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A B S T R A C T

Heterozygous mutations in GBA1, the gene which encodes the lysosomal enzyme glucocerebrosidase (GCase),
are a strong genetic risk factor for the development of Lewy body dementia (LBD). Until this point however,
recapitulation of the symptoms and pathology of LBD has been limited to a homozygous GBA1 mouse model
which genetically and enzymatically reflects the lysosomal storage disorder Gaucher's disease.

This study reports for the first time cognitive impairment by two independent behavioural tests in hetero-
zygous GBA1 mutant mice (D409V/WT) which demonstrate significant cognitive impairment by the age of 12
months. Furthermore, reductions in GBA1 GCase enzyme activity within the brain reflects levels seen in sporadic
and GBA1 mutant LBD patients. While there is no overt deposition of Lewy bodies within the hippocampus,
alterations to cholinergic machinery and glial proliferation are evident, both pathological features of LBD.
Interestingly, we also describe the novel finding of significantly reduced GBA2 GCase enzyme activity specifi-
cally within the hippocampus. This suggests that reduced GBA1 GCase enzyme activity dis-equilibrates the finely
balanced glycosphingolipid metabolism pathway and that reductions in GBA2 GCase enzyme could contribute to
the pathological and behavioural effects seen.

Overall, this study presents evidence to suggest that pathological hallmarks associated with LBD specifically
affecting brain regions intrinsically linked with cognition are present in the D409V/WT mice. In the absence of
Lewy body deposition, the D409V/WT mice could be considered an early pre-clinical model of LBD with po-
tential for drug discovery. Since few robust pre-clinical models of LBD currently exist, with further character-
ization, the mouse model described here may contribute significantly to developments in the LBD field.

1. Introduction

In the 20 years since mutations in the GBA1 gene, coding for the
lysosomal hydrolase glucocerebrosidase, were first linked to the de-
velopment of parkinsonian symptoms (Neudorfer et al., 1996), genetic
testing has established heterozygous mutations in GBA1 as the most
common genetic risk factor for Parkinson's disease (PD) (Sidransky
et al., 2009).

While overt pathological differences between GBA1 associated PD
(GBA-PD) and sporadic PD have not been described thus far (Neumann
et al., 2009; Parkkinen et al., 2011; Westbroek et al., 2011), earlier age
of onset by approximately 6 years (Gan-Or et al., 2008; Neumann et al.,

2009; Nichols et al., 2009) and more rapid disease progression (Winder-
Rhodes et al., 2013; Beavan et al., 2015; Davis et al., 2016) are widely
reported. Perhaps one of the most striking clinical findings has been
that GBA-PD patients are 5 times more likely to develop cognitive im-
pairment and dementia (PD dementia) compared with sporadic PD
patients (Goker-Alpan et al., 2008; Neumann et al., 2009; Sidransky
et al., 2009; Brockmann et al., 2011; McNeill et al., 2012; Seto-Salvia
et al., 2012; Chahine et al., 2013; Beavan et al., 2015; Jesus et al., 2016;
Lunde et al., 2018; Simitsi et al., 2018) with the presence of a GBA1
mutation reported to be a significant predictor of progression of de-
mentia (Neumann et al., 2009; Winder-Rhodes et al., 2013). In ac-
cordance with these findings, the presence of a mutant GBA1 allele has
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also been significantly linked with increased risk of developing de-
mentia with Lewy bodies (DLB) (Goker-Alpan et al., 2006; Nalls et al.,
2013; Guerreiro et al., 2018).

Neuropathology associated with Lewy body dementia (LBD) (de-
mentia with Lewy bodies and Parkinson's disease dementia) is princi-
pally defined by the intraneuronal deposition of aggregated insoluble α-
synuclein in the form of Lewy bodies and Lewy neurites. However,
common pathologies associated with Alzheimer's disease, neurofi-
brillary tangles composed of tau and neuritic plaques composed of Aβ
are also frequently found in the brain of patients. Revealingly, extensive
cholinergic deficits often associated with the basal forebrain occur re-
latively early in the disease course of LBD and have become established
as a differentiating factor from Alzheimer's disease(Jellinger, 2018).
Hall et al. comprehensively report the association between hippo-
campal Lewy pathology and cholinergic dysfunction in human post
mortem Parkinson's disease dementia brain (Hall et al., 2014).

GBA1 encodes the lysosomal hydrolase glucocerebrosidase (GCase)
which is involved in glycosphingolipid metabolism(Ginns et al., 1985).
The principal substrate of GBA1 derived GCase is glucosylceramide
(GluCer). The lysosomal storage disorder Gaucher's disease is caused by
homozygous mutations in GBA1 and is characterised by accumulation of
GluCer as a consequence of dramatically reduced GBA1 GCase enzyme
activity (Grabowski, 2008). Post mortem studies report reduced GBA1
GCase enzyme activity in sporadic PD and DLB brain in key regions
related to symptom development such as the substantia nigra and
anterior cingulate cortex (Gegg et al., 2012; Chiasserini et al., 2015;
Rocha et al., 2015a,b; Moors et al., 2019). Furthermore, reduced levels
of GBA1 GCase activity in these brain regions is associated with in-
creased α-synuclein levels (Gegg et al., 2012; Murphy et al., 2014).
More recently, it has been uncovered that GCase enzyme activity pro-
gressively declines with age in healthy brain (Rocha et al., 2015a,b;
Hallett et al., 2018) which is hugely significant since aging is the big-
gest single risk factor for the development of LBD.

GBA1 investigations in rodents have traditionally been performed
by pharmacological inhibition of GCase enzyme activity, conditional
knockout of GBA1 or breeding homozygous GBA1 mutant mice. The
pathology and symptoms of Gaucher's disease is recapitulated due to a
drastic and early reduction in GCase activity. Interestingly, cognitive
impairment has been reported in a mouse model of Gaucher's disease
expressing homozygous knock in point mutations in GBA1 – D409V/
D409V (Sardi et al., 2011). Accompanying this phenotype, pathogenic
hallmarks of LBD, ubiquitin positive α-synuclein aggregates and tau
aggregates were also identified in the hippocampus (Sardi, Clarke et al.
2011, 2013). We believe that heterozygous D409V/WT GBA1 mice
would be a more translational model of LBD for 3 main reasons. First,
heterozygous, not homozygous mutations in GBA1 are associated with
LBD. Second, the reduction in brain GCase enzyme activity in D409V/
WT GBA1 mice more accurately reflects brain GCase enzyme activity in
both GBA-PD and sporadic PD patients (Gegg et al., 2012; Kurzawa-
Akanbi et al., 2012; Murphy et al., 2014; Clark et al., 2015; Rocha et al.,
2015a,b). Third, a mouse model which demonstrates age related de-
cline in symptomology better reflects clinical representation of LBD
patients rather than severe pathology and symptoms at an early age.

We therefore investigated the impact of age/continuing exposure of
D409V/WT GBA1 mutation on mouse brain focussing on neurochem-
ical, pathological and behavioural indices relevant to LBD to evaluate
the translational potential of this model for drug discovery.
Accordingly, we decided to functionally assess D409V/WT GBA1 mice
for cognitive impairment at 3, 6, 9 and 12 months of age in order to
consider the impact of the previously reported progressive decline in
GCase enzyme activity with aging(Hallett et al., 2018) and identify any
age related decline in cognitive ability mirroring the clinical develop-
ment of LBD. Additionally, we biochemically analysed brain tissue to
assess α-synuclein aggregation, glial proliferation and cholinergic in-
tegrity – characteristic pathological hallmarks of LBD.

This paper presents evidence to suggest that D409V/WT GBA1 mice

at 12 months of age may provide a pre-Lewy body model of LBD. The
added impact of aging further reduces hippocampal GCase enzyme
activity causing an age-related decline in cognitive function.
Furthermore, aging of D409V/WT mice uncovers pathological features
of LBD namely glial proliferation and cholinergic dysregulation in the
brain. These pathological responses could potentially underlie cognitive
deficits in the absence of motor impairment. This model, while re-
quiring further in-depth study, has great potential for drug discovery
and testing for LBD.

2. Materials and methods

2.1. Animals

D409V/D409V GBA1 mice (stock number 019106) were purchased
from The Jackson Laboratory (Maine, USA) and crossed with C57Bl/6
wild type mice to generate D409V/WT GBA1 heterozygotes. Male mice
were maintained in a 12-h light dark cycle at ambient temperature and
humidity with ad libitum access to food and water. All mice were
maintained, procedures performed and culled by cervical dislocation in
accordance with UK Animals (Scientific Procedures) Act 1986.

2.2. Behavioural tests

2.2.1. Morris Water Maze
The Morris water maze task was performed as previously described

(Vorhees and Williams, 2006). Briefly, a 130 cm diameter water maze
was filled with water and left to equilibrate to room temperature
overnight. A platform, submerged 1 cm below the water line was placed
in a designated quadrant. Mice were introduced to the water maze to
search for the platform for a maximum of 90 s. Mice which failed to find
the platform were placed on the platform for 10 s to allow for en-
vironmental familiarisation. 4 trials starting from different points of the
maze (north, east, south or west) were performed at 30-min intervals.
Testing was performed for 5 consecutive days to generate learning
curves. 24 h following the final trial, the platform was removed, and
mice explored the water maze for 60 s constituting the probe trial.

2.2.2. Y-maze
The protocol for Y-maze testing and spontaneous arm performance

was based upon paradigms described by Deacon et al.(Deacon and
Rawlins, 2006) and Hughes et al.(Hughes, 2004). Briefly, mice were
placed in the centre of a Y-maze and allowed to explore the arms of the
maze for 8min. The arms of the maze measured 35 cm in length and
4 cm in diameter. The maze was cleaned with ethanol between trials
and lighting was even across the maze. The recording of each trial was
manually scored for the number of spontaneous arm entries – the total
number of correct triad arm entries attempted within 8min. The % of
spontaneous arm entries was calculated.

2.2.3. Open field
Open field testing was carried out as previously described

(Seibenhener and Wooten, 2015). Briefly, mice were habituated to the
testing room 30min before testing, Mice were placed in a 45 cm2 open
field arena for 20min and allowed to explore. Lighting across the arena
was even and the area cleaned with ethanol between trials. Trails were
recorded by video camera and analysed using EthoVision XT version 11
software (Noldus, Netherlands). The arena was calibrated using the
EthoVision software to reflect the dimensions in addition to the pre-
sence of a 11.25 cm2 square border. The following parameters were
measured: distance covered (cm); velocity (cm/s) and time spent in the
border (s).

2.2.4. Rotarod
Motor performance was evaluated on a 5-lane rotarod unit as pre-

viously described(Fleming et al., 2013). Mice were pre-trained by
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placing them on the rod that was set to accelerate from 4 to 40 rpm over
a period of 5min. If the mice fell off under 1min, they were placed back
on the rotarod during training. Mice were pre-trained twice a day for 3
days, with a 1-h rest between each session. On the fourth day, mice
were tested twice using the same protocol, with the average latency to
fall being recorded between both sessions.

2.3. Lysosomal enzyme activity assay

Mouse brain tissue was homogenised as a 5% homogenate in H2O
and assayed for protein concentration using Pierce Bradford assay kit
(Thermo Fisher Scientific, USA) and normalised to 2mg/ml. GCase
enzyme activity was measured as described previously using the arti-
ficial substrate 4-methylumbelliferone-β-glucopyranoside (4-MUP)
(Sigma Aldrich, USA) at 10mM in McIlvaine buffer pH 5.4(Burke et al.,
2013). Activated GBA1 derived GCase activity was assessed by in-
cubating samples in 4-MUP substrate in the presence of 9.3mM sodium
taurocholate which acts to activate GBA1 GCase enzyme. GBA2 derived
GCase activity was assessed by performing incubations of samples in 4-
MUP substrate in the presence and absence of 2.5 μM deoxynojirimycin
(DNJ), a specific inhibitor of GBA2 derived GCase enzyme activity
(Sigma Aldrich, USA), and calculating the difference in activity. All
incubations took place at 37 °C for 60min. Reactions were stopped by
the addition of 1mL 0.25M glycine (Sigma-Aldrich, USA) pH10.4.
Cleaved fluorescent 4-methylumbelliferone was measured using a
spectrophotometer (Flexstation II, Molecular Devices, USA) excitation
365 nm, emission 450 nm.

β-galactosidase activity was measured in the same sample pre-
parations of brain homogenate prepared as described above. 0.4%
human serum albumin (Sigma Aldrich, USA) and 0.4M sodium chloride
(Sigma Aldrich, USA) were added to sample and incubated in 1mM of
the artificial enzyme substrate 4-methylumbelliferyl-β-D-galactopyr-
anoside (4-MUG) (Sigma-Aldrich, USA) in McIlvaine buffer pH 4.1. The
reaction was incubated 37 °C for 15min. The reaction was stopped by
addition of 0.25M glycine pH10.4 and cleaved fluorescent 4-methy-
lumbelliferone measured as described above(Burke et al., 2013).

2.4. Gene expression

Quantitative PCR was performed as previously described(Medhurst
and Pangalos, 2003). Briefly, RNA was converted to cDNA using Ap-
plied Biosystems™ high capacity RNA-to-cDNA™ kit (Applied Biosys-
tems™, USA) as per manufacturer's instructions. Pre-designed house-
keeping and gene of interest primers and fluorescent probes in the form
of TaqMan® Gene Expression Assays were purchased from Applied
Biosystems™: Mm02619580_g1(ActB), Mm01221880_m1(CHAT),
Mm00436850_ma(Synaptophysin) and Mm00491465_s1(vAChT).
Threshold values (Ct) values were compared to ActB housekeeping gene
using the ΔΔct method(Livak and Schmittgen, 2001) to give a value of
relative gene expression.

2.5. Immunofluorescence

Brains were removed and hemisected. One hemisphere was post
fixed in 4% paraformaldehyde prior to sagittal embedment in paraffin.
Brain was sectioned using a microtome into 7 μm sections. Sections
were dewaxed with Histo-Clear (National Diagnostics, USA) and sub-
sequently rehydrated with graded dilutions of ethanol (100%, 90% and
70%). Antigen retrieval was performed by microwaving sections in pre-
boiled 0.01M citrate buffer pH6.4 for 5min. Slides were washed in PBS,
3× 3min before incubation with primary antibody overnight at 4 °C.
Primary antibodies used were: anti-vAChT rabbit polyclonal antibody
(synaptic systems, 139 103, Germany) at 1:4000, anti-ChAT goat
polyclonal antibody (EMD Millipore, AB144P, USA) at 1:500 and anti-
synaptophysin mouse monoclonal clone SY38 antibody (Abcam,
ab8049, UK) at 1:150. Sections were washed with PBS 3×3min and

then incubated at room temperature with fluorescent secondary anti-
bodies for 90min: AlexaFluor® donkey anti-rabbit 568 nm, Alexa Fluor®

donkey anti-goat 647 nm, and Alexa Fluor® donkey anti-mouse 488 nm
(Thermo Fisher Scientific, USA) at 1:500. Secondary antibody was
discarded and 300 nM DAPI solution (Thermo Fisher Scientific, USA)
was applied to sections for 3min. Slides were washed in PBS, 3× 3min
and incubated in Sudan Black (0.1% in 70% ethanol) for 20min at room
temperature. Slides were washed under running tap water and mounted
in Vectamount™ AQ mounting media (H-5501, Vector Laboratories,
USA). Staining was imaged using a Zeiss LSM 710 confocal microscope
and Zeiss ZEN lite software.

Image processing and quantification were performed in ImageJ2
software (NIH) on Fiji platform as follows. Pixels containing im-
munoreactive signals of endogenous mouse IgG by secondary anti-
mouse 488 in blood vessels were first excluded from a polygonal se-
lection which encompassed a part of the dentate gyrus within each
field. The same blood vessel-free selection was used for each image
channel from the same field. Non-specific background signals and un-
equal lighting in each image channel were eliminated with Subtract
Background function. Synaptophysin was quantified as mean grey value
since the entire molecular layer of the DG is covered with synapto-
physin-positive puncta. For each vAChT or ChAT image, a threshold
value (to highlight any pixels with grey value from X to 255) that
yielded the peak average particle size was applied to conceptually
maximise the staining area of axons and minimise digital noises.
Cholinergic axon staining was quantified as a percentage of the total
area of all particles larger than 2 pixels highlighted by the threshold
over the area of the blood vessel-free selection.

2.6. 3-3′-diaminobenzidine (DAB) staining

DAB staining was performed with sections prepared as described
above for immunofluorescence. Antigen retrieval for Iba1 and GFAP
was performed by microwaving in 0.01M citrate buffer pH6.0 for
10min while antigen retrieval for α-synuclein was carried out by au-
toclaving for 10min in EDTA buffer pH8.0 followed by immersion for
15min in 98% formic acid. The following primary antibodies used
were: Iba1 at 1:2000 (Wako Pure Chemical Industries, Japan); GFAP at
1:8000 (DAKO, Agilent Technologies, UK); α-synuclein ab27766 at
1:200 (Abcam, UK); α-synuclein ab1903 at 1:500 (Abcam, UK); and α-
synuclein phosphor-serine129 ab51253 at 1:500 (Abcam, UK). Despite
indications of human species specificity for ab27766, analysis of the
epitope recognition site and amino acid sequence suggests cross re-
activity with mouse which was confirmed. After overnight incubation,
sections were incubated at room temperature with biotinylated goat
anti-rabbit secondary antibody (Vector laboratories, USA) at 1:500. The
ABC elite kit (Vector Laboratories, USA) was used for detection of
biotinylated secondary antibodies and colour developed using the DAB
Peroxidase (HRP) substrate kit with nickel (Vector Laboratories, USA).
Tissue was counterstained with Mayer's Haematoxylin (Sigma-Aldrich,
USA) before dehydration with decreasing dilutions of alcohol and xy-
lene. Sections were coverslipped using DPX mountant (Sigma-Aldrich,
USA) and allowed to dry prior to imaging using Leica DMRB equipped
with DC420 digital camera. Image analysis was conducted using
ImageJ2 software (NIH) on Fiji platform.

2.7. Western blotting

Western blotting was performed as previously described. Briefly,
samples were homogenised using the IKA Ultra Turrax hand held
homogeniser as a 10% w/v solution in ddH20 with Complete EDTA free
protease inhibitors (Roche, Switzerland) and PhosSTOP tablets (Roche,
Switzerland). Homogenate was aliquoted and stored at −20 °C until
requires. Protein concentration was determined using Pierce Coomassie
protein assay kit (Thermo Fisher Scientific, United States) as per man-
ufacturer's instructions. All homogenates were normalised to 1mg/mL
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and boiled in SDS-PAGE loading buffer (2B scientific, UK) for 5min
(except samples for vAChT which were not boiled according to anti-
body datasheet). 20 μg of protein was loaded per well in a 10% Tris gel.
Proteins were transferred onto nitrocellulose membrane (GE
Healthcare, United States) and the membrane blocked with 10% milk/
PBS-Tween 0.05% solution for 1 h. Primary antibody was constituted in
5% milk/PBS-Tween 0.05% solution and added to the membrane to
incubate overnight at 4 °C. Primary antibodies were used at the fol-
lowing concentrations: rabbit anti-GBA 1:1000 (Abcam ab175869, UK);
goat anti-CHAT 1:650 (EMD Millipore AB144P, USA); rabbit anti-
vAChT 1:1000 (Synaptic Systems 139 103, Germany); rabbit anti-
GAPDH 1:25000 (Abcam ab9485, UK); rabbit anti-β Tubulin 1:10,000
(Abcam ab6046) and goat anti-GAPDH 1:1000 (Abcam ab9483, UK).
Primary antibody solution was removed, and the membrane washed
3× 5mins with PBS-Tween 0.05% prior to incubation with fluorescent
secondary antibody prepared in 5% milk/PBS-Tween 0.05% at room
temperature for 1 h. The following secondary antibodies were used:
Alexa Fluor goat anti-rabbit 1:5000 (Molecular Probes, USA) and Alexa
Fluor rabbit anti-goat 1:5000 (Molecular Probes, USA). Secondary an-
tibody solution was removed, and the membrane washed 3×5min
with PBS-Tween 0.05%. Protein bands were visualised using the Li-Cor
Odyssey Infrared scanner. Band densities were quantified using Li-Cor
Image Studio Lite software.

2.8. Meso Scale Diagnostics sandwich immunoassay

Hippocampi were dissected from fresh frozen tissue and homo-
genised in PBS. Protein concentration was determined by Coomassie
protein assay kit (Thermo Fisher Scientific, United States) as per man-
ufacturer's instructions. All homogenates were normalised to 1mg/mL.
Sandwich immunoassay was performed as per manufacturer's instruc-
tions. Briefly, α-synuclein capture antibody (Synaptic systems 128 211,
1 μg/ml, Germany) was immobilised onto a working electrode within a
well of a 96-well plate via the U-PLEX linker provided. Samples and
controls were added to wells and incubated at room temperature for 1 h
with shaking. After washing with MSD wash buffer, capture antibody
(Synaptic systems 128 003, 1 μg/ml, Germany) conjugated with elec-
trochemiluminescent label (MSD Sulfo Tag) was added completing the
immunoassay sandwich. The plate was washed, and MSD read buffer
added for the plate to be analysed by MSD MESO QuickPlex SQ 120
instrument.

2.9. Statistical analysis

Statistical analyses were performed by One-way ANOVA followed
by Tukey's HSD post hoc test for enzyme activity assays. Morris water
maze learning curves underwent repeated measures Two-way ANOVA
followed by Sidak post hoc test. Morris water maze probe trial at 12
months was statistically analysed by student's t-test. Performance over
12 months in Y-maze was subject to repeated measures Two-way

Fig. 1. Brain GCase Enzyme Activity in D409V Mutant Mice at 12 months
(a) Activated GBA1 GCase activity in the hippocampus, One-way ANOVA, Tukey's HSD, F(2,8) = 32.80,**p = 0.0014, ***p = 0.0001
(b) GBA2 GCase activity in the hippocampus, One-way ANOVA, Tukey's HSD, F(2,8) = 54.58, ****p = 0.00001,**p = 0.0050,***p = 0.0006
(c) β-galactosidase activity in the hippocampus, One-way ANOVA, F(2,8)= 3.469, p=0.082,
(d) Cortical activated GBA1 GCase enzyme activity, One way ANOVA, F(2,9) = 37.73, Tukey's HSD, ****p = 0.00001 ***p = 0.0002
(e) Cortical GBA2 GCase enzyme activity, One way ANOVA, F(2,10)= 1.32, p=0.3099
(f) Cortical β-galactosidase enzyme activity, One-way ANOVA, F(2,8)= 1.091, p= 0.3812. All data represented as mean enzyme activity ± SEM, n=3–4 mice per
group.
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ANOVA followed by Sidak post hoc test. Quantification of immuno-
fluorescent and immunohistochemical staining was analysed by stu-
dent's t-test. Western blot data was analysed by One-way ANOVA while
gene expression data was analysed by Two-way ANOVA followed by
Bonferroni correction.

Statistical analyses were performed All statistical analyses were
performed using GraphPad Prism v7.0 (GraphPad Software). Values
with P < 0.05 were considered significant.

3. Results

D409V/WT GBA1 mice demonstrate a significant reduction in ac-
tivated GBA1 derived GCase enzyme activity in the brain compared
with WT.

Activated GBA1 derived GCase enzyme activity was significantly
reduced by 72.57% in the hippocampus of D409V/WT mice compared
with wild type at 12 months (D409V/WT=78.78 ± 3.342,
WT=287.2 ± 38.68 nmol/h/mg protein) (Fig. 1a). Activated GBA1
activity in the cortex of the same animals was reduced by 71.79%
(D409V/WT=25.42 ± 9.115, WT=90.10 ± 3.339 nmol/h/mg
protein) at 12 months of age (Fig. 1d). In both the hippocampus and
cortex GCase enzyme activity is almost ablated in homozygous D409V/
D409V mice by 94.45% (Figs. 1a) and 96.67% (Fig. 1d) respectively. In
all cases, β-galactosidase enzyme activity does not change between
genotype or brain region (Fig. 1c and f). Furthermore, GCase protein
expression is not altered between genotype (Fig. S1).

D409V/WT GBA1 mice have significantly reduced GBA2 derived
GCase activity in the hippocampus but not the cortex compared with
both WT and D409V/D409V homozygous GBA1 mice.

Hippocampal GBA2 derived GCase enzyme activity is highly sig-
nificantly reduced by 91.4% (D409V/WT=662.1 ± 81.52,
WT=7629 ± 610.2 nmol/h/mg protein) in 12 months D409V/WT
GBA1 mice when compared with WT (Fig. 1b). Interestingly, GBA2
derived GCase enzyme activity recovers in the D409V/D409V homo-
zygotes to 63.5% of WT activity (D409V/D409V=4846 ± 36.8,
WT=7629 ± 610.2 nmol/h/mg protein) (Fig. 1b).

GBA2 derived GCase enzyme activity is over 20 times greater than
activated GBA1 GCase in the hippocampi of WT mice and 8 times
greater in D409V/WT mice (Fig. 1a and b). Furthermore, both GBA1
and GBA2 derived GCase activity is significantly greater in the hippo-
campus when compared with cortical activity (Fig. 1a,b,d,e).

D409V/WT GBA1 mice demonstrate an age-related decline in cog-
nitive performance reaching significance by 12 months of age in the
absence of motor deficits or evidence of anxiety.

Learning was demonstrated by both wild type and D409V/WT GBA1
mice in the water maze at 3, 6, and 9 months of age as seen by a steady
improvement in both trial duration and distance to platform over the 5
consecutive trial days (Fig. 2a,b,c). However, by 12 months of age,
performance of D409V/WT GBA1mice plateaus and at day 5 of training
there is significantly worse performance for both trial duration
(D409V/WT=45.57 ± 8.12 s, WT=17.79 ± 2.66 s)(Fig. 2d) and

distance to platform (D409V/WT=651.07 ± 121.83 cm,
WT=257.07 ± 46.38 cm) (Fig. S2a) in the absence of any discernible
alteration in swim velocity (Fig. S2b), indicating cognitive impairment.
Cognitive impairment at 12 months of age was confirmed by probe trial
with D409V/WT mice spending significantly less time in the quadrant
which previously contained the platform (11.57 ± 1.62 s) compared
with wild type (17.87 ± 2.29 s) (Fig. 2e).

The percentage spontaneous alternation performance (%SAP)
measured by Y-maze testing showed similar cognitive performance
when executing the task at 3, 6 and 9 months of age when D409V/WT
GBA1 mice were compared with age matched controls (Fig. 3). By 12
months of age, there is a significant reduction in % SAP indicative of
cognitive impairment in D409V/WT mice (WT = 78.53 ± 2.38%,
D409V/WT = 60.87 ± 3.22%, repeated measures ANOVA, Sidak's
post hoc test, F(3,42) = 4.591, n = 9 per group, *p = 0.0189).

The absence of a motor deficit at 12 months of age was confirmed by
rotarod. There was no significant difference in latency to fall between
wild type (160.6 ± 32.01s), D409V/WT (180.6 ± 31.17s) and
D409V/D409V mice (128 ± 20.32s) (One way ANOVA, F
(2,14)= 0.643, p=0.540) indicating the absence of a motor deficit
(Fig. S3c). Furthermore, there was no difference in the distance tra-
velled or speed as measured in an open field arena over 20min (Figs.
S3a and b). There was also no evidence of anxiety as measured in the %
time spent in the perimeter of the open field arena (WT=89.78 ±
1.79%, D409V/WT=90.86 ± 1.43%) (Fig. S3d).

D409V/WT GBA1 mice do not show increased deposition of Lewy
bodies in the hippocampus by immunohistochemistry but ELISA in-
dicates a subtle but not statistically significantly increase in soluble
monomeric α-synuclein.

Standard immunohistochemical analysis of hippocampal sections
using two independent α-synuclein antibodies – Abcam ab1903 mouse
monoclonal [4D6] antibody and Abcam ab27766 mouse monoclonal

Fig. 2. Morris Water Maze in D409V/WT GBA1mice. Learning curves showing duration in seconds to submerged platform over 5 consecutive days in (a) 3 months
old (b) 6 months old, (c) 9 months old and (d) 12 months old D409V/WT and age matched WT mice. Data represented as mean trial duration ± SEM, Repeated
measures Two-way ANOVA, Sidak post hoc test (e) Probe trial at 12 months old. Data represented as mean duration ± SEM, student's t-test, *p = 0.04, n = 9/8
mice per group.

Fig. 3. Spontaneous Alternation Performance in a Y-Maze of D409V/WT
Mice. Data represented as mean spontaneous alternation performance ± SEM,
Repeated measures ANOVA, Sidak's post hoc test, F(3,42) = 4.591, *p = 0.02,
n = 8–10 mice per group.
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[LB 509] antibody - failed to detect any α-synuclein aggregates/Lewy
body staining of note in either D409V/WT GBA1 hippocampus or wild
type controls at 12 months of age (Fig. S4). There was also no phos-
phorylated 129 α-synuclein staining of note (data not shown).

Meso Scale Diagnostics sandwich immunoassay for soluble α-synu-
clein in the hippocampus of 12 months old mice shows a highly sig-
nificant increase in α-synuclein present in the hippocampus of D409V/
D409V mice (527238 ± 34000) compared with both WT
(22904 ± 1706) and D409V/WT (114156 ± 56188) (One-Way
ANOVA, F(2,5) = 79.21, Tukey's HSD,***p = 0.0002(WT),
***p = 0.0007(D409V/WT). While increased, the quantification of α-
synuclein in the hippocampus of D409V/WT mice compared with WT is
not significant (p = 0.22) (Fig. 4).

D409V/WT GBA1 mice have increased staining for astrocytes and
microglia in the hippocampus at 12 months.

The total number of GFAP positive cells in the hippocampus is
significantly increased in D409V/WT mouse brain when compared with
WT (WT = 162 ± 36.01, D409V/WT = 317.78 ± 42.73, student's t-
test, **p = 0.0028) (Fig. 5a and b). The percentage area of Iba1
staining in the same animals also showed a significant increase in the

hippocampus of D409V/WT mice (WT = 7.86 ± 2.09, D409V/
WT = 23.92 ± 2.16, student's t-test, ****p = 0.0001) (Fig. 5c and d).

Cholinergic deficits are evident in the hippocampus of D409V/WT
GBA1 mice at 12 months of age.

At the protein level, immunofluorescence also indicates a highly
significant 69.4% reduction in vAChT percentage staining area in the
dentate gyrus of D409V/WT mice at 12 months (WT = 0.76 ± 0.09%,
D409V/WT = 0.23 ± 0.05%, student's t-test, ***p = 0.0001, n = 9
per group) (Fig. 6a,c). A similar but not significant trend is also seen by
Western blot (WT=0.121 ± 0.022, D409V/WT=0.070 ± 0.11,
D409V/D409V=0.084 ± 0.018. One way ANOVA, F(2,6)= 2.214,
p=0.022, n=3 per group) (Fig. 7a and b).

CHAT immunofluorescence in the dentate gyrus shows a significant
31.8% increase in staining percentage area in D409V/WT mice com-
pared with wild type at 12 months (WT = 1.71 ± 0.08%, D409V/
WT = 2.47 ± 0.24%, Student's t-test, *p = 0.010) (Fig. 6a,d).
Nevertheless, semi-quantitative Western blot of hippocampal tissue
does not show any significant change in CHAT protein expression in
GBA1 mutant mice compared with wild type (WT=0.144 ± 0.033,
D409V/WT=0.116 ± 0.171, D409V/D409V=0.173 ± 0.046. One
way ANOVA, F(2,6)= 2.096, p=0.204, n=3 per group) (Fig. 7a,c).

When expressed as a ratio to represent the density of functional
vAChT positive boutons on CHAT positive axons, VAChT/CHAT protein
expression ratio by immunofluorescence shows a highly significant
78.3% reduction in D409V/WT dentate gyrus compared with wild type
(WT = 0.40 ± 0.03%, D409V/WT = 0.09 ± 0.01%, Student's t-test
****p=<0.0001, n = 9 per group) (Fig. 6a,e). These alterations to
cholinergic protein expression are reported in the background of sig-
nificantly reduced immunofluorescent staining for synaptophysin by
42.1% (WT = 1.43 ± 0.21, D409V/WT = 0.83 ± 0.14, Student's t-
test *p = 0.03) (Fig. 6a and b).

Relative gene expression of SLC18A3 (vAChT) is significantly re-
duced in the hippocampus of D409V/WT GBA1 mice at 12 months
compared with wild type (WT = 1.00 ± 0.26, D409V/
WT = 0.21 ± 0.026, Two-way ANOVA with Bonferroni correction, F
(1,18) = 24.77, *p = 0.011). Gene expression of CHAT is also sig-
nificantly reduced (0.088 ± 0.24 compared with 1.00 ± 0.23, Two-
way ANOVA with Bonferroni correction, F(1,18) = 24.77,
**p = 0.0034). Reductions in both vAChT and CHAT relative gene
expression are seen in the absence of any significant change in SYP1
(synaptophysin) expression (Fig. 7d).

Fig. 4. Hippocampal α-synuclein sandwich immunoassay quantification of
soluble α-synuclein at 12 months of age. Data expressed as mean
intensity± SEM, One way ANOVA, F(2,5) = 79.21, Tukey's HSD,
***p = 0.0002, #p = 0.0007, n = 3 mice per group except D409V/WT where
n = 2 mice per group.

Fig. 5. Hippocampal GFAP and Iba1 staining at 12 months (a) Representative images of GFAP staining in the hippocampus of D409V/WT and WT mice. Scale
bar = 200 μM (b) Representative images of GFAP staining in the dentate gyrus of D409V/WT and WT mice. Scale bar = 20 μM (c) Representative images of Iba1
staining in the hippocampus of D409V/WT and WT mice. Scale bar = 200 μM (d) Representative images of Iba1 staining in the dentate gyrus of D409V/WT and WT
mice. Scale bar = 20 μM (e) Quantification of GFAP positive cell count and Iba1 positive cell count in the dentate gyrus. Data expressed as mean total cell
count ± SEM, Student's t-test, *p = 0.0149,****p=<0.0001, n = 9 per group.
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4. Discussion

This study demonstrates the novel finding of age-related cognitive
impairment in heterozygous D409V/WT GBA1 mutant mice. The
translational potential of this mouse model for the study of LBD is
further evidenced by equivalent reductions in brain GBA1 derived
GCase enzyme activity as seen in both GBA1 mutant and sporadic PD
and DLB brain. Evidence of glial proliferation and cholinergic deficits
involving the hippocampus of 12 months old D409V/WT mice, patho-
logical features of LBD, provides further support for the translational
value of this mouse model despite the apparent lack of significant α-
synuclein aggregation.

The age-related decline in cognitive ability of this model reflects a
critical element of the development of symptoms seen in LBD patients.
While the D409V/WT mouse does not show significant aggregates of α-
synuclein in the hippocampus at 12 months, the presence of other pa-
thological features of LBD support the hypothesis that this model at 12
months represents an early stage of LBD which is prime for effective
therapeutic intervention which is translational to the clinic.

Historically, the Morris water maze has been used as a test of spatial
learning and memory mediated predominantly by the hippocampus
(Morris, 1984; Vorhees and Williams, 2006). In addition, it has been
shown the Morris water maze involves the entorhinal and perirhinal
cortices as well as involvement of the prefrontal cortex, the cingulate
cortex and neostriatum, all areas implicated in LBD (Vorhees and
Williams, 2006). Spontaneous alternation performance in the Y-maze,
although controversial, is a measure of working memory also involving

hippocampal circuits(Deacon and Rawlins, 2006). Accordingly, sig-
nificant deficits in Morris water maze and Y-maze in D409V/WT mice
at 12 months of age reported by this study implicate the hippocampus
as a potential region of pathological interest. Pathological accumulation
of α-synuclein and tau aggregates have been reported in the hippo-
campus of homozygous D409V/D409V GBA1 mice at 6 months of age
(Sardi, Clarke et al. 2011, 2013) suggesting that the hippocampus is
particularly susceptible to significant reductions in GCase enzyme ac-
tivity. Indeed, this study has showed that GCase enzyme activity in the
hippocampus is far greater than seen in the cortex while Dopeso-Reyes
et al. indicate that in non-human primate brain GCase protein is
strongly expressed in the hippocampus (Dopeso-Reyes et al., 2018).

The lack of significant α-synuclein aggregates in the hippocampus of
D409V/WT in this study may reflect a more subtle decline in GCase
enzyme activity which is insufficient to result in accumulation of ag-
gregates as seen in D409V/D409V mice (Sardi et al., 2011). However,
despite failing to reach significance, perhaps a consequence of the low
number of animals used for the experiment, there is a trend for in-
creased soluble α-synuclein in the hippocampus of D409V/WT GBA1
mice when compared to WT which is not seen in the cortex. However,
these results should be interpreted with caution due to the limited
number of animals particularly in the D409V/WT group. While sections
were not pre-treated with proteinase K in order to unmask aggregates of
α-synuclein as per Sardi et al. (Sardi et al., 2011), pre-treatment with
proteinase K was tested with both D409V/WT and D409V/D409V
hippocampal sections (data not shown) with no discernible staining of
note. This finding was surprising since we were unable to replicate the

Fig. 6. Altered cholinergic protein expression in the hippocampus of D409V/WT mice by immunofluorescence (a) Representative images of synaptophysin
(green), vAChT (red),CHAT (blue) and DAPI (white) immunofluorescent staining in the dentate gyrus of D409V/WT and WT mice at 12 months. Scale bar = 40 μM
(b) Quantification of synaptophysin staining. Data expressed as mean grey area± SEM. Student's t-test, *p = 0.0317 (c) Quantification of vAChT staining. Data
expressed as mean grey value ± SEM, student's t-test, ***p = 0.0001 (d) Quantification of CHAT staining. Data expressed as mean staining intensity ± SEM,
student's t-test,**p = 0.0072 (e) ratio of vAChT/CHAT staining, student's t-test. n = 9 mice per group.
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α-synuclein staining profile in D409V/D409V hippocampus reported by
Sardi et al. (Sardi et al., 2011).

It has been reported that in both human and mouse wild type/
neurologically ‘normal’ brain, there is an age-related decline in GCase
enzyme activity (Rocha et al., 2015a,b; Hallett et al., 2018). The pre-
sentation of cognitive impairment in D409V/WT mice at 12 months
may reflect the additive impact of reduced GCase enzyme activity
conferred by the presence of one mutant GBA1 allele and the age re-
lated decline in GCase enzyme activity, providing a possible explana-
tion why Sardi et al. did not see any cognitive impairment or obvious
pathology in D409V/WT mice when tested at 6 months of age (Sardi
et al., 2011). Furthermore, based upon this hypothesis, assessing α-
synuclein accumulation in D409V/WT GBA1 aged longer than 12
months may prove to uncover significant α-synuclein aggregates. Mice
aged to between 18 and 24 months are considered to have human
equivalence of 56–69 years, a more translational age for detection of
the symptoms and the pathology associated with LBD (Dutta and
Sengupta, 2016).

The significant reduction in activated GBA1 derived GCase enzyme
activity in the hippocampus D409V/WT mice in this study mirrors what
has been previously reported in the literature. However, while an al-
most complete ablation of activated GBA1 enzyme activity is seen in
homozygous mice, the reduction in D409V/WT hippocampus reported
in this study of approximately 71–72% is higher than the previously
reported 41% at 6 months of age (Sardi et al., 2011). This finding
provides further evidence for the additive impact of age-related decline
in GCase enzyme activity.

Strikingly, GBA2 derived GCase activity in the hippocampus and
cortex of both WT and GBA1 mutant mice is far greater than activated

GBA1 GCase enzyme activity. This finding suggests that GBA2 derived
GCase is the predominant GCase species in the brain. This observation
is supported by a similar finding reported by Burke et al. (Burke et al.,
2013). Glycosphingolipid metabolism is complex. While GluCer is the
primary substrate for GBA1 lysosomal GCase, it is also a substrate for an
alternative pathway in which acid ceramidase can de-acylate gluco-
sylceramide to glucosylsphingosine (GluSph) in the lysosome. Since
GluSph has reduced hydrophobicity it is able to diffuse out of lysosomes
into the cytoplasm where cytoplasmic GBA2 GCase hydrolyses GluSph
in to sphingosine and then sphingosine −1 – phosphate toxic meta-
bolites. It has been reported that GBA2 expression and GBA2 derived
GCase activity is increased in response to GBA1 deficiency as a potential
compensatory mechanism (Yildiz et al., 2006; Burke et al., 2013; Mistry
et al., 2014). However, this compensatory increase in GBA2 derived
GCase activity may negatively impact cells via the increased sphingo-
sine production from GluCer and GluSph (Massimo et al., 2016).

In this study, we report a highly significant reduction in GBA2
GCase enzyme activity in the hippocampus of D409V/WT mice. The
activity of GBA2 GCase and accumulation of GluSph is of increasing
interest in the field, with some suggesting the accumulation of GluSph
precedes GluCer in Gaucher's disease(Dai et al., 2016; Taguchi et al.,
2017). Not only does this hypothesis implicate reductions in both GBA2
(causing accumulation of GluSph) and GBA1 GCase enzyme activity
(causing surplus GluCer which can be acetylated to GluSph) in LBD,
both of which are reported in this study, it may explain why early
studies did not find accumulation of GluCer in GBA-PD human brain
(Gegg et al., 2015). Furthermore, it has been postulated that GluSph
and not GluCer as previously thought (Mazzulli et al., 2011) promotes
endogenous α-synuclein aggregation due to the templating propensity

Fig. 7. Altered cholinergic protein and gene expression in the hippocampus of D409V mutant mice (a)representative western blots for vAChT, CHAT and β-
Tubulin in the hippocampus of D409V mutant mice (b) Western blot quantification of vAChT. Data expressed as mean ± SEM. One way ANOVA F(2,6)= 2.214,
p= 0.190, n= 3 mice per group. No significant difference between any genotype. (c) Western blot quantification of CHAT. Data expressed as mean ± SEM. One
way ANOVA, F(2,6)= 2.096, p= 0.2041, n=3 per group. No significant difference between any genotype. (d) Expression of vAChT, CHAT and SYP1mRNA relative
to ActB as calculated using ΔΔct. Two-way ANOVA with Bonferroni correction, F(1,18) = 24.77, *p = 0.0105, **p = 0.0034, n = 4 mice per group.
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of oligomeric α-synuclein species associated specifically with the pre-
sence of GluSph(Taguchi et al., 2017). In this context, our finding of
significantly reduced GBA2 GCase activity specifically in the hippo-
campus of D409V/WT mice is an important finding with implications
for pathogenic mechanisms relating to accumulation and aggregation of
α-synuclein which requires further investigation.

Cholinergic signalling from the medial septum and diagonal band of
Broca to the hippocampus is critical for the formation of spatial mem-
ories (Ballinger et al., 2016). Indeed, it is known that an important role
of the septal network is as a pacemaker for hippocampal rhythmic os-
cillations (Mamad et al., 2015). Loss of cholinergic neurons in the nu-
cleus basalis of Meynert are strongly associated with Parkinson's dis-
ease, with many considering the cholinergic lesion associated with
Parkinson's disease dementia to be greater than associated with Alz-
heimer's disease (Ballinger et al., 2016). Interestingly, patient's with PD
dementia show a greater response to cholinesterase inhibitors than
patients with AD. Unsurprisingly therefore, the functional integrity of
forebrain cholinergic circuitry is essential for efficient performance of
rodents in the Morris water maze. Water maze deficits have been re-
ported in rats lesioned in the nucleus basalis of Meynert, medium
septum and diagonal band of Broca (D'Hooge and De Deyn, 2001). In
this study we were able to reflect altered cholinergic integrity asso-
ciated with LBD. D409V/WT GBA1 mice showed the most significant
cholinergic changes in the hippocampus at 12 months of age. A highly
significant reduction in staining for vAChT suggests that cholinergic
neurons are unable to package acetylcholine into synaptic vesicles in
preparation for release into the synaptic cleft and subsequently choli-
nergic neurotransmission within the hippocampus is impaired. An al-
ternative explanation is that vAChT gene expression has been down-
regulated at the hippocampal synapse due to reduced cholinergic
transmission. Increased staining for CHAT within the same neurons
suggests a possible compensatory increase in the production of acet-
ylcholine in response to the suggested impaired cholinergic neuro-
transmission. Further studies quantifying acetylcholine release in hip-
pocampal synapses within these mice are required to confirm this
hypothesis. Additionally, assessment of post synaptic hippocampal
muscarinic and nicotinic acetylcholine receptors and electrophysiology
to assess cholinergic transmission within the hippocampus would be
beneficial.

Neuroinflammation is a common feature of many neurodegenera-
tive diseases. Microglial activation in the substantial nigra in the ab-
sence of neurodegeneration has been reported in mice with GBA1 de-
ficiency in midbrain neurons (Soria et al., 2017). Furthermore,
sustained inhibition of GBA1 GCase enzyme activity in CβE treated
mice causes significant microglial activation throughout the brain
(Rocha et al., 2015a,b). Here, we were able to replicate characteristic
microglial proliferation in the brain of D409V/WT mice, providing
further evidence for the suitability of this model to study LBD. Ad-
ditionally, we were able to demonstrate prominent astrogliosis within
the hippocampus of D409V/WT mice. It has been suggested that a
function of astrocytes in the hippocampus is as intermediaries of the
septal cholinergic modulation of hippocampal neurons (Pabst et al.,
2016). Astrogliosis in D409V/WT mice may therefore be further in-
dication of cholinergic dysregulation.

It may be that the combination of cognitive impairment in the ab-
sence of significant α-synuclein aggregation in the hippocampus of
D409V/WT GBA1 mice reflects a ‘pre-synuclein’ early stage of LBD
where cholinergic aberrations and glial accumulation are evident and
predate Lewy body formation. This mouse model mirrors several as-
pects of LBD: age-related cognitive impairment implicating the hippo-
campus, cholinergic dysregulation, and evidence of accumulated as-
trocytes and microglia. The D409V/WT GBA1 mouse may therefore be
considered beneficial for the development of biomarkers and early
therapeutic interventions for LBD.
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