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Collagen-derived matricryptins promote inhibitory
nerve terminal formation in the developing neocortex

Jianmin Su,! Jiang Chen,' Kumiko Lippold,! Aboozar Monavarfeshani,'2 Gabriela Lizana Carrillo,' Rachel Jenkins,?
and Michael A. Fox'-2

Wirginia Tech Carilion Research Institute, Roanoke, VA 24016
2Department of Biological Sciences and 2Department of Biochemistry, Virginia Polytechnic Insfitute and State University, Blacksburg, VA 240061

Inhibitory synapses comprise only ~20% of the total synapses in the mammalian brain but play essential roles in con-
trolling neuronal activity. In fact, perturbing inhibitory synapses is associated with complex brain disorders, such as
schizophrenia and epilepsy. Although many types of inhibitory synapses exist, these disorders have been strongly linked
to defects in inhibitory synapses formed by Parvalbumin-expressing interneurons. Here, we discovered a novel role for
an unconventional collagen—collagen XIX—in the formation of Parvalbumin* inhibitory synapses. Loss of this collagen
results not only in decreased inhibitory synapse number, but also in the acquisition of schizophrenia-related behaviors.
Mechanistically, these studies reveal that a proteolytically released fragment of this collagen, termed a matricryptin,
promotes the assembly of inhibitory nerve terminals through integrin receptors. Collectively, these studies not only iden-
tify roles for collagen-derived matricryptins in cortical circuit formation, but they also reveal a novel paracrine mecha-

nism that regu|otes the qssemb|y of these synapses.

Introduction

Schizophrenia is a complex brain disorder characterized by
alterations in cognitive function (including impairment in at-
tention, sensorimotor gating, and memory), acquisition and ex-
pression of behaviors not seen in healthy individuals (including
hallucination and obsession), and loss of behaviors normally
present in healthy individuals (including apathy, neglect, and
social withdrawal). Mounting evidence suggests that schizo-
phrenia-associated behaviors result from alterations in the
assembly and function of synapses, specialized connections
between neurons that facilitate information transfer within neu-
ral circuits (Gonzalez-Burgos et al., 2010, 2011; Lewis et al.,
2012; Yin et al., 2012). Synapses are broadly categorized into
at least two types: synapses whose activity increases the proba-
bility of activity in postsynaptic partner neurons are excitatory,
and synapses that reduce the probability of activity in part-
ner neurons are inhibitory. Inhibitory synapses comprise only
~20% of total synapses but play essential roles in controlling
neural activity. In fact, perturbing inhibitory synapse assembly
or function has been associated with schizophrenia, as well as
other debilitating neurological conditions such as autism and
epilepsy (Rubenstein and Merzenich, 2003; Gonzalez-Burgos
etal., 2010, 2011; Sgado et al., 2011; Lewis et al., 2012; Yin et
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sicular glutamate transporter; WT, wild type.
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al., 2012; Hunt et al., 2013). Although many types of inhibitory
synapses exist, schizophrenia and related neurodevelopmental
disorders have been linked to defects in inhibitory synapses
formed by Parvalbumin (Parv)-expressing interneurons (Benes
and Berretta, 2001; Schwaller et al., 2004; Belforte et al., 2010;
Gonzalez-Burgos et al., 2010, 2011; Sgado et al., 2011; Gon-
zalez-Burgos and Lewis, 2012; Lewis et al., 2012; Wohr et al.,
2015). Unfortunately, despite their clear importance, we lack a
full understanding of the molecular mechanisms responsible for
the assembly of Parv* synapses.

With the goal of identifying molecular mechanisms un-
derlying Parv* synapse formation, our attention was drawn to
collagen XIX, a nonfibrillar collagen associated with familial
schizophrenia (Liao et al., 2012) and expressed by neurons in
the mammalian brain (Sumiyoshi et al., 1997; Su et al., 2010).
Here we set out to answer whether the loss of collagen XIX re-
sulted in schizophrenia-related behaviors using a targeted mouse
mutant that lacks this collagen (Sumiyoshi et al., 2004). Our
data reveal that collagen XIX—deficient mutants exhibit several
schizophrenia-related traits in addition to spontaneous seizures
and an increased susceptibility to drug-induced seizures. More-
over, the absence of collagen XIX disrupts the formation of
Parv* inhibitory axosomatic synapses in cerebral cortex (CTX).

Like many nonfibrillar collagens, collagen XIX harbors a C-
terminal domain that can be proteolytically shed as a matricryptin,
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a bioactive molecule that exhibits functions distinct from those of
the full-length matrix molecule from which it was released (Ra-
mont et al., 2007). Outside of the nervous system, matricryptins
influence many aspects of cell behavior (Kalluri, 2003). In the ner-
vous system, matricryptins contribute to axon outgrowth, synap-
togenesis, and synaptic plasticity in worms, flies, fish, and mice
(Ackley et al., 2001; Fox et al., 2007; Meyer and Moussian, 2009;
Su et al., 2012; Wang et al., 2014). Here we tested whether the
same was true for matricryptins from collagen XIX. We discov-
ered that the C-terminal peptide from collagen XIX is sufficient
to trigger the formation of inhibitory nerve terminals by signaling
through integrin receptors. Collectively, these results identify novel
roles for collagen XIX in the formation of inhibitory synapses and
provide insight into why the loss of this collagen leads to pheno-
types associated with complex brain disorders.

Results

Loss of collagen XIX leads to schizophrenia-
related behaviors and seizures

A recent study identified a microdeletion of ~4.4 Mb at chromo-
some 6q12-13 in a cohort of patients with familial schizophre-
nia (Liao et al., 2012). This region contains the coding sequence
of collagen XIX, as well as a small number of other genes. To
test whether the deletion of collagen XIX results in schizophre-
nia-related behaviors, we assessed the performance of mutants
lacking collagen XIX (coll19al~'-) in a battery of behavioral as-
says. First, we assessed sensorimotor gating by testing prepulse
inhibition (PPI) of the acoustic startle response (Fig. 1 A). In
wild-type (WT) mice, the acoustic startle is inhibited if it is pre-
ceded by low decibel sounds (Fig. 1 B). Mice lacking collagen
XIX display significant impairment in this response (Fig. 1 B)
but do not display defects in basal startle responses (Fig. 1 C).
Second, to test whether the absence of collagen XIX leads to
negative symptoms associated with schizophrenia (such as
apathy, self-neglect, and social withdrawal), we assessed nest-
ing behaviors (Belforte et al., 2010; Albrecht and Stork, 2012;
Pedersen et al., 2014). Singly housed mice were given a cotton
nestlet, and their ability to build a nest overnight was assessed
(Fig. 1 D; Deacon, 2006). Although WT mice consistently gen-
erated structured nests, coll9al~~ mutants failed to generate
nests (Fig. 1, E and F). Third, to assess social affiliation and
memory, we assessed behavior with the Crawley sociability
and preference for social novelty protocol (Fig. 1, G-J; Moy
et al., 2004). Although coll9al~- mutants exhibited normal
preference for novel conspecifics (versus an empty chamber;
Fig. 1 H), they spent equal time investigating familiar and novel
conspecifics, revealing a deficit in social memory (Fig. 1J). Fi-
nally, we tested exploration in open-field assays (Fig. 1, K-M).
Overall exploration of coll9al~~ mutants was significantly re-
duced compared with littermate controls (Fig. 1 L).

To confirm that defects in PPI, nest building, open-field
exploration, and social memory assays did not result from
general motor defects in mutants, we used rotarod and wheel-
running assays (Fig. 1, N-R). No significant differences were
observed in mutants and littermate controls in these assays, sug-
gesting that the behavioral defects described were not the result
of general motor defects in col/9al~~ mutants.

Interestingly, while breeding mice for these behavioral as-
says, we observed coll9al~~ mutants exhibiting spontaneous
motor seizures and absence-like seizures. These phenotypes
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are associated with inhibitory circuit dysfunction, and schizo-
phrenia is 6-12 times more common in patients with seizures
than in healthy controls (Sachdev, 1998). To document seizures
in these mutants, we performed electroencephalograph (EEG)
and electromyograph (EMG) recordings (Fig. 2 A). Although
few, if any, seizures were observed in WT mice, we observed
abnormal spike-wave activity and rapid spiking waves in all
coll9al~~ mutants analyzed (n = 9; Fig. 2 B), with some sei-
zures persisting for 10 min (Fig. 2 C). We observed a mean of
~40 seizures in coll9al~~ mutants over 5d (37.7 + 5.4 [mean +
SEM] seizure-like events, n =9, versus 5.8 + 4.8 in controls, n =
6). Although this number seems high, it is comparable to other
mouse models of schizophrenia (e.g., 51.5 + 2.5 seizure events
in reln’”* heterozygotes, n = 2; lafrati et al., 2014).

In addition to measuring spontaneous seizures, we as-
sessed coll9al~~ mutant responses to seizure-inducing drugs.
In control mice, low doses of pentylenetetrazol (PTZ), a y-am-
inobutyric acid (GABA) antagonist, induced mild motor sei-
zures (Fig. 2, D and E). In col19al~~ mutants, similar doses of
PTZ resulted in severe seizures (Fig. 2, D and E) that in many
cases were lethal (n = 12 of 14; Fig. 2 D). Collectively, these
results demonstrate that col/9al~~ mutants exhibit schizophre-
nia-related behaviors and are more susceptible to seizures—two
phenotypes linked to inhibitory circuits (Takahashi et al., 2012;
Krook-Magnuson et al., 2013; Rossignol et al., 2013).

Collagen XIX is expressed by cortical
interneurons and is necessary for inhibitory
synapse formation

Collagen XIX is a lesser-studied collagen, with just a handful of
articles about its role in mammals, especially in regard to ner-
vous system development and function. To elucidate how col-
lagen XIX loss leads to altered behavior and seizures, we used
EvoCor, a novel bioinformatics platform that predicts putative
functional linkage between genes based on their phylogenetic
profile and expression patterns (Dittmar et al., 2014). When we
used this platform to analyze coll9al, the gene encoding colla-
gen XIX, we were surprised to discover that the majority of top
candidates were genes enriched in the brain and linked to syn-
aptic development or function (Fig. 3, A-C). In fact, more than
half of the candidate related genes appeared enriched in mouse
CTX according to the Allen Brain Atlas (Lein et al., 2007). It
is important to point out that analysis of other collagens with
this approach, even those implicated in synaptogenesis, did not
result in candidate lists containing genes enriched in CTX or
implicated in synaptic biology (Fig. S1).

The unexpected results from EvoCor analysis led us to ask
two questions: Is collagen XIX expressed in CTX? and, Is colla-
gen XIX involved in the formation of synapses in mouse CTX?
To answer the first question, we performed in situ hybridization
(ISH; Fig. 3 D). As expected from EvoCor analysis, coll9al
mRNA was enriched in CTX compared with other brain regions
(Fig. 3, D-F). Not all cells in CTX expressed coll9al mRNA;
rather, its expression was restricted to a small subset of neurons
(Fig. 3, H-J). Furthermore, coll9al-expressing cells contained
glutamate decarboxylase (GAD67 or GADG65), enzymes re-
quired for converting glutamate into GABA in inhibitory CTX
interneurons (Fig. 3 K), although not all GAD-expressing cells
generated coll9al mRNA.

Many types of inhibitory interneurons are present in the
mammalian CTX. We next sought to understand which classes
of interneurons expressed this collagen. By coupling ISH with
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Figure 1. Mice lacking collagen XIX display schizophrenia-related behaviors. (A) Schematic illustration of PPl of the acoustic startle response. (B) Col19a1-/~
mutant mice (knockout [KO]) display impairment in PPl. Data are mean = SEM. *, Differs from WT by P < 0.01, Tukey-Kramer test for difference between
means; n = 27 WT and 39 KO. Prepulse intensities (4, 8, and 16 dB) indicate the intensity above background noise (65 dB). (C) No significant differences
were observed in basal acoustic startle of WT or KO to a 120-dB noise. Data are mean + SEM. ns, no statistical difference by Tukey-Kramer test. AU,
arbitrary units. (D) Schematic illustration of nestbuilding behavior assay. (E and F) Col19a -/~ mutant mice displayed reduced nest-building behaviors.
Nests were scored manually by their appearance affer 12 h (E) or weighing unused nestlets after 12 h (F). Data are mean + SEM. *, Differs from WT by
P < 0.01 by Tukey-Kramer test for difference between means; n = 21 WT and 25 KO. (G and |) Schematic illustration of sociability (G) and social mem-
ory assays (l). (H) Col19al-/~ mutant mice displayed normal preference for novel conspecifics versus empty chambers. Data are mean + SEM. *, Differs
from interaction with conspecific by P < 0.01 by Tukey-Kramer test for difference between means; n = 15 WT and 25 KO. (J) Col19al~/~ mutant mice
displayed abnormal indifference to novel and familiar conspecifics. Data are mean = SEM. *, Differs from interaction with familiar conspecific by P < 0.01
by Tukey—Kramer test for difference between means; n = 15 WT and 25 KO. (K) Schematic illustration of open-ield assay. (L and M) Col19a -/~ mutant
mice displayed reduced exploration in openield assays. Data are mean + SEM. *, Differs from WT by P < 0.01. ns, P > 0.05 by Tukey-Kramer test for
difference between means; n = 29 WT and 42 KO. (N) Schematic illustration of rotarod assay. (O) Col19a 1/~ mutant mice performed as well as controls
in an accelerating rotarod assay. Data are mean = SEM. ns, no significant difference by Student's ttest; n = 21 WT and 25 KO. (P) Schematic illustration
of wheel-running assay. (Q and R) Actograms show that col19a -/~ mutant mice display normal levels of activity and photoentrainment. Each row of data
indicates the wheel activity for a 24-h period. Gray regions indicate periods of wheel-running activity in darkness.
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Figure 2. Mice lacking collagen XIX exhibit spontaneous seizures and
are more susceptible to drug-induced seizures. (A) Schematic illustration of
the EEG/EMG headmounts. (B) EEG traces from WT (B) and col19al-/~
mutant mice (KO; B’ and B”). B’ shows a recording obtained during an
absence-like seizure in a KO. B” shows a recording obtained during a
myoclonic seizure in a KO. (C) EMG traces from WT and KO. (D) EMG
traces showing 15 min of activity in three WT and three KO after the deliv-
ery of PTZ (indicated by the arrows). Asterisks indicate death. (E) Manual
seizures scores for WT and KO mice were recorded for 15 min after the
delivery of PTZ. Data are mean = SEM. *, Differs from controls by P < 0.05
by Tukey—Kramer test for difference between means; n=7 WT and 10 KO.

immunohistochemistry (IHC), we discovered that coll9al
mRNA was present in subsets of Calbindin- and Somatostatin-
expressing interneurons, but not in Calretinin-expressing in-
terneurons (Fig. 3, L-N). Finally, we asked whether Parv-
expressing interneurons generated collagen XIX. This question
seemed particularly pertinent because this class of interneurons
has been implicated in schizophrenia and seizures. We used
two approaches to address this question: double ISH with ribo-
probes against both coll/9al and parv (the gene encoding Parv)
and coll9al ISH in parv-cre::thyl-stop-yfp transgenic mice.
We detected no coll9al*/parv* neurons with double ISH at
postnatal day 14 (P14), and less than 3% of coll9al-expressing
cells contained parv mRNA in adult CTX (2.8% =+ 0.8% [mean
+ SD] of coll9al* neurons contained parv mRNA at P56; n = 3;
Fig. 3, O and P). Likewise, only a small fraction of coll9al*/
YFP* neurons in P56 parv-cre::thyl-stop-yfp transgenic tissues
(8.1% =+ 1.2% of coll9al* neurons; n = 3; Fig. 3 Q) contained
YFP at P56. These results demonstrate that most coll9al-
expressing neurons do not generate Parv, and vice versa.
Having determined that col/9al mRNA was generated
by subsets of interneurons, we next addressed whether it was
necessary for cortical synaptogenesis. Our first hint that it may
be involved in this process came from expression analysis that
showed the peak of coll9al mRNA expression coinciding with
the peak of synaptogenesis (Fig. 3 G). To test whether synapto-
genesis was impaired in coll9al~'~, we performed a broad THC
screen with antibodies that label different types of nerve termi-
nals. First, we investigated the distribution of several markers of
excitatory nerve terminals (i.e., vesicular glutamate transporter
1 [VGIuT1] and VGIuT?2) in coll9al~- mutants and littermate
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controls. No obvious differences were observed in the distribu-
tion, density, or morphology of excitatory nerve terminals in the
developing visual cortex (vCTX) or prefrontal cortex (pfCTX)
in mutants (Figs. 4, A, C,E, FE J, K, O, and Q; and Fig. S2, A-J).
Likewise, we detected no difference in the number of dendritic
spines on cortical layer V pyramidal neurons in coll9al~~
mutants (Fig. S2, K-M).

We next assessed the distribution of inhibitory nerve
terminals in mutant and control CTX with antibodies against
GADG67 and Synaptotagmin 2 (Syt2), a vesicle-associated cal-
cium sensor present in inhibitory terminals in CTX (Sommei-
jer and Levelt, 2012; Fig. 5 A and Fig. S3, A-F). Significantly
fewer Syt2* nerve terminals were observed in layers II/IIl and V
of the developing vCTX and pfCTX in mutants (Figs. 4, A-D,
G, H, L, and M; and Fig. S2, A-J). Likewise, we detected a
significant reduction in GAD67* nerve terminals in the cortex
of coll9al~~ mutants (Fig. S2, N-P). Supporting these data,
levels of Syt2, GAD isoforms (GAD67 and GADG65), and Ge-
phyrin (Geph; a postsynaptic scaffolding protein at inhibitory
synapses) were significantly reduced in protein extracts or syn-
aptosome fractions of mutant CTX (Fig. 4, O-R). Importantly,
differences in Syt2* inhibitory nerve terminal distribution did
not reflect a delay in development, because significant reduc-
tions persisted into adulthood in mutants (Figs. 4, I and N; and
Fig. S2, Q-S). Nor did we detect alterations in the number or
distribution of Syt2- or Parv-expressing inhibitory interneurons
in the absence of collagen XIX (Fig. S4, A-F). Together, these
studies reveal a novel role for collagen XIX in the formation of
inhibitory nerve terminals in mouse CTX.

In looking at the distribution of Syt2* nerve terminals in
mutant CTX, especially in adult tissues (Fig. S2, Q-S), it be-
came clear that fewer axosomatic synapses were present in the
absence of collagen XIX. One class of axosomatic synapses
are generated by Parvt GABAergic interneurons; therefore, to
test whether Syt2*+ terminals originated from Parvt GABAer-
gic interneurons, we performed Syt2-IHC in cortical sections
from parv-cre::thyl-stop-yfp transgenic mice. More than 95%
of Syt2* terminals in vCTX and pfCTX contained YFP in these
tissues, indicating they originated from Parv* interneurons (Fig.
S3 G; Sommeijer and Levelt, 2012).

Parv* interneurons are known to generate axosomatic syn-
apses onto two main types of neurons in mouse CTX: excitatory
pyramidal neurons and other Parv* interneurons (Pi et al., 2013;
Pfeffer et al., 2013). We therefore crossed coll9al~- mutants
with thyl-yfp (line H) mice (which selectively label layer V py-
ramidal neurons in cortex; Feng et al., 2000) and parv-cre::thyl-
stop-yfp mice (which label Parv: GABAergic interneurons) to
assess axosomatic terminals in the absence of collagen XIX.
Significantly fewer Syt2* axosomatic nerve terminals were
observed on both cell types in CTX of mutants (Fig. 5, B-G).
To test whether this result reflected a loss of inhibitory nerve
terminals or the loss of synapses, we immunostained for both
pre- and postsynaptic markers (i.e., Syt2 and Geph) in pfCTX
in mutants and controls crossed to thyl-yfp (line H) and parv-
cre::thyl-stop-yfp reporter mice (Fig. 5, H and I). We observed
not only a reduction in Syt2* nerve terminals, but also a sta-
tistically significant reduction in Geph* postsynaptic elements,
suggesting that few inhibitory axosomatic synapses were pres-
ent in the absence of collagen XIX (Fig. 5, J and K). Because
Parv* synapses have been strongly linked to schizophrenia and
seizures, these results provide a mechanism for how collagen
XIX loss may lead to behavioral abnormalities.
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for col19a1 mRNA in P8 mouse brain. (E) High-magnification image of col19al mRNA distribution in visual cortex. Th, dorsal thalamus. Bars, 200 pm.
(F) gPCR shows relative levels of col19al mRNA expression in vCTX and pfCTX versus dorsal thalamus. Expression levels normalized to gapdh. Data are
mean = SEM; n = 4. *, Differs from thalamic expression by P < 0.0001 by one-way analysis of variance. (G) qPCR shows that col19aT mRNA expression is
developmentally regulated. Expression levels normalized to gapdh. Data are mean + SEM; n = 3. *, Differs from expression at P21 by P < 0.0001 by one-
way analysis of variance. (H-J) ISH reveals that col19al is generated by sytl-expressing neurons (H) but not by astrocytes (1) or microglia (J) in P14 mouse
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generate Parv. Double ISH (O and P) and ISH-IHC (with parv-cre::thy I-stop-yfp tissue; Q) revealed that only a small fraction (if any) of col19al-expressing
neurons generate Parv. Ages of each experiment are indicated in K’-Q”. Bar, 25 pm.
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A C-terminal fragment of collagen XIX

is sufficient to induce inhibitory nerve
terminal formation

To understand how collagen XIX influences synaptogenesis,
we generated dissociated neuronal cultures from CTX or hippo-
campus (HP). These cultures contained interneurons capable of
generating Syt2* nerve terminals (Fig. 6, A and B). Moreover,
these cultures mimicked our in vivo results in two ways: (1)
Syt2*+ terminals formed inhibitory axosomatic terminals (Fig. 6,
A and B), and (2) Syt2* terminals failed to form in cultures gen-
erated from coll9al~~ mutant mice (Fig. 6 C).

Collagen XIX is a nonfibrillar collagen with five collage-
nous domains, each flanked by noncollagenous (NC) domains
(Fig. 6 D). Recent research indicates that the C-terminal NC
domain (i.e., NC1) is cleaved off by Plasmin and functions
as a matricryptin (Oudart et al., 2015). Importantly, Plasmin
is expressed in mouse vCTX and pfCTX (Oray et al., 2004;
Castorina et al., 2013). Therefore, based on roles of other synap-
togenic matricryptins, we hypothesized that the NC1 domain of
collagen XIX might trigger inhibitory nerve terminal formation.
To test this, we synthesized mouse NC1 (mNC1) and applied it
to WT neurons (Fig. 6, E-H). After 2 d, we observed a three-
to fourfold increase in Syt2* puncta in the presence of mNCl1
(Fig. 6, E-H) or human NC1 (hNCl1; Fig. 6 G). Application
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*
Relative FL intensity of Z
Syt2 in layer V of vCTX

Figure 4. Loss of collagen XIX leads to im-
paired inhibitory synapse formation in mouse
CTX. (A-D) Immunostaining for Syt2 and
VGIuT1 in layer V of pfCTX in P11 WT con-
trols (Ctl) and coll19al-/~ mutants (KO). (B
and D) High-magnification images of Syt2-
immunostaining from layer V of pfCTX in P11
WT controls (CH) and col19a1-/~ mutants.
A-D depict Syt2-immunolabeling; A’ and C’ de-
pict VGluT1-immunolabeling; A” and C” depict
merged overlay of Syt2 and VGIuT1 immunola-
beling. Bars: (A”) 25 pm; (B) 5 pm. (E-H) Area
occupied by VGIuT1 and Syt2 immunoreactivity
(IR) in layer V of pfCTX and vCTX in P11 con-
trol and KO. Data are mean + SEM; n = 4.
*, Differs from control by P < 0.001 by Stu-
dent's t test. ns, no statistical difference by
Student's ttest. (I) Area occupied by Syt2 IR in
* layer V of vCTX in P56 control and KO. Data
are mean = SEM; n = 4. *, Differs from controls
by P < 0.001 by Student's t test. (J-M) Mean
fluorescence intensity of VGIuT1 and Syt2 IR in
layer V of pfCTX and vCTX in P11 control and
KO. Data are mean + SEM; n = 4. *, Differs
from control by P < 0.001 by Student's ttest. ns,
no statistical difference by Student's t test. (N)
Mean fluorescence intensity of Syt2 IR in layer
V of vCTX in P56 control and KO. Data are
mean + SEM; n = 4. *, Differs from control by P
< 0.001 by Student's ttest. (O-R) Western blots
show reduced levels of GAD65/67 and Syt2
(but not VGIuT1) in protein extracts (O and P)
and synaptosome fractions (sy; Q and R) from
KO CTX versus control (dashed line). Data are
mean + SEM; n = 4. *, Differs from control by
P < 0.001 by Student's t test.
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of mNCl1 peptides also increased GAD67* puncta in these as-
says (Fig. S5, A—C). Other NC domains of collagen XIX (e.g.,
NC2, NC3, and NC6) failed to trigger inhibitory nerve terminal
formation in these assays (Fig. 6, G and H; and not depicted).
Importantly, NC1-stimulated Syt2* puncta appeared to be func-
tionally active, because (a) they could be labeled by the live ap-
plication of antibodies against the luminal domain of vesicular
GABA transporter (lumVGAT; Fig. 6 I; Martens et al., 2008),
and (b) they colocalized with Geph (Fig. 6 J).

These results suggest that the NC1 domain of collagen
XIX promotes the assembly of inhibitory nerve terminals.
Next, we tested whether NC1 peptides were sufficient to rescue
synaptic defects in neurons from coll9al~~ mutants. Indeed,
mNCI peptides rescued the loss of Syt2* puncta in coll9al~"-
neurons (Fig. 6, K-M). Thus, the NC1 domain of collagen XIX
is sufficient to trigger inhibitory nerve terminal formation.

Mechanisms underlying the synaptogenic

function of the NC1 domain of collagen XIX
To determine how the NC1 domain of collagen XIX triggers
nerve terminal assembly, we first sought to answer whether it
acted as a synaptic primer (like growth factors, morphogens,
or neurotrophic factors) or whether it directly induced the as-
sembly of presynaptic machinery into a nerve terminal (like
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neurexin—neuroligin interactions; Waites et al., 2005). Signif-
icant differences in these mechanisms include the time scale
at which they act and whether the action requires transcription
and translation or the assembly of available synaptic machinery.
To delineate between these mechanisms, we assessed the time
scale required for mNCI1 action in vitro. The minimal time re-
quired to see significant increases in Syt2* puncta was 6 h, far
too long for collagen XIX to be directly inducing the assembly
of pregenerated synaptic components (Fig. 7, A-G). This result
suggests that the NC1 domain of collagen XIX acts to prime in-
hibitory synaptogenesis by triggering the assembly of new syn-
aptic components through transcription and translation. To test
this hypothesis, we applied chemical blockers of transcription
(i.e., actinomycin D and o-amanitin) and translation (cyclohex-
imide) in conjunction with mNCI1 peptides. In the presence of
these inhibitors, the NC1 peptide was incapable of triggering
nerve terminal assembly (Fig. 7, H-L). It is important to note,
however, that collagen XIX does not appear to directly regulate
syt2 mRNA expression, since deletion of collagen XIX in vivo
and application of NC1 fragments in vitro both failed to change
syt2 mRNA levels (Fig. 7, M and N).

Ctl

Figure 5. Loss of collagen XIX leads to reduced numbers of
axosomatic inhibitory synapses in mouse CTX. (A) Syt2+ axo-
somatic nerve terminals colocalize with Geph in pfCTX. Bar,
8 pm. (B) Syt2+/YFP+ axosomatic synapses were analyzed
in single optical sections of col19al+*::parv-cre::thy1-stop-
yfp (CHl) and col19a1-/~::parv-cre::thy I-stop-yfp (KO) mice.
Bar, 12 pm. (C and D) Reduced numbers of Syt2+ axoso-
matic synapses (per unit length of cell soma) were detected
in col19a1-/~::parv-cre::thy I-stop-yfp (KO) vCTX and pfCTX
compared with controls. Data are mean = SEM; n = 3.
*, Differs from control by P < 0.001 by Student's ttest. (E) Syt2*
axosomatic synapses were analyzed in single optical sections
of col19a1+*::thy1-yfo lineH (CHl) and col19al~/~::thyl-yfo
lineH (KO) mice. Bar, 12 pm. (F and G) Reduced numbers of
Syt2+ axosomatic synapses (per unit length of cell soma) were
detected on YFP+ excitatory neurons in coll19al~/~::thyl-yfp
lineH vCTX and pfCTX compared with control. Data are
mean + SEM; n = 3. *, Differs from control by P < 0.001
* by Student's t test. (H) IHC for Geph and Syt2 in layer V

of pfCTX in P21 col19al++::thyl-yfo (line H) (CHl) and co-

[19a1-/=::thy 1-yfo (line H) mutants (KO). Layer V pyramidal

cells are labeled in thy 1-yfo (line H) mice. Confocal images
= are single optical sections. (I) IHC for Geph and Syt2 in layer
V of pfCTX in P21 coll9al+*::parv-cre::thy1-stop-yfo (Ct)
and col19al~/~::parv-cre::thy I-stop-yfp mutants (KO). Parv*
interneurons are labeled in parv-cre::thy I-stop-yfp mice. Con-
focal images are single optical sections. (J) Reduced numbers
of Geph* postsynapses (per unit length of cell soma) were
detected in col19al-~/~::thy I-yfp (line H) mutant (KO) pfCTX
compared with levels in control. Data are mean = SEM; n =
3. *, Differs from control by P < 0.001 by Student's ttest. (K)
Reduced numbers of Geph* postsynapses were detected in
col19a1-/~::parv-cre::thy I-stop-yfo mutant (KO) pfCTX com-
pared with levels in control. Data are mean = SEM; n = 3.
*, Differs from control by P < 0.001 by Student's #test.
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Next, we addressed what receptors might mediate the
synaptic priming affects of collagen XIX. Outside of the ner-
vous system, matricryptins exert their influence by binding
and signaling through a variety of RGD-dependent integrins
(i.e., &3P, asP, and a,fP3), even though some lack RGD se-
quences (Petitclerc et al., 2000; Ricard-Blum and Ballut,
2011; Oudart et al., 2015). The same is true at synapses:
endostatin, the matricryptin derived from collagen XVIII, in-
duces excitatory synapse assembly in inferior olivary neurons
via osf, integrins (Su et al., 2012). Here we tested whether
the same was true for collagen XIX’s NC1 domain. Indeed
it is: the synaptogenic activity of the NC1 domain of colla-
gen XIX is blocked by RGD peptides, indicating that integrins
are involved in triggering inhibitory nerve terminal assembly
in vitro (Fig. 8, A-D). These results are not entirely surpris-
ing given a recent article showing that NC1 signals through
RGD-dependent integrins in cancer cells (Oudart et al., 2016).
Further support for this notion stems from the discoveries that
a variety of RGD-dependent integrins are present in cortical
and synaptosome extracts and that Parv* cells express f§; (but
not B;) integrins (Fig. 8, E-G; and not depicted).

Matricryptins trigger inhibitory synaptogenesis
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Figure 6. Matricryptins derived from colla-
l gen XIX trigger inhibitory nerve terminal as-

sembly. (A) Syt2* nerve terminals form on the

somas and proximal dendrites of dissociated
| hippocampal neurons at DIV 14. Bar, 20 pm.
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itory terminals based on the coexpression of
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GAD isoforms. Bar, 20 pm. (C) Time course
of the development of Syt2+ nerve terminals in
vitro. The formation of Syt2+ nerve terminals is
impaired in neurons isolated from col19al-/
mutant mice. Data are mean + SD; n = 4.
* and **, Differs from all other conditions by
P < 0.05 by Tukey-Kramer test for difference
between means. (D) Schematic depiction of
the domain structure of mouse collagen XIX.
Collagenous (C) and noncollagenous (NC)
domains are numbered beginning at the C
terminus. The number of amino acids in each
domain is shown in parentheses. The sequence
of the NC1 domain is shown. (E and F) Mouse
NC1 (mNC1) triggers Syt2+ terminal forma-
tion in HP neurons at DIV10. E and F depict
Syt2-immunolabeling in HP cultures treated

12DIV 14DIV

+ scrambled

edisal M with Scrambled or mNC1 peptides; E' and
$S100y---- F’ depict merged overlays of Syt2 and MAP2

QE immunolabeling in these cultures. Bar, 20 pm.

3z (G and H) Quantitation of mNC1-riggered

£g s Syt2+ puncta formation in both HP neurons

col19a1” gg (G) and CTX neurons (H) at DIV 10. Human
35 NC1 peptides ((NC1) trigger an increase in

& & Syt2* puncta, but other collagen XIX peptides

PO (i.e., mNC3) or neurotrophic factors (i.e.,

+O*e © brain-derived neurotrophic factor) do not (G).

Data are mean = SEM; n = 4. *, Differs from
controls, Scrambled, and NC3 peptides by
P < 0.001 by Tukey—Kramer test for difference

between means. (I) NC1-riggered Syt2+ puncta colabel with anti-lumVGAT, suggesting these puncta represent active synaptic sites. Bar, 10 pm. (J) Syt2+
puncta triggered by mNC1 colocalize with Geph. Bar, 10 pm. (K-L) Application of mNC1 rescues the loss of Syt2+ puncta in DIV12 HP neurons isolated
from col19a1~/~ mutant mice. K and L depict Syt2 immunolabeling; K and L' depict merged overlays of Syt2 and MAP2 immunolabeling. Bar, 10 pm.
(M) Quantitation of the number of Syt2+ puncta in colT19a1-/~ neuronal cultures treated with mNC1 or Scrambled peptides. Data are mean + SEM; n =
3. *, Differs from Scrambled control in KO neurons by P < 0.001 by Tukey-Kramer test for difference between means.

These results raised the intriguing possibility that syn-
aptogenic matricryptins derived from distinct collagens (i.e.,
endostatin from collagen XVIII and NC1 from collagen XIX)
might be interchangeable in their ability to trigger synapse as-
sembly through integrins. We tested this idea in dissociated in-
ferior olivary neurons and the cortical culture systems described
earlier. It turned out that each synaptogenic matricryptin had
distinct activities: mNC1 was incapable of triggering VGluT2*
excitatory terminal formation in inferior olivary neurons, and
endostatin was incapable of triggering Syt2*+ inhibitory terminal
formation in cortical cultures (Fig. 8, H-M).

This result suggests that the NC1 domain of collagen
XIX requires an RGD-dependent integrin other than o,f,. To
confirm this hypothesis, we applied function-blocking anti-
bodies directed against the a3 integrin subunit to dissociated
neurons in conjunction with mNC1 peptides. Although this
approach inhibited the synaptogenic activity of endostatin on
inferior olivary neurons (Su et al., 2012), it did not block the
action of mNC1 on cortical neurons (Fig. 8, N-Q). We therefore
screened for other RGD-dependent integrins that may act as
candidate receptors for collagen XIX. Our attention was drawn
to asP; integrin for several reasons. First, previous studies had
demonstrated its presence in rodent CTX (Bi et al., 2001), and
our analysis indicated it was expressed by neurons in our in
vitro culture systems applied here (unpublished data). Second,
we discovered that a3, integrin was present in synaptosome

fractions (Fig. 8 G). We therefore applied function blocking an-
tibodies directed against the o5 integrin subunit in conjunction
with NC1 peptides and discovered that this blocked the ability
of these peptides to trigger inhibitory nerve terminal assembly
(Fig. 8, N-Q). Moreover, by covalently coupling NCI1 frag-
ments to beaded agarose, we were able to affinity-purify os and
B, integrins (but not «, subunits) from cortical protein extracts
(Fig. 8 R and not depicted), suggesting a direct interaction be-
tween NC1 and asp, integrins.

Whereas it is clear that Parv* inhibitory synapses are essential
for controlling the flow of neuronal activity, the mechanisms
underlying the formation of these synapses are not well under-
stood. Here we discovered that a neuronally expressed colla-
gen contributes to the development of these synapses. Deletion
of this collagen results in reduced numbers of inhibitory syn-
apses, and specifically axosomatic inhibitory synapses, so it is
not surprising that col/9al~~ mutant mice display a range a
behavioral phenotypes, including neglect, impairment in sen-
sorimotor gating, and seizures. It is surprising, however, that
the majority of cells generating collagen XIX are not presynap-
tic Parv* interneurons or their postsynaptic targets (Fig. S5 D).
This suggests a novel paracrine mechanism that contributes to
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Parv* inhibitory synapse formation and sheds new light on why
patients with microdeletions in the genomic region encoding
collagen XIX may suffer from schizophrenia (Liao et al., 2012).

As with any novel synaptogenic cue, an important ques-
tion is how collagen XIX contributes to inhibitory synaptogen-
esis. Synaptogenesis is a multistep process, with unique sets of
organizing cues required at each step (Scheiffele, 2003; Waites
et al., 2005; Fox et al., 2007). Initially, growing axons from
different brain regions must find and arborize in correct target
fields, a process termed synaptic targeting. Correct targeting of
pre- and postsynaptic partners does not immediately result in
synaptic connections, and in some cases a significant temporal
lag exists between the matching of appropriate synaptic part-
ners and the formation of functional synapses (Lund, 1972).
Transformation of nascent connections into functional synapses
requires at least two steps: triggering each neuronal partner to
transcribe, translate, and traffic key elements of pre- or post-
synaptic machinery (a process called synaptic priming) and the
subsequent, rapid assembly of these elements into functioning
pre- and postsynaptic machineries (a process called synaptic
induction; Waites et al., 2005). Based on its spatiotemporal
expression pattern in CTX, the time course required for it to
trigger presynaptic assembly in vitro, and the requirement of
active transcription and translation for its synaptogenic activity,
we posit that collagen XIX acts as a synaptic priming factor
that may be diffusely localized in the developing cortex. In this

Il untreated
N +mnet
ﬂ + scrambled ¥

w

+mNC1
+Aman

+mNC1
+Aman

Figure 7. Triggering of inhibitory nerve ter-
minal formation by NC1 requires franscription
and translation. (A-F) Dissociated HP neu-
rons were treated with mNC1 or Scrambled
peptides for 3, 6, or 24 h. Bar, 50 pm. (G)
Number of Syt2+ puncta in dissociated HP
neurons treated with mNC1 or Scrambled
peptides (or untreated) for 3, 6, or 24 h. Data
are mean = SEM; n = 3. *, Differs from un-
treated or Scrambled controls by P < 0.01
by Tukey-Kramer test for difference between
h) means. (H-K) Dissociated HP neurons were
treated with Scrambled peptides, mNCT,
mNC1 + cyclohexamide (CHX), or mNC1 +
a-amanitin (Aman). H-K depict Syt2 immuno-
labeling; H'-K’ depict merged overlay of Syt2
and MAP2 immunolabeling. Bar, 50 pm. (L)
Number of Syt2+ puncta in dissociated HP
neurons treated with mNC1, mNC1 + CHX,
mNCT1+ Aman, or mNC1 + actinomycin D
(ACD). Data are mean + SEM; n = 3. *, Dif-
fers from mNC1 treated neurons by P < 0.01
by Tukey-Kramer test for difference between
means. (M) syt2 mRNA levels in dissociated
neurons treated with mNC1 or Scrambled pep-
tides. Data are mean + SEM; n = 3. ns, no
statistical difference by Student's ttest. (N) syt2
mRNA levels in control and col19a1-/~ CTX.
Data are mean + SEM; n = 3. ns, no statistical
difference by Student's t test.
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sense, collagen XIX functions in a capacity similar to morpho-
gens, growth factors, neurotrophins, and glial-derived matrix
molecules (Hall et al., 2000; Alsina et al., 2001; Krylova et al.,
2002; Ullian et al., 2004; Christopherson et al., 2005). More-
over, collagen XIX likely acts on inhibitory axons and termi-
nals before postsynaptic inducers of presynaptic differentiation
at these synapses, such as NCAM, Neuroligin 2, L1, and Slitrk3
(Graf et al., 2004; Guan and Maness, 2010; Takahashi et al.,
2012; Woo et al., 2013; Liang et al., 2015; Maro et al., 2015; Tu
etal., 2015). This may explain why inhibitory terminals initially
form in the forebrain in the absence of some of these synaptic
inducers, such as Neuroligin 2 (Gibson et al., 2009; Poulopou-
los et al., 2009; Jedlicka et al., 2011; Liang et al., 2015; Babaev
et al., 2016). Although our experiments suggest that matric-
ryptins derived from collagen XIX are sufficient to trigger in-
hibitory nerve terminal assembly in vitro, the eventual loss of
inhibitory synapses in the absence of Neuroligin 2 (Liang et al.,
2015) suggests that collagen XIX is not sufficient for inhibitory
synapse maintenance in vivo.

Inmany cases, priming and inductive synaptogenic cues are
target derived, meaning that they are generated by the postsyn-
aptic neurons at the synapse (Fox and Umemori, 2006). Target-
derived matrix molecules, growth factors, and adhesion mole-
cules all contribute to the formation of nerve terminals (Scheif-
fele et al., 2000; Umemori et al., 2004; Fox et al., 2007; Terauchi
et al., 2010; Su et al., 2012). An interesting twist on results

Matricryptins trigger inhibitory synaptogenesis
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Figure 8. NC1 signals through asp; integrin to trigger nerve terminal formation. (A-C) mNC1's ability to trigger the assembly of Syt2+ terminal puncta
in HP neurons was inhibited by the application of 10 mM RGD peptides (B) but not control peptides (RAD; C). A, B, and C depict Syt2 immunolabeling;
A’, B, and C’ depict the merged overlay of Syt2 and MAP2 immunolabeling. Bar, 50 pm. (D) Quantitation of the number of Syt2+ puncta in HP cultures
treated with combinations of mNC1, Scrambled, RAD, and RGD peptides. Data are mean = SEM; n = 3. *, Differs from untreated neurons by P < 0.01
by Tukey—Kramer test for difference between means. (E and F) Parv* interneurons (detected by Parv-IHC or transgenic expression of YFP in parv-cre::thy 1-
stop-yfp mice) are immunoreactive for integrin f,. Bar, 12 pm. (G) Western blot of integrin subunits in total protein extracts and synaptosome fractions
from CTX. The enrichment of synaptic proteins [i.e., Syt2, Geph) and the absence of GFAP demonstrate synaptosome purity. (H-J) Dissociated HP neurons
treated with endostatin (Endo) or mNC1. Inhibitory terminals assessed by Syt2 immunolabeling. H-J depict Syt2 immunolabeling; H'-J’ depict merged
overlay of Syt2 and MAP2 immunoreactivity. Bar, 50 pm. (K) Number of Syt2+ synaptic puncta induced by treatment in I-K. Data are mean = SEM; n = 3.
*, Differs from untreated neurons by P < 0.01 by Tukey—Kramer test for difference between means. (L) Dissociated inferior olivary neurons treated with Endo
or mNC1. Excitatory nerve terminal assembly was assessed with VGIuT2 immunolabeling. Axons were labeled with neurofilament (NF)-immunolabeling.
Bar, 25 pm. (M) Number of VGIuT2* synaptic puncta induced by treatment in L. Data are mean + SEM; n = 3. *, Differs from untreated neurons by P < 0.01
by Tukey-Kramer test for difference between means. (N-P) mNC1’s ability to trigger the assembly of Syt2+ terminal puncta in HP neurons was inhibited by
function blocking as integrin antibodies (Ab; O) but not a5 integrin antibodies (P). N-P depict Syt2 immunolabeling; N'~P’ depict the merged overlay of
Syt2 and MAP2 immunolabeling. Bar, 50 pm. (Q) Number of Syt2+ puncta in HP cultures treated with combinations of mMNC1 peptides, control antibodies,
and integrin antibodies. Data are mean + SEM; n = 3. *, Differs from untreated neurons by P < 0.01 by Tukey-Kramer test. (R) mNC1, Scrambled, and
mNC3 peptides were immobilized to AffinityLink Plus coupling resin and incubated with CTX protein extracts. Elution fraction from mNC1-coupled resin
contained a5 and By integrin subunits.
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gathered here is that collagen XIX does not act as a target-
derived synaptogenic cue, because the large majority of cells in-
nervated by Parv* interneurons do not generate coll9al mRNA.
As such, collagen XIX likely acts in a paracrine fashion, more
like glial-derived synaptogenic cues (Ullian et al., 2004; Chris-
topherson et al., 2005; Kucukdereli et al., 2011). It is import-
ant to note that an alternative possibility is that the very small
population of Parv* interneurons that generate collagen XIX
(<10%; Fig. 3) are capable of secreting collagen XIX to trig-
ger the widespread formation of other Parv* nerve terminals.
This remains possible, but still would be classified as a para-
crine mechanism of synaptogenesis. Future studies are needed
to distinguish between these possibilities, but to our knowledge
this remains the first article demonstrating interneurons partici-
pating in synapse formation in this fashion.

Finally, an important discovery in these studies is that a
matricryptin released from collagen XIX by plasmin cleavage
(Oudart et al., 2015) regulates inhibitory nerve terminal forma-
tion by signaling through integrins in vitro. In fact, many synap-
togenic cues are activated or inactivated by proteolytic shedding,
including agrin, collagens, SIRP«, and neuroligins (Reif et al.,
2007; Matsumoto-Miyai et al., 2009; Peixoto et al., 2012; Su
et al., 2012; Suzuki et al., 2012; Toth et al., 2013). Require-
ment of these posttranscriptional modifications in regulating the
activity of synaptogenic cues allows for a rapid mechanism to
turn these functions on or off in response to neuronal activity
or other events in the developing brain. Unfortunately, at pres-
ent we know little about the identity and role of matricryptin-
releasing and ectodomain-shedding proteases at developing
synapses. This will be an important gap to fill in future studies.

Materials and methods

Animals
CD1 and C57BL/6 mice were obtained from Charles River Labora-
tories. Collagen XIX-null mice (coll9al~~; previously referred to
as N19) were generated by deleting the fourth exon of collagen XIX
(Sumiyoshi et al., 2004). Coll9al~~ mutant mice were backcrossed for
more than 10 generations on C57BL/6 mice. Parv-cre, thyl-stop-yfpl5,
thyl-yfp (line H), and reln’* heterozygous mice were obtained from
Jackson Labs (stock numbers 008069, 005630, 003782, and 000235, re-
spectively). Parv-cre knock-in mice use the endogenous Parv promoter/
enhancer elements to direct Cre recombinase expression, without dis-
rupting Parv expression (Hippenmeyer et al., 2005). Thyl-stop-yfp15
transgenic mice were generated to conditionally express enhanced
YFP under the control of an exogenous Thyl promoter (Buffelli et
al., 2003); in the absence of Cre, expression of enhanced YFP in these
mice is blocked by a loxP-flanked STOP fragment. Thy!-yfp (line H)
transgenic mice were generated to express YFP under the control of an
exogenous Thy1 promoter (Feng et al., 2000). Mice with a spontaneous
mutation in the reln gene (reln™"; also called reeler mutant mice) were
identified more than 60 years ago (Falconer, 1951). Recent studies have
demonstrated that mice lacking a single copy of reln (reln’’*) display
traits associated with complex brain disorders (Iafrati et al., 2014).
Genomic DNA was isolated from tails using the HotSHOT
method, and genotyping was performed with the following primers:
lacz, 5'-TTCACTGGCCGTCGTTTTACAACGTCGTGA-3’ and 5'-
ATGTGAGCGAGTAACAACCCGTCGGATTCT-3'; coll9al (exon
4), 5'-CTTCGCAAAACGCATGCCTCAGA-3’ and 5'-TTGTTCGTT
TGTTTGTTTTTAATCAATCAA-3’; yfp, 5'-AAGTTCATCTGCACC
ACCG-3" and 5-TCCTTGAAGAAGATGGTGCG-3'; and cre, 5'-

TGCATGATCTCCGGTATTGA-3" and 5'-CGTACTGACGGTGGG
AGAAT-3'. The following primer pairs were used to genotype reln’”*
mice: 5'-TTAATCTGTCCTCACTCTGCCCTCT-3" and 5'-GCAGAC
TCTCTTATTGTCTCTAC-3’; mutant reln, 5’-TTAATCTGTCCTCAC
TCTGCCCTCT-3' and 5'-TTCCTCTCTTGCATCCTGTTTTG-3’ (Su
et al., 2011). The following cycling conditions were used for yfp: 35
cycles using a denaturation temperature of 94°C for 30 s, annealing
at 55°C for 1 min, and elongation at 72°C for 1 min. The following
cycling conditions were used for cre: 35 cycles using a denaturation
temperature of 95°C for 30 s, annealing at 52°C for 30 s, and elonga-
tion at 72°C for 45 s. The following cycling conditions were used for
coll9al: 95°C for 5 min, followed by 35 cycles of amplification (95°C
for 30 s, 52°C for 30 s, 72°C for 45 s), and 10 min at 72°C. All analy-
ses conformed to National Institutes of Health guidelines and protocols
and were approved by the Virginia Polytechnic Institute and State Uni-
versity Institutional Animal Care and Use Committees.

Reagents

All chemicals and reagents were obtained from Thermo Fisher Scien-
tific or Sigma-Aldrich unless otherwise noted. All DNA primers were
obtained from Integrated DNA Technologies.

Antibodies

The following antibodies were purchased: mouse anti-Syt2 (diluted
1:200 for IHC 1:100 for Western blot; Zebrafish International Resource
Center; Fox and Sanes, 2007), rabbit anti-VGIuT1 (diluted 1:500 for
IHC; Synaptic Systems), mouse anti-VGIuT1 (diluted 1:400 for West-
ern blot; NeuroMab), rabbit anti-GAD65/67 (diluted 1:500 for IHC and
1:500 for Western blot; EMD Millipore), mouse anti-GAD67 (diluted
1:100 for IHC and 1:6,000 for Western blot; EMD Millipore), rabbit
anti-MAP2 (diluted 1:1,000 for IHC; EMD Millipore), rabbit anti-
Calbindin (diluted 1:2,500 for IHC; Swant), rabbit anti-Calretinin
(diluted 1:1,000 for IHC; EMD Millipore), rabbit anti-somatostatin
(diluted 1:250 for IHC; EMD Millipore), rabbit anti-GFAP (diluted
1:2,500 for IHC and 1:10,000 for Western blot; Dako), rabbit anti—Iba-1
(diluted 1:500 for IHC; Wako), rabbit anti-GFP (diluted 1:250 for IHC;
Invitrogen), mouse anti-Gephyrin (diluted 1:500 for IHC and 1:1,000
for Western blot; Synaptic Systems), rabbit anti-lumVGAT (diluted
1:200 for live cell labeling; Synaptic Systems), mouse anti-actin (di-
luted 1:10,000 for Western blot; EMD Millipore), rabbit anti—integrin
a5 (diluted 1:1,000 for IHC and 1:3,000 for Western blot; EMD Milli-
pore), rabbit anti—integrin o (diluted 1:1,000 for IHC and 1:3,000 for
Western blot; EMD Millipore), rat anti—integrin f§; (diluted 1:500 for
IHC and 1:1,000 for Western blot; EMD Millipore), and rabbit anti—
integrin P; (diluted 1:1,000 for IHC and 1:2,000 for Western blot;
Abcam). Fluorophore-conjugated secondary antibodies were obtained
from Molecular Probes/Invitrogen and were applied at 1:1,000 dilutions.

Immunohistochemistry

Fluorescent IHC was performed on 16-pum cryosectioned PFA-fixed
brain tissue or cultured neurons (Fox et al., 2007; Su et al., 2010,
2012). Tissue slides were allowed to air-dry for 15 min before being
incubated with blocking buffer (2.5% normal goat serum, 2.5% BSA,
and 0.1% Triton X-100 in PBS) for 30 min. Primary antibodies were
diluted in blocking buffer and incubated on tissue sections overnight
at 4°C. On the next day, tissue slides were washed in PBS, and sec-
ondary antibodies diluted 1:1,000 in blocking buffer were applied
to slides for 1 h at RT.

After thorough washes in PBS, tissue slides were coverslipped
with VectaShield (Vector Laboratories). Images of in vitro assays
were acquired on an Axio Imager A2 fluorescent microscope (ZEISS)
equipped with a 20x air Plan-Apochromat objective (NA 0.8; ZEISS)
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and a AxioCam MRm (ZEISS). Images of tissue were acquired on
a confocal microscope (LSM 700; ZEISS) equipped with a 20x air
Plan-Apochromat objective (NA 0.8; ZEISS) and a 40x oil EC Plan-
NeoFluar objective (NA 1.3; ZEISS). When comparing different ages
of tissues or between genotypes, images were acquired with identical
parameters, and similar gamma adjustments were made to age-matched
mutant and control images in Adobe Photoshop or ImageJ. A minimum
of three animals (per genotype and per age) were compared in all IHC
experiments. Mean fluorescent intensities and area coverage of IHC
images were measured in ImageJ (Singh et al., 2012). For quantifica-
tion of axosomatic synapses, single optical sections of confocal images
were analyzed, and the density of synaptic elements (Syt2* or Geph*
puncta) was quantified per unit length of the cell surface in Image].

In situ hybridization

In situ hybridization (ISH) was performed on 16-um sagittal cryo-
sectioned tissues (Su et al., 2010, 2011, 2012). Antisense riboprobe
generation of full-length col/9al (EMM1002-97504659) and syt!
(MM1013-9199901) were from Open Biosystems. An 800-bp fragment
of parv (corresponding to nt 2—-825) was PCR-cloned into pGEM Easy
T vector (Promega) with the following primers: 5'-TCTGCTCATCCA
AGTTGCAG-3" and 5-TCCTGAAGGACTCAACCCC-3'. In brief,
riboprobes were synthesized using digoxigenin-labeled UTP (Roche)
and the MAXIscript In Vitro Transcription kit (Ambion). Probes were
hydrolyzed to 500 nt. Sagittal brain sections were prepared. Tissue
sections were fixed in 4% PFA for 10 min, washed with DEPC-PBS
three times, and incubated in proteinase K solution (1 pg/ml proteinase
K, 50 mM Tris, pH 7.5, and 5 mM EDTA) for 10 min. Subsequently,
slides were washed with DEPC-PBS, fixed with 4% PFA for 5 min,
washed with DEPC-PBS, and incubated in acetylation buffer (1.33%
triethanolamine, 20 mM HCI, and 0.25% acetic anhydride) for 10 min.
Slides were then permeabilized in 1% Triton X-100 for 30 min and
washed with DEPC-PBS. Endogenous peroxidase was blocked by in-
cubation in 0.3% H,O, for 30 min. Tissue sections were equilibrated
in hybridization buffer (1x prehybridization, 0.1 mg/ml yeast tRNA,
0.05 mg/ml heparin, and 50% formamide) for 1 h and incubated with
probes at 65°C overnight (Su et al., 2010). After washing in 0.2x SSC
at 65°C, bound riboprobes were detected by HRP—conjugated anti-
digoxigenin antibodies and fluorescent staining with Tyramide Signal
Amplification (TSA) systems (PerkinElmer). After mounting sections
in VectaShield, images were obtained on a ZEISS LSM 700 confocal
microscope equipped with a 20x air Plan-Apochromat objective (NA
0.8). A minimum of three animals per genotype and age were com-
pared in ISH experiments.

Quantitative real-time PCR

RNA was isolated using the BioRad Total RNA Extraction from Fi-
brous and Fatty Tissue kit (BioRad). cDNAs were generated from 200
ng RNA with the Superscript II Reverse Transcription First Strand
cDNA Synthesis kit (Invitrogen). Quantitative real-time PCR (qPCR)
was performed on a Chromo 4 Four Color Real-Time system (BioRad)
using iQ SYBRGreen Supermix (BioRad; Su et al., 2010). Coll9al
primers for qPCR were 5-ATTGGACATAAGGGCGACAA-3" and
5’-AGTCTCCTTTGGCTCCTGGT-3'. Gapdh primers for gPCR were
5'-CGTCCCGTAGACAAAATGGT-3" and 5'-TTGATGGCAACA
ATCTCCAC-3'. Syr2 primers for qPCR were 5'-CTGCCTGGTTTA
CAGAGCAA-3" and 5'-TGTTTCTCATGGTGGCAGAG-3'. qPCR
primers were designed over introns. The following cycling conditions
were used with 10 ng RNA: 95°C for 30 s, followed by 40 cycles of
amplification (95°C for 5 s, 60°C for 30 s, 55°C for 60 s, read plate)
and a melting curve analysis. Relative quantities of RNA were deter-
mined using the AA—CT method. A minimum of n = 3 experiments
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(each in triplicate) was run for each gene, at each age examined. To be
considered differentially expressed, genes had to be twofold higher in
the averaged sample sets (n = 3, P < 0.05). Each individual run included
separate GAPDH control reactions.

Western blot and synaptosome purification

Mouse brains were perfused with PBS, and tissue was dissected in ice-
cold PBS and lysed in modified loading buffer containing 50 mmol/l
Tris-HCI, pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol,
and protease inhibitors (1 mmol/l PMSF). Cortical synaptosome frac-
tions were prepared as follows (Fox and Sanes, 2007; Su et al., 2012):
cortex was dissected from P28-P35 mice and homogenized in solu-
tion A (0.32 M sucrose, | mM NaHCO;, 1 mM MgCl,, and 0.5 mM
CaCl,). Homogenate was filtered through cheesecloth, and the result-
ing solution was centrifuged for 10 min at 1475 g. Pelleted material
was washed with solution A, rehomogenized in solution A, centrifuged
for 10 min at 755 g, and combined with the supernatant from the first
centrifugation. The resulting solution was centrifuged for 10 min at
755 g. Pelleted material was discarded. The supernatant was then cen-
trifuged for 10 min at 17,300 g. Pelleted material was resuspended in
solution A, homogenized, and centrifuged for 10 min. Pelleted material
was resuspended in solution B (0.32 M sucrose and 1 mM NaHCO;)
and centrifuged in a sucrose density gradient (1.2, 1.0, and 0.85 M su-
crose with | mM NaHCO;) for 2 h at 100,000 g. Material was collected
between the 1.0- and 1.2-M sucrose gradients. This material was re-
suspended in solution B and centrifuged for 20 min at 48,200 g. After
centrifugation, the supernatant was discarded, and the pelleted material
was resuspended in lysing buffer (6 mM Tris-HCI, pH 8.1). The re-
sulting suspension was stirred for 45 min at 4°C and then centrifuged
for 20 min at 48,200 g. Pelleted material was again resuspended in
solution B, homogenized, and centrifuged in a sucrose density gradient
for 2 h at 100,000 g. Material collected between the 1.0- and 1.2-M
sucrose bands was diluted with solution B and centrifuged for 20 min at
48,200 g. The resulting pellet contained the synaptosome fraction and
was suspended in solution B with protease inhibitors (1 ug/ml pepstatin
A, 2 pg/ml leupeptin, 1.6 pg/ml aprotinin, 200 uM PMSF, 0.1 mg/ml
benzamide, and 8 pug/ml calpain inhibitor II).

For Western blot analysis, equal amounts of protein were loaded
and separated by SDS-PAGE and transferred to PVDF membrane (Su et
al., 2010, 2012). After blocking in 5% nonfat milk in PBS (containing
0.05% Tween-20), PVDF membranes were incubated with appropriate
primary antibodies, followed by HRP-conjugated secondary antibodies.
Immunoblotted proteins were detected with an enhanced chemilumi-
nescent detection system (ECL Plus, Amersham Pharmacia Biotech).

Neuronal culture

Hippocampal or cortical tissues were dissected from PO mouse brains
and digested in 0.25% trypsin (Brooks et al., 2013). Trypsin was in-
activated, and tissue was transferred to neurobasal medium contain-
ing 0.5 mM L-glutamine, 25 mM L-glutamate, 10 pg/ml gentamicin,
and B27 supplement. Single-cell suspensions were plated on poly-L-
lysine—treated chamber slides and cultured for 4 d. After 4-6 additional
days in neurobasal medium containing 0.5 mM L-glutamine, 10 mg/
ml gentamicin, and B27 supplement, hippocampal or cortical neu-
rons were treated with mouse collagen XIX NC1 (mNCI; 0.2 pg/ml;
GenScript), NC3 (0.2 pg/ml; GenScript), Scrambled (0.2 pg/ml; Gen-
Script), human collagen XIX NC1 (hNC1; 0.2 pg/ml; GenScript),
brain-derived neurotrophic factor (50 ng/ml), and endostatin (0.1 mg/
ml; ProSpec) alone or combined with RGD (10 mM; Sigma-Aldrich),
RAD (10 mM; Sigma-Aldrich), rabbit anti—integrin o5 (25 pg/ml; EMD
Millipore), rabbit anti—integrin a5 (25 ug/ml; EMD Millipore), and/
or mouse immunoglobulin G (25 pg/ml), cycloheximide (10 pg/ml;
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Sigma-Aldrich), a-amanitin (5 pg/ml; Sigma-Aldrich), and actino-
mycin D (0.2 pg/ml; Sigma-Aldrich). After 1-2 d, cells were fixed
with 4% PFA (in PBS), permeabilized with 0.5% Triton X-100, and
immunostained. Importantly, WT cultures were treated with these re-
agents and peptides at 8-9 days in vitro (DIV), whereas cultures from
coll9al~- mutants were treated at DIV 10-11. Data analysis of hippo-
campal or cortical cultures is based on the total number of Syt2* puncta
in each visual area and normalized to untreated controls. Fields imaged
were selected based on similar densities of neuronal cell bodies and
dendrites from MAP2 immunoreactivity (and blind to Syt2 immuno-
labeling). Images were obtained with an Axio Imager A2 fluorescent
microscope equipped with a 20x air Plan-Apochromat objective (NA
0.8) and an AxioCam MRm.

Cultures of inferior olivary neurons were generated from PO CD1
mouse brains. Inferior olives were dissected and incubated in 0.25%
trypsin at 37°C for 15 min. After digestion, soybean trypsin inhibitor was
used to inactivate the trypsin, and inferior olive tissues were transferred
to 3G medium (neurobasal medium with 0.5 mM L-glutamine, 25 pM
L-glutamate, 10 pg/ml gentamicin, and 10% FBS). A single-cell suspen-
sion was generated by triturating tissues through a 1,000-ul pipet tip. 10°
cells were added to each well of a poly-L-lysine—treated eight-well labo-
ratory-Tek chamber slide. Cultures were incubated at 37°C, 5% CO, for
4 d, and then medium was changed to 2G medium (neurobasal medium
with 0.5 mM L-glutamine, 10 pg/ml gentamicin, and B27) for at least
another 2 d. After 6 DIV, cells were treated with endostatin (0.1 pg/ml)
or mNCl1 (0.2 pg/ml) for an additional 2 d. Cells were then fixed with 4%
PFA (in PBS), permeabilized with 0.5% Triton X-100, and immunos-
tained. Images were obtained with an Axio Imager A2 fluorescent micro-
scope equipped with a 20x air Plan-Apochromat objective (NA 0.8) and
an AxioCam MRm and were quantified in ImageJ.

Live labeling of inhibitory synapses with lumVGAT antibodies

LumVGAT antibody labeling was performed to label active presynaptic
nerve terminals (Martens et al., 2008). On DIV 11 (and 2 d after mCN1
treatment), primary hippocampal neurons were incubated in modified
Krebs-Ringer solution (119 mM NaCl, 55 mM KCI, 1.0 mM NaH,PO,,
2.5 mM CaCl,, 1.3 mM MgCl,, 20 mM Hepes, and 11 mM D-glucose)
and rabbit anti-lumVGAT (5 pg/ml) at 37°C for 5 min, followed by two
washes with modified Krebs-Ringer solution and one wash with PBS.
Neurons were subsequently fixed and immunostained as described earlier.

Aminolink Plus coupling assay

NCl integrin binding was assessed by conjugating NC1 peptides with
AminoLink Plus coupling resin (ThermoFisher Scientific). 0.4 mg col-
lagen XIX NCI1-, NC3-, or NC1-Scrambled peptide was dissolved in
coupling buffer (0.1 M sodium phosphate and 0.15 M NaCl, pH 7.2)
and conjugated with AminoLink Plus resin. Cyanoborohydride solu-
tion (5 M NaCNBHj; in 1 M NaOH) was added and incubated overnight
at 4°C. After serial washing with coupling buffer, quenching buffer
(1 M Tris-HCI, pH 7.4), wash solution (1 M NaCl), and binding buffer
(50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 2 mM EDTA, pH 8.0, 1%
Triton X-100, and 50 mM NaF), cortical protein extracts (from P15
WT brains lysed in binding buffer) were incubated in the column over-
night at 4°C. After washing with binding buffer, bound proteins were
eluted in 1% SDS buffer. Eluted samples were precipitated with 15%
trichloroacetic acid on ice, pelleted by centrifugation, and resuspended
in lysate buffer (80 mM Tris-HCI, pH 6.8, 2% SDS, and 10% glycerol).
Eluted protein was analyzed by Western blot.

Bioinformatic analysis
The EvoCor platform was used to predict mouse genes functionally
related to coll9al, coll8al, col4a3, and col4a6 using evolutionary

history and correlated gene expression profiles. The EvoCor platform
is freely available at http:/pilot-hmm.vbi.vt.edu/. The Allen Brain
Atlas (http://mouse.brain-map.org) and PubMed (http://www.ncbi
.nlm.nih.gov/pubmed) were used to assess the expression pattern
and known functions of the top 40 functionally related candidates
identified by EvoCor analysis.

Behavioral analyses

PPl assay. PPI tests were conducted in SR-LAB acoustic startle cham-
bers (San Diego Instruments) based on previously described methods
(Geyer and Dulawa, 2003) with slight modifications. The background
noise was 65 dB, and the prepulse (pp) was 120 dB (pp120) with 40-ms
duration. In each startle trail, a 20 ms prepulse at 69 dB (pp4), 73 dB
(pp8), or 81 dB (pp16) was followed by a 40-ms startle pulse at 120 dB.
A total of 64 electrical signal readings were recorded at 1-ms intervals
during each assay. The percentage PPI was calculated by using the fol-
lowing equation: % PPI = 100 x (score of 120 dB pulse alone — score
of prepulse [pp4, pp8, or ppl6])/(score of 120 dB pulse alone). We
analyzed 27 WT mice and 39 collagen XIX—deficient mutant mice. All
mice were 3—-5 mo old. Importantly, if a mouse was observed to have
a seizure during the assay, or any other behavioral assay, the data from
that mouse were not included in the data analysis.

Nest-building assay. Approximately 1 h before the dark phase,
mice were transferred into clean cages and housed in isolation. One
cotton nestlet was added in the same location of each cage. Each cotton
nestlet weighed ~2.8 g at the onset of the experiment. The next morn-
ing, we assessed the nests in two ways. First, we visually scored each
nest with a rating scale of 1-5 (1, >90% of the cotton nestlet remained
intact; 2, 50-90% of the cotton nestlet remained intact; 3, 50-90% of
the nestlet was shredded; 4, >90% was shredded but the nest was not
complete; 5, >90% was torn and the nest was complete; Deacon, 2006).
Second, we weighed the portions of each nestlet that remained unused
(which included any fragments weighing >0.1 g). All mice analyzed
were 3—5 mo old. Data presented were obtained from 21 WT mice and
25 collagen XIX—deficient mutant mice. Each mouse was assayed once
per week, and this was repeated for three consecutive weeks.

Open-field assay. Open-field assays (Dulawa et al., 2004) were
performed in 40 x 40-cm plastic boxes with black walls. The center
of the open field was defined as the central area 10 cm away from any
wall. The environment illumination was at ~200 lux. After each mouse
was placed into the open field apparatus, its movement was recorded
for 60 min with overhead cameras. Movement was tracked and ana-
lyzed with ANY-maze version 4.99 tracking system (Stoelting Co.).
Data presented were obtained from 29 WT mice and 42 collagen XIX—
deficient mutant mice. All mice were 3—5 mo old.

Crawley sociability and social novelty preference assay.
The Crawley sociability and social novelty preference assay
(Kaidanovich-Beilin et al., 2011) was performed in a standard
three-chamber box, with an open middle chamber that allows free ac-
cess to each of the flanking chambers (Stoelting). The test mouse was
habituated in the middle chamber for 5 min, and a novel conspecific
male was placed inside a wire containment cup in one side chamber.
The duration of contacts between the subject and either the empty
housing or the housing containing the novel conspecific was recorded
by three video cameras. A single 10-min session was performed for
each subject. Social memory was immediately tested by placing a new,
novel conspecific male in the empty chamber and leaving the previous
(now familiar) conspecific in place. For 10 min, the duration of contacts
between the subject and either the novel conspecific or the familiar con-
specific was recorded. StreamPix5 was used to analyze the data. 15 WT
male mice and 25 collagen XIX—deficient mutant male mice were used.
All mice were 3-5 mo old.
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Rotarod

Standard rotarod experiments were performed on a Rota-Rod with a
3-cm rod (UGO Basile; Su et al., 2012). At the onset of experiments,
rods rotated at 1 rpm; however, every 15 s, the speed increased by
1 rpm. The Rota-Rod recorded the time at which each mouse fell.
A total of 20 mutants and 19 littermate controls were analyzed.
All mice were 3-5 mo old.

Wheel running activity assay

Wheel running activity was monitored in wheel cages from Lafayette
Instruments. A magnetic switch located on the wheel recorded each
revolution as an event and sent that information to a compatible com-
puter in 5-min bins using ClockLab software R2011b. Each mouse
was placed in a separate cage and put on cart randomly. All mice
were housed in a standard animal maintenance facility under a 12 h
light/12 h dark cycle. Mice were habituated for 2 d before continually
recording activity for 2 wk. A total of 8 collagen XIX—deficient mutant
mice and 10 littermate WT mice were analyzed.

EEG/EMG recordings

Unless specifically noted, all EEG/EMG hardware and software were
from Pinnacle Technologies. WT, coll19al~~ mutant mice, and reln™*
heterozygous mice were anesthetized with ketamine, the skull was
exposed, and EEG/EMG headmounts were affixed to the skull with
four recording electrode screws, ensuring that all four screws were im-
planted into the skull overlying the motor or sensory cortex in each
cerebral hemisphere. EMG leads were implanted into nuchal muscles
of the dorsal neck. The skull was then encased in a thick layer of dental
acrylic (US Dental Depot) to prevent detachment of the headmount and
EMG leads. Mice were rested for 5 d and then were tethered to the
EEG/EMG recording chamber by connecting a 100x preamplifier con-
taining a 1.0-Hz high-pass EEG filter and a 10-Hz high-pass EMG filter
into the ports of the headmount. Mice remained tethered for 2-3 d be-
fore recording commenced, and EEG/EMG data were recorded for 5 d
in normal light/dark phase. EEG and EMG activity was recorded using
Sirenia Acquisition software, and data acquisition was performed at a
sampling rate of 10,000 Hz. Spontaneous seizures and spikes in EEG/
EMG activity were identified and analyzed with Sirenia Seizure soft-
ware. Generalized motor seizures were identified as high-amplitude,
high-frequency neural and muscular activity that persisted for longer
than 30 s. A total of 14 coll9al~- mutant mice, 2 reln/* heterozygotes,
and 9 WT mice were analyzed in these studies.

PTZ-induced seizures

To assess responses to drug-induced seizures, mice were injected with
PTZ (40 pg/kg in 0.2 ml PBS) and then visually monitored while blind
to EEG/EMG recordings for 15 min. Seizures were scored manually
every minute after with the following scoring criteria: 0, normal activity;
1, reduced motility and prostate position; 2, partial clonus; 3, general-
ized clonus; 4, tonic-clonic seizure; and 5, death. To ensure that surgical
implantation of EEG/EMG did not induce altered response to adminis-
tration of PTZ in mutants, all data presented in Fig. 2 E were obtained
from coll9al~~ mutant mice and littermate WT mice that did not have
electrodes implanted (n =7 WT mice and 10 coll9al~~ mutant mice).

Online supplemental material

Fig. S1 provides bioinformatic analysis of other synaptogenic collagen
genes with EvoCor. Fig. S2 shows that loss of collagen XIX leads
to impaired inhibitory synapse formation. Fig. S3 shows that Syt2*
terminals originate from Parvt GABAergic interneurons in cortex
and HP. Fig. S4 demonstrates that the loss of collagen XIX does
not alter the number or distribution of Parv* or sys2* interneurons.
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Fig. S5 reveals that the in vitro application of mNCl triggers an increase
in GADG67* puncta. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.201509085/DC1.
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