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Abstract
The neocortex of primates, including humans, contains more abundant and diverse inhibitory neurons compared with
rodents, but the molecular foundations of these observations are unknown. Through integrative gene coexpression analysis,
we determined a consensus transcriptional profile of GABAergic neurons in mid-gestation human neocortex. By comparing
this profile to genes expressed in GABAergic neurons purified from neonatal mouse neocortex, we identified conserved and
distinct aspects of gene expression in these cells between the species. We show here that the calcium-binding protein
secretagogin (SCGN) is robustly expressed by neocortical GABAergic neurons derived from caudal ganglionic eminences
(CGE) and lateral ganglionic eminences during human but not mouse brain development. Through electrophysiological and
morphometric analyses, we examined the effects of SCGN expression on GABAergic neuron function and form. Forced
expression of SCGN in CGE-derived mouse GABAergic neurons significantly increased total neurite length and arbor
complexity following transplantation into mouse neocortex, revealing a molecular pathway that contributes to
morphological differences in these cells between rodents and primates.
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Introduction
Ramón y Cajal surmised a century ago that the unusual cogni-
tive abilities of humans were related to the functions of neocor-
tical neurons with “short axons” (Cajal 1923), which are known
today as interneurons. Based on qualitative analysis of hun-
dreds of tissue sections using Golgi’s silver impregnation tech-
nique, he proposed that interneurons are more abundant and
morphologically diverse in primate neocortex (and particularly,
human neocortex) compared with neocortices of rodents and
other mammals. Neocortical interneurons include spiny non-
pyramidal cells, which are mostly excitatory and located in
layer IV, and aspiny non-pyramidal cells, which are inhibitory
(GABAergic) and distributed throughout the cortical wall (Jones
and Peters 1984; DeFelipe et al. 2013). Modern estimates indi-
cate that GABAergic neurons comprise ~15% of all neocortical
neurons in rats and mice and >20% in monkeys and humans
(Lin et al. 1986; Fitzpatrick et al. 1987; Hendry et al. 1987;
Meinecke and Peters 1987; Beaulieu et al. 1992, 1994; Ren et al.
1992; Beaulieu 1993; Hornung and De Tribolet 1994; Jones et al.
1994; Micheva and Beaulieu 1995; del Rio and DeFelipe 1996;
Gabbott and Bacon 1996; Gabbott et al. 1997; Tamamaki et al.
2003; Santana et al. 2004; Dzaja et al. 2014). The proportion is
even higher in superficial layers of human neocortex, where
nearly 40% of neurons in some regions are GABAergic (del Rio
and DeFelipe 1996).

The increase in the proportion of GABAergic neurons in pri-
mate neocortex is thought to primarily reflect an increase in
the vasoactive intestinal polypeptide (VIP)/calretinin (CR)-
expressing subtype (Hansen et al. 2013; Dzaja et al. 2014;
Hladnik et al. 2014; Barinka et al. 2015), which arises in the cau-
dal and lateral ganglionic eminences (CGE/LGE) and preferen-
tially occupies superficial cortical layers (Xu et al. 2004; Fogarty
et al. 2007; Miyoshi et al. 2010). In humans, half or more of neo-
cortical GABAergic neurons may derive from the CGE (Hansen
et al. 2013), whereas in mice this number is closer to ~30%
(Miyoshi et al. 2010). In addition to these quantitative differ-
ences, CGE/LGE-derived neocortical GABAergic neurons also
differ morphologically between primates and rodents. In the
adult primate neocortex, VIP+/CR+ GABAergic neurons often
exhibit a “horse-tail” morphology (a term that encompasses
bitufted, bipolar, and double-bouquet cells) (DeFelipe et al.
2013). These cells are characterized by long, vertically oriented
axon collaterals that can form hundreds of inhibitory synapses
with dendrites of pyramidal cells from several cortical layers
(Cajal 1899; DeFelipe et al. 2006). This unique morphology is not

evident in rodents but is thought to play a critical role in the
microcolumnar organization of neocortical circuits in primates
(Yanez et al. 2005; DeFelipe et al. 2006; Jones 2009).

Because CGE/LGE-derived, VIP+/CR+ GABAergic neurons are
present in rodent neocortex, these observations suggest that
horse-tail neurons in primates represent an elaboration of an
existing cell type (as opposed to wholesale creation of a novel
cell type; Hansen et al. 2013). However, there is no molecular
explanation for morphological differences in VIP+/CR+ neocorti-
cal GABAergic neurons between rodents and primates. Indeed,
although several studies have examined the origins and devel-
opment of human GABAergic neurons (Bayatti et al. 2008;
Jakovcevski et al. 2011; Radonjic et al. 2014b; Al-Jaberi et al.
2015), to our knowledge, no molecular differences between
GABAergic neurons of rodents and primates have been
described. Given the increasing appreciation for the role of
GABAergic dysfunction in a variety of human neurodevelop-
mental disorders (Marin 2012; Southwell et al. 2014), it is critical
to understand the molecular bases of GABAergic neuron speci-
fication and maturation in the human brain (Clowry et al. 2010;
Molnar and Clowry 2012). We therefore set out to determine
the extent to which transcriptional programs are conserved in
nascent neocortical GABAergic neurons between humans and
mice.

Materials and Methods
Tissue Collection and Processing

Human
Prenatal human brain samples were collected and processed as
previously described (Lui et al. 2014). Samples were obtained
from elective pregnancy terminations at San Francisco General
Hospital, usually within 2 h of the procedure. Donated human
tissues were examined only from patients who had previously
given informed consent and in strict observance of state and
institutional legal and ethical requirements. Research protocols
were approved by the Human Gamete, Embryo, and Stem Cell
Research Committee (institutional review board) at the
University of California, San Francisco (UCSF). Gestational age
was determined using foot length. Tissues were transported in
Leibowitz-15 medium on ice to the laboratory. The gestational
week 18 (GW18) neocortical sample analyzed by Gene
Coexpression Analysis of Serial Sections (GCASS) was frozen
rapidly on dry ice and stored at −80 °C prior to cryosectioning.
Cryosections (n = 120) were cut along the longest axis of the

Table 1 Human brain samples analyzed in this study

Source Method No. samples No. individuals Age(s) Enrichment P-value* Relevant figure(s)

Johnson et al. (2009) Microarray (AffyExon1.0) 30 2 18–19 GW 3.68×10−13 1
Miller et al. (2014) Microarray (Agilent) 167 1 18 GW 2.89×10−27 1
brainspan.org RNA-seq 37 4 17–19 GW 3.95×10−7 1
This study Microarray (ILMNHT12v4) 87 1 18 GW 1.96×10−20 1, S1, S2
This study Immunostain 14 7 14.5 GW

18GW
Birth
7 months
6 years
24 years

NA 2–4, S2, S3, S5, S6, S9

This study Cell culture 3 1 15 GW NA S7

GW, gestational weeks; Affy, Affymetrix; ILMN, Illumina. *The most significant P-value (one-sided Fisher’s exact test) for enrichment of a set of human interneuron

markers (Zeng et al. 2012) in a gene coexpression module from each analyzed microarray / RNA-seq data set.
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tissue specimen at 150 μm section thickness, collected in indi-
vidual Eppendorf tubes, and immediately transferred to dry ice
and stored at −80 °C to prevent RNA degradation.

For immunostaining, prenatal tissue samples were fixed
overnight at 4 °C in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS), cryoprotected in 30% sucrose in PBS at 4 °C,
embedded and frozen in O.C.T. compound (Tissue-Tek, Inc.) at
−80 °C, and sectioned on a Leica CM3050S cryostat (10–20 μm
thick) onto glass slides, which were stored at −80 °C. Total post-
mortem interval was typically 3–4 h before fixation. Postnatal tis-
sue samples were obtained at autopsy with postmortem
intervals ≤48 h. Causes of death were pneumonia (7-month
case), lung hypoplasia (6-year case), and hepatic failure/Crohn’s
disease (24-year case). Brains were cut into 1.5 cm coronal
blocks, fixed in 4% PFA for 48 h, cryoprotected in 30% sucrose in
PBS at 4 °C, and embedded and frozen in O.C.T. compound
(Tissue-Tek, Inc.) at −80 °C. Blocks were sectioned on a Leica
CM3050S cryostat (20–30 μm thick) onto glass slides, which were
stored at −80 °C. A summary of all human samples analyzed in
this study is presented below in Table 1.

Mouse
All protocols and procedures followed UCSF guidelines and
were approved by the UCSF Institutional Animal Care and Use
Committee. Vip-Cre;R26-Ai14 and wild-type C57BL/6 J breeders
were purchased from the Jackson Laboratory (https://www.jax.
org). Pregnant mice were anesthetized with Avertin and embry-
onic brains were dissected and fixed overnight at 4 °C in 4% PFA
in PBS. Brains were cryoprotected for at least 24 h in 30%
sucrose in PBS at 4 °C, then embedded and frozen in O.C.T.
compound (Tissue-Tek, Inc.).

Fluorescent-Activated Cell Sorting

For fluorescent-activated cell sorting (FACS) of mouse
GABAergic neurons, neocortices of 4 P0 Cxcr7-Gfp mice were
dissected in cold Hank’s Balanced Salt Solution (HBSS) and trea-
ted with 0.25% trypsin and DNase I at 37 °C for 15min.
Following this treatment, the trypsin/DNase I solution was
replaced with DMEM/10% fetal bovine serum and the tissue
was mechanically dissociated through repeated pipetting. Cells
were pelleted by centrifugation and the supernatant was
replaced with 500 μL of HBSS with propidium iodide (PI). After
another round of trituration, cells from each neocortex were
passed through a 35 μm filter immediately prior to FACS, which
was performed using a BD FACSAria II cell sorter (BD
Biosciences). GFP-negative neocortices served as a control for
fluorescence. Collection windows were set to obtain GFP+/PI−

cells, yielding ~50 000 cells/neocortex.

RNA Extraction and Quality Control

Human
For the GCASS data set, total RNA was extracted from each
cryosection (n = 120) of GW18 neocortex using the miRNeasy
Mini kit on a QIAcube automated sample preparation system
according to the manufacturer’s instructions (Qiagen, Inc.).
Total RNA quantity and quality were assessed using a
Nanodrop ND-8000 (Nanodrop Technologies, Inc.) and a
Bioanalyzer 2100 (Agilent Technologies, Inc.), respectively. The
average yield of total RNA/section over all sections was
~966 ng. Samples were evaluated on the basis of RNA yield,
260/280 and 260/230 nm absorption ratios, and RNA integrity
(RIN) scores. RNA samples (n = 94) were selected for microarray

analysis per the following criteria: 260/280 > 2, 260/230 > 1
(with ~80% of sections having 260/230 > 1.6), and RIN > 9.

Mouse
Following FACS, ~50 000 Cxcr7-Gfp+ cells/neocortex were imme-
diately processed for RNA extraction using the RNeasy micro
kit (Qiagen, Inc.). Total RNA quantity and quality were assessed
using a Nanodrop ND-8000 (Nanodrop Technologies, Inc.) and
the Pico Chip on a Bioanalyzer 2100 (Agilent Technologies, Inc.),
respectively.

Microarray Data Generation and Processing

Human
For the GCASS data set, total RNA from 94 high-quality samples
was shipped on dry ice to the University of California, Los
Angeles (UCLA) Neurogenomics Core facility for analysis using
Illumina HT-12 v4 human microarrays (Illumina, Inc.). The
order of the samples was randomized prior to shipment to
avoid confounding potential technical artifacts with potential
biological gradients of gene expression. Two control samples
from the same pool of total human brain RNA (Ambion
FirstChoice human brain reference RNA Cat#AM6050, Life
Technologies, Inc.) were included to facilitate microarray data
preprocessing. All 96 samples were processed in the same
batch for amplification (Ambion/Illumina TotalPrep RNA
Amplification kit), labeling, and hybridization. Bead-level raw
data were minimally processed by the UCLA Neurogenomics
core facility (no normalization or background correction) using
BeadStudio software (Illumina, Inc.). Microarray data have been
deposited in Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo/) under accession ID GSE95639.

Minimally processed microarray expression data were fur-
ther preprocessed using the SampleNetwork R function
(Oldham et al. 2012), which is designed to identify and remove
outlying samples, perform data normalization (Bolstad et al.
2003), and adjust for batch effects (Johnson et al. 2007). Briefly,
application of SampleNetwork to the GCASS data set revealed 3
distinguishing features. First, sample homogeneity was
extremely high, as evidenced by the mean inter-sample adja-
cency and the correlation between the standardized sample con-
nectivity and clustering coefficient (cor(k,C)). Second, despite the
high overall level of sample homogeneity, 7 outlier samples
were identified (Z.K < −3) and excluded prior to quantile normal-
ization (Bolstad et al. 2003). Third, following quantile normaliza-
tion there remained a significant batch effect associated with
array ID (each Illumina HT-12 v4 microarray analyzes 12 sam-
ples in parallel), which was corrected by ComBat normalization
(Johnson et al. 2007).

Mouse
Total RNA from ~200 000 FACS-sorted Cxcr7-Gfp+ cells was
pooled and amplified using the Complete Whole Transcriptome
Amplification kit according to manufacturer’s instructions
(Sigma-Aldrich, Inc.). Cy3-CTP labeling was performed using
NimbleGen one-color labeling kits (Roche-NimbleGen, Inc.).
Labeled target was quantified with the Nanodrop ND-8000
(Nanodrop Technologies, Inc.) and equal amounts of Cy3-
labeled target were hybridized to Agilent whole mouse genome
4×44 K ink-jet microarrays (Agilent, Inc.). Hybridizations were
performed for 17 h, according to the manufacturer’s protocol.
Microarrays were scanned using the Agilent microarray scan-
ner and raw signal intensities were extracted with Feature
Extraction v10.1 software. No background subtraction was
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performed, and the median feature pixel intensity was used as
the raw signal before quantile normalization (Bolstad et al.
2003).

Gene Coexpression Module Detection and Integration

Gene coexpression analysis was performed in the R computing
environment (R; http://cran.us.r-project.org). For the GCASS
data set, gene coexpression analysis was restricted to 30 425
probes that were re-annotated as either “perfect” (the probe
uniquely and perfectly matches the target transcript; n =
29 272) or “good” (the probe matches the target transcript with
up to 2 mismatches; n = 1153) (Barbosa-Morais et al. 2010).
Gene coexpression modules were identified as previously
described (Lui et al. 2014) using a 4-step approach. First, pair-
wise biweight midcorrelations (bicor) were calculated among
30 425 transcripts across all 87 samples using the WGCNA R
package (Langfelder and Horvath 2008). Second, transcripts
were clustered using the flashClust (Langfelder and Horvath
2008) implementation of a hierarchical clustering procedure
with complete linkage and 1—bicor as a distance measure. The
resulting dendrogram was cut at a series of static heights, cor-
responding to the top X% of values in the entire data set (where
X = 0.01%, 0.1%, 1%, 2%, 3%). Third, all clusters consisting of at
least Y members (where Y = 8, 10, 12, 15, 20) were identified
and summarized by their module eigengene (i.e., the first prin-
cipal component obtained by singular value decomposition)
using the moduleEigengenes function of the WGCNA R pack-
age (Langfelder and Horvath 2008). Fourth, highly similar mod-
ules were merged if the Pearson correlations of their module
eigengenes exceeded an arbitrary threshold (0.85). This proce-
dure was performed iteratively such that the pair of modules
with the highest correlation >0.85 was merged, followed by
recalculation of all module eigengenes, followed by recalcula-
tion of all correlations, until no pairs of modules exceeded the
threshold. Following these steps, a series of 25 coexpression
networks were constructed, each consisting of zero to several
hundred coexpression modules. For each network, the WGCNA
measure of intramodular connectivity (kME) was calculated for
all probes (47 231) with respect to all modules by correlating
each probe’s expression pattern across all 87 samples with
each module eigengene.

To identify a gene coexpression module corresponding to
nascent GABAergic neurons, we cross-referenced all modules
from all 25 coexpression networks with a set of genes whose
expression marks human GABAergic neurons (Zeng et al. 2012)
(using gene symbol as a common identifier). Modules were
defined as consisting of all unique genes that were positively and
specifically correlated with the module eigengene at a signifi-
cance threshold corresponding to a Bonferroni-corrected P-value
(0.05 / [47 231 probes × the number of coexpression modules in
the network]). The statistical significance of module enrichment
was determined using a one-sided Fisher’s exact test as imple-
mented by the fisher.test R function. The module with the most
significant enrichment (P = 1.96×10−20) was found in a network
consisting of 10 modules (corresponding to network construction
parameters of X = 0.1% and Y = 15). The same strategy was used
to identify gene coexpression signatures of GABAergic neurons in
additional prenatal human brain gene expression data sets
(Johnson et al. 2009; Miller et al. 2014) (Table 1).

Note that data from Miller et al. (2014) correspond to individ-
ual H376.IIIB.02. For each of these data sets, quality control was
performed with the SampleNetwork R function (Oldham et al.
2012), a series of unsupervised gene coexpression networks

was constructed, and the module with the most significant
enrichment of human GABAergic neuron markers in each data
set was identified (Zeng et al. 2012), as described above (see
Table 1 for enrichment P-values for the most significant mod-
ule in each data set). The expression patterns of these modules
were summarized by their module eigengenes and the WGCNA
measure of intramodular connectivity, kME, was calculated for
all probes/genes in each data set by correlating their expression
patterns over all samples with the GABAergic neuron module
eigengene (Langfelder and Horvath 2008). To aggregate kME

values across the 4 studies, we used Fisher’s method for com-
bining correlation coefficients from independent data sets
(Fisher 1970). The resulting metric summarizes expression
fidelity for GABAergic neurons in prenatal human neocortex as
a z-score.

Immunostaining

For immunostaining, cryosections were thawed in PBS and sub-
jected to heat-induced antigen retrieval in 0.01M sodium citrate
(pH 6.0) for 10min. Sections were incubated with blocking buffer
(10% normal donkey or goat serum in PBS, with 0.2% Triton X-
100) for 1 h at room temperature. Primary and secondary antibo-
dies were diluted in blocking buffer. First, sections were incu-
bated with primary antibodies overnight at 4 °C in a humidified
chamber. Sections were then incubated with secondary antibo-
dies and DAPI (4′,6-diamidino-2-phenylindole) for 60–90min at
room temperature. Both primary and secondary stains were
washed extensively in PBS plus 0.2% Triton X-100 to reduce non-
specific binding of antibodies. Slides were mounted with fluoro-
gel mounting medium (Electron Microscopy Sciences, Inc.). The
following primary antibodies were used: SP8 (1:1000, goat,
Santa Cruz Biotech, Inc.), SCGN (1:1000, rabbit, Sigma-Aldrich,
Inc.), SCGN (1:500, mouse, Sigma-Aldrich, Inc.), GABA (1:1000,
rabbit, Sigma-Aldrich, Inc.), DCX (1:500, Guinea pig, Millipore,
Inc.), CALB2 (CR) (1:2000, mouse, Swant, Inc.), TBR1 (1:500,
guinea pig, Labome, Inc.), TBR2 (1:1000, chicken, EMD Millipore,
Inc.), Ki-67 (1:200, mouse, BD Biosciences, Inc.), COUP-TFII
(1:1000, mouse, Perseus Proteomics, Inc.), NKX2.1 (1:200, mouse,
Novocastra, TTF1), VIP (1:200, mouse, R&D Systems, Inc.),
GFP (1:2000, chicken, Abcam), and tdTomato (1:2000, rat,
ChromoTek). Species-specific fluorophore-conjugated second-
ary antibodies Alexa Fluor 488, Alexa Fluor 546, and Alexa Fluor
647 were obtained from Thermo Fisher Scientific, Inc. and used
according to manufacturer’s instructions. For doublecortin
(DCX) detection, tyramide signal amplification (Perkin-Elmer,
Inc.) was performed according to manufacturer’s instructions.
Briefly, sections were incubated with the biotinylated second-
ary antibody (1:500, Jackson Immunoresearch Laboratories,
Inc.) for 2.5 h at room temperature and for 30min in streptavi-
din–horseradish peroxidase that was diluted (1:200) in blocking
buffer. Sections were then incubated in tyramide-conjugated
fluorophores (Fluorescein, 1:50) for 5min.

Confocal Imaging and Cell Counting

All of the images in this study were acquired on Leica TCS SP5
laser confocal microscopes. Images were acquired in Tilescan
mode with automatic stitching of arrayed tiles using either 10×
lens with 1.5–2.0× optical zoom or 20× lens with 1.0× optical
zoom, and confocal z-stacks of optical sections were displayed
as maximum intensity projections. For cell counting, confocally
imaged data files were opened with Imaris imaging software
(Bitplane, Inc.) for colocalization analyses. Colocalization
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counts were performed essentially as described (Hansen et al.
2010). For quantification of neocortical GABAergic neurons,
three 20 μm coronal sections sampled at 200 μm intervals were
analyzed. Counting regions in each section spanned the entire
cortical wall, from the ventricular zone to the pial surface, with
a width of 500 μm. Fluorescence signals from immunoreactivity
for SP8/CR/N2F2 and SCGN were first counted separately using
the “spots” function in Imaris imaging software. A threshold
for mean intensity was selected to identify fluorescent spots
with a 5 μm diameter in each channel as a representation of
the number of cells. The preliminary sets of positive cells were
then manually edited to correct software error. Double-
colocalized spots were then calculated by MATLAB (Mathworks,
Inc.) and the ImarisXT module, and further edited to correct
software errors. The numbers of colocalized spots were
recorded.

Cell Culture

The ventricular and subventricular layers of the medial gangli-
onic eminence (MGE), LGE, and CGE were dissected from GW15
ventral telencephalon. Explants were mechanically dissociated
in Leibovitz L-15 medium containing DNase I (100 μgmL−1) into
a single-cell suspension by repeated pipetting. Dissociated cells
were centrifuged (3min at 1000g), resuspended, and cultured in
neurobasal medium supplemented with B27 (Gibco, Inc.;
Thermo Fisher Scientific, Inc.) on Matrigel Matrix. Approximately
200 000 cells were plated per well in a 24-well plate. Cultures
were fed twice weekly by replacing half of the medium. After 4
weeks, cells were fixed in 4% PFA, permeabilized with 0.2%
triton-100, and triple immunostained for NKX2.1, SP8, and
SCGN.

Cloning and Lentivirus Production

Total RNA was extracted from GW18 prenatal human neocortex
and cDNA synthesis was performed using SuperScript III
Reverse Transcriptase (Thermo Fisher Scientific, Inc.). Full-
length human SCGN was cloned into a pSLIC-GfpP2A lentiviral
plasmid (ATGCbio, Inc.) using the following primers:

• Forward primer: AACCCTGGACCTGATGACAGCTCCCGGGAA
CCGA

• Reverse primer: GCCACTGTGCTGGATAGAGCAAAAGGCAAAG
CAGTC

Constructs were verified by Sanger sequencing. Lentiviral prep-
aration and concentration was performed at the UCSF
VIRACORE facility.

Viral-Mediated Labeling and Transplantation of CGE
Cells

Vip-Cre and R26-Ai14 mice were purchased from the Jackson
Laboratory (http://www.jax.org). The ventricular and subventri-
cular zones of E14.5 CGE were dissected from donor embryos
and dissociated by repeated pipetting in Leibovitz’s L-15
medium containing 100 U/mL DNase I (Roche, Inc.). Dissociated
cells were incubated with concentrated lenti-Gfp or lenti-Gfp-
SCGN virus for 30min in neurobasal medium supplemented
with B27 (Gibco, Inc.; Thermo Fisher Scientific, Inc.) at 37 °C in
an incubator. After incubation with lentivirus, the supernatant
was removed, and cells were washed 3 times and concentrated
via centrifugation (800g for 3min). P2 recipient mice were

anesthetized via hypothermia until pedal reflex disappeared
and then placed on a stereotaxic platform for injection of con-
centrated cells (~300 cells/nL × 200 nL/injection ≈ 60k cells/
injection) through a beveled Drummond glass micropipette
(Drummond Scientific, Inc.) positioned at 30° from vertical. Two
injections were placed into the caudal left cortex at 7mm pos-
terior/3.5mm lateral and 6.5mm posterior/3.2mm lateral, as
measured from the inner corner of the eye (for anterior zero)
and the midpoint between the 2 eyes (for midline zero), result-
ing in ~120 k injected cells/animal. Injections were made at
0.8–1.2mm deep from the skin surface. After injection, recipi-
ents were placed on a heating pad until warm and active at
which time they were returned to their mothers until weaning
(P21).

Slice Preparation and Electrophysiology

Slice preparation and electrophysiology were performed as
described (Larimer et al. 2016). Briefly, transplantation was
performed at P2 and slices of host brains were prepared at
P50. Animals were overdosed with pentobarbital, decapitated,
and the brain was removed into ice-cold dissection buffer con-
taining (in mM): 234 sucrose, 2.5 KCl, 10 MgSO4, 1.25 NaH2PO4,
24 NaHCO3, 11 dextrose, 0.5 CaCl2, bubbled with 95% O2/5%
CO2 to a pH of 7.4. Coronal slices of cortex (300 μm) were pre-
pared with a vibratome and transferred to a holding chamber
filled with artificial cerebrospinal fluid containing (in mM): 124
NaCl, 3 KCl, 2 MgSO4, 1.23 NaH2PO4, 26 NaHCO3, 10 dextrose,
2 CaCl2 (bubbled with 95% O2/5% CO2) and incubated at 33 °C
for 30min then stored at room temperature until slices were
transferred to a flow chamber for recording. Transplanted VIP-
expressing neurons were identified by their red fluorescence
(red) with those that were infected with lentiviral constructs
also having green fluorescence. Labeled cells were mostly
found in layers II/III. Impact of viral infection (green) and con-
sequent SCGN expression (gold) on intrinsic physiological
properties were assessed using injection of 500ms current
pulses through a recording pipette in whole-cell configuration
and an intracellular solution that contained (in mM): 140 K
gluconate, 2 MgCl2, 10 HEPES, 0.2 EGTA, 4MgATP, 0.3 NaGTP,
10 phosphocreatine (290mOsm, pH 7.3), and 0.1 Alexa680.

Morphometric Analysis of Neurite Length and
Arborization

Three hundred micrometer coronal slices of neocortex were
fixed with 4% PFA and immunostained for 48 h at 4 °C. Confocal
images of isolated individual tdTomato+ GFP+ SCGN− cells (n =
21 from 4 animals) and tdTomato+ GFP+ SCGN+ cells (n = 20
from 4 animals) were collected using a 20× objective on a Leica
TCS SP5 microscope. Many labeled cells were seen around the
injection site, but these were difficult to quantify morphometri-
cally due to extensive overlap among neuronal arbors. We
therefore focused on neurons that could be unambiguously
resolved for morphometric analysis, which tended to include
cells that had migrated away from the injection sites. Among
these cells, we did not observe a significant relationship
between laminar position or distance from the injection site
and morphometric features. 70–100 μm z-stacks were collected
with a step size of 2 μm and imported into Nerurolucida soft-
ware (MBF bioscience, Inc.) for neurite arbor tracing in 3-D. The
Sholl analysis function of Neurolucida explorer was used to
draw concentric spheres at 10 μm radius intervals from the
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soma. Total neurite length and the number of branches (node
points) per neuron were summarized from the Sholl analysis.

Results
Identification of a Consensus Transcriptional Profile
of GABAergic Neurons in Mid-Gestation Human
Neocortex and Comparison with Mice

To identify genes expressed by nascent GABAergic neurons in
humans, we analyzed a single neocortical specimen from GW18
using a strategy called GCASS (Fig. 1A, Supplementary Fig. 1A),
which exploits variation in cellular abundance across serial sec-
tions to reveal patterns of transcriptional covariation driven by
individual cell types (Lui et al. 2014). We performed unsuper-
vised gene coexpression analysis of microarray data from 87 sec-
tions and identified 10 modules of genes with distinct patterns
of transcriptional covariation (Supplementary Fig. 1B). Unbiased
enrichment analysis revealed that one module (green) was sig-
nificantly enriched with markers of human GABAergic neurons
(Zeng et al. 2012) (P = 1.96×10−20; Supplementary Fig. 1C). We
summarized the expression pattern of this module by its first
principal component, or module eigengene (Supplementary

Fig. 1D), and calculated the extent to which each microarray
probe (n = 47 231) conformed to this pattern, or kME (Langfelder
and Horvath 2008; Oldham et al. 2008). The mRNA targets of the
top 15 probes ranked by kME included DLX1, DLX5, LHX6, GAD2,
CALB2 (CR), GAD1, and SLC32A1 (VGAT) (Fig. 1B). These results
indicate that transcriptional covariation in the green module is
primarily driven by gene coexpression in nascent GABAergic
neurons of the developing human neocortex. Interestingly, this
module was also significantly enriched with genes located near
human accelerated regions of the genome (P = 4.63×10−08),
including ARX, BHLHB2, CERK, ELAVL4, MAF, NPAS3, NXPH1,
PLXNC1, SH3BP4, and ZBTB16 (Pollard et al. 2006).

To establish the robustness of the GABAergic neuron tran-
scriptional profile in developing human neocortex and compare
it to mice, we implemented the strategy shown in Fig. 1C. We
analyzed 3 additional microarray and RNAseq data sets from
GW17-19 human neocortex (Johnson et al. 2009; Miller et al.
2014) (see also http://www.brainspan.org). For each data set, we
constructed a series of unsupervised gene coexpression net-
works, identified the module that was most significantly
enriched with markers of human GABAergic neurons (Zeng
et al. 2012), and calculated kME values for every probe/gene with
respect to this module.

Figure 1. GCASS identifies a transcriptional signature of GABAergic neurons in prenatal human neocortex. (A) A GW18 human neocortical specimen was analyzed by

GCASS (n = 87 sections). (B) Expression patterns of the top 15 members of the green coexpression module over all sections. (C) Schematic of strategy for comparing

gene expression in GABAergic neurons between humans and mice. (D) Top genes ranked by consensus expression fidelity for GABAergic neurons in GW17-19 human

neocortex (blue track). Red track denotes expression level rank in purified GABAergic neurons from P0 Cxcr7-Gfp mice. PubMed citations were obtained by queries

with gene symbol and “GABAergic” or “interneuron”. Cellular localizations are from COMPARTMENTS and PPI are from STRING (Methods).
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kME values for these 4 modules (including the green module
from the GCASS data set) were collapsed to unique genes and
combined to yield a consensus transcriptional profile of nascent
GABAergic neurons. This profile ranks genes by a statistic (z-
score), with higher values predicting greater expression fidelity
for GABAergic neurons relative to all other cell types in develop-
ing human neocortex. This ranking therefore provides an
unbiased view of the core transcriptional phenotypes that char-
acterize nascent GABAergic neurons during human corticogen-
esis. Genes with high z-scores are predicted to encode proteins
that are required for the differentiation, migration, and matura-
tion of human GABAergic neurons, including optimal biomar-
kers. In parallel, we analyzed gene expression in FACS-sorted
GABAergic neurons from P0 Cxcr7-Gfp transgenic mouse neocor-
tex. Cxcr7 is coexpressed with Dlx1, Lhx6, and Cxcr4 and is
required for proper migration of neocortical GABAergic neurons
in mice (Wang et al. 2011).

We visualized the top 50 genes in the consensus transcrip-
tional profile of GABAergic neurons in developing human neocor-
tex (plus 5 other known markers that ranked in the top 100), along
with their protein–protein interactions (PPI) (Szklarczyk et al.
2015), cellular localizations (Binder et al. 2014), literature citations,
and expression level ranks in neocortical GABAergic neurons puri-
fied from P0 Cxcr7-Gfp transgenic mice (Fig. 1D). We observed sig-
nificantly more PPI than expected by chance and an abundance of
nuclear proteins (n = 18; Fig. 1D), all of which encode transcription
factors. Interestingly, many of the genes in Fig. 1D had zero or
only a handful of literature citations in connection with
GABAergic neurons (e.g., ST8SIA5, PLS3, PDZRN3, etc.), highlighting
fertile ground for novel molecular studies of interneuron biology.

We examined the genes in Fig. 1D and found that most were
expressed by mouse GABAergic neurons, suggesting general
conservation of transcriptional regulation in these cells between
rodents and primates. However, we also identified several genes
with evidence for binary expression differences in nascent
GABAergic neurons (i.e., ON in human and OFF in mouse),
including SCGN, NXPH2, and SCARNA11 (Fig. 1D). SCARNA11 is a

small nucleolar RNA that localizes to Cajal bodies and has no
known orthologue in the mouse genome, whereas NXPH2 and
SCGN are protein-coding genes that are present in the mouse
genome. We focused on SCGN, which ranked in the top 0.03% of
all genes in the consensus transcriptional profile of human
GABAergic neurons but was expressed at lower levels than >83%
of all genes in mouse GABAergic neurons, potentially in the
realm of microarray background noise (Fig. 1D).

Secretagogin is Expressed by Postmitotic GABAergic
Neurons Derived from the CGE/LGE in Humans but not
Mice

SCGN encodes a calcium-binding protein that was first discov-
ered as a modifier of insulin release in pancreatic β cells
(Wagner et al. 2000). Scgn expression has been reported in a
variety of neuronal subtypes in mammalian brains (Mulder
et al. 2009, 2010) (further reviewed in Alpar et al. 2012), but its
cellular origins in prenatal human brain have not been
described. Immunofluorescent staining revealed SCGN expres-
sion in a large number of cells from the ventricular zone to the
pial surface of GW18 human neocortex (Fig. 2A). SCGN+ cells
exhibited bipolar morphology reminiscent of migrating inter-
neurons and coexpressed multiple markers of GABAergic cells,
including SP8, CR, NR2F2 (COUP-TFII), and GABA (Fig. 2B–J,
Supplementary Figs S2, S3). In contrast, Scgn transcript and pro-
tein were restricted to ventral regions of the embryonic mouse
forebrain and were not detected in neocortex at all time points
examined (Fig. 2K,L, Supplementary Fig. 4).

Neocortical GABAergic neurons expressing SP8, CR, and
NR2F2 are derived mainly from the CGE/LGE of the human sub-
pallium (Reinchisi et al. 2012; Hansen et al. 2013; Ma et al. 2013).
We therefore examined whether SCGN+ GABAergic neurons are
also derived from these regions in humans. Immunostaining of
GW14.5 human telencephalon revealed SCGN+ SP8+ cells
throughout the pallium, with a particularly high concentration
in the marginal zone (Fig. 3A–D). Pallial expression of SCGN was

Figure 2. Neocortical GABAergic neurons express SCGN during human but not mouse brain development. (A) Immunostaining for SCGN in GW18 human neocortex.

(B–J) Magnified images of boxed area in (A) (see Supplementary Fig. 2F,I,L for more detailed localization). (K and L) In situ hybridization for Scgn (K; http://www.

eurexpress.org/ee/) and immunostaining (L) for SCGN and SP8 in embryonic mouse brain. Scale bars: 200 μm (A, K, L); 50 μm (B–J).
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not observed in glutamatergic neurons, intermediate progeni-
tors, or dividing cells, as evidenced by double immunostaining
for TBR1, TBR2, or Ki-67, respectively (Supplementary Fig. 5).

In the subpallium, an extremely dense population of SCGN+

SP8+ cells was present in the dorsal LGE (dLGE) (Fig. 3A, E–G).
Most of these cells were postmitotic, except for a potential sub-
population near the pallial–subpallial boundary (Supplementary
Fig. 5C). At GW18, a high density of SCGN+ SP8+ NR2F2+ cells was
observed in the CGE and dLGE (Supplementary Fig. 6). In contrast,
SCGN was not detected in the MGE (labeled by immunostaining
for NKX2.1), despite the presence of some SP8+ cells (Fig. 3A, H–J).
To confirm these observations, we microdissected GW15 samples
from human MGE, LGE, or CGE and cultured them for 4 weeks
before immunostaining for SCGN, SP8, and NKX2.1. MGE culture
produced cells that were NKX2.1+ SP8− SCGN−, while LGE and
CGE cultures produced cells that were NKX2.1− SP8+ SCGN+

(Supplementary Fig. 7). Collectively, these results suggest that
SCGN expression in prenatal human neocortex is restricted to
postmitotic GABAergic neurons derived from the CGE/LGE.

To explore whether SCGN expression in nascent neocortical
GABAergic neurons is specific to humans, we performed immu-
nostaining of P2 ferret telencephalon (Supplementary Fig. 8). As
in humans, we observed no evidence for SCGN+ cells in the
MGE. In the LGE, we observed SCGN expression in a subset of
SP8+ cells that appeared less extensive than the SCGN+ SP8+

LGE population in humans. Interestingly, we observed a rela-
tively small number of SCGN+ cells in the VZ/SVZ of ferret neo-
cortex, which coexpressed SP8. Therefore, SCGN expression
was generally more widespread in the LGE and neocortex of
humans compared with ferret at the ages examined.

Secretagogin Expression in Human Neocortex is
Developmentally Regulated and Peaks Before Birth

We next examined SCGN expression in human neocortex at later
ages. At birth, SCGN was widely expressed in migratory streams

of young doublecortin (DCX)+ neurons in the frontal lobe, includ-
ing neurons comprising the Arc, a newly described caplike struc-
ture surrounding the anterior body of the lateral ventricle
(Paredes et al. 2016) (Supplementary Fig. 9). These findings are
consistent with the idea that the CGE/LGE contribute substan-
tially to late-arriving interneurons in the human frontal lobe
(Paredes et al. 2016). Across the human lifespan (Kang et al.
2011), analysis of 11 neocortical areas revealed that SCGN
expression peaks in the late mid-fetal period (GW21–GW26) and
declines monotonically thereafter (Fig. 4A). We confirmed this
trend by immunostaining for SCGN in human neocortical sam-
ples from 7 months, 6 years, and 24 years. We observed progres-
sively fewer SCGN+ cells over time, with those present in early
adulthood enriched in superficial cortical layers (Fig. 4B–D).
These cells often exhibited bipolar or bitufted morphology and
coexpressed CR and VIP (Fig. 4E–J), consistent with CGE/LGE ori-
gins (Xu et al. 2004; Fogarty et al. 2007; Miyoshi et al. 2010;
DeFelipe et al. 2013; Ma et al. 2013; Dzaja et al. 2014; Hladnik
et al. 2014).

Forced Expression of SCGN in Mouse GABAergic
Neurons Decreases Input Resistance and Increases
Total Neurite Length and Arbor Complexity In Vivo

To study the functional consequences of SCGN activity in sub-
pallial GABAergic neurons in vivo, we dissociated cells from
E14.5 CGE of Vip-Cre;R26-Ai14 mice and incubated them with
either a lenti-Gfp or lenti-Gfp-SCGN virus. Transduced cells
were injected into the visual cortex of P2 host mice and after
~50 days subjected to analysis (Fig. 5A). Because SCGN binds
calcium (Wagner et al. 2000), we reasoned that its expression
might alter the intrinsic electrophysiological properties of
GABAergic neurons. We therefore measured the impact of
SCGN expression on intrinsic electrophysiological properties
through intracellular recordings in acute brain slices from host
mice. Compared with transplanted VIP+ neurons expressing

Figure 3. SCGN+ GABAergic neurons are highly concentrated in the dLGE and excluded from the MGE in prenatal human brain. (A) Coronal section of GW14.5 human

telencephalon immunostained for SCGN, SP8, and NKX2.1. LV, lateral ventricle; St, striatum; PSB, pallial–subpallial boundary. (B–J) Magnified images of boxed areas in

(A). Scale bars: 1mm (A); 50 μm (B–J).
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lenti-Gfp, transplanted VIP+ neurons expressing lenti-Gfp-SCGN
exhibited a nominally significant decrease in input resistance
(P = 0.02) and increase in rheobase (P = 0.025) (Supplementary
Fig. 10). These observations suggest that SCGN+ GABAergic neu-
rons may require increased synaptic input to achieve firing
threshold. Because electrical excitability also depends on den-
dritic geometry (Mainen and Sejnowski 1996; Vetter et al. 2001;
Grudt and Perl 2002; Schaefer et al. 2003; Helmstaedter et al.
2009), a corollary to these observations is that SCGN expression
may alter neuronal morphology. We therefore explored this
possibility through morphometric analysis.

Initial observations suggested that SCGN expression sub-
stantially increased neurite arbor complexity compared with
controls (Fig. 5B). To study this phenotype more closely, we
reconstructed transplanted neurons in 3 dimensions using
Neurolucida and confocal microscopy (Fig. 5C). We quantified
the total neurite length, number of branches, and number of
intersections as a function of somal distance via Sholl analysis.
SCGN+ neurons exhibited significantly higher values for all of
these measures compared with controls (Fig. 5D–F). In particular,
distal arbor complexity was greatly enhanced (Fig. 5F; additional
representative neuron tracings are shown in Supplementary
Fig. 11). These results suggest that SCGN expression in VIP+

mouse GABAergic neurons may affect intrinsic electrophysiolog-
ical properties by altering neuronal morphology. Furthermore,
these findings implicate SCGN as the first member of a signaling
pathway that contributes to morphological differences between
CGE/LGE-derived GABAergic neurons of mice and humans.

Discussion
This study provides insights into the transcriptional programs
that govern GABAergic neuron development in human neocor-
tex and the extent to which they are conserved in mice. Our
major findings are as follows: (1) most genes expressed by
nascent neocortical GABAergic neurons are conserved between
humans and mice; (2) many of these genes have not previously
been studied with respect to GABAergic neuron biology; (3) the

calcium-binding protein SCGN is robustly expressed by postmi-
totic GABAergic neurons derived from the CGE/LGE in humans
but not mice; and (4) forced expression of SCGN in CGE-derived,
VIP+ mouse GABAergic neurons dramatically increases total
neurite length and arbor complexity in vivo.

Through integrative gene coexpression analysis, we identi-
fied many genes that are likely to play conserved yet uncharac-
terized roles in the differentiation, migration, and maturation
of neocortical GABAergic neurons (Fig. 1D). These genes include
transcription factors such as ZNF536 and EYA1, the first of
which falls within one of 108 conservatively defined loci meet-
ing genome-wide significance in association with schizophre-
nia (Schizophrenia Working Group of the Psychiatric Genomics
Consortium 2014). Also present in this list are multiple repre-
sentatives of distinct protein families, including NXPH1/NXPH2
and PDZRN3/PDZRN4, whose functions in GABAergic neurons
are poorly understood. These findings highlight the strength of
“guilt-by-association” strategies for revealing novel molecular
correlates of cellular identity (Oldham et al. 2008).

The general conservation of transcriptional programs that
govern neocortical GABAergic neuron development in humans
and mice provides further evidence that the mouse is a defen-
sible model system for studying the potential contributions of
these cells to diverse neurological and psychiatric disorders. At
the same time, differences in the proportions of GABAergic
neuron subtypes between human and mouse neocortex high-
light the need for more studies of interneuron development
and function using human tissues and cells. For example, inter-
neurons expressing tyrosine hydroxylase appear to be particu-
larly abundant in deep layers of human neocortex relative to
other mammalian species (Defelipe 2011). Variation in
GABAergic neuron subtype proportions between human and
mouse neocortex has also been attributed to species’ differ-
ences in the neuroanatomical origins of these cells (Letinic
et al. 2002; Jakovcevski et al. 2011; Yu and Zecevic 2011;
Radonjic et al. 2014a), although this interpretation is not uni-
versally accepted (Hansen et al. 2013; Ma et al. 2013). Our find-
ing of molecular differences in SCGN activity between humans

Figure 4. Expression of SCGN peaks before birth and preferentially labels interneurons that populate superficial layers of human neocortex. (A) Expression patterns in

11 neocortical areas across the human lifespan (Kang et al. 2011) suggest a role for SCGN during prenatal brain development (black vertical line denotes birth). (B–D)

Immunostaining for SCGN in human prefrontal cortex (7 months), superior frontal gyrus (6 years), and entorhinal cortex (24 years). (E–J) SCGN+ neurons in human

prefrontal cortex (7 months) acquire bipolar/bitufted morphology and coexpress CR and VIP. Scale bars: 150 μm (B–D); 50 μm (E–G); 30 μm (H–J).
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and mice provides further support for efforts to clarify species’
differences among subpopulations of GABAergic neurons.

We also note that important categories of evolutionary
change are not addressed by our strategy. For example, a gene
that is transcribed in human and mouse GABAergic neurons
may be expressed at different levels in each species, with
important functional consequences. Alternatively, amino-acid
substitutions may alter protein function despite comparable
gene expression levels. Although there are likely to be many
important examples of evolutionary changes affecting brain
development that fall into these categories, binary or “Boolean”
expression differences represent low-hanging fruit that are
comparatively straightforward to identify and test experimen-
tally. For example, we previously used this strategy to
identify PDGFD–PDGFRß signaling as a driver of radial glial pro-
liferation during human but not mouse corticogenesis (Lui
et al. 2014).

To our knowledge, SCGN represents the first example of a
gene whose expression distinguishes neocortical GABAergic
neurons of humans and mice during brain development.
Interestingly, phylogenetic differences in Scgn expression have
previously been reported for other subtypes of telencephalic
neurons. For example, a recent study identified a subpopula-
tion of parvalbumin+ interneurons that coexpress Scgn in the
dorsal striatum of rats, but not mice (Garas et al. 2016). Another
group has found that in gray mouse lemurs—but not in mice—
Scgn is expressed by cholinergic neurons in embryonic basal
forebrain and neuroblasts in the rostral migratory stream
(Mulder et al. 2009; Mulder et al. 2010). The evolutionary vari-
ability in neuronal expression patterns of Scgn appears to con-
trast with other calcium-binding proteins such as CR and

calbindin (which are generally thought to label orthologous cell
types in mammalian brains), despite the fact that SCGN shares
a high degree of sequence homology with these proteins (Alpar
et al. 2012).

Phylogenetic differences in neuronal expression patterns of
Scgn suggest that its functions have diverged from related
calcium-binding proteins. There is support for this idea from
biochemical studies. Previous work has shown that the calcium
affinity of SCGN is far lower than traditional calcium buffers
such as CR and calbindin, and comparable to that of synapto-
tagmin I (Rogstam et al. 2007). Like synaptotagmin I, SCGN
undergoes a conformational change upon binding calcium that
potentiates physical interaction with the t-snare protein
SNAP25 (Rogstam et al. 2007). These observations suggest that
SCGN is involved in calcium-dependent exocytosis, which is
consistent with its ability to modulate insulin release in the
pancreas (Wagner et al. 2000) and corticotropin‐releasing hor-
mone release in the hypothalamus (Romanov et al. 2015). We
therefore propose that SCGN expression in CGE/LGE-derived
GABAergic neurons increases neurite length and arbor com-
plexity by promoting calcium-dependent exocytosis of plasma-
lemmal precursor vesicles in growth cones. Future studies will
explore this possibility and whether such vesicles contain
unidentified signaling molecules that may amplify these effects
in an autocrine/paracrine fashion.

Others have observed that Scgn appears to be preferentially
expressed by non-differentiated neurons in primate brains
(Alpar et al. 2012). These observations suggest that Scgn expres-
sion may provide a general mechanism for increasing neurite
length and arbor complexity in diverse neuronal subtypes with
varied morphologies. In the case of horse-tail GABAergic

Figure 5. Forced expression of SCGN increases neurite length and arbor complexity in CGE-derived mouse GABAergic neurons. (A) Schematic of transplantation experi-

ment. CGE cells from donor mice expressing tdTomato exclusively in VIP+ neurons (Vip-Cre; R26-Ai14) were harvested at E13.5, transduced with lentivirus, and trans-

planted into P2 recipient visual cortex. (B) Cortical sections from recipient mice were immunostained for GFP and SCGN 50 days after transplantation to confirm SCGN

expression in transplanted cells. (C) Representative Neurolucida reconstructions of transplanted neurons expressing SCGN or empty vector (control). (D–F) Comparison

of total neurite length (D), number of branches (E), and number of intersections with concentric spheres drawn at 10 μm radius intervals from the soma via Sholl analysis

(F). P-values are from Student’s t-test (D, E) and Wilcoxon rank-sum test (F; performed separately for each distance): **P < 0.01; ***P < 0.001. Neurolucida tracings are from

n = 21 (control) and n = 20 (SCGN) cells (4 animals per condition, minimum 5 cells per animal). Error bars: one SEM. Scale bars: 50 μm (B).
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neurons in primate neocortex, SCGN activity may provide the
“raw material” necessary for the long, vertically oriented axon
collaterals and dendritic branches that characterize these cells,
whose mature morphologies likely depend on other factors. In
this regard, it will be interesting to explore potential synergies
between SCGN and NXPH2, which encodes a secreted glycopro-
tein that serves as a ligand to the α-neurexin family of trans-
synaptic cell adhesion molecules (Petrenko et al. 1996; Missler
and Sudhof 1998).

Beyond the cell-intrinsic effects of SCGN expression on neu-
ronal morphology, it is also important to recognize that GABA
signaling provides excitatory drive for immature neocortical
networks and has been implicated in most aspects of cortico-
genesis, including proliferation, migration, and synaptogenesis
(Wang and Kriegstein 2009). Because SCGN expression in
human neocortex is widespread by GW14.5 (Fig. 3), when deep
cortical layers are still being formed, it is spatiotemporally
well-positioned to expand the ability of CGE/LGE-derived
GABAergic neurons to coordinate diverse aspects of neocortical
development.

Supplementary Material
Supplementary data is available at Cerebral Cortex online.
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