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Development/Plasticity/Repair

Cortical Inhibition Modified by Embryonic Neural
Precursors Grafted into the Postnatal Brain

Manuel Alvarez-Dolado,** Maria Elisa Calcagnotto,'* Kameel M. Karkar,’> Derek G. Southwell,!

Dorothy M. Jones-Davis,' Rosanne C. Estrada,' John L. R. Rubenstein,? Arturo Alvarez-Buylla,' and Scott C. Baraban'
Departments of 'Neurological Surgery, 2Psychiatry, and *Neurology, University of California, San Francisco, San Francisco, California 94143,

and *Laboratorio de Regeneracion Celular, Centro Investigacién Principe Felipe, 46013 Valencia, Spain

Embryonic medial ganglionic eminence (MGE) cells transplanted into the adult brain can disperse, migrate, and differentiate to neurons
expressing GABA, the primary inhibitory neurotransmitter. It has been hypothesized that grafted MGE precursors could have important
therapeutic applications increasing local inhibition, but there is no evidence that MGE cells can modify neural circuits when grafted into
the postnatal brain. Here we demonstrate that MGE cells grafted into one location of the neonatal rodent brain migrate widely into cortex.
Grafted MGE-derived cells differentiate into mature cortical interneurons; the majority of these new interneurons express GABA. Based
on their morphology and expression of somatostatin, neuropeptide Y, parvalbumin, or calretinin, we infer that graft-derived cells
integrate into local circuits and function as GABA-producing inhibitory cells. Whole-cell current-clamp recordings obtained from MGE-
derived cells indicate firing properties typical of mature interneurons. Moreover, patch-clamp recordings of IPSCs on pyramidal neurons
in the host brain, 30 and 60 d after transplantation, indicated a significant increase in GABA-mediated synaptic inhibition in regions
containing transplanted MGE cells. In contrast, synaptic excitation is not altered in the host brain. Grafted MGE cells, therefore, can be
used to modify neural circuits and selectively increase local inhibition. These findings could have important implications for reparative

cell therapies for brain disorders.
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Introduction

Cell transplantation may allow reconstitution of neural circuits
in the diseased or injured brain (Bjorklund and Lindvall, 2000;
Emsley et al., 2004; Winkler et al., 2005). To be successful, grafted
cells should possess the ability to disperse through affected areas
and differentiate into mature neurons expressing appropriate
neurotransmitters or neuropeptides. Ideally, these cells should
functionally integrate and directly influence circuitry in the dam-
aged host brain. As such, the demonstration that transplanted
neuronal precursors can migrate, differentiate, and form func-
tional synaptic contacts is a critical first step in the development
of cell-replacement therapies in the postnatal brain.

Most, if not all, inhibitory interneurons in the cerebral cortex
originate from restricted regions of the ventral telencephalon
known as the caudal ganglionic eminence and medial ganglionic
eminence (MGE) (Neryetal., 2001; Marin and Rubenstein, 2001,
2003; Wichterle et al., 2001; Anderson et al., 2002; Butt et al.,
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2005; Wonders and Anderson, 2005). Immature inhibitory inter-
neurons migrate widely in the embryonic brain, integrating into
the circuitry of the developing striatum, cortex, and hippocam-
pus. We demonstrated previously that MGE-derived cells trans-
planted into the adult brain differentiate into GABAergic inter-
neurons, e.g., the main inhibitory cells of the cerebral cortex
(Wichterle et al., 1999). In contrast to embryonic stem (ES) cell-
derived neurons (Wernig et al., 2004; Ruschenschmidt et al.,
2005) and genetically engineered GABA-producing cells (Bosch
et al., 2004; Thompson, 2005), transplanted MGE cells migrate
long distances in the adult brain parenchyma and mature into
neurons with morphologies resembling local interneurons
(Wichterle et al., 1999; Butt et al., 2005). Based primarily on these
observations, it has been suggested that MGE-derived cells may
be used for brain repair and, in particular, could rescue deficits of
brain inhibitory networks. A yet unresolved issue is whether
transplanted MGE cells functionally integrate into the host neu-
ral circuitry and influence the overall level of inhibition.

To address these fundamental questions, we transplanted
MGE cells from mice expressing green fluorescent protein (GFP)
into the postnatal brain. We determined the time course of mi-
gration and differentiation of these neuronal precursors. We also
analyzed the molecular phenotype of transplanted MGE precur-
sors using antibodies directed against GABA, somatostatin
(SOM), parvalbumin (PV), calretinin (CR), and neuropeptide Y
(NPY). Using cortical slices from grafted animals, we show that
MGE-GFP neurons exhibit intrinsic firing properties similar to
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fast-firing basket-type cortical interneurons. Electrophysiologi-
cal measurements also demonstrate that MGE-derived neurons
increase the overall level of GABA-mediated synaptic inhibition
in grafted animals. This is the first report demonstrating that
grafted neuronal precursors can modify levels of electrophysio-
logical activity in the host brain by establishing functional inhib-
itory synapses with native neurons.

Materials and Methods

Tissue dissection and cell dissociation. Ventricular and subventricular lay-
ers from the anterior part of the medial ganglionic eminence, in which a
sulcus clearly divides medial and lateral ganglionic eminences, were dis-
sected from embryonic day 12.5 (E12.5) to E13.5 embryonic GFP-
positive (GFP *) transgenic mice (Hadjantonakis et al., 1998). The day
when the sperm plug was detected was considered E0.5. Bordering tissue
between adjacent regions was discarded during dissection to avoid con-
tamination. Tissue explants were mechanically dissociated by repeated
pipetting through a 200 ul yellow plastic tip (10—20 times). Dissociated
cells were washed with 1 ml of L-15 medium containing DNase I (10—-100
wg/ml) and pelleted by centrifugation (2 min, 800 X g). Cells were resus-
pended in 4-5 ul of L-15 medium and kept on ice until additional use.

Transplantation. Highly concentrated cell suspension (~10° cells/ul
in 1 ul) was front-loaded into beveled glass micropipettes (~50 wm
diameter) that were prefilled with mineral oil and L-15 medium. Mi-
cropipettes were connected to a microinjector mounted on a stereotactic
apparatus specially adapted for neonatal mice. Three- to 4-d-old CD-1
mice (Charles River Laboratories, Wilmington, MA) were anesthetized
by exposure to —4°C until pedal reflex was abolished. Anesthesia was
maintained by performing surgery on a cold aluminum plate. A total of
5 X 10* cells per mouse in a 50—100 nl volume were injected using a 45°
inclination angle and the following coordinates from bregma: striatum
[3.3 mm anterior (A), 2.5 mm lateral (L), 2.6 mm dorsal (D)], cortex (2.2
mm A, 3.5 mm L, 1.2 mm D), and hippocampus (1.2 mm A, 1.7 mm L,
2.0 mm D). For survival and migration distance estimations, 5 X 10°
cells were grafted in a single point (2.5 mm A, 3.0 mm L, 2.5-1.5 mm D).
As a control, we injected an equivalent volume of heat-shocked “dead”
cells. Grafted pups were returned to their mothers and analyzed after 3 d,
1,2, 3, and 4 weeks, and 3 months. All experimental animals were treated
in accordance with University of California, San Francisco Laboratory
Animal Research Center guidelines.

Immunostaining. Animals were transcardially perfused with 4% para-
formaldehyde at different ages. Brains were removed, postfixed over-
night in the same solution, and sectioned coronally (50 um) using a
vibratome. Floating brain sections were immunostained with the follow-
ing antibodies: rabbit anti-GABA (1:2500; Sigma, St. Louis, MO), mouse
anti-parvalbumin (1:4000; Sigma), rabbit anti-calretinin (1:4000; Swant,
Bellinzona, Switzerland), rat anti-somatostatin (1:500; Chemicon, Te-
mecula, CA), rabbit anti-neuropeptide Y (1:5000; ImmunoStar, Hudson,
WI), mouse anti-GFP (1:200; Qbiogene, Carlsbad, CA), chicken anti-
GFP (1:500; Chemicon), rabbit anti-Olig2 (1:20,000; a gift from D. Row-
itch, Dana-Farber Cancer Institute, Boston, MA), rabbit anti-S1008 (1:
1000; DakoCytomation, Carpinteria, CA), mouse anti- neuronal-
specific nuclear protein NeuN (1:200; Chemicon), mouse anti-glial
fibrillary acidic protein (1:1000; Chemicon), mouse anti-calcium cal-
modulin kinase alII (1:100; Sigma), goat anti-choline acetyltransferase
(ChAT) (1:100; Chemicon), and rabbit anti-tyrosine hydroxylase (TH)
(1:1000; Chemicon). The following secondary antibodies were used: cya-
nine 3 (Cy3)-conjugated donkey anti-mouse, Cy3-conjugated donkey
anti-rabbit, Cy2-conjugated donkey anti-mouse, and biotin-conjugated
donkey anti-mouse (1:400; all from Jackson ImmunoResearch, West
Grove, PA), and Alexa 488-conjugated goat anti-chicken, Alexa 594-
conjugated donkey anti-rabbit, and Alexa 594-conjugated donkey anti-
mouse (1:500; all from Invitrogen, Carlsbad, CA). Sections were washed
in PBS and blocked for 1 h in PBS containing 10% donkey serum and
0.1% Triton X-100 at room temperature. Sections were then incubated
overnight at 4°C in primary antibodies diluted in PBS containing 10%
donkey serum and 0.1% Triton X-100, were then washed three times in
PBS, and incubated with secondary antibodies for 1-2 h at room temper-
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ature in the dark. For GABA immunostaining, Triton X-100 was elimi-
nated from the protocol. Biotinylated secondary antibodies and ABC kit
(Vector Laboratories, Burlingame, CA) were used for peroxidase reac-
tion with diaminobenzidine.

Cell counts and quantification. Quantifications of cell bodies stained
with immunohistochemistry or GFP were counted on digitized images
obtained with a DFC480 digital camera and IM500/FW4000 image man-
ager software (Leica, Cambridge, UK) on a DM6000B microscope (Leica,
Wetzlar, Germany). Survival percentage of grafted cells was estimated
countingall GFP ™ cells in 10 coronal sections (300 wm apart, one section
with injection site, four forward to the injection, and five backward). A
representation of cell number versus distance to injection site was ob-
tained on graph paper. Quantification of area under the graph was esti-
mated as total number of survived cells. Percentage of cell survival was
estimated as 100 X (number of survived cells)/(number of transplanted
cells) (5 X 10%).

The percentage of grafted GFP * cells expressing GABA, PV, CR, SOM,
or NPY after transplantation was calculated in three coronal sections
through each of the following regions: somatosensory cortex, striatum,
and hippocampus. For somatosensory cortex, sections were separated by
500 wm [bregma levels +0.50 and —0.50 mm (defined by Paxinos and
Franklin, 2001)]; a I mm strip from the white matter to the pial surface
(covering an area between lateral coordinates 1.5 and 2.5 mm from the
midline) was analyzed in each section. For striatum, sections were 400
pm apart (bregma levels +1.60 and +0.80 mm). For hippocampus,
sections were 300 wm apart (bregma levels —1.50 and —2.10 mm). At
least 100 GFP ™ cells (~50 in cortical layers III-V and ~50 in layers
V-VI; visualized using 4',6'-diamidino-2-phenylindole) were analyzed
for each marker in each animal. Brains (n = 5) were analyzed at 1, 3, and
6 months after transplantation. Two observers blinded to condition were
used for quantitative analysis. Results were presented as mean = SEM,
and statistical analysis was performed using the Student’s  test.

For quantifications of neuronal bodies that were immunopositive for
interneuron markers (GABA, PV, and SOM) in the somatosensory cor-
tex of grafted and contralateral hemispheres, we transplanted ~50,000
MGE cells in the neocortex or an equivalent volume of heat-shocked
dead cells as a control. Brains were analyzed 60 d after transplantation
(DAT); three zones were established for quantification in the somatosen-
sory cortex, as defined by Paxinos and Franklin (2001). The first zone
covers a 100 wm distance around the injection site. This enclosed a 0.24
mm? volume delimited by a 200 wm length (100 pm forward plus 100
wm backward from injection site) and a 1 mm strip in the somatosensory
cortex covering an area between lateral coordinates 1.5 and 2.5 mm from
the midline and the white matter to the pial surface (approximately an
area of 1.2 mm?). Four coronal sections (50 and 100 wm forward and
backward from injection site) per mouse were analyzed. The second zone
covers a distance between 100 and 600 wm from injection site, enclosing
a 1.2 mm? volume. Six coronal sections (150, 300, and 600 pm forward
and backward from injection site) were quantified. The last zone includes
a distance between 600 and 1200 wm from the injection site, enclosing a
1.44 mm? volume. Six coronal sections (650, 800, and 1200 um forward
and backward from injection site) were analyzed. The three quantified
zones were enclosed between the septum (bregma level +0.8 mm) and
the dorsal hippocampus (bregma level —1.4 mm).

For GABA and PV quantifications, 500—600 cells were counted per
animal in each hemisphere (# = 10). For SOM, 300—400 cells per animal
in each hemisphere were counted (n = 10). To compare results between
the grafted and contralateral hemispheres, statistical analysis using a one-
tail paired Student’s ¢ test was applied and contralateral results were
referred to as 100%. Results are presented as mean * SEM. Significance
level was taken as p < 0.05.

Electrophysiology. Acute tissue slices were prepared from male or fe-
male CD-1 mice 2, 3, and 4 weeks after transplantation, as described
previously (Calcagnotto et al., 2002). Whole-cell recordings were ob-
tained from visually identified neurons (pyramidal cells and GFP * cells)
using an infrared differential interference contrast (IR-DIC) video mi-
croscopy system and epifluorescence microscopy (Molecular Devices,
Sunnyvale, CA). Intracellular patch pipette solution used for whole-cell
voltage-clamp recordings to study IPSC contained the following (in mm):
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120 Cs-gluconate, 10 HEPES, 11 EGTA, 11 CsCl,, 1 MgCl,, 1.25 QX-314
(lidocaine N-ethyl bromide), 2 Na,-ATP, and 0.5 Na,-GTP, pH 7.25
(285-290 mOsm). For EPSC, solution contained the following (in mm):
135 CsCl,, 10 NaCl, 2 MgCl,, 10 HEPES, 10 EGTA, 2 Na,ATP, 0.2
Na,GTP, and 1.25 QX-314, adjusted to pH 7.2 with CsOH (285-290
mOsm). To isolate GABAergic currents, slices were perfused with normal
artificial CSF (nACSF) containing 20 uM 6-ciano-7-dinitroquinoxaline-
2,3-dione (CNQX) and 50 uM D-(—)-2-amino-5-phosphonovaleric acid
(D-APV), and IPSCs were recorded at a holding potential of 0 mV; for
EPSCs, slices were perfused with nACSF containing 10 um bicuculline
methiodide (BMI), and EPSCs were recorded at a holding potential of
—75 mV unless otherwise noted. Miniature IPSCs were recorded in
nACSF containing 1 um tetrodotoxin. IPSCs/EPSCs were recorded on
“aged-matched” pyramidal neurons (MGE graft-derived or sham-
operated) in either the same slice or a different one. Age-matched refers
to slices obtained from mice within a 3 d time period. Evoked currents
were elicited using a monopolar electrode placed in the white matter.
Pyramidal cells were filled with Lucifer yellow and analyzed post hoc. To
study the intrinsic firing properties of GFP " cells in current clamp, in-
tracellular patch pipette solution contained the following (in mm): 120
KMe-gluconate, 10 KCI, 1 MgCl,, 0.025 CaCl,, 10 HEPES, 0.2 EGTA, 2
Mg-ATP, and 0.2 Na-GTP, pH 7.2 (285-290 mOsm). GFP * cells were
depolarized and hyperpolarized via direct current injection (5-1000 ms
duration). For analysis of firing properties and classification into neuro-
nal subtypes, an investigator blind to the status of the recording evaluated
current-clamp files for step depolarizations between 500 and 1000 ms in
duration. Interneurons were classified as regular-spiking nonpyramidal
(RSNP), fast spiking, or burst-onset RSNP (Butt et al., 2005). In some
cases, cells were filled with Alexa red and monitored in real time. Voltage
and current were recorded with an Axopatch 1D amplifier (Molecular
Devices) and monitored with an oscilloscope and with pClamp 8.2 soft-
ware (Molecular Devices), running on a Pentium personal computer
(Dell Computer Company, Round Rock, TX). Whole-cell voltage-clamp
data were low-pass filtered at 1 kHz (—3 dB, eight-pole Bessel), digitally
sampled at 20 kHz. Whole-cell access resistance was carefully monitored
throughout the recording, and cells were rejected if values changed by
more than 25% (or exceeded 20 M()); only recordings with stable series
resistance of <20 M) were used for analysis.

Whole-cell currents were analyzed using time-to-peak and time-to-
decay parameters in Mini Analysis 5.6.28 (Synaptosoft, Decatur, GA),
e.g., a software program that detects and measures spontaneous events.
Briefly, each event was manually selected based on the IPSC/EPSC wave-
form and rise time, amplitude, and decay properties. The time-to-peak
was measured as a difference between the last point before a detected
event and the event peak; amplitude was measured at the maximum
peak. The threshold amplitude was calculated according to the baseline
level. The time-to-decay was taken as the time from the peak to a point
one-third of the peak value. Between 100 and 200 individual events were
analyzed for each cell. Evoked IPSCs/EPSCs and intrinsic properties were
analyzed using Clampfit 8.2 software (Molecular Devices). Kinetic anal-
ysis of events was performed with a single-exponential function. Results
are presented as the mean * SEM. To compare results between different
cell types, we used a one-way ANOVA with significance level of p < 0.05.

Results

Embryonic MGE cells grafted in juvenile brain rapidly
disperse long distances

Using embryonic brain slices (Anderson et al., 1997; Wichterle et
al., 1999; Marin and Rubenstein, 2001), in utero fate mapping
(Wichterle et al., 2001), and tissue coculture assay (Wichterle et
al., 2003), we reported previously that neocortex is permissive for
the migration and integration of transplanted MGE cells. To es-
tablish an efficient method for the transplantation and functional
assessment of MGE progenitors in a host brain, the MGE was
dissected from transgenic E12.5-E13.5 mice expressing GFP
(Hadjantonakis et al., 1998). GFP expression was used to track
the migration and differentiation of grafted cells in live or fixed
tissue. After mechanical dissociation, GFP* MGE cells were
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Figure 1. Distribution of MGE derived cells 3 d after transplantation into neocortex and

striatum. A, MGE-derived cells were detected by immunohistochemistry against GFP. Serial
sections were used to determine the position of labeled cells. Notice the wide distribution
throughout neocortex, striatum, and hippocampus. B, High magpnification of area in A showing
MGE cells moving away from injection site (*). €, Detail of a typical MGE migrating cell. D,
Distribution of grafted cells 3 and 60 DAT; number of cells/distance of serial sections. Scale bars:
A, 1mm; B, 250 um; C, 25 wm. F, Frontal; D, dorsal; L, lateral.

loaded into a glass micropipette and grafted into the neocortex
and dorsal striatum in the brain of postnatal day 3 or 4 mice (Lois
and Alvarez-Buylla, 1994). Host animals were then killed at 3 d
and 1, 2, 3, and 4 weeks after grafting. Representative examples of
the injection sites and postmigratory behaviors of GFP * cells are
shown in Figures 1A and 2 A.

At 3 DAT, many GFP ™ cells had migrated away from the
injection site (Fig. 1B) into most of the neocortex, striatum,
and hippocampus (Fig. 1A). Survival rate of grafted cells at
this time point was 38.9 % 7.3% (n = 10), with approximately
two-thirds of these cells positive for GABA (64.7 = 3.7%). At
3 DAT, most GFP * cells had the typical morphology of tan-
gentially migrating interneurons, with a small elongated cell
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A

Figure 2.

1,100 wm; E, G, J, K, 50 pum.

soma and a forked leading process (Fig. 1C). GFP ¥ cells
spread extensively around the injection site in all directions.
This extraordinary migratory ability was noted previously in
adults (Wichterle et al., 1999). However, in the young postna-
tal brain, the migration was more extensive and appears to be
faster. Grafted cells covered a linear distance of 336 = 82 um/d
(n = 20), with a maximum of 525 um/d, analyzed 3 DAT; this
speed of migration is greater than reported in adults (~120
pum/d) and similar to that measured in vitro (280 wm/d on
matrigel) (Wichterle et al., 1999). A representation of cell

Acquisition and distribution of mature interneuron morphology at 60 DAT. A, Camera lucida maps indicating the
position of MGE graft-derived cells at three rostrocaudal levels after transplantation into neocortex (Ctx), hippocampus (Hp), and
striatum (St). B, Detection of grafted cells by immunohistochemistry against GFP in the ipsilateral somatosensory cortex. Note the
wide distribution of grafted cells in multiple cortical layers. Compare the dark background in layers |-Il and V of the injected
hemisphere (B) versus the contralateral hemisphere (C). E-K, GFP detection by immunohistochemistry provides a Golgi-like
staining of grafted cells. MGE-derived cells in cortex differentiated into neurons presenting typical morphology of interneuron
subtypes, e.g., bitufted or bipolar cells (E), chandelier cells (F) with synaptic boutons resembling candlesticks (arrowheads),
basket cells (H), neurons with small body (/), and multipolar cells (/). In hippocampus, grafted cells accumulated in CA1 (D) and
dentate gyrus (G). In striatum, the vast majority of cells differentiated into medium aspiny interneuron (K). Scale bars: B-D, F, H,
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number versus migration distances at 3
DAT results in a bell-shape curve (Fig.
1D). These data suggest that cells did
not have a strong preference for a partic-
ular migratory route and disperse in all
directions from the injection site.

Differentiation of grafted MGE cells in
the host brain

Analysis of grafted brains 7 DAT reveals
a widespread distribution of GFP™
MGE cells. At 7 DAT, most grafted cells
no longer exhibited a migratory mor-
phology; instead, they had multiple pro-
cesses, and some cells had a thin and
longer axon-like process (data not
shown). This indicates that initiation of
differentiation of grafted MGE-derived
neuronal precursors occurs between 3
and 7 d after transplantation.

Fourteen and 21 DAT, cells acquired
progressively a more mature morphology,
showing larger and more elaborated den-
dritic trees with longer axons. At 30 DAT,
some GFP " cells were >5 mm away from
injection site; their distribution was simi-
lar to that found at 3 DAT (Fig. 1 D). How-
ever, the survival percentage was reduced
t019.9 * 3.9% (n = 10). A similar level of
survival, 21.2 * 4.1% (n = 10), was ob-
served at 90 DAT. The morphology of the
grafted cells was studied after GFP immu-
nohistochemistry, which provides Golgi-
like staining. Two months after transplan-
tation, GFP " cells had elaborate dendritic
trees extending profusely through cortical
layers (Fig. 2). Axons and their presynap-
tic terminals could also be visualized.
Thus, grafted cells appeared to complete
their differentiation into functionally in-
tegrated interneurons within 1 month af-
ter transplantation.

MGE-derived cells in the cortex differ-
entiated into neurons with morphologies
of at least five different interneuron sub-
types, e.g., bitufted or bipolar cells, chan-
delier cells, basket cells, neurons with
small body, and multipolar cells (Fig. 2).
For instance, some neurons displayed syn-
aptic buttons resembling arrays of candle-
sticks, suggesting that they differentiated
into chandelier cells (Fig. 2B,E,F,H,L,]).
In contrast, grafted cells in the striatum
differentiate primarily to medium aspiny interneurons (Fig. 2K)
and in the hippocampus to interneurons with morphologies
typical for this region (basket, axo-axonic, and bistratified
cells) (Fig. 2D, G). None of the MGE-derived neurons exhib-
ited morphological features of cortical pyramidal neurons,
e.g., triangular cell soma extending a thick spiny apical den-
drite. Some immature oligodendrocytes were always noted
around the injection site (see Fig. 5C), especially close to the
corpus callosum, and occasionally in the cortex in which they
were radially aligned (data not shown). GFP " cells with an
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astrocytic morphology were not ob-
served. Therefore, the MGE cells that we
grafted are primarily committed to an
interneuronal lineage.

MGE-derived cells exhibit molecular
properties of cortical interneurons
Recent studies suggest that MGE progeni-
tors are the principal source of cortical
GABAergic interneurons (Lavdas et al.,
1999; Sussel et al., 1999; Anderson et al.,
2001; Wichterle et al., 2001). Interneurons
can be classified into several subtypes
based on neurochemical markers, such as
Ca”—binding proteins (PV, calbindin,
and CR), neuropeptides (e.g., SOM, NPY,
cholecystokinin, and vasoactive intestinal
polypeptide) (DeFelipe, 1993, 1997, 2002;
Kubota et al., 1994; Gonchar and Burkhal-
ter, 1997; Cobos et al., 2005), and record-
ing their physiological properties (Cauli et
al., 1997; Gupta et al., 2000; Butt et al.,
2005). To evaluate the interneuronal phe-
notype and molecular characteristics of
transplanted MGE-GFP cells, we per-
formed a series of immunohistochemical
studies 30 and 60 DAT. Double immuno-
fluorescence revealed that 68.6 * 4.8% of
cortical GFP ™ graft-derived cells express
GABA (Fig. 3A, Table 1); a comparable
level of GFP™ cells were double labeled
with an antibody against GAD67 (~70%;
data not shown). Subsets of the GFP ™
neurons express NPY, SOM, PV, and CR
(Fig. 3D-0, Table 1), at expression levels
and in a distribution similar to those of the
host interneurons. MGE-derived cells
were also immunopositive for these neu-
rotransmitters and markers in the stria-
tum and hippocampus (Fig. 4, Table 1).
They were distributed in the same areas of
the host brain that usually contain these
types of interneurons. Approximately
98% of MGE-derived GFP * cells were im-

Figure 3.
DAT. Immunohistochemical colocalization of grafted GFP * cells with GABA, PV, CR, SOM, and NPY. Arrowheads show double-
positive cells for GFP and specific marker. Scale bar, 50 m.
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Molecular characterization of MGE graft-derived cells in somatosensory (A—F, J-0) and cingulate cortex (G-I) 60

Table 1. MGE graft-derived interneuron subtypes (n = 5)

munopositive for the neuronal marker GABA PV SOM R NPY

NeuN, and only a very small fraction of ; 636 = 4.8% 183 = 5.4% 12+ 39% 9+ 0.6% o+ 1%

GFP ™ cells colabeled with antibodies to 6 48% 3% 54% 83223 ) 190 ) 78> 12%
. . . . 53.1+=53% 10.3 = 1.3%

glial fibrillary acidic protein (1 of 797 332 + 2.49%°

cells) (Fig. 54), S1008 (31 of 1373 cells) gy 09+ 26%  SA9ET6% 395+ 46% 6.4+ 19% 180 + 2.1%

(Fig. 5G), or the neuronal glutamate pippo (pg) 428+ 2.9% 337+ 47% 338+ 8.1% 103 =+ 1.7% 131+ 1.9%

transporter  excitatory amino acid
carrier-1 (30 0of 1014 cells). The remainder
of GFP ™ cells were primarily oligoden-
drocytes positive for Olig2 (~1.8%) (Fig.
5F), mainly located close to the injection site and in areas of the
corpus callosum. Endothelial cells within blood vessels were also
observed in the injection site. The presence of MGE-derived oli-
godendrocytes is consistent with recent findings (Nery et al.,
2001; Kessaris et al., 2006). GFP * cells were immunonegative for
antibodies to CaM kinase Ile, ChAT, and TH (Fig. 5B,D,E).
These findings indicate that grafted cells did not differentiate into
a significant population of astrocytes, pyramidal cells, and cat-
echolaminergic or cholinergic neurons.

quantitative analysis.

Quantifications were performed in somatosensory cortex except for “layers |-l of somatosensory cortex, “layers V-Vl of somatosensory cortex, and “retro-
splenial cortex. DG, Dentate gyrus. All grafting experiments contained ~50,000 cells per injection. Two observers blinded to condition were used for

MGE-derived cells exhibit interneuronal firing properties

To assess whether MGE-derived cells had electrophysiological
characteristics of cortical interneurons, GFP * cells were targeted
for whole-cell current-clamp recording at 4 weeks after grafting
(30 DAT). Diffusion of Alexa Red from the patch pipette permit-
ted real-time confirmation of cellular recording site (Fig. 6 A). If
MGE cells mature into an interneuronal phenotype, they should
exhibit little spike frequency adaptation, which is a hallmark elec-
trical feature of GABAergic interneurons. In current-clamp re-
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Figure4. Grafted MGE-derived cells in the dentate gyrus of the hippocampus 60 DAT. Immunohistochemical colocalization of
MGE-derived cells expressing GFP with GABA (A-(), PV (D—F), and SOM (G). Arrowheads show double-positive cells. Scale bar,

100 .

A

Figure 5.
icant population of non-neuronal GFP-expressing cells. Sample immunostaining panels are shown for NeuN (A), glial fibrillary
acidic protein (B, GFAP), CaM kinase llcx (€, CamK), ChAT (D), TH (E), Olig2 (F ), and $1003 (G). Sections shown are at least 300 m
from the graftinjection site. Note the ahsence of double-labeled cells. Near the injection site, GFP-positive cells with oligodendro-
cyte morphology (yellow arrowheads) were observed near putative blood vessels (red arrowheads).

cordings from 15 GFP ™ cells sampled in cortical layer V, we
measured mean values of —70.9 = 0.9 mV for resting membrane
potential (RMP) and 101.4 = 4.1 M) for input resistance (R;y).
In 14 GFP * cells, depolarizing current pulses elicited action po-
tentials (3.0 = 0.4 ms duration; 69.0 = 3.3 mV amplitude), and
hyperpolarizing current pulses evoked a small degree of “sag”
current (Fig. 6 B). These intrinsic membrane properties are in the
expected range for “mature” non-accommodating cortical inter-
neurons (Markram et al., 2004). Analysis of spike firing patterns
during long-duration depolarizing pulses (500—1000 ms) clearly
revealed interneuron subtypes: regular-spiking nonpyramidal

Double-immunohistochemical analysis of tissue obtained from grafted animals at 30 DAT failed to identify a signif-
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(n = 7), fast spiking (n = 2), and burst-
onset RSNP (n = 3). Two cells were not
recorded using longer steps, and one cell
did not exhibit active firing properties
during step depolarizations but had an
RMP of —70 mV and Ry of 100 M). The
high firing frequency typical of GFP * cells
sampled is shown in Figure 6, B and C;
frequency—current relationships were lin-
ear as reported previously for hippocam-
pal interneurons (Fig. 6 D) (Smith et al.,
1995). At slightly depolarized potentials
(—50 to —60 mV), spontaneous spike ac-
tivity was consistently observed in
current-clamp recordings from GFP * in-
terneurons (Fig. 6 E).

Transplanted MGE cells influence
synaptic function in the host animal

To determine whether transplanted MGE
precursors functionally integrate in the
host brain, a series of in vitro electrophys-
iological studies were performed. Regions
of neocortex containing GFP * cells were
identified under epifluorescence (Figs.
6A, 7A), and pyramidal neurons in re-
gions surrounded by GFP * cells were cho-
sen for patch-clamp recording. Recorded
cells were filled with Lucifer yellow for post
hoc confirmation of cell location and iden-
tity (Fig. 6 A). Brain slices were prepared at
various time points after transplantation
(2, 3, and 4 weeks). Spontaneous IPSCs on
pyramidal neurons (Fig. 7B) reflect activa-
tion of postsynaptic GABA receptors after
action potential-dependent  vesicular
transmitter release; IPSCs were com-
pletely abolished by 10 um BMI, a GABA
receptor antagonist (Fig. 7D). If a signifi-
cant number of transplanted MGE cells
integrate into the host microcircuitry as
new GABAergic interneurons, we would
expect an increase in the overall level of
GABA-evoked synaptic events onto native
pyramidal neurons. Increments in
GABA-, PV-, and SOM- expressing neu-
rons were observed in the cortical hemi-
sphere ipsilateral to the injection site when
compared with contralateral hemisphere
(Table 2). In concordance with these ana-
tomical observations, there were signifi-
cant increases in IPSC amplitude and fre-
quency in ipsilateral cortical slices from transplanted animals 4
weeks after surgery, e.g., a time when interneurons with mature
morphology were observed. Control cortical slices were obtained
from sham-operated mice or from the contralateral cortex of
transplanted mice (which lacked GFP ™ cells) (Fig. 7B, C). In an
additional control experiment, heat-shocked dead MGE cells
were grafted into recipient mice. Values for spontaneous IPSC
amplitude (15 = 0.7 pA, 2 weeks; 16.5 = 0.9 pA, 3 weeks; 15.6 *
0.7 pA, 4 weeks), time constant of decay (6.5 * 0.7 ms, 2 weeks;
6.0 = 0.3 ms, 3 weeks; 6.6 = 0.7 ms, 4 weeks), and rise time (5.5 =
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Figure6.  MGE-derived cells exhibit interneuronal firing properties. 4, IR-DICimage overlaid
with an epifluorescence image of an acute coronal slice (4 weeks after grafting) containing
GFP * MGE-derived cells; epifluorescence image at right of a cell filled with Alexa Red during the
patch recording. B, Membrane potential of the GFP * cell shown in A recorded under current
clamp at the resting potential (approximately —71 mV). Note the small degree of inward
rectification with hyperpolarizing current steps (200 ms) and the lack of spike frequency adap-
tation with long depolarizing current steps (1000 ms) typical of mature cortical interneurons.
This cell was classified as an RSNP interneuron. €, Graph of firing frequency of recorded GFP
cells at depolarizing step of 0.2 nA (n = 14). D, Plot of the linear frequency— current relation-
ship for a typical GFP-positive interneuron. E, Sample current-clamp traces from two different
GFP-positive interneurons demonstrating spontaneous action potential firing in normal ACSF.

0.7 ms, 2 weeks; 5.0 = 0.4 ms, 3 weeks; 1.4 = 0.2 ms, 4 weeks)
were similar to control data presented in Figure 7C.

A significant enhancement of GABAergic inhibition was not
observed at 2 or 3 weeks after transplantation, not surprisingly,
because histological analysis at these times showed an immature
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phenotype of grafted cells. Significant changes in IPSC rise time
or decay time constant were not observed at any time point (Fig.
7C), suggesting that gross alterations in postsynaptic GABA sub-
unit receptor expression do not occur in grafted animals. To
further assess the potentially selective insertion of new inhibitory
synapses in the host brain, we constructed event histograms for
individual IPSC events. Similar to mean data presented above, no
change in IPSC decay time or 10-90% rise time was noted (Fig.
7G). The amplitude distribution showed a clear shift toward
larger values, which suggests an increase in the release of GABA
from presynaptic sites in grafted animals (Fig. 7G) and is consis-
tent with our anatomical observations of newly generated MGE-
derived interneurons. Because graft-derived GFP * cells were also
observed in the hippocampal formation (Figs. 2, 3), we per-
formed additional electrophysiological analysis of CA3 pyrami-
dal neurons. Similar to cortical slices, IPSC frequency and ampli-
tude were also increased in the hippocampus of grafted animals at
4 weeks after transplantation (Fig. 8). Values for CA3 control
pyramidal cell frequency (3.1 = 0.4 Hz) and amplitude (16.9 =
0.9 pA; n = 10) were significantly greater than those from age-
matched grafted animals (frequency, 4.3 * 02 Hz, p < 0.05;
amplitude, 23.6 = 1.4 pA; p < 0.05; n = 10). Consistent with an
increase in the number of GABA-producing neurons, when ac-
tion potential firing was blocked with tetrodotoxin, miniature
IPSC frequencies were also increased in neocortical and hip-
pocampal pyramidal cells 4 weeks after transplantation (cortex,
2.3 £0.1 Hz, n = 4; CAl, 2.4 = 0.2 Hz, n = 3) when compared
with controls (cortex, 1.3 = 0.2 Hz,n = 4; CA1,1.1 = 0.1 Hz,n =
3; p < 0.05). These data demonstrate the potential for MGE-
derived precursors to modify circuit function in brain regions
critical to cognition (Smith 1995; Amodio and Frith, 2006), epi-
leptogenesis (Prince and Connors, 1984; Prince, 1985), and
memory consolidation (Bosshardt et al., 2005).

To assess the overall level of inhibitory tone in grafted animals,
we performed two additional analyses of spontaneous IPSCs.
First, measurement of the total charge transfer (corresponding to
total area under the IPSC current over a specified time period)
indicated that synaptic inhibition was significantly increased in
slices containing GFP * cells compared with age-matched con-
trols (Figs. 7E, 8B). Second, consistent with an enhancement of
GABAergic tone, there was a significant increase in the frequency
of spontaneous IPSCs plotted as a cumulative distribution
(Figs. 7F, 8C).

To test whether transplanted MGE cells synapse onto existing
interneurons, and thereby modify cortical excitation (through
inhibition of interneuron function), EPSCs were recorded from
pyramidal neurons (holding potential of —75 mV) in regions
containing GFP " cells; spontaneous EPSCs were abolished by
application of CNQX and APV, confirming a role for postsynap-
tic glutamate receptors (Fig. 9B). In comparing spontaneous EP-
SCs recorded on pyramidal cells from MGE-transplanted ani-
mals (n = 6) and controls (n = 6), no difference in amplitude,
decay time constant, rise time, or frequency was noted (Fig. 9A).
These findings suggest that overall excitatory tone in the host
brain is not grossly altered after grafting of MGE precursors. To
address whether transplanted neurons receive excitatory synaptic
contact from host axons, we next examined spontaneous and
evoked EPSCs onto GFP ¥ neurons. GFP * cells exhibited spon-
taneous EPSCs that were blocked by CNQX and APV (n = 4)
(Fig. 9B) and evoked EPSCs with a reversal potential near 0 mV
(Fig. 9C). EPSCs exhibited kinetics similar to those expected for
“normal” glutamate-mediated synaptic currents. Together, these
data suggest that MGE-derived GFP * cells function as inhibitory
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Figure 7.  MGE-grafted cells alter synaptic function in the host brain. 4, Recording configuration for analysis of inhibitory

current in the host brain. Panel shows the acute coronal slice with GFP * cells in layers |~IIl visualized under IR-DIC and epifluo-
rescence microscope. A recording was obtained from a pyramidal neuron (yellow asterisk; cell filled with Lucifer yellow) in the
vicinity of GFP ™ cells (green arrows). B, Sample traces of spontaneous IPSCs recorded from pyramidal cells (control brain and graft
host brain) 4 weeks after grafting. Note the increase in IPSC amplitude and frequency for grafted animals versus age-matched
controls. ¢, Cumulative data plots for all IPSC recordings from control (black bars) and grafted (red bars) animals are shown.
Recordings were made at 2, 3, and 4 weeks after grafting. Data represent 7—10 cells for each bar; data are presented as mean =
SEM, and significance s taken as p << 0.05 using one-way ANOVA. D, Sample IPSC traces before and after application of the GABA,
receptor antagonist bicuculline (10 m BMI). E, Measurement of the total charge transfer for pyramidal cells from control (gray
bars) and grafted (black bars) brain. Note the significant increase for grafted brains at 4 weeks. F, Cumulative probability plot of
spontaneous IPSCintereventintervals shows higher frequency values for grafted brains ( p << 0.05). G, Distribution histograms for
IPSC decay time (left), 10-90% rise time (middle), and amplitude (right). Note the shift to larger amplitude IPSC events for

pyramidal cells from grafted animals.

Table 2. Interneuron increment in transplanted somatosensory cortex

Cortex” Cortex?

(100 am) (1200 pum)
GABA 121+ 3.7% (p < 0.01) 8.4 +3.5(p<0.01)
PV 9.8 £ 2.1% (p < 0.01) 4.8 =3.6% (p = 0.23)
SOM (I-11T) 16.1 = 2.8% (p < 0.01) 12.9 £ 3.6% (p < 0.05)

Contralateral results were taken as 100%.

“Estimation of cell increment 100 wm around the injection site. Quantification was performed in two slices 50
forward and backward from the injection site.

®Estimation of cell increment 1200 wm around the injection site. Quantification was performed in three slices
forward plus three slices backward from the injection site. Significance ( p) was estimated with a Student's ¢ test.
n = 10. All grafting experiments contained ~50,000 cells per injection. Two observers blinded to condition were
used for quantitative analysis.
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interneurons receiving excitatory input
from local pyramidal neurons and inte-
grating into cortical synaptic circuitry of
the host brain in such a manner as to mod-
ify the overall level of inhibition.
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Discussion
Transplantation of neuronal precursors is
shsMoadiiaiuad  a promising therapeutic strategy for brain

repair. Ideally, grafted cells should be able
to disperse through the affected area and
differentiate into neurons that contribute

Frequency (Hz) to restoration (or modulation) of existing
3 ¥  neural circuit deficits. Here we investi-
gated whether inhibition could be modi-
fied by transplantation of progenitor cells
that differentiate into GABAergic inter-
neurons. We demonstrate that MGE-

i
btk L

0 derived neuronal precursors grafted into
2wk 3wk dwk

the early postnatal brain are capable of
long-distance dispersion across the neo-
cortex, hippocampus, and other areas of
the juvenile brain. These cells then acquire
morphological, molecular, and physiolog-
ical characteristics of mature GABAergic
interneurons. Finally, these grafted MGE-
derived cells functionally integrate and al-
ter inhibitory tone in the host brain.

Thus, the present study demonstrates
that MGE precursors could be used to
modify synaptic circuits in a postnatal
brain. ES-derived cells or other neural pre-
cursors transplanted into postnatal brain
do not migrate extensively but form
clumps of graft-derived cells in, or near,
the site of transplantation (Bosch et al.,
2004; Ruschenschmidt et al., 2005;
Thompson, 2005). With the latter treat-
ments, multiple graft sites are required, re-
sulting in a limited volume of host brain
being modified and a spotty distribution
of the intended physiological effects. In
contrast, MGE precursors possess an ex-
traordinary potential to migrate in adult
brain, dispersing ~1.5 mm away from the
graft site (Wichterle et al., 1999). Here we
demonstrate an even greater ability of
these cells to disperse when transplanted
into the neonatal brain, reaching maxi-
mum migration distances of 5 mm 2
months after transplantation. As such, a
single injection of MGE precursors could
influence a relatively wide area of the host brain, an important
aspect when considering the potential clinical usefulness of trans-
planted cells.

GABAergic interneurons play a key role in establishing a balance
between excitation and inhibition in the developing and adult brain.
Therefore, MGE cells may be ideally suited to experimentally modify
this balance or therapeutically reestablish this equilibrium. Not only
do MGE cells disperse widely, but they also efficiently differentiate
into local inhibitory interneurons when grafted into postnatal brain.
The present results show that >65% of MGE-derived cells express
GABA. Grafted cells also contain SOM and NPY, neuropeptides
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Figure 8.  Synapticinhibitory currentis increased in the hippocampus from grafted mice. 4,
Spontaneous IPSCs of hippocampal pyramidal cells from control grafted mice. B, Measurement
of the total charge transfer of IPSCs recorded from CAT hippocampal pyramidal cells from con-
trol (C) and grafted (G) brain. Note the significant increase values for grafted brains at 4 weeks.
C, Cumulative probability plots of spontaneous IPSC interevent intervals shown higher fre-
quency values for grafted brains ( p < 0.05). Error bars indicate SEM. **p << 0.001 by ANOVA.

normally colocalized in subtypes of mature cortical interneurons
(DeFelipe, 1993, 1997; Kubota et al., 1994; Gonchar and Burkhalter,
1997) and capable of acting as endogenous anticonvulsant agents
(Baraban et al., 1995; Mazarati and Wasterlain, 2002; Saar et al.,
2002). We did not detect significant numbers of pyramidal-like neu-
rons or astrocytes that were derived from transplanted MGE cells.
This contrasts with ES-derived cell transplants, which exhibit heter-
ogeneous morphological and immunohistochemical phenotypes in
the host brain. Although ~14% of ES-derived cells grafted into the
postnatal brain express GAD67 (a marker of GABA-containing in-
terneurons), another 44% exhibit a glutamatergic phenotype, and
an unknown number are presumably astrocytes (Wernig et al.,
2004). Perhaps most importantly, tumors were never observed in
our MGE-grafted mice, although this is a common problem when
ES-derived progenitors are used for transplantation (Wernig et al.,
2004; Ruschenschmidt et al., 2005).

Single-cell recordings from transplanted ES or RN33B cells have
been reported in the literature (Englund et al., 2002; Wernig et al.,
2004). In each case, evidence that transplanted cells exhibit active
firing properties was presented. Here we show direct evidence that
transplanted MGE-derived cells sampled in layer V exhibit an “elec-
trical fingerprint” typical of mature GABA-containing interneurons.
For example, MGE-GFP cells consistently fired at a high frequency
and exhibited very little accommodation. These firing properties are
consistent with a classification as non-accommodating basket-cell
interneurons. It is likely that additional current-clamp sampling of
GFP * cells across other layers of grafted cortex will uncover addi-
tional interneuron subtypes as was observed in a recent analysis of
MGE precursors grafted in utero and analyzed between postnatal
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Figure9.  Glutamatergic synaptic excitation is not altered in neocortex and MGE grafted mice. 4,

Plots of all cortical pyramidal cells sampled for spontaneous EPSC data. Spontaneous EPSCamplitude,
decay time, and frequency show no significant difference between controls (C, light gray bars) and
grafted (G, black bars) brains. B, Representative traces of spontaneous EPSCs recorded from a GFP ™
grafted cell at 4 weeks after grafting. Spontaneous EPSCs were abolished by application of CNQX and
APV (bottom trace). €, Sample of evoked EPSC recording from GFP ™ grafted cells at different holding
potentials showing the reversal membrane potential at 0 mV (see inset graph).

days 13 and 22 (Butt et al., 2005). Our results confirm that MGE cells
generate cortical interneurons (Anderson et al., 2001; Xu et al., 2004;
Buttetal., 2005) and extend these observations to demonstrate their
functional integration into cortical and hippocampal networks. In
previous analysis of functional integration, single-cell recordings fo-
cused exclusively on demonstrations that transplanted cells receive
excitatory and/or inhibitory synaptic input. Here we also demon-
strate that transplanted MGE-derived cells receive excitatory synap-
tic input (Fig. 9). Moreover, we present evidence that grafted pro-
genitor cells send inhibitory outputs, which impact existing
pyramidal neurons (Figs. 7, 8). Notably, we found that pyramidal
cells in regions containing MGE-derived cells exhibit an increased
number of GABA-mediated synaptic events and that GABAergic
tone is significantly enhanced in these regions of the host brain.
Importantly, altered inhibition was not observed in control animals
receiving dead progenitors or in contralateral brain regions lacking
GFP-positive neurons. Because MGE-derived cells did not alter ex-
citatory cortical circuitry or differentiate to neurons with a
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pyramidal-cell morphology, these findings suggest a method for en-
hancement of inhibitory systems.

Our demonstration that grafted progenitor cells produce
functionally integrated GABAergic neurons, even in the presence
of endogenous GABAergic neurons, after embryonic stages of
neurodevelopment are complete, and in a wide variety of brain
regions, suggests that MGE-derived cells could be useful in neu-
rological conditions in which increased inhibition would be ben-
eficial, e.g., epilepsy or schizophrenia. MGE precursors may also
be used to correct levels of activity in deafferented brain regions
such as in Parkinson’s disease or, in conjunction with their inhib-
itory function, may be used as cellular vectors to deliver thera-
peutic molecules to wide regions of the brain.
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