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Postsynaptic adhesion GPCR latrophilin-2 mediates
target recognition in entorhinal-hippocampal
synapse assembly
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Synapse assembly likely requires postsynaptic target recognition by incoming presynaptic afferents. Using newly gener-
ated conditional knock-in and knockout mice, we show in this study that latrophilin-2 (Lphn2), a cell-adhesion G protein—
coupled receptor and presumptive a-latrotoxin receptor, controls the numbers of a specific subset of synapses in
CA1-region hippocampal neurons, suggesting that Lphn2 acts as a synaptic target-recognition molecule. In cultured
hippocampal neurons, Lphn2 maintained synapse numbers via a postsynaptic instead of a presynaptic mechanism,
which was surprising given its presumptive role as an a-latrotoxin receptor. In CA1-region neurons in vivo, Lphn2 was
specifically targeted to dendritic spines in the stratum lacunosum-moleculare, which form synapses with presynaptic
entorhinal cortex afferents. In this study, postsynaptic deletion of Lphn2 selectively decreased spine numbers and im-
paired synaptic inputs from entorhinal but not Schaffer-collateral afferents. Behaviorally, loss of Lphn2 from the CA1
region increased spatial memory retention but decreased learning of sequential spatial memory tasks. Thus, Lphn2
appears to control synapse numbers in the entorhinal cortex/CAT region circuit by acting as a domain-specific

postsynaptic target-recognition molecule.

Introduction

Synapse formation and maintenance play key roles in the re-
markable specificity of neuronal wiring in the brain and are likely
controlled, at least in part, by cell-adhesion molecules that bridge
the synaptic cleft between pre- and postsynaptic neurons (Akins
and Biederer, 2006; Zipursky and Sanes, 2010; Missler et al.,
2012; Yogev and Shen, 2014). Whereas axon guidance is largely
mediated by secreted factors (Goodhill, 2016; Seiradake et al.,
2016), synaptic target recognition is mediated at least in part by
trans-cellular interactions via cell-adhesion molecules (Akins and
Biederer, 2006; Zipursky and Sanes, 2010; Missler et al., 2012).
Combinatorial use of diverse trans-synaptic cell-adhesion mole-
cules is proposed to both generate the signals for synapse assembly
and to provide the basis for the specificity of synaptic connections.
Understanding the molecular determinants that guide synaptic
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specificity is of interest in neuroscience because these determi-
nants ultimately control the assembly of neural circuits.
Latrophilins (Lphns) comprise a family of three cell-
adhesion molecules (Lphn1-Lphn3; gene symbols Adgrl1-Adgri3)
that were identified as putative synaptic receptors for a-latrotoxin
(Davletov et al., 1996; Krasnoperov et al., 1996; Sugita et al.,
1998), a toxin from black widow spider venom that induces mas-
sive uncontrolled neurotransmitter release from presynaptic nerve
terminals (Siidhof, 2001). Lphns belong to the class of adhesion G
protein—coupled receptors (GPCRs) that are characterized by large
extracellular sequences composed of different N-terminal domains
followed by a canonical GPCR autoproteolysis-inducing (GAIN)
domain and the typical seven-transmembrane regions of GPCRs
(Krasnoperov et al., 1997; Lelianova et al., 1997; Sugita et al.,
1998; Langenhan et al., 2013, 2016; Hamann et al., 2015). Lphns
form intercellular junctions by interacting in trans via their extra-
cellular domains with at least three other cell-adhesion molecules
implicated in synaptic function, namely neurexins, teneurins, and
fibronectin leucine-rich transmembrane proteins (FLRTs; Silva et
al., 2011; Boucard et al., 2012, 2014; O’Sullivan et al., 2012; Lu
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et al., 2015). Via these interactions, Lphns participate in multifac-
eted trans-cellular molecular networks that could contribute to the
specificity of synaptic connections. The canonical GAIN domain
of Lphn and other adhesion GPCRs mediates their constitutive
autocatalytic cleavage at the GPCR proteolysis site just N-termi-
nal to the first transmembrane region (Arag et al., 2012). Although
it is unclear whether all adhesion GPCRs engage in G protein—
mediated signaling, at least some adhesion GPCRs appear to func-
tion as GPCRs (Paavola and Hall, 2012; Langenhan et al., 2013).
Thus, Lphns have the potential to act both as cell-adhesion mole-
cules and as signaling receptors at synapses.

The domain structure of Lphns indicates that they func-
tion via multiple extra- and intracellular interactions, but their
physiological role remains uncharacterized. In Caenorhabditis
elegans, the LAT-1 Lphn homologue is essential for organ de-
velopment (Langenhan et al., 2009, 2013; Miiller et al., 2015).
In vertebrates, Lphnl and Lphn3 are primarily expressed
postnatally in the brain, suggesting a brain-specific function,
whereas Lphn?2 is ubiquitously expressed during development,
indicating a broader developmental role consistent with that of
LAT-1 in C. elegans (Boucard et al., 2014). Experiments with
Lphns in cultured neurons suggested a presynaptic function as
predicted by their identification as a-latrotoxin receptors (Silva
et al., 2011; O’Sullivan et al., 2012, 2014), but initial analyses
of constitutive Lphnl knockout (KO) mice failed to uncover a
major synaptic phenotype (Tobaben et al., 2002).

In this study, we focused on Lphn2, the only ubiquitously
expressed Lphn isoform in vertebrates. Using newly generated
conditional and constitutive knock-in and KO mice, we found
that constitutive KO of Lphn2 causes embryonic lethality, sug-
gesting that Lphn2 is required for embryonic development. We
show that mice with brain-specific deletion of Lphn2, however,
are viable, suggesting that the embryonic function of Lphn2 is
caused by Lphn2 expression in nonneural tissues. Moreover, we
show that in the brain, Lphn2 plays a defined role during syn-
apse assembly. Specifically, we found in hippocampal CAl-
region pyramidal neurons that Lphn2 functions as a postsynaptic,
not a presynaptic, cell-adhesion molecule as predicted from its
identification as a putative a-latrotoxin receptor. We demonstrate
that Lphn2 is selectively targeted to spine synapses in the distal
apical dendrites of the stratum lacunosum-moleculare (SLM) of
CAl-region pyramidal neurons. These distal dendrites are nota-
ble for receiving synaptic inputs from layer III entorhinal cortex
neurons (Kitamura et al., 2015). Deletion of Lphn2 from pyrami-
dal CAl-region neurons leads to a selective loss of these synaptic
inputs. Behavioral analyses of mice lacking Lphn2 in CA1-region
neurons revealed that entorhinal synapses on SLM spines are dis-
pensable for spatial memory but are required for learning tempo-
ral sequences of spatial tasks. Our data reveal a central role for
Lphn2 as a representative adhesion GPCR in directing synapse
formation to a specific dendritic domain of a pyramidal neuron,
suggesting that Lphn2 serves as a target-recognition molecule for
presynaptic afferents from the entorhinal cortex.

Using homologous recombination in embryonic stem cells, we
generated knock-in mice in which an artificial exon encoding a

full-length Lphn2-mVenus fusion protein was inserted into the
intron after the first coding exon of the Lphn2 gene (Fig. 1, A
and B; and Fig. S1). At the same time, we flanked both the new
and the regular first coding exon of the Lphn2 gene with loxP
sites to allow conditional deletion, and inserted different pairs of
frt sites such that site-directed Flp-mediated recombination ran-
domly produced either Lphn2-mVenus cKI mice or traditional
Lphn2 cKO mice. Per design, both of these alleles are condi-
tional and can be converted into Lphn2 KO alleles by Cre re-
combinase (Figs. 1 A and S1). Thus, we produced cKI mice that
express Lphn2-mVenus for tracking endogenously expressed
Lphn?2 protein, and we also produced cKO mice for conditional
and constitutive deletion of Lphn2 using Cre recombinase.

To determine whether the constitutive Lphn2 KO or the
Lphn2-mVenus cKI impair survival, we monitored offspring
from heterozygous matings. No surviving homozygous Lphn2
KO mice were detected (Fig. 1 C). Homozygous Lphn2 cKI
mice, however, were generated at the expected Mendelian ra-
tios, suggesting that although the constitutive Lphn2 KO is le-
thal, the Lphn2-mVenus fusion protein produced by cKI mice
is functional and that the mVenus tag attached to Lphn2 in
these mice does not impede the normal localization of Lphn2
(Fig. 1 C). Because Lphn2-mVenus cKI mice only express
one particular splice variant of Lphn2 and alternative splicing
of Lphn?2 regulates at least some ligand interactions (Boucard
et al., 2014), the viability of mice expressing only this splice
variant implies that this splice variant is sufficient for the essen-
tial functions of Lphn2.

A brainwide analysis of coronal brain sections from Lphn2-
mVenus cKI mice revealed that Lphn2 is not ubiquitously ex-
pressed. Rather, we observed that Lphn2-mVenus was restricted
to specific brain areas that had no apparent commonality, e.g.,
the retrosplenial cortex, thalamus, and substantia nigra pars re-
ticulata (Fig. 1 D). Maybe most striking was the localization
of Lphn2-mVenus to the SLM in the CA1 region of the hippo-
campus (Fig. 1, E-G). Thus, Lphn2 is not uniformly present
in all brain regions but is differentially expressed in defined
subregions and cell types.

Imaging of hippocampal neurons cultured from Lphn2-mVenus
cKI mice demonstrated punctate fluorescence patterns along
dendrites, suggesting that Lphn2 is localized to synapses
(Fig. 2 A). To explore a potential synaptic function of Lphn2,
we sparsely transfected cultured hippocampal neurons at 4 d
in vitro (DIV) with plasmids encoding mutant (ACre used as a
control) or WT Cre recombinase. Transfections targeted <5%
of all neurons, allowing us to probe for a cell-autonomous
postsynaptic phenotype because most neurons surrounding
a transfected cell would be WT (Fig. 2 B). We then analyzed
the spine density in ACre and Cre-transfected neurons at DIV
14-16 using cotransfected cytosolic GFP as a means to visual-
ize spines. Remarkably, we observed a significant loss of spines
(~40%) in Lphn2-deficient neurons (Fig. 2, C and D).

To test whether the loss of spines in Lphn2-deficient
hippocampal neurons corresponded with a decrease in syn-
apse density, we stained sparsely Cre- or ACre-transfected
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Development of conditional Lphn2-mVenus knock-in and Lphn2 KO mice. Lphn2-mVenus protein localized to discrete brain nuclei and subcel-
lular domains including the SLM of the hippocampal CA1 region. (A) Gene targeting strategy for Lphn2-mVenus cKl and Lphn2 cKO and constitutive KO
mice. (B) Domain architecture of Lphn2-mVenus protein. GPS, GPCR proteolysis site. (C) Constitutive KO of Lphn2 caused embryonic lethality, whereas
the Lphn2-mVenus knock-in (Kl) did not impair survival (summary graphs of surviving offspring from heterozygous matings; dotted lines indicate survival
expected from Mendelian inheritance). (D) Lphn2 mVenus expression in vivo. Coronal sections of the brain from an adult Lphn2-mVenus cKI mouse were
labeled using GFP antibodies to detect Lphn2-mVenus protein (green). Indicated coronal section distances are in millimeters relative to Bregma. Arrowheads
indicate spine- or shaft-associated Lphn2 puncta. Ctx, cortex; Gp, globus pallidus; Hi, hippocampus; lo, inferior olive; Rsp, retrosplenial cortex; Snr, sub-
stantia nigra pars reticulata; St, striatum; Th, thalamus. Note that one of the panels is presented again in Fig. 3 A. (E) Representative immunohistochemistry
images of WT and Lphn2-mVenus cKl coronal sections of the hippocampus stained for GFP (to label Lphn2-mVenus) and NeuN (to label neuronal nuclei).
Note that a GFP/NeuN merged image of this panel is presented again in Fig. 3 B. (F) Topographical map of the major regions and subregions of the
hippocampal formation (CA3, CA2, and CA1, equivalent regions; DG, dentate gyrus; stratum oriens [so], stratum pyramidale [sp], stratum radiatum [sr],
and SLM, CA1-3 subregions). Image adapted from the Allen Institute for Brain Science. (G) Quantitation of Lphn2-mVenus signal in indicated hippocampal
regions (left) and CAl-region subregions (right). Graphs show means + SEM (WT, n = 3; cKl, n = 4 mice at ~P30).
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Figure 2. Lphn2 functions in cultured hip-
pocampal neurons as a postsynaptic protein
that is selectively essential for excitatory syn-
apses. (A) Lphn2-mVenus localization probed
in hippocampal neurons cultured from Lphn2-
mVenus cKl mice by immunocytochemistry
for GFP (labeling the mVenustagged Lphn2;
green) and MAP2 (red). (B) Representative

W ACre image of hippocampal neurons cultured from
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0 of neuronal nuclei). (C) Representative images

of dendrites from neurons cotransfected with
GFP and either inactive (ACre) or active Cre
recombinase (Cre). (D) Postsynaptic deletion of
Lphn2 by sparse transfection of cultured hippo-
campal Lphn2 cKO neurons with Cre (using
ACre as a control transfection) decreases the
spine density (left, histogram of the number
of neurons vs. spine density; right, summary
graph of mean spine density). (E-G) Repre-
sentative images of neurons analyzed by dual
immunofluorescence labeling for the excitatory
synapse markers PSD95 and vGlutl (E), for
surface AMPARs (GluAT1 and GluA2; F), and
for the inhibitory synapse markers gephyrin
and vGat (G). (H-J) Summary graphs of the
density (H) and apparent size of synaptic
puncta (l) as well as of the ratio of synaptic
puncta size for GluAT compared with GluA2
() analyzed on secondary/tertiary dendrites
in Lphn2-deficient (Cre) and control neurons
Merge (ACre) labeled as described in E-G. (K and
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spontaneous mEPSCs (K; left, representative
traces; right, cumulative distribution of inter-
event intervals [inset, mean event frequencies]),
but increases the mEPSC amplitude (L; left,
mean of mEPSC event traces; right, cumulative
distributions of event amplitudes [inset, mean
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hippocampal neurons from Lphn2 cKO mice for excitatory and
inhibitory synapse markers (Fig. 2, E-J). Consistent with the
decrease in spine density, we observed a similarly dramatic de-
crease on Lphn2-deficient neurons in the density of synaptic
puncta labeled by the excitatory markers PSD95 (~60% de-
crease) and vGlutl (~50% decrease). Moreover, we detected
a corresponding decrease of the density of excitatory synaptic
puncta imaged by labeling for two surface-exposed AMPA-type
glutamate receptors (AMPARSs), GluA1l (~50% decrease) and

GluA2 (~60% decrease; Fig. 2 H). We observed no change in
the density of inhibitory synaptic puncta monitored by stain-
ing cultured neurons with antibodies to vesicular GABA trans-
porter (vGat) and gephyrin (Fig. 2 H). We also measured the
apparent sizes of the synaptic puncta (which reflect a combi-
nation of antigen concentration and true synapse size) and
observed a small but significant decrease in apparent size of
PSD95-, vGlutl-, and GluA2-positive puncta (Fig. 2 I). Owing
to a relatively larger decrease in GluA2 than GluAl signals,
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Lphn2-deficient neurons exhibited an increase in GluA1/GluA2
staining ratio, suggesting a change in the synaptic AMPAR
composition (Fig. 2 J).

The decrease in synapse numbers in Lphn2-deficient
neurons was accompanied by a large decrease (~45%) in the
frequency of spontaneous miniature excitatory postsynaptic
currents (EPSCs; mEPSCs; Fig. 2 K) and by a smaller increase
in mEPSC amplitudes (~25%; Fig. 2 L). These data viewed to-
gether suggest that the Lphn2 KO causes loss of approximately
half of the excitatory synapses, with a possibly compensatory
strengthening and a shift in the synaptic AMPAR composition
of the residual excitatory synapses (Fig. 2 J).

As o-latrotoxin receptors, Lphns are thought to be presynap-
tic (Stidhof, 2001). Thus, the postsynaptic function of Lphn2
in cultured neurons in synapse formation was surprising. Be-
cause cultured neurons can exhibit nonnative properties, we
next studied the function of Lphn2 in situ in the CA1 region of
the hippocampus. We chose to study this brain area because in
brain sections, Lphn2-mVenus appeared to be concentrated in
the SLM of the CA1 region (Fig. 3, A and B).

The SLM of the hippocampal CAl region receives in-
puts from layer III of the entorhinal cortex, which account for
a large percentage of excitatory synapses on spines of SLM
dendrites (Spruston, 2008; Suh et al., 2011; Takacs et al.,
2012). To explore whether Lphn2 localizes to these spines, we
patched CAl-region pyramidal neurons in acute slices from
Lphn2-mVenus cKI mice and filled the neurons with biocytin.
We then used confocal microscopy to examine the distribution
of Lphn2 in hippocampal sections that were stained for biocy-
tin to enable mapping of the dendrites of individual neurons
(Fig. 3 C). In addition, we labeled the sections for NeuN and for
vGlutl as markers for neuronal nuclei and excitatory synapses,
respectively (Fig. 3 D).

We found that Lphn2-mVenus was highly concentrated in
puncta that are adjacent to dendrites within the SLM (Fig. 3,
D and E). A large fraction (~45%) of Lphn2-positive puncta
also contained vGlutl, whereas all vGlutl-positive puncta in
the SLM also contained Lphn2. The Lphn2-positive puncta that
exhibit no vGlutl colabeling may represent inhibitory synapses
or nonsynaptic puncta, or their vGlutl signal may be below
threshold or out of the plane of the section. More than 80%
of Lphn2/vGlutl double-positive puncta were localized to den-
dritic spines (Fig. 3, D and E).

We next asked whether Lphn2 is pre- or postsynaptic. To
address this question, we took advantage of the conditional nature
of the Lphn2-mVenus cKI, which allows deleting Lphn2-mVenus
using Cre recombinase (Fig. 1 A). We stereotactically injected
lentiviruses expressing EGFP-tagged Cre recombinase into the
CA1 region of adolescent mice (Figs. 3 Fand S2 A). The limited
lentiviral infections caused deletion of Lphn2-mVenus in patches
of CAl-region neurons (Fig. 3 F). As a result, we were able to
analyze in a single section the localization of Lphn2-mVenus
relative to Cre recombinase expression, which can be identi-
fied by the nuclear EGFP signal of tagged Cre recombinase.
We found that in areas of nuclear Cre recombinase expression,
Lphn2 in the SLM was nearly ablated, whereas it was retained in
adjacent noninfected areas (Fig. 3, F and G). Thus, Lphn2 is also
postsynaptic in vivo and is specifically targeted to the spines of
arestricted dendritic domain of CA1-region pyramidal neurons,

namely the SLM. These results uncover an unexpected molecular
sorting process targeting postsynaptic Lphn2 to specific dendritic
domains in CA1-region pyramidal neurons.

To explore the functional role of postsynaptic Lphn2, we ex-
amined the morphological and physiological consequences of
Lphn2 deletions in CAl-region neurons. We stereotactically
injected low-titer lentiviruses into the CA1 regions of newborn
mice to achieve sparse infections, allowing us to analyze post-
synaptic and cell-autonomous Lphn2 functions. In these ex-
periments, active (Cre) and mutant inactive Cre recombinase
(ACre, as a control) were expressed in opposing hemispheres
of the same mice (Figs. 4 A and S2 B). At 4-6 wk of age, we
prepared acute slices from injected mice, filled individual in-
fected CA1l-region pyramidal neurons with biocytin via a patch
pipette (Fig. 4 B), and analyzed a neuron’s dendritic spines in
all three layers (Fig. 4 C). We found that the spine density was
unchanged by the Lphn2 deletion in the stratum oriens and
stratum radiatum of CA1-region pyramidal neurons but was de-
creased dramatically (~65%) in the SLM (Fig. 4, D-H). Thus,
the Lphn2 deletion selectively ablated spines in the SLM.

We next asked whether CAl-region pyramidal neurons expe-
rience a selective loss of synaptic inputs from entorhinal cor-
tex afferents that specifically form synapses on spines in the
SLM (Spruston, 2008; Suh et al., 2011; Takécs et al., 2012)
as would be expected from the decrease in synaptic spines in
CAl-region SLM dendrites.

We addressed this question using similar postsynaptic
deletions of Lphn2 by stereotaxic injection of lentiviruses ex-
pressing inactive (ACre) or active Cre recombinase into the
CA1 region of newborn mice as described for the morpholog-
ical studies (Fig. 4 A). We then monitored pharmacologically
isolated AMPAR-mediated EPSCs elicited by two differentially
positioned stimulating electrodes (Fig. 5 A). The first electrode
was placed in the stratum radiatum proximal to the CA3 re-
gion to stimulate Schaffer-collateral axons that emanate from
CA3-region pyramidal neurons and mediate excitatory synaptic
inputs onto CA1-region pyramidal neurons in the stratum oriens
and stratum radiatum. The second electrode was placed in the
SLM proximal to the cortex to stimulate perforant-path axons
that come from entorhinal cortex neurons and form excitatory
synapses onto SLM dendritic spines, which contain postsynap-
tic Lphn2. AMPAR-EPSCs for both pathways were recorded
sequentially in the same neurons, separated by 3-s interstimu-
lus intervals to monitor both synaptic inputs onto a single CA1
pyramidal neuron. We measured the input—output relationships
of the stimulus intensity versus AMPAR-EPSC amplitude to as-
sess synaptic strength and also examined whether the Lphn2
KO influenced the voltage dependence of AMPAR-EPSCs.

We found that the CA1 region KO of Lphn2 massively
impaired synaptic responses induced by stimulation of entorhi-
nal cortex afferents, as revealed by an almost 50% decrease in
the slope of the input/output curves (Fig. 5 B). We observed
no changes in the voltage dependence of the remaining SLM
EPSCs (Fig. 5 C). Conversely, we found that the KO of Lphn2 in-
creased the strength of synaptic connections formed by Schaffer
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Figure 3. Postsynaptic Lphn2 is specifically tar-
geted to and essential for dendritic spines in the
SLM of CAl-region pyramidal neurons. (A) Rep-
resentative coronal brain section (=2.6 mm from
Bregma) from Lphn2-mVenus cKl mice stained for
mVenus analyzed at ~P30. Note that this image is
same as one of the panels in Fig. 1 D. Hi, hippo-
campus; Rsp, retrosplenial cortex; Snr, substantia
nigra pars reticulate; Th, thalamus. (B) Representa-
tive coronal sections of the hippocampus from WT
and Lphn2-mVenus cKl mice stained for mVenus
and the neuronal nuclear protein NeuN. Note that
this image is an overlay of the same images shown
in Fig. 1 E. (C) Biocytin loading of individual py-
ramidal neurons to analyze dendritic spines (left,
image of a CAl-region hippocampal section la-
beled for NeuN and Lphn2-mVenus; right, similar
images of sections that were additionally stained
for biocytin after a single pyramidal neuron had
been filled with biocytin via a patch pipette). (D)
High-magnification image of the distal dendrites
in the SLM of a biocytinfilled pyramidal CAT-re-
gion neuron from a Lphn2-mVenus cKl mouse (left),
and further enlarged images (2.5x) of spines and
shafts from these dendrites (right). CAl-region
sections were stained for biocytin (red), mVenus
(green), and vGIuT1 (blue) after the filling of an
individual pyramidal neuron with biocytin via the
patch pipette. Arrows indicate spine- or shaft-as-
sociated puncta. (E) Quantification of the percent
vGlut1-positive puncta that were also Lphn2 posi-
tive (left bar in left graph) or vice versa (right bar
in left graph) and of the distribution of synaptic
puncta positive for both Lphn2-mVenus and vGlut1
on dendritic spines or shafts (right graph; n = 2

D mice). (F) Representative hippocampal sections
Stratum Lacunosum  Spine Shaft vG/ut1/Lphn2 Puncta with from mice after lentiviral Cre recombinase expres-
& Moleculare Lphn2 Lphn2 Co-localization Lphn2 & sion in patches of CAl-region neurons using ste-
. vGlut1 reotactic injections at P21. Sections were stained
0§-‘(\ 5100 el for NeuN and GFP (detects both Lphn2-mVenus
& pt 5580 expression in the SLM [black arrowhead] as well
) 2 7 Q% 60 as nuclear Cre-EGFP in infected cells [white arrow-
e i J > ¥ N 3 head]). Note that Lphn2-mVenus signal is removed
é\@(\\) : " T + 240 from SLM areas that are connected to pyramidal
\/@4 8 25 e 20 neurons expressing Cre-EGFP. Horizontal dotted
D > > ) &2 lines indicate boundary lines for the subregions of
oY O o0 9 & — 0 > the CA1 region; the vertical dotted line indicates
o — & CQ\& Q\(\ Qé(\ Cre— and Cre+ regions. (G) Quantification of the
& ‘ \\\9 3 o~ @ Lphn2-mVenus signal in the SLM associated with
§¥(2}0" N ,(\(Q' CAl-region neurons lacking (Cre—) or containing
\ \\O K Cre recombinase (Cre+; means = SEM; n = 4 mice
at ~P30). SO, stratum oriens; SP, stratum pyrami-
F G dale; SR, stratum radiatum.
3 Lphn2- y CRE- Merge
NeuN mVenus >GFF’ Cre- i Cre+
Ja Y 5 1607
........ SO| < 11
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collaterals emanating from CA3-region neurons as revealed by
a nearly 100% increase in the input/output curves (Fig. 5 D).
At these synapses, the voltage dependence of AMPAR-EPSCs
exhibited increased rectification (Fig. 5 E). These changes in
Schaffer-collateral synapses in Lphn2-deficient neurons may

reflect a homeostatic response to the loss of entorhinal cortex
inputs. Plots of the ratio of EPSC amplitudes (Fig. 5 F) of the
slopes of the input/output relations (Fig. 5 G) between entorhi-
nal cortex- and Schaffer collateral-derived synapses illustrate
the shift in synaptic weight from entorhinal cortex inputs to
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Figure 4. Postsynaptic deletion of Lphn2 ablates dendritic spines in the
SLM but not the stratum oriens or stratum radiatum of CA1-region pyrami-
dal neurons. (A-C) Experimental strategy. (A) The CA1 regions of opposite
hemispheres in newborn Lphn2 cKO mice were stereotactically injected
with lentiviruses expressing Cre (test) or ACre (control). (B) An individual
pyramidal neuron was filled with biocytin via a patch pipette in acute
hippocampal slices from injected mice (left, low-magnification image of
sparsely CRE-EGFP-infected hippocampus; right, high-magnification view
of the soma of a lentivirally infected biocytinfilled neuron surrounded
by other lentivirally infected neurons with nuclear EGFP fluorescence).
(C) Delineation of dendritic segments that were analyzed by quantitative
immunohistochemistry (boxes indicate example areas where spine analysis
was performed). (D-F) Lphn2 deletion decreases the spine density on CA1
pyramidal neuron dendrites selectively in the SLM. Spines were analyzed
on dendrites in the stratum oriens (D), stratum radiatum (E), and SLM (F;
left, representative confocal images of secondary dendrites; middle, cu-
mulative probability plots of the number of spines per 10 pm dendrite;
right, summary graphs of spine densities; n = 5 ACre and 4 Cre mice
at P25-35). (G) Plot of the spine density in dendrites of pyramidal neu-
rons from the CA1 region of the hippocampus shown in absolute densities
as a function of the subregions in which the dendrites are present. (H)
Ratio analysis of CAT pyramidal neurons across the CAT subregions in-
cluding stratum oriens, stratum pyramidale, stratum radiatum, and SLM.
Means + SEM; statistical analyses were performed using Student's t test.
**,P<0.01; ***, P <0.001.

Schaffer collateral inputs. These data are consistent with our
results in cultured hippocampal neurons in which the Lphn2
KO not only decreased synapse numbers but also increased the

proportion of GluA2-lacking AMPARs, which exhibit higher
channel conductance (Fig. 2, I and K; Isaac et al., 2007). Col-
lectively, our data indicate that Lphn2 localizes to a restricted
dendritic domain in CAl-region neurons, where it functions in
a compartmentalized fashion to selectively control assembly of
synapses from entorhinal cortex afferents.

Lastly, we explored the behavioral consequence of the Lphn2
deletion in mice. Because constitutive deletion of Lphn2 was
embryonically lethal (Fig. 1 C), we were unable to test con-
stitutive KO mice. However, we found that deletion of Lphn2
from the entire brain by crossing Lphn2 cKO mice with a Cre
recombinase driver line under control of the Nestin promoter
(Nestin-Cre) did not cause lethality, although it ablated Lphn2
expression from brain as expected and induced a modest de-
crease in body weight (Fig. S3). This result indicates that the
constitutive Lphn2 KO causes lethality owing to a non-neuronal
function of Lphn2, consistent with the broad expression of
Lphn2 in non-neuronal tissues such as the heart, liver, and kid-
neys (Boucard et al., 2014) and the role of LAT-1 in planar po-
larity in C. elegans (Langenhan et al., 2009; Miiller et al., 2015).

We systematically examined the behavior of brain-specific
Lphn2 KO mice. We detected no major impairments in a series
of broad tests that monitor open field behavior, anxiety, motor
coordination, or prepulse inhibition (Fig. S3). Because direct
inputs from medial entorhinal cortex layer III neurons onto
CA1 pyramidal cells are implicated in spatial learning and other
forms of episodic memory (Remondes and Schuman, 2004; Suh
et al., 2011), we hypothesized that ablation of Lphn2-depen-
dent synapses in the CA1 region may impair spatial learning.
However, when we measured contextual fear conditioning, we
again observed no difference between littermate control and
brain-specific Lphn2 KO mice (Fig. 6, E and F).

These experiments suggest that the brain-specific Lphn2
deletion leaves most overall functions of the brain intact. How-
ever, recent work suggests that synapses formed by entorhinal
cortex afferents on CAl-region pyramidal neurons in the SLM
are specifically required for episodic memory tasks involving
a temporal delay and/or a behavioral switch (Suh et al., 2011).
To test whether the brain-specific Lphn2 deletion may produce
a similar deficit, we examined a new cohort of brain-specific
Lphn2 KO mice with a hippocampal-dependent spatial-tempo-
ral memory task that involves a 30-s gap in a sequential water
T-maze assay (Fig. 6 B). The T-maze was set up with the left
arm blocked and an escape platform positioned on the end of
the right arm, forcing mice to learn a relatively simple spatial
paradigm. Brain-specific Lphn2 KO mice exhibited no impair-
ment in performance during the first swim in this one-armed
maze (Fig. 6 C), a measure of their swimming ability and of
the spatial memory of the escape platform. These mice failed,
however, in learning a simplified sequential spatial task. After
a 30-s delay upon completion of the first swim, the left arm of
the T-maze was opened up, and the escape platform was moved
to the left arm. With both arms now open, mice were asked to
learn that the location of the platform had switched to the op-
posite arm. Brain-specific Lphn2 KO mice learned this second
swimming task more slowly than controls, as evidenced both by
the time to platform and the error rate (Fig. 6 D).

Is the impairment in spatial-temporal sequence learn-
ing in Lphn2-deficient mice a result of the role of Lphn2 at
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SLM synapses in the hippocampal CA1 region? To specif-
ically delete Lphn2 in the CA1 region of the hippocampus,
we stereotactically injected adeno-associated viruses (AAVs)
encoding inactive (ACre) or active Cre recombinase (Cre)
bilaterally into the CAl regions of newborn mice and ex-
amined these mice behaviorally at 2-3 mo of age (Fig. 7 A).
We used the same spatial-temporal water T-maze assay de-
scribed above and found a performance deficit in the second
swim navigation task similar to that of brain-specific Lphn2
KO mice (Fig. 7, B-D).

The protocol we used for the water T-maze assay did not
necessarily measure cognitive flexibility, but it also measured
habit formation given the predictable left versus right arm

spatial navigation rules. As a further test, we performed a vari-
ation of this assay in which the direction of the assay was ran-
domly switched between the right and left arms (Fig. 7, E-H).
In this increasingly difficult assay, animals lacking hippocam-
pal CAl-region Lphn2 again exhibited a significant delay in
learning the second swim navigation task (Fig. 7 H). We further
measured these animals for any alteration in spatial learning and
memory processing but found no effect in exploratory behavior
measured in an open field or on novel object recognition (Fig.
S4). Thus, loss of Lphn2-dependent synapses in the SLM has
no effect on spatial learning itself but impairs learning memory
tasks involving temporal switching, suggesting the possibility
that memories are more strongly formed initially.
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Figure 6. Lphn2 is dispensable in the brain for spatial and con-
textual memory formation but is essential for establishing tempo-
ral memory sequences. (A) Lphn2 cKO female mice were crossed
to male Lphn2 cKO (Nestin-Cre) mice to generate offspring that
were homozygous for Lphn2 cKO and either negative (CRE-) or
positive (CRE+) for the Cre transgene. Age-matched adult mice
brains (>P30) were analyzed for Lphn1-3 mRNA expression by
quantitative RT-PCR analysis (n = 4 mice). (B) Experimental design
for the alternating water -maze memory fest. Mice were trained
for 5 d four times a day fo first swim into the right arm of a water
Tmaze and subsequently into the left arm after a 30-s delay.
(C) Summary plots (lefff and graphs (right; averaged across
all trials) of the time to platform during the first Tmaze swim.
(D) Summary plots (leff) and graphs (center; averaged across all
trials) of the time to platform and directional error rate (right;
averaged across all trials) during the second swim. Animals
analyzed were littermate control mice or mice with Nestin-Cre
recombinase-induced deletion of Lphn2 from brain (n = 8 litter-
mate mice; P60-90). Summary plots: statistical analyses were
performed using repeated-measure ANOVA with post hoc com-
parisons. Summary graphs: statistical analyses were performed
using Student's ttest. *, P < 0.05; ***, P <0.001. (E) Experimen-
tal design for fear memory analyses using mice with transgenic
Nestin-Cre recombinase-mediated Lphn2 deletion from the entire
brain. (F) Normal cued and contextual fear memory in both an
altered and training context in littermate control mice or mice
lacking Lphn2 in brain (n = 11 littermate mice; P60-90). Plots
and graphs shown are means + SEM.
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Finally, to further test this conclusion in another behavioral
paradigm, we examined CA1-region specific Lphn2 KO mice in
the Barnes maze (Fig. 7 I; Barnes, 1979). We observed normal
spatial learning during an initial 4-d training phase in which the
mouse learned the location of a target escape hole, confirming
the finding that Lphn?2 is not required for spatial reference mem-
ory (Fig. 7 J). When we tested the same mice 2 wk later, how-
ever, control mice had largely forgotten the location of the target
hole, whereas mice with a CAl-region Lphn2 deletion retained
the memory of the location of the target hole (Fig. 7 K). This
finding indicates that memories are indeed more long lasting in
Lphn2-deficient brain, which may account for the cognitive flex-
ibility impairment that is observed in the water T-maze.

Synaptic cell-adhesion molecules have been studied intensely,
leading to the recognition that synapses may be shaped by the
interplay of a large number of different trans-synaptic interac-

tions. Lphns are candidate synaptic cell-adhesion molecules
that may contribute to synapse formation and/or specification,
but their functions have remained elusive. Lphns are particu-
larly interesting because they are GPCRs that double up as cell-
adhesion molecules and because they have been shown to bind to
o-latrotoxin, suggesting that they may be receptors for this pre-
synaptic toxin (Siidhof, 2001). To probe the function of Lphns,
we focus in this study on Lphn?2 as the only Lphn isoform that
is developmentally required (Fig. 1 C). We generated new ge-
netic models that allow visualization of Lphn2 in vivo and in
culture by tagging endogenous Lphn2 with mVenus in vivo using
aknock-in, enabling us to demonstrate that surprisingly, Lphn2 is
a postsynaptic cell-adhesion molecule. Our data show that both
in cultured hippocampal neurons and in hippocampal pyramidal
CAl-region neurons in vivo, Lphn?2 is essential for a subset of
synapses, which in vivo are concentrated in the dendritic domain
of the SLM in CA1 neurons. Given this spatially segregated lo-
calization and function of Lphn2, we propose that Lphn2 acts
as a postsynaptic target-recognition molecule that is selectively
essential for assembly and/or maintenance of entorhinal cortex

Latrophilin-2 function in synapse specificity
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synaptic inputs but is dispensable for assembly of CA3-derived
synapses onto these CAl pyramidal neurons. Lphn2 could po-
tentially perform its essential role in hippocampal synapses by
mediating synapse recognition and assembly and/or by con-
tributing a synapse maintenance signal. Regardless of Lphn2’s
mechanism of action, however, our data establish that Lphn2 acts
as a synaptic molecule that is essential for a specific subset of
synapses in a defined circuit.

The conclusion that Lphn2 is a postsynaptic adhesion
GPCR that is specifically targeted to spine synapses in one par-
ticular dendritic domain in vivo is based on two independent lines
of evidence: the localization of the Lphn2-mVenus knock-in pro-
tein and the electrophysiological analysis of neurons after condi-
tional postsynaptic KO of Lphn2. Although it is conceivable that
the Lphn2-mVenus knock-in altered the function of Lphn2, this
seems unlikely given that the knock-in expresses Lphn2-mVenus
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Figure 7. Hippocampal specific elimina-
tion of Lphn2 expression impairs learning of
temporal memory sequences but enhances
long-term spatial memory. (A) Experimental
strategy. The CA1 region of the hippocampus
of newborn Lphn2 cKO mice was bilaterally
injected with inactive (ACre) or active (Cre)
Cre recombinase-expressing AAVs, and mice
%@ were analyzed behaviorally at 2-3 mo of age.
(B) Design of the alternating water T-maze
habit forming cognitive flexibility test. Mice
were trained fo first swim into the right arm
of a water Tmaze and then after a 30-s delay
into the left arm (5 d of training with four tri-
als daily). (C) Summary plots (left) and graphs
(right; averaged across all trials) of the time to
platform during the first -maze swim. (D) Sum-
mary plots (leff) and graphs (center; averaged
across all trials) of the time to platform and di-
rectional error rate (right; averaged across all
trials) during the second swim (n = 9 littermate
mice at P60-90). Summary plots: statistical
analyses were performed using repeated-mea-
sure ANOVA with post hoc comparisons.
Summary graphs: statistical analyses were
performed using Student's t test. (E) Design of
the water -maze cognitive flexibility test. Same
as B, but directions were randomly altered be-
tween frials. (F) Representative mouse paths
during the second swim recorded using video
& tracking software. (G) Summary plots (leff) and
graphs (right; averaged across all trials) of the
* time to platform during the first Tmaze swim.
Toh (H) Summary plots (|e'ﬂ) and groghs (center;

averaged across all frials) of the time to plat-
75 |_| form and directional error rate (right; aver-

aged across all frials) during the second swim.
50 (n = 10 ACre and 10 Cre mice; P60-90).
25 Summary plots: statfistical analyses were per-
formed using repeated-measure ANOVA with
post hoc comparisons. Summary graphs: statis-
tical analyses were performed using Student's
t test. (I) Experimental design of the Barnes
maze fest. (J) Summary plot (leff) and graph of
the target-hole learning rate, calculated as the
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from the endogenous gene and fully rescues the lethality of the
constitutive Lphn2 deletion. The results obtained by imaging
Lphn2-mVenus were validated with the electrophysiological ex-
periments, which confirm that Lphn2 functions postsynaptically
and that the Lphn2 KO selectively impairs synaptic inputs to the
dendritic domain to which Lphn2-mVenus localizes (SLM), but
not to dendritic domains (stratum oriens and stratum radiatum)
that exhibit little Lphn2-mVenus presence.

We hypothesize that postsynaptic Lphn2 acts as a synaptic
target-recognition molecule in the hippocampus by interacting
with presynaptic cell-adhesion molecules such as teneurins,
FLRTs, and/or neurexins. These presynaptic cell-adhesion mol-
ecules are known to form trans-synaptic complexes with Lphns
(Silva et al., 2011; Boucard et al., 2012, 2014; O’Sullivan et al.,
2012; Lu et al., 2015) and have been implicated in neural cir-
cuit development and synaptic organization processes (Stidhof,
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2008; Hong et al., 2012; Mosca et al., 2012; O’Sullivan et al.,
2012; Reissner et al., 2013; Mosca, 2015; de Wit and Ghosh,
2016). It is possible that the Lphn2 localization specificity we
describe in this study is established by its activation upon bind-
ing one or a combination of these ligands.

The role of a GPCR in mediating synapse assembly
is unexpected, suggesting the possibility that trans-cellular
cell-adhesion may be transduced into a synapse assembly sig-
nal mediated by local G protein signaling. Moreover, the post-
synaptic function of Lphn2 is surprising given that Lphns were
thought to be presynaptic a-latrotoxin receptors (Krasnoperov
et al.,, 1997; Lelianova et al., 1997), suggesting that Lphns
may either act as a-latrotoxin receptors in a complex with pre-
synaptic interactors such as neurexins (which are themselves
a-latrotoxin receptors; Sugita et al., 1999) or that Lphns can
be variably pre- or postsynaptic. Consistent with a postsynaptic
location, Lphns are known to avidly interact with postsynaptic
Shank scaffolding proteins (Tobaben et al., 2000; Kreienkamp
et al., 2002), which may contribute to their targeting or signal
transduction (Sheng and Kim, 2000).

An essential feature of the mammalian brain is its ability to
perceive and learn patterns of events as they occur in time. The
hippocampus has a central role in this process by deconstructing
spatial and temporal information via uniquely organized synaptic
connections that are both intra- and interhippocampal and that
integrate incoming information from other brain regions such as
the entorhinal cortex (Eichenbaum, 2004; Pastalkova et al., 2008;
MacDonald et al., 2011; Suh et al., 2011; Igarashi et al., 2014; Ki-
tamura et al., 2015). What is extraordinary about the hippocam-
pus and its neural circuitry is the spatially organized topography
of its synaptic connections (Spruston, 2008). Axonal projections
and synaptic connections from defined cell types are organized
into discrete layers, making the hippocampus an ideal model sys-
tem for understanding the formation and organization of neural
circuits. However, molecular players that control the assembly
of discrete hippocampal circuits have yet to be identified. Using
Lphn2 cKO mice, we could selectively alter the balance of syn-
aptic inputs on CA1 neurons in vivo, allowing us to test the role
of synapses formed by entorhinal cortex afferents on CA1-region
pyramidal neurons in behavior. We demonstrate that these syn-
apses are not essential for spatial learning as such but are required
for a sequential spatial learning task.

The function of the entorhinal cortex—hippocampal
CAl-region synapses in enabling sequential temporal switch-
ing, i.e., flexibility, in spatial learning generally agrees with the
proposed role of entorhinal inputs in temporal associative learn-
ing (Eichenbaum, 2004; Pastalkova et al., 2008; MacDonald et
al., 2011; Suh et al., 2011; Kitamura et al., 2015). In addition
to identifying a molecular mechanism involved in a specific
synapse formation event, our results thus confirm with a new
postsynaptic approach the notion that the circuit formed by en-
torhinal cortex layer III neurons with CAl-region pyramidal
neurons is not required for the formation of spatial memories,
but is essential for remembering memory tasks involving se-
quential temporal stages.

Generation of Lphn2 mutant mice
For the generation of Lphn2 mutant mice, we used a dual strategy
(“knock-in—first” strategy) that allowed us to (a) generate mice in

which a cDNA encoding mouse Lphn2 with a C-terminal mVenus tag
was inserted (cKI mice), and to (b) generate Lphn2 floxed mice that are
subject to conditional deletion using the Cre/loxP system (cKO mice).
The generation of the knock-in allele made it only possible to express
a single splice version of Lphn2 as a coding DNA sequence. We there-
fore decided on a cDNA encoding a 1,487-aa large product (compare
NCBI reference sequence NP_001074767) that includes the previously
described mini-exon between the lectin and olfactomedin domains
(Boucard et al., 2014). The monomeric Venus tag was placed between
leucine (position 1,311) and threonine (position 1,312), increasing the
size of the Lphn2-mVenus protein to 1,724 aa. The targeting vector was
designed so that a single loxP site was introduced ~500 bp upstream of
the ATG-bearing exon comprising the translational start of Lphn2 and
a “knock-in—first cassette” ~230 bp downstream of the respective exon
in intronic sequences, with low conservation across different species.
The aforementioned knock-in cassette consisted of two chained sets of
frt site isoforms (frt and F3 sites; Branda and Dymecki, 2004), which
flanked parts of the Engrailed 2 splice acceptor (a strategy basing on
vectors available from the Canadian Centre for Modeling Human Dis-
ease) fused to the Lphn2-mVenus cDNA, a poly adenylation signal, an
artificial spacer sequence, the PGK neoresistance gene, and a 3’ loxP
site. The chained set of heterologous frt sites led to the generation of
either a constitutive Lphn2°K! allele without the selection cassette or
the Lphn2<KO allele. Because of the placement of the loxP sites, also
the Lphn2<k! allele was subject to Cre-mediated deletion. The targeting
vector was flanked by 4.3-kb (5’) and 4-kb (3’) homology regions, and
a diphtheria toxin minigene was inserted for negative selection. Embry-
onic stem cell culture and selection for homologous recombination was
performed using a 129S6xC57BL/6J hybrid mouse embryonic stem
cell line. Gene targeting was performed by C. Guo in the Transgenic
Facility at Janelia Farms Howard Hughes Medical Institute campus.

Positive homologous recombination and recombination after
breeding to Flp-deleter (Rodriguez et al., 2000) and cytomegalovi-
rus-promoter Cre-deleter mice (Schwenk et al., 1995) were confirmed
by Southern blotting and PCR. Primers used for genotyping to distin-
guish WT, Lphn2K! + neo [phn2<Kl, Lphn2°K°, and Lphn2X© alleles in-
cluded MX11603 (5'-CCCATTTTCCTAAGAGGAACGCCACGC
TAG-3"), MX11604 (5'-GTGTGATGATCAGAGTAACAGCAGTGT
ATC-3"), MX11618 (5'-TGCAGAGTGTGGCAGATGTTGCTGCAC-
3"), and MX11622 (5'-GATCCAATCCCTGGCATGACTGTCTTC-
3"). The following oligonucleotide combinations were used to test for
the presence of different alleles (amplicon size is shown in parenthe-
ses): MX11603/604 Lphn2"" (266 bp), Lphn2<%° and Lphn2¥! (inclu-
sion of 5’ loxP site, 333 bp), MX11603/618 Lphn2¥° (286 bp), and
MX11622/618 (386 bp) as a 3’ alternative to test for Lphn2K!,

Primers that have been used to generate probes for Southern blot-
ting analysis included MX10452 (5'-GAGTCTGGGATTGGACCCTCC
TAGCAG-3"), MX10453 (5-TTGAAACAGGCTCAAGTAGGTCAG
AC-3"), MX10571 (5'-GTTCGATTTCACAGCCTAGCTAGCGTGC-
3"), and MX10572 (5'-TTACATATCTTGAGCTAGTAACGAAATG-3").

Southern blot probes were generated by PCR using the following
oligonucleotide combinations: MX10452/453 (5') and MX10571/572
(3'). All oligonucleotides were purchased from Integrated DNA Tech-
nologies. The original mouse line (Lphn2k+n< allele) has been submit-
ted to The Jackson Laboratory Mouse Repository for distribution (B6;
129S6-Adgri2ud/J; Jackson Laboratory stock number 023401).

We attempted to breed all alleles to homozygosity. Lphn2Ko/KO
mice, however, were embryonic lethal. Lphn2¢KVeKl and Tphn2¢KO/KO
mice were viable. Mice were weaned at 21 d of age and housed in
groups of two to five on a 12-h light/dark cycle with food and water ad
libidum. Stanford Animal Housing Facility: all procedures conformed
to National Institutes of Health Guidelines for the Care and Use of
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Laboratory Mice and were approved by the Stanford University Ad-
ministrative Panel on Laboratory Animal Care.

Virus production

Lentiviruses. Nuclear-localized EGFP-Cre and EGFP-ACre fusion pro-
teins deliverable by lentiviruses were from previously described vec-
tors (Kaeser et al., 2011). For production of lentiviruses, the lentiviral
expression vector and three helper plasmids (pRSV-REV, pMDLg/
pRRE, and vesicular stomatitis virus G protein) were cotransfected
into HEK293T cells (ATCC) at 6, 2, 2, and 2 pg of DNA per 25 cm?
culture area, respectively. Transfections were performed using the cal-
cium-phosphate method. Media with viruses were collected at 48 h
after transfection, centrifuged at 500 g for 5 min to pellet cellular de-
bris, filtered (0.45 um pore size), and ultracentrifuged at 55,000 g for
1.5 h. Pellets were resuspended in MEM at 1/500 of the initial volume,
aliquoted, and stored at —80°C.

AAVs. For hippocampal targeting in subsequent behavioral exper-
iments, we used an AAV-DJ strain that had a demonstrated high-infec-
tivity efficiency in vivo (Xu et al., 2012). AAV vectors were constructed
from an empty cloning vector where the expression cassette was as
follows: left inverted terminal repeat of AAV2, cytomegalovirus pro-
moter, and f-globin intron, and multiple cloning site, hGH poly A se-
quence, and right inverted terminal repeat. EGFP, inactive (ACre), and
active (Cre) Cre recombinase were inserted into the multiple cloning
sites. AAV plasmids were cotransfected with pHelper and pRC-DJ into
HEK293T cells. 72 h after transfection, cells were harvested, lysed,
and run on an iodixanol gradient by ultracentrifugation at 400,000 g
for 2 h. The 40% iodixanol fraction containing AAV was collected,
concentrated, and washed in a 100K molecular weight cutoff ultracon
filter. The infectious titer of virus was measured by infecting HEK293T
cells with serial dilutions and then was used for stereotaxic infections
at 107 infectious U/ul.

Stereotaxic injections

PO Lphn2 cKO mutant mice were anesthetized for 2 min in ice, and
concentrated AAV or lentiviruses were injected with a glass pipette
using an infusion pump (Harvard Apparatus). The hippocampus was
bilaterally targeted using the following coordinates from Lambda:
anterior—posterior, +0.55 mm; medial-lateral, +1.95 mm; and dorsal—
ventral, —2.0 mm. Flow rate was 0.15 pl/min, and injected volume was
0.8—1 pl. Efficiency and localization of viral expression was confirmed
by nuclear EGFP expression of inactive and active EGFP—Cre recom-
binase fusion protein expression by histology.

Electrophysiology

For whole-cell patch clamp physiology experiments, the patch pipettes
were pulled from borosilicate glass capillary tubes (TW150-4; World
Precision Instruments) using a PC-10 pipette puller (Narishige). The
resistance of pipettes filled with intracellular solution varied between
3-5 MQ. Synaptic currents were monitored with a MultiClamp 700B
amplifier (Molecular Devices). The frequency, duration, and magnitude
of the extracellular stimulus were controlled with a Model 2100 Isolated
Pulse Stimulator (A-M Systems, Inc.) synchronized with Clampex 9
data acquisition software (Molecular Devices). For excitatory volt-
age-clamp recordings (AMPAR-EPSC and mEPSC), a whole-cell
pipette solution was used containing 135 mM Cs-methanesulfonate,
15 mM CsCl, 8 mM NaCl, 10 mM tetraethylammonium-Cl, 10 mM
Hepes, 0.2 mM EGTA, 0.3 mM Na-GTP, 4 mM Na-ATP, 0.1 mM sper-
mine, and 10 mM QX-314, pH 7.4 (adjusted with CsOH). The bath
solution of artificial cerebral spinal fluid (ACSF) contained 140 mM
NaCl, 5 mM KCl, 2 mM CaCl,, 1.3 mM MgCl,, 10 mM Hepes, and
10 mM glucose, pH 7.4 (adjusted with NaOH). AMPAR-EPSCs were

pharmacologically isolated by adding the NMDA-receptor blocker
AP-5 (50 uM) and the GABA 4-receptor blocker picrotoxin (50 uM) to
the extracellular bath solution. AMPAR-EPSCs and mEPSC recordings
were performed while holding the cell at —70 mV. Spontaneous mEP-
SCs were monitored in the presence of tetrodotoxin (500 nM) to block
action potentials at —70 mV holding potential. Synaptic currents were
sampled at 10 kHz and analyzed offline using Clampfit 9 (Molecular
Devices) software. Miniature events were analyzed using the template
matching search and a minimal threshold of 5 pA, and each event was
visually inspected for inclusion or rejection by an experimenter blind
to the recording condition.

For acute slice electrophysiology, lentiviruses were injected into
PO mice, and infected CA1 pyramidal neurons were analyzed at P25—
35. Horizontal hippocampal slices (300 pm) were prepared by cutting
in ice-cold solution containing 85 mM NaCl, 75 mM sucrose, 2.5 mM
KCl, 1.3 mM NaH,PO,, 24 mM NaHCO;, 0.5 mM CaCl,, 4 mM MgCl,,
and 25 mM D-glucose saturated with 95% O,/5% CO,. Slices were
transferred to a holding chamber containing ACSF: 126 mM NaCl,
2.5 mM KCl, 1 mM NaH,PO,, 26.2 mM NaHCO;, 2.5 mM CaCl,,
1.3 mM MgSO,-7H,0, 11 mM p-glucose, and ~290 mM mOsm. Slices
were allowed to recover at 31.5°C for 30 min followed by holding at
room temperature for >1 h. Acute slices were transferred to a record-
ing chamber continuously superfused with oxygenated ACSF (1.5 ml/
min) maintained at 30.5°C. Neurons were clamped at =70 mV, and
two pathways of extracellular-evoked AMPAR-EPSCs in hippocam-
pal slices were monitored. AMPAR-EPSCs were evoked by electrical
stimulation by nichrome electrodes positioned at the stratum radiatum
proximal to CA3 and the SLM proximal to the entorhinal cortex. The
current—voltage relationship of AMPA-R EPSCs was measured at hold-
ing potentials from —70 mV to +40 mV.

Antibodies

For immunohistochemistry and immunocytochemistry experiments, the
following primary antibodies were used: GluA1 (1:4; rabbit polyclonal;
PC246; EMD Millipore), GluA2 (1:30; mouse monoclonal; MAB397;
EMD Millipore), PSD95 (1:200; mouse monoclonal; 124-011; Synap-
tic Systems), gephyrin (1:200; mouse monoclonal; 147-111; Synap-
tic Systems), vGat (1:500; guinea pig polyclonal; 131-004; Synaptic
Systems), vGlut1 (1:500; guinea pig polyclonal; AB5905; EMD Milli-
pore), GFP (1:1,000 immunofluorescence; 1:2,000 immunoblot; rabbit
polyclonal; A-11122; Invitrogen), and NeuN (1:500; mouse monoclo-
nal; MAB377; EMD Millipore). The following secondary polyclonal
antibodies with fluorophores (Invitrogen) were used: anti—rabbit, anti—
mouse, and anti—guinea pig Alexa Fluor 488/546/633 (1:500).

Culture and transfection of hippocampal neurons
Hippocampal neurons were cultured from Lphn2-cKO mice essen-
tially as described previously (Maximov et al., 2007). In brief, primary
cortical neurons were isolated from PO-1 mice, dissociated by papain
digestion, and plated on Matrigel (BD)-coated glass coverslips in 24-
well plates. The neurons were cultured for 14—18 DIV in MEM (Gibco)
supplemented with B27 (Gibco), glucose, transferrin, FBS, and Ara-C.
Neuronal transfection was performed 3—4 d after plating using a
Ca’-phosphate method to achieve sparse delivery of plasmids to iso-
lated neurons that could be identified by their GFP expression. A DNA/
Ca>*-phosphate precipitate was prepared by mixing the following (per
well; 24-well plate): 2 ug of DNA, 2 pl of 2 M CaCl,, and distilled H,O
to a volume of 15 ul. DNA mixture was added dropwise under con-
stant vortex to an equal volume of 2x Hepes-buffered saline (274 mM
NaCl, 10 mM KCl, 1.4 mM Na,HPO,, 15 mM b-glucose, and 42 mM
Hepes, pH 7.05). The precipitate was allowed to form for 10-15 min
at room temperature before addition to the cultures. Cultured neurons
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were placed in serum-free MEM (0.5 ml per well) supplemented with
NMDA receptor blocker AP-5 (50 uM) and 10 mM MgCl,. The orig-
inal conditioned media was saved. 30 ul of the DNA/calcium phos-
phate precipitate were added dropwise to each well. Dishes were
returned to 5% CO, incubator at 37°C for 30 min. The incubation was
stopped by washing the cells twice with 1 ml per well of MEM. The
saved conditioned medium was added back to each well, and the cells
were returned to the CO, incubator. The transfection efficiency typi-
cally ranged from 1 to 5%.

Immunocytochemistry

Culture neurons. Neurons were fixed with 4% PFA in PBS for 10 min
at room temperature, permeabilized by brief exposure to cold methanol
(=20°C), followed by 5 min in 0.1% Triton X-100/PBS. Cells were
placed in blocking buffer (10% donkey serum/PBS) for 1 h, incubated
with diluted primary antibodies in 2% donkey serum/PBS for 1 h,
washed 3x for 5 min in PBS, incubated with diluted secondary antibod-
ies in 2% donkey serum/PBS for 1 h, washed 3x in PBS, and mounted
on uncharged UltraClear microslides (Denville Scientific) using DAPI
Fluoromount-G (Southern Biotech).

GluA1 and GluA2 surface labeling. GluA1 and GluA2 surface
labeling was performed essentially as described previously (Aoto et
al., 2013). In brief, culture neurons were washed with PBS containing
0.5 mM CaCl, and 1 mM MgCl, (PBSMC) with 4% sucrose. Neurons
were preincubated at 37°C for 5 min with primary antibodies against
GluAl to allow labeling of surface AMPA receptors, washed with ice-
cold PBSMC, fixed with 4% PFA + 4% sucrose for 15 min, and then
blocked in a detergent-free blocking solution (PBS with 2% normal
goat serum [Sigma-Aldrich] and 0.02% sodium azide) for 1 h followed
by secondary antibody incubation at room temperature for 1 h, and then
cells were mounted and imaged. GluA1/GluA?2 ratio was calculated as
(GluAl puncta density * area * intensity)/(GluA2 puncta density * area
* intensity) for the same stretch of analyzed dendrite.

Imaging of cultured hippocampal neurons. For neuron cell
culture experiments, dendritic morphology was visualized by sparse
calcium phosphate transfection of a GFP-expressing construct (L316).
Neurons were selected for imaging and analysis based on pyramidal
neuron morphology exhibited by prominent apical dendrites as well as
the presence of spine structures protruding off dendrites. Images were
acquired using a 60x objective with 4x digital zoom on an A1 Eclipse
Ti confocal microscope with constant image settings operated by
NIS-Elements Advanced Research v4.5 acquisition software (Nikon).
Z stack images were converted to maximal projection images and an-
alyzed using MetaMorph Software (Molecular Devices) with synaptic
puncta quantified for puncta density per 10 um of dendrite, size, and
intensity.

Morphological analyses of hippocampal CA1-region neurons.
For CAl-region pyramidal neuron morphological analyses, neurons
from acute hippocampal slices (described in the Electrophysiol-
ogy section) were filled for 10-15 min with 0.2% biocytin (Sigma-
Aldrich) in whole-cell pipette solution. After filling neurons, the patch
pipette was slowly withdrawn, carefully monitoring for resealing of
the membrane. Slices were then fixed with 4% PFA in PBS for 1-2 h
at room temperature and washed 3x for 5 min in PBS. For immuno-
histochemistry experiments without biocytin loading, 50 um coronal
serial sections were directly placed in fixative buffer. Slices were then
permeabilized and blocked with 10% normal goat serum and 0.5%
Triton X-100 in PBS for 1 h. If immunohistochemistry was to be per-
formed, slices were then incubated with primary antibody diluted in
2% normal goat serum and 0.01% Triton X-100 in PBS for >2 h. Slices
were washed 3x for 5 min in PBS and then incubated with secondary
antibody diluted in 2% normal goat serum and 0.01% Triton X-100

in PBS for >2 h. Biocytin-filled neurons were also visualized at this
step with the addition of 2 pg/ml streptavidin Alexa Fluor 555 conju-
gate (S21381; Molecular Probes). Slices were washed 3x for 5 min in
PBS and then mounted on uncharged UltraClear microslides (Denville
Scientific) using DAPI Vectashield (Vector Laboratories). Dendrites
from three neuronal regions were selected for imaging and analysis,
including the stratum oriens, stratum radiatum, and SLM. Z stacks of
images were taken using a 40x objective with 4x digital zoom on an
Al Eclipse Ti confocal microscope. Spine analysis was performed on
selected secondary/tertiary dendrites, with spines manually identified
and quantified for density in NIS-Elements Advanced Research v4.5
analysis software. Each neuron was analyzed across multiple dendritic
branches, pooling data to calculate mean values.

Immunolabeling and imaging of whole-brain sections. Mice
were anesthetized and perfused transcardially with 5 ml PBS and 50 ml
freshly prepared 4% PFA. Brains were dissected and postfixed in 4%
PFA overnight at 4°C. Brains were briefly rinsed in PBS, and 50-pym
coronal serial sections were collected using a Vibratome VT100S
(Leica Biosystems). For immunofluorescence staining, sections were
washed 3x in PBS for 10 min under gentle agitation and incubated for
1 h in blocking solution containing 10% horse serum (Thermo Fisher
Scientific), 0.2% BSA (Sigma-Aldrich), and 0.5% Triton X-100 in
PBS. Subsequently, sections were transferred into carrier solution con-
taining 1% horse serum, 0.2% BSA, and 0.5% Triton X-100 in PBS,
to which the primary antibody of choice was added. The sections were
incubated overnight at 4°C on an orbital shaker. On the following day,
the sections were washed three times with PBS for 10 min each, and
secondary antibody staining was performed overnight as in the previ-
ous step. On the last day, sections were washed three times in PBS for
10 min each and finally mounted on uncharged UltraClear microslides
(Denville Scientific) using DAPI Fluoromount-G (Southern Biotech).
Images were collected using a 4x objective on a VS120 slide-scanning
microscope (Olympus).

Quantitative RT-PCR analysis

For quantitative RT-PCR brains of adults, age-matched mice (n = 4
per group) were dissected and immediately collected in TRIzol reagent
(Invitrogen) for isolation according to the manufacturer’s protocol.
Conditions for quantitative RT-PCR assays, including primer/probe se-
quences, temperature cycling, and data collections, were performed as
described previously (Boucard et al., 2014). The Lphn2 assay in this
study was designed to determine the presence or absence of exon 1
(Integrated DNA Technologies): probe, 5'-CCCGAATGGTAAGGC
TGCTCGC-3"; forward, 5-GTTTCTCACCGAGTACAGAAGG-3';
and reverse, 5'-CACAGGATAGCTCTCGTCTAAC-3'".

Behavioral analyses

For assessing the behavior of mice with Lphn2 deletions throughout
the brain, Lphn2°¥° mice were crossed with a Nestin-Cre driver line
(Tronche et al., 1999). Progeny were backcrossed to Lphn2 ¢cKO mice
to yield Lphn2 cKO/Nestin-Cre*~—mice, which were crossed with each
other to produce Lphn2 cKO littermates with or without the Nestin-Cre
transgene, which was genotyped with the following primers: 5'-GCC
TGCATTACCGGTCGATGC-3" and 5'-GTGGCAGATGGGGCGGCA
ACA-3’. Stereotactic injections of AAVs into the hippocampus for
behavioral analyses were performed on litters of Lphn2 cKO mice,
such that littermates received either AAVs encoding Cre recombinase
or control ACre recombinase. Matching sex sets of Cre~ and Cre* lit-
termate mice were housed together until behavior experiments were
performed at 2-3 mo of age. Experiments were performed during the
12-h light cycle period. Behavioral testing was performed in the fol-
lowing order: open field, grip test, accelerating rotarod, olfaction assay,
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Y-maze, tail suspension test, prepulse inhibition, and fear conditioning.
Mice were allowed to rest for at least 7 d between tests. Animal experi-
ments were conducted following protocols approved by Administrative
Panel on Laboratory Animal Care at Stanford University. The following
specific tests were performed:

Water T-maze. The maze was constructed with the following di-
mensions: start zone, 30 cm length x 10 cm width; and upper perpen-
dicular zone, 70 cm length x 10 cm width. Maze was filled with 10 cm
water. The first swim was performed using a one-armed T-maze. With
the left arm of the T-maze blocked off, mice were placed at the base of
the start zone, requiring a swim to a rescue platform positioned at the
end of the right arm of the maze. Upon completion of the first swim,
mice were placed in a dry holding chamber for 30 s while the maze
was opened to a two-armed maze, and the platform was switched to
the opposite arm. Mice were then placed at the base of the start zone
to start the second forced swim. Upon reaching the rescue platform,
this concluded one trial. Time to swim to the platform was monitored
in addition to whether a directional error occurred upon reaching the T
junction. A maximum swim time of 180 s was allowed for any given
trial. Mice were trained for four consecutive days at five trials per day.

To eliminate a habitual component to the above described water
T-maze protocol and to focus on the cognitive flexibility component, a
randomized first swim protocol was instead used. The maze used was
similar as described above. The first swim was performed similarly as
described above using a one-armed T-maze except that the platform
was assigned to the left or right arm of the maze in a randomized
manner. With a randomized arm of the T-maze blocked off, mice were
placed at the base of the start zone, requiring a swim to a rescue plat-
form positioned at the end of the other arm of the maze. Upon com-
pletion of the first swim, mice were placed in a dry holding chamber
for 30 s while the maze was opened to a two-armed maze, and the
platform was switched to the opposite arm. Mice were then placed at
the base of the start zone to start the second swim. Upon reaching the
rescue platform, this concluded one trial. Time to swim to the platform
was monitored in addition to whether a directional error occurred upon
reaching the T junction. Mice were trained for four consecutive days
at five trials per day.

Barnes Maze. 2-3-mo-old mice were put through a modified
version of a Barnes maze protocol described previously (Sunyer, 2007).
The maze consists of a brightly lit circular open platform (92 cm di-
ameter) with 20 equally spaced holes (hole diameter, 5 cm) along the
perimeter. Underneath the designated target hole, an escape box (7 cm
deep, 7 cm width, and 10 cm length) was placed. Underneath the re-
maining holes, false escape boxes lacking depth were placed, made of
same color/texture material as the escape box. Extra-maze cues were
placed on the surrounding walls to serve as reference cues to learn the
position of the target escape hole. To begin the maze, mice were placed
in the center of the maze in a holding chamber (15 cm x 15 cm) for
30 s. The chamber was then lifted, and the mice were free to explore the
maze with 19 of the 20 holes closed and were assayed for their ability
to spatially navigate the maze to find the target escape hole. The target
escape box was positioned underneath the maze as a small dark re-
cessed chamber, which the mice naturally sought out, taking advantage
of their desire to escape brightly lit and exposed environments. During
the initial four-consecutive-day training period, the mice learned the
spatial location of the target hole, with four trials conducted per day
(~2-h intertrial interval). Parameters measured included the time to tar-
get hole (latency) as well as time spent within the target hole (affinity).
Memory of the target hole was measured as a single trial, conducted
at 1 d and 14 d after the initial training period. Data acquisition and
analysis was performed using BIOSERVE Viewer v6.1 video tracking
software (VMware).

Fear conditioning. 2-3-mo-old mice were handled daily for
5 d before training. On training day, mice were placed in a fear-con-
ditioning chamber (H10-11M-TC; Coulbourn Instruments) located in
the center of a sound-attenuating cubicle (Coulbourn Instruments).
The conditioning chamber was cleaned with 10% ethanol to provide
a background odor. A ventilation fan provided a background noise at
~55 dB. After a 2-min exploration period, three tone—footshock pair-
ings separated by 1-min intervals were delivered. The 85-dB 2-kHz
tone lasted for 30 s, and the footshocks were 0.75 mA and lasted for
2 s. The footshocks coterminated with the tone. The mice remained in
the training chamber for another 30 s before being returned to home
cages. In a context test, mice were placed back into the original con-
ditioning chamber for 5 min. The altered-context and tone tests were
conducted in a new room. The same conditioning chamber was moved
to this room and was modified by changing its metal grid floor to a
plastic sheet, white metal side walls to plastic walls decorated with red
stripes, and background odor of ethanol to vanilla. The ventilation fan
was turned off to reduce background noise. Mice were placed in the
altered chamber for 5 min to measure the freeze level in the altered con-
text, and after this 5 min period, a tone (85 dB and 2 kHz) was delivered
for 1 min to measure the freeze to tone. The behavior of the mice was
recorded with the Freezeframe software and analyzed with Freezeview
software (Coulbourn Instruments). Motionless bouts lasting >1 s were
considered as freeze.

Open-field force plate analysis. Mice were analyzed on a force-
plate actometer as described previously (Fowler et al., 2001). Analyses
were performed before other behavioral assays were performed and
were initiated by placing mice individually into the center of a force-
plate actometer (28 cm x 28 cm) for a period of 30 min, analyzed in
5-min bins.

Grip test. Animals were placed on top of a wire mesh grid. The
grid was then shaken lightly three times to cause the mouse to grip the
wires and was then turned upside down. The mesh was held ~20 cm
above the home cage bedding, high enough to prevent the mouse from
climbing down but not to cause harm in the event of a fall. Three trials
per mouse were performed with a 1-min intertrial interval. The time
taken by the animal to fall off the grid was recorded using a stopwatch.
The mean of the three trials was assigned as the latency of each animal
to fall.

Accelerating rotarod. An accelerating rotarod (Med Associates
Inc.) was used to assess motor coordination and motor learning. Mice
were placed on the rotarod, which slowly accelerated from 6 to 60
rounds per minute over 5 min. Mice were given three trials per day for
3 d with 30—40-min intertrial intervals. Time to fall from the rotarod
(latency) was recorded for each trial. Mice that remained on the rotarod
for the whole 5-min trial were assigned a 300-s latency.

Offactory assay. Mice were food deprived 18-14 h before the
test. The next day, each mouse was placed in a clean cage (the test cage)
and allowed to acclimate for 5 min. The animal was then returned to its
home cage, and a food pellet was buried in one of the corners ~1 cm
beneath the surface of the test cage. Then, the mouse was transferred
back to the test cage and placed at the opposite corner from where
the food pellet was buried. The latency for each mouse to retrieve the
food pellet was recorded. Mice that failed to locate the food pellet after
5 min were assigned a 300-s latency.

Tail suspension test. Mice were suspended by their tail for 6 min
and videotaped. The time spent immobile was recorded.

Acoustic startle response and prepulse inhibition. Mice were
placed in sound-attenuated test chambers (Kinder Scientific) and al-
lowed a 5-min adaptation period before the start of the testing session.
Background white noise (65 dB) was present during this adaptation
period and throughout the testing session. Testing consisted of 50
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acoustic startle trials using five different stimulus intensities (75,
85, 95, 105, and 115 dB) presented 10 times in a pseudo-random-
ized order so that an equal number of presentations of each stim-
ulus intensity is included in each half of the session and no single
intensity is presented more than two times in succession. The stimuli
were 50-ms sound bursts separated by pseudorandomized intertrial
intervals within a range of 5-30 s (15 s mean), so that the animals
did not anticipate the stimulus. The mean magnitude of the startle re-
sponse for every stimulus intensity was recorded for each animal. The
next day, the animals were tested for prepulse inhibition and habitua-
tion of the acoustic startle response. After 5 min of adaptation inside
the test chambers, mice were presented with four trial types in three
blocks. The first and third block consisted of ten 50-ms sound bursts
of 115 dB. The second block included four different types of acoustic
stimuli in a randomized order: pulse alone (115 dB sound burst for 50
ms) and three separate prepulse + pulse combinations, with prepulse
set at three sound levels of 68, 71, and 77 dB for 20 ms, followed by a
50-ms pulse at 115 dB. There was a 100-ms gap between the prepulse
and the pulse. A total number of 10 trials under each acoustic stimulus
condition were presented, with mean 15-s variable intervals ranging
from 5 s to 30 s. As with standard startle testing, trial types and inter-
trial interval were presented in a quasi-random balanced manner with
equal representations of trial types and intervals in each half of the
session. The mean magnitude of the startle response from blocks 1
and 3 was used to estimate habituation of the acoustic startle. Percent
prepulse inhibition was calculated from the data of the second block
as follows: (1 — [mean startle response to prepulse + pulse] + [mean
startle response to pulse alone]) * 100.

Novel object recognition. Mice were habituated three times in
an empty white box for 15 min, placing the mouse back into the home
cage for 5 min between habituations. Two identical objects were placed
10 cm apart in the white box, and mice explored the objects for 5 min.
After returning the mice to their home cage for 5 min, they explored the
objects for an additional 15 min. Mice were then placed into their home
cage for 1 h. One of the objects was exchanged for a novel object, and
the mice explored both old and novel objects for 5 min. The amount of
time directly interacting with and investigating the old and novel object
was recorded.

Data availability
All relevant data presented in this study are available from the authors.

Statistics

Experiments were performed with the experimenter blinded to the
conditions being tested. Data are shown as means + SEM. Student’s
t tests were performed as one-tailed ¢ tests, assuming normal distri-
butions. Statistically significant differences are indicated by asterisks
(*, P <0.05; ¥ P <0.01; *** P < 0.001). Water T-maze behavioral
data were analyzed using factorial ANOVA, with genotype or virus as a
between-subject factor and trial as a repeated-measure. Genotype, trial,
and genotype X trial interactions were analyzed by two-way ANOVA
followed by Sidak’s multiple comparisons post hoc tests. Type I error
rate was set at a = 0.05 (two-tailed) for all statistical comparisons.
When ANOVA results are presented in figures, significant effects are
highlighted by bold and italic font. Individual trial significant effects
are marked by asterisks in the summary plots, and comparisons that are
not significant are not identified.

Online supplemental material

Fig. S1 shows strategy for the generation and validation of Lphn2 mu-
tant mice. Fig. S2 shows experimental strategies used for stereotactic
injections of viruses into the hippocampal CA1 region. Fig. S3 shows

further analysis of the brain-specific deletion of Lphn2 mediated by
crossing Nestin-Cre mice with Lphn2 ¢cKO mice. Fig. S4 shows how
deletion of Lphn?2 by stereotactic delivery of AAV-Cre viruses into the
CAT1 region of the hippocampus does not alter open field or novel ob-
ject recognition behaviors
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