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SUMMARY

An important organizing feature of the CNS is that
individual neurons receive input from many different
sources. Independent regulation of synaptic input is
critical for the function and adaptive responses of
the nervous system, but the underlying molecular
mechanisms are not well understood. We identify
the leucine-rich repeat (LRR)-containing protein
NGL-2 (Lrrc4) as a key regulator of input-specific
synapse development in the hippocampus. Using
genetic deletion and shRNA-mediated knockdown,
we demonstrate a role for NGL-2 in regulating the
strength of synaptic transmission and spine density
specifically at Schaffer collateral synapses in the
stratum radiatum (SR) in CA1. NGL-2 protein is
restricted to SR and spine regulation requires NGL-
2’s LRR and PDZ-binding domains. Finally, loss of
NGL-2 disrupts cooperative interactions between
distal and proximal synapses in CA1 pyramidal cells.
These results demonstrate that NGL-2 is critical for
pathway-specific synapse development and func-
tional integration of distinct inputs.

INTRODUCTION

The developing brain faces the challenge of wiring up billions

of synapses that can vary significantly in their anatomy and

functional properties depending on the identity of the pre- and

postsynaptic cell types. In area CA1 of the hippocampus, CA3

Schaffer collateral (SC) axons target proximal dendrites, while

temporoammonic (TA) axons from entorhinal cortex (EC) target

the distal dendrites. Furthermore, the relative organization of

these two classes of excitatory synaptic input has important

consequences for how the dendrite processes incoming infor-

mation to generate a specific output (Remondes and Schuman,

2002; Spruston, 2008). Such convergence of distinct classes of

inputs onto a given cell is a general theme of the CNS. In order

to generate specific patterns of connectivity between varieties

of cell types, the brain must have precise control over the

formation of each class of synapse, but the molecular mecha-

nisms underlying this organization are only beginning to be
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understood. In this study, we demonstrate that the leucine-

rich repeat (LRR)-containing protein netrin-G ligand-2 (NGL-2/

Lrrc4) is critical for input-specific synapse development in

CA1 pyramidal cells.

The family of LRR proteins has recently generated attention

for its role as synaptic organizer proteins (de Wit et al., 2011).

For instance, LRRTM1 and LRRTM2 (de Wit et al., 2009; Ko

et al., 2009; Linhoff et al., 2009; Siddiqui et al., 2010) were

identified as synaptogenic proteins that interact with presyn-

aptic neurexins. The family of LRR-containing proteins is large

(Dolan et al., 2007) and many of these proteins have striking

expression patterns throughout the brain, suggesting that

they might regulate specific subsets of synapses. Thus, LRR

family diversity may play an important role in generating the

large variety of synapses and precise connectivity seen in the

vertebrate brain. To date though, most studies of these

proteins have been carried out in vitro, in which it is difficult

to identify classes of synapses, so our understanding of how

they regulate specific synapses in the intact brain remains

limited. In order to understand how members of the LRR family

of proteins might contribute to the development of specific

synaptic connections, it is critical to examine the role of

LRR proteins in vivo. In this study, we explore the role of the

LRR-containing protein NGL-2 in specifically regulating the

differentiation and function of Schaffer collateral synapses in

hippocampal area CA1.

NGL-2 is an LRR-containing synaptic protein that interacts

with PSD-95 (Kim et al., 2006). NGL-2 along with NGL-1 and

NGL-3 comprise an LRR subfamily and each member has

a known interaction with a presynaptic binding partner. NGL-

1 and NGL-2 have isoform-specific interactions with axonal

glycosylphosphatidylinositol (GPI)-anchored netrin-G1 and

netrin-G2, respectively (Kim et al., 2006; Lin et al., 2003), while

NGL-3 interacts with the leukocyte common antigen-related

(LAR) protein (Woo et al., 2009b). NGL-2 was found to be syn-

aptogenic and to regulate structural and functional excitatory

synapse development in vitro (Kim et al., 2006). Although

NGL mRNA is expressed widely (Kim et al., 2006), mRNA

expression of their unique presynaptic binding partners is

limited to discrete brain areas (Kwon et al., 2010; Nakashiba

et al., 2002; Yin et al., 2002). In the hippocampus, NGL-1 and

netrin-G1 proteins are restricted to stratum lacunosum molec-

ulare (SLM), whereas NGL-2 and netrin-G2 are restricted to

stratum radiatum (SR) (Niimi et al., 2007; Nishimura-Akiyoshi

et al., 2007), suggesting that these ligand-receptor pairs
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Figure 1. Loss of NGL-2 Does Not Disrupt

Gross Morphological Development or

Axon Targeting in the Hippocampus

(A) Cartoon illustrates hippocampal and para-

hippocampal areas of interest. In situ hybridiza-

tions with antisense NGL-2 and netrin-G2 probes

in horizontal sections from P7 (top) and P14

(bottom) rat brain.

(B) Western blot for NGL-2 and bIII-tubulin protein

lysed from crude membranes prepared from wild-

type and NGL-2 knockout littermate brains.

(C) Immunohistochemistry using antibodies

against NeuN, MAP2, and Neurofilament in

coronal sections from WT and NGL-2 KO mouse

hippocampus. Scale bar represents 50 mm.

(D) DiI crystals were placed in CA3 (left) or in the

entorhinal cortex (right) of WT and NGL-2 KO

mice. Labeled axons were imaged in coronal

sections from the hippocampus after 2.5–4weeks.

Scale bar represents 20 mm. See also Figure S1.
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interact in distinct dendritic domains of CA1 pyramidal neu-

rons. The laminar NGL expression patterns become diffuse in

Netrin-G knockout mice (Nishimura-Akiyoshi et al., 2007), sug-

gesting that axonal Netrin-Gs may restrict NGLs to specific

dendritic compartments.

Here we investigate the role of NGL-2 in regulating specific

classes of synapses onto CA1 pyramidal cells. CA1 neurons

receive inputs from entorhinal cortex and CA3 neurons in distinct

dendritic domains. Whereas temporoammonic axons from the

entorhinal cortex make synapses onto the distal dendrites of

CA1 neurons in the SLM, CA3 Schaffer collateral axons provide

more proximal input to CA1 neurons in the SR. We find that

NGL-2 expression in CA1 neurons selectively regulates the

strength of excitatory transmission at synapses in the SR,

without affecting transmission in the SLM. Loss of NGL-2 results

in a decrease in the frequency of miniature excitatory postsyn-

aptic currents (mEPSCs) as well as a complementary decrease

in spine density in CA1 neurons that is restricted to dendrites

in the SR. Structure-function analyses revealed that both the

LRR domain and the PDZ-binding domain of NGL-2 are involved

in mediating the pathway-specific effects of NGL-2. Consistent

with these cellular effects, loss of NGL-2 disrupts cooperative

interactions between distal and proximal synapses, resulting in

impaired CA1 pyramidal cell spiking. Our study reveals a critical

function for NGL-2 in regulating pathway-specific synapse

development, which affects the integration of parallel excitatory

inputs in CA1 neurons.

RESULTS

Analysis of NGL-2 in the Developing Hippocampus
To determine whether NGL-2 and its binding partner netrin-G2

were expressed in the developing brain, we carried out in situ

hybridization on sections from rat brain at postnatal day 7 (P7)
Neuron 76, 762–775, N
and P14. NGL-2 was expressed widely

throughout the neocortex and hippo-

campus, while its presynaptic interactor
netrin-G2 was expressed in discrete cell populations during

the synaptogenic period between P7 and P14 (Figure 1A). Impor-

tantly, netrin-G2 was expressed in CA3 but not in neurons in

layer 3 of entorhinal cortex that project to CA1 (see Figure S1B

available online). Interestingly, NGL-1 was highly expressed in

all layers of hippocampus and neocortex, but netrin-G1 dis-

played a restricted expression pattern (Figure S1A). In contrast

to netrin-G2, netrin-G1 was highly expressed in layer 3 of the

entorhinal cortex but was absent from CA3. (Figure S1B). Impor-

tantly, all of these mRNA expression patterns are consistent

with reported protein expression patterns (Nishimura-Akiyoshi

et al., 2007). Thus, we hypothesized that NGL-2 might specifi-

cally regulate the development of CA3-CA1 synapses.

To examine the role of endogenous NGL-2 in regulating the

development and function of hippocampal synapses, we ob-

tained and analyzed NGL-2 knockout mice in which the entire

coding exon of the NGL-2 gene was deleted (Zhang et al.,

2008). To confirm loss of NGL-2 protein in knockout mice, we

prepared crude membrane lysates from P25 wild-type (WT)

and NGL-2 knockout (KO) mice and analyzed them by SDS-

PAGE, followed by detection with a mouse monoclonal anti-

NGL-2 antibody that targets a portion of the C-terminal domain

(aa 550–662). A strong band was detected near 98 kDa in the

WT brains but was absent from the KO brains (Figure 1B), con-

firming loss of NGL-2 protein.

To determine whether the cytoarchitecture of the hippo-

campus remained intact in the absence of NGL-2, we performed

immunohistochemical analysis using antibodies to label neu-

ronal nuclei (NeuN), dendrites (MAP2), or axons (Neurofilament).

We found that gross hippocampal anatomy was comparable

between wild-type and knockout mice (Figure 1C).

Because netrin-G2 is specifically expressed in Schaffer collat-

eral axons (Nishimura-Akiyoshi et al., 2007), we wanted to

determine whether loss of NGL-2 affected axon targeting to
ovember 21, 2012 ª2012 Elsevier Inc. 763
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Figure 2. NGL-2 Regulates the Strength of Transmission and Spine Density at Subsets of Excitatory Synapses in CA1

(A) Schematic of field recording configuration in CA1. Bipolar stimulating electrodes were placed in the stratum radiatum and stratum lacunosum moleculare.

Glass recording electrodes filled with ACSF were placed nearby in the same layer to measure the fiber volley and field response in each pathway.

(B) NGL-2 knockout mice have a decreased normalized fEPSP slope in stratum radiatum (WT = 1.14 ± 0.05, n = 15; KO = 0.82 ± 0.08; n = 16; p < 0.01, Student’s

t test).

(C) There is no difference between the normalized fEPSP slope in SLM (WT = 0.82 ± 0.10, n = 10; KO = 0.86 ± 0.05, n = 7; p = 0.79, Student’s t test).

(D) Example recordings of miniature excitatory postsynaptic currents in wild-type andNGL-2 knockout mice shown on compressed (top) and expanded (bottom)

timescales.

(E and F) KO animals have a significantly greater interevent interval (WT = 4.26 ± 0.59 s, n = 17; KO = 7.41 ± 13 s, n = 13; p < 0.05, Student’s t test) (E) but

mEPSC amplitude is unchanged (WT = 13.37 ± 0.89 pA, n = 17; KO = 13.85 ± 0.93 pA, n = 13; p = 0.71, Student’s t test) (F).

(G) NGL-2 KO mice exhibit reduced spine density in CA1 dendrites spanning stratum radiatum (WT: 1.27 ± 0.39 protrusions/mm, n = 32; KO: 0.927 ±

0.04 protrusions/mm, n = 16; p < 0.001, Student’s t test).

(H) NGL-2 KO mice exhibit no significant difference in spine density in SLM compared to WT littermates (WT: 1.07 ± 0.10 protrusions/mm, n = 8; KO: 1.07 ±

0.95 protrusions/mm, n = 11; p = 0.95, Student’s t test). All summary statistics are reported as mean ± SEM.
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CA1. To do so, we placed DiI crystals in CA3 or in the entorhinal

cortex in fixed wild-type andNGL-2 knockout brains (Figure 1D).

The hippocampus was sectioned and imaged to determine

whether axons invading CA1 maintained their laminar targeting.

In both wild-type and knockout conditions, Schaffer collateral

axons were restricted to the stratum radiatum and temporoam-

monic axons from EC were restricted to the stratum lacunosum

moleculare (Figure 1D), indicating that NGL-2 does not affect

laminar axon targeting in CA1. Based on the unique expression

pattern of netrin-G2 and the fact that NGL-2 does not affect

axon guidance, we initiated a series of experiments to determine

whether NGL-2 regulates the development of specific subsets of

synapses in CA1.
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NGL-2 Selectively Regulates Excitatory Transmission at
Schaffer Collateral Synapses in CA1 Stratum Radiatum
To determine whether NGL-2 has a general or specific role in

regulating synapses, we recorded field excitatory postsynaptic

potentials (fEPSPs) in CA1 in acute slices prepared from P13–

P16 NGL-2 KO mice and wild-type littermates. Recording and

stimulating electrodes were placed in the SR and SLM (Fig-

ure 2A). We were confident that we were stimulating the path-

ways in isolation because stimulation of SC axons caused

a downward deflection (sink) in the SR field recording, while

stimulation of TA axons caused an upward deflection (source)

and vice-versa for the SLM field recordings (data not shown).

Dendritic field responses were recorded in each pathway at
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Figure 3. Loss of NGL-2 Does Not Affect

AMPA/NMDA Ratio or Short-Term Facilita-

tion in CA1

(A) Schematic of CA1 dual pathway recording

experiments. Whole-cell recordings were per-

formed from CA1 pyramidal cells in WT andNGL-2

KO littermates while stimulating the SR and SLM in

an alternating manner.

(B) Loss of NGL-2 does not affect short-term

facilitation in CA1. Trains of five pulses were

delivered to SR or SLM at 5, 10, or 20 Hz. Example

traces show trains at 20 Hz. At 20 Hz, there was no

difference in the amplitude of the normalized

EPSCs in a train of five stimuli in WT versus KO

(EPSC2:WT=2.25± 0.13, n =19;KO=2.01±0.20,

n = 13; p = 0.30; EPSC 3: WT = 2.89 ± 0.31, n = 8;

KO = 2.80 ± 0.51, n = 7; p = 0.88; EPSC 4: WT =

3.06 ± 0.38, n = 8; KO = 3.20 ± 0.76, n = 6; p = 0.86;

EPSC 5: WT = 3.57 ± 0.60, n = 8; KO = 2.99 ± 0.68,

n = 6; p = 0.53, Student’s t test). There was no dif-

ference in the facilitation ratio of EPSC5/EPSC1 in

5, 10, or 20 Hz trains inWT versus KO (50ms:WT =

4.57 ± 0.60, n = 8; KO = 4.10 ± 0.59, n = 7; p = 0.58;

100ms:WT = 4.28 ± 0.74, n = 10; KO = 3.84 ± 0.37,

n = 10; p = 0.59; 200 ms: WT = 2.98 ± 0.21, n = 12;

KO = 2.93 ± 0.14, n = 9; p = 0.85, Student’s t test).

(C) Loss of NGL-2 also does not affect AMPA/NMDA ratio in SR (WT = 0.85 ± 0.06, n = 21; KO = 0.92 ± 0.16, n = 16; p = 0.57, Student’s t test).

(D) NGL-2 does not regulate short-term facilitation at SLM synapses in CA1. At 20 Hz, there was no difference in the amplitude of the normalized EPSCs in a train

of five pulses (EPSC 2: WT = 1.70 ± 0.13, n = 18; KO = 1.96 ± 0.13, n = 18; p = 0.18; EPSC 3: WT = 3.89 ± 1.19, n = 6; KO = 3.13 ± 0.40, n = 7; p = 0.53; EPSC 4:

WT = 4.33 ± 0.91, n = 8; KO = 3.42 ± 0.61, n = 7; p = 0.43; EPSC 5: WT = 3.34 ± 0.94, n = 6; KO = 3.28 ± 0.63, n = 7; p = 0.95, Student’s t test). NGL-2 also does not

affect the facilitation ratio in 5, 10, or 20 Hz trains of stimuli to the SLM (50 ms:WT = 4.34 ± 0.94, n = 6; KO = 4.28 ± 0.63, n = 7, p = 0.95; 100ms: WT = 3.45 ± 0.44,

n = 8; KO = 3.47 ± 0.46, n = 7; p = 0.97; 200 ms: WT = 2.93 ± 0.34, n = 8; KO = 2.52 ± 0.21, n = 8; p = 0.32, Student’s t test).

(E) SLM AMPA/NMDA ratio was unaffected in the NGL2 KO (WT = 1.19 ± 0.12, n = 18; KO = 1.32 ± 0.12, n = 19; p = 0.42, Student’s t test). All summary statistics

are reported as mean ± SEM.
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three to five different stimulation intensities. Remarkably, we

found that normalized SR field responses in NGL-2 null mice

were significantly reduced compared to controls (Figure 2B),

but SLM responses were not affected (Figure 2C), indicating

that NGL-2 exerts a pathway-specific effect on synaptic trans-

mission in CA1 neurons.

To determine whether NGL-2 regulates the function of indi-

vidual synapses, we recorded mEPSCs from CA1 pyramidal

cells in acute slices prepared from wild-type and NGL-2

knockout mice (Figure 2D). Voltage-clamp recordings at

�70mV in the presence of tetrodotoxin (TTX) indicated that

loss of NGL-2 caused a significant decrease in frequency of

mEPSCs (Figure 2E) without affecting mEPSC amplitude (Fig-

ure 2F). Thus, NGL-2 appears not to affect the postsynaptic

response of individual synapses but more likely acts by regu-

lating synapse density or release probability in the stratum radi-

atum, which would affect mEPSC frequency.

Since excitatory synapses tend to form on spine heads in CA1

(Fiala et al., 1998), we analyzed spine density in wild-type and

knockout mice to determine whether there was an anatomical

correlate to the reduction in mEPSC frequency we observed.

To do so, we filled CA1 neurons in fixed sections with fluorescent

dye and analyzed spine density in dendritic segments in SR and

SLM. We found that the NGL-2 knockout mice exhibited

a specific decrease in spine density in SR (Figure 2G) but no

change relative to WT in SLM (Figure 2H). In combination with

our functional data, these findings demonstrate that NGL-2
specifically regulates spine and synapse density in stratum

radiatum.

To investigate whether loss of NGL-2 alters the probability of

release, we measured short-term plasticity properties at

synapses in both the SR and the SLM of wild-type and knockout

mice. Whole-cell recordings were performed from CA1 pyra-

midal cells clamped at �70mV while stimulating electrodes

were placed in the SR and SLM (Figure 3A). Trains of five

stimuli were delivered at 5, 10, and 20 Hz. No difference in the

normalized amplitude of EPSCs throughout the train or in the

facilitation ratio between the first and the fifth peaks was de-

tected between wild-type and knockout mice for any interval in

either pathway (Figures 3B and 3D), suggesting that NGL-2

does not regulate the probability of release. Together with the

change in mEPSC frequency, these data support the hypothesis

that NGL-2 primarily acts postsynaptically to regulate synapse

density.

To determine whether NGL-2 regulates the complement of

AMPA- and NMDA-type glutamate receptors at synapses, we

measured the ratio of AMPA to NMDA receptor-mediated

currents at synapses in the SR and SLM. In these experiments,

we performed whole-cell recordings from CA1 pyramidal cells

while stimulating axons in SR and SLM in an alternating manner

(Figure 3A). We clamped the membrane potential at �70mV

to isolate AMPA receptor-mediated currents and then depolar-

ized the cell to +40mV to measure the compound EPSC.

We analyzed the amplitude of the NMDA receptor-mediated
Neuron 76, 762–775, November 21, 2012 ª2012 Elsevier Inc. 765
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Figure 4. shNGL2 Causes a Reduction in

AMPAR- and NMDAR-Mediated Currents

Selectively in the Stratum Radiatum in CA1

(A) Control and shNGL-2 plasmids were coex-

pressed with mycNGL2, mycNGL2*, and

mycNGL1 in HEK293T cells. NGL expression was

analyzed by western blot.

(B) LV-control virus or LV-shNGL2 virus was

expressed in cultured cortical neurons from

DIV6–DIV9. mRNA was isolated and analyzed by

qPCR. mRNA levels normalized to GAPDH

for NGL2 (LV-control virus 0.96 ± 0.07, n = 3;

LV-shNGL2 0.48 ± 0.02, n = 3; p < 0.01, Student’s

t test), NGL1 (LV-control 0.80 ± 0.05, n = 3;

LV-shNGL2 1.20 ± 0.090, n = 3; p < 0.05, Student’s

t test), and EphB2 (LV-control 0.98 ± 0.06, n = 3;

LV-shNGL2 1.04 ± 0.12, n = 3; p = 0.49, Student’s

t test).

(C) Control plasmid or shNGL2 plasmids contain-

ing cytosolic GFP were electroporated into E15

embryos.

(D) At P12–P16, acute slices were prepared for

paired recordings from neighboring electro-

porated (shNGL2) and unelectroporated (control)

neurons. Whole-cell voltage-clamp recordings

were performed while stimulating the SR and

SLM in an alternating manner.

(E) Example acute slice and pair of recorded

neighboring neurons. Arrowheads indicate re-

cording electrode location.

(F) shNGL2 significantly reduces the amplitude of

AMPAR-mediated EPSCs at SR synapses (control

63.89 ± 12.03 pA, n = 12; shNGL2 39.08 ± 5.88 pA,

n = 12, p < 0.05, Student’s t test).

(G) shNGL2 significantly reduces the amplitude

of NMDAR-mediated EPSCs at SR synapses

(control 113.42 ± 25.11 pA, n = 17; shNGL2 73.01 ±

615.62 pA, n = 17, p < 0.05, Student’s t test).

(H) shNGL2 has no effect on the amplitude of

AMPAR-mediated currents at SLM synapses

(control 49.77 ± 12.47 pA, n = 10; shNGL2 57.80 ±

12.72 pA, n = 10; p = 0.34, Student’s t test).

(I) shNGL2 has no effect on the amplitude of NMDAR-mediated currents at SLM synapses (control 25.76 ± 8.46 pA, n = 9; shNGL2 27.51 ± 8.35 pA,

n = 9, p = 0.73, Student’s t test). All summary statistics are reported as mean ± SEM. See also Figure S2.
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EPSC 50 ms after the stimulus artifact, at which time the fast

AMPAR-mediated component had decayed and the remaining

current could be attributed to NMDARs. No change was de-

tected between wild-type and NGL-2 knockout mice (Figures

3C and 3E), indicating that NGL-2 does not affect the ratio of

AMPA to NMDA receptor-mediated transmission.

NGL-2 Cell Autonomously Regulates Synaptic
Transmission at Stratum Radiatum Synapses
onto CA1 Pyramidal Neurons
While the analysis of NGL-2 null mice provided clear genetic

evidence for a role for NGL-2 in regulating synaptic transmission

at individual synapses, it did not conclusively reveal whether

NGL-2 expressed in CA1 pyramidal cells was responsible for

this effect since the mouse we used was a global knockout. To

determine whether NGL-2 regulates the strength of synaptic

transmission and synapse density in a cell-autonomous manner,

we cloned an shRNA targeting NGL-2 (Kim et al., 2006) into a len-

tiviral vector that contained enhanced green fluorescent protein
766 Neuron 76, 762–775, November 21, 2012 ª2012 Elsevier Inc.
(EGFP) driven by the CaMKII promoter (Dittgen et al., 2004).

shNGL2 caused a strong reduction in the expression of

mycNGL2 protein in HEK293T cells. By contrast, expression of

the shRNA-resistant construct mycNGL2*, which has two silent

point mutations in the shRNA-targeting region, was unaffected

(Figure 4A). In addition, shNGL2 did not affect the expression

of mycNGL1, indicating that NGL-2 knockdown was effective

and target sequence specific (Figure 4A).

To ensure that shNGL2 effectively knocked down endogenous

NGL-2, we infected cultured cortical neurons with a control virus

(LV-control) or a virus expressing shNGL2 (LV-shNGL2) and

performed quantitative PCR (qPCR) analysis to assess the levels

of NGL-2 mRNA. LV-shNGL2 caused a significant reduction in

the level of NGL-2 mRNA. LV-shNGL2 also caused a small

increase in the level of NGL-1 mRNA and no change in the level

of EphB2, a non-NGL family transsynaptic protein (Figure 4B).

Since shNGL2 does not directly affect NGL-1 levels (Figure 4A),

the increase in NGL-1 levels may be a homeostatic response to

the reduction in levels of NGL-2.
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To further confirm the specificity of the shRNA, we performed

postnatal injections of LV-shNGL2 into the CA1 region of NGL-2

KO mice such that the intended target of the shRNA was not

present. In this case, if the shRNA only acts on NGL-2 mRNA,

there should be no effect on excitatory synaptic transmission.

To test this, we performed simultaneous whole-cell recordings

from CA1 pyramidal cells that were infected with LV-shNGL2

and neighboring control cells in the NGL-2 knockout back-

ground. We measured the amplitudes of both AMPAR- and

NMDAR-mediated EPSCs while stimulating shared inputs in

SR. We found that the shRNA had no effect on the amplitudes

of AMPAR-mediated (Figure S2A) or NMDAR-mediated (Fig-

ure S2B) EPSCs in the NGL-2 KO, confirming that our shRNA

does not cause off-target effects that lead to changes in excit-

atory synaptic transmission in CA1.

To examine the consequences of postsynaptic NGL-2 knock-

down on excitatory synaptic transmission, we used in utero

electroporation to deliver an shNGL2 plasmid to a subset of

CA1 pyramidal cells (Figure 4C) and prepared acute slices

from electroporated mice at P12–P16. Electroporated neurons

were identified by GFP epifluorescence. We performed whole-

cell recordings from neighboring electroporated and unelectro-

porated neurons while stimulating SR and SLM synapses in an

alternating manner (Figures 4D and 4E). Again, cells were

voltage clamped at �70mV to measure AMPAR-mediated

EPSCs and then depolarized to +40mV to measure the

NMDAR-mediated EPSCs 50 ms after the stimulus onset.

NGL-2 knockdown caused a decrease in AMPAR-mediated

currents (Figure 4F) and a similar decrease in NMDAR-mediated

currents (Figure 4G) in the stratum radiatum. In contrast, NGL-2

knockdown had no effect on AMPAR- or NMDAR-mediated

currents in the SLM (Figures 4H and 4I), suggesting that NGL-

2 acts postsynaptically to specifically regulate Schaffer collat-

eral synapses in CA1.

Expression of shNGL2 had no effect on the ratio of AMPAR- to

NMDAR-mediated currents in either SR or SLM (Figures S2C

and S2D), further indicating that NGL-2 does not preferentially

regulate AMPA- or NMDA-type glutamate receptors. Further-

more, a control plasmid expressing only GFP had no effect on

AMPAR- or NMDAR-mediated currents or on the AMPA/NMDA

ratio in stratum radiatum (AMPA: control 61.68 ± 18.16 pA, n =

5; GFP 61.00 ± 18.13 pA, n = 5; p = 0.69; NMDA: control

44.85 ± 13.94 pA, n = 6; GFP 63.85 ± 23.32 pA, n = 6; p =

0.119; AMPA/NMDA: control 1.70 ± 0.30, n = 5; GFP 1.61 ±

0.39, n = 5, p = 0.75, paired Student’s t test, data not shown)

demonstrating that in utero electroporation of a control plasmid

does not affect synaptic transmission in stratum radiatum.

NGL-2 Selectively Regulates Spine Density
in Stratum Radiatum
Since NGL-2 affects synaptic transmission selectively in the

SR pathway but does not affect the properties of individual

synapses, we sought to determine whether NGL-2 exerts

a cell-autonomous and pathway-specific effect on synapse

density. We investigated the role of postsynaptic NGL-2 in

regulating spine density by knocking down NGL-2 in a subset

of CA1 pyramidal cells. We electroporated the GFP-containing

shNGL2 or control plasmids into embryonic day 15 (E15) mouse
embryos (Figure 5A). Animals were perfused at P13–P15, the

brains were sectioned and immunostained for GFP (Figure 5B),

and spine density was analyzed on secondary apical dendrites

in the stratum radiatum (Figure 5C). Consistent with the electro-

physiological experiments, we found that NGL-2 knockdown

caused a significant decrease in spine density on CA1 dendrites

in stratum radiatum as compared to the GFP control (Figures 5D

and 5G). To determine whether the effect on spine density was

selective to the dendritic segment traversing the SR, we also

measured CA1 spine density on secondary apical dendrites in

the SLM and found that shNGL2 expression did not affect spine

density in this domain (Figures 5D and 5H). Thus, postsynaptic

knockdown of NGL-2 selectively affects spine density in the

stratum radiatum without affecting spine density in the SLM,

indicating that a major role of NGL-2 is to regulate synapse

density in the SR pathway.

NGL-2 Regulation of Spine Density Requires the LRR
and PDZ-Binding Domains and Relies on the Specific
Interaction with Netrin-G2
To identify the domains of NGL-2 that mediate its synaptic

effects, we coelectroporated shNGL2 with an shRNA-insensitive

full-length NGL2* or domain deletion mutants and quantified

spine density in the SR and SLM (Figures 5E–5H). Expressing

NGL2* rescued spine density back to control levels on dendrites

in the SR (Figures 5F and 5G). We observed no change in spine

density in the SLM (Figures 5F and 5H), which is consistent with

the targeting of NGL-2 to SR synapses.

To determine whether the LRR and PDZ-binding domains of

NGL-2 contribute to the spine effects of NGL-2, we generated

shRNA-resistant deletionmutants NGL2*DLRR andNGL2*DPDZ

(Figure 5E). Like the full-length rescue construct, both mutants

are insensitive to shNGL2 (Figure S3B) and reach the surface

of HEK293T cells (Figure S3C). Unlike the full-length NGL2*,

neither NGL2*DLRR nor NGL2*DPDZ could rescue the

shNGL2-mediated decrease in spine density in SR (Figures 5F

and 5G). Furthermore, neither mutant had an effect in SLM

(Figures 5F and 5H). Thus, both the LRR and PDZ-binding

domains are required for NGL-2-mediated regulation of spine

density in CA1.

To further explore the roles of the LRR and PDZ-binding

domains in excitatory synapse formation, we overexpressed

these mutants, full-length NGL2* or EGFP control in cultured

hippocampal neurons and analyzed excitatory synapse density

by staining for excitatory synapse markers PSD-95 and VGlut1

(Figure S3A). We found that full-length NGL2* and NGL2*DPDZ

both caused a significant increase in synapse density relative

to EGFP control levels, while overexpressing NGL2*DLRR

resulted in no change relative to EGFP control levels (Fig-

ure S3A). These data indicate that the LRR domain is critical

for promoting excitatory synapse formation in vitro and confirm

that the lack of rescue we observed in vivo is not taking place

due to dominant-negative effects of the domain deletion

mutant proteins.

To try to further understand the role of the specific interaction

with netrin-G2, we obtained a mutant protein that we termed

NGL1(NGL2LRR), in which 20 residues of the NGL-1 LRR

domain have been swapped for NGL-2 residues (Seiradake
Neuron 76, 762–775, November 21, 2012 ª2012 Elsevier Inc. 767
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Figure 5. NGL-2 Regulation of SR Spine Density Requires Its LRR and PDZ-Binding Domains

(A) We used control or shNGL2 plasmids that contained cytosolic GFP for CA1-targeted in utero electroporation at E15.

(B) Mice were perfused at P13–P15 and coronal sections were immunostained for GFP. Scale bar represents 50 mm.

(C) GFP-labeled secondary dendrites were imaged in stratum radiatum (SR) or stratum lacunosum moleculare (SLM) using a confocal microscope.

(D) Example images from secondary dendrites in SR (top) and SLM (bottom) electroporated with control or shNGL2 plasmids.

(E) Schematic of NGL-2 shRNA-resistant expression constructs that were coelectroporated with shNGL2 for rescue experiments (NGL2*, NGL2*DLRR,

NGL2*DPDZ, NGL1(NGL2LRR)).

(F) Example images from secondary dendrites in SR (top) and SLM (bottom) that were coelectroporated with shNGL2+rescue plasmids. Scale bar repre-

sents 5 mm.

(G) Quantification of SR spine density demonstrates that shRNA-mediated reduction in spine density can be rescued by coelectroporating NGL2* or

NGL1(NGL2LRR), but not NGL2*DLRR or NGL2*DPDZ (control 1.10 ± 0.03 protrusions/mm, n = 18; shNGL2 0.81 ± 0.05 protrusions/mm, n = 13; shNGL2+NGL2*

1.28 ± 0.04 protrusions/mm, n = 22; shNGL2+NGL2*DLRR 0.87 ± 0.04 protrusions/mm, n = 14; shNGL2+NGL2*DPDZ 0.84 ± 0.04 protrusions/mm, n = 15;

shNGL2+NGL1(NGL2LRR) 1.22 ± 0.06 protrusions/mm, n = 19). One-way ANOVA, p < 0.0001. Tukey-Kramer post hoc comparisons to control are shown on

graph (*p < 0.05, **p < 0.01).

(H)Quantificationof SLMspine density demonstrates that neither shNGL2nor the rescueconditionsaffect spinedensity in SLM (control 1.13±0.03protrusions/mm,

n = 17; shNGL2 1.08 ± 0.05 protrusions/mm, n = 13; shNGL2+NGL2* 1.03 ± 0.05 protrusions/mm, n = 16; shNGL2+NGL2*DLRR 1.05 ± 0.05 protrusions/mm, n = 14;

shNGL2+NGL2*DPDZ 1.12 ± 0.05 protrusions/mm, n = 18; shNGL2+NGL1(NGL2LRR) 1.14 ± 0.07 protrusions/mm, n = 16). One-way ANOVA, p = 0.65. All summary

statistics are reported as mean ± SEM. See also Figure S3 and Table S1.
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et al., 2011). These mutations cause NGL1(NGL2LRR) to bind to

its normal receptor, netrin-G1, with very low affinity and instead

to bind netrin-G2 with high affinity (Seiradake et al., 2011). We

coelectroporated shNGL2 and NGL1(NGL2LRR) into a subset

of CA1 pyramidal cells and analyzed spine density in SR and

SLM. We found that NGL1(NGL2LRR) could fully rescue the

spine density in SR (Figures 5F and 5G) but had no effect on

spine density in SLM (Figures 5F and 5H), indicating that the

interaction between NGL-2 and netrin-G2 is critical for driving

spine formation in SR.
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The LRR Domain of NGL-2 Is Required for Proper
Subcellular Localization to Spines in SR
The specific effect of NGL-2manipulations on SR synapses sug-

gested that NGL-2 might be localized to the dendritic domain of

CA1 neurons where SR synapses form. To address this possi-

bility, we coelectroporated GFP-tagged NGL-2 with pCAG-

tdTomato as a cytosolic marker. At P14, brains were perfused,

sectioned, stained for GFP, and segments of dendrites were

imaged in SR and SLM (Figure 6A). The GFP signal was visible

in spines and in the dendritic shaft in a pattern that was
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Figure 6. The LRR and PDZ-Binding

Domains Are Critical for Proper Subcellular

Localization of NGL-2

(A) Example image of secondary dendrites in SR

and SLM from CA1 cells that were coelectropo-

rated with NGL2-GFP and pCAG-tdTomato (top).

Quantification of GFP/tdTomato immunofluores-

cence demonstrates that NGL2-GFP is preferen-

tially localized to stratum radiatum (SR: 1.45 ±

0.21, n = 7; SLM: 0.71 ± 0.15, n = 8, p < 0.01,

Student’s t test) (bottom).

(B) Example image of secondary dendrites in SR

and SLM from CA1 cells that were coelectropo-

rated with NGL2DLRR-GFP and pCAG-tdTomato

(top). Quantification of GFP/tdTomato immuno-

fluorescence demonstrates that NGL2DLRR-GFP

is evenly distributed throughout SR and SLM (SR:

0.94 ± 0.09, n = 8; SLM: 0.82 ± 0.07, n = 9; p = 0.32,

Student’s t test) (bottom).

(C) Example image of secondary dendrites in SR

and SLM from CA1 cells that were coelectropo-

rated with NGL2DPDZ-GFP and pCAG-tdTomato

(top). Quantification of GFP/tdTomato immuno-

fluorescence demonstrates that NGL2DPDZ-GFP

is preferentially localized to SR (SR: 1.95 ± 0.14,

n = 8; SLM: 1.04 ± 0.22, n = 8; p < 0.01, Student’s

t test).

(D) NGL2DLRR-GFP exhibits impaired spine tar-

geting. Quantifying the spine/shaft ratio of GFP

fluorescence indicates that this ratio is decreased

for the NGL2DLRR domain deletion mutant (NGL2

GFP: 1.43 ± 0.13, n = 7; NGL2DLRR: 0.83 ± 0.20,

n = 7; NGL2DPDZ: 0.87 ± 0.03, n = 8; p < 0.01,

one-way ANOVA, *p < 0.05, post hoc Tukey test).
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predominantly restricted to SR (Figure 6A, top), consistent with

an earlier report (Nishimura-Akiyoshi et al., 2007). We quantified

the intensity of the GFP signal normalized to the intensity of the

tdTomato signal and found more NGL-2 in SR (Figure 6A,

bottom). These data indicate that localization of NGL-2 to

a restricted domain of CA1 pyramidal cells could account for

the synapse-specific effect of NGL-2.

To test whether this localization depends on the interaction

with netrin-G2, we generated a GFP-tagged LRR domain dele-

tion mutant version of NGL-2 because the LRR domain

is required for binding to Netrin-G2 (Seiradake et al., 2011).

We coelectroporated this mutant with pCAG-tdTomato and

analyzed the pattern of GFP immunofluorescence within CA1

dendrites. NGL2DLRR-GFPwas expressed in a punctate pattern

throughout the entire length of the CA1 pyramidal cell apical

dendrites (Figure 6B, top). We quantified GFP expression levels

in SR and SLM and found no significant difference between

these regions (Figure 6B, bottom). In contrast to full-length

NGL-2, we noticed that NGL2DLRR-GFP seemed to be

restricted to the dendritic shaft, sowe quantified a spine-to-shaft

ratio of the GFP signal for the full-length protein and the LRR
Neuron 76, 762–775, N
domain deletion mutant. We found that

the mutant had a significant reduction

in the spine/shaft ratio of the GFP signal

(Figure 6D). Together, these data suggest
that the LRR domain is required for subcellular localization in

SR and for proper targeting to spines.

We also generated a GFP-tagged PDZ-binding domain dele-

tion mutant since this domain probably mediates NGL-2 binding

to PSD-95 and may also be important for proper spine targeting

(Kim et al., 2006). We found that this mutant was preferentially

targeted to SR (Figure 6C) but had reduced spine targeting

(Figure 6D), which is consistent with what was reported in vitro

(Kim et al., 2006). This suggests that NGL2*DPDZ failed to

rescue CA1 spine density because it has impaired spine

targeting.

NGL-2 Regulates the Functional Integration
of SR and SLM Inputs in CA1 Pyramidal Cells
The SR and SLM pathways convey distinct information to CA1

neurons, which need to be integrated to generate a spike output.

Whereas Schaffer collaterals from CA3 send indirect information

from EC via a trisynaptic pathway and target proximal portions

of CA1 dendrites in SR, TA axons carry sensory information

directly from EC via a monosynaptic pathway and target distal

CA1 dendrites in the SLM. CA1 pyramidal cells must integrate
ovember 21, 2012 ª2012 Elsevier Inc. 769
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Figure 7. NGL-2 Regulates SLM-Mediated

Gating of SR-Elicted Spikes in CA1 Pyra-

midal Cells

(A) Schematic of recording configuration. Whole-

cell current-clamp recordings from CA1 pyramidal

cells and extracellular field recordings in stratum

radiatum were performed in NGL-2 KO mice and

WT littermates (P12–P16). Bipolar stimulating

electrodes were placed in SR and SLM.

(B) Example SR field recording. Washing in DNQX

and APV abolishes the field response, isolating

a TTX-sensitive fiber volley.

(C) Isolation of SC and TA field potentials.

SLM stim appears as a source in SR field (top,

arrowhead), while SR field stim appears as a sink

(bottom).

(D) Example recordings from WT (top, black) and

KO (middle, red) CA1 cells. Subthreshold EPSPs

were elicited by delivering single stimuli to TA and

SC axons (bottom). A train of ten stimuli at 100 Hz

was then delivered to the TA pathway followed

by a single SC stimulus 60 ms after the start of the

TA stimulus (right). This stimulus pattern elicited spikes on some trials. Example images show eight overlaid sweeps in each condition.

(E) Spike probability normalized to fiber volley amplitude was reduced at all measured SLM-SR intervals NGL-2 KO animals (20 ms: WT = 2.36 ± 0.66, n = 9;

KO = 0.67 ± 0.05, n = 5; p = 0.10; 40ms: WT = 3.26 ± 0.72, n = 12; KO = 1.54 ± 0.36, n = 14; p < 0.05; 60ms: WT = 3.58 ± 0.65, n = 11; KO = 0.97 ± 0.31, n = 11; p <

0.01; 80 ms: WT = 2.81 ± 0.84, n = 8; KO = 0.94 ± 0.26, n = 10; p < 0.05; Student’s t test). All summary statistics reported as mean ± SEM. See also Figure S4.
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spatial information from the entorhinal cortex and contextual

information from CA3 to generate the spike output of the hippo-

campus. Several studies have demonstrated that cooperative

interactions between SLM and SR inputs can modulate both

plasticity and spiking in CA1 (Dudman et al., 2007; Remondes

and Schuman, 2004). Specifically timed trains of stimuli in the

SLM can gate spike output from CA1 pyramidal cells, which

project back to deep layers of entorhinal cortex. When the

SLM train begins 20–80ms before an SR EPSP, spike probability

is greatly enhanced, which is probably due to temporal summa-

tion of the two inputs (Remondes and Schuman, 2002). This

delay is consistent with the delay between the monosynaptic

and trisynaptic pathways reaching CA1, which has been re-

ported in vivo (Yeckel and Berger, 1990).

Our finding that NGL-2 regulates synaptic transmission specif-

ically in the SR suggested that loss of NGL-2 might impair the

ability of the SR and SLM synaptic inputs to cooperatively drive

the output of CA1 pyramidal cells. To explore this possibility, we

prepared acute hippocampal slices from WT or NGL-2 KO mice

aged postnatal days 12–16. We performed whole-cell current-

clamp recordings from CA1 pyramidal cells and simultaneous

dendritic field recordings in SR. We used bipolar stimulating

electrodes in SR and SLM to activate the two pathways inde-

pendently (Figure 7A). Schaffer collateral stimulation elicited field

responses that consisted of a TTX-sensitive fiber volley (FV) and

a DNQX and APV-sensitive EPSP (Figure 7B). We stimulated the

SLM and SR pathways at an intensity that reliably elicited an

EPSP but never a spike. Stimulation of SC caused a downward

deflection (sink) in the SR field, while stimulation of the TA

pathway caused a small upward deflection (source) (Figure 7C),

indicating that we could independently stimulate the two path-

ways in our configuration. We then delivered a train of ten stimuli

at 100 Hz to the TA pathway followed by a single SC stimulus 20,

40, 60, or 80 ms after initiating the TA train. We found that in this
770 Neuron 76, 762–775, November 21, 2012 ª2012 Elsevier Inc.
paradigm, SC and SLM stimuli that were subthreshold when

delivered alone were able to produce a spike when paired

(Figure 7D), indicating that this spike-enhancing phenomenon

originally observed in adult rats (Remondes and Schuman,

2002) also occurs in developing mice.

During the dual stimulation protocol, we interleaved sweeps

during which we only stimulated one pathway to ensure that

the single stimuli remained subthreshold throughout the duration

of the experiment. We quantified normalized spike probability by

dividing the number of sweeps in which the cell fired an action

potential by the total number of dual stimulation sweeps and

then dividing this value by the amplitude of the FV recorded in

SR. This value represents the spike probability for a given

number of stimulated axons. We found that the normalized spike

probability was significantly reduced in NGL-2 KO animals when

the SLM-SR interval was 40, 60, and 80 ms, and there was

a similar trendwhen the interval was 20ms (Figure 7E). We quan-

tified a normalized value for SR-evoked EPSP by dividing the

recorded EPSP amplitude by the amplitude of the SR fiber volley.

We found that this value was significantly reduced in NGL-2 KO

mice (Figure S4A). There was no difference in peak amplitude of

the TA-evoked EPSP, resting membrane potential, or input

resistance between conditions (Figures S4B–S4D). Together,

these data demonstrate that reduced SR synapse density result-

ing from loss of NGL-2 impairs cooperative interactions between

SC and TA synapses in CA1 cells. Thus, the level of NGL-2

expression strongly influences the integrated output of CA1

neurons.

DISCUSSION

In the CNS, a postsynaptic neuron typically receives synaptic

input from a variety of distinct sources, but the molecular mech-

anisms that give rise to the formation of these different classes of
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Figure 8. Proposed Model of NGL-2 Regulation of Input Specificity

in CA1

(A) Schematic of laminar excitatory pathways targeting CA1 pyramidal cell

apical dendrites.

(B) NGL-2 is localized to CA1 dendrites in the stratum radiatum.

(C) NGL-2 regulates input-specific synapse development because it is

restricted to SR by its interaction with Netrin-G2, which is specifically ex-

pressed in SC axons. NGL-2 interacts with PSD-95 and may recruit glutamate

receptors to the nascent synapse. Distal synapses in CA1 have a comple-

mentary set of synaptic proteins, including NGL-1 and Netrin-G1.
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synapses are not well understood. Our study demonstrates that

the postsynaptic adhesion molecule NGL-2 plays a critical role

in regulating the Schaffer collateral synapses onto CA1 neurons

without affecting other excitatory inputs. The synapse specificity

of NGL-2 action appears to bemediated by selective localization

of the protein to the domain of the apical dendrite where CA1

neurons receive Schaffer collateral inputs (Figure 8). NGL-2

belongs to an LRR protein subfamily that includes NGL-1 and

NGL-3, which are all expressed widely throughout the CNS

(Kim et al., 2006) but interact with different presynaptic receptors

(Kim et al., 2006; Lin et al., 2003; Woo et al., 2009b) that are

expressed in discrete neuronal populations (Kwon et al., 2010;

Nakashiba et al., 2002; Yin et al., 2002). Thus, the targeting of

NGL proteins to specific dendritic domains could be a central

mechanism of regulating input-specific synapse development

in the CNS.

Our conclusions are based on detailed analyses of the role of

NGL-2 in the formation of synapses onto CA1 neurons.We found

that NGL-2 knockout mice show a selective decrease in the

strength of the SR fEPSP as well as an increase in the interevent

interval of mEPSCs. NGL-2 knockdown also caused a decrease
in spine density that was restricted to dendrites in the SR and

required both the LRR domain and the PDZ-binding domain.

Together, these findings suggest that NGL-2 specifically regu-

lates synapse density in SR via both its transsynaptic interaction

and its interaction with the postsynaptic density. As a result, loss

of NGL-2 disrupts cooperative interactions between excitatory

synaptic inputs in CA1 and pyramidal neuron spiking output.

Regulation of Specific Synapse Formation
by NGL Proteins
We find that NGL-2 regulates the development of excitatory

synapses onto CA1 pyramidal cells in a pathway-specific

manner. How is this input specificity of NGL-2 function accom-

plished? A key factor appears to be the selective localization of

NGL-2 to the SR domain in CA1. This is probably mediated by

an interaction between the NGL-2 LRR domain and its presyn-

aptic receptor, netrin-G2, which is expressed by SC axons (Nish-

imura-Akiyoshi et al., 2007). Seiradake et al. (2011) recently

solved the crystal structures of netrin-G-NGL complexes and

found that the laminin domain of netrin-G interacts with the

LRR domain of NGL (Seiradake et al., 2011). Furthermore, loss

of Netrin-Gs in afferent populations leads to mislocalization of

NGLs (Nishimura-Akiyoshi et al., 2007), demonstrating the

importance of transsynaptic interaction with netrin-G for locali-

zation to the SR domain. Consistent with these observations,

we find that NGL2*DLRR cannot rescue SR spine density after

knockdown of NGL-2 (Figures 5E–5G), while the netrin-G2-

binding domain is sufficient to rescue spine density (Figures

5E–5G).

It is possible that NGL2*DLRR fails to rescue the spine defect

because it is mislocalized or because the LRR domain directly

mediates its spinogenic effect. We find that while full-length

NGL2-GFP is preferentially localized to spines in SR, the

NGL2DLRR-GFP fusion protein is expressed evenly throughout

SR and SLM (Figure 6B). This diffuse localization is consistent

with reports from the netrin-G2 KO mouse that suggested that

specific interactions with netrin-G2 drive NGL-2 subcellular

targeting to SR (Nishimura-Akiyoshi et al., 2007). While

NGL2DLRR-GFP was present in SR, we found that it was not

efficiently targeted to spines (Figure 6D), suggesting that the

interactions between NGL-2 and netrin-G2 are required to

localize NGL-2 to spines in SR, where it then specifically regu-

lates spine formation. Consistent with this interpretation, Kim

et al. (2006) demonstrated that full-length NGL-2 can induce

presynaptic differentiation in vitro, but NGL-2 lacking the extra-

cellular domain cannot (Kim et al., 2006).

Still, while the LRR domain is responsible for NGL-2’s interac-

tion with netrin-G2 (Seiradake et al., 2011), direct clustering of

GPI-anchored netrin-G2 does not induce clustering of presyn-

aptic machinery (Kim et al., 2006). Since many transsynaptic

organizers exhibit both forward and reverse signaling (de Wit

et al., 2011), it is possible that NGL-2 regulates synapse density

via a transsynaptic interaction with an additional coreceptor

that recruits the components of a functional presynaptic

terminal. Thus, netrin-G2 could serve as an adaptor between

NGL-2 and an additional presynaptic organizer protein. Such

a scenario would be similar to the interaction between EphA

and GPI-anchored Ephrin-A, which requires an interaction with
Neuron 76, 762–775, November 21, 2012 ª2012 Elsevier Inc. 771



Neuron

NGL-2 Regulates Input-Specific Synapse Development
coreceptor p75(NTR) for proper retinotopic axon mapping (Lim

et al., 2008). Netrin-Gs undergo extensive alternative splicing,

most of which occurs in the EGF domains (Nakashiba et al.,

2002; Yin et al., 2002), which do not directly interact with NGLs

(Seiradake et al., 2011). This suggests that different netrin-G

splice variants could potentially recruit different coreceptors

that coordinate presynaptic differentiation.

We also find that the PDZ-binding domain of NGL-2 plays

a key role in input-specific regulation of synapse development.

Like NGL2*DLRR, NGL2*DPDZ also fails to rescue shNGL2-

mediated reduction in spine density (Figures 5E–5G), suggesting

that its interaction with PSD-95 is critical for its role in synapse

formation. In support of this notion, we found that NGL2DPDZ-

GFP exhibited impaired trafficking to spines in vivo (Figures 6C

and 6D). This is consistent with experiments in vitro that demon-

strated that NGL-2 and PSD-95 show interdependent traffick-

ing to synapses (Kim et al., 2006). When we overexpressed

NGL2*DPDZ in vitro, we found that it was as effective as the

full-length protein at increasing synapse density beyond control

levels (Figure S3A). One possible explanation for the lack of

effect of the PDZ-binding domain deletion could be if

NGL2DPDZ dimerizes with the endogenous protein, the cis-

binding partner might compensate for the deficits derived from

the truncation, as has been suggested in the case of other

synaptic organizer proteins (Shipman et al., 2011).

Although the specific sequence of events that leads to the

formation of SR synapses in CA1 is not known, one possibility

is that netrin-G2 on SC axons recruits NGL-2 to the stratum radi-

atum, and NGL-2 subsequently recruits PSD-95 to the nascent

synapse and perhaps PSD-95 helps to maintain NGL-2 in the

postsynaptic density. Consistent with our findings that the

PDZ-binding domain of NGL-2 is critical for its role in regulating

synapse number, the NGL-2 KO mouse has a similar phenotype

to the PSD-95 KO, which also exhibits decreased mEPSC

frequency in CA1 pyramidal cells, while mEPSC amplitude is

unaffected (Béı̈que et al., 2006).

PSD-95 regulates both the number and glutamate receptor

content of excitatory synapses (El-Husseini et al., 2000). Further-

more, glutamate receptors themselves play an important role in

spine and synapse formation (Passafaro et al., 2003; Ripley et al.,

2011; Ultanir et al., 2007). Thus, NGL-2 might regulate synapse

formation by indirectly recruiting glutamate receptors to

a nascent synapse via PSD-95. Alternatively, it is possible that

NGL-2 directly recruits glutamate receptor subunits. NGLs

coprecipitate with NMDA receptor subunits (Kim et al., 2006)

and another LRR superfamily member, LRRTM2, has been

shown to coprecipitate with GluR2 via its LRR domain (de Wit

et al., 2009), suggesting it may have a direct interaction. Thus,

NGL-2 might regulate postsynaptic development by recruiting

glutamate receptors directly or via its interaction with PSD-95.

In addition to NGL-2, NGL-1 and NGL-3 also interact with

PSD-95 (Kim et al., 2006). The NGLs exhibit approximately

60% sequence homology in their extracellular domains (Woo

et al., 2009a) and, based on mRNA localization, they are prob-

ably expressed in many of the same cells (Kim et al., 2006). If

this is the case, why does the CNS need multiple NGLs in a

given postsynaptic neuron? Due to their interactions with

discrete presynaptic partners, we would suggest that NGLs
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are responsible for controlling the distribution or relative

numbers of synapses in regions of dendrites targeted by

different afferent pathways. In this scenario, having multiple

NGLs would allow the developing CNS to genetically control

synapse density in an input-specific manner. Consistent with

this idea, we find that NGL1(NGL2LRR) can rescue the shNGL2

spine phenotype, indicating that the netrin-G1/G2 binding

specificity is critical in determining the pathway-restricted

role of NGL proteins in spine formation in vivo. Notably, the

sequences of the cytoplasmic domains are highly divergent

(Woo et al., 2009a). The role of the intracellular molecular dissim-

ilarity remains unclear, but it is possible that the different intra-

cellular domains recruit distinct intracellular signaling cascades

to confer divergent functional properties to specific subsets of

synapses. A side-by-side comparison of the roles of full-length

NGLs within the same cells, as well as further analysis of the

consequences of deleting or swapping the C-terminal regions,

will provide crucial insight to this issue.

Role of NGL-2 in Integration of SR and SLM Synaptic
Inputs to CA1
Functional interactions between different classes of synaptic

inputs can powerfully affect the output of neurons. In CA1, the

SLM synapses may play a modulatory role in CA1 (Dudman

et al., 2007). Depending on the timing relative to SR input, SLM

bursts can either enhance or suppress spike probability in CA1

(Remondes and Schuman, 2002). Additionally, given different

stimulation protocols, SLM bursts can also suppress, enhance,

or induce SR long-term potentiation (Dudman et al., 2007;

Remondes and Schuman, 2002). Importantly, our study demon-

strates that the pathway-specific reduction in synapse density

resulting from loss of NGL-2 impairs cooperative interactions

between SR andSLM synapses that typically facilitate CA1 spike

output (Remondes and Schuman, 2002) (Figure 7), suggesting

that NGL-2-mediated regulation of SR synapse density is critical

for the function of CA1 within the hippocampal circuit.

We find that for a given SR fiber volley amplitude, which is

related to the number of stimulated Schaffer collateral axons,

CA1 pyramidal cells lacking NGL-2 are much less likely to spike

when they receive coincident inputs from SR and SLM synapses

(Figure 7E). What differs between genotypes is the amplitude

of the SR EPSP for a given fiber volley amplitude (Figure S4A);

the relative amplitude of the SR EPSP is diminished in the

NGL-2 KO, which is consistent with our findings that NGL-2

regulates the strength of synaptic transmission and spine

density selectively in the SR of CA1. Thus, our study indicates

that as a result of the decreased strength of synaptic transmis-

sion at SR synapses, coincident SLM and SR synaptic input is

less effective at driving spikes in CA1 pyramidal cells that lack

NGL-2 (Figure 7E).

The parallel excitatory inputs from CA3 and EC to CA1 are

both implicated in generating place fields and in formation of

contextual and episodic memories (Brun et al., 2008; Nakashiba

et al., 2008; Remondes and Schuman, 2004; Suh et al., 2011).

Furthermore, mice that have impaired plasticity in CA1 have

contextual memory deficits (Tsien et al., 1996) and disrupted

place field coding properties (McHugh et al., 1996). Since inter-

actions between SR and SLM synapses are involved in plasticity
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in CA1 (Dudman et al., 2007; Remondes and Schuman, 2002),

the relationship between these two classes of synapses is

probably critical for proper CA1 function. Thus, the deficit in

functional integration of inputs to CA1 in the NGL-2 knockout

(Figure 7) may lead to impairments observable at the level of

CA1-dependent behaviors.

In conclusion, our study demonstrates a role for the LRR-

containing protein NGL-2 in specifically regulating the number

of SC-CA1 synapses. Loss of NGL-2 impairs cooperative inter-

actions between distal and proximal inputs onto CA1 pyramidal

cells, implicating NGL-2 in establishing precise circuits that are

critical for navigation and contextual memory. Similar dendritic

integration phenomena have been observed in the neocortex,

where layer V pyramidal cells also receive distinct inputs to

different dendritic compartments and it has been hypothesized

that these inputs could coactivate to enable coincidence

detection, or the distal inputsmightmodulate responses to prox-

imal inputs (Spruston, 2008). NGLs along with many other

synaptic organizing proteins are expressed widely throughout

the neocortex. In the case of NGLs, their presynaptic receptors

netrin-Gs and LAR have unique expression patterns that impli-

cate these complexes at distinct sets of synapses throughout

the brain (Kim et al., 2006; Lin et al., 2003); thus, interactions

involving NGL proteins might be critical for establishing specific

circuits throughout the CNS.

EXPERIMENTAL PROCEDURES

DNA Constructs

pEGFPN-1 containing full-length mouse NGL-2 (DQ177325) and NGL2*

(A1494G and T1497C; no AA change) with a Myc epitope (EQKLISEEDL)

between residues 44 and 45 and pSilencer shNGL-2 were gifts from Eunjoon

Kim (KAIST). Myc-NGL-2 and myc-NGL2* were both subcloned into the pEF-

BOS (Mizushima and Nagata, 1990) vector downstream of the elongation

factor promoter. shNGL-2 was subcloned into the pSUPER/Neo vector

(Oligoengine) downstream of the H1 promoter. The H1 promoter and

shNGL-2 were then subloned into the PacI site of FCK(0.4)GW (a gift from

Dr. Pavel Osten, Cold Spring Harbor Laboratory) lentiviral backbone upstream

of the CamKII promoter, which contains a 0.4 kb fragment of mouse CamKII

protomoter-driving EGFP (Dittgen et al., 2004). FCK(0.4)GW was used as a

control. NGL-2 deletion constructs were as follows: NGL2*DLRR (aa 79–287

deleted from full-length mouse NGL2*) and NGL2*DPDZ (aa 1–648 of full-

length mouse NGL2*). NGL-2-GFP fusion was generated by sequentially

subcloning NGL-2 cDNA obtained from Open biosystems (Thermo Fisher

Scientific) in frame with GFP into the pEF-BOS vector downstream of the

elongation factor promoter. All constructs were sequenced to verify integrity.

NGL1(NGL2LRR) (originally termed pCA NGL1r123-mVenus) was a gift from

Elena Seiradake and Alexandru Radu Aricescu.

In Situ Hybridization

In situ hybridizations were performed as described (Pasterkamp et al., 1999),

using 20 mm horizontal P7 and P14 rat brain cryosections.

Detection of NGL-2 Protein Isolated from Brain Lysate

P28 mice were deeply anesthetized with isofluorane, decapitated, and brains

were harvested, flash frozen, and stored at �80�C. Crude membranes were

isolated by homogenizing each brain in 5 mL homogenization buffer

(0.32 mM sucrose, 4 mM HEPES [pH 7.5], and protease inhibitors) using

a Dounce homogenizer. Homogenate was spun at 3,000 rpm for 10 min at

4�C. Supernatant (S1) was collected and spun at 10,000 3 g for 15 min at

4�C. Each pellet (P2) was resuspended in homogenization buffer and spun

at 10,000 3 g for 15 min at 4�C. Pellets (P20) were lysed in RIPA buffer

(150 mM NaCl, 20 mM Tris-HCl [pH 7.5], 1% Triton-X, 0.5 M EDTA, protease
inhibitors) and rocked for 30 min at 4�C. Samples were centrifuged at

10,000 3 g for 20 min at 4�C, and supernatant was removed and mixed with

sample buffer for analysis by western blot. Western blots were probed with

mouse anti-NGL2 (Clone N50/35, NeuroMab) and rabbit anti-bIII tubulin

(Abcam).

Immunohistochemistry

P14 WT and KO littermate mice were given a lethal dose of sodium pentobar-

bital and perfused with PBS, followed by 4%paraformalydehyde (PFA) in PBS.

We cut 100 mm coronal sections with a vibrating microtome (Vibratome), then

blocked them in PBS containing 3% bovine serum albumin and 0.2% Triton

X-100 (Sigma) for 1 hr at room temperature, and then immunostained them

using standard procedures. See Supplemental Experimental Procedures for

more information.

DiI Labeling of Axon Pathways

P7 mice were given a lethal dose of sodium pentobarbital and perfused with

PBS, followed by 4% PFA in PBS. DiI crystals (Invitrogen) were placed in

CA3 or EC of fixed brains. Brains were maintained at 37�C in a solution con-

taining 2% PFA and 0.05% sodium azide in PBS for 2.5 (CA3) or 4 (EC) weeks.

Brains were then sectioned using a vibrating microtome (Vibratome), mounted

on slides in Fluorogel (Electron Microscopy Sciences), and imaged immedi-

ately on an Olympus FV300 confocal microscope.

Electrophysiology

At P12–P16, the brain was removed and placed in ice-cold carbogenated

slicing artificial cerebrospinal fluid (ACSF) (83 mM NaCl, 2.5 mM KCl, 1 mM

NaH2PO4, 26.2 mM NaHCO3, 22 mM glucose, 72 mM sucrose, 0.5 CaCl2,

and 3.3mMMgSO4).We cut 300 mmsagittal sections on a Leica VT1200 vibra-

tome. Slices were allowed to recover at 31�C for 40 min and then at room

temperature for 30 min to 6 hr. Slices were then placed in carbogenated

recording ACSF (119mMNaCl, 2.5 mMKCl, 26mMNaHCO3, 1mMNaH2PO4,

1.5 mM MgSO4, 2.5 mM CaCl2, and 11 mM glucose) that contained 100 mM

picrotoxin (Tocris). In most experiments, a small cut was made to separate

CA3 from CA1 to prevent recurrent excitation from contaminating the

recording. Signals were recorded with a 53 gain, low-pass filtered at 2 kHz

and digitized at 10 kHz (Molecular Devices Multiclamp 700B) and analyzed

with pClamp 10 (Molecular Devices).

Whole-cell recordings were made using 3–5 MU pipettes filled with an

internal solution that contained 150 mM potassium-D-Gluconate, 1.5 mM

MgCl2, 5 mM HEPES, and 1 mM EGTA (current clamp) or 123 mM Cs-gluco-

nate, 8 mM NaCl, 1 mM CaCl2, 10 mM EGTA, 10 mM HEPES, and 10 mM

glucose, pH 7.3 with CsOH, 280–290mOsm (voltage clamp). Series resistance

(Rs) and input resistance (Rin) were monitored throughout the experiment by

measuring the capacitive transient and steady-state deflection in response

to a �5mV test pulse, respectively. Field recordings were obtained using

a 1–2 MU pipette filled with ACSF. See Supplemental Experimental Proce-

dures for more information.

Intracellular Injection of Alexa 594 Hydrazide

P14 mice were given a lethal dose of sodium pentobarbital and intracardially

perfused with PBS, followed by 4% PFA in PBS. Brains were postfixed for

1 hr, 100 mmcoronal sections were cut with a vibrating microtome (Vibratome),

and then sections were postfixed for 15 min. Penetrating microelectrodes

were pulled from borosilicate capillary glass with filament (1 mm outer diam-

eter/�0.58 mm inner diameter) and backfilled with a solution containing KCl

(200 mM) and Alexa 594 hydrazide (10 mM) (Invitrogen). Slices were mounted

on a glass slide under PBS and CA1 neurons were filled via iontophoresis

using visual guidance. Sections were postfixed for 5 min and then mounted

in Fluorogel (Electron Microscopy Sciences). Secondary apical dendrites

were imaged on a Leica SP5 confocal microscope. Dendritic protrusions

were counted in z stacks in NIH ImageJ and the length of dendritic segments

measured with the Simple Neurite Tracer plugin blind to genotype.

Lentivirus Production

Lentivirus was produced as described earlier (de Wit et al., 2009). See Supple-

mental Experimental Procedures for more information.
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Quantitative PCR

At 10 days in vitro (DIV), mRNA was isolated from cortical cultures using Trizol

(Invitrogen) and cDNA was synthesized using iScript cDNA synthesis kit

(BioRad). Quantitative PCR was performed in an Applied Biosystems PRISM

7900HT Fast Real-Time PCR system with SYBR green PCR master mix. The

relative abundance of each cDNA was determined by using a standard curve

generated from 10-fold serial dilutions of cDNA from rat hippocampal neurons

that were infected with control lentivirus. These values were normalized to

GAPDH cDNA levels. See Supplemental Experimental Procedures for more

information.

In Utero Electroporation

Timed-pregnant CD-1 white mice (Charles River, E15) were anaesthetized

with 3% isoflurane. The abdomen was swabbed with iodine. A small vertical

incision was made in the skin and abdominal wall and embryos were gently

exposed. Each embryo was injected with 1–2 ml of DNA solution and 0.01%

Fast Green using a pressure-controlled bevelled glass pipette (Drummond,

WPI Microbeveller). After each injection, the embryos were moistened with

PBS and voltage steps via tweezertrodes (BTX, 5 mm round, platinum, BTX

electroporator) were applied at a 45� angle with respect to the interaural line

to target CA1. Voltage was 36V for five pulses at 1 Hz, each pulse lasting

50 ms, as described previously (Navarro-Quiroga et al., 2007). The embryos

were returned to the abdomen, which was sutured, followed by suturing of

the skin. The procedure typically lasted 20 min.

Imaging and Analysis of Dendritic Spines from Electroporated

Animals

At P13–P15, electroporated mice were transcardially perfused with 4% PFA in

PBS, brains removed and postfixed overnight in the same solution, and

100 mmcoronal sections were cut on a vibratome. Sections in which CA1 pyra-

midal neurons visibly expressed GFP were then immunostained for GFP,

imaged, and analyzed blind to transfection condition. See Supplemental

Experimental Procedures for more information.
SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.neuron.2012.10.013.
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