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Huntington's disease (HD) is an inherited neurodegenerative disorder characterized by progressive neuronal
dysfunction and cell loss, especially striatal GABAergic neurons, generating motor, cognitive and affective
problems. Although the disease-causing gene is known, the exact mechanism by which it induces its
pathological effect remains unknown, and no cure is currently available for this disease. Interestingly, striatal
neurons that express neuropeptide Y (NPY) are preferentially spared in HD and the number of such cells is
increased in the striatum of HD patients. Furthermore, neurogenesis in the subventricular zone (SVZ) also
appears to be up-regulated in HD patients, and previously we also demonstrated in wild-type mice that
intracerebroventricular (ICV) NPY promotes SVZ neurogenesis with migration of the newborn cells towards
the striatum where they differentiate into GABAergic neurons.
Therefore, we sought to determine whether NPY could be of therapeutic benefit in a transgenic mouse model
of HD (R6/2) through an action on SVZ neurogenesis. We found that a single ICV injection of NPY in R6/2
mice increased survival time through reduced weight loss as well as having a beneficial effect on motor
function as evidenced by improving rotarod performance and reducing paw-clasping. We also demonstrated
that the degree of cerebral and striatal atrophy was reduced following such a single NPY injection and that
whilst the peptide also increased the number of BrdU-positive cells in the SVZ (but not in the dentate gyrus)
of R6/2 mice, this was not sufficient to account for the changes in anatomy and function that we found..
These results suggest that NPY may be of some therapeutic interest in patients with HD, although further
work is needed to ascertain exactly how it mediates its beneficial effects.
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Introduction

Huntington's disease (HD) is an inherited autosomal dominant
disorder which is classically defined clinically by abnormal move-
ments, changes in mood and cognitive impairment. The genetic basis
of this disorder is a CAG repeat expansion in the first exon of the
huntingtin gene leading to an abnormally long polyglutamine repeat
in the protein. This then leads over time to neuronal dysfunction and
death, although the exact mechanisms underlying this process remain
unclear (Imarisio et al., 2008). Nevertheless, many aspects of the
disorder can be replicated in transgenic mouse models of HD such as
the R6/1 and R6/2 mice (Mangiarini et al., 1996). These animals
develop motor and cognitive deficits as a function of the number of
CAG repeats, this being earlier in the R6/2 versus R6/1 mice
(Mangiarini et al., 1996). In addition, these transgenic mice do not
have widespread cell loss but atrophy as well as exhibiting
abnormalities of neurogenesis in the dentate gyrus (DG) and possibly
the subventricular zone (SVZ) (Davies et al., 1997; Gil et al., 2005;
Lazic et al., 2004; Mangiarini et al., 1996).

In the case of patients dying from HD, abnormalities of neurogen-
esis in the DG have not been investigated, but an increase in the
thickness of the subventricular zone (SVZ) due to an increased
number of proliferating cells has been reported (Curtis et al., 2003,
2005a,b). Interestingly, this degree of SVZ proliferation correlates
with the grade of the disease, and it has been seen experimentally in
some striatal lesion models such as excitotoxic lesions and stroke
(Tattersfield et al., 2004), but not in transgenic mice (Gil et al, 2005;
Lazic et al, 2004; Phillips et al, 2005). All these observations suggest
that the HD brain is able to stimulate endogenous SVZ progenitors in
contrast to neurogenesis in the DG in the face of a disease causing
neuronal dysfunction and death. These observations led us to
investigate the extent to which one can encourage endogenous repair
in HD using the neuropeptide Y (NPY) given our previous work with
this peptide (Cho et al., 2007; Decressac et al., 2009; Fan and Fan,
2006).

http://dx.doi.org/10.1016/j.expneurol.2010.07.022
mailto:mickael.decressac@med.lu.se
http://dx.doi.org/10.1016/j.expneurol.2010.07.022
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Neuropeptide Y (NPY) is the most widely expressed peptide in the
central nervous system (Adrian et al., 1983; Allen et al., 1983) and in HD,
striatal NPY-expressing neurons are spared and the number of such cells
actually increaseswithadvancingdisease (Beal et al., 1988;Dawbarnet al.,
1985). This has also been seen in non-transgenic animal models of HD
(Beal et al., 1986). No precise explanation for this has been given, but this
coupled to the observations that NPY is neuroprotective in various animal
models of excitotoxicity (Silva et al., 2005; Thiriet et al., 2005), suggests
that this peptide could be of interest inHD as a possible therapeutic agent.
In this respect, it has recently emerged that NPY is also an important
regulator of SVZandDGneurogenesis (Agasse et al., 2008;Decressac et al.,
2009; Howell et al., 2003, 2005, 2007; Stanic et al., 2008). For instance, we
have demonstrated that a single dose of ICV NPY can induce a dramatic
increase in SVZ progenitor proliferation in wild-type (WT) mice with
migration of newborn cells towards the striatumwhere they differentiate
into mature GABAergic DARPP-32-expressing neurons (Decressac et al.,
2009). In the DG of WT mice, NPY also stimulates the proliferation of
neural precursors and their differentiation into granular mature neurons
(Decressac et al., in press).

In the present study, we therefore sought to investigate in WT and
R6/2 mice, the effects of a single ICV injection of saline or NPY on
animal survival, body weight, behaviour and pathology as well as
adult neurogenesis. We showed that a single ICV injection of NPY
prolongs the lifespan of the R6/2 mice by increasing their body
weight. In addition, we found an improvement of motor performances
on the rotarod task with a reduction in the paw-clasping with
evidence anatomically that NPY treatment had reduced cerebral and
striatal atrophy in these R6/2 mice. NPY also promoted cellular
proliferation in the SVZ but not in the DG, but this increase in SVZ
BrdU-positive cells did not result in an increased number of newborn
cells within the striatum and thus is not likely to represent the mode
of effect for the actions of NPY in this model of HD.

Materials and methods

Animals

All experiments were performed in accordance with the guidelines
of the French Agriculture and Forestry Ministry (decree 87849) and the
European Communities Council Directive (86/609/EEC) and were
carried out on female C57BL/6 mice (2 months old) supplied by
R. Janvier (Le Genest-Saint Isles, France).

A colony of R6/2 transgenic mice (2 months old) established in the
Cambridge Centre for Brain Repair (University of Cambridge, Cambridge,
UK) were also used and experiments conducted according to the UK
Animals (Scientific Procedures) Act 1986 and under appropriate Home
Office project and personal licenses. The line was maintained by
backcrossing to CBA X C57BL/6 F1 animals. The mice were housed in
mixed genotype, single-sex cages, in a temperature and humidity-
controlled room on a 12/12 h light/dark cycle with availability to food
and water ad libitum. At 4 weeks of age, ear tissue was taken from the
mice for genotyping, and a microchip (Labtrac, Uckfield, UK) for
identification was inserted subcutaneously under general anaesthesia
as previously described (Lazic et al., 2007). Experiments were started on
8-week-old female WT and R6/2 mice; an age at which the earliest
motor and cognitive abnormalities are starting to emerge.

Stereotaxic injections

Animals were anesthetized with isoflurane, placed in a stereotaxic
frame, and were randomly assigned to receive 1 μl of a freshly prepared
solutionof either saline solution(NaCl0.9%) (n=42)orNPY(1×10−2 μg/
μl) (n=42) through a Hamilton syringe. Bilateral injections were made
into the anterior part of the lateral ventricles at the following coordinates
relative to bregma: anteroposterior: +0.5 mm; mediolateral: +/
−0.6 mm; dorsoventral: −1.8 mm according to the stereotaxic atlas of
Paxinos and Franklin (2007). Solutions were allowed to diffuse before
syringe removal.

The dose of NPY chosen in this study was based on our previous
reports (Decressac et al., 2009, inpress) showing that at this concen-
tration it had a robust proliferative effect in the SVZ and the DG of WT
mice.

BrdU injections

To study the effects of NPYon cell proliferation at 48 h,mice received
a single injection of BrdU (Sigma, France) (50 mg/kg, 0.1 MNaOH, NaCl
0.9%, i.p.) 44 h after the ICV injection of saline or NPY and were then
sacrificed 4 h later.

To study the long-term effects of NPY on cellular migration and
differentiation, animals received the first injection of BrdU 1 h after
their ICV injection, then twice daily during the next 5 days (50 mg/
kg) and were sacrificed 4 weeks later.

Weight and survival studies

Animals were weighed twice weekly starting at the beginning of
treatment and until the time of sacrifice. For the survival study, the
criteria value for euthanasia was defined as the time at which the
animals had lost 20% of their body weight relative to their weight at
the time of the NPY or saline injection surgery (in accordancewith the
Home Office recommendations). In addition, this time for euthanasia
based on body weight co-incided with marked deficits in the ability of
the animals to right themselves. In other words, when mice had lost
20% of their body weight, they were also unable to right themselves
immediately after being laid on their side. This helps confirm that the
weight loss end point co-incides with a time of markedmotor deficits.

Behavioural testing

Paw clasping
Mice of the R6/2 strain exhibit a hind-limb clasping behaviour

when suspended by the tail (Mangiarini et al., 1996). The clasping
phenotype has previously been used to study disease progression in
transgenic HD mice where it is considered as a measure of
neurological impairment (Hersch and Ferrante, 2004). Mice were
suspended by the tail for 60 s and the time taken until they clasp their
paws was recorded twice weekly. All clasping test scores were done
by an individual blind to the treatment and the phenotype of themice.

Rotarod test
Mice were trained on the rotarod apparatus (Ugo Basile, Varese,

Italy) for 3 days, at 7.5 weeks of age. Each mouse received four
training trials per day. Each training trial consisted of placing the mice
for 60 s on a rod rotating at a speed of 24 rpm. Mice were then split
randomly into saline and NPY-treated groups. Groups were tested
weekly using a “fixed speed” rotarod protocol, as described previously
(Carter et al., 1999). Testing on the fixed speed version of the task
consisted of giving eachmouse 2 successive trials at each of 3 different
speeds (ranging from 6 to 24 rpm). At each speed, the latency to fall
off the rotarod (addition of the 2 trials) was used. The test was
stopped after 60 s if the mouse had not fallen off the rotarod.

Tissue processing

Mice were killed with a 0.5 ml intraperitoneal injection of Euthatal
(pentobarbitone sodium, 200 mg/ml; Merial, UK), followed by
cervical dislocation. They were perfused transcardially with 0.9%
saline followed by ice-cold 4% paraformaldehyde (PFA) (0.1 M
phosphate buffer, pH 7.4). Brains were removed, weighed, and
postfixed in 4% PFA overnight then cut into 40 μm coronal sections
on a Vibratome (Leica, VT1000E) and stored in a cryoprotective

http://dx.doi.org/10.1002/hipo.20765
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solution (20% glucose, 40% ethylene glycol, 0.025% sodium azide,
0.05 M PB, pH 7.4) at −20 °C until use. Brains were cut in 5
rostrocaudal series encompassing the striatal and hippocampal
regions.
Immunohistochemistry

Sections were first incubated in a solution containing 3% H2O2, 10%
methanol in 0.1 M phosphate buffer saline (PBS) to quench endogenous
peroxidase activity. Before processing the sections for immunohisto-
chemistry, theywere washed in PBS 0.1 M, denatured in 2 N HCl at 37 °C
for 30 min and washed in borate buffer (pH 8.6). Sections were then
incubated for 1 h at room temperature in a blocking solution (3% bovine
serum albumin, 0.3% Triton X100, in PBS, pH 7.4) then overnight at 4 °C
with a rat anti-BrdU antibody (1:100, AbCys, France). Sections were
rinsed and incubated for 1 h with a biotinylated anti-rat secondary
antibody (1:300, Vector Laboratory). Immunoreactivity was detected
using the vectastain ABC kit enhancing system (Vector Laboratory) and
diaminobenzidine substrate (Sigma). After rinsing, sections were
mounted onto gelatin coated slides, dehydrated in toluene then cover-
slipped using DPX (BDH Laboratories, Poole, England). The other sets of
sectionswereprocessed fordifferent stainingusing the followingprimary
antibodies: rabbit anti-NPY (1:1000, Immunostar, USA), goat anti-DCX
(1:1000, Santa Cruz Biotechnology, USA), mouse anti-Nestin (1:500,
Chemicon, USA), and sheep anti-Y1 receptor (1:1000, Biogenesis). For a
single labelling strategy, the protocol was the same as described above.
For a double staining strategy, sections were incubated for 1 h with the
following secondary antibodies (1:300, Invitrogen, USA): donkey anti-
sheep Alexa 568, donkey anti-goat Alexa 488 or goat anti-mouse Alexa
488.
Morphological analysis

Striatal and ventricular volumetric analyses were performed on
40 μmbrain sections. Sections 200 μmapart spanning theentire striatum
from bregma 1.18 mm to −0.22 mm were analysed using the Olympus
Cast-Grid system (Olympus, Denmark). The CAST-Grid software
(version 1.09) was used to manually delineate at the 10× objective,
the areas of the striatum and the lateral ventricles of both sides, and
volumes in mm3 were estimated according to the Cavalieri formula:
Vref=Σ Structure areas×1/Freq×Section thickness (Gundersen and
Jensen, 1987; Gundersen et al., 1988).
Cell counting

Quantifications were conducted by an observer blind to phenotype
and treatment conditions in one fifth of all sections from 1.18 mm to
−0.22 mm relative to bregma for the SVZ and the striatum, and from
−1.50 mm to −3.00 mm for the DG (Paxinos and Franklin, 2007). As
previously described (Decressac et al., 2009), sections were photo-
graphed as z-stacks (SMZ1500 microscope and NIS Elements F 2.20
software Nikon) and BrdU+ cells throughout the thickness counted
using Image J software (NIH, USA). Results are presented as total
number of BrdU labelled cells (sum of 5 sections counted per animal).
Fig. 1. NPY extends lifespan in R6/2mice and ameliorates bodyweight. (A) Survival curve
showing the percentage of survivingWT and R6/2mice after treatment with either saline
(0.9%) or NPY (1×10−2μg/μl) as a function of age (curves corresponding to WT mice
treated with saline or NPY overlap). (B) Histogram showing the body weight at 10 and
14 weeks of age of WT and R6/2 mice treated with saline or NPY. Data are expressed as
mean±SEM. ***pb0.001 compared to saline-treated WT mice; ♯pb0.05, ♯♯♯pb0.001
compared to saline-treated R6/2 mice (one-way ANOVA and Tukey post hoc test).
Statistical analysis

Figures show group means±SEM. Data were analyzed using one-
way analysis of variance (ANOVA). For all analyses, upon confirmation
of significant main effects, differences among individual means were
analyzed using the Tukey post hoc test. For all analyses, significance
was set at αb0.05.
Results

NPY extends lifespan in R6/2 mice and increases body weight

Animals' weight was measured twice weekly and the criterion for
sacrifice was defined as the time when an animal had lost 20% of its
maximal weight or was considered to be in poor health (according to
HomeOffice guidelines). In linewith previous studies (Mangiarini et al.,
1996; Stack et al., 2005),we observed that R6/2micenormally succumb
to their disease at around 17 weeks of age (Fig. 1A). ICV injection of NPY
hadno significant effect onWTmice in termsof adversely affecting their
survival (Fig. 1A; overlapping curves), but in the case of R6/2mice, NPY
treatment significantly increased their maximal survival from 119 days
for saline-treated mice to 145 days for NPY-treated animals (pb0.01).
ICV injection of NPY also delayed the mean time to sacrifice in HD
transgenic R6/2 mice from 86 days to 101 days (pb0.01), and the
average survival from 98 days to 117 days (pb0.01) (Fig. 1A) This is
perhaps not unexpected as NPY is known to be a powerful stimulant of
food intake when injected into either the hypothalamus or the
ventricles (Kalra and Kalra, 2004; Morley et al., 1987; Stanley and
Leibowitz, 1985). Indeed, analysis of variance revealed a main effect of
NPY treatment in 10-week-old WT and R6/2 animals [F3,24=42.92,
p b0.0001] that was more pronounced at 14 weeks of age
[F3,24=256.75, pb0.0001]. In particular, we observed that a single ICV
injection of NPY significantly increased WT animals' weight at both
10 weeks (28.0±1.1 g) [F1,12=30.11, pb0.0001] and 14 weeks of age
(32.3±1.1 g) [F1,12=30.11, pb0.0001] compared to saline injected
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mice (24.8±1.0 g at 10 weeks; 28.0±1.5 g at 14 weeks) (Fig. 1B). In
the case of R6/2mice, we observed that, compared to saline-treatedWT
mice (24.8±1.0 g), saline-treated R6/2 mice had a significant loss
(−19%) (20.2±1.3 g) [F1,12=30.11, pb0.0001] in bodyweight as early
as 10 weeks of age, as previously described (Mangiarini et al., 1996;
Stack et al., 2005). This reduction in body weight was more marked
(−41%) at 14 weeks of age (28.0±1.5 g forWTmice, 16.4±0.7 for R6/
2 mice) [F1,12=62.82, pb0.0001] and the single ICV injection of NPY in
R6/2mice induced amodest effect in reducing the loss of bodyweight in
both 10-week-old (22.4±1.7 g) [F1,12=6.70, pb0.05] and 14-week-old
mice (20.3±1.2 g) [F1,12=53.69, pb0.0001] compared to age-matched
saline-treated R6/2 mice (Fig. 1B). In other words, NPY induced an
increase of 15% and of 23% in bodyweight in 14-week-oldWTmice and
R6/2 mice respectively.

This indicates that, despite the loss in body weight in R6/2 mice
induced by altered metabolism (Phan et al., 2009; van der Burg et al.,
2008), NPY was capable of partially counteracting this deficiency
probably by stimulating food intake in this transgenic animal model
and this may have contributed to their increased survival (Goodman
et al., 2008).

NPY improves the behavioural deficits of R6/2 mice

In light of the improvements observed in lifespan/body weight after
NPY injection,we also investigatedwhetherNPY could amelioratemotor
Fig. 2. NPY improves behavioral deficit in R6/2mice. (A) Histogramshowing performance
on thefixed speed (16 rpm) rotarod test ofWTandR6/2mice treatedwith saline (0.9%) or
NPY (1×10−2μg/μl)mice at 10 and14 weeksof age. Results represent the total time spent
on the rod over 2 trials of 60 s. (B) Histogram showing the latency to paw-clasping when
mice were suspended by the tail over a 1-min period in the same groups of animals. Data
are expressed as mean±SEM. ***pb0.001 compared to saline-treated WT mice;
♯♯pb0.01, ♯♯♯pb0.001 compared to saline-treated R6/2 mice (one-way ANOVA and
Tukey post hoc test).
abnormalities inR6/2mice. As expected,weobserved that saline-treated
R6/2 mice scored poorly on the rotarod test at 10 weeks (72±9 s)
[F1,12=88.42, pb0.0001] and even worse at 14 weeks of age (26±12 s)
[F1,12=230.17, pb0.0001] compared to similar aged WT saline-treated
mice (117±3 s at 10 weeks and 115±4 s at 14 weeks of age) (Fig. 2A)
(Carter et al., 1999; Pallier et al., 2009). NPY treatment improved motor
performance on this task as evidencedby the increased time spent on the
rotarod in NPY-treated mice at 10 weeks [F3,24=60.42, pb0.0001] and
14 weeks [F3,24=134.1, pb0.0001] of age. Indeed, the latency to fall
of the rod was significantly improved by 24% in 10-week-old R6/2 mice
(95±10 s) [F1,12=17.95, pb0.01] and by 57% in 14-week-old R6/2
animals (60±15 s) [F1,12=21.25, pb0.001] compared to saline-treated
R6/2 mice (Fig. 2A).

Next, we sought to determine whether NPY treatment could
reduce hind-limb clasping. NPY treatment reduced clasping behaviour
in R6/2 mice as shown by a significantly increased latency to clasp
their paws at both 10 weeks (48±5 s) [F1,12=20.48, pb0.001]) and
14 weeks of age (31±6 s) [F1,12=19.38, pb0.001] compared to
saline-treated R6/2mice (Fig. 2B). In both behavioral tests, we did not
observe any significant effect of NPY treatment onmotor scores inWT
mice (Fig. 2B).

This motor improvement in R6/2 mice after NPY injection could
relate to their better health as revealed above by their increased body
weight. In part this seems to be the case as there is a significant body
weight by rotarod performance interaction [F1,12=6.58, pb0.05],
whilst such an interaction was not seen between body weight and
clasping latency [F1,12=2.40, p=0.14].
NPY attenuates striatal atrophy

Although none of the transgenic models of HD replicate all the
pathological hallmarks of human HD, the R6/2 mouse still share many
morphological features such as a reduction in brain weight, with
atrophy especially of the striatumwith a concomitant expansion of the
lateral ventricles. Therefore, we investigated the effect of the ICV
injection of NPY on these morphological parameters. We first analyzed
global cerebral atrophy by measuring the weight of the brains in the
different experimental conditions.

An analysis of variance revealed a main effect of NPY treatment on
cerebral atrophy [F3,24=71.73, pb0.0001]. As previously reported
(Stack et al., 2005), we observed a significant reduction in the brain
weight of saline-treated R6/2 mice (346±13 mg) compared to WT
mice (451±12 mg) [F1,12=86.22, pb0.0001] (Fig. 3A, C, E). This
deficit was partially normalized by the ICV injection of NPY as the
brain weight was significantly increased in NPY-treated R6/2 mice
(412±16 mg) compared to saline-treated R6/2 mice [F1,12=62.05,
pb0.0001] (Fig. 3D–E).

We also investigated the effect of NPY injection on striatal atrophy
as well as on the concurrent enlargement of the lateral ventricles. For
this, we measured the area of these structures on several rostro-
caudal sections and estimated the striatal and ventricular volumes
using the Cavalieri formula. In line with previous reports (Stack et al.,
2005), we found that saline-treated R6/2 mice had significant striatal
volume loss (3.55±0.29 mm3) with a concomitant expansion of the
lateral ventricles (4.60±0.71 mm3) compared to saline-treated WT
mice (4.50±0.12 mm3, [F1,12=33.46, pb0.0001] for striatal volume;
1.85±0.13 mm3, [F1,12=55.73, pb0.0001] for ventricular volume)
(Fig. 3A–C, F–G).

Analysis of variance revealed that NPY treatment of R6/2 mice
significantly reduced striatal atrophy (4.27±0.19 mm3) [F1,12=29.61,
pb0.0001] and also partially restored the size of the lateral ventricles
(2.35±0.47 mm3) [F1,12=47.37,pb0.0001] compared to saline-treated
transgenic mice (Fig. 3D, F–G).

ICV injection of NPY in WT mice had no significant effect on any of
these morphological parameters (Fig. 3B, E–G).

image of Fig.�2


Fig. 3.NPY reduces cerebral atrophy in R6/2mice. (A–D) Photographs of coronal sections illustrating the effect of saline (0.9%) (A, C) and NPY (1×10−2μg/μl) (B, D) ICV injection on
both striatal and ventricular volumes in WT (A, B) and R6/2 mice (C, D). Scale bar: 1 mm. (E) Histogram showing brain weight in WT and R6/2 mice treated with saline or NPY at
12 weeks of age. (F–G) Histogram showing the volume of the lateral ventricles (F) and the striatum (G) of theWT and R6/2mice 4 weeks after ICV injection of saline or NPY. Data are
expressed as mean±SEM. ***pb0.001 compared to WT mice; ♯♯♯pb0.001 compared to saline injected R6/2 mice (one-way ANOVA and Tukey post hoc test).
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NPY stimulates the number of SVZ neuroblasts in the R6/2 mice but not
their migration towards the striatum

SVZ neurogenesis in R6/2 mice has largely been shown to be
unaltered compared toWT littermates (Gil et al., 2005; Lazic et al., 2004;
Phillips et al., 2005). Furthermore we have previously shown that NPY
canbe effective inpromoting cellularproliferation in the SVZofWTmice
(Decressac et al., 2009). We therefore measured SVZ proliferation 48 h
after saline or NPY injection by counting the number of cells that have
incorporated BrdU. Analysis of variance revealed a main effect of NPY
treatment on the number of BrdU+cells in the SVZ [F3,24=78.02,
pb0.0001]with ICV injection of NPY inducing a dramatic increase in the
number of BrdU+cells in the SVZ ofWTmice after 48 h after treatment
(587±50) (Fig. 4A) compared to saline injected WT mice (305±47)
[F1,12=116.65, pb0.0001] (Fig. 4A). Likewise, we observed that NPY
had a similar effect in R6/2 mice as observed by the greater number of
BrdU+cells in the SVZ (447±38) compared to saline-treated R6/2
mice (291±26) [F1,12=79.03, pb0.0001] (Fig. 4A). However, NPY was
more potent in increasing the number BrdU+cells in the WT SVZ
(+92%) compared to the R6/2 SVZ (+53%) [F3,24=78.02, pb0.01].
Additionally, we found that NPY injection stimulated the generation of
neuroblasts in the SVZ in both WT and R6/2 mice as observed by the
higher number of BrdU+/DCX+cells (471±47 in WT mice; 380±48
in R6/2 mice) compared to saline-treated animals (247±31 in WT
mice; 228±30 in R6/2 mice) ([F1,12=101.04, pb0.001] in WT;
([F1,12=80.22, pb0.001] in R6/2) (Fig. 4B).

We previously demonstrated that after IVC injection of NPY,
newborn (BrdU+) cellswere capable ofmigrating towards the striatum
where they subsequently differentiated intomatureGABAergic neurons
(DARPP-32+) (Decressac et al., 2009). Similarly to that performed
previously, mice received daily injection of BrdU for 5 days after ICV
injection and were sacrificed 4 weeks after surgery. In line with that
observed in our previous study, we found that ICV injection of NPY in
WT mice induced a significant increase in the number of BrdU+cell
within the striatum (416±41) compared to saline-treated animals
(119±17) [F1,12=298.07, pb0.0001] (Fig. 4B). In contrast, the number
of BrdU+cells was unaltered in the striatum in R6/2 mice after NPY
injection (141±27) compared to saline-treated mice (125±26)
[F1,12=1.12,p=0.31] (Fig. 4C). This suggests that afterNPY stimulation,
SVZ newborn cells did not survive and/or reach the adjacent diseased
striatum in this transgenic model of HD. Similarly, we did not find any
changes in the number of BrdU+/DCX+cells in the striatum in
transgenic animals (NPY: 21±6; NaCl: 15±5; p=0.63), in contrast,
NPY injection increased the number of newborn neuroblasts in the
striatum inWTmice (177±40) compared to saline treatment (14±8)
[F1,12=413.46, pb0.0001] (Fig. 4D).

NPY fails to stimulate hippocampal cellular proliferation in R6/2 mice

The preceding set of results clearly demonstrates that NPY can exert
a neuroproliferative effect on SVZ progenitors. We then investigated
whether NPY could also stimulate DG cell proliferation in the R6/2
mousemodel ofHDwhereDGneurogenesis is impaired (Gil et al., 2005;
Phillips et al., 2005).

The number of proliferating cells, as expected, was reduced by
approximately 45% in the DG of 8 weeks old R6/2 saline-treated mice
compared to WT saline-treated mice [F1,12=91.89, pb0.0001]. This
difference was more marked (−58%) in 12 weeks old mice

image of Fig.�3


Fig. 4. NPY stimulates SVZ cellular proliferation in R6/2 mice but not the migration of newborn cells towards the striatum. A-D: Quantification of the number of BrdU+ (A–C) and
BrdU+/DCX+ (B–D) cells within the SVZ (A–B) and the striatum (C–D) ofWT and R6/2mice 48 h (A–B) or 4 weeks (C–D) after ICV injection of saline (0.9%) or NPY (1×10−2μg/μl).
**pb0.01; ***pb0.001 compared to WT mice (one-way ANOVA and Tukey post hoc test).

Fig. 5. NPY fails to compensate for the reduced neurogenesis in the DG of R6/2 mice.
Immunostaining of BrdU in the DG of R6/2mice 2 days after injection of NaCl (A) or NPY
(B)in R6/2 mice. Scale bar: 150 μm. Quantification of the number of BrdU+cells in the
DG of R6/2 mice 48 h and 4 weeks after saline (0.9%) or NPY treatment (1×10−2μg/μl)
(C). NPY induced no significant increase in the number of BrdU+cells in theDG at either
48 h or at 4 weeks. Data are expressed as mean±SEM.
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[F1,12=121.45, pb0.0001] and is consistent with previous studies
showing that hippocampal neurogenesis is reduced in these transgenic
animals (Gil et al., 2005).

As illustrated in Fig. 5C, the acute injection of NPY, at a dose that we
recently reported to be effective in WT mice (Decressac et al., 2010), did
not increase the number of BrdU+cells in the DG of R6/2 mice (32±5)
as compared to a saline control injection (29±4) [F1,12=2.47, p=0.14]
(Fig. 5A–C).

We then investigated whether NPY could have a delayed or long-
lasting effect on cellular proliferation in theDGby lookingat thenumber
of BrdU+cells 4 weeks after the BrdU pulse was given. As expected
from the short term study, no significant difference was observed in the
number of BrdU+cells in the DG of mice treated with NPY (56±8)
compared to saline-treated animals (50±6) 4 weeks after a single dose
of NPY [F1,12b1] (Fig. 5C).

In order to ascertain whether this lack of effect may relate to a loss
of NPY+cells in the hilus or to a decreased expression of the Y1
receptor throughout the DG, we next sought to investigate the state of
the NPY and Y1 receptor expression in the DG of R6/2 mice.

Impaired NPY system is associated with altered DG cellular proliferation
in R6/2 mice

As illustrated in Fig. 6A–F the pattern of Y1 receptor expression in
R6/2 mice is similar to the one previously observed in WT mice. Y1
receptor is expressed both by neuroblasts and amplifying progenitors
throughout the DG (Decressac et al., 2009; Howell et al., 2003), but in
contrast to WT mice (567±30), the number of Y1 positive cells in the
DG is lower in R6/2mice (291±11) [F1,12=67.83, pb0.0001] (Fig. 6G).

Having identified that the impaired neurogenesis in R6/2 mice was
accompanied by a reduction in the number of cells expressing the Y1
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Fig. 6. Decreased number of NPY and Y1 expressing cells in the DG of R6/2 mice. (A–F) Double staining on R6/2 mice hippocampal sections of cells expressing the Y1 NPY receptor
(red) in the DG showing they are either Nestin+amplifying progenitors (A) or DCX+neuroblasts (B) (green). Scale bar: 40 μm. (G) Quantification of the number of Y1 receptor-
expressing cells in the DG of WT and R6/2 mice. Data are expressed as mean±SEM, ***pb0.001.
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receptor, we further sought to investigate whether a similar alteration
couldbeobserved forNPYexpressingcells. To this end,weperformedan
immunostaining using an antibody raised against NPY and quantified
the number of cells expressing NPY in the DG of WT (Fig. 7A) and R6/2
mice (Fig. 7B). Interestingly, we observed a significant reduction in the
number of NPY+cells in the DG of transgenic mice (228±28)
compared to WT mice (321±23) [F1,12=19.03, pb0.01] (Fig. 7C).
This suggests that the alterations in the NPY systemmight contribute to
the impairment of neurogenesis in the DG of R6/2 mice.

Discussion

In the present study, we report that a single ICV injection of NPY
has a beneficial effect in a transgenic animal model of HD. We
demonstrated that a single NPY injection in R6/2 mice had a positive
Fig. 7. Reduced number of Y1 expressing cells in the DG of R6/2mice. Immunolabelling of NPY
NPY+cells in the hilar part of the hippocampus revealed that R6/2 mice have a reduced numb
**pb0.01.
effect on survival by extending lifespan, such that mice treated with
this peptide survived on average 20% longer than control animals
treated with saline. This amplitude of effect observed with this
peptide is similar to that observed with other disease modifying
molecules that are currently being tested in clinical trials in HD
(Borrell-Pages et al., 2006). This, though, is the first study to show that
NPYmight act to slow down the disease course in R6/2mice. To better
understand this effect of NPY, we first investigated its action on body
weight. We found that NPY injection significantly reduced body
weight loss in HD transgenic mice as would be expected given the
criteria for euthanasia was the point when the animals had lost 20% of
their maximal body weight. Whilst we did not analyse the feeding
behaviour of the mice in our study, NPY is known to have orexigenic
actions (Clark et al., 1984; Levine and Morley, 1984; Morley et al.,
1987) and one would therefore assume that NPY stimulated appetite
in the DG ofWT (A) and R6/2mice (B). Scale bar: 100 μm. Quantification of the number of
er of cells expressing NPY compared to WT mice (C). Data are expressed as mean±SEM,
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and food intake in R6/2 mice and this caused the increase of weight.
Importantly this effect on body weight was mirrored by a positive
effect of NPY on motor performance in R6/2 mice as demonstrated by
the longer latency of mice to fall off the rotarod and also to clasp their
paws.

This dramatic effect of a single ICV injection of NPY has some
parallels to that which has been reported previously with single
central injections of NPY and a variety of different behaviours (Gilpin
et al., 2008; Taylor et al., 2007; Toth et al., 2007). As in these other
studies, we assume that as in this new study of ours, NPY has a
profound effect that delays the disease course but does not necessarily
reverse it or change it forever.

In addition to these phenotypic ameliorations we also showed that
ICV injection of NPY significantly reduced general cerebral atrophy as
well as striatal atrophy and ventricular enlargement in R6/2 transgenic
mice. This coupled to the behavioral improvement suggested a
beneficial effect of NPY on neuronal survival and ability, both at the
cortical and striatal level.

Although NPY is likely to have a direct neuroprotective action on
striatal and cortical cells, other mechanisms to account for the effect of
NPY cannot be ruled out such as actions on cell proliferation within the
CNS. So, for example, cellular proliferation has been shown to be
increased in the subependymal layer lining the lateral ventricle in the
HD human brain, which suggests that the “HD” brain may be able to
react to the striatal degeneration in this condition by trying to replace
lost neurons through up-regulation of an intrinsic neurogenic process
(Curtis et al., 2003, 2005a,b). Indeed, the recruitment of endogenous
neuronal precursors from the striatum or the SVZ and their differen-
tiation into GABAergic neurons has been demonstrated to be of
beneficial interest in some HD mouse models (Cho et al., 2007; Fan
and Fan, 2006; Jin et al., 2005). Furthermore we recently demonstrated
that the ICV injection of NPY in WT mice promotes the proliferation of
SVZ neuroblasts, their migration towards the striatum and their
differentiation into mature GABAergic neurons (Decressac et al.,
2009). Therefore, we sought to determine whether NPY could induce
a similar effect on the generation and migration of SVZ progenitors in
R6/2mice.We found that, as observed inWTmice, ICV injection of NPY
in R6/2 mice enhanced the number of newborn neuroblasts in the SVZ
after 48 h compared to saline-treated animals. This translated into an
increase in the number of cells found at 4 weeks post BrdU labelling,
although whether this relates to a specific effect of NPY on cell death
rather than cell survival is not known. However, in vitro studies have
demonstrated that the pro-neurogenic effect of NPY on progenitors
from the SVZ, the hippocampus or olfactory epithelium was due to a
proliferative action only (Agasse et al., 2008; Hansel et al., 2001; Howell
et al., 2003). In contrast to what we observed in WT animals, we found
that treatment with NPY did not modify the number of striatal BrdU+
cells and BrdU/DCX+cells after 4 weeks in R6/2 mice which suggests
that newborn neuroblasts were not capable of reaching the diseased
striatum (Decressac et al., 2009). In support of this is the recent
observation showing that SVZ progenitor cells have an impaired
migration to the olfactory bulb in R6/2 mice, which was not related to
either a modification in PSA-NCAM expression nor cell death (Moraes
et al., 2009). Thus, there appears to be a constitutive problem of cell
migration out of this SVZ niche in R6/2 mice for some reason. One
possibility may relate to a lack of trophic factors, such as brain-derived
neurotrophic factor (BDNF), together with the presence of inhibitory
molecules related to the microgliosis and astrogliosis seen in the HD
striatum, all of which works to impede migration of newborn
neuroblasts out of the SVZ in R6/2 mice.

Taking all this data together, it is therefore very unlikely that the
beneficial effects of NPY on the R6/2 phenotype was due to the
replacement of striatal (or cortical) neurons. Although our study
focussed on the hypothesis that NPY may work by cell replacement,
we do not explicitly investigate whether there is a direct action of NPY
on striatal pathology such neuronal inclusions or the glial reaction. NPY
is known to have a protective effect in vitro and in vivo in various brain
regions including the striatum (Alvaro et al., 2008; Thiriet et al., 2005;
Rose et al., 2009). NPYhas also been shown to protect hippocampal cells
against methamphetamine-induced toxicity through the release of
BDNF from microglia (Xapelli et al., 2008) suggesting that NPY is likely
to modulate the expression of BDNFwhich is reduced in the striatum in
HD (Zuccato and Cattaneo, 2009) and that this may be the mechanism
by which it elicits the benefits we see in this study.

Finally we have recently demonstrated that an ICV injection of NPY
in WT mice stimulates the proliferation of DG progenitors (Decressac
et al., in press) and so we sought to study whether NPY treatment has
a similar effect in the R6/2 transgenic mouse and thereby can rescue
the previously described impaired DG cellular proliferation in this
model of HD (Gil et al., 2005; Phillips et al., 2005). However, using an
identical dosing and injection routine for the peptide, we failed to
stimulate neurogenesis in the hippocampal area- in other words we
did not observe any difference in the number of cells that integrated
BrdU between saline and NPY-treated animals either at 48 h or at
4 weeks after injection. Further research is necessary to investigate
whether different treatment regimens such as higher doses or
repeated injections could produce a stimulatory effect on cellular
proliferation and migration in these neurogenic niches of the R6/2
brain, but this lies beyond the scope of this study.

In the present study, we report that the number of cells expressing
NPY or the Y1 receptor was also significantly reduced in the DG of R6/2
mice compared to WT controls thereby suggesting that a general
alteration of the cellular network involved in DG NPY function may be
implicated in the impairment of neurogenesis observed in R6/2 mice.
Although the present data does not provide any information on
causality between the alterations observed, i.e., whether impaired
neurogenesis contributes to alteredNPY function or alteredNPY cellular
network is responsible at least in part for the impaired neurogenesis in
R6/2 mice, our results are in agreement with previous reports which
have shown that NPY plays an important role in the maintenance of
neurogenesis in both the DG and the SVZ (Agasse et al., 2008; Decressac
et al., 2009; Howell et al., 2003, 2005, 2007; Stanic et al., 2008).

In summary, NPY appears to be able to have an effect in both
physiological and pathological conditions on neurorestoration and
neurogenesis. Thus exploiting this system in pathological conditions
such as HD may have some therapeutic value, especially given the
effect we have now reported in the R6/2 transgenic mouse model of
HD after a single ICV injection of NPY.
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