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Retrograde regulation of mossy fiber axon targeting
and terminal maturation via postsynaptic Lnx1

Xian-Dong Liu®? Xiao-Na Zhu!, Michael M. Halford?, Tian-Le Xu'?, Mark Henkemeyer?, and Nan-Jie Xu"**@®

Neuronal connections are initiated by axon targeting to form synapses. However, how the maturation of axon terminals

is modulated through interacting with postsynaptic elements remains elusive. In this study, we find that ligand of Numb
protein X 1(Lnx1), a postsynaptic PDZ protein expressed in hippocampal CA3 pyramidal neurons, is essential for mossy

fiber (MF) axon targeting during the postnatal period. Lnx1 deletion causes defective synaptic arrangement that leads to
aberrant presynaptic terminals. We further identify EphB receptors as novel Lnx1-binding proteins to form a multiprotein
complex that is stabilized on the CA3 neuron membrane through preventing proteasome activity. EphB1and EphB2 are
independently required to transduce distinct signals controlling MF pruning and targeting for precise DG-CA3 synapse
formation. Furthermore, constitutively active EphB2 kinase rescues structure of the wired MF terminals in LnxI mutant mice.
Our data thus define a retrograde trans-synaptic regulation required for integration of post- and presynaptic structure that
participates in building hippocampal neural circuits during the adolescence period.

Introduction
Proper wiring of the developing brain relies on the dynamic for-
mation of synapses (Cohen-Cory, 2002; Turrigiano and Nelson,
2004; Kolodkin and Tessier-Lavigne, 2011). The development of
these specific synapses requires the accurate coordination of mul-
tiple developmental events, including axon targeting and pruning,
dendritic growth, spinogenesis, and synapse formation (Ackley and
Jin, 2004; Jittner and Rathjen, 2005; Waites et al., 2005; Low and
Cheng, 2006). Accumulating evidence has indicated that synapse
formation and stabilization are dynamically modulated through
the pre- and postsynaptic compartments in an anterograde, retro-
grade, or bidirectional way (Yuste and Bonhoeffer, 2004; Alvarez
and Sabatini, 2007; McAllister, 2007; Bhatt et al., 2009; Shen and
Scheiffele, 2010; Siddiqui and Craig, 2011; Sala and Segal, 2014). Ex-
tensive studies over the past decades both in vivo and in vitro have
demonstrated that the presynaptic compartment plays a dominant
role in initializing these processes, especially in the activity- or
experience-dependent neuronal connection (Zucker, 1999; Hensch,
2005; Holtmaat and Svoboda, 2009; Kerschensteiner et al., 2009;
Kozorovitskiy et al., 2012; Li et al., 2017).

The basic connectivity during development is likely through
an integration of cell-intrinsic genetic programs and extrinsic

influences of guidance cues, neurotrophic factors, and neuronal
and synaptic adhesion systems (McAllister, 2007; Chen et al.,
2008; Giagtzoglou et al., 2009; Shen and Cowan, 2010; Shen and
Scheiffele, 2010; Siddiqui and Craig, 2011; Siidhof, 2012; Bennett
and Lagopoulos, 2014; Sala and Segal, 2014). Numerous molecules
ormolecular families, including receptors and adhesion proteins,
kinases and small GTPases, and cytoskeletal regulators, interact
with various scaffold proteins containing PDZ domains during
the formation of functional synapses (Garner et al., 2000, 2002;
Sheng and Sala, 2001; Kim and Sheng, 2004; Feng and Zhang,
2009; Sheng and Kim, 2011; Sala and Segal, 2014). Although a
large number of PDZ proteins have been identified as participat-
ing in postsynaptic morphogenesis, including dendritic develop-
ment and spinogenesis (El-Husseini et al., 2000; Penzes et al.,
2001; Hoogenraad et al., 2005; Nakamura et al., 2011; Geiger et
al., 2014; Heisler et al., 2014), these studies are largely restricted
in postsynaptic compartments. Previous studies have shown
that presynaptic structure and function are also regulated in a
retrograde way (Contractor et al., 2002; Jiingling et al., 2006;
Regalado et al., 2006; Futai et al., 2007; Hu et al., 2012; Orr et al.,
2017), whereas the precise mechanism of how postsynaptic PDZ
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scaffolds participate in the maturation of presynaptic structure
remains relatively less investigated.

The dentate mossy fiber (MF)-CA3 synapse in the hippo-
campus is an excellent model to study the dynamic formation of
synaptic structures and neural circuits. The MF axons are com-
posed of two distinct bundles, suprapyramidal bundle (SPB) and
infrapyramidal bundle (IPB), which target CA3 neurons. The IPB
undergoes a pruning process during the postnatal developing pe-
riod (Bagri et al., 2003; Xu and Henkemeyer, 2009; Riccomagno
etal., 2012) that make it easy to observe the coordinative change
with postsynaptic remodeling on a large scale. The MF-CA3 syn-
apses are represented as a large multiheaded morphology com-
posed of highly plastic MF presynaptic terminals with massive
separate vesicle release sites and thorny postsynaptic structures
that are different from typical glutamatergic asymmetric syn-
apses (Amaral and Dent, 1981; Chicurel and Harris, 1992; Nicoll
and Schmitz, 2005; Rollenhagen et al., 2007). This specific axon
structure is advantageous for the examination of terminal tar-
geting and maturation with postsynaptic dynamics during post-
natal development.

In this study, we identify a PDZ scaffold protein, ligand of
Numb protein X (Lnx1), which is expressed specifically in the
hippocampal CA3 neurons. Through gene targeting in mice, we
demonstrate that Lnx1 is required for targeting and remodeling
of presynaptic MF axon terminals that wire with postsynaptic
spines to form efficient synapses. We further demonstrate that
CA3-expressed EphB receptors serve as novel Lnxl-interacting
proteins responsible for MF terminal refinement and maturation
during MF-CA3 synapse formation. Constitutively active EphB2
receptor kinase in LnxI~/~ mice is sufficient to rescue the pre-
synaptic structure of MF. Thus, our data indicate that presyn-
aptic axon targeting and terminal maturation can be controlled
by postsynaptic elements through a trans-synaptic regulation
in hippocampus.

Results

Lnx1is expressed in CA3 neurons and required for

MF axon pruning

Lnxl mRNA has been identified in hippocampal CA3 neurons
(Rice et al., 2001), as confirmed by the Allen Brain Atlas (Fig. S1
A). To examine whether PDZ scaffold protein Lnxl1 is import-
ant for the development of hippocampus in vivo, we generated
a protein-null mutant in which the LnxI gene was knocked out
through homologous recombination in embryonic stem cells.
This results in deletion of coding exons needed for both P70 and
P80 isoforms of Lnx1 and insertion of LacZ sequences to express
B-galactosidase (B-gal), allowing for detection of Lnx1 expres-
sion (Fig. 1 A). The Lnx1 knockout was validated by Southern
blot analysis using external 5" and 3’ probes, PCR genotyping
using gene-specific oligonucleotides, and protein detection using
anti-Lnx1 antibodies (Fig. S1, B-D). Embryos containing the LnxI
mutation were stained for -gal expression using X-gal staining
and showed strong expression in many tissues such as eyes, ears,
and limbs (Fig. S1E). The LnxI null homozygotes (Lnx1~/-) were
viable at expected Mendelian ratios, appeared to be healthy, were
fertile, and lived until adulthood. In view of the relatively low

Liuetal.
Lnx1 stabilizes EphB receptors for axon targeting

level of Lnx1 in brain compared with periphery organs (Lenihan
etal.,2014), we precisely checked the Lnx1 expression from post-
natal week 1 (PW1) until adulthood by immunoprecipitation of
B-gal protein from hippocampal lysates of LnxI mutant mice (Fig.
S2 A). Immunofluorescence with anti-B-gal antibodies in LnxI
mutant mice indicated specific expression of Lnx1 in the hippo-
campal CA3 pyramidal neurons (Fig. 1 B). To examine the subcel-
lularlocalization of Lnx1, we purified postsynaptic density (PSD)
fractions from hippocampal tissues and immunoprecipitated
with anti-Lnx1 to detect Lnx1 protein, and found that Lnx1 is ex-
pressed only in the postsynaptic fraction (Fig. S2 B). To validate
the postsynaptic expression of Lnx1, we overexpressed Flag-Lnx1
into cultured hippocampal neurons and observed postsynaptic
localization of Lnx1 in dendritic spines (Fig. S2 C). Our analysis
thus identifies Lnx1 as a hippocampal CA3-specific postsynaptic
protein in the adolescent brain.

The specific localization of Lnx1 prompted us to determine
whether hippocampal morphogenesis is altered in juvenile
LnxI"/~ mice. The absence of Lnx1 did not cause an obvious
change in the overall structure of the hippocampus, as viewed
by staining with the immunofluorescent dye NeuroTrace, to label
neurons (Fig. 1C). According to calbindin immunofluorescence in
WT mice, most of the MF axons from the dentate gyrus were seen
in the SPB above the CA3 pyramidal cell bodies, whereas a smaller
group of IPB axons grew initially underneath the CA3 pyrami-
dal cells but then were pruned back to their mature length and
joined the SPB axons as the hippocampus developed in WT mice
as reported previously (Bagri et al., 2003; Xu and Henkemeyer,
2009; Riccomagno et al., 2012). Strikingly, we observed that IPB
axons in the LnxI"/~ mice grew into split CA3 pyramidal layers
that were not shortened in a timely manner during development
and instead maintained an inappropriate long and stable length
comparable with the SPB until adulthood (Fig. 1, C-E), suggest-
ing defective axon pruning and targeting during a critical de-
velopment period.

Because Lnx1 was expressed restrictively in the CA3 pyramidal
neurons but not in dentate granule (DG) cell neurons, the defec-
tive pruning and targeting of MF originating from granule cells in
LnxI/~ mice indicates a non-cell-autonomous mechanism. Two
possibilities that account for the abnormalities could be consid-
ered: one could be that Lnx1 affects postsynaptic structure to medi-
ate axon development upon axon-cell/dendrite contact; the other
is that Lnx1 alters extracellular environmental factors that could
affect axonal growth, targeting, and retraction in a secreted gradi-
ent manner. To test these possibilities, an in vitro coculture assay
was developed. After a 12-14-d preculture of hippocampal neurons
from Lnx1-/~ or WT mice to allow for neuron distribution and con-
tact on the dish, tdTomato-positive (TdT*) primary hippocampal
neurons from TdT* knock-in mice were plated on the culture by ei-
ther direct addition or loading with coverslips onto the dish to pre-
vent direct axon-cell contact (Fig. 1 F). The primary neurites with
TdT fluorescence were analyzed for axon length at the indicated
time points. We found that in the cultures of WT or LnxI~/~ hip-
pocampal neurons, the plated TdT* neurites underwent an initial
fast growth by the first 3 d, resembling the early growth of MF
axons, and then reached a relatively stable period for elongation
and branching, which was followed by a later trimming back of
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Figure 1. Defective MF axon pruning in Lnx1
null mice. (A) The schematic indicates the strat-
egy for generating Lnx1 knockout by substituting
Lnx1 with LacZ gene. 5' untranslated sequences
and exon coding sequences are shown as gray
and dark boxes, respectively, and introns and 5'
and 3' nontranscribed regions are shown as lines.
EcoRI (E) and Ncol (N) restriction sites are indi-
cated. The LnxI-LacZ targeting vector, including
a PGK-Neo cassette, was designed to replace
Lnx1 exons including the p80 and p70 promot-
ers after homologous recombination. The 5' and
3' external probes used to confirm the results
by Southern blot are shown with the expected
sizes indicated (see Fig. S1 B). (B) Immunofluo-
rescence of B-gal in LnxI mutant mice indicated
specific expression of Lnx1 in hippocampal CA3
pyramidal cell layer. Bars: 200 um (left); 50 pm
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(right). (C) NeuroTrace dye-labeled CA3 pyra-
midal cells in 3-wk-old LnxI/~ mice are loosely
packed compared with WT littermates. Calbindin
staining showed that the IPB axon-penetrated
CA3 pyramidal neurons layer are much longer
in Lnx1"/~ mice compared with WT littermates.
White brackets delineate IPB length, and dis-
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most primary neurites (Fig. 1, G-I). However, neurons cocultured
with LnxI~/~ neurons maintained obviously longer neurites than
WT neurons from day 4 of coculture (Fig. 1, G-I), while neurons
plated on coverslips showed no difference between the two groups
(Fig. S3). We further compared the pruning of calbindin-negative
and calbindin-positive neurons in the cocultured system (Fig. S4
A) and found that calbindin-positive neurons had even shorter
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neurites than the calbindin-negative neurons when cocultured
with WT neurons, while both remained unchanged when cocul-
tured with LnxI"/- neurons (Fig. 1]), indicating that the majority
of DG cells become pruned in the coculture. These results suggest
that the non-cell-autonomous regulation by Lnx1 on MF axon de-
velopment is likely in a manner of axon-cell/dendrite contact in
developing hippocampus.
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Retrograde coordination of pre- and postsynaptic
arrangement by Lnx1

We then investigated the development of MF axons projected
from DG neurons to clarify whether the presynaptic structure
was altered in Lnx1~/~ mutants. To see with more detail about the
morphological changes of axonal terminals in LnxI~/~ mice, brain
slices from 3-wk-old WT mice or LnxI~/~ mice were immunos-
tained with anti-ZnT3, a protein marker for the MF axon termi-
nals. In WT brains, robust axon terminals formed along the SPB,
while little was found in IPB adjacent to the CA3 pyramidal cell
layer. In contrast, the MF axons in LnxI~/~ mice showed a dramatic
increase in IPB axon terminals that had contact neurons within
the CA3 pyramidal cell layer (Fig. 2 A). We next asked whether
the increased MF axon terminals as we observed in LnxI~/~ mice
are anatomically matched with the spine morphogenesis that
led to functional synapses. By using a Thyl-GFP-M transgenic
reporter (Feng et al., 2000), we observed increased spine density
but reduced mushroom-shaped spines of CA3 neurons in PW3
LnxI~/~ mice compared with control littermates (Fig. S4 B). We
then examined the MF axon terminals that contact CA3 neurons
and analyzed the percentage of these terminals on spines (termi-
nal-spine) and dendritic shaft (terminal-shaft; Fig. 2, B and C).
We observed a decreased ratio of terminal-spine/terminal-shaft
in LnxI-/~ mice compared with control littermates (Fig. 2 D). We
then classified the spines in CA3 neurons into two categories:
spines overlapped with ZnT3-labeled terminals (ZnT3* synapse)
and spines separated from the ZnT3* terminals, and we observed
a decreased ratio of ZnT3* synapses/total synapses in LnxI~/-
mice (Fig. 2, B, C,and E).

To further characterize the role of Lnx1 for axon targeting and
maturation, we performed live imaging in a dual color-labeled
coculture system to observe the temporal dynamics of the axon
terminals and matched spines. We quantitated the morpholog-
ical changes and calculated an area index (AI) to classify these
changes into four types of alteration: presynaptic, postsynaptic,
both, and none (Fig. 2 F and Videos 1, 2, 3, 4, and 5). Compared
with WT neurons, we observed an increased rate in none type
but a decreased rate in presynaptic type when cocultured with
LnxI"/~ neurons, while the rates of postsynaptic and both types
remained unchanged (Fig. 2, F and G). We further classified the
presynaptic type into two subtypes: newborn bouton and refined
bouton. We found that newborn boutons showed greater expand-
ing terminals in contacted with WT spines than with Lnx1~/~
spines (Fig. 2 H). In contrast, the refined boutons underwent
rapid terminal shrinkage and split to match with the contacting
spines when cocultured with WT neurons, and this effect was at-
tenuated when cocultured with LnxI/~ neurons (Fig. 2 I). These
results indicate that axon targeting and maturation are coordi-
nated with the spine structure by Lnx1 in a retrograde manner.

Lnx1 is essential for MF terminal maturation and

release probability

To determine the targeting specificity of MF axon terminals
to spines of CA3 pyramidal neurons, we further validated the
synapse formation by transmission EM to quantify the axon
terminals and their matched spines. The unique morphologi-
cal characteristics of the MF synapses consist of giant presyn-
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aptic boutons and multi-invaginating spines that are distinct
from typical synapses (Fig. 3 A), the massive asymmetric syn-
apses frequently observed in the adjacent area of projected MF
axons and cell layer of CA3 pyramidal neurons, particularly the
SPB region (~90% of total synapses) and IPB region (~20% of
total synapses). We saw numerous large and complex presyn-
aptic boutons containing massive vesicles and multiple vesicle
release sites embracing the contacted spines in both strains of
mice (Fig. 3 A). To evaluate the presynaptic terminal maturation
thatis associated with vesicle amount, we measured the numbers
of vesicle release sites (indicated by PSDs) and docked vesicles
in the presynaptic active zone, respectively. We found that both
numbers were significantly reduced in LnxI~/~ mice compared
with WT littermates (Fig. 3, A and B).

In addition to synapses with giant boutons, we observed a
number of typical synapses with regular boutons in the region
(Fig. 3 C). We examined the maturation of these presynaptic com-
partments with the modification of postsynaptic structures in
Lnx1~/~ mice by measuring the number and distributed areas of
vesicles in axon terminals as well as their connecting postsynap-
tic profile area, indicated by PSD length, with EM. We plotted the
two presynaptic factors, respectively, versus PSD length and ob-
served a strong positive correlation between the vesicle number/
distribution area and PSD length in WT mice, while the correla-
tion was diminished in LnxI~/~ mice (Fig. 3 D). We also examined
the vesicle density in presynaptic terminals with (synaptic) or
without (nonsynaptic) postsynaptic compartments and the dis-
tribution of these vesicles by calculating the average distance of
vesicles to the presynaptic membrane, and observed a decreased
vesicle density in synaptic terminals and an increased distance
of the vesicles to membrane in LnxI~/~ mice (Fig. 3, C, E, and F).
These results indicate that loss of Lnx1 causes abnormal devel-
opment of presynaptic axon terminals projected to CA3 region.

We then assayed paired-pulse ratios (PPRs) of MF-CA3 syn-
apses by stimulating SPB or IPB fibers that were measured as
the amplitude ratio of the second to the first evoked excitatory
postsynaptic current (EPSC) in CA3 neurons to evaluate func-
tion of presynaptic release. Compared with control mice, we ob-
served an increased PPR upon either SPB or IPB stimulation in
PW3 LnxI/~ mice (Figs. 3 G and S4 C), indicating an impaired
glutamate release probability. These results suggest that Lnx1
integrates postsynaptic structure dynamics and presynaptic ter-
minal maturation for precise connection of functional synapses.

EphB receptors are stabilized on membrane through
interaction with Lnx1

We then screened transmembrane molecules that might be in-
volved upon MF-CA3 neuron contact and analyzed expression
of numerous proteins that have been predicted to interact with
Lnx1 (Wolting etal., 2011; Guo et al., 2012). These proteins involve
families of EphBs, connexins, claudins, cadherins, and striatin,
which were reported to mediate cell-cell interactions and spino-
genesis (S6hl et al., 2005; Benoist et al., 2006; Giagtzoglou et al.,
2009). We detected members of these proteins for each family
that are highly expressed in the hippocampus and found a sig-
nificant reduction of EphB receptor proteins, a family of tyro-
sine receptor kinases, in both total cell lysates and membrane
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components extracted from LnxI~/~ hippocampus (Figs. 4 A and
S5A). Both EphBl1 and EphB2 have been demonstrated to express
in CA3 neurons, but not in MF, and serve as binding receptors to
their membrane-expressed ligand ephrin-B3, which is expressed
specifically in MF axons (Xu and Henkemeyer, 2009). In contrast
with EphBs, the amount of other transmembrane proteins was
not affected by loss of Lnx1 (Figs. 4 Aand S5 A).

To determine whether Lnx1 directly interacts with EphB re-
ceptors, we pulled down Lnx1 with EphBl1 or EphB2 antibody
from protein lysates of WT hippocampal tissues compared with
EphBI or EphB2 mutant tissues. We found that Lnx1 could be
pulled down by EphBI1 or EphB2 antibodies from lysates of WT
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hippocampal tissues or by EphB2 antibody from EphB2Ke6IR/Ke61R
tissues, a kinase-dead EphB2 mutant (Genander et al., 2009),
but not from tissues of EphB27/~; EphB2lacZ/lacZ g truncated
mutant in which the intracellular domain was replaced with
B-gal (Henkemeyer et al., 1996), or EphB2:VEVAVEV 3 mutant
with PDZ domain-binding motif disrupted (Fig. S5 B; Genander
et al., 2009). These results indicate that the C-terminal PDZ
domain-binding motif is necessary for binding with Lnx1. We
further purified the synaptosomes of hippocampal tissues and
found that Lnx1 could be pulled down by EphB2 antibodies from
PSD but not non-PSD fractions in WT and EphB2K66IR/Ke6IR tig.
sues, indicating that Lnx1 interacts with EphB2 in postsynaptic
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Figure 3. Defective presynaptic maturation and function in LnxI-null mice. (A) Schematic diagram shows synapse with giant bouton (left). Red, presyn-
aptic terminal; green, postsynaptic spine. The docked vesicles are indicated as vesicle-contacted presynaptic membrane. Transmission electron micrographs
of SPB regions from PW3 mice show MF terminals (red) and postsynaptic spines (green) in synapses with giant bouton (right). Asterisks mark PSD. The higher-
magnification views show docked vesicles. Bars, 0.5 um (left); 0.1 um (right). (B) The PSD number per spine and docked vesicles per vesicle release site in MF
synapses from SPB (301-312 synapses) or IPB (38-43 synapses) region of WT mice were more than in LnxI”/~ mice. n = 4 mice per group. (€) Schematic dia-
gram shows typical synapse with regular bouton (left). Transmission electron micrographs from PW3 mice show axon terminals (red) and postsynaptic spines
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compartments (Fig. 4 B). To clarify the binding sites of Lnxl, we
generated Flag-tagged individual PDZ domain mutations of the
P70-Lnx]1 isoform, which was found to be expressed specifically
in the brain (Dho et al., 1998; Xie et al., 2001), and cotransfected
them with plasmids encoding HA-tagged EphB1/2 for immu-
noprecipitation. We found that different domains of Lnx1 were
required for binding with the different subtypes of EphB recep-
tors. Lnx1 interacted with EphBI through the N terminus and
with EphB2 through the second PDZ domain (Fig. 4, C and D).
To further test colocalization of Lnx1 and EphB2 in CA3 pyrami-
dal neurons, immunostaining was used in hippocampal sections
and superresolution imaging with stimulated emission depletion
(STED) techniques were performed to visualize the localization
of these proteins. The STED imaging resolved discrete puncta
containing both Lnx1 and EphB2 around the membrane of CA3
neurons (Fig. 4 E).

To figure out whether the decreased level of EphB proteins in
LnxI~/~ mice was the result of mRNA reduction in the hippocam-
pus, quantitative RT-PCR was performed, and no change was ob-
served in LnxI~/~ mice (Fig. S5 C). To further determine whether
Lnx1 influences the degradation of EphB receptors, we treated
cultured LnxI~/~ hippocampal neurons with proteasome inhibi-
tor orlysosomal inhibitors and observed that the decreased EphB1
and EphB2 in LnxI"/~ mutants were restored to the normal level
after treatment of proteasome inhibitor MG132, while lysosomal
inhibitor leupeptin or NH,Cl had no effect (Fig. 5 A), suggesting
an involvement of the proteasome pathway in EphB degradation.

To determine whether the binding with Lnx1 is essential for
the stable expression of EphB receptors, we infected MEF cells
that express endogenous EphB2 protein with lentivirus express-
ing Lnx1 or Lnx1 mutant lacking the second PDZ domain, which
was necessary for Lnx1 binding with EphB2. We observed an ob-
vious increased EphB2 protein level infected with Lnx1 compared
with control virus, while deleting the second PDZ domain led to
a decreased level of EphB2 protein, and this could be reversed by
addition of MG132 (Fig. 5 B). Furthermore, the reduced EphB pro-
tein levels in Lnx1~/~ primary neurons were also restored to nor-
mal levels by infecting with Lnx1 virus, while the protein levels of
EphBI or EphB2 were not rescued by the Lnx1 virus lacking the N
terminus or the second PDZ domain, respectively (Fig. 5 C). Thus,
these data suggest that Lnx1 stabilizes EphB receptors through
specific binding sites to prevent their degradation in proteasome.

In contrast with the P70-Lnx1 isoform, the other P80-Lnx1
isoform expressed in periphery tissues has identical PDZ do-
mains but an additional RING domain for E3 ligase activity (Dho
etal., 1998; Xie et al., 2001). To investigate whether P80-Lnx1 has
a similar role in the stability of the EphB receptor, we overex-

pressed P70-Lnx1and P80-Lnx1 into MEF cells, respectively, and
observed an increased level of EphB2 protein with P70-Lnx1 but
a decreased level with P80-Lnx1. These results indicate that the
two Lnx1 isoforms play opposite roles in the expression level of
EphB2, owing to their difference in the RING domain (Fig. S5D).

Activating EphB2 kinase promotes MF terminal maturation

in Lnx1-/~ mice

EphB receptors have been reported to be required for spine mor-
phogenesis and synapse formation in CA3 pyramidal neurons in
vivo (Henkemeyer et al., 2003). We thus analyzed EphBI~/- and
EphB2-/~ protein-null mutant mice for MF phenotype compared
with Lnx1-null. We found that longer MF axons penetrated CA3
pyramidal cell layers in both mutants (Fig. 6, A-D), which resem-
bled the phenotype observed in LnxI1~/~ mice. To further validate
the requirement of EphB2 forward signaling that was involved
in spinogenesis (Henkemeyer et al., 2003), we examined the IPB
morphology of EphBita?/LacZ and EphB2taZ/1aZ knock-in mice,
in which the EphB intracellular segment is substituted with 8-gal
and the transmembrane and extracellular domains are left in-
tact on the cell surface to activate ephrin-B3-mediated reverse
signaling in MF axons (Henkemeyer et al., 1996; Chenaux and
Henkemeyer, 2011). Interestingly, we found an opposite pheno-
type between EphBIlacZ/LacZ and EphB2lacZ/laZ mice, Unlike the
EphBI~/~ mutant, EphBIta°Z/12Z mutant mice showed no obvi-
ous change in IPB length compared with controls (Fig. 6, A and
B), whereas EphB2La<Z/tacZ knock-in mice showed more serious
defective CA3 cell patterning and axon shortening, including
both IPB and SPB axons. We further checked the phenotype in
EphB2KeeIR/K66IR mijce and observed a similar MF defect compara-
ble with EphB2-/- or EphB2'°?/12Z mice (Fig. 6, C and D), suggest-
ing that tyrosine kinase activity is required for MF axon pruning.
This indicates that EphBl1 and EphB2 transduce distinct signals
in which the extracellular domain of EphBl1 and the EphB2 intra-
cellular kinase-dependent signaling are independently required
for MF pruning.

We then crossed EphBiI*?/1acZ in which the intracellular
segment is substituted with -gal to prevent binding with intra-
cellular partners for EphBl protein degradation (Fig. S5 E), or
EphB2F620D/F620D 5 constitutively active form of EphB tyrosine
kinase (Holmberg et al., 2006), with LnxI~/~, to see whether the
extracellular domain of EphBI or constitutive catalytic activation
of EphB2 is able to reverse the morphological defects caused by
Lnx1 ablation. We saw that in LnxI~/~; EphBI*3?/12Z mice, the
morphological abnormalities remained unchanged compared
with LnxI~/~ mice (Fig. 6, E and F). However, an obvious rescue in
axon terminal targeting was observed in Lnx1~/~; EphB2F620D/F620D

(green) in typical synapses (right). Asterisks mark PSD. Red dotted line indicates the presynaptic boutons without observed postsynaptic spine (nonsynaptic).
Bars, 0.5 pm. (D) The number of vesicles per terminal (r* = 0.62; P < 0.001) or areas of vesicles per terminal (2 = 0.66; P < 0.001) in typical synapses were
significantly correlated with PSD length in PW3 WT mice but not in LnxI/~ mice. A dot presents a synapse. (E) The vesicle density in terminal that formed
typical synapse in WT mice was more than that in Lnx1”/~ mice. (F) A cumulative frequency plot of average vesicle distance from WT (n = 133 synapses) and
Lnx1-/- (n = 165 synapses) mice with histogram distribution fit for the inset. n = 4 mice per group in D-F. (G) Schematic diagram in the upper panel shows EPSC
recordings of the MF-CA3 pathway. Stimulating electrode was placed in the SPB layer, and recording pipette was placed in the CA3 area (between dotted line).
Stim, stimulating electrode; Rec, recording pipette. Representative average traces (left) and summary graph (right) show PPRs at interstimulus intervals of 25,
50,100, 200, and 400 ms in PW3 mice. Bar, 50 ms. n = 24-27 neurons from four mice per group. Means + SEM; two-way ANOVA with Tukey’s post hoc test (E)

or Student’s t test (B, F, and G); *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4. Lnx1 interacts with postsynaptic EphB receptors. (A) The expression of membrane proteins in hippocampus from PW3 LnxI"/~ and WT mice
was detected by Western blot and quantified. n = 3 mice per group. (B) Coimmunoprecipitation of Lnx1 and EphB1/2 in synaptosomes of hippocampus. Lnx1
was pulled down by EphB2 antibody from PSD fraction of either WT or EphB2X66IR/KE6IR mice but neither EphB2-/~ nor EphB2AVEV/AVEY mice. ns, nonspecific
band; IB, immunoblot. (C) Schematic representation of p70-Lnx1 and its mutant constructs. (D) Immunoprecipitation (IP) of Lnx1 mutants and EphB1 or
EphB2 coexpressed in NG108 cells. Lnx1 interacted with EphB1 through the N terminus and with EphB2 through the second PDZ domain. (E) Colocalization
of Lnx1 and EphB2 (arrowheads in the right panels) in CA3 pyramidal cell layer (arrow in the left panel) were determined by immunostaining in PW3 WT
mice. The higher-magnification views in white boxes indicate superresolution imaging of Lnx1 and EphB2. White dotted lines indicate neuronal boundary.
Bars: 250 um (left); 5 um (bottom right); 0.5 um (top right). Means + SEM. Student’s t test (A); ***, P < 0.001.

mice (Fig. 6, Gand H; and Fig. 7, A and B). To test whether presyn-
aptic signal transduction is involved, we first measured the ex-
pression level of ephrin-B3, the EphB binding ligand specifically
expressed in MF axons (Xu and Henkemeyer, 2009), in LnxI mu-
tants, and we did not see an obvious change (Fig. S5 F). We then
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crossed Efnb3~/~ mice with Lnx1~/~; EphB2F620D/F620D mijce and
found that MF terminal targeting was disrupted in the LnxI-/-;
Efnb3/-; EphB2F620D/F620D mice (Fig. 7, A and B), indicating that
the presynaptic ephrin-B3 is also required for MF axon target-
ing. To figure out whether the postsynaptic or cell-autonomous
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changes of CA3 neurons secondarily contributed to the observed
MF phenotypes, we carefully counted the CA3 cell number and
cell density in each genetic condition. We did not observe an ob-
vious change in cell number but found a decreased cell density in
LnxI”/~ mice, which was exhibited as a loose pattern in CA3 cell
layers (Fig. 7, A and C). As the loose cell layer was also observed
in EphB mutants as shown previously (Bouché etal., 2013) and in
our study (Fig. 6, A and C), the abnormal cell patterning observed
in LnxI-/- mice was likely attributable to the low level of EphBs
comparable with that of EphB mutants.

To clarify why constitutively activating EphB2 can reverse
morphological defects caused by Lnx1 ablation, we studied the
possible changes in tyrosine kinase activity of EphB2 in LnxI~/~
mice. By immunoprecipitation with EphB2 antibody from hippo-
campal lysates of WT or Lnx1~/~ mice, a comparable total amount
of EphB2 was extracted and loaded for detection of the tyrosine
phosphorylation of EphB2. We observed a slight reduction in
phosphorylated EphB2 level in LnxI~/- mice compared with
WT control mice, which suggests that Lnx1 plays a mild role in
promoting or sustaining activation of EphB2 (Fig. 7 D). To fur-
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ther determine whether active EphB2 may be more resistant
to the degradation, we detected EphB2 expression in LnxI™/-;
EphB2F620D/¥620D mjjce and observed a partial restoration of EphB2
protein level compared with that in LnxI~/~ mice (Fig. 7 E).

Finally, we examined the terminal morphology visualized
with EM in LnxI/-; EphB2F620D/F620D mice, In support of the di-
minished axon terminals in LnxI~/~; EphB2F620D/F620D mjce ob-
served by ZnT3 staining, the number of release sites and docked
vesicles in synapses with giant boutons, the vesicle properties,
and their distance to the membrane in typical synapses were
also restored to normal levels comparable with WT mice (Fig. 8,
A-F). We further assayed the PPRs of MF-CA3 synapses and
found that EphB2F20D/F620D myjce per se showed no difference
compared with the WT mice, while the increased PPR in LnxI~/~
mice was restored to a normal level in LnxI~/-; EphB2F620D/F620D
mice (Fig. 8 G).

Taken together, our data suggest a model in which Lnx1serves
as a specific protein stabilizer for postsynaptic EphB receptor
kinases to form a protein complex on the membrane of hippo-
campal CA3 pyramidal neurons to sculpt postsynaptic structure,
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which helps to guide MF axon targeting and promote terminal
maturation through trans-synaptic regulation in a retrograde,
non-cell-autonomous way (Fig. 8 H).

Discussion

In this study, we reveal a postsynaptically driven mechanism
for the formation of functional synapses via PDZ scaffold pro-
tein Lnx1, which controls the axon targeting and maturation of
MTF terminals in the developing hippocampus. In contrast with
the previous research on Lnx1, which functions as an intrin-
sic determinant of cell fate by its interaction with the protein
Numb during development (Cayouette and Raff, 2002) or as an
E3 ubiquitin ligase to cause proteasome-dependent degradation
for Notch signaling (Nie et al., 2002), the hippocampal-specific
Lnx1 serves as a membrane stabilizer to sustain receptor proteins
at postsynaptic compartments in brain to refine the hippocam-
pal presynaptic structure in a non-cell-autonomous manner.
Two variants of Lnx1 have been found in vivo, P80-Lnxl and
P70-Lnxl, to share an identical PDZ domain (Dho et al., 1998).
In view of the specific expression of P70-Lnx!1 isoform in the
brain as shown previously (Dho et al., 1998; Xie et al., 2001) and
its function on stabilizing EphB receptors, the abnormalities in
the Lnx1-null mice observed in this study are attributable to the
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Figure 6. EphB receptors differ in signals
required for MF pruning. (A) Neurotrace dye-
labeled pattern of CA3 pyramidal cells in PW3
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ablation of P70-Lnx1 protein that does not contain a ring-finger
domain for E3 ligase activity.

Through a genetic targeting approach, we showed that abla-
tion of postsynaptic expressed protein Lnx1 led to untrimmed
presynaptic MF axon terminals during hippocampal develop-
ment, which resulted in abnormalities of axon targeting and
terminal maturation during dynamic coordination of post- and
presynaptic compartments. Through live imaging of cocultured
neurons, we studied the relevance of pre- and postsynaptic dy-
namics. Although a high probability of the postsynaptic altered
type was observed, which has been revealed by numerous stud-
ies focused on how presynaptic inputs and signaling regulate
postsynaptic structure and function (Scheiffele, 2003; Zuo et
al., 2005; Alvarez and Sabatini, 2007; Stidhof, 2008; Kwon and
Sabatini, 2011; Li et al., 2017), we also saw a proportion of pre-
synaptic dynamics. We found that deletion of Lnx1 decreased the
rate of presynaptic altered type, including the newborn boutons
and refined boutons, but did not affect the rate of postsynaptic
altered type. Furthermore, we observed more abnormal MF giant
boutons and thorny excrescences, with fewer release sites and
docked vesicles as well as fewer mature axon terminals in typical
synapses at the CA3 area formed in juvenile LnxI~/~ mice. These
abnormities in synapse formation might not be limited to the
MTF boutons as CA3 neurons also receive axon projections from
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Figure 7. EphB kinase activation promotes MF terminal targeting. (A and B) ZnT3 and NeuN staining show the IPB axon terminal-wired CA3 pyramidal
cells in different mice. The robust expanded IPB axon terminals in Lnx1/~ mice were rescued in Lnx1"/~; EphB2 F6200/F620D mice but were disrupted again in
Lnx1/~; Efnb3/-; EphB2 F6200/F620D mice. Bars, 250 um (top); 25 um (bottom). n = 5-6 mice per group. (C) Quantification of number of NeuN-positive cells in
CA3 region in PW3 different mice. The total number of NeuN* cells of CA3 area per slice shows no difference among these mice, while the cell density of CA3
area in Lnx1"/~ mice and Lnx1/-; Efnb3-/~; EphB2 F620D/F620D0 mice showed a reduction compared with other groups. n = 18-19 slices from three mice per group.
(D) Immunoprecipitation (IP) of EphB2 protein from hippocampal lysates of PW3 Lnx1"/~ and WT mice. The EphB2 tyrosine phosphorylation level was slightly
decreased in LnxI"/~ mice compared with WT mice (P = 0.095). n = 3 mice per group. (E) The expression of EphB proteins in hippocampus from PW3 mice
was detected by Western blot and quantified. The decreased EphB2 protein level in Lnx1”/~ mice was partly restored in Lnx1/-; EphB2 F6200/F620D mice, while
EphB1 remained unchanged. n = 3 mice per group. Means + SEM; one-way ANOVA with Tukey’s post hoc test (B, C, and E) or Student’s t test (D); *, P < 0.05;
** P<0.01, ***, P < 0.001. IB, immunoblot.

other brain regions (Witter, 2007) where EphBs are expressed
(Liebl et al., 2003; Migani et al., 2007). These results suggest that
Lnx1 is essential for maturation and stabilization of presynaptic
terminals for precise synaptic connection. This study thus un-
covers a retrograde modulation of presynaptic structure during
synapse formation.

As novel interacting partners, EphBl and EphB2 receptors
were identified to bind with different PDZ domains of Lnxl1,
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which serves as a protein stabilizer to prevent degradation in
proteasome, through their PDZ-binding motif. Interestingly,
we found that EphB1 and EphB2 play distinct roles in MF axon
pruning and targeting, and the extracellular segment of EphB1
and intracellular domains of EphB2 are independently required.
This raises a presumption that EphB receptors may be integrated
differently in a heterogeneous molecular complex upon MF-CA3
neuron contact. We further revealed that EphB2 kinase dead
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mutant EphB2K6OIR/Ke6IR showed defective MF axon pruning,
while the EphB2F620D/F620D mjce with constitutive kinase activity
showed normal axon morphology. As the EphB2 protein was not
expressed in MF axons (Xu and Henkemeyer, 2009), the defec-
tive MF axon targeting observed in EphB2Ke6IR/K66IR mjce suggests
a non-cell-autonomous regulation. Furthermore, the abnormal
presynaptic targeting and terminal maturation observed in
Lnx1-null mice were restored in the LnxI~/~; EphB2F620D/F620D
compound mutant. This indicates that not only is the EphB2 ki-
nase activity required for normal MF axon pruning during de-
velopment, but it is also sufficient to rescue the defective axon
terminal morphogenesis in the absence of Lnx1, which may be at-
tributed to the resistance of the active EphB2 to the degradation.
As the kinase activation of membrane EphB receptors within
CA3 pyramidal neurons promotes remodeling of postsynaptic
structure (Henkemeyer et al., 2003), this may help to form a
precise anchor to receive connection and control refinement of
the projected axon terminals in a non-cell-autonomous manner.

Mechanistically, this study is distinct from previous studies
on regulation of presynaptic function through trans-synaptic
molecular signaling upon high neuronal activity (Chavis and
Westbrook, 2001; Contractor et al., 2002; Jingling et al., 2006;
Regalado et al., 2006; Futai et al., 2007; Orr et al., 2017). In the
specific DG-CA3 synapse, the CA3-expressed EphBs themselves
can initiate pruning of MF axons in a retrograde manner through
ephrin-B3 reverse signaling (Xu and Henkemeyer, 2009), which
is further confirmed in this study. During postnatal development,
EphB receptor signaling can be induced upon binding with se-
creted glycoprotein Reelin via their extracellular domain to form
amassive protein complex, and this works together with ApoER2
and VLDL receptor cascade, two members of the LDL receptor
family, to regulate neuron cytoskeleton in the CA3 cell layer
(Bouché et al., 2013). The stabilization of the postsynaptic mul-
tiprotein complex would be critical for CA3-MF trans-synaptic
regulation during the long-term developmental process of
synaptogenesis.

EphB and ephrin-B receptors have been studied in sensory
integration and cognitive function through mediating trans-
synaptic bidirectional signals (Pasquale, 2008; Sheffler-Collins
and Dalva, 2012; Sloniowski and Ethell, 2012). The integration
of pre- and postsynaptic remodeling occurs either in an inter-
nucleus manner, as shown in our previous research (Zhu et al.,
2016a,b), or in an inner-nucleus regulation, as presented in this
study. Dysfunction of these early circuits may lead to neurode-
velopmental disorders, as supported by accumulating research
about the critical role of EphB receptor in brain development
and function (Sheffler-Collins and Dalva, 2012; Klein and Kania,
2014; Kania and Klein, 2016). Therefore, our analysis clarifies

the mechanisms underlying functional DG-CA3 circuit assem-
bly, leading to a greater understanding of the molecular basis for
brain wiring and cognitive functions.

Materials and methods

Mice and sample preparation

EphB1/- (Williams et al., 2003), EphBI**? (Chenaux and
Henkemeyer, 2011), EphB2~/~ (Henkemeyeretal., 1996), EphB2l2<Z
(Henkemeyer et al., 1996), EphB2K6IR (Genander et al., 2009),
EphB2*VEV (Genander et al., 2009), EphB2F¢?°P (Holmberg et al.,
2006), Efnb3~/~ (Xu et al., 2011), TdT (Ai9; Madisen et al., 2010),
and Thyl-GFP-M (Feng et al., 2000) knockout and knock-in mice
and genotyping methods have been described previously. TdT
(Ai9) mice were crossed with a ubiquitous Cre transgene mice
to allow TdT expression in brain. The Cre-activated TdT* mice
have been crossed for multiple generations and were used for pri-
mary neuronal culture. Mice were anesthetized (chloral hydrate,
350 mg/kg) and perfused with 0.1 M PBS followed by 4% PFA in
phosphate buffer. The brains were then removed, postfixed, and
sectioned at 30 pm using a vibratome. All experiments involving
mice were performed in accordance with the National Institutes
of Health (NIH) Guide for the Care and Use of Animals under an
Institutional Animal Care and Use Committee-approved protocol
atan Association for Assessment and Accreditation of Laboratory
Animal Care-approved facility at the Shanghai Jiao Tong Univer-
sity School of Medicine. Parents and pups (10-11 pups per litter)
were raised in animal facilities with a constant temperature
(22°C) and on a 12-h light-dark cycle. Access to food and water
was unlimited. The day of birth was defined as postnatal day 0
(P0). All efforts were made to minimize the number of animals
used and their suffering.

Generation of Lnx1 mutant mice

To construct the LnxI targeting vector, a 1.8-kb fragment of
cloned mouse genomic DNA upstream of exon 3 (ATG P80-LnxI)
was used for the 5" arm, and a 4.4-kb fragment downstream of
exon4 (ATG P70-LnxI) was used for the 3' arm. The two arms were
cloned into pPNT vector to provide the neo and TK cassettes used
for positive and negative selections. To generate a LacZ marker
for the normal expression of Lnx], the targeting vector was mod-
ified to include a tau-B-gal reporter gene. Targeting vectors were
electroporated into the ES cell line RI; colonies were isolated fol-
lowing selection in G418 and ganciclovir and expanded; and ge-
nomic DNA was screened by Southern blotting. The frequency
of homologous recombination was 2 of 623 cell lines screened.
Germline transmission was obtained by generating aggregation
chimeras with targeted ES cells. The animals used in this study

(E) EM analysis showed that the decreased vesicle density in terminals that formed synapses in LnxI/~ mice was restored to normal level in LnxI-/~; EphB2
F620D/7620D mice, (F) The increased average distance of vesicles to the presynaptic membrane in Lnx1"/~ mice was restored to normal level in LnxI/~; EphB2
F620D/F620D mjce, n = 72-165 synapses per group. n = 3-4 mice per group in D-F. (G) Representative average traces (left) and summary graph (right) showed
that increased PPRs upon SPB stimulation in PW3 Lnx1-/~ mice were restored to normal level in Lnx1-/~; EphB2 F6200/F620D mjce, Bar, 50 ms. n = 22-27 neurons
from three to four mice per group. (H) Proposed model for postsynaptic Lnx1-EphB complex-mediated retrograde regulation of MF axon terminal maturation.
Lnx1 binds and stabilizes postsynaptic EphB receptors in hippocampal CA3 pyramidal neurons to sculpt postsynaptic structure, which helps to guide MF
axon targeting and promote terminal maturation through a trans-synaptic regulation. Means + SEM; one-way ANOVA with Tukey’s post hoc test (B and E-G);

*,P<0.05 ™ P<0.01; ***, P< 0.001
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have been backcrossed to CD1 mice for multiple generations. An-
imals were genotyped by PCR with forward primer 5-CCAGTA
GACAGGCCCCAAGTGATTATTT-3' and reverse primer 5-TCGATC
CACAGGGCAGAAGTCC-3' for WT (565 bp), and forward primer
5'-CCAGTAGACAGGCCCCAAGTGATTATTT-3' and reverse primer
5-ACTCTTTCAGGCCGGGGTCCAT-3 for mutant (421 bp).

Immunofluorescence

For immunofluorescence, vibratome sections were blocked with
permeable buffer (0.3% Triton X-100 in PBS) containing 10%
donkey serum for half an hour at room temperature and incu-
bated with primary antibodies in permeable buffer containing
2% donkey serum overnight at 4°C. The slices were then washed
three times with PBS-T (0.1% Tween-20 in PBS) for 10 min each
and incubated with Alexa Fluor secondary antibodies (1:200; Mo-
lecular Probes) and NeuroTrace 633 (1:500; Molecular Probes) in
the PBS buffer for 2 h at room temperature. Slices were washed
in PBS-T three times, mounted on glass slides using Aqua poly/
mount (Polysciences), and photographed using a confocal mi-
croscope (Leica Application Suite X) or STED imaging (Leica
TCS SP8). Fluorescence microscopic images obtained were im-
ported into ImageJ (NIH) for analysis, and all the parameters used
were kept consistent during capture. For primary antibodies,
we used mouse anti-calbindin 28K (1:1,000; 300; Swant), rab-
bit anti-B-gal (1:200; MP Biomedicals), mouse anti-Inx1 (1:200;
ab22157; Abcam), goat anti-EphB2 (1:500; P54763; R&D), mouse
anti-zinc-transporter-3 (ZnT3; 1:500; 197011; Synaptic Systems,
rabbit anti-NeuN (1:1,000; D3S3I; Cell Signaling Technology),
mouse anti-Flag (1:1,000; F3165; Sigma-Aldrich), rabbit anti-syn-
apsinl (1:1,000, gift from Ilya Bezprozvanny, University of Texas
Southwestern Medical Center, Dallas, TX), and rabbit anti-PSD95
(1:1,000; 3450; Cell Signaling Technology).

Toaccurately analyze the terminals on spines (terminal-spine)
and dendritic shaft (terminal-shaft), the fluorescent images were
deconvolved according to the instructions of Leica TCS SP8, and
3D rendering was achieved in Image] using these deconvolved
images. The antibody signal threshold was defined as three times
brightness to the background, and brightness/contrast adjust-
ment within linear ranges was made using Image] when neces-
sary. To quantify the shape of spine, a procedure was adapted
from our previous study (Xu et al., 2011). The shape of neuronal
spines in slices was classified by NeuronStudio software package
and an algorithm from Rodriguez et al. (2008) with the follow-
ing cutoff values: AR_thin .= 2.5, head-to-neck ratio (HNR )
= 1.3, and head diameter (HD(y) = 0.3 um. The type of these
spines was determined based on the following criteria: (a) spines
with HNR greater than HNR.,;, are considered to have a neck
and could be either thin or mushroom types; (b) spines with HD
greater than HD.;, are classified as mushroom, otherwise thin;
(c) spines lacking significant necks and less than AR_thin . are
considered as stubby, otherwise thin. Protrusions with length
0.2-3.0 pm and maximum width 3 pm were counted. Spine den-
sity was calculated by dividing the total spine number by the den-
dritic branch length. The localizations of terminals and spines
were carefully identified in the 3D rendering views. The ZnT3*
synapses were defined as the overlapped connections of spines
and ZnT3* terminals with any identical red/green pixels (as
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shown in Fig. 2 B), otherwise ZnT3" (separated from terminals).
Control and experiment conditions were adjusted with the same
parameters. Acquisition of the images as well as morphometric
quantification was performed under blinded conditions.

For quantification of CA3 cell number, serial coronal sec-
tions (30 um) containing hippocampus (from bregma, -1.06 to
-2.30 mm) were collected using a vibratome. NeuN immunos-
taining was performed on every sixth section encompassing
the anterior to posterior of the CA3 area. NeuN-positive cells of
CA3 area in each section of different mice were counted under
blinded conditions.

For X-gal staining of embryos, E13-E15 embryos were washed
with cold PBS and fixed in cold PBS + 4% PFA for 20 min with
gentle agitation. After three 5-min washes with gentle agitation
in cold PBS, embryos were transferred to histochemical staining
solution (5 mM K,Fe(CN),, 5 mM K;Fe(CN)g, 2 mM MgCl,, 0.02%
[vol/vol] NP-40, 0.01% [wt/vol] sodium deoxycholate, 1 mg/ml
5-bromo-3-indolyl-B-p-galactopyranoside [X-Gal; Amresco],
and 20 mM Tris-HCl in PBS, pH 7.3) in a 24-well plate and in-
cubated overnight at 30°C with gentle agitation. Whole mounts
were washed with PBS + 0.1% Tween-20 at room temperature for
several hours before image capture.

Transmission EM

Mice were perfused with 2% PFA/2.5% glutaraldehyde in phos-
phate buffer, pH 7.2, for 30 min, and dissected brains were then
postfixed in the same buffer overnight at 4°C. After PBS buffer
rinse, samples were postfixed in 1% osmium tetroxide buffer (2 h)
oniceinthe dark. After a double-distilled water rinse, tissue was
stained with 3% aqueous uranyl acetate (0.22-pm filtered; 1h in
the dark), dehydrated in a graded series of ethanol and propylene
oxide, and embedded in Epoxy 618 resin. Samples were polymer-
ized at 60°C for 48 h. Thin sections (60-90 nm) were cut with a
diamond knife on the LKB V ultramicrotome and picked up with
formvar-coated copper slot grids. Grids were stained with lead
citrate and observed with transmission microscopy (PHILIP CM-
120). Images from the SPB or IPB regions were captured, and the
PSDs, terminals, vesicle numbers, and distance of vesicles to pre-
synaptic membrane were counted or analyzed by Image] under
blinded conditions (n = 3-4 animals per genotype).

Western blotting, immunoprecipitation, and isolation of
synaptosome and cell-surface protein

Western blotting was performed as in a previous study (Sun et
al., 2014). Briefly, hippocampal regions from WT, knockout, and
knock-in mice at different ages were dissected, homogenized, and
solubilized at 4°C for 1 h in lysis buffer (1% CHAPS, 137 mM NaCl,
2.7mMKC, 4.3 mM Na,HPO,, 1.4 mM KH,PO,, pH7.2, 5 mM EDTA,
5 mM EGTA, 1 mM PMSF, 50 mM NaF, 1 mM Na;VO,, and protease
inhibitors). Primary hippocampal neurons were collected, homog-
enized, and solubilized in the same buffer on DIV14. For immuno-
precipitation, hippocampal tissues were lysed at 4°C for 1 h in lysis
buffer (50 mM Tris-HC, pH 7.5, 200 mM NaCl, 5 mM MgCl,, 1%
NP-40, 10% glycerol, 1 mM DTT, 1 mM PMSF, 50 mM NaF, 1 mM
Na;VO,, and protease inhibitors) and then immunoprecipitated
with indicated antibodies for 2 h and incubated with protein G
beads overnight at 4°C. Bound proteins were separated by SDS-
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PAGE, transferred to nitrocellulose membranes, and immuno-
blotted with indicated antibodies. The subcellular fractions of the
hippocampus from WT, knockout, and knock-in mice were puri-
fied as described previously (Pacchioni et al., 2009). Cell-surface
protein of the cultured primary hippocampal neuron samples was
isolated using a Pierce cell surface protein isolation kit (Thermo
Fisher Scientific) per the manufacturer’s protocol. Analysis of the
data was performed using Image], and the mean density of each
band was normalized to B-actin or GAPDH signals in the same
sample and averaged. For primary antibodies, we used mouse
anti-Lnx1 (1:1,000; ab22157; Abcam), rabbit anti-B-gal (1:1,000;
MP Biomedicals), rabbit anti-PSD95 (1:1,000; 3450; Cell Signaling
Technology), mouse antisynaptophysin (1:3,000; ab8049; Abcam),
mouse anti-GAPDH (1:3,000; G8795; Sigma-Aldrich), mouse an-
ti-B-actin (1:3,000; MA5-15739; Thermo Fisher Scientific), goatan-
ti-EphBI (1:200; M-19; Santa Cruz Biotechnology), goat anti-EphB2
(1:1,000; P54763; R&D), rabbit anti-N-cadherin (1:1,000; ab12221;
Abcam), rabbit anti-connexin 43 (1:1,000; ab11370; Abcam), rab-
bit anti-claudinl (1:1,000; ab15098; Abcam), mouse anti-striatin
(1:1,000; 610838; BD), mouse anti-Flag (F3165; Sigma-Aldrich),
anti-Flag-HRP and anti-HA-HRP (1:5,000; Sigma-Aldrich), rabbit
anti-ephrin-B3 (1:500; 34-3600; Invitrogen), and mouse anti-
phosphotyrosine 4G10 (1:500; 05-321; EMD Millipore).

DNA constructs

P70-Lnx]and P80-LnxI genes were amplified from hippocampal
and renal cDNA, respectively, by PCR and ligated in the EcoRI and
Xbal sites of p3XFLAG-CMV-10. All the PDZ mutants of P70-Lnx1
were generated from full-length P70-Lnx1by PCR and ligated to
p3XFLAG-CMV-10.

Primary cell culture, coculture, and biochemistry

Primary cell culture of hippocampal neurons was performed
as described (Xu and Henkemeyer, 2009). Briefly, hippocampal
neurons were dissociated from PO pups. The triturated cells (1 x
10° cells per well) were grown on either six-well dishes or glass
coverslips coated with 10 uM polylysine overnight in 24-well
dishes. Then the culture was grown in a medium of Neurobasal
Amedia (Gibco) supplemented with B27 and 2 mM glutamine for
the indicated number of days. For coculture assays, primary hip-
pocampal neurons from LnxI*/* and LnxI/~ pups were precul-
tured for 12-14 d (transfected with GFP plasmid at DIV7 using the
calcium phosphate method), and TdT* primary hippocampal neu-
rons from P1 TdT* knock-in pups were dissociated as described
(Baranes et al., 1996) and plated on the culture by either direct
addition into the dishes or loading with coverslips for another
6 d. During the 6 d, neurons were imaged every day to measure
the TdT* axon length. On the sixth day, neurons were fixed (4%
PFA and 4% sucrose in PBS) and imaged to observe the spines and
boutons. For the pharmacological treatment assay, primary hip-
pocampal neurons from WT or LnxI~/~ pups were dissociated and
cultured for 14 d, and neurons or MEF cells were incubated for
12 h in the presence or absence of proteasome inhibitor (10 pM
MG132; Gene Operation) or lysosomal inhibitor (100 pg/ml leu-
peptin and 50 mM NH,Cl; Sigma-Aldrich). After treatment, cells
were lysed and subjected to Western blot analysis.
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Live imaging in dual color-labeled coculture system
Live-imaging experiments were performed on a Nikon AIR con-
focal microscope. Primary hippocampal neurons from LnxI*/*
and LnxI~/~ pups were precultured in 35-mm glass-bottom dishes
for 12-14 d (transfected with GFP plasmid at DIV7 using the cal-
cium phosphate method), and TdT* primary hippocampal neu-
rons were plated by direct addition into the dishes for another
6-7 d. Neurons were maintained at room temperature, and im-
ages were acquired every 10 min. For the presynaptic or postsyn-
aptic alteration, we calculated the AT: | A%° - A|/(A%C + A°), where
A is the pre- or postsynaptic area and 60 or O indicates the time
in minutes. When AI = 0.2, we indicate the pre- or postsynaptic
alteration as *; otherwise as ns.

Quantitative real-time PCR

Total RNA was prepared from hippocampus tissue of PW3 Lnx1
mutant and WT littermates using TRI Reagent (Sigma-Aldrich).
RNAs were reverse transcribed with high-capacity cDNA re-
verse transcription kits (Applied Biosystems) according to the
manufacturer’s instructions. The PCR mixture contained 1 pl
diluted cDNA, 5 pl 2x SYBR Green PCR Master Mix (Applied
Biosystems), and 200 nM of each gene-specific primer in a final
volume of 10 pl. The real-time PCRs were performed using a
Fast 96-Well System (Applied Biosystems). Three biological rep-
licates for each sample were used for real-time PCR analysis,
and three technical replicates were analyzed for each biological
replicate. The relative copy number of B-actin RNA was quan-
tified and used for normalization. The primer sequences are
given in Table S1.

Electrophysiology

Brain coronal slices were prepared from 3-wk-old naive Lnx1 */*
and LnxI”- mice. Brains were dissected quickly and chilled in
ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM):
125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 25 NaHCOj, 1.25 NaH,PO,, and
12.5 glucose. Coronal brain slices (300 um thick) were prepared
with a vibratome and recovered in ACSF bubbled with 95% O, and
5% CO, at 31°C for 1 h and then maintained at room temperature
(22-25°C). For EPSC recording, borosilicate glass pipettes (3-5
MJQ) were filled with an internal solution containing (in mM)
115 CsMeSO0s, 10 Hepes, 2.5 MgCl, - 6H,0, 20 CsCl,, 0.6 EGTA, 10
Na, phosphocreatine, 0.4 Na-GTP, and 4 Mg ATP. EPSCs were re-
corded at -70 mV in the presence of 100 pM picrotoxin. Slices
were stimulated using a bipolar concentric electrode (FHC) that
was placed in the MF and connected with a stimulator (AMPI) to
evoke EPSCs in CA3 pyramidal neurons. PPRs were calculated as
aratio of EPSC2 to EPSCI, separated by interstimulus intervals of
25,50, 100, 200, and 400 ms. Data were analyzed in pClamp 10.6
(Molecular Devices), and recordings were made from an average
of three cells per slice and two to three slices per mouse.

Statistical analysis

The results are presented as mean + SEM. Statistical differences
were determined by Student’s t test for two-group comparisons
or ANOVA followed by Tukey test for multiple comparisons
among more than two groups.
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Online supplemental material

Fig. S1 shows mRNA localization of LnxIin brain from the Allen
Brain Atlas and biochemical characterization of LnxI mutant.
Fig. S2 shows expression and subcellular localization of Lnx1in
hippocampus. Fig. S3 shows Lnx1 effects on axon growth and
pruning when cocultured with coverslips to prevent axon-cell
contact. Fig. S4 shows Lnx1 effects on morphology of calbindin-
positive/-negative neurons in coculture assay, spine density and
mushroom ratio of CA3 neurons, and PPRs with IPB stimulation.
Fig. S5 shows interactions between Lnx1 and EphB1/2 and effects
of Lnx1 on membrane level of EphB1/2, mRNA level of recep-
tors, and protein level of EphB2/EphB1-B-gal/ephrin-B3. Table
S1 shows primer sequences for quantitative real-time PCR used
in this study. Videos 1, 2, 3, 4, and 5 show different morphological
change types including presynaptic alteration (Videos 1 and 2),
postsynaptic alteration (Video 3), both alteration (Video 4), and
no alteration (Video 5) in a dual color-labeled coculture system.
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