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Abstract

In mice, terminal differentiation of subpopulations of interneurons occurs in late postnatal stages, paralleling the
emergence of the adult cortical architecture. Here, we investigated the effects of altered initial cortical architecture on later
interneuron development. We identified that a class of somatostatin (SOM)-expressing GABAergic interneurons undergoes
terminal differentiation between 2nd and 3rd postnatal week in the mouse somatosensory barrel cortex and upregulates
Reelin expression during neurite outgrowth. Our previous work demonstrated that transient expression (E15-P10) of
serotonin uptake transporter (SERT) in thalamocortical projection neurons regulates barrel elaboration during cortical map
establishment. We show here that in thalamic neuron SERT knockout mice, these SOM-expressing interneurons develop at
the right time, reach correct positions and express correct neurochemical markers, but only 70% of the neurons remain in
the adult barrel cortex. Moreover, those neurons that remain display altered dendritic patterning. Our data indicate that a
precise architecture at the cortical destination is not essential for specifying late-developing interneuron identities, their
cortical deposition, and spatial organization, but dictates their number and dendritic structure ultimately integrated into
the cortex. Our study illuminates how disruption of temporal-specific SERT function and related key regulators during
cortical map establishment can alter interneuron development trajectory that persists to adult central nervous system.

Key words: cortical map architecture, dendrite patterning, postnatal interneuron development, temporal-specific SERT
function

Introduction basic cortical maps are established by perinatal stages, neu-

Development of the cerebral cortex of the mammalian brain
follows a highly stereotyped series of histogenic processes, dur-
ing which an enormous variety of neuronal types are organized
into functionally distinct areas with characteristic architecture,
neuronal composition, and connectivity, forming the biological
framework for perception, cognition, and behavior. Whereas the

ronal differentiation processes continue well into childhood,
with defined subpopulations of neurons sequentially recruited
into existing circuits (Geschwind and Rakic 2013; Silbereis et al.
2016). In particular, in the mouse neocortex and hippocampus,
terminal differentiation processes, such as cortical area assign-
ment, laminar deposition, neurochemical identity and dendritic

© The Author(s) 2020. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
This article is published and distributed under the terms of the Oxford University Press, Standard Journals Publication Model (https://academic.oup.com/
journals/pages/open_access/funder_policies/chorus/standard_publication_model)


https://academic.oup.com/journals/pages/open_access/funder_policies/chorus/standard_publication_model
https://academic.oup.com/journals/pages/open_access/funder_policies/chorus/standard_publication_model
https://academic.oup.com/

2 | Cerebral Cortex, 2020, Vol. 00, No. 00

arborization of diverse subtypes of GABAergic interneurons take
place in late postnatal stages and even in adulthood (Wonders
and Anderson 2006; Cossart 2011; Bartolini et al. 2013; Sultan
et al. 2013). This extended postnatal expansion of neuronal
populations is thought critical in shaping cognitive capacity
and complex behavior (Stiles and Jernigan 2010; Lee et al. 2014;
Silbereis et al. 2016). Indeed, disrupting the development of
restricted GABAergic neuron subpopulations or subtle alter-
ations of their functional properties may increase susceptibil-
ity to epilepsy, mental retardation, autism and schizophrenia
(Cobos et al. 2005; Di Cristo 2007; Batista-Brito et al. 2008; de
la Torre-Ubieta et al. 2016; Marin 2016). Recent advances in
imaging, genetic, and genomic technologies have provided new
insights into the diversity of interneuron types and their gener-
ation, migration, and distribution (Paul et al. 2017; Wamsley and
Fishell 2017; Lim et al. 2018). However, genetic dissection of late
developmental processes in the central nervous system (CNS)
has been challenging. Despite the long-standing hypothesis for
an interplay between cell-intrinsic and environmental signaling
in interneuron terminal differentiation, little is known about
the endogenous hierarchical processes that build brain region-
specific architecture over a protracted period of time and how
neurons that arrive in late postnatal stages are incorporated into
existing cortical architecture (Rakic et al. 2009; Wamsley and
Fishell 2017; Lim et al. 2018).

Mounting evidence suggests that pathological genetic varia-
tions and environmental insults affecting certain critical periods
alter CNS developmental trajectory (de la Torre-Ubieta et al.
2016; Marin 2016; Silbereis et al. 2016). Transcriptome analy-
sis with postmortem human brain samples revealed that bio-
logically pleiotropic genes associated with neurodevelopmen-
tal and psychiatric disorders display temporal-specific cortical
topographic expression during development (Chen et al. 2015a;
Silbereis et al. 2016). To experimentally elucidate genetic pro-
gramming of CNS architecture and how changes in early life may
affect the adult CNS, it is helpful if both a gene function and
affected neurons in specific brain regions at specific develop-
mental stages can be monitored in real time, so that when and
which processes affected can be delineated. Our previous work
identified that transient early expression of serotonin (5-HT)
uptake transporter (SERT) in glutamatergic thalamocortical pro-
jection neuron axons (TCA) regulates sensory map elaboration
in mice (Chen et al. 2015b; Chen et al. 2016). Specifically, SERT is
expressed from embryonic day 15 (E15) to postnatal day 10 (P10)
in thalamic ventrobasal (VB) glutamatergic neurons projecting
to the somatosensory barrel cortex (Hansson et al. 1998; Lebrand
et al. 1998; Narboux-Neme et al. 2008). These neurons, termed
“5-HT-absorbing neurons,” do not synthesize 5-HT but take up
trophic 5-HT from the extracellular space to prevent excessive
S5-HT at their target brain regions (Lebrand et al. 1996; Chen
et al. 2015b). Using the Cre/LoxP system to generate neuron-
specific SERT knockout mice, we have shown that the barrel
architecture is affected in TCA SERT knockout (SERT®“4) mice
(Chenetal.2015b; Chen et al. 2016), providing a genetic paradigm
for investigating how disrupting a gene function in TCA during
cortical map establishment may influence later neuronal devel-
opmental processes in the cortex.

In the present study, we focused on a set of GABAergic
interneurons developing in postnatal barrel cortex and char-
acterized the effects of SERT disruption on their development
using SERT®™4 mice. Mouse lines expressing knock-in green
fluorescent protein (GFP) reporter driven by promoter elements
of the GABA synthesis enzyme glutamate decarboxylase 67 gene

(GAD67-GFP) confer GFP expression in specific subpopulations
of GABAergic neurons and have been used successfully in char-
acterizing development and synaptic properties of reproducible
subgroups of GABAergic neurons in the CNS (Oliva et al. 2000;
Meyer et al. 2002; Chattopadhyaya et al. 2004; Ma et al. 2006;
Gentet et al. 2012; Xu et al. 2013). Here, we show that the
GAD67-GFP/GIN line (Oliva et al. 2000) expresses GFP in a popula-
tion of somatostatin (SOM)-expressing GABAergic interneurons
that develop in late postnatal barrel cortex. We demonstrate
that defective barrel architecture in SERT®4 mice does not
alter development timing of these interneurons, their deposition
in barrels and their ability to express correct neurochemical
identities, but has a profound impact on the number of the
neurons that ultimately remain in the barrel cortex and their
dendrite patterning, thereby linking SERT function in the TCA
during initial cortical map establishment to cortical integration
of interneurons in later developmental stages.

Materials and Methods
Animals

Animal use and procedures were approved by the Albert
Einstein College of Medicine Institutional Animal Care and
Use Committee. Generation of TCA SERT conditional knockout
mice SERT™4 has been previously described (Chen et al. 2015b).
Briefly, SERT®™4 mice were generated by crossing SERT//! mice,
which carry LoxP sites flanking exons 3 and 4 of the SERT gene
Slc6a4, and Vglut2-Cre mice, and Cre recombinase-mediated
deletion results in a reading frameshift that eliminates SERT
function (Chen et al. 2015b). Vglut2-Cre mice (Vong et al. 2011)
were generated and generously shared by Bradford B. Lowell
and colleagues. GAD67-GFP/GIN mice were generated by John
W. Swann and colleagues (Oliva et al. 2000) and purchased
from the Jackson Laboratories. All mouse strains have been
backcrossed with C57B6 from Taconic Bioscience 9-11 times
in our laboratory. To characterize the effects of disrupting
TCA SERT expression on GAD67-GFP/GIN-expressing neurons,
the GFP transgene was first crossed into SERT'Y! to generate
SERTYf. GFP/GFP mice, and SERT/Y!;GFP/GFP female mice were
then crossed with SERT/Y,Vglut2-Cre/+ (SERTM4) males to
generate SERTS™4;GFP/+ and no-Cre control SERTYY;GFP/+ mice
for analysis. In this way, a larger number of progeny mice
carried the same Vglut2-Cre transgene from a male, and all
tested mice carried one copy of GAD67-GFP/GIN transgene.
For every experiment throughout this work, SERTS™4;GFP/+
and control SERTW,GFP/+ littermate mice were processed in
parallel, with the genotype and sex of the mice blinded for the
performers. Analysis of mutant and control littermates showed
no appreciable sex-dependent differences, and consequently,
male and female results were combined for presentation.

Immunohistochemistry and Histology

Mice were anesthetized by intraperitoneal injection of Avertin
(400 mg/kg) prior to transcardial perfusion with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in
PBS, and brains were dissected. To obtain tangential sections
of the barrel cortex, neocortical sheets were separated from
the underlying white matter and flattened between two glass
slides, postfixed overnight in 4% PFA and processed immedi-
ately. Flattened cortical sheets were sectioned tangentially to
the pial surface in serial at 50 pym thickness, unless noted
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otherwise, on a Vibratome (Leica). For immunostaining, sections
were washed 3 x 10 min in PBS, 1 x 30 min in PBS with 0.3%
Triton, and blocked with 5% donkey or goat serum and 0.1%
Triton in PBS for 1 h at room temperature, before incubation
with primary antibodies for 2448 h at 4°C. For immunostain-
ing of GABA, 0.2% of glutaraldehyde was added into fixative
during perfusion and postfix, and the staining of brain sec-
tions was carried out without triton. For BrdU staining, sec-
tions were incubated in 2 N HCl for 1 h at room tempera-
ture and rinsed 3 x 5 min in PBS before applying the block-
ing solution. The following primary antibodies and dilutions
were used: rat a-BrdU (1:500, Abcam AB6326), mouse a-calretinin
(2-CR, 1:1000, Millipore MAB1568), rabbit o-CR (1:1000, Sigma
C7479), guinea pig a-GABA (1:1000, Millipore AB175), rabbit a-
GFP (1:1000, Invitrogen A6455), mouse a-GFP (1:1000, NeuroMab
75-132), chicken «-GFP (1:1000, Abcam AB13970), rabbit a-NPY
(1:1000, Cell Signaling 11976S), mouse a-parvalbumin (PV, 1:1000,
Sigma P3088), mouse a-Reelin (1:1000, Millipore MAB5364), rat
a-somatostatin (1:30, Abcam AB30788), rat a-somatostatin (1:80,
Abcam AB30788), guinea pig a-Vglut2 (1:1000, Millipore AB2251),
and rabbit a- vasoactive intestinal peptide (1:500, Immunostar
20077). Immunostaining of the proteins, BrdU and GABA was
visualized by using secondary antibodies conjugated with flu-
orescent dye 488, 555, 568, or 647 at a dilution of 1:400. Donkey
a-chicken 488 was purchased from Sigma (SAB460003), and the
others were highly cross-absorbed secondary antibodies from
Invitrogen. Sections were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI; Thermo Fisher D1306) to detect cell nuclei.
Widefield microscopy fluorescence images were captured using
an Axiocam MR digital camera attached to a Zeiss Axiolmager Z1
microscope. Confocal images were collected using a laser point-
scanning Zeiss LSM 880 Airyscan microscope. In this work, a
defined set of nine barrels in arcs 1-3 of rows B-D of the posterior
medial barrel subfields (PMBSF) was used as a model for analysis
and comparisons between age groups and mutant and control
mice.

For characterizing the morphology of GAD67-GFP/GIN-
expressing neurons during postnatal development, serial 60 pm
thick tangential sections through the barrel cortex of P7 and P12
pups were stained with anti-GFP antibody, and GFP+ neurons
located in arcs 1-3 of rows B-D of the PMBSF were randomly
selected for imaging. For each neuron, serial confocal images
were taken along the Z-axis at 2.15 pm-interval. To visualize
GFP+ neuron morphology, a maximum projection image was
created from the image stack using FIJI software (Image], NIH),
encompassing optical planes 12 pm above and below the center
of the cell body. In this study, GFP+ cells with thicker, multiple
branched neurites are considered as mature morphological
features, in contrast to simple round somas and thin short
neurites of immature neurons.

For comparisons of Reelin immunoreactivity in GAD67-
GFP/GIN-expressing neurons at various postnatal stages, brains
collected from different age groups were processed in parallel.
Serial 50 pm thick tangential sections through the barrel
cortex were double immunostained for Reelin and GFP, and
GFP+ neurons in arcs 1-3 of rows B-D of the PMBSF were
randomly imaged using a 40X objective on a Zeiss Axiolmager
Z1 microscope, with fixed exposure time and camera gain. To
quantify Reelin immunoreactivity, images were processed using
FJI to create regions of interest (ROI) around the somata of
GFP+ cells, background fluorescence levels were determined in
each image and subtracted, and ROI fluorescence intensity was
quantified using FIJI.

Quantifying the Number of GAD67-GFP/GIN-Expressing
Neurons in the Barrel Cortex

The number of GAD67-GFP/GIN-expressing neurons and their
spatial distribution in the barrel cortex were determined by
two methods. In all cases, serial tangential sections through
the PMBSF were analyzed. GFP immunostaining was used to
enhance visibility and DAPI was used as a counterstain of cell
nuclei to delineate barrel boundaries. In the first method, barrel
walls and hollows were defined as we have done previously
(Chen et al. 2015b). Briefly, a barrel wall was defined as a ring
of densely packed cell nuclei stained by DAPI, and the area
surrounded by a barrel wall was defined as a barrel hollow.
Images of DAPI staining were processed using mean filter and
bandpass filter tools of Image] to obtain “smoothened” images
(Supplementary Fig. S1A). By superimposing this image to the
corresponding GFP image, the number of GFP+ cell bodies in
barrel walls and hollows in arcs 1-3 of rows B-D of the PMBSF
was quantified using the Cell Counter plugin, (Imagej). The
second method added Vglut2 immunostaining to label TCA in
addition to GFP and DAPI staining, and images of Vglut2 stain-
ing were processed to define barrel walls and barrel hollows
(Supplementary Fig. S1B), and the number of GFP+ cell bodies in
barrel walls and hollows was quantified using the Cell Counter
plugin. For each mouse, data represent the average of per 50 pm-
thick section of serial sections through the nine-barrel area,
unless noted otherwise.

To assess the time course of GAD67-GFP/GIN-expressing neu-
rons arising, mice from the same litter at 2-3 ages were analyzed
to detect changes over the ages, and mice from different litters
were analyzed to account for variations between mice. To assess
the time course of GFP+ neurons arising in the neocortex glob-
ally, serial sections were collected from flattened neocortical
sheets at various postnatal ages, imaged at x5 magnification
and the cortical sheet on each section was reconstructed by
manual alignment and stitching of the images. Cortical layer
corresponding to the barrel cortex was identified using DAPI
counterstain.

To estimate apoptosis in the barrel cortex, a TUNEL assay was
performed using the ApopTag Red In Situ Apoptosis Detection
Kit (Millipore S7165) with modification. Briefly, serial 35 pm
tangential sections through the barrel cortex were collected
from P18 and P30 mice and immunostained for GFP and Vglut2.
Stained sections from mutant and control littermates were
transferred to the same glass slides, dried at 55 °C for 5 min,
further permeabilized in 0.5% triton in PBS at 85 °C for 20 min
according to a published procedure (Deng et al. 2001), and
processed TUNEL according to manufacturer’s instructions. For
every trial, sections of the hippocampus from P2 mice were
processed in parallel, and the robust programmed cell death in
P2 CA3 (Mosley et al. 2017) served an additional positive control
for the TUNEL assay. A total number of TUNEL+ cells in arcs 1-3
of rows B-D in serial sections of the PMBSF was quantified using
the Cell Counter plugin, (Image]). Localization of TUNEL in GFP+
cell bodies was determined by confocal microscopy.

BrdU labeling was used to assess the birth of GAD67-GFP/GIN-
expressing neurons located in the barrel cortex. The conception
day was determined based on vaginal plug marks, and the
following day was taken as E1.5. The date of birth of the pups
was considered as PO. To mark embryonic neurogenesis, a single
pulse of BrdU (MP Biomedicals 100171) was administrated
intraperitoneally into dams at 25 pg/g body weight at the
pregnant stage of E10.5, E12.5, E13.5, E14.5, or E16.5. To label
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neurons generated postnatally, BrdU was injected into pups
at 100 pg/g body weight daily from PO to P3, P3 to P10, or
P10 to P16. To visualize BrdU labeling, 50 pm-thick serial
tangential sections through the barrel cortex were collected
from P16 mice that had been exposed to BrdU embryonically or
postnatally and stained with anti-BrdU and anti-GFP antibodies.
BrdU labeling at E10.5 was analyzed in four mice resulted
from one injected dam, and for all other time points, four
to eight mice from two independent litters were analyzed,
and data are presented as meanz+standard error of the
mean (SEM).

Dendrite Reconstructions and Analysis

Dendrite reconstructions and analyses were performed using
similar criteria as described previously (Chen etal. 2015b).
Briefly, 60 pm thick tangential sections through the PMBSF of P30
mice were stained with anti-GFP antibody, and DAPI was used
as a cell nuclear counterstain for determining barrel boundaries
in the PMBSF as described above. GFP+ neurons located close to
the edge of barrel walls were randomly selected for imaging
and analysis. For each neuron, serial confocal images were
taken along the Z-axis at 1 pm intervals using a 40X objective.
To analyze the dendritic architecture of the GFP+ neurons, a
maximum projection image was created from an image stack,
encompassing 20 pm above and below the center of the cell
body. The dendritic trees were reconstructed using FIJI software.
This image was superimposed over a DAPI-staining image taken
at lower magnification to locate the position of the dendrites
relative to barrel structures. Total dendritic length, branching
points, and segments were quantified using Neuron]. To evaluate
dendritic orientation, a line crossing the center of the cell body
was drawn in parallel to the barrel wall as described previously
(Espinosa et al. 2009; Chen et al. 2015b). A barrel housing the
majority of dendrite length of a GFP+ neuron was considered as
the primary barrel, and dendritic profiles leading toward and/or
located within the primary barrel were quantified.

Statistical Analyses

Statistical analyses were performed with GraphPad Prism. Data
are presented as mean + standard error of the mean (SEM). For
all comparisons between SERT®4 and control mice, P values are
based on two-tail, unpaired t-tests. For comparisons of the num-
ber of GFP-expressing neurons and Reelin immunoreactivity in
the same genotype background at different postnatal ages, P
values are based on repeated measure one-way ANOVA followed
by Tukey post hoc tests. Differences were considered significant
when the P value <0.05.

Results

GADG67-GFP/GIN-Expressing Neurons Develop in Late
Postnatal Somatosensory Barrel Cortex

To study late postnatal development, we sought to examine
subpopulations of interneurons that undergo terminal differ-
entiation in the mouse brain after the initial barrel structure
is established. We were motivated by elegant work showing
developmental onset of two waves of SOM-expressing interneu-
rons in the rat neocortex and hippocampus: the first wave SOM
neurons emerge at E16 reaching a plateau at P1 and the second
wave SOM neurons arise between P9 and P15 and progressively
deposit in discrete cortical layers and hippocampal subdivisions

(Naus et al. 1988a; Naus et al. 1988b). Because in the brain SOM
neurons are exclusively GABAergic (Urban-Ciecko and Barth
2016), we examined three transgenic mouse lines that are known
expressing GAD67-GFP in subpopulations of SOM-expressing
GABAergic neurons (Oliva et al. 2000; Ma et al. 2006) at a series
of developmental stages. We found that the timing of GAD67-
GFP/GIN-expressing neurons (Oliva et al. 2000) arising in the
cortex closely matches the reported timing of the second wave
SOM-expressing interneurons.

Supplementary Fig. S2 shows GAD67-GFP/GIN-expressing
cells in the neocortex at various postnatal stages. GFP+ cells
can first be detected approximately at P5, sparsely populated in
caudal regions of the neocortex, and during the next 2 weeks
GFP+ cells increased in number and spread throughout the
cortex. To characterize development of the GFP-expressing
cells, we made use of the exquisite somatotopic map in the
PMBSF of the somatosensory cortex, where TCA form five rows
of precisely arrayed patches representing individual whiskers;
each TCA patch is surrounded by a wall of layer IV glutamatergic
and GABAergic cortical neurons with each cortical neuron
located in the wall sending dendrites into a single TCA patch
to form a discrete anatomical unit—a barrel (Inan and Crair
2007). Since the barrels are established during the first postnatal
week, we characterized GFP+ cells in the PMBSF at five time
points from P7 to P45, with a focus on a defined set of nine
barrels in arcs 1-3 of rows B-D (Fig. 1). At P7, only a few GFP+
cells were visible. Many GFP+ cells displayed characteristics
for various early morphological developmental stages, with
simple round somas and thin, short neurites (Figs 1B1,By).
About 60% of GFP+ cells at P7 displayed somewhat mature
morphological features such as thicker and multiple primary
neurites sometimes branched (Figs 1B1,B,, and E). The number
of GFP+ cells in the barrel cortex increased progressively
in the next 10 days of life and their processes grew longer
and more complex. At P12, more than 85% of GFP+ cells
displayed mature morphological features, while there were
few GFP+ cells at early morphological developmental stages
(Fig. 1C1,Cy, and E). These observations are in line with the
report that GAD67-GFP/GIN-expressing neurons represent a
population of SOM-expressing GABAergic neurons that initiate
terminal differentiation around P5 in the hippocampus (Oliva
et al. 2000).

Although postnatal origins of cortical interneurons exist, it is
believed that most GABAergic neurons are born embryonically
but some of them migrate and reach their final destination at
postnatal stages (Wonders and Anderson 2006; Cossart 2011;
Bartolini et al. 2013). To assess the time window of GAD67-
GFP/GIN-expressing neuron birth, pregnant female mice at five
time points of gestation from E10.5 to E16.5 and pups at three age
groups from PO to P16 were pulse labeled with BrdU, and brains
from the resulting mice were collected at P16, the age when the
number of GFP+ cells in the barrel cortex approaching a plateau
(Fig. 1D). Double immunostaining showed 4.1 +2.7%, 16.1 £ 2.1%,
28.8+5.1%, and 25.4+2.6% of GFP+ cells in the barrel cortex
were labeled by BrdU administrated at E10.5, E12.5, E13.5, and
E14.5, respectively (Fig. 2). In contrast, exposure to BrdU at E16.5,
or postnatally at PO-P3, P3-P10, and P10-P16 daily resulted in
many BrdU-labeled cells but none of these were GFP+ (Fig. 2C).
Combined, these data indicate that GAD67-GFP/GIN-expressing
neurons were born predominantly around E13.5-14.5, but com-
plete their terminal differentiation in the barrel cortex between
the 2nd and 3rd postnatal week, after the somatotopic map has
been established.
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Figure 1. GAD67-GFP/GIN-expressing neurons arise and mature in the somatosensory barrel cortex at late postnatal stages. (A) Images of GFP-expressing neurons in
tangential sections of the PMBSF at indicated ages. Barrels in arcs 1-3 of rows B-D are indicated in the image of P7 PMBSF. Noticing preferential localization of GFP+
cell bodies (green) in barrel walls outlined by densely packed DAPI-labeled nuclei (blue). Timing of GFP+ cells arising in the entire neocortical sheet is presented in
Supplementary Fig. S2. (B-C) Representative images of GFP+ cell morphology at P7 (B1, By) and P12 (Cy, Cy). The first column from the left shows low-magnification
images of GFP+ neurons (green) in the PMBSF overlay with Vglut2-immunolabeled TCA (cyan) and DAPI counterstain of cell nuclei (blue), and neurons marked by letters
are shown in confocal images in corresponding right panels. Neurons with simple morphology as displayed by neurons a in By, a, b in By, and e in C; are considered
immature neurons, while longer and more complex neurites shown by the other neurons are considered as mature morphological features. (D-E) Quantification of the
number of GFP+ cells in nine barrels in arcs 1-3 of rows B-D in PMBSF (D), and the fraction of the neurons displaying mature morphological features at indicated ages
(E). GFP+ neurons in serial tangential sections through the PMBSF were analyzed, and data represent mean per 50 pm section + SEM, N > 3 mice for each age group.
*P <0.05, **P <0.01, ***P <0.001, and one-way ANOVA followed by Tukey post hoc tests.

GAD67-GFP/GIN-Expressing Cells Represent a Distinct
Subset of SOM-Expressing GABAergic Neurons

We first determined that GFP+ neurons do not express
markers for two other major classes of GABAergic neurons:
parvalbumin (PV) and vasoactive intestinal peptide (VIP)

Our immunostaining showed that GAD67-GFP/GIN-expressing (Wamsley and Fishell 2017). We observed many neurons in

neurons in the barrel cortex are GABAergic and SOM-expressing
neurons (Figs 3A,B; Supplementary Fig. S3), consistent with pre-
vious reports (Oliva et al. 2000; Ma et al. 2006). Because multiple
classes of GABAergic neurons expressing distinct chemical and
molecular characteristics are localized to the barrel cortex, we
asked if the GFP-expressing neurons represent a particular class
of GABAergic neurons by double immunostaining of the barrel
cortex from one-month-old mice with GFP and a series of estab-
lished markers for GABAergic neuron subtypes.

the barrel cortex displayed immunoreactivity for PV and VIP;
however, neither PV nor VIP was detected in GFP+ neurons
(Figs 3C,D; Supplementary Fig. S3; Table 1). Thus, the GFP was
selectively expressed in SOM-expressing neurons.

Although all GFP+ neurons were immunoreactive for SOM
(Fig. 3B, Supplementary Fig. S3; Table 1), only 32.14+0.8% of SOM-
immunolabeled neurons in the barrel cortex expressed GFP
(N=3 mice). Since SOM-expressing neurons comprise several
subtypes by expressing other neurochemical markers, such
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E10.5
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E145 E16.5 PO0-P3 P3-P10 P10-P16

Figure 2. Barrel cortex GAD67-GFP/GIN-expressing neurons are born predominantly around E13.5 and E14.5 in mice. (A-B) Representative images of BrdU and GFP double
immunostaining of tangential sections through the PMBSF from P16 mice exposed to BrdU at E12.5 (A) or E14.5 (B). A,—A4 and B,-B, show confocal images of BrdU and
GFP colocalization in neurons indicated by arrows in A; and By, respectively. (C) Quantification of the percentage of GFP+ neurons immunolabeled by BrdU over the
total numbers of GFP+ neurons located in arcs 1-3 of rows B-D of the PMBSF from P16 mice exposed to BrdU at indicated ages. Error bars represent SEM, N =4-8 mice

per time point.

as the neuropeptide Y (NPY) and calcium-binding protein
calretinin (CR) (Xu et al. 2006, 2010; Bartolini et al. 2013),
we further characterized GAD67-GFP/GIN-expressing neuron
identity by immunocolocalization of GFP with NPY or CR
(Figs 3E,F; Supplementary Fig. S3). Only about 2% and 8% of GFP+
neurons showed immunoreactivity for NPY or CR, respectively
(Supplementary Fig. S4; Table 1).

An earlier interesting work showed immunoreactivity for the
extracellular matrix protein Reelin in about two-thirds of SOM-
expressing GABAergic neurons in the primary somatosensory
cortex of 3-week-old mice (Miyoshi et al. 2010), although less
than 20% of SOM-expressing neurons display detectable Reelin
in the adult primary somatosensory cortex (Alcantara et al.
1998). To determine if the GFP-expressing neurons represent a
subpopulation of Reelin-expressing SOM neurons, we performed
Reelin and GFP double immunostaining of the barrel cortex from
P30 mice. We observed Reelin immunoreactivity in nearly all
GFP+ neurons (Fig. 3G; Supplementary Fig. S3; Table 1). We fur-
ther validated this observation by confirming colocalization of
GFP+ neurons with both Reelin and SOM (Fig. 4A; Table 1). Quan-
tification showed that GFP+ neurons constituted 34.5+2.6%
of total Reelin-immunolabeled cells in the barrel cortex (N=4
mice). Since a small fraction of GFP+ cells expressed CR, we
asked if Reelin is broadly expressed in CR-expressing neurons
by triple immunostaining for CR, Reelin and GFP. We found that
8.2 +3.2% of CR+ neurons showed Reelin immunoreactivity, and
all Reelin+/CR+ neurons were also GFP+ (N =3 mice). Combined,
these experiments indicate that the GAD67-GFP/GIN-expressing

cells represent a subpopulation of SOM-expressing GABAergic
neurons that express Reelin.

During rodent embryonic neurogenesis, Reelin expression
coincides with the period of neurite outgrowth and synap-
togenesis (Rakic and Caviness 1995; Alcantara etal. 1998).
We wished to know if Reelin would also be dynamically
expressed in postnatal developing neurons. We examined Reelin
immunoreactivity in GFP+ neurons in the barrel cortex at five
developmental time points where we monitored GFP-expressing
neuron morphology (Fig. 4B). Quantification of the intensity of
Reelin immunoreactivity in GFP+ cell bodies showed highest
Reelin levels in GFP+ cells at P12 (Fig. 4C), corresponding to
the timing of their robust neurite outgrowth (Fig. 1E), further
indicating that GAD67-GFP/GIN-expressing cells in the barrel
cortex elaborate cortical connectivity during late postnatal
stages.

Genetic Dissection of GAD67-GFP/GIN-Expressing
Neuron Development in SERT®“4 Mice

A key question in determining hierarchical processes that
build CNS functional architecture over a protracted period of
time is the impact of initial cortical architecture on discrete
developmental processes at subsequent stages. We noticed that
GAD67-GFP/GIN-expressing neurons are preferentially localized
to barrel walls (Fig. 1A), indicating that these neurons are
integrated into the barrel structure. Since SERT expressed in TCA


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz191#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz191#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz191#supplementary-data
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Figure 3. Barrel Cortex GAD67-GFP/GIN-expressing neurons represent a population of Reelin- and SOM-expressing GABAergic neurons. All images shown are tangential
sections of the barrel cortex from P30 mice. (A) GFP and GABA double immunostaining. Ay-A4 show GFP (green) and GABA (red) staining with DAPI counterstain (blue)
in the PMBSF area outlined by a white box in A;. As shows a higher magnification confocal image of colocalization of GFP and GABA immunoreactivity in two neurons
indicated by arrowheads. Noticing that GABA+ cell bodies display a ring patterning (barrel walls), and GFP+ neurons are preferentially localized to the ring. (B-G)
Immunostaining for GFP and GABAergic neuron subtype markers. B;-G1 show low-magnification images of the barrel cortex with TCA immunolabeled by Vglut2 (cyan)




8 | Cerebral Cortex, 2020, Vol. 00, No. 00

Table 1 Colocalization of GAD67-GFP/GIN with GABAergic neuron subtype markers in the barrel cortex?

SOM/GFP PV/GFP VIP/GFP CR/GFP NPY/GFP Reelin/GFP
Control 100 + 0 (4) 0+0(4) 0+0(3) 8.143.2(3) 1.6 + 1.0(4) 99.7 + 0.5(3)
SERTGluA 99.14 1.1 (3) 0+0(3) 040(3) 6.5 & 0.4(3) 2.6 + 1.6(3) 97.6 +1.2(3)
P 0.42 - 0.69 0.62 0.22

@Percentages represent mean + SEM of GFP+ cell bodies that are positive for immunostaining of indicated neuronal markers in serial tangential sections through
the barrels in arcs 1-3 of rows B-D of the PMBSF in one-month-old mice. The number of animals analyzed for each staining is indicated in parenthesis. P values are

based on unpaired t-tests.

regulates barrel formation during somatotopic map formation
(Chen et al. 2015b), we, therefore, examined if and which steps of
GAD67-GFP/GIN-expressing neuron development are altered in
SERT™4 mice.

Immunostaining for SOM and the other markers showed
that the neurochemical identities of GAD67-GFP/GIN-expressing
neurons were not altered in SERT®M4 mice (Supplementary Fig.
SS5; Table 1).

We next examined if the timing of GAD67-GFP/GIN-expressing
neurons arising, their localization to and distribution in the
barrel cortex would be altered in SERT®™4 mice. Our previous
studies showed that five rows of TCA patches in the PMBSF
are preserved in SERT®™4 mice, but the TCA patches are
blurred because of poor segregation and patterning of layer
IV neurons and their oriented dendritic arborization are lost
(Chen et al. 2015b). We observed a few GFP+ neurons in the
barrel cortex of P7 SERT?™4 mice and the number increased by
P16 as seen in control littermates (Fig. 5A), indicating that the
general development timing of the GFP-expressing neurons was
preserved in SERT®™4 mice.

We further evaluated potential quantitative differences
between SERT®M4 and their control littermate mice by exam-
ining GFP+ neurons in the barrels in arcs 1-3 of rows B—D
in the PMBSE. We found that the numbers of GFP+ neurons
were comparable between SERTS™4 and control littermate
mice examined at P7, P10, P13, and P16, indicating that the
number of the neurons successfully localized to the barrel
cortex was unaffected (Fig. 5B). However, whereas in control
mice the number of GFP+ neurons in the barrels at P30 and
P62 stayed approximately the same as at P16, the number of
GFP-+ neurons became reduced in P30 and P62 SERT™4 barrels
(Fig. 5B). On the other hand, the number of GFP+ neurons in the
SERT®"4 barrels at P62 was not significantly less than that at P30.
Combined, these observations suggest that similar amounts
of GFP-expressing neurons attained the barrel cortex at the
peak around P16 in SERT®™4 and control mice, but alterations
in certain features caused by SERT deficit during initial barrel
formation affected the number of the neurons able to remain in
the cortex.

We asked whether SERTC™4 alters spatial positioning of
GFP+ neurons in the barrels, and, if so, is there a correlation
between the spatial patterning and the change in the number
of GFP+ neurons. We evaluated the spatial distribution of

the GFP+ neurons by calculating the ratio of the number
of GFP+ neurons in barrel walls relative to that in barrel
hallows. In control mice at P7 through to P30, GFP+ neurons
showed approximately a 2:1 ratio (Fig. 5C), matching the overall
GABAergic neuron distribution in the barrel cortex (Chen et al.
2015b). While we could not appreciate a significant difference
between SERTS™4 and control mice at P7 and P10, ratios of
GFP+ neurons in barrel walls versus that in barrel hollows in
P13 and P16 SERTS%4 mice were lower compared to that in
control littermates, indicating an altered spatial distribution
(Fig. 5C). Remarkably, the spatial distribution of GFP+ neurons
in SERTS™4 mice was comparable to that in control littermates at
P30 (Fig. 5C).

It has long been appreciated that a surplus of neurons arriv-
ing in cortical regions is eliminated by programed cell death
during assembly of cortical circuits (Raff et al. 1993; Voyvodic
1996; Lim et al. 2018). We thus considered the possibility that
apoptosis was a cause for the reduced number of GFP+ neurons
seen in P30 SERTS™4 barrels, perhaps a similar number of the
neurons arrived but less were able to integrate into the altered
barrel structure. To test this possibility, we carried out TUNEL to
visualize neuronal death in the barrel cortex. In serial tangential
sections through the PMBSF of P18 and P30 mice, we observed
TUNEL+ cells in both SERT®™4 mice and control littermates
(Fig. 5D). Consistent with the notion that apoptosis occurs to
all classes of cortical neurons (Denaxa et al. 2018; Wong et al.
2018), most TUNEL+ cells displayed no appreciable GFP, while
GFP was detectable in a few TUNEL+ cells (Fig. 5E). We also
cannot exclude the possibility that GFP became undetectable in
the late stages of dying cells. However, quantifying TUNEL+ cells
in the barrels did not show a statistically significant change,
although there was a trend of an increase in TUNEL+ cells in
SERTSMA mice at P30 compared to that in control littermates
(Fig. 5D).

Taken together, characterizations of GAD67-GFP/GIN-
expressing neurons indicate that altered barrel architecture in
SERT®4 mice did not impair the biological processes controlling
features such as the neurochemical identity, their development
timing, and localization to the barrel cortex. We hypothesize
that the coincidental changes in spatial distribution and number
of the GFP+ neurons in P30 SERT®™4 barrels reflect a reduced
number of the neurons able to incorporate into the existing
sensory map.

and DAPI counterstain of the cell nuclei (blue). Receptive fields corresponding to specific body parts, whiskers (PMBSF), anterior snouts (AS), lower lip (LL), and
forepaw (FP) are indicated in C;. Higher magnification images of staining of GFP, indicated markers and overlay with DAPI in the regions outlined by white boxes are
shown in By, B3, and B4-Gy, G3, and Gy, respectively, Neurons stained by both GFP and indicated markers are pointed by yellow arrows. Confocal images of GFP+
neurons indicated by yellow arrowheads in B4~G4 are shown in Bs-Gs, and single-channel confocal images for individual staining of these neurons are presented in
Supplementary Fig. S3. SOM and Reelin immunoreactivities were detectable in nearly all GFP+ cell bodies in the barrel cortex. No GFP+ neuron showed
immunoreactivity for PV or VIP. Rarely, GFP+ neurons showed colocalization with NPY or CR (Supplementary Fig. S4). Quantification of colocalization of GFP with

each marker is presented in Table 1.
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Figure 4. Reelin immunoreactivity in GAD67-GFP/GIN-expressing neurons correlates with their morphological maturation in postnatal barrel cortex. (A) GFP, Reelin,
and SOM triple immunostaining show GAD67-GFP/GIN-expressing neurons as a subpopulation of SOM+ neurons expressing Reelin (yellow arrows) in the barrel cortex
at P30. (A1) Alow-magnification image with DAPI counterstain of the cell nuclei (blue). (A,—A4) Higher magnification images of GFP (green), Reelin (red) and SOM (cyan)
staining in the region outlined by a white box in A1, (As) A representative confocal image of colocalization of both Reelin and SOM in a GFP+ neuron indicated by yellow
arrowheads in A,__A4, (B-C) Developmental profiling of Reelin immunoreactivity in GAD67-GFP/GIN-expressing neurons in the barrel cortex. (B) Representative images
of double immunostaining of GFP (green) and Reelin (gray) of the PMBSF at indicated ages. (C) Fluorescence intensity of Reelin immunostaining in GFP+ neurons at
indicated ages normalized to that at P7, indicating a peak of Reelin immunoreactivity in GFP+ neurons at P12. Data represent mean + SEM, N = 3—4 mice per time point,
with 10-15 neurons analyzed per mouse. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and one-way ANOVA followed by Tukey post hoc tests.
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Figure 5. The number and spatial distribution of GAD67-GFP/GIN-expressing neurons in the barrel cortex of SERTG4 mice. (A) Representative images of GFP-expressing
neurons in tangential sections of the PMBSF from SERTG#4 and control littermate mice at indicated ages. Barrels in arcs 1-3 of rows B-D are indicated in the P7 cortex.
Boundaries between barrels are blurred (arrows) in SERTS4 mice at P7 as well as at P16 and P30, while the gross barrel architecture is preserved. (B-C) Quantification
of the number of GFP+ neurons and their distribution in nine barrels of arcs 1-3 of rows B-D of the PMBSF. (B) Significant reduction in the number of GFP+ neurons in
one- and two-month-old SERTG4 mice as compared to control littermates. The numbers of GFP+ neurons at earlier developmental stages were comparable between
the two genotypes. (C) Evaluation of the spatial distribution of GFP+ neurons in the barrels, by quantifying the ratio of GFP+ neurons in the barrel walls relative to
that in the barrel hollows in SERTS4 and control mice. For each time point, serial sections through the PMBSF from SERTG#4 and control littermates were processed
and analyzed in parallel. Data represent mean per 50 pm section + SEM, N =4-6 mice per age per genotype per time point, and P values are based on t-tests. (D-E)
Assessing apoptosis by TUNEL assay. (D) Quantifying the total number of TUNEL+ cells in arcs 1-3 of rows B-D in serial tangential sections through the PMBSF. N=5
mice for each genotype per time point. Data represent mean + SEM, t-tests. (E) Representative images showing TUNEL in a GFP+ neuron located in the barrel cortex at
P30. Left corner insets show confocal images of the labeled cell indicated by a yellow arrow. The TUNEL+ cell body was smaller, compared to other GFP+ cell bodies in
the same brain section, presumably due to shrinking of the dying cell.
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Figure 6. Disrupting SERT expression in developing TCA alters GAD67-GFP/GIN-expressing neuron dendrite patterning in the cortex. (A) Examples of reconstruction of
the dendritic tree of GFP+ neurons located close to the edge of barrel walls in the PMBSF of P30 SERTC44 and control littermate mice. (A1) Low-magnification images
showing GFP+ cell bodies (green) at barrel walls delineated by a high density of DAPI-stained cell nuclei (blue) on tangential sections of the PMBSF. (A;) Original images
processed using the mean filter and bandpass filter tools of Image] software to define barrel walls. (A3) GFP+ cells pointed by yellow arrows chosen for reconstruction.
(A4) Higher magnification confocal images of GFP+ dendritic profiles. (As) Reconstruction of GFP+ dendritic trees superimposed over barrel walls. (B) Quantification
of the distribution of the dendrite length, dendritic segments and branching points of GFP+ neurons located at barrel walls relative to corresponding primary barrels
in the PMBSF of P30 mice. Each bar represents mean + SEM, N =3 mice per genotype, with five neurons analyzed for each SERTC4 mouse and 4-6 neurons analyzed

for each control mouse, *P < 0.05, t-tests.

SERT Expression in Neonatal TCA Determines the
Dendrite Patterning of Later Developing Interneurons
in the Cortex

SOM-expressing GABAergic neurons are typically wired into a
local neuronal network by synaptic connections mostly with
nearby glutamatergic neurons (Gentet et al. 2012; Sultan et al.
2013; Xu et al. 2013). During the somatotopic map formation, glu-
tamatergic and GABAergic cortical neurons located in the PMBSF
each extend their dendrites predominantly toward dedicated
TCA patches that represent sensory information from individual
whiskers (Inan and Crair 2007; Espinosa et al. 2009; Chen
et al. 2015b). Since GAD67-GFP/GIN-expressing neurons grow
dendrites after the initial sensory map is established (Figs 1B,C),
we asked whether those late-developing neurons that localized
to barrel walls also elaborate oriented dendrites, and if deficits
in the initial barrel architecture in SERT?*4 mice would affect
dendritic arborization of interneurons that develop late in the
cortex.

Because the GFP+ neurons displayed a comparable dis-
tribution in the PMBSF of P30 SERTM2 and control mice, we
characterized dendrite patterning of GFP+ neurons whose cell
bodies were located in barrel walls in P30 mice. In control
mice, GFP+ neurons located in barrel walls elaborated dendrites
primarily targeting to and within a single barrel as outlined
by DAPI-labeled cell nuclei, just like the dendrite patterning of
cortical neurons established during the initial barrel formation
(Inan and Crair 2007; Espinosa et al. 2009; Chen et al. 2015b),
indicating that the dendrites of GAD67-GFP/GIN-expressing
neurons are integrated into existing barrel architecture. By
contrast, in SERT™A mice GFP+ neurons located in barrel walls
sent dendrites into multiple adjacent barrels (Fig. 6A). To further
characterize the dendritic arborization, we reconstructed the
dendritic tree of GFP+ neurons located in barrel walls. We
defined a barrel that contains the greatest proportion of dendrite
length of a GFP+ neuron as the primary barrel and evaluated
oriented dendrite patterning by calculating the distribution of
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dendrite length, dendritic segments, and branching points of
the neuron with respect to the primary barrel. We found that
dendritic length, dendritic segments, and branching points that
resided outside primary barrels were all increased for GFP+
neurons in SERT®™A PMBSF compared to control littermates
(Fig. 6B). Despite the dendrite patterning defect, dendritic
morphometric parameters such as total dendrite length and the
number of branching points were comparable between SERTS4
and control mice (563.5+65.8 pm vs. 523.8+57.4 um, P=0.65,
and 5.6+0.4 vs. 5.2+0.6, P=0.57, t-test, respectively). Taken
together, the results suggest that altered barrel architecture
in SERT™4 mice did not impair the overall dendrite growth and
branching complexity of the GFP+ neurons but altered their
dendrite patterning.

Discussion

The complexity of cell-autonomous contributions and exter-
nal influences at target regions pose ample challenges for
delineating postnatal neurodevelopmental processes and
regulation (Wamsley and Fishell 2017; Lim et al. 2018). Previous
studies have investigated interneuron developmental processes
through transplantation strategies (Sur and Leamey 2001,
Sultan et al. 2013). In this work, we focused our attention to
aspects of terminal differentiation features of a population
of SOM-expressing GABAergic neurons in their native cortical
destination. We demonstrate that a precise cortical architecture
at the destination is not essential for those late-developing
neurons to acquire and maintain neurochemical specificity,
to attain cortical positions, but influences their number
ultimately incorporated into the cortical region and their
dendrite patterning. Our findings suggest that perturbing the
transient early SERT gene function in developing TCA and
likely other key components essential for initial cortical map
formation represent an origin of the derailment of synaptic
architectural trajectory that persists into the adulthood.

Postnatal Development of SOM-Expressing GABAergic
Neurons

The protracted period of interneuron development has led to
multiple views over genetic programming of cortical maps
(Wamsley and Fishell 2017; Lim et al. 2018). By monitoring
GAD67-GFP/GIN-expressing neurons in the mouse barrel cortex,
our study shed some light on processes of terminal specification
of a population of SOM-expressing GABAergic neurons. Our
BrdU labeling experiments and morphology characterizations
indicate that those neurons were born around E13.5 and E14.5
but did not develop mature morphological phenotypes until 2-3
weeks later in the postnatal cortex. As the peak of SOM neuron
generation occurs at E12.5 (Bandler et al. 2017), this suggests that
those neurons that develop late are also generated relatively late
during the neurogenesis of SOM interneurons.

Because cortical neurons are born outside the cortex, one
fundamental question has been how postmitotic neurons are
assembled into stereotypic cortical maps. Our data indicate that
the GAD67-GFP/GIN-expressing neurons are integrated into the
barrel architecture, by localizing to barrel walls and sending the
vast majority of their dendrites into designated TCA patches,
just like glutamatergic and GABAergic cortical neurons that
assemble into barrels during the initial sensory map formation.
However, the processes for patterning cortical neurons during
barrel formation and the GAD67-GFP/GIN-expressing neurons

apparently differ. During barrel formation, the cytoarchitectonic
patterning is tightly associated with their oriented dendritic
elaboration and coordinated with TCA pattern formation. At
birth, cortical neurons of diverse types and TCA from the
thalamic VB nuclei are evenly distributed at layer IV of the
somatosensory cortex. From P3 to P7, as TCA representing indi-
vidual whiskers progressively aggregate into patches, connected
cortical neurons concurrently localize to the walls (Rebsam
et al. 2002; Espinosa et al. 2009). These observations have
led to the view that synaptic inputs from TCA drive cortical
neurons to barrel walls during initial sensory map establishment
(Sur and Leamey 2001; Lim et al. 2018). In contrast, GAD67-
GFP/GIN-expressing neurons first take residence in barrel
walls and then grow their neurites, suggesting that those late-
developing neurons can not only be allocated to the barrel cortex
but also achieve proper distributions within the barrels, prior
to forming specific connections with partners at the terminal
positions.

An interesting finding from this work is the expression
of Reelin in these late postnatal-developing SOM-expressing
neurons. Reelin is an extracellular matrix protein playing
multiple important roles in neuronal terminal differentiation
(Rakic and Caviness 1995; Ferrer-Ferrer and Dityatev 2018).
Temporal-specific Reelin expression has been observed in Cajal-
Retzius cells, a special class of pioneer neurons in the embryonic
brain (Alcantara et al. 1998). Our data revealed that Reelin is
also dynamically regulated in interneurons developing in the
late postnatal barrel cortex, with the highest Reelin abundance
during the period of their robust neurite outgrowth. Reelin is
expressed in GABAergic neurons in many cortical layers and
hippocampal subdivisions in the postnatal CNS (Alcantara
et al. 1998; Miyoshi et al. 2010; Sohn et al. 2014). Indeed, we
found that the majority of Reelin immunolabeled neurons did
not express GAD67-GFP/GIN. It would be interesting in the future
to investigate whether other Reelin-expressing interneurons
also develop at late postnatal stages, and the roles of Reelin in
developing and mature interneurons.

The Effects of Disrupting Early SERT Function in TCA
on Late Postnatal Interneuron Development

Since the transient SERT expression in the TCA governs TCA and
cortical neuron patterning during barrel formation and TCA seg-
regation and layer IV neuron patterning are affected in SERT®M4
barrel cortex (Chen et al. 2015b), the changes in GAD67-GFP/GIN-
expressing neurons in SERT®™ mice are likely the consequences
of deficits resulting from initial barrel formation. An intriguing
finding is the reduced number of GFP+ neurons in the barrel cor-
tex in SERTS™A at P30, even though the numbers were compara-
ble between SERTSA mice and control littermate mice up to P16.
Although our TUNEL experiments are not conclusive, the data
indicate that SERT®™4 did not cause massive cell deaths. Previ-
ous studies showed that more than 30% of interneurons gen-
erated embryonically are eliminated through programmed cell
death postnatally and that the cell death occurs progressively
and is linked to circuits assembly (Southwell et al. 2012; Lim
et al. 2018). It remains possible that a relatively small increase in
neuron apoptosis caused by altered barrel architecture amidst
large amounts of intrinsically determined cell death is diffi-
cult to discern. We suggest that our findings could be con-
sistent with the idea that initial cortical architecture serves
as a template dictating the number of neurons in the adult
cortex.



SERT Expression in Glutamatergic Neurons Controls GABAergic Dendrite Patterning de Gregorio et al.

Importantly, although the GFP+ neurons assumed a correct
distribution in barrels at P30, they cannot assume oriented den-
drite patterning as seen in control mice. The degree of changes
in the dendritic patterning of the GFP-expressing neurons is very
similar to that of the GABAergic neurons localized to barrel walls
during barrel formation in SERT®™A mice (Chen et al. 2015b).
One explanation for this is the existing synaptic architecture
shapes connectivity motifs for late-developing neurons. It
is also plausible that certain biological processes regulated
by SERT function during sensory map formation determine
the cues for dendrite patterning of late-developing neurons.
Although the precise cause for dendrite patterning defects
in SERTS™A mice remains to be determined, our observations
of normal spatial distribution of the GFP-expressing neu-
rons and their defective dendrite patterning in P30 SERTSWA
mice indicate that, unlike during barrel establishment, the
spatial organization of those late-developing neurons in
the cortex and their dendrite patterning can be regulated
and disrupted by distinct mechanisms. Consistent with this
idea, expression of the NMDA receptor 2B (NR2B) in the
glutamatergic spiny stellate cells is not required for their
localization to barrel walls but is essential for the oriented
dendritic arborization targeting the primary barrel (Espinosa
et al. 2009). Our data suggest that the transient SERT expression
in the TCA defines the trajectory of cortical interneuron dendrite
patterning in the target sensory cortex.

Recent transcriptome analyses of developing postmortem
human brains have implicated that temporal-specific cortical
topographic gene expression underscores early-life program-
ming of neural circuits (Geschwind and Rakic 2013; Silbereis
et al. 2016). Analyses of developing postmortem brain from
individuals affected with autism and fragile X syndrome have
revealed that biologically pleiotropic risk genes are clustered in
coexpression modules specifically in glutamatergic projection
neurons during mid-fetal development (Voineagu et al. 2011,
Parikshak et al. 2013; Willsey et al. 2013). Many developmental
events in the mid-fetal human brain occur in neonatal mice.
Previous studies indicate that circulating 5-HT of gut, placental
and maternal origins may penetrate into the developing brain
(Bonnin et al. 2007; Cote et al. 2007). Evidence has been mounting
that genetic variants reducing SERT gene function or early-life
exposure to SERT antagonists increase the risks for develop-
ing autism and related traits (Harrington et al. 2013; Glover
and Clinton 2016), although SERT antagonists are the first-line
treatments of anxiety/depression in adults. Consistently, early-
life disruption of SERT gene function has been shown to affect
the migration and positioning of cortical interneuron subtypes
in mice (Frazer et al. 2015). Our studies illustrate the utility
of conditional SERT knockout mice in systematic genetic dis-
section to reveal not only the biological roles and effects of
SERT gene function in the developing and adult CNS, but also
where in the brain and in which cells the effects occur and the
impact on developmental processes relevant to other neuronal
populations.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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