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Transplant of GABAergic Precursors Restores Hippocampal Inhibitory
Function in a Mouse Model of Seizure Susceptibility
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Defects in GABAergic function can cause epilepsy. In the last years, cell-based therapies have attempted to
correct these defects with disparate success on animal models of epilepsy. Recently, we demonstrated that
medial ganglionic eminence (MGE)-derived cells grafted into the neonatal normal brain migrate and differ-
entiate into functional mature GABAergic interneurons. These cells are able to modulate the local level of
GABA-mediated synaptic inhibition, which suggests their suitability for cell-based therapies. However, it is
unclear whether they can integrate in the host circuitry and rescue the loss of inhibition in pathological
conditions. Thus, as proof of principle, we grafted MGE-derived cells into a mouse model of seizure suscep-
tibility caused by specific elimination of GABAergic interneuron subpopulations in the mouse hippocampus
after injection of the neurotoxic saporin conjugated to substance P (SSP-Sap). This ablation was associated
with significant decrease in inhibitory postsynaptic currents (IPSC) on CA1l pyramidal cells and increased
seizure susceptibility induced by pentylenetetrazol (PTZ). Grafting of GFP* MGE-derived cells in SSP-Sap-
treated mice repopulates the hippocampal ablated zone with cells expressing molecular markers of mature
interneurons. Interestingly, IPSC kinetics on CA1 pyramidal cells of ablated hippocampus significantly in-
creased after transplantation, reaching levels similar to the normal mice. More importantly, this was associ-
ated with reduction in seizure severity and decrease in postseizure mortality induced by PTZ. Our data show
that MGE-derived cells fulfill most of the requirements for an appropriate cell-based therapy, and indicate
their suitability for neurological conditions where a modulation of synaptic inhibition is needed, such as

epilepsy.
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INTRODUCTION

The GABAergic system plays an important role in
the etiology of epilepsy. Numerous studies have shown
altered number and function of GABAergic interneurons
in the cortex and hippocampus of animal models and
patients with epilepsy (4,5,11,12,15,20,25,53). These de-
fects lead to an imbalance between inhibitory and excit-
atory circuits that may cause epilepsy (31,39).

Among the therapeutic approaches for epilepsy treat-
ment, antiepileptic drugs (AED) that target the GABAer-
gic system present an acceptable efficacy. However, de-
spite the progresses in AED application, up to a third
of patients continue to experience seizures on maximal
tolerated drug therapy (23). Refractory epilepsy remains

a large clinical problem, because surgical resection is
only appropriate for a minority of patients (14,35).
Therefore, novel therapeutic approaches are urgently
needed for a substantial number of epileptic patients
(19).

In recent years, cell-based therapies have been inves-
tigated as a way to modulate hyperactivity or increase
the inhibitory activity as a potential antiepileptic ap-
proach (22,38,40,45). Cell grafts from different sources
have been performed with disparate effects in animal
models of epilepsy (22,38,40,45). Embryonic stem (ES)
cells, fetal hippocampal precursors, or cells genetically
modified to produce and secrete GABA have been trans-
planted into the hippocampus or in regions implicated
in the generalization of seizures (10,16,18,24,27,41,43,
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45-47,52). These cell types were partially successful in
reverting some of the pathological changes observed in
the animal models. However, they presented important
drawbacks, such as their poor tissue distribution or, in
the case of ES cells, the lack of safety due to potential
generation of teratocarcinomas (8,41). In addition, the
grafts have only a transient effect, maybe due to de-
creased GABA release over time, or because the host
target neurons downregulate their own GABA receptors
following transplantation (21,27). Finally, the function-
ality and interaction of these grafted cells with the host
circuitry never was described in detail at the electro-
physiological level.

These limitations make necessary the search for alter-
native sources of cells with antiepileptic potential. Good
candidates to overcome these difficulties, and achieve
higher levels of inhibition or modulate the excitatory ac-
tivity, are the GABAergic interneurons. In the last few
years, it has been shown that most of the GABAergic
interneurons in the cortex and hippocampus are derived
from neuronal precursors born in the medial ganglionic
eminence (MGE) (3,9,28,51). We recently demonstrated
that MGE-derived precursors can be transplanted into
the neonatal normal brain, giving rise to neurons that
can migrate and differentiate into fully mature GABAer-
gic interneurons throughout the cortical plate and the
hippocampus (2). More importantly, these cells are able
to integrate into the local circuits and make functional
synapses with existing neurons, influencing the level of
GABA-mediated synaptic inhibition (2). In addition,
they have been recently transplanted in an animal model
of stroke, with partial success in the amelioration of the
neurological symptoms (13). These observations strongly
suggest the suitability of these precursors for their use
in cell-based antiepileptic therapies. However, whether
MGE-derived interneurons are able to differentiate prop-
erly, integrate in the circuitry satisfactorily, and modify
the inhibitory synaptic function under neuropathological
conditions remains unknown.

To address this issue, we performed grafts of MGE-
derived precursors into a new mouse model of hippo-
campal disinhibition, associated with hyperexcitability
and susceptibility to seizures induced by pentylenetetra-
zol (PTZ). This mouse model, based on the rat model
developed by Martin and Sloviter (29), was generated
by a selective and spatially located ablation of hippo-
campal neurons expressing substance P receptors, a sub-
population of GABAergic inhibitory interneurons (1,34,
44). Although the model does not completely resemble
all the characteristics of epilepsy, we consider it appro-
priate for evaluating the MGE-derived precursor capac-
ity to recover the loss of inhibition, and to verify their
ability to replace the specific loss of GABAergic in-
terneurons. After transplantation in this mouse model,
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we examined the survival, distribution, morphology, and
molecular phenotype of the graft-derived cells at differ-
ent time points. In addition, we evaluated their possible
effects on the inhibitory synaptic function and seizure
susceptibility of the mice. This information will be criti-
cal to verify the suitability of MGE-derived precursors
for cell replacement therapies and their potential contri-
bution to the functional recovery of epileptic brain.

MATERIALS AND METHODS
Animals and Experimental Groups

CD-1 adult mice (60 days old) were obtained from
Charles River (Barcelona, Spain) and kept in the CIPF
animal facility. All animal procedures were carried out
in accordance with the Spanish legislation (RD 1201/05
and L 32/07) and the guidelines of CIPF animal care
committee.

We established three experimental groups. The first
group (SSP-Sap + MGE) comprised mice with specific
interneuron ablation by a substance P analogue, SSP
[Sar®, Met(O,)!"], conjugated to the neurotoxin saporin,
a type I ribosome-inactivating protein (SSP-Sap; Ad-
vanced Targeting Systems, Inc.). This group (n =17), 7
days later, received a transplant of MGE-derived cells.
The second group (SSP-Sap, n = 11) constituted by mice
with SSP-Sap-mediated ablation received, 7 days later,
a similar volume of dead cells (by repeated frost and
thaw cycles) as a control of inflammatory response or
GFP toxicity. Finally, the third group (Control, n = 10)
was comprised of sham-operated mice.

SSP-Sap Injection

We adapted the procedure developed by Martin and
Sloviter in the rat (29). Basically, mice were anesthe-
tized (1.5-2% isoflurane) and positioned under a stereo-
taxic apparatus (Stoelting). Skull was exposed and tre-
panned with the help of a Dremel. A total of 40-50
nl volume of SSP-Sap (0.04 mg/ml in sterile PBS) was
injected with a sharpened glass micropipette (~20 wm
diameter), prefilled with mineral oil. The micropipette
was attached to a Narishige oil microinjector and cou-
pled to the stereotaxic apparatus. We injected bilaterally
in two different points, corresponding to the anterior and
posterior hippocampus. The 40-50-nl volume was in-
jected in four to five points of the dorsal axe at the fol-
lowing coordinates from bregma (L: +/-1.3; A: —2.06;
D: -2.1/-1.8/-1.5/-1.2/-0.9, and L: +/-2.8; A: -2.8; D:
—2.3/-2.0/-1.8/-1.5), according to the compact mouse
brain atlas by Paxinos and Franklin (36).

Cell Isolation and Transplant

MGE-derived cells were isolated as previously de-
scribed (2) from E12.5 embryonic GFP* transgenic mice
(17). At this age, generation of GABAergic precursors
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is at its maximum and a sulcus clearly separates MGE
from LGE, facilitating a clean dissection. Cell number
and viability (~80%) was checked by trypan blue exclu-
sion before transplantation. Highly concentrated cell
suspension (~103 cells/ul) was front-loaded into bev-
eled glass micropipettes (~60 wm diameter) prefilled
with mineral oil and L-15 medium. Then 4-8 x 10* cells
per mouse were injected bilaterally in the same coordi-
nates used for SSP-Sap injection. After surgical proce-
dure, grafted mice were returned to their cages and ana-
lyzed 2, 4, and 12 months later.

Immunostaining

Perfusion, brain collection, sectioning, and immuno-
staining were performed as previously described (2). We
used the following antibodies: rabbit anti-GABA (1:
1000, Sigma), anti-neurokinin-1 (NK-1; 1:1000, Chemi-
con), anti-neuropeptide Y (NPY; 1:300, ImmunoStar),
anti-somatostatin 28 (SOM; 1:2000, Chemicon), and
anti-calretinin (CR; 1:200, Swant); and mouse anti-parval-
bumin (PV; 1:4000, Sigma), anti-GFP (1:200, AbCam),
anti-glial fibrillary acidic protein (GFAP; 1:500, Chemi-
con), and anti-Ibal (1:200, Wako). The following sec-
ondary antibodies were used: cy3-conjugated donkey
anti-mouse or anti-rabbit, and biotin-conjugated donkey
anti-mouse (Jackson ImmunoResearch, PA). For DAB
immunohistochemistry, incubation with ABC complex
(Vector) was performed. For NK-1 detection, due its
low expression level, an incubation with ABC complex
and amplification of the signal by tyramide reaction was
performed (TSA kit, Invitrogen).

Cell Counts and Quantifications

Quantifications of cell bodies positive for GFP and/
or immunolabeled for interneuron markers were per-
formed on digitized images obtained with a DFC480
digital camera and IM500/FW4000 image manager soft-
ware (Leica Microsystems Imaging Solutions, Cam-
bridge, UK) on a DM6000B microscope (Leica Micro-
systems, Wetzlar, Germany).

Survival percentage of grafted cells, at 2, 4, and 12
months after the transplant, was estimated in serial sec-
tions, as previously described (2). We counted all the
GFP* cells in the anterior—posterior and septo—temporal
axis of one of this series (seven coronal slices of 50 um,
two of them including the injection sites, separated each
section 300 um, and covering from —1.06 mm to —3.28
mm with respect to bregma in the longitudinal axe). A
representation of cell number versus distance to injec-
tion site was obtained on graph paper. Quantification of
area under the graph was estimated as total number of
survived cells. The percentage of grafted GFP* cells ex-
pressing GABA, PV, CR, NK-1, SOM, or NPY was cal-
culated in each mouse (n = 4) in three coronal sections,
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between the two injection sites (see above), in the whole
CA1 and hilus regions of the hippocampus. At least 500
GFP" cells were analyzed per marker and animal.

Electrophysiology

Slice Preparation. Acute tissue slices were prepared
from CD-1 mice 2 and 4 months after the ablation and
with or without transplantation, as described previously
(2,12). Briefly, the mice were decapitated under anesthe-
sia, and the brain was rapidly removed in ice-cold oxy-
genated (95% 0O,/5% CO,) slicing artificial cerebrospi-
nal fluid (sACSF) (2,12). Horizontal hippocampal (300-
pm-thick) slices were cut in 4°C oxygenated sACSF.
The slices were immediately transferred to a holding
chamber where they remained submerged in oxygenated
normal recording ACSF (nACSF) (2,12). Slices were
held at 37°C for 45 min and then at room temperature.

Whole-Cell Recordings. Recordings were obtained
from hippocampal CA1 pyramidal cells visually identi-
fied using an epifluorescence and infrared differential
interference contrast (IR-DIC) video microscopy system
(Nikon). Patch pipettes (3.7 MQ) were pulled from bo-
rosilicate glass capillary tubing (World Precision Instru-
ments) using a micropipette puller (P-97; Sutter Instru-
ments, Novato, CA), fire polished, and filled with
intracellular solution for whole-cell voltage-clamp IPSC
recordings (2,12). To isolate GABAergic currents, slices
were perfused with nACSF containing 20 UM 6,7-dinitro-
quinoxaline-2,3-dione (DNQX) and 50 UM D-(—)-2-amino-
5-phosphonovaleric acid (D-APV), and spontaneous and
miniature IPSC (sIPSC and mIPSC) were recorded at a
holding potential of 0 mV (the reversal potential for glu-
tamate-mediated currents). mIPSC were recorded in nACSF
containing 1 UM tetrodotoxin (TTX). At the majority of
experiments 10 UM bicuculline methiodide (BMI) was
applied to abolish IPSC, to confirm the involvement of
GABA, receptors. For control the IPSC were recorded
on CAl pyramidal neurons in either the contra lateral
hippocampus or in “age-matched” untreated animal.
Voltage and current were recorded with an Multiclamp
700B amplifier (Molecular Devices) and monitored with
an oscilloscope and with pClamp 10.0 software (Molec-
ular 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 val-
ues changed by more than 25% (or exceeded 20 MQ);
only recordings with stable series resistance of <20 MQ
were used for analysis.

Whole-cell currents were analyzed using Mini Analy-
sis 6.0.7 (Synaptosoft, Decatur, GA) (e.g., a software
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program that detects and measures spontaneous events
as described previously) (2,12). Between 100 and 200
individual events were analyzed for each cell. Results
are presented as the mean + SEM. To compare results
between cells from different animals, we used a one-
way ANOVA followed by Tukey-Kramer test, with sig-
nificance level of p < 0.05.

PTZ-Induced Seizure Susceptibility Test

Pentylenetetrazol (PTZ, 60 mg/kg, IP) was injected
in 24 male CD-1 adult mice (nine controls, nine SSP-
Sap, and 6 SSP-Sap + MGE cells), as described else-
where (30). Immediately after injection, the animals
were individually placed in a cage and their behavior
was observed and video-recorded for 1 h. These video
recordings were subsequently used to confirm the visual
evaluation of the seizure severity, expressed by the fol-
lowing scale: (0) no abnormal behavior; (1) automa-
tisms; (2) myoclonic twitches (sudden muscle jerk,
sometimes accompanied by tail movements and head
nodding); (3) unilateral forelimb clonus/bilateral fore-
limb clonus; (4) bilateral forelimb clonus and rearing;
(5) rearing, falling, and generalized convulsions that
could result in death. Each animal received a final score
that correspond to its most severe seizure presented dur-
ing the test. For all the animals with scores of 1 or
above, the latency to the first seizure, regardless of se-
verity, was also measured (in seconds). To compare re-
sults between groups, we used Fisher’s exact test with
significance level of p < 0.05.

RESULTS

Generation of a Mouse Model of Decreased Inhibition
and Seizure Susceptibility

In order to test the capacity of MGE-derived progeni-
tors to recover deficiencies in inhibition and replace the
specific loss of GABAergic interneurons, both defects
implicated in some types of epilepsy (12,20,25), we gen-
erated a mouse model of decreased inhibition and high
seizure susceptibility by interneuron-specific ablation.
For this, we injected the neurotoxic conjugate SSP-Sap
into the anterior and posterior hippocampus of CD-1
adult mice (P60) (see Materials and Methods). As pre-
viously reported in the rat, 1 week after SSP-Sap injec-
tion, we observed a complete loss of GABAergic in-
terneurons expressing substance P receptor, NK-1, in
wide areas of the hippocampus (Fig. 1A-D).

In order to confirm the specificity of the ablation, we
performed immunohistochemistry against specific mark-
ers of GABAergic interneurons. The loss of NK1-post-
ive interneurons and the presence or absence of other
interneuron subpopulations was the primary criteria used
to establish the efficacy and selectivity of SSP-Sap-
mediated ablation. Similar to previous results in rats
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(29), we observed a complete depletion of NPY-, SOM-
, and NK-1* interneurons (Fig. 1A—H) around the SSP-
Sap injection sites, and no alteration in the number of
CR* cells (Fig. 2A, B). In contrast, opposite to what
Martin and Sloviter (29 reported in the rat, we only ob-
served a slight diminution in the number of PV* interne-
urons (Fig. 2C-D). This was due to the lack of NK-1
coexpression in most of the PV* interneurons. Only 16.1 £
1.0% (n =4) of these cells colocalized for NK-1 in the
mouse hippocampus (Fig. 2E-G).

The area of ablation covered regions such as CAl,
CA3, hilus, and dentate gyrus. A schematic representa-
tion of the extension of the interneuronal elimination is
illustrated in Fig. 3 (shadowed area). The depletion of
cells and the micropipette used to inject SSP-Sap pro-
duced no gross morphological anomalies in the hippo-
campus, confirmed by Nissl staining and the absence of
reactive gliosis (data not shown).

In the rat, the specific ablation of hippocampal in-
terneuron subpopulations by SSP-Sap leads to disinhibi-
tion and hyperexcitability in response to afferent stimu-
lation (29). In addition, decrease in the number of
interneurons use to be associated with a reduction of
GABA-mediated synaptic inhibition (5,11,12). In order
to confirm a similar alteration of the inhibitory activity
in our mouse model, we performed patch clamp record-
ings of the pyramidal neurons in the CA1l area of the
hippocampus. To ensure that electrophysiological re-
cordings were effectively located in the region of in-
terneuron ablation, we fixed and cut the slices after the
recordings to perform inmunohistochemistry against
NK-1, which confirmed the absence of this interneuron
population in the area.

Whole-cell inhibitory postsynaptic currents (IPSC)
on CAl pyramidal cells from SSP-Sap-treated mice (n =
5) and sham-operated, age-matched controls (n=7)
were recorded 2 months after SSP-Sap injection (Fig.
4A). Analysis of sIPSC showed significant reductions in
frequency and amplitude in CAl pyramidal cells from
SSP-Sap-treated mice. Average sIPSC frequency was re-
duced (1.78 £0.20 Hz; n=17) when compared with
controls (4.04 £ 0.36 Hz; n=20; p <0.001) (Fig. 4B),
and average sIPSC amplitude was also significantly re-
duced in CAl pyramidal cells from SSP-Sap-treated
mice (10.06 £0.62 pA, n=17) when compared with
controls (16.23 + 1.08 pA, n =20; p < 0.001) (Fig. 4C).
Finally, histograms of sIPSC amplitude showed a shift
to small-amplitude events in SSP-Sap-treated mice
(Fig. 4D).

To further characterize the reduction in GABA-medi-
ated synaptic inhibition, TTX (1 uM) was added to the
nACSF to isolate mIPSC. Significant decreases in mIPSC
frequency were observed in CAl pyramidal cells from
SSP-Sap-treated mice (1.52 £0.15 Hz; n=17) when
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CONTROL

Figure 1. Specific interneuron ablation in the mouse hippocampus 7 days after SSP-Sap injection.
(A-D) NK-1 immunofluorescence detection in hippocampal sections from control (A, C), and
SSP-Sap-treated (B, D) mice, respectively. (C, D) High magnification photographs of (A) and (B),
respectively. (E-H) SOM (E, F) and NPY (G, H) immunofluorescence detection in adjacent sec-
tions from control (E, G) and SSP-Sap-treated mouse (F, H), respectively. Note the elimination of
immunopositive cells in the ablation area delimitated by the broken line. Scale bars: (A) 500 um
for (A, B, E, H); (C) 200 um for (C, D).
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Figure 2. Survival of CR+ cells and partial ablation of PV* interneurons 7 days after SSP-Sap injection. (A, B) CR immunostaining
of control (A) and SSP-Sap-injected hippocampus (B). (C, D) PV immunostaining of adjacent control (C) and SSP-Sap-treated
hippocampus (D). Note the incomplete ablation of this subpopulation after SSP-Sap treatment. (E—-G) Double immunohistochemical
analysis for NK-1* (E) and PV* (F) interneurons in the CA1 region of the normal mouse hippocampus shows partial colocalization
(arrowheads in G). Scale bars: (A) 500 um for (A-D); (E) 50 um for (E-G).

compared with controls (3.41+0.30 Hz; n=17; p<
0.001) (Fig. 4E). Changes in mIPSC amplitude were not
detected (SSP-Sap: 9.73 £0.28 pA; n=17; control:
10.78 £ 0.65 pA; n = 17) (Fig. 4F, G). Cumulative prob-
ability plots and Kolmogorov-Smirnov (K.S.) statistical
analysis further confirmed reductions in IPSC frequency
(sIPSC and mIPSC: K.S. test p < 0.001) and amplitude
(sIPSC: K.S. test p < 0.001) (Fig. 4B, C, E). No changes
in distribution, or average IPSC decay time constant and
rise time 10-90%, were found (Fig. 5). Slower kinetics

and lower amplitude of IPSC usually indicate activation
of axo-dendritic synapses, while faster kinetics and higher
amplitude of IPSC are associated with axo-somatic syn-
apses (20,50). There were no reductions in number of
slow-decay and rise time, small-amplitude mIPSC events,
characteristic of dendrite-innervating interneurons.

These electrophysiological data showed an important
reduction in the hippocampal inhibitory synaptic input
of the mice after SSP-Sap injection, which was consis-
tent with the histological observations of reduction in
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the number of GABAergic interneurons in the same entiate into interneurons that functionally integrate when
area. transplanted into the normal mouse brain (2). However,
to ensure their therapeutic suitability, it is necessary to

Migration and Characterization of MGE-Derived Cell verify that: a) they behave similarly under pathological
Grafts in the Mouse Model conditions and b) they are able to revert the symptoms
MGE-derived cells are good candidates for cell ther- associated with the pathology. Thus, we performed a se-
apy strategies, given their ability to migrate and differ- ries of MGE-derived grafts from GFP* embryos into the

 SSP-Sap ablation area

—=— Cell injection sites

Figure 3. MGE-derived precursors repopulate the SSP-Sap-ablated hippocampus 60 days after the transplant. (A) Representative
camera lucida maps showing the position of MGE graft-derived cells at five anterior—posterior levels through the hippocampus.
The numbers in each slice indicate the stereological level respect to bregma in millimeters. Shadowed area corresponds to the SSP-
Sap-ablated zone and verticle lines indicate the injection tracks, with the points of cell release represented by dots. MGE graft-
derived cells spread out the injection site (B) and distribute randomly into the CA1 area (C), dentate gyrus (D), and corpus callosum
(E). Note adult interneuron morphology of the grafted cells inside the hippocampus (C, D) and oligodendroglia-like morphology
of the grafted cells in the corpus callosum (E). Scale bars: (A) 500 um; (B) 100 pm; (C) 50 um; (D) 75 pwm, (E) 15 um.
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Figure 4. Synaptic inhibitory current is reduced after interneuron ablation in the hippocampus and it is restored 2 months after
MGE-derived cell transplant. (A) Representative traces of sSIPSC and mIPSC from CA1 pyramidal cells of control, SSP-Sap, and
SSP-Sap + MGE experimental groups. (B, E) Cumulative fraction plots of sSIPSC and mIPSC interevent intervals from CA1 pyrami-
dal cells show lower frequency for SSP-Sap-treated mice, which reverted to normal values after MGE graft. Note that the curve of
the frequency in SSP-Sap-treated mice is shifted to the right (lower frequency) and in SSP-Sap + MGE mice is shifted back to
control values. Average sIPSC and mIPSC frequencies (insets) were also lower in CA1 pyramidal neurons from SSP-Sap-treated
mice and increased after MGE grafts, as well. (C, F) Cumulative fraction plots of sIPSC and mIPSC amplitudes of from CAl
pyramidal cells show lower sIPSC amplitude for SSP-Sap-treated mice, which reverted to normal values after MGE graft. Note
that the curve of the sIPSC amplitude in SSp-Sap-treated mice is shifted to the left (lower amplitude) and in SSP-Sap + MGE mice
is shifted back to control values. Average sIPSC amplitude (inset) was also lower in CA1 pyramidal neurons from SSP-Sap-treated
mice and increased after MGE grafts. No changes in mIPSC amplitude. (D, G) Distribution of sIPSC and mIPSC amplitudes from
CA1 pyramidal cells. Control: black; SSP-Sap: dark gray; SSP-Sap + MGE: light gray. Error bars are SEM. *p < 0.001; one-way
ANOVA followed by Tukey-Kramer test. BMI: bicuculline methiodide (10 uM).
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Figure 5. Average and distribution of decay time constant and rite time (10-90) of sIPSC and mIPSC in CA1 pyramidal cells of
control, SSP-Sap-treated mice, and SSP-Sap + MGE groups 2 months after the transplant. (A-D) sIPSC and mIPSC decay time
constant (7), and (E-H) rise time (10-90) for CA1 pyramidal cells have similar average and distribution in all three experimental

groups: Control (black), SSP-Sap (dark gray), and SSP-Sap + MGE (light gray). Note the overplayed histograms (B, D, F, H).

@

Decay time constant and rise time values of sIPSC and mIPSC in CA1 pyramidal cells from age matched controls, and 2 months
after SSP-Sap injection with no MGE grafts (SSP-Sap) and with MGE grafts (SSP-Sap + MGE). Similar values for all three groups

(mean £ SEM). sIPSC, spontaneous IPSC; mIPCS, miniature IPSC; n, number of cells.

hippocampus of our mouse model of seizure suscepti- time point, evaluated in serial sections (see Materials
bility. and Methods) as the ratio of GFP* cells in the brain

One week after SSP-Sap injection, we transplanted a versus the number of transplanted cells. We also esti-
total of 4-8 x 10* MGE-derived cells per brain into the mated the survival rate at 4 months (18.7 £2.6%, n = 3)
anterior and posterior hippocampus, using the same ste- and 1 year (18.1 £3.7%, n = 3) after the transplant with
reotaxic coordinates for SSP-Sap injection. Analysis of similar results. These data are comparable to others (2,
grafted brains, 2 months after the transplant, revealed a 18,49) and indicate that grafted cells are stable and, very
widespread distribution of GFP* cells in the hippocam- importantly, they suffer no transformation, given the fact
pus, covering most of the ablation area (Fig. 3A). Sur- that we never observed any tumor formation in the brain

vival rate of grafted cells was 20.3 + 3.1% (n =5) at this of the transplanted mice.
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Similar to previous transplants in the normal neonatal
brain (2), the GFP* cells presented a fully mature mor-
phology 2 months after the transplant, showing large and
elaborated dendritic trees that resemble the aspect of
typical interneurons in the hippocampus (Fig. 3B-D).
Approximately 86% of GFP* cells expressed the neu-
ronal marker NeuN. In addition, we found endothelial
cells around the injection site (CD31*, 8%) and imma-
ture oligodendrocytes (Olig-2*, 6%) within the corpus
callosum (Fig. 3B, E), as previously reported (2). In con-
trast, none of the MGE-derived cells exhibited morpho-
logical or molecular features of pyramidal neurons or
astrocytes (data not shown).

In order to confirm the acquisition of molecular prop-
erties of mature interneuron by the transplanted cells,
we performed immunohistochemistry analysis. Double
immunofluorescences revealed that 64.6 £ 4.7% of GFP*
graft-derived cells expressed GABA (Fig. 6A). Subsets
of the GFP* neurons also coexpressed PV (34.6 = 5.6%),
SOM (34.3 £ 6.2%), NPY (18.8 £2.9%), NK-1 (25.5*
6.1%), and CR (3.5 = 1.5%) at expression levels, distribu-
tion, and number similar to those of the host interneurons
(Fig. 6B—G). These results demonstrate that MGE-derived
cells differentiate normally into mature interneurons un-
der epileptogenic conditions and indicate that they are
able to replace the loss of interneurons after SSP-Sap
ablation. They also suggest that survival rate and normal
maturation processes are not affected by this pathologi-
cal condition.

Effects of the MGE-Derived Cell Grafts
on the Inhibitory Activity

We wonder whether transplanted MGE precursors
functionally integrate in the host brain, and if they are
able to correct the alterations in the hippocampal inhibi-
tory activity of the SSP-Sap-treated mice. We estab-
lished three experimental groups: SSP-Sap (n =5); SSP-
Sap + MGE (n =5); and sham-operated control (n =7)
(see Materials and Methods). The hippocampal area
with interneuronal ablation containing GFP* cells was
identified under epifluorescence, and IR-DIC visualized
CAl pyramidal neurons surrounded by GFP* cells were
chosen for whole-cell patch-clamp recording. We com-
pared the IPSC kinetic properties in CAl pyramidal
cells from each experimental group. BMI (10 uM) was
also used at the end of the experiments to confirm that
the IPSC were mediated by GABA, receptors (Fig 4A).

In accordance with the presence of GFP* GABAergic
interneurons from the donor in the ablated area, we ob-
served a significant increase in average sIPSC frequency
and amplitude in CA1 pyramidal cells from SSP-Sap +
MGE group, 2 months after transplantation (freq: 3.93 £
0.47 Hz; n=17; p <0.001; amp: 18.60 = 1.35 pA; n=
17; p <0.001), when compared with the SSP-Sap group
(values described above; n=17) (Fig. 4A-D). There
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was a significant increase in the frequency and ampli-
tude of sIPSC plotted as a cumulative distribution, con-
sistent with an enhancement of GABAergic inhibition
after the cell transplant (freq. and amp: K.S. test p < 0.001)
(Fig. 4B, C). The amplitude distribution histogram
showed a clear shift back to high-amplitude events in
SSP-Sap + MGE group, similar to controls, which sug-
gests an increase in the release of GABA from presynap-
tic sites in grafted animals (Fig. 4D).

Cumulative distribution and average mIPSc fre-
quency in CAl pyramidal cells from SSP-Sap + MGE
group was also increased significantly (3.44 + 0.25 Hz;
n=17; p<0.001; Cumulative fraction K.S. test p <
0.001), reverting close to normality (Fig. 4E). Changes
in mIPSC amplitude (SSP-Sap + MGE: 10.86 +0.37
pA; n=17), and in average and histogram distribution
of IPSC decay time constant or rise time 10-90%, were
not observed (Fig. 4F, G; Fig. 5).

In order to verify the stability of the MGE graft ef-
fects on the hippocampal inhibitory input, we performed
the same type of electrophysiological analysis at 4
months after the transplant. We obtained similar results
in the study of IPSC kinetics, which strongly suggested
a stable and maintained recuperation of GABAergic in-
hibitory levels along the time (Fig. 7).

MGE-Derived Cell Grafts Reduce Seizure Susceptibility

The observed imbalance in the GABAergic inhibi-
tion, due to the specific elimination of NK-1* interneur-
ons, may have functional consequences on the normal
behavior of the mice. To confirm this possibility, we
monitored the animals for 2 months by video recording
to detect spontaneous seizure. Additionally, we also evalu-
ated their susceptibility to PTZ-induced seizures. As pre-
viously reported in the rat, no spontaneous behavioral
seizures were observed in the SSP-Sap-injected mice.
However, these mice presented a higher sensitivity to
PTZ-induced seizures (Fig. 8). We compared the inten-
sity and latency of seizures induced by PTZ (60 mg/kg,
IP) in the SSP-Sap-treated mice (n = 9) and age-matched,
sham-operated controls (n =9). A greater number of an-
imals from the SSP-Sap group developed severe seizures
(56%: 5/9 reached stage V) when compared to control
group (22%: 2/9) (p <0.0001). While all the animals
from the control group (9/9) exhibited mild seizures
stages I-1I, only 67% (6/9) of the SSP-Sap-treated mice
developed seizures stages I-1I (p < 0.0001) (Fig. 8A).
Reciprocally, the percentage of severe seizures, stages
IV-V, were higher in the SSP-Sap group (37%: 15/41,
n =9) when compared with the control group (13%: 8/
63, n =9; p <0.01; (Fig. 8B). Finally, very interestingly,
the mortality rate after PTZ-induced seizures was higher
in the SSP-Sap group (56%) than in control group (22%)
(» <0.0001) (Fig. 8C).

The graft of MGE-derived cells recovered the
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G. MGE graft-derived interneuron subtypes. (n=4)

Interneuron MGE Grafts in’ MGE Grafts in® MGE Grafts in’
Marker SSP-Sap Model Normal Brain Kainate Model
GABA 64.6 +4.8% 428 +2.9% 68.8+3.1%
PV 346 +56% 33.7+47% 289+ 3.1%
CR 35+1.5% 103+1.7% 30.8+2.2%
NPY 18.8 £ 2.9% 13.1+1.9% 78+3.1

Figure 6. Molecular characterization of MGE graft-derived cells in the SSP-Sap-ablated hippocampus, 2 months after the transplant.
Immunohistochemical colocalization of graft-derived GFP* cells with typical mature interneuron markers, such as: GABA (A), NK-
1 (B), NPY (C), PV (D), SOM (E), and CR (F). Arrowheads show double-positive cells. Scale bar: 25 um. (G) Estimation of MGE
graft-derived interneuron subtypes. Comparative of the generation of graft-derived GABAergic interneuron subpopulations under
different conditions. 'E12.5 mouse MGE cells transplanted in the SSP-Sap-ablated adult hippocampus. 2E12.5 mouse MGE cells
transplanted in the neonatal normal brain. Modified from Alvarez-Dolado et al. (2). ’E15.5 rat MGE cells treated with FGF-2 and
transplanted in the adult hippocampus of the kainite model of epilepsy. Modified from Hattiangady et al. (18).

GABA-mediated synaptic inhibition lost in SSP-Sap-
treated animals (Figs. 4, 5, and 7). Therefore, transplan-
tation of MGE precursors should have important conse-
quences in the seizures susceptibility of these mice, as
well. Significantly, the SSP-Sap + MGE group of mice
presented lower percentage of severe seizure stage V
(17%: 7/42, n = 6, p < 0.05) and low incidence of severe
seizures (17%: 1/6) when compared with the SSP-Sap
group (p < 0.0001) (Fig. 8A, B). In addition, they also
exhibited a significant lower mortality rate (17%, p <
0.0001) than SSP-Sap-treated mice (Fig. 8C). The be-
havior of MGE-grafted mice in the PTZ assay was very
similar to the sham-operated control group. No signifi-
cant changes were found in the latency of seizures for
all groups (control: 3.3 0.8 s; SSP-Sap: 1.9 £0.6 s;
SSP-Sap + MGE: 2.7 + 0.8 s). Therefore, MGE-derived

precursors were able to modulate the inhibitory circuitry
in a pathological environment, increase the inhibitory
synaptic input in CA1 hippocampal pyramidal cells, and,
very importantly, decrease the level of seizure suscepti-
bility.

DISCUSSION

In this work, we show that transplants of MGE-
derived GABAergic precursors are able to replace, phys-
ically and functionally, the loss of hippocampal interne-
urons in a mouse model of seizure susceptibility. This is
the first electrophysiological demonstration of an effect
of the grafted cells on the altered circuitry of this murine
seizure model. These cells restore the normal hippocam-
pal synaptic activity and, what is more important, re-
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F - Kinetics of sIPSC and mIPSC in CA1 pyramidal cells

Amplitude (pA) Frequency (Hz)

Control SSP-Sap SSP-Sap+MGE Control SSP-Sap SSP-Sap+MGE

sipsc  19:22+1.89 1251 +0.99"*  2127+224%% 343+070 1.22+021"* 3.23+060%*

(n=11) (n=11) (n=11) (n=11) (n=11) (n=11)
mIPSC 10.04+0.25 9.37+0.70 8.74 +0.34 206+011 1.25+013"* 220+ 142"*
(n=5) (n=5) (n=5}) (n=5) (n=5) (n=5)
Decay time constant (ms) Rise time (10-90) (ms)
Control SSP-Sap SSP-Sap+MGE Control SSP-Sap SSP-Sap+MGE
sIPSC 7.78 +0.47 8.16 + 0.32 7.51+0.68 6.98 +0.42 7.01+0.37 6.71 + 0.1
(n=10) (n=10) (n=10) (n=10) (n=10) (n=10)
mIPSC 6.80 + 1.00 6.70 + 0.50 7.03+06 7.71+0.70 7.53+0.23 7.75 +0.56
(n=5) (n=5) (n=5) (n=5) (n=5) (n=5)

Figure 7. MGE graft-derived cells are active 4 months after the transplant and rescue the normal synaptic inhibitory current in the
hippocampus. (A) Amplitude and frequency of sIPSC and mIPSC in CA1 pyramidal cells from control, SSP-Sap-treated mice, and
SSP-Sap + MGE groups 4 months after the transplant. Representative traces of sIPSC and mIPSC from CA1 pyramidal cells of the
three experimental groups. (B—E) Plots of sSIPSC and mIPSC from CA1 pyramidal cells of the three group of animals (black bar:
control; dark gray bar: SSP-Sap; light gray bar: SSP-Sap + MGE). Note the decrease in sIPSC frequency and amplitude (B, C) and
mIPSC frequency (D) on CA1l pyramidal cells from SSP-Sap mice when compared with controls (one-way ANOVA; *p < 0.05).
In the SSP-Sap-treated mice grafted with MGE cells these values significantly increased when compared with SSP-Sap-treated
animals with no MGE grafts (one-way ANOVA; *p < 0.05; p < 0.01). These increments reach levels similar to controls. (E) There
was no difference in mIPCS amplitude on CA1 pyramidal cells between the three groups. Error bars indicate SEM; n = number of
cells; sIPCS and mIPCS: spontaneous and miniature inhibitory postsynaptic currents, respectively. (F) Kinetics of sIPSC and mIPSC
in CA1 pyramidal cells from age matched controls, and 4 months after SSP-Sap injection with no MGE grafts (SSP-Sap) and with
MGE grafts (SSP-Sap + MGE). 'Decreased IPSC amplitude and frequency in CA1 pyramidal cells of SSP-Sap mice. “Increased
IPSC amplitude and frequency to control values in CA1 pyramidal cells of SSP-Sap mice 4 months after MGE grafts (**p < 0.01;
§p < 0.01, one-way ANOVA followed by Tukey-Kramer test). No changes in IPSC decay time constant or in rise time. Values are
expressed in mean = SEM. sIPSC: spontaneous IPSC; mIPCS: miniature IPSC; n = number of cells.
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Figure 8. MGE-derived grafts reduce the susceptibility and mortality to PTZ induced seizures. (A) Plots of seizure incidence in
mice treated with PTZ. The number of animals in the SSP-Sap group that exhibited seizure stage V (severe seizure) (5/9) was
higher than in the control (2/9) and SSP-Sap + MGE (1/6) groups. Complementarily, the number of animals in SSP-Sap group that
exhibited seizure stage I-1I (6/9) was smaller than in control (9/9) and SSP-Sap + MGE groups (6/6). (B) Plots of PTZ-induced
seizure rates. SSP-Sap-treated mice presented higher frequency of seizures stages IV-V (severe seizures) when compared with
control (}) and SSP-Sap + MGE mice (**). Complementarily, the frequency of seizure stages I-II (less intense seizures) was lower
in the SSP-Sap group when compared with control and SSP-Sap + MGE mice (f). There was no difference in the intermediate
seizure stage III for all groups. (C) Postseizure mortality of PTZ-treated mice. SSP-Sap-treated mice presented a higher mortality
rate (56%) than control (22%) and SSP-Sap + MGE mice (17%). *p < 0.0001; #p < 0.01; **p < 0.05; fp < 0.01; Fisher’s exact test.

duces the susceptibility and mortality to PTZ-induced
seizures in the mice that received the transplant.

Creating a Disinhibited Environment

Defects in GABAergic system can lead to epilepsy.
For this reason, to investigate the capacity of the MGE-
derived precursor to repair these defects, we generated
a mouse model characterized by the specific ablation of
GABAergic interneurons in the hippocampus. There are
other models of epilepsy (7,26,32,48). However, their
mechanisms of seizure induction are multiple, and some
of them present morphological changes that not always
are observed in epileptic patients. For this reason, the
precise elimination of interneurons with no gross mor-
phological changes allows the study of specific alter-
ations in the GABAergic system.

In this model, we eliminated the interneurons ex-
pressing NK-1 in the hippocampus by local injection of
SSP-Sap as described earlier in rats (29). We did not
observe significant differences comparing with rats.
However, in mice the number of ablated PV* interneur-
ons was smaller, due to the lack of NK-1 coexpression
in most of the PV* interneurons (Fig. 2E—G). Nonethe-
less, the ablation of other GABAergic interneurons sub-
populations (NK-1*, SOM*, or NPY*) was sufficient to
cause an important diminution in the synaptic inhibition
and increment of excitability. This was evidenced by the
decrease in IPSC on CAl pyramidal cells and by in-
crease in the susceptibility to PTZ-induced seizures, re-
spectively. This is consistent with different animal mod-
els where small reduction in interneuron subpopulations
leads to alterations in the inhibitory system and epilepsy
(12,37).

Survival and Migration of MGE-Derived Grafted Cells

Similar to previous reports from our group and others
(2,18,49), the MGE-derived cells that were transplanted
in the adult brain survive for at least 1 year, with no
signs of tumor formation. This indicates the stability and
safety of the transplants.

In contrast, the survival rate of the transplanted cells
in our hands (about 20%) was lower compared with
other experimental models, such as kainate (18). There
are multiple explanations for this difference. In the kai-
nate model there is strong tissue damage, which may
lead to neurotophin expression and therefore better sur-
vival. In contrast, our model lacks apparent histological
damage. In addition, in the kainite model it was reported
the transplant of cells from the whole ganglionic emi-
nence of rats at later developmental stage (E15). These
cells were pretreated with different factors (18), which
may have improved their survival. Moreover, this seems
to abolish their migratory capacity, provoking the for-
mation of clusters that strongly alter the morphology of
the brain parenchyma after the transplant. In our case
(isolation of mouse MGE precursors at 12.5 embryonic
day and no additional manipulation), two single cell in-
jections per hemisphere were able to cover a wide area
of the altered adult brain (Fig. 3), and no gross morpho-
logical alterations were observed. To our knowledge,
these neuronal precursors are, up to now, the only ones
with such migratory ability, which makes them ideal as
delivery vectors.

Differentiation Into Mature Interneurons

MGE-derived cells expressed specific molecular mark-
ers of mature interneurons 2 months after the transplant.
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Close to 70% of the total transplanted cells expressed
GABA, the main inhibitory neurotransmitter in the CNS.
This percentage probably is higher, since we observed
an 86% of NeuN* cells, and no immunoreactivity for
other neuronal subtypes like CaM kinase II, ChAT, and
TH. These differences in the percentages may be due to
an underestimation in GABA quantification causing low
levels of expression and/or typical problems in the im-
munodetection of GABA. In addition, we also found oli-
godendrocytes (6%) and endothelial cells (8%), as pre-
viously reported (2).

The naturally occurring differentiation into GABAer-
gic interneurons allowed the replacement of the SSP-
Sap-ablated interneurons. It is interesting to note that,
unlike other reports (21,27,45), the MGE-derived in-
terneurons expressed GABA for long periods of time (1
year), without any further manipulation. In addition, the
percentage of generation of each interneuronal subtype
was not significantly affected by the ablated environ-
ment, compared with previous results of MGE grafts in
normal mice (Fig. 6G) (2). We only observed a tendency
of increment in the number and expression of NPY*
cells. This is consistent with the reported overexpression
of NPY in different animal models of epilepsy, such as
pilocarpine (6,33).

However, we cannot discard that MGE-derived cells
differentiate in a different way under other pathological
conditions. In fact, comparing with a recent report, we
observed a lower percentage of CR* cell differentiation
in a model of kainate (Fig. 6G) (18). This could be due
to differences in the origin of the cells (E15.5 rats vs.
E12.5 mouse) and dissection procedures that may in-
clude part of the caudal ganglionic eminence. It may
also due to the postmanipulation of the cells (they treat
them with FGF-2) and their graft in a different patholog-
ical environment with higher damage levels, which may
affect their survival rate, as indicated above. Further
studies in several animal models of epilepsy should be
performed to verify the appropriated differentiation of
the MGE-derived cells in other epileptogenic environ-
ments.

Effects on the Local Synaptic Circuitry Activity

Previous works have shown partial improvements in
epileptic symptoms after cell transplantation (22,27,42,
43.45). This was confirmed by the reduction in seizures
incidence and the presence of graft-derived cells that ex-
pressed GABA. However, the morphological integration
was poor and, importantly, electrophysiological records
were not performed in the transplantation area. So, it
cannot be concluded that the effects were due to the cell
integration in the circuitry or by the secretion of GABA.

In a previous work (2), we demonstrated that MGE-
derived cells acquire electrophysiological characteristics
of fully mature interneurons after transplantation. In ad-
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dition, these cells are able to perform synaptic contacts,
confirmed by electron microscopy (49). Although here
we did not present the intrinsic properties of the GFP*
cells, our data provide electrophysiological evidence that
MGE-derived cells are able to modify the inhibitory cir-
cuitry in a environment specifically altered by the abla-
tion of GABAergic interneurons. The IPSC frequency
and amplitude in the CA1 hippocampal pyramidal cells
in SSP-Sap-treated mice reached values close to normal
after MGE cell transplantation. To our knowledge, this
is the first demonstration, at the electrophysiological
level, that graft-derived cells are able to revert deficits in
hippocampal synaptic inhibition. Moreover, given that
MGE-derived cells do not differentiate into pyramidal
neurons, it may be an excellent method for enhancement
of inhibitory systems when and where needed, and in a
long standing fashion.

Decrease in Seizure Susceptibility

PTZ assay is an effective method to screen AED (26).
We used this assay to evaluate the effect of the MGE
grafts on the seizures threshold of our mouse model.
We found that transplantation reduced both the seizure
susceptibility and, more importantly, the mortality due
to PTZ-induced seizures. This was associated with wide-
spread migration and differentiation of MGE-derived
cells into functionally mature interneurons, and in line
with the observed increment in the inhibitory synaptic
activity in the CA1 of the hippocampus. These results
demonstrate that MGE-derived grafts have effects on the
behavior of the host animal and show their capacity to
decrease seizure susceptibility.

CONCLUSION

Our results strongly support the use of MGE-derived
cells to repair defects in the GABAergic system and in-
crease the inhibitory input. They fulfill most of the re-
quirements for an appropriate cell-based therapy: a satis-
factory stability, survival, and safety; their extensive
migration; the differentiation into functionally mature
interneurons (which imply the integration into the local
circuitry and modulation of its activity); and, very im-
portantly, the ability to rescue the GABAergic defects
and revert the symptomatology in the animal model of
seizure susceptibility.

Our results evidence the suitability of MGE-derived
cells for the treatment of epilepsies associated with
GABAergic alterations, absence of interneurons, or with
deficits in inhibition. However, the etiology of epilepsy
is multiple and it is not clear whether this cell type may
improve the condition in all cases. We should be cau-
tious before use in the clinic. Further efforts should be
devoted to demonstrate the mechanism of action of
MGE-derived cells, and to verify their efficacy in other
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models of epilepsy in which alterations of the GABAer-
gic system are not the main cause.
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