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Abstract
Huntington’s disease (HD) is an inherited progressive neurodegenerative disorder characterized by
progressive movement, psychiatric and cognitive disturbances. Previous studies have indicated that
HD pathogenesis may be mediated in part by loss of brain derived neurotrophic factor (BDNF).
Antidepressants selectively blocking serotonin reuptake can increase BDNF levels, and also may
increase neurogenesis. Here we report that an SSRI antidepressant, sertraline, prolongs survival,
improves motor performance, and ameliorates brain atrophy in the R6/2 HD mouse model. Six-week-
old R6/2 mice and nontransgenic control mice were administered either sertraline or vehicle daily.
Motor function was assessed in an accelerating rotarod test and evaluated at 10 weeks. R6/2 mice
exhibited reduced time on the rod. Sertraline treatment improved the motor performance in R6/2
mice, but did not affect nontransgenic mice. R6/2 mice showed significant striatal atrophy which
was reduced by sertraline treatment. These beneficial effects of sertraline are associated with
enhanced neurogenesis and increased BDNF levels in brain treated with sertraline. The effective
serum and brain levels of sertraline are comparable to the levels achieved in human antidepressant
treatment. Our findings provide evidence that sertraline is neuroprotective in this HD model.
Successful treatment with sertraline in depressed HD patients has been reported; moreover, sertraline
is safe and well-tolerated for long-term administration, including in HD patients. Our findings suggest
that a clinical trial of SSRI treatment in order to retard disease progression in human HD may be
warranted.
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Introduction
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder characterized
by progressive impairment of motor function accompanied by psychiatric disturbance and
dementia (Reiner et al., 1998; Vonsattel et al., 1985; Myers et al., 1988;). The first clinical
symptoms of HD are often psychiatric abnormalities, including depression and mood
disturbances (Duff et al., 2007). Involuntary movements and dementia develop over the next
15–20 years. Although the mechanism of neuronal degeneration in HD is unclear, it is thought
that disease onset and progression in part involve dysregulation of transcription (Cha 2000;
Sugars and Rubinsztein, 2003) and deficits of neurotrophic factor brain derived neurotrophic
factor (BDNF) (Zuccato et al., 2001; Zuccato et al., 2005; Zuccato and Cattaneo 2007; Ferrigno
and Silver, 2000; Gauthier et al., 2004; Cowan and Raymond, 2006;) leading to cumulative
neuronal loss.

Neurochemical abnormalities in HD patients include reduced levels of BDNF (Ferrer et al.,
2000; Ciammola et al., 2007). This is also recapitulated in HD mouse models (Zuccato et al.,
2001; Duan et al., 2003). There is a reciprocal interaction between BDNF and 5-HT signals:
5-HT stimulates the expression of BDNF, and BDNF enhances the growth and survival of 5-
HT neurons. Impaired 5-HT and BDNF signaling is believed to be involved in depression and
anxiety disorders, but could also play important roles in the pathogenesis of several age-related
disorders including Huntington’s disease (Mattson, et al 2004). Other studies have shown that
BDNF can protect neurons against insults that occur in the pathogenesis of HD (Bemelmans
et al., 1999; Kells et al., 2004; Canals et al., 2004; Cepeda et al., 2004; Pineda et al., 2005;
Zuccato et al., 2005; Lynch et al., 2007). These studies suggest that increasing BDNF levels
is beneficial in HD. Altered neurogenesis has been reported in HD mouse models and in human
postmortem brains (Phillips et al., 2006; Phillips et al., 2005; Grote et al., 2005; Gil et al.,
2005; Lazic et al., 2004; Curtis et al., 2003). In addition to promoting neuronal survival, BDNF
also regulates neurogenesis (Duman, 2004; Cotman and Berchtold 2002).

Selective serotonin reuptake inhibitors (SSRIs), which are widely prescribed for depression
and severe anxiety disorders, may also have therapeutic potential as neuroprotective agents
(Sanchez et al., 2001). Chronic but not acute administration of sertraline increased BDNF
expression in rodent brain (Nibuya et al., 1995; Nibuya et al., 1996; Moltzen and Bang-
Andersen, 2006) and stimulate neurogenesis (Malberg and Blendy, 2005). We previously
showed that the SSRI paroxetine is neuroprotective in the N171-82Q HD mice (Duan et al.,
2004). Therefore we explored another SSRI, sertraline in a widely used HD mouse model in
present studies. Since neuroprotective drugs for HD will need to be given over long periods,
it is important that they are safe and well-tolerated. SSRIs are well tolerated over long term
administration in patients. There is currently no therapy available in the clinic to delay onset
or prevent disease progression of HD. Our current findings suggest a rationale for clinical trials
of sertraline and SSRIs in HD patients.

Materials and Methods
Mice and drug administration

Transgenic HD mice of R6/2 line were originally purchased from Jackson laboratories (Bar
Harbor, ME) and the colony was maintained by breeding heterozygous R6/2 males with
females from their background strain (F1 of CBA × C57Bl/6). Tails of the offspring were used
to obtain DNA for determination of the genotype and CAG repeat size by PCR assay. The mice
were housed in groups with access to food and water ad libitum and a 12-h light/dark cycle.
All experimental mice were housed in cages including an orange mouse igloo and a green
nylabone setting in the cage, and wet mash was provided to all R6/2 mice, starting at weaning.
The CAG repeat size for all experimental R6/2 mice ranged from 103 to 112. Sertraline
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hydrocholoride (99% purity. Toroton Research Chemicals Inc, Canada) was administered to
mice by daily intraperitoneal injection. All animal experiments were performed according to
procedures approved by the Institutional Animal Care and Use Committee at Johns Hopkins
University.

Behavioral test and Survival study
All mice were randomly divided into each group. Nontransgenic control mice are wild type
littermates. There are 15 mice in each group at the beginning for survival study and motor
behavioral analyses. We used the same set of animals for survival analyses and motor
performance tests.

Survival was monitored twice a day, at early morning and late afternoon daily, by two
experienced investigators (QP, WD). The mice were euthanized when HD mice were unable
to right themselves after being placed on their backs and initiate movement after being gently
prodded for 30 sec.

Motor behavioral performance was assessed with a rotarod apparatus (Columbus Instrument,
OH) in which the time the mouse remains on the rod at accelerating speed from 4 to 40 rpm is
measured. Each mouse was trained for 5 minutes and the training session was followed by a
1-hour rest period in the home cage. Mice were then placed back on the rotarod for three trials
of maximal 5 minutes at accelerating speeds (4–40 rpm) separated by a 30-minute rest period.
Mice were tested for three consecutive days, by which time a steady baseline level of
performance was attained.

BrdU administration, immunohistochemistry, and stereological quantification
For the neurogenesis study, we used different sets of mice. There are 4 mice at each group. All
mice were received twice daily injections of 50 mg/kg of BrdU (5-bromo-2-deoxyuridine;
Sigma) in sterile 0.9% NaCl solution at 8 hours apart for 5 consecutive days. Animals in the
cell proliferation study group were perfused by 4% buffered paraformadehyde at 3 days after
the last BrdU injection, and animals in the cell survival study group were perfused by 45
paraformadehyde at 3 weeks after the last injection. BrdU immunostaining was performed as
previously described (Lee et al., 2002). Briefly, coronal brain sections (40 µm) were treated
with 0.6% H2O2 for 30 minutes to quench endogenous peroxidases, the sections were incubated
in 2 N HCl for 30 minutes at 37 °C and washed in 0.1 M borate buffer (pH 8.5) for 10 minutes.
For light microscope quantification of BrdU-labeled cells, a series of every sixth 40-µm section
was used. Sections were blocked in 1 × TBS containing 3% horse serum and 0.3% Triton X-100
for 1 hour, followed by incubation in anti-BrdU antibody (1:200, BD Biosciences) or EM48
( 1:200, rabbit polyclonal anti-polyglutamine antibody, Millipore) overnight at 4 °C. Sections
were then incubated with biotinylated anti-mouse IgG or anti-rabbit (Vector Laboratory, CA)
for 1 hour at room temperature. The immunoreactive product was detected by using the
vectastain ABC kit enhancing system (Vector Laboratory. CA) and diaminobenzadine (DAB)
as substrate. Sections were counterstained with Nissl substrate for stereological quantification.

Stereology counting was performed in serial coronal sections and done on blind-coded slides.
The BrdU-positive cell numbers in the subgranule zone (SGZ) of the dentate gyrus (DG) were
assessed by counting all positive cells in sections at the levels of bregma −1.34 to −2.80 by
using conventional light microscopy with 40 × objective in DG region. The distance between
the sections was 240 µm. The ‘optical fractionator’ was used to calculate the number of BrdU-
positive cells in the DG (Schmidt-Hieber et al., 2004). The ‘optical fractionator’ technique
estimates the number of cells by multiplying the sum of cells counted by the reciprocal of the
fraction of the region sampled. For analysis of BrdU cells in the subventricular zone (SVZ),
only the side adjacent to the striatum was quantified. On each section, the region of interest
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was outlined unilaterally under a 5× objective and the enclosed area was calculated. The
stereology investigator software automatically identified and measured profiles. All computer-
identified cell profiles were manually verified as neurons and exported to Microsoft Excel.
Cross-sectional areas were analyzed by using Sigmastat statistical program.

Measurement of volume of striatum and size of lateral ventricle
The volume of the striatum and lateral ventricle measured by histological analysis was
evaluated according to the principle of Cavalieri (Cyr et al., 2005) (volume = s1d1 + s2d2…
sndn, where s = surface area and d = distance between two sections). The Cavalieri principle
is applied to histological data because of the limited number of sections selected. We used
different sets of mice for the volumetric measurement study. There are 4 mice in each group.
Mice were chronically treated with sertraline (10 mg/kg/day, i.p) from age of 6 weeks, and
mice were perfused by 4% paraformadehyde at 10-week-old. We considered 11 anatomical
levels of the striatal sections for the estimation of the volume of each brain. Image capturing
was performed by using a light microscope coupled to a color digital camera (Retina 2000R,
QImaging). The surface area was calculated in each of the 11 Nissl-stained sections by contour
drawing of the striatum and lateral ventricle on each brain hemisphere by using Aperio
Imagescope software (Aperio Technologies). Data were expressed as the average Cavalieri
volume (mm3) ± SEM of four mice per group.

Measurement of sertraline by HPLC/MS/MS
To measure the levels of sertraline in both blood and brain. Both transgenic and nontransgenic
littermates (6 week-old) were used. There are 4 nontrangenic control mice and 4 HD mice used
in the study. Whole brain homogenates were mixed and centrifuged at 2500 × rpm for 10
minutes at 4 °C. A volume of 100 µl of the top organic layer was transferred to a disposable
borosilicate glass culture tube (13×100 mm) and 100 µl of deionized water were added to this
tube, mixed vigorously for 10 s, and centrifuged at 13,000 × rpm for 5 minutes. Volumes of
20 µl were injected onto the HPLC instrument for quantitative analysis. Serum samples were
prepared as previously described (Zhao et al., 2005). Chromatographic analysis was performed
using a Waters X-Terra™ MS (C18 3.5 µm, 50 × 2.1 mm i.d). Separation of the analyses from
potential interfering material was achieved at ambient temperature by using Waters X-Terra™
MS (C18 3.5 µm, 50 × 2.1 mm i.d) packed with a 3.5-µM ODS stationary phase, protected by
a guard column packed with Waters Xterra TM (RP18, 3 µm). The mobile phase used for
chromatographic separation was composed of 70% formic acid (0.1%) in CH3CN, 30%
ammonium acetate (10 mM), and was isocratic at a flow rate of 0.2 ml/min. Method validation
runs for serum and brain tissue calibration standard and quality controls were performed on 3
consecutive days and include a calibration curve processed in duplicate, and quality control
samples, at four different concentrations, in triplicate. The accuracy and precision of the assay
was assessed by the mean relative percentage derivation from the nominal concentrations and
the within and between run, respectively.

ELISA analysis of BDNF protein levels
There are four mice in each group for BDNF analysis. Mice were administered sertraline (10
mg/kg/day) for 4 weeks starting from 6 week-old age. Three different brain regions including
hippocampus, striatum and cortex were dissected for the assay. Brain tissues were
homogenized in lysis buffer (137 mM NaCl, 20 mM Tris, 1% NP-40 detergent, 10% glycerol,
1 mM phenylmethylsulfonylfluoride, 10 mg/ml aprotinin, 1 mg/ml leupeptin, and 0.5 mM
sodium orthovanadate; pH 7.2) at 4°C. Homogenates were centrifuged at 2000 × g for 20 min
at 4°C, and supernatant fractions were used for ELISA analysis. BDNF protein levels were
quantified by BDNF Emax Immunoassay (Promega) as described previously (Duan et al.,
2003). The intra- and inter-assay variability for the BDNF ELISA was 0.55 pg and 1.24 pg,
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respectively. The concentrations of BDNF in each sample were determined in duplicate, and
the average of the two values was used as the value for that mouse.

Double Immunofluoresent staining
Sections were quenched and blocked as described above, then incubated in mixed antibodies
(rat anti-BrdU, 1:200, Serotec; mouse anti-NeuN, 1:200, or rabbit anti- GFAP, 1:1000,
Chemicon Inc) overnight at 4 °C. A cocktail of secondary antibodies (FITC-anti-rat, Serotec;
Cy3-anti-mouse or Cy3 anti-rabbit, Jackson Immuno Inc) was applied for 1 hour at room
temperature. Images were captured and analyzed in a Zeiss LSM 510 confocal microscope.

Statistics
The data were expressed as the mean ± SEM. Statistical comparisons among groups were
compared by ANOVA with Fisher LSD tests, and two-group comparison used the Standard
Student’s t-test. Survival data were assessed by Kaplan-Meier analysis.

Results
Sertraline extends survival and ameliorates impaired motor function of R6/2 mice when
administered after the onset of motor dysfunction

In order to determine whether sertraline might modify the course of the symptomatic phase of
the disease, beginning at 6 weeks of age, R6/2 mice were injected with sertraline (5 or 10 mg/
kg daily injection) or vehicle. The survival of sertraline-treated R6/2 mice was significantly
and dose-dependently increased compared to that of vehicle-treated HD mice (Fig. 1a).
Sertraline increased the median lifespan approximately 13% at a dose of 5 mg/kg group (91.9
± 1.9 in sertraline group vs 84.2 ± 3.5 in vehicle group, p<0.05), and 20% (100.9 ± 2.4 in
sertraline group vs 84.2 ± 3.5 in vehicle group, p<0.05) at a dose of 10 mg/kg group (Fig. 1a).
R6/2 mice exhibit progressive weight loss, but sertraline administration did not significantly
affect body weight loss (data not shown)

We next evaluated motor function in R6/2 mice at 10 weeks of age, the time point when mice
had received 4 weeks of sertraline administration. There was significant impairment in
performance of R6/2 mice on the rotarod at 10 weeks of age, indicated by reduced time spent
on the rotarod compared to nontransgenic mice. R6/2 mice treated with sertraline showed
improved motor performance compared to vehicle-treated R6/2 mice. Control mice that
received sertraline did not differ in motor performance compared with vehicle-treated control
mice (Fig. 1b).

Sertraline treatment reduces brain atrophy
To determine whether the improved motor function and increased survival of R6/2 mice treated
with sertraline resulted from a slowed progression of brain atrophy, we performed histological
analyses of the brains of R6/2 mice that had been treated with sertraline or vehicle. As the
disease progressed, brain atrophy occurred in the R6/2 mice, indicated by an increase in the
size of the lateral ventricles and reduction of volume of the striatum and whole brain compared
to those in nontransgenic mice (Fig 2a–c). The magnitude of lateral ventricular enlargement
and striatal atrophy was significantly decreased in R6/2 mice that had been treated with
sertraline compared to R6/2 mice treated with vehicle (Fig. 2b &c).

Sertraline does not affect htt inclusions in R6/2 mice
Intranuclear inclusions of aggregated huntingtin protein in striatal, hippocampal, and cortical
neurons are present in R6/2 mice, as well as in HD patients (Ho et al., 2001). Sertraline
treatment did not reduce huntingtin inclusions in these brain regions (Suppl Fig.1).
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Sertraline increases basal neurogenesis in hippocampus and subventricular zone and
ameliorates impaired hippocampal neurogenesis in R6/2 mice

In the hippocampus of both rodents and primates, adult-generated neuronal cells arise from
progenitor cells in the subgranule zone (SGZ) and migrate into the granule cell layer, where
they differentiate into granular neurons. These neurons were shown to be capable of functional
integration into hippocampal circuitry. The newly generated cells in SVZ migrated into
affected striatum and differentiated to medium spiny neurons in HD (Jin et al., 2005) and under
ischemic conditions (Yamashita et al., 2006).

There are contrasting reports in neurogenesis between HD human brains and mouse models
(Phillips et al., 2006; Phillips et al., 2005; Grote et al., 2005; Gil et al., 2005; Tattersfield et
al., 2005; Lazic et al., 2004; Curtis et al., 2003). For example, reduced neurogenesis has been
reported in R6/2 mice (Phillips et al., 2006; Phillips et al., 2005; Gil et al., 2005), but in humans,
there was increased proliferation and neurogenesis (Curtis et al., 2003). In the current study,
there was a significant decrease of cell proliferation and survival of newly generated cells,
indicated by reduced number of BrdU-positive cells in the dentate gyrus (DG) of hippocampus
in R6/2 mice compared to nontransgenic control mice both at 3 days and 3 weeks after the last
BrdU injection (Fig 3a–d). Sertraline increased cell proliferation in DG and promoted survival
of newly generated cells (Fig 3b–d). Analysis of BrdU-positive cells showed that
approximately 80% of BrdU-positive cells also expressed NeuN (Fig 3e). Neither genotype
nor sertraline affected the percentage of newly generated cells differentiated into neurons (Fig
3e). A few cells co-expressed GFAP with BrdU (Fig 3f).

There was no difference in cell proliferation in SVZ between HD and nontransgenic mice (Fig.
4b). These results are consistent with a previous report (Gil et al., 2005). Sertraline
administration significantly increased cell proliferation in both R6/2 mice and control mice
(Fig 4a–b).

Sertraline attenuates depletion of BDNF in R6/2 mice
BDNF protein levels were significantly decreased in different brain regions of R6/2 mice,
including hippocampus, striatum, and cortex (Fig. 5a–c). Sertraline administration
significantly increased BDNF protein levels in nontransgenic mice and BDNF depletion
recovered in hippocampus and striatum of R6/2 mice after administration for 4 weeks (Fig.
5a–c).

Effective levels of sertraline in mice are comparable to achievable levels in humans
In order to study whether effective doses in mice are comparable to doses achievable in humans,
we used the LC/MS/MS method to measure the levels of sertraline both in blood and brain
tissues. Sertraline was injected daily to mice for 1 week, and blood samples and brain tissues
were collected for measuring drug concentrations. The blood concentrations are 23.1 ± 2.7 ng/
ml (mean ± SD) in the 5 mg/kg group and 43.7 ± 2.7 (mean ± SD) ng/ml in the 10 mg/kg group.
These levels are comparable to the effective levels in depressed patients who take 100–200
mg/day orally (blood concentration range around 40–60 ng/ml). Drug concentrations in brain
tissues are 1100 ± 59 and 2238 ±113 ng/g wet weight, the brain/blood ratio of sertraline is over
45, indicating very high penetration of sertraline through the blood-brain barrier.

Discussion
The first clinical symptoms of HD are generally psychiatric abnormalities, most commonly
depression and mood disturbances. Involuntary choreiform movements and dementia develop
over the next 15–20 years, and death generally results from complications of immobility.
Currently, there is no cure for HD, except temporary relief of symptoms by some treatments.
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Sertraline has been used to treat depressed HD patients (Ranen et al., 1996; Slaughter et al
2001), chronic administration of sertraline increased BDNF levels (Nibuya et al., 1995,
1996), whether sertraline has neuroprotective effects in HD is not known. Here we report that
sertraline suppressed brain atrophy, improved motor behavioral performance, and increased
the survival in R6/2 mice. The beneficial effects of sertraline in HD mice are associated with
increased levels of BDNF, and stimulation of neurogenesis. The present findings provide
further evidence that increasing BDNF levels can counteract the neurodegenerative process in
HD.

The mechanism of how mutant huntingtin leads to the devastating course of events that
culminates in cell death in HD remains elusive. It has been reported that levels of serotonin
and BDNF are decreased in HD mice (Reynolds et al., 1999, Zuccato et al., 2001) and HD
patients (Ferrer et al., 2000; Ciammola et al., 2007). There is a reciprocal interaction between
BDNF and serotonergic signaling, in which BDNF enhances serotonin production and release,
while serotonin stimulates BDNF production (Mattson et al., 2004). Moreover, increasing
BDNF levels by either directly delivery of BDNF (Bemelmans et al., 1999; Kells et al.,
2004; Canals et al., 2004; Cepeda et al., 2004; Pineda et al., 2005; Zuccato et al., 2005; Lynch
et al., 2007) or experimental approaches increasing BDNF levels including environmental
enrichment (Hockly et al., 2002; Spires et al., 2004) and dietary restriction (Duan et al.,
2003) could protect neurons and alleviate symptoms in HD mice. Chronic administration of
SSRIs including sertraline increased the expression of cAMP response element binding protein
(CREB) and downstream gene BDNF in rodents (Nibuya, et al., 1995; 1996). These findings
with our current study suggest that the sertraline may protect neurons by increase BDNF and/
or 5-HT in HD, though we could not differentiate whether sertraline’s protection is directly
mediated by 5-HT or indirectly by increasing BDNF levels. Nevertheless, sertraline is a safe
and well-tolerated drug that can be administered for a long period of time. It is a valuable
candidate for further clinical trials in HD patients.

It is interesting to note that BDNF levels are significantly increased in striatum but not in cortex
of R6/2 mice by sertraline administration, it suggest that sertraline may also affect BDNF
transport from cortex to striatum which is compromised in HD (Gauthier et al., 2004). Another
point that we would mention here is that some opposite reports about the alterations of 5-HT
levels in HD patients (Reynolds and Pearson 1987; Kish et al., 1987). One possibility is that
mice may not exactly represent the human condition; another possibility is that striatal atrophy
that occurs in HD may have variable effects on concentrations at different times in the disease
course. Nevertheless, serotonin might also have direct neuroprotective effects on striatal and
cortical neurons because other signals that activate cyclic AMP and CREB have been shown
to protect neurons against excitotoxic, oxidative, and metabolic insults relevant to HD (Duman
1998; Nair and Vaidya 2006; Tardito et al., 2006; Malberg and Blendy 2005). The decreased
levels of BDNF in the HD brains suggest that neurons have a reduced ability to cope with stress
in HD. SSRIs can increase extracellular serotonin levels and serotonin synthesis (Goggi et al.,
2002), and consequently can enhance serotonergic signaling and increase BDNF expression
(Schmidt and Duman 2007; Duman and Monteggia 2006; Russo-Neustadt 2003; Duman
1998; Nair and Vaidyya 2006; Tardito et al., 2006). The increase of BDNF levels in brain cells
of HD mice treated sertraline is associated with an attenuation of motor dysfunction and
increase in survival of the mice.

Adult neurogenesis might be part of the physiological regenerative response and might thereby
alter or alleviate symptoms, but it might also become impaired by the disease mechanism and
thereby contribute to the symptoms of neurodegeneration. The increased neurogenesis in
human HD indicates that neurogenesis is stimulated in the disease, possibly representing an
adaptive response directed toward neuronal replacement (Curtis et al., 2003; Curtis et al.,
2007). However, there is a significant decrease of neurogenesis in the dentate gyrus in R6/2
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mice at late stages of disease, which suggest that neurogenesis is compromised in HD mice.
The compromised neurogenesis may contribute to the alteration of normal function of
hippocampus, such as memory deficit in R6/2 mice (Lione et al., 1999). The decreased
neurogenesis in R6/2 mice is counteracted by sertraline administration, suggesting that
sertraline may restore the neuronal function by ameliorate compromised neurogenesis in HD
mice. Cell loss in the hippocampus of HD patients has been reported in a few cases (Vonsattel
and DiFiglia, 1998). There is an electrophysiological and behavioral evidence for hippocampal
dysfunction in R6/2 mice (Murphy et al., 2000). Altered neurogenesis may be involved in the
hippocampal dysfunction. The young generated neurons in hippocampus have a greater degree
of plasticity than mature neurons (Schmidt-Hieber et al., 2004).

The subventricular zone (SVZ) of the forebrain that overlies the caudate nucleus is one of the
principal brain regions in which neurogenesis occurs in brain. In response to the degeneration
that occurs in the caudate nucleus in Huntington's disease, the SVZ increases the production
of progenitor cells that migrate towards the site of the damage where they can differentiate into
mature neurons and glial cells (Cutis et al., 2007). The SVZ contains three main cell types and
these are progenitor cells, glial cells and migratory neuroblasts; The SVZ comprises
heterogeneous cell types that are maintained in an environment that is permissive to
neurogenesis and gliogenesis, and responds to neurodegenerative changes in adjacent brain
regions by increasing progenitor cell proliferation and neurogenesis in an attempt to replace
the cells that die as a result of neurodegeneration. At the earlier stage of disease, when the self
regeneration ability of neurogenesis can cope with the neurodegeneration, cells are still
functional and no severe symptoms appear. As the disease progresses, the regeneration ability
may not be able to cope with the neurodegenerative process, then symptoms will start exhibit.
It was reported that HD patients increased cell proliferation estimated by cell cycle marker
proliferating cell nuclear antigen (PCNA) immunostaining (Curtis et al. 2003). We did not find
difference in the number of proliferating cells by labeling with BrdU in the SVZ of R6/2 mice
compared to that in nontransgenic control mice, which is consistent with another report (Gil
et al., 2005). This discrepancy could be due to several factors: R6/2 mice have much higher
numbers of CAG repeats and inclusions are observed very much earlier than in HD patients;
it is also possible that there is a difference in markers for labeling proliferating cells. PCNA is
expressed cells undergoing DNA repair (Tomasevic et al., 1998); finally, the different stage
of disease observed in HD patients and HD mice may also contribute to the discrepancy. Further
analysis of HD brains by using combinations of several markers of proliferation is therefore
warranted. Although our data do not allow any firm conclusions as to the relative contributions
of neurogenesis to the pathology of HD, they do suggest that the impaired neurogenesis and
motor dysfunction are amenable to therapeutic intervention. The contribution of neurogenesis
to functional recovery in HD is difficult to ascertain in our present study since treatment with
sertraline stimulates neurogenesis and may have additional beneficial effects on cell function.

There was no effect of sertraline on neuronal inclusions in our study. Misfolding and possibly
aggregation of abnormal proteins are believed to be pathogenic; however, several lines of
evidence indicate that inclusions are not the main cause of toxicity, and may represent a cellular
protective response. Aggregation is a complex multistep process of protein conformational
change (DiFiglia., 1997; Ross and Poirier 2004 & 2005). Sertraline did not affect htt inclusions,
suggesting that beneficial effects of sertraline are not mediated by inhibiting htt aggregation.

Finally, we emphasize that the effective levels of sertraline in HD mice are comparable to or
even less than levels in human antidepressant treatment, and sertraline is generally safe and
well-tolerated. The preclinical findings obtained in the present study may provide a rationale
for clinical trials of SSRI in humans with HD, or in mutation-positive individuals who do not
yet manifest the disease.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sertraline increases survival (a), and improves motor behavioral performance (b) in R6/2 mice.
Six-week-old R6/2 mice were administered sertraline at doses of 5 and 10 mg/kg. Motor
behavioral performance was evaluated by an accelerating rotarod apparatus with mice at
indicated ages, n=8–15. Values are the mean and SE. *p<0.05 compared to the value of HD-
vehicle group; **p<0.05, compared to the value of nontransgenic-vehicle group.
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Figure 2.
Sertraline reduces brain atrophy in R6/2 mice. (a) Representative photomicrographs of brain
sections of R6/2 mice treated with sertraline or vehicle and nontransgenic mice (Nontg). Scale
bar= 120 µm. (b) Quantification data of striatal volume and (c) cerebral lateral ventricle
volume. n= 4 mice in each group. *p<0.05, compared to the value of Nontg vehicle group,
**p<0.05 compared to the value of R6/2-vehicle group.
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Figure 3.
Sertraline increases neurogenesis in subgranular zone (SGZ) of dentate gyrus (DG) in R6/2
mice and control mice. Sertraline (10 mg/kg) was administered to mice at 6 weeks of age for
4 weeks. Mice then received 5-bromo-2-deoxyuridine (BrdU) and were perfused at 3 days after
the last BrdU injection for cell proliferation (a and b) and 3 weeks after the last injection for
quantifying survival of newly generated cells and cell type (c–e). (a) Representative pictures
of BrdU staining from nontransgenic control (Nontg) and R6/2 mice 3 days after BrdU
injection. Note that there are more BrdU-positive cells in DG of nontransgenic control mice
compared to those in R6/2 mice. Scale bar=200 µm. (b) Quantification of BrdU cells in DG at
3 days after BrdU injection. BrdU cells indicate the new proliferating cells. (c) Representative
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sections were double labeled with anti-BrdU and anti-NeuN antibody (neuronal marker) to
identify the phenotypes of newly generated cells. Representative images from confocal
microscope are indicated by green for BrdU- positive staining and red for NeuN. Scale bar
=100 µm (d) Quantification of newly generated neurons in dentate gyrus at 3 weeks after BrdU
injection. (e) Percentage of cells with double labeling with both BrdU and NeuN. (f)
Representative sections were double labeled with anti-BrdU antibody (green) and GFAP (red,
astrocyte marker). Scale bar =100 µm. All values are mean and SE. *p<0.05, compared to the
values of Nontg-vehicle group, **p<0.05 compared to the values of HD vehicle group. n=4
mice in each group.
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Figure 4.
Sertraline increases cell proliferation in the subventricular zone (SVZ). Mice were
administered sertraline at 10 mg/kg from 6 weeks of age for 4 weeks and perfused at 3 days
after the last BrdU injection. (a) representative BrdU staining photos from each indicated group.
Scale bar =100 µm. (b)There is no difference in new proliferating cells in SVZ between
nontransgenic control mice and R6/2 mice; sertraline administration increased BrdU-positive
cells in SVZ of both control mice and R6/2 mice. *p<0.05, compared to the values of
corresponding vehicle group by Standard Student t-test.
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Figure 5.
Sertraline normalizes BDNF protein levels in R6/2 mice. Six-week-old mice were administered
sertraline at 10 mg/kg. Mice were euthanized 4 weeks after sertraline administration, and
BDNF protein levels were measured in hippocampus (a), cortex (b) and striatum (c) *p<0.05,
compared to the values of Nontg vehicle group, **p<0.05 compared to the values of R6/2-
vehicle group. n=4 mice.

Peng et al. Page 18

Exp Neurol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


