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A B S T R A C T

Olfactory dysfunction is observed in several neurological disorders, including Huntington disease (HD), and
correlates with global cognitive performance, depression and degeneration of olfactory regions in the brain.
Despite clear evidence demonstrating olfactory dysfunction in HD patients, only limited details are available in
murine models and the underlying mechanisms are unknown. In order to determine if alterations in the olfactory
bulb (OB) are observed in HD we assessed OB weight or area from 3 to 12months of age in the BACHD
transgenic lines (TG5 and TG9). A significant decrease in the OB was observed at 6 and 12months of age
compared to WT. We also detected increased mRNA and protein expression of mutant huntingtin (mHTT) in the
OB of TG5 compared to TG9 at specific ages. Despite the higher expression of mHTT in the TG5 OBs, there was
increased nuclear accumulation of mHTT in the OB of TG9 compared to WT and TG5 rats. As we observed
atrophy of the OB in the BACHD rats we assessed for caspase activation, a known mechanism underlying the cell
death observed in HD. We characterized caspase-3, −6, −8 and− 9 mRNA and protein expression levels in the
OB of the BACHD transgenic lines at 3, 6 and 12months of age. Alterations in caspase mRNA and protein
expression were detected in the TG5 and TG9 lines. However, the changes observed in the mRNA and protein
levels are in some cases discordant, suggesting that the caspase protein modifications detected may be more
attributable to post-translational modifications. The caspase activation studies support that cell death may be
increased in the rodent HD OB and further our understanding of the olfactory dysfunction and the role of
caspases in the pathogenesis of HD.

1. Introduction

Huntington disease (HD), an autosomal dominant neurodegenera-
tive disease caused by expansion of CAG repeats in exon 1 of the HD
gene named as HTT, results in motor (Jankovic and Roos, 2014), cog-
nitive and psychiatric symptoms (Burns et al., 1990; Cummings, 1995;
Ross et al., 2014). Furthermore, substantial data in the literature de-
monstrates that olfactory dysfunction is observed in HD (Bylsma et al.,
1997; Hamilton et al., 1999; Larsson et al., 2006; Nordin et al., 1995;
Tabrizi et al., 2009) and indeed that it may be an early symptom and
prior to the onset of motor symptoms (Moberg et al., 1987; Paulsen

et al., 2008; Paulsen et al., 2014; Pirogovsky et al., 2007; Tabrizi et al.,
2009). The olfactory deficits observed in HD include a decrease in ol-
factory sensitivity, odor discrimination, odor recognition memory and
odor identification ability compared to healthy controls (Bacon Moore
et al., 1999; Moberg and Doty, 1997; Moberg et al., 1987; Nordin et al.,
1995). Moreover, in HD patients, the quality of odor discrimination
negatively correlates with the number of CAG repetitions in the HD
gene (Larsson et al., 2006). Olfactory dysfunction is also observed in
other neurodegenerative diseases and is accompanied by structural
abnormalities of the olfactory epithelium, the olfactory bulb (OB) and
the olfactory cortices (Barresi et al., 2012; Doty, 2012a; Menalled et al.,
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2003; Thomann et al., 2009; Youssef et al., 2008).
Olfactory system deficits are also observed in murine models of HD

and include decreases in olfactory sensitivity (R6/1) and olfactory
discrimination (HdhQ111) in the early and late stages of the disease
(Holter et al., 2013; Mo et al., 2015). Furthermore, activation of brain
regions in response to an olfactory stimulus shows a gene dose effect in
the HD knock-in mouse model (Ferris et al., 2014). In the YAC128 HD
mice, a decrease has been observed in the olfactory bulb volume
(Carroll et al., 2011), an area which has previously been reported to
correlate with olfactory functions (Buschhuter et al., 2008; Hummel
et al., 2011).

Mutant huntingtin (mHTT) aggregates have also been detected in
several olfactory regions in the HD human and rodent brain (Hamilton
et al., 1999; Kohl et al., 2010; Menalled et al., 2003). One of the pri-
mary functions of the OB is the generation of new neurons, thus the
olfactory deficits observed in HD may be an early sign of a defect in
neurogenesis and potentially be involved in the neurodegenerative
processes. Indeed, impaired neurogenesis is observed in human and
murine HD brain (Curtis et al., 2003; Curtis et al., 2005; Fedele et al.,
2011; Kohl et al., 2010; Lazic et al., 2007), and other neurodegenerative
conditions (Han et al., 2016; Wirths, 2017).

Several models of HD have been created in order to reproduce the
symptoms of the disease with the most fidelity. Among them, the
BACHD rats display a robust, early onset and progressive HD-like
phenotype including motor deficits and anxiety-related symptoms
(Abada et al., 2013; Yu-Taeger et al., 2012). There are two lines char-
acterized (TG5 and TG9) and both express the complete human mHTT
sequence, including regulatory elements and the human HTT promoter.
Overall, the TG5 line expresses higher levels of mHTT (in copy number,
mRNA and protein) in the whole brain and presents with motor deficits
on the accelerated rotarod test by 1month of age (Yu-Taeger et al.,
2012). An abnormal walking strategy is observed at 3months in line
TG5 and at 5months in TG9 line consistent with the mHTT dosage
effect (Yu-Taeger et al., 2012).

Several proteases (caspase-1, -3, -6, -7 et -8, calpains and aspartyl-
proteases) have been shown to cleave HTT both in vitro and in vivo and
the resulting fragments containing the expanded polyglutamine repeat
are found in human and rodent HD brain (Gafni et al., 2004; Goldberg
et al., 1996; Hermel et al., 2004a; Kim et al., 2002; Lunkes et al., 2002;
Mende-Mueller et al., 2001; Wellington et al., 2002b). Caspase activa-
tion, in particular caspase-6, is known to be a critical step in the pa-
thogenesis of HD. Mice expressing mHTT resistant to cleavage by cas-
pase-6, maintain normal neuronal function and do not develop striatal
neurodegeneration (Graham et al., 2010; Graham et al., 2012; Graham
et al., 2006a; Metzler et al., 2010; Milnerwood et al., 2010; Pouladi
et al., 2009). Alterations of other caspases have also been implicated in
the pathogenesis of HD including caspase-3, -8, -9 and -10, and in other
expanded polyglutamine diseases (Gervais et al., 2002; Kiechle et al.,
2002; Rigamonti et al., 2001; Sanchez et al., 1999b; Toulmond et al.,
2004; U et al., 2001). Importantly, caspase activity has been shown to
be an essential step in maintaining the normal turnover of OB cells
through neurogenesis (Mouret et al., 2009). As caspases are key com-
ponents in the pathogenesis of HD, and the functions related to the OB
are impaired in the disease, we assessed OB weight and caspase ex-
pression profiles in the OB of the two lines of the BACHD (TG5 and
TG9) rodent model in order to determine if activation of caspases may
provide an explanation for the olfactory dysfunction and olfactory
system atrophy observed in HD.

2. Material and methods

2.1. Animals

The olfactory bulbs (OB) were collected from two lines of the
BACHD rat model (TG5 and TG9), transgenic rat models expressing
human mutant full-length HTT gene with 97 CAG/CAA repeats, at 3, 6

and 12months of age (Yu-Taeger et al., 2012). The rats were fed ad
libitum and kept in a normal light and dark cycle. All experiments were
approved by the local ethics committee at Regierungspraesidium Tue-
bingen (HG2/10), and carried out in accordance with the German
Animal Welfare Act and the guidelines of the Federation of European
Laboratory Animal Science Associations, based on European Union
legislation (Directive 2010/63/EU).

2.2. Quantification of OB weight and area

The weight of the OBs of the BACHD rats and WT rats were obtained
using an analytic balance (Denver instrument, SI-64) at 3 and 6months
of age. The area of the OB of the BACHD rats and WT rats were assessed
at 12months of age as following: rats were perfused with 4% paraf-
ormaldehyde in saline buffer followed by post-fixation of the brains in
the same fixative. Nissl staining was performed to visualize different
layers of the OB using 40-μm thick coronal cryosections. Three olfactory
bulb sections with 960 μm intervals were chosen for the quantification
of the OB area. We analyzed three areas separately: i) the total area of
the mitral cell layer (MCL), internal plexiform layer (IPL) and granule
cell layer (GCL); ii) area of the external plexiform layer (EPL); iii) area
of the glomerular layer (GL). The region of interest (ROI) of the
MCL+ IPL+GCL was outlined along the outer edge of MCL of the OB
and images were acquired. The area was determined using ImageJ. The
area of the EPL was assessed by subtracting the total area of
MCL+ IPL+GCL from the area outlined along the outer edge of EPL.
The area of the GL was calculated by subtracting the area outlined
along the outer edge of EPL from the area outlined along the outer edge
of GL. The area values of the three sections of each animal were aver-
aged and compared among the groups.

2.3. Real-Time Quantitative RT-PCR

Total RNA was extracted from the OBs with RNeasy mini kit
(QIAGEN) and cDNA was prepared using ProtoScript Reverse tran-
scriptase II (#M0368X, New England BioLabs). Quantification was done
using Mx3005P QPCR Systems (Stratagene) with rat-specific primers
for caspase-3 (Forward: 5′-GGACCTGTGGACCTGAAAAA-3′; Reverse:
5′-GCATGCCATATCATCGTCAG-3′), caspase-6 (Forward: 5′-ACGTGGT
GGATCATCAGACA-3′; Reverse: 5′-GGAGCCGTTCACAGTCTCTC-3′),
caspase-8 (Forward: 5′-GGGGATGGCTACTGTGAAAA-3′; Reverse:
5′-CATGTTCCTCGGGTTGTCTT-3′), caspase-9 (Forward: 5′-AAGACCA
TGGCTTTGAGGTG-3′; Reverse: 5’-CAGGAACCGCTCTTCTTGTC-3′),
and PgK1 (Forward: 5′-CCAAACAATCTGCTTAGCTCG-3′, Reverse:
5′-GATGAGAATGCAAAGACTGGC-3′). The primers designed to quan-
tify transgenic mutant HTT were (Forward: 5’-ATCTTGAGCCACAGCT
CCAGCCA-3′; Reverse: 5′-GGCCTCCGAGGCTTCATCAGG-3′) and the
primers used to quantify endogenous rat HTT were (Forward: 5′-ATC
TTGAGCCACAGCTCCAGCCA-3′; Reverse: 5′-TCTGAAAACGTCTGAGA
CTTCACCAGA-3′). Amplification of the references gene PgK1 was used
to standardize the amount of sample RNA in the reaction. Gene-ex-
pression levels were measured using MxPro QPCR Software (Stragene).

2.4. Western blot analysis

OBs were homogenized and sonicated in lysis buffer (0.32 mM
Sucrose, 20mM Tris pH 7.2, 1 mM MgCl2, 0.5mM EDTA pH 7.2) using
a cocktail of protease inhibitors (Roche), PefaBloc SC (Roche) and Z-
VAD-fmk (Enzo Lifes Sciences) and clarified by centrifugation at
13,000 rpm. The protein concentration was determined using the BCA
(bicinchoninic acid) protein assay kit (Pierce). Protein lysates (50 μg)
were separated on 10% or 4–15% gels and transferred to PVDF mem-
brane (PerkinElmer). The membranes were probed with caspase-3 (Cell
Signalling, 9662, dilution: 1/1000), caspase-6 (Cell Signalling, 9762,
dilution: 1/500), caspase-8, (Santa Cruz, sc-7890, dilution: 1/100),
caspase-9 (Cell Signalling, 9508, dilution: 1/1000), huntingtin
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(Millipore, MAB2166, dilution 1:500), Polyglutamine-Expansion dis-
ease marker (Millipore, 1:3000, MAB1574), Calnexin (Abcam, 1:2000,
ab75801) or actin (Millipore, MAB1501, dilution 1/10000) antibodies.
Peroxidase activity was detected and densitometry values were ob-
tained with Odyssey Fc imaging system (Licor) using Luminata
Crescendo Western HRP substrate (Millipore). Quantification of β-actin
or calnexin was used to standardize the amount of protein in each lane.

2.5. HTT immunohistochemistry

Nuclear accumulation of mHTT was investigated by im-
munohistological staining using the antibody S830, a polyclonal anti-
body raised against HTT exon 1 recombinant protein with 53Q (kindly
provided by Prof. Gillian P. Bates) (Sathasivam et al., 2001). Rat OB
sections of two BACHD lines (TG5 and TG9) at 3, 6, 9 and 12months of
age were stained as described previously (Yu-Taeger et al., 2012).
Sections were counterstained with thionin to visualize nuclei.

3. Results

3.1. Atrophy of the olfactory bulb in the BACHD transgenic lines

We assessed OB weight in the BACHD rats (TG5 and TG9) and WT
rats at 3 and 6months of age. A genotype effect was detected which
showed a significantly lower OB weight in the TG5 rats (44%), and a
trend decrease in the TG9 rats (34%), at 6months of age compared to
WT (Two-way ANOVA: interaction: p= 0.16; Age: p=0.71; Genotype:
p= 0.002; post hoc, 6 months WT vs. TG5, p < 0.01; Fig. 1A). A trend
decrease is also observed at 3months of age in TG5 OB compared with
WT (t-test, p < 0.01). We also assessed specific areas within the OB
including the i) MCL+ IPL+GCL, ii) EPL and iii) GL at 12months of
age. An interaction between the genotypes and the OB layers was ob-
served; suggesting that expression of mHTT may influence the size of
specific layers in the OB (two-way ANOVA, Interaction p=0.004;
Genotype, p < 0.0001; Layers, p < 0.0001; Fig. 1B, C). Similar to the
OB weight at 6months of age, we observed a decreased area of the
MCL, IPL and GCL in the TG5 and TG9 compared to WT (post hoc IPL
and GCL: WT vs. TG5, p < 0.0001, WT vs. TG9, p < 0.01; Fig. 1C),
while the area of the EPL was only decreased in TG5 compared to both
WT (post hoc test, p < 0.0001) and TG9 rats (post hoc test, p < 0.01)
(Fig. 1C). No variation in the glomerular layer was observed in either
line compared to WT. As we observed a decrease in OB weight, using
western blot analysis, we then evaluate the expression of NeuN, a
marker of mature neurons. We observed a trend decrease in both lines
in NeuN expression (data not shown, t-test WT vs. TG5, p= 0.09; WT
vs. TG9, p=0.08).

3.2. Differential HTT expression profiles between TG5 and TG9 BACHD
rats

Strong evidence has demonstrated the opposing effects of wild-type
and mutant HTT on cell death and neurogenesis pathways. Indeed,
wild-type HTT plays a role in development, neurogenesis, anti-apop-
totic pathways, protection against excitotoxic stress, and has been
shown to reduce mutant HTT toxicity (Cattaneo et al., 2005; Gervais
et al., 2002). As mutant HTT has a dose-dependent (de Almeida et al.,
2002; Graham et al., 2006b; Hodgson et al., 1999; Reddy et al., 1998;
Squitieri et al., 2003) and opposing effect vs. wild-type HTT, their ex-
pression levels may affect the OB atrophy differentially. We therefore
evaluated HTT mRNA and protein expression levels of both mutant and
wild-type HTT in these two lines at 3, 6 and 12months of age. No
difference in wild-type HTT OB mRNA levels were observed between
BACHD rats and WT rats at any time points assessed (Fig. 2A, B, C).
However, a trend increase in the mRNA expression of the HD gene was
observed in TG9 rats compared to WT at 12months (t-test: p < 0.05,
Fig. 2C). The real-time quantification PCR analysis also revealed higher

expression of mHTT mRNA in the OB of the TG5 rats compared to TG9
at 3months (ANOVA, p < 0.001, Fig. 2D) and 12months of age
(ANOVA, p < 0.05, Fig. 2F). Although we did not detect any sig-
nificant variation in mRNA levels of wild-type HTT in the OB at
3months of age between genotypes, we did detect a decrease in wild-
type HTT protein expression in TG9 vs. WT rats at that age (ANOVA
p=0.016, post hoc, p < 0.05, Fig. 3A, B, Sup. Fig 1). Correlating with
the mHTT mRNA results at 3 months of age, we detected increased OB
mHTT protein levels in TG5 compared to TG9 at this time point
(ANOVA, Fig. 3C-E, Sup. Fig. 1). At 6 and 12months of age, no dif-
ference in endogenous or mHTT protein expression levels was observed
between TG5 and TG9 (Fig. 3F-L, Sup. Fig. 1). However, the mHTT/
wild-type HTT ratio in the OB of TG5 rats was increased compared to
TG9 at 3 and 12months of age (Fig. 3E t-test, p < 0.0001, M t-test,
p < 0.001, Sup. Fig. 1).

Despite the higher protein expression of mHTT in TG5 rats com-
pared to the TG9 at 3months of age, nuclear accumulation of mHTT,
assessed using the S830 antibody, was observed earlier in the TG9 OB
(3months of age) compared to TG5 rats (6months of age) (Fig. 4). By
the age of 9–12months, TG9 rats clearly display more intense nuclear
immunoreactivity of mHTT in the OB than TG5 (Fig. 4). The quantifi-
cation of mHTT nuclear accumulation shows an interaction by two-way
ANOVA indicating that the increase in the nuclear immunostaining of
mHTT occurs earlier in TG9 OB compared to TG5 (two-way ANO-
VA,Interaction, p < 0.0001: Genotype, p < 0.0001, Age p < 0.0001.
Of note, the nuclear accumulation was almost exclusively observed in
the IPL, GCL and MCL of the OB (Fig. 4, Sup. Fig. 2).

3.3. Increase in mRNA levels of specific caspases in BACHD olfactory bulb

As we observed atrophy of the OB in the BACHD lines, we next
performed a temporal investigation of caspase expression profiles in the
OB of the BACHD TG5 and TG9 rats. At 6 and 12months of age, an
increase in caspase-3 mRNA expression levels was observed in the OB of
the TG9 rats compared to WT (6months: ANOVA p=0.03, post hoc:
WT vs TG9 p < 0.05, TG5 vs TG9, p < 0.05; Fig. 5C, 12months:
ANOVA p=0.02, post hoc: WT vs TG9 p < 0.05, Fig. 5B-C). Fur-
thermore, an increase in the expression of caspase-6 mRNA was ob-
served in the OB of TG9 rats compared to WT at 3months of age
(ANOVA p=0.059, t-test: WT vs TG9 p < 0.05, Fig. 5D). However, at
6 and 12months, no difference between genotype was observed
(Fig. 5E-F). No variation in caspase-8 mRNA expression levels was de-
tected between the BACHD lines and WT OB at any age (Fig. 5G-I). In
contrast to the increased mRNA expression observed for caspase-3 and
-6 in TG9 OB, a decrease in caspase-9 mRNA expression was observed in
TG5 OB at 6months of age compared to WT OB (ANOVA p=0.04, post
hoc: WT vs. TG5, p < 0.05, Fig. 5K) and there was a trend decrease in
caspase-9 in TG9 OB at 3months of age (ANOVA p=0.08, t-test: TG5
vs TG9, p < 0.05, Fig. 5J).

3.4. Alterations in caspase protein expression profiles in BACHD olfactory
bulb

At the protein level, the p30 and p19 fragments of caspase-3 tend to
increase in the TG9 OB compared to WT at 3months of age, while no
further variation was observed at 6 and 12months of age (p30: ANOVA
p=0.07; p19: ANOVA p=0.09, Fig. 6A-C, Sup. Fig. 3). While no
change in the percentage of active caspase-3 was detected by ANOVA at
3months of age between genotypes, a trend increase in active caspase-3
was observed in TG9 OB compared to WT (t-test, p < 0.05, Sup.
Fig. 4). Furthermore, there was a significant decrease in the caspase-6
p20p10 fragment, an intermediate fragment in the path of activation, in
both TG5 and TG9 OB, and a trend decrease in the caspase-6 proform in
TG5 OB compared to WT at 3months (Proform: ANOVA p=0.09, t-
test: WT vs. TG5 p < 0.05; p20p10: ANOVA p=0.003, post hoc: WT
vs. TG5, p < 0.05; WT vs. TG9, p < 0.05, Fig. 6D, Sup. Fig. 3). Despite
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the absence of variation detected in caspase-8 mRNA expression, a
significant increase in the caspase-8 proform and p18 active fragment
was observed at 3months of age in the TG9 OB compared to WT
(Proform: ANOVA p=0.013, post hoc: WT vs. TG9, p < 0.05; p18:
ANOVA p=0.003, post hoc: WT vs. TG9, p < 0.01; TG5 vs. TG9,
p < 0.05, Fig. 6G, Sup. Fig. 3), and a trend increase was also observed
with the p43/41 fragments (p43/41: ANOVA p=0.08, Fig. 6G, Sup.
Fig. 3). Although no difference in the percent of active caspase-8 was
detected between genotypes, a trend increase in the percentage of ac-
tive caspase-8 was detected in 3-month-old TG9 OB compared to WT
and TG5 OB (t-test, p < 0.05, Sup. Fig. 4). There was no further var-
iation in caspase-3, -6 and -8 expression levels at 6 and 12months of
age (Fig. 6B-C, E-F, H-I, Sup. Fig. 3). In contrast to all the other caspases
assessed, a significant increase in caspase-9 proform protein expression
levels was observed only at the late time point (12months of age) in the
TG5 OB compared to WT (ANOVA p=0.003, post hoc: WT vs. TG5,
p < 0.05, Fig. 6J-L, Sup. Fig. 3). No cleaved fragments of caspase-9
were detected. In light of the alterations observed in the caspase ex-
pression profiles, we performed a TUNEL analysis of the OB at
12months of age. We detected an increase in TUNEL-positive cells in
the TG9 OB only, suggesting activation of the programmed cell death
pathway is occurring in the TG9 line (Sup. Fig. 5, ANOVA Interaction,
p= 0.04: Genotype, p= 0.08: Layers, p < 0.045). The increased
number of TUNEL-positive cells are observed in the internal layers of
the TG9 OB compared to WT and TG5 (post hoc: WT vs. TG9, p < 0.05;

TG5 vs. TG9, p < 0.05).

4. Discussion

Assessment of olfactory dysfunction is described as a promising
diagnostic marker for Mild Cognitive Impairment, Alzheimer's disease
and Parkinson's disease, and may provide a sensitive measure of the
early disease process in HD (Bahar-Fuchs et al., 2011; Barresi et al.,
2012; Christen-Zaech et al., 2003; Delmaire et al., 2012; Djordjevic
et al., 2008; Doty, 2012b; Mitchell et al., 2005; Moberg et al., 1987).
Furthermore, in early grade human HD brain, there is a significant
correlation between olfactory function and volume reduction of brain
regions related to olfaction (Barrios et al., 2007). It therefore becomes
important to determine the underlying mechanisms of the olfactory
dysfunction in HD. As programmed cell death is an integral part of
normal OB development and neuronal precursor evolution (Cowan and
Roskams, 2004; Mori, 2014; Yan et al., 2001), and caspase activation
has been shown to be an underlying mechanism in the striatal and
cortical pathology in HD (Graham et al., 2006a; Ona et al., 1999;
Rigamonti et al., 2001; Uribe et al., 2012; Wellington et al., 2002a;
Wong et al., 2015), we assessed OB morphology and expression profiles
of caspases and HTT in the BACHD rats. We demonstrate that there is
atrophy of the OB in the TG5 and TG9 lines at specific time points and
in specific layers of the OB. We also show enhanced cell death, and
alterations in caspases protein expression profiles in the HD rat models

3 6
0 .0 0

0 .0 2

0 .0 4

0 .0 6

0 .0 8

A g e  (m o n th s )

W
e

ig
h

t 
 (

g
)

**

Olfactory bulb weight

Olfactory bulb area of the layers

A

B
C

OB
 ar

ea
 (m

m
)

W T

TG5

TG9

M C L + IP L + G C L E P L G L
0

1

2

3

4

* * * * * * * *
* ** * W T

TG5

TG9

Fig. 1. Atrophy of the olfactory bulb in BACHD rodents. A) A significant effect of genotype showing a global decrease in olfactory bulb (OB) weight is observed in
BACHD rats at 6months of age compared to WT rats (Two-way ANOVA: Interaction p= 0.16, Age p= 0.71, Genotype p= 0.002.; 3 months: WT n=10, TG5 n=8
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average area of the MCL+ IPL+GCL is decreased in the TG5 and TG9 compared to WT at 12months of age. Furthermore, the EPL averaged area is lower in TG5 rats
compared to WT and TG9 (two-way ANOVA, Interaction p=0.004; Genotype, p < 0.0001; Layers, p < 0.0001, WT, n= 4; TG5, n=5; TG9, n= 4). Tukey post
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layer. Error bar: SEM, post hoc between genotypes are presented on the graph.
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that do not correlate with their respective mRNA expression patterns
(Table 1).

While the presence of olfactory impairment is widely observed in
human HD, only limited studies on olfactory behaviour have been done
in models of HD. Impaired olfactory sensitivity and odor discrimination
has been observed in the R6/1 (Mo et al., 2014; Mo et al., 2015) and
HdhQ111/+ HD mice respectively (Holter et al., 2013). As the mor-
phology of several olfactory-related brain regions correlate with levels
of olfactory function (Barrios et al., 2007; Buschhuter et al., 2008;
Hummel et al., 2011), we analyzed the OB in the BACHD lines. Our
results show a significant decrease in OB weight in the TG5 line, and a
trend decrease in the TG9 rats, by 6months of age. Further analysis of
the area of the OB layers at 12 months of age shows that both lines
display atrophy of the mitral cell, internal plexiform and granule cell
layers, while atrophy of the external plexiform is only significant in the
TG5 line. These results are concordant with previous studies demon-
strating that OB atrophy is a common event in neurodegenerative dis-
eases which display signs of olfactory dysfunction (Brodoehl et al.,
2012; Chen et al., 2014; Servello et al., 2015; ter Laak et al., 1994;
Thomann et al., 2009; Wang et al., 2011) and in HD murine models
(Carroll et al., 2011; Smail et al., 2016) (Carroll et al., 2011; Smail

et al., 2016). As alterations in the development of the mitral cell layer
can affect odor discrimination (Bastakis et al., 2015), the atrophy of the
internal layers (MCL, IPL and GCL) observed here could be involved in
the olfaction impairment observed in HD. Furthermore, an increase in
apoptosis of granule cells may be an important process for the olfactory
information processing by eliminating the specific Granule cells and
therefore reducing the signal-to-noise ratio which may help the olfac-
tory learning and memory (Yamaguchi et al., 2013). The internal layers
contain a population of immature cells. It is therefore possible that the
decrease in the internal layers of the OB in the BACHD lines could also
reflect a neurogenesis impairment previously observed in HD (Curtis
et al., 2003; Fedele et al., 2011; Kohl et al., 2010; Phillips et al., 2005;
Simpson et al., 2011). Indeed, we observed a trend decrease in OB
NeuN (marker of mature neurons) protein expression at 6months of age
in both lines indicating that neurogenesis may be impaired.

Significant evidence in the literature supports a mHTT dose-de-
pendent neurodegenerative effect (de Almeida et al., 2002; Graham
et al., 2006b; Hodgson et al., 1999; Reddy et al., 1998; Squitieri et al.,
2003). This has also been demonstrated in the BACHD models with the
TG5 line showing higher mHTT expression overall (this study and Yu-
Taeger et al., 2012) and earlier motor deficits compared to the TG9 line

Fig. 2. Increased expression of mHTT mRNA in TG5 olfactory bulb compared to TG9 rats. A,B,C) No difference in endogenous HTT mRNA levels were observed at any
age. However, a trend increase in TG9 vs. WT was observed at 12months of age (t-test, p < 0.05). Increased mRNA expression of mHTT is observed in the OB of the
TG5 line compared to TG9 at D) 3 (p < 0.001) and F) 12months of age (p < 0.05). 3months: WT n=4, TG5 n=6 and TG9 n=5; 6months: WT n=4, TG5 n=3
and TG9 n=3; 12months: WT n=6, TG5 n=4 and TG9 n=6, relative measurements of HTT/pgk1 are± SEM.
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(Yu-Taeger et al., 2012). Furthermore, mHTT gradually affects the vo-
lume of several brain regions (Aylward et al., 1994; Aylward et al.,
1996). The same gradual decrease was observed in the OB weight of
TG5 rats. In the TG9 line, which expresses less mHTT in the OB overall
than the TG5 line, there is also atrophy but less than in TG5 (albeit the
difference is subtle).

The expression of several caspases is deregulated in HD and active
fragments of caspases are found in postmortem HD brains (Graham
et al., 2010; Kiechle et al., 2002; Kim et al., 2001; Wanker, 2002;
Wellington et al., 2002a). This deregulation in caspase activation could
lead to not only cell death but also alterations in neurogenesis and
development of the OB. Indeed, half of the newborn interneurons are

Fig. 3. Age-specific alterations in the protein expression of HTT in TG5 and TG9 olfactory bulb. A) Representative images of western blots for HTT and mHTT
obtained with MAB2166 (first panel) and MAB1574 (second panel) antibodies on 12-month old OB lysates. The reference protein used is calnexin. B) At 3months of
age, decreased expression of wild type HTT is observed in the TG9 OB compared to WT (ANOVA p=0.016, post hoc WT vs. TG9, p < 0.05). A higher expression of
mHTT is observed by western blot in TG5 compared to TG9 OB when using C) MAB2166 (t-test, p < .01) and D) MAB1574 (t-test, p < 0.05) antibodies. E) A lower
mHTT/HTT ratio is observed in TG9 when compared to TG5 (t-test, p < 0.0001, MAB2166). F—I) No significant variation in the expression of endogenous or mHTT
is observed between genotypes at 6months of age. J-L) At 12months of age, no variation was detected in the wild type HTT or mHTT protein expression between
genotypes. M) A lower mHTT/HTT ratio is observed in TG9 OB when compared to TG5 (t-test, p < 0.001, MAB2166) at 12months of age. Mean measurements and
densitometric ratios of mHTT/endogenous HTT are± SEM, n= 6 for all genotypes at 3 months of age and n=3 for all genotypes at 6 and 12months of age.
MAB2166: Anti-huntingtin, MAB1574: Anti-Polyglutamine-Expansion disease marker.
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eliminated by apoptosis before their incorporation into specific loca-
tions in the OB (Mori, 2014). The analysis of OB caspases expression
profiles in the TG5 and TG9 HD rat models shows an increase or a trend
increase in cleavage fragments of caspase-3 and -8 in TG9, implying the
activation of these caspases by 3months of age. This increase in active
caspase fragments may explain the atrophy observed later. At older
ages, increases in caspase-3 mRNA was also observed in this line.
However, this did not translate into increases at the protein level at
those time-points. In our results, the caspase protein expression data
does not follow the same trend as the mRNA levels. Changes in mRNA
may be buffered by translational changes or post-translational mod-
ifications of the protein as previously shown (Ishikawa et al., 2017; Perl
et al., 2017). Furthermore, although the activation of caspase-3 has
previously been observed in human HD striatum (Graham et al., 2010;
Kim et al., 2001) and indeed used as a routine marker of cell death
(Chen et al., 2015; Karamitopoulou et al., 2007; Mazumder et al.,
2008), it is not clear whether the activation of caspase-3 observed in
our results reflects impending cell death or issues with neurodevelop-
ment. It has been previously demonstrated that the presence of caspase-
3 affects the structural development of the OB as a deficiency in murine
caspase-3 leads to abnormal development of the OB (Cowan and
Roskams, 2004).

Similar to our results, an increase in caspase-8 has been previously
reported in human HD caudate and caspase-8 shown to be required in
cell death pathways caused by an expanded polyglutamine disease
(Sanchez et al., 1999a). In contrast to the other caspases, a decrease in
the proform and the p20p10 fragment of caspase-6 is observed in the
OB of the BACHD lines. The p20p10 fragment is not an active fragment
per se, rather it is an intermediate fragment of caspase-6, lacking the
pro-domain, that has been shown to be required for the activation of
caspase-6 and is further cleaved into the activated form (Klaiman et al.,
2009). It is important to point out that some in vivo caspase active
fragments, such as for caspase-6, are difficult to visualize by Western
Blot (Warby et al., 2008). Therefore, we cannot rule out the possibility
that the increase in caspase-6 gene expression, combined with the de-
crease in the proform and p20p10 fragment of caspase-6, may reflect
the activation of caspase-6. This is concordant with the caspase-6 ac-
tivation observed in the striatum and cortex of human and murine HD
brain (Graham et al., 2010; Hermel et al., 2004b).

The activation of caspases observed in TG9 does correlates with the
atrophy observed in this line. However, as cell death is an important
part of the development of the OB and neurogenesis, the activation of
the caspases observed predominantly at 3months of age may also re-
flect an impairment in development that is occurring at that age which
then persists. This is supported by the observation that in the WT OBs,
there is a 21% increase in OB weight between 3 and 6months of age
which is not found in the BACHD OBs (TG5: −14% and TG9:−8%). An
impairment in proliferation pathways may cause the decreases in OB
weight and trend decrease in the NeuN expression at 6months of age. It
is also possible that the area of the cell may shrink in the presence of
mHTT leading to the decrease in OB weight, as previously observed in
an HD striatal cell line and human HD cortex (Rajkowska et al., 1998;
Singer et al., 2017).

Our results do show that there is increased TUNEL positive cells,
and therefore cell death, at the 12 month time point in the TG9 OB
which correlates with the increases in caspase-3 mRNA and atrophy

observed. However, we do not see changes in the other caspases as-
sessed at this time point. It is possible that these changes may have
occurred prior, and/or different caspases may be implicated.
Furthermore, it is possible that the variation in caspases expression is
not uniform throughout the OB and is only observed in specific layers of
the bulb, as suggested by the absence of atrophy in the glomerular
layer. As the entire OB was used for the caspase expression analysis, this
may have diluted any specific effects. It is also important to mention
that the alterations observed in caspase expression in our results may
reflect not only the death of OB cells in general, but also affect the
cellular composition of the OB and therefore ultimately olfactory
function.

In our results, the immunostaining of mHTT (using S830 antibody),
which has been reported to correlate with disease progression (Acton,
2013), shows early and substantially more nuclear accumulation of
mHTT in the internal layers of TG9 OBs compared to TG5. As some N-
terminal fragments of HTT interact with the Trp protein and decrease
the nuclear export of HTT (Cornett et al., 2005), the difference in the
nuclear accumulation of HTT in the BACHD lines may be caused by an
increased production of the caspase generated N-terminal fragments of
HTT in the TG9 OBs. This correlates with the decrease in full length
HTT and caspase-3 activation observed in this line. As wild type HTT
has been shown to inhibit caspase-3 activation (Zhang et al., 2006), it is
possible that the decrease in wild type HTT observed may have affected
its inhibitory affect on caspase-3 thus influencing its activation. As
mHTT aggregates can interact with transcription factor via their poly-
glutamine sequence (Boutell et al., 1999; Li et al., 2016; Shimohata
et al., 2000; Steffan et al., 2000), mHTT accumulation in the TG9 line
may alter the transcription process and lead to the increased cell death
observed by TUNEL. Moreover, it has been shown that caspase-3, -8,
-10 and -12, (in contrast to caspase-9) interact and are activated by
expanded polyglutamine motifs (Gervais et al., 2002; Kouroku et al.,
2002; Kouroku et al., 2000; Miyashita et al., 1999; Sanchez et al.,
1999a; U et al., 2001). Of note, the interaction with caspase-8 occurs
predominantly in the nuclear aggregates containing fragments of polyQ
repeats (U et al., 2001). The increased accumulation of mHTT in the
nucleus, along with the activation of casapse-3, -6 and -8, in the TG9
line and absence of any caspase-9 proteolytic fragments, may contribute
to the atrophy observed in the TG9 OB and cell death observed by
TUNEL.

A key question is why caspase-3 and -8 activation are only observed
in the TG9 line. This is not due to differences in the transgene or the
CAG size (Yu-Taeger et al., 2012). One reason may be related to the
increased mHTT accumulation as the accumulation of misfolded pro-
tein impairs cell function (Vilchez et al., 2014). Another reason may be
the spatial and temporal expression pattern of HTT and mHTT in these
lines. A study has shown that the chromosomal location of a transgenes
can create disparities in the molecular phenotypes between lines cre-
ated with the same transgene and can affect the expression of the
transgene in an organ-related manner (Hatada et al., 1999). Therefore,
the differential expression and activation of caspases may be due to the
insertion site of the HD gene in these models. Similar to the increase
observed at the mRNA and protein level in our results, it has previously
been shown that the TG5 line expresses overall more mHTT (Yu-Taeger
et al., 2012). It is possible that some enhancers near the insertion site
alter the expression of mHTT in the TG5 line in some brain regions. A

Fig. 4. Prominent nuclear accumulation of mHTT in BACHD TG9 rats. A) Nuclear accumulation of mHTT was investigated by immunohistochemistry using the
antibody S830 against HTT (black color) in the OB of BACHD lines TG5 and TG9 at 3, 6, 9 and 12months of age. Sections were counterstained with thionine to
visualize nuclei (blue color). Transgenic rats of TG9 exhibit condensed nuclear accumulation (arrow heads) starting at 3months of age which dramatically increase
with age, while transgenic rats of TG5 show only a weak nuclear staining (arrows) by S830 stating at 6 months of age. Until 12 months of age the immunoreactivity of
anti-HTT S830 antibody is more intense in rats of the TG9 line compared to rats of TG5. WT littermates serve as negative controls and show no positive signal for
mHTT in all time points investigated. Scale bar= 20 and 200 um. B) The quantification of the nuclear accumulation of mHTT in TG5 compared to TG9 demonstrates
there is an interaction between the genotype (p < 0.0001), an effect of the age (p < 0.0001), and an effect of the genotype (p < 0.0001) by two-way ANOVA.
Sidak's post hoc are presented in the graph. Results are presented± SEM. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 5. Variations in caspase mRNA expression profiles in the olfactory bulb of BACHD models. A-C) Real-time quantitative RT-PCR shows an increase in caspase-3
mRNA expression levels in TG9 OB at 6 and 12months of age compared to WT (6months: ANOVA p=0.03, post hoc: WT vs TG9 p < 0.05; 12months: ANOVA
p=0.02, post hoc: WT vs TG9 p < 0.05). D-F) A trend increase in OB caspase-6 mRNA expression levels is observed at 3months of age in TG9 vs. WT (ANOVA
p=0.059, t-test: WT vs TG9 p < 0.05). G-I) No variation in caspase-8 mRNA expression levels is detected in TG5 and TG9 OB compared to WT at any age assessed.
J-L) A decrease is observed in caspase-9 mRNA expression levels in TG5 at 6months of age and a trend decrease observed at 3months of age in TG9 OB compared to
WT (3months: ANOVA p=0.08, t-test: WT vs TG9, p < 0.05; 6months: ANOVA p=0.04, post hoc, WT vs. TG5, p < 0.05). 3months: WT n=6, TG5 n=6 and
TG9 n=6; 6months: WT n=4, TG5 n=3 and TG9 n=3 12months: WT n=6, TG5 n=4 and TG9 n=6; Dunnet post hoc are presented on graph. Pgk1 used as
reference control. Relative measurements of caspase/pgk1 are± SEM.
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difference in the spatial distribution of mHTT in TG5 vs. TG9 lines may
explain the discrepancy observed in the behaviour and brain pathology
between them. Indeed, in addition to the differences observed in this
study (lack of caspase-3 and -8 activation in the TG5 OB and reduced
OB mHTT nuclear accumulation compared to TG9) the TG5 line dis-
plays earlier motor deficits (accelerated rotarod, gait analysis) and
decreased rearing activities compared to TG9. However, both lines
display similar deficits in ambulatory activities, reduced food intake
and HD gene expression signatures of a similar magnitude (Yu-Taeger
et al., 2017; Yu-Taeger et al., 2012). These results highlight the ne-
cessity of comparing different lines and strains in animal models.

5. Conclusion

Our results show a significant decrease in the OB at specific time
points in the BACHD transgenic lines. The atrophy is predominantly
detected in the internal layers of the OB while the glomerular layer area
is not affected. Furthermore, variations in caspase mRNA expression
levels, and alterations in caspase protein expression levels are observed.
We also detected a differential expression and localization profile of
normal and mutant HTT in TG5 compared to the TG9 line. Despite the
increase in mHTT expression in the TG5 OBs, TG9 rats demonstrate
caspase-3 and -8 activation in the OB,more accumulation of HTT in the
nucleus and more cell death. These data provide important information

regarding the olfactory dysfunction observed in HD and further im-
plicate alterations in apoptosis and neurogenesis as underlying me-
chanisms in the pathogenesis of HD.
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