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Synapse development is coordinated by a number of transmem-
brane and secreted proteins that come together to form synaptic
organizing complexes. Whereas a variety of synaptogenic proteins
have been characterized, much less is understood about the molecular
networks that support the maintenance and functional maturation of
nascent synapses. Here, we demonstrate that leucine-rich, glioma-
inactivated protein 1 (LGI1), a secreted protein previously shown to
modulate synaptic AMPA receptors, is a paracrine signal released
from pre- and postsynaptic neurons that acts specifically through a
disintegrin and metalloproteinase protein 22 (ADAM22) to set post-
synaptic strength. We go on to describe a novel role for ADAM22 in
maintaining excitatory synapses through PSD-95/DIg1/zo-1 (PDZ) do-
main interactions. Finally, we show that in the absence of LGI1, the
mature synapse scaffolding protein PSD-95, but not the immature
synapse scaffolding protein SAP102, is unable to modulate synaptic
transmission. These results indicate that LGI1 and ADAM22 form an
essential synaptic organizing complex that coordinates the matura-
tion of excitatory synapses by regulating the functional incorporation
of PSD-95.
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Proper development of synapses involves recruitment of pro-
teins that establish presynaptic release sites and postsynaptic
densities (PSDs), and later coordinate maturation, maintenance,
and plasticity of the synapse. In the last decade, a number of
transmembrane synaptic adhesion proteins and secreted proteins
that initiate and modulate excitatory synapses—termed synaptic
organizing proteins—have been identified (1, 2). Whereas the
synaptogenic properties of many synaptic organizing proteins
have been described in detail (2-11), much less is known about
how synaptic organizing proteins regulate synapse maintenance
and maturation (1).

A key component to the functional maturation of excitatory
synapses is the recruitment of AMPA-type glutamate receptors
(AMPARS) to the PSD, which is coordinated by PSD-95/Dlgl/
zo0-1 (PDZ) domain-containing scaffolding proteins (12). Specif-
ically, one family of PDZ proteins, the membrane-associated
guanylyl kinases (MAGUKS), is known to determine basal syn-
aptic AMPAR content (13-16). Like synaptic AMPAR content,
the expression of different MAGUKSs is developmentally reg-
ulated; whereas synapse-associated protein 102 (SAP102) is
expressed in the early postnatal period and is critical to the
function of immature synapses, postsynaptic density proteins 93
and 95 (PSD-93 and PSD-95) are first expressed around postnatal
day 10 (P10) and are required for proper function of mature
synapses (14, 17). Mice lacking PSD-93 and PSD-95 have synapses
with significantly reduced AMPAR content (14), indicating the
shift in MAGUK expression is critical to synapse maturation.
However, what guides the incorporation of PSD-93 and PSD-95
into developing synapses remains unknown.

We recently identified an instructive role for leucine-rich, glioma-
inactivated protein 1 (LGI1) in regulating synaptic AMPAR con-
tent—application of LGI1 increases and loss of LGI1 decreases
synaptic AMPAR localization (18, 19). LGI1 is a secreted protein
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that is localized to synapses, where it binds to the extracellular
domain of the transmembrane a disintegrin and metalloproteinase
proteins 11, 22, and 23 (ADAM11, ADAM22, and ADAM23) (19).
Notably, LGI1 and ADAM22 are found in complex with the mature
MAGUKs, PSD-93 and PSD-95, in vivo (18, 19), and their ex-
pression levels follow a similar timeline (17, 18, 20). However, little
is known about the neuronal function of ADAM11, ADAM22, and
ADAM23, and it is not clear which mediates the function of LGI1
at the synapse. Moreover, the source and destination of secreted
LGI1 remains unstudied.

Here, we show that LGI1 released from pre- and postsynaptic
cells acts in a paracrine fashion to regulate synaptic AMPAR
content. We find that the function of LGI1 at the synapse is fully
dependent on its interaction with ADAM?22, the only ADAM in
the LGI1 complex that contains a PDZ-binding motif. ADAM?22,
in turn, maintains excitatory synapses through PDZ domain in-
teractions. Finally, we demonstrate that PSD-95, but not SAP102,
requires LGI1 to function at synapses, indicating that the LGI1-
ADAM?22 complex directs synapse maturation by controlling the
incorporation of the mature MAGUK PSD-95.

Results

LGI1 Expression Regulates Synaptic, but Not Surface, AMPAR Content.
Having previously identified a role for LGI1 in regulating syn-
aptic AMPAR content, we were interested in determining the
mechanism through which secreted LGI1 affects postsynaptic
transmission. However, mice lacking LGI1 exhibit a lethal epilepsy
phenotype, with seizures starting in the second postnatal week
that are invariably fatal by postnatal week 3 (19, 21, 22). Thus, we

Significance

The PSD-95 family proteins serve as central scaffolds of excit-
atory synapses. Their expression levels dictate synaptic strength,
and the functions of many synaptic organizing molecules are
dependent on interactions with these proteins. Yet, it is unclear
what guides PSD-95 into maturing synapses, which occurs
postnatally and is required for proper synapse development.
Here, we establish that the secreted protein LGI1 controls the
functional incorporation of PSD-95 through interactions with
the transmembrane protein ADAM22. This process occurs in a
paracrine fashion, with LGI1 released from the pre- and post-
synaptic cell able to modulate postsynaptic strength. Our data
illustrate a previously undescribed level of synaptic organiza-
tion, identifying a critical role for the LGI1-ADAM22 complex
in controlling the function of PSD-95 itself and, in turn, normal
synapse development.

Author contributions: K.L.L. and R.A.N. designed research; K.L.L,, Y.F., AJ.G., and M.F.
performed research; K.L.L., Y.F., and M.F. contributed new reagents/analytic tools; K.L.L.,
Y.F., AJ.G., and M.F. analyzed data; and K.L.L. and R.A.N. wrote the paper.

The authors declare no conflict of interest.
"To whom correspondence should be addressed. Email: nicoll@cmp.ucsf.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1511910112/-/DCSupplemental.

PNAS | Published online July 15, 2015 | E4129-E4137

%)
=2
o
a
w
<
=
[



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1511910112&domain=pdf
mailto:nicoll@cmp.ucsf.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511910112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511910112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1511910112

L T

/

1\

=y

A In vivo Phenotype vs. Culture Methods

PO P7 P15 P21
\j \j

Slice Culture Preparation

B AMPA/NMDA Ratios

Slice Culture Recordings

C Paired-pulse Ratio

LG+ . .
25 LG 15
P 2 I
— < £ 4
LG+ $ 15 . Ei
= I
g 3 4 I LG - g
= 2 05
Scaled < <
/"\\_ 0.5 —
v 0 G Lo+ 0 LGt LaitT

E Surface Currents

pre——— Gu_ Gl

D miniature EPSCs

20 0.6 —. 600
<
— s
= N -—
35 i z 5
» > =
3 g o4 I 3 400
= 3 o
a 10 o g
£ o °
< [ 3
? 02 & 200
o 5 o ©
w w £
£ £ 8
=)
o 9]
LGIM** LGl LGI1** LG - LGI*™* LGI1+

Fig. 1. Loss of LGI1 reduces synaptic, but not surface, AMPAR content.
(A) Timeline of experimental preparation for hippocampal slice cultures and
recordings (Bottom) compared with the LGI1~~ phenotype (Top). (B) AMPA/
NMDA ratios recorded in slice cultures made from LGI1™~ mice are signifi-
cantly reduced (P = 0.03, n = 15) compared with wild type. (Left) Sample
traces of wild type (black) and LGI1~"~ (gray). (Scale bar, 50 ms and 50 pA.)
(Right) Bar graphs showing average AMPA/NMDA ratios + SEM in wild type
and LGI1~~. (C) Paired-pulse stimulation reveals no significant difference
(P =0.46, n = 16 wild type, 17 LGI1™"") in presynaptic release probability in
LGI1~~ relative to wild type. (Left) Sample traces normalized to first-
response amplitude in wild-type cell. (Scale bar, 40 ms.) (Right) Average ratio +
SEM (D) Miniature EPSC recordings in wild type and LGI1™". Loss of LGI1 results
in a significant decrease in amplitude (P = 0.03, n = 21), but not frequency (P =
0.17, n = 21), of mEPSCs. Bar graphs of average amplitude and frequency of
mMEPSCs + SEM, with sample traces for each condition shown above. [Scale
bars, 25 ms (amplitude traces), 100 ms (frequency traces), and 10 pA.] (E) So-
matic outside-out patch recordings in wild-type and LGI1~~ cells have similar
glutamate-evoked currents (P = 0.92, n = 13). (Top) Sample traces of wild-type
and LGI1™ surface currents. (Scale bars, 1 s and 100 pA.) (Bottom) Average
glutamate-evoked currents + SEM.

turned to hippocampal slice culture, a system in which we are
able to both investigate single-cell genetic manipulations and
also bypass the potential confounding effects of repeated sei-
zures in vivo (21, 23). Slice cultures were prepared from P6-P8
animals, before seizure onset in LGI1™'~ mice, and recordings
were made at day in vitro (DIV) 8 (Fig. 14), a time at which
LGI1 and other major synaptic proteins are robustly expressed
(18-20).

We first set out to verify in slice cultures that, as in acute slices,
LGI1 loss reduces synaptic AMPAR localization (19). Recording
from CA1 neurons, we found the ratio of the AMPAR-mediated
excitatory postsynaptic currents (EPSCs) to NMDA receptor
(NMDAR)-mediated EPSCs (AMPA/NMDA ratio) was signifi-
cantly decreased in LGI1™/~ compared with wild-type litter-
mate controls (Fig. 1B), confirming that the previously observed
decrease in AMPA/NMDA ratio in acute slice is due to loss of
LGI1 and not an effect of chronic seizures in vivo. Moreover, no
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difference was found in the paired-pulse ratio (PPR) between wild
type and LGI17, in line with our previous findings in acute slice
(Fig. 1C).

We next sought to determine whether the change in AMPA/
NMDA ratios observed after loss of LGI1 is due to the changing
strength of individual synapses or to a decrease in the total
number of AMPAR-containing synapses. Recording miniature
EPSCs (mEPSCs) in wild-type versus LGI17~ cells, we found a
significant reduction in amplitude but not frequency (Fig. 1D),
consistent with a deficit in synapse strength, not number. This was
specifically due to decreased synaptic localization of AMPARs, as
no difference was observed in glutamate-evoked currents recorded
from LGI1”~ and wild-type neurons (Fig. 1E), indicating that
receptor surface expression is normal in the absence of LGII.

Previous research has shown that transgenic overexpression of
an epilepsy-associated LGI1 mutant, which is thought to act as a
dominant negative, increased synaptic transmission in the den-
tate gyrus (24). This finding suggests that LGI1 may play distinct
roles in different regions of the hippocampus. To test if this is the
case, we recorded EPSCs in dentate gyrus granule cells of LGI1 ™~
and wild-type littermates. We observed a decrease in AMPA/
NMDA ratio similar in magnitude to our findings in acute and
cultured slice CA1. Also similar to our findings in CA1, we did not
see any change in paired-pulse ratio after loss of LGI1 (Fig. S1).
Thus, loss of LGI1 impacts transmission similarly in the dentate
gyrus and CA1 region of the hippocampus and is functionally
distinct from mutant LGI1 overexpression.

LGI1 Is a Paracrine Signal Released from Pre- and Postsynaptic Cells.
Next, we used molecular replacement strategies to dissect the
mechanism by which LGI1 regulates postsynaptic AMPAR content,
beginning by examining the impact of single-cell expression of LGI1
on synaptic transmission. LGI1~~ hippocampal slice cultures were
sparsely transfected with LGI1 using biolistics, and simultaneous
recordings were made from neighboring transfected and untrans-
fected CAl pyramidal cells in response to stimulation of stratum
radiatum. Curiously, we observed no difference in AMPAR- or
NMDAR-mediated EPSCs in the LGI1 expressing cell relative to
the LGI1™~ control (Fig. 24).

In our dual recording set-up, it is possible that LGI1 secreted
from the transfected cell acts in a paracrine fashion, increasing
receptor content in the neighboring LGI1 ™~ control cells and
masking a change in EPSCs induced by LGI1 expression. To test
if secreted LGI1 alters nearby cells, we compared the AMPA/
NMDA ratios of untransfected LGI17~ cells next to LGII-
transfected cells and LGI1™~ cells from untransfected slices
(Fig. 2B). Consistent with LGI1 having paracrine activity, the
AMPA/NMDA ratio of LGI17~ cells near to transfected cells
was rescued to wild-type levels and significantly increased rela-
tive to cells from the untransfected LGI17/~ slices (Fig. 2C).

LGI1 does not bind AMPARs directly (19), so it must work
through a network of interactions to regulate synaptic strength.
Based on previous biochemical data (18, 19), we hypothesized
that LGI1 regulation of synaptic transmission is mediated by the
transmembrane protein ADAM?22, which directly binds LGI1
extracellularly and PSD-95 intracellularly. A recently identified
missense mutation of LGII implicated in human autosomal
dominant temporal lobe epilepsy (ADTLE), LG11S473L (25), is
secreted but lacks the ability to bind ADAM?22, although it can
still bind ADAM23 (26). With the paracrine signal assay, we
used this mutant to test whether the LGI1-ADAM?22 interaction
specifically is necessary for LGI1 function. Comparing AMPA/
NMDA ratios of LGI1™~ cells near to LGI1S473L transfected
cells and LGI1™~ cells from untransfected slices, we found that
LGI1S473L is unable to rescue AMPA/NMDA ratios in neigh-
boring neurons (Fig. 2C), indicating a requirement for ADAM?22
interaction in LGI1 synaptic function. The impact of LGI1S473L
mutation is not specific to inhibition of the paracrine signaling
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LGI1 is a paracrine signal derived from the pre- and postsynaptic cell. (A) AMPAR- and NMDAR-mediated EPSCs in LGI1~'~ cells expressing LGI1 are the

same as neighboring untransfected LGI1~~ cells (AMPAR: P = 0.17, n = 17; NMDAR: P = 0.37, n = 16). Scatterplots show individual dual recordings (open
circles) and mean + SEM (filled circle). (Insets) Sample traces of LGI1™" (black) and LGI1™~ + LG (green). (Scale bars, 50 ms and 50 pA.) (B) Recording set-up of
naive control cell in LGI1~~ slice and control cell near (either adjacent to or one cell body away from) an LGI1-transfected cell in LGI1~"~ slice. (C) The AMPA/
NMDA ratio of nearby control cells in LGI1™~ biolistically transfected slices is significantly higher than cells from naive LGI1~"~ slices (P = 0.03, n = 15).
LGI1S473L expression, however, does not alter the AMPA/NMDA ratio of nearby cells relative to naive LGI1™" cells (P = 0.71, n = 13). Bar graphs show mean
ratio + SEM. (D) Viral injections of LGI1 in CA3 (presynaptic) and dentate gyrus (DG, nonsynaptic) were carried out to test the source of active LGI1. Recordings
were made in CA1 pyramidal cells for both experiments. (E) Expression of LGI1 in CA3 significantly increases the AMPA/NMDA ratio of CA1 neurons relative to
naive LGI1~"~ neurons (P=0.05, n=15LGI1™~, n=16 CA3-expressing LGI177); AMPA/NMDA ratios remain similar to naive LGI1~"~ when LGI1 is expressed in

the DG (P=0.82, n = 15 LGI1™", n =20 DG-expressing LGI17). Bar graphs show mean ratio + SEM.

function, as LGI1™~ cells transfected with LGI1S473L show
similar AMPAR- and NMDAR-meditated EPSCs as LGI17/~
cells (Fig. S2), indicating this mutant is also unable to rescue
transmission cell autonomously.

LGI1 mediates a complex with pre- and postsynaptic compo-
nents (19), although the source of the secreted protein remains
unknown. Our previous experiment showed the expression of LGI1
in the postsynaptic and neighboring cells is sufficient to rescue
AMPA/NMDA ratios. To test if presynaptic expression of LGI1 is
sufficient to alter transmission, we used lentiviral injections in slice
culture to specifically express LGI1 in CA3 neurons (Fig. 2D) and
found that expression of LGI1 in CA3 rescues the AMPA/NMDA
ratios of CA1 neurons to wild-type levels (Fig. 2F).

This finding could indicate that LGI1 is promiscuous in its
ability to modulate synaptic transmission and can diffuse great
distances from the site of secretion and impact far away synapses.
To test this possibility, we again used viral expression of LGI1 in
LGI17/~ slices, although this time in the dentate gyrus instead of

Lovero et al.

CA3 (Fig. 2D). In slice culture, the somas of dentate gyrus
granule cells and CA3 pyramidal neurons are roughly equidistant
from CA1 neurons; however, unlike CA3 neurons, the axons and
dendrites of granule cells never come in close contact with CAl.
Recordings of AMPA/NMDA ratios in CALl cells of slices with
LGI1 expressed in the dentate gyrus were not significantly dif-
ferent from naive LGI1 ™~ slices (Fig. 2E). Moreover, immuno-
histochemical analysis of transgenic mice that express LGI1
exclusively in dentate granule cells (LGI1~~; ProxI-LGI1) shows
specific labeling in the molecular layer (site of granule cell den-
drites) and the mossy fiber axon tract, with little diffusion from
these regions (Fig. S2). Together, these data suggest that secreted
LGI1 only impacts synapses near the site of secretion. Because the
dentate and CA3 cell bodies are equidistant from CA1 cells, and
only CA3 expression of LGI1 can rescue transmission, these data
indicate that LGI1 is likely released from axons and dendrites.
However, we cannot rule out somatic secretion of LGI1, and it is
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possible that LGI1 is secreted from somas but is active only at
synapses of the secreting cell or very nearby cells.

ADAM22 Is Required to Maintain Excitatory Synapses. Our experi-
ments indicate that LGI1 regulates synaptic AMPARs via an
interaction with ADAM22, yet no research has been done on the
role of ADAM?22 at the synapse, and the way in which this in-
teraction could modulate transmission remains unknown. Thus,
we next sought to characterize the role of ADAM?22 in synaptic
transmission.

We began by examining the consequence of ADAM?22 deletion
on synaptic activity. Using biolistic transfection of Cre recombinase
into slice cultures prepared from mice with the gene encoding
ADAM?22 flanked by loxP homologous recombination sites
(ADAM22"%) we were able to directly compare AMPAR- and
NMDAR-mediated transmission in the presence and absence of
ADAM?22. Dual recordings from Cre-transfected, ADAM?22-lack-
ing (herein referred to as ADAM2277) neurons and neighboring
untransfected, wild-type cells showed that loss of ADAM?22 results
in a significant decrease in both AMPAR- and NMDAR-mediated
EPSCs (Fig. 3 A-C).

The reduction in both AMPAR- and NMDAR-mediated
currents after loss of ADAM?22 could represent a decrease in the
number of functional synapses, the probability of vesicle release,
the receptor content at each synapse, or a combination of these
changes. To distinguish among these possibilities, we carried out
a coefficient of variation analysis in wild-type and ADAM227/~
neurons, which allows for determination of changes in quantal

A ADAM227+ Cre B AMPAR-mediated transmission

size and quantal content in our dual recording set-up. Re-
ductions in quantal size result in reductions in variance relative
to the change in mean EPSC amplitude, such that the normal-
ized ratio of mean?/variance (CV~2) is unaffected and data
points on a graph showing the relationship of mean versus CV~2
lie along the y = 1 line. Conversely, changes in quantal content
result in correlated changes in CV~2, such that data points on a
graph showing the relationship of mean versus CV~2 lie along
the y = x line (27-29). Analysis of evoked AMPAR-mediated
EPSCs from wild-type versus ADAM227'~ cells show correlated
reductions in mean amplitude and CV~2 indicative of a re-
duction in quantal content after loss of ADAM22 (Fig. 3D).

A reduction in quantal content can reflect a decrease in the
number of functional synapses or in release probability. To test
whether release probability was reduced, we analyzed PPRs from
wild-type and ADAM227~ cells. No difference in PPR was ob-
served, indicating that ADAM?22 does not regulate probability of
release (Fig. 3E). Thus, the reduction in quantal content ob-
served after the loss of ADAM?22 is due to a decrease in the
number of excitatory synapses. Other synaptic protein complexes
have been shown to act in formation and maintenance of den-
dritic spines, the anatomical site of excitatory synapses (30).
However, no significant difference was found in the spine density
between wild-type and ADAM22~'~ neurons (Fig. S3), indicating
that the decrease in excitatory synapses observed after loss of
ADAM?22 is not a result of a structural deficit but rather a re-
duction in functional excitatory synapses.

C NMDAR-mediated transmission
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Fig. 3. Loss of ADAM22 results in a decreased number of functional excitatory synapses. (A) Diagram of wild-type and ADAM22~~ dual recordings.

(B) AMPAR- (P = 0.001, n = 23) and (C) NMDAR-mediated (P = 0.003, n = 19) EPSCs are significantly reduced after Cre-mediated deletion of ADAM22.
Scatterplots show individual dual recordings (open circles) and mean + SEM (filled circle). (Insets) Representative traces from a dual recording of a wild-type
(black) and ADAM227'~ cell (green). (Scale bars, 50 ms and 50 pA.) Bar graphs show normalized mean EPSC amplitude + SEM. (D) Coefficient of variation
analysis of AMPAR-mediated EPSCs reveals a change in quantal content after loss of ADAM22. Scatterplots show individual dual recordings (open circles),
mean (filled circle), y = line, and 95% confidence interval (dotted lines). (E) No difference in paired-pulse ratio was observed in ADAM227~ cells (P = 0.27, n = 15
wild type, n = 14 ADAM2277). (Scale bar, 40 ms.) Bar graphs show mean ratio + SEM. (F) Loss of ADAM22 does not alter surface currents in CA1 pyramidal cells
(P=0.79, n =15 wild type, n =12 ADAM227). (Left) Representative traces of glutamate-evoked currents in outside-out patches pulled from wild-type (black) and
ADAM227"~ (green) neurons. (Scale bars, 1's and 100 pA.) Bar graphs show mean amplitude + SEM.
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Although clustered at synapses, ADAM?22 is spread diffusely
along the surface of the neuron (18). Thus, it is possible that
ADAM?22 is required for the delivery or stabilization of AMPARs
at the surface. However, glutamate-evoked currents recorded from
outside-out patches of wild-type and ADAM227~ cells are not
different (Fig. 3F), demonstrating that ADAM?22 is not required
for proper surface localization of AMPARs. Together, these data
indicate that ADAM?22 is required for the maintenance of excit-
atory synaptic transmission. Loss of ADAM?22 has a more severe
effect on transmission than loss of LGI1, impacting both AMPAR
and NMDAR-mediated EPSCs, suggesting that ADAM?22 retains
some function in the absence of LGI1. Supporting this conclusion,
in the absence of LGI1, ADAM?22 synaptic localization is signifi-
cantly decreased, although a small portion (~25%) remains at the

synapse (26).

ADAM22 Function Is Dependent upon PDZ Interactions. We next turned
to a molecular replacement strategy to dissect the mechanism by
which ADAM22 regulates excitatory synapse number. First, we
tested whether expression of ADAM22 in ADAM22~~ neurons
was sufficient to restore transmission. Dual recordings were carried
out in untransfected, wild-type cells and cells expressing both Cre
and ADAM22 in ADAM22"" slice cultures. We found that
coexpression of ADAM?22 rescued both AMPAR- and NMDAR-
mediated transmission to wild-type levels (Fig. 4 4 and C).
ADAM?22 contains a C-terminal PDZ-binding motif, a unique
feature among the ADAM family proteins that bind LGI1 (18).
To assess whether ADAM?22 function depends on PDZ domain
interactions, we tried rescuing ADAM22~'~ neurons with an
ADAM?22 mutant lacking the PDZ-binding motif, ADAM22dC4.
Both AMPAR- and NMDAR-mediated EPSCs were significantly
reduced in cells expressing ADAM22dC4 (Fig. 4B), similar to
ADAM227'~ neurons (Fig. 4C), indicating the function of
ADAM?22 at the synapse is completely dependent upon PDZ do-
main interactions. We considered that the C-terminal truncation of
ADAM?2?2 might result in improper processing of the ADAM22dC4
mutant, impacting surface localization and subsequent LGI1 bind-
ing. However, immunostaining of ADAM?22dC4 revealed that it has
normal surface localization and binds extracellular LGI1 (Fig. S4).

PSD-95 Function Is Dependent on LGI1 Expression. We have shown
here that an LGI1 point mutant that cannot bind ADAM22
(LGI1 S473L) is unable to regulate transmission and that the
function of ADAM?22 requires PDZ interactions. Previous proteo-
mic analysis indicates that the MAGUKSs PSD-95 and PSD-93 are
part of the LGI1-ADAM?22 complex at synapses (19). Like LGI1,
changing expression levels of either of these proteins modulates
synaptic AMPAR localization (14). Moreover, loss of both PSD-95
and PSD-93 results in a decrease in the number of functional syn-
apses without altering surface receptors or spine density (14), akin
to the effect of ADAM?22 deletion. Therefore, we hypothesized that
the LGI1-ADAM?22 complex modulates synaptic transmission by
regulating the function of mature MAGUKSs at the synapse.

We first tested if LGI1 is required for overexpression of PSD-95
to increase AMPAR content by comparing the effect of over-
expressing PSD-95 in wild-type and LGI1™~ slice cultures. As
expected, overexpression of PSD-95 greatly increases AMPAR
EPSCs in wild-type neurons (Fig. 5 A4, B, and E). However, over-
expression of PSD-95 in LGI1™~ cells had little effect, showing that
LGI1 plays a critical role in mediating PSD-95 function (Fig. 5 C-E).
Overexpression of PSD-95 has no effect on NMDAR EPSCs in
wild-type or LGI17~ neurons (Fig. S5). These data indicate that
the dramatic increase in synaptic AMPARs normally observed
after PSD-95 overexpression is dependent upon LGI1 expression.

LGI1 Regulates the Functional Incorporation of PSD-95 but Not
SAP102. We next sought to determine if the absence of LGI1
results in loss of endogenous function of PSD-95. To test this
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Fig. 4. ADAM22 lacking the PDZ-binding motif is unable to rescue synaptic
transmission. (A) ADAM22 expression fully rescues the decrease in AMPAR-
and NMDAR-mediated transmission observed in ADAM22~~ cells. Above,
diagram of N-terminal protein domains, transmembrane domain (TM), and
C-terminal PDZ-binding motif in wild-type ADAM22. Scatterplots show in-
dividual dual recordings (open circles) and mean + SEM (filled circle). (Insets)
Representative traces from a dual recording of a wild-type (black) and
ADAM227" cell (green). (Scale bars, 50 ms and 25 pA.) (B) Expression of
ADAM22 lacking the C-terminal PDZ-binding domain (ADAM22dC4, dia-
gram above) is unable to rescue the AMPAR or NMDAR EPSC deficit in
ADAM227"~ cells. (Scale bars, 50 ms and 25 pA.) (C) Summary bar graphs
showing normalized mean + SEM AMPAR and NMDAR EPSCs in wild type,
Cre-, Cre + ADAM22-, and Cre + ADAM22dC4-expressing cells. Whereas wild-
type ADAM22 is able to rescue both AMPAR- (P = 0.17, n = 23) and NDMAR-
mediated EPSCs (P = 0.87, n = 20) to wild-type levels, expression of ADAM22dC4
fails to rescue AMPAR- (P = 0.006, n = 23) and NMDAR-mediated transmission
(P =0.009, n = 16).
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Fig. 5. LGI1 is required for PSD-95 potentiation of excitatory synapses.
(A) Diagram depicting dual recording of wild-type and PSD-95-overexpressing
cells. (B) Scatterplot of AMPAR EPSC amplitudes recorded from wild-type
control and PSD-95-overexpressing cells. Representative traces of dual
recordings are shown as Insets. (Scale bars, 50 ms and 50 pA.) (C) Dia-
gram depicting dual recording of LGI1™~ and PSD-95-overexpressing
cells. (D) Scatterplot of AMPAR EPSC amplitudes recorded from LGI1~/~
control and LGI1™'~ cells overexpressing PSD-95. (Scale bars, 50 ms and
25 pA.) (E) Summary bar graphs showing the normalized mean AMPAR
EPSC + SEM. Overexpression of PSD-95 in wild-type slice culture resultsin a
threefold increase in AMPAR-mediated transmission (P = 0.0004, n = 17),
whereas overexpression of PSD-95 in LGI1~/~ slices has a slight, but sig-
nificant, effect on AMPAR EPSCs (P = 0.03, n = 17).

possibility, we examined the effect of decreased PSD-95 in wild-
type and LGI1~/~ slice cultures using a validated target sequence
to knockdown PSD-95 expression (14). In agreement with pre-
vious findings (14), we found that reduced expression of PSD-95
results in a 50% reduction in AMPAR-mediated EPSCs. Strik-
ingly, however, knockdown of PSD-95 in LGI1~~ cells had no
effect on AMPAR-mediated EPSCs (Fig. 6 A-D). Knockdown of
PSD-95 did not alter NMDAR-mediated EPSCs in wild-type or
LGI1™~ neurons (Fig. S6). Thus, LGI1 expression is required for
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PSD-95 to function at the synapse. It is possible that PSD-95 is
unable to function in the absence of LGI1 due to mislocalization.
However, when we quantified the density and intensity of syn-
aptic PSD-95 puncta in wild-type and LGI1™~ hippocampal
slices, we find that loss of LGI1 does not alter the localization of
PSD-95 (Fig. S7).

A hallmark of the MAGUK family of scaffolding proteins is
a developmental shift in the expression of individual family
members—as the synapse matures, SAP102 is replaced by PSD-
93 and PSD-95 (14, 17). Notably, the timeline of PSD-95/PSD-93
and LGI1 expression is similar (17, 18, 20), and, unlike PSD-95
and PSD-93, SAP102 was not found to interact with the LGI1-
ADAM protein complex in vivo (18, 19). Thus, we wondered if in
the absence of LGI1, SAP102 remains functional as a synaptic
scaffold. Using a previously validated miRNA targeting SAP102
(14, 17), we assayed the impact of reduced SAP102 expression in
wild type and LGI17~. In both wild-type and LGI1~~ neurons,
we found that knockdown of SAP102 results in a significant
decrease in AMPAR-mediated transmission (Fig. 6 E-H) as well
as a reduction in NMDAR-mediated EPSCs (Fig. S6). Together
our data indicate that in the absence of LGI1, synapses do not
functionally incorporate PSD-95, leaving them in an immature
state and limiting the strength of adult synapses.

Discussion

Here, we identify an essential role for the LGI1-ADAM?22 com-
plex in functional maturation of the synapse via molecular in-
teraction with the scaffolding protein PSD-95. We show that LGI1
is secreted from pre- and postsynaptic cells and binds to nearby
ADAM?22 to control synaptic AMPAR content. Moreover, we
reveal a novel role for ADAM?22 in maintaining excitatory syn-
apses through PDZ-dependent interactions. Finally, we show that
in the absence of LGI1, PSD-95, although still targeted to syn-
apses, is unable to function, leaving synapses in an immature state.

Previous work has shown that LGI1 binds to and regulates
ADAM?22 synaptic localization (26). LGI1 can also oligomerize—
forming homodimers, -trimers, and -tetramers (19, 26)—giving it
the ability to stabilize increasing numbers of ADAMs at the
synapse (31). Together with our data, these findings support a
model wherein ADAM?22 works through PSD-95 to maintain
mature synapses, and LGI1 binds to and incorporates more
ADAM?22 and, in turn, functional PSD-95 to increase the
AMPAR-content at these synapses.

ADAM?22 also interacts with the mature MAGUK PSD-93 at
the synapse, which is found in the LGI1-mediated protein complex
in vivo (19). Thus, it is possible that the LGI1-ADAM?22 complex
acts through both PSD-95 and PSD-93 to regulate synapse matu-
ration. This finding is supported by the literature regarding the
effects of changing MAGUK expression levels. Addition or re-
moval of either PSD-95 or PSD-93 results in a corresponding
change in synaptic AMPAR content (14, 15), similar to the effect
of addition (18) or removal (19) of LGI1. However, loss of both
PSD-95 and PSD-93 results in a decreased number of synapses
(14), similar to what we observe after loss of ADAM22. Thus, when
a small amount of ADAM?22 is present, as is the case in LGI17/~
cells, some mature MAGUKSs may be functional and synapses can
be maintained—although, without LGI1 to oligomerize and in-
corporate more MAGUKS, these synapses remain weak. In the
absence of ADAM?22, however, no mature MAGUKS are able to
function and thus excitatory synapses are not maintained.

What might account for the remaining synaptic ADAM?22 in
the absence of LGI1? Previous work has shown that both LGI2,
implicated in canine epilepsy (32), and LGI4, found to regu-
late myelination in the peripheral nervous system (33), bind
ADAM?22 (32-35). Both family members are also found in CAl,
although expressed at much lower overall levels than LGI1 (36).
However, these proteins lack a unique insertion in the C-ter-
minal epitempin (EPTP) domains, which is thought to contribute
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Fig. 6.

LGI1 is essential for PSD-95, but not SAP102, function. (A) Dual recordings of control and PSD-95 miRNA-expressing cells in LGI1** or LGI17'~ slices.

(B) Scatterplot of AMPAR EPSC amplitudes recorded from wild-type and PSD-95 miRNA-transfected cells. Representative traces of dual recordings are shown
as Insets. (Scale bars, 50 ms and 50 pA.) (C) Scatterplot of AMPAR EPSC amplitudes recorded from LGI1~~ control and LGI1~~ cells transfected with PSD-95
miRNA. (Scale bars, 50 ms and 25 pA.) (D) Summary bar graphs showing normalized mean + SEM of experiments in B and C. Reducing PSD-95 expression in
wild-type slice culture results in a 50% reduction in AMPAR-mediated transmission (P = 0.03, n = 17). In LGI1~"~ slices, reduction in PSD-95 expression has no
effect on AMPAR-mediated transmission (P = 1.00, n = 16). (E) Dual recordings of control and SAP102 miRNA-expressing cells in LGI1** or LGI17".
(F) Scatterplot of AMPAR EPSC amplitudes recorded from wild-type and SAP102 miRNA-transfected cells. Representative traces of dual recordings are shown
as Insets. (Scale bars, 50 ms and 50 pA.) (G) Scatterplot of AMPAR EPSC amplitudes recorded from LGI1~"~ control and LGI1~~ cells transfected with SAP102
miRNA. (Scale bars, 50 ms and 50 pA.) (H) Summary bar graphs showing the normalized mean + SEM of experiments in F and G. Knockdown of SAP102 results
in a significant reduction in AMPAR-mediated EPSCs in wild-type (P = 0.02, n = 16) and LGI1~/~ (P = 0.002, n = 16) neurons.

to the ability of LGI1 to oligomerize (31). It is possible, then,
that in the absence of LGI1, LGI2 and LGI4 act to stabilize
ADAMs at the synapse, but lack the ability to oligomerize and
recruit more AMPARS, rendering the remaining synapses weaker.

Surprisingly, when we examined PSD-95 localization at the
synapse, we found that it is similar in wild-type and LGI1~/~
neurons. How might LGI1 regulate PSD-95 function, while not
impacting its synaptic localization? Quantitative analysis of
postsynaptic proteins indicates the MAGUK family proteins far
outnumber NMDARs and AMPARs in the PSD (37). Thus,
there may be other factors that control the function of PSD-95
once it has reached the synapse. Our data indicate the LGI1-
ADAM?22 complex is this factor. An enticing possibility is that
LGI1 localizes PSD-95 into a functional microdomain within the
synapse; it may be that the LGI1 creates a transsynaptic structure
through its pre- and postsynaptic interactions (19) to guide PSD-
95 into the functional synaptic space in line with the presynaptic
active zone. It also may be that the LGI1-ADAM?22 complex in-
troduces a previously unknown protein modification that activates
PSD-95. Future studies are required to determine the exact mech-
anism by which this complex regulates PSD-95 function.

Previous analysis of LGI1-interacting proteins revealed three
candidate transmembrane proteins to mediate the LGI1 func-
tional effect—ADAMI11, ADAM?22, and ADAM?23 (19). Using
an epilepsy-associated LGI1 mutant, S473L, we demonstrate
that binding to ADAM?22 is essential for LGI1 to regulate syn-
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aptic content. Consistent with these data, LGI1 is found bound
to ADAM22 most often in vivo (19). Additionally, mice lacking
ADAMI11 do not exhibit a lethal epileptic phenotype (38), unlike
LGI1-lacking or ADAM22-lacking mice (19, 21, 22, 39), sug-
gesting that ADAM11 may not share a functional role with these
proteins. In the future, it will be of interest to determine if
ADAM11 and ADAM?23 impact synaptic transmission as well
and the nature of their interaction with LGI1.

Other research has suggested that, in addition to its role in
synaptic transmission, LGI1 may be important during neuronal
development. In previous reports, it was shown that LGI1 can act
as an antagonist for myelin-based growth cone inhibition (20),
can regulate early cerebellar cell development (40), and can in-
crease neurite outgrowth in dissociated hippocampal neurons
(41, 42). However, these developmental defects would not ex-
plain the speaﬁc decrease in synaptic AMPAR content in
LGI1™~ mice we observe in the hippocampus. Moreover, acute
application of LGI1 to hippocampal neurons increases synaptic
AMPAR content (18). Together, these findings suggest that
LGI1 may have independent roles in neural development and
synapse maturation.

Recently, LGI1 has been identified as the target of antibodies
made in the autoimmune disorder limbic encephalitis. Patients
with limbic encephalitis (LE) develop adult-onset epilepsy and
neuropsychiatric symptoms, such as memory deficits and psychosis
(43). Research into the mechanism of action of autoantibodies has
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shown that antibodies isolated from LE patients target LGII,
disrupting the LGI1-ADAM?22 interaction and reducing synaptic
AMPARs (44). So, whereas it may be that the epilepsy phenotype
related to mutations in LGI! is a result of improper neurite de-
velopment, it is certain that disruption of the LGI1-ADAM
complex in the mature adult brain can also produce disease,
indicating a critical function for this complex in synaptic main-
tenance as well as development.

Over the last decade, the importance of synaptic organizing
complexes in proper development and maturation of excitatory
synapses has begun to be appreciated. This work uncovers a
novel role for the LGI-ADAM?22 synaptic organizing complex in
coordinating the function of PSD-95 at mature synapses. A
deeper understanding of this complex is certain to contribute not
only to our knowledge of the basic mechanisms of synaptic
transmission but also to the dysfunctions that produce the dev-
astating neurological disorders associated with this complex.

Materials and Methods

Mice. All animal studies were performed according to the Institutional Animal
Care and Use Committee guidelines at the University of California, San
Francisco and the institutional guidelines at the National Institute for
Physiological Sciences. LGI1™~ and ADAM22™f mice were generated and
genotyped as previously described (19, 33).

Slice Culture Preparation and Transfection. Hippocampal slice cultures were
prepared from 6- to 8-d-old mice as previously described (45). At 4 d in vitro,
for overexpression experiments, or 1 d in vitro, for RNAi-mediated knock-
down, slice cultures were transfected using a Helios Gene Gun (BioRad). For
biolistic transfection, 50 pg total of each construct was coated on 1-pm-
diameter gold particles, which were then coated onto PVC tubing and stored
at 4 °C. For experiments where bullets were coated with two different
constructs, coexpression was visually confirmed by using different fluorophores
for each construct.

Slice Culture Viral Injections. LGI1-expressing lentivirus was introduced into
slice cultures using a microinjection technique. Virus was loaded into a glass
pipette, and 2.3-nL injections were made into slices using a Micro4 micro-
syringe pump (WPI). Injection sites were visualized under 10x magnification
and confirmed by visible depression of the slice culture after injection burst.
For both CA3 and dentate gyrus, three injections were made into the region
to ensure robust coverage.

Electrophysiology. All datasets include recordings from at least seven hip-
pocampal slices from three different animals. Recordings were made at DIVS,
or DIV17-21 in ADAM22" to allow for complete turnover of existing
ADAM22 after Cre-mediated deletion, using 3- to 4-MQ glass electrodes
filled with an internal solution consisting of 130 mM CsMeSOs, 8 mM Nadl,
10 mM Hepes, 4 mM Mg-ATP, 0.3 mM Na-GTP, 10 mM BAPTA-tetracesium,
5 mM QX314-Cl, and 0.1 mM spermine, pH 7.2 with CsOH. External perfusion
medium consisted of 140 mM NaCl, 2.4 mM KCl, 1 mM NaH,PO,4, 26.2 mM
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NaHCOs, 10 mM glucose, 4 mM CaCl,, 4 mM MgSO,, and 100 pM picrotoxin,
saturated with 95% (vol/vol) O, and 5% (vol/vol) CO,. Transfected pyramidal
cells were identified using fluorescence microscopy. For experiments using
two transfected constructs, both diffuse GFP and nuclear mCherry (tagged
Cre) were confirmed. In all paired experiments, transfected and neighboring
control neurons were recorded simultaneously.

Abipolar stimulating electrode was placed in stratum radiatum or stratum
moleculare for synaptic recordings of CA1 pyramidal cells and dentate gyrus
granule cells, respectively. After gaining whole-cell access, cells were held at
—70 mV and stimulated for 5 min to allow for response stabilization. After
this period, 20 trials were obtained at 0.2 Hz while holding the cells at
—70 mV, followed by 20 trials at +40 mV. AMPA EPSCs were measured as the
peak amplitude of the averaged traces recorded at —70 mV, and the NMDA
EPSC was measured at +40 mV as the average amplitude of the current
100 ms after stimulation, at which the AMPA receptor-mediated EPSC had
completely decayed. Series resistances typically ranged from 10 to 20 MQ; a
cell pair was discarded if the series resistance of either increased to >30 MQ.
For coefficient of variation analysis, 100 trials were acquired at —70 mV.
Paired-pulse ratios were obtained by recording the responses to a pair of
stimuli given 40 ms apart. The two resulting EPSCs were measured and
the peak amplitude of the second EPSC divided by the peak amplitude of
the first EPSC gives the paired-pulse ratio. Miniature excitatory post-
synaptic currents were obtained in the presence of 1 pM tetrodotoxin
(TTX) (Tocris Bioscience).

Outside-out patches were taken from CA1 pyramidal neurons by patching
the cell bodies with 4- to 5-MQ patch pipettes. After obtaining whole-cell
access and clamping the cell to =70 mV, the patch pipette was slowly pulled
away from the cell body until a gigaohm seal reformed. The tip of the
pipette was perfused with Hepes-ACSF containing (in millimoles): 150 NaCl,
2.5 KCl, 10 Hepes, 10 glucose, 1 MgCl,, 2 CaCl2, 0.1 b-AP5, 0.1 picrotoxin, 0.1
cyclothiazide, and 0.5 pM TTX. To evoke glutamate currents, the solution
was switched to Hepes-ACSF containing 1 mM L-glutamic acid. A ValveLink 8
(AutoMate Scientific) was used for fast perfusion of the control and gluta-
mate containing Hepes-ACSF. Outside-out patches from experimental cells
were interleaved with nontransfected control neurons to ensure the most
consistent and direct comparisons.

Statistical Analysis. Sample size (n) indicates number of cells, regions of in-
terest, or puncta in each condition for unpaired data, and number of pairs for
dual recordings. All statistical analyses were performed in Prism 5 (GraphPad).
Dual recording statistics were calculated using a two-tailed Wilcoxon signed-
rank test, whereas unpaired statistics were calculated using a two-tailed
Wilcoxon-Mann-Whitney test. Statistics on spine density and PSD-95 puncta
analysis also used a two-tailed Wilcoxon-Mann-Whitney test. Coefficient of
variation was calculated as the square of the variance over the mean.
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