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ARTICLEINFO ABSTRACT
Article history: Reduced neuronal plasticity in the striatum, hippocampus, and neocortex is a common
Accepted 6 March 2007 feature of transgenic mouse models of Huntington’s disease (HD). Doublecortin (DCX) and
Available online 12 March 2007 polysialylated neural cell adhesion molecule (PSA-NCAM) are associated with structural
plasticity in the adult mammalian brain, are markers of newly formed neurons in the dentate
Keywords: gyrus of the adult hippocampus, and are highly expressed in primary olfactory (piriform)
DCX cortex. Animal studies have demonstrated that a reduction in plasticity in the piriform cortex
Neurogenesis is associated with a selective impairment in odour discrimination. Therefore, the number of
Olfaction DCX and PSA-NCAM immunoreactive cells in the piriform cortex were quantified as
Plasticity measures of plasticity in early stage (fifteen week old) R6/1 transgenic HD mice. The
Pyriform transgenic mice had alarge reduction in the number of DCX and PSA-NCAM immunoreactive
R6/1 cells in the piriform cortex, similar to that previously reported in the R6/2 mice. We also
Stereology tested whether odour discrimination, as well as identification and detection, were impaired

in HD patients and found that patients (at a similar disease stage as the mice) had an
impairment in odour discrimination and identification, but not odour detection. These
results suggest that olfactory impairments observed in HD patients may be the result of
reduced plasticity in the primary olfactory cortex.
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1. Introduction cognitive deficits and is caused by an expansion of CAG

repeats in the first exon of the huntingtin gene. While the
Huntington’s disease is a progressive neurological condition caudate and putamen are traditionally thought of as the
that presents with a combination of motor, psychiatric, and most affected structures, early on in the disease there is
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widespread atrophy in other regions, including the hippo-
campus, amygdala, and cerebral cortex (Rosas et al., 2003).
This extension of pathology outside striatum may also
explain the range of symptoms reported in early HD, such
as changes in the hypothalamic-pituitary-adrenal axis
(Bjorkqvist et al., 2006) and olfactory impairments (Moberg
et al., 1987; Nordin et al., 1995; Moberg and Doty, 1997;
Hamilton et al., 1999).

Reduced neuronal plasticity is a robust characteristic of
the R6 transgenic mouse models of Huntington’s disease.
Examples include reduced long-term potentiation (LTP) at
hippocampal synapses (Lione et al, 1999; Murphy et al,
2000; Gibson et al., 2005; Milnerwood et al., 2006), reduced
paired-pulse facilitation in striatal medium spiny neurons
(Klapstein et al., 2001), and reduced experience-dependent
plasticity in the neocortex, as determined by 2-deoxyglucose
brain mapping (Cybulska-Klosowicz et al., 2004; Mazarakis et
al., 2005). These studies also correlated reduction in neuro-
nal plasticity with functional deficits on hippocampus-
dependent or barrel cortex-dependent behavioural tasks.
The transgenic YAC mouse model of HD also has changes in
synaptic plasticity, with an impairment of induction and
maintenance of LTP at Schaeffer collateral-CA1 synapses,
and reduced post-tentanic stimulation (Hodgson et al., 1999).
More recently, it has been demonstrated that adult R6 mice
have reduced hippocampal neurogenesis (Lazic et al., 2004;
Gil et al., 2004, 2005; Phillips et al., 2005; Grote et al., 2005;
Lazic et al, 2006), which might also contribute to the
hippocampal deficits observed in these mice.

Neurogenesis in the adult dentate gyrus and olfactory
bulb/subventricular zone system (OB/SVZ) is becoming
increasingly referred to as an example of “structural plasti-
city” (see Bonfanti, 2006), which includes cell proliferation,
migration, differentiation, axonal/dendritic growth and
remodelling, and integration of these cells into the neural
circuitry, typically as an adaptive response to stimuli. This
can be contrasted with classical plasticity, whereby there is a
change in the strength of existing synapses, but little in the
way of morphological changes in either the pre- or post-
synaptic cell. DCX and PSA-NCAM are two markers that have
been used for the quantification of structural plasticity
(Nacher et al., 2004; Bonfanti, 2006). DCX is a microtubule-
associated protein expressed in migrating neuroblasts (Han-
nan et al., 1999; Gleeson et al., 1999) and has been validated
as a marker of hippocampal neurogenesis (Brown et al., 2003;
Rao and Shetty, 2004; Couillard-Despres et al., 2005), while
NCAM is a member of the immunoglobulin superfamily of
adhesion molecules and PSA is a carbohydrate molecule
attached to the extracellular part of NCAM. Both DCX and
PSA-NCAM are highly expressed in the primary olfactory
(piriform) cortex (Nacher et al., 2001).

Since plasticity in the piriform cortex is critically involved
in the discrimination of odours (Wilson, 2001; Wilson and
Stevenson, 2003), we therefore examined olfactory perfor-
mance in human HD patients and controls to determine
whether specific deficits could be found in odour discrimina-
tion, as well as identification and detection. In addition, the
number of DCX" and PSA-NCAM" cells in the piriform cortex
were quantified to determine whether these markers of
plasticity are altered in this structure.

2. Results
2.1. Olfactory impairments in HD patients

Early stage Huntington’s disease patients were unable to
discriminate between odours as well as controls. In the odd-
one-out task, in which they were presented with three odours
and had to identify which one was different from the other
two, the patients were, on average, correct only 9.5 times out of
sixteen trials, while the controls correctly discriminated on
13.9 trials (t17=4.2, p<0.001; Fig. 1A). Patients were also
significantly impaired on the olfactory identification task,
identifying, on average, three fewer odours out of sixteen
than controls (t;7=2.6, p=0.019; Fig. 1B). Patients also had a
higher detection threshold for butanol, but this difference was
not significant (t7=1.1, p=0.281; Fig. 1C). A composite score
combining the results of the three tests was calculated (Fig. 1D).
All the controls had scores in the normal range (white
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Fig. 1 - Human olfactory data. HD patients were significantly
impaired on the olfactory discrimination task, in which they
were presented with three odours and had to choose which
one was different from the other two (A). Patients were also
significantly worse on the olfactory identification task,
identifying, on average, three fewer odours out of sixteen
than did the controls (B). HD patients had a slightly higher
detection threshold for the presence of butanol than did
controls, but the difference was not significant (C). A
composite score for all three tests was calculated (D) and all
the controls had scores in the normal range (white), while
some HD patients had scores in the mild hyposmia range
(light grey), or severe hyposmia range (medium grey), with
some scoring close to the anosmia range (dark grey).
Population norms based on Mackay-Sim et al. (2004). Note:
values on y-axis do not start at zero for (C) ppm=parts per
million.
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Table 1 - Body weight, brain weight and brain volume of
transgenic R6/1 and wild-type mice

R6/1 Wild type p-value
Body weight (g) 22.3 (2.8) 26.1 (4.7) 0.098
Brain weight (mg) 366 (13) 414 (23) <0.001
Striatal volume (um?) 13.0 (0.6) 14.6 (0.9) <0.001
Cortical volume (pm?) 29.2 (1.3) 31.5 (1.4) 0.004

Values represent means (+SD).

background), as did some of the HD patients. The majority of
patients however had scores in either the mild hyposmia range
(light grey) or severe hyposmia range (medium grey). Although
no patients were in the anosmia range (dark grey), some had
scores close to the cut-off. Population norms are based on
Mackay-Sim et al. (2004).

2.2. Physical characteristics of transgenic and wild-type
mice

R6/1 mice typically display morphological and neuropatholo-
gical abnormalities by fifteen weeks of age, and this was
confirmed in the sample used in this experiment by measur-
ing the body weight, brain weight, and striatal and cortical
volumes of mice (Table 1). The R6/1 mice had brains that were
11.5% lighter than those of controls (t;1=4.41; p<0.001). In
addition, R6/1 mice had 11.2% smaller striatal volume (t;q
=3.82; p<0.001) and 7.2% smaller cortical volume (t;1)=3.26;
p <0.004), compared to the wild-type mice. The body weight of
the R6/1 mice was 14.8% less than the controls, but this
difference was not significant (t;;)=1.73; p=0.098). The
transgenic mice at this age also had neuronal intranuclear

DCX

PSA-NCAM

inclusions of the transgenic huntingtin protein (data not
shown).

2.3. DCX" cells are greatly decreased in the piriform cortex
of R6/1 mice

DCX" cells were found in the granular cell layer and
subgranular zone in the dentate gyrus, as well as in layers
II and III of the piriform cortex (Figs. 2A and B); the vast
majority of labelled cells were in layer II. The number of
DCX" cells was greatly reduced in the dentate gyrus of the R6/1
transgenic mice (Wilcoxon test: p<0.001; Fig. 3A), as we have
shown previously (Lazic et al., 2006). In addition, there was a
large decrease in the number of DCX" cells in the piriform
cortex of the R6/1 mice (Wilcoxon test: p<0.001; Fig. 3B),
similar to that observed in the R6/2 mice (Phillips et al., 2006).
Furthermore, there was also a significant correlation between
the number of DCX"* cells in the piriform cortex and the
dentate gyrus (r=0.818; p<0.001; Clgs5,=0.612, 0.920).

2.4. PSA-NCAM cells are greatly decreased in the piriform
cortex of R6/1 mice

Large numbers of PSA-NCAM' cells were found in the
granular cell layer and subgranular zone of the dentate
gyrus, as well as in layers II and III of the piriform cortex,
with the vast majority being in layer II (Figs. 2D and E). The
number of PSA-NCAM' cells was greatly reduced in the
dentate gyrus of HD mice (Wilcoxon test: p<0.001; Fig. 3C), as
well as in the piriform cortex (Wilcoxon test: p<0.001; Fig.
3D). There was also a strong correlation between the number
of PSA-NCAM" cells in the dentate gyrus and piriform cortex
(r=0.862; p<0.001; Clgsy,=0.699, 0.940).

Fig. 2 - DCX* and PSA-NCAM" cells in the piriform cortex. The number of DCX* cells in the piriform cortex of WT mice (4) is
greater than in R6/1 HD mice (B). Schematic diagram with the location of the piriform cortex indicated by the arrow

(C; adapted from Paxinos and Franklin, 2001). Similarly, the number of PSA-NCAM" cells is greater in the wild-type (D)
compared to the R6/1 mice (E). I=Layer I of piriform cortex; II=Layer II of piriform cortex. Scale bars, A-B=50 pm; D-E=200 pm.
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3. Discussion

We have previously shown that the number of DCX" cells in
the dentate gyrus is decreased in R6/1 and R6/2 mice, and that
there is also a decrease in the number of DCX" in the piriform
cortex of R6/2 mice (Phillips et al., 2005; Lazic et al., 2006;
Phillips et al., 2006). We now extend these findings to show a
dramatic reduction in the number of DCX" and PSA-NCAM"
cells in the piriform cortex of R6/1 mice, and that patients with
mild to moderate HD have an impairment in olfactory
discrimination and identification. This suggests that in HD,
the alterations in olfaction may be due to changes in the
piriform cortex.

DCX has been validated as a marker of neurogenesis in the
dentate gyrus (Brown et al., 2003; Rao and Shetty, 2004;
Couillard-Despres et al., 2005), but it is not known if this
holds in the piriform cortex, although a recent study has
demonstrated neurogenesis in this structure in rats (Pekcec
et al,, 2006). There is also some evidence in both primates and
rabbits that neuroblasts can migrate from the SVZ into the
piriform cortex (Bernier et al., 2002; Luzzati et al., 2003), butitis
not clear whether the decreased number of DCX" and PSA-
NCAM?" cells in the present study reflects a decrease in cells
migrating to the piriform cortex, a decrease in neurogenesis in
situ, changes in plasticity, or some combination of these.
Further examination of the piriform cortex, particularly with
retroviral labelling of dividing cells, will provide answers to
the above questions.
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Fig. 3 — Number of DCX" and PSA-NCAM" cells in the dentate
gyrus and piriform cortex. The number of DCX* cells is
greatly reduced in the dentate gyrus of HD mice (A), as well as
in the piriform cortex (B). In addition, R6/1 mice had a large
decrease in the number of PSA-NCAM" cells in the dentate
gyrus (C) and in the piriform cortex (D), compared to
wild-type controls. Note: the variability was low in the HD
group, and therefore the error bars are very small.

DCX might be involved with structural plasticity (Nacher
et al., 2001), as it is involved with microtubule reorganisation
(Francis et al.,, 1999), and as such, may play a role in neurite
formation, which involves cytoskeletal reorganisation (Jock-
usch et al., 2004; Bianchi et al., 2005). In addition, the majority
of DCX" cells also express PSA-NCAM (Nacher et al., 2001),
which is involved with promoting changes in cell-cell inter-
actions and in facilitating certain forms of plasticity (reviewed
in Rutishauser and Landmesser, 1996; Durbec and Cremer,
2001; Bonfanti, 2006). It is therefore not surprising that there
was a concomitant decrease in the number of PSA-NCAM*
cells, in both the hippocampus and the piriform cortex of the
HD mice. This reduction might be indicative of a general
decrease in neuronal plasticity in these mice, which is
consistent with previous studies on transgenic HD mice
(Lione et al., 1999; Hodgson et al., 1999; Murphy et al., 2000;
Klapstein et al., 2001; Cybulska-Klosowicz et al., 2004; Gibson
et al.,, 2005; Mazarakis et al., 2005; Milnerwood et al., 2006).

Since the R6/1 mice have reduced neurogenesis/plasticity in
the olfactory cortex, they might be expected to show deficits in
olfactory learning or discrimination. Although this has not
been investigated in these HD mice, olfactory impairment is a
consistent finding in patients with HD (Moberg et al., 1987;
Nordin et al., 1995; Moberg and Doty, 1997; Hamilton et al.,
1999), and the present study has confirmed and quantified this
deficit. Our study suggests that the ability to discriminate
between odours is more impaired than the ability to recognise
odours, while detection threshold is the least affected, at least
in ‘the early stages of the disease. SVZ/OB neurogenesis
appears to be specifically involved in olfactory discrimination
in mice, but not in threshold detection or olfactory memory
(Gheusi et al., 2000). This latter study used NCAM-deficient
mice, which have decreased migration of cells from the SVZ
into the olfactory bulb; but in addition, these mice may have
alterations of PSA-NCAM expression in the piriform cortex
which could explain this deficit. Further studies with aged
mice and with leukaemia inhibitory factor receptor mutant
mice (both of which have reduced OB/SVZ neurogenesis) have
shown decreased olfactory discrimination (Enwere et al., 2004).
Plasticity in the piriform cortex is critically involved in the
discrimination of odours (Wilson, 2001; Wilson and Stevenson,
2003), and therefore the observed discrimination deficit in HD
patients is consistent with reduced plasticity in this structure.

There was a strong correlation (r=0.818) between the
number of DCX" cells in the piriform cortex and dentate
gyrus, as well as between the number of PSA-NCAM* cells
(r=0.862), possibly indicating that a similar mechanism is
responsible for the reduction in number of labelled cells in
these two structures in the HD mice. For example, brain-
derived neurotrophic factor (BDNF)—a factor known to
increase neurogenesis (Lee et al., 2002)—is reduced in the
hippocampus, striatum, and cortex of HD mice (Zuccato et al.,
2001, 2005; Spires et al., 2004), and while its levels have not
been examined in the piriform cortex of these mice, BDNF is
known to play a role in modifying synapses in this structure
(Nanobashvili et al., 2005). Thus, decreased levels might lead
to cellular dysfunction in both the piriform cortex and
hippocampus. An alternative aetiological agent may be stress
hormones, as they decrease both neurogenesis (Wong and
Herbert, 2005, 2006), and synaptic plasticity (reviewed in Kim
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et al., 2006). Recently, it has been shown that R6/2 mice have
increased plasma and urine corticosterone levels (Bjorkqvist
et al., 2006), which are known to decrease the number of DCX"
and PSA-NCAM" cells in the piriform cortex (Nacher et al,,
2004).

In conclusion, the R6/1 transgenic mouse model of
Huntington’s disease has a substantial reduction in the
number DCX* and PSA-NCAM" cells in the primary olfactory
(piriform) cortex compared to wild-type controls, and the
number of these cells in the piriform cortex correlates with
that in the dentate gyrus, suggesting a common underlying
mechanism (e.g. BDNF or glucocorticoid levels). However, it
remains to be determined whether this represents decreased
neurogenesis or cellular plasticity in the piriform cortex, and
whether this affects olfactory learning or discrimination in the
transgenic mice. Reduced neurogenesis/plasticity might
underlie the olfactory impairments we observed in human
HD patients, and such tests of olfactory function may prove
useful in monitoring the early changes of patients as well as
following the course of the disease.

4. Experimental procedures
4.1. Human subjects

Patients (n=12) and controls (n=8) were recruited from the HD
clinic at the Centre for Brain Repair, University of Cambridge.
The mean age of patients was 52.9 (SD=7.5) and 53.9 (SD=6.2)
for controls. Table 2 displays the demographic characteristics
of the subjects. Patients were specifically in the early stages of
the disease with a mean total Unified Huntington’s Disease
Rating Scale (UHDRS) motor score of 15.9 (range=7 to 43) so as
to match the stage of disease in the mice. For inclusion into
the study, patients must have had (1) official documentation
of the presence of the HD mutation by genetic testing, (2) a
modified Mini Mental State Examination score >24, (3) a
UHDRS chorea score <10, (4) a Total Functional Capacity score
>38, (5) an Independence Score >80, (6) non-smoking or light-
smoking status (able to abstain for >24 h prior to testing), (7)
no history of head trauma, (8) no history of nasal problems,
and (9) no concurrent major psychiatric illness.

Controls were, where possible, close family members of a
similar age and sex; however, some were recruited from the
general public. For inclusion into the study controls had to (1)

Table 2 - Demographic characteristics of patients and
controls

Patients Controls
Age 52.9 (7.5) 53.9 (6.2)
Sex
Males n=6 n=3
Females n=6 n=>5
Smokers n=3 n=1
UHDRS motor score 15.9 (9.4) N/A
UHDRS chorea score 5.6 (4.1) N/A

Values represent means (SD).

be in general good health, (2) have non-smoking or light-
smoking status, (3) have no history of head trauma, (4) have no
history of nasal problems, and (5) be similar to one of the HD
subjects by age, sex, and race/ethnicity. Consent for this study
was granted by the Cambridge Local Research Ethics Commit-
tee and written informed consent was obtained from all
subjects after a detailed explanation of the procedures.

4.2. Human olfactory tests

Olfactory stimuli were presented via Sniffin’ Sticks (Heinrich
Burghart, Wedel, Germany) according to the manufacturer’s
instructions. To determine subjects’ threshold for detection of
the odour butanol, a three-alternative (odourant and two
blanks), blind, forced-choice test was used. A series of 16
dilution steps was used, ranging from 349 ppm to 3055 ppm,
according to a staircase procedure. Each successive dilution
step was one-third the concentration of the preceding
dilution. The order of presentation of the odourant and blanks
was randomised in each trial. All subjects began at the
weakest concentration and progressed toward the higher
concentrations to avoid adaptation. On every trial, the subject
was asked to indicate which of the three stimuli presented
(odourant or blanks) contained the butanol. An incorrect
choice on any trial (selection of a blank), led to a two-step
increase in concentration on the next trial. A correct choice led
to a repeat presentation of the same concentration. The
“starting point” was identified as the first double-correct
guess. Once a correct choice had been made twice, a one-step
decrease in concentration was made on the next trial. If this
was then correctly identified twice in a row, the next lower
concentration was then presented. This method was contin-
ued until the patient missed one concentration. A one-step
higher concentration was then presented. If this concentra-
tion was then missed again, the next higher concentration
was then given until a dilution step was correctly identified.
Once this occurred, a lower concentration was then presented.
Testing was concluded when seven reversals occurred. The
threshold was calculated as the mean of concentration of the
last four reversals.

To assess olfactory discrimination, we gave 16 trials with a
three-alternative (two identical odourants and one different),
blind, forced-choice test. Subjects were instructed to identify
the stick that contained the odourant that differed from the
other two. Each stick within a triplet was presented at 5-s
intervals, with a 30-s interval between triplets. Each stick was
presented only once.

A forced-choice, single presentation test was employed to
assess subjects’ ability to identify odours. A series of 16 sticks
was used, all containing different commonly recognised
smells (e.g. cinnamon, bananas, fish). Subjects were presented
with one stick at a time and asked to choose from a list of four
different smells which one best described the presented smell.

4.3. Animals

Wild-type CBA (n=18) and R6/1 transgenic mice (n=5) from a
CBA background were housed in the Department of Physio-
logy, Anatomy and Genetics, Oxford University. Work on
animals conformed to the UK Animals (Scientific Procedures)
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Act 1986 and was performed under appropriate Home
Office project and personal licenses. Mice were bred from
a colony that originated from crossing male R6/1 mice
(Mangiarini et al., 1996, The Jackson Laboratory, Bar Harbor,
ME, USA) with female CBA mice. All mice were kept on a
12/12-h light/dark cycle, with food pellets and water freely
available. Both male and female mice were used and they
were housed in same-sex groups of four to six per cage
(dimensions: 28 cmx44 cmx12 cm). At 4 weeks of age, tail
tissue was taken from the mice for PCR genotyping, and a
microchip (Labtrac, Uckfield, UK) for identification was
inserted subcutaneously under general anaesthesia induced
with hypnorm (fentanyl citrate; Janssen Pharmaceutica,
Berse, Belgium) and hypnovel (midazolam; Roche) in
distilled water (1:1:2; 2.7 mL/kg).

4.4. Histology

Mice were killed with a 0.5-mL intraperitoneal injection of
Euthatal (pentobarbitone sodium, 200 mg/mL; Merial, UK),
which was followed by dislocation of the neck once the mice
were unresponsive to stimuli. Mice were perfused transcar-
dially with approximately 50 mL phosphate-buffered saline
(PBS) solution followed by another 50 mL of 4% paraformalde-
hyde fixative. The brains were removed and placed in 4%
paraformaldehyde overnight and then transferred to a 30%
sucrose solution until they sank. Brains were sectioned at 40-
pm intervals in the coronal plane using a freezing stage
microtome. Sections were then placed into 96-well plates
containing a Tris-buffered saline (TBS) plus 0.05% sodium
azide solution and were stored at 4 °C.

Acetylcholinesterase (AChE) staining was used to demar-
cate the striatum for volumetric measurement using the
modified Koelle (1955) method. Briefly, sections were mounted
on gelatinized slides and allowed to dry overnight. Sections
were then placed in an incubation medium (781 mg copper
sulphate, 750 mg glycine, 2.88 g sodium acetate in 1 L water;
pH 5.0) for 3 h at 37 °C. Sections were then washed 4 times for
3 min with distilled water and developed in a sulphide
solution (2 g sodium sulphide in 200 mL water; pH=7.5) until
golden brown. Finally, sections were dehydrated using a series
of ascending ethanol solutions (70%, 95%, and 100%) and
xylene, and then coverslipped using DPX.

4.5. Immunohistochemistry

Staining was performed on free-floating sections. Incubation
and washing solutions contained 0.2% Triton X-100 (Sigma) in
TBS (Tx-TBS) unless otherwise noted. For DCX staining,
sections were quenched for 10 min using 10% H,0, /10%
methanol in distilled water, followed by a 3x10 min wash
with Tx-TBS. A 1-h block with 3% normal donkey serum
(NDS) was followed by incubation with a goat anti-DCX
primary antibody (1:400; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in a 1% NDS blocking solution at room
temperature and left overnight. After washing (3x10 min
with Tx-TBS), incubation with a donkey anti-goat biotin
secondary antibody (1:200; Sigma; plus 1% block) in Tx-TBS
for 2 h was followed by another wash (3x10 min with Tx-
TBS). Next, a streptavidin-biotin-conjugated complex (1:200;

ABC Elite kit; Vector Laboratories, Burlingame, CA, USA) in a
Tx-TBS solution was applied for a further 2 h. After another
3x10 min wash with Tx-TBS, three drops (per 5 mL of Tx-TBS
solution) of the Vector SG chromogen (Vector Laboratories)
and three drops of H,0O, (per 5 mL of Tx-TBS solution) were
used to visualise the antigen and left on for approximately
2-3 min. Sections were then washed three times with TNS for
10 min each. Sections were mounted on gelatinized glass
slides and dehydrated and coverslipped as above. Staining for
PSA-NCAM used a similar protocol with a mouse anti-PSA-
NCAM primary antibody (1:400; Chemicon, Temecula, CA) and
an anti-mouse biotin-conjugated secondary (1:200; Serotec,
Oxford, UK).

4.6. Stereology and quantification

All quantification was done with the experimenter blind to the
genotype of the mice. The Olympus CAST-Grid system (version
1.09; Denmark) was used to quantify the number of DCX* and
PSA-NCAM" cells using the Ny x V,ef method (Gundersen et al.,
1988). Sections through the dentate gyrus were sampled in a
systematic random manner using a 1:12 series. On each
section, the dentate gyrus was outlined unilaterally under a
4x objective and the enclosed area was calculated by the CAST-
Grid software. Sections within the highlighted area were then
sampled at random and cell counts under the 20x objective
were used to determine the total number of immunoreactive
cells within the sampled region (Ny), using the optical dissector
method. This was then repeated on the other side of the brain
and on the other sections. The volume (V,ef) Was calculated by
summing the values of all of the area measurements, multi-
plying by the thickness of the sections (40 pm) and then
multiplying by 12 to account for the frequency of sections. For
analysis of DCX and PSA-NCAM staining in the dentate gyrus,
the size of the counting window was 4844 ym? and approxi-
mately 50 samples from three sections were examined. There
were relatively few immunoreactive cells in the piriform cortex
and therefore all the cells on a section were counted (i.e.
without any within section sampling), and values are
expressed as the total number of cells in the relevant structure
or region. Striatal and cortical volumes were calculated as
described previously (Lazic et al., 2004).

4.7. Statistical analysis

Analysis was conducted with the open-source statistical
program R (version 2.3.1, Thaka and Gentleman, 1996; R
Development Core Team, 2006), available at www.r-project.
org. To test for differences between genotypes, data were
analysed with an independent samples t-test, unless assump-
tions of this test were not met, in which case the nonpara-
metric Wilcoxon rank-sum test was used. A Pearson
correlation was used to test for linear correlations among
relevant variables. Some dependent variables (e.g. number of
labelled cells in the DG and piriform cortex) had positively
skewed distributions, and therefore these data were logj,
transformed prior to testing for significant correlations. All
graphs display the original untransformed data showing
means+the standard error of the mean for each group. For
all tests, the type I error rate (o) was set at 0.05.



BRAIN RESEARCH 1151 (2007) 219-226 225

Acknowledgments

S.E.L. was supported by a Natural Sciences and Engineering
Research Council of Canada postgraduate scholarship and
ORS Award (UK). A.O.G.G. is supported as part of a High Q
Foundation grant awarded to A.J.M. H.G. was supported by the
Christopher Welch Trust and the Huntington’s Disease
Association. R.A.B’s work is supported by the Hereditary
Disease Foundation and C.B.’s by the Medical Research
Council. AJ.H. is supported by the NHMRC (Australia).

REFERENCES

Bernier, P.J., Bedard, A., Vinet, J., Levesque, M., Parent, A., 2002.
Newly generated neurons in the amygdala and adjoining
cortex of adult primates. Proc. Natl. Acad. Sci. U. S. A. 99 (17),
11464-11469.

Bianchi, M., Hagan, J.J., Heidbreder, C.A., 2005. Neuronal plasticity,
stress and depression: involvement of the cytoskeletal
microtubular system? Curr. Drug Targets CNS Neurol. Disord. 4
(5), 597-611.

Bjorkqvist, M., Petersen, A., Bacos, K., Isaacs, J., Norlen, P., Gil, J.,
Popovic, N., Sundler, F., Bates, G.P., Tabrizi, S.J., Brundin, P.,
Mulder, H., 2006. Progressive alterations in the
hypothalamic-pituitary-adrenal axis in the R6/2 transgenic
mouse model of Huntington’s disease. Hum. Mol. Genet. 15
(10), 1713-1721.

Bonfanti, L., 2006. PSA-NCAM in mammalian structural plasticity
and neurogenesis. Prog. Neurobiol 80 (3), 129-164.

Brown, J.P., Couillard-Despres, S., Cooper-Kuhn, C.M., Winkler, J.,
Aigner, L., Kuhn, H.G., 2003. Transient expression of
doublecortin during adult neurogenesis. J. Comp. Neurol. 467
(1), 1-10.

Couillard-Despres, S., Winner, B., Schaubeck, S., Aigner, R.,
Vroemen, M., Weidner, N., Bogdahn, U., Winkler, J., Kuhn,
H.-G., Aigner, L., 2005. Doublecortin expression levels in adult
brain reflect neurogenesis. Eur. J. Neurosci. 21 (1), 1-14.

Cybulska-Klosowicz, A., Mazarakis, N.K., Dellen, A.V., Blakemore,
C.,Hannan, AJ.,Kossut, M., 2004. Impaired learning-dependent
cortical plasticity in Huntington’s disease transgenic mice.
Neurobiol. Dis. 17 (3), 427-434.

Durbec, P., Cremer, H., 2001. Revisiting the function of PSA-NCAM
in the nervous system. Mol. Neurobiol. 24 (1-3), 53-64.

Enwere, E., Shingo, T., Gregg, C., Fujikawa, H., Ohta, S., Weiss, S.,
2004. Aging results in reduced epidermal growth factor
receptor signaling, diminished olfactory neurogenesis, and
deficits in fine olfactory discrimination. J. Neurosci. 24 (38),
8354-8365.

Francis, F., Koulakoff, A., Boucher, D., Chafey, P., Schaar, B., Vinet,
M.C., Friocourt, G., McDonnell, N., Reiner, O., Kahn, A.,
McConnell, SK., Berwald-Netter, Y., Denoulet, P., Chelly, J.,
1999. Doublecortin is a developmentally regulated,
microtubule-associated protein expressed in migrating and
differentiating neurons. Neuron 23 (2), 247-256.

Gheusi, G., Cremer, H., McLean, H., Chazal, G., Vincent, ].D., Lledo,
P.M., 2000. Importance of newly generated neurons in the
adult olfactory bulb for odor discrimination. Proc. Natl. Acad.
Sci. U. S. A. 97 (4), 1823-1828.

Gibson, H.E., Reim, K., Brose, N., Morton, AJ., Jones, S., 2005. A
similar impairment in CA3 mossy fibre LTP in the R6/2 mouse
model of Huntington’s disease and in the complexin II
knockout mouse. Eur. J. Neurosci. 22 (7), 1701-1712.

Gil, JM.A.C,, Leist, M., Popovic, N., Brundin, P., Petersen, A., 2004.
Asialo-erythropoietin is not effective in the R6/2 line of
Huntington’s disease mice. BMC Neurosci. 5, 17.

Gil, J.JM.A.C., Mohapel, P., Arajo, .M., Popovic, N, Li, J.-Y., Brundin,
P., Petersen, A., 2005. Reduced hippocampal neurogenesis in
R6/2 transgenic Huntington’s disease mice. Neurobiol. Dis. 20
(3), 744-751.

Gleeson, J.G., Lin, P.T., Flanagan, L.A., Walsh, C.A., 1999.
Doublecortin is a microtubule-associated protein and is
expressed widely by migrating neurons. Neuron 23 (2), 257-271.

Grote, H.E., Bull, N.D., Howard, M.L., van Dellen, A., Blakemore, C.,
Bartlett, P.F., Hannan, AJ., 2005. Cognitive disorders and
neurogenesis deficits in Huntington’s disease mice are rescued
by fluoxetine. Eur. J. Neurosci. 22 (8), 2081-2088.

Gundersen, H.J., Bendtsen, T.F., Korbo, L., Marcussen, N., Moller,
A., Nielsen, K., Nyengaard, J.R., Pakkenberg, B., Srensen, F.B.,
Vesterby, A., 1988. Some new, simple and efficient stereological
methods and their use in pathological research and diagnosis.
APMIS 96 (5), 379-394.

Hamilton, J.M., Murphy, C., Paulsen, J.S., 1999. Odor detection,
learning, and memory in Huntington’s disease. J. Int.
Neuropsychol. Soc. 5 (7), 609-615.

Hannan, AJ., Henke, R.C,, Seeto, G.S., Capes-Davis, A., Dunn, J.,
Jeffrey, P.L., 1999. Expression of doublecortin correlates with
neuronal migration and pattern formation in diverse regions of
the developing chick brain. J. Neurosci. Res. 55 (5), 650-657.

Hodgson, J.G., Agopyan, N., Gutekunst, C.A., Leavitt, B.R., LePiane,
F., Singaraja, R., Smith, D.J,, Bissada, N., McCutcheon, K., Nasir,
J., Jamot, L., Li, X.J., Stevens, M.E., Rosemond, E., Roder, J.C.,
Phillips, A.G., Rubin, E.M., Hersch, S.M., Hayden, M.R., 1999. A
YAC mouse model for Huntington’s disease with full-length
mutant huntingtin, cytoplasmic toxicity, and selective striatal
neurodegeneration. Neuron 23 (1), 181-192.

Thaka, R., Gentleman, R., 1996. R: a language for data analysis and
graphics. J. Comput. Graph. Stat. 5, 299-314.

Jockusch, B.M., Rothkegel, M., Schwarz, G., 2004. Linking the
synapse to the cytoskeleton: a breath-taking role for
microfilaments. NeuroReport 15 (10), 1535-1538.

Kim, J.J., Song, E.Y., Kosten, T.A., 2006. Stress effects in the
hippocampus: synaptic plasticity and memory. Stress 9 (1), 1-11.

Klapstein, GJ., Fisher, R.S., Zanjani, H., Cepeda, C., Jokel, E.S.,
Chesselet, M.F., Levine, M.S., 2001. Electrophysiological and
morphological changes in striatal spiny neurons in R6/2
Huntington’s disease transgenic mice. J. Neurophysiol. 86 (6),
2667-2677.

Koelle, G.B., 1955. The histochemical identification of
acetylcholinesterase in cholinergic, adrenergic and sensory
neurons. J. Pharmacol. Exp. Ther. 114 (2), 167-184.

Lazic, S.E., Grote, H.E., Blakemore, C., Hannan, A.J., van Dellen, A.,
Phillips, W., Barker, R.A., 2006. Neurogenesis in the R6/1
transgenic mouse model of Huntington’s disease: effects of
environmental enrichment. Eur. J. Neurosci. 23 (7), 1829-1838.

Lazic, S.E., Grote, H., Armstrong, RJ.E., Blakemore, C., Hannan, AJ.,
van Dellen, A., Barker, R.A., 2004. Decreased hippocampal cell
proliferation in R6/1 Huntington’s mice. NeuroReport 15 (5),
811-813.

Lee, J., Duan, W., Mattson, M.P., 2002. Evidence that brain-derived
neurotrophic factor is required for basal neurogenesis and
mediates, in part, the enhancement of neurogenesis by dietary
restriction in the hippocampus of adult mice. J. Neurochem. 82
(6), 1367-1375.

Lione, L.A., Carter, R.J., Hunt, M.J., Bates, G.P., Morton, A..,
Dunnett, S.B., 1999. Selective discrimination learning
impairments in mice expressing the human Huntington’s
disease mutation. J. Neurosci. 19 (23), 10428-10437.

Luzzati, F., Peretto, P., Aimar, P., Ponti, G., Fasolo, A., Bonfanti, L.,
2003. Glia-independent chains of neuroblasts through the
subcortical parenchyma of the adult rabbit brain. Proc. Natl.
Acad. Sci. U. S. A. 100 (22), 13036-13041.

Mackay-Sim, A., Grant, L., Owen, C., Chant, D., Silburn, P., 2004.
Australian norms for a quantitative olfactory function test.

J. Clin. Neurosci. 11 (8), 874-879.



226

BRAIN RESEARCH 1151 (2007) 219-226

Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B., Harper, A.,

Hether-ington, C., Lawton, M., Trottier, Y., Lehrach, H., Davies,
S.W., Bates, G.P., 1996. Exon 1 of the HD gene with an expanded
CAG repeat is sufficient to cause a progressive neurological

phenotype in transgenic mice. Cell 87 (3), 493-506.
Mazarakis, N.K., Cybulska-Klosowicz, A., Grote, H., Pang, T.,
Dellen, A.V., Kossut, M., Blakemore, C., Hannan, A.J., 2005.
Deficits in experience-dependent cortical plasticity and
sensory-discrimination learning in presymptomatic
Huntington’s disease mice. J. Neurosci. 25 (12), 3059-3066.
Milnerwood, A.J., Cummings, D.M., Dallrac, G.M., Brown, J.Y.,
Vatsavayali, S.C., Hirst, M.C., Rezaie, P., Murphy, K.P.S.J., 2006.
Early development of aberrant synaptic plasticity in a mouse
model of Huntington’s disease. Hum. Mol. Genet. 15 (10),
1690-1703.

Moberg, P.J., Doty, R.L., 1997. Olfactory function in Huntington'’s
disease patients and atrisk offspring. Int. J. Neurosci. 89 (1-2),
133-139.

Moberg, P.J., Pearlson, G.D., Speedie, LJ., Lipsey, J.R., Strauss, M.E.,
Folstein, S.E., 1987. Olfactory recognition: differential
impairments in early and late Huntington’s and Alzheimer ’s
diseases. J. Clin. Exp. Neuropsychol. 9 (6), 650-664.
Murphy, K.P., Carter, RJ., Lione, L.A., Mangiarini, L., Mahal, A.,
Bates, G.P., Dunnett, S.B., Morton, A.J., 2000. Abnormal synaptic
plasticity and impaired spatial cognition in mice transgenic for

exon 1 of the human Huntington’s disease mutation.
J. Neurosci. 20 (13), 5115-5123.

Nacher, J., Crespo, C., McEwen, B.S., 2001. Doublecortin
expression in the adult rat telencephalon. Eur. J. Neurosci. 14
(4), 629-644.

Nacher,]., Pham, K., Gil-Fernandez, V., McEwen, B.S., 2004. Chronic

restraint stress and chronic corticosterone treatment
modulate differentially the expression of molecules related to
structural plasticity in the adult rat piriform cortex.
Neuroscience 126 (2), 503-509.

Nanobashvili, A., Jakubs, K., Kokaia, M., 2005. Chronic BDNF

deficiency permanently modifies excitatory synapses in the
piriform cortex. J. Neurosci. Res. 81 (5), 696-705.

Nordin, S., Paulsen, J.S., Murphy, C., 1995. Sensory- and

memory-mediated olfactory dysfunction in Huntington'’s
disease. J. Int. Neuropsychol. Soc. 1 (3), 281-290.

Paxinos, G., Franklin, K.B.J., 2001. The Mouse Brain in Stereotaxic
Coordinates. Academic Press, London.

Pekcec, A., Loscher, W., Potschka, H., 2006. Neurogenesis in the
adult rat piriform cortex. NeuroReport 17 (6), 571-574.
Phillips, W., Morton, A.J., Barker, R.A., 2005. Abnormalities of
neurogenesis in the R6/2 mouse model of Huntington’s disease

are attributable to the in vivo microenvironment. J. Neurosci.
25 (50), 11564-11576.

Phillips, W., Morton, A.J., Barker, R., 2006. Limbic neurogenesis/
plasticity in the R6/2 mouse model of Huntington’s disease.
NeuroReport 17 (15), 1623-1627.

Rao, M.S,, Shetty, A.K., 2004. Efficacy of doublecortin as a marker to
analyse the absolute number and dendritic growth of newly
generated neurons in the adult dentate gyrus. Eur. J. Neurosci.
19 (2), 234-246.

Rosas, H.D., Koroshetz, W]., Chen, Y.L, Skeuse, C., Vangel, M.,
Cudkowicz, M.E., Caplan, K., Marek, K., Seidman, L.J., Makris,
N, Jenkins, B.G., Goldstein, J.M., 2003. Evidence for more
widespread cerebral pathology in early HD: an MRI-based
morphometric analysis. Neurology 60 (10), 1615-1620.
Rutishauser, U., Landmesser, L., 1996. Polysialic acid in the

vertebrate nervous system: a promoter of plasticity in cell cell
interactions. Trends Neurosci. 19 (10), 422-427.

R Development Core Team, 2006. R: A Language and Environment
for Statistical Computing. R Foundation for Statistical
Computing. Vienna, Austria.

Spires, T.L., Grote, H.E., Varshney, N.K., Cordery, P.M., van Dellen,
A., Blakemore, C., Hannan, A.J., 2004. Environmental
enrichment rescues protein deficits in a mouse model of
Huntington’s disease, indicating a possible disease
mechanism. J. Neurosci. 24 (9), 2270-2276.
Wilson, D.A., Stevenson, R.J., 2003. The fundamental role of
memory in olfactory perception. Trends Neurosci. 26 (5),
243-247.

Wilson, D.A., 2001. Scopolamine enhances generalization between
odor representations in rat olfactory cortex. Learn. Mem. 8 (5),
279-285.

Wong, E.Y.H., Herbert, J., 2005. Roles of mineralocorticoid and
glucocorticoid receptors in the regulation of progenitor
proliferation in the adult hippocampus. Eur. J. Neurosci. 22 (4),
785-792.

Wong, E.Y.H., Herbert, J., 2006. Raised circulating corticosterone

inhibits neuronal differentiation of progenitor cells in the adult
hippocampus. Neuroscience 137 (1), 83-92.

Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B.R., Goffredo, D.,

Conti, L., MacDonald, M.E., Friedlander, R.M., Silani, V., Hayden,
M.R., Timmusk, T., Sipione, S., Cattaneo, E., 2001. Loss of

huntingtin-mediated BDNF gene transcription in Huntington’s
disease. Science 293 (5529), 493-498.

Zuccato, C., Liber, D., Ramos, C., Tarditi, A., Rigamonti, D., Tartari,

M., Valenza, M., Cattaneo, E., 2005. Progressive loss of BDNF in a

mouse model of Huntington’s disease and rescue by BDNF
delivery. Pharmacol. Res 52 (2), 133-139.



