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Abstract
Huntington’s disease (HD) is an inherited progressive neurodegenerative disorder resulting from
CAG repeat expansion in the gene that encodes for the protein huntingtin. To identify
neuroprotective compound (s) that can slow down disease progression and can be administered
long term with few side effects in Huntington’s disease, we investigated the effect of sertraline, a
selective serotonin reuptake inhibitor (SSRI) which has been shown to upregulate BDNF levels in
rodent brains. We report here that in HD mice sertraline increased BDNF levels, preserved
chaperone protein HSP70 and Bcl-2 levels in brains, attenuated the progression of brain atrophy
and behavioral abnormalities and thereby increased survival. Sertraline also enhanced
neurogenesis, which appeared to be responsible for mediating the beneficial effects of sertraline in
HD mice. Additionally, the effective levels of sertraline are comparable to the safe levels
achievable in humans. The findings suggest that sertraline is a potential candidate for treatment of
HD patients.
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Introduction
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder in which
neurons in the striatum and the cerebral cortex degenerate, resulting in abnormal involuntary
movements (chorea), and psychiatric and cognitive abnormalities (Reiner et al, 1998
Vonsattel et al., 1985; Myers et al., 1988). Death usually occurs within 10–20 years after
onset of the first clinical symptoms. Although the mechanism of neuronal degeneration in
HD is unclear, it is thought that disease onset and progression may be involved in
transcription dysregulation (Cha 2000; Sugars and Rubinsztein, 2003) and deficits of
neurotrophic factors (Zuccato et al., 2001; Zuccato et al., 2005; Zuccato and Cattaneo 2007;
Ferrigno and Silver, 2000; Gauthier et al., 2004; Cowan and Raymond, 2006), with
cumulative neuronal loss.

It has been demonstrated that levels of brain-derived neurotrophic factor (BDNF) are
decreased in brain cells of HD patients and mutant huntingtin transgenic mice. Although the
crucial mechanism(s) of neuronal death induced by mutant htt is still unclear, mutant
huntingtin promotes neuronal degeneration, in part by suppressing BDNF transcription and/
or blocking axonal transport of BDNF from cerebral cortex to striatum (Zuccato et al., 2001
and 2003; Gauthier et al., 2004). Other studies have shown that BDNF can protect neurons
against insults relevant to 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). In addition to promoting neuronal survival, BDNF also regulates
neurogenesis (Duman, 2004; Cotman and Berchtold 2002). Altered neurogenesis occurred in
mouse models of HD and in postmortem brains in humans with the disease (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). Mutant huntingtin also interrupts other cell protective
systems, such as chaperone protein, leading to dysfunction of the protein refolding system
(Landles and Bates 2004).

There is currently no therapy to delay onset or prevent disease progression in HD patients.
Promising approaches have been reported in preclinical trials, such as treating with FGF-2
(Jin et al., 2005) and GDNF (McBridge et al., 2006), which prevented neuronal death and
dysfunction, or by replacing lost neurons by transplanting embryonic stem cells (Conti et al
2006). Nonetheless, most of these approaches are associated with ethical, technical, and
immunological problems for application to human patients (Rosser and Dunnett, 2003).
Searching for drugs that can delay onset and/or slow disease progression with few side
effects after administration for long periods will be valuable for treating HD patients.

Selective serotonin reuptake inhibitors (SSRIs), a class of drugs that is widely used for the
treatment of patients with depression and severe anxiety disorders, has been shown to
increase BDNF expression in brain (Nibuya et al., 1995; Nibuya et al., 1996; Moltzen and
Bang-Andersen, 2006). SSRIs can also stimulate neurogenesis and protect neurons against
metabolic/oxidative insults and processes known to be responsive to BDNF (Malberg and
Blendy, 2005). Moreover, SSRIs are very safe and well tolerated over long periods of
administration. We previously reported that an SSRI, paroxetine, is beneficial in HD mice
(Duan et al., 2004). In the present study we investigated the effect of another widely
prescribed SSRI, sertraline, on disease progression and molecular mechanisms in N171-82Q
HD mice. Sertraline has been reported to be effective as treatment for depression (Slaughter
et al., 2001), obsessive compulsive disorders (Patzold and Brune., 2002), and severe
aggressiveness (Ranen et al., 1996) in HD patients. In addition to its anti-psychiatric effect,
however, whether sertraline is neuroprotective and whether it prevents neurodegeneration
and disease progression of HD, to our knowledge, has not been studied.
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We show here that sertraline increases BDNF levels, preserves chaperone protein HSP70
levels and anti-apoptotic protein Bcl-2 levels, restores depleted serotonin levels, retards
motor behavioral impairment, enhances neurogenesis and increases survival in HD mice.
The increased neurogenesis apparently mediates its beneficial effects in HD. The effective
levels of sertraline in blood are comparable to the levels that are safe and achievable in
humans. Taken together, we provide evidence that sertraline is neuroprotective in HD and
the rationale for further clinical trials of SSRIs in HD patients.

Materials and Methods
Mice and drug administration

All animal experiments were performed according to procedures approved by the
Institutional Animal Care and Use Committee. N171-82Q transgenic HD mice were mated
to hybrid mice (C3H/HEJ × C57BL/6J F1, Taconic, NY). All HD mice were housed in cage
conditions including an orange mouse igloo and a green nylabone setting in the cage, and
wet mash was provided to all mice starting at weaning. We used male HD mice for all our
studies since we found that there is a significant variability in all phenotypes between male
and female HD mice (Duan et al 2003). Each group contained 15 mice at the beginning of
experiments for survival and behavioral tests. Sertraline was freshly prepared by dissolving
in vehicle 0.2% tween-80 and administered to 12-week-old mice by daily intraperitoneal
injection until the end of studies.

Behavioral test
All mice were randomly divided into each group. Nontransgenic control mice are wild type
littermates of HD mice. Each group contained 15 mice at the beginning of the rotarod test.
We used the same set of animals for survival analyses and motor performance tests.

Motor behavioral performance was assessed using a rotarod apparatus with an accelerating
speed (Columbus Instrument, OH). Each mouse was trained at speed of 4 rpm for 5 minutes,
the training session was followed by a 1-hour rest period in the home cage. Mice were then
placed back on the rotarod apparatus for three trials (maximal 3 min at accelerating speed 4–
40 rpm) separated by a 30-minute rest period between trials. Mice were tested for 3
consecutive days, by which time a steady baseline level of performance was attained.

X-ray irradiation to eliminate neurogenesis
Radiation was delivered using the in-house small animal radiation research platform
(SARRP) (Wong et al, 2007). The SARRP consists of an industrial X-ray tube with an
adjustable anode voltage up to 225 kVp which delivers a beam through a collimator system.
The animals were held on a robotic platform which permitted motion along the three
principal axes as well as rotation. For these experiments, mice were positioned prone in a
custom-designed stereotactic head holder system which was suitable for use of isoflurane
anesthesia (2%). The beam was collimated using a custom lead cutout 8 × 10 mm at the
isocenter (35 cm from the x-ray source). Using the robotic stages, the mice were positioned
under the collimator. This set-up was intended to irradiate both the hippocampus and
subventricular zone (SVZ) (see Figure 6a), regions that are known to harbor neuroprogenitor
cells (Santarelli et al., 2003) and are known to be sensitive to radiation (Monje et al., 2002),
while sparing the olfactory bulb and other brain parenchyma. Positioning was verified using
radiographs taken at a source voltage of 100 kVp. After alignment, a single radiation dose of
10 Gy was delivered in 6.5 min. This radiation dose was measured using gafchromic EBT
film and a water-equivalent solid water phantom arranged in a set-up to match the
experimental conditions (For further details on film dosimetry see Deng et al. 2007). Sham
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radiations were performed by the same anesthesia procedure as above without X-ray
delivery.

BrdU administration, immunohistochemistry, and stereological quantification
For the neurogenesis study, all mice were received twice daily injections of 50 mg/kg BrdU
(5-bromo-2-deoxyuridine; Sigma) in sterile 0.9% NaCl solution at 8 h apart for 5
consecutive days. Animals were perfused at 3 days after the last BrdU injection for assessing
proliferation, and perfused at 3 weeks after the last injection for study of survival of newly
generated cells. BrdU immunostaining was performed as we previously described (Lee et
al., 2002). Briefly, coronal brain sections (40 μm) were made, endogenous peroxidases were
quenched with 0.6% H2O2 for 30 minutes, 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 x TBS containing 3% horse serum and 0.3% Triton X-100
for 1 h, 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 for 1 h at room temperature. The
immunoreactive product was detected using the vectastain ABC kit enhancing system
(Vector Laboratory. CA) with diaminobenzadine (DAB) as substrate. Sections were
counterstained with Nissl substrate for stereological quantification.

Stereology counting was performed in serial coronal sections on blind-coded slides. The
numbers of BrdU-positive cells in the subgranule zone (SGZ) of the dentate gyrus (DG)
were assessed by counting all positive cells in sections at the levels of the bregma −1.34 to
−2.80- by using conventional light microscopy with 40 × objective, and distance between
the sections of 240 μm. The “optical fractionator” was used to count 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 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 ventricles
The volume of the striatum and lateral ventricle 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). We used different sets of mice for
the volumetric measurement study. Each group contained four mice. The Cavalieri approach
requires an initial random cut through the reference space of interest, with subsequent cuts at
consistent intervals. Provided that the sections through the reference space are systematic-
random, and that all sections through the reference space had an equal probability of being
sampled, the Cavalieri method gives an unbiased total volume estimate from reference areas
on sections. By using the Cavalieri principle, the mean total volume of an arbitrary-shaped
reference space can be estimated without bias from the areas on systematic-uniform-random
sections. The Cavalieri principle was applied to histological data because of the limited
number of sections selected. We chose the first section when the striatum was first detected,
and chose every four series sections for volumetric analysis. We considered 11 anatomical
levels of the striatum for the volume estimation of each brain by randomly selecting the first
section. Images were captured by using a light microscope coupled to a color digital camera
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(Retina 2000R, QImaging). The surface area was calculated in each of the 11 Nissl-stained
sections by contour drawing the striatum and lateral ventricle on each brain hemisphere with
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. Four nontransgenic control mice and four
HD mice were 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 with 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 deviation from the nominal concentrations and the within-
and between-run, respectively.

ELISA analysis of BDNF protein levels
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 minutes at 4°C, and supernatants were used for ELISA
analysis. BDNF protein levels were quantified by the 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, 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.

Measurement of serotonin levels
Brain regions obtained from each animal were weighed and ultrasonicated in 0.1 M
perchloric acid. Tissues were weighed and stored at −80°C until extraction. The tissues
obtained from each animal were homogenized in 0.1 M perchloric acid and centrifuged at
25,000 × g for 12 minutes. Serotonin contents in supernatants of the brain homogenates
were measured by HPLC with electrochemical detection (Krasnova et al., 2000). The
analytical column was a Symmetry C18 3.5 μm (4.6×150.0 mm) from Waters (Milford,
MA). The mobile phase consisted of 0.01 M sodium dihydrogen phosphate, 0.01 M citric
acid, 2 mM sodium EDTA, 1 mM sodium octylsulfate, 10% methanol, pH 3.5, and was used
at flow rate 0.9 ml/min and temperature of 25°C. The installation consisted of a Waters 717
Plus automated injection system, a Waters 1525 Binary pump, and Coulochem III detector
(ESA, Chelmsford, MA). The Waters Breeze system was used for data collection and
analysis.
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Western blot analysis
Briefly, 50 μg of soluble proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane. The membrane was blocked in presence of 5% nonfat milk, and
then incubated overnight with primary antibodies at 4 °C: mouse monoclonal anti-HSP70,
(1:5000, Sigma), mouse monoclonal anti-β actin, (1:5000, Sigma), mouse anti-MnSOD
(1:1000, R&D system, Inc), mouse anti-Bcl-2 (1:1000, cell signaling). The membrane was
then exposed for 1 h to HRP-conjugated secondary antibody (1:3000; Jackson
ImmunoResearch Labs) and immunoreactive proteins were visualized using a
chemiluminescence-based detection kit according to the manufacturer’s protocol (ECL kit;
Amersham Corp.).

Double immunofluoresent staining
Sections were quenched and blocked as described above, then incubated in a mixture of
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 h at
room temperature. Images were captured and analyzed in Zeiss LSM 510 confocal
microscope.

Statistics
The data are expressed as the mean ± SEM or SE. Statistical comparisons between two
groups were compared by student t-test. Survival data were analyzed by Kaplan-Meier
analysis.

Results
Sertraline extends survival and ameliorates impaired motor performance of HD 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 12 weeks of age (age of onset of motor deficit), HD mice were
injected with sertraline (5, 10, or 20 mg/kg daily injection) or vehicle 0.2% tween-80 (0.1
ml/10 g body weight). The survival of sertraline-treated HD mice was significantly and
dose-dependently increased compared to the survival of vehicle -treated HD mice (Fig. 1a).
Sertraline increased the median lifespan by approximately 10% at dose of 5 mg/kg group,
15% at dose of 10 mg/kg group, and 20% in the 20 mg/kg sertraline-treated group (Fig. 1a).
HD mice exhibit a progressive weight loss, but sertraline administration only slightly
attenuated the body weight loss (Fig. 1b)

We next evaluated motor function in HD mice at indicated ages. There was significant
impairment in performance of HD mice on the rotarod apparatus, indicated by reduced time
spent on the rotarod compared to time spent by the nontransgenic mice. HD mice treated
with sertraline exhibited superior motor performance compared to vehicle-treated or control
HD mice (Fig. 1c, d).

Sertraline reduces brain atrophy not huntingtin inclusions
To determine whether the improved motor function and increased survival of HD mice
treated with sertraline resulted from a slowed progression of the neurodegenerative process
and/or prevention of pathogenesis in the brain, we performed histological analyses of the
brains of HD mice that had been treated with sertraline or vehicle. As the disease
progressed, brain atrophy occurred in the HD mice as indicated by an increase in the size of
the lateral ventricles and decrease in volume of striatum compared to those in nontransgenic
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mice (Fig 2a–c). The magnitude of lateral ventricular enlargement and striatal atrophy was
significantly decreased in HD mice that had been treated with sertraline compared to that of
HD mice treated with vehicle (Fig. 2b &c). Intranuclear inclusions of aggregated huntingtin
protein in striatal and cortical neurons were present in HD mice, as well as in HD patients
(Ho et al., 2001). Whether the aggregation is pathogenic or a protective response is still
controversial. Nevertheless, huntingtin aggregation acts as a phenotypic readout that can
reflect pathologically relevant processes such as huntingtin cleavage, misfolding,
proteolysis, transglutaminase activity, oxidative stress, and protein sequestration. The
mutant huntingtin inclusion is a marker to evaluate effect of drugs and to determine a
potential mechanism for the drugs. We used immunostaining by EM48 antibody to visualize
the mutant huntingtin aggregates in HD mouse brains. Sertraline treatment did not affect
huntingtin inclusions (Fig 2d).

Sertraline attenuates depletion of BDNF and serotonin, and increases levels of HSP70 and
Bcl-2 in HD mice

BDNF protein levels were significantly decreased, by more than 50%, in the cortex of HD
mice compared to the cortex of nontransgenic mice. Sertraline administration significantly
increased BDNF protein levels in both HD and NonTg mice (Fig. 3a). We also measured the
content of serotonin (5-HT) in striatal tissues of mice. There was significant depletion of 5-
HT levels in striatal tissues of N171-82Q HD mice. These results are consistent with
disrupted serotonergic system demonstrated in other HD mice (Yohrling IV et al., 2002;
Reynolds et al., 1999). Sertraline treatment significantly increased serotonin levels both in
HD and nontransgenic mice (Fig. 3b).

Mutant huntingtin interacts with chaperone proteins, and decreases their ability to refold
abnormal structured proteins including huntingtin (Landles and Bates, 2004). We found that
HSP70 levels were decreased in N171-82Q HD mice (Duan et al., 2003). We therefore
investigated whether sertraline modulates HSP70 levels. The levels of HSP-70 were reduced
in striatum of HD mice, consistent with our previous findings. Sertraline administration
restored HSP-70 levels in HD mice (Fig. 3c).

Neuroprotective effects of BDNF may result from induction of the expression of
cytoprotective molecules such as Bcl-2 (Schabitz et al., 2000) and MnSOD (Mattson et al.,
1995). In order to determine whether these cytoprotective proteins are altered by mutant
huntingtin and sertraline, we performed Western blots on mouse striatal tissues. There were
decreased levels of Bcl-2 protein in HD mice and sertraline treatment increased Bcl-2 levels
in HD mice and nontransgenic mice as well (Fig 3d). There was no change of MnSOD
levels in HD mice and mice treated with sertraline (data not shown).

Sertraline increases basal neurogenesis and ameliorates impaired neurogenesis in HD
mice

In the hippocampus of both rodents and primates, adult-generated neuronal cells arise from
progenitor cells in the SGZ and migrate into granule cell layer, where they differentiate into
granular neurons. These neurons have been shown to be capable of functional integration
into hippocampal circuitry. The newly generated cells in SVZ can migrate 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 some controversial reports on 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). It has been reported that
altered neurogenesis appeared in other HD mice such as R6/2 mice (Phillips et al., 2006;
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Phillips et al., 2005; Gil et al., 2005) and R6/1 mice (Lazic et al., 2004). There is no report
on the status of neurogenesis in N171-82Q HD mice. In the present study, we asked whether
there is an alteration of neurogenesis affected by mutant huntingtin and sertraline. There was
no difference in numbers of proliferating cells in the SGZ of hippocampus between HD
mice and nontransgenic mice. Sertraline increased proliferation of progenitor cells as
evidenced by increased numbers of cells that incorporated BrdU in both genotypes (Fig 4a).
There was a significant decrease of survival of newly generated cells (BrdU-positive cells)
in HD mice compared to that in nontransgenic control mice. Sertraline treatment
significantly enhanced survival of newly generated cells (Fig. 4b). Analysis of BrdU-
positive cells showed that over 60% BrdU-positive cells expressed NeuN in nontransgenic
control mice (Fig 4 c&d). The percentages of NeuN-positive BrdU-positive cells were
decreased in HD mice. Sertraline administration increased the percentage population of cells
co-labeled with BrdU and NeuN, indicating that sertraline promotes cells to differentiate to
neurons (Fig 4d).

There was no difference in cell proliferation in SVZ between HD and nontransgenic mice
(Fig. 5a). In contrast, there was a significant decrease in survival of BrdU cells in SVZ (Fig.
5b). Sertraline administration significantly increased both cell proliferation and survival of
newly generated cells in SVZ. These results indicate that sertraline increases neurogenesis
by increasing neural stem cell proliferation, enhancing survival, and promoting
differentiation into neurons.

Increased neurogenesis mediates the beneficial effects of sertraline in HD mice
In order to determine whether increased neurogenesis by sertraline is required for its
protection in HD mice, we employed X-ray irradiation (10 Gy) to eliminate the neurogenesis
in both SGZ and SVZ regions (Fig 6a), as this dose X-ray has been shown to cause long
periods of decreased neurogenesis (Mizumatsu et al., 2003; Tada et al., 2000). We treated
mice with either X-ray or sham operation at 12 weeks of age; mice then received sertraline
or vehicle daily injection until the end of study, and BrdU was injected at 4 weeks after
sertraline administration. Some of the mice were euthanized at 3 days after BrdU injection to
analyze neurogenesis by BrdU incorporation. There was a significant decrease of the
numbers of cells incorporating BrdU in both SVZ and SGZ of hippocampus (Fig 6b),
suggesting that neurogenesis was inhibited by X-ray irradiation. Blocking the neurogenesis
by X-ray abolished the protection of motor function by sertraline in HD mice (Fig 6c), and
significantly eliminated the extended survival by sertraline (Fig 6d). These results suggest
that neurogenesis is a mediator of neuroprotection provided by sertraline in HD mice.

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 established the LC/MS/MS method to measure the levels of sertraline in blood
and brain tissues. Sertraline was injected daily to mice for a week, and blood samples and
brain tissues were collected for measuring drug concentrations. The blood concentrations are
25.1 ± 4.9 ng/ml (mean ± SD) at 5 mg/kg group and 43.4 ± 4.3 ng/ml (Mean ± SD) at 10
mg/kg group, these levels are comparable to the effective levels in human patients with
depression (oral administration of 100–200 mg/day, the blood concentration ranges around
40–60 ng/ml). Drug concentrations in brain tissues are 920 ± 230 ng/g wet weight at 5 mg/
kg group and 2090 ± 380 ng/g wet weight at 10 mg/kg group, the brain/blood ratio of
sertraline is over 35, indicating higher penetration of sertraline through the blood-brain
barrier.
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Discussion
Sertraline has been widely used to treat depressed patients, including those with HD
(Slaughter et al 2001). Whether sertraline has a neuroprotective effect, however, is not
known. In the current study, we provide evidence that sertraline suppressed brain atrophy,
improved motor performance, and increased the survival in HD mice, and most importantly,
sertraline increased neurogenesis in HD mice, which is required for its beneficial effect of in
HD mice. This is also the first report that impaired neurogenesis occurs in N171-82Q HD
mice.

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
are decreased in the striatum of HD mice (Reynolds et al., 1999) and the serotonergic system
is disrupted in earlier stages of disease in other HD mice (Yohrling IV et al., 2002). Our
previous study (Duan et al., 2004) showed reduced 5-HT levels in N171-82Q mice and we
had consistent results in the current study. These reports are in contrast to those reported in
human postmortem HD brains, however. Specifically, several groups have found that 5-HT
levels are elevated in blood and brains of HD patients (Reynolds and Pearson 1987; Kish et
al., 1987; Beal MF et al., 1990). One possibility is that striatal atrophy that occurs in HD
may account for these findings. There is a reciprocal interaction between BDNF and
serotonergic signaling, in which BDNF enhances serotonin production and release, while
serotonin stimulates BDNF production. 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 (Mattson et al., 2004). The decreased levels of BDNF in the HD
brains also suggest reduced ability of neurons to cope with stress in HD. SSRIs increase
extracellular serotonin levels and serotonin synthesis (Goggi et al., 2002), which
consequently could enhance serotonergic signaling and increase BDNF expression. We
confirmed these effects of sertraline in the current studies.

The protein folding system has been shown to be compromised in HD. We and others found
that chaperone proteins are decreased in brains of HD mice (Landles and Bates, 2004; Duan
et al., 2003). The decreased levels of HSP-70 in the brains of HD mice suggest a reduced
ability of neurons to cope with stress in HD. Sertraline increased HSP70 levels in brain cells,
suggesting a plausible mechanism whereby sertraline reduced pathological changes in the
HD mice. Bcl-2 is a target gene of cyclic AMP-CREB signaling, which is known to be a
cell-protective protein. We indeed found that Bcl-2 levels are decreased in N171-82Q HD
brains. Reduced Bcl-2 protein levels in HD mice indicate that neurons in HD mice have
reduced capacity to cope with further insults and stress. Sertraline-treated mice have levels
of Bcl-2 similar to those in normal mice, suggesting that sertraline treatment improved
cellular protective ability in neurons of HD, which may contribute its beneficial effects.

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). There is a significant decrease of neurogenesis in HD mice, however,
which suggests that neurogenesis is compromised in HD mice. Two brain regions have been
identified by the active adult neurogenesis: subventricular zone (SVZ) and subgranular zone
(SGZ) of the hippocampus. In response to the degeneration that occurs in the caudate
nucleus in Huntington’s disease, the SVZ increases production of progenitor cells that
migrate towards the site of the damage where they can differentiate into mature neurons and
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glial cells (Cutis et al., 2007). The SVZ comprises heterogeneous cell types that are
maintained in an environment that is permissive to neurogenesis and gliogenesis; and this
zone 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 neurons self-regenerate,
neurodegeneration can be overcome, cells are still functional, and no severe symptoms
appear. As the disease progresses, the regeneration ability may not be sufficient to cope with
the neurodegenerative process, and symptoms will start to appear. It was reported that HD
patients had increased cell proliferation as estimated by cell cycle marker proliferating cell
nuclear antigen (PCNA) immunostaining (Curtis et al. 2003). We did not find differences in
the number of proliferating cells by labeling with BrdU in the SVZ of N171-82Q mice
compared to that in nontransgenic control mice. It is possible that there is a difference in
markers for labeling proliferating cells. PCNA is expressed in cells undergoing DNA repair
(Tomasevic et al., 1998). 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.

Previous studies reported that neurogenesis is required for behavioral effects of SSRIs in
normal mice (Santarelli et al., 2003). We found that neurogenesis was decreased in
N171-82Q mice and that neurogenesis was enhanced by sertraline administration. To further
address the question whether increased neurogenesis is required for the beneficial effects of
sertraline in HD mice, we used X-ray to block the neurogenesis in both SVZ and SGZ. We
confirmed that blocking neurogenesis abolished the improvement of motor function and
significantly reduced the extension of survival by sertraline treatment in HD mice,
suggesting that the neurogenesis induced by sertraline is required for its beneficial effects in
HD. These findings also indicate that drugs that promote neurogenesis might be beneficial in
HD.

Misfolding and aggregation of abnormal proteins are believed to be on the pathogenic
pathway in HD; however, several lines of evidence indicate that inclusions are not the main
cause of toxicity, and may represent a cellular protective response (DiFiglia., 1997; Bates
2003). Developing therapies for the misfolding diseases requires finding chemical
compounds that can either clear toxic misfolded protein, or can protect neurons from their
impact (Ross and Poirier 2004 & 2005; Bodner et al., 2006;). Mutant huntingtin engages
multiple pathogenic pathways leading to neuronal death, and mutant huntingtin aggregation
may not be a predictor of cell loss (Aronin et al., 1999; Kummerle et al., 1999); thus
aggregation of mutant huntingtin can be dissociated from the extent of cell death. This is the
case in the effect of sertraline. There was no effect of sertraline on neuronal inclusions in our
study, suggesting that beneficial effects of sertraline were not mediated by inhibiting htt
aggregation.

Finally, we emphasize that the effective levels of sertraline in HD mice are comparable to
the achievable levels in human, which is very safe for human. Since sertraline is an FDA-
approved drug with few side effects after long term administration, the preclinical findings
obtained in the present study provide a rationale for moving directly to clinical trials of SSRI
in humans with HD.
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Figure 1.
Sertraline increases survival and improves motor behavioral performance, but does not
affect body weight loss in HD mice. Twelve-week-old male HD mice were administered
sertraline daily at doses of 5, 10, and 20 mg/kg or vehicle (0.2% tween -80) until the end of
study. (a) Survival of HD mice was significantly extended by sertraline treatment in a dose-
dependent manner. The p values are 0.041 between vehicle and sertraline 5 mg/kg groups,
0.039 between vehicle and sertraline 10 mg/kg groups, and 0.012 between vehicle and
sertraline 20 mg/kg groups by Kaplan-Meier analysis. (b) There was no significant
difference in body weight loss by sertraline treatment. (c and d) Motor behavioral
performance was evaluated by an accelerating rotarod apparatus in 16-(c) and 18-(d) week-
old mice, n=8–15. The values are the mean and SE. *p<0.05, compared to the value of
nontransgenic-control group; **p<0.05 compared to the values of HD-vehicle group by
Standard student t-tests.
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Figure 2.
Sertraline reduces brain atrophy but not huntingtin inclusions in N171-82Q HD mice. (a)
Representative photomicrographs of brain sections of HD mice and nontransgenic mice
(nontg), scale bar=120 μm. (b) Quantification of striatal volume and (c) cerebral lateral
ventricle volume. Data are presented as mean and SE, n= 4 mice in each group. *p<0.05,
compared to the value of nontg control group; **p<0.05 compared to the value of HD-
vehicle group by Standard Student t-tests. (d) Representative micrographs of htt inclusions
immunostained by EM48 antibody in HD mice treated with sertraline or vehicle. Scale bar
=20 μm.
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Figure 3.
Sertraline normalizes BDNF protein levels and serotonin (5-HT) levels, and upregulates
HSP70 and Bcl-2 levels. Twelve-week-old mice were administered sertraline at 10 mg/kg.
Mice were euthanized 4 weeks after sertraline administration, (a) BDNF protein levels were
measured in cortical tissue by ELISA. (b) Serotonin levels were measured by HPLC method
in striatum. The values are the mean and SE, n=6. *p<0.05, compared to the values of nontg
control group, **p<0.05 compared to the values of HD-control group by Standard Student t-
tests. (c and d). HSP70 protein levels and Bcl-2 levels were measured in striatal tissues by
Western blot analysis, the top panels are representative blots, and the bottom panel is the
quantification data (mean and SE) from three mice in each group, *p<0.05 compared to the
values of nontg-vehicle group; **p<0.05 compared the values of HD-vehicle group by
Standard Student t-tests.
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Figure 4.
Sertraline increases neurogenesis in subgranular zone (SGZ) of dentate gyrus in HD mice
and control mice. (a) Sertraline (10 mg/kg) was administered to mice at 12 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, Scale bar = 100 μm. (b) mice were
perfused 3 weeks after the last BrdU injection for quantifying survival of newly generated
cells. (c) representative sections were double labeled with anti-BrdU and anti-NeuN
antibody (neuronal marker) or anti-GFAP antibody (astrocyte marker) to identify the
phenotypes of newly generated cells. Representative images from confocal microscope,
green shows BrdU-positive staining and red shows NeuN- or GFAP-positive staining. Scale
bar = 20 μm. (d) Quantification of newly generated neurons in dentate gyrus. All values are
the mean and SE. n=4 mice per group. *p<0.05, compared to the values of nontg-vehicle
group, **p<0.05 compared to the values of HD vehicle group by standard student t-tests.
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Figure 5.
Sertraline increases neurogenesis in subventricular zone (SVZ) of mice. Mice were
administered sertraline at 10 mg/kg from 12 weeks of age for 4 weeks. Mice were perfused
at 3 days after the last BrdU injection for cell proliferation study indicating BrdU-positive
cells in SVZ (a) and 3 weeks after the last injection for quantifying survival of newly
generated cells indicated by remaining BrdU-positive cells (b). All values are the mean and
SE. n=4 mice per group. *p<0.05, compared to the values of nontg vehicle group, **p<0.05
compared to the values of HD vehicle group by standard student t-tests.
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Figure 6.
Neurogenesis induced by sertraline is required for its survival extension effect and
improvement of motor performance in HD mice. (a) Radiographic alignment of the mouse
brain with 8 ×10 mm radiation treatment port (left) and corresponding structures (right). The
stereotactic head holder is visible in the radiograph as bars on either side of the head.
Structures in the right panel are the right and left lateral ventricles (green, red) and dentate
gyrus of hippocampus (purple, blue) from the atlas of Paxions and Franklin (2001). (b)
There was significant reduction of cell proliferation in both SVZ and SGZ by X-ray
irradiation, which was not rescued by sertraline treatment. The values are mean and SE from
four HD mice in each group. *p<0.05 compared to the values of sham-vehicle group by
standard student t-tests. (c) X-ray irradiation abolished the improved motor performance by
sertraline in HD mice. Data are presented as mean and SE from 10 mice in each group.
*p<0.05 compared to the values of HD-sham group, #p<0.05 compared to the values of HD-
sham-sertraline group by standard student t-tests. (d) The survival extension effect of
sertraline was partially eliminated by X-ray irradiation. Survival was analyzed by Kaplan-
Meier analysis. The p value between sham group and sham+ser group is 0.00125; the p
value between X-ray+ser group and sham+ser group is 0.0248.
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