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Abstract
This study investigates the electrophysiological properties and functional integration of dif-

ferent phenotypes of transplanted human neural precursor cells (hNPCs) in immunode-

ficient NSG mice. Postnatal day 2 mice received unilateral injections of 100,000 GFP+

hNPCs into the right parietal cortex. Eight weeks after transplantation, 1.21% of trans-

planted hNPCs survived. In these hNPCs, parvalbumin (PV)-, calretinin (CR)-, somatostatin

(SS)-positive inhibitory interneurons and excitatory pyramidal neurons were confirmed

electrophysiologically and histologically. All GFP+ hNPCs were immunoreactive with anti-

human specific nuclear protein. The proportions of PV-, CR-, and SS-positive cells among

GFP+ cells were 35.5%, 15.7%, and 17.1%, respectively; around 15% of GFP+ cells were

identified as pyramidal neurons. Those electrophysiologically and histological identified

GFP+ hNPCs were shown to fire action potentials with the appropriate firing patterns for dif-

ferent classes of neurons and to display spontaneous excitatory and inhibitory postsynaptic

currents (sEPSCs and sIPSCs). The amplitude, frequency and kinetic properties of

sEPSCs and sIPSCs in different types of hNPCs were comparable to host cells of the same

type. In conclusion, GFP+ hNPCs produce neurons that are competent to integrate func-

tionally into host neocortical neuronal networks. This provides promising data on the poten-

tial for hNPCs to serve as therapeutic agents in neurological diseases with abnormal

neuronal circuitry such as epilepsy.

Introduction
Proper brain function requires a strict balance between neuronal excitation and inhibition
[1–2]. Reduced inhibition (e.g., due to loss of inhibitory interneurons) in neuronal networks
can lead to neurological disorders including epilepsy [3–6]. Cell-based therapy to replace lost
or malfunctioning inhibitory interneurons has been hailed as a potential biologic therapeutic
for these disorders [6–10]. Previous studies have demonstrated that neural stem and progenitor
cells from animal embryos and fetuses possess the capacity to differentiate into GABAergic in-
terneurons that form functional synaptic connections and integrate into the host brain
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circuitry when transplanted into animals [11–12]. Transplanted human embryonic and fetal
stem cells in both younger and adult animals can develop into regionally appropriate neuron
types including interneurons [13–20]. Transplantation of animal and human embryonic stem
cells have shown promise in improving behavioral deficits in animal models of diseases includ-
ing Parkinson’s disease, Huntington’s disease and epilepsy [8–9, 21–23] and promoting recov-
ery after experimental spinal cord and brain injury [24–29], although it is not clear which
neuronal type(s) contribute to the improvement. Previous studies have revealed that trans-
planted animal and human embryonic stem cell-derived GABAergic neuron precursors can at-
tenuate behavioral deficits in rodent models of human disorders [2, 5, 7, 17, 23, 30–32].
Clinical benefit has been reported in some patients with human stem cell transplantation, such
as Huntington's disease [33], amyotrophic lateral sclerosis [34] and Pelizaeus-Merzbacher Dis-
ease [35]. The major goal of human stem cell transplantation for neurodegenerative disorders
is to elucidate its role in disease treatment. To achieve this goal it is essential to investigate both
the specific phenotypes of transplanted stem cells and the ability of these cells to influence the
behavior of the host neural circuitry in animal studies.

Transplanted animal stem and progenitor cells that can generate different types of neurons
have been studied intensively. However, human stem cell transplantation has not been investi-
gated to the same degree. This study investigated the electrophysiological and histological
properties of different types of neurons derived from transplanted human neural precursor
cells (hNPCs). In the neocortex, 70~80% of neurons are excitatory pyramidal neurons, and
most of the others are GABAergic inhibitory interneurons [36]. GABAergic interneurons can
be distinguished by their electrophysiology and expression of specific molecular markers [37].
GABAergic interneurons expressing the calcium-binding proteins, parvalbumin (PV) or calre-
tinin (CR), or the neuropeptide, somatostatin (SS), comprise three separate families of inter-
neurons, which account for the majority of neocortical GABAergic interneurons [37–38]. In
the present study, we transplanted hNPCs into the neocortex of postnatal day 2 NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice, an immunodeficient mouse, and determined the histolog-
ical and electrophysiological properties of four types of neurons and the functional integration
of grafted cells within host brain circuitries.

Materials and Methods

Animals
Pregnant NSG mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).
Postnatal day 2 (P2) mice received transplantation of hNPCs into the neocortex. Offspring
were weaned on P21. Male or female offspring were used for electrophysiological and histologi-
cal experiments at 8 weeks (8 W, P56–P61) after transplantation. All mice were maintained on
12 h light/dark cycles and were given ad libitum access to food and water.

Ethics statement
All procedures were performed in accordance with guidelines approved by the National Insti-
tutes of Health and the Institutional Animal Care and Use Committee at the University of
Florida.

Culture of human neural precursor cells
Human NPCs were derived from the telencephalon of a single fetus after routine legal abortion
at ten weeks of age, as previously published [39–41]. For transducing hNPCs, the lentiviral vec-
tor encoding eGFP was constructed under control of human EF1a enhancer/promoter in pTYF
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backbone, and lentivirus was generated as previously described [42]. The cells were seeded in a
12-well plate at 1×105 cells per well one day before transduction, and then incubated with the
lentivirus at approximately 5 moi (multiplicity of infection) supplemented with 8 μg/ml poly-
brene (Sigma) in culture medium overnight. Fresh medium was added the next day.

Cells were serially passaged using the non-adherent culturing technique called the Neuro-
sphere Assay [43–45]. Briefly, the Neurosphere Assay entailed plating the cells as free-floating
single cells at 100,000 cells/ml in NS-A medium (90% Neurocult NS-A Basal Medium Human
plus 10% Human NeuroCult NS-A Proliferation Supplements, #05750 and 05753, respectively;
StemCell Technologies, Vancouver, BC, Canada), supplemented with recombinant human epi-
dermal growth factor (R&D Systems, Minneapolis, MN, USA) at a final concentration of
20 ng/ml, recombinant human basic fibroblast growth factor (R&D Systems) at a final concen-
tration of 20 ng/ml, heparin (Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of
0.7 USP units/ml, recombinant human leukemia inhibitory factor (Millipore, Darmstadt, Ger-
many) at a final concentration of 10 ng/ml, and dehydroepiandrosterone (Steraloids Inc, New-
port, RI, USA) at a final concentration of 1uM, in untreated tissue culture flasks (Nunc,
Waltham, MA, USA). The cells were regularly incubated at 37°C and 5% CO2. The culture
was fed every 5 days by raising the medium volume by 30% (with the feed medium containing
the same concentrations of supplements as the original medium). The culture was passaged
after every 10 days by first collecting and pelleting the neurospheres. The pellet was then re-
suspended in 0.05% Trypsin with 0.53 mM EDTA and incubated for about 1.5 min at 37°C.
1ml of soybean trypsin inhibitor was next added, with trituration, to stop the trypsin activity
and to dissociate the neurospheres into single cells. Cells were pelleted again, to remove the
trypsin and inhibitor. Finally, cells to be used for serial passage were added to an appropriate
volume of complete NS-A medium (described above), whereas cells to be used for transplanta-
tion were suspended in 1× PBS at 100,000 cells/μl and placed on ice.

Transplantation
For transplantation, a single cell solution was prepared and stored on ice until transplantation.
Each P2 mouse was anaesthetized by hypothermia and received a unilateral injection of 1 μl of
cell suspension (100,000 hNPCs/μl PBS) into the right parietal cortex at a rate of ~0.25 μl/min
using a 10-μl Hamilton microsyringe (Hamilton Company, Reno, NV, USA) fixed to a micro-
manipulator. After the injection, pups were allowed to recover before being returned to the dam.

Electrophysiology
Each mouse was deeply anesthetized with isoflurane and decapitated. The brain was gently but
quickly removed. Coronal brain slices (300 μm) were cut in an ice-cold cutting solution using a
Vibratome (Leica VT1000 S, Leica Microsystems, Wetzlar, Germany). The cutting solution
contained (in mM) 220 sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, and
10 D-glucose and was oxygenated with 95% O2–5% CO2 (pH 7.35~7.45 and osmolarity,
350~360 mOsm). Slices were incubated in extracellular solution for�1 h in a storage chamber
at room temperature (RT, ~23°C) and were then transferred to a submerged chamber for re-
cording. The extracellular solution contained (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 2 CaCl2, 1.3 MgCl2, and 10 D-glucose and was constantly oxygenated (pH 7.35~7.45
and osmolarity 300~310 mOsm). All electrophysiological recordings were carried out at 30°C
under visual guidance using an inverted microscope (Nikon Eclipse E600FN) equipped with
infrared DIC optics and an × 40 water-immersion lens.

Conventional whole cell patch-clamp techniques were utilized [46]. Patch pipettes were
pulled fromWiretrol II capillary glass (Drummond Scientific, Broomall, PA, USA) in a
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horizontal pipette puller (Model P-87 Flaming/Brown Micropipette puller, Sutter Instruments,
Novato, CA, USA). Patch pipettes had resistances of 4~5 MO in the bath when filled with a re-
cording electrode solution (in mM) containing 60 K-gluconate, 60 KCl, 8 NaCl, 10 HEPES, 2
MgATP, 0.3 Na3GTP, and 0.2 EGTA (pH 7.25 was adjusted with KOH, and osmolarity was
280~285 mOsm). We routinely added biocytin (0.2%) to the recording electrode solution to
allow post-hoc morphological identification of the recorded cells. Using this intracellular solu-
tion, both spontaneous inhibitory/excitatory postsynaptic currents (sIPSCs and sEPSCs) were
inward currents at a holding potential of-70 mV. The recordings were performed using a Mul-
tiClamp 700B amplifier (Axon Instruments). Data acquisition and analysis were performed
using pClamp 10.1 software with a Digidata 1320A interface (Molecular Devices, Union City,
CA). Signals were digitized at 10–20 kHz and analyzed off-line. Recordings were discarded if
access resistance changed>10% during the experiment. Recording started 5–10 min after the
whole cell patch was formed. The liquid junction potential was corrected using the Pipette Off-
set function of MultiClamp 700B before performing recording.

We identified GFP+ neurons using fluorescence microscopy and patched the cells using in-
frared differential interference contrast (IR-DIC) microscopy. Neurons were randomly chosen
for recording and identified by morphology, electrophysiology and histology. Spontaneous
IPSCs and sEPSCs were recorded from GFP+ cells and nearby host cells in layer V of cortical
slices. Spontaneous IPSCs were recorded in the presence of N-methyl-d-aspartate (NMDA)
and AMPA/kainate receptor antagonists, d-2-amino-5-phosphonopentanoic acid (d-AP5,
50 μM) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo quinoxaline-2,3-dione (NBQX, 10 μM),
respectively. Spontaneous EPSCs were recorded in the presence of picrotoxin (PIC, 100 μM).
The input resistance of cells was monitored by frequently applying a 100-ms hyperpolarizing
voltage step of 10 mV from a holding potential of -70 mV.

Immunohistochemistry
We performed immunofluorescence staining in sections after recording [47–48]. Slices with
electrophysiologically identified biocytin-filled neurons were fixed in 4% paraformaldehyde
and kept for 72 h at 4°C. To remove endogenous peroxidase, sections were quenched in 10%
methanol and 3% H2O2 (in PBS) for 5 min. Sections were incubated for 1 hour at RT with both
2% normal donkey serum (NDS) and 1% bovine serum albumin (BSA) to block nonspecific
binding and 0.5% Triton-100 in 1×PBS to permeate cell membranes. For labeling, sections
were further incubated with primary antibodies in 2% NDS and 1% BSA and 0.5% Triton-100
in 1×PBS for 72 h at 4°C. After thorough rinsing, all sections were incubated with secondary
antibodies at RT for 2.5 h. The primary antibodies were rabbit anti-parvalbumin (PV) antibody
(EMDMillipore, Billerica, MA, USA; diluted at 1:2000), goat anti-calretinin (CR) antibody
(EMDMillipore; diluted at 1:2500), mouse anti-somatostatin (SS) antibody (GeneTex, Irvine,
CA, USA; diluted at 1:100), and mouse anti-human nuclei (hNuc) monoclonal antibody (EMD
Millipore, 1:200). The secondary antibodies were Alexa Fluor 350 donkey anti-rabbit (for PV),
goat (for CR), and mouse (for SS) immunoglobulin G (IgG), Alexa Fluor 594 streptavidin for
biocytin, and Alexa Fluor 594 donkey anti-mouse IgG for hNuc (Invitrogen, Carlsbad, CA,
USA; diluted at 1:400). After staining, slices were mounted on glass slides in fluoromount aque-
ous mounting medium (Sigma), coverslipped and sealed with clear nail polish for imaging. Sec-
tions were examined with an Olympus IX81-DSU Spinning Disk Confocal Microscope
(Olympus America, Melville, NY, USA). Serial images from each section were acquired with a
z step of 0.5 μm and an image size of 672×512 pixels. Z-axis image stacks were created from se-
rial images. Cell counts were performed from stacked images using ImageJ software version
1.37V (Wyne Rasband, National Institutes of Health).
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Analysis
Action potential (AP) threshold was obtained from a first derivative plot where the dV/dt
abruptly increased (5 V s-1). AP amplitude was measured from the threshold to peak. Spike
widths were measured at half amplitude of APs. The membrane time constant was computed by
the monoexponential curve fitting of voltage responses to hyperpolarizing current pulses. The
slope (in Hz/nA) of the linear regression was determined by the relationship between injected
current intensity and firing rates (f–I); AP adaptation was defined as the ratio of the last inter-
spike interval (ISI) to the first ISI of APs. Analysis of synaptic currents sEPSCs and sIPSCs was
based on 5 min of continuous recording from each cell to obtain averaged data. Currents were
analyzed using the MiniAnalysis Program (Synaptosoft, Leonia, NJ). The instantaneous ampli-
tude and frequency were acquired to obtain mean values. The threshold for IPSC and EPSC de-
tection was 6 pA, and the automatic detection was verified post hoc by visual inspection.

Chemicals
D-AP5, NBQX, PIC and biocytin were purchased from Sigma. Suppliers of primary and sec-
ondary antibodies were described in the preceding text.

Results

Identification of different types of whole cell recorded neurons
Serial 300 μm thick coronal slices of cortex were cut and there were 2–4 slices with GFP+ cells
per animal. GFP+ cells were found scattered in an area extending 0.6–1.0 mm in the rostro-
caudal direction and 0.5–1.1 mm in the medio-lateral direction, primarily in cortical layers III–
VI. The recordings of GFP+ cells were performed in layer V to compare with data obtained
from host cells.

There are various types of interneurons, but each type has a unique combination of firing
patterns and molecular markers [37, 47–48], which enabled us to identify these GFP+ cells. For
firing patterns of GFP+ cells in response to depolarizing current, putative PV-ir cells displayed
high frequency repetitive discharges without adaptation, putative CR-ir cells fired an initial
spike burst followed by irregularly spaced APs, and putative SS-ir cells exhibited lower frequen-
cy firing (note that it was lower than putative PV-ir cells, but higher than pyramidal cells) with
adaptation (Fig. 1). To further identify the type of biocytin-filled GFP+ cell, sections with
electrophysiologically identified GFP+ putative PV-, CR- or SS-ir cells were incubated with
anti-PV, anti-CR or anti-SS antibody, respectively. At 8 W after transplantation, we recorded
from 30, 15 and 17 cells (62 total) that were electrophysiologically identified as putative PV-,
CR- and SS-ir interneurons, respectively. Of those cells, 25, 12 and 15 (50 total) were confirmed
to be PV-, CR- and SS-ir interneurons, respectively, with biocytin labelling and post-hoc
immunohistochemistry (Figs. 2–4). Twelve of 62 electrophysiologically identified interneurons
were not further identified histologically. Eleven of 11 electrophysiologically and morphologi-
cally identified pyramidal neurons were recorded and all were included for analysis. The 12
electrophysiologically identified interneurons that were not verified by histology, and 10 re-
corded cells that were not identified by either electrophysiology or histology (they were neither
pyramidal neurons nor interneurons with staining of PV, CR or SS) were excluded from this
study. GFP+ PV-, SS- and CR-ir interneurons lacked long, thick apical dendrite (Figs. 2–4). Re-
corded GFP+ pyramidal cells were characterized by their pyramidal soma, a single long, thick
apical dendrite (Fig. 5), and slower firing rates with obvious frequency adaptation (Fig. 1) that
were easily distinguished from recorded GFP+ interneurons.
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Functional integration of different types of GFP+ neurons
We examined sEPSCs and sIPSCs from GFP+ interneurons and pyramidal neurons. At 8 W
after transplantation, sEPSCs and sIPSCs were detected in GFP+ PV-, CR- and SS-ir interneu-
rons; they were also present in GFP+ pyramidal cells (Figs. 2–5, Table 1). These results

Fig 1. Firing patterns of four different types of hNPCs.Whole-cell current-clamp responses to injection of
depolarizing (300 ms, +250 pA) and hyperpolarizing (300 ms, −250 pA) current pulses. Depolarizing current
induced firing activity with different frequencies and patterns in 4 subtypes of hNPCs. In response to
depolarizing current, PV-ir cells fired at high frequency without any adaptation (A); CR-ir cells fired with an
irregular firing pattern (B); SS-ir cells fired at lower frequency with adaptation (C), and pyramidal neurons fired
at the lowest frequency with obvious adaptation. The calibration bar in D also applies to A, B and C.

doi:10.1371/journal.pone.0120281.g001
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Fig 2. Functionally integrated PV-ir hNPCs. The representative hNPC was recorded in the whole-cell configuration. After recording, the slice was fixed and
further processed for PV staining. The electrophysiologically identified hNPC proved to be a PV-ir interneuron. Spontaneous IPSCs, as shown in this figure,
were observed in this neuron in the presence of NBQX and d-AP5, and after 20 min washout, sEPSCs were observed in the presence of PIC (not shown). To
exclude the possible complications of the addition of antagonists, representative traces for spontaneous EPSCs from another PV-ir hNPC were shown in the
figure in the presence of PIC. Series images from each section with GFP+ hNPCs and biocytin staining were acquired with a z-step of 0.5 μm and stacked
along the Z-axis. In the merged image, the neuron in white (GFP+Biocytin+PV) was a grafted hNPC that was recorded in whole cell mode and stained with
PV; neurons in cyan (GFP+PV) were PV-ir hNPCs that were not recorded (arrows); neurons in green (GFP) were PV negative hNPCs; neurons in blue (PV)
were PV-ir interneurons that were from host mouse cells. Note that anti-PV reacted with both human and mouse neurons; however, mouse PV-ir
interneurons were all GFP negative.

doi:10.1371/journal.pone.0120281.g002
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demonstrate that GFP+, hNPC-derived interneurons and pyramidal neurons received both ex-
citatory and inhibitory inputs, indicating that they were functional and able to interact with
other neurons in the neuronal network.

The intrinsic electrophysiological properties of different types of GFP+ cells were not signif-
icantly different from host NSG mouse neurons of the same type (Table 1). The frequency and

Fig 3. Functional integration of CR-ir hNPCs. The section with the recorded hNPC was further processed with anti-CR and the recorded hNPC was found
to be a CR-ir interneuron. Spontaneous IPSCs and EPSCs were found in CR-ir hNPCs. Representative traces for sIPSCs and sEPSCs from two CR-ir
interneurons are shown.

doi:10.1371/journal.pone.0120281.g003
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amplitude of sEPSCs and sIPSCs of grafted GFP+ neurons were also comparable to host neu-
rons (Table 1).

Co-localization of GFP with neuropeptides or HNuc
We performed double or triple staining in sections after recording at 8 W after transplantation.
We analyzed the co-localization of GFP with three neuropeptides (PV, CR and SS) and human
nuclear antigen (hNuc). Because anti-PV, CR and SS antibody can react with PV, CR and SS
from both human and mouse tissue, we counted the number of cells with co-localization of
GFP and PV, CR or SS that represented the number of implanted hNPCs with one of three

Fig 4. Functional integration of SS-ir hNPCs. The section with the recorded hNPC was further processed with anti-SS and the recorded hNPC was a SS-ir
interneuron. Spontaneous IPSCs and EPSCs were recorded in SS-ir hNPCs. Traces for sIPSCs and sEPSCs were recorded from two SS-ir interneurons.

doi:10.1371/journal.pone.0120281.g004
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Fig 5. Physiological integration of hNPC-derived pyramidal neurons in the cortex.Human NPCs
developed into neurons with a typical pyramidal soma, a long and thick apical trunk, and dendritic spines.
Spontaneous IPSCs and EPSCs are shown from two pyramidal neurons.

doi:10.1371/journal.pone.0120281.g005
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specific markers of interneurons (Figs. 2–4). We cut serial coronal slices of cortex and 2–4
slices per animal had GFP+ cells. All GFP+ cells from slices were counted, and we found that
the average percentage of surviving GFP+ cells was 1.21 ± 0.16% (averaged 1,214 ± 156 surviv-
ing GFP+ cells per animal from 100,000 implanted cells, Figs .2–5; n = 23 NSG mice from 4
pregnant mice) at 8 W after transplantation. In a few cases, not all slices were collected because
of failure of the cutting procedure, and GFP+ cells could not be exhaustively counted. There-
fore, our numbers may represent an underestimate of total surviving transplanted cells. The
proportion of PV-, CR- and SS-ir cells among GFP+ cells was 35.5 ± 3.8% (averaged 106 ± 12
PV-ir cells/298 ± 32 GFP+ cells, n = 30 sections), 15.7 ± 1.7% (averaged 46 ± 5 CR-ir cells/288
± 43 GFP+ cells, n = 15 sections) and 17.1 ± 1.8% (averaged 49 ± 6 SS-ir cells/282 ± 43 GFP+
cells, n = 17 sections), respectively. Thus, the three subtypes of interneurons accounted for
67.9% of the GFP+ cells. Around 15% of GFP+ cells could be identified as putative pyramidal
neurons by their unique morphology and another ~ 15% GFP+ cells were not identified by his-
tology and morphology. The maximum area occupied by GFP+ cells in the cortical sections
was 0.76 ± 0.04 mm2 (n = 23 mice).

At 8 W after transplantation, all the GFP+ cells were positive for anti-HNuc, a specific anti-
body for human nuclei that serves as a histological marker for identifying human cells in xeno-
graft models (Fig. 6). We confirmed that no immunoreactivity to HNuc was observed in GFP-

Table 1. Intrinsic membrane properties and synaptic currents of different types of neurons.

PV CR SS Pyramids

GFP Host GFP Host GFP Host GFP Host

Membrane properties

Rest potential (mV) -73.7±1.2 -74.2±1.5 -70.4±1.4 -71.1±1.5 -74.5±1.6 -73.7±1.4 -74.9±1.5 -75.3±1.7

AP threshold (mV) -48.4±0.9 -47.6±1.1 -51.5±1.7 -49.8±1.5 -47.9±1.1 -48.3±1.2 -51.6±1.3 -50.2±1.2

AP amplitude (mV) 71.3±1.0 72.4±1.3 54.1±2.0 56.9±1.7 69.9±1.4 70.7±1.6 69.5±1.1 70.3±1.4

AP half-width (msec) 0.45±0.03 0.43±0.05 0.86±0.10 0.81±0.12 0.64±0.08 0.62±0.06 1.22±0.09 1.19±0.10

Rinput (MΩ) 170.5±13.4 165.1±14.8 275.6±29.3 281.4±31.5 183.2±21.2 179.9±20.6 194.5±15.5 183.3±14.7

Time constant (msec) 14.4±1.2 13.8±1.5 19.7±1.8 18.6±2.1 15.8±1.7 15.3±1.9 19.1±1.3 19.3±1.4

f-I slope (Hz/nA) 324.4±14.5 338.5±15.5 142.4±16.1 149.6±17.5 101.2±12.4 108.7±13.7 54.8±7.9 59.5±7.3

AP adaptation 0.97±0.07 0.99±0.08 5.63±0.85 5.48±0.91 2.74±0.47 2.63±0.40 2.13±0.24 2.05±0.22

N 25 11 12 10 13 11 11 12

sEPSCs

Frequency (Hz) 9.03±0.55 9.34±0.73 2.31±0.14 2.40±0.18 3.49±0.30 3.68±0.37 6.08±0.42 5.47±0.53

Amplitude (pA) 34.6±1.5 31.7±2.2 24.0±1.8 24.6±2.1 25.8±1.7 26.2±2.1 31.9±2.4 30.7±2.2

Rise time (msec) 1.42±0.09 1.21±0.10 1.47±0.11 1.27±0.12 1.40±0.07 1.22±0.09 1.67±0.12 1.55±0.16

τ(msec) 9.56±0.71 8.58±0.82 9.67±0.80 8.34±0.85 9.09±0.85 8.54±0.83 10.25±0.82 9.18±0.97

N 13 5 6 5 6 6 5 6

sIPSCs

Frequency (Hz) 7.64±0.48 6.69±0.57 2.64±0.21 2.77±0.23 2.77±0.19 2.96±0.25 13.12±1.14 12.78±1.18

Amplitude (pA) 32.2±2.1 28.9±2.5 23.6±1.8 24.4±2.2 24.9±1.7 25.1±2.0 36.4±2.6 34.7±2.8

Rise time (msec) 1.82±0.10 2.14±0.16 1.77±0.12 1.91±0.18 1.85±0.14 2.08±0.15 1.93±0.14 1.99±0.17

τ(msec) 14.27±1.02 16.74±1.42 14.06±1.13 16.75±1.44 14.94±1.16 16.65±1.34 13.47±0.80 12.97±1.16

N 12 6 6 5 7 5 6 6

PV, CR and SS are PV-, CR-, and SS-ir interneurons, respectively; AP, action potential; Rinput, input resistance; f-I slope, slope of the relationship between

injected current intensity and firing rate;τ, decay time constant; rise time, 10–90% rise time.

doi:10.1371/journal.pone.0120281.t001
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Fig 6. Immunoreactivity of hNPCswith an antibody against hNuc. All putative hNPCs (GFP+) were hNuc
+ cells at 8 W after transplantation (see merged image). No mouse cells were hNuc+.

doi:10.1371/journal.pone.0120281.g006
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cells in mice with or without transplantation (all n = 10 sections from 2 mice), suggesting that
GFP+ cells originated from hNPCs.

Discussion
The present study demonstrates that hNPCs at 8 W after transplantation can develop into dif-
ferent classes of phenotypically-identified neurons: PV-, CR- and SS-positive inhibitory inter-
neurons and excitatory pyramidal neurons that are able to fire action potentials and
functionally integrate into existing networks in the cortex of immunodeficient NSG mice.

Stem cell survival, migration, differentiation and improvement of neurologic function could
depend on many factors including age and region of tissue for stem cell acquisition, differentia-
tion in vitro before transplantation, number of transplanted cells, adjuvants for transplanta-
tion, age of host at the time of transplantation, anatomical site of transplantation, immune
response, treatments (e.g., use of immunosuppression or immunodeficient animals), animal
model of human diseases or extent and type of host injury (e.g., the MPTP-lesioned mouse
model of Parkinson’s disease, the pilocarpine-induced mouse model of temporal lobe epilepsy
and ischemic rat cerebral cortex), and access to the vestigial migratory stream (e.g., the subven-
tricular zone of the lateral ventricles and the subgranular zone of the dentate gyrus in the hip-
pocampus) [12, 14, 18, 24, 32, 49–55]. With this many variables, research for stem cell
transplantation can be very complex and the results can vary greatly between
different protocols.

Our present results show that hNPCs can survive at least 8 W (the furthest point examined
in this study) when transplanted in P2 immunodeficient NSG mice. Prior studies have reported
survival of human neural stem cells throughout the mouse brain for at least 7 months after
transplantation into neonatal mouse lateral ventricle [56]. Transplanted animal stem cells can
survive and remain functional for longer than 1 year [17] and even for the life of the host ani-
mal [57]. Many factors play important roles in survivability of transplanted cells. In general,
survival of transplanted cells is host age-dependent, with longer survival of transplants in youn-
ger, rather than older, host brains [58]. The underlying mechanism is uncertain, but the expres-
sion of age-dependent host factors including neurotrophic factors and cell-adhesion molecules
may contribute the differences in survival [59]. Transplanted cells are also likely recognized as
foreign and the majority of transplant studies have incorporated immunosuppressive therapy
or were performed in immunodeficient animals to mitigate graft rejection and enhance surviv-
ability, particularly in xenografts [54, 60]; although graft rejection and graft survival in both
non-immunosuppressed and immunosuppressed recipients have been observed [16, 61]. Sur-
vival is also dependent on the time that the transplanted cells had spent differentiating in vitro;
presumably, mature neurons survive transplantation more poorly than do immature neurons.
Grafts of human fetal neural progenitor cells that had been expanded for a longer time in vitro
exhibited poorer survival rates after transplantation into neonatal rat hippocampus [62]. We
transplanted hNPCs into P2 immunodeficient NSG mice in the present study. Our donor cells
were somewhat differentiated in that they produced only neurons and no glia. However, the
fact that they were able to produce both GABAergic interneurons and glutamatergic pyramidal
neurons suggests that they were early in their ontogenetic development as neural precursor
cells, or that our donor population contained a mixture of committed interneuron precursors
and pyramidal cell precursors. We found that only 1.21% of GFP+ cells survived for 8 W, the
furthest point examined in this study. The relatively low survival rate may be due, at least in
part, to cortex as an unfavorable anatomical site for transplantation. Currently we have no data
on survival of hNPC transplants beyond 8W. We did observe a significant decline in the num-
ber of human cells before 4 weeks after transplantation and then the decline started to slow
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down (unpublished data). The significant decline may be due to graft rejection that develops
gradually and progresses further when transplanted stem cells differentiate into different types
of neurons and express human specific cell surface markers, but fail to establish functional inte-
gration with the host tissue.

Previous studies have shown that transplanted cells respond to local signals and differenti-
ate into different functional types of neurons typical for a specific anatomical region/micro-
environment [14, 49, 52, 63]. Transplanted human neural progenitor cells can develop into
neurons with expression of calbindin in the Purkinje cell layer of the rat cerebellum [16], ty-
rosine hydroxylase positive neurons in the striatum of MPTP mice and dopaminergic neu-
rons in the striatum of the 6-hydroxydopamine-lesion rat model of Parkinson’s disease [53],
and PV- and SS-positive neurons in cortex [20]. Fetal stem cells from animals can develop
into dopaminergic neurons in the host rat neostriatum [64] and excitatory pyramidal neu-
rons and inhibitory interneurons that functionally integrate into the host rat neocortex and
hippocampus [11, 63]. We identified three types of GFP+ interneurons (PV-, CR- and SS-
positive) and excitatory GFP+ pyramidal neurons in neocortex that accounted for most of
the GFP+ cells. Interestingly, the majority of GFP+ neurons (67.9%) developed into interneu-
rons and only a small percentage developed into pyramidal neurons (around 15%) in neocor-
tex, in contrast to a higher percentage of pyramidal neurons (70–80% of neurons) and lower
percentage of interneurons (20–30%) in host neocortex. It is possible that the host microenvi-
ronment favors the development of interneurons over pyramidal neurons. This could be very
important, because many neurological diseases develop due to reduced inhibition, and re-
placing lost or malfunctioning inhibitory interneurons could help cure these disorders. Alter-
natively, the ability to produce excitatory pyramidal neurons may prove beneficial in other
clinical settings.

It is noteworthy that previous studies have shown the development of animal stem cells into
functional pyramidal neurons [63, 65–66]. Human fetal neural stem cells have been shown to
generate neurons, although not physiologically identified pyramidal neurons [13–18]. Our
present data show that hNPCs can generate pyramidal cells with characteristic somatodendritic
morphologies and physiological profiles that functionally integrate into the host neural net-
work. However, the presence of EPSCs and IPSCs in the post-synaptic cells does not tell us the
identity of the pre-synaptic cell. It is possible that the majority of PSCs are coming from other
hNPC-derived neurons rather than host neurons. However, we think that this is unlikely for
the following reason. In this study, hNPCs produced relatively few excitatory pyramidal cells
(15%). If all or most of the PSCs that we recorded in hNPC-derived postsynaptic neurons actu-
ally originated from other hNPC-derived presynaptic neurons, there should have been a great
preponderance of IPSCs compared to EPSCs. We found just the opposite; that the frequency of
EPSCs and IPSCs was not different in hNPC-derived neurons compared to host neurons of the
same type.

Conclusions
Although limitations of human transplantation strategies include restricted tissue supply, vari-
ability in response, and the rejection of transplanted cells by the host's immune system, stem
cell transplantation remains a promising method to treat neurological diseases through re-
placement of lost neurons, enhancement of intrinsic neuroplasticity of neurons, and/or facilita-
tion of neuronal migration from other regions to the site of injury. This study demonstrates
that hNPCs are able to survive for an extended period of time and that the great majority of
transplanted cells can develop into interneurons that could be important in the treatment of
neurological diseases associated with the loss of inhibitory interneurons, such as epilepsy.

Integration of Human Neural Precursor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120281 March 12, 2015 14 / 18



Author Contributions
Conceived and designed the experiments: FZ SR. Performed the experiments: FZ HC HM. An-
alyzed the data: FZ HC SR. Contributed reagents/materials/analysis tools: FZ LC BR. Wrote
the paper: FZ JF BR SR.

References
1. Taub AH, Katz Y, Lampl I. Cortical balance of excitation and inhibition is regulated by the rate of synap-

tic activity. J Neurosci. 2013; 33: 14359–14368. doi: 10.1523/JNEUROSCI.1748-13.2013 PMID:
24005289

2. Tong LM, Djukic B, Arnold C, Gillespie AK, Yoon SY, et al. Inhibitory Interneuron Progenitor Transplan-
tation Restores Normal Learning and Memory in ApoE4 Knock-In Mice without or with Aβ Accumula-
tion. J Neurosci. 2014; 34: 9506–9515. doi: 10.1523/JNEUROSCI.0693-14.2014 PMID: 25031394

3. Roper SN, Eisenschenk S, King MA. Reduced density of parvalbumin- and calbindin D28-immunoreac-
tive neurons in experimental cortical dysplasia. Epilepsy Res. 1999; 37: 63–71. PMID: 10515176

4. Kumar SS, Buckmaster PS. Hyperexcitability, interneurons, and loss of GABAergic synapses in ento-
rhinal cortex in a model of temporal lobe epilepsy. J Neurosci. 2006; 26: 4613–4623. PMID: 16641241

5. Gilani AI, Chohan MO, Inan M, Schobel SA, Chaudhury NH, Paskewitz S, et al. Interneuron precursor
transplants in adult hippocampus reverse psychosis-relevant features in a mouse model of hippocam-
pal disinhibition. Proc Natl Acad Sci USA. 2014; 111: 7450–7455. doi: 10.1073/pnas.1316488111
PMID: 24794528

6. Southwell DG, Nicholas CR, Basbaum AI, Stryker MP, Kriegstein AR, Rubenstien JL, et al. Interneu-
rons from embryonic development to cell-based therapy. Science. 2014; 344:1240622. doi: 10.1126/
science.1240622 PMID: 24723614

7. Hunt RF, Girskis KM, Rubenstein JL, Alvarez-Buylla A, Baraban SC. GABA progenitors grafted into the
adult epileptic brain control seizures and abnormal behavior. Nat Neurosci. 2013; 16: 692–697. doi: 10.
1038/nn.3392 PMID: 23644485

8. Thompson KW, Suchomelova LM. Transplants of cells engineered to produce GABA suppress sponta-
neous seizures. Epilepsia. 2004; 45: 4–12. PMID: 15281951

9. Zipancic I, Calcagnotto ME, Piquer Gil, Mello LE, Alvarez-Dolado M. Transplant of GABAergic precur-
sors restores hippocampal inhibitory function in a mouse model of seizure susceptibility. Cell Trans-
plant. 2010; 19: 549–564. doi: 10.3727/096368910X491383 PMID: 20144261

10. Tyson JA, Anderson SA. GABAergic interneuron transplants to study development and treat disease.
Trends Neurosci. 2014; 37: 169–177. doi: 10.1016/j.tins.2014.01.003 PMID: 24508416

11. Wernig M, Benninger F, Schmandt T, Rade M, Tucker KL, Bussow H, et al. Functional integration of
embryonic stem cell-derived neurons in vivo. J Neurosci. 2004; 24: 5258–5268. PMID: 15175396

12. Maisano X, Litvina E, Tagliatela S, Aaron GB, Grabel LB, Naegele JR, et al. Differentiation and function-
al incorporation of embryonic stem cell-derived GABAergic interneurons in the dentate gyrus of mice
with temporal lobe epilepsy. J Neurosci. 2012; 32: 46–61. doi: 10.1523/JNEUROSCI.2683-11.2012
PMID: 22219269

13. Flax JD, Aurora S, Yang C, Simonin C, Wills AM, Billinghurst LL, et al. Engraftable human neural stem
cells respond to developmental cues, replace neurons, and express foreign genes. Nat Biotechnol.
1998; 16: 1033–1039. PMID: 9831031

14. Rubio FJ, Bueno C, Villa A, Navarro B, Martínez-Serrano A. Genetically perpetuated human neural
stem cells engraft and differentiate into the adult mammalian brain. Mol Cell Neurosci. 2000; 16:1–13.
PMID: 10882478

15. Ourednik V, Ourednik J, Flax JD, ZawadaWM, Hutt C, Yang C, et al. Segregation of human neural
stem cells in the developing primate forebrain. Science. 2001; 293: 1820–1824. PMID: 11474066

16. Aleksandrova MA, Saburina IN, Poltavtseva RA, Revishchin AV, Korochkin LI, Sukhikh GT. Behavior of
human neural progenitor cells transplanted to rat brain. Brain Res Dev Brain Res. 2002; 134:143–148.
PMID: 11947944

17. Englund U, Fricker-Gates RA, Lundberg C, Björklund A, Wictorin K. Transplantation of human neural
progenitor cells into the neonatal rat brain: extensive migration and differentiation with long-distance ax-
onal projections. Exp Neurol. 2002; 173:1–21. PMID: 11771935

18. Liker MA, Petzinger GM, Nixon K, McNeill T, Jakowec MW. Human neural stem cell transplantation in
the MPTP-lesioned mouse. Brain Res. 2003; 971:168–177. PMID: 12706233

Integration of Human Neural Precursor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120281 March 12, 2015 15 / 18

http://dx.doi.org/10.1523/JNEUROSCI.1748-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24005289
http://dx.doi.org/10.1523/JNEUROSCI.0693-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25031394
http://www.ncbi.nlm.nih.gov/pubmed/10515176
http://www.ncbi.nlm.nih.gov/pubmed/16641241
http://dx.doi.org/10.1073/pnas.1316488111
http://www.ncbi.nlm.nih.gov/pubmed/24794528
http://dx.doi.org/10.1126/science.1240622
http://dx.doi.org/10.1126/science.1240622
http://www.ncbi.nlm.nih.gov/pubmed/24723614
http://dx.doi.org/10.1038/nn.3392
http://dx.doi.org/10.1038/nn.3392
http://www.ncbi.nlm.nih.gov/pubmed/23644485
http://www.ncbi.nlm.nih.gov/pubmed/15281951
http://dx.doi.org/10.3727/096368910X491383
http://www.ncbi.nlm.nih.gov/pubmed/20144261
http://dx.doi.org/10.1016/j.tins.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24508416
http://www.ncbi.nlm.nih.gov/pubmed/15175396
http://dx.doi.org/10.1523/JNEUROSCI.2683-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22219269
http://www.ncbi.nlm.nih.gov/pubmed/9831031
http://www.ncbi.nlm.nih.gov/pubmed/10882478
http://www.ncbi.nlm.nih.gov/pubmed/11474066
http://www.ncbi.nlm.nih.gov/pubmed/11947944
http://www.ncbi.nlm.nih.gov/pubmed/11771935
http://www.ncbi.nlm.nih.gov/pubmed/12706233


19. Liu Y, Weick JP, Liu H, Krencik R, Zhang X, Ma L, et al. Medial ganglionic eminence-like cells derived
from human embryonic stem cells correct learning and memory deficits. Nat Biotechnol. 2013; 31:
440–447. doi: 10.1038/nbt.2565 PMID: 23604284

20. Maroof AM, Keros S, Tyson JA, Ying SW, Ganat YM, Merkle FT, et al. Directed differentiation and func-
tional maturation of cortical interneurons from human embryonic stem cells. Cell Stem Cell. 2013; 12:
559–572. doi: 10.1016/j.stem.2013.04.008 PMID: 23642365

21. Lindvall O, Brundin P, Widner H, Rehncrona S, Gustavii B, Frackowiak R, et al. Grafts of fetal dopamine
neurons survive and improve motor function in Parkinson’s disease. Science. 1990; 247: 574–577.
PMID: 2105529

22. Chu K, Kim M, Jung KH, Jeon D, Lee ST, Kim J, et al. Human neural stem cell transplantation reduces
spontaneous recurrent seizures following pilocarpine-induced status epilepticus in adult rats. Brain
Res. 2004; 1023: 213–221. PMID: 15374747

23. Ma L, Hu B, Liu Y, Vermilyea SC, Liu H, Gao L, et al. Human embryonic stem cell-derived GABA neu-
rons correct locomotion deficits in quinolinic acid-lesioned mice. Cell Stem Cell. 2012; 10:455–464. doi:
10.1016/j.stem.2012.01.021 PMID: 22424902

24. Kelly S, Bliss TM, Shah AK, Sun GH, MaM, FooWC, et al. Transplanted human fetal neural stem cells
survive, migrate, and differentiate in ischemic rat cerebral cortex. Proc Natl Acad Sci USA. 2004; 101:
11839–11844. PMID: 15280535

25. McDonald JW, Liu XZ, Qu Y, Liu S, Mickey SK, Turetsky D, et al. Transplanted embryonic stem cells
survive, differentiate and promote recovery in injured rat spinal cord. Nat Med. 1999; 5: 1410–1412.
PMID: 10581084

26. Polentes J, Jendelova P, Cailleret M, Braun H, Romanyuk N, Tropel P, et al. Human induced pluripotent
stem cells improve stroke outcome and reduce secondary degeneration in the recipient brain. Cell
Transplant. 2012; 21: 2587–2602. doi: 10.3727/096368912X653228 PMID: 22889472

27. van Gorp S, Leerink M, Kakinohana O, Platoshyn O, Santucci C, Galik J, et al. Amelioration of motor/
sensory dysfunction and spasticity in a rat model of acute lumbar spinal cord injury by human neural
stem cell transplantation. Stem Cell Res Ther. 2013; 4: 57. doi: 10.1186/scrt209 PMID: 23710605

28. Cummings BJ, Uchida N, Tamaki SJ, Salazar DL, Hooshmand M, Summers R, et al. Human neural
stem cells differentiate and promote locomotor recovery in spinal cord-injured mice. Proc Natl Acad Sci
USA. 2005; 102: 14069–14074. PMID: 16172374

29. Keirstead HS, Nistor G, Bernal G, Totoiu M, Cloutier F, Sharp K, et al. Human embryonic stem cell-de-
rived oligodendrocyte progenitor cell transplants remyelinate and restore locomotion after spinal cord
injury. J Neurosci. 2005; 25: 4694–4705. PMID: 15888645

30. Baraban SC, Southwell DG, Estrada RC, Jones DL, Sebe JY, Alfaro-Cervello C, et al. Reduction of sei-
zures by transplantation of cortical GABAergic interneuron precursors into Kv1.1 mutant mice. Proc
Natl Acad Sci USA. 2009; 106: 15472–15477. doi: 10.1073/pnas.0900141106 PMID: 19706400

31. Valente MF, Romariz S, Calcagnotto ME, Ruiz L, Mello LE, Frussa-Filho R, et al. Postnatal transplanta-
tion of interneuronal precursor cells decreases anxiety-like behavior in adult mice. Cell Transplant.
2013; 22: 1237–1247. doi: 10.3727/096368912X657422 PMID: 23031356

32. HammadM, Schmidt SL, Zhang X, Bray R, Frohlich F, Ghashqhaei HT. Transplantation of GABAergic
Interneurons into the Neonatal Primary Visual Cortex Reduces Absence Seizures in Stargazer Mice.
Cereb Cortex. 2014;pii: bhu094. [Epub ahead of print]. PMID: 24812085

33. Bachoud-Lévi AC, Rémy P, Nguyen JP, Brugières P, Lefaucheur JP, Bourdet C, et al. Motor and cogni-
tive improvements in patients with Huntington's disease after neural transplantation. Lancet. 2000; 356:
1975–1979. PMID: 11130527

34. Glass JD, Boulis NM, Johe K, Rutkove SB, Federici T, Polak M, et al. Lumbar intraspinal injection of
neural stem cells in patients with amyotrophic lateral sclerosis: results of a phase I trial in 12 patients.
Stem Cells. 2012; 30: 1144–1151. doi: 10.1002/stem.1079 PMID: 22415942

35. Gupta N, Henry RG, Strober J, Kang SM, Lim DA, Bucci M, et al. Neural stem cell engraftment and mye-
lination in the human brain. Sci Transl Med. 2012; 4: 155ra137. doi: 10.1126/scitranslmed.3004373
PMID: 23052294

36. Markram H, Toledo-Rodriguez M, Wang Y, Gupta A, Silberberg G, Wu C. Interneurons of the neocorti-
cal inhibitory system. Nat Rev Neurosci. 2004; 5: 793–807. PMID: 15378039

37. Kawaguchi Y, Kubota Y. GABAergic cell subtypes and their synaptic connections in rat frontal cortex.
Cereb Cortex. 1997; 7: 476–486. PMID: 9276173

38. Gonchar Y, Burkhalter A. Three distinct families of GABAergic neurons in rat visual cortex. Cereb Cor-
tex. 1997; 7: 347–358. PMID: 9177765

Integration of Human Neural Precursor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120281 March 12, 2015 16 / 18

http://dx.doi.org/10.1038/nbt.2565
http://www.ncbi.nlm.nih.gov/pubmed/23604284
http://dx.doi.org/10.1016/j.stem.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23642365
http://www.ncbi.nlm.nih.gov/pubmed/2105529
http://www.ncbi.nlm.nih.gov/pubmed/15374747
http://dx.doi.org/10.1016/j.stem.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22424902
http://www.ncbi.nlm.nih.gov/pubmed/15280535
http://www.ncbi.nlm.nih.gov/pubmed/10581084
http://dx.doi.org/10.3727/096368912X653228
http://www.ncbi.nlm.nih.gov/pubmed/22889472
http://dx.doi.org/10.1186/scrt209
http://www.ncbi.nlm.nih.gov/pubmed/23710605
http://www.ncbi.nlm.nih.gov/pubmed/16172374
http://www.ncbi.nlm.nih.gov/pubmed/15888645
http://dx.doi.org/10.1073/pnas.0900141106
http://www.ncbi.nlm.nih.gov/pubmed/19706400
http://dx.doi.org/10.3727/096368912X657422
http://www.ncbi.nlm.nih.gov/pubmed/23031356
http://www.ncbi.nlm.nih.gov/pubmed/24812085
http://www.ncbi.nlm.nih.gov/pubmed/11130527
http://dx.doi.org/10.1002/stem.1079
http://www.ncbi.nlm.nih.gov/pubmed/22415942
http://dx.doi.org/10.1126/scitranslmed.3004373
http://www.ncbi.nlm.nih.gov/pubmed/23052294
http://www.ncbi.nlm.nih.gov/pubmed/15378039
http://www.ncbi.nlm.nih.gov/pubmed/9276173
http://www.ncbi.nlm.nih.gov/pubmed/9177765


39. Mendez I, Dagher A, Hong M, Gaudet P, Weerasinghe S, McAlister V, et al. Simultaneous intrastriatal
and intranigral fetal dopaminergic grafts in patients with Parkinson disease: a pilot study. Report of
three cases. J Neurosurg. 2002; 96: 589–596. PMID: 11883846

40. Mendez I, Sanchez-Pernaute R, Cooper O, Viñuela A, Ferrari D, Björklund L, et al. Cell type analysis of
functional fetal dopamine cell suspension transplants in the striatum and substantia nigra of patients
with Parkinson's disease. Brain. 2005; 128: 1498–1510. PMID: 15872020

41. Mukhida K, Mendez I, McLeodM, Kobayashi N, Haughn C, Milne B, et al. Spinal GABAergic transplants
attenuate mechanical allodynia in a rat model of neuropathic pain. Stem Cells. 2007; 25: 2874–2885.
PMID: 17702982

42. Chang LJ, Gay EE. The molecular genetics of lentiviral vectors—current and future perspectives. Curr
Gene Ther. 2001; 1: 237–251. PMID: 12109139

43. Reynolds BA, Tetzlaff W, Weiss S. A multipotent EGF-responsive striatal embryonic progenitor cell pro-
duces neurons and astrocytes. J Neurosci. 1992; 12: 4565–4574. PMID: 1432110

44. Reynolds BA, Weiss S. Clonal and population analyses demonstrate that an EGF-responsive mamma-
lian embryonic CNS precursor is a stem cell. Dev Biol. 1996; 175: 1–13. PMID: 8608856

45. Reynolds BA, Weiss S. Generation of neurons and astrocytes from isolated cells of the adult mammali-
an central nervous system. Science. 1992; 255: 1707–1710. PMID: 1553558

46. Zhou FW, Matta SG, Zhou FM. Constitutively active TRPC3 channels regulate basal ganglia output
neurons. J Neurosci. 2008; 28: 473–482. doi: 10.1523/JNEUROSCI.3978-07.2008 PMID: 18184790

47. Zhou FW, Chen HX, Roper SN. Balance of inhibitory and excitatory synaptic activity is altered in fast-
spiking interneurons in experimental cortical dysplasia. J Neurophysiol. 2009; 102: 2514–2525. doi: 10.
1152/jn.00557.2009 PMID: 19692507

48. Zhou FW, Roper SN. Altered firing rates and patterns in interneurons in experimental cortical dysplasia.
Cereb Cortex. 2011; 21: 1645–1658. doi: 10.1093/cercor/bhq234 PMID: 21084454

49. Campbell K, Olsson M, Björklund A. Regional incorporation and site-specific differentiation of striatal
precursors transplanted to the embryonic forebrain ventricle. Neuron. 1995; 15: 1259–1273. PMID:
8845151

50. Lois C, García-Verdugo JM, Alvarez-Buylla A. Chain migration of neuronal precursors. Science. 1996;
271: 978–981. PMID: 8584933

51. Zigova T, Betarbet R, Soteres BJ, Brock S, Bakay RA, Luskin MB. A comparison of the patterns of mi-
gration and the destinations of homotopically transplanted neonatal subventricular zone cells and het-
erotopically transplanted telencephalic ventricular zone cells. Dev Biol. 1996; 173: 459–474. PMID:
8606005

52. Fricker RA, Carpenter MK,Winkler C, Greco C, Gates MA, Bjorklund A. Site-specific migration and neu-
ronal differentiation of human neural progenitor cells after transplantation in the adult rat brain. J Neu-
rosci. 1999; 19: 5990–6005. PMID: 10407037

53. Brederlau A, Correia AS, Anisimov SV, Elmi M, Paul G, Roybon L, et al. Transplantation of human em-
bryonic stem cell-derived cells to a rat model of Parkinson's disease: effect of in vitro differentiation on
graft survival and teratoma formation. Stem Cells. 2006; 24: 1433–1440. PMID: 16556709

54. Swijnenburg RJ, Schrepfer S, Govaert JA, Cao F, Ransohoff K, Sheikh AY, et al. Immunosuppressive
therapy mitigates immunological rejection of human embryonic stem cell xenografts. Proc Natl Acad
Sci USA. 2008; 105: 12991–12996. doi: 10.1073/pnas.0805802105 PMID: 18728188

55. Cambray S, Arber C, Little G, Dougalis AG, de Paola V, Ungless MA, et al. Activin induces cortical inter-
neuron identity and differentiation in embryonic stem cell-derived telencephalic neural precursors. Nat
Commun. 2012; 3: 841. doi: 10.1038/ncomms1817 PMID: 22588303

56. Uchida N, Buck DW, He D, ReitsmaMJ, Masek M, Phan TV, et al. Direct isolation of human central ner-
vous system stem cells. Proc Natl Acad Sci USA. 2000; 97: 14720–14725. PMID: 11121071

57. Alvarez-Dolado M, Calcagnotto ME, Karkar KM, Southwell DG, Jones-Davis DM, Estrada RC, et al.
Cortical inhibition modified by embryonic neural precursors grafted into the postnatal brain. J Neurosci.
2006; 26: 7380–7389. PMID: 16837585

58. Collier TJ, Sortwell CE, Daley BF. Diminished viability, growth, and behavioral efficacy of fetal dopa-
mine neuron grafts in aging rats with long-term dopamine depletion: an argument for neurotrophic sup-
plementation. J Neurosci. 1999; 19: 5563–5573. PMID: 10377363

59. Condic ML. Adult neuronal regeneration induced by transgenic integrin expression. J Neurosci. 2001;
21: 4782–4788. PMID: 11425905

60. Anderson AJ, Haus DL, HooshmandMJ, Perez H, Sontag CJ, Cummings BJ. Achieving stable human
stem cell engraftment and survival in the CNS: is the future of regenerative medicine immunodeficient?
Regen Med. 2011; 6: 367–406. doi: 10.2217/rme.11.22 PMID: 21548741

Integration of Human Neural Precursor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120281 March 12, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11883846
http://www.ncbi.nlm.nih.gov/pubmed/15872020
http://www.ncbi.nlm.nih.gov/pubmed/17702982
http://www.ncbi.nlm.nih.gov/pubmed/12109139
http://www.ncbi.nlm.nih.gov/pubmed/1432110
http://www.ncbi.nlm.nih.gov/pubmed/8608856
http://www.ncbi.nlm.nih.gov/pubmed/1553558
http://dx.doi.org/10.1523/JNEUROSCI.3978-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18184790
http://dx.doi.org/10.1152/jn.00557.2009
http://dx.doi.org/10.1152/jn.00557.2009
http://www.ncbi.nlm.nih.gov/pubmed/19692507
http://dx.doi.org/10.1093/cercor/bhq234
http://www.ncbi.nlm.nih.gov/pubmed/21084454
http://www.ncbi.nlm.nih.gov/pubmed/8845151
http://www.ncbi.nlm.nih.gov/pubmed/8584933
http://www.ncbi.nlm.nih.gov/pubmed/8606005
http://www.ncbi.nlm.nih.gov/pubmed/10407037
http://www.ncbi.nlm.nih.gov/pubmed/16556709
http://dx.doi.org/10.1073/pnas.0805802105
http://www.ncbi.nlm.nih.gov/pubmed/18728188
http://dx.doi.org/10.1038/ncomms1817
http://www.ncbi.nlm.nih.gov/pubmed/22588303
http://www.ncbi.nlm.nih.gov/pubmed/11121071
http://www.ncbi.nlm.nih.gov/pubmed/16837585
http://www.ncbi.nlm.nih.gov/pubmed/10377363
http://www.ncbi.nlm.nih.gov/pubmed/11425905
http://dx.doi.org/10.2217/rme.11.22
http://www.ncbi.nlm.nih.gov/pubmed/21548741


61. Larsson LC, Anderson P, Widner H, Korsgrent O. Enhanced survival of porcine neural xenografts in
mice lacking CD1d1, but no effect of NK1.1 depletion. Cell Transplant. 2001; 10: 295–304. PMID:
11437075

62. Zietlow R, Precious SV, Kelly CM, Dunnett SB, Rosser AE. Long-term expansion of human foetal neural
progenitors leads to reduced graft viability in the neonatal rat brain. Exp Neurol. 2012; 235: 563–573.
doi: 10.1016/j.expneurol.2012.03.010 PMID: 22475737

63. Englund U, Bjorklund A, Wictorin K, Lindvall O, Kokaia M. Grafted neural stem cells develop into func-
tional pyramidal neurons and integrate into host cortical circuitry. Proc Natl Acad Sci USA. 2002; 99:
17089–17894. PMID: 12471158

64. Gage NH, Dunnett SB, Stenevi U, Björklund A. Aged rats: recovery of motor impairments by intrastriatal
nigral grafts. Science. 1983; 221: 966–969. PMID: 6879196

65. Guo F, Maeda Y, Ma J, Xu J, Horiuchi M, Miers L, et al. Pyramidal neurons are generated from oligo-
dendroglial progenitor cells in adult pyriform cortex. J Neurosci. 2010; 30: 12036–12049. doi: 10.1523/
JNEUROSCI.1360-10.2010 PMID: 20826667

66. Ideguchi M, Palmer TD, Recht LD, Weimann JM. Murine embryonic stem cell-derived pyramidal neu-
rons integrate into the cerebral cortex and appropriately project axons to subcortical targets. J Neurosci.
2010; 30: 894–904. doi: 10.1523/JNEUROSCI.4318-09.2010 PMID: 20089898

Integration of Human Neural Precursor Cells

PLOS ONE | DOI:10.1371/journal.pone.0120281 March 12, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11437075
http://dx.doi.org/10.1016/j.expneurol.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22475737
http://www.ncbi.nlm.nih.gov/pubmed/12471158
http://www.ncbi.nlm.nih.gov/pubmed/6879196
http://dx.doi.org/10.1523/JNEUROSCI.1360-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1360-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20826667
http://dx.doi.org/10.1523/JNEUROSCI.4318-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20089898

