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Abstract

Neural cell adhesion molecule, NCAM, is an important regulator of neuronal process outgrowth and
synaptic plasticity. Transgenic mice that overexpress the soluble NCAM extracellular domain
(NCAM-EC) have reduced GABAergic inhibitory and excitatory synapses, and altered behavioral
phenotypes. Here, we examined the role of dysregulated NCAM shedding, modeled by
overexpression of NCAM-EC, on development of GABAergic basket interneurons in the prefrontal
cortex. NCAM-EC overexpression disrupted arborization of basket cells during the major period of
axon/dendrite growth, resulting in decreased numbers of GAD65- and synaptophysin-positive
perisomatic synapses. NCAM-EC transgenic protein interfered with interneuron branching during
early postnatal stages when endogenous polysialylated (PSA) NCAM was converted to non-PSA
isoforms. In cortical neuron cultures, soluble NCAM-EC acted as a dominant inhibitor of NCAM-
dependent neurite branching and outgrowth. These findings suggested that excess soluble NCAM-
EC reduces perisomatic innervation of cortical neurons by perturbing axonal/dendritic branching
during cortical development.

Keywords
NCAM; development; branching; interneuron; synapse

INTRODUCTION

The neural cell adhesion molecule (NCAM) is a member of the immunoglobulin (1g)-like
superfamily of cell adhesion molecules. NCAM participates in homophilic and heterophilic
interactions that induce signal transduction, axon/dendrite outgrowth, and synaptic plasticity
(reviewed in (Hinkle and Maness 2006; Maness and Schachner 2007)). Through alternative
splicing, three major NCAM isoforms of 120, 140 and 180 kDa are generated. NCAM140 and
180 are transmembrane isoforms that differ in the length of their cytoplasmic domain and have
roles in axon/dendrite growth and synaptic plasticity, respectively. NCAM120 is linked to the
membrane through a GPI anchor and is predominantly found in glia. NCAM-null mutant mice
exhibit deficient hippocampal long-term potentiation (LTP, (Cremer 1998; Bukalo 2004;
Stoenica 2006)), spatial learning (Cremer 1994; Bukalo 2004), and emotional memory (Stork

Corresponding author: Patricia F. Maness, Department of Biochemistry and Biophysics, CB#7260, 505 Mary Ellen Jones Building,
University of North Carolina, Chapel Hill, NC 27599, srclab@med.unc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brennaman and Maness Page 2

1997; Stork 1999), and they display synaptic abnormalities in the hippocampus (Cremer 1997)
and at the neuromuscular junction (Polo-Parada 2001). NCAM can be modified by addition of
a-2,8 neuraminic acid or polysialic acid (PSA, (Bruses and Rutishauser 2001)) to the fifth Ig
domain by the polysialyltransferases PST and STX (Nakayama 1998; Angata and Fukuda
2003). Polysialylation of NCAM is most prominent in brain during development (Edelman
and Chuong 1982), and serves to decrease NCAM homophilic binding affinity (Rutishauser
1988; Johnson 2005) to promote axonal/dendritic growth (Ulfig and Chan 2004; Brocco and
Frasch 2006) and matility (Conchonaud 2007). However, the mechanisms that regulate NCAM
during synaptic development are poorly understood.

Recently, NCAM was found to be subject to ectodomain shedding by proteolytic cleavage to
release the entire NCAM extracellular region (NCAM-EC) as a soluble fragment (Vawter
2001; Diestel 2005; Hubschmann 2005; Hinkle 2006; Kalus 2006). This cleavage is mediated
by proteases with characteristics of ADAM (a disintegrin and metalloprotease) family
metalloproteases. Cleavage of NCAM decreases NCAM-dependent neurite growth and
branching of primary cortical neurons (Hinkle 2006), but promotes neurite growth in
hippocampal neuron cultures (Hubschmann 2005; Kalus 2006). An important question is
whether the shed NCAM-EC cleavage fragment modulates these neuronal responses in vivo.

Abnormally high levels of the soluble cleavage fragment consisting of the entire extracellular
region of NCAM (NCAM-EC) have been reported in affected brain regions of individuals with
schizophrenia (van Kammen 1998; Vawter 2000; Vawter 2001), correlating with disease
severity (Lyons 1988). Furthermore, PSA-NCAM is decreased in schizophrenic brain (Barbeau
1995), and single nucleotide polymorphisms (SNPs) in the STX gene are associated with
schizophrenia in Japanese and Chinese Han subpopulations (Arai 2006; Tao 2007). Recently
SNPs in the NCAM gene were found to be associated with neurocognitive impairments such
as working memory in a large schizophrenia population (Sullivan 2007). Thus, abnormalities
of NCAM expression or regulation could contribute to synaptic alterations that impair cortical
function.

A transgenic mouse that overexpresses NCAM-EC from the onset of neuronal differentiation
provides a model for investigating the effect of excessive NCAM shedding on synaptic
development of cortical neurons. NCAM-EC mice display reduced numbers of GABAergic
inhibitory synapses in the adult prefrontal cortex (PFC), and exhibit abnormal behaviors such
as reduced prepulse inhibition of acoustic startle (PPI), impaired fear conditioning, and
hyperactivity (Pillai-Nair 2005). One type of interneuron affected by NCAM-EC
overexpression in the PFC is the GABAergic basket cell, which expresses parvalbumin and
forms inhibitory perisomatic synapses at the soma of cortical pyramidal cells (Markram 2004;
Lewis 2005). Perisomatic innervation by interneurons modulates output and synchronizes
pyramidal neuron groups, which is thought to underlie working memory (Spencer 2003; Wang
2004; Lewis 2005; Huang 2007). The phenotype of NCAM-EC transgenic mice raises the
possibility that soluble NCAM-EC may act as a dominant inhibitor of normal NCAM function;
however it is not known whether NCAM-EC perturbs developmental NCAM functions, such
as axonal/dendritic outgrowth and branching or only affects its mature synaptic role.

To investigate whether interneuron development in the PFC is affected by perturbing NCAM
function through overexpression of the soluble NCAM-EC fragment, NCAM-EC mice were
intercrossed to a fluorescent reporter strain in which a subclass of basket interneurons express
enhanced green fluorescent protein (EGFP) from the GAD67 promoter (GAD67-EGFP)

throughout the soma, axons and dendrites (Chattopadhyaya 2004). By analyzing development
of perisomatic innervation by basket cell interneurons, we found that overexpression of

NCAM-EC perturbed basket cell arborization during early postnatal development of the PFC,
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consistent with a mechanism in which soluble NCAM-EC inhibits developmental NCAM
interactions that regulate outgrowth and branching of interneuronal processes.

MATERIALS AND METHODS

Mice

Transgenic NCAM-EC (Pillai-Nair 2005) and GAD67-EGFP (Chattopadhyaya 2004) BAC
transgenic mice (C57BI/6 background) were intercrossed to obtain NCAM-EC/GAD67-EGFP
mice and wild-type (WT)/GAD67-EGFP littermates. Embryonic day 0.5 (E0.5) was defined
as the plug date and postnatal day 0 (P0) as the day of birth. All animals were used according
to University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee
policies and in accordance with NIH guidelines.

Immunochemicals

Antibodies used were actin monoclonal antibody (mAb) 1501, PSA mAb5324 (Chemicon,
Temecula, CA), anti-PSA mAb (gift of Dr. Rita Gerardy-Schahn, Medical University of
Hannover, Germany), NCAM polyclonal antibody (pAb) H300, synaptophysin pAb (Santa
Cruz Biotechnology, Santa Cruz, CA), NCAM mAb OB11 (Sigma), GAD65 mAb
(Developmental Studies Hybridoma Bank, University of lowa, lowa City, IA), neuronal
specific class 111 B-tubulin TUJ1, HA mAb (Covance Research Products, Berkeley, CA), and
normal human, rabbit and mouse 1gG (Jackson ImmunoResearch, West Grove, PA). NCAM-
Fc was generated as previously described (Meiri 1998).

Neuronal culture and neurite outgrowth

Primary cortical neuron cultures were prepared from E16.5 mouse embryos. The cerebral
cortex of the embryos was dissected and collected in complete Hank's Balanced Salt Solution
(HBSS pH 7.3, 2.5 mM HEPES pH 7.4, 30 mM D-glucose, 1 mM CaCl,, 1 mM MgSOy, 4
mM NaHCOg3 (Polleux and Ghosh 2002)), and neurons dissociated with fire-polished Pasteur
pipettes. Neurons were plated onto mouse L-fibroblast monolayers or L-fibroblasts stably
expressing NCAM140 (Beggs 1994) in LabTekll chamber slides at a density of 1.5-2 x 104
cells per well for neurite outgrowth (Hinkle 2006). Neurons were cultured for 72 h in complete
media (Dulbecco's modified Eagle's media with 5% fetal bovine serum (FBS, Hyclone) and
penicillin/streptomycin (1X)). NCAM-Fc or normal human IgG (50 pg/ml) was added at the
time of plating. Twenty-four to 36 h after plating, the media was replaced with complete media
including NCAM-Fc or human 1gG. At 72 h post plating, neurons were fixed in 4%
paraformaldehyde and stained for neuronal class I11 B-tubulin (anti-TUJ1; 1:500) using
AlexaFluor 488 conjugated secondary antibodies (1:400, Molecular Probes, Inc., Eugene, OR).
Neurons were imaged on a Zeiss Axiovert 200 inverted microscope with an Axiocam MRc5
digital camera (Carl Zeiss Inc., Thornwood, NY). Neurites longer than 10 pm not in contact
with any other neuron were measured by tracing the length of the single longest neurite
(including branches) using ImageJ software. The percent of cells with branched neurites was
calculated and analyzed for statistical significance using the one-tailed Student's t test (p<0.05).

Immunoblotting and immunoprecipitation

To generate brain homogenates, forebrains of WT mice (E18.5 to adult) were homogenized
on ice in complete RIPA buffer containing phosphatase inhibitors (20 mM Tris-Cl pH 7.0, 0.15
M NaCl, 5 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS,
protease inhibitor cocktail (Sigma), 1 mM phenylmethylsulfonylfluoride (PMSF), 0.1 mM
sodium orthovanadate, 5 mM sodium fluoride). Lysates were clarified by centrifugation at
14000 x g, and protein concentration analyzed by bicinchronic acid (BCA) protein assay
(Pierce). Total brain lysates (75 pg) were subjected to 7.5% SDS-PAGE and proteins
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transferred to nitrocellulose membranes (Schleicher and Schuell Bioscience Inc., Keene, NH).
Membranes were blocked in 5% milk in Tris buffered saline containing Tween-20 (TBS-T; 25
mM Tris pH 7.4, 140 mM NaCl, 2.7 mM KCI, 0.5% (v/v) Tween-20), and incubated for 1.5 h
in primary antibodies: mouse anti-NCAM-ICD 1:1000 (clone OB11), rabbit anti-NCAM-ECD
1:500 (clone H300), mouse anti-PSA 1:200 (gift of Dr. Rita Gerardy-Schahn), mouse anti-PSA
1:750 (Chemicon), mouse anti-HA (hemagglutinin) 1:1000, or mouse anti-actin 1:5000.
Membranes were rinsed in TBS-T and incubated for 1 h in horseradish peroxidase conjugated
secondary antibodies (Jackson ImmunoResearch) at dilutions of 1:10000. Membranes were
developed using enhanced chemiluminescence (Pierce) and exposed to film.

For immunoprecipitation, brain lysates (500 pg) from WT and NCAM-EC mice were incubated
with anti-HA antibodies (10 pg/ml) or NCAM-ICD antibodies (clone OB11, 12.5 pg/ml) for
1 hour at4°C in TNEN buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40)
containing protease and phosphatase inhibitors, followed by protein G Sepharose (GE
Healthcare) for 1 hour. Immune complexes were washed with TNEN buffer, and released by
boiling in SDS-PAGE sample buffer.

Morphometric analysis of basket cells

NCAM-EC/GADG67-EGFP and WT GAD67-EGFP littermate mice from P10 to adult (5
months) were anesthetized and perfused transcardially with 4% paraformaldehyde. Brains were
postfixed in 4% paraformaldehyde for 1-2 days and embedded in agarose for Vibratome
sectioning. Coronal sections (100 um) were collected, and EGFP-labeled basket cells were
analyzed in layers 1I/111 of the anterior cingulate cortex. Individual neurons were imaged at
equivalent rostrocaudal levels and reconstructed on an Olympus FV500 confocal laser scanning
microscope using a 60X objective and 2.5X optical zoom at the University of North Carolina
Microscopy Services Laboratory (Dr. Robert Bagnell, Director, Department of Pathology,
University of North Carolina School of Medicine). Images were acquired using laser excitation
488 nm, 10% laser power and 105 um aperture. Four to five mice per genotype per stage were
analyzed. For each mouse, 30—50 individual basket cells were fully imaged and reconstructed.
Optical sections ranged from 0.5—1.0 um with 30—60 sections per z-stack. Neuronal density
was scored by counting the number of EGFP-labeled basket cells from at least 5 randomly
chosen fields from each animal used for morphometric analysis. A minimum of 100 cells per
mouse were scored. Density was reported as number of cells/field.

Neurons were manually traced from confocal z-stack images (25—50 um average total
thickness) using Neurolucida® software (MBF Bioscience, Williston, VT) and analyzed using
the NeuroExplorer module. Proximal neuronal arborization was analyzed from the soma to a
distance 30 um proximal to the soma, as neurites were not able to be accurately traced more
distally. Axons and dendrites were grouped together and termed primary processes. Means
were calculated for each genotype at a given developmental stage, and compared for statistical
significance using the one-tailed Student's t test (p<0.05). For each neuron the following
morphological features were measured:

1) Soma area. The cell soma area was outlined using Neurolucida, and somal area (um?) was
automatically calculated.

2) Number of processes. Primary processes were defined as any axon or dendrite that exited
the soma.

3) Total number of ends. Defined as the apparent number of process endings within 30 um
proximal to the soma as seen in the confocal z-stack image.
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4) Branching index. Branching index was calculated as the total number of ends/total number
of primary processes for each neuron evident in the z-stack images (Yelnik 1984; Aizenman
2003; Kondoh 2004).

5) Sholl analysis. Concentric circles were automatically drawn around the soma with 10 um
differences in diameter, and the total number of times the processes crossed each Sholl ring
were automatically calculated. Analysis was performed at a distance of 20 um from the soma.
The mean number of crossings per process at a Sholl distance of 20 um was calculated by
dividing the total number of times the processes crossed this Sholl ring by the total number of
processes for each neuron.

Immunofluorescence and synapse analysis from GAD67-EGFP transgenic mice

NCAM-EC and WT mouse littermates (P10, P20, adult) were anesthetized and perfused
transcardially with 4% paraformaldehyde. Brains were postfixed for 1-2 days in 4%
paraformaldehyde, cryoprotected in 30% sucrose, then frozen and processed for cryostat
sectioning (14 um) (Demyanenko 1999). Sections were blocked in 5% milk/5% normal goat
serum, and treated with 1% NP-40 for permeabilization. Sections incubated for 1 h in the
following primary antibodies: 5 pg/ml mouse anti-GADG65 or 1:150 rabbit anti-synaptophysin.
Sections incubated for 30 min in 1% serum containing Alexa488-conjugated (1:400; Molecular
Probes, Eugene, OR) or TRITC-conjugated (1:200; Jackson ImmunoResearch, West Grove,
PA) secondary antibodies, mounted in Vectashield (Vector Laboratories, Burlingame, CA),
and imaged as described above, with the exception that individual optical slices were captured
for each section. Images were analyzed using Scion Image. For EGFP-positive animals, 3—5
images from each z-stack (see above) were compressed to form a single image. At least 50
—100 neurons were analyzed per genotype per stage. Perisomatic signals (puncta rings) from
at least 5 randomly chosen fields for each image were delineated and pixel density within the
delineated area was computed and averaged as described previously (Huang 1999; Pillai-Nair
2005). The data were compared for statistically significant differences in mean values using
the one-tailed Student's t-test (p<0.05).

RESULTS

Developmental regulation of NCAM expression, polysialylation, and ectodomain shedding

To analyze the developmental regulation of NCAM and its modification by polysialylation,
the expression of NCAM isoforms and their polysialylation status were examined in mouse
brain at developmental stages that corresponded to major periods of interneuronal
differentiation (E18.5-P1), axon/dendrite outgrowth (P1-P10), synaptogenesis/remodeling
(P20), and maturation (P40) (Lauder 1986; Vincent 1995; Flames 2004). Immunoblotting with
an antibody specific for the polysialylic modification of NCAM (Fig. 1A) showed PSA-NCAM
as a broad band of approximately 250 kDa that was present at highest levels in developing
brain from E18.5 to P10, decreasing abruptly at P20 and almost undetectable at P40.
Immunoblotting with antibodies directed against common determinants in the NCAM
intracellular cytoplasmic domain (NCAM-ICD) of both NCAM140 and NCAM180 showed
non-polysialylated NCAM isoforms appearing at P5-P10, and persisting from P20 to adult
(P40) (Fig. 1A, second panel). Immunoblotting with antibodies directed against the NCAM
extracellular domain (NCAM-ECD) revealed two NCAM ectodomain fragments of ~105 and
110 kDa that were present from E18.5 to P10, but undetectable at P20—40 (third panel, Fig.
1A). These fragments were not recognized by PSA antibodies (not shown). The ectodomain
fragments were of similar sizes reported for the cleaved NCAM extracellular region, and may
result from separate cleavage events (Bock 1987; Nybroe 1989; Krog 1992; Todaro 2004). The
mobility of the NCAM-ECD protein fragments further suggested that they represented non-
polysialylated fragments of the NCAM ectodomain. The corresponding NCAM-ICD
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fragments resulting from cleavage of NCAM180 (~85 kDa) and NCAM140 (~30 kDa) were
not apparent on immunoblots, and thus may be degraded intracellularly. Glial-associated
NCAM120 was seen upon longer exposure times of the blots, and first appeared at P20 with
higher levels in adult brain (Fig. 1A, bottom panel). This pattern was consistent with previous
reports demonstrating that NCAM120 expression in the cortex begins at P14 and is highest in
adult brain (Edelman and Chuong 1982).

NCAM-EC transgenic mice secrete the transgenic NCAM-EC protein (NCAM-ECY) at 50%
of the total NCAM level in the brain (Pillai-Nair 2005). Previous studies have demonstrated
that the strength of the NCAM-NCAM homophilic interaction (K4 ~60 nM) is reduced
approximately 5 fold by the addition of PSA (Johnson 2005; Kiselyov 2005). This facilitates
axonal and dendritic growth and arborization (Ulfig and Chan 2004; Brocco and Frasch
2006) and prevents inappropriate synaptic connections (di Cristo 2007). As development
progresses, PSA is downregulated to allow for synaptogenesis (di Cristo 2007; Gascon 2007).
Thus, the inhibitory effects of NCAM-EC' on inhibitory synapse number (Pillai-Nair 2005)
could, in principle, occur if the transgenic fragment was polysialylated. To evaluate this
possibility, the expression (left set of panels, Fig. 1B) and polysialylation (right set of panels,
Fig. 1B) of NCAM-EC'9 was analyzed in developing brain from early postnatal stages to adult.
NCAM-ECY protein contains a hemagglutinin (HA) epitope tag at its C-terminus, which can
be detected by anti-HA antibodies. In NCAM-EC brain, NCAM-ECY protein was present at
roughly equivalent levels from P10 to adult as shown by immunoblotting of brain lysates using
HA antibodies (Fig. 1B, top left panel). HA-tagged NCAM-EC protein was not detected in
WT brain, as expected. To determine if NCAM-EC'9 was polysialylated, brain lysates were
immunoprecipitated with antibodies to the HA tag, followed by immunoblotting with
antibodies to PSA (right set of panels, Fig. 1B). Although the HA antibodies successfully
precipitated NCAM-ECUY at all stages (Fig. 1B, top right panel), NCAM-EC'9 was not
recognized by PSA antibodies at any stage, even with long exposure times (right middle panel).
In contrast, full-length PSA-NCAM was present at equivalent levels in WT and NCAM-EC
transgenic brain at P10, decreasing progressively from P20 to adult (Fig. 1B, left middle panel).
Thus, the transgenic NCAM-EC protein did not contain detectable levels of PSA, and its pattern
of expression did not affect levels of endogenous PSA-NCAM in postnatal brain development.
It is therefore unlikely that NCAM-ECY perturbs interneuronal synapses by decreasing NCAM
interactions due to polysialylation.

Impaired branching of cortical basket interneurons in developing NCAM-EC transgenic brain

To examine the effects of NCAM-EC overexpression on differentiation of basket interneurons
in the PFC, NCAM-EC transgenic mice were intercrossed with a BAC transgenic strain that
expresses enhanced green fluorescent protein (EGFP) from the GAD67 promoter in a
subpopulation of basket cells (Chattopadhyaya 2004). We focused on the anterior cingulate
cortex, as it has important functions in working memory and may be analogous to the human
dorsolateral prefrontal cortex (DLPFC) (Kuroda 1998; Lewis 2005). Basket cells from the PFC
of GAD67-EGFP or NCAM-EC/GAD67-EGFP mice (matched for rostrocaudal level) were
subjected to confocal imaging, then reconstructed from confocal z-stacks using Neurolucida
software (4—5 animals per genotype per stage, 30—50 neurons per mouse). Mice were analyzed
at P10 (neonatal), P20 (approaching adolescence) and 5 months (adult). Analysis was restricted
to an area 30 um proximal to the neuronal soma, as branching was difficult to trace more distally
in confocal z-stacks. Although basket cells have extensive axonal arbors that target pyramidal
soma in multiple cortical layers and columns (distal branching), they exhibit elaborate local
branching that is important in regulation of neighboring pyramidal neurons (Huang 2007). WT
GADG67-EGFP basket cells elaborated primary processes (axons and dendrites emerging from
the soma) by P10, and developed extensively branched arbors from P20 to adult (typical
neurons are shown in each panel of Fig. 2). NCAM-EC basket cells showed similar process
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initiation at P10, but exhibited obvious stunting of process arborization at P20 and adult (Fig.
2). Quantitation of basket cell arborization revealed that the branching index of WT basket
cells increased from P10 to P20 (Fig. 3A, p<0.05), whereas the branching index of NCAM-
EC basket cells did not increase with development and was significantly less than WT at P20
and adult (Fig. 3A, p<0.05). Similar results were obtained by Sholl analysis, which measures
the number of times a branched neuronal process crosses a concentric circle at a given distance
from the soma. The number of process crossings of WT basket cells increased from P10 to P20
at a Sholl distance of 20 um from the soma (Fig. 3B, p<0.05), with a slight decrease in the
adult. In NCAM-EC basket cells, the number of process crossings was significantly less than
WT at P20 and adult (p<0.05). Similar results were seen at a Sholl distance of 10 um (not
shown).

Underdevelopment of proximal branching of basket interneurons in the NCAM-EC PFC was
not attributed to fewer primary processes, as there was no significant difference in the number
of processes between genotypes at any age (Fig. 3C). Furthermore, neuronal density was
unchanged at each stage (Fig. 3D). Likewise, somal area (Fig. 3E), which is known to decrease
during apoptosis, did not vary between genotypes at any stage. Taken together, these data
showed that basket cell processes are impaired in their proximal arborization in the presence
of excessive soluble NCAM-EC at postnatal stages approaching adolescence.

Development of perisomatic synapses of basket cell axons is impaired in NCAM-EC PFC

A major period of synaptic development of basket cells takes place at postnatal stages
corresponding to adolescence in the mouse visual cortex (P20 — P36; reviewed in (Huang
2007)). To analyze the development of perisomatic innervation by basket cells in the PFC, and
to determine if the reduced branching of these interneurons resulting from NCAM-EC
overexpression might lead to reduced synapses, perisomatic synaptic puncta (Esclapez 1994)
arising from GADG67-EGFP basket cells were examined in WT and NCAM-EC PFC at P10,
P20 and adult (5 month) stages. In WT and NCAM-EC PFC, fluorescent synaptic puncta of
basket cells surrounding soma were seen to increase from relatively low levels at P10-P20 to
higher levels in adult (Fig. 4). In NCAM-EC transgenic PFC, perisomatic puncta appeared to
be decreased compared to WT PFC at both P20 and adult. Quantitative measurement of
fluorescent pixel density of puncta rings surrounding the soma showed that in WT PFC,
perisomatic fluorescent puncta rings increased approximately 3-fold from P10 to adult,
whereas in NCAM-EC PFC puncta were significantly decreased at P20 and adult (Fig. 4A, B).

The 65 kDa isoform of glutamic acid decarboxylase (GADG65) is enriched in nerve terminals
of GABAergic inhibitory neurons, where it can be activated during high GABA demand
(Feldblum, 1993; Esclapez, 1994). As an additional marker for development of GABAergic
synaptic terminals, GADG65 expression was examined in WT and NCAM-EC PFC by
immunofluorescence staining. In WT PFC, perisomatic GAD65-positive immunofluorescence
increased from P10 to P20 and remained elevated in adult (p<0.05; Fig. 5A, B). In NCAM-EC
mice, GAD65-positive perisomatic puncta were significantly lower than WT at P20 and in
adult (Fig. 5B, p<0.01). These results were in accord with the observed decrease in perisomatic
puncta of GAD67-EGFP-labeled basket cells during the adolescent to adult transition (Fig. 4).
The decrease in GAD65-positive punctain NCAM-EC compared to WT PFC was much greater
than that of GAD67-EGFP-labeled basket cell puncta, consistent with the possibility that other
subclasses of basket cells or types of GABAergic interneurons might also be impaired for
synaptic development and/or branching by overexpression of NCAM-EC.

Synaptophysin-positive synapses in PFC are impaired by NCAM-EC overexpression

To investigate whether synaptic development was impaired more globally by NCAM-EC
overexpression, WT and NCAM-EC PFC was examined at P10, P20 and adult stages for
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expression of the presynaptic terminal marker synaptophysin in perisomatic puncta.
Synaptophysin staining should approximate synaptic density, as it is localized in terminals of
both interneurons and pyramidal cells. In WT PFC, there was little difference in synaptophysin-
positive perisomatic puncta at any postnatal stage. This was consistent with findings that a
large proportion of pyramidal neuron synaptic development takes place by the time of birth in
mouse (reviewed in (McAllister 2007)), although additional synapses form and are remodeled
during adolescence (P20) as a consequence of activity-dependent plasticity (Antonini and
Stryker 1993). By contrast, in NCAM-EC PFC there were significant decreases in
synaptophysin-positive perisomatic puncta compared to WT at P20 and adult (Fig. 6B). In part,
the decrease in synaptophysin-positive puncta from NCAM-EC PFC may be attributed to
reduced interneuron synapses. However, the large majority of cortical synapses are excitatory
(deFelipe, 2002) and only ~25% of neurons in the mammalian brain are interneurons (Markram
2004), thus the greater decrease in synaptophysin-positive puncta (~70%) compared to
GADG65-positive puncta (58%) in NCAM-EC PFC compared to WT suggest that excitatory
synapses were likely to be impaired by NCAM-EC expression.

Soluble NCAM-EC inhibits NCAM-dependent neurite growth and branching

To determine if diffusible, exogenous NCAM-EC impairs WT axonal/dendritic growth and
branching by blocking NCAM-dependent interactions, embryonic cortical neurons from WT
E16.5 mice were plated onto monolayers of L-fibroblasts or NCAM140 expressing L-
fibroblasts (Beggs 1994; Hinkle 2006). Neurites were allowed to extend for 72 h in the absence
(nonimmune IgG) or presence of purified soluble NCAM extracellular domain fused to the Fc
portion of human IgG (NCAM-Fc, 50 ug/ml). This high dose of NCAM-Fc was used to mimic
the overexpression or dysregulated shedding of NCAM found in the NCAM-EC transgenic
mouse. Neuronal processes were visualized using antibodies for neuron-specific g1 tubulin
(TUJ1, (Ferreiraand Caceres 1992)). Data from a representative experiment is shown in Figure
7. In the presence of nonimmune 1gG, neurons plated onto L-fibroblasts extended short,
relatively unbranched neurites, while those plated onto NCAMZ140-expressing L-fibroblasts
extended long, branched neurites (Fig. 7A). In these cultures, the percent of neurons with
branched neurites on NCAM increased almost 2-fold, while neurite outgrowth on NCAM
increased 1.8-fold (Fig. 7B,C, p<0.05), similar to previous results (Hinkle 2006). In the
presence of NCAM-Fc fusion protein, neurons growing on L-fibroblasts, had neurites similar
in branching and length to those treated with nonimmune IgG (Fig. 7A, B, C). In contrast,
neurons growing on NCAM140-expressing L-fibroblasts in the presence of NCAM-Fc
exhibited only short, unbranched neurites and resembled neurons on L-fibroblasts not
expressing NCAM (Fig. 7A). In the presence of NCAM-Fc, neurons on NCAM-expressing
fibroblasts showed branching and outgrowth that was ~50% the level of neurons treated with
nonimmune IgG (Fig. 7B, C, p<0.005). Cortical neurons from NCAM-EC mice show reduced
NCAM-dependent neurite growth and branching in vitro (Hinkle 2006), suggesting that soluble
NCAM-EC may interfere with homophilic and/or heterophilic NCAM interactions. As
NCAM-EC is produced locally by each individual neuron, this effect may be due to impaired
neurite initiation or attachment to the substrate. Although NCAM-EC neurons extend neurites
less frequently than WT neurons (Hinkle 2006), there was no significant difference in the
number of WT neurons extending neurites after treatment with NCAM-Fc. Thus, the reduction
in neurite growth and branching by exogenous NCAM-EC supports a mechanism in which
soluble NCAM-EC blocks NCAM-dependent interactions required for growth and branching
of cortical neurons in development.

DISCUSSION

Here, we have studied NCAM-EC transgenic mice to examine the developmental mechanisms
that control the impairment in neuronal connectivity resulting from overexpression of the
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soluble NCAM extracellular domain (NCAM-EC). GABAergic basket cells in WT PFC
displayed progressive neuronal arborization and formation of perisomatic synapses
concomitant with loss of polysialylation during the postnatal transition to adolescence (P10-
P20). In striking contrast, basket cell arborization and synaptogenesis in the NCAM-EC PFC
did not progress past the P10 stage, suggesting that overexpression of soluble NCAM-EC
perturbs the postnatal development of basket interneurons resulting in decreased synaptic
connectivity. In cultures of primary cortical neurons, soluble NCAM-EC fusion protein
inhibited branching and outgrowth of neurites, supporting an inhibitory function for the
NCAM-EC fragment. The results are consistent with a dominant inhibitory mechanism in
which overexpression of NCAM-EC perturbs axonal/dendritic branching of basket
interneurons at adolescence, resulting in reduced perisomatic innervation of cortical neurons.

NCAM-EC protein in transgenic mice was found to be expressed throughout postnatal mouse
brain development as a non-polysialylated species. In addition, the expression of NCAM-EC
had no effect on endogenous NCAM polysialylation (Fig. 1B) or on NCAM isoform expression
(Pillai-Nair 2005). Because the transgenic NCAM-EC protein did not contain PSA, its effect
on NCAM-dependent neurite outgrowth and synaptogenesis could not be ascribed to the well-
documented loss of NCAM affinity due to polysialylation (Rutishauser 1988; Johnson 2005).
More likely, the developmental decrease in axonal/dendritic branching and synaptogenesis in
the NCAM-EC' PFC is caused by competitive interaction of soluble NCAM-EC fragments
with transmembrane NCAM acting to inhibit homo- or heterophilic interactions during
postnatal development of the brain. This idea is in accord with evidence that NCAM-NCAM
interactions mediate terminal branching and synapse stability or maturation (Jorgensen 1995;
Schuster 1998; Dityatev 2000; Cambon 2004; Landmesser 2007).

NCAM in normal mouse brain was predominantly expressed in its polysialylated form from
E18.5-P10, corresponding to major stages of neuronal differentiation and axonal/dendritic
growth. Thereafter, in the adolescent transition, PSA-NCAM was converted to the major
transmembrane isoforms of NCAM180 and NCAM140, potentially enabling synapses to form,
in accord with others (Edelman and Chuong 1982; Galuska 2007). Proteolytic cleavage of
NCAM in embryonic cortical neurons in culture produces NCAM-EC and a residual
intracellular cytoplasmic domain fragment generated by the activation of an ADAM-type
metalloprotease requiring ERK MAP kinase activity (Diestel 2005; Hubschmann 2005; Hinkle
2006; Kalus 2006). NCAM fragments corresponding in size to the extracellular region were
present in normal mouse brain from E18.5-P10, suggesting that NCAM is normally regulated
by limited proteolytic cleavage of the ectodomain during stages of axonal/dendritic growth.
The sizes of NCAM soluble extracellular (105-110 kDa) cleavage fragments were identical
to those previously observed in rat brain, cerebrospinal fluid, and cultured mouse cortical and
hippocampal neurons (Krog 1992; Buttner 2004; Diestel 2005; Hubschmann 2005; Hinkle
2006; Kalus 2006) and appeared to be derived from nonpolysialylated NCAM. However, it
cannot be ruled out that PSA-NCAM is also subject to shedding and more rapidly degraded.
We were unable to detect the NCAM-ICD cleavage fragment at any stage, consistent with rapid
turnover.

A limitation of this study is that many basket cells are labeled in the PFC of GAD67-EGFP
mice and their arbors extensively overlap, precluding analysis of the distal arbor of the
fluorescent cells. Moreover, we have not identified other interneuronal subtypes that may
contribute to the NCAM-Fc-mediated reductions in branching and outgrowth of GAD65-
positive interneurons, which was suggested by the greater decrease in GAD65-positive puncta
than in GAD67-EGFP-labeled basket cells in NCAM-EC transgenic PFC. Synaptophysin-
positive synapses were also reduced significantly during synaptogenesis and adult stages in
NCAM-EC mice. Taken together with previous studies in adult NCAM-EC mice showing that
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the number of apical dendritic spines are decreased (Pillai-Nair 2005), our results suggest that
pyramidal neuron development is also impaired by NCAM-EC overexpression.

In other systems, low concentrations of soluble NCAM-Fc (5 pg/ml) acts as a substrate to
promote the neurite growth of hippocampal neurons (Bodrikov 2005; Santuccione 2005) and
cerebellar granule cells (Meiri 1998). The higher concentrations of NCAM-Fc used here mimic
the increased levels of soluble NCAM-EC in the transgenic mouse which inhibit interneuron
branching in vivo. Furthermore, the lower levels of NCAM-EC present at P10 may mimic the
lower concentrations previously described (Meiri 1998; Bodrikov 2005; Santuccione 2005) to
promote outgrowth. However, this had no promoting effect on interneuron development in
vivo. Furthermore, the apparent discrepancy in the neurite outgrowth promoting ability of
NCAM-Fc may lie in cell type specific responses to the protein. As we previously described,
metalloprotease-induced ectodomain shedding blocks NCAM-dependent neurite growth and
branching from cortical neurons (Hinkle 2006), while the same phenomenon increases
outgrowth from hippocampal neurons (Hubschmann 2005; Kalus 2006). Thus, cortical neurons
may be more sensitive to inhibitory actions of soluble NCAM than other neuronal types.

Analysis of basket cell development in the NCAM-EC transgenic mouse model supports a
mechanism in which the NCAM-EC cleavage fragment acts as an inhibitor of cortical
interneuronal arborization resulting in diminished synaptic development (Figure 8). Excess
soluble NCAM-EC, could interact with increasing levels of non-polysialylated NCAM on
developing neurons, disrupting NCAM homophilic and heterophilic interactions and signaling
(Meiri 1998; Schmid 1999; Kolkova 2000; Niethammer 2002; Bodrikov 2005; Santuccione
2005). Our studies show that NCAM-EC strikingly decreases axonal/dendritic arborization of
basket cells, and potentially other interneurons, thus reducing the number of perisomatic
synapses in the PFC. In normal interneuron development, NCAM cleavage during stages of
axonal/dendritic outgrowth may serve a regulatory role. As a result of an outside stimulus
leading to ERK activation, an ADAM family metalloprotease is stimulated to cleave NCAM,
which may limit branching of interneuronal arbors, allowing inhibitory synapses to form in
appropriate numbers. The results presented here provide novel insight on potential mechanisms
underlying disease states, such as schizophrenia, in which NCAM dysregulation is implicated.
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ADAM, a disintegrin and metalloprotease
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Figure 1. Expression of different NCAM isoforms and cleavage products during development

A) NCAM, PSA-NCAM and cleavage fragments during development. Brain homogenates (75
ug) from E18.5 to P40 mice were separated by SDS-PAGE, and blotted using antibodies to
PSA (top panel), NCAM-ICD (clone OB11; second panel), and NCAM-ECD (clone H300;
third panel). Arrows indicate the size of PSA-NCAM, NCAM180, NCAM140, and cleavage
fragments representing the NCAM extracellular domain (105, 110 kDa). NCAM120
expression (bottom panel). Homogenates were blotted using the NCAM-ECD antibody. Actin
blots (fourth panel) were used as a loading control. Exposure times were: 1 min (NCAM-ICD,
actin), 5 min (PSA, NCAM-ECD bottom panel), 1 h (NCAM-ECD third panel). B) NCAM-
EC'9 expression and polysialylation. The left set of panels depicts Western blots of mouse brain
lysates. For PSA detection, NCAM-EC' was immunoprecipitated using HA antibodies prior
to SDS-PAGE and blots are depicted in the right set of panels. Western blots were performed
using antibodies to HA (top panels, 1 min exposure), PSA (middle panels, 5 min exposure),
and actin (loading control, bottom panels, 1 min exposure).
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Figure 2. Development of parvalbumin-positive basket cells in layer 11/111 of the prefrontal cortex
Individual neurons from layer 11/111 of the PFC were imaged and reconstructed using confocal
microscopy. Representative extended focus images of individual z-stacks from EGFP-labeled
parvalbumin-positive basket cells of WT (GAD67-EGFP) and NCAM-EC transgenic (NCAM-
EC/GADG67-EGFP) mice are shown from each time point (P10, P20, adult). Arrows indicate
a dendrite in each image. Arrowheads indicate axons. Scale bar = 10 pum.
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Figure 3. Proximal neuronal elaboration increases during development, but is stunted in NCAM-
EC PFC

Four to five animals per genotype at P10, P20 and adult were analyzed, and 30—-50 neurons
per animal were imaged and traced. A) Mean branching index. B) Mean number of crossings
per process at a Sholl distance of 20 um for each time point. Student's t test, *p<0.05. C) Mean
number of primary processes. D) Mean neuronal density. Five random fields in layer 11/111
were counted for each animal and averaged. At least 100 neurons were counted per animal. E)
Mean somal area (um?).
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Figure 4. Perisomatic synapses increase during development, but are reduced in NCAM-ECPFC
A) Representative images from WT (GAD67-EGFP) and NCAM-EC transgenic (NCAM-EC/
GADG67-EGFP) PFC, layer I1/111. Scale bar = 10 um. Arrows indicate the location of
representative soma. B) Perisomatic synaptic puncta rings were traced for each image using
ImageJ and pixel density measured as compared to the soma as a control. Four images were
analyzed for each animal and 4-5 animals per genotype per stage were analyzed. *Student's t
test p<0.05.
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Figure 5. Synapses from other interneurons develop similarly to parvalbumin-positive basket cells,
and are reduced in NCAM-EC mice

A) Representative images from layer 11/111 of the PFC of WT and NCAM-EC mice showing
GADG65 immunofluorescence. Arrows indicate the location of representative soma.
Nonimmune 1gG control is shown as an inset. Scale bar = 10 um. B) Perisomatic synaptic
puncta rings were traced for each image using ImageJ and pixel density measured as compared
to the soma and nonimmune 1gG as a control. Four images were analyzed for each animal and
3 animals per genotype per stage were analyzed. Student's t test **p<0.005.
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Figure 6. Excitatory synapse development is perturbed by NCAM-EC

A) Representative images of synaptophysin immunofluorescence from layer 11/111 of the PFC
of WT and NCAM-EC transgenic mice at P10, P20 and adult stages. Arrows indicate the
location of soma. Nonimmune Ig control is included as an inset. Scale bar = 10 um. B) Pixel
density of perisomatic synaptic puncta rings. Four images were analyzed for each animal and
3 animals per genotype per stage were analyzed. Student's t test *p<0.06.
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Figure 7. Soluble NCAM extracellular domain inhibits neurite outgrowth and branching in culture
A representative experiment is shown. Four wells for each condition were analyzed and at least
150 neurons were analyzed per condition. A) Cortical neurons were plated onto monolayers

of L-fibroblasts or L-fibroblasts expressing NCAMZ140 and neurites allowed to extend for 72

h in the presence (black bars) or absence (honimmune Ig, white bars) of NCAM-Fc before

being visualized using TUJ1 immunofluorescence. Arrows indicate branched neurites. Scale
bar = 50 um. B) The percent of neurons with branched neurites was calculated. Student's t test

*p<0.05, **p<0.005. C) The cumulative percentage of neurons of a given length was
determined by subtracting the percent of neurons with length X from 100 as described

previously (Beggs 1994; Hinkle 2006).
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Figure 8. Model for the mechanism of action of the shed NCAM extracellular domain in
interneuronal development

Excess soluble NCAM-EC is depicted to interact with neuronal NCAM to inhibit NCAM-
NCAM homophilic binding and heterophilic interactions with receptors such as the FGF
receptor (FGFR) (Meiri 1998; Kiselyov 2003; Kiselyov 2005) or receptor protein tyrosine
phosphatase alpha (RPTPa, (Bodrikov 2005)), thereby decreasing interneuron arborization to
result in fewer perisomatic synapses. Alternatively, in other cell types where metalloprotease-
induced soluble NCAM-EC promotes neurite growth (Meiri 1998; Hubschmann 2005; Kalus
2006), transgenic NCAM-EC might bind and inhibit this activity. In normal development, ERK
MAP kinase, triggered by an external stimulus, activates an ADAM family protease to cleave
NCAM and release NCAM-EC. This serves to limit interneuron branching promoted by
NCAM homophilic or heterophilic binding.
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