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Glycine receptors control the generation of projection
neurons in the developing cerebral cortex

A Avila~"%3 PM Vidal', S Tielens®3, G Morelli'?3, S Laguesse®?, RJ Harvey®, J-M Rigo*"€ and L Nguyen*>346

The development of the cerebral cortex requires coordinated regulation of proliferation, specification, migration and
differentiation of cortical progenitors into functionally integrated neurons. The completion of the neurogenic program requires a
dynamic interplay between cell intrinsic regulators and extrinsic cues, such as growth factor and neurotransmitters. We
previously demonstrated a role for extrasynaptic glycine receptors (GlyRs) containing the «2 subunit in cerebral cortical
neurogenesis, revealing that endogenous GlyR activation promotes interneuron migration in the developing cortical wall.
The proliferative compartment of the cortex comprises apical progenitors that give birth to neurons directly or indirectly through
the generation of basal progenitors, which serve as amplification step to generate the bulk of cortical neurons. The present work
shows that genetic inactivation of Glra2, the gene coding the «2 subunit of GlyRs, disrupts dorsal cortical progenitor
homeostasis with an impaired capability of apical progenitors to generate basal progenitors. This defect results in an overall
reduction of projection neurons that settle in upper or deep layers of the cerebral cortex. Overall, the depletion of cortical
neurons observed in Glra2-knockout embryos leads to moderate microcephaly in newborn Glra2-knockout mice. Taken together,
our findings support a contribution of GlyR «2 to early processes in cerebral cortical neurogenesis that are required later for the
proper development of cortical circuits.
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The cerebral cortex develops from the forebrain and contains
different classes of neurons distributed within layers that are
regionally organized into sensory, motor and association
areas. Cerebral cortex layering arises inside-out as progeni-
tors give birth to successive waves of pyramidal projection
neurons in the dorsal telencephalon' and GABAergic inter-
neurons in the ventral forebrain.? Projection neurons migrate
radially to settle in appropriate layers of the cortical plate (CP)
from where they grow axonal projections towards cortical or
subcortical targets. Interneurons migrate from the ganglionic
eminences along multiple tangential paths to integrate local
cortical networks. More generally, the development of the
cortex progresses through successive steps including pro-
liferation, specification, migration and neuronal differentiation.
Disrupting the completion of one or several of these cellular
events may lead to severe cortical malformations underlying
neurological disorders characterized by learning and intellec-
tual disability or epilepsy.’

The generation of cortical neurons requires the integration of
genetic programs with multiple signals present in the extra-
cellular environment of cortical progenitors.* Neurotransmitters
belong to their biochemical environment during early stages of
corticogenesis.® These molecules control neurotransmission in

the mature central nervous system (CNS), whereas they
contribute to various developmental processes before synapto-
genesis in the developing nervous system.® Accumulating
work has provided evidences that GABA and glutamate control
neural progenitor proliferation by activating ligand-gated ion
channel (LGIC) receptors.>'! Recent findings have further
highlighted the general molecular mechanisms triggered by
neurotransmitters to modulate cell proliferation, cell migra-
tion'>'3 and more globally changes in cell morphology.™ It is
noteworthy that GABA, the main inhibitory neurotransmitter in
the adult brain, depolarizes and excites immature neurons
during embryonic development due to developmental regulation
of the transmembrane Cl~ gradient.®'®* GABA, and GABAG
receptors (GABAARs and GABAcRs, respectively) are
expressed by immature cortical cells,’ and their activation
leads to membrane depolarization that triggers activation of
voltage-gated Ca®" channels. This is further responsible for
local intracellular Ca®* elevations, which in turn modulates the
rate of cell proliferation.'®'" Strikingly, Gad7-knockout mice,
lacking glutamate decarboxylase (GAD) 67 (the enzyme that
produces GABA), do not have major cortical malformations. This
suggests existence of compensatory mechanisms, such as
activation of other neurotransmitter receptors. Within this
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context, GlyRs are strong candidates. They are composed of
pentameric assembly of alpha (x1-04) and/or beta subunits (/5)
forming an ionic pore that selectively controls, such as
GABARs, trans-membrane fluxes of chloride and bicarbonate
ions."® In the nervous system, GlyRs are not only gated by
glycine but also taurine, p-serine or f-alanine, which are
abundant in the developing brain (reviewed in Avila et al.'®).
Postsynaptic GlyRs control synaptic transmission of sensory
stimuli and are involved in the generation of motor outputs in the
spinal cord.2’ These receptors are also expressed in the
hippocampus®'™° and in the cortex.?®?” Importantly, GlyR
heteromers cluster at the presynaptic membrane to control
neurotransmitter release in the medial nucleus of trapezoid body
in the brainstem,?® the spinal cord®®*° and the ventral tegmental
area.®' During neurogenesis, extrasynaptic GlyRs and their
ligands are present in the forebrain®>3 as well as in neurogenic
regions of the postnatal brain.>*" However, we have limited
information about their physiological role in this specific context
(reviewed in Avila et al.'®). Studies conducted in the developing
CNS suggest that most GlyRs are homomers, containing the o2
subunit. This was further confirmed in cortical interneurons,
where the activation of GlyRs contributes to tangential migra-
tion.® A similar role for GlyRs has been suggested for cortical
projection neurons,® but the contribution of these receptors to
proliferation and specification of cortical progenitors has not yet
been determined. Cortical projection neurons are generated by
different subpopulations of progenitors that are located around
lateral ventricles.®® The majority of VZ progenitors are apical
progenitors (APs, also named radial glia progenitors) and they
express the transcription factors Pax6 and Sox2.*°4' Early
stages of corticogenesis are characterized by a rapid expansion
phase, during which APs undergo symmetric cell division to self-
renew. As the cortical wall expands, they move into a neurogenic
phase during which most of them divide asymmetrically to
simultaneously self-renew and generate either a neuron (direct
neurogenesis) or a Thr2-expressing basal progenitors (BP, also
named intermediate progenitor) that further divides in the SVZ.
These cells act as transit-amplifying progenitors and produce the
majority of projection neurons that populate all cortical layers*?
via indirect neurogenesis.**** To date, the molecular mechan-
isms that control the proliferation and fate choice of APs and
BPs, and thus the generation of projection neurons, remain
poorly understood.

The present work explores the role of GlyRs in the
generation of excitatory projection neurons. We demonstrate
that cortical progenitors (APs and BPs) express functional
GlyRs containing the o2 subunit and that a genetic disruption
of the corresponding gene (Glra2) reduces the ability of APs to
generate BPs and favors differentiation of BPs into neurons.
These defects contributed to an overall reduction of projection
neuron output in the developing cortex, leading to moderate
microcephaly in newborn Glra2-knockout mice.

Results

Functional glycine receptors are expressed by dorsal
cortical progenitors. Glycine receptors composed of «2
subunits are widely distributed in the forebrain.® In particular,
cortical plate neurons and Cajal-Retzius cells express func-
tional «2p heteromeric GlyRs®” that when activated results in
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membrane depolarization.3*3® We recently demonstrated that
endogenous glycine activates «2-containing GlyRs to promote
cortical interneuron migration.3? In this study, we investigated
the distribution of GlyRs in dorsal cortical progenitors and their
progeny by using confocal microscopy. Immunolabeling with
antibodies against o2 subunits revealed a widespread
distribution of GlyRs in the embryonic cortex at E13 with
stronger staining in some VZ cells (Figure 1a, left side). We
did not detect «2 subunit immunostaining in the cortical anlage
of age-matched Glra2-knockout embryos (Glra2 KO)
(Figure 1a, right side). Similar labeling was obtained with
pan-GlyR alpha antibodies*® (e.g., mAb4a clone; data not
shown). This result suggests that dorsal progenitors and
projection neurons express GlyRs enriched in o2 subunits, as
previously shown for cortical interneurons.®? Immuno-
histochemical analyses performed at later development
stages showed a progressive restriction of GlyRs expression
to peri-ventricular region and CP (E15), then mostly in CP
(E17) and further layer V neurons (PO; Figure 1b). We
performed in utero electroporation of E13 WT embryos with
plasmids driving GFP under a regulatory sequence of BLBP, a
gene expressed by APs. Immunolabelings were performed on
the brain collected the following day to allow identification of
APs (that co-express Pax6, data not shown) and their direct
Tbr2-positive BP progeny, thanks to GFP expression. Single
confocal planes showed dotted expression of GlyR «2 in
ventricle-lining APs (Tbr2-negatives and GFP-positives) as
well as in BPs located in the SVZ (Tbr2-, and GFP-positives)
(Figure 1c). Whole-cell patch clamp recordings were per-
formed to assess expression of functional «2—containing
GlyRs in these cortical progenitors. For this purpose, brain
slice cultures from E13 embryos were infected with GFP-
expressing retroviruses that integrate into all cycling progeni-
tors in VZ (APs) and SVZ (BPs) (Figure 1d). Under these
conditions, application of glycine triggered fast-activating
currents that had a slow desensitization in the presence of
the ligand in both VZ and SVZ cells (Figure 1e). We performed
additional recordings and showed that the maximal average
generated current in BPs was 324 + 140 pA. The concentra-
tion-response curve was characterized by an ECsy of
72+10uM and a Hill coefficient of 1.7+0.2 (Figure 1f).
Moreover, glycine-elicited currents were blocked by bath
application of strychnine at 1 uM (Figure 1g), supporting the
specific activation of GlyRs. During development, most
neuronal progenitors are characterized by an inverted
chloride-gradient, and activation of GlyRs or GABAARs
triggers membrane depolarization and local Ca®" influxes
through opening of voltage-gated Ca®*  channels
(VGCCs).%2%% We therefore tested whether GlyRs activation
promotes membrane depolarization and modulates intra-
cellular Ca®* concentrations in dorsal cortical progenitors
(APs and BPs). Brain slices were loaded with Fluo4 AM, and
time-lapse recordings were made to assess intracellular Ca®*
oscillations upon application of glycine. Glycine (300 pM)
induced short and reversible rises in intracellular Ca® " in cells
distributed throughout the cortical wall. Prominent signals were
recorded in sparse cells located in the VZ and SVZ (Figure 1h),
among which some were APs and BPs, respectively. Similar
results were obtained after bath application of GABA (100 uM,
data not shown) as previously reported.'®
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Genetic inactivation of Glra2 induces moderate micro- size (Figures 2a-d) with significant thinning of the cerebral
cephaly in newborn mice. Gross morphological analyses cortical wall (Figure 2e) and shrinking of the striatal area
revealed that newborn Glra2-KO mice had reduced brain (Figure 2f). We previously demonstrated that cortical
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interneurons express GlyR «2 homomers that, when
activated, promote neuronal migration during cortical
development.®? Consistent with this finding, lack of Glra2
expression led to a marked reduction in cortical interneuron
number at birth (Figures 2g and h). However, this neuronal
population corresponds to a minor fraction of the cortical
neurons.>*” Therefore, depletion of interneurons alone was
unlikely to account for the significant reduction of cortical wall
thickness observed in newborn Glra2-KO mice. Given that
functional GlyRs containing «2 are expressed by dorsal
cortical progenitors (Figures 1c and d), we characterized
their contribution to the generation of projection neurons
during corticogenesis. The reduced thickness of the cortex of
newborn Glra2-KO mice could result from either poor survival
of newborn neurons and their progenitors or a reduction of
neuronal output from these progenitors. Given the lack of
significant changes in cortical cell survival in Glra2-KO cortices
as compared with control (similar number of activated
caspase-3 positive cells; data not shown), we assessed the
proliferation rate of cortical progenitors, which if disrupted
would affect the number of projection neurons destined for the
cortical layers. Analyses conducted by immunohistochemistry
on brain sections from wild-type (WT) or Glra2-KO E13
embryos revealed a significant reduction of VZ and SVZ
cycling progenitors that express Ki67 (Figure 2i). These results
suggested the existence of early progenitor defects that could
underlie microcephaly in newborn Glra2-KO mice.

Genetic inactivation of Glra2 disrupts cortical progenitor
homeostasis. Our experiments revealed a reduced percen-
tage of Ki67-positive cycling progenitors (Figure 2i) together
with a specific depletion of Tbr2-positive BPs but not Pax6-
positive APs in Glra2 KO embryos, as compared with
controls (Figures 3a—d). The analysis performed on older
embryos (E15) confirmed a significant reduction of Tbr2-
expressing cells and also revealed a progressive depletion of
Pax6-expressing APs (Figures 3g—j). Surprisingly, the
percentage of cortical progenitors undergoing mitosis
(as revealed by pHHS3 staining) increased in both E13 and
E15 GIra2-KO cortices despite their reduced absolute
number (Figures 3e and f, and k and I). This mitotic
phenotype was indeed restricted in absolute cell number to
APs in Glra2-KO cortices (Figures 4a—d). It is noteworthy that
APs undergo proliferative division to self-renew during early
steps of corticogenesis, a cellular behavior characterized by
mitotic cleavage plane orientation (Figure 4e) close to 90°
(orthogonal to the ventricular surface). As corticogenesis
proceeds, more neurons are generated through asymmetric
divsions of APs that undergo mitosis with cleavage planes

«
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that have shorter angles.*® These cells generate neurons
through direct or, in most cases, indirect neurogenesis via
production of BPs. While the great majority of APs divided
with mitotic cleavage plane angles ranging from 75° to 90°
(Figures 4e-f, h) in E13 WT embryos, the analysis of Glra2-
KO cortices revealed over 50% of APs displaying angles
between 30° and 75° (Figures 4e, g and h). These results
demonstrate that lack of GlyR «2 expression leads to spindle
orientation defects in APs. Importantly, this phenotype
correlated with the reduced ability of APs to generate BPs
(Tbr2 + in the SVZ) at the expense of neurons (Tbr2- in the
IZ/CP) during corticogenesis, as shown by in utero electro-
poration of GFP in WT and Glra2 KO embryos (Figures 5a—
d). Thus, by bypassing the generation of BPs, which act as
transit-amplifying progenitors for generation of projection
neurons, Glra2-KO embryos likely have reduced neuronal
output in the cortical wall, as previously reported after
depletion of huntingtin in cortical APs.*°

Genetic inactivation of Gira2 leads to depletion of
cortical projection neurons. The reduced cortical wall
thickness observed in E13 Glra2 KO embryos (E13) was
also evident at birth (Figure 2a). The depletion of BPs in the
cortical wall of Glra2 KO embryos suggested that micro-
cephaly could result from an overall reduction of projection
neuron output in the cortical wall. In order to address this
hypothesis, we assessed cortical progenitor cell cycle exit
and showed that this process was increased in the cortex of
Glra2-knockout embryos at E13 (Figures 6a—c) but not
earlier (E12, data not shown). However, the population of
Tbr2 progenitors that initiated neuronal differentiation
(co-expressing Tbr1) almost doubled at E12 in Glra2-KO
embryos, as compared with WT controls (Figures 6d—f) and
without significant differences for their individual expression
(Figures 6g and h). Collectively, these results suggest a
precocious differentiation of BPs into neurons as early as
E12 in the cortical wall of Glra2 embryos.

We reasoned that a combination of increased cell-cycle exit
with accelerated neuronal differentiation would progressively
exhaust the pool of cortical progenitor, thus secondarily
reduce the net overall production of projection neurons. In
order to test this hypothesis, we assessed cortical layer
markers in the cortex of newborn mice. In situ hybridization
experiments revealed a reduced thickness of layers Il to V in
PO Glra2-knockout embryos, as compared with control
(Figures 7a—c). However, no clear differences were noticed
between genotypes for layer VI neurons that express Tbr1
(Figure 7d). These results were further confirmed by
immunolabelings using antibodies that recognize neurons

Figure 1 Expression of functional GlyRs during embryonic cortical development. (a, b) Immunolabelings performed on a brain section from WT or GIra2 KO (a, left and right,
respectively) E13 embryos showing GlyR «2-subunit immunostaining in the cortical wall (GlyR«2, red; arrows point strong signal in cells bordering the lateral ventricle and
asterisks show non-specific staining in a. The expression pattern of GlyRx2 changes during development (b); nuclei are stained in blue with Dapi). (¢, d) Apical and basal
progenitors express GlyR o:2-subunit (GlyRo:2 in blue or white, Tbr2 in red and GFP in green). Arrows point either an apical or a basal progenitor on single confocal plane (c).
Expression of GFP (green) in cycling APs and BPs 24 h after retroviral infection in cultured slices (see scheme on the left, (d). (e-g) Whole-cell patch-clamp analyses performed
on cycling APs and or BPs in acute E13 brain slices. Representative traces of glycine-elicited currents obtained in APs after bath application of successive increasing glycine
concentrations (). Concentration-response curve obtained in BPs from successive bath application of increasing glycine concentrations (f). Representative traces of strychnine
(STRY inhibition of glycine-elicited currents obtained in a BP (g). (h) Intracellular Ca®* oscillations recorded in the cortical wall of brain slices loaded with Fluo4 AM (green).
Representative traces of Ca® " oscillations in representative cells (1-4, circled in yellow in the corresponding picture) induced by glycine application, as indicated. Scale bar,
65 um (a), 100 um (b), 25 um (c), 50 um (h). CP, cortical plate; |Z, intermediate zone; MZ, marginal zone; SVZ, subventricular zone; VZ, ventricular zone
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Figure 2 Genetic targeting of Glra2 impairs brain development. (a—f), newborn Glra2 KO mice have a smaller brain size, with reduced thickness of the cerebral cortex.
Microphotography of brains from two distinct wild types (WT1, WT2) and two distinct Glra2 KO (KO1, KO2) newborn littermates at PO (a). Half coronal brain sections of wild-
type (b), WT) or Glra2 knockout (c), Glra2 KO) newbom littermates. Histograms representing measurements obtained on brain sections from newborn WT or Glra2-KO mice
(see (b, ) for representative sections) showing brain dimensions (d), thickness of the cerebral cortex at different dorso-lateral levels () and striatum areas (f). Values are
expressed as mean £ S.E.M., n=10 and 18 brain sections taken from three and five brains per genotype; *P<0.05, ***P<0.001, ttest. (g-i) Immunolabelings showing
cortical GFP-expressing interneurons (green) on brain sections from newborn WT or Glra2 KO littermates (g); nuclei are stained with Hoechst, red. Histogram of the average
number of interneurons per field (h); mean + S.E.M., n= 6 and 7 brain sections taken from three brains per genotype; ***P< 0.001, t-test.). (i), number of VZ and SVZ cycling
cells that express Ki67 (mean + S.E.M., n=11 and 14 brain sections taken from 3 brains per genotype; * P<0.05, ttest). Scale bar, 5 mm (a), 1,000 um (c). D, dorsal;
D-L, dorso-lateral; L, lateral; D-V, dorso-ventral; M-L, medio-lateral

that either settled into upper (layer II-IV, Cux1+) or deep ability to proliferate and differentiate, and result in an overall
(layer V, Ctip2+; layer VI, Tbr1-+) cortical layers. We reduction of neurogenesis in the developing cortical wall.
observed a net depletion of upper layer neurons (Cuxi +;

Figures 7e and g) in Glra2 KO, as compared with WT

littermates. Similar results were obtained for layer V neurons Discussion
(Ctip2 +; Figures 7f and h) but not layer VI neurons (Tbr1 +; Mammalian cerebral cortex neurogenesis is a tightly regu-
Figures 7f and i). Taken together, our results indicated that lated process that requires establishment of a complex

genetic invalidation of GlyRs in APs and BPs impairs their progenitor hierarchy. The complexity of cortical progenitors
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Figure 3 Genetic invalidation of Glra2 disrupts cortical progenitor homeostasis. (a, b) Inmunolabelings showing Pax6-expressing APs (red), Tbr2-expreessing BPs
(green) and progenitors undergoing mitosis that are positive for phospho-histone H3 (pHH3, blue) in brain sections from WT (a) or Glra2KO (b) E13 embryos. (¢—f) Histograms
representing numbers of Pax6-postive APs per field (c), Tbr2-positive BPs per field (d), percentage of APs undergoing mitosis per field (Pax6- and pHH3-positives, (e) and
percentage of BPs undergoing mitosis per field (Tbr2- and pHH3-positives, f). Values are expressed as mean = S.E.M., n= 14 and 16 brain sections taken from four brains
per genotype; **P<0.01, **P<0.001, ttest (a—f). (g-I) Immunolabelings showing Pax6-expressing APs (red), Thr2-expressing BPs (green) and progenitors undergoing
mitosis that are positive for phospho-histone H3 (pHH3, blue) in brain sections from WT (g) or GIra2KO (h) E15 embryos. (i-) Histograms representing numbers of Pax6-
postive APs per field (i), Thr2-positive BPs per field (j), percentage of APs undergoing mitosis per field (Pax6- and pHH3-positives, (k) and percentage BPs undergoing mitosis
per field (Tbr2- and pHH3-positives, I). Values are expressed as mean + S.E.M., n=16 brain sections taken from four brains per genotype; *P<0.05, **P<0.01,
“*P<0.001, T-test. (g-1). Scale bar, 50 um (b). Arrows show pHH3-expressing cells (a, b, g, h)

reflects the great variety of projection neuron phenotypes that
settle later in bona fide cortical layers.®® At late stages of
corticogenesis in mice, APs typically divide asymmetrically to
generate either projection neurons or BPs that migrate in the
CP or the SVZ, respectively. Basal progenitors act as
transient-amplifying progenitors and generate the bulk of
projection neurons destined for all cortical layers.*?> The
analyses performed on Glra2-KO embryos revealed moderate
microcephaly, with depletion of projection neurons in upper
and deep cortical layers. The results obtained with Glra2-KO
support the following process: (1)APs generate less BPs at
the expense of neurons and thus favor direct neurogenesis;
(2) the overall reduced number of upper and deep layer
neurons arises from significant depletion of BPs, as well as
their accelerated differentiation into neurons; (3) the depletion
of cortical neurons observed in Glra2-KO embryos leads to
microcephaly (Figure 8).

Functional GlyRs are required for cortical progenitor
homeostasis. GlyRs containing «1 and «3 subunits are
expressed in spinal cord and brainstem circuits implicated in
startle disease, inflammatory pain and rhythmic breathing.®"
Although GlyRs are expressed in the hippocampus and
cortex,2'™2" their role in development has been largely
overlooked. Over the past few years, we and others have
discovered that GlyRs are highly expressed by specific
neurons and progenitors of the cerebral cortex where they
control critical developmental features.'® Two decades ago,

pioneering studies described the expression of GlyR subunit
mRNAs in the developing brain. In particular, GlyR «2 subunit
transcripts were detected from E14 onwards in all cortical
layers in rat embryos,*® and membrane currents triggered by
GlyRs were recorded on migrating projection neurons in E19
rat embryos.®* These findings were further extended by
experimental evidence supporting the existence of functional
GlyRs in neurons located in the CP and 1Z,384452:53 35 well
as in migrating cortical interneurons.®® Our present study
demonstrates that «2-containing GlyRs are functionally
expressed in APs and BPs located in the developing cortical
wall. These findings are in agreement with our recent results
supporting the functional expression of GlyR «2 homomers in
migratory interneurons and their progenitors.®? Although
these results are in line with the detection of GlyR «2 subunit
mRNAs in the developing cortical wall,®® they contrast with
previous work reporting the lack of glycine-elicited mem-
brane currents in VZ progenitors of developing rat
embryos.'®®* Such discrepancy may arise as a conse-
quence of developmental stage and/or species differences.
Remarkably, our electrophysiological recordings demon-
strate that GlyRs are functionally expressed in APs and
BPs where glycine-elicited currents trigger Ca® " influxes that
may contribute to control of the proliferation and specification
of these cortical progenitors.

A new role for GlyR «2 in cortical neurogenesis.
Accumulating evidence supports a role for glutamate and
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cleavage plane angles for APs undergoing mitosis in WT (f) or Glra2 KO E13 embryos. Distribution of mitotic cleavage plane angles of WT or Glra2 KO APs; **P<0.001,

Mann-Whitney test (h)

GABA in the control of neurogenesis.>'" Indeed, endogen-
ous activation of GABAARs controls several parameters of
the cell cycle, including DNA synthesis'® and G1 phase
duration.® Interestingly, GABAAR activation differentially
affects progenitor cells located in the VZ and SVZ°
supporting GABA as an extracellular molecular regulator of
the equilibrium between APs and BPs. The present work
adds another layer of complexity, by illustrating that glycine-
elicited currents control specific aspects of the biology of
dorsal cortical progenitors. More specifically, loss of «2-
containing GlyRs leads to an increased number of cortical
APs undergoing mitosis, a result similar to observations
made earlier in the developing spinal cord in response to
morpholino-mediated knockdown of GlyR «2 subunits.>*
Despite accumulation of ventricular mitosis in E15 Glra2-
KO embryos, the overall pool of APs was reduced,
suggesting a progressive depletion of APs as a result of a
premature shift from symmetric to asymmetric divisions. This
hypothesis is supported by the demonstration that mitosis
cleavage plane angles strongly deviated from the horizontal
plane in Glra2-KO embryos, as compared with WT controls.
Importantly, these results suggest that activation of GlyRs
regulates the division mode of APs and thus contributes to
cortical neurogenesis, a process that may indeed depend on
the ability of GlyR «2-mediated currents to modulate
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actomyosin contractility via regulation of VGCCs and Ca®*
influxes.®® In addition to being reduced in number, the
remaining BPs differentiated more rapidly into Tbr1-expres-
sing neurons in the cortex of Glra2-KO embryos. As BPs give
fise to most cortical projection neurons*? and contribute to
the expansion of the cerebral cortex observed during the
evolution of mammals,®® the lack of GlyR 22 expression at
the early steps of neurogenesis is likely to underline gross
morphological defects, such as the impaired cortical lamina-
tion and moderate microcephaly observed in newborn Glra2-
KO mice. Surprisingly, layer VI neurons are generated
properly in the cortex of Glra2-KO embryos. We hypothesize
that GlyR «2 activity is required in cortical progenitors to
control the generation of the appropriate humber of projec-
tion neurons dedicated to most cortical layer, excluding layer
VI (Tbr1+ neurons at postnatal stage). Indeed, we found
that cell cycle exit, and thus the production of newborn
projection neurons is enhanced at E13, but not before when
most layer VI neurons are born (data not shown). It is
noteworthy that no cortical phenotype was reported in a
distinct Glra2-KO mouse line maintained in a genetic
background®? different from the one used in our study.
Lengthening of G1 phase has been associated with a
preference for ‘differentiative’ over ‘proliferative’ divisions of
cortical progenitors,®®%” and altering G1 length impairs the
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Figure 5 Genetic targeting of Glra2 impairs apico-basal transition in the developing cortex. (a, b) In utero electroporation of GFP-expressing plasmids was conducted on WT
(a) or Glra2 KO (b) E13 embryos to target apical progenitors that lie against the ventricular membrane. Immunolabelings were performed 36 h later on brain sections from
electroporated brain and show cells expressing Tbr2 (purple), GFP (green) and the nuclear label Dapi (blue). Scheme of the in utero electroporation procedure (c), see also
material and methods). Histogram representing the percentage of electroporated cells (GFP + ) expressing or lacking Tbr2 in the ventricular zone (VZ), subventricular zone (SVZ)
or intermediate zone and cortical plate (IZ and CP, respectively) (d); mean £ S.E.M., n=6 and 8 brain sections taken from different brains per genotype; * P<0.05, ttest)

generation of appropriate number of projection neurons in the
cerebral cortex.%5° Disruption of G1 regulation may indeed
characterize Glra2-KO APs and BPs, a defect that would further
impact on the generation of proper projection neurons. This was
supported by accumulation of immature neurons expressing
both Tbr2 and Tbr1 as well as the progressive increase in cell
cycle exit observed in Glra2 KO embryos, as compared with WT
controls. Thus, expression of GlyR «2 by cortical progenitors
seems to be required to prevent their premature specification/
differentiation into neurons and to support their self-renewal.
The progressive developmental shift of GlyR o2 expression
from germinal to postmitotic compartments (Figure 1b) may
indeed reflect a progressive change in division mode of cortical
progenitors that switch from ‘proliferative’ to ‘differentiative’
divisions as corticogenesis proceeds.

Contribution of extrasynaptic GlyRs to circuit development.
Endogenous activation of GlyR cells autonomously controls
interneuron migration during embryogenesis,*® and the
present work extends these findings by showing their marked
reduction in number in the cerebral cortex at birth.
Remarkably, some interneurons have important role for the
establishment of the first brain circuits.®%®" Moreover,
appropriate development of cortical interneurons is required
for proper activity of mature cortical circuits.®® Disruption of
these circuits contributes to the pathophysiology of schizo-
phrenia, autism and epilepsy.?®%® Our findings strongly
suggest that GLRA2 should be shortlisted as a candidate
gene in these disorders, as well as genetic studies of
X-linked microcephaly.

Taken together, our study reveals a new developmental
function for GlyR «2 in controlling the fate of progenitors of
cortical projection neurons. We found that Glra2-KO mice
exhibit a reduced brain size along with a reduced number of
excitatory projection neurons in deep and upper layers of the
cortex. These results indicate that the GlyRs expressed by
cortical progenitors control the final number of excitatory
projection neurons that later contribute to distinct mature brain
circuits. Our work paves the way towards the identification of
novel extracellular signals that, in concert with genetic
programs, promote the establishment of mature neuronal
circuits in the cerebral cortex.

Materials and Methods

Animals. All animal experiments were performed following guidelines of local
ethical committees at Hasselt and Liege Universities. The mouse GlyR o2 subunit
gene (Glra2) was selectively disrupted by homologous recombination using the
Cre-LoxP gene targeting system (Kuhn et al,, 1995) as previously described.*”
Mice were genotyped by PCR. Glra2 knockouts were backcrossed onto the MF1
background, mated with DIx5,6:Cre-IRES-EGFP (Dr. K Campbell, Cincinnati,
USA) for selected experiments and housed at the BIOMED Institute animal facility.

Immunohistochemistry and RNA in situ hybridization. Embryonic
brains were fixed by immersion in 4% PFA for 30 min at E13, 1 h at E15 and 3h at
E17. The number of GFP + cortical interneurons was evaluated in WT and KO PO
littermates born from breeding between DIx5,6:Cre-GFP and Glra2+/— mice.
For this purpose, mices were transcardiacally perfused with 4% PFA and their
brains were post-fixed overnight in the same fixative. Brains were then
cryoprotected overnight in 30% sucrose dissolved in PBS and processed to
obtain 20 um cryosections. Bromodeoxyuridine (BrdU) labelings were performed
as follows. Sections were washed twice for 5min in PBS for rehydration of the
samples. DNA denaturation and antigen retrieval were performed by incubation of
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Figure 6 Genetic targeting of Glra2 impairs cell cycle exit and neuronal differentiation in the developing cortex. (a, b), Immunolabelings performed on brain section
showing cells expressing BrdU (red), Ki67 (green) and the nuclear label Dapi (blue) in WT (a) or Glra2-KO (b) E13 embryos. Percentage of cells that exit the cell cycle per field
(c; BrdU + /Ki67- cells; mean + S.E.M., n= 11 and 15 brain sections taken from three and four brains for WT and Glra2 KO embryos, respectively). (d, e) Immunolabelings
performed on brain section showing cells expressing Tbr1 (red), Tbr2 (green) and the nuclear label Dapi (blue) in WT (d) or Glra2 KO (e) E12 embryos. (f-h), histograms
representing number of cells co-labeled for Tbr1 and Tbr2, per field (f), the number of cells expressing Tbr1 per field (g) and the number of cell expressing Tbr2 per field (h).
Values are expressed as mean + S.E.M., n=16 brain sections taken from four brains per genotype (f-h); *P<0.05, **P<0.01, t-test

the slides in citrate buffer for 20 min at 100 °C. Following denaturation, slides were
washed three times for 5 min in PBS. Blocking non-specific binding was performed
by incubating slides 1h in PBS containing 10% normal donkey serum (NDS,
Tremecula) and 0.2% Triton X-100 (Sigma, Bornem, Belgium). The primary anti-
BrdU antibody (IgG1 BMC 2318 clone, Roche diagnostics GmbH, Mannheim,
Germany) was diluted at 1:200 in PBS, and slices were incubated in this solution
overight. Secondary donkey anti-mouse Alexa 555 or 488 (A555 or A488, Life
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Technologies, Gent, Belgium) dissolved in blocking solution was used at 1:500 for
1h at room temperature. Slides were mounted with DAPI-containing mounting
medium (Vector Laboratories, Burlingame, CA, USA) for counterstaining of nuclei.
Ki67, Pax6, Tbr2 and pHH3 antigens as well as Tbr1, Ctip2 and Cux1 neuronal
markers were detected applying a similar protocol using the following antibodies:
rabbit anti-Ki67 (1:200; ab15580, Abcam, Cambridge, UK), mouse anti-Pax6
(1:10; PAX6-s, Developmental Studies Hybridoma Bank, lowa, IA, USA), Chicken
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Figure 7 Genetic targeting of Glra2 results in a reduced number of projection neurons in upper and deep cortical layers. (a-d) mRNA labeling after in situ hybridization in
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Figure 8 Genetic targeting of Glra2 impairs neuron generation by affecting the
homeostasis of cortical progenitors, a model. Summary scheme illustrating cortical
progenitor division and neurogenesis in the developing cerebral cortex of WT or
Glra2-KO embryos.

anti-Thr2 (1:200; AB15894, Millipore, Overijse, Belgium), Rabbit anti-pHH3 (1:200;
06-570, Millipore), Rabbit anti-Tbr1 (1:200; ab31940, Abcam), rat anti-Ctip2
(1:200; ab18465, Abcam) and goat anti-Cux1 (1:50; Sc-6327, Santa Cruz
Biotechnologies, Heidelberg, Germany). All antibodies were incubated in blocking
solution. Double and triple labelings were performed by one step co-incubation
with a mixture of the appropriate antibodies. The same strategy was used for
incubation with the secondary antibodies (Alexa, 1:500; Life Technologies). Pax6
was better observed when replacing PBS by TBS during immunolabelings. As an
exception, for the detection of GlyRs, brain sections were washed with NH,Cl and
then with PBS for 30 min. Blocking was made in 10% NDS plus 1% BSA dissolved
in PBS for 1h at room temperature. GlyR detection was performed using the o2
specific antibody N18 (1:100; Sc-17279, Santa Cruz Biotechnologies) diluted in
PBS and containing 3% NDS plus 1% BSA in PBS, overnight at 4 °C. The
secondary antibody was a donkey anti-goat labeled with A647 (1:500; Life
Technologies). GFP and Tbr2 double labeling also required special conditions. In
this case, GFP was detected using rabbit anti-GFP (1:200; ab6556, Abcam).
Samples were further incubated overnight with antibodies and then fixed for
15min at — 20 °C in acetone. Sections were washed in PBS-tween and incubated
in 95 °C citrate buffer for 2-5 min, then washed with PBS-T followed by a second
blocking step. At this point, the Tbr2 antibody was incubated overnight to finish
with an incubation using a mixture of goat anti-rabbit A488 and goat-anti chicken
A647 (1:500; Life Technologies) for the detection of GFP and Tbr2, respectively.
The number of cortical interneurons was evaluated in WT and KO PO littermates
born from breeding between DIx5,6:Cre-GFP and Glra2 +/— mice. RNA in situ
hybridizations were performed on frozen brain sections with 3 -digoxigenin-labeled
antisense probes, as described previously,®® to Cux2, RoRp, ER81, Tbri
(plasmids were given by Frangois Guilllemot, NIMR, London, UK).

Confocal imaging. Images of labeled brain sections were acquired with a
Carl Zeiss Axiovert 200 M motorized microscope equipped with a LSM 510 META
confocal laser scanner system (Carl Zeiss, Zaventem, Belgium). For cell counting
purposes, images were acquired with a Plan Apochromat 20 x /0.75 or Plan-
Neofluar 40 x /1.3 Qil DIC objectives. The A488 fluorophore was visualized by
excitation with the 488 nm emission line of an Ar-lon laser, while the A555 and
AB47 dyes were visualized using the 543 nm spectral line of the He-Ne laser and
the 633 nm spectral line of a second He-Ne laser, respectively. DAPI excitation
was achieved by two-photon excitation at 750 nm with the light emitted by a mode
locked MaiTai laser (Spectra Physics, Irvine, CA, USA). Z-stacks were acquired
every 1.5 um. For sections older than E13, more than one Z-stack was acquired to
capture the whole thickness of the cortex covering the same distance in the VZ as
compared with images taken at E12-E13.

Electrophysiology. Dorsal progenitors or radially migrating cells were
labeled by infection of E13 slices with GFP encoding retroviruses, which labeled
proliferating cells. Application of retroviruses was performed 4 h after slicing and
was restricted to the ventricles. One microliter of the diluted viral suspension was
applied to each hemisphere. Following this procedure, GFP-positive cells were
already visible lining the ventricles after 24 h. Whole-cell patch-clamp recordings
were performed using an Axon 200B patch-clamp amplifier (Harvard Apparatus,
Holliston, MA, USA). All experiments were carried out at room temperature,
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in voltage-clamp mode at a holding voltage equal to —60mV. The internal
solution was composed of KCI 130, NaCl 5, CaCl, 1, MgCl, 1, Hepes 10, EGTA
10, NaATP 2 and NaGTP 0.5(mM), and the external ACSF was composed of
NaCl 125, KCI 2.5, MgCl, 1, CaCl, 2, NaHCO; 25, NaH,PO, 1.25, Glucose
25(mM). The amplitude of glycine-elicited currents was assessed by brief
applications that lasted for 5s. All ligands and blockers were focally applied, at a
distance around 150 um from the surface of the slice, using a Warner perfusion
system that allowed an exchange time of <20 ms (Fast-Step, Warner Instruments
LLC, Hamden, CT, USA). Data acquisition and analysis were performed using
pClamp and Clampfit software, respectively (Harvard Apparatus).

Ca®* imaging. Ca®* imaging was performed using Fluo 4 (Life Techno-
logies) in slices. Fluo4 was excited by using light of 820 nm delivered by a pulsed
laser. Loading was performed at 37 °C for 30 min in agitation without a holding
insert. Responses evoked by glycine or GABA were recorded in ACSF at 37 °C.
Agonist application was achieved by bath perfusion. Image intensity analyses were
made using ImageJ software (NIH), defining regions of interest and analyzing the
change of intensity with time. Numeric values for intensity were then converted into
traces using Clampfit (Harvard Apparatus).

In utero electroporation. In brief, embryonic brains were injected in vivo in
the lateral ventricles with plasmid DNA-encoding GFP driven by ubiquitous
promoter (pCAGGS-GFP) or by BLBP promoter (BLBP-GFP, gift from Dr. Jamel
Chelly Institut Cochin, Paris) and were electroporated (5 pulses of 38 Volts, lasting
for 50 ms each, every 1) using an ECM 830 square pulse electroporation device
(Harvard Apparatus) at E12 or E13. The DNA concentration used was 1.4 ug/ul.
Successfully electroporated cells were identified by GFP expression. Embryos
were fixed either at E13.5 or E14 by 1 h immersion in 4% PFA and processed for
immunolabeling.

Cell counting and statistics. All image quantifications were performed in
the brightest single plane along the Z-stack acquired with a x 40objective as
described above. Analysis of cell counts in the developing somatosensory cortex at
different ages was carried out using the manual cell counter tool included ImageJ.
The dimension of analyzed field was 225 x 225 um? for E12-E13 brain sections,
while for older ages the Y dimension was increased to fit the entire cortex from the
ventricle to the pial surface keeping 225 um for X. All values are expressed as
mean + S.E.M. Mean and error calculations, as well as statistical analyses, were
computed in GraphPad (GraphPad Software, Inc., La Jolla, CA, USA).
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