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Abstract

Background—Where a neuron is positioned in the brain during development determines 

neuronal circuitry and information processing needed for normal brain function. When aberrations 

in this process occur, cognitive disorders may result. Patients diagnosed with schizophrenia have 

been reported to show altered neuronal connectivity and heterotopias. To elucidate pathways by 

which this process occurs and become aberrant, we have chosen to study the long isoform of nitric 

oxide synthase 1 adaptor protein (NOS1AP), a protein encoded by a susceptibility gene for 

schizophrenia.

Methods—To determine whether NOS1AP plays a role in cortical patterning, we knocked down 

or co-overexpressed NOS1AP and a GFP or TagRFP reporter in neuronal progenitor cells of the 

embryonic rat neocortex using in utero electroporation. We analyzed sections of cortex 

(ventricular zone VZ, intermediate zone IZ, and cortical plate CP) containing GFP or TagRFP 

positive cells and counted the percentage of positive cells that migrated to each region from at 

least three rats for each condition.
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Results—NOS1AP overexpression disrupts neuronal migration, resulting in increased cells in IZ 

and less cells in CP, and decreases dendritogenesis. Knock down results in increased migration, 

with more cells reaching the CP. The phosphotyrosine binding region, but not the PDZ-binding 

motif, is necessary for NOS1AP function. Amino acids 181–307, which are sufficient for 

NOS1AP-mediated decreases in dendrite number, have no effect on migration.

Conclusions—Our studies show for the first time a critical role for the schizophrenia-associated 

gene NOS1AP in cortical patterning, which may contribute to underlying pathophysiology seen in 

schizophrenia.
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Introduction

Proper brain development and function requires the correct migration and placement of 

neurons. Abnormal neuronal migration may cause abnormal cortical function. There is 

increasing evidence that altered neuronal connectivity seen in schizophrenia may be due to 

factors during neurodevelopment in utero (reviewed in (1–2)). Here we study the role of 

NOS1AP, a protein encoded by a schizophrenia susceptibility gene (3–7), during cortical 

neuron migration.

NOS1AP was first identified in the rat as a binding partner of neuronal nitric oxide synthase 

((nNOS; 8). It competes with PSD-95 for nNOS binding and presumably reduces NMDA 

receptor signaling via PSD-95 and nNOS. There are at least three isoforms of NOS1AP 

(long (L), short (S), and short’ (S’)) that have been reported to have altered protein 

expression in the cortex of individuals diagnosed with schizophrenia (9). Specifically, 

NOS1AP-L protein expression, normalized to the housekeeping protein GAPDH, is elevated 

approximately 10-fold whereas the other two isoforms are elevated approximately 100-fold 

(9). In addition, NOS1AP-L mRNA expression is significantly decreased by 40% in 

postmortem brain tissue from patients treated with antipsychotics when compared to 

untreated patients with the same psychiatric diagnosis (4). All three NOS1AP isoforms 

contain a C-terminal PDZ-binding domain, which is responsible for the interaction of 

NOS1AP with nNOS. NOS1AP-L contains a phosphotyrosine binding (PTB) domain (8), 

which binds to DexRas1, synapsin, and Scribble (10–12). In addition, we recently showed 

that NOS1AP-L interacts with carboxypeptidase E by a domain contained in its middle 

region (amino acids 181–307) and that NOS1AP regulates dendrite morphology through this 

interaction (13).

While overexpression of NOS1AP-L, the isoform affected by administration of 

antipsychotic drugs, has been reported by our group (13) to alter dendrite number and by 

another group (12) to alter spine development, an understanding of how NOS1AP, 

specifically NOS1AP-L, regulates synaptic connectivity in vivo has not been fully 

elucidated. Here we show that NOS1AP-L negatively controls radial migration during 

cortical development. In addition, we identify the PTB domain as the main region of the 

Carrel et al. Page 2

Biol Psychiatry. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein involved in this role. These results suggest that upregulation of NOS1AP protein due 

to schizophrenia-associated alleles may promote altered connectivity seen in individuals 

with schizophrenia.

Materials and Methods

Antibodies

Rabbit polyclonal anti-NOS1AP antibodies (sc-9138) were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-GAPDH antibody was from 

Millipore (Billerica, MA), rabbit polyclonal anti-hrGFP antibody was from Agilent 

Technologies (Santa Clara, CA), and chicken polyclonal anti-EGFP antibody was from 

AVES (Tigard, OR). Antichicken secondary antibody conjugated to Alexa-FluorR 488 was 

from Jackson ImmunoResearch (West Grove, PA).

DNA constructs

pCAG-GFP plasmid was obtained by subcloning the sequence of EGFP from pEGFP-C1 

plasmid from Clontech (Mountain View, CA) into a vector containing the CMV–actin–β-

globin (CAG) promoter (gift from Dennis O’Leary, Salk Institute). cDNA encoding human 

NOS1AP-L (referred to as NOS1AP or NP for this manuscript), NOS1AP-213-end 

(NPΔPTB), and NOS1AP-181–307 (NP181–307) were subcloned into pCAG-GFP plasmid to 

obtain according N-terminally labeled GFP fusion constructs. cDNA encoding NOS1AP and 

NOS1AP-1–487 (NPΔPDZ) were subcloned in pCAG-IRES-EGFP (pCIG, gift from 

Gabriella D’Arcangelo, Rutgers University) and pCAG-IRES-TagRFP plasmid (pCIR, gift 

from Marie-Catherine Tiveron, Institut de Biologie du Développement de Marseille).

For shRNA constructs, oligonucleotides were ligated into the pGE2hrGFPII vector (Agilent 

Technologies). The sequence of the RNAi target for NOS1AP was 5’-

GGGTGACAGTTTGGATGAT-3’ (shNP (13)). As negative control, we used a sequence 

that did not align with any mammalian gene: 5’-GAGCATTTGTATGAGCGCG-3’ 

(shControl, against GST; gift from Estela Jacinto, Rutgers Medical School). We have 

previously reported the sequences of NOS1AP shRNA, human NOS1AP-L (hNP-L), and 

mouse/rat NOS1AP-L in Figure 2C of (13).

Transfection of cultured cells

COS-7 cells were cultured in 6 well plates and transfected at 30–50% confluency with a 3:1 

ratio of shNP:NOS1AP to test for shRNA efficiency for NOS1AP knockdown using 

LIPOFECTAMINE-2000 following the manufacturer’s protocol. (A 1:1 ratio also resulted 

in significant NOS1AP knockdown.)

Western Blotting

COS-7 cells were cultured in 60 mm dishes and transfected using Lipofectamine 2000 (Life 

Technologies). Cells were collected 2 days after transfection and lysed, and expression of 

NOS1AP was detected by immunoblotting after resolving proteins using SDS-PAGE gels. 

After electrophoresis, proteins were transferred to PVDF membranes (Immobilon-P; 

Millipore). After blocking with 2% bovine serum albumin (BSA) in TBST, membranes were 

Carrel et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incubated with primary antibodies overnight at 4°C: 1:250 for anti-NOS1AP (Santa Cruz), 

1:1000 for anti-GAPDH (Millipore), or 1:1000 for anti hrGFP (Agilent Technologies). After 

washing, horseradish peroxidase linked secondary antibody was applied at 1:5.000 for one 

hour at RT. Immunoreactive bands were visualized using HyGlo quick spray (Denville) and 

quantified using Image Pro software (Media Cybernetics).

In utero electroporation

Cells were transfected in vivo by in utero electroporation. Pregnant Sprague-Dawley rats at 

gestation day 16 (E16) were anesthetized with Ketamine/Xylazine (75/10 mixture). The 

abdominal cavity was opened to expose the uterine horns. 1–3 µl of plasmids (1.5–2 µg/µl) 

with 1 mg/mL Fast Green (Sigma) were microinjected through the uterus into the lateral 

ventricles of embryos by pulled glass capillaries (Drummond Scientific, Broomall, PA). 

Electroporation was performed by placing heads of the embryos between tweezer-type 

electrodes. Square electric pulses (70 V, 50 ms) were passed five times at 1-s intervals using 

a CUY21 EDIT electroporator (Nepagene, Bulldog Bio, Inc., Portsmouth, NH). Embryos 

were allowed to develop in utero for 4 days after electroporation (until E20).

All animals used in this study were handled in accordance with a protocol approved by the 

Institutional Animal Care and Use Committee at Rutgers, the State University of New 

Jersey, and in compliance with national and international laws and policies (Council 

directives no. 87–848, 19 October 1987, Ministère de l'Agriculture et de la Forêt, Service 

Vétérinaire de la Santé et de la Protection Animale).

Histological procedures and microscopy

Embryonic rat brains (E20) were dissected and fixed for 48 h in 4% paraformaldehyde 

(PFA) in PBS at 4°C. Postnatal rat brains (P14) were fixed by transcardial perfusion of 4% 

PFA in PBS and postfixed for 3 hours in 4% PFA in PBS. Brains were then cryoprotected in 

30% sucrose in PBS, frozen in OCT (Tissue-Tek) and sectioned coronally at 16 µm (E20 

brains) and 30 µm and 80 µm (P14 brains) using a cryostat.

For immunofluorescence staining, sections were incubated for 1 h in antibody buffer (5% 

normal goat serum, 0.1% Triton X-100 in PBS) before overnight incubation with anti-EGFP 

antibody (1:1,000). Following washes, sections were incubated with A488 anti-chicken 

antibody (1:1,000) for 2 hr at room temperature. Sections were then washed, incubated for 

10 min with Hoechst 33342 (Thermo Scientific, Rockford, IL) for nuclear staining and 

mounted using Fluoromount G (Southern Biotechnology, Birmingham, AL).

For analysis of migration at E20 and P14 and cell morphology at E20, images of 

immunofluorescent rat brain sections were taken on a Zeiss AxioImager M1 microscope 

using a 20× numerical aperture (NA) 0.75 objective (for E20 16 µm sections) or a 10× NA 

0.3 objective (for P14 30 µm sections).

For analysis of neuronal morphology at P14, 40–50 µm-thick z-stacks were acquired on a 

Zeiss LSM 510 confocal laser-scanning microscope using a 20× NA 0.5 objective, and z-

series were projected to two-dimensional representations.
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In situ hybridization

For in situ hybridization (kit from Roche Applied Science), 40 µm cryostat sections from 

E16 and E20 rats were incubated twice in DEPC-treated PBS and twice in PBS containing 

100mM glycine for 5 min at room temperature. They were then treated for 15min with PBS 

containing 0.3% Triton X-100 followed by two PBS washes. Sections were then 

permeabilized for 30min at 37°C with 2ug/ml Proteinase K, post-fixed for 5min at 4°C with 

PBS containing 4% paraformaldehyde, and washed twice with PBS. Sections were then 

incubated twice for 5 min with 0.1M triethanolamine (TEA) buffer, pH8.0, containing 

0.25%(v/v) acetic anhydride, incubated in prehyridization buffer (2XSSC, 1X Denhardt’s 

solution, 10% dextran sulfate, 50mM phosphate buffer pH7.0, 50mM DTT, 250 µg t-RNA, 

500ug/ml denatured and sheared salmon sperm DNA, 50% deionized formamide) under 

coverslips in a humidified chamber at 37°C for 2 hours, and incubated with hybridization 

buffer (2X SSC, 1X Denhardt’s solution, 10% dextran sulfate, 50 mM Phosphate buffer (pH 

7.0), 50mM DTT,, 250ug t-RNA, 500ug/ml denatured and sheared salmon sperm DNA, 

50% deionized formamide, 100nM digoxigenin-labeled oligonucleotide probes) in a 

humidified chamber at 37°C overnight. Sections were then washed in decreasing dilutions of 

SSC, followed by a wash in 100mM Tris-HCl (pH 7.5), 150mM NaCl (buffer 1), and then a 

30 minute incubation with buffer 1 containing 0.1% Triton X-100 and 2% normal sheep 

serum. Slides were then incubated with buffer 1 containing 0.1% Triton X-100, 1% normal 

sheep serum, and 1:500 dilution of anti-DIG-alkaline phosphatase [Fab fragments] for 4 

hours in a humidified chamber, washed with buffer 1, and incubated with 100mM Tris-HCl 

(pH 9.5), 100mM NaCl, 50mM MgCl2 and nitroblue tetrazolium (NBT)/5-bromo-4-

chloro-3-indolyl-phospate (BCIP) solution. When color development was optimal, the color 

reaction was terminated by incubating the slides in 10mM Tris-HCl (pH 8.1), 1mM EDTA. 

NOS1AP-L antisense oligonucelotide sequence was 5’-

AGATAGGGTCCTGCATCACCAGCATCTTGCTCTCATCCCACGTCC[DIG]-3, and 

sense oligonucleotide was 5’-

GGACGTGGGATGAGAGCAAGATGCTGGTGATGCAGGACCCTATCT[DIG]-3’ as a 

negative control.

Quantification and statistical analyses

For migration analysis, GFP or TagRFP positive cells were counted using the image analysis 

software ImageJ 1.47e (http://rsb.info.nih.gov/ij/). The experimenter was blinded to the 

experimental condition. For each section analyzed, cortical regions of interest containing 

positive cells were manually selected using Hoechst staining of the nuclei. Then, for each 

region, we used a combination of ImageJ built-in Minimum and Unsharp Mask filters to 

enhance the signal due to fluorescent cell bodies while lowering the signal due to fluorescent 

processes. Cells were automatically counted as local maxima, while keeping the same level 

of noise tolerance for a given set of experiment (and after validation of this level by manual 

counting of 3–4 sections).

To normalize the analysis, we used median sections in a series of sections containing 

transfected cells (2 sections per brain at E20, separated by at least 48 µm) and in which the 

corpus callosum was present. Therefore, brains that did not meet these two criteria were 

discarded.
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It is important to note that all experiments included control groups, and samples within each 

experiment were compared to the control from the same experiment. Furthermore, we 

attempted to minimize batch-to-batch variation by performing in utero electroporation with 

all constructs for a particular experiment at the same time. Since migration of sets of cells 

occurs at distinct times in development, any variation in timing of in utero electroporation 

(i.e. E16 vs E16.25 or E16.5) will show differences in control migration. This is common to 

in utero electroporation experiments as can be seen in the percentage of cells reaching the 

cortical plate in different figures after 4 days of expression of proteins/shRNA.

For analysis of neuronal morphology at P14, neurites were traced and quantified with 

NeuronJ software (http://rsb.info.nih.gov/ij/; (14)). Total neurite length and number of 

branches for each individual neuron were measured.

n values are reported as the number of brains analyzed, unless specified in the legend. 

Offspring were from 2–4 mothers.

Statistical analyses were performed using GraphPad Prism software (GraphPad Software, 

Inc., San Diego, CA). Statistical significance was calculated using Student’s t-test or with 

one-way ANOVA followed by Newman–Keuls post-tests for p-value adjustment for groups 

of more than two conditions.

Results

NOS1AP inhibits radial migration of cortical neuron

We previously showed by Western blot analysis that both NOS1AP-L and -S are expressed 

in the developing rat forebrain as early as embryonic day 15 (E15) (13). We were unable to 

perform immunohistochemistry since no antibody was available for immunostaining. (We 

tried both commercially available and homemade antibodies, data not shown.) Using in situ 

hybridization, we show that NOS1AP-L (referred to as NOS1AP) is expressed in the 

developing cortex (E16 and E20, Fig. 1A).

NOS1AP expression is significantly increased in the dorsolateral region of the prefrontal 

cortex in patients with schizophrenia (9). To investigate the role of NOS1AP overexpression 

during early cortical development, we performed in utero electroporation (IUE) experiments 

to introduce a construct expressing NOS1AP into neural progenitor cells of the embryonic 

rat neocortex. The construct or a control plasmid was electroporated at E16, and neuronal 

migration was analyzed four days later. At this stage, most cells in control condition have 

reached the cortical plate (CP). However, a significant amount of cells overexpressing 

NOS1AP is found in the intermediate zone (IZ), showing a deficit in radial migration (Fig. 

1B, C). In the IZ, newborn neurons convert from multipolar to monopolar/bipolar 

morphology before undergoing radial glial cell-guided migration towards the CP. To 

investigate the role of NOS1AP overexpression on this transition, we analyzed the 

morphology of transfected neurons located in the IZ. As shown in Figure 1D and E, we 

observed that a large majority of control transfected cells found in the IZ display a uni/

bipolar shape; however, more than half of cells overexpressing NOS1AP in the IZ are 

Carrel et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://rsb.info.nih.gov/ij/


multipolar, suggesting that NOS1AP inhibits the transition from multipolar to bipolar 

morphology, necessary for efficient migration of cortical neurons towards the cortical layers.

To investigate the physiological role of NOS1AP during cortical neuron migration, we used 

specific shRNAs to knock down NOS1AP protein expression. Co-expression of an shRNA 

directed to the coding sequence of NOS1AP with mouse NOS1AP in COS-7 cells for 48 h 

results in a 51% (shNP) decrease in NOS1AP protein levels when compared to cells 

expressing control shRNA (Fig. 2A, B). We then co-electroporated the plasmids expressing 

the shRNA together with a construct expressing TagRFP (CIR) in cortical neuron precursors 

to facilitate the detection of transfected cells. Interestingly, we observed that knockdown of 

NOS1AP between E16 and E20 results in a significant increase in the percentage of 

transfected neurons reaching the cortical plate (Fig. 2 C, D).

To demonstrate the specificity of shNP, we co-expressed the rat/mouse-specific shNP with 

human NOS1AP in neurons. Human NOS1AP contains four differences in the sequence 

corresponding to the shNP construct for mouse/rat NOS1AP; therefore, it is shNP-resistant 

(13) and should rescue NOS1AP expression and function. As expected, neuronal repartition 

between ventricular zone (VZ), IZ, and CP returned to control levels in this rescue 

experiment (Fig. 2C, D). These data, combined with our overexpression data, strongly 

suggest that NOS1AP plays a role in regulating radial migration of cortical neuron during 

development and that aberrant expression of NOS1AP results in altered neuronal 

connectivity.

To test whether this role of NOS1AP is transitory during development or long-lasting, we 

electroporated neuronal precursors with a NOS1AP or a control construct at E16 and 

analyzed neuronal lamination three weeks later at postnatal day 14 (P14). By that time, 

almost all neurons in control conditions reached layers II/III of the neocortex whereas a 

significant percentage of neurons overexpressing NOS1AP remained in deeper layers 

(Figure 3A, B).

We also observed that NOS1AP overexpression has a marked effect on the morphology of 

neurons that correctly reach layers II/III. Indeed, neurons overexpressing NOS1AP exhibit 

less dendrites and an overall shorter dendritic tree than neurons transfected with a control 

construct (Figure 3C, D). These results are in agreement with our previous in vitro data 

showing that NOS1AP inhibits dendrite branching in hippocampal neurons (13).

Role of NOS1AP domains in cortical neuron migration

To investigate which region of NOS1AP is involved in the regulation of cortical neuron 

migration, we constructed several mutants of the protein (Fig. 4A) and analyzed the effects 

of in utero expression of these constructs in newborn cortical neurons between E16 and E20.

Deletion of the PDZ-binding domain, necessary for interaction of NOS1AP with nNOS (8), 

does not prevent the inhibitory effect of NOS1AP on radial migration of cortical neurons 

(Fig. 4B, C). We also studied the effects of a mutant containing only the central region of 

NOS1AP (amino acids 181–307). We previously demonstrated that this region is sufficient 

to mediate the effects of NOS1AP on dendrite branching through an interaction with 
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carboxypeptidase E (13). Interestingly, overexpression of this region does not cause any 

migration defect of cortical neurons (Fig. 4D, E), suggesting that NOS1AP-mediated 

regulation of dendritogenesis occurs through a mechanism that differs from that which 

regulates cortical neuron migration. In contrast, deletion of the N-terminal PTB domain of 

NOS1AP, which binds synapsin, DexRas1, and Scribble, abolishes the inhibitory effect of 

NOS1AP on neuronal migration while overexpression of the PTB domain alone is sufficient 

to reproduce this effect (Fig. 4F, G). Taken together, these data indicate that the role of 

NOS1AP on radial migration does not involve its interactions with nNOS or with CPE but 

that it does require its N-terminal PTB domain. Furthermore, the data suggest that the effects 

of NOS1AP on migration and dendritic patterning do not involve the same mechanisms.

Discussion

One of the prevailing theories is that schizophrenia is a neurodevelopmental disorder (15–

18). One patient with schizophrenia was reported to have ectopic gray matter (19) and 

additional patients ectopic neuron placement (20–22); however, whether heterotopic neurons 

are indicative of schizophrenia has been debated (23). Furthermore, aberrant circuitry has 

been thought to be to be the mechanism by which these abnormalities produce behavioral 

symptoms. As such, we have chosen to study NOS1AP, a protein that we have shown to be 

overexpressed in the postmortem dorsolateral prefrontal cortex from subjects with 

schizophrenia, and in this study we ask how this aberrant expression of NOS1AP affects 

neurodevelopment. Our results suggest that NOS1AP levels regulate cortical neuron 

migration, which results in aberrant neuronal connectivity, which may contribute to 

schizophrenia. Alterations in migration are long-lasting. We also found that the 

phosphotyrosine binding domain of NOS1AP is responsible for incorrect cortical neuron 

placement, and this domain binds other proteins thought to be involved in schizophrenia, to 

be detailed further in the discussion below. Our new results outlined here support the idea 

that the protein product encoded by a schizophrenia susceptibility gene may shape the 

developing brain in such a way that it is influenced by other genes or environment for the 

manifestation of schizophrenia.

NOS1AP as a susceptibility gene for schizophrenia

NOS1AP, encoding a regulator of the NMDA receptor pathway and nNOS activity(8), has 

been identified as a schizophrenia susceptibility gene (4). Several independent studies 

reported linkage of schizophrenia to chromosome 1q21–22, containing NOS1AP (3, 24–26). 

Six SNPs within NOS1AP were identified in a group of 24 medium-sized Canadian families 

to have significant linkage disequilibrium to schizophrenia (3). In addition, an association 

study found one SNP within NOS1AP and haplotypes constructed from three SNPs within 

NOS1AP to be associated with schizophrenia in the Chinese Han population (5). More 

recently, eight SNPs within NOS1AP were found to be associated with schizophrenia in a 

South American population isolate, two of which had been previously identified, further 

strengthening a link between NOS1AP and schizophrenia (6). None of the SNPs that 

associate with schizophrenia alter the amino acid sequence, suggesting that they may play a 

role in altering gene expression levels,, a hypothesis that is supported by in vitro assessment 

of the effects of associated SNPs on gene expression (7). While some studies failed to detect 
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the association of NOS1AP with schizophrenia (27–28), this could be due to differences in 

methodology, genetic differences across populations, and the etiologic heterogeneity of 

schizophrenia (29).

NOS1AP was identified as a neuronal nitric oxide synthase (NOS1) binding partner (8). It 

competes with PSD-95 for NOS1 binding and reduces NMDA receptor signaling (8) (Fig. 

5). It is also hypothesized that NMDA receptor signaling is decreased in patients with 

schizophrenia, known as the NMDA receptor hypofunction hypothesis (recently reviewed in 

(30)). Overexpression of NOS1AP, as is seen in brain tissue from patients with 

schizophrenia (4, 9), is consistent with this theory. Interestingly, the NMDA receptor has 

been implicated in the regulation of cortical (31–32) and hippocampal(33) neuron migration 

via a pathway that includes Disrupted-in-Schizophrenia1 (DISC1)(33) and Reelin(34). The 

Cajal-Retzius cells produce glutamate during the final week of gestation in the rodent (35). 

The glutamate released from these cells (36) then acts as a modulatory signal for other 

migrating neurons, stimulating NMDA (37–41) and AMPA receptors (32, 39). Later in 

development, the NMDA receptor and its signaling pathways regulate dendrite morphology 

and synaptogenesis, as is seen in both in vivo and in vitro systems of cortex and 

hippocampus (42–49). The fact that overexpression of NOS1AP results in a phenotype 

similar to that of inhibition of the NMDA receptor during development supports a potential 

role for NOS1AP in the NMDA receptor hypofunction hypothesis in schizophrenia.

Alterations in neuronal connectivity are seen in individuals with schizophrenia

How do our data fit in with what is known about individuals with schizophrenia? 

Disruptions in normal establishment and maintenance of dendrite morphology, including 

dendrite outgrowth, branching, and spine formation, result in functional deficits. Not 

surprisingly, patients with schizophrenia exhibit dendritic abnormalities in the prefrontal 

cortex (PFC), the area responsible for higher cortical functions. Patients with schizophrenia 

show a 40% decrease in basilar dendritic field size and complexity of PFC layer V 

pyramidal neurons (50), shorter basilar dendritic length (51–52). Individuals with 

schizophrenia also show altered distribution of nNOS-expressing interneurons in deeper 

cortical layers and underlying white matter in prefrontal and temporal cortices (53), and 

others show misplaced and clustered neurons in the entorhinal cortex (54). Furthermore, 

interstitial white matter neurons are increased in the DLPFC of patients with schizophrenia, 

supporting the idea that deficient migration of neurons may have occurred in these patients 

(55). Thus, combined reductions in dendrite length, field size, complexity, and spine number 

and maturity mediated by aberrant NOS1AP expression may contribute to reduced cognitive 

function seen in those with schizophrenia.

Importance of PTB domain in NOS1AP-mediated effects on cortical neuron migration

NOS1AP-L includes an amino-terminal PTB and a carboxy-terminal NOS1 PDZ-binding 

motif while NOS1AP-S contains only the carboxy-terminal NOS1 PDZ-binding motif (8) 

(Fig. 5). Recently, our group also identified an internal carboxypeptidase E binding region, 

which is only found in NOS1AP-L (13) (Fig. 5). Here, we found that the PTB domain of 

NOS1AP-L mediates its effects on cortical neuron migration. What is the importance of this 

domain, especially in regards to schizophrenia? The PTB domain of NOS1AP-L binds to the 
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small GTPase DexRas1 and synapsins (10–11). Interestingly, the absence of synapsin 

isoforms in rodents has been implicated in behavior associated with schizophrenia (56–58). 

Furthermore, antipsychotic drugs upregulate synapsin expression (59–61), synapsin 

expression is decreased in postmortem brain tissue from subjects with schizophrenia(62–63), 

and alleles in synapsin genes have been associated with schizophrenia (64–70).

The PTB domain of NOS1AP binds to the tumor suppressor Scribble. This interaction 

promotes the presence of NOS1AP in a beta-Pix [beta-p21-activated kinase (PAK)-

interacting exchange factor]/Git1 (G-protein-coupled receptor kinase-interacting 

protein)/PAK complex, thereby in turn, influencing Rac activity (12). Rac is thought to be 

involved in axonal guidance directed by a protein encoded by the schizophrenia 

susceptibility gene DISC1(71). Furthermore, mice lacking the SRGAP3 gene, in which 

mutations are associated with intellectual aberration and encoding a protein that regulates 

Rac1, show schizophrenia-related behavior (72). Furthermore, both synapsins (reviewed in 

(73)) and Rac1 (74) have been shown to regulate asymmetric cell division from neuronal 

precursors and neuronal migration. Thus, our new data elucidate an additional signaling 

molecule, NOS1AP, that may act in concert with synapsin and Rac1 to regulate cortical 

circuitry in the brain. In specific, this pathway, which includes NOS1AP and associated 

proteins, may contribute to the etiology of schizophrenia when aberrantly expressed. Taken 

together with previously published data by us (13) and others (12), NOS1AP regulates 

multiple aspects of neuronal development – migration, dendritogenesis, spinogenesis - all of 

which have been reported to be compromised in patients with schizophrenia. A model of 

these multiple functions for NOS1AP is shown in Figure 5.
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Figure 1. Effect of overexpression of NOS1AP on cortical neuron migration
A, In situ hybridization data showing that NOS1AP is expressed in the cortex during 

development (representative images shown at E16 and E20). B–E, CIG or CIG-NOS1AP 

plasmid was electroporated into the lateral ventricular wall at E16 and analyzed at E20. B, 
Representative images of coronal sections of rat somatosensory cortex are shown for each 

condition. Sections were immunostained for GFP (green) and counterstained with Hoechst 

(blue). C, Quantification of the percentage of transfected cells in each cortical area. D, 
Representative images of transfected cells in the IZ for each condition (arrows show 

examples of mono/bipolar cells and arrowheads examples of multipolar cells). E, 
Quantification of the percentage of transfected cells within the IZ with mono/bipolar or 

multipolar morphology. VZ = ventricular zone, IZ = intermediate zone, CP = cortical plate. 

Results are means ± SEM. *p<0.05 and **p<0.01 versus control. Scale bars: 50 µm (A), 150 

µm (B), 25 µm (D).
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Figure 2. Knockdown of NOS1AP increases cortical neuron migration
A, COS-7 cells were cotransfected with pEGFP-NOS1AP (mouse) and either pGE-control 

shRNA (shControl, negative control) or pGE-NOS1AP shRNA (shNP). After 48 h, 

NOS1AP, GAPDH, and hrGFP levels were detected by Western blot analysis. B, 
Quantification of NOS1AP levels (normalized to GAPDH expression). shNP results in a 

51% decrease in NOS1AP expression (n = 3 independent experiments; p<0.05 by Student’s 

t-test). C, Indicated constructs were electroporated into the lateral ventricular wall at E16 

and analyzed at E20. Representative images of coronal sections of rat somatosensory cortex 
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are shown for each condition. Sections were counterstained with Hoechst (blue). D, 
Quantification of the percentage of transfected cells in each cortical area. Results are means 

± SEM. *p<0.05 and **p<0.01 versus control; #p<0.05 and ##p<0.01 versus shNP. Scale 

bars: 150 µm (C).
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Figure 3. Overexpression of NOS1AP affects cortical neuron migration and morphology
CIR or CIR-NOS1AP plasmid was electroporated into the lateral ventricular wall at E16 and 

brains were analyzed at P14. A, Representative images of coronal sections of rat 

somatosensory cortex are shown for each condition. Sections were counterstained with 

Hoechst dye (blue). B, Quantitation of the percentage of transfected cells that did not 

complete their migration at P14 (arrowheads in A show examples of non-migrated cells in 

each condition). C, Representative NeuronJ tracing of transfected cells in layers II/III for 

each condition. D–E, Quantification of the total dendritic length (D) and of the total number 

of dendrite branches (E) of transfected cells in layers II/III. n values in D and E refer to the 

number of analyzed cells, from 5 different brains per condition. Results are means ± SEM. 

***p<0.001 versus control. Scale bars: 250 µm (A), 50 µm (C).
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Figure 4. Effect of overexpression of mutant forms of NOS1AP on cortical neuron migration
A, Four constructs encoding mutant forms of NOS1AP are illustrated. B, D, F, Indicated 

constructs were electroporated into the lateral ventricular wall at E16 and brains were 

analyzed at E20. Representative images of coronal sections of rat somatosensory cortex are 

shown in each condition. Sections in B and D were immunostained for GFP (green) and 

counterstained with Hoechst (blue). C, E, G, Quantification of the percentage of transfected 

cells in each cortical area. Results are means ± SEM. *p<0.05 and **p<0.01 versus control. 

Scale bars: 150 µm.
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Figure 5. Model of NOS1AP function in neurons
The long isoform of NOS1AP, NOS1AP-L, contains three domains: the N-terminal 

phosphotyrosine binding domain (PTB; amino acids 1–180), the carboxypeptidase E (CPE)-

binding region (amino acids 181–307), and the C-terminal PDZ-binding motif (amino acids 

488–501). The PTB domain is responsible for regulating cortical neuron migration (data 

presented in this manuscript) and binds to synapsins I, II, III (11), Dexras, (10) and Scribble 

(12). The CPE-binding region is responsible for NOS1AP effects on dendrite branching 

(13). The PDZ-binding motif binds to nNOS (also known as NOS1), competes with PSD-95 

for nNOS binding, and reduces NMDA receptor-mediated neurotoxicity (8, 75).
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