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Synaptic cell adhesion molecules, including the neurexin ligands,
neuroligins (NLs) and leucine-rich repeat transmembrane proteins
(LRRTMs), are thought to organize synapse assembly and specify
synapse function. To test the synaptic role of thesemolecules in vivo,
weperformed lentivirallymediatedknockdownofNL3, LRRTM1, and
LRRTM2 in CA1 pyramidal cells of WT and NL1 KO mice at postnatal
day (P)0 (when synapses are forming) and P21 (when synapses are
largely mature). P0 knockdown of NL3 in WT or NL1 KO neurons did
not affect excitatory synaptic transmission, whereas P0 knockdown
of LRRTM1 and LRRTM2 selectively reduced AMPA receptor-medi-
ated synaptic currents. P0 triple knockdown of NL3 and both LRRTMs
in NL1 KO mice yielded greater reductions in AMPA and NMDA re-
ceptor-mediated currents, suggesting functional redundancy be-
tween NLs and LRRTMs during early synapse development. In
contrast, P21 knockdown of LRRTMs did not alter excitatory trans-
mission,whereas NLmanipulations supported a role forNL1 inmain-
taining NMDA receptor-mediated transmission. These results
show that neurexin ligands in vivo form a dynamic synaptic cell
adhesion network, with compensation between NLs and LRRTMs
during early synapse development and functional divergence upon
synapse maturation.

hippocampus | neuropsychiatric disorders

The enormous processing power of the mammalian brain is the
result of a vast network of precise synaptic connections, where

functionally diverse presynaptic neurons establish synapses with
specific properties onto select populations of postsynaptic cells.
Neuroligins (NLs) and neurexins (NRXs) are a prototypical trans-
synaptic adhesion pair (1, 2) that is ideally situated to play important
roles in such synaptic processes. Interactions between the four NLs
(NL1–4) and the three NRXs are highly regulated at the level of
alternative mRNA splicing, generating an intricate code that regu-
lates both the affinity of interactions and the consequences on
synapse specification (3, 4). Given the complexity of NL–NRX
interactions, it was surprising to find that leucine-rich repeat trans-
membrane proteins (LRRTMs) are also high-affinity receptors for
NRXs and share many of the binding characteristics of NLs (5–7).
Functional studies of NLs and LRRTMs using overexpression in

nonneuronal cells or cultured neurons showed that increases in the
levels of these proteins generally increase the number of synapses
(5, 8–12). Loss of function experiments aiming to address the re-
quirement for NLs and LRRTMs in synapse formation andmature
synaptic function have yielded inconsistent results depending on
whether KO or knockdown (KD) approaches were used (6, 9–15).
These discrepancies may reflect, in part, inherent differences be-
tween the preparations that were used. In particular, robust on-
going synaptogenesis in dissociated cultures and extensive circuit
remodeling in slice culture preparations make it difficult to dis-
tinguish whether a manipulation affects synapse formation, syn-
apse pruning, synapse maintenance, or mature synaptic function.
In vivo approaches are similarly challenging. Constitutive mouse
KOs that are currently used for analysis of NLs and NRXs (10, 13,
16) provide no temporal control of gene ablation, and circuit-level

reorganization or compensatory mechanisms (17) can obscure
potential phenotypes [although the fact that the triple NLKOmice
and the triple αNRX mice exhibit lethal impairments in synaptic
transmission (13, 16) argues against complete compensation of the
function of these deleted NL and NRX genes]. To circumvent
some of the limitations of traditional in vitro and in vivo prepara-
tions, we have now used stereotactically guided injections of len-
tiviral-mediated shRNAs into the hippocampal CA1 region, thus
creating a neuronal mosaic that is advantageous for analyzing the
effects of postsynaptic molecular manipulations on basal excitatory
synaptic transmission. The use of lentiviruses capable of expressing
up to three shRNAs simultaneously (18) allowed the study of the
individual and combined functions of NLs and LRRTMs in an
intact hippocampal circuit at two developmental periods: during
ongoing synaptogenesis and when synapses had fully matured.
Our data suggest that in vivo, LRRTMs and NLs are part of a

functionally dynamic cell adhesion network that regulates excitatory
synaptic transmission. KD of NLs and LRRTMs alone or together
reveals that these proteins redundantly contribute to maintain syn-
aptic function during early hippocampal development. However,
NLs andLRRTMsperformdivergent functions after synaptogenesis.
Taken together, our data suggest that, as synaptic cell adhesion
molecules, NLs and LRRTMs function in a manner dependent on
developmental stage to regulate synaptic strength in vivo.

Results
KD of NL3, LRRTM1, and LRRTM2 During Synaptogenesis in Vivo. To
test our approach for examining the in vivo function of cell ad-
hesion proteins during new synapse formation, we stereotacti-
cally injected lentiviruses expressing GFP into the hippocampus
of P0 WT mice, resulting in specific targeting of the CA1 region
with no detectable infection of the nearby CA3 region or dentate
gyrus (Fig. S1A). We then prepared acute hippocampal slices
from these animals at P14–P18 and examined basal properties of
Schaffer collateral to CA1 pyramidal neuron synapses using si-
multaneous whole-cell recordings from neighboring infected and
uninfected cell pairs (Fig. S1). The use of paired recordings to
study basal synaptic strength assumes that roughly equal num-
bers of synapses are activated on adjacent infected and un-
infected cells when a single stimulus to the Schaffer collaterals is
applied; thus, the evoked excitatory postsynaptic currents (EPSCs)
will be of similar amplitudes. Control measurements of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-
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mediated EPSCs at −60 mV (AMPAR EPSCs) and N-methyl
D-aspartate receptor (NMDAR)-mediated EPSCs at +40 mV
(NMDAR EPSCs; measured 50 ms after the stimulus) confirmed
this assumption (Fig. S1B), revealing a strong correlation in
EPSC amplitudes between cell pairs, one of which expressed
GFP. We also examined paired pulse ratios (PPRs) at different
interstimulus intervals (ISIs). PPR was not different between
pairs at any ISI (Fig. S1C), which would be expected from cells
sharing common inputs. These results confirm that the viral
manipulation is exclusive to CA1 neurons and that our assay will
likely detect any changes in synapse number and/or function
caused by the in vivo molecular manipulations.
To examine the functions of NL1, NL3, LRRTM1, and

LRRTM2, which are highly expressed in hippocampal CA1 py-
ramidal cells during late embryogenesis and continuing into the
adult (19, 20), we stereotactically injected lentiviruses expressing
shRNAs targeting NL3 or LRRTM1 and LRRTM2 [NL3 KD or
LRRTM double knockdown (DKD)] (ref. 18 has validation of the
effectiveness, lack of off-target effects, and specificity of these
shRNAs) into the hippocampus of P0 WT or NL1 KO mice. We
focused specifically on NL1 and NL3, because these isoforms are
expressed at glutamatergic synapses (19, 21, 22). In slices prepared
from P14 to P18WTmice, NL3 KD (Fig. 1A) yielded, on average,
no change in either AMPAR EPSCs (Fig. 1 A2 and A4) (NL3 KD
= 123.6± 12.9 pA;WT= 122.1± 12.6 pA; NL3 KD= 1.01± 0.11
ofWT) or NMDAREPSCs (Fig. 1 A3 andA4) (NL3 KD= 64.3±
9.5 pA; WT = 68.9 ± 9.3 pA; NL3 KD = 0.93 ± 0.14 of WT). To
assess whether NL1 could be compensating for the loss of NL3, we
injected NL3 KD virus into NL1 KO mice, thereby creating syn-
apses deficient for bothNLs (termedNL1/3Def) (Fig. 1B). Similar
to the NL3 KD alone, NL1/3 Def cells exhibited no net change in
either AMPAR EPSCs (Fig. 1 B2 and B4) (NL1/3 Def = 109.7 ±
10.6 pA; NL1 KO= 112.5 ± 13.4 pA; NL1/3 Def = 0.97 ± 0.09 of
NL1 KO) or NMDAR EPSCs (Fig. 2 B3 and B4) (NL1/3 Def =
80.4± 11.9 pA;NL1KO=83.1± 9.2 pA;NL1/3Def= 0.97± 0.14
of NL1 KO) compared with adjacent NL1 KO cells. To interpret

these results, it is essential to knowwhether theNL1KOcells exhibit
any synaptic phenotype comparedwithWT cells at this age. Because
a constitutive KO in which all cells lack NL1 precludes a separate
analysis of AMPAR- and NMDAR-mediated transmission with
paired recordings, we relied on NMDAR/AMPAR EPSC ratios to
uncover differences between NL1 KO and WT cells. Surprisingly
and different from later developmental time points (10), at P14–18,
NL1KOneurons exhibitedNMDAR/AMPAR ratios similar toWT
littermate controls. The relative contributions of AMPAR- and
NMDAR-mediated transmission remained unaltered across all NL
manipulations, which was evidenced by the consistency ofNMDAR/
AMPAR ratios (Fig. 1C) (WT = 0.47 ± 0.03; NL1 KO = 0.48 ±
0.03; NL3 KD = 0.52 ± 0.04; NL1/3 Def = 0.46 ± 0.03).
Although we observed no change in the total amount of

NMDAR-mediated current in NL1/3 Def cells, it is possible that
NL1 and NL3 manipulations alter the subunit composition of syn-
aptic NMDARs, a property that is developmentally regulated (23).
To address this possibility, we analyzed the weighted decay time
constant (τW) of the compound EPSCs recorded at +40 mV (Fig.
1D), because the time course of NMDAR EPSCs is significantly
influenced by NMDAR subunit composition (24). The τW for both
NL1 KO and NL1/3 Def EPSCs was no different from the τW of
WTEPSCs (WT=108.5± 5.7ms;NL1KO=106.7± 6.5ms;NL1/3
Def = 112.1 ± 9.0 ms), suggesting that NL1 and NL3 do not
regulate synaptic NMDAR subunit composition during this early
postnatal time period. To assess whether removal of NL1 and
NL3 alters presynaptic function during synaptogenesis in vivo,
we compared the PPR at multiple ISIs across all four genotypes
(Fig. 1E). No differences were noted between any of the geno-
types, suggesting that NL1 and NL3 are not required for the reg-
ulation of presynaptic properties during the first 2 postnatal wk.
LRRTM1–LRRTM4 were recently identified as high-affinity

NRX ligands that share many binding characteristics with NLs,
including their calcium and splice site dependence (5–7).
LRRTM1 and LRRTM2 are the major LRRTMs expressed
within CA1 pyramidal cells (20). To address their synaptic
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Fig. 1. Neuroligins are not required for nor-
mal development of basal excitatory synaptic
transmission in hippocampal CA1 pyramidal
neurons. (A1) Schematic of vector for KD of
NL3 in P0 WT mice and representative traces
of EPSCs at −60 and +40 mV simultaneously
recorded from an uninfected control cell
(black) and an infected, GFP-expressing cell
(green). All subsequent panels where this di-
agram appears are represented in the same
manner. In black, the mouse’s genotype and
age are shown, and in green the lentivirus
injected is shown. (A2 and A3) Amplitude of
AMPAR and NMDAR EPSCs (measured where
indicated by arrowheads and dotted lines in
A1, respectively) of infected cells plotted
against the amplitudes of simultaneously
recorded uninfected controls (black circles)
and the average EPSC amplitude (red tri-
angle). (A4) Summary graph of AMPAR and
NMDAR EPSCs normalized to the average
EPSC amplitude of each corresponding un-
infected control. (B1–B4) The same as in A1–
A4 for experiments performed in NL1 KO
mice. (C) Summary graph of the NMDAR/
AMPAR ratios for the indicated genotypes.
Numbers within each bar represent n. (D Left)
Average normalized EPSCs recorded at +40
mV from WT (black), NL1KO (red), and NL1/3
Def (blue) neurons. Solid lines are averages
across multiple cells (indicated by the numbers
in parentheses), and shaded areas represent
the SEM. (D Right) Summary of the weighted decay time constant obtained from double exponential fits to each individual experiment. (E) Summary of PPRs
measured at four different ISIs for each of the indicated genotypes. All summary values are presented as mean ± SEM.
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function during synaptogenesis in vivo, we knocked down both
LRRTMs in P0 WT mice (DKD) (Fig. 2A1). Paired comparisons
of LRRTM DKD with adjacent WT neurons revealed a signifi-
cant decrease in AMPAR EPSCs (Fig. 2 A2 and A4) (LRRTM
DKD = 107.2 ± 7.7 pA; WT = 148.2 ± 12 pA; LRRTM DKD =
0.72 ± 0.05 of WT) but no change in NMDAR EPSCs (Fig. 2 A3
and A4) (LRRTM DKD = 83.2 ± 9.0 pA; WT = 90.4 ± 9.8 pA;
LRRTM DKD = 0.92 ± 0.1 of WT). These data suggest that
LRRTMs participate in regulating AMPAR-mediated trans-
mission at CA1 pyramidal cell synapses during the first 2 post-
natal wk. Consistent with data obtained in cultured neurons (18),
the lack of effect of the LRRTM DKD on NMDAR EPSCs also
suggests that this manipulation did not alter total synapse
numbers, because this finding would be expected to reduce both
AMPAR- and NMDAR-mediated currents to the same extent.
To determine if the decrease in AMPAR EPSCs was, in fact,

because of the KD of LRRTMs rather than an off-target effect of
the shRNAs, we tested whether reintroducing WT LRRTM2
could reverse the phenotype (Fig. 2B1). An shRNA-insensitive
version of LRRTM2, expressed bicistronically after EGFP from
an internal ribosomal entry site (IRES) (DKD-Rescue), indeed
reversed the deficit in AMPAR-mediated transmission (Fig. 2 B2
and B4) (DKD-Rescue = 128.4 ± 16.8; WT= 138.8 ± 16.5; DKD-
Rescue = 0.93 ± 0.12 of WT), whereas NMDAR EPSCs were
unchanged (Fig. 2 B3 and B4) (DKD-Rescue = 88.4 ± 12.7 pA;
WT = 84.8 ± 9.4 pA; DKD-Rescue = 1.04 ± 0.15 of WT). These
results suggest that, during synapse formation and stabilization,
LRRTMs play a role in recruiting and/or maintaining synaptic
AMPARs.
If LRRTMs alone are sufficient for this activity, overexpression

of WT LRRTM2 at P0 may increase AMPAR-mediated synaptic
transmission without altering NMDAR-mediated currents. To
test this hypothesis, we injected a lentivirus that expressed WT
LRRTM2 [LRRTM2 overexpression (O/E)] (Fig. 2C1) into the
CA1 layer of WT P0 mice. Surprisingly, comparison of WT and
LRRTM2O/E cells showed no changes in AMPAR currents (Fig. 2
C2 and C4) (LRRTM2O/E = 155.4 ± 10.2 pA; WT= 149.4 ± 11.7
pA; LRRTM2 O/E = 1.04 ± 0.07 of WT). As predicted, NMDAR

EPSCswere also unchanged (LRRTM2O/E=76.0± 9.8 pA;WT=
61.9 ± 9.6 pA; LRRTM2 O/E = 1.2 ± 0.16 of WT). These results
suggest that LRRTM2 alone is not sufficient to increase the in-
corporation andmaintenance of synaptic AMPARs in vivo or that
native levels of LRRTMs are saturating for these processes.
Furthermore, they suggest that overexpression of LRRTM2
in vivo does not have the same robust synaptogenic effect as this
manipulation has in vitro.

NLs and LRRTMs Function Cooperatively at Developing CA1 Synapses
in Vivo. Given the high affinity of both NLs and LRRTMs for
NRXs, it is possible that, in the absence of one family of NRX
ligands, the other family can functionally compensate. To test
whether these NRX ligands exhibit overlap in their synaptic
functions in vivo, we injected NL1 KO pups with a lentivirus that
expressed shRNAs to LRRTM1, LRRTM2, and NL3, thereby
creating synapses deficient for NL1, NL3, LRRTM1, and
LRRTM2 [triple knockdown (TKD)/KO] (Fig. 3A1) (18). NL1
KO CA1 pyramidal cells infected in vivo with TKD virus
exhibited large deficits in evoked synaptic responses compared
with NL1 KO control cells (Fig. 3 A2 and A4). AMPAR EPSCs
were reduced by ∼50% (TKD/KO = 115.0 ± 10.8 pA; NL1 KO
= 219.8 ± 22.3 pA; TKD/KO = 0.52 ± 0.05 of NL1 KO),
whereas in contrast to LRRTM DKD alone (Fig. 2A), NMDAR
EPSCs were also significantly decreased by ∼25% (TKD/KO =
88.6 ± 15.2 pA; NL1 KO = 117.3 ± 14.9 pA; TKD/KO = 0.76 ±
0.13 of NL1 KO).
The stronger deficits in AMPAR-mediated transmission ob-

served when both LRRTMs and NLs are reduced suggests that
these molecules function in a partially redundant manner to
recruit or maintain AMPARs at developing synapses. The ad-
ditional deficit in NMDAR-mediated synaptic responses could
reflect either a reduction in the number and/or function of syn-
aptic NMDARs or a reduction in total synapse number. To ex-
plore whether in vivo KD of NLs and LRRTMs beginning at P0
alters the total number of synapses, we filled TKD/KO and NL1
KO pyramidal cells with Alexa555-Dextran and imaged spines on
secondary dendrites using confocal microscopy (Fig. 3B). Al-
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synaptogenesis in vivo selectively impairs
AMPAR-mediated transmission. (A1) Schematic
of vector for DKD of LRRTMs in P0 WT mice
and representative traces of EPSCs at −60 and
+40 mV simultaneously recorded from an un-
infected control cell (black) and an infected
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infected cells plotted against the amplitudes of
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spectively. All summary values are presented as
mean ± SEM. ***P < 0.001.
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though there was a trend to a decrease in spine density in the
cells deficient in NLs and LRRTMs, this trend did not reach
statistical significance (NL1 KO = 15.4 ± 2.5 spines/10 μm;
TKD/KO = 13.6 ± 1.8 spines/10 μm). These results suggest that,
in contrast to cultured neurons (18), acute loss of function of
NLs and LRRTMs does not cause massive synapse loss in vivo
although these proteins are partially redundant for postsynaptic
regulation of excitatory transmission at this early postnatal
developmental stage. Because NLs and LRRTMs work co-
operatively to maintain postsynaptic function, it is possible that
they also cooperate to transynaptically control presynaptic
function. However, PPR measurements revealed no differences
between TKD/KO and NL1 KO cells at any ISI tested (Fig. 3C).

Divergent Functions of NLs and LRRTMs at Mature Synapses in Vivo.
To assess the synaptic function of NL1, NL3, and LRRTMs at
a time when synaptogenesis is largely complete, we injected WT
and NL1 KOmice at P21 with NL3 KD or LRRTMDKD viruses
and recorded EPSCs from CA1 pyramidal cells in acute slices at
P35–40 (Fig. 4A). Because paired recordings from viral infected
and adjacent control cells are difficult to obtain from slices of
this age, we measured NMDAR/AMPAR ratios to assay changes
in synaptic properties. In contrast to the results obtained from
P14 to P18 slices (Fig. 1), there was a significant decrease in the
NMDAR/AMPAR ratio in the NL1 KO mice compared with
WT littermates (Fig. 4B) (NL1 KO = 0.76 ± 0.05 of WT). This
observation is consistent with previous results and has been at-
tributed to a decrease in the number of synaptic NMDARs (10,
14, 15). NL3 KD in the NL1 KO cells did not further decrease
the NMDAR/AMPAR ratio, suggesting that NL1 is the pre-
dominant NL for maintaining NMDAR-mediated transmission
at mature excitatory CA1 synapses (Fig. 4B) (0.77 ± 0.07 of WT).
Examination of τW of EPSCs at +40 mV at this age (Fig. 4C)
revealed no differences in NL1 KO or NL1/3 Def cells compared
with WT control cells (WT = 81.2 ± 3.4 ms; NL1 KO = 79.8 ±
5.4 ms; NL1/3 Def = 85.4 ± 7.5 ms). Furthermore, the PPRs
were not affected by these NL manipulations (Fig. 4D).
The use of the constitutive NL1 KO allele precludes us, how-

ever, from ruling out a developmental NL1 function thatmanifests
later as deficits in mature transmission. To address this possibility,
we generated two bicistronic lentiviral constructs to express NL1
(Fig. 4E). One virus only overexpressed NL1 (NL1 O/E), whereas
the second virus also contained the shRNA to NL3 (NL3 KD +
NL1). Western blot analysis showed that both constructs effectively
drive NL1 expression above endogenous levels in cultured neurons.
Expression of NL1 with the shRNA to NL3 in NL1 KO mice re-
versed the NMDAR/AMPAR ratio phenotype observed in NL1
KOmice (Fig. 4F) (NL1/3Def+NL1=1.2± 0.06 ofWT), whereas
overexpression of NL1 in WT mice yielded NMDAR/AMPAR

ratios that were no different fromWT ratios (Fig. 4F) (NL1 O/E =
1.2 ± 0.15 of WT). These results show that NL1 functions to
maintain NMDAR-mediated transmission at mature synapses.
To test whether LRRTMs also play a role in regulating excit-

atory synaptic transmission at mature synapses, we injected
the LRRTM DKD lentivirus into the hippocampal CA1 layer of
WT mice. This manipulation did not significantly change the
NMDAR/AMPAR ratio compared with WT cells (Fig. 4G)
(LRRTMDKD= 1.17± 0.08 ofWT). In addition, PPRs were not
affected by the LRRTM DKD (Fig. 4H). Although these results
suggest that the functional roles of NLs and LRRTMs at mature
synapses differ, they still may functionally compensate for one
another in a manner similar to the manner observed during the
first 2 postnatal wk (Fig. 3). To test this possibility, we injected the
TKD lentivirus into the hippocampus of NL1 KO mice and
measured NMDAR/AMPAR ratios. This manipulation did not
have any additional effect on these measurements compared with
those effects obtained from NL1 KO cells (Fig.4I) (TKD/KO =
1.07 ± 0.11 of NL1 KO). Together, these results suggest that
LRRTMs do not play a major role in regulating basal synaptic
transmission at mature excitatory CA1 synapses.
A limitation of these experiments is that the NMDAR/

AMPAR ratios used to assess basal synaptic properties will not
change if the number of synapses per cell has changed as long as
the average properties of individual synapses remain constant. It
is, therefore, possible that the KD of NLs and LRRTMs caused a
loss in the total number of synapses, which was observed in
dissociated cultured neurons (18). To address this possibility, we
filled cells with Alexa555-Dextran and examined dendritic spine
density and morphology (Fig. 4J). Spine density in TKD/KO cells
was not significantly different from the density in NL1 KO
controls (NL1 KO = 16.5 ± 0.8 spines/10 μm; TKD/KO = 15.8 ±
1.2 spines/10 μm). Furthermore, visual classification of the rel-
ative proportion of spines with different morphologies (mush-
room, stubby, and filopodia) (25) revealed no differences in the
TKD/KO cells (NL1 KO = 72.8 ± 1.4% mushroom, 25.7 ± 1.7%
stubby, and 1.6 ± 0.3% filopodia; TKD/KO = 71.5 ± 2.8%
mushroom, 27.3 ± 2.9% stubby, and 1.1 ± 0.4% filopodia). Fi-
nally, quantitative estimates of spine head area also revealed no
effects. Thus, in vivo, normal levels of NLs and LRRTMs are not
required for the maintenance of spine density and morphology,
and therefore, presumably, are not required for the maintenance
of normal mature synapse structure.

Extracellular Domains of LRRTMs and NLs Are Sufficient to Reverse
Transmission Deficits. Several families of PDZ domain-containing
proteins, most notably the membrane-associated guanylate
kinases (MAGUKs), are important for recruiting and/or main-
taining synaptic AMPARs and NMDARs (26, 27). Both NLs and

5 4

A1 A2 A3 A4

B C

Fig. 3. Functional convergence of NLs and
LRRTMs during synaptogenesis. (A1) Schematic of
vector for TKD of LRRTM1 and -2 andNL3 in P0NL1
KO mice and representative traces of EPSCs at −60
and +40 mV simultaneously recorded from an un-
infected control cell (black) and an infected GFP-
expressing cell (green). (A2 and A3) Amplitude of
AMPARandNMDAREPSCs of infected cells plotted
against the amplitudes of simultaneously recorded
uninfected controls (black circles) and the average
EPSC amplitude (red triangle). (A4) Summary
graph of AMPAR and NMDAR EPSCs normalized to
the average EPSC amplitude of each correspond-
ing uninfected control. (B Left) Confocal images of
Alexa555 fluorescence of secondary dendrites
from fixed NL1 KO and a TKD/KO cell. (B Right)
Summary of spine density. Numbers within bars
represent numbers of neurons analyzed. (C) Sum-
mary of PPRs measured at the ISIs indicated. All
summary values are presented as mean ± SEM.
*P < 0.05; ***P < 0.001.
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LRRTMs contain short intracellular tails that include a C-ter-
minal PDZ domain binding sequence (11, 28), suggesting that
these sequences may also be required for their influence on ex-
citatory synaptic transmission. Alternatively, NLs and LRRTMs
may subserve their synaptic functions independent of MAGUKs,
relying primarily on their extracellular interactions with NRXs or
as yet unknown synaptic adhesion molecules. To address this
issue, we generated lentiviruses that express LRRTM2 or NL1
without their intracellular domains (Fig. 5) (LRRTM DKD +
LRRTM2-EC and NL3KD + NL1-EC, respectively). Because
the LRRTM DKD induces a specific reduction in AMPAR-
mediated transmission at developing synapses (Fig. 2A2), we
injected LRRTM DKD + LRRTM2-EC viruses into P0 WT
mice and performed paired recordings (Fig. 5A1). Replacement
of LRRTM1 and LRRTM2 with the extracellular domain of
LRRTM2 reversed the reduction in AMPAR-mediated synaptic
currents observed in LRRTM DKD cells (Fig. 5 A2 and A4)
(WT = 139.9 ± 13.8 pA; LRRTM DKD + LRRTM2-EC =
121.7 ± 13.2 pA; LRRTMDKD+ LRRTM2-EC = 0.87 ± 0.09 of
WT) but had no effect on NMDAR-mediated synaptic currents
(Fig. 5 A3 and A4) (LRRTM DKD + LRRTM2-EC = 80.4 ± 6.5
pA;WT=84.8± 8.6 pA; LRRTMDKD+LRRTM2-EC=0.95±
0.08 of WT).
To determine if NL1 behaves similarly to LRRTM2, we injected

NL3 KD+ NL1-EC into NL1 KOmice at P21 (Fig. 5B), the time
at which NLs function to maintain NMDAR-mediated trans-

mission. This manipulation increased the NMDAR/AMPAR ra-
tio toWT levels (Fig. 5B) (NL1/3 Def + NL1-EC= 1.07 ± 0.06 of
WT), a significantly higher ratio compared with NL1 KO cells.
These results indicate that the intracellular sequence of LRRTM2
is not required for recruiting and/or stabilizing AMPARs at de-
veloping synapses, consistent with the finding that these sequences
are also not required for increasing the synapse density of cultured
neurons on overexpression of LRRTM or NL1 (18). Similarly, the
intracellular sequence of NL1 is not essential to maintain
NMDAR-mediated synaptic responses.

Discussion
NRXs, NLs, and LRRTMs comprise part of a transsynaptic
protein interaction network that is ideally positioned to play
important roles in the development, maintenance and function
of synapses. To explore the in vivo synaptic roles of NLs and
LRRTMs, we have taken a systematic loss of function approach
using lentiviral KD and comparing two developmental time
points. We found that during the first 2 wk of postnatal de-
velopment, KO of NL1 and KD of NL3, did not alter net ex-
citatory synaptic transmission or synapse numbers. In contrast,
KD of LRRTMs at this time point led to a specific decrease in
AMPAR-mediated transmission. Consistent with functional
compensation during early postnatal development, KD of
LRRTM1 and LRRTM2 along with NL3 in NL1 KO mice
caused a substantially larger decrease in excitatory transmission,
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Fig. 4. Functional divergence of NLs and
LRRTMs at mature synapses. (A Top) Schematic
representing stereotactic injection of the NL3
KD virus into a P21 NL1 KO mouse. All sub-
sequent panels where this diagram appears are
represented in the same manner: In black, the
mouse’s genotype is shown, and in green, the
lentivirus injected is shown. (A Middle) Screen
captures of a hippocampal slice in differential
interference contrast (DIC) (A Middle Left) and
epifluorescence (A Middle Right) showing lo-
calized CA1 infection. (A Bottom) Capture
showing magnified single cells infected within
the CA1 layer. Black lines outline a patch elec-
trode. (B) Sample currents recorded at −60 and
+40 mV (B Left), and the summary of NMDAR/
AMPAR ratios normalized to WT (B Right). (C
Left) Averagenormalized EPSCs recordedat +40
mVfromWT(black),NL1KO(red),andNL1/3Def
(blue) neurons. Solid lines are averages across
multiple cells (indicated by the numbers in pa-
rentheses), and shadedareas represent theSEM.
(C Right) Summary of the weighted decay time
constant obtained from double exponential fits
to each individual experiment. (D) Summary of
PPRsmeasured at four different ISIs from cells of
the indicated genotypes. (E) Schematic of the
NL1 rescue and O/E constructs. (F) Sample EPSCs
(F Left) and summary graph of NMDAR/AMPAR
ratios normalized toWT (F Right) from neurons
infectedwith the indicatedviruses. (G) The same
as in F for experiments using the LRRTM DKD
virus injected into P21WTmice. (H) Summary of
PPRs measured at the ISIs indicated for WT and
LRRTM DKD cells. (I) The same as in F for
experiments using the TKD virus injected into
P21 NL1 KO mice. (J Upper) Confocal images of
Alexa555 fluorescence of secondary dendrites
from cells of the indicated genotypes. (J Lower)
Analysis of spine density, morphological classi-
fication, and spine head area (represented as
cumulative distribution) for the indicated gen-
otypes. In all cases, summary values are repre-
sented as mean ± SEM. *P < 0.05; **P < 0.01.
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with both the AMPAR- and NMDAR-mediated components
being affected. Strikingly, the density of synapses, defined by the
density of postsynaptic spines on dendrites, was unaffected by
LRRTM/NL deficiency (Fig. 3B), suggesting that LRRTMs and
NLs function cooperatively at developing synapses to recruit or
maintain AMPARs and to a lesser extent, NMDARs. Impor-
tantly, the relative functions of NLs and LRRTMs seem to
change as synapses mature. Manipulation of NL1 and NL3 at
P21–35 led to decreased NMDAR-mediated transmission,
whereas KD of LRRTM1 and LRRTM2 did not have detectable
effects. Furthermore, in contrast to the synaptogenic period
during the first 2 postnatal wk, we found no functional com-
pensation between the two families of NRX ligands at mature
synapses. The deficits in synaptic transmission caused by the NL
loss of function at mature synapses were not accompanied by
changes in synapse numbers or spine morphology. Together,
these results show a functionally dynamic synaptic cell adhesion
network, with NLs and LRRTMs having both overlapping and
unique functions that change during postnatal development.
A principle limitation of the present study, imposed by the

currently available tools and shared by all other studies to date, is
that the manipulations that we used either do not cause a com-
plete loss of the target protein (as in the case for NL3 and
LRRTM KDs) or are present throughout development (as in the
case of the NL1 KO). Another limitation is that, although the
KDs that we used were well-validated in cultured neurons and
off-target effects were excluded (18), it is formally possible that
the efficacy and specificity of these KDs in vivo may differ.

Removal of NRX Ligands During Synaptogenesis. NL1 and NL3 loss
of function during a major period of synaptogenesis elicited no
significant change in global excitatory synaptic strength as mea-
sured by paired recordings. This result is consistent with previous
work showingmaintenance of normal synapse numbers in NL1/2/3
triple KO mice (13) and the lack of effect of performing identical
manipulations with the same viruses on excitatory synapse density
in dissociated cultured neurons (18). However, this result is not
consistent with several other studies (Table S1 shows a summary).
In particular, a recent study using microRNA-mediated simulta-
neous KD of NL1-3 caused a robust reduction of both AMPAR-
and NMDAR-mediated currents as well as synapse density in rat
slice culture preparations (12). Because of the many differences in
the methodologies and preparations used, it is difficult to directly
compare these observations with the lack of effect that we ob-
served when NL3 was reduced in vivo both in WT and NL1 KO

backgrounds and assayed in acute slices. NL1-3 microRNA ex-
pression was initiated 1 d after preparation of the organotypic slice
cultures (12), a period marked by massive circuit reorganization
that includes concomitant synapse retraction and synaptogenesis.
Thus, the KD of NL1-3 under these conditions may both accel-
erate synapse loss and impair subsequent reestablishment of syn-
aptic connections in amanner that does not normally occur in vivo.
Moreover, KD of NL1-3 in this slice culture preparation caused
a large decrease in inhibitory synaptic transmission, an effect that
could lead to a decrease in excitatory synaptic function as a result
of homeostatic compensation to preserve the net excitatory/in-
hibitory balance (29). Finally, as is the case for any study using
RNAi, it is possible that one or more of the microRNAs has some
nonspecific effect, a possibility that is difficult to rule out using
a rescue approach, because overexpression of either NL1 or NL3
alone caused robust gain of function phenotypes in this prepara-
tion. Thus, the rescue may not actually correct the loss of function
but rather, be a reversal of a phenotype that was because of an off-
target effect. Moreover, it is possible that, in vivo, other families of
postsynaptic cell adhesion molecules may have compensated for
the lack of NL1 and NL3 during early postnatal development (see
below), although this hypothesis is difficult to reconcile with the
synaptic phenotypes that the NL1 KO produces (10).
The specific effect of the LRRTM1 and LRRTM2 DKD on

AMPAR-mediated transmission in CA1 pyramidal cells during
the same early postnatal time period suggests that LRRTMs
support AMPAR recruitment to synapses and/or their mainte-
nance at synapses. This result, however, contrasts with the report
that LRRTM2 KD alone in P6 dentate gyrus granule cells caused
large matching decreases in both AMPAR- and NMDAR-
mediated synaptic currents (6). This large suppression of excit-
atory transmission is surprising given that mRNAs of all four
LRRTM family members are robustly expressed in this cell type
(20). One potential explanation for this discrepancy is that the
shRNA to LRRTM2 used in this previous study had off-target
effects. Although a rescue with WT LRRTM2 was successfully
obtained in cultured neurons expressing this shRNA, this result
does not rule out off-target effects, because LRRTM2 has dra-
matic synaptogenic effects when overexpressed in neuronal cul-
tures (5, 6). Indeed, we confirmed that the shRNA to LRRTM2
used previously (6) decreases synapse density in dissociated hip-
pocampal cultures but also found that two other equally effective
shRNAs to LRRTM2 did not (18), findings that are consistent
with an off-target effect of the initial LRRTM2 shRNA.

A1 A2 A3 A4

B

Fig. 5. The extracellular domains of LRRTM2
and NL1 are sufficient to rescue the KD-in-
duced synaptic deficits. (A1) Schematic of res-
cue vector expressing the extracellular domain
of LRRTM2 in P0 WT mice with representative
traces of EPSCs at −60 and +40 mV simulta-
neously recorded from an uninfected control
(black) and an infected GFP-expressing cell
(green). (A2 and A3) Amplitude of AMPAR and
NMDAR EPSCs of infected cells plotted against
the amplitudes of simultaneously recorded
uninfected controls (black circles) and the av-
erage EPSC amplitude (red triangle). (A4)
Summary graph of AMPAR and NMDAR EPSCs
normalized to the average EPSC amplitude of
each corresponding uninfected control. (B)
Schematic of the rescue vector used to express
the extracellular domain of NL1, sample traces
of EPSCs, and summary graph of NMDAR/
AMPAR ratios normalized to WT from neurons
infected with the indicated virus. WT and NL1
KO data were shown in Fig. 4 and are replot-
ted here for comparison. In all cases, sum-
mary values are represented as mean ± SEM.
**P < 0.01; ***P < 0.001.
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The synaptic deficit elicited by LRRTM1 and LRRTM2 KD
in vivo was significantly increased by simultaneous KO/KD of
NL1 and NL3. This result suggests that these proteins are
functionally redundant during early postnatal developmental,
a conclusion that is in keeping with the striking similarity of the
binding of both ligands to NRXs, despite the absence of any
structural similarity (5–7). One important difference between the
effects of simultaneous KD of NL3, LRRTM1, and LRRTM2 in
NL1 KO neurons in culture (18) vs. in vivo was that no change in
synapse density was detected after the in vivo manipulations.
This difference in results may highlight an important inherent
difference in the state of in vitro vs. in vivo synapses regarding
their susceptibility to activity-dependent pruning. Because iden-
tical viruses were used for both the in vitro experiments in cul-
ture and the in vivo injections, this difference also strongly
suggests that neuronal and synaptic properties in cultured neu-
rons cannot automatically be assumed to translate to neurons
and synapses in vivo. It should be noted, however, that the
general approach pursued here—shRNA-dependent KD of tar-
gets—carries the inherent limitation that most shRNAs, such as
the ones that we use here, exert KDs of 70–90% and that no
shRNA produces a complete KD. The remaining expression of
the target proteins may mediate significant functional effects.
Thus, when performing shRNA-mediated KD in small numbers
of individual cells, it is impossible to know the quantitative ef-
fectiveness of the KD and therefore, impossible to rule out that
identical shRNAs expressed using the same batch of viruses are,
for some reason, less effective in vivo than in vitro.

Role of NLs and LRRTMs at Mature Synapses. A major advantage of
the in vivo approach that we have taken is that the function of
NLs and LRRTMs at mature synapses could be studied in the
absence of developmental synaptogenesis. Our results suggest
that, at mature synapses, NLs and LRRTMs subserve different
functions than at developing synapses. NL1 is essential for the
regulation of NMDAR-mediated synaptic responses, consistent
with findings based on recordings from hippocampal pyramidal
neurons in slices prepared from NL1 KO mice (10) and amyg-
dala principle neurons on acute KD of NL1 (14, 15). We have
extended these results in two ways. First, we show that NL1 and
NL3 are not required for the initial recruitment of NMDARs to
postnatal developing synapses. Second, our rescue experiments
in NL1 KO mice show that NL1 is actively required at mature
synapses for the maintenance of NMDAR-mediated trans-
mission. In contrast to the effect of the loss of function of NLs,
KD of LRRTM1 and LRRTM2 had no detectable effects on
NMDAR/AMPAR ratios obtained from P35 to P40 slices. Fur-
thermore, KD of both NLs and LRRTMs beginning at P21 had
no significant effects on spine density or spine morphology.
There are several possible interpretations of these results. We

cannot rule out that the remaining levels of these NRX ligands at
individual synapses in vivo were still functionally sufficient. This
caveat, of course, applies to all negative results obtained using
KD approaches. It is also possible that larger functional and
structural effects may not have occurred after the molecular
manipulations because of homeostatic compensatory synaptic
adaptations. This caveat applies to both constitutive KOs and
more acute KD approaches. We favor the conclusion that
LRRTMs do not play a role in regulating basal synaptic trans-
mission at mature synapses, and neither LRRTMs nor NLs is
required for maintaining normal spine structure. Given their
ability tomaintain or recruit AMPARs at developing synapses and
their persistence expression at mature synapses, LRRTMs may
instead play a role in activity-dependent synaptic phenomena (18),
an exciting possibility that remains to be tested in vivo.
Both NLs and LRRTMs contain intracellular tails capable of

binding scaffolding modules and intracellular signaling proteins as
well as large extracellular domains that bridge the synaptic cleft.
Surprisingly, we found that the extracellular domain of LRRTM2
alone is sufficient to reverse the deficit in AMPAR-mediated
transmission elicited by the LRRTM DKD. Confidence in this

result is increased by the parallel finding that the extracellular
domain of LRRTM2 is sufficient to reverse the synapse loss caused
by TKD of LRRTM1, LRRTM2, and NL3 in NL1 KO cultured
neurons (18). Possible hypotheses to explain these results include
direct interaction of the extracellular domain of LRRTMs with
AMPARs (6), indirect cis interactions with a mediator protein, and
indirect trans interactions, where NRXs dictate the localization of
AMPARs. In a similar fashion, replacement of NL1 and NL3 de-
ficient synapses with the extracellular sequence of NL1 completely
rescued the reduced NMDAR/AMPAR ratio as effectively as full-
length NL1. Although it is impossible to rule out that the small
amounts of remaining endogenous LRRTMs or NL3 in the KD
cells were sufficient to heterodimerize with the overexpressed
mutant forms of recombinant LRRTM2andNL3 and thus, provide
intracellular domains that were critical for the functional rescues
that we observed, this explanation seems unlikely given the relative
amounts of the endogenous and recombinant proteins. Instead, we
favor the hypothesis that the extracellular domains of these neu-
rexin binding proteins are critically important not only for their
synaptogenic effects but also for their effects on synaptic function.

Complexity of Neuroligin and LRRTM Function. Neuroligins, and
more recently, LRRTMs have been the object of intense interest,
in large part because of their ubiquitous presence at synapses and
their genetic association with a number of neuropsychiatric dis-
orders. Examining their function is challenging, because there are
multiple isoforms of each (NL1–4 and LRRTM1–4) and all of the
isoforms exhibit high affinity for neurexins, although their affini-
ties differ depending on splice variants and neurexin isoforms.
Table S1 presents an attempt at a concise yet comprehensive
summary of the studies that have molecularly manipulated NLs or
LRRTMs in neurons and performed assays of synapse number or
function. The results are confusing and likely reflect not only the
inherent complexity of the synaptic functions of these NRX ligand
protein families but also the differences in approaches used and
the inherent limitations of each approach. Nevertheless, several
tentative general conclusions can be reached. First, when over-
expressed in cultured neurons, NLs and LRRTMs routinely in-
crease synapse numbers. However, as is the case with any
overexpressed protein, there is the potential for mistargeting,
which may yield nonphysiological abnormal or even dominant
positive or negative effects. Furthermore, the limited results to
date suggest that the robust synaptogenic effects of overexpressing
NLs and LRRTMs in cultured neurons may not occur in vivo,
although they do seem to operate in cultured slices.
Second, although it is an extremely powerful approach, using

RNAi always raises the confound of off-target effects and partial
loss of function results. Off-target effects may explain some of
the profound differences in the synaptic deficits reported to be
caused by shRNAs targeting single NLs or LRRTMS in cultured
neurons as well as the differences between the reported effects of
RNAi-mediated KD of NLs vs. the relatively modest effects
caused by genetic deletion ofNLs.Rescue experiments that reverse
the synaptic phenotype caused by KD manipulations are valuable
in minimizing the possibility that off-target effects caused the ob-
served synaptic changes but are not foolproof if overexpression of
the recombinant protein alone yields a gain of function phenotype.
In this latter case, a rescue may actually reflect a reversal or
masking of the synaptic changes caused by the shRNA.
Third, as mentioned above, the preparation in which molec-

ular manipulations are performed may significantly influence the
synaptic effects that are observed. Dissociated neuronal and slice
culture preparations are valuable because of the relative access
that they provide, but their synapses may not accurately reflect
the state of synapses in vivo, especially if the molecular manip-
ulation is performed at a time when robust synaptogenesis and
synaptic pruning are occurring.
Fourth, the NL and LRRTM protein families likely have both

redundant and distinct synaptic functions. As shown here, their
specific roles also will depend on the maturational state of the
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synapses in which they are localized and the specific circuit in
which the synapses function (30).
In summary, to test and extend the work on the synaptic func-

tions of the two NRX ligands NLs and LRRTMs, we have exam-
ined the in vivo synaptic effects ofmolecularmanipulations of these
proteins. Although our results indicate that NLs and LRRTMs can
partly functionally compensate for each other early during de-
velopment, they also suggest that these cell adhesion molecules
perform distinct functions atmature excitatory synapses in that they
independently regulate AMPAR- andNMDAR-mediated synaptic
transmission. Numerous human genetics studies implicate NRXs,
NLs, and LRRTMs in the pathogenesis of various neuropsychiatric
disorders, including autism and schizophrenia (reviewed in ref. 31).
Additional elucidation of their detailed functions in vivo will,
therefore, be crucial not only for a more sophisticated under-
standing of normal synapse development, function, and plasticity
but also for how synaptic dysfunction can lead to disease.

Materials and Methods
Lentiviral Expression Vectors. For details of lentivirus vectors and production,
see SI Materials and Methods.

Hippocampus Infection.All mice used in this study are F1 hybrids of C57/B6 and
129SVE (Charles River). Animals were handled in accordance with Stanford
and Federal Guidelines. Injections (P0 and P21mice) were performed through
glass pipettes using an infusion pump (Harvard Apparatus). P0 pups were
anesthetized for 2 min in ice and placed in a custom-made pedestal. Con-
centrated lentiviruses (500 nL) were infused transcranially into the hippo-
campus at a rate of 800 nL/min. Stereotaxic injections into P21 mice (10–12 g)
were performed as previously described (33).

Slice Preparation and Whole-Cell Recordings. Mice (postnatal days 14–18 or 35–
39) were decapitated after deep isoflurane anesthesia. The brain was removed
and placed in ice-coldmedia consisting of 228mM sucrose, 26mMNaHCO3, 11
mMglucose, 7.0mMMgSO4, 2.5 mMKCl, 1.0mMNaH2PO4, and 0.5mMCaCl2.
Horizontal sliceswere cut in 225-μm-thick sections using a vibratome (VT1200S;
Leica) and transferred to an incubation chamber containing artificial cere-
brospinalfluid consisting of 122mMNaCl, 26mMNaHCO3, 11mMglucose, 2.5
mM CaCl2, 2.5 mM KCl, 1.3 mM MgCl2, and 1.0 mM NaH2PO4. Slices were in-
cubated for 45–60 min at 32 °C and then kept at room temperature until

transfer to a submerged recording chamber perfused with artificial cerebro-
spinal fluid (28–30 °C) containing picrotoxin (50 μM; Sigma). Whole-cell
recordings from CA1 pyramidal neurons were obtained with patch electrodes
containing 117.5 mM cesiummethanesulfonate, 15.5 mM CsCl, 10 mM TEA-Cl,
10mMHepes buffer, 10mMsodiumphosphocreatine, 8mMNaCl, 5mMEGTA,
1 mM MgCl2, 4 mM Mg-ATP, 0.3 mM Na-GTP, and 1 mM QX-314. Electrode
resistances ranged from 2.5 to 4.5 MΩ. Simultaneous dual whole-cell record-
ings (P14–18 experiments) were obtained from infected and adjacent un-
infected cells (indicatedbyGFPexpressionor lack thereof) (Fig. S1). In experiments
where dual recordings were not feasible (P35–40), a recording from a control cell
wasmade in each slice fromwhichaGFP-expressing cellwas recorded. EPSCswere
evoked by brief current injections (10–50 μA and 0.2 ms) delivered to Schaffer
collaterals (0.1 Hz) through electrodes made from θ-glass (Warner).

Data Acquisition and Analysis. EPSCs were recorded in whole-cell voltage
clamp (Multiclamp 700B;Molecular Devices),filtered at 4 KHz, and digitized at
10 KHz (ITC-18 interface; HEKA). Electrophysiological data were acquired and
analyzed using the Recording Artist package (Rick Gerkin) written in Igor Pro
(Wavemetrics). AMPAR (−60 mV) and NMDAR (+40 mV) EPSCs were obtained
by averaging 20–30 consecutive responses. The AMPAR EPSC amplitude was
measured within a 2-ms window around the peak, whereas the NMDAR EPSC
amplitude was measured as the average current 49–51 ms after the stimulus.
PPR curves were generated as previously described (34). The weighted decay
time constant (τW) of EPSCs at +40 mV was calculated by fitting a double ex-
ponential function to the average EPSC for each cell and using the following
formula: τW = [(A1 × τ1) + (A2 × τ2)]/(A1 + A2), where A1 and A2 are the
amplitudes and τ1 and τ2 are the decay time constants of the fast and slow
components, respectively. Summary data are presented as mean± SEM unless
otherwise stated. Comparison between infected anduninfected cell responses
resulting from paired recordings was done using paired, two-tailed Student t
test. All other statistical analyses were done using unpaired, two-tailed t test.
Differences were considered significant if P < 0.05.

Tissue Fixation and Microscopy. For details, see SI Materials and Methods.
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