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Embryonic Stem Cells/Induced Pluripotent Stem (iPS) Cells

Intrastriatal Transplantation of Adenovirus-
Generated Induced Pluripotent Stem Cells for
Treating Neuropathological and Functional Deficits
in a Rodent Model of Huntington’s Disease

KYLE D. FINK,a,b,c,d,e,f ANDREW T. CRANE,a XAVIER LÉVÊQUE,a,b,g DYLAN J. DUES,a LUCAS D. HUFFMAN,a

ALLISON C. MOORE,a DARREN T. STORY,a RACHEL E. DEJONGE,a AARON ANTCLIFF,a PHILLIP A. STARSKI,a

MING LU,a,g LAURENT LESCAUDRON,b,d,f,h,i JULIEN ROSSIGNOL,a,j GARY L. DUNBAR
a,g
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ABSTRACT

Induced pluripotent stem cells (iPSCs) show considerable promise for cell replacement therapies for
Huntington’s disease (HD). Our laboratory has demonstrated that tail-tip fibroblasts, reprogrammed
into iPSCs via two adenoviruses, can survive and differentiate into neuronal lineages following trans-
plantation into healthy adult rats. However, the ability of these cells to survive, differentiate, and
restore function in a damaged brain is unknown. To this end, adult rats received a regimen of 3-nitro-
propionic acid (3-NP) to induce behavioral and neuropathological deficits that resemble HD. At 7, 21,
and 42 days after the initiation of 3-NP or vehicle, the rats received intrastriatal bilateral transplan-
tation of iPSCs. All rats that received 3-NP and vehicle treatment displayed significant motor impair-
ment, whereas those that received iPSC transplantation after 3-NP treatment had preserved motor
function. Histological analysis of the brains of these rats revealed significant decreases in optical den-
sitometricmeasures in the striatum, lateral ventricle enlargement, aswell as an increase in striosome
size in all rats receiving 3-NPwhen comparedwith sham rats. The 3-NP-treated rats given transplants
of iPSCs in the 7- or 21-day groups did not exhibit these deficits. Transplantation of iPSCs at the late-
stage (42-day) time point did not protect against the 3-NP-induced neuropathology, despite preserv-
ing motor function. Transplanted iPSCs were found to survive and differentiate into region-specific
neurons in the striatum of 3-NP rats, at all transplantation time points. Taken together, these results
suggest that transplantation of adenovirus-generated iPSCsmay provide a potential avenue for ther-
apeutic treatment of HD. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:620–631

INTRODUCTION

Huntington’s disease (HD) is an autosomal domi-
nant disorder caused by an expanded and un-
stable CAG trinucleotide repeat that causes
a progressive degeneration of neurons, primarily
in the putamen, caudate nucleus, and cerebral
cortex [1]. HD occurs when the gene that codes
for the huntingtin (HTT) protein, located on the
short arm of chromosome 4, contains more CAG
repeats [2]. A CAG repeat count that exceeds 38
corresponds to the onset of HD symptoms, which
initially include cognitive impairment andpsychiat-
ricdisturbances, suchas irritability, aggressiveness,
anddepression. These symptomsprecede involun-
tary motor disturbances, rapid weight loss, and
eventual death approximately 15–20 years after
the onset of motor symptoms [2, 3].

Currently, there is no cure for HD, and only
restorative treatments aimed at reducing its mo-
tor symptoms are available. Pharmacotherapy is

difficult in HD, because of the complexity and
amount of damage to the brain, particularly
before the onset of self-reported symptoms. As
a result of the time and nature in diagnosing HD
(following symptomaticmotordeficits andneuro-
nal loss), restorative therapies are focusing on
creating a neuroprotective environment to slow
the loss of neurons and/or replacing lost neurons,
either through stimulating endogenous neuro-
genesis or through transplantation of cells capa-
ble of differentiating, integrating, and replacing
the types of cells needed to facilitate recovery.

Several long-term clinical studies have been
conducted to assess the viability of cells isolated
from fetal tissues as a therapeutic treatment for
HD. These studies have produced varying degrees
of efficacy as a strategy for long-term cell therapy
for HD. Bachoud-Lévi [4] found that three of five
patients transplanted with fetal ganglionic emi-
nence showed metabolically active graft cells 10
years after transplantation. Others have shown
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that when the ganglionic eminence is transplanted into HD
patients, the cells display a pattern of neurodegeneration that
is similar to what is observed in HD [5], or they begin to show ag-
gregation of the mutant HTT protein [6]. Whereas ganglionic tis-
sue transplanted into HD patients has shown some positive
effects, there are many problems with the continued use of fetal
cells for transplantation therapies, which underscores the need
for new sources of pluripotent stem cells.

In a seminal publication, Takahashi and Yamanaka [7] demon-
strated that differentiated somatic cells could be reverted back to
an embryonic stem cell (ESC)-like state through forced expression
of four factors:Oct4, Sox2, Klf4, and c-Myc.Useof these cells, clas-
sified as induced pluripotent stem cells (iPSC), holds considerable
promise for tissue repair or replacement, while avoiding ethical,
immunological, and availability issues that are inherent with the
use of ESCs [8]. Initially, the potential utility of iPSCswasmetwith
skepticism, but several independent groups have shown that
these cells havemorphology, growth, andgene expression similar
to ESCs and were also capable of forming adult chimeras [9] and
functional germ cells [10].

Because of critical advantages over fetal or embryonic cell
transplants, the use of iPSCs as a potential for treating neurode-
generative diseases has been the focus of a new line of research
[11]. The use of iPSCs for treating neurodegenerative diseases,
suchasParkinson’s disease, Alzheimer’s disease, amyotrophic lat-
eral sclerosis, and HD, holds considerable promise. Our group has
demonstrated that adenovirus-generated rat iPSCs are capable of
surviving in the striatumof immune-competent rats for at least 90
days and can differentiate into neurons expressing the medium
spiny neuronal marker DARPP32 [12].

The present study focused on the transplantation of these
adenovirus-generated iPSCs into the 3-nitropropionic acid (3-
NP) rat model of HD. The neurotoxin, 3-NP, crosses the blood-
brain barrier and can be administered systematically to induce
cell death in the brain, through energy-depleting mechanisms
that closely mimic those observed in HD [13]. The evidence sup-
porting the role of energy impairment in the pathology that
resembles those in HD has led to the increased use of mitochon-
drial toxins, such as 3-NP, in animal models to create the neuro-
pathology and behavioral abnormalities of this disease [14].
Intoxication of 3-NP over several days leads to a selective and
progressive striatal lesion thatmimics theneuropathological phe-
notype that is observed inHDpatients [15]. Although the 3-NP rat
model lacks the gene-induced pathogenesis of HD, it provides
a more accurate model of cell loss and replicates the progression
of many of the motoric features of the disease [16].

The goals of the present experiment were to test the efficacy
of transplantedadenovirus-generated iPSCs in the3-NP ratmodel
ofHD. Theefficacy of this approachwas assessedusingbehavioral
analysis, measures of neuropathology, amounts of neuronal dif-
ferentiation, and levels of specific gene expression after trans-
plantation of iPSCs in 3-NP-treated rats.

MATERIALS AND METHODS

Animals

Fifty-six Sprague-Dawley rats (28 male and 28 female) at 7.5–8.5
weeks of age were used in this study. As no gender differences
were observed in the toxicity of the 3-NP and behavioral recovery
following transplantation of iPSCs, all treatment groups consisted

of bothmale and female rats. Ratswere randomly assigned toone
of five groups: sham (5 males and 4 female; given injections of
phosphate-buffered saline [PBS]); 3-NP iPSC 7 days (5 male and
6 female rats injected with 3-NP and iPSC transplantation 7 days
following the start of 3-NP administration); 3-NP iPSC 21 days (6
male and 6 female rats injected with 3-NP and given iPSC trans-
plantation 21 days after the start of 3-NP administration); 3-NP
iPSC 42 days (6 male and 6 female rats injected with 3-NP and
given iPSC transplantation 42 days after the start of 3-NP admin-
istration); and 3-NP (6male and 6 female) rats injectedwith 3-NP,
but not given transplants of iPSC, served as controls. Experiment-
ers remained blinded to the group identity of the rats until the
final analyses were performed.

3-NP Administration

3-NP administration was adapted from a previously established
protocol [15]. Briefly, rats were intraperitoneally injected with
an increasingdose of 3-NPdissolved in PBS (pH7.4) over 82 days.
Rats received twice daily (at 0700 and 1900 hours) injections for
9 consecutive days, twice daily injections every third day for 5
weeks, and a single injection (at 0700 hours) once per week
for the duration of the study. Concentrations of 3-NP (for each
injection) were 2.5 mg/kg (days 1–3), 3.75 mg/kg (days 4–6),
5 mg/kg (days 7–9), 6.25 mg/kg (days 12, 15, and 18), 7.5 mg/kg
(days 21, 24, and 27), 8.75 mg/kg (days 30, 33, 36, 39, and 42),
10 mg/kg (days 47 and 54), 15 mg/kg (days 61 and 68), and
20 mg/kg (days 75 and 82).

Body Weight

Bodyweightwasmeasured for 4 consecutive days, before the ad-
ministration of 3-NP, which served as a baseline (average weight
for 4 days) for each animal. Body weight wasmonitored through-
out the duration of the study, as metabolic alterations are com-
mon in animals receiving 3-NP [17, 18]. The recorded weights for
each animal were averaged at the conclusion of each week and
converted to a score representative of percent weight compared
with baseline ([average weight/baseline weight] 3 100).

Accelerod Testing

Accelerod testing followed previously published protocols [19].
All rats were tested for motor coordination on the accelerod at
2 days before the administration of 3-NP (baseline) and for an ad-
ditional 10 weeks. The accelerod task (Acceler, Rota-Rod 7750;
UGOBasile, Comerio, Italy, http://www.ugobasile.com)was used
to assess motor coordination. The rats were required to remain
on a 6-cm-diameter rod that increased from 4 RPM to 40 RPM
over the course of 120 seconds. If the rat was not able to remain
on the rotating rod for the full 120 seconds, it fell onto a foampad
located 75 cm below the apparatus.

iPSC Generation

The generation and characterization of the iPSCs followed a pre-
viously established/published protocol [12]. Briefly, iPSCs were
generated from tail-tip fibroblasts (TTF) of the adult Sprague-
Dawley rats and reprogrammed using our novel adenovirus pair
(one adenovirus containing c-Myc, and the other adenovirus con-
taining Oct4, Sox2, and Klf4). Induced pluripotent stem cells were
maintained on rat deactivated feeder cells andwere transplanted
between passages 25 and 30. An in-depth characterization of the
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expression of genes and proteins, as well as morphology of these
iPSCs, has been published previously [12]. Briefly, iPSCs highly
expressed regulatory genes and pluripotent proteins, measured
by real-time polymerase chain reaction (RT-PCR), immunocyto-
chemistry, and flow cytometry. These cells also displayed typical
iPSCmorphology and the ability to differentiate into neuronal lin-
eages in vitro.

iPSC Transplantation

Thirty-five rats that had received 3-NP administration were given
bilateral transplantations of iPSCs at different time points to
mimic the different stages of the progression of HD (i.e., 7-day
transplantation, early intervention before the onset ofmotor dis-
turbances; 21-day transplantation, intermediate intervention
during the onset ofmotor disturbances but before robust cell loss
in the striatum; 42-day transplantation, late-stage intervention
after robustmotor deficits were observed and significant cell loss
has occurred).

Rats were anesthetized for the duration of the surgery with
a mixture of isoflurane and oxygen. The heads of the rats were
shaved and disinfectedusing chlorhexidine (MolnlyckeHealthcare,
Norcross, GA, http://www.molnlycke.com). Rats were placed into
a stereotaxic, amidline incisionwasmadeon the scalp, and the skin
was retracted,exposingbregma.Twoburrholeswereplacedabove
the striatum (coordinates relative to bregma: anterior 0.5mm; lat-
eral +2.5 mm and22.5 mm; tooth bar set at 0). iPSCs were prela-
beled with Hoechst 33358 (5 mg/ml; Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) and resuspended in Hanks’ bal-
anced salt solution (Gibco, Grand Island, NY, http://www.
invitrogen.com) at a density of 200,000 cells permicroliter. The cell
suspension was loaded into a 10 ml Hamilton microsyringe and
injected at a constant rate over 3 minutes (0.33 ml/minute) into
the striatum (6 mm ventral from the dura) at the above-
mentioned coordinates. Following the first injection, the micro-
syringe was left in place for 3 minutes to allow for the cells to dif-
fuse, then moved dorsally 0.1 mm, and a second injection at the
same rate was performed. Following the second injection, the
microsyringe remained in place for an additional 3 minutes before
being slowlywithdrawnover a 3-minuteperiod and thenmoved to
theoppositehemisphere,where this processwas repeated tocom-
plete the transplantation. The scalp was then closed using sterile
9-mm wound clips, and the rats were placed in a recovery cage
until fullymobile, at which point theywere returned to their home
cage. Rats were observed for 5 days post-transplantation for any
signs of pain, discomfort, distress, or complications from surgery,
but none of these signs was observed in any of the rats.

Perfusion

At the conclusion of behavioral testing, one-half of the rats that
were designated for immunohistochemical analysis were deeply
anesthetized with an overdose of sodium pentobarbital and
transcardially perfused with ice-cold 0.1 M PBS, followed by 4%
paraformaldehyde (diluted in 0.1MPBS, pH 7.4). The brains were
rapidly removed, postfixed in 4% paraformaldehyde for 24 hours
at 4°C, and then transferred to 30% sucrose in 0.1 M PBS for 48
hoursat4°C.Thebrainswerethenflashfrozen,usingmethylbutane,
and stored at280°C. Serial, coronal sections (30mm)were cut at
220°C on a cryostat (Vibratome UltraPro 5000; The Vibratome
Co., St. Louis, MO, http://www.vibratome.com) and placed into
nine wells containing 0.1 M PBS.

Rapid Decapitation

Rats that were not used for immunohistochemical analysis were
rapidly decapitated on the same day, and their brains were
extracted, dissecting cortex, striatum, and remaining brain,which
were flash frozen using liquid nitrogen, for subsequent mRNA
analysis.

Histology

Brain tissue was labeled with cytochrome oxidase (CYO) and im-
munohistochemical tags using either 3,39-diaminobenzidine
(DAB) or fluorescence labels [20]. Briefly, tissue from a single well
(containing striatal sections 270 mm apart) was used for each
label.

CYO (metabolically active tissue) was used to visualize the
lesion, as previous studies have shown that injections of 3-NP
cause significant striatal atrophy [15]. Briefly, tissue designated
for CYO analysis was submersed in solution of 800mg of sucrose,
4 mg of cytochrome C, and 1 mg of DAB dissolved in 20 ml of
phosphate-buffer for 4 hours at room temperature. The tissue
was then transferred to deionized H2O, mounted onto positively
charged glass slides, and coverslipped using Depex (Electron Mi-
croscopy Sciences, Hatfield, PA, http://www.emsdiasum.com/
microscopy).

Tissue designated for CD11b (activated microglia; 1:500;
Abcam, Cambridge, U.K., http://www.abcam.com) and IBA1
(macrophages; 1:500; Abcam) DAB immunohistochemistry was
used to determine the level of endogenous immune response
to the 3-NP and the transplanted iPSCs. Tissue was placed into
a solution of 0.3% hydrogen peroxide for 10 minutes. It was
placed into the primary antibodies overnight at 4°C and then
rinsed twice with PBS plus 0.1% Triton X-100 (Sigma-Aldrich) be-
fore incubation in the appropriate conjugated secondary anti-
bodies (biotin; 1/300) for 1 hour at room temperature. The
tissue was rinsed twice in PBS plus 0.1% Triton X-100 and placed
in an avidin-biotin peroxidase (Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com). Sections remained in the solu-
tion for 5 minutes, after which they were moved to the DAB so-
lution (Vector Laboratories). After remaining in the DAB solution
for 5 minutes, the tissue was transferred into deionized H20. The
tissue was mounted onto charged glass slides, given a series of
ascending alcohol rinses (70%, 95%, 100%), placed into xylene
for 5 minutes, and coverslipped using Depex (Electron Micros-
copy Sciences).

Tissue designated for fluorescent labeling had nonspecific
binding sites blocked by incubating the tissue in 10% normal goat
serum, 0.1% Triton X-100, and 0.1M PBS for 1 hour at room tem-
perature. The tissue was then transferred into a well containing
the primary antibodies for 24 hours at 4°C. Primary antibody pairs
used for double labeling included neuronal nuclei (NeuN, for ma-
ture neurons; 1:500 dilution; Chemicon, Temecula, CA, http://
www.chemicon.com) and dopamine- and cAMP-regulated phos-
phoprotein of 32 kDa (DARPP32, for D1 receptors located on the
medium spiny neurons located in the striatum; 1:500; Abcam).
Glial fibrillary acidic protein (GFAP, astrocytes; 1:500; Abcam)
was used alone on separate sections. Following incubation in
the primary antibodies, the tissuewas rinsed and transferred into
a well containing the appropriate conjugated secondary anti-
bodies for 1 hour at room temperature. Secondary antibodies in-
cluded Alexa Fluor 488 and Alexa Fluor 594 (1/300; Invitrogen,
Carlsbad, CA, http://www.invitrogen.com). Following incubation,
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the tissue was rinsed and mounted onto positively charged glass
slides, using Fluoromount (Sigma-Aldrich).

RNA Isolation

RNA isolation was performed from the nonperfused brain sam-
ples, using a Qiagen (Hilden, Germany, http://www.qiagen.com)
All-Prep system. All procedures followed the manufacturer’s
guidelines. PurifiedRNA, in the collection tube,wasanalyzedusing
a NanoDrop2000 spectrophotometer (ThermoScientific, Wal-
tham, MA, http://www.thermoscientific.com) and was stored
at 220°C until used for cDNA synthesis. A QuantiTect Reverse
Transcription Kit (Qiagen) was used for cDNA synthesis follow-
ing themanufacturer’s guidelines. Briefly, RNAwas incubated at
42°C for 2 minutes in a genomic DNA elimination buffer. The
solution was transferred to a reverse-transcription master
mix and incubated at 42°C for 30 minutes and then 3 minutes
at 95°C to inactivate the reverse transcriptase. The cDNA was
stored at220°C until used in quantitative polymerase chain re-
action experiments.

Analyses of transcripts were performed by quantitative RT-
PCR, using 23 QuantiTect SYBR Green RT-PCR Master Mix (Qia-
gen). The glyceraldehyde 3-phosphate dehydrogenase gene
(GAPDH) was used as an endogenous control gene. Primers con-
sisted of brain-derived neurotrophic factor (BDNF) and tumor ne-
crosis factor-a (TNF-a; supplemental online Table 1). RT-PCRwas
performed onMyiQ (Bio-Rad, Hercules, CA, http://www.bio-rad.
com), using the following cycling conditions: 10 minutes at 95°C;
then 40 cycles of 10 seconds at 95°C; 10 seconds at 50°C; and 30
seconds at 72°C. The fold change of each iPSC lineage was calcu-
lated using the d-d cycle threshold, normalizing the cycle thresh-
old of each primer pair to GAPDH and then comparing this value
to the normalized cycle threshold of a control sample.

Imaging and Image Analysis

Cell counts, area, and optical densitometry were measured using
ImageJ, at 100, 300, 500, 700, and 900mmanterior from bregma,
as this area contained the transplanted iPSC [21]. Densitometric
measures of CYO, GFAP, IBA1, and CD11b within the entire stria-
tum were taken from sequential sections from the levels de-
scribed above, and the average intensities were normalized to
the corpus callosum of each respective section. CYO-labeled
slideswereused tomeasure theoptical densitometry ofmetabol-
ically active tissue in the striatum, as well as for measurements of
the lateral ventricle and striosome area, as CYO labeling clearly
delineates these structures. The striatum, from the levels de-
scribed above, was measured by tracing along the border of
the lateral ventricle, corpus callosum, and the anterior commis-
sure for both hemispheres. Striosome area was calculated as
the sumof the areas of each striosome in eachof the selected sec-
tions. Methods for rare-event stereology for cell counts were
modified frompreviously publishedprotocols [22]. Briefly, a small
number of sections at uniform intervals from the entire set of sec-
tions containing the area of interest was selected (at 100, 300,
500, 700, and 900 mm anterior to bregma). Counts of cells were
made with optical dissectors, at predetermined x and y coordi-
nates, within each section. Cells were counted as positive cells
if they showed the following: (a) antibody immunoreactivity
within the cell body; (b) the nucleus of that cell was within the
counting frame without touching the exclusion lines; and (c)
the nucleus of that cell was in focus. For cell counts, five sections

(as described above) were analyzed using ImageJ and the average
number of cells per section was calculated.

Statistics

All statistical analyses were performed using SPSS v16 with an a

level equal to 0.05. All behavioral data were analyzed using a re-
peated-measures analysis of variance (ANOVA), to measure
changes between groups and treatments across weeks. Histolog-
ical datawere analyzedusing amultivariateANOVA.Whenappro-
priate, a Tukey’s honestly significant difference (HSD) post hoc
test was performed.

RESULTS

Nosignificantdifferenceswerepresent betweenmale and female
rats in the percent change from baseline weight or latency to fall
from the accelerod. As such, male and female rats were pooled
together for all subsequent analyses.

Weight Analysis

A repeated-measures ANOVA revealed a significant interaction
between groups over time for the percentage change in weight
(F[13,494] = 6.686, p, .001) (supplemental online Fig. 1). A sig-
nificant between-group difference was also observed (F[4,38] =
15.203,p, .001). Tukey’sHSDanalysis revealed significant differ-
ences between sham rats and all other groups across all weeks of
testing. Significant differences in body weight across all weeks of
testing were also observed between 3-NP rats that received iPSC
transplants at either 7 or 21 days and those that did not receive
transplants.

Behavioral Results

A repeated-measures ANOVA revealed significant between-
group differences for the latency to fall in the accelerod task
(F[4,31] = 6.021, p = .001) (Fig. 1). Tukey’s HSD analysis revealed
significant differences between Sham and 3-NP rats, starting at
week 2 and continuing for the duration of the study. The latency
to fall for 3-NP-treated rats transplanted with iPSCs after 7 days
was significantly different from sham rats at weeks 2, 4, 5, and 6.
3-NP rats transplanted with iPSCs after 21 days were significantly
different from sham animals at weeks 4, 5, and 6.

The latency to fall for 3-NP rats transplanted with iPSCs after
42 dayswas significantly different from sham rats atweeks 4, 5, 6,
7, and 10. However, starting at week 4, and continuing through-
out the study, 3-NP animals that received iPSC transplantation at
either 7 or 21 days had significantly higher latencies to fall than
untreated 3-NP rats. Also, 3-NP rats that received transplantation
of iPSCs at 42 days showed significantly higher latencies to fall at
week 9 than untreated 3-NP rats. Interestingly, rats in the 42-day
group displayed significant motor impairments, similar to rats re-
ceiving 3-NP without transplants before receiving transplanta-
tion, but then displayed significant motor recovery 3 weeks
after transplantation.

At 9 weeks after the administration of 3-NP, all rats that re-
ceived transplantation of iPSCs performed at levels that were
not significantly different from sham controls, but had signifi-
cantly longer latencies to fall off the accelerod task, relative to
rats that received 3-NP without transplants.
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Histological Results

A one-way ANOVA of the brain scans labeled with CYO (used to
delineate structures of the brain) revealed significant between-
group differences in optical densitometry of striatal tissue (F
[4,64] = 14.770, p , .001) (Fig. 2A), striosome area (F[4,119] =
3.783, p, .01) (Fig. 2B), and in the area of the lateral ventricles
(F[4,32] = 13.377, p, .001) (Fig. 2C). A Tukey’s HSD revealed that
the optical densitometry measure in the striata of 3-NP control
rats and 3-NP rats receiving iPSC transplantation at 42 days was
significantly lower than sham rats. A Tukey’s HSD also revealed
that rats receiving iPSC transplantation at 7 or 21 days had signif-
icantly higher measures of optical densitometry in the striatum
than untreated 3-NP rats or 3-NP rats that received iPSC trans-
plantation at 42 days.

A Tukey’s HSD analysis revealed that the area of the strio-
somes was significantly larger for 3-NP rats and 3-NP rats receiv-
ing iPSC transplantationat42-daygroups, as comparedwith sham
rats. A Tukey’s HSD revealed that rats receiving iPSC transplanta-
tion at 7or 21dayshad significantly smaller striosomeareaswhen
compared with 3-NP controls or 3-NP rats receiving iPSC trans-
plantation at 42 days. A significant increase in striosome size
was observed in 3-NP rats without transplants, when compared
with sham rats. This striosome enlargement was prevented by
the transplants in the 7-day and 21-day transplant groups.

Lastly, Tukey’s HSD analysis revealed that 3-NP controls had
significantly larger lateral ventricles when compared with sham
rats. All groups receiving iPSC transplantation had significantly
smaller lateral ventricles when compared with untreated 3-NP
rats. Interestingly, rats receiving iPSC transplantations at either 7
or42dayshadsignificantly smaller lateral ventricles thanshamrats.

A one-way ANOVA revealed significant between-group
differences in the average optical densitometry of CD11b
(F[4,103] = 9.758, p , .001) (Fig. 3A), IBA1 (F[4,213] = 7.252,

p , .001) (Fig. 3B), and GFAP (F[4,100] = 5.807, p , .001)
(Fig. 4A). A Tukey’s HSD analysis revealed that groups receiving
3-NP, regardless of whether they received an iPSC transplant,
had higher optical densitometric levels of CD11b than sham rats.
It was also shown that 3-NP rats receiving iPSC transplantation at
either 7 or 42 days had significantly higher optical densitometry
for CD11b labeling in the striatum than did 3-NP control rats.

A Tukey’s HSD analysis revealed that 3-NP rats receiving iPSC
transplant at either 21 or 42 days displayed significantly higher
GFAP labeling than sham rats and 3-NP rats that received trans-
plantation of iPSCs at 7 days. The 3-NP rats receiving iPSC trans-
plantation at 7 days displayed significantly more astrocyte
activation than 3-NP control rats. A Tukey’s HSD analysis revealed
that 3-NP control rats had a significantly higher macrophage re-
sponse, as determined by IBA1 labeling, relative to sham rats
and all rats receiving iPSC transplantation.

All rats receiving transplants displayed surviving iPSCs around
the injection site at the conclusion of the study. However, using
rare-event stereology, a significant between-group effectwas ob-
served for the average number of surviving iPSCs (F[2,39] = 8.709,
p = .001) (Fig. 5A). A Tukey’s HSD revealed that the 7-day trans-
plantation time point had significantly more surviving iPSCs than
the 21- or 42-day transplantation group.

One-wayANOVA revealed a significant between-groupdiffer-
ence in the number of NeuN-positive cells in the area around the
transplant site (F[4,95] = 4.374, p, .05) (Fig. 6A). A Tukey’s HSD
revealed that 3-NP control rats and 3-NP rats receiving iPSC trans-
plants at 42 days had significantly fewer NeuN-positive cells than
sham rats. A Tukey’s HSD revealed that 3-NP rats that received
iPSC transplantation at 7 days had a significantly greater amount
of NeuN-positive cells than the 3-NP control rats or the 3-NP
rats receiving transplantation at either 21 or 42 days. A signifi-
cant between-group difference was found in the number of

Figure 1. Accelerod data from iPSC-transplanted 3-NP rats. Analysis ofmotor coordination revealed significant between-group differences for
the latency to fall in the accelerod task. Starting at week 4, and continuing throughout the study, 3-NP rats that received iPSC transplantation at
either 7 or 21 days had significantly higher latencies to fall than 3-NP rats that did not receive transplants. Also, 3-NP rats that received trans-
plantation of iPSCs at 42 days showed significantly higher latencies to fall at week 9 than 3-NP rats that did not receive transplants. (Bar graph
representsmean value; error bars represent SEM; arrows indicate the time of iPSC transplantation for each group; p, significantly different from
sham rats, p, .05; †, significantly different from 3-NP rats, p, .05; #, significantly different from 3-NP iPSC 7-day rats, p, .05; ‡, significantly
different from 3-NP iPSC 42-day rats, p , .05.) Abbreviations: 3-NP, 3-nitropropionic acid; iPSC, induced pluripotent stem cell.
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transplanted iPSC cells thatwere colocalizedwithNeuN (F[2,39] =
7.896, p = .001) (Fig. 6B). Tukey’s HSD revealed that the 7-day
transplantation grouphadmore iPSCs colocalizedwithNeuNthan
either the 21- or 42-day group.

Similarly, a significant between-group difference was ob-
served in the number of DARPP32-positive cells in the area
around the transplant site (F[4,114] = 2.814, p , .05) (Fig. 6C).
A Tukey’s HSD revealed that 3-NP control rats had significantly
fewer DARPP32-positive cells in the area around the transplant
site, compared with sham rats. It was also found that 3-NP rats
receiving iPSC transplantation at 21 days had significantly more
DARPP32-positive cells than 3-NP control rats. However, no
between-groupdifferenceswereobserved in thenumberof iPSCs
colocalizing with DARPP32 (F[2,39] = 0.083, p. .05) (Fig. 6D).

mRNA Expression

Quantitative RT-PCR of striatal tissue revealed no significant dif-
ferences in the mRNA expression of BDNF between all groups (F
[4,18] = 0.443, p. .05) (Fig. 7A). Quantitative RT-PCR of striatal
tissue did, however, reveal a significant difference in the mRNA
expression of TNF-a (F[4,18] = 4.776, p , .05) (Fig. 7B), with
the 3-NP 21-day and 42-day group having significantly lower lev-
els than sham group.

Quantitative RT-PCR revealed significant between-group dif-
ferences in the mRNA expression for TNF-a, with the 21-day and
42-day transplant groups showing reduced levels of TNF-a, rela-
tive to those in the sham and 7-day transplant groups.

DISCUSSION

Chronic administration of 3-NP caused a significant decrease in
weight and impaired motor coordination, as measured on the
accelerod, in rats. Whereas motor impairment was prevented
or rescued after transplantation of iPSCs, no effect on weight loss
was observed. All rats injected with 3-NP displayed a significant
decrease in weight, regardless of therapeutic intervention. How-
ever, as shown in supplemental online Figure 1, rats given trans-
plants had a nonsignificant trend toward having lower body
weights. Further work is needed to ensure that such transplants
do not exacerbate toxic- or disease-induced weight loss.

Interestingly, after transplantation of iPSCs, 3-NP-treated rats
displayed either a preservation of motor function or behavioral
recovery. Although 3-NP-treated rats in the 7-day and 21-day
transplant groups displayed motor dysfunction when compared
with sham rats at 1 week after their therapeutic intervention,
there was evidence of some preservation ofmotor abilities, as in-
dicated by a significantly longer latency to fall when compared
with rats receiving only 3-NP. The 3-NP-treated rats in the 42-
day transplant group mimicked the progressive decline in motor
performance, when compared with the 3-NP-treated rats that
did not receive transplants. However, after transplantation of
iPSCs, rats in the42-day groupperformed significantly better than
3-NP-treated rats that did not receive transplants and were not
significantly different from sham animals at weeks 8 and 9. Data
from the early- and middle-stage intervention indicated that
iPSCs may be able to prevent the progressive loss of motor

Figure 2. Cytochrome oxidase labeling. (A): Analysis of the brain scans labeled with CYO revealed significant between-group differences in
optical densitometry measures in the striatum (B). It was also revealed that rats receiving iPSC transplantation at 7 or 21 days had significantly
higher optical densitometry measures in the striatum than 3-NP rats that did not receive transplants or 3-NP rats that received iPSC transplan-
tation at 42 days. In addition, analysis of the striosome area revealed significant between-group differences (C). Rats receiving iPSC transplan-
tation at 7 or 21 days had significantly smaller striosome area when compared with 3-NP rats that did not receive transplants or 3-NP rats that
received iPSC transplantation at 42 days. Scans from the same sections also revealed significant between-group differences in the area of the
lateral ventricles (D). All groups receiving iPSC transplantation had significantly smaller lateral ventricleswhen comparedwith 3-NP rats that did
not receive transplants. (Bar graph represents mean value; error bars represent SEM; p, significantly different from sham rats, p , .05;
†, significantly different from 3-NP rats without transplants, p, .05; #, significantly different from 3-NP iPSC 7-day rats, p, .05; ‡, significantly
different from 3-NP iPSC 42-day rats, p , .05.) Abbreviations: 3-NP, 3-nitropropionic acid; iPSC, induced pluripotent stem cell; OD, optical
density.
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coordination, as measured on the accelerod, and that late-stage
transplantation of iPSCs can promote behavioral recovery. Trans-
plantationof pluripotent cells, isolated fromfetal tissue, hasdem-
onstrated similar preservation of motor function in animal
models of HD [23–28], but our findings provide the first demon-
strationof iPSC-induced functional recovery in aHD rodentmodel
do date.

Optical densitometric measures, taken from the striatum,
revealed that 3-NP-treated rats that did not receive transplants
and 3-NP-treated rats receiving iPSC transplantation at 42 days
had significantly lower values than did sham rats. This decrease
indicates a loss in metabolic activity in striatal tissue at the end
point of the study. These results were not unexpected, as admin-
istration of 3-NP causes a significant lesion in the striatum of rats
[15]. However, rats receiving iPSC transplantation at 7 or 21 days
had significantly higher levels of optical densitometry of CYO
labeling in the striatum than untreated 3-NP rats or 3-NP
rats that received iPSC transplantation at 42 days, suggesting
a preservation of the metabolic activity in the striatum. This find-
ing corresponds to other studies that have shown transplantation
of human embryonic neuronal stem cells reduces striatal atrophy
in animals with surviving grafts [29–31].

Measures of striosome size were also responsive to trans-
plants of iPSCs. The striatum is made of two complementary
chemical components, the extracellular matrix, thought to con-
tain many of the input-output connections of the medium spiny
neurons, and the striosomes, which are thought to projectmainly
to the dopamine-containing neurons in the substantia nigra pars

compacta [32]. Striosomes are widely distributed throughout the
striatum and are thought to exert a global influence on striatal
processing and that imbalances within the striosome/matrix re-
lationship are related to symptomatology of HD [32]. A significant
increase in striosome size was observed in 3-NP-treated rats that
did not receive transplants, when compared with sham rats, indi-
cating an imbalance in the striatal tissue. This striosome enlarge-
ment was not observed in the 7-day and 21-day transplant
groups, suggesting that transplantation of iPSCs at these time
pointsprevents this reorganizationof striatal tissue. Interestingly,
3-NP-treated rats that received iPSC transplantation at 42 days,
while displaying behavioral recovery, showed similar levels of
striosome enlargement, suggesting a disjunction between behav-
ioral recovery and striosome size.

Histological analysis revealed that rats receiving 3-NPwithout
transplants had significant larger lateral ventricles, when com-
pared with sham rats. Rats in the 7-day or 21-day transplant
groups did not have the significant lateral ventricle enlargements
thatwere observed in the 3-NP rats that did not receive the trans-
plants. Interestingly, rats in the 42-day group had no significant
enlargement of the lateral ventricles.

Taken together, it is apparent that administration of 3-NP
over the time course of this study induced striatal degeneration,
as observed by a decrease in the optical densitometric measures
of CYO in the striatum, an enlargement of the striosome area
within the striatum, and lateral ventricle enlargement. Rats
in the 7-day or 21-day transplant groups did not display
these same 3-NP-induced deficits, and the anatomy of these

Figure 3. Measures of inflammation. Analysis of the immune response asmeasured by optical densitometry of CD11b (A) and IBA1 (B) to 3-NP
and transplanted iPSCs. Analysis of expression levels revealed significant between-group differences in the average optical densitometry of
CD11b, with all groups receiving 3-NP having higher optical densitometry measures for CD11b than sham rats (C). Significant between-group
differences in the average optical densitometry of IBA1 (D) were also observed, revealing that 3-NP rats without transplants had significantly
moremacrophage infiltration than sham rats and all rats receiving iPSC transplantation. (Bar graph representsmean value; error bars represent
SEM; p, significantly different from sham rats, p, .05; †, significantly different from 3-NP rats, p, .05.) Abbreviations: 3-NP, 3-nitropropionic
acid; iPSC, induced pluripotent stem cell; OD, optical density.
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structures more closely resembled those of the sham-injected
rats. These data suggest that the early andmiddle intervention
time points were successful in preventing this specific striatal
degeneration. Interestingly, rats in the 42-day transplant group
did not show the same level of striatal sparing as rats in the 7- or
21-day transplant group, despite displaying significant behav-
ioral recovery. Rats in the 42-day transplant group displayed
a similar decrease in striatal optical densitometry and strio-
someenlargement as the 3-NP-treated rats that did not receive
transplants but did not have lateral ventricle enlargement. As
a result of the late-stage intervention in the 42-day transplant
group, it is possible that much of the striatal loss and reorganiza-
tionmay have already occurred, making it difficult for the trans-
planted cells to effectively rebuild the striatum. It is possible
that the iPSCs in the 42-day transplant group may require more
time in vivo, following transplantation, to fully integrate into the
striatum and reverse some of the HD-related pathology.

When examining the immune response to these transplanted
cells, an analysis of activated microglia (CD11b) revealed that all
rats that received 3-NP had significantlymore activatedmicroglia
than sham rats and that rats in the 7-day and 42-day groups had
more activated microglia than rats receiving 3-NP without trans-
plantation, indicating possible local immune responses to the
transplanted cells. An analysis of macrophage response (IBA1)
revealed that the 3-NP rats that did not receive transplants had
significantly more positive IBA1 labeling than all other groups, in-
dicating that the transplants did not activate a significant host
macrophage response. The immune response, in terms of the
iPSC-transplant-induced activated microglia and macrophage re-
sponse observed in this study, has also been reported previously
in a study [12, 33]. Althoughan immune responsewasobserved in
terms of CD11b and IBA1 labeling present in the brain of these
rats, transplanted cells were still visualized. In addition, none of
the 3-NP iPSC-transplanted groups showed an upregulation of
mRNA expression of TNF-a, suggesting that there was not a con-
tinuous immune response to these cells. TNF-a is implicated to
play a central role in initiating the cascade of cytokines that are
responsible for an immune response in the brain [34] and can
be a general indicator of the immune response after cell trans-
plantation. These data, along with immunohistochemistry of
IBA1 and CD11b, suggest that the transplanted cells were toler-
ated relatively well by the host immune system.

Immunohistochemical analysis of astrocyte activation around
the transplant site revealed that astrocyte activation was depen-
dent on the time of iPSC transplantation. Rats in the 21-day or 42-
day transplant groups displayed more astrocyte activation than
the sham rats or rats in the 7-day transplant group. Less than
1% of iPSCs displayed colocalization with the astrocyte marker
GFAP, suggesting that very few transplanted iPSC differentiated
into astrocytes. It has been previously reported that, following
transplantation of embryonic neural stem cells, the majority of
the transplanted cells differentiated into glial lineage [33]. This
discrepancy in the amount of GFAP labeling between our study
and the previous work may be due in part to the specific location
in which the neural stem cells were harvested and/or the type of
culture media used before transplantation.

Similar to transplantation of these iPSCs into a healthy rat
striatum [12], transplantation into the striata of a 3-NP brain
revealed survival and differentiation into mature, region-specific
neurons in the brain of the rats at all time points. The number
of surviving iPSC at the conclusion of the study was dependent

Figure 4. Optical densitometry of GFAP from the transplant site.
Astrocytes (GFAP; green)wereobservedaround the transplanted iPSCs
(blue), but no colocalization was observed between the two labels. A
significant between-group difference in the average optical densitom-
etry of GFAP (A)was observed. It was revealed that 3-NP rats receiving
iPSC transplant at either 21 or 42 days displayed significantly higher
GFAP labeling than sham rats and 3-NP rats that received transplanta-
tion of iPSCs at 7 days. The 3-NP rats receiving iPSC transplantation at 7
days displayed significantly more astrocyte activation than 3-NP rats
that did not receive transplants. Sham rats are shown in (B–D); 7-
day iPSC rats are shown in (E–G); 21-day iPSC rats are shown in
(H–J); 42-day rats are shown in (K–M); 3-NP rats that did not receive
transplants are shown in (N–P). (Scale bar = 50 mm; bar graph repre-
sents mean value; error bars represent SEM; p, significantly different
from sham rats, p , .05; †, significantly different from 3-NP rats,
p , .05; #, significantly different from 3-NP iPSC 7-day rats, p , .05.)
Abbreviations: 3-NP, 3-nitropropionic acid; GFAP, glial fibrillary acidic
protein; iPSC, induced pluripotent stem cell; OD, optical density.
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on the transplantation time point. It was observed that the 7-day
transplant group had themost surviving cells at the conclusion of
the study,with the21-day transplant grouphaving fewer than the

7-day group, and the 42-day transplant group having the fewest.
Perhaps early intervention, before widespread cell loss in the
striatum, would allow for the cells in the 7-day transplant group
to integrate more efficiently. It is possible that the lower number
of surviving cells in the 42-day transplant group is a result of the
microenvironment into which the cells were transplanted.
Chronic exposure to 3-NP causes mitochondrial dysfunction
and eventual cell death in a time-dependent manner. Early-
and middle-intervention time points used in this study may have
preceded changes in the microenvironment that made it unsuit-
able for cell survival following transplantation, and this could ac-
count for the time-dependent decrease in transplant survival.

As previously described [14, 15, 35], chronic administration of
3-NP leads to significant cell death, specifically of the medium
spiny neurons. In our study,we observed significant neuronal loss
in the 3-NP rats without transplants, when compared with sham
rats. In the 7-day transplant group, there was no significant de-
crease in the number of neuronal cells within the striatum, sug-
gesting that iPSC transplantation at this time point prevented
or restored neuronal loss. An intermediate effect was observed
in the 21-day transplant group, as they did not significantly differ
fromeither the sham- or 3-NP-treated animals. Rats in the 42-day
transplant group resembled3-NP-treated rats thatdidnot receive
transplants, which corresponds to earlier data suggesting that
this intervention time point may have been too late to prevent
3-NP-induced neuronal loss or rescue affected cells. The signifi-
cant sparing of NeuN-positive cells in the striatum after iPSC
transplantation can be accounted by examining the percentage
of iPSCs that differentiated into neuronal lineages (as measured
by colocalization with NeuN; white arrowheads in Fig. 5E–5T).
This examination revealed that the 7-day transplant group had
significantly more iPSCs colocalized with NeuN than iPSCs that
were transplanted at 21 or 42 days, suggesting an increase in neu-
ronal differentiation at this early time point.

It was observed that the neurotoxin 3-NP significantly re-
duced the number of Darpp32-positive cells, indicating a loss of
striatal neurons in the 3-NP-treated rats that did not receive
transplants. However, this loss of medium spiny neurons was
not observed in all 3-NP-treated rats that received transplanta-
tion of iPSCs. There was also no difference between transplanta-
tion timepointswith regard to thenumber of iPSCs that displayed
colocalization with Darpp32, suggesting that the time point in
which these cells are transplanted did not affect their ability to
differentiate into medium spiny neurons. The lack of differences
between transplantation timepoints andDARPP32 colocalization
may explain why the 7-day iPSC transplant group demonstrated
such robust survival, evenwith longer exposure to the 3-NP toxin.
Although it was clearly demonstrated that a portion of the trans-
planted iPSCs can express neuronal phenotypes after transplan-
tation, further characterization of transplanted cells, at multiple
time points, is needed to determine the fate of the transplanted
cells. Given that only mature neuronal cells or astrocytes were vi-
sualized through colocalization analysis, it is possible that the
remaining transplanted iPSCs expressed markers of immature
and developing neurons. This question will be the focus of future
research with the transplantation of iPSCs into neurodegenerative
diseases, as well as protocols to enhance the cell population to
differentiate into neuronal lineages after transplantation.

When examining the role of trophic support from trans-
planted iPSCs, it was found that no significant differences existed
between all groups in mRNA expression of BDNF, suggesting that

Figure 5. Immunohistochemical analysis of transplanted iPSCs (blue),
mature neurons (NeuN; green), andmedium spiny neurons (Darpp32;
red). All transplanted rats displayed surviving iPSCs (blue) around the
injection site at the conclusion of the study. However, a significant be-
tween-group effect was observed for the average number of surviving
iPSCs (A). Itwas revealed that the 7-day transplantation timepoint had
significantly more surviving iPSCs than the 21- or 42-day transplanta-
tion group. Sham rats are shown in (B–E); 7-day iPSC rats are shown
in (F–I); 21-day iPSC rats are shown in (J–M); 42-day rats are shown
in (N–Q); 3-NP rats that did not receive transplants are shown in
(R–U). (Scalebar=50mm;colocalization isshownbywhitearrowheads;
bar graph represents mean value; error bars represent SEM; #, signif-
icantly different from 3-NP iPSC 7-day rats, p , .05.) Abbreviations:
3-NP, 3-nitropropionic acid; iPSC, induced pluripotent stem cell.
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the motor and histological deficits associated with 3-NP adminis-
tration were not because of a depletion of BDNF and that the
motor recovery and anatomical preservation observed in the iPSC
transplant group were not the result of trophic support alone, as
wasobserved inpreviousworkwithmesenchymal stemcell trans-
plantation in our laboratory [15, 36–38].

CONCLUSION

Taken together, these data represent an initial finding of behav-
ioral recovery and neuronal/morphological sparing after trans-
plantation of iPSCs in an animal model of HD. It has been
previously demonstrated that transplantation of human ESC-
derived neurons can promote restoration of motor function in
a quinolinic-acid lesion mouse model of HD [39]. In their study,
the transplanted cells were able to survive for at least 4 months

and express bothmarkers of GABAergic neurons andbIII-tubulin.
However, their transplant was performed in immune-deficient
SCID mice [39]. Our study is the first to date to demonstrate that
cells, reprogrammed to a pluripotent state, can reduce HD-like
deficits in a nonimmune-suppressed, progressive model of HD.
These data also suggest that transplantation of iPSCs, derived
from tail-tip fibroblasts and reprogrammed with our adenovirus
pair, is safe (i.e., no evidence of tumor formation or observable
side effects), can survive in a neurodegenerating brain, and can
differentiate into region-specific neuronal phenotypes. Our
results also highlight the need for nonintegrative strategies for
producing iPSCs for therapeutic use. Recently, it was reported
that iPSCs generated by retroviral reprogramming have incom-
plete transgene silencing and that these cells did not differen-
tiate as efficiently as iPSC generated from a Sendai virus [40].
As a result of the concern regarding tumor formation following

Figure 6. Cell counts of mature neurons, medium spiny neurons, and colocalization with transplanted iPSCs. A significant between-group dif-
ference in the number ofNeuN-positive cells in the area around the transplant site (A)wasobserved. Itwas revealed that 3-NP rats that received
iPSC transplantation at 7dayshada significantly greater amountofNeuN-positive cells than the3-NP rats thatdid receive transplants or the3-NP
rats receiving transplantation at either 21 or 42 days. A significant between-group differencewas found in the number of transplanted iPSC cells
colocalizingwithNeuN (B). Itwas found that the7-day transplantation grouphadmore iPSCs colocalizedwithNeuN thaneither the21- or 42-day
group.A significant between-groupdifferencewasobserved in thenumber ofDARPP32-positive cells in the areaaround the transplant site (C). It
was found that 3-NP rats receiving iPSC transplantation at 21 days had significantly more DARPP32-positive cells than 3-NP control rats. How-
ever, no between-group differences were observed in the number of iPSCs colocalizing with DARPP32 (D). (p, Significantly different from sham
rats, p, .05; †, significantly different from 3-NP rats, p, .05; #, significantly different from 3-NP iPSC 7-day rats, p, .05.) Abbreviations: 3-NP,
3-nitropropionic acid; iPSC, induced pluripotent stem cell; NeuN, neuronal nuclei.
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iPSC transplantation, most likely because of the reactivation of c-
Myc, protocols have been developed to generate iPSCs in the ab-
sence of c-Myc [41–43]. It has been found that iPSC generated, in
the absence of c-Myc, with Oct4, Sox2, and Klf4, generated high-
quality pluripotent cells that did not develop teratomas in mice,
although the reprogramming time was longer for iPSCs without
c-Myc [41]. In an attempt to characterize whether iPSCs derived
without c-Myc were safe, in vivo, after transplantation, another
group generated iPSCs without c-Myc and showed that these
cells mobilized to the damaged liver in mice and rescued them
from lethal acute hepatic failure [42]. Interestingly, in that
study, no tumor formation was found at 6 months following
transplantation, indicating that these cells provide a safer iPSC
for transplantation into the liver. This group further tested the
efficacy of iPSCs, derivedwithout c-Myc, in a ratmodel of retinal
ischemia and found that the transplanted cells survived in the
absence of tumor formation for 6 months [43]. In that study,
it was found that the non-c-Myc iPSC restored many of the def-
icits observed after retinal ischemia [43]. The presence of the onco-
genec-Myc in iPSCmay leadtotumorigenicitybyoverstimulatingcell
growth and/or cell metabolism. In our method of generating iPSCs
from rat TTF, only transient expression of c-Myc is induced via ade-
novirus reprogramming, and the reprogramming factors are no lon-
ger present once iPSCs are formed [12]. Whereas our method for
generating iPSCdiffers fromtheabove-mentioned studies, the same
theory of eliminating the potentially oncogenentic factors from our
iPSCs is used to create a safer cell type for transplantation studies.

Furthermore, our study suggests that when transplantation
of iPSCs is done early in the progression of the disease, it not only
prevents a decline in motor function but also prevents anatom-
ical alterations in the brain. Overall, rats that received iPSC
transplantation at 7 days after the administration of 3-NP did
not displaymotor dysfunction, did not exhibit a decrease inmet-
abolic activity or enlargement of the lateral ventricles, did not
display significant neuronal loss, and had the highest number

of surviving iPSCs at the end point of this study. As such, these
findings support the hypothesis that our newly describedmethod
of producing iPSCs may prove to be therapeutically efficacious
and clinically relevant for the treatment of HD. Although this
study is one of the first to describe functional and neuropatholog-
ical improvements after transplantation of undifferentiated,
adenovirus-generated iPSCs, future studies are needed to more
fully characterize the safety of these cells following transplanta-
tion, as well as improving methods to increase the neuronal, and
region-specific, differentiation of iPSCs after transplantation, and
to examine this approach in a transgenic model of HD.
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Figure 7. Quantitative real-time polymerase chain reaction (RT-PCR) of striatal tissue for mRNA expression of BDNF and TNF-a. Quantitative RT-
PCRofstriatal tissue revealednosignificantdifferences in themRNAexpressionofBDNFbetweenall groups (A), butdid reveal a significantbetween-
group difference in the mRNA expression of TNF-a (B). No reduction in BDNF expression was observed in the 3-NP rats without transplantation,
indicating that behavioral deficits are not the result of depletion of this trophic factor. The downregulation of TNF-a in the rats that received trans-
plantation of iPSCs at 21 and 42 days is indicative of a general deactivation of the immune response to the transplanted cells. (Bar graph represents
mean value; error bars represent SEM; p, significantly different from sham rat,p, .05; #, significantly different from3-NP iPSC 7-day rats, p, .05.)
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