-
mation by regulating the cytoskeleton. Moreover, the DLK—JNK
pathway was previously shown to function in synapse formation
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in classical studies in Caenorhabditis elegans and Drosophila
(27-30). In these organisms, JNK acts by phosphorylating
RPM1 (a.k.a. highwire), a large scaffolding protein that func-
tions as a ubiquitin E3-ligase (31, 32). However, it is unclear
whether RPM1 functions in synapse formation via its E3-ligase
activity or another molecular process (33, 34). Indeed, we
found that inhibitors of proteasomes do not interfere with
heterologous synapse formation (SI Appendix, Fig. S4), indicat-
ing that heterologous synapse formation is not mediated by an
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Fig. 5. Lowering postsynaptic PI3P levels by expression of a PTEN-Homer1 fusion protein selectively suppresses excitatory synaptic transmission in cultured
cortical mouse neurons. Cortical neurons cultured from newborn mice were infected at DIV3 with lentiviruses expressing eGFP alone or together with PTEN-
Hr1 and analyzed at DIV16. (A-D) Inhibition of local AKT signaling in postsynaptic specializations by expression of PTEN-Hr1 produced only minor changes in
the density of excitatory or inhibitory synapses (A, representative images of neuronal dendrites immunolabeled for MAP2 [purple] and synapsins, vGluT1, or
VGAT [all red] as indicated; B-D, cumulative distribution plots and summary graphs of the puncta density per um dendrite as determined by synapsin [B],
VvGIuT1 [C], or vGAT staining [D]; for other parameters, see S/ Appendix, Fig. S5). (E-J) Postsynaptic PTEN diminished the mEPSC frequency (E-G) but not the
mIPSC frequency (H-J). Representative mEPSC (E) and mIPSC (H) traces, quantifications of mEPSC (F) and mIPSC (/) frequencies, and quantifications of mEPSC
(@) and mIPSC (J) amplitudes are shown. All numerical data are means + SEM. Numbers in bars list the number of independent experiments/coverslips an-
alyzed. Statistical significance was examined by one-way ANOVA (bar graphs) or the Kolmogorov-Smirnov test (cumulative distributions), with ns = P > 0.05,
* = P <0.05 ** =P <0.01, **** = P <0.0001.

ubiquitin-dependent protein degradation pathway. In addi- PI3P signaling is primarily known for its role in regulating
tion, JNK has been implicated in the postsynaptic clustering of  mitosis, cell growth, and cellular differentiation (36), but not in
PSD95 (35). organizing synapses. PI3 kinases were implicated in controlling
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synaptic plasticity by a protein synthesis-dependent process (37,
38). However, heterologous synapse formation is independent of
protein synthesis (Fig. 1), and the number of kinases that have
been implicated in synaptic plasticity include not only AKT and
PKA, but also PKC (39) and ERK-type MAP kinases (40) that
do not appear to participate in heterologous synapse formation
(8I Appendix, Fig. S4). Thus, heterologous synapse formation
appears to be mediated by a narrower range of signaling path-
ways than synaptic plasticity, raising the possibility that there are
a few canonical synapse organization pathways as opposed to
multifarious synaptic plasticity pathways. The biggest question
really is whether the conclusions made here apply to real
synapses—after all, the adhesion molecules used to induce het-
erologous synapses are not actually essential for formation of
“real” synapses.

Taken together, our results provide an initial characterization
of the signaling pathways involved in the assembly of synapses,
thus offering an entry point for future mechanistic studies on
how synapses are formed. We identified the canonical JNK,
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PKA, and AKT protein kinase pathways as essential components
of the machinery that enables assembly of pre- and postsynaptic
specializations during heterologous synapse formation. Re-
markably, JNK and PKA signaling were required on both the
pre- and postsynaptic sides, whereas AKT signaling was only
required on the postsynaptic side.
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