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SUMMARY

Selective synapse development determines how
complex neuronal networks in the brain are formed.
Complexes of postsynaptic neuroligins and LRRTMs
with presynaptic neurexins contribute widely to
excitatory synapse development, and mutations in
these gene families increase the risk of developing
psychiatric disorders. We find that LRRTM4 has
distinct presynaptic binding partners, heparan
sulfate proteoglycans (HSPGs). HSPGs are required
to mediate the synaptogenic activity of LRRTM4.
LRRTM4 shows highly selective expression in the
brain. Within the hippocampus, we detected
LRRTM4 specifically at excitatory postsynaptic sites
on dentate gyrus granule cells. LRRTM4�/� dentate
gyrus granule cells, but not CA1 pyramidal cells,
exhibit reductions in excitatory synapse density
and function. Furthermore, LRRTM4�/� dentate gy-
rus granule cells show impaired activity-regulated
AMPA receptor trafficking. These results identifying
cell-type-specific functions and multiple presynaptic
binding partners for different LRRTM family mem-
bers reveal an unexpected complexity in the design
and function of synapse-organizing proteins.

INTRODUCTION

Several trans-synaptic protein complexes that mediate axon-

dendrite adhesion and local presynaptic and postsynaptic

differentiation have been identified. The complement of syn-

apse-organizing proteins at developing synapses—even in a

cell-type-specific manner—may determine synaptogenesis by

controlling initial axon-dendrite adhesion, morphological, molec-

ular, and functional maturation of synapses, as well as synapse

stability and plasticity. Many of these synapse-organizing com-

plexes involve either presynaptic neurexins or type IIa protein

tyrosine phosphatases (Krueger et al., 2012; Shen and Scheif-
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fele, 2010; Siddiqui and Craig, 2011; Takahashi et al., 2011,

2012; Yoshida et al., 2011, 2012; Yuzaki, 2011), along with

diverse postsynaptic binding partners.

LRRTM1 and LRRTM2, together with neuroligins and Cbln-

GluRd, are postsynaptic binding partners of presynaptic neurex-

ins at glutamatergic synapses (Siddiqui and Craig, 2011).

LRRTM1 was identified in an unbiased expression screen for

synaptogenic proteins (Linhoff et al., 2009). When presented to

axons on the surfaces of dendrites, nonneuronal cells, or beads,

LRRTM1 and LRRTM2 potently induce glutamatergic presy-

napse differentiation at the axonal contact site, via neurexin

binding (de Wit et al., 2009; Ko et al., 2009; Linhoff et al., 2009;

Siddiqui et al., 2010).

Many of the excitatory synapse-organizing proteins are

broadly expressed in overlapping brain regions, and evidence

indicates that they may cooperate in synapse development. In

hippocampus, for example, LRRTM1, LRRTM2, neuroligin-1,

neuroligin-3, NGL-3, IL1RAPL1, TrkC, and their presynaptic

binding partners are expressed by all excitatory neuron classes

(Altar et al., 1994; Carrié et al., 1999; Kim et al., 2006; Laurén

et al., 2003; Varoqueaux et al., 2006). Experiments involving

simultaneous knockdown of LRRTM1, LRRTM2, and neuroli-

gin-3 together with genetic deletion of neuroligin-1 revealed

cooperative roles of these postsynaptic partners of neurexins

in functional excitatory synapse development in hippocampal

CA1 neurons (Soler-Llavina et al., 2011). In contrast, NGL-2 func-

tions in a pathway-specific manner at subsets of hippocampal

synapses (DeNardo et al., 2012). However, more generally, the

molecular basis of pathway or cell-type-specific development

of mammalian excitatory synapses is not well understood.

LRRTM4 was also found to induce excitatory presynapse dif-

ferentiation with a similar potency as LRRTM2 (Linhoff et al.,

2009), but its expression in brain is more restricted. LRRTM4

mRNA is expressed at very high levels in dentate gyrus granule

cells and in the anterior olfactory nucleus and at low or moderate

levels in other brain regions such as cortex and striatum (Laurén

et al., 2003; Lein et al., 2007). Like genes encoding neurexins,

neuroligins, and several other synapse-organizing proteins (Be-

tancur et al., 2009; Südhof, 2008), LRRTM4 is linked to autism

spectrum disorders (Michaelson et al., 2012; Pinto et al., 2010),

and in a recent genome-wide association study, LRRTM4 was
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linked to risk of attempted suicide in females (Willour et al., 2012).

LRRTM4 was also recently isolated as a major component of

native AMPA-type glutamate receptor complexes (Schwenk

et al., 2012). However, in contrast to the rather extensive knowl-

edge on LRRTM1 and LRRTM2, the molecular interactions and

roles of LRRTM4 in synapse development have not been well

studied.

We assessed the role of LRRTM4 in synapse development and

show by targeted deletion in mice that LRRTM4 is essential for

normal excitatory synapse development and function in dentate

gyrus granule cells but not in CA1 hippocampal pyramidal

neurons. Furthermore, we identify a family of new extracellular

binding partners for LRRTM4, heparan sulfate proteoglycans

(HSPGs), and show that HSPGs are essential tomediate the syn-

aptogenic activity of LRRTM4. Thus, LRRTM family members

function at different subsets of excitatory synapses and act

through distinct molecular pathways.

RESULTS

LRRTM4 Localizes to Excitatory Postsynaptic Sites on
Dentate Gyrus Granule Cells
In accordance with a possible role of LRRTM4 in synaptogene-

sis, western blot analyses of the developmental time course of

LRRTM4 expression in whole-brain homogenates showed that

LRRTM4 expression parallels the time course of synaptogene-

sis. LRRTM4 was readily detectable by postnatal day 6, and its

levels increased until postnatal day 30 and then remained at a

high level 1 month later (Figure 1A), indicating that LRRTM4

expression rises during the peak phase of synaptogenesis and

then reaches a plateau.

Western blot analysis of biochemically isolated subcellular

fractions from whole brain revealed an enrichment of LRRTM4

in the synaptic plasma membrane fraction and, along with the

excitatory postsynaptic scaffold PSD-95 family, in the deter-

gent-resistant postsynaptic density fraction (Figure 1B), indi-

cating a synaptic localization of LRRTM4. To assess whether

LRRTM4 may associate with excitatory postsynaptic compo-

nents, mouse brain crude synaptosomal fractions were solubi-

lized and immunoprecipitated with antibodies to PSD-95 family

proteins and AMPA receptor subunit GluA1 antibodies. LRRTM4

coimmunoprecipated with both PSD-95 family proteins and

GluA1 but not with control IgGs (Figure 1C). These results are

consistent with a previous report showing that LRRTM4 is a

component of native AMPA receptor complexes (Schwenk

et al., 2012).

To further examine the subcellular localization of LRRTM4, we

expressed LRRTM4 with an extracellular YFP tag in cultured

hippocampal neurons (Figures 1D and 1E). YFP-LRRTM4 was

trafficked to dendrites but not to axons. Within dendrites, YFP-

LRRTM4 clustered at excitatory postsynaptic sites and colocal-

ized with PSD-95 opposite to vesicular glutamate transporter

VGlut1-positive terminals. YFP-LRRTM4 localization did not

overlap with the localization of gephyrin or vesicular GABA trans-

porter VGAT marking inhibitory synapses.

To assess the cellular and subcellular distribution of LRRTM4

in vivo, we generated an antibody against the intracellular

domain of LRRTM4 suitable for immunofluorescence and vali-
dated it using mouse tissue lacking LRRTM4 (see Figures 6B).

Consistent with the high level of LRRTM4 mRNA expression in

dentate gyrus granule cells (Laurén et al., 2003; Lein et al.,

2007) and sorting of YFP-LRRTM4 protein to excitatory postsyn-

aptic sites, strong anti-LRRTM4 immunoreactivity was observed

in hippocampal dentate gyrus molecular layers (Figures 1F and

1G). LRRTM4 was present throughout the molecular layer and

slightly more concentrated in the inner molecular layer. Punctate

LRRTM4 immunofluorescence overlapped with the localization

of PSD-95 and the active zone molecule bassoon. Although

LRRTM4 mRNA is expressed at lower levels in cortex, we did

not detect clear immunoreactivity in cortex. Altogether, its sub-

cellular localization and expression profile indicate that LRRTM4

operates at excitatory postsynaptic sites in dentate gyrus

granule cells.

Overexpression of LRRTM4 Increases the Number of
Excitatory Inputs
To study the role of LRRTM4 in synapse development, we first

assessed effects of increasing the levels of LRRTM4 in cultured

hippocampal neurons. Overexpression of YFP-LRRTM4 sig-

nificantly enhanced clustering of presynaptic VGlut1 along trans-

fected dendrites as compared with neighboring neurons or

control neurons expressing CFP (Figures S1A–S1C available on-

line). In contrast, VGAT clustering was not affected by YFP-

LRRTM4 expression (Figures S1D and S1E). Thus, consistent

with the ability of LRRTM4 to induce excitatory but not inhibitory

presynapse differentiation in a fibroblast coculture assay (Linhoff

et al., 2009), neuronal overexpression of LRRTM4 increases

excitatory but not inhibitory presynaptic inputs.

The LRRTM4 Ectodomain Binds to HSPGs
To mediate its synaptogenic effect (Figure S1), LRRTM4 must

directly or indirectly interact with presynaptic ligands. Given

that LRRTM1 and LRRTM2 bind to and induce presynaptic dif-

ferentiation through neurexins (de Wit et al., 2009; Ko et al.,

2009; Siddiqui et al., 2010), we tested whether LRRTM4 also

binds to neurexins. A soluble recombinant protein consisting of

the laminin, neurexin, sex-hormone-binding globulin (LNS)

domain of neurexin1b lacking the insert at splice site 4 fused to

the human immunoglobulin constant region, neurexin1b(-S4)-

Fc, bound to COS7 cells expressing Myc-LRRTM1 or Myc-

LRRTM2 but, unexpectedly, not to cells expressing Myc-

LRRTM4 (Figure S2). Binding of neurexin1b(-S4)-Fc to cells

expressing Myc-LRRTM4 was not significantly different from

binding to cells expressing the negative control Myc-SALM2

(Figure S2B).

We then performed an unbiased search for extracellular bind-

ing partners of LRRTM4. We generated a recombinant protein

containing the ectodomain of LRRTM4, LRRTM4-Fc, and used

this for affinity purification of ligands from a solubilized crude

rat brain synaptosomal fraction (Figure 2A). Polyacrylamide gel

analysis revealed specific proteins, particularly several with mo-

lecular weights around 52–72 kDa, that bound to andwere eluted

from a matrix bearing LRRTM4-Fc but not Fc control protein.

Mass spectrometry analysis revealed glypican-1, glypican-3,

glypican-4, and glypican-5 as components of the 52–72 kDa

band (Table S1). Glypicans constitute a family of cell-surface
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Figure 1. LRRTM4 Localizes to Excitatory Postsynaptic Sites on Dentate Gyrus Granule Cells

(A) Western blot analysis of LRRTM4 expression levels in mouse brain homogenates from postnatal day 6 (P6) to P60 and quantitation of the relative expression

level of LRRTM4 in mouse brain homogenate during postnatal development. Data are presented as mean ± SEM of three to five experiments.

(B) Western blotting of synaptic fractions of adult rat brain homogenate shows that LRRTM4 is enriched in the synaptic plasma membrane (SPM) fraction and,

along with PSD-95, in the postsynaptic density (PSD) fraction as compared with crude synaptosome (P2), synaptosome, and synaptic vesicle (SV) fractions.

(C) Immunoprecipitation from solubilized mouse brain crude synaptosomal fraction by anti-PSD-95 family and anti-GluA1 antibodies but not control IgG

coimmunoprecipitated LRRTM4.

(D and E) YFP-LRRTM4 expressed at low level from 0–14 DIV in cultured hippocampal neurons concentrated at excitatory postsynaptic sites colocalized with

PSD-95 and apposed to VGlut1 (D). YFP-LRRTM4 did not cluster at inhibitory synapses labeled with gephyrin and VGAT (E).

(F and G) LRRTM4 immunoreactivity in coronal sections of adult mouse brain was observed at highest levels in the dentate gyrus molecular layer and was not

observed elsewhere within the hippocampus (F).Within the dentate gyrus, LRRTM4was present in a punctate pattern showing overlap with PSD-95 and bassoon

(G). This antibody was validated using tissue lacking LRRTM4 (Figure 6B).

Scale bars represent 10 mm in (D) and (E), 500 mm in (F), 250 mm in G (top), and 5 mm in (G) (bottom).

See also Figure S1.
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Figure 2. LRRTM4 Binds HSPGs

(A) SYPRO Ruby-stained gel shows proteins isolated by affinity chromatography with LRRTM4-Fc or control Fc from rat brain crude synaptosome fractions

solubilized with the indicated detergents. Analysis of the boxed regions by liquid chromatography-mass spectrometry yielded the indicated glypicans as

prominent components.

(B–G) Candidate proteins were expressed in COS7 cells and tested for binding of the indicated Fc or AP fusion protein. Expressed myc-tagged proteins were

visualized by surface labeling.

(B) Upon expression in COS7 cells, all glypicans (GPCs) and syndecans (SDCs) testedmediated strong binding of LRRTM4-Fc. Amuch lower level of LRRTM4-Fc

binding to neighbor-untransfected or CFP-transfected COS7 cells was also frequently observed.

(C) The HS-deficient mutant GPC5DGAG did not mediate binding of LRRTM4-Fc. Treatment of the cultures with heparinases to cleave the HS chains eliminated

the binding of LRRTM4-Fc to COS7 cells expressing GPC5 or SDC2 and eliminated the low-level binding to neighbor-untransfected cells.

(D) Quantitation of LRRTM4-Fc binding to COS7 cells expressing the indicated constructs. ANOVA p < 0.0001, *p < 0.05 compared withMyc-GPC5DGAG or with

CFP by Tukey’s multiple comparison test, n = 15 cells each.

(E) Upon expression in COS7 cells, LRRTM4-CFP, but not NGL-3-CFP or CFP controls, mediated binding of Myc-GPC5-AP but not the HS-deficient mutantMyc-

GPC5DGAG-AP.

(F) Quantitation of bound glypican-5 fusion protein (left y axis, black) or HS-deficient mutant (right y axis, gray) to COS7 cells expressing the indicated constructs.

ANOVA p < 0.0001, **p < 0.001 for binding of Myc-GPC5-AP compared with CFP control by Tukey’s multiple comparison test,Ap < 0.001 comparing binding of

Myc-GPC5-AP and Myc-GPC5DGAG-AP to LRRTM4, n = 10 cells each.

(G) By Scatchard analysis, the Kd of binding of Myc-GPC5-AP to cell-expressed HA-LRRTM4 was estimated at 23.4 nM (n = 9 cells each).

Data are presented as mean ± SEM. Scale bars represent 50 mm in (B) and (C) and 10 mm in (E).

See also Figure S2.
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glycophosphatidylinositol (GPI)-anchored HSPGs with six family

members, all of which are expressed in the CNS (Fransson et al.,

2004). Like other HSPGs, glypicans contain protein backbones

that are covalently conjugated to heparan sulfate (HS) glycos-

aminoglycan chains.

To test whether LRRTM4 and glypicans interact directly, we

expressed Myc-tagged glypican-1–glypican-5 individually in

COS7 cells and incubated these with LRRTM4-Fc. COS7 cells

expressing any of the glypicans tested showed strong binding

of LRRTM4-Fc, while control cells did not (Figure 2B). To deter-

mine whether binding was specific for glypicans, we tested syn-

decan-2 (SDC2) as a representative syndecan and also

observed strong binding of LRRTM4-Fc to cells expressing

SDC2-CFP. We next tested whether the HS chains on glypicans

or SDC2 are essential for LRRTM4 binding. Binding to COS7

cells expressing glypican-5 (GPC5) or SDC2 was abolished by

treatment of the expressing cells with heparinases that cleave

the HS chains (Figures 2B–2D). Consistent with this result,

LRRTM4-Fc did not bind to the surface of COS7 cells expressing

a mutant of GPC5 that lacks the five serine residues involved

in glycosaminoglycan linkage and cannot be glycanated

(GPC5DGAG) (Figures 2C and 2D). We then performed a recip-

rocal assay to confirm the interaction between LRRTM4 and

HSPGs (Figures 2E–2G). A recombinant protein consisting of a

Myc-tagged ectodomain of GPC5 fused to alkaline phospha-

tase, Myc-GPC5-AP, but not the Myc-tagged nonglycanated

GPC5 (Myc-GPC5DGAG-AP), bound specifically to COS7 cells

expressing LRRTM4-CFP but not to control cells expressing

CFP or the unrelated synaptogenic protein netrin G ligand 3

(NGL-3)-CFP. Binding of Myc-GPC5-AP to cells expressing

HA-LRRTM4 was saturable and Scatchard analysis yielded an

estimated apparent dissociation constant (kD) of 24.3 nM. This

value is in the same range as the apparent kD for binding of neu-

rexin1b-Fc to cell surface-expressed HA-LRRTM2 and HA-neu-

roligin-1 (9.6 to 26.9 nM) as assessed in a similar assay (Siddiqui

et al., 2010), suggesting that this interaction is of physiological

relevance. Thus, LRRTM4 binds with high affinity to glypicans

and syndecans via their HS chains.

In transRecruitment of Axonal HSPGs by LRRTM4 and of
Dendritic LRRTM4 by HSPGs to Cell Contact Sites
To determine whether LRRTM4 and HSPGs interact in trans on

cellular surfaces and recruit each other to developing contact

sites, we cocultured COS7 cells expressing LRRTM4 with

neurons expressing HSPGs and vice versa. LRRTM4-CFP

expressed in COS7 cells was able to recruit neuronally ex-

pressed HA-GPC5 or HA-SDC2 but not HA-GPC5DGAG to con-

tact sites (Figures 3A and 3B). HA-GPC5 targeted selectively to

axons in cultured hippocampal neurons, both in pure neuron cul-

tures and in the COS7 cocultures (Figure S3). HA-SDC2 targeted

to both axons and dendrites, although LRRTM4-expressing

COS7 cells induced local aggregation of both recombinant

HSPGs mainly along contacting axons in coculture. This result

indicates that LRRTM4 on dendrites could recruit axonal HSPGs

to contact sites. Conversely, Myc-GPC5 or Myc-SDC2 but not

Myc-GPC5DGAG expressed in COS7 cells could recruit neuro-

nally expressed mCherry-LRRTM4 to contact sites (Figures 3C

and 3D). Consistent with the somatodendritic targeting of re-
684 Neuron 79, 680–695, August 21, 2013 ª2013 Elsevier Inc.
combinant LRRTM4 in pure neuron cultures (Figure 1), HSPG-

expressing COS7 cells induced local aggregation of recombi-

nant LRRTM4 along contacting dendrites but not axons in

coculture. This result indicates that HSPGs on axons could re-

cruit dendritic LRRTM4 to contact sites. The absence of recruit-

ment activity by Myc-GPC5DGAG indicates that the HS chains

are required for the mutual recruitment of LRRTM4 and HSPGs

to cell contact sites.

Axonal HSPGs Are Essential for Presynaptic
Differentiation Induced by LRRTM4
To assess the role of the LRRTM4-HSPG interaction in synaptic

development, we built on our finding that heparinase-mediated

cleavage of the HS chains of glypicans and syndecans disrupts

their interaction with LRRTM4-Fc in the cell-based binding assay

(Figure 2). If the LRRTM4-HSPG interaction is necessary for the

ability of neuronally overexpressed LRRTM4 to increase presyn-

aptic inputs, heparinase cotreatment should block the effects of

neuronal overexpression of LRRTM4 on presynaptic inputs.

Indeed, using two distinct markers for presynaptic inputs, the

active zone protein bassoon and the vesicle-associated protein

synapsin, we found that overexpression of YFP-LRRTM4 in

cultured neurons increased immunofluorescence for presynap-

tic markers onto expressing dendrites and that this effect was

abolished by cotreatment with heparinases (Figures 4A and

4B). To test the specificity of the effects of heparinases, we did

parallel experiments with another synaptogenic protein NGL-3

(Woo et al., 2009), which we found to be of similar potency as

LRRTM4. Overexpression of NGL-3-CFP in cultured neurons

induced a very similar increase in immunoreactivity for presyn-

aptic bassoon and synapsin along transfected dendrites as did

overexpression of YFP-LRRTM4, yet these effects of NGL-3

were resistant to heparinase treatment (Figures 4A and 4B).

This control experiment rules out potential nonspecific effects

of the heparinase treatment on cell health and ability to develop

synapses. Thus, HSPGs are required specifically for LRRTM4 to

enhance presynaptic differentiation.

In this neuron overexpression experiment (Figure 4), HSPGs

on axons, on dendrites, or in the form of cleaved ectodomains

could potentially be acting in concert with LRRTM4 to enhance

presynaptic differentiation, although the COS7 cell-neuron

recruitment assays (Figure 3) indicate that the axonal HSPGs

may be most important. To further differentiate among these

possibilities, we used a coculture presynapse induction assay

following methods used previously to demonstrate synapto-

genic activity of neuroligins and LRRTMs (Linhoff et al., 2009;

Scheiffele et al., 2000). Consistent with these previous results,

Myc-LRRTM4 expressed on COS7 cells induced clustering of

bassoon along contacting axons of cocultured hippocampal

neurons (Figures 5A and 5B). This presynapse-inducing activity

of LRRTM4 was abolished by cotreatment with heparinases,

whereas the presynapse induction by NGL-3-CFP was unaf-

fected by heparinases. Furthermore, pretreatment of neuron-

COS7 cell cocultures with heparinases followed by growth in

glial-conditioned medium over glial feeder layers lacking hepa-

rinases also abolished the presynapse-inducing activity of

Myc-LRRTM4 but not that of NGL-3-CFP (Figure 5B, right).

Thus, the source of required HSPGs is the neurons or COS7 cells



Figure 3. LRRTM4 In trans Recruits Axonal

HSPGs, and HSPGs In trans Recruit Den-

dritic LRRTM4, to Cell Contact Sites

(A) Cultured hippocampal neurons were trans-

fected at plating to express the indicated HA-

tagged glypican (GPC) or syndecan (SDC) and

were cocultured at 11 DIV with COS7 cells

expressing LRRTM4-CFP. LRRTM4-CFP on

COS7 cells recruited HA-GPC5 and HA-SDC2, but

not the HS-deficient mutant HA-GPC5DGAG, to

high local density at cell contact sites along de-

phospho-tau-positive axons.

(B) Quantitation of the percentage of COS7 cells

expressing LRRM4-CFP and in contact with HA-

HSPG-expressing axons that induced local

recruitment of the HA-HSPG. ANOVA p < 0.0001,

*p < 0.001 compared with HA-GPC5DGAG by

Tukey’s multiple comparison test, n = 3 experi-

ments.

(C) Cultured neurons were transfected at plating to

coexpressmCherry-LRRTM4 andmTurquoise cell

fill and were cocultured at 11 DIV with COS7 cells

expressing the indicated Myc-tagged GPC or

SDC. Myc-GPC5 and Myc-SDC2, but not the HS-

deficient mutant Myc-GPC5DGAG, on COS7 cells

recruited mCherry-LRRTM4 but not mTurquoise

to high local density at cell contact sites along

dendrites.

(D) Quantitation of the percentage of COS7 cells

expressing the indicated Myc-HSPG and in con-

tact with mCherry-LRRTM4-expressing dendrites

that induced local recruitment of mCherry-

LRRM4. ANOVA p < 0.0001, *p < 0.001 compared

with Myc-GPC5DGAG by Tukey’s multiple com-

parison test, n = 2–3 experiments.

Data are presented as mean ± SEM. Scale bars

represent 10 mm.

See also Figure S3.
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and not the glia cells. To assess a potential contribution of

HSPGs from the COS7 cells, we next performed neuron cocul-

ture assays with gro2C cells, an L cell-derived line that is specif-

ically defective in the HS synthesis pathway (Gruenheid et al.,

1993). These HS-lacking gro2C cells were as effective as the

parent L cells in allowing expressed LRRTM4-CFP to induce

synapsin clustering in contacting axons of cocultured neurons

(Figures 5C and 5D). Thus, HSPGs are required in the contacting

neurons for presynapse induction by LRRTM4.

To further assess the role of soluble HSPG ectodomains in

presynapse induction by LRRTM4, we added recombinant glypi-

can ectodomain fused with alkaline phosphatase (glypican-AP)

during the coculture assay. Glypican-AP as compared with con-

trol AP significantly reduced synapsin clustering in axons con-

tacting HA-LRRTM4-expressing COS7 cells (Figures 5E and

5F). In the same assay, glypican-AP did not affect synapsin clus-

tering in axons contacting NGL-3-CFP-expressing COS7 cells.
Neuron 79, 680–695
This selective reduction in synaptogenic

activity of LRRTM4 by glypican-AP pro-

vides independent evidence from the

heparinase experiments that HSPGs

mediate presynaptic induction by
LRRTM4. Furthermore, taken together, these coculture results

indicate that HSPGs are required in the contacting axons to

mediate presynaptic differentiation induced by LRRTM4 and

that soluble HSPGs from glia are not required and may even

have suppressive effects.

LRRTM4–/– Mice Are Deficient in Excitatory Synapse
Development on Dentate Gyrus Granule Cells
To genetically perturb the function of the LRRTM4-HSPG com-

plex in mice in vivo, we focused on LRRTM4 because multiple

proteoglycans can interact with LRRTM4 and we expect that

deletion of multiple proteoglycans would be required to perturb

the function of LRRTM4-HSPG signaling. We generated mice

with a targeted deletion in LRRTM4 by deleting exon 2, which

encodes a large portion of the LRRTM4 protein (Figures S4A).

Loss of LRRTM4 protein was confirmed by western blot analysis

of whole mouse brain homogenate (Figure 6A) and by confocal
, August 21, 2013 ª2013 Elsevier Inc. 685



Figure 4. HSPGs Are Required for Enhancement of Presynaptic Inputs by Overexpression of LRRTM4

(A) Cultured hippocampal neurons were transfected at 9–10 DIV with YFP-LRRTM4 or NGL-3-CFP and then grown for 20–24 hr in the presence or absence of

heparinases to cleave the HS chains of HSPGs. Overexpression of either YFP-LRRTM4 or NGL-3-CFP resulted in increased immunofluorescence for the pre-

synaptic markers bassoon and synapsin along transfected dendrites as compared with neighboring untransfected neurons (similar to Figure S1). Heparinase

treatment blocked the effect of YFP-LRRTM4 but not of NGL-3-CFP on presynaptic inputs.

(B) Quantitation of the integrated intensity of bassoon or synapsin puncta per dendrite length. ANOVA p < 0.0001, *p < 0.001 comparing each transfected group

with the associated untransfected group by Tukey’s multiple comparison test, n = 21 cells each.

Data are presented as mean ± SEM. Scale bar represents 50 mm.
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microscopy analysis of brain sections with an anti-LRRTM4 anti-

body (Figure 6B). LRRTM4�/� mice were viable and fertile and

indistinguishable fromwild-type mice with respect to gross brain

morphology and cytoarchitectural organization as assessed by

confocal microscopy analysis of brain sections labeled for the

nuclear marker DAPI, the synaptic marker synapsin, the den-

dritic marker MAP2, and the axonal marker dephospho-tau (Fig-

ures 6B and 6C and data not shown).

Given the high levels of LRRTM4 in the molecular layers of

dentate gyrus, we tested whether levels of HSPGs and key post-

synaptic molecules may be altered in the dentate gyrus of

LRRTM4�/� mice. We prepared crude synaptosomal fractions

from isolated dentate gyri from LRRTM4�/� and control wild-

type mice at 6–7 weeks postnatally, a time when LRRTM4

expression reaches a plateau (Figure 1A). Quantitative immuno-

blotting of these fractions revealed no difference between

LRRTM4�/� and wild-type mice in the level of AMPA receptor

subunits GluA1 and GluA2 (Figures 6D and 6E). While the level

of the inhibitory synapse scaffolding molecule gephyrin re-

mained unchanged, the level of PSD-95 family proteins was

significantly reduced in LRRTM4�/� mice, indicating that

LRRTM4 is an important component of excitatory postsynapses

in the dentate gyrus. Next, we determined whether the level of
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HSPGsmay be affected by the loss of LRRTM4. Representatives

of glypicans and syndecans, GPC2 and SDC4 were both sig-

nificantly reduced in the crude synaptosomal fractions of

LRRTM4�/� mice dentate gyri. Moreover, using an antibody

that recognizes the glycosaminoglycan stub region after hepa-

rinase treatment, we found that the total level of all HSPGs in

crude synaptosomal fractions of LRRTM4�/� mice dentate gyri

was significantly reduced, indicating that LRRTM4 is an impor-

tant functional partner of HSPGs.

We next performed confocal imaging of excitatory and inhibi-

tory synaptic markers in LRRTM4�/� dentate gyrus molecular

layers, in comparison with CA1 stratum oriens, a region where

LRRTM4 is not expressed (Figures 1 and 6; Laurén et al., 2003;

Lein et al., 2007), again at 6–7 weeks postnatally. Quantitative

confocal analysis revealed reduced punctate VGlut1 immunoflu-

orescence in all dentate gyrus molecular layer regions but not in

CA1 stratum oriens in LRRTM4�/� mice as compared with wild-

type littermates (Figures 6F and 6G). In contrast, punctate immu-

nofluorescence of the GABA synthetic enzyme glutamic acid

decarboxylase GAD65 in the same colabeled regions was indis-

tinguishable between LRRTM4�/� and wild-type littermate mice

(Figures 6H and 6I). Thus, LRRTM4 is required for the develop-

ment of excitatory presynapses in specific brain regions.
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The vast majority of excitatory synapses on dentate gyrus

granule cells and CA1 pyramidal neurons form on dendritic

spines (Harris and Kater, 1994; Trommald and Hulleberg, 1997).

Thus, we counted spine density in Golgi-stained brain sections.

Spine density on dentate gyrus granule cell dendrites in the outer

molecular layer (the region receiving inputs from themedial ento-

rhinal cortex) was significantly reduced in LRRTM4�/� mice

as compared with wild-type littermates, while CA1 pyramidal

neuron dendrites in stratumoriens showed no difference (Figures

7A and 7B). To rule out any potential artifacts caused by the slow

fixation in Golgi-stained tissue, we also confirmed the reduction

in spine density in the dentate gyrus of LRRTM4�/� mice by

carbocyanine dye diI labeling of perfused tissue (Figure S5).

These data indicate that excitatory synapse density is selec-

tively reduced in dentate gyrus granule cells of LRRTM4�/�

mice. To further characterize this phenotype, we assessed

immunofluorescence for synaptic markers in primary hippocam-

pal neurons after 2 weeks in low-density culture, a system in

which synaptic protein clusters can be clearly resolved. We

used the high level of calbindin immunofluorescence (Westerink

et al., 2012) and the distinct dendritic morphology to identify den-

tate gyrus granule cells in primary culture (Figure 7C). A reduced

density of PSD-95-positive VGlut1 clusters was found specif-

ically in dentate gyrus granule cells but not in pyramidal cells of

LRRTM4�/� neurons as compared with wild-type littermate neu-

rons (Figures 7D and 7E). Altogether, these data lead us to

conclude that LRRTM4 promotes formation of excitatory synap-

ses on hippocampal dentate gyrus granule cells but not on pyra-

midal cells.

LRRTM4 Contributes to Activity-Regulated Synaptic
Insertion of AMPA Receptors
Given the association of LRRTM4 with AMPA receptors (Fig-

ure 1C; Schwenk et al., 2012), we next used the dissociated

neuron culture system to assess effects of LRRTM4 loss on syn-

aptic surface levels of AMPA receptors containing GluA1

(Figures 7F and 7G). We measured the average GluA1 surface

immunofluorescence at postsynaptic sites identified by PSD-

95 cluster area, thus reflecting the average intensity of surface

GluA1 per postsynapse. LRRTM4�/� dentate gyrus granule

cells showed no difference in basal levels of surface GluA1 per

synapse compared with dentate gyrus granule cells from litter-

mate wild-type mice. AMPA receptors undergo activity-regu-

lated trafficking, a process that contributes to many forms of

synaptic plasticity (Anggono and Huganir, 2012; Malinow and

Malenka, 2002). Thus, we tested the role of LRRTM4 in synaptic

insertion of GluA1 in response to a chemical stimulation protocol

that involves selective activation of synaptic NMDA receptors

and results in long-term potentiation (LTP) in cultured hippocam-

pal neurons (Lu et al., 2001). Whereas wild-type dentate gyrus

granule cells showed a significant increase in synaptic immuno-

fluorescence for surface GluA1 after the chemical LTP induction

protocol, LRRTM4�/� dentate granule showed only a small in-

crease that did not constitute a significant difference as

compared with unstimulated cells. Thus, LRRTM4 not only con-

trols excitatory synapse development but also contributes to

activity-regulated synaptic insertion of surface AMPA receptors

in dentate gyrus granule cells.
Excitatory Transmission Is Impaired in LRRTM4–/–

Dentate Gyrus Granule Cells
To test for changes in excitatory synapse function as a conse-

quence of loss of LRRTM4, we performed whole-cell recordings

from dentate gyrus granule cells in hippocampal slices of

LRRTM4�/� and wild-type littermate mice (Figure 8). Miniature

excitatory postsynaptic current (mEPSC) recordings from

LRRTM4�/� neurons revealed a 35% reduction in mEPSC fre-

quency as compared to wild-type control neurons (correspond-

ing to an increased interevent interval, Figure 8B). No significant

difference in mEPSC amplitude was detected (Figure 8C). To

determine whether changes in mEPSC frequency were specific

to dentate gyrus granule cells, we recorded mEPSCs in CA1

pyramidal cells. No significant difference in mEPSC frequency

(Figure 8E) or amplitude (Figure 8F) was detected between

LRRTM4�/� and wild-type littermate CA1 neurons. Thus,

LRRTM4 contributes to development of functional excitatory

synapses selectively in dentate gyrus granule neurons. The

observed reduction in mEPSC frequency but not amplitude is

consistent with the imaging data, indicating a role for LRRTM4

in controlling excitatory synapse density specifically on dentate

gyrus granule neurons.

We next assessed inhibitory synapse function but found no

difference in frequency or amplitude of miniature inhibitory post-

synaptic currents (mIPSCs) in dentate gyrus granule cells in

slices of LRRTM4�/� mice as compared with wild-type mice

(Figure S5). Based on the reduction in excitatory but not inhibi-

tory spontaneous currents, we expected evoked transmission

to be reduced in the absence of LRRTM4. To test this prediction,

input/output curves were generated by stimulating perforant

pathway fibers while recording field excitatory postsynaptic

potential (fEPSP) responses from the dentate gyrus molecular

layer. Indeed, fEPSP slope was significantly reduced in

LRRTM4�/� as compared with wild-type slices (Figures 8F and

8G), indicating reduced evoked transmission. In contrast,

paired-pulse ratio at these synapses showed no difference be-

tween genotypes (Figure 8H), suggesting that LRRTM4 does

not affect release probability, which is again consistent with a

reduction in synapse number in LRRTM4�/� dentate gyrus.

DISCUSSION

We show using overexpression and genetic knockout

approaches that LRRTM4 promotes excitatory synapse devel-

opment. LRRTM4 is highly expressed by dentate gyrus granule

cells, is localized at excitatory postsynaptic sites in all dendritic

laminae, and associates with excitatory postsynaptic scaffold

proteins of the PSD-95 family and AMPA receptors. In

LRRTM4�/� mice, dentate gyrus granule cells but not CA1

neurons show reductions in VGlut1 but not GAD65 immunoreac-

tive inputs and in spine density. LRRTM4�/� dentate gyrus

granule cells in primary culture show deficits in excitatory syn-

apse density and in activity-induced synaptic recruitment of

AMPA receptors. Moreover, loss of LRRTM4 causes a deficit

in excitatory synaptic transmission specifically in dentate gyrus

granule cells and not CA1 pyramidal neurons in acute brain slice.

Loss of LRRTM4 also results in a reduced level of PSD-95 family

proteins in dentate gyrus crude synaptosomes. Thus, LRRTM4
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Figure 5. Axonal HSPGs Are Required for Presynaptic Induction by LRRTM4 in a Coculture Assay
(A) COS7 cells expressingMyc-LRRTM4 or NGL-3-CFP and coculturedwith hippocampal neurons at 13 DIV induced clustering of bassoon in contacting axons at

sites lacking MAP2-positive dendrite contact (arrows). Heparinase treatment during the coculture period blocked presynaptic induction by Myc-LRRTM4

(arrowhead) indicating a requirement for HSPGs, whereas NGL-3-CFP synaptogenic activity was not affected by heparinases (arrow).

(B) Quantitation of the integrated intensity of bassoon immunofluorescence associated with COS7 cells expressing the indicated construct and not associated

with MAP2 when heparinases were included during the coculture period (left) or when neuron-COS7 cell cocultures were pretreated with heparinases and then

grown with an untreated glial feeder layer (right). ANOVA p < 0.0001, *p < 0.001 comparing conditions with or without heparinase treatment for each construct by

Tukey’s multiple comparison test, n = 29 cells each (left) or 13–16 cells each (right).

(C) Similar to the parental L cells, HS-deficient gro2C cells expressing LRRTM4-CFP but not CFP control induced clustering of synapsin in contacting dephospho-

tau-positive axons of cocultured hippocampal neurons at sites lacking MAP2-positive dendrites (MAP2 not shown).

(D) Quantitation of the integrated intensity of synapsin immunofluorescence associated with L cells or gro2C cells expressing the indicated construct and not

associated with MAP2. ANOVA p < 0.0001, *p < 0.001 comparing LRRTM4-CFP with CFP for each cell line by Tukey’s multiple comparison test, p > 0.05

comparing L cells with gro2C cells for LRRM4-CFP, n = 8–15 cells each.

(E) COS7 cells expressing HA-LRRTM4 or NGL-3-CFP and cocultured with hippocampal neurons at DIV14 in the presence of recombinant AP protein induced

clustering of synapsin in contacting axons at sites lacking MAP2-positive dendrites (arrows). Application of a mix of recombinant glypican4-AP and glypican5-AP

during the coculture period reduced presynaptic induction by HA-LRRTM4 (asterisk) but not by NGL-3-CFP (arrow).
(legend continued on next page)
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contributes to excitatory presynapse and postsynapse deve-

lopment. Further, we identify a new family of LRRTM4 ligands,

HSPGs, thus differentiating LRRTM4 from LRRTM1 and

LRRTM2, which bind the LNS domain of neurexins. LRRTM4

can directly bind to multiple glypicans and syndecans, and their

interaction requires the HS chains. Furthermore, HSPGs are

required for presynaptic differentiation induced by LRRTM4,

and levels of HSPGs are reduced in the dentate gyrus of

LRRTM4�/� mice. Thus, different postsynaptic LRRTM family

members function in synapse organization through different pre-

synaptic mechanisms, and the LRRTM4-HSPG complex is

particularly important for proper development of glutamatergic

synapses on dentate gyrus granule cells.

HSPGs have previously been implicated in synapse develop-

ment and function (Van Vactor et al., 2006; Yamaguchi, 2001).

Agrin is a well-known synapse-organizing protein at the

mammalian neuromuscular junction (Wu et al., 2010), and syn-

decan and the glypican Dally-like regulate synapse develop-

ment in different ways at the Drosophila neuromuscular junction

(Johnson et al., 2006). However, the mechanisms of action of

HSPGs at central synapses are less well understood. The major

HSPGs in the brain are the cell surface GPI-anchored glypicans,

the transmembrane syndecans, and the secreted proteins agrin

and perlecan. Syndecan-2 is present at both presynaptic and

postsynaptic sites of glutamatergic synapses (Hsueh et al.,

1998), and postsynaptic syndecan-2 regulates dendritic spine

development (Ethell et al., 2001). Glypican-4 and glypican-6

released from glia cells after phospholipase cleavage were

recently shown to promote GluA1-containing AMPA receptor

surface insertion and functional synapse development in iso-

lated retinal ganglion cells (Allen et al., 2012). All glypicans are

expressed by neurons, thus neuronal glypicans in their cell

surface GPI-anchored or cleaved soluble forms may also

contribute to synapse development. Exostosin Ext1 is an essen-

tial enzyme for the synthesis of the HS chains of HSPGs, and

conditional knockout of EXT1 in late postnatal neurons causes

deficits in excitatory synaptic transmission and a reduction in

surface AMPA receptors (Irie et al., 2012). Acute cleavage of

HS chains does not alter basal transmission in hippocampal

slices but prevents long-term potentiation (Lauri et al., 1999).

Thus, several studies link HSPGs to postsynapse maturation

and plasticity.

In contrast to their role in postsynapse maturation, a function

of HSPGs in central neuron presynapse maturation has so far

not been described, although HSPGs were found to be essential

for the induction of axonal synaptic vesicle clusters by artificial

cationic beads (Lucido et al., 2009). Our findings show that

HSPGs are essential mediators of presynapse induction via their

interaction with the native synapse-organizing protein LRRTM4.

Axonal surface HSPGs were recruited by and are necessary for

presynapse induction by LRRTM4 (Figures 3, 4, and 5).

LRRTM4 directly binds to all HSPGs tested (Figure 2). The

interaction of LRRTM4 with HSPGs requires the HS chains and
(F) Quantitation of the integrated intensity of synapsin immunofluorescence asso

with MAP2. ANOVA p = 0.0002, *p < 0.001 comparing cocultures in the presence

n = 19–20 cells each.

Data are presented as mean ± SEM. Scale bars represent 20 mm in (A) and 10 m
appears to be relatively independent of the glypican or syndecan

backbone. Further studies will be required to determine whether

specific glypicans or syndecans or other HSPGs mediate presy-

napse induction by LRRTM4, and what downstream mecha-

nisms are involved. Among the glypicans (1, 3, 4, and 5) that

were affinity purified on the LRRTM4-Fc matrix, glypican-1 and

glypican-5 are highly expressed by entorhinal cortex inputs to

dentate gyrus granule cells (Ohmi et al., 2011). If the GPI-linked

glypicans act as the functional axonal receptors through which

LRRTM4 induces presynaptic differentiation, their lack of intra-

cellular domains predicts the necessity of additional axonal

surface proteins that interact with glypicans to transduce the

synapse-organizing signal.

Our findings also raise interesting possibilities for modulation

of LRRTM4 function by soluble or postsynaptic HSPGs. The

inhibitory effect of soluble recombinant glypican-AP (Figures

5E and 5F) suggests that native glypican and syndecan ectodo-

mains shed from neurons and glia might inhibit the interaction of

LRRTM4with cell-surface HPSGs and act as negative regulators

of LRRTM4-mediated synapse development. Other secreted

HSPGs such as agrin and perlecan may have similar negative

regulatory roles, unless they can bridge presynaptic and post-

synaptic sites through additional partners. Dendritic syndecans

might also interact with LRRTM4 in cis at postsynaptic sites,

with consequences more difficult to predict.

The reductions in spine density and in VGlut1 input puncta

immunofluorescence in LRRTM4�/� dentate gyrus granule cells

in vivo and the reduced density of PSD-95-positive VGlut1 clus-

ters in cultured LRRTM4�/� dentate gyrus granule cells (Figures

6 and 7) indicate that loss of LRRTM4 results in a reduction in

excitatory synapse density in the dentate gyrus. A corresponding

functional reduction in excitatory synaptic transmission is indi-

cated by the reductions in evoked transmission and in mEPSC

frequency in LRRTM4�/� dentate gyrus granule cells (Figure 8).

The absence of any effect of the LRRTM4 loss on mEPSC ampli-

tude parallels the normal basal levels of surface GluA1 found at

the remaining synapses of dentate gyrus granule cells cultured

from the LRRTM4�/� mice.

The reduction in activity-induced synaptic recruitment of

GluA1 in the absence of LRRTM4 indicates additional roles for

the LRRTM4-HSPG complex in postsynaptic plasticity. It is

tempting to speculate that the observed reduction in PSD-95

family proteins (Figures 6D and 6E), which have been intensively

studied for their roles in regulating AMPA receptor function and

trafficking in other systems (Elias et al., 2008; Xu, 2011), may

mediate this change in regulated AMPA receptor trafficking

upon loss of LRRTM4. Consistent with our data (Figure 1C),

LRRTM4 was recently isolated as one of about two dozen pro-

teins that copurify with native AMPA receptors (Schwenk et al.,

2012). Among these, LRRTM4 was not a stable core component

of AMPA receptor complexes, but rather the association with

AMPA receptors was dependent upon the assay conditions.

Such labile association is consistent with a role of LRRTM4 in
ciated with COS7 cells expressing the indicated construct and not associated

of AP and glypican-AP for each construct by Tukey’s multiple comparison test,

m in (C) and (E).
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Figure 6. LRRTM4–/– Mice Show Altered Molecular Composition and Impaired Excitatory Presynapse Development in Dentate Gyrus

(A) Western blot confirmation of loss of LRRTM4 protein in LRRTM4�/� mouse brain homogenate.

(B and C) Immunofluorescence for LRRTM4 confirmed loss of protein in dentate gyrus molecular layers in LRRTM4�/� mice. Confocal immunofluorescence

images for synapsin and the nuclear marker DAPI revealed normal hippocampal morphology and large-scale synaptic organization in LRRTM4�/� (KO) as

compared with wild-type (WT) mice.

(D) Western blotting of crude synaptosomal fractions from dentate gyrus of 6- to 7-week-old LRRTM4�/� and wild-type control mice reveal that excitatory

postsynaptic scaffolding PSD-95 family molecules (using an antibody that recognizes PSD-95, PSD-93, SAP102, and SAP97) but not inhibitory scaffolding

molecule gephyrin are reduced in LRRTM4�/� mice. Overall HSPGs revealed with an antibody against the glycosaminoglycan stub region after heparinase

treatment, as well as the glypican GPC2 and syndecan SDC4, are also reduced in LRRTM4�/� mice.

(E) Quantitation of western blots in (D), normalized to b-actin loading controls. *p < 0.05, **p < 0.01, t test, n = 4 mice per genotype.

(F and H) High-resolution confocal images revealed a reduction in punctate immunofluorescence for VGlut1 in the dentate gyrus molecular layer but not in CA1

stratum oriens in LRRTM4�/� mice as compared with wild-type at 6 weeks postnatal. No difference was observed in the inhibitory presynapse marker GAD65 by

double labeling of the same regions.

(G and I) Quantitation of VGlut1 andGAD65 punctate integrated intensity per tissue area.Within the dentate gyrus outermolecular layer, L andM indicate themore

distal or proximal regions that receive inputs from the later or medial entorhinal cortex, respectively. ANOVA p < 0.0001, #p < 0.001 comparing LRRTM4�/� and

littermate wild-type mice for each region by Tukey’s multiple comparison test, n = 5–6 mice each after averaging data from 6 sections per mouse.

Data are presented as mean ± SEM. Scale bars represent 500 mm in (B) and (C) and 10 mm in (F) and (H).
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the activity-regulated recruitment of AMPA receptors to synap-

ses as indicated by our data.

All our evidence indicates a role for LRRTM4 exclusively at

excitatory postsynaptic sites in a cell-type-specific manner.

LRRTM4 promotes only excitatory and not inhibitory presy-

napse differentiation both in coculture assays (Linhoff et al.,

2009) and upon overexpression in neurons (Figure S1). YFP-

LRRTM4 expressed in cultured neurons localizes exclusively

to excitatory postsynaptic sites, and we observed very high
690 Neuron 79, 680–695, August 21, 2013 ª2013 Elsevier Inc.
levels of LRRTM4 protein at excitatory postsynaptic sites

throughout the dentate gyrus inner and outer molecular layers

(Figure 1). LRRTM4 was not detected in the mossy fiber axonal

output region of dentate gyrus granule cells. The abundance of

LRRTM4 in dentate gyrus molecular layers is consistent with

the high-level expression of LRRTM4 mRNA by dentate gyrus

granule cells (Laurén et al., 2003; Lein et al., 2007). Further-

more, and consistent with the expression of LRRTM4 by den-

tate gyrus granule cells but not CA1 neurons, we found



Figure 7. LRRTM4 Contributes to Excitatory Postsynapse Development and AMPA Receptor Trafficking in Dentate Gyrus Granule Cells

(A) Golgi staining revealed a reduced density of dendritic spines along dentate granule cells in the outer molecular layer in LRRTM4�/� (KO) mice as compared

with wild-type (WT) mice at 6 weeks postnatal. No differences were observed between genotypes along hippocampal CA1 neurons in stratum oriens.

(B) Quantitation of dendritic spine density along dentate granule cell dendrites in the outermolecular layer input region from themedial entorhinal cortex and along

CA1 pyramidal cell dendrites in stratum oriens. ***p < 0.0001 comparing WT and KO by Student’s t test, n = 58–109 dendrites each from 3 mice.

(C–G) In hippocampal neuron cultures prepared from LRRTM4�/� and wild-type mice and analyzed at 13–16 DIV, strong calbindin immunoreactivity and

distinctive dendritic morphology were used to distinguish dentate granule cells (left cell in C) from pyramidal cells.

(D) LRRTM4�/� calbindin-positive dentate granule cell dendrites showed a slight reduction in density of puncta for PSD-95 and VGlut1 as compared with wild-

type neurons. No difference between genotypes was observed in calbindin-negative pyramidal cell dendrites.

(E) Quantitation of excitatory synapse density assessed as VGlut1-positive PSD-95 clusters in cultured neurons. *p < 0.05 comparing LRRTM4�/� and littermate

wild-type by Student’s t test, n = 40 cells each from 2 independent cultures.

(F) Basal levels of synaptic surface GluA1 on dentate gyrus granule cells identified by morphology and calbindin immunoreactivity (data not shown) did not differ

between genotypes. However, a chemical LTP (cLTP) protocol involving selective stimulation of synaptic NMDA receptors induced a greater increase in synaptic

surface GluA1 in LRRTM4�/� than in littermate wild-type dentate gyrus granule cells.

(G) Quantitation of average intensity of synaptic (defined here as colocalized with PSD-95) surface-labeled GluA1. ANOVA p < 0.005, **p < 0.01 comparing wild-

type control with wild-type cLTP group by Tukey’s multiple comparison test (p > 0.05 comparing LRRTM4�/� control with LRRTM4�/� cLTP group, also p > 0.05

comparing wild-type control with LRRTM4�/� control group), n = 31–34 cells each from 3 independent cultures.

Data are presented as mean ± SEM. Scale bars represent 5 mm in (A) and (D), 10 mm in (C), and 10 mm in (F).

See also Figure S5.
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reductions in dendritic spine density and VGlut1 inputs in den-

tate gyrus molecular layers but not in CA1 stratum oriens of

LRRTM4�/� mice (Figures 6 and 7). Similarly, only dentate gy-

rus granule cells showed a reduction in excitatory synapse den-
sity in hippocampal cultures from LRRTM4�/� mice as

compared to wild-type mice. Consistent with the reductions

in excitatory synapse density, mEPSC but not mIPSC fre-

quency in LRRTM4�/� mice was reduced in dentate gyrus
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Figure 8. LRRTM4–/– Dentate Gyrus Granule Cells Are Deficient in Excitatory Synaptic Transmission

(A) Representative mEPSC recordings from dentate granule cells in acute hippocampal slices from LRRTM4�/� (KO) and littermate wild-type (WT) mice.

(B and C) Cumulative distributions of mEPSC interevent intervals (B) and amplitudes (C) in LRRTM4�/� and littermate wild-type dentate gyrus granule neurons

(wild-type, represented in black; LRRTM4�/�, represented in red). Insets display mean ± SEM for mEPSC frequency (B) and amplitude (C), respectively. mEPSC

frequency was significantly reduced in LRRTM4�/� neurons, whereas no differences in amplitude were observed. **p < 0.01 by Student’s t test, n = 8 cells each.

(D) Representative mEPSC recordings from CA1 pyramidal cells from LRRTM4�/� (n = 9) and littermate wild-type (n = 11) hippocampal slices.

(E and F) No significant differences were detected in either mEPSC frequency (E) or amplitude (F) consistent with intact excitatory synaptic transmission in CA1.

(G) Representative fEPSPs from wild-type and LRRTM4�/� dentate gyrus in response to increasing stimulation intensity of perforant path inputs.

(H) Input/output curves reveal differences in basal-evoked synaptic responses. fEPSP slopewas significantly reduced in LRRTM4�/� relative to wild-type slices at

higher (>20 mA) stimulation intensities (*p < 0.05, t test, n = 10 slices per group).

(I) Paired-pulse facilitation was unchanged in the LRRTM4�/� mouse dentate gyrus. Data are presented as mean ± SEM.

See also Figure S6.
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granule cells but not in CA1 neurons (Figures 8 and S6). In

contrast, LRRTM1 and LRRTM2 contribute to excitatory

synapse development on CA1 pyramidal neurons (Soler-Llavina

et al., 2011). LRRTM4 is also expressed outside the hippocam-
692 Neuron 79, 680–695, August 21, 2013 ª2013 Elsevier Inc.
pus, including in the anterior olfactory nucleus, superficial

cortical layers, and striatum. Thus, the LRRTM4-HSPG com-

plex is likely to contribute to synapse development and function

in multiple discrete regions.
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Like neuroligins, neurexins, and LRRTMs (Francks et al., 2007;

Michaelson et al., 2012; Pinto et al., 2010; Südhof, 2008), HSPGs

have been linked to cognitive disorders, particularly to autism.

Truncating frameshift mutations in EXT1, the gene that encodes

the essential enzyme for HS biosynthesis, were found in autism

patients (Li et al., 2002). Furthermore, a mouse model of late

postnatal deletion of EXT1 in forebrain glutamatergic neurons

exhibits impairments in synaptic function along with stereotyped

behaviors and deficits in social interaction and ultrasonic vocal-

ization (Irie et al., 2012). Based on this information, we propose

that changes in synapse development and synaptic transmission

in response to alterations in either LRRTM4 or its presynaptic

partner HSPG may contribute to cognitive disorders in rare

cases. Our results identifying cell-type-specific functions and

distinct presynaptic molecular pathways for different LRRTM

family members reveal an unexpected complexity in the design

of synapse-organizing protein networks and emphasize the

importance of studying region-specific roles of individual gene

products in brain function and dysfunction.

EXPERIMENTAL PROCEDURES

Further details are provided in the Supplemental Experimental Procedures.

Cell Culture, Recombinant Protein Production, and Cell Binding

Assays

Dissociated rat or mouse primary hippocampal neuron cultures were prepared

from embryonic day 18 rat embryos essentially as described before in Kaech

and Banker (2006) and She and Craig (2011). Rat neurons were plated at a final

density of 300,000 cells, while mouse neurons were plated at a final density of

500,000 cells per dish. For neuron coculture assays, either untransfected neu-

rons or neurons transfected with 4–5 mg DNA at DIV0 using nucleofection

(AMAXA Biosystems) and seeded at a density of one million per 60 mm dish

were used for coculture assays as described in Graf et al. (2004). For heparin-

ase treatment of COS7-neuron cocultures, coverslips were incubated with or

without the glial feeder layers in conditioned media for 20–24 hr with or without

0.2 to 0.4 U/ml each of Heparinase I, II, and III cocktail. Soluble Fc or AP fusion

proteins were prepared from stable or transiently expressing HEK293T cells.

Cell binding assays were performed in EGB buffer (containing 168 mM NaCl,

2.6 mM KCl, 10 mM HEPES [pH 7.2], 2 mM CaCl2, 2 mM MgCl2, 10 mM

D-glucose, and 100 mg/ml BSA) at 4�C essentially as described in Siddiqui

et al. (2010). Binding assays with Myc-GPC5-AP or Myc-GPC5DGAG-AP

were carried out with or without heparinase treatment.

Brain Affinity Chromatography

Brain affinity chromatography was performed with a crude synaptosomal frac-

tion and followed a protocol similar to one described previously in Sugita et al.

(2001). Protein G-Sepharose containing LRRTM4-Fc or Fc control was incu-

bated with the synaptosomal extract overnight at 4�C, washed in extraction

buffer, and sequentially eluted in extraction buffer containing 0.2 M NaCl,

0.5 M NaCl, 1.0 M NaCl, 1.0 M NaCl + 5 mM EGTA, and 0.2 M glycine

(pH 2.4), neutralized by Tris-HCl (pH 8.6) after elution. Eluted proteins were

precipitated with 20%TCA overnight at 4�C,washedwith cold acetone, resus-

pended in sample buffer, and analyzed by SDS-PAGE gel followed by Sypro-

ruby stain. Appropriate bands present in the LRRTM4-Fc eluate but not in the

Fc eluate from the 0.5 M NaCl elution were excised and analyzed by LC-MS

mass spectrometry.

Generation of LRRTM4–/– Mice

All animal experiments were compliant with government and institutional

guidelines. The targeting vector was generated by the recombineeringmethod

(Liu et al., 2003) from a 129S7 bMQ BAC clone, specifically bMQ30G17 from

the Sanger Institute (Adams et al., 2005), and was confirmed by sequencing.
The targeting vector contains a LoxP site and a neomycin cassette flanked

by Frt sites, replacing the major coding exon, Exon2, and a herpes simplex

virus thymidine kinase expression cassette for negative selection. Targeting

vector linearized by NotI was electroporated into 129/Ola embryonic stem

(ES) cells for homologous recombination (Augustin et al., 1999; Thomas and

Capecchi, 1987). Positive selection of ES cells was in the presence of G418

and negative selection against random integration by Gancyclovir. Homolo-

gous recombination was verified by Southern blot analysis with a probe 50 to
the targeting vector. Positive ES cells were further expanded and a single

Neo cassette insertion was verified by Southern blotting against a probe for

the Neo cassette after two independent restriction digestions, by EcoRV and

BglII. Positive clones were injected into C57BL/6J blastocysts, which were

implanted into surrogate female mice. Founder chimeras were backcrossed

six to seven generations with C57BL/6J mice. Genotypes were regularly as-

certained by PCR analysis.

Immunocytochemistry and Tissue Immunofluorescence

Neurons, COS7 cells, and cocultures were fixed for 12–15 min with warm 4%

formaldehyde and 4% sucrose in PBS (pH 7.4) followed by permeabilization

with 0.25% Triton X-100, except where live staining or staining of unpermea-

bilized fixed cultures was used. Live stainings were followed by fixation with

warm 4% formaldehyde/4% sucrose in PBS (pH 7.4). Fixed cultures were

then blocked in 10% BSA in PBS for 30 min at 37�C and primary antibodies

applied in 3% BSA in PBS. After overnight incubation at 4�C, the coverslips

were washed with PBS and incubated in secondary antibodies in 3% BSA in

PBS for 1 hr at 37�C. The coverslips were then washed andmounted in elvanol

(Tris-HCl, glycerol, and polyvinyl alcohol, with 2% 1,4-diazabicyclo[2,2,2]

octane).

Immunofluorescence studies on coronal cryostat sections 20 mm thick at

hippocampal level were performed on 6-week-old perfused LRRTM4�/� and

littermate wild-type male mice. Fresh frozen sections were fixed by incubating

in cold methanol for 10 min or for 7 min in 4% formaldehyde/4% sucrose and

then blocked for 1 hr, followed by successive incubations with primary and

secondary antibodies.

Immunoblotting

For all samples, protein concentrations were normalized and run on 10%

polyacrylamide gels. Gels were transferred onto Immobilon P membranes

(Millipore), which were blocked in 5% skim milk in Tris-buffered saline/0.05%

Tween-20or 5%BSA inPBSand incubatedprimaryantibodies followedbysec-

ondary antibodies. Immunoblots were detected using the SuperSignal Chemi-

luminescent kit (ThermoScientific) and a Bio-Rad gel documentation systemor

the Odyssey Li-COR fluorescence infrared system (Li-COR Bioscience).

Immunoprecipitation

Mouse brain crude synatosomal fraction was solubilized in Complexiolyte-48

(Logopharm). The protein amount was adjusted to 1–1.5 mg/ml, and the insol-

uble material was removed by centrifugation for 30 min at 22,0003 g. Purified

antibody or antisera corresponding to 5 mg IgG per ml solution was added, and

incubation was carried out for 4–6 hr at 4�C. Protein G-Sepharose suspension,

50 ml (GE Healthcare), was added and incubated overnight. The beads

were collected by centrifugation and washed four times in Complexiolyte-48

dilution buffer before elution with sample buffer containing SDS and

b-mercaptoethanol.

Golgi Staining

Golgi stainings for determining the spine density of different hippocampal

regions were done using the FD Rapid GolgiStain Kit (FD NeuroTechnologies),

essentially as recommended by the manufacturers. Spines were counted

manually on a specific dendrite all the while altering the focal plane, and an

image of the dendrite analyzed was acquired to determine its length.

Electrophysiological Studies

Whole-cell and extracellular recordings were performed with a MultiClamp

700B amplifier using WinLTP software. Using a Cs-methanesulfonate-based

intracellular solution, mEPSCs were recorded under voltage clamp at

�60 mV in the presence of tetrodotoxin (TTX) and bicuculline. Frequency
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and amplitude were analyzed using MiniAnalysis software. GraphPad InStat

and SigmaPlot were used for statistical analyses. Extracellular recordings

to measure paired-pulsed facilitation and input-output responses were con-

ducted in dentate gyrus molecualr layer while stimulating perforant path

fibers. The initial slope of the fEPSP was measured to quantify synaptic

strength (Johnston and Wu, 1995).
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