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Lrigl is a cell-intrinsic modulator of hippocampal
dendrite complexity and BDNF signaling
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Abstract

Even though many extracellular factors have been identified as
promoters of general dendritic growth and branching, little is
known about the cell-intrinsic modulators that allow neurons to
sculpt distinctive patterns of dendrite arborization. Here, we
identify Lrigl, a nervous system-enriched LRR protein, as a key
physiological regulator of dendrite complexity of hippocampal
pyramidal neurons. Lrigl-deficient mice display morphological
changes in proximal dendrite arborization and defects in social
interaction. Specifically, knockdown of Lrigl enhances both
primary dendrite formation and proximal dendritic branching of
hippocampal neurons, two phenotypes that resemble the effect of
BDNF on these neurons. In addition, we show that Lrigl physically
interacts with TrkB and attenuates BDNF signaling. Gain and loss
of function assays indicate that Lrigl restricts BDNF-induced
dendrite morphology. Together, our findings reveal a novel and
essential role of Lrigl in regulating morphogenic events that shape
the hippocampal circuits and establish that the assembly of TrkB
with Lrigl represents a key mechanism for understanding how
specific neuronal populations expand the repertoire of responses
to BDNF during brain development.
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Introduction

Dendritic tree complexity, which results from the interplay between
extrinsic factors, cell type specific signaling modulators, and electri-
cal activity, can regulate the transmission of information in the
nervous system [1,2]. Throughout development, several extrinsic
factors control dendritic growth and branching activating specific

signaling pathways that affect the cytoskeleton and gene expression
[3]. Neurotrophins are a structurally related group of extracellular
factors represented by nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neuro-
trophin 4/5. They play critical roles during neuronal development
supporting survival, axonal and dendritic growth, guidance, branch-
ing, and neuronal plasticity of specific populations of sensory,
sympathetic, and central nervous system (CNS) neurons, via
the activation of their cell-surface receptor tyrosine Kkinases,
tropomyosin-related kinase (Trk) A (TrkA), TrkB, and TrkC [4].
BDNF is one of the most studied extrinsic factors that regulate
growth, branch morphology, and spine density of developing
dendrites [5-10]. In hippocampal and cortical pyramidal neurons,
BDNF increases the number of primary dendrites and dendrite
branches near the cell body [7,11-14].

Recent studies provide compelling evidence that transmem-
brane proteins containing extracellular leucine-rich repeat (LRR)
domains control neuronal connectivity functioning as regulators
of axon guidance, dendritic growth, synapse formation, and plas-
ticity [15-17]. Distinct LRR protein families are highly enriched
in the CNS, especially in the hippocampus, where they play a
critical role in organizing synaptic connections into functional
neural circuits. Given their crucial role in the organization of
neuronal connectivity, it seems likely that dysfunctions in LRR
genes or in their binding partners could compromise neuronal
function and lead to neurodevelopmental and neuropsychiatric
disorders [18].

In particular, leucine-rich repeats and immunoglobulin (Ig)-like
domains 1 (Lrigl) is a transmembrane protein highly expressed in
the CNS that contains 15 LRRs and 3 Ig domains in its extracellular
region [19,20]. Previous research points to Lrigl as a receptor tyro-
sine kinase (RTK)-associated protein able to regulate neurotrophic
growth factor receptor signaling [21-24]. Interestingly, neurotrophic
factor-induced RTK signaling is required for proper nervous system
development and plasticity, and abnormalities in the control of this
signaling have been associated with diverse brain disorders and
tumors [25,26].

While the specific roles of many LRR integral proteins have
recently been addressed [15], the physiological contribution of
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Lrigl for brain development remains to be determined. In the
present work, we explore the role of Lrigl in developing
hippocampal neurons by first studying the expression pattern of
Lrigl during hippocampal development. The prominent expression
of Lrigl at the moment that hippocampal dendrite development
takes place, prompted us to examine whether Lrigl could regulate
dendritogenesis and dendritic tree arborization of hippocampal
neurons.

In the current study, we describe novel functions for Lrigl as an
endogenous inhibitor of hippocampal dendrite morphogenesis and
branching. Our data also establish Lrigl as an essential molecule
linking TrkB signaling to dendrite development and suggest that
Lrigl contributes to shape distinctive patterns of dendritic arboriza-
tion in specific neuronal populations in response to neurotrophins.
Furthermore, loss of Lrigl led not only to morphological abnormali-
ties but also to social behavior deficits, highlighting the importance
of this cell-intrinsic modulator for normal nervous system develop-
ment and plasticity.

Results
Expression of Lrigl during hippocampal development

Although specific roles for many LRR proteins have recently been
uncovered in connectivity and synapse formation in forebrain
neurons, the role of Lrigl in nervous system development is still
unclear. To address this, the expression of Lrigl mRNA was
analyzed by real-time RT-PCR in rat hippocampal tissue at dif-
ferent developmental stages (Fig 1A). An increase in Lrigl mRNA
expression was detected during the first and second postnatal
weeks, the main period of hippocampal dendrite development
and synaptogenesis in rodents. This increase was detected
between postnatal day 0 (PO) and P15, with a peak of expression
at P15.

To determine which cell types express Lrigl, we examined the
localization of Lrigl in brain sections containing the hippocampus.
Immunofluorescence of tissue sections obtained from 2-week-old
rats revealed that Lrigl is highly expressed in dentate granule cells
and pyramidal neurons in the cortex and in CA1-CA3 hippocampal
areas (Fig 1B-E). Interestingly, Lrigl staining mainly concentrates
in the soma and extends out into the apical dendrites of CA1-CA3
hippocampal (Fig 1D and E) and cortical pyramidal neurons
(Fig 1C). As expected, no signal for Lrigl expression could be
detected neither in sections of CA1 hippocampal pyramidal neurons
nor in hippocampal lysates obtained from Lrigl-mutant mice
(Fig EV1A and B). In addition, specific detection of mouse Lrigl by
controlled by downregulation of
endogenous Lrigl expression in hippocampal primary neurons
transfected with Lrigl-shRNA (Fig EV2A and B) and immunoblot
containing cell extracts overexpressing each Lrig-family member
(Fig EV1C).

Dissociated hippocampal cultures show that virtually all neurons
(BII-tubulin ™), but not astrocytes (S100p "), were found to express
Lrigl (Fig 1F and G). In mature primary hippocampal neurons,
Lrigl immunoreactivity is mainly localized to both cell bodies and
proximal neuritic processes co-stained with the dendritic marker
MAP-2 (Fig 1H).

immunofluorescence was
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Knockdown of Lrigl promotes dendritic development of
hippocampal neurons

To determine whether Lrigl could regulate dendrite patterning, we
used a plasmid-based shRNA interference system to knockdown
Lrigl expression in cultured neurons. In a previous work, we have
identified a shRNA-targeted sequence in mouse Lrigl mRNA (nt
1494-1512) that specifically reduces Lrigl expression levels in
cultured cells [24]. Here, we additionally controlled the efficiency of
our shRNA construct by real-time RT-PCR (Fig 2H), immunoblot-
ting, and immunofluorescence of transfected hippocampal neurons
(Fig EV2).

To evaluate the involvement of Lrigl in dendritic development,
PO mouse dissociated hippocampal neurons maintained for 9 days
in vitro (9 DIV) were transfected with a GFP-expressing control
plasmid or Lrigl-shRNA-GFP-expressing vector. Three days after
transfection (12 DIV), the neurons were fixed and analyzed.
Dendritic complexity was determined using Sholl analysis, which
measures the number of times that dendrites pass across concentric
circles localized at different distances from the cell bodies [27].
Using this analysis, we found that knockdown of Lrigl in primary
hippocampal neurons leads to a significant increase in their
proximal dendritic tree arborization, particularly within the ~90 pm
closest to the soma (Fig 2A and B). Consistent with this result, we
also observed that Lrig]l knockdown caused a significant increase in
various dendritic parameters such as the number of primary and
secondary dendrites, total dendritic growth, and branching
(Fig 2C-G).

We also analyzed neurons cultured from Lrigl and Lrigl ™/~
mice. Similar dendritic changes were observed when we
compared wild-type (wt) vs. Lrigl-deficient neurons cultured for
7 DIV and stained with the dendritic marker MAP-2 (Fig 2I).
Using Sholl analysis, cultured hippocampal
neurons from PO Lrigl-null mice exhibited higher proximal
dendritic tree complexity than wild-type control neurons (Fig 2J).
This dendritic complexity resulted from a significant enhancement
in the branching, in the number of secondary dendrites and in

+/+

we found that

the number of dendrites directly extending from the neuronal
cell body, confirming our results from shRNA experiments
(Fig 2K-M).

The increased dendrite complexity of Lrigl-deficient neurons was
additionally detected at different in vitro developmental stages (e.g.,
at 7, 10, and 14 DIV). The changes in total dendritic length and
branching were stronger as neurons become more mature
(Fig EV3). Immunoblot analysis confirmed the complete absence of
Lrigl protein in the hippocampus of Lrigl-knockout mice
(Fig EV1B).

Loss of Lrigl leads to enhanced apical dendrite arborization of
CA1-CA3 pyramidal neurons in vivo

To determine whether the data obtained from cultured neurons
have in vivo relevance, we evaluated dendritic arborization of
hippocampal CAl and CA3 pyramidal neurons in Lrigl-knockout
Abnormalities in dendrite morphogenesis observed in
hippocampal neurons in vitro were corroborated by Golgi-stained
dendritic arbors in vivo (Fig 3). Proximal branching and the number
of primary dendrites in CA1 hippocampal pyramidal neurons were

mice.

© 2016 The Authors
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Figure 1. Developmental expression and somatodendritic localization of Lrigl in hippocampal neurons.

A Quantitative analysis of developmental expression of Lrigl mRNA in rat hippocampus by real-time RT—PCR. The results are shown as mean + SEM of
n = 3 independent assays. The levels of Lrigl mRNA were normalized using the expression of the housekeeping gene Thp (TATA box-binding protein). The
insert shows the expression of Lrigl in embryonic E17.5 rat hippocampus examined by RT—PCR. Control sample without reverse transcriptase (-RT) is also

shown.

B Localization of Lrigl (red) in coronal sections from P15 rat brain by immunofluorescence. Anti-Lrig1®® antibodies label dentate gyrus cells, CA1-CA3 hippocampal

neurons, and pyramidal cortical neurons (asterisk). Scale bar, 400 pm.

Confocal image of cortical (C) and hippocampal (D, E) pyramidal neurons stained with rabbit anti-Lrig1®® antibody. Arrows indicate Lrigl staining in proximal

segments of apical dendrites of CA1-CA3 hippocampal and pyramidal cortical neurons (layer V). Scale bars, 20 um.
F Immunofluorescence staining of Lrigl (red) with anti-Lrigl®“® antibody and the neuronal marker Blii-tubulin (green) in dissociated hippocampal cells cultured for 7

DIV. Yellow indicates neuronal expression of Lrigl. Scale bar, 15 pum.

G Immunofluorescence staining of Lrigl (red) with anti-Lrigl®“® antibody and the astrocytic marker S1008 (green) in dissociated hippocampal cells cultured for 7 DIV.

Scale bar, 20 pm.

H Localization of Lrigl (red) with anti-Lrig1®“® antibody and the somatodendritic marker MAP-2 (blue) by immunocytochemistry in dissociated rat hippocampal

neurons after 12 DIV. Scale bar, 20 pm.

Data information: All data represent at least three independent experiments.

significantly increased in Lrigl-null mice compared to littermate
controls at 4-5 weeks of postnatal age (Fig 3A and B). Moreover,
total dendrite intersections obtained by Sholl analysis demonstrated
significant differences in proximal dendritic arborization of CAl
hippocampal neurons (Fig 3C), characterized by a higher complex-
ity in the apical than in the basal dendritic domain (Fig 3D).
Dendritic branching was also markedly enhanced in apical dendrites
of CA1 hippocampal neurons, further supporting a preferential
apical dendrite phenotype in Lrigl-null mice (Fig 3B). Similar
results were also obtained in hippocampal CA3 pyramidal neurons
(Fig EV4).

© 2016 The Authors

Lrig1-knockout mice display social behavior abnormalities

Structural abnormalities of dendrites and their connections are
related to impaired sociability and dysregulated social behavior
[28-30]. As previously shown in Fig 1, Lrigl is highly expressed in
the hippocampus, a brain area that among many other behaviors
has also been implicated in sociability [31,32]. Due to the fact that
Lrigl-deficient mice tended to be isolated from their littermates
within the cage, we decided to examine whether Lrigl-mutant mice
display altered social behaviors. To measure social interaction,
wild-type and knockout mice were subjected to a three-chamber

EMBO reports Vol 17 | No 4 | 2016

603



Published online: March 2, 2016
EMBO reports

Control of hippocampal dendrite development by Lrigl  Fernando Cruz Alsina et al

A B = @ c D
| Control vector I | 2 20 TI T = Control vector .
b b i 15 o 15
a 15 1 T‘L \ Lrig1 shRNA 2 8 T
o E * 5
) 210 T 5 10
k< 5 s
5 > g
o @ 5 5
£ E 5
= e
z o0 ‘ & o
Control Lrig1 Control Lrig1
vector shRNA vector shRNA
E F GE HS§
60 = 4000 215
%) T £ il o
. h= 2 3000 T g N
6 8_ 40 @ o 1
§ e £ 2000 % os
= g2 2 1000 £
0] ° -
P oo 3 0 = 0
Control Lrig? Control Lrig1 ] Control Lrig1 Control Lrig1
vector shRNA vector ShRNA vector shRNA vector shRNA
I Lrig1 */* Jg.,_= — Lrig? +/+ K L M
: g 84{ gl Lrig1 —/-
£ 7] o 'I' )
@ 6 = 1 -l— 5 o 8 % 15 *
o - . - [} i = T
= - »T =
55 { FERLRI; £ 26 o T
S 4 = 1 RS T S e - =10
3 3 Ii‘} o >4 < =
9 1y > g S .
E 21 o £ o m
S £ o
Z 11 o 8 | |
0 T a0 4 — | 0
0 20 40 60 80 Lri R Py
Distance from soma (um)
Figure 2. Lrigl downregulation potentiates dendritic growth and branching of hippocampal neurons.
A Representative images of mouse hippocampal neurons transfected with either GFP-expressing control or LrigI-shRNA vector at 9 DIV and maintained for 3

additional days in vitro (9 + 3 DIV). Scale bar, 15 pm. Boxed area represents a higher magnification image showing the profuse proximal dendritic arborization of

Lrigl-shRNA-transfected neurons.

B Sholl analysis of the dendritic arbor from hippocampal neurons transfected with either control or Lrig1-shRNA-GFP vector at 9 DIV and maintained for 3 additional
days in vitro (9 + 3 DIV). Data are shown as mean + SEM of n = 3 independent experiments. *P < 0.05 and **P < 0.01 by two-way ANOVA followed by Bonferroni

multiple comparisons test.

Quantification of primary (C) and secondary (D) dendrites as well as total dendritic branching (E), terminal dendritic points (F), and total dendritic length (G) of

hippocampal neurons transfected with either control or LrigI-shRNA-GFP vector. The results are shown as mean = SEM of n = 3 independent experiments.

*P < 0.05 by Student’s t-test.

H Knockdown efficiency was analyzed by real-time RT-PCR in MN1 cells transfected with control or LrigI-shRNA vectors. Transfected cells were enriched by
puromycin treatment in order to increase the population of cells expressing control or Lrig1-shRNA constructs. Data are shown as individual values of a
representative assay measured in triplicates. n = 2 independent experiments were performed.

| Representative images of MAP-2 immunostained hippocampal neurons obtained from wild-type and Lrigl-deficient mice cultured for 7 days in vitro (7 DIV). Scale

bar, 15 pm.

J Sholl analysis of the dendritic arbor from MAP-2 stained hippocampal neurons (7 DIV) isolated from wild-type and LrigI-deficient mice. Data are shown as
mean + SEM of n = 3 independent experiments. *P < 0.05 by two-way ANOVA followed by Bonferroni multiple comparisons test.

K—M

Quantification of the number of primary dendrites (K), secondary dendrites (L),

and total dendritic branching (M) from MAP-2 stained hippocampal neurons (7 DIV)

isolated from wild-type and LrigI-deficient mice. The results are shown as mean £+ SEM of n = 3 independent experiments. *P < 0.05 by Student’s t-test.

Data information: Note that the different scales of values obtained between shRNA-mediated knockdown and knockout neurons (panels B and J) are due to differences
in the experimental conditions between both assays (densities of the cultures and days that the cells were maintained in culture).

social interaction test. After habituation, mice were allowed to
choose between a chamber containing a caged age-matched
conspecific mouse (stranger 1) and a chamber containing an empty
container (Fig 4A). As expected, control wt mice exposed to a novel
conspecific juvenile exhibited typical behavior of approaching and

604 EMBO reports Vol 17 | No 4 | 2016

sniffing, but such a social motivation and interaction were
profoundly decreased in Lrigl-mutant mice (Fig 4B and C). Subse-
quently, when mice were exposed to the familiar mouse versus a
novel mouse (stranger 2), wt control mice showed a clear prefer-
ence for the novel mouse over the familiar one, while knockout

© 2016 The Authors
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Figure 3. Lrigl controls apical dendrite arborization of CA1 pyramidal neurons.

A Representative images and drawings of Golgi-stained hippocampal CA1 pyramidal neurons from 4-week-old wild-type and Lrig1-null littermate mice. Scale bar,
15 um.

B Quantification of the number of primary dendrites and branching of apical and basal dendritic arbors of hippocampal CA1 pyramidal neurons from 4- to 5-week-old
control (wild-type/heterozygous) and Lrigl-null littermate mice. The results are shown as mean + SEM of independent determinations performed in n = 4 mice of
each genotype. *P < 0.05, **P < 0.001 by Student’s t-test. NS, not significant.

C Cumulative dendrite crossings of concentric circles of increasing radius (10 um ring interval) centering the reference point at the cell body. These values were
obtained by Sholl analysis and represent the summatory of the dendritic crossings registered within the first 60 um closest to the soma. The results are shown as
mean =+ SEM of independent determinations performed in n = 4 mice of each genotype. *P < 0.05 by Student’s t-test.

D Sholl analysis of apical and basal dendritic arbors of hippocampal CAL pyramidal neurons from 4- to 5-week-old control (wild-type/heterozygous) and
Lrig1-null littermate mice. The results are shown as mean £ SEM. *P < 0.05, **P < 0.001 by two-way ANOVA followed by Bonferroni multiple comparisons
test.

Data information: Quantifications shown in (B-D) were performed in n = 60 neurons from 4 wild-type/heterozygous mice and 4 Lrigl-null littermate mice (n = 4).

© 2016 The Authors EMBO reports Vol 17 | No 4 | 2016 605
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mice did not show a significant preference for social novelty (Fig 4D
and E). In addition, mutant mice displayed significantly less interac-
tion with the novel target mouse compared to controls. Thus, the
Lrigl-mutant mice behaviorally display social interaction deficits
that correlate with alterations in dendrite arborization of CA1-CA3
hippocampal neurons.

Lrigl overexpression reduces hippocampal dendritogenesis and
dendritic spine number in response to BDNF

Previous reports established that BDNF and its receptor TrkB
induce proximal dendritic complexity mainly characterized by an
enhancement in the amount of primary and secondary dendrites
and in spine density of hippocampal developing neurons
[9,12-14]. On the other hand, Lrigl is a receptor tyrosine kinase-
associated protein that regulates multiple growth factor receptor
signaling pathways [25]. Therefore, these observations prompted
us to investigate whether the increase in dendritic complexity
observed upon downregulation of Lrigl expression in hippo-
campal neurons could be the result of enhanced responsiveness
to BDNF.

To study the role of Lrigl on BDNF-mediated dendrite
development, we performed gain of function assays overexpressing
Lrigl in cultured hippocampal neurons. For this purpose, dissoci-
ated hippocampal neurons were transfected at 7 DIV with control
(empty vector) or Flag-tagged Lrigl plasmids in combination with
an enhanced green fluorescent protein (GFP) expression vector.
After transfection, neurons were cultured in the absence or in the
presence of BDNF for 72 h, and analyzed at 10 DIV for dendrite
development. In agreement with previous reports, we found that
BDNF enhances the number of primary and secondary dendrites in
hippocampal neurons transfected with a control vector. However,
BDNF failed to promote morphological dendritic changes in
hippocampal neurons overexpressing a ¢cDNA encoding full-length
(FL) Flag-tagged Lrigl (Fig SA-D). To identify which domain of
Lrigl is required for this inhibitory effect, we overexpressed
mutants of Lrigl either lacking both LRR and Ig domains (ALRRIg)
or lacking the LRR domain (ALRR). Unlike full-length Lrigl, both
mutated forms of Lrigl lose their ability to block the formation of
primary and secondary dendrites in response to BDNF (Fig 5B-D).
Together, these findings demonstrate that Lrigl LRR domain is
required for the inhibitory function of Lrigl on BDNF activity.
Ectopic expression of these Flag-tagged Lrigl mutants is shown in

Fig 5A.
In addition to restrict the formation of primary and
secondary dendrites, Lrigl overexpression also  blocked

BDNF-induced dendritic spine density in primary hippocampal
neurons (Fig SE and F), supporting the role of Lrigl as an
endogenous inhibitor of BDNF-promoted hippocampal dendrite
development.

Lrigl interacts with TrkB, regulates neurotrophin-induced
receptor activation, and its expression is induced in hippocampal
neurons by BDNF

Notably, the in vivo localization observed for Lrigl in hippocampal

sections (Fig 1B) is consistent with the previously described expres-
sion pattern of TrkB in CA1-CA3 pyramidal neurons and dentate

EMBO reports Vol 17 | No 4 | 2016
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gyrus granule cell layer [33-35]. As reported previously, in vitro
immunostainings revealed that TrkB is expressed in almost all
cultured hippocampal neurons and is primarily localized in somata
and dendrites [36]. Our findings indicate that more than 95% of the
TrkB* neurons coexpressed Lrigl, and that both proteins are highly
colocalized in the somatodendritic compartment in vitro (Fig 6A).
Thus, this evidence additionally supports a role of Lrigl in the
control of TrkB receptor signaling.

Previous studies revealed the importance of negative feedback
control of receptor function as a mechanism to ensure signaling
thresholds compatible with the induction of a physiological
response [25,37,38]. Based on this concept, we analyzed whether
Lrigl gene expression could be induced after BDNF treatment of
hippocampal neurons. Real-time RT-PCR analysis revealed a signifi-
cant induction of Lrigl mRNA after stimulation of hippocampal
primary neuronal cultures with BDNF (Fig 6B).

Next, we examined the possibility that Lrigl may interact physi-
cally with TrkB receptor. To address this possibility, HEK293 cells
were transfected with expression vectors encoding the HA-tagged
TrkB receptor in the absence or presence of Flag-tagged Lrigl, and
then, Lrigl was immunoprecipitated with anti-Flag antibodies. As
shown in Fig 6C, TrkB was specifically coimmunoprecipitated with
anti-Flag antibodies only from cells coexpressing both constructs,
but not from cells transfected with control or each construct alone,
indicating that Lrigl interacts with TrkB. This interaction was addi-
tionally confirmed pulling-down TrkB with pan-Trk antibodies
followed by immunoblotting with anti-Flag (Fig 6E). This interac-
tion is specific, as it was not observed for other Lrig members (Lrig2
and Lrig3) (Fig 6D and E), or for the other neurotrophin receptor
TrkA [24].

To determine whether the interaction between Lrigl and TrkB
receptor occurs when these proteins are expressed at physiological
levels, Lrigl was immunoprecipitated from tissue extracts prepared
from P15 rat hippocampi. These assays revealed that TrkB can be
coimmunoprecipitated with Lrigl, but not with control antibodies
(Fig 6F), demonstrating that Lrigl and the TrkB receptor specifically
associate in the brain.

To investigate whether Lrigl might regulate TrkB neurotrophin
receptor activation, HEK cells were transfected to overexpress HA-
tagged TrkB in the presence or in the absence of Flag-tagged Lrigl.
Then, cells were serum-starved and treated with or without BDNF
for 15 min. TrkB activity was assessed by probing cell lysates with a
specific antibody that recognizes the phosphorylated form of TrkB
in tyrosine 705 (Y705), a tyrosine placed within the activation loop
of TrkB kinase domain. Interestingly, cells expressing Lrigl showed
a substantial reduction in BDNF-induced TrkB phosphorylation
(Fig 6G), indicating that Lrigl interacts with TrkB to inhibit receptor
activation and BDNF signaling. The ability of Lrigl to regulate TrkB
was additionally explored by neurite growth assays of PC12 cells
expressing HA-TrkB either in the presence or in the absence of Flag-
tagged Lrigl. Ectopic expression of Lrigl in PC12 cells expressing
HA-TrkB reduces neurite outgrowth activity in response to BDNF
(Fig EV5).

Previous works have demonstrated that Lrigl restricts ErbB
and Met receptor signaling by enhancing receptor ubiquitination
and degradation [21-23]. Therefore, we further examined whether
Lrigl could promote the ubiquitination and degradation of TrkB
in cells treated with MG-132, a potent and highly specific

© 2016 The Authors
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Figure 4. Lrigl knockout mice exhibit social interaction impairments.

A Schematic diagram of the social interaction device indicating the social and the empty chambers.

B, C Mice were simultaneously exposed to an empty container and a caged unfamiliar juvenile mouse (social enclosure, stranger 1). Lrigl-mutant mice exhibit social
interaction defects as determined by the time spent interacting (sniffing) with the stranger enclosure (B) and the percentage of total interaction time with stranger
in the three-chamber social interaction test (C). Dashed line in (C) represents chance-level performance (i.e., 50%) when mice equally explore the social enclosure
and the empty container. Data represent means + SEM of independent determinations performed in n = 8-9 mice of each genotype, and the statistical
significance between wt and knockout mice is *P < 0.05 by Student’s t-test.

D Schematic diagram of the social novelty test. In the test for social novelty, a second stranger (stranger 2) mouse was introduced in the empty container.

E In the preference for social novelty task, wt mice showed a preference for social novelty, while mutant mice showed no significant preference for novel target
(stranger 2). Mutants also spent significantly less time interacting with the novel mice compared to controls. Data represent means + SEM of independent
determinations performed in n = 8-9 mice of each genotype, and the statistical significance is as follows: *P < 0.05 and **P < 0.005 by ANOVA followed by
Student—Newman—Keuls’ multiple comparisons test.

proteasome inhibitor, before stimulation with BDNF. An increased degradation by ubiquitination, and suggest that in this case the
ubiquitination of TrkB was clearly associated with its activation poor ubiquitination of TrkB is a consequence of the reduced acti-
level (Fig 6H). Thus, ectopic expression of Lrigl resulted in a vation of the receptor and not the cause. In conclusion, these
reduced TrkB activation and ubiquitination. These results are data indicate that TrkB inhibition by Lrigl is not associated with
in contrast with a role of Lrigl in the promotion of TrkB receptor ubiquitination and degradation.

© 2016 The Authors EMBO reports Vol 17 | No 4 | 2016 607
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Lrigl overexpression restricts hippocampal dendrite morphology and dendritic spine density in response to BDNF.

A Schematic representation of Lrigl mutants is shown on the left. Expression levels of these mutants were analyzed in transfected cell extracts by immunoblotting

with anti-Flag antibodies.

B Representative images of rat hippocampal neurons transfected at DIV8 with empty vector, full-length (FL) Flag-tagged Lrigl, or Lrigl mutant lacking the LRR
domain (ALRR) in combination with an enhanced green fluorescent protein (GFP) expression vector. After transfection at 9 DIV, neurons were cultured in the
absence or in the presence of BDNF (30 ng/ml) for 48 h. Then, hippocampal cultures at 11 DIV were fixed and stained with anti-Flag antibodies to control Lrigl

expression. Scale bar, 15 pm.

Quantification of the effects of Flag-Lrigl constructs on BDNF-induced primary (C) and secondary (D) dendrite formation of hippocampal neurons treated as

indicated in (A). The results are shown as mean + SEM of 3 independent experiments. *P < 0.05, **P < 0.01 by one-way ANOVA followed by Tukey’s multiple

comparisons test. NS, not significant.

E Representative confocal images of dendritic shafts containing spines from hippocampal neurons transfected at 15 DIV with either control vector or Flag-Lrigl
construct together with GFP. After transfection, neurons were cultured in the absence or in the presence of BDNF (30 ng/ml) for 48 h (15 + 3 DIV). Scale bar,

5 pm.

F Quantification of the effect of Lrigl overexpression on neurotrophin-induced spine density. The results are shown as mean + SEM of n = 3 independent
experiments. *P < 0.05 by one-way ANOVA followed by Student-Newman—Keuls’ multiple comparisons test.

Downregulation of Lrigl enhances TrkB signaling and dendrite
development of hippocampal neurons in responses to BDNF

In order to analyze whether Lrigl affects BDNF-dependent TrkB
signaling, we examined TrkB phosphorylation and its downstream
effector MAPK in hippocampal cultures from Lrigl-knockout
(Lrigl1~’7) and wt (Lrigl*/*) mice treated with BDNF. Consistent
with a role of Lrigl in the control of TrkB function, a significant
potentiation of both BDNF-induced TrkB tyrosine phosphorylation
(Fig 7A and B) and MAPK activation (Fig 7C and D) was observed
when Lrigl-deficient hippocampal neurons were compared to wt
neuronal cultures.

Next, we decided to analyze whether Lrigl downregulation
affects biological responses of hippocampal neurons to BDNF. In
agreement with a role of Lrigl as a negative regulator of neurotro-
phin-induced TrkB activation, a substantial increase of dendrite
development was observed in those hippocampal neuronal cultures
transfected at 4 DIV with Lrigl-shRNA and stimulated with BDNF
for 72 h (4 + 3 DIV) (Fig 7E). Notably, dendritic branching as well
as the number of primary and secondary dendrites of hippocampal
neurons was markedly increased in Lrigl-shRNA-expressing
neurons treated with BDNF (Fig 7F-H). In particular, a greater
number of short neurites arising from the principal dendrite of
Lrigl-shRNA-transfected neurons was also observed in the presence
of BDNF (Fig 7I). This biological response is consistent with the
high complexity observed in the apical dendrite domain of Lrigl
knockout pyramidal neurons in vivo. These results demonstrate a
potentiation of the dendritogenic effects of BDNF in Lrigl-deficient
neurons. To further explore the involvement of Lrigl in the control
of TrkB activation in vivo, the levels of p-Tyr705 TrkB in Lrigl*/*
and Lrigl™/~ hippocampal lysates were examined. In agreement
with a role of Lrigl as a physiological regulator of TrkB, a substan-
tial increase in TrkB phosphorylation was observed in Lrigl™/~
hippocampal lysates compared to samples prepared from Lrigl */*
mice (Fig 7J). Taken together, these findings provide evidence of a
novel regulatory mechanism that permit a precise refinement of
hippocampal dendrite arborization in response to BDNF.

Discussion

How neurons develop their dendritic morphologies is a crucial ques-
tion in neurobiology. In this study, we found that Lrigl is an intrin-
sic suppressor of hippocampal dendrite morphogenesis and

© 2016 The Authors

branching. Furthermore, our data are consistent with a role of Lrigl
as a negative regulator of BDNF signaling and TrkB-mediated
dendritic development. Several lines of evidence support these find-
ings. First, Lrigl binds to TrkB and TrkB signaling is enhanced in
Lrigl-deficient hippocampal neurons treated with BDNF. Second,
knockdown of Lrigl increases dendrite formation and branching
induced by BDNF. Third, overexpression of full-length Lrigl in
hippocampal neurons blocks both primary dendrite formation and
reduces spine density in response to BDNF, indicating that Lrigl
restricts TrkB function associated to dendrite development.

Extensive evidence implicates the actions of several extrinsic
and intrinsic factors in dendrite arborization. In particular, the
cell-intrinsic control of dendrite morphology is a key mechanism
that coordinates the timing of dendrite morphogenesis and the
specificity of dendrite patterning. During development, different
neuronal domains encounter similar environmental factors.
However, intrinsic modulators of these pathways, located within
specific domains of the neurons, control the cellular interpreta-
tion of these extrinsic cues, thereby allowing neurons to generate
distinct patterns of dendritic arborization [39]. Little is known
about the molecular mechanisms that direct morphogenesis and
complexity of specific dendritic domains within the
dendritic arbor [30]. Our in vivo analyses demonstrate that Lrigl
ablation preferentially increases the proximal complexity of the
apical dendrites of hippocampal CA1-CA3 pyramidal neurons.
Therefore, our work also contributes to the understanding of the
molecular mechanisms involved in basal versus apical dendrite
morphogenesis during pyramidal neuron development in the
hippocampus.

Dendrite morphology is a key determinant of the functional prop-
erties of neurons, and many neurodevelopmental and psychiatric
disorders are due primarily to structural abnormalities of dendrites
and their connections [28,29]. For example, mental retardation and
autism spectrum disorders are genetic diseases often associated with
overgrowth or lack of dendrite pruning during development, and
characterized by impaired sociability and dysregulated social behav-
ior [30]. In agreement with this, our data show that Lrigl-deficient
mice exhibit hippocampal dendritic abnormalities that correlate
with deficits in social paradigms. Because several neuropsychiatric
disorders are associated with altered social phenotypes, our findings
raise the possibility that Lrigl dysfunction may contribute to these
brain disorders. Thus, a more detailed behavioral characterization
of Lrigl-mutant mice may provide a new target for therapeutic
approaches to the treatment of social disorders.

same
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Figure 6. Lrigl interacts with TrkB to abrogate receptor activation and its expression is induced in hippocampal neurons by BDNF.

A

G

E

F

G

H

Coexpression of Lrigl (red) and TrkB (green) in primary rat hippocampal neurons. Boxed area represents a higher magnification image showing a high
colocalization between TrkB and Lrigl in a pyramidal neuron. Yellow indicates regions of colocalization. Scale bar, 30 pm. Data represent n = 3 independent
experiments.

Quantitative analysis of Lrigl mRNA expression by real-time RT-PCR. Rat hippocampal cultures (10 DIV) were treated with BDNF (50 ng/ml) during the indicated
times. The levels were normalized using the expression of the housekeeping gene Thp. The results are shown as mean + SD of n = 3 independent experiments.
*P < 0.05 vs. control group by one-way ANOVA followed by Dunnett’s test.

D Coimmunoprecipitation between Flag-Lrigl and HA-TrkB (C) or between Flag-Lrig3 and HA-TrkB (D) overexpressed in HEK293 cells. Cell extracts were analyzed by
immunoprecipitation with anti-Flag antibodies followed by immunoblot (IB) with antibodies against HA. Reprobing of the same blots with anti-Flag antibodies is
shown below. The bottom panel shows HA expression in total lysates. Data represent n = 3 independent experiments.

Coimmunoprecipitation between HA-TrkB and Flag-Lrigl or between HA-TrkB and HA-Lrig2 exogenously expressed in HEK293 cells. Cell extracts were analyzed by
IP with anti-pan-Trk antibodies followed by IB with antibodies against Flag or Lrig2. Reprobing of the same blots with anti-TrkB antibodies is shown below. The
bottom panels show Flag and Lrig2 expression in total lysates. Data represent n = 2 independent assays.

In vivo interaction between Lrigl and TrkB. Coimmunoprecipitation between Lrigl and TrkB receptor endogenously expressed from P15 rat hippocampal tissue
extracts. Samples were equally divided into two parts, and then, the analysis was done by immunoprecipitation with control (anti-HA epitope tag antibody) or
anti-Lrigl antibodies, followed by immunoblotting with anti-TrkB antibody. Reprobing of the same blot with anti-Lrigl antibody is also shown. Expression of TrkB
in one aliquot of the starting material (indicated as lysate) is included. Arrow indicates the band of TrkB coimmunoprecipitated with anti-Lrigl antibody. Similar
results were obtained in n = 3 independent assays.

Ligand-dependent activation of TrkB (p-TrkB) was evaluated by transient transfection of HA-TrkB plasmid with either a control or a Flag-Lrigl vector into HEK cells.
After 36 h, cells were serum-starved and stimulated with or without BDNF (30 ng/ml) for 15 min. The level of TrkB activation (p-TrkB) was evaluated in total cell
lysates by immunoblotting (IB) with a specific antibody that recognizes TrkB phosphorylated in tyrosine 705 (pY705). Reprobing of the same blot with anti-HA and
anti-Flag antibodies is shown. Fold of p-TrkB change relative to total TrkB is indicated. Similar results were obtained in n = 3 independent assays.

TrkB ubiquitination was evaluated by transient transfection of HA-TrkB plasmid with either a control or a Flag-Lrigl vector into MN1 cells. After 36 h, cells were
serum-starved, pre-treated with the cell-permeable proteasome inhibitor MG-132 (20 uM), and stimulated with BDNF for 15 min. Total lysates were
immunoprecipitated with anti-HA antibodies followed by immunoblot (IB) with antibodies against ubiquitin. Reprobing of the same blot with anti-HA antibodies is
also shown. TrkB activation (p-TrkB) was evaluated in cell lysates. Reprobing of the same blot with anti-TrkB and anti-Flag antibodies is also shown. Fold of p-TrkB
(p-Y705) change relative to total TrkB is indicated. Data represent n = 3 independent assays.
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Figure 7. Lrigl downregulation enhances TrkB signaling and dendrite development of primary hippocampal neurons in responses to BDNF.

A Immunoblot showing TrkB activation in hippocampal neurons cultured from Lrigl heterozygous (+/—) and Lrigl knockout (—/—) mice littermates treated in the
absence or in the presence of BDNF (30 ng/ml) for 30 min. Reprobing of the same blot with anti-Blli-tubulin is shown as a loading control.

B Fold of TrkB activation relative to unstimulated control group (phospho-TrkB at Tyr705) in hippocampal neurons cultured from Lrigl (+/+; +/—) and Lrigl (—/—)
mice treated in the absence or in the presence of BDNF (30 ng/ml) for 30 min. Results are presented as mean + SEM of n = 4 independent experiments (*P < 0.05

by Student’s t-test).

C  Immunoblot showing MAPK activation in hippocampal neurons cultured from Lrigl wild-type (+/+) and Lrigl-deficient (—/—) mice littermates treated in the
absence or in the presence of BDNF (30 ng/ml) for the indicated times. Reprobing of the same blot with anti-Blll-tubulin is shown as a loading control. Fold of

MAPK activation relative to tubulin is indicated.

D  Fold of MAPK activation (P-MAPK) relative to untreated control group in hippocampal neurons cultured from Lrigl (+/+; +/—) and Lrigl (—/—) mice treated in the
absence or in the presence of BDNF (30 ng/ml) for 30 min. Results are presented as mean + SEM of n = 4 independent experiments (*P < 0.05 by Student’s t-test).

E  Representative images of mouse hippocampal neurons transfected at 4 DIV with either GFP-expressing control vector or Lrigl-shRNA-GFP plasmid. After
transfection, neurons were cultured in the absence or in the presence of BDNF (25 ng/ml) for 48 h (7 DIV). Arrows indicate branching points along the principal

dendrite. Scale bar, 10 pm.
F-I

Quantification of primary dendrites (F), secondary dendrites (G), total branching (H), and branching of the principal dendrite (I) of hippocampal neurons treated as

indicated in (E). The results are shown as individual values and the means of a representative assay. A total of 30 neurons were analyzed per experimental

condition. Similar results were obtained in n = 3 independent experiments.

J Lrig1*™* and Lrigl~/~ hippocampal lysates from postnatal day 11 (P11) mice were immunoblotted against phospho-TrkB (p-TrkB) at Tyr705 and total TrkB.
Quantification (mean =+ SD) of the p-TrkB/TrkB ratio between Lrigl*/” (n = 4)and Lrigl’/’ (n = 3) hippocampi is also shown.

Although the view of Lrig function in vivo is far from complete,
physiological evidence indicates that Lrig genes have redundant and
independent functions during development. For instance, while loss
of Lrigl or Lrig2 impairs cochlear function, sensory innervation of
the cochlea is only disrupted in Lrigl/Lrig2 double-mutant mice
[40]. Recently, it has been described that Lrig2 plays an important
role in the control of cortical axon guidance and regeneration regu-
lating ectodomain shedding of axon guidance receptors by ADAM

© 2016 The Authors

proteases [41]. The functional contribution of Lrig3 during nervous
system remains unknown.

LRR transmembrane proteins and nervous system development
Recent evidence indicates that LRR domain-containing trans-

membrane proteins have emerged as key molecules that control the
wiring and specificity of the synaptic contacts, functioning as either
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adhesion molecules or modulating neurotrophic growth factor
receptor signaling during neural development [15,24,42].

Working in trans as cell adhesion molecules, many LRR trans-
membrane proteins affect axonal extension, guidance, target selec-
tion, and synapse formation [15,43-46]. Recent work has revealed
the existence of multiple synaptic LRR proteins that influence
when and where synapses are formed. Thus, functioning as trans-
synaptic adhesion molecules, Slitrks, SALM, NGL, TrkC, and
LRRTM proteins act at the time of the contact, providing positional
information required during synapse formation. Surprisingly, the
synaptogenic activity of TrkC, which is unique among the Trks,
requires its LRR motif, but is independent of the NT3-binding
domain [47]. This finding highlights a dual role of TrkC as a
neurotrophin receptor and as a trans-synaptic adhesion molecule.
Similarly, Drosophila Toll-like receptors utilize their LRR domains
to function either as a repulsive cue to locally inhibit the innerva-
tion of motor neuron axons into the target tissue or as neurotro-
phin receptors [48].

On the other hand, other LRR transmembrane molecules such as
Lrigl, Lingol, Linx, and SlitrkS have been characterized as cell type-
specific modulators of neurotrophic growth factor signaling. In
particular, these proteins physically interact with RTKs to attenuate
or promote neurotrophic factor receptor signaling in spatially and
temporally controlled manners, acting at specific points after recep-
tor engagement [25,37,49]. It has been proposed that these regula-
tory proteins containing LRR domains may have evolved not only to
avoid signaling errors that could lead to aberrant neuronal physio-
logy but also to increase the repertoire of neurotrophic growth factor
receptor signaling intensities and biological effects. Thus, these
cell type-specific modulators allow us to understand how a limited
number of neurotrophic factors and receptors can control the
complexity of the neuronal connectivity and plasticity. Previous data
suggest that Trk receptors may associate with LRR transmembrane
proteins to control the outcome of Trk signaling. The LRR protein,
Linx, was identified as a TrkA interactor able to increase TrkA
signaling in developing sensory neurons and to facilitate NGF-
induced axonal extension and target tissue innervation [42]. In addi-
tion, a recent study shows that another LRR-containing protein,
Slitrk5, facilitates BDNF-induced TrkB signaling and biological
responses to BDNF in GABAergic striatal neurons [49]. In contrast
to these two LRR proteins, here we found that Lrigl negatively regu-
lates BDNF-induced TrkB signaling required to hippocampal
dendrite development. In summary, all this evidence indicates that
engagement of Trk receptors with different LRR domain-containing
proteins is a new general mechanism of how specific populations of
neurons expand the repertoire of neurotrophin signaling outputs
during nervous system development.

LRR-containing proteins control RTK activity acting through dif-
ferent mechanisms such as receptor ubiquitination, ligand binding,
and receptor trafficking. In particular, Lrigl restricts ErbB and Met
activities by enhancing receptor ubiquitination and degradation [21-
23], and inhibits GDNF-induced Ret activation by a mechanism that
involves inhibition of ligand binding and recruitment of Ret to lipid
raft domains [24]. Our findings demonstrate that Lrigl negatively
controls TrkB activation in response to BDNF through a mechanism
that does not involve receptor ubiquitination and degradation
(Fig 6H). Although the molecular mechanism through which Lrigl
regulates TrkB signaling is still unknown, previous evidence
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obtained from different LRR transmembrane proteins suggests that
Lrigl could control TrkB activation acting at the level of BDNF bind-
ing and/or regulating TrkB trafficking.

TrkB signaling in dendrite morphogenesis and
neuronal connectivity

Dendrite morphogenesis is a complex and exquisitely regulated
process that includes the generation of dendritic branches that allow
neurons to sculpt characteristic patterns of dendrite arborization
and dendritic spines to connect among them. Increasing evidence
indicates that a hallmark of a subgroup of cognitive and develop-
mental disabilities is altered axonal and dendritic growth and
branching [50]. Axonal and dendritic morphology is regulated by
both growth-promoting and growth-inhibiting factors. BDNF and
NT4 are neurotrophins that promote the development and plasticity
of dendritic arbors and spines through TrkB receptor signaling
[4,10,51,52].

Endocytosis and endosomal signaling is a crucial cellular mecha-
nism that links neurotrophin-promoted Trk signaling to dendrite
arborization [53]. Two recent studies identified two endosomal
proteins (Rab11l and NHEG6) involved in the control of TrkB signal-
ing and required for neuronal circuit development [14,54].

During development, dendritic arbors adopt diverse branched
morphologies of variable complexity that are characteristic for a
given neuronal type. In particular, our data indicate that Lrigl
negatively regulates the dendritic morphology of hippocampal pyra-
midal neurons by attenuating neurotrophin receptor signaling. This
newly discovered cell-autonomous role of Lrigl in hippocampal
development considerably expands the functions of this molecule
for brain development, and represents a new way to regulate
neurotrophin-induced effects in different areas of the vertebrate
nervous system.

Materials and Methods

Recombinant proteins, reagents, and cell lines

COS-7 and HEK-293T cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) [24]. MNI1 is an immortalized mouse-derived motor
neuron cell line expressing Lrigl that was cultured in DMEM supple-
mented with 7.5% FBS [24]. BDNF was purchased from R&D
Systems (Abingdon, UK) and MG-132 was from Calbiochem.

Lrigl RT-PCR

The expression of Lrigl and the expression of TATA box-binding
protein (Tbp) mRNAs were analyzed. Total RNA was isolated from
rat hippocampi at different embryonic and postnatal stages using
RNA-easy columns (Qiagen). cDNA was synthesized using Multi-
scribe reverse transcriptase and random hexamers (Applied Biosys-
tems). The cDNA was amplified using the following primer sets:
TATA box-binding protein (Tbp): forward, 5-GGG GAG CTG TGA
TGT GAA GT-3/; reverse, 5'- CCA GGA AAT AAT TCT GGC TCA-3';
rat Lrigl: forward, 5-CTG CGT GTA AGG GAA CTC AAC-3;
reverse, 5'-GAT AGA CCA TCA AAC GCT CCA-3'.

© 2016 The Authors
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Real-time PCR was performed using the SYBR Green gPCR
SuperMix (Invitrogen) on an ABI7500 sequence detection system
(Applied Biosystems), according to the manufacturer’s instructions.
Reactions were performed in 25 pl volume. Deoxynucleotides, Taq
DNA polymerase, and buffer were included in the LightCycler-DNA
master SYBR Green mix (Invitrogen).

Cell transfection and constructs

COS-7 and HEK-293T cells were transfected with Polyethylenimine-
PEI (Polysciences). Hippocampal primary cultures were transfected
with Lipofectamine 2000 (Invitrogen) in 300 pl of Neurobasal
medium containing 1 pg of total plasmid DNA per well in 24-well
plates. For downregulation experiments, hippocampal neurons were
transfected with 1 pg of Lrigl-shRNA construct expressing GFP
protein. For overexpression experiments, hippocampal neurons
were cotransfected with Flag-tagged-Lrigl (0.9 pg) construct and
GFP expression vector (0.1 pg).

Lrigl-shRNA-GFP and HA-tagged Lrig2 constructs were purchased
from Cellogenetics, Inc. The retroviral vector pRetro-U6G shRNA was
used for expression of Lrigl-shRNA targeting mouse Lrigl [24]. Plas-
mid cDNA encoding full-length Flag-tagged Lrigl has been described
previously [55]. A cDNA encoding flag-tagged mutated forms of Lrigl
lacking LRR and Ig-like domains (ALRRIg) and the LRR domains
(ALRR) were kindly provided by Dr. Y. Yarden (Weizmann Institute,
Israel) [21]. Plasmid encoding Flag-Lrig3 was kindly provided by Lisa
Goodrich (Harvard Medical School, USA) [56]. cDNA encoding HA-
tagged TrkB has been described previously [57]. Plasmid encoding
GFP was obtained from Clontech.

shRNA-mediated knockdown assays

Mouse Lrigl-shRNA-GFP expression vector was purchased from
Cellogenetics, Inc. The retroviral vector pRetro-U6G shRNA was
used for expression of Lrigl-shRNA targeting mouse Lrigl. The
target sequence of the Lrigl-shRNA is 5-TCA GTC ACA TTG
CTG AAG G-3' and corresponds to nucleotides 1494-1512 of
mouse Lrig]l mRNA. This region was not homologous to Lrig2,
Lrig3, or other known genes determined by a BLAST search.
The efficiency of mouse Lrigl downregulation was confirmed by
real-time PCR (Fig 2H), immunoblot, and immunofluorescence
(Fig EV2).

Antibodies

The antibodies were obtained from various sources as follows:
anti-phosphotyrosine (p-Tyr) and anti-phospho-TrkB (p-Tyr 705)
were from Santa Cruz Biotechnology, anti-TrkB was from BD
Biosciences Pharmingen, rabbit polyclonal anti-Lrigl extracellular
domain (gift from Dr. Satoshi Itami, University of Osaka, Osaka,
Japan) [19,24], anti-Lrigl intracellular domain was from R&D
Systems, anti-HA was from Roche, rabbit polyclonal anti-Lrig2-
147 [58] and rabbit polyclonal anti-Lrig3-207 were from Dr.
Hakan Hedman laboratory (Umed University, Sweden), anti-
phospho-MAPK  (Thr-202/Tyr-204) from New England
Biolabs, anti-pllI-tubulin was from Promega, anti-MAP-2, anti-
S100B, and anti-Flag (M2) were from Sigma, and anti-ubiquitin
was from Millipore.

was
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Immunofluorescence and microscopy

Cryostat sections of postnatal day 15 (P15) brains were blocked
with 10% donkey serum and incubated with rabbit polyclonal anti-
Lrigl (dilution  1/1,000). Dissociated
hippocampal neurons obtained from E17.5 rat embryos and cultured
by several days in vitro were fixed with 4% PFA, blocked with 10%
donkey serum and then incubated with rabbit polyclonal anti-Lrigl
extracellular domain (gift from Dr. Satoshi Itami, 1/1,000)
[19,59,60], anti-TrkB (1/200, BD Biosciences) [61], anti-MAP2
(1/1,000, Sigma), anti-S1008 (1/1,000, Sigma), and anti-BIII-tubulin
(1/5,000, Promega) antibodies. Secondary antibodies were from
Jackson ImmunoResearch. Photographs were obtained using an
Olympus IX-81 inverted microscope.

extracellular domain

Lrig1-null mice

The Lrigl-mutant mice will be described in detail elsewhere
(D. Linquist & H. Hedman, unpublished data). Briefly, Lrigl exon 1
was ablated through homologous and Cre-recombinase-mediated
recombinations. All mice tested were littermate progeny of matings
between heterozygous Lrigl KO mice; and purposely maintained on
a mixed sv129/C57BL/6 genetic background to avoid artifactual
phenotypes caused by mutations in inbred strains. Animal experi-
ments were in accordance with the institutional animal care and
ethics committee of the School of Medicine (CICUAL-UBA). Ethical
permit number: 2776/2013.

Primary culture of hippocampal neurons

Rat (Sprague Dawley) hippocampal neurons from embryonic
day (E) 17.5 were dissociated by trituration and cultured in
Neurobasal medium (Gibco) supplemented with B27 (Gibco),
penicillin, streptomycin, and Glutamax (Gibco) as described
previously [62].

Mouse (C57BL/6) hippocampal neurons were prepared from
postnatal day 0 (P0) newborn animals. Briefly, following digestion
with 45 U of papain and 0.05% DNase in Hank’s balanced salt solu-
tion at 37°C for 20 min, the reaction was stopped by adding DMEM
10% FBS. Then, the hippocampi were mechanically triturated and
the dissociated neurons were seeded in 24-well plates coated with
poly-D-lysine (10 pg/ml). Two hours later the medium was replaced
by Neurobasal medium supplemented with B27 (Gibco), penicillin,
streptomycin, and Glutamax (Gibco) as described previously [63].
For transfection of primary cultures, hippocampal neurons were
seeded in 24-well dishes at a density of 1-1.3 x 10° cells per cover-
slip. Cultures were grown for different days in vitro before transfec-
tion.

Assessment of dendrite morphology and dendritic spine density

The axon was identified and excluded based on the absence of
MAP-2 immunostaining. This staining was performed in low-density
cultures of 4-5 x 10* hippocampal cells per 24-well dish. Pictures of
dissociated neurons were acquired using an Olympus IX-81 micro-
scope, and measurements of dendritic complexity were done in
neuronal cells that displayed a pyramidal-shaped morphology bear-
ing a thick main dendrite and several thin dendrites. Dendritic arbor
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complexity was analyzed using the Sholl analysis plug-in of
NeuronJ. We performed Sholl analysis with a 10 or 15 pm ring
interval starting from the soma. Dendrites < 3 um in length were
not counted.

For dendritic spine density, images were obtained using an
Olympus confocal FV1000 microscope, using a 60x objective. For
dendritic spine assays, a Z series projection of each neuron was
made. The number of spines on segments of at least 100 pm of
dendritic length/neuron was counted.

Total cell lysates, immunoprecipitation, and Western blotting

Cells were lysed at 4°C in buffer containing 0.5% Triton X-100, 1%
octyl-beta-glucoside plus protease and phosphatase inhibitors.
Protein lysates were clarified by centrifugation and analyzed by
immunoprecipitation and Western blotting as previously described
[62]. The blots were scanned in a Storm 845 Phosphorlmager (GE
Healthcare Life Sciences), and quantifications were done with
ImageQuant software (GE Healthcare Life Sciences). Numbers below
the lanes indicate fold of induction relative to control normalized to
total levels of the target protein.

Golgi staining

Briefly, mice brains were placed in fixative solution (formalin 10%)
and stored in the darkness for 24 h at room temperature (RT). Then,
the brains were transferred into a 3% potassium dichromate solu-
tion and stored at RT for 4 days. Thereafter, the brains were trans-
ferred into a 2% silver nitrate solution for 24 h. The brains were cut
in sections of 100 um thickness using a vibratome. Hippocampal
sections were collected on a 0.3% gelatin solution, dried at room
temperature, dehydrated in alcohol, and cleared with xylene.
Finally, they were mounted on 0.3% gelatinized slides. Proximal
complexity and branching (Sholl analysis) of apical and basal
dendritic domains were evaluated in labeled hippocampal CA1 pyra-
midal neurons. Bright field images were taken on a Zeiss Axiophot
microscope.

Social interaction and social novelty assays

We used an established three-chamber box test [64,65]. Briefly,
the testing apparatus consisted of a clear Plexiglas rectangular
box (60 x 40 x 22 cm) with three interconnected chambers,
placed under dim light (25 lux). The apparatus was covered with
clean bedding. Testing consisted of three 10-min sessions. In the
first habituation session, subject mice (4-5 weeks old) were
allowed to freely investigate the three-chamber box. This session
was followed by a sociability session of 10 min, where the
subject encounters a caged never-before-met mouse (stranger 1)
and one empty container (non-social stimuli) in the opposite side
of the apparatus. The location of the stranger mouse was alter-
nated from left to right across subject testing. Then, in the social
novelty session, a second novel mouse (stranger 2) was placed
under the previous empty container. Thus, in the novelty session,
the subject has to encounter the first intruder (stranger 1) as well
as a second never-before-met intruder (stranger 2) under another
container. The time spent sniffing the social (strangerl) and non-
social stimuli (social interaction test) and the time spent sniffing
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the familiar vs. novel intruder mice caged in each chamber (so-
cial novelty) were measured. All sessions were video recorded
through a camera mounted above the testing box.

Statistics

Data are reported as mean + SEM or SD as indicated, and signifi-
cance was accepted at P < 0.05. No statistical method was used to
predetermine sample sizes, but our sample sizes are similar to those
generally used in the field. The selection of the mice was unbiased
in terms of size and weight. For animal studies, the handling of the
data was performed in a blinded manner. Experiments were
considered as independent when done from distinct litters. Statisti-
cal analysis was performed in GraphPad Prism 5.0. Normality of the
data was evaluated with the Kolmogorov-Smirnov test. In the
indicated cases, Student’s t-test or ANOVA was performed.

Expanded View for this article is available online.
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