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eocortical  integration  of  transplanted  GABA  progenitor  cells  from
ild  type  and  GABAB receptor  knockout  mouse  donors
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tates

 i  g  h  l  i  g  h  t  s

Transplantation  of MGE  progenitor  cells  into  neocortex  generates  new  inhibitory  interneurons.
Inhibitory  interneurons  derived  from  MGE  progenitor  cells  preferentially  distribute  in neocortical  layers  2/3,  5 and  6.
Functional  GABAB receptors  are  not  required  for  laminar  positioning  of  MGE-derived  interneurons  following  transplantation.

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 17 August 2013
eceived in revised form 17 October 2013
ccepted 10 November 2013

eywords:
nterneuron

a  b  s  t  r  a  c  t

Most  cortical  interneurons  originate  in  a region  of  the embryonic  subpallium  called  the  medial  ganglionic
eminence  (MGE).  When  MGE  cells  are  transplanted  into  cerebral  cortex,  these  progenitors  migrate  exten-
sively  and  differentiate  into  functional  inhibitory  neurons.  Although  MGE  progenitors  have  therapeutic
potential  following  transplantation,  it is unknown  precisely  how  these  cells  distribute  within  neocor-
tical  lamina  of  the  recipient  brain.  Here  we  transplanted  mouse  embryonic  day  12.5  MGE  progenitors
into  postnatal  neocortex  and  evaluated  laminar  distribution  of  interneuron  subtypes  using  double-  and
ABA
aminar
eocortex
ransplantation

triple-label  immunohistochemistry.  Studies  were  performed  using  wild  type  (WT)  or  donor  mice  lacking
a metabotropic  GABAB receptor  subunit  (GABAB1R KO).  MGE-derived  neurons  from  WT  and  GABAB1R KO
mice  preferentially  and  densely  distributed  in  neocortical  layers  2/3, 5  and  6.  As expected,  MGE-derived
neurons  differentiated  into  parvalbumin+  and somatostatin+  interneurons  within  these  neocortical  lam-
ina. Our  findings  provide  insights  into  the anatomical  integration  of MGE-derived  interneurons  following
transplantation.
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. Introduction

Inhibitory interneurons, approximately 20% of all neurons in
dult neocortex, play a critical role in regulating normal network
xcitability and behavior [1]. Interneurons are generated in the
edial (∼70%) and caudal (∼20%) ganglionic eminences (MGE

nd CGE) and the preoptic area (∼10%) then migrate tangentially
o their final laminar positions in neocortex [2–6]. Transcription
actors and ligand–receptor complexes, including Nkx2.1, sonic
edgehog and smoothened, are thought to regulate interneuron
Please cite this article in press as: J.Y. Sebe, et al., Neocortical integration
receptor knockout mouse donors, Neurosci. Lett. (2013), http://dx.doi.org/

roliferation, differentiation and migration [7]. In addition, GABA,
he primary inhibitory neurotransmitter in the central nervous sys-
em, may  play a key role in interneuron development via actions

∗ Corresponding author. Tel.: +1 5102056602.
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on GABAA and GABAB receptors (GABAA and GABABRs) [8]. During
embryonic development, GABAAR-mediated depolarization pro-
motes neuronal proliferation [9,10] and interneuron migration
[11]. GABABRs are metabotropic receptors that inhibit the cell
by activating K+ efflux and reducing presynaptic GABA release.
GABABR subunits are expressed on migrating interneurons of the
embryonic rat brain [12] and in vitro GABABR activation pro-
motes migration and entry of MGE  progenitor cells into developing
neocortex [13–15]. Whether GABABRs play a role in regulating dif-
ferentiation or laminar distribution of transplanted interneurons is
unknown.

Recent studies suggest that interneurons derived from the MGE
are organized into spatially isolated clusters [16]. Interneuron
 of transplanted GABA progenitor cells from wild type and GABAB

10.1016/j.neulet.2013.11.012

clustering within neocortex is most prominent for interneuron
sub-types originating in the embryonic MGE e.g., parvalbumin+
and somatostatin+. Viral labeling of endogenous MGE-derived
interneurons at embryonic day 11.5 and 14.5 demonstrated that
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J.Y. Sebe et al. / Neuroscie

hese cells consistently cluster in the infragranular or supragran-
lar layers of neocortex [17]. Here, we examined the laminar
istribution of transplanted MGE-derived interneuron progenitors
btained from wild type (WT) or knockout (KO) mice lacking a
ubunit of the GABAB receptor (GABAB1R). We  isolated embryonic
GE  progenitors at E12.5 and transplanted them into neocortex

t postnatal day 3. Using antibodies recognizing specific interneu-
ons sub-types we assessed laminar positioning of MGE-derived
nterneurons at postnatal days 30–40 e.g., a time when these cells
ecome functionally integrated in the host brain [18].

. Materials and methods

.1. Animals

This study was carried out in strict accordance with the recom-
endations in the Guide for the Care and Use of Laboratory Animals

f the National Institutes of Health. The protocol was approved by
he Institutional Animal Care and Use Committee of the University
f California (permit number: AN084339). GABAB1R+/− mice [19]
gift from Bernhard Bettler, University of Basel) were mated with
ctin-GFP+ mice to generate GABAB1R+/+:GFP and GABAB1R−/−:GFP,
hich we refer to as WT  and GABAB1R KO, respectively. GFP+ cells
ere transplanted into WT  CD-1 mice (Charles River, Harlan).

.2. Transplantation

The anterior portion of MGE  was dissected from E12.5 GFP-
xpressing mouse embryos and placed in a mixture of L-15 media
UCSF Cell Culture Facility) and DNAse (Qiagen, Valencia, CA). In all
tudies, GFP+ MGE  cells were unilaterally injected into neocortices
f postnatal day 3 (P3) WT  CD-1 mice. A “single MGE” refers to the
GE  tissue obtained from one hemisphere of the embryonic brain

nd is thereby half of the total MGE  cells in a donor embryo. For
ll studies, a single MGE  was front-loaded into an injection nee-
le containing media (outer diameter 70–80 �m),  the needle was
ositioned at approximately a 45◦ angle relative to the platform
f the stereotaxic apparatus and injected ∼700 �m deep into the
omatosensory cortex to systematically target layer 6. Each host
ouse received only the GABA progenitor cells in a single MGE

f cells so that a single embryo provided enough GABA progeni-
or cells to transplant 2 recipient mice. A single pregnant mouse
ielded 9–13 embryos. A tissue sample from each of these embryos
as collected for genotyping and the MGE  of all of these embryos
ere dissected and transplanted into donor mice. Only donor mice

hat received either GFP+ WT  (GFP:GABAB1R+/+) or GABAB1R KO
GFP:GABAB1R−/−) MGE  cells were analyzed and mice receiving
FP+ heterozygous (GFP: GABAB1R+/−) MGE  cells were sacrificed
nd not analyzed.

.3. Cell counting

To count the number of living and dead cells in a single diss-
cted MGE, we used two  methods. First, we counted the number
f living and dead dissected cells prior to loading cells into the
njection needle. MGE  were dissociated in media containing DNAse,
ombined with equal parts trypan blue, and loaded into a hemocy-
ometer. Using this method, there were 180,000–200,000 cells in
ach MGE  and 80–90% of these cells were alive (144,000–180,000
ells). Second, we counted the number of cells after a single MGE
ad been loaded into the injection needle and all visible cells were
jected into a 100 �L drop of media. The total cell count and viabil-
Please cite this article in press as: J.Y. Sebe, et al., Neocortical integration
receptor knockout mouse donors, Neurosci. Lett. (2013), http://dx.doi.org/

ty decreased after needle loading. After needle loading, we counted
38,000–142,000 cells in each MGE  and 50–70% of these cells were
live. Therefore, for each MGE  loaded into the needle, we estimate
n injection of approximately 69,000–99,000 live cells.
 PRESS
tters xxx (2013) xxx– xxx

To count MGE-derived interneurons, we used GFP-labeled donor
cells and tissue slices stained with DAPI or antibodies recognizing
GAD67 or PV, which clearly demarcate neocortical layers. For Fig. 1,
GFP+ cells were counted in layers 1, 2/3, 4, 5 and 6 and the percent-
age of total GFP+ cells in each layer was calculated. For Figs. 2 and 3,
GFP+ cells and cells colabelled for GFP and PV or SOM were counted
in layers 1, 2/3, 4, 5 and 6. The percentage of total GFP+ cells in each
layer that also expressed PV or SOM was  calculated. For each brain,
percentages were averaged for several slices and data are reported
as mean ± standard error. As expected [18], histological sections
close to the injection site contained more GFP+ cells whereas those
farther away contained fewer cells. Sections of somatosensory cor-
tex 0.75–1.25 mm rostral or caudal to the injection site were used
for cell counts.

2.4. Immunohistochemistry and confocal microscopy

Brains were fixed in 4% paraformaldehyde (PFA) by perfusion
and 50 �m coronal sections were cut by vibratome. Floated sec-
tions were colabeled for GFP (Aves Labs GFP-1020; 1:500) and one
of the following: GAD67 (Millipore MAB5406; 1:500), PV (Sigma
P3088; 1:500), somatostatin (SOM, Santa Cruz 7819; 1:500), neu-
ropeptide Y (NPY, ImmunoStar 22,940; 1:500) or calretinin (CR;
Millipore AB5054; 1:500). Secondary antibodies were Alexa Fluor
anti-chicken 488, anti-mouse 594 and anti-rabbit 594 (Molecular
Probes; 1:1000). For SOM labeling, slices were first stained with
SOM primary overnight, incubated with anti-goat 594 then stained
for GFP. All antibodies were incubated in PBS containing 0.05–1%
Triton-X 100, 1% bovine serum albumin (BSA; Sigma) and 10% nor-
mal  goat or donkey serum (Sigma). PBS containing 0.05% Triton-X
100 was  used for all intermediate washing steps. Vectashield con-
taining DAPI was used to mount slices (Vector Labs).

To count endogenous and grafted cells, tiled confocal images
were acquired at 10× magnification using a Nikon spinning disk
and NIS Elements software (Technical Instruments) or 20× magni-
fication using a Leica SP5 confocal and LAF software (Leica). Images
were taken 750–1250 �m rostral and caudal to the injection site
and cells in each neocortical layer were counted in Image J or
Adobe Photoshop. For each stain, several slices from each brain
were imaged and used to count cells. Two-way ANOVA were used
to test significance (SigmaPlot 12.0, Systat Software Inc.).

3. Results

Previous studies demonstrated that transplanted E12.5 MGE
progenitors primarily differentiate into PV+ and SOM+ interneurons
[18,20], but did not examine precisely how these sub-populations
are distributed in the recipient neocortex. To address this issue, we
first examined the neocortical laminar positioning of grafted GFP+

cells in each of the neocortical layers with a focus on somatosensory
cortex. Based on previous reports that GABABRs facilitate interneu-
ronal migration into the cortical plate [15], we also grafted GFP+

MGE  cells derived from GABAB1R KO. Functional GABABRs cannot
form in the absence of either the GABABR B1 subunit that contains
the ligand binding site [21] or the B2 subunit that is required for
membrane expression of the receptor [22]. Tissue sections were
processed with antibodies recognizing GFP and GAD67 (Fig. 1A–C).
At 30–40 DAT, a significant percentage of the MGE-derived GFP+

cells from both WT and GABAB1R KO embryos are distributed in
layers L2/3, 5 and 6 (Fig. 1E). Of the WT  grafted GFP+ cells counted
in 8 graft recipients, 5 ± 1%, 34 ± 3%, 6 ± 1%, 18 ± 1% and 37 ± 2%
 of transplanted GABA progenitor cells from wild type and GABAB

10.1016/j.neulet.2013.11.012

were in L1, 2/3, 4, 5 and 6, respectively. MGE-derived interneu-
rons from GABAB1R KO mice (n = 5) exhibit a similar distribution
with 8 ± 3%, 37 ± 5%, 9 ± 2%, 19 ± 5% and 46 ± 5% GFP+ cells in L1,
2/3, 4, 5 and 6, respectively. For both WT  and KO grafted cells, the
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Fig. 1. Transplanted MGE-derived interneurons exhibit layer preference within the host neocortex. Representative images of (A) WT GFP+ grafted cells and a merged image
of  (B) GFP and GAD67 staining 1 mm rostral to injection site. KO GFP+ grafted cells (F) and a merged image (G) 1 mm caudal to the injection site. Scale bar = 100 �m.  Higher
magnification images from separate brain slices show WT (C–E) and KO (H–J) grafted cells, GAD67 staining and merged images in L6. Scale bar = 50 �m. (K) The percent of
total  counted GFP+ cells by layer show that majority of GFP+ cells are localized in L2/3, 5 and 6 while grafted cells are relatively sparse in L1 and 4 (WT: n = 8; KO:  n = 5). For
b L2/3 th
r or p-v
c

p
i
(
l

F
G
r
dQ5
g
t
i

178

179

180

181
oth  WT and KO grafted cells, the % of total counted cells is statistically greater in 

elative to all other layers. Two way ANOVA, Holm–Sidak’s test. *, #: see main text f
audal  distribution of GFP+ cells away from the injection site.
Please cite this article in press as: J.Y. Sebe, et al., Neocortical integration
receptor knockout mouse donors, Neurosci. Lett. (2013), http://dx.doi.org/

ercent of total counted cells is statistically greater in L2/3 than
n L1, 4, and 5 (*, #: p < 0.001), greater in L6 than in L1, 4 and 5
*, #: p < 0.001) and statistically different in L5 relative to all other
ayers (L5 vs. L1, 4: p < 0.01; L5 vs. L2/3, 6: p < 0.001). In Fig. 1E,

ig. 2. Laminar distribution of grafted PV+ interneurons. A panel of images of the host br
FP,  PV and DAPI staining (c, l) at low magnification. On the left (a–i) and right (j–r), are 

ostral  or caudal to injection site (g and h). (d–i: WT graft recipient and m–r: KO graft rec
istribution of GFP+ and PV+ cells and merged images in L1 and 2/3 vs. L5 and 6. Summar
rafted (dark green) cells in each layer. The percentage of total cells in L2/3, for both W
rue  for L6. Two-way ANOVA, Holm–Sidak posthoc test. * and # indicate statistical signifi
mages,  scale bar = 100 �m.  (For interpretation of the references to color in this figure leg
an in L1, 4, and 5, greater in L6 than in L1, 4 and 5 and statistically different in L5
alues for each interaction. L. WT  vs. KO cells exhibit no differences in the rostral to
 of transplanted GABA progenitor cells from wild type and GABAB

10.1016/j.neulet.2013.11.012

the * and # indicate that the percent of total counted cells in the
marked neocortical layer is statistically different from that in other
layers. However, within each neocortical layer, there was no signif-
icant difference in the laminar positioning of WT vs. GABAB1R KO

ain neocortex show GFP+ grafted cells (a, j), PV+ cells (b, k) and merged images of
images from host mice that received WT and KO MGE  cells. All images are 1.0 mm
ipient) higher magnification images taken from the same slices in a and j show the
y histograms (s) show the percent of total counted WT grafted (light green) or KO

T and KO grafted cells is statistically different than in all other layers. The same is
cance. See main text for p-values. WT grafted: (n = 6); KO grafted: PV (n = 5). For all
end, the reader is referred to the web version of the article.)
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Fig. 3. Laminar distribution of grafted SOM+ interneurons. A panel of images of the host brain neocortex show GFP+ grafted cells (a, j), SOM+ cells (b, k) and merged images
of  GFP, PV and DAPI staining (c, l) at low magnification. On the left (a–i) and right (j–r), are images from host mice that received WT  and KO MGE  cells. All images are 1.0 mm
rostral  or caudal to injection site (g and h). (d–i: WT graft recipient and m–r: KO graft recipient) higher magnification images taken from the same slices in a and j show the
distribution of GFP+ and SOM+ cells and merged images in L1 and 2/3 vs. L5 and 6. Summary histograms (s) show the percent of total counted WT  grafted (light green) or KO
grafted (dark green) cells in each layer. The percent of WT  and KO grafted cells in L2/3 is statistically different than in all other layers. In L6, the percent of WT  grafted cells is
statistically different than in all other layers and the percent of KO grafted cells is different relative to all layers except L5. Two-way ANOVA, Holm–Sidak posthoc test. See
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ain  text for p values. WT  grafted: (n = 5); KO grafted: SOM (n = 4). For all images, s
eader  is referred to the web version of the article.)

GE-derived interneurons. As previously shown [18], MGE  pro-
enitors can migrate up to 3 mm from the injection site (Fig. 1F).
he normalized migration of WT  and GABAB1R KO MGE-derived
nterneurons along the rostral to caudal axis relative to injection
ite was not statistically significant (Fig. 1F).

Next, we evaluated the laminar distribution of MGE-derived PV+

nd SOM+ cells in the recipient neocortex. We  co-labeled slices from
ecipient mice with antibodies recognizing GFP, and either PV or
OM (as well as DAPI) and performed cell counts in somatosen-
ory cortex [18]. Similar to the distribution of total grafted GFP+

ells, MGE-derived PV+ cells were preferentially located in L2/3, 5
nd 6 (Fig. 2). Data represent PV+ grafted cells derived from WT
onors (host mice = 7) vs. GABAB1R KO donors (host mice = 5). As
hown in Fig. 2s, the percent of total WT MGE-derived cells in L2/3
30 ± 6%) is statistically different than in L1 (5 ± 3%; p < 0.01), L4
5 ± 2%; p < 0.01), L5 (20 ± 3%; p < 0.05) and L6 (40 ± 4%; p < 0.05)
nd in L5 relative to L1 (p < 0.001), 2/3 (p < 0.05) and 4 (p < 0.001).
he percentage of WT  MGE-derived PV+ cells in L6 was greater than
ll other layers (p < 0.001). The percentage of GABAB1R KO MGE-
erived PV+ cells in L2/3 (22 ± 4%) was statistically different than

n L1 (5 ± 3%), L4 (11 ± 1%), L5 (20 ± 5%) and L6 (43 ± 4%) (L2/3 vs.
ll layers: p < 0.001). There were no statistical differences in the
ercentages of MGE-derived WT  vs. GABAB1R KO PV+ cells in each

ayer.
Similarly MGE-derived SOM+ cells were preferentially located in

2/3, 5 and 6 (Fig. 3). Data represent SOM+ grafted cells derived from
T donors (host mice = 6) vs. GABAB1R KO donors (host mice = 4).

s shown in Fig. 3s, the percentage of WT  MGE-derived SOM+ cells
n L2/3 (54 ± 5%) was greater than in L1 (4 ± 2%), L4 (3 ± 2%), L5
14 ± 4%) and L6 (25 ± 4%) (L2/3 vs. all other layers: p < 0.001). The
ercent of total WT  MGE-derived cells in L5 was statistically dif-
erent relative to L1 (p < 0.05), L2/3 (p < 0.001), L4 (p < 0.05) and L6
p < 0.05). The percent of total WT  MGE-derived cells in L6 was
tatistically different relative to L1 (p < 0.001, L2/3 (p < 0.001), L4
p < 0.001) and L5 (p < 0.05). The percentage of GABAB1R KO MGE-
erived SOM+ cells in L2/3 (48 ± 3%) was greater than in L1 (8 ± 3%),
4 (7 ± 3%), L5 (13 ± 5%) and L6 (24 ± 6%) (L2/3 vs. all other layers:

 < 0.001). Again, there were no statistical differences in the per-
Please cite this article in press as: J.Y. Sebe, et al., Neocortical integration
receptor knockout mouse donors, Neurosci. Lett. (2013), http://dx.doi.org/

entages of MGE-derived WT  vs. GABAB1R KO SOM+ cells in each
ayer. We  have not plotted the distribution of GFP+ that also labeled
or NPY or CR because only 2% (45 out of 1888 cells) and 1% (16 out
f 1363 cells) of the total counted WT  MGE-derived cells co-labeled
ar = 100 �m.  (For interpretation of the references to color in this figure legend, the

for these markers making meaningful comparisons difficult. In con-
trast and consistent with an MGE  lineage, 25% and 35% of total
counted WT  MGE-derived cells co-labeled for PV (473 out of 1875
cells) and SOM (422 out of 1192 cells), respectively.

4. Discussion

Consistent with prior studies [18,23], we  show here that grafting
immature progenitor cells from embryonic MGE  into the postnatal
cortex results in GABAergic interneurons that migrate widely in the
recipient brain. The main findings of these studies are that (i) MGE-
derived interneurons are most prominent in layers 2/3, 5 and 6, (ii)
parvalbumin+ and somatostatin+ neurons comprise the primary
interneuron sub-populations derived from MGE  progenitors, and
(iii) GABAB1 receptors are not necessary for the migration and final
laminar distribution of graft-derived interneurons in the recipient
neocortex.

Cortical interneurons migrate tangentially from MGE  and CGE
[3,4], course through the subventricular and marginal zones of the
immature cortex before they enter the cortical plate. In the mouse
MGE, this process begins around E9.5 and peaks at E13.5 [24]; CGE
migration initiates at E12.5. Within neocortex, interneuron and
projection neurons follow an inside-out migration pattern in which
earlier born neurons migrate to the deeper layers (L4–6) while
later born neurons make their way to superficial layers (L1–3).
Mitotic age may  influence the laminar position of interneurons to
the extent that early-born MGE  cells receive different cues from
developing neocortex than later-born CGE cells. However, when
MGE  progenitor cells are transplanted into postnatal neocortex, as
in this study, graft-derived cells appear to receive migratory cues
that direct them to both superficial and deep neocortical layers.
This is consistent with recent findings by Ciceri et al. [17] suggest-
ing that MGE  progenitors give rise to interneurons that populate
the infra- and supragranular layers of neocortex.

MGE-derived progenitors, which are the focus of the current
work receive a wide range of molecular cues that regulate their
transition from tangential to radial migration as well as their
laminar position within the neocortex [25]. Chemokine signaling
 of transplanted GABA progenitor cells from wild type and GABAB

10.1016/j.neulet.2013.11.012

mediated by Cxcr4 and Cxcr7 receptors regulates the timing of
interneuronal progenitor entry into the cortical plate [26] and
laminar positioning in the embryonic and postnatal neocortex
[27,28]. In vitro analysis of interneuronal progenitor migration has
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emonstrated that GABA, acting on ionotropic GABAARs, promotes
ell motility when the chloride reversal potential (ECl) is depolar-
zed. However, forced up-regulation of the KCl co-transporter KCC2
yperpolarizes the ECl and reduces interneuron motility [11]. These
tudies indicate that the GABAAR-mediated efflux or influx of Cl−

an differentially regulate interneuron movement. In contrast to
onotropic GABAA and GABAC receptors, metabotropic GABABRs
yperpolarize the cell by triggering the efflux of K+. Therefore, MGE
rogenitors derived from GABABR KO mice are not susceptible to
he regulation of cell motility mediated by changes in KCC2 expres-
ion and, subsequently, ECl. Given that we have exclusively looked
t the laminar distribution of interneuron progenitors transplanted
nto postnatal cortex, further work is necessary to determine

hether the neocortical distribution of endogenous interneurons
ubtypes is disrupted in mice lacking functional GABABRs.

Given that neocortical cells in each layer exhibit distinct connec-
ivity patterns, the layer preference of graft-derived interneurons

ay influence inhibition in some brain regions more than oth-
rs. Pyramidal cells in layers 2/3, 5 and 6, where the majority of
raft-derived MGE  cells migrate, send axonal outputs to the con-
rateral hemisphere (L2/3 and 5) [29] or outside of the neocortex,
nnervating thalamus, pons, superior collicus and spinal cord (L5)
r thalamus and lateral geniculate nucleus (L6) [30]. By localizing
o L2/3, 5 and 6, graft-derived interneurons may  maximize their
ffect on the contralateral hemisphere and to brain regions out-
ide of the neocortex that both receive sensory inputs and execute
otor function.
Prior to the formation of inhibitory synapses, GABA is secreted

rom developing neurons [31] and can promote interneuron migra-
ion via the activation of GABA receptors [32–34]. At the earliest
ge examined (embryonic day 14, E14), the mantle region of the
anglionic eminence as well as tangentially migrating cells of the
ntermediate zone express GABAB1Rs. By E16, the B1 and B2 sub-
nits of the GABABR, both of which are necessary to form functional
eceptors, are expressed and co-localized in the neocortical pri-
ordium and 97% of tangentially migrating neurons also express
ABAB1Rs [12]. In addition to immunohistochemical evidence that
ABABRs are expressed in migrating interneuron progenitors, in
itro assays indicate that GABAB receptor activation facilitates the
igration and entry of MGE  progenitor cells into the cortical plate

13–16].

. Conclusions

Our studies suggest that the rostral to caudal and laminar migra-
ion of interneuronal progenitors transplanted into the postnatal
eocortex does not require functional GABABRs.
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