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Abstract

We have studied the effect of clonal overexpression of neuroligin 3 (NL3) or neuroligin 2 (NL2) 

in the adult rat cerebral cortex following in utero electroporation (IUEP) at embryonic stage E14. 

Overexpression of NL3 leads to a large increase in vGAT and GAD65 in the GABAergic contacts 

that the overexpressing neurons receive. Overexpression of NL2 produced a similar effect but to a 

lesser extent. In contrast, overexpression of NL3 or NL2 after IUEP, does not affect vGlut1 in the 

glutamatergic contacts that the NL3 or NL2 overexpressing neurons receive. The NL3 or NL2 

overexpressing neurons do not show increased innervation by parvalbumin-containing 

GABAergic terminals or increased parvalbumin in the same terminals that show increased vGAT. 

These results indicate that the observed increase in vGAT and GAD65 is not due to increased 

GABAergic innervation but to increased expression of vGAT and GAD65 in the GABAergic 

contacts that NL3 or NL2 overexpressing neurons receive. The majority of bright vGAT puncta 

contacting the NL3 overexpressing neurons have no gephyrin juxtaposed to them indicating that 

many of these contacts are non-synaptic. This contrasts with the majority of the NL2 

overexpressing neurons, which show plenty of synaptic gephyrin clusters juxtaposed to vGAT. 

Besides having an effect on GABAergic contacts, overexpression of NL3 interferes with the 

neuronal radial migration, in the cerebral cortex, of the neurons overexpressing NL3.
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INTRODUCTION

Neuroligins (NLs) are postsynaptic cell-adhesion membrane proteins that trans-synaptically 

interact with presynaptic neurexins (Ichtchenko et al., 1996). Rodents and humans have four 

neuroligins (NLs1–4). NL1 is selectively localized in excitatory synapses (Song et al., 

1999), NL2 in inhibitory synapses (Varoqueaux et al., 2004), and NL4 in glycinergic 

synapses (Hoon et al., 2011). NL3 is present in both excitatory and inhibitory synapses 

(Budreck and Scheiffele, 2007). Neuroligins are considered synaptic organizers involved in 

activity-dependent stabilization of excitatory and inhibitory synapses (Chubykin et al., 2007; 

Missler et al., 2012; Shen and Scheiffele, 2010; Siddiqui and Craig, 2011). Mutation and 

deletions in NL genes have been linked to autism spectrum disorders (ASD) and 

schizophrenia (Bang and Owczarek, 2013; Missler et al., 2012; Shen and Scheiffele, 2010; 

Sudhof, 2008).

Much of the current knowledge on the synaptic roles of NLs is derived from manipulating 

the levels of NL expression in the brain (in vivo) and in neuronal cultures. Nevertheless, 

there are significant differences between the results obtained with neuronal cultures vs. in 

vivo. Thus, in acute neuronal culture experiments, overexpression of NLs promoted the 

formation and maintenance of synapses (Chih et al., 2005; Gerrow et al., 2006; Levinson et 

al., 2005; Prange et al., 2004). Knocking down NL1, NL2 or NL3 with the corresponding 

shRNA, significantly reduced the density of both vesicular glutamate transporter 1 (vGlut1) 

and vesicular GABA transporter (vGAT)-containing puncta (Chih et al., 2005). However, in 

vivo brain studies with NL1–4 knock out mice have shown that NLs are not essential for 

synapse formation or maintenance (Baudouin et al., 2012; Blundell et al., 2010; Chubykin et 

al., 2007; Jamain et al., 2008; Kim et al., 2008; Varoqueaux et al., 2006).

In neuronal cultures, postsynaptic overexpression of NL1 or NL2 led to a non-selective 

increase in the density of both presynaptic vGlut1 and vGAT puncta (Chih et al., 2005; 

Levinson et al., 2005; Prange et al., 2004). Also, postsynaptic overexpression of NL1 

increased both mEPSCs and mIPSCs frequency and amplitude (Levinson et al., 2005). 

However, in vivo overexpression experiments showed more selective effects on GABAergic 

or glutamatergic synapses, more in agreement with the normal localization of NL1 in 

glutamatergic and NL2 in GABAergic synapses. Thus, NL1 overexpression in transgenic 

mice neurons resulted in increased number of asymmetric (glutamatergic) but not symmetric 

(GABAergic) synapses (Dahlhaus et al., 2010; Hines et al., 2008). In transgenic mice, 

overexpression of NL2 increased mIPSC frequency without affecting mEPSCs frequency, 

but the result was not consistent in two different mouse lines (Hines et al., 2008). In adult-

born neurons, overexpression of NL1 did not induce precocious synapse formation, although 

it led to increased amplitude and frequency of sEPSCs but not of sIPSCs (Schnell et al., 

2012). Also, overexpression of NL2 in the dorsal hippocampus (HP) by adeno-associated 

virus (AAV) delivery, resulted in increased GAD65 mRNA with no effect on vGlut1 mRNA 

(Kohl et al., 2013).
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Regarding NL3, the synaptic effects resulting from acute overexpression have been studied 

in neuronal cultures (Chih et al., 2005) and organotypic slide cultures (Shipman and Nicoll, 

2012b). Nevertheless, to the best of our knowledge, there are no studies on chronic NL3 

overexpression in vivo yet. This gap needs to be filled given the reported different outcomes 

observed in vivo vs. neuronal cultures, after NL1 or NL2 overexpression. Regarding in vivo 

overexpression of NL2, although two mouse transgenic lines have been studied, some 

results were not consistent in the two transgenic lines (Hines et al., 2008).

In this communication we report differential effects of clonal NL3 or NL2 overexpression 

on synapses in the rat cerebral cortex after in utero electroporation (IUEP). We also show 

similarities and differences in the results between in vivo and in culture after NL3 or NL2 

overexpression. The results also indicate that NL3 overexpression impairs the radial 

neuronal migration of a subpopulation of NL3 overexpressing neurons.

MATERIALS AND METHODS

Animals

The animal protocols were approved by the Institutional Animal Care and Use Committee 

and followed the National Institutes of Health guidelines. For hippocampal neuronal cultures 

and in utero electroporation, rat embryos of either sex were used.

Antibodies and plasmids

Table 1 summarizes the primary antibodies used in this study.

A rabbit (Rb) antibody to NL3 was custom-made by Covance (Denver, PA) by immunizing 

a rabbit (Rb) with the synthetic peptide CEAGPPHDTLRLTALPDYT (corresponding to aa 

775–793, GenBank NCBI Ref Seq 588163.2, see also Budreck and Scheiffele, 2007) 

coupled to keyhole limpet hemocyanin via the N-terminus cysteine. The NL3 antibody was 

affinity-purified on immobilized peptide antigen. The specificity of the anti-NL3 antibody 

was demonstrated by 1) sequence specificity of the antigenic peptide as determined from 

Entrez and UniProt protein databases; 2) enzyme-linked immunosorbent assay (ELISA), 

which showed binding of anti-NL3 to the antigenic peptide; 3) immunoblots of homogenates 

and various subcellular fractions from rat forebrain which showed a single 110,000 Mr 

protein band corresponding to the molecular weight of NL3. The immunoreactivity of the 

protein band was displaced by antigenic peptide; 4) strong NL3 immunofluorescence signal 

in human embryonic kidney 293 (HEK293) cells transfected with pCAGGS-HA-NL3 

compared to the very low background immunofluorescence signal of neighboring non-

transfected cells or HEK293 cells transfected with pCAGGS-HA-NL1 or pCAGGS-HA-

NL2; 5) neuronal transfection in culture or in vivo with pCAGGS-HA-NL3 showed co-

localizing anti-NL3 and anti-HA immunofluorescence signals; 6) neuronal transfection with 

pCAGGS-HA-NL1 or pCAGGS-HA-NL2 showed anti-HA fluorescence but not anti-NL3 

fluorescence.

The Rb antibody to the γ2 subunit of the rat GABAAR (to amino acids 1–15 

QKSDDDYEDYASNKT) was raised and affinity-purified (on immobilized antigen peptide) 

in our laboratory and has been described and characterized elsewhere (Charych et al., 2004; 
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Chiou et al., 2011; Christie and De Blas, 2003; Christie et al., 2002a; Christie et al., 2006; 

Christie et al., 2002b; Jin et al., 2014; Li et al., 2005; Li et al., 2007; Li et al., 2010; Li et al., 

2012; Yu and De Blas, 2008; Yu et al., 2007). The RRID is AB_2314477 and it is in the 

Journal of Comparative Neurology (JCN) antibody database. Triple-label 

immunofluorescence in cultured hippocampal neurons with this antibody shows clusters that 

are highly co-localized with the clusters immunolabeled with antibodies to other GABAAR 

subunits, such as guinea pig anti-γ2, Rb anti-α1, Rb anti α2, and Ms monoclonal antibody 

(mAb) anti-β2/3. Immunofluorescence was blocked by the antigenic peptide. In addition, the 

clusters show apposition to GABAergic presynaptic glutamate decarboxylase (GAD)-

containing terminals.

The guinea pig (GP) anti-vGAT (catalog #131004; lot #131004/13; RRID: AB_887873), the 

Rb anti-vGAT #131003; lot#131003/24; RRID: AB_887869), the mouse (Ms) monoclonal 

anti-gephyrin (clone mAb7a; catalog #147021; lot lot#147021/9; RRID: AB_1279448) and 

the Rb anti-gephyrin antibodies (catalog # 147003; lot#147003/20; RRID: AB_887718) 

were from Synaptic Systems (Gottingen, Germany). These antibodies are in the JCN 

database.

The Ms Parvalbumin (catalog # P3088; lot#122M4774V; RRID: AB_477329) was from 

Sigma Aldrich, St. Louis, MO. This antibody is in the JCN database.

The GP anti-vesicular glutamate transporter 1 (vGluT1) of rat vGluT1 (catalog #AB5905; 

lot# 24080852; RRID: AB_2301751) was from EMD Millipore (Billerica, MA). This 

antibody is in the JCN antibody database. The Ms anti-HA (catalog #MMS-101R Clone:

16B12; lot#E11EF01029, RRID: AB_10063630) was from Covance. The Rb anti-CDP/cut-

like homeobox 1 (CUX1) (catalog # sc-13024; lot#K0309; RRID: AB_2261231), was from 

Santa Cruz Biotechnology, Santa Cruz, CA). This antibody is in the JCN antibody database. 

The sheep (Sh) anti-GAD (lot #1440-4, RRID: AB_2314493) was a gift from Dr. Irwin J. 

Kopin (NINDS, National Institutes of Health, Bethesda, MD). This antibody recognizes a 

65-kDa protein band in rat brain immunoblots. The antibody precipitated GAD from rat 

brain and detected purified GAD in crossed immunoelectrophoresis (Oertel et al., 1981a; 

Oertel et al., 1981b). This antibody is in the JCN antibody database. The Ms mAb GAD-6 to 

GAD65 was collected in our laboratory from a supernatant produced in the laboratory from 

GAD-6 hybridoma cells obtained from the Developmental Studies Hybridoma Bank of the 

University of Iowa (catalog # GAD-6; RRID: AB_2314499). This antibody is in the JCN 

antibody database.

For immunofluorescence in cell cultures, fluorophore-labeled fluorescein isothiocyanate 

(FITC), DyLight 594, or aminomethylcoumarin (AMCA) species-specific anti-IgG 

antibodies were made in donkey (JacksonImmunoresearch Laboratories, West Grove, PA). 

For confocal microscopy the species-specific anti-IgG secondary antibodies were raised in 

goat and labeled with Alexa Fluor 488, 568 or 647 (Invitrogen, Eugene, OR). For 

epifluorescence microscopy of brain slices, secondary antibodies were raised in donkey and 

labeled with Alexa Fluor 488 and 568 (JacksonImmunoresearch Laboratories).
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Regarding the plasmids, HA-NL2A (in pCAGGS) and HA-NL3A2 (in pNice) were 

provided by Prof. Peter Scheiffele (Biozentrum, University of Basel). The mRFP was 

obtained from Dr. Roger Y. Tsien (University of California, San Diego). We subcloned HA-

NL3 and mRFP in pCAGGS and used them in the IUEP experiments.

Hippocampal cultures, transfection and immunofluorescence

Hippocampal (HP) neuronal cultures were prepared according to Higgins and Banker (1998) 

as described elsewhere (Christie and De Blas, 2003; Christie et al., 2002a; Christie et al., 

2006; Christie et al., 2002b). Briefly, dissociated neurons from embryonic day 18 (E18) rat 

hippocampi (from Sprague Dawley rat embryos of either sex) were plated at 3000–8000 

cells per 18 mm diameter glass coverslip and maintained in glial cell conditioned medium. 

HP neurons (10 DIV) were transfected with 2 µg of pCAGGS- HA-NL3 or pCAGGS- HA-

NL2 plasmid DNA using the CalPhos mammalian transfection kit (BD Biosciences), 

following the instructions of the manufacturer. Three days after transfection, cells were 

subjected to immunofluorescence as described elsewhere (Chiou et al., 2011; Christie et al., 

2002a; Christie et al., 2006; Christie et al., 2002b; Li et al., 2009; Li et al., 2010; Li et al., 

2012). Briefly, neurons on glass coverslips were fixed in 4% paraformaldehyde, 4% sucrose 

in phosphate-buffered saline (PBS) for 15 min at room temperature (RT) followed by 

incubation with 50 mM NH4Cl in PBS for 10–15 minutes. Neurons were permeabilized 

with 0.25% Triton X-100 in PBS for 5 minutes, followed by 5% donkey normal serum 

(DNS) in PBS for 30 minutes. The coverslips were then incubated overnight at 4 oC with a 

mixture of primary antibodies from different species in 0.25% Triton X-100/PBS, followed 

by incubation with a mixture of fluorophore-conjugated species-specific anti-IgG secondary 

antibodies in 0.25% Triton X-100/PBS at RT for 1 hour. The coverslips were washed and 

mounted on glass slides with Prolong Gold antifade mounting solution (Invitrogen, Eugene, 

OR).

In utero electroporation (IUEP) and immunofluorescence of brain sections

Embryonic rat brain gene transfer by in utero electroporation was done as described 

elsewhere (Li et al., 2005; Li et al., 2010). Briefly, pregnant Wistar rats at 14 days of 

gestation were anesthetized (with 60 mg/kg ketamine-HCl, 8 mg/kg xylazine, 2 mg/kg 

acepromazine maleate), and a laparotomy was performed. The uterine horns were gently 

pulled out and 1–3 µl of a sterile mixture of 0.5 µg/µl of pCAGGS mRFP, pCAGGS-HA-

NL3 (or pcAGGS-HA-NL2) and fast green (2 mg/ml; Sigma) were microinjected by 

pressure with a picospritzer through the uterine wall into the lateral ventricles of the 

embryos of either sex with a sterile glass capillary pipette. Electroporation was carried out 

by a brief (1–2 msec) discharge of a 500-µF capacitor charged to 50–100 V. The voltage 

pulse was discharged with a pair of sterile gold/copper alloy oval plates (1 × 0.5 cm) after 

gently pinching the head of each embryo through the uterus. After electroporation, the uterus 

was returned to the abdominal cavity, and the incision was closed by sewing it up with 

sterile surgical suture.

At P36–40 (for NL3 and NL2) and at P30–31 (for mRFP), the IUEP rats were anesthetized 

as described above and perfused through the ascending aorta with PB (27 mM NaH2PO4, 92 

mM Na2HPO4, pH 7.4) and 4% PLP fixative (4% paraformaldehyde, 1.37% lysine, 0.21% 
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sodium periodate in 0.1 M phosphate buffer, pH 7.4). Brains were cryoprotected, frozen, and 

sectioned into 25 µm thick sagittal sections with a freezing microtome. Immunofluorescence 

of free-floating brain sections has been described elsewhere (Li et al. 2009, 2010). Briefly, 

brain sections were incubated with 5% normal goat serum (NGS)/0.1 M PB for 1 hour at 

RT, followed by incubation with a mixture of primary antibodies raised in different species 

in 2% NGS/0.3% Triton X-100 in PB at 4° C for 2 days. The brain sections were then 

incubated with a mixture of fluorophore-conjugated species-specific anti-IgG secondary 

antibodies in 2%NGS/0.3% Triton X-100 in 0.1 M PB at RT for 1 hour and mounted on 

gelatine-coated glass slides with Prolong Gold anti-fade mounting solution and subjected to 

laser confocal microscopy.

Image acquisition, analysis, and quantification

Except for the images indicated below, immunofluorescence images of brain slices were 

acquired on a Leica TCS SP2 laser confocal microscope using a HCX PL Apo ×40/1.25 oil 

objective lens and a pinhole set at 1 Airy unit. Images were collected with 0.5 µm thick 

optical sections. For synaptic analysis, images were also collected with a HCXPL Apo 

100×/1.4 oil CS objective and 0.1 µm optical sections, with identical results to those 

obtained with the ×40/1.25 objective. Where indicated, average projections of stacks of 

consecutive images are presented.

For vGAT and parvalbumin fluorescence quantification (Fig 4), images were collected from 

cortical layers 2 and 3 in tissue slices and maximal projections of stacks of 5 consecutive 

images (each 0.5 µm thick) were made in Image J software (NIH, Bethesda, MD, RRID: 

nif-0000-30467) and a selection area was manually drawn around each cell using the VGAT 

and Parvalbumin puncta surrounding the cell as guides. A second line was created 10 pixels 

inside the first line, establishing a 10 pixel wide band between the two lines encompassing 

the outer surface of the cell. The mean gray value of this area was then calculated for the 

transfected and non-transfected cells in each image using Image J software. The mean gray 

value (mean fluorescence intensity/pixel) is the sum of the pixel intensities within the 

selected area divided by the number of pixels in that area. Statistical analysis of the values 

calculated by Image J software was performed with InStat 3 (Graphpad in San Diego, CA, 

RRID: nlx_156835). For Fig 4, a paired t test was used for statistical analysis to match 

transfected and non-transfected cells from the same image in order to eliminate any 

variability in background fluorescence between brain sections, animals and experiments. For 

vGAT, 38 NL3- and 36 NL2-overexpressing neurons and the same number of the 

corresponding sister non-transfected neurons were analyzed. For parvalbumin, 20 NL3- and 

18-NL2-overexpressing neurons and the same number of the corresponding sister non-

transfected neurons were analyzed. Data were collected from 2 NL3-and 3 NL2-IUEP 

brains, from 3–9 brain slices and from 2–4 independent immunofluorescence experiments.

Low magnification fluorescence images of brain sections in Fig 1A and Fig 8A–D, G and H 

were collected with an epifluorescence Nikon Eclipse 6600 microscope with a Nikon Plan 

Fluor ×4/0.13 objective (Fig 8A–C, G, H), or a Nikon Plan Fluor ×10/0.3 objective (Fig 1A 

and Fig 8D), and a Nikon DXM1200 camera driven by Nikon ACT-1 Imaging Software. For 

Fig 9, values for NL3 were calculated from 7 brain slices (n=7) from two IUEP brains, NL2 
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from 6 six brain slices (n=6) from two IUEP brains, mRFP from 6 brain slices (n=6) from 

two IUEP brains. The total number of transfected cells counted for each of the three 

conditions averaged 1,279±328 (mean ± SEM). The values for the CUX1-labeled non-

transfected neurons were calculated from 8 brain slices (n=8) collected from 6 brains, two of 

each of the transfected with NL3, NL2 or mRFP. The total number of counted CUX1+ non-

transfected cells was 3,568. The significance test was ANOVA Tukey-Kramer multiple 

comparisons test.

Fluorescence images of neuronal cultures were collected using a Nikon Plan Apo ×60/1.40 

objective on an Eclipse T300 microscope (Nikon Instruments) with a Photometrics 

CoolSnap HQ2 CCD camera, driven by IPLab 4.0 (Scanalytics, Rockville, MD, RRID: 

rid_000102) acquisition software. For qualitative analysis, images were processed and 

merged for color colocalization in Photoshop CS5 (Adobe, San Jose, CA), adjusting 

brightness and contrast as described elsewhere (Christie et al., 2002a,b).

RESULTS

Many neuronal precursors that have been in utero electroporated with NL3, migrate to the 
appropriate cortical layers and differentiate into adult neurons that overexpress NL3

Many of the neuronal precursors lining the wall of the ventricle, which were co-transfected 

with HA-NL3 and mRFP at E14 by IUEP migrated radially to layers II–III of the cerebral 

cortex (Fig 1A), as shown by mRFP fluorescence (red color). The transfected neurons that 

have migrated to layers II and III show the normal morphology of differentiated neurons 

with prominent dendritic arbor, basal dendrites and an apical dendrite that is orientated 

perpendicular to the pial surface (Fig 1A). The large majority (over 95%) of the mRFP-

expressing neurons also express HA-NL3, as shown by double-label immunofluorescence 

with anti-HA (Fig 1 B). There is also a very good correlation between the expression levels 

of mRFP and HA-NL3, as shown by the strength of the two fluorescence signals. Neurons 

that show strong expression of mRFP also show strong co-expression of HA-NL3 (Fig 1B, 

arrow), while neurons that show weaker expression of mRFP also show weaker co-

expression of HA-NL3 (Fig 1B, arrowheads). Triple-label fluorescence experiments (Fig 

1C) showed that the mRFP expressing neurons (red) were specifically and strongly labeled 

with both the anti-HA antibody (green) and the anti-NL3 antibody (blue). NL3 and HA 

immunofluorescence was clearly observed in the soma and dendrites, both dendritic shafts 

and dendritic spines, of the transfected neurons (Fig 1D). Axons of transfected neurons also 

showed HA immunofluorescence (not shown). In control animals in which mRFP were 

IUEP without HA-NL3, neurons expressing mRFP did not show immunofluorescence signal 

with the anti-HA or anti-NL3 antibodies (not shown). It is worth mentioning that a high 

proportion of the HA-NL3 (and mRFP) transfected neurons failed to migrate to layers II–III, 

which will be discussed below. This contrasts with rats that were IUEP with HA-NL2 and 

mRFP, where the large majority of the transfected neurons migrated to layers II–III of the 

cerebral cortex; this will be shown (Fig 8C) and discussed below.
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The levels of vGAT are highly and selectively increased in the contacts that NL3-
overexpressing neurons receive

Neurons overexpressing mRFP and HA-NL3 showed a very large increase in the extent of 

vGAT immunofluorescence from the GABAergic contacts that the transfected neurons 

receive, compared with neighbor non-transfected neurons (Fig 2A–C). 100 % of neurons 

overexpressing HA-NL3 showed increased extent of vGAT immunofluorescence on their 

surface. The anti-HA immunofluorescence (blue) co-localized with the mRFP fluorescence 

(red) ensuring that the increase in vGAT immunofluorescence (green) corresponded to the 

neurons that overexpressed HA-NL3. Neurons from control rats that were IUEP only with 

mRFP (without HA-NL3) did not show increase in vGAT immunofluorescence on their 

surface (Fig 6C1 and C2).

In similar experiments, only 36% of the neurons overexpressing HA-NL2 and mRFP, 

showed increased vGAT immunofluorescence (green) in their soma and dendrites over 

neighbor non-transfected neurons (Fig 2D). This increase was considerably smaller than in 

neurons overexpressing HA-NL3. Moreover, many neurons overexpressing HA-NL2 (blue) 

did not show increased vGAT immunofluorescence on their surface (Fig 2E). In addition to 

increased extent of vGAT immunofluorescence, quantification (Fig 4) showed that the mean 

fluorescence intensity per pixel was also significantly increased in the GABAergic contacts 

that the HA-NL3 or HA-NL2 overexpressing neurons receive, when compared to the 

corresponding neighboring non-transfected neurons (for each p < 0.001). Note that the effect 

is considerably stronger for the HA-NL3 (138.6±5.5%) than for the HA-NL2 (111.5±3.0%) 

overexpressing neurons compared to their respective non-transfected sister neurons 

(100±3.1% and 100±2.2%). Values are mean ± SEM. Significance was calculated in a 

paired t test comparing transfected and non-transfected cells from the same image as 

described in the methods section.

Overexpression of either HA-NL3 (Fig 2F) or HA-NL2 (Fig 2G) did not affect vGlut1 

fluorescence extent or intensity in the glutamatergic contacts that the overexpressing 

neurons receive, compared to either sister non-transfected neurons or neurons 

overexpressing only mRFP, as determined from animals which were in utero electroporated 

only with mRFP (not shown).

The results show that NL3 or NL2 overexpression in individual brain neurons after IUEP 

leads to a selective increase in vGAT in the GABAergic contacts but has no effect on vGlut1 

in the glutamatergic contacts that innervate the transfected neurons.

The extent of innervation of neurons overexpressing NL3 by parvalbumin-containing 
GABAergic boutons is not significantly affected

We tested if the increase in vGAT fluorescence observed on the surface of HA-NL3 

overexpressing neurons was accompanied by an increase in parvalbumin, a protein marker 

of a subset of GABAergic interneurons. Parvalbumin concentrates in the presynaptic 

boutons from these neurons. We used an anti-parvalbumin and an anti-vGAT antibody in 

triple-label experiments. Fig 3 A and B show that while a transfected neuron (neuron 1) 

overexpressing HA-NL3 (red) has increased vGAT immunofluorescence (green) on the 
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surface of its soma, the same neuron showed no apparent increase in parvalbumin (blue) 

immunofluorescence (either in extent or intensity) over neighboring non-transfected 

neurons. For instance, non-transfected neurons 2 and 3 of Fig 3A and B that have low vGAT 

fluorescence, have higher parvalbumin fluorescence intensity than the HA-NL3 

overexpressing neuron 1.

In the HA-NL3-transfected neurons there is a perfect match between vGAT and 

parvalbumin in many presynaptic boutons (Fig 3 A–F, arrowheads), indicating that the 

vGAT increase can occur in parvalbumin-containing boutons that show no parvalbumin 

increase. Nevertheless, there are HA-NL3-transfected neurons that show increased vGAT 

but do not have parvalbumin innervation (Fig 3 G–I) indicating that GABAergic terminals 

from both parvalbumin and non-parvalbumin interneurons show increased vGAT on their 

contacts on NL3-overexpressing neurons.

As for HA-NL3, the HA-NL2 overexpressing neurons that show increased vGAT 

fluorescence, do not show increased parvalbumin fluorescence over non-transfected neurons 

(Fig 3 J–L, neuron 7 vs. 8 or 9). Quantification (Fig 4) shows that there is no significant 

difference in parvalbumin fluorescence intensity per pixel in neurons overexpressing NL3 

(105.4±8.2; p=0.37) or NL2 (96.2±6.9%; p=0.58) over the corresponding neighboring non-

transfected neurons (100±5.4% or 100±5.5% respectively).

Neurons overexpressing NL3 and NL2 also show increased GAD65 immunofluorescence 
in the GABAergic contacts that these neurons receive

We tested if the increase in vGAT fluorescence on the surface of the HA-NL3 and HA-NL2 

overexpressing neurons was accompanied by a significant increase in the GABA-

synthesizing enzyme GAD65 in the GABAergic contacts that these neurons receive. Fig 5A 

and B show that the HA-NL3 and mRFP co-overexpressing neurons have increased GAD65 

fluorescence on their surface compared to the non-transfected neighboring neurons. Fig 5C–

E shows an example illustrating a neuron co-overexpressing HA-NL2 and mRFP showing 

increased GAD65 immunofluorescence on its surface. The same neuron also shows 

increased vGAT immunofluorescence that co-localizes with GAD65 in the GABAergic 

contacts that the neuron receives.

The neurons overexpressing NL3 frequently do not show gephyrin clusters juxtaposed to 
the vGAT accumulations on their surface

We tested if the high increase in presynaptic vGAT was accompanied by increases in the 

GABAergic postsynaptic marker gephyrin. Fig 6A and B show that in NL3-overexpressing 

neurons, the increase in presynaptic vGAT (green) is not accompanied by an increase in 

postsynaptic gephyrin cluster number or size (blue) either in the soma (Fig 6 A3–A4) or in 

the dendrites (Fig 6 A5 and A6). Instead, much of the strong vGAT fluorescence is devoid 

of associated postsynaptic gephyrin clusters (Fig 6 A3–A6) indicating that many of these 

contacts are non-synaptic. Moreover, there is an apparent reduction in the size and number 

of the gephyrin clusters juxtaposed to these contacts compared with sister non-transfected 

neurons (Fig 6 A1, A2, B1, B2 neurons with asterisk) or control transfected neurons from 

animals IUEP with only mRFP, without HA-NL3 (Fig 6 C1 and C2, red) or non-transfected 
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neurons from control animals (Fig 6 C1 and C2, neuron with asterisk). These three types of 

control neurons show plenty of gephyrin clusters that are juxtaposed to presynaptic vGAT in 

the soma and dendrites (Fig 6 A1, A2, B1, B2, C1, C2, arrowheads). Also neurons 

overexpressing HA-NL2 that showed strong vGAT immunofluorescence at their surface, 

showed frequent juxtaposition of gephyrin clusters to vGAT (Fig 6, D1 and D2, 

arrowheads). This result contrasted with the highly reduced juxtaposition of gephyrin 

clusters to vGAT on the surface of NL3-overexpressing neurons.

We also tried to determine if HA-NL3 or HA-NL2, in the corresponding overexpressing 

neurons, accumulated post-synaptically at GABAergic synapses (Fig 6 E1 and E2, for NL3). 

The high expression levels of HA-NL3 or HA-NL2 in the transfected neurons precluded 

determining if there was accumulation of the overexpressed NL at GABAergic contacts. 

However, neuronal cultures revealed that while HA-NL2 accumulated at GABAergic 

synapses, HA-NL3 did not (see below).

In neuronal cultures, and in contrast to NL2-overexpressing neurons, the neurons that 
overexpress NL3 frequently do not show gephyrin or γ2-GABAAR clusters juxtaposed to 
the GAD accumulations

We also tested if the reduction in gephyrin clusters juxtaposed to GABAergic contacts 

observed in the HA-NL3 overexpressing neurons in the brain also occurred in neuronal 

cultures. We have found that many of the GAD boutons contacting the HA-NL3 

overexpressing neuron did not have corresponding juxtaposed postsynaptic gephyrin clusters 

(Fig 7 A1–A4, arrowheads), or γ2-GABAAR clusters (Fig 7C, arrowheads). This was the 

case in both dendrites (Fig 7 A1–A4, C) and soma (Fig 7 B1–B3). Nevertheless, in HA-NL3 

transfected neurons there were also GAD-containing boutons that had juxtaposed gephyrin 

(Fig 7 A1–A4, arrows) or γ2-GABAAR clusters (Fig 7C, arrows), although these clusters 

were rather small in size (Fig 7 A1, B2 and C).

Regarding neurons overexpressing HA-NL2, we found that in contrast to neurons 

overexpressing HA-NL3, the large majority of GAD-containing boutons had robust 

juxtaposed gephyrin clusters (Fig7 D1–D3, arrows) or γ2-GABAAR clusters (not shown). 

These results are in agreement with our HA-NL2 overexpression results in the brain. They 

also show differential synaptic effects of overexpressing NL3 vs NL2 in neurons.

Another difference between HA-NL3 and HA-NL2 in overexpressing cultured HP neurons 

is that HA-NL3 did not target to GABAergic synapses (Fig 7 A3, red) while HA-NL2 did. 

Thus, HA-NL2 formed postsynaptic HA-NL2 clusters juxtaposed to GAD-containing 

boutons, co-localizing with gephyrin clusters. (Fig 7 D2, red, arrows).

At the cell surface NL3 and other NLs prevalently form homodimers and heterodimers 

(Poulopoulos et al., 2012; Shipman and Nicoll, 2012a). Our results indicate that while NL2 

homodimers target to GABAergic synapses, the HA-NL3 homodimers do not target to 

GABAergic synapses. Nevertheless, the results don’t rule out the formation of exogenous 

HA-NL3 heterodimers with endogenous NL2 that might target to GABAergic synapses. It 

has been proposed that NL3 forms heterodimers with NL2 at inhibitory synapses (Budreck 

and Scheiffele, 2007; Kang et al., 2014; Shipman and Nicoll, 2012b). The high expression of 
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HA-NL3 in transfected neurons precludes the visualization of possible heterodimers of 

overexpressed HA-NL3 with endogenous NL2.

A large proportion of neurons that overexpress NL3 show impaired radial migration failing 
to migrate to the upper layers of the cerebral cortex. The misplaced neurons also show 
increased vGAT in the GABAergic contacts that these cells receive

We have observed that although many HA-NL3 (and mRFP) co-overexpressing neurons, 

that have been transfected at E14 by IUEP, migrate to the upper layers (II and III) of the 

cerebral cortex, the majority remain in the lower layers (layers V, VI and white matter), 

where they extend dendrites (Fig 8 A and B). In contrast, the majority of cells 

overexpressing HA-NL2 (and mRFP, Fig 8C) or mRFP only (not shown), the latter in 

control animals IUEP with mRFP only, migrate to the upper layers.

Quantification (Fig 9) shows that a high proportion (73.4±3.3%) of the HA-NL3 (and 

mRFP) co-overexpressing neurons were present in the lower layers of the cerebral cortex 

(layers V, VI and white matter). This number was significantly higher than 13.7±1.9% 

(p<0.001) for neurons co-overexpressing HA-NL2 (and mRFP) and 3.2±1.0% (p<0.001) for 

neurons overexpressing mRFP only, which were present in the lower layers of the cerebral 

cortex. The statistical significance analysis was ANOVA Tukey-Kramer multiple 

comparisons test. These results suggest that the high percentage of NL3 overexpressing 

neurons that are present in the lower layers of the cerebral cortex are neurons with impaired 

radial migration, which have failed to migrate to layers II–III of the cerebral cortex. The 

results also suggest that NL2 overexpression slightly interferes with neuronal radial 

migration when compared to mRFP only overexpressing neurons (p<0.05 ANOVA). 

Nevertheless, the large majority of the NL2-overexpressing neurons migrated to layers II 

and III as the neurons transfected with mRFP only did.

To test the hypothesis that NL3 overexpression impairs radial migration, we did 

immunofluorescence of the IUEP tissue with CUX1 (CDP/cut-like homeobox1), a 

transcription factor that is specifically expressed in layers II–IV of the cerebral cortex 

(Molyneaux et al., 2007; Nieto et al., 2004). As expected, HA-NL3 and mRFP co-

overexpressing neurons localized in layers II and III were CUX1+ (Fig 8D). Moreover, 

96.3±3.7% of the HA-NL3 and mRFP co-overexpressing neurons that were localized in the 

lower layers of the cerebral cortex, also expressed CUX1 (Fig 8D, arrowheads) supporting 

the notion that these are neurons that failed to migrate to layers II– III. Many of the HA-NL2 

(and RFP) co-overexpressing neurons or the mRFP-overexpressing neurons that were 

present in layers V, VI and white matter, also showed expression of CUX1, suggesting that 

these neurons have also failed to migrate to layers II and III (Fig 8G and H, arrowheads). 

Moreover, there are also non-transfected neurons expressing CUX1 in the lower layers (Fig 

8D and G) of IUEP animals. They likely represent a population of neurons, destined to 

layers II–IV, which during the normal development of the cerebral cortex fail to migrate to 

these layers. This notion is supported by the presence of CUX1 expressing neurons in the 

lower layers of control brains that were not subjected to IUEP (see below). Quantification 

shows that in the IUEP tissue, 7.5±1.1% of the non-transfected but CUX1-expressing 

neurons, remained in the lower layers (Fig 9, CUX1-A). In brains of rats not subjected to 
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IUEP, 8.1±0.3% of the CUX1-expressing neurons remained in the lower layers (Fig 9, 

CUX1-B). These values were not significantly different from the 3.2±1.0% (p>0.05 

ANOVA) of mRFP only overexpressing neurons that remained in the lower layers. Thus 

mRFP overexpression does not significantly alter the normal distribution of CUX1 

expressing neurons in the various layers of the cerebral cortex, indicating that mRFP 

overexpression by itself does not affect normal radial migration of the cortical neurons.

The NL3-overexpressing neurons with impaired radial migration that remained in the lower 

layers of the cerebral cortex showed increased vGAT immunofluorescence in the contacting 

GABAergic terminals, when compared to the neighboring non-transfected neurons, as 

shown in Fig 8F. These neurons also expressed CUX1 (Fig 8E and F). Thus, the neurons 

overexpressing NL3 in the lower layers showed high vGAT immunofluorescence on their 

GABAergic surface contacts, similar to the NL3-overexpressing neurons that migrated to 

layers II–III.

DISCUSSION

In this communication, we have studied the effect of clonal overexpression of NL3 and NL2 

in neurons of the rat cerebral cortex in vivo after IUEP. To the best of our knowledge, these 

are the first studies on clonal overexpression of NL3 and NL2 by IUEP and the first studies 

of NL3 overexpression in the brain. We have found that overexpression of NL3 has strong 

effects on GABAergic synapses and neuronal radial migration.

Effects on vGAT and GAD65

There is a large increase in vGAT and GAD65 in the GABAergic contacts that the NL3 

overexpressing neurons receive. This effect is selective, since there is no effect on the 

glutamatergic vGlut1. Similar results were obtained after we overexpressed NL2, although 

the increase in vGAT occurred in a considerably smaller proportion of the NL2 

overexpressing neurons and, in the neurons that showed the effect, the increase in vGAT 

was significantly smaller than in NL3-overexpressing neurons. This selectivity is not found 

in cultured neurons overexpressing NL3 or NL2, which leads to an increased density of both 

presynaptic vGAT and vGlut1 puncta (Chih et al., 2005). Also in organotypic slide cultures, 

overexpression of NL3 increases both glutamatergic and GABAergic synapses (Shipman 

and Nicoll, 2012b). Increase in both vGAT and vGlut1 fluorescence has also been observed 

in GABAergic and glutamatergic axons respectively that contact non-neuronal cells 

overexpressing NL2 in mixed cultures (Graf et al., 2004). Therefore, in the brain, and under 

our experimental conditions, there are mechanisms that are absent in neuronal cultures that 

lead to a selective effect of NL3 or NL2 overexpression on GABAergic contacts.

This observed difference in selectivity between IUEP and neuronal culture experiments 

cannot be attributed to the use of different NL3 or NL2 isoforms derived from alternative 

splicing (Chih et al., 2006; Sudhof, 2008). The isoforms overexpressed in both neuronal 

cultures (Chih et al., 2005) and our IUEP experiments were NL3A2 and NL2A.

The selective increase of vGAT in vivo after NL2 overexpression is consistent with the 

selective localization of NL2 at GABAergic synapses in the brain (Varoqueaux et al., 2004) 
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and with the notion that postsynaptic NL2 is the major player in the selective matching 

between presynaptic GABAergic boutons and GABAergic post-synapses (Poulopoulos et 

al., 2009; Soykan et al., 2014). Nevertheless, we find that overexpression of NL3, which is 

localized in both excitatory and inhibitory synapses (Budreck and Scheiffele, 2007), also 

induces a selective increase in vGAT, even more than overexpressing NL2, without 

affecting vGlut1.

Effect on parvalbumin terminals

We have found that chronic overexpression of NL3, and to a lesser extent NL2, highly 

increased vGAT without significantly affecting the levels of parvalbumin, even in the 

GABAergic terminals that were double-labeled with vGAT and parvalbumin. It neither 

increased nor decreased the extent of parvalbumin innervation. These results strongly 

suggest that the observed increase in vGAT fluorescence extent and intensity, transcellularly 

induced by NL3 overexpression, was not due to increased GABAergic innervation or 

increased GABAergic synaptic contacts. Since vGAT is an inhibitory synaptic vesicle 

marker, the results strongly suggest that NL3 overexpression trans-cellularly induces an 

increased number of vGAT-containing GABAergic synaptic vesicles in the existing 

differentiated GABAergic presynaptic contacts as well as in the non-synaptic axonal 

contacts. Moreover, we have also found that in the NL3-overexpressing neurons, vGAT 

immunofluorescence frequently did not show juxtaposed postsynaptic gephyrin or 

GABAAR clusters in vivo and in culture. These results argue against a synaptogenic role of 

NLs, a notion mainly derived from the interpretation of the results in neuronal cultures. In 

vivo results with NL KO mice have not supported a synaptogenic role for NLs (Varoqueaux 

et al., 2006). However, it has been shown that NL1 and NL2 are involved in synapse 

maturation and validation via an activity-dependent mechanism (Chubykin et al., 2007; 

Kwon et al., 2012; Varoqueaux et al., 2006). It is not known if NL3 is involved in synapse 

maturation and validation. Contrary to NL1 (Kwon et al., 2012; Shipman and Nicoll, 

2012b), NL3 is not involved in LTP (Shipman and Nicoll, 2012b).

We have found that the increase in vGAT fluorescence in the GABAergic contacts present 

on the surface of NL3- or NL2-overexpressing neurons was accompanied by increased 

GAD65 fluorescence, indicating that both NLs induce a trans-cellular coordinated increase 

in both vGAT and the GABA-synthesizing enzyme GAD65. These results strongly suggest 

that in these contacts, there is increased GABA synthesis and storage in an increased number 

of GABAergic synaptic vesicles, compared to that of the GABAergic contacts on the surface 

of non-transfected neurons. Because NLs trans-synaptically interact with presynaptic 

neurexins and the latter recruit voltage-gated Ca2+ channels and components of the 

neurotransmitter release machinery (Biederer and Sudhof, 2000; Biederer and Sudhof, 2001; 

Hata et al., 1996; Missler et al., 2003), it is likely that the GABAergic contacts surrounding 

the NL3- or NL2- overexpressing neurons release high quantities of GABA upon membrane 

depolarization. This could result in increased phasic and/or tonic inhibition of these NL-

overexpressing neurons via synaptic and/or extrasynaptic GABAARs respectively.
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Postsynaptic effects

There are also important postsynaptic differences between NL3 and NL2 overexpressing 

neurons. In vivo and in culture, most of the vGAT innervating NL3-overexpressing neurons 

showed no juxtaposed gephyrin clusters, indicating that the majority of these contacts are 

non-synaptic. In contrast, the majority of the vGAT innervation of the NL2-overexpressing 

neurons had juxtaposed gephyrin clusters. A possible explanation for this difference is that 

overexpression of NL3 could disrupt the direct interaction of endogenous NL2 with 

postsynaptic gephyrin or collybistin at the GABAergic postsynapse (i.e. by HA-NL3 

forming heterodimers with endogenous NL2). Thus, although the cytoplasmic domain of all 

neuroligins have a gephyrin-binding domain (Poulopoulos et al., 2009; Soykan et al., 2014), 

only NL2 and NL4 have the collybistin-binding domain that presumably is involved in 

collybistin activation and the nucleation of gephyrin clustering at the postsynapse 

(Poulopoulos et al., 2009; Soykan et al., 2014). Another possibility is that overexpression of 

NL3 in the postsynaptic neuron could displace the trans-synaptic interactions of presynaptic 

neurexins with a variety of postsynaptic neurexin-binding partners, which are known to be 

involved in synapse stabilization and maturation, thus disrupting postsynaptic gephyrin 

clustering. Known NRXN trans-synaptic interacting partners are leucine-rich repeat 

transmembrane neuronal proteins LRRTMs (de Wit et al., 2009; Ko et al., 2009; Linhoff et 

al., 2009; Siddiqui et al., 2010), Calsyntenin-3 (Pettem et al., 2013a), receptor-type protein 

tyrosine phosphatases PTPRT (Kwon et al., 2010; Woo et al., 2009), the complex 

cerebellin1-GluR™2 (Matsuda et al., 2010; Uemura et al., 2010), dystroglycans (Reissner et 

al., 2014; Sugita et al., 2001) and neurexophilins (Missler et al., 1998; Missler and Sudhof, 

1998). Another possibility is that the down-regulation of gephyrin and the postsynaptic 

element is a compensatory mechanism to the up-regulation of vGAT and GAD and the 

presumed increase in GABA release.

Regarding NL2, two transgenic mouse lines have been developed and studied by the same 

group with different line-dependent results (Hines et al., 2008). There is an increase in 

vGAT but not gephyrin, an increase in the frequency but not amplitude of mIPSCs, no 

change in mEPSCs, a preferential increase in the number of symmetric over asymmetric 

synapses and an increase in the number of synaptic vesicles in the reserve pool. These 

results in transgenic mice are consistent with our NL2 overexpression studies by IUEP. 

Nevertheless, some of the observed changes in the NL2 transgenes were line-dependent 

(Hines et al., 2008), which underscores the value of the IUEP approach for in vivo studies. 

Moreover, it has been shown that manipulation of NL1 after IUEP can unveil phenotypes 

different from those observed after genetic manipulation of animal models (Kwon et al., 

2012).

It is worth mentioning that our in vivo NL3 and NL2 overexpression studies were done in rat 

while the aforementioned in vivo overexpression studies of NL2 were done in mouse.

Effects on radial neuronal migration

Our results are also consistent with the notion that NL3 overexpression impairs the radial 

migration of a significant number of neurons to the upper layers of the cerebral cortex. To 

the best of our knowledge, this effect of NL3 overexpression on neuronal radial migration 
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has not been previously reported. It has been shown that NL-NRXN interaction slows down 

cell migration in vitro (Pautot et al., 2005) and therefore, it is conceivable that the 

overexpression of NL3 in some migrating neurons enhances the interaction with NRXs from 

the radial glia, slowing down radial migration. Nevertheless, it does not seem to be a general 

mechanism for all NLs, since overexpression of NL2 shows a considerably milder effect on 

neuronal migration, as we have shown above.

The cell adhesion molecule MDGA1 is involved in radial neuronal migration in a subset of 

cortical neurons (Ishikawa et al., 2011) and the knockout of MDGA1 produces a mild 

neuronal migration phenotype (Ishikawa et al., 2011). MDGA1 and MDGA2 cis-interact 

with NL2, blocking the trans-interaction of NL2 with NRXNs (Lee et al., 2013; Pettem et 

al., 2013b). Nevertheless, it is unlikely that MDGA1 (or MDGA2) are involved in the radial 

migration phenotype resulting from NL3 overexpression, since MDGA1 and MDGA2 do 

not interact with NL3 (or NL1) and the migration phenotype of NL2 overexpression is very 

mild. MDGA1 and MDGA2 also reduce the number of inhibitory synapses, by blocking the 

interaction of NL2 with NRXNs (Lee et al., 2013; Pettem et al., 2013b).

It has been proposed that GABA, via GABAAR activation, is an extracellular signal that 

regulates neuronal migration, promoting or inhibiting migration depending on whether 

GABA depolarizes or hyperpolarizes the neuron (Behar et al., 2000; Bortone and Polleux, 

2009; Maher and LoTurco, 2009; Manent et al., 2005). The increase in vGAT in the 

GABAergic contacts that the NL3-overexpressing neurons receive in the lower cortical 

layers could result in increased GABA released by these terminals, followed by the 

activation of synaptic and extrasynaptic GABAARs of the NL3-overexpressing neurons and 

reduction of their radial migration, perhaps by affecting intracellular Ca2+ levels (Komuro 

and Rakic, 1998; Komuro et al., 2014). If that were the case, the inhibitory effect on 

migration would be more pronounced on NL3- over NL2-overexpressing neurons, as we 

have observed, since NL3 induces stronger effect on vGAT up-regulation than NL2, 

presumably resulting in higher GABA release from the GABAergic contacts innervating the 

NL3-overexpressing neurons.

It has been shown that impairment of neuronal migration in the cerebral cortex leads to 

various neurodevelopmental disorders by altering local and long-distance circuits (Liu, 

2011; Manent et al., 2011; Manzini and Walsh, 2011). Conceivably, mutations that affect 

NL3 expression could alter normal neuronal migration and neuronal connectivity, 

contributing to the autism spectrum disorders (ASD) associated with alterations of NL3 

expression (see below).

In vivo clonal overexpression studies

Our results indicate that NL3 overexpression likely alters the balance between excitation and 

inhibition in the NL3-overexpressing neurons. A prevalent hypothesis is that in ASD, and in 

some other neurodevelopmental disorders, the balance between excitation and inhibition is 

altered (Bourgeron, 2009; Zoghbi, 2003). There is an association between NL3 and ASD 

(Baudouin et al., 2012; Chih et al., 2004; Etherton et al., 2011a; Gilman et al., 2011; Jamain 

et al., 2003; Sanders et al., 2011; Sudhof, 2008). These include NL3 mutations, such as a 

R451C and R704C point mutations (Etherton et al., 2011b; Jamain et al., 2003) and 
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deletions that eliminate NL3 entire sequence (Gilman et al., 2011; Levy et al., 2011; Sanders 

et al., 2011). These germ line mutations and deletions are transmitted to all cells of the 

offspring. In our studies, NL3 overexpression does not affect all brain cells. It is restricted to 

a subpopulation of neurons in the cerebral cortex, distributed in a mosaic-like fashion, which 

is derived from the electroporation of a population of neuronal precursors, their clonal 

descendants and their radial migration. This experimental situation would be analogous to 

what would happen during the development of the cerebral cortex if a somatic mutation or a 

somatic copy number variation (CNV) would occur in a neuronal precursor, due to the 

cortical clonal architecture of the cerebral cortex. Clonal somatic mosaic mutations have 

been linked to brain malformations (Cai et al., 2014; Lee et al., 2012; Poduri et al., 2013). It 

has been estimated that a small population of neurons (as low as 8–35%) carrying a de novo 

somatic mutation can affect the function of widespread cortical circuits, leading to 

neurological disorders (Poduri et al., 2013). It has also been shown that clonal somatic 

CNVs are abundant in human brain neurons (Cai et al., 2014; McConnell et al., 2013). There 

is the hope that new single-cell sequencing technologies and approaches will lead to the 

identification of clonal somatic mutations and CNVs associated with ASD and 

neurodevelopmental disorders. There is no evidence that clonal overexpression of NL3 

might occur in some humans or is associated with any neurodevelopmental disorder. 

Nevertheless, it is conceivable that a de novo somatic mutation or CNV that results in a loss 

of function of a NL3 repressor would increase the expression of NL3 in a clone of neurons 

intermingled with non-mutated clones, forming mosaics in a fashion similar to the IUEP 

studies. Moreover, NL3 overexpression could also impair the normal radial migration of a 

subset of neurons affecting their local and long-distance connectivity, altering the balance 

between excitation and inhibition. Thus clonal overexpression of NL3 or other molecules by 

IUEP could in certain cases be valuable models in the study of some neurodevelopmental 

disorders.
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ABBREVIATIONS

aa amino acids

ASD autism spectrum disorder

CNV copy number variation

CUX1 cut-like homeobox 1

GABA γ-aminobutyric acid

GABAAR γ-aminobutyric acid type A receptor

GAD glutamic acid decarboxylase

GP guinea pig
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HA human Influenza hemaglutinin

HP hippocampus

IUEP in utero electroporation

KO knockout

LTP long term potentiation

mAb monoclonal antibody

MDGA MAM domain-containing glycosylphosphatidylinositol anchor

mIPSC miniature inhibitory postsynaptic current

mRFP monomeric red fluorescent protein

Ms mouse

NL neuroligin

NRXN neurexin

Rb rabbit

RT room temperature

sEPSC spontaneous excitatory postsynaptic current

Sh sheep

shRNA short hairpin RNA

sIPSC spontaneous inhibitory postsynaptic currents

vGAT vesicular GABA transporter

vGlut1 vesicular glutamate transporter 1
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Figure 1. In the cerebral cortex, many neuronal precursors that have been transfected in utero 
with NL3, migrate to the appropriate cortical layers and differentiate into adult neurons 
overexpressing NL3
(A) Neurons that have been IUEP at E14 with both HA-NL3 and mRFP radially migrate to 

layers II–III of the rat cerebral cortex; (B) Double-label fluorescence. Transfected neurons 

overexpress both HA-NL3 (blue, HA fluorescence) and mRFP fluorescence (red). The arrow 

points to a neuron with high expression of mRFP and HA-NL3. Arrowheads point to 

neurons expressing lower levels of both mRFP and HA-NL3; (C) Triple-label 

immunofluorescence shows that individual neurons that have mRFP fluorescence (red), also 

show anti-HA fluorescence (green) and NL3 fluorescence (blue). Over is the overlay; (D) 

higher magnification of the boxed area. Note the presence of HA and NL3 

immunofluorescence in both dendritic spines and dendritic shaft. The right side panel shows 

the overlay of HA and NL3 immunofluorescence. Ms anti-HA, Rb anti-NL3 and Rb anti-

RFP were used. Scale bar is 100 µm in A, 33 µm in B and C and 10 µm in D.
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Figure 2. In the cerebral cortex, the levels of vGAT are highly increased in the GABAergic 
contacts that NL3-overexpressing neurons receive. In contrast, the levels of vGlut1 in the 
glutamatergic contacts are not affected
(A–C) vGAT fluorescence (green) of neurons overexpressing HA-NL3 (blue, HA 

fluorescence) and mRFP fluorescence (red). A: single optical section; B: average projection 

of a stack of 39 optical sections; C: average projection of a stack of 29 optical sections; (D 
and E) vGAT fluorescence (green) of neurons overexpressing HA-NL2 (blue, HA 

fluorescence). D: average projection of a stack of 26 optical sections; E: single optical 

section; (F) vGlut1 fluorescence (green) of neurons overexpressing HA-NL3 and mRFP 
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(red). (G) vGlut1 fluorescence (green) of neurons overexpressing HA-NL2 and mRFP (red). 

Single optical sections are 0.5µm thick. All the neurons overexpressing mRFP and HA-NL3 

or HA-NL2 show both mRFP fluorescence (red) and HA immunofluorescence (blue). Rb 

anti-vGAT, Rb anti-vGlut1 and Ms anti-HA were used. Scale bar is 20 µm for all panels.
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Figure 3. In the cerebral cortex, the innervation of neurons overexpressing NL3 by 
parvalbumin-containing GABAergic boutons is not significantly affected compared to non-
transfected neurons
(A–C) Neuron 1 overexpressing HA-NL3 (red) shows an increase of vGAT fluorescence 

(green) from innervating GABAergic boutons but shows no increase in parvalbumin (blue) 

compared to non-transfected neurons 2 and 3. In neuron 1, some of the presynaptic boutons 

with vGAT fluorescence show co-localizing parvalbumin fluorescence (arrowheads). Note 

in A that non-transfected neurons 2 and 3, with normal (lower than transfected) levels of 

vGAT in the innervating GABAergic terminals show more parvalbumin around their somas 

than the transfected neuron 1; (D–F) NL3 transfected neurons 4 and 5 show heavy 
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innervation by parvalbumin and vGAT terminals, but in the case of parvalbumin, the 

difference with non-transfected neuron 6 is not apparent. Arrowheads show GABAergic 

boutons containing both vGAT and parvalbumin; (G–I) Example of a HA-NL3-transfected 

neuron with high vGAT fluorescence in the innervating boutons but with no parvalbumin 

fluorescence; (J–L) NL2-transfected neuron (neuron 7, red) has high levels of vGAT 

fluorescence in the innervating GABAergic terminals but the levels of parvalbumin 

fluorescence are not higher than in non-transfected neurons 8 and 9. The asterisk shows the 

soma of a parvalbumin interneuron. Ms anti-parvalbumin and GP anti-vGAT were used. 

Scale bar is 20 µm for all panels.
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Figure 4. Quantification of vGAT and parvalbumin fluorescence in the surface of the soma of 
NL3 and NL2 overexpressing neurons
Mean Fluorescence Intensity per pixel of vGAT and parvalbumin in the surface of the soma 

of NL3- and NL2- transfected neurons normalized to that of the corresponding sister non-

transfected neurons (100%). *** p<0.001. Values are normalized to that of non-transfected 

sister neurons from the same image (100%).
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Figure 5. The NL3 overexpressing neurons show increased fluorescence of both vGAT and GAD 
in their GABAergic contacts
(A, B) Neurons in the cerebral, cortex that have been IUEP with HA-NL3 and mRFP (red) 

show increase GAD fluorescence (green) from innervating GABAergic terminals. (C–E) 
Neurons in the cerebral, cortex that have been IUEP with HA-NL2 and mRFP (red) show 

increased GAD (green) and vGAT (blue) fluorescence. Sheep anti-GAD and Ms anti-DsRed 

were used in A–B. Rb anti-RFP, Ms anti-GAD and GP anti-vGAT were used in Fig C–E. 

Scale bar is 20 µm for all panels
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Figure 6. In the cerebral cortex, the neurons that overexpress NL3 frequently do not show 
gephyrin clusters juxtaposed to the vGAT-containing contacting boutons
(A, B) Triple-label immunofluorescence with anti-gephyrin (blue), anti-vGAT (green) and 

mRFP (red) in NL3-overexpressing neurons. In these neurons there are very few 

postsynaptic gephyrin clusters juxtaposed to the vGAT fluorescence. A1 and A2 show a 

NL3-transfected neuron (red). B1 and B2 show another NL3-transfected neuron (red). A3 

and A4 show at higher magnification the soma, and A5 and A6 a dendrite, with high vGAT 

labeling in the GABAergic contacts, from the corresponding boxed areas in A2. Asterisks in 

A1, A2, B1 and B2 indicate some non-transfected neurons. Arrowheads in these and other 

panels in the figure indicate juxtaposition between vGAT (green) and gephyrin (blue); (C) A 

non-transfected neuron (asterisk) and a mRFP-transfected neuron (red) from an animal IUEP 

with both mRFP and an empty pCAGGS control plasmid (with no NL3) show considerable 

juxtaposition between vGAT (green) and gephyrin (blue) in soma and dendrites 

(arrowheads). (D) Neurons from an animal IUEP with NL2 show increased vGAT (green) 

and frequent juxtaposition of vGAT with gephyrin (blue). For the pair of images A–D, the 

left side panel shows the overlay of gephyrin and mRFP while the right-side panel shows the 

overlay of vGAT1, gephyrin and mRFP fluorescence. (E) A neuron overexpressing HA-
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NL3. There is no evident accumulation of HA-NL3 (blue) juxtaposed (arrowheads) to 

vGAT-containing contacts in soma or dendrites. For the pair E1–E2 the left side panel 

shows the overlay of vGAT (green) and HA-NL3 (blue) while the right-side panel shows 

HA-NL3 (blue). Ms anti-gephyrin and Rb anti-vGAT were used in A–D. Ms anti-HA and 

Rb anti-vGAT were used in E. Scale bar is 20 µm for A1 and A2; 17 µm for E1 and E2; 12 

µm for B1, B2, C1, C2, D1 and D2 and 8 µm for A3, A4, A5 and A6.
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Figure 7. GAD-boutons contacting cultured neurons overexpressing HA-NL3 frequently do not 
have juxtaposed gephyrin or γ2-GABAAR clusters. Moreover, HA-NL3 does not form clusters 
while HA-NL2 forms postsynaptic clusters at GABAergic synapses
(A, B) Neurons that overexpress HA-NL3 (A3, red) show prominent GAD fluorescence 

(A2, blue) in the GABAergic boutons contacting the transfected neurons. Nevertheless, 

many GAD positive puncta do not have juxtaposed gephyrin clusters (A1, green) in the 

dendrites (A1–A4) or the soma (B1–B3) of the transfected neurons (arrowheads). Arrows 

point to GAD positive contacts that have juxtaposed gephyrin. Transfected neurons are 

identified by anti-HA fluorescence (red). Neurons transfected with HA-NL3 do not form 
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HA-NL3 clusters (A3, red) at GABAergic synapses (arrows); Panels A1–A4 correspond to 

boxed area in panel A. (C) The GAD boutons (blue) that contact HA-NL3 overexpressing 

neurons frequently do not have associated γ2 GABAAR clusters (green, arrowheads). Some 

GAD contacts have juxtaposed γ2 GABAAR clusters (arrows). (D) Neurons overexpressing 

HA-NL2 show postsynaptic clustering of HA-NL2 (D2, red, anti-HA fluorescence) co-

localizing with gephyrin clusters (D1, green), being juxtaposed to GAD-containing 

presynaptic boutons (D3, blue). D3 shows the overlay of the green and red fluorescence 

channels while the blue channel was slightly displaced downwards for better appreciation of 

the synaptic contacts. Ms anti-HA, Rb anti-gephyrin and Sh anti-GAD were used in A–B 

and D. Ms anti-HA, Rb anti-γ2 and Sh anti-GAD were used in C. Scale bar is 25 µm for A; 

10 µm for B1–B3 and 8.3 µm for A1–A4, C and D1–D3.
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Figure 8. Some NL3 overexpressing neurons show impaired radial migration in the cerebral 
cortex
(A, B) Some neurons overexpressing NL3 and mRFP fail to migrate to upper layers II–III, 

remaining in the lower layers V and VI. (C) The large majority of neurons overexpressing 

NL2 and mRFP migrate to layers II–III and only a few remain in the lower layers. Note in A 

and C that the barrels of the somatosensory cortex are revealed because of the lack of 

labeling in layer IV. (D) Neurons overexpressing NL3 and mRFP (red) that migrate to layers 

II and III and the ones that fail to migrate to layers II–III remaining in lower layers show 

expression of CUX1 in the nucleus (green). Arrowheads point to transfected neurons in the 

lower layers with CUX1 expression. (E, F) Show two transfected neurons (red) that remain 

in the lower layers (arrowheads) and that also express CUX1 (green). These neurons show 
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increased vGAT fluorescence (blue) in the boutons contacting these neurons. (G, H) NL2 

and mRFP co-overexpressing neurons (red) that are present in lower layers (layer V) of the 

cerebral cortex also express CUX1 (green). Rb anti-RFP was used in A–C. Ms anti-DsRed 

and Rb anti-CUX1 were used in D–H. In addition, GP anti-vGAT was used in F. Scale bar is 

250 µm in A–C; 150 µm in D; 30 µm in E and F and 100 µm in G and H.
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Figure 9. Quantification of labeled neurons that remain in the lower layers of the cerebral cortex
Values are given as percentage of labeled neurons in the lower layers (layers V, VI and 

white matter). The 100% values are the total number of labeled neurons in layers I–VI and 

white matter. NL3, NL2 or mRFP correspond to neurons transfected with NL3 (and mRFP), 

NL2 (and mRFP) or mRFP respectively. CUX1-A corresponds to non-transfected neurons 

that express CUX1 in the IUEP brains. CUX1-B corresponds to neurons that express CUX1 

in brains of animals not subjected to IUEP. *** p<0.001; *p<0.05 in ANOVA Tukey-

Kramer Multiple comparisons test.
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TABLE 1

Primary Antibodies Used

Antigen Immunogen Manufacturer, Catalog #, RRID, Species,
mono/polyclonal

Concentration

CUX1 amino acids 1111–1332 of CDP of mouse origin. Santa Cruz Biotechnology; sc-13024; 
AB_2261231; Rabbit; Polyclonal

1:500

γ2 subunit of 
the GABAA 

Receptor

synthetic peptide QKSDDDYEDYASNKT AB_2314477; Rabbit; Polyclonal 1:101;1:752

GAD65 purified rat GAD Dr. Irwin J. Kopin; lot#1440-4; AB_2314493; 
Sheep; Polyclonal

1:5001;1:6002

GAD65 purified rat GAD Developmental Studies Hybridoma Bank 
University of Iowa; GAD-6; AB_2314499; 
Mouse; Monoclonal

1:25

Gephyrin N-terminus of gephyrin, surrounding phospho-serines 
268 and 270.

Synaptic Systems; 147021; AB_1279448; 
Mouse; Monoclonal

1:200

Gephyrin recombinant protein containing the C-terminal end of 
rat gephyrin (aa 518 – 736).

Synaptic Systems; 147003; AB_887718; 
Rabbit; Polyclonal

1:1,000

HA synthetic peptide CYPYDVPDYASL Covance; MMS-101R; AB_10063630; Mouse; 
Monoclonal

1:500

NL3 synthetic peptide CEAGPPHDTLRLTALPDYT 
corresponding to aa 775–793

Covance custom made; Rabbit; No RRID; 
Polyclonal

1:500

Parvalbumin frog muscle parvalbumin Sigma Aldrich; P3088; AB_477329; Mouse; 
Monoclonal

1:2,000

vGAT Strep-Tag® fusion protein of rat vGAT (aa 2 – 115) Synaptic Systems; 131004; AB_887873; 
Guinea Pig; Polyclonal

1:1,000

vGAT synthetic peptide AEPPVEGDIHYQR (aa 75 – 87 in 
rat)

Synaptic Systems; 131003; AB_887869; 
Rabbit; Polyclonal

1:1,000

vGLUT1 Synthetic peptide corresponding to amino acids 542–
560 of rat vGLUT1

EMD Millipore; AB5905; AB_2301751; 
Guinea Pig; Polyclonal

1:10,000

1
IF with brain slices

2
IF with neuronal cultures
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