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ARTICLE INFO ABSTRACT

Keywords: Wolfram syndrome (WS) is a rare condition caused by homozygous or compound heterozygous mutations in the
Dorsal root ganglia WFS1 gene primarily. It is diagnosed on the basis of early-onset diabetes mellitus and optic nerve atrophy.
Inflammation

Patients complain of trigeminal-like migraines and show deficits in vibration sensation, but the underlying cause
is unknown. Using accurate cell models and two separate, accurate rodent models of WS that show excellent face
Sensory behaviour and construct validity, here we have examined trigeminus, sensation and sensory neuronal function in WS.
Mitochondria Analysis of ex vivo and in vivo MRI sequences revealed profound trigeminal atrophy in each rodent model, a
Trigeminus novel finding in WS. Optic nerve atrophy is a diagnostic sign in WS, and trigeminal atrophy occurred at the time
of earliest loss of optic nerve volume. We also observed deficits in mechanical sensation in our mouse WS model,
and pathological analysis revealed extensive inflammation in trigeminal sensory nucleus, both of which are novel
findings in WS. Sensory neurons (dorsal root ganglia) showed impaired calcium handling upon depolarisation
and reduced mitochondrial membrane potential. Finally, lysosomes were smaller, soma lysosome content was
decreased and importantly, lysosome acidity was impaired in sensory neurons, all of which are novel findings in
WS. We validated these findings using two separate publicly available datasets, both from WS patient fibroblast-
derived neural stem cells. We observed a highly significant functional enrichment of GO cellular component
lysosome-related terms among the differentially expressed proteins and genes, with the majority of lysosome-
related proteins being downregulated. These data reveal extensive impairments in the trigeminal pathway and
nociceptive neurons in WS that may contribute to trigeminal and sensory symptoms observed in patients.
Moreover, we note that mutations in WFS1 are relatively common and, given the importance of WFS1 for sensory
function, our data may also shed light on sensory impairments in general.

Lysosome
Magnetic resonance imaging

1. Introduction et al., 2022). Over half of patients will develop diabetes insipidus and
urinary tract deficits, and neurological deficits are also observed(de

Wolfram syndrome (WS) is a rare disorder diagnosed on the basis of Heredia et al., 2013). Unfortunately, patients show a shortened lifespan
early-onset non-autoimmune diabetes mellitus and optic atrophy(Rigoli with respiratory failure being the leading cause of death, typically
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between the ages of 30 and 40 years(de Heredia et al., 2013).

We have previously reported that mice with Wfsl deficiency show
optic nerve atrophy(Cagalinec et al., 2016) and impaired glucose
tolerance(Luuk et al., 2009), thus, this model shows both construct
validity and face(Willner, 1984) validity. WS in humans is associated
with greatly reduced volume of pons and cortex(Hershey et al., 2012;
Lugar et al., 2019), and we have also reported these outcomes in these
mice(Cagalinec et al., 2016). Furthermore, we have shown optic atrophy
and brainstem atrophy, together with elevated blood glucose, in a rat
model of WS(Plaas et al., 2017). These excellent animal models are
therefore ideal for understanding phenotypes associated with this rare,
complex syndrome.

WS is caused by homozygous or compound heterozygous mutations
in the WFS1 gene primarily, including substitutions, frameshifts, non-
senses and deletions, and it is inherited in an autosomal recessive
manner(Rigoli et al., 2022). WFS1 heterozygous mutations inherited in
an autosomal dominant manner are also pathogenic and lead to low-
frequency hearing loss(Lim et al., 2023) and cataracts(Berry et al.,
2013; Krutish et al., 2023). Wolfram-like syndrome, also caused by
mutations in WFS1, is an additional autosomal dominant condition that
can cause hearing impairment(De Muijnck et al., 2023). However, WS
patients show deficits in vibration sensation(Marshall et al., 2013), and
smell identification and smell sensitivity deficits appear to progress with
age(Alfaro et al., 2023, 2020). In addition, trigeminal neuralgia-like
headaches are observed in WS patients(Stone et al., 2021; Urano,
2016) but the cause and underlying pathophysiology is unknown.

The trigeminus, or cranial nerve V, is a mixed sensory and motor
nerve that mediates all sensory input from the face and controls some
aspects of mastication in both humans(Standring, 2008) and mice
(Fernandez-Montoya et al., 2017; Vermeiren et al., 2020). Here, we
report, for the first time, trigeminal atrophy in accurate rodent models of
WS, which was accompanied by trigeminal sensory impairment in our
mouse model of WS. Neuropathological analysis revealed that this at-
rophy and behavioural impairment was accompanied by extensive
inflammation in trigeminal sensory nucleus (TSN). To examine sensory
neurons specifically, we prepared primary DRG cultures and we report
profound impairment of nociceptive neurons — reduced responsiveness
to depolarising stimulation and impaired mitochondrial membrane po-
tential — mirroring our previous findings from primary cortical neurons
deficient in Wfs1(Cagalinec et al., 2016). Despite the mitochondrial
impairment, we found no evidence of lysosomal biogenesis, and indeed,
we observed a loss of functional (acidic) lysosomes. Finally, using
publicly available proteomics data(Zmyslowska et al., 2021) and tran-
scriptomics data(Pourtoy-Brasselet et al., 2021), we show an early
enrichment of lysosomal GO cellular component terms within the
differentially expressed proteins and genes, respectively, in neural stem
cells derived from WS patient fibroblasts compared with healthy cells. In
addition, the majority of lysosomal proteins were downregulated,
corroborating our findings of extensive lysosomal impairment from an
early disease stage in WS.

These data suggest that Wfs1 is critical for normal trigeminal and
peripheral sensory nerve function and are in line with the impaired
sensory function noted in patients with WS. These data show that
lysosomal impairment is a very early feature of WS and that Wfs1 and
WES1 are essential for normal lysosomal function. Moreover, the prev-
alence of heterozygote carriers of WS is estimated to be 0.3-1 %(Aloi
etal., 2012; Bespalova, 2001), thus, our data may also be relevant in the
broader context of sensory impairment in the general population.

2. Methods
2.1. Mouse and rat husbandry and genotyping
We used a mouse model of WS on a B6N/129 mixed background in

which more than 60 % of the total coding sequence of Wfs1 is deleted
(Luuk et al., 2009); we refer to them as Wfsl deficient mice.
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Heterozygous female and male Wfsl deficient mice were bred to
generate experimental groups of WT and homozygous-deficient mice for
behaviour, imaging and pathology — hereafter referred to as WT and
Wfsl deficient. Male mice were used as their phenotype advances more
quickly than female mice. WT x WT and homozygous Deficient x ho-
mozygous Deficient pairings were used to generate DRGs for in vitro
experiments. Mixed sex pups were used at the ages of P5-P14.

Our rat model of WS has a deletion of exon 5; WT and homozygous
deficient rats were used and we refer to them as WT and Wfs1 deficient
rats (Plaas et al., 2017). All rodents were housed in temperature, hu-
midity and light-controlled atmospheres. Authorisation was provided by
the Estonian Animal Welfare authorisation committee, licence numbers
68, 90, 93, 94 and 203 according to the EU Directive 2010/63/EU.
Animals were genotyped by PCR, as previously described(Luuk et al.,
2008; Plaas et al., 2017). Our experiments were well powered and
conform to ARRIVE guidelines(Percie du Sert et al., 2020) (supple-
mentary file 1 Table S1).

2.2. Ex vivo magnetic resonance imaging

See Table 1 for details. MRI data from 1-year-old mice were from
sequences that have been published previously. For data from in vivo
imaging of live rats, datasets from(Plaas et al., 2017) were used.

Volumes were segmented manually by a blinded observer using ITK-
SNAP (V3.8.0) and based upon Allen brain atlas for mice (https://mou
se.brain-map.org/static/atlas) and the scalable MRI reference atlases
for mice or for rats (https://scalablebrainatlas.incf.org/index.php).

For P10 and P22 analysis, total brain segmentation and trigeminal
nerve segmentation began at the most rostral cortex, overlying the ol-
factory areas. Total brain segmentation ended with the last slice to
contain both medulla and cerebellum. Trigeminal segmentation ended
when there was bilateral contact between the trigeminae and the pons.
Optic nerve segmentation began where the nerves exited the foramina
and ended where they joined to form the chiasm. Due to reduced white
matter content in these neonates, the optic chiasm and tract were not
segmented and the optic nerve was not segmented from N = 1 WT mouse
at P22.

Brain stem (pons and medulla) segmentation began at the most
rostral portion of the pons, ventral to the interpeduncular nucleus and
cerebellar peduncle, approximately bregma —3.6 mm in an adult mouse
(equivalent for P10 and P22) and ended at the termination of the
overlying cerebellum, approximately bregma —8.5 mm (equivalent for
P10 and P22). Segmentation of thalamus began at the stria medullaris
and continued until approximately —3.5 mm caudal to bregma when the
medial geniculate complex could no longer be identified. For trigeminae
in 8-m-old and 1-year-old mice, segmentation began from just after the
end of the eyes and continued until bilateral contact was made with the
pons. Volumes of cranial nerve II, brainstem, cortex and total brain from
the 1-year-old mice have been published previously(Cagalinec et al.,

Table 1
T2 RARE sequences used for MR imaging.
Age Sequence
P10 mice Tr, 7600 ms; TE, 50.03 ms; imaging matrix, 320 x 320 x 50 (x,y,

z); spatial resolution, 0.04688 x 0.04688 x 0.25 mm

P22 mice Tr, 5256 ms; TE, 33 ms; imaging matrix, 320 x 320 x 50 (x,y,z);
spatial resolution, 0.04688 x 0.04688 x 0.3 mm

8 m mice Tr, 900 ms; TE, 47.13 ms; imaging matrix, 360 x 512 x 80 (x,y,2);

spatial resolution, 0.0444 x 0.03 x 0.2 mm

1 yr mice® Tr, 900 ms; TE, 47.13 ms; imaging matrix, 360 x 512 x 80 (x, y,
z); spatial resolution, 0.0444 x 0.03 x 0.2 mm

17 m rats (ex Tr, 900 ms; TE, 47.13 ms; imaging matrix, 320 x 320 x 160 (x, y,
vivo) z); spatial resolution, 0.125 x 0.125 x 0.25 mm

15 mrats (in Tr, 6803 ms; TE, 33 ms; imaging matrix, 320 x 320 x 65 (x, y, 2);
vivo)® spatial resolution, 0.1562 x 0.1562 x 0.5 mm

# Image series from (Cagalinec et al., 2016).
b Image series originally from (Plaas et al., 2017).
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2016).

For rats, total brain was segmented from after the end of eyes and
finished with the last slice that contained cerebellum. For ex vivo se-
quences, trigeminae were segmented from the level where the eyes
ended, until bilateral contact with the pons. In vivo imaging was of
lower resolution due to the shorter imaging time, and trigeminae were
segmented from eruption from foramina until bilateral contact with the
pons.

2.3. Pathological analysis

Brains (1 hemisphere per mouse) and trigeminae were prepared for
cryosectioning as previously described(Faisal et al., 2023) and group
sizes were based upon our previous sample size calculations where there
were also large differences in GFAP and in IBA1 between genotypes
(Faisal et al., 2023). Mice were 8 months of age, male, and group sizes
were N =3 WT, N = 3 Wfs1 deficient, with two technical replicates (two
cryosections) per mouse for each antigen or stain. For demonstration of
trigeminal motor and sensory nucleus, sections from WT mice were
stained for cresyl violet. Directly adjacent sections were stained for
Wfsl. Additional cryosections (WT only; approx. —1.7 mm from
bregma) were used to provide positive controls for Wfs1 in hippocampus
CA1 and cortical layer II. Cryosections of trigeminus itself were also
examined for Wfs1 in WT mice. For Wfsl staining, sections were incu-
bated in fresh TE antigen retrieval solution as per manufacturer’s in-
structions and then incubated in rabbit polyclonal anti-Wfs1 (1:400,
Proteintech Cat# 26995-1-AP, RRID:AB_2880717) overnight, followed
by washing (3 x 5 min) and incubation with secondary antibody
(Jackson Immuno goat anti-rabbit 1:200; 2 h at room temperature). For
GFAP and IBA1 staining in WT and Wfs1 deficient mice, sections at the
level of —5.3 mm from bregma were washed, blocked, and then incu-
bated with anti-GFAP (1:1000, Atlas Antibodies Cat# HPA056030,
RRID:AB_2683015) or anti-IBA1 (1:500, Abcam Cat# ab5076, RRID:
AB_2224402), as we have previously shown(Faisal et al., 2024, 2023),
for 3 days and then washed (3 x 5 min), incubated with secondary
antibodies (Jackson Immuno goat anti-rabbit or rabbit anti-goat,
respectively, 1:200; 2 h at room temperature), stained with Hoechst
and then mounted on gelatin-coated slides.

Images of cresyl violet-stained sections were taken using PlanNeo-
Fluar Z 1.0x objective, at 30x magnification (effective NA 0.25) using
an AxioCam HR R3 camera on a Zeiss Observer stereomicroscope.
Following counterstaining with Hoechst and mounting, images of Wfs1
staining were taken using an LSM 780 confocal using Plan Apochromat
x20/0.8 objective (425.1 x 425.1 pm, 1024 x 1024 pixels; ex/em: Wfs1
561 nm 585-733 nm, 1 AU; ex/em: Hoechst 405 nm/410-579 nm 1.3
AU). For GFAP, photomicrographs through the section thickness were
taken using Zen software (Plan-Apochromat 10x/0.45 M27 objective)
on a Zeiss LSM780 confocal microscope (1.38 x 1.38 x 4.13 pm; 1024 x
1024; ex/em GFAP 561 nm/585-733 nm 1.36 AU; ex/em Hoechst 405
nm/414-552 nm 1.86 AU). ImageJ was used to separate the channels,
make Z projections, and auto-threshold. Regions of interest were drawn
based upon Hoechst channel and the mean gray value of the Rols in the
GFAP channel quantified. For IBA1l, photomicrographs through the
section thickness were taken using Zen software (Plan-Apochromat
x40/1.3 oil DIC M37 objective; Airy unit 1; 0.21 x 0.21 x 0.55 pmy;
1024 x 1024, ex/em: 561 nm/585-733 nm) on an LSM780 Zeiss
confocal microscope (N = 3 images per section). ImageJ was used to
separate the channels, make Z projections, and for auto-thresholding.
The Remove Outlier and Despeckle functions were then used. Particles
greater than 30pm? were quantified and the mean particle size per
mouse used for comparisons. We have previously validated this method
for quantifying activated microglia, using the well-established 5xFAD
mouse model of Alzheimer’s disease(Faisal et al., 2023). Control sec-
tions incubated without primary antibody were included within each
experiment, and no specific staining was observed. Exclusion criteria:
none, all data were used for analysis.
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2.4. Behavioural testing

Trigeminal function was tested by quantifying response to von Frey
hairs of increasing weight applied to the muzzle, as described previously
(Krzyzanowska et al., 2011) (males; 8 months; total number was 7-8,
total number in each task was 7-8, no exclusion criteria — all data were
included(Percie du Sert et al., 2020)). The response to an air puff from a
plastic Pasteur pipette to the side of the head (normal response or poor
response; poor response = no blink and/or slow blink) was also exam-
ined. Body weight was recorded regularly. Climbing(Hickey et al., 2008,
2005) and grip strength(Faisal et al., 2024) were tested as described
previously. Exclusion criteria: none, all data were used for analysis.

2.5. Semi-thin section preparation

Semi-thin sections from a group of 4 WT and 6 Wfs1 deficient mice
(8 months of age) were prepared by the Transmission electron micro-
scopy (TEM) laboratory, Institute of Molecular and Cell Biology, of the
University of Tartu. Three photomicrographs of each of 5-6 trigeminal
sections per mouse were taken at 63x magnification using Stereo-
investigator (V5, Microbrightfield, US) using a Zeiss Observer Z1 mi-
croscope. Using ImageJ batch processing, images were thresholded and
the Analyse particle function was used to quantify axon size (within
myelin sheaths).

2.6. gPCR

Mice (male; P22, WT N = 5, Wfs1 deficient N =5;8 m WT N = 7,
Wfsl deficient N = 6) were euthanised by cervical dislocation followed
by decapitation and trigeminal tissue snap-frozen in liquid nitrogen
within approximately 2-3 min and subsequently stored at —80 °C. Total
RNA was purified using Qiagen RNeasy® Mini Kit (Qiagen), integrity
checked using Agilent RNA 6000 Nano Kit on a bioanalyzer (Agilent,
2100) and then stored at —80 °C. cDNA was synthesised using the Su-
perScript III RT Kit (Invitrogen, cat. no. 18080-044) and then stored at
—80 °C. The cDNA was then used for quantitative real-time PCR on
QuantStudio 12 K Flex instrument from Applied Biosystems (in-house).
PCRs were performed using Fast SYBR Green Master Mix (Life Sciences,
cat. no. K0229). Each assay included: 1) a standard curve of five serial
dilution points of control cDNA (mouse EST clone of appropriate frag-
ment of the gene of interest (Invitrogen, CA), 2) sample cDNA, 3) no
template control, 4) no reverse transcriptase control. All samples were
run in triplicates. The PCR cycling parameters were: 95 °C for 5 min (1
cyc); 95°C for 10s, 65 °C for 10 s, 72 °C for 10 s (40 cyc). A dissociation
protocol was established at the end of each run to verify the presence of a
single product. The relative expression of genes of interest was nor-
malised to HPRT and actin, which were run in parallel, and was calcu-
lated from Ct values using the 2722€t method(Schmittgen and Livak,
2008). For primers (Tag Copenhagen, Frederiksberg, Denmark), see
Table 2. Our qPCR followed MIQE guidelines(Bustin et al., 2009).

2.7. Cell culture

2.7.1. Isolation and culturing

Mixed-sex pups, aged P5-P14, were euthanised by decapitation and
dorsal root ganglia (DRGs) isolated and placed in ice-cold sterile PBS.
DRGs were transferred to a dissociation solution (2 mg/ml collagenase,
+ 0.1 mg/ml DNase; Gibco) and incubated for 40 min at 37 °C. Cells
were then incubated in trypsin (0.025 %) for an additional 5 min at 37
°C and then in DMEM/F-12 + 10 % foetal bovine serum (SigmaAldrich)
to quench trypsinization. Cells were then triturated, centrifuged (10 min
at 600g) and the resulting pellet was resuspended in fresh complete
medium. An equivalent of 2 ganglia per 50 ul were plated per quadrant
of 4-quadrant dishes (Cell Vis 4-chamber glass-bottom dishes; Gerasdorf
Austria) or 8 ganglia per 200ul per 35-mm glass-bottomed dish (MatTek,
MA). Coverslips were coated with laminin and PDL. After 3-4 h at 37 °C
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Table 2
Primers used for qPCR.
qPCR primers
HPRT F: GCA GTA CAG CCC CAA AAT GG
R: CAA GGG CAT ATC CAA CAA CA
Beta-Actin F: ATG GTG GGA ATG GGT CAG AAG

R: TCT CCA TGT CGT CCC AGT TG
Wfs1 F: ACT ACC TAC GCC TTG CCA AC
R: CCA GTA CAT GAC CAG GGC AG

Beclinl F: GAA ACT GGA CAC GAG CTT CA
R: CAT CCT GGC GAG TTT CAATA
P62 F: GAT GGG GAC TTG GTT GCC TT
R: TTG CTG TGT TCC CTG TGC AG
LC3a F: AGG AAT GTT GTG ACC TGA CGT
R: TCT GCT GCA CCT CCT TAC AG
Bnip3 F: ATG GCA ATG GGA GCA GCG TT
R: TAT CTT GTG GTG TCT GGG AG
Park2 F: GGT TTC TGA GGG CTT CAC AG
R: TCA ACC TTC CAG GCA ATT TT
TrpM8 F: ATA GGC GAG GTG GTG AGA GA

R: GGT GGG TAT GGT TGT TGT CC
TrpAl F: TCC ACG TGT GCC AAA GAC AA
R: CCC TGC TGT AGC CGT TCT TT

and 5 % COa, cells were supplemented with complete medium (Neuro-
basal A (ThermoFisher), B27 supplement (ThermoFisher), Gentamicin
and glutaMAX (Thermofisher)). The following day, medium was
replaced with fresh medium containing 1.5 pM cytarabine (SigmaAl-
drich) to reduce proliferation of fibroblasts. WT and Wfsl deficient
neurons were always prepared, cultured and imaged in parallel.

2.7.2. Calcium transients

Cells aged 3-4 weeks were used. Medium was removed, and cells
were incubated for 30 min in warmed Krebs containing 5 pM Fluo-4
(ThermoFisher, prepared with pluronic 4 %), washed and then imaged
in warmed Krebs using an LSM 780 confocal microscope at 37 °C. Im-
ages were taken every 2.5 s for approximately 7 m. The initial two mi-
nutes were used for baseline, and 40 mM KCl was added at
approximately 120 s to induce calcium transients. Imaging specifica-
tions were as follows: objective, Plan-Apochromat 20x/0.8; ex: 488 nm;
em 499-568 nm; pixel size: 0.69 x 0.69 x 1 pm; pixel time 3.15 ps;
FOV:708.49 pm?. After the time series, a Z stack of the field of view was
taken for additional morphological confirmation that the signals were
coming from DRGs, which sit on top of the layer of fibroblasts (cultures
were treated with AraC but were considered mixed as some fibroblasts
remained). For analysis, a region-of-interest for each DRG soma per field
of view was generated in Zen software, which then created a table of
fluorescence intensity over time. Transients that lasted less than 60s
were removed, and transients from over-exposed cells were not ana-
lysed. The mean fluorescence during baseline was calculated from the
table, and every timepoint was then expressed as a proportion of that
baseline. Four separate experiments were conducted, WT N = 234 from
17 dishes, Wfs1 deficient N = 177 from 15 dishes, which were grouped
together for analysis.

2.7.3. Mitochondrial membrane potential

Medium was removed from 3-week-old DRGs and replaced with
medium containing TMRM (Tetramethylrhodamine methyl ester 134361
Thermofisher) at a final concentration of 10 nM (non-quenching
(Connolly et al., 2018; Perry et al., 2011)). Cells were then placed back
into the incubator for 30 min. Single-plane images of the soma were then
taken using an LSM 780 confocal microscope at 37 °C (ex/em 561 nm/
566-669 nm, 40x /1.3 oil DIC M27, 0.05 pm x 0.05 pm pixel size, 1024
x 1024 frame). For analysis, the soma was outlined. Only DRG soma
with outlines fully contained with the field of view were analysed. The
integrated fluorescence density and fluorescence intensity was
measured from 16-bit images using ImageJ (FIJI). Four separate ex-
periments were conducted, N = 283 WT DRGs (from 11 quadrants) and
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N = 244 Wfs1 deficient DRGs (from 10 quadrants), which were grouped
together for analysis.

2.7.4. Lysosome quantification

Cells aged 3-4 weeks were used for imaging. Medium was removed
and replaced with medium containing Lysotracker red (100 nM, L7528
Thermofisher) and CellTracker green (6 pM, C7025, Thermofisher).
Cells were incubated in the dark, at 37 °C, for 1 h, washed gently and
imaged in warmed Krebs. A 10-pm stack through the middle of each
DRG soma, identified based upon CellTracker, was taken using an
LSM780 confocal LCI Plan-Neofluar 63x /1.3 Imm Korr DIC M27 (pixel
size 0.7 pm x 0.7 pm x 0.397 pm). Excitation and emission were 561 nm
(LysoTracker) and 488 nm (CellTracker), and LP575nm and BP 505-550
nm, respectively. Only DRG soma with outlines fully contained with the
field of view were analysed. For analysis in Fiji (ImageJ), image stacks
from the fields of view were cropped to the soma size based upon
CellTracker staining. The red channel was then despeckled and thresh-
olded and then individual lysosomes quantified using the 3D objects
counter. Four separate experiments were conducted, N = 149 WT DRGs
(14 quadrants) and N = 143 Wfs1 deficient DRGs (14 quadrants), which
were grouped together for analysis.

2.7.5. Quantification of lysosome acidity

Cells aged 3-4 weeks were used. Medium was removed and cells
were treated with medium containing 100 nM Lysotracker red for 55
min in the dark, then Lysosensor (LysoSensorGreen DND-189) added for
a final concentration of 1 pM. At 60mins, the medium was removed, the
cells washed in warmed Krebs and then imaged in warmed Krebs. Im-
ages were taken at x63 (1.4 oil DIC M27) using “line” scan such that
Lysosensor and Lysotracker were excited at the same time at 405 nm and
561 nm, respectively (512 x 512 pixels, 33.74 x 33.74 um so that for
each pixel the dimensions were XY 0.07 x 0.07 pm with a Z step of 0.34
pm). Emissions were collected at 410-556 nm (Lysosensor) and 566-691
nm (Lysotracker). Images were analysed using ImageJ macros; briefly,
images were split into red and green channels, and a z-stack from 10
sequential optical sections retained for analysis. The soma was then
outlined (faintly shown by Lysosensor). Only DRG soma where outlines
were fully contained with the field of view were analysed. For each
channel, the background was subtracted using a rolling ball radius of 25
pixels, and images were then auto-thresholded and despeckled. Result-
ing particles within the soma, for each optical section of the stack, were
added to the Rol manager. The proportion of Lysosensor-positive
staining that was contained within Lysotracker particles, per optical
slice, was then quantified and an average per cell calculated. Four
separate experiments were conducted (N = 206 WT DRGs from 15
quadrants, N = 210 Wfs1 deficient DRGs from 12 quadrants).

2.8. Analysis of proteomics and transcriptomics from publicly available
datasets

Open source proteomics data from N = 3 healthy and N = 3 WS
fibroblast-derived untreated neural stem cell samples were obtained
from(Zmyslowska et al., 2021). For initial analysis, expression levels of
lysosomal matrix proteins (N = 63(Schroder et al., 2010)) that were
expressed by the cells (N = 45) and lysosomal integral membrane pro-
teins or protein complexes of the lysosome membrane (N = 45) that
were expressed by the cells (N = 21) were extracted and placed into
Morpheus (https://software.broadinstitute.org/morpheus) for visual
representation.

Separately, the untreated healthy and WS human neural stem cell
proteomic dataset was compared using the False Discovery rate
approach (Two-stage step-up method of Benjamini, Krieger and Yeku-
tieli; desired FDR (q) = 5 %). Of the 8047 proteins in the dataset, 3308
were expressed differentially (q value 0.05 or less). Functional enrich-
ment analysis was performed on these 3308 proteins using g:Profiler
(version el11_eg58 p18.f463989d) with g:SCS multiple testing
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correction method applying significance threshold of 0.05(Kolberg
et al., 2023) and with DAVID Bioinformatics(Huang et al., 2009; Sher-
man et al., 2022). Gene ontology cell component (GO CC) terms primary
lysosome (GO:0005766), lysosome (GO:0005764) and lysosomal lumen
(G0O:0043202) were examined. Finally, the hits identified by DAVID,
from the proteomics dataset(Zmyslowska et al., 2021), were then
inputted onto lysosome KEGG pathway 04142 (“lysosome™) to provide a
visual representation of the dysregulated lysosome proteins.

We also examined transcriptomics data from N = 3 healthy and N = 3
WS undifferentiated and differentiated fibroblast-derived neural stem
cells from(Pourtoy-Brasselet et al., 2021). Based upon the published
padj values, the 8786 genes that were differentially expressed were
examined using G:Profiler and DAVID for GO CC.

2.9. Statistical analyses

All analyses were conducted blinded, prior to graphing and statistical
analysis. Individual data points with mean values + standard error of
the mean or 95 % confidence intervals are provided for optimal inter-
pretation of robustness and effect sizes(du Sert et al., 2020; Dziak et al.,
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2020; Greenland et al., 2016; Heckman et al., 2022). The critical value
was set to 0.05. To compare one factor between two separate groups,
unpaired t-tests or Mann-Whitney tests were used. Unpaired t-tests were
used when data had similar variances based upon F tests. Mann Whitney
U tests were used where data were non-parametric, based upon F tests
for variance and/or D’Agostino & Pearson and Kolmogorov-Smirnov
tests for normality. Normality testing was used with large group sizes
only, i.e., data from in vitro analyses where N > 140. Two-way ANOVAs
(two-way or mixed effects) followed by appropriate post-hoc tests were
used to compare data where there were two factors. Chi-square tests
were used to compare trigeminal sensory function. For analysis of slopes
of increase and decline of Fluo-4 relative fluorescence intensity, linear
regressions were run. Data were fit to either straight line or to centred
second-order polynomials (quadratic) based upon non-linear regression
comparison of fits. AUC analyses were conducted to determine peaks of
calcium transients. Linear regressions were also used to correlate blood
glucose with volumetric data. GraphPad Prism V10.2.3 was used for
statistical analyses. For analysis of effect sizes, G*Power was used
(3.1.9.4). G*Power was also used to calculate sample sizes (Supple-
mentary file 1, Table S1) except in the case of repeated categorical data
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(trigeminal von Frey sensation) where Glimmpse(Kreidler et al., 2013)
was used. Statistical analysis of proteomics data is described above.
Analysis of functional enrichments within the differentially expressed
proteins or genes is described above.

3. Results
3.1. Wfsl is highly expressed in trigeminal pathways

Importantly, we show that Wfs1 mRNA (Fig. 1A, B) and protein
(Fig. 1C) are heavily expressed within the trigeminal tract and in
neuronal soma of the trigeminal motor and sensory nuclei (Fig. 1D top
row, Fig. 1D second row, respectively). To confirm the specificity of our
antibody, in Fig. S1, we show positive staining in hippocampus CAl,
which is well known for expression of Wfsl (Luuk et al., 2008) and a
clear lack of staining in CA1 when sections were not exposed to primary
antibody. We also show positive staining for Wfsl in cortical layer II,
which is again well known for Wfs1 expression(Luuk et al., 2008). Thus,
Wfsl is heavily expressed in trigeminus and, as expected(Luuk et al.,
2008), in second-order neurons of the trigeminal sensory pathway.

Patients show partial expression of the Wfsl gene and protein(Hu
et al., 2022; Philbrook et al., 2005). We note that the mice we use to
model WS have had more than 60 % of their total Wfs1 coding sequence
deleted(Luuk et al., 2009); we therefore call them Wfs1 deficient mice.
In line with this, our Wfs1 deficient mice show much reduced expression
of the gene in the trigeminus (Fig. 1A 2722t comparison: t = 8.5, df =
11, p < 0.0001; Fig. 1B Raw Ct comparison: gene x genotype interac-
tion: F(2,22) = 76.6, p < 0.0001).

3.2. Progressive brain volume changes in Wfs1 deficient mice that mirror
changes in humans with Wolfram syndrome

Patients with WS show early changes in pons volume(Hershey et al.,
2012; Lugar et al., 2019), and we therefore examined brain development
in our Wfsl deficient mice. We imaged mice at 10 days of age (P10) and
at 22 days of age (P22), ex vivo. We examined volumes at each age: No
difference in volume of total brain (Fig. 2A), optic nerve (Fig. 2C), brain
stem (Fig. 2E) or cerebellum (Fig. 2G) was observed at either age. No
difference was detected in body weight at these ages (P10 t = 0.06, df =
4, ns; P22 t = 1.5, df = 6, ns). Thus, these data reveal no gross abnor-
malities in brain development at the very earliest stages of WS. Data
from P10 and P22 mice are combined for simplicity in Fig. 2 (A, G, E, G;
triangles show P10 and circles show P22 mice; A: P10: t = 0.2, df = 4, ns;
P22:t=0.1,df =6 ns; C: P10: t = 0.3, df = 3, ns; P22: t = 0.2, df = 6, ns.
E: P10: t= 0.6, df = 4, ns, P22t = 0.6, df = 6, ns. G: t = 0.2, df = 4, ns,
P22 mice t = 0.6, df = 6, ns). We also analysed P10 and P22 data using
ANOVA but again, we observed no difference in any of the segmented
regions, at either age (genotype x age F (1, 4) = 0.2, ns; effect of ge-
notype F (1, 4) = 0.0005, ns).

Previously, we showed reduced volume of the brainstem and optic
nerve in 1-year-old male Wfs1 deficient mice(Cagalinec et al., 2016). We
now reveal that total brain (Fig. 2B), cranial nerve II (Fig. 2D, optic
nerve + chiasm + tract) and cerebellar volume (Fig. 2H) are reduced
already at 8 months of age (see Table 3 for effect sizes and CI). We did
not detect a difference in thalamic volume (Table 3). Thus, coupled with
our previous demonstration of increased blood glucose(Luuk et al.,
2009) in these mice, our data further demonstrate the excellent face
validity of this mouse model, with progressive atrophy in clinically
relevant areas of brain.

3.3. Progressive volume changes in trigeminus in Wfs1 deficient mice

We then examined the trigeminus in our ex vivo MRI sequences. No
change in trigeminal volume was noted in P10 or P22 neonate mice,
again suggesting no gross abnormalities in brain development (P10: t =
0.5, df = 4 ns; P22 t = 0.2, df = 6 ns). Data are shown together for
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simplicity (Fig. 3A). Although there was no change in total trigeminal
volume (Fig. 3C), trigeminal atrophy began at 8 months of age in Wfsl
deficient mice, with the greatest effect observed caudally (Fig. 3 C, t =
1.9, df =13, ns; Fig. 3 D: slice x genotype interaction F (39, 492) = 2.6, p
< 0.0001). By 1 year, atrophy was extensive throughout the nerve,
demonstrating progressive degeneration (Fig. 3 E: t = 4.5,df = 6,p <
0.01; Fig. 3 F: slice x genotype interaction F (39, 231) = 2.1, p < 0.001;)
and causing a very large effect size (3.1; 95 % CI WT 9.3-11.2, 95 % CI
for Wfs1 deficient 8.6-10).

Linear regressions showed that trigeminal and optic nerve volume
never correlated with blood glucose levels (supplementary file 1 Table
S1). This mirrors findings from patients, which showed that retinal
thickness(Zmyslowska et al., 2017), smell deficits(Alfaro et al., 2020)
and brain stem volume reduction(Lugar et al., 2019) are not a conse-
quence of raised blood glucose per se. When comparing all total volumes
at 8 months of age, total brain volume survived multiple comparisons
(Table 3; region x genotype F(5, 65) = 10.6, p < 0.0001) and there was a
strong overall effect of genotype (F (1,13) = 14.4, p < 0.01).

3.4. Volume changes in trigeminus in Wfs1 deficient rats

Given that trigeminal atrophy is a new phenotype of WS, we asked
whether our rat model showed similar changes. First, we extended(Plaas
et al., 2017) the face validity of this model. We observed reduced total
brain volume, whether from ex vivo (17 months, t = 3.1, df = 6, p <
0.03, Fig. S2A) or in vivo (15 months, U (58,33) = 5, p < 0.03, Fig. S2C)
sequences. Cerebellar gray matter was also reduced although there was
no change in cerebellar white matter in the small group that we exam-
ined ex vivo (Fig. S2B; cerebellar white and gray matter, effect of sub-
region, F (1, 6) = 1621, p < 0.0001).

Having extended face validity, we then examined trigeminal volume.
Importantly, we observed reduced volume in the Wfsl-deficient rats
imaged ex vivo, again, at more caudal regions (Fig. 4 A: slice x genotype:
F (69, 408) = 2.9, p < 0.0001). Total trigeminal volume was also
reduced in these rats, with a large effect size (Fig. 4B: t=2.7,df =6p <
0.04, effect size 1.93; 95 % CI WT: 74.31-92.68; 95 % CI for Wfsl
deficient: 65.51-80.69). Trigeminal volume was also reduced a separate
cohort of rats that we imaged in vivo (Fig. 4 C, effect of genotype: F
(1,11) =12.5,p < 0.01; Fig. 4 D; total volume: t-test, t = 4.2, df =11 p <
0.01), and again, with a large effect size of 2.3 (95 % CI WT: 24-29.8; 95
% CI for Wfsl deficient: 20.3-23.2).

Thus, our finding of trigeminal atrophy is reproducible in separate,
validated rodent models of WS whether imaged using high resolution or
low resolution relevant for imaging in live rats.

3.5. Functional deficits in trigeminal pathways in an accurate rodent
model of WS

We examined behavioural sensory function in our 8-month-old WS
mice, prior to MRI volumetric analyses. At this age, these mice show
reduced weight (Fig. S3A, age x genotype interaction: F(21, 273) = 38.2,
p < 0.0001), mildly reduced grip strength and reduced rearing explo-
ration (Fig. S3 B, effect of genotype on grip strength F(1,13) =15.8, p <
0.01; C, effect of genotype on climbing and rearing, F(1, 13) = 20.3,p <
0.001).

We examined trigeminal function using two separate tasks. Eyeblink
involves the trigeminal V1 afferent branch, and slow reflex eye blinks
are typical of an impaired trigeminal response(Lee et al., 2011). Wfsl
deficient mice showed an absent or slow response to an air puff to the
eye (Fig. 5A, X2(69.5, 1), p < 0.0001). We also tested the mice using a
validated test for trigeminal function(Krzyzanowska et al., 2011) based
upon touch sensation via the V2 branch of the trigeminus. The Wfsl
deficient mice required larger von Frey hairs to instigate a response
(Fig. 5B, X2(31.8, 5), p < 0.0001). Thus, our mice show reduced tri-
geminal sensation in two separate behavioural tests, at an age where
earliest trigeminal atrophy is observed.
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Fig. 2. Ex-vivo volumetric segmentation of perfusion-fixed brains from WT and Wfs1 deficient male mouse littermates. A) Volumes of total brain of mice aged 10
days (open or closed triangles) or 22 days (P22, open or closed circles). t-tests, P10: t = 0.2, df = 4, p = ns; P22: t = 0.1, df = 6 p = ns. B) Volumes of total brain of
mice aged 8 months (8 m). By 8 m of age, Wfs1 deficient mice show reduced total brain volume (t = 3.5, df = 13, **p < 0.01). C) Volumes of optic nerve in mice aged
10 days (P10, open or closed triangles) or 22 days (P22, open or closed circles). t-tests P10: t = 0.3, df = 3, p = ns; P22: t = 0.2, df = 6, p = ns. D) Volumes of optic
nerve + optic chiasm + optic tract in mice aged 8 m. By 8 m, Wfs1 deficient mice show reduced volume (t = 2.8, df = 13, *p < 0.05). E) Brainstem volume in P10
(triangles) or P22 (circles) mice. P10: t = 0.6, df = 4, ns. P22 t = 0.6, df = 6, p = ns. F) Brainstem volume in mice aged 8 m (t = 1.9, df = 13, ns). No differences in
total volume were detected between the genotypes at 8 m. G) Cerebellar volume in P10 (triangles; t = 0.2, df = 4, ns) and P22 mice (circles; t = 0.6, df = 6, ns). H)
Cerebellar volume in 8 m-old Wfs1 deficient mice. By this age, Wfs1 deficient mice showed reduced total cerebellar volume (t = 2.4, df = 13 *p < 0.05). Symbols
show data from individual mice with lines indicating mean + sem. Asterisks show differences between genotypes.



K. Tulva et al.

Experimental Neurology 385 (2025) 115099

Table 3
Brain volumetric analysis of 8-month-old WT and Wfs1 deficient male mice.
WT Wfs1 deficient 95 % CI 95 % CI Effect size P value” P value”
Total volumes Mean SD N Mean SD N WT (low-high) Wfs1 deficient (low-high)
Brain 358.3 8.8 7 335.4 15.3 8 350.2-366.4 322.7-348.2 1.84 p<0.01 p < 0.03
Optic nerve 1.7 0.3 7 1.4 0.2 8 1.5-1.9 1.2-1.5 1.42 p < 0.02
Trigeminus 10.3 1.0 7 9.3 0.9 8 9.3-11.2 8.6-10.0 ns
Brainstem 44.6 1.6 7 42.3 2.8 8 43.2-46.0 40.0-44.7 ns
Cerebellum 51.0 3.4 7 47.6 2.0 8 47.9-54.1 46.0-49.3 1.22 p < 0.04
Thalamus 15.7 1.0 7 14.8 0.8 8 14.8-16.6 14.1-15.4 ns

@ Comparisons of individual regions.

b post-hoc test results, following an ANOVA covering all regions — only statistically significant differences are shown.

3.6. Pathological changes in trigeminal system

Given the profound and progressive atrophy in trigeminus that we
observed, and the deficits in behavioural response to trigeminal stimu-
lation, we asked whether pathological changes occurred on a micro-
scopic scale. When we examined 8-month-old WT and Wfs1 deficient
mice, as expected, white matter tracts surrounding the TSN contained
GFAP-positive astrocytes (e.g., the spinal tract of the trigeminal nerve,
see Fig. 6). In TSN in WT mice, astrocytes were either absent, or at most,
only one or two were present (Fig. 6, GFAP). However, in Wfs1 deficient
mice, there was extensive infiltration of GFAP-positive astrocytes (3 out
of 3 mice; t =13.27, df = 4, p < 0.001), resulting in an extremely strong
statistical effect size (effect size 10.8) and no overlap in 95 % confidence
intervals between WT and WS mice (WT 95 % CI -1.2-3.3, Wfs1 deficient
95 % CI 15.4-27.98). With regard to microglia, IBA1l-stained microglia
were more activated in TSN in Wfs1 deficient mice because they were
larger and “bushier” when compared with microglia that are normally
present in TSN in WT mice (Fig. 6, IBA1; t = 5.2, df = 4, p < 0.01). This
effect was also very strong (effect size = 4.2) with very little overlap in
the 95 % confidence intervals (WT 95 % CI 108.3-177.1, Wfs1 deficient
95 % CI 166.0-279.4). Thus, behavioural sensory impairments and tri-
geminal atrophy in our accurate rodent models are accompanied by
extensive inflammation of the TSN.

When we analysed the morphology of caudal trigeminus in semi-thin
sections from a separate group of 8-month-old mice, Wfsl deficient
axons were smaller, as demonstrated by cumulative frequency distri-
bution of axon area (supplemental file 1, Fig. S4 A, genotype x area size
interaction: F(100, 13,200) = 3.1, p < 0.0001; Fig. S4 B mean axon area
per field of view, t(132) = 3.7, p < 0.001), although this difference did
not reach significance when mean axon area per mouse was used (Fig.
S4C, t = 2, df = 8, p = 0.086).

3.7. Sensory neurons show reduced calcium transients and impaired
mitochondria

We have previously shown altered calcium responses and reduced
membrane potential in normal primary cortical neurons depleted of
Wfsl, which led to alterations in mitochondrial dynamics(Cagalinec
et al.,, 2016). We therefore asked if sensory neurons showed similar
changes. We used dorsal root ganglia (DRGs) to increase our population
of sensory neurons. Peak calcium transients were reduced in mature
(3-4-week-old) sensory neurons from Wfs1 deficient mice (Fig. 7 A: time
x genotype F(156, 63,335) = 13.30, p < 0.0001; Fig. 7 D: Mann-Whitney
test p < 0.0001, U = 14,595, effect size = 0.61 (medium); WT 95 % CI =
1.7-1.9, Wfs1 deficient 95 % CI = 1.5-1.6). Moreover, the rate of rise in
intracellular calcium and the rate of decline/recovery were both
reduced in sensory neurons from Wfsl deficient mice (rise: Fig. 7 B,
slope of WTs = 0.06 versus slope of Wfsl deficient = 0.04, centred
second order polynomial (quadratic); decline: Fig. 7 C, slope of WT =
—0.007 versus Wfs1 deficient —0.004, centred second order polynomial
(quadratic); peak of transient occurred at 15 s for WT cells and 17.5 s for
Wfsl deficient cells). Data from individual experiments, all of which

showed the same trend, are shown in Supplemental file 1 Table S3.

With regard to mitochondria, AWy was significantly reduced
whether measured as integrated intensity of TMRM fluorescence or
mean fluorescence (Fig. 7E integrated intensity: Mann-Whitney test (F
test showed variances were different) p < 0.0001, U = 27,694, WT 95 %
CI 443,399-518,263, Wfsl deficient 95 % CI 351,375-410,757; Fig. 7F
mean intensity: t-test t(525) = 6.5, p < 0.0001, WT 95 % CI:
1,927-2,114, Wfsl deficient 95 % CI: 1,451-1,661). As neurons were
cultured from neonatal mice (P5-P14), these data show very early pa-
thology in WS sensory neurons. Data per individual experiment shown
in Supplementary Tables S4a and S4b (mixed-effect ANOVA for inte-
grated intensity, effect of genotype F(1, 519) =11.22, p < 0.001, mixed-
effect ANOVA for mean intensity effect of genotype F(1, 519) = 37.96, p
< 0.0001).

3.8. Wfs1 deficient sensory neurons show reduced lysosomal content

Given these changes in mitochondria, we next questioned whether
autophagy pathways were altered in trigeminus. Although there was a
tendency towards increased expression of Beclinl and p62 in neonates,
this did not reach significance and no other alterations were detected in
young (P22 neonates) or old (8-month-old) Wfsl deficient mice. The
trigeminus can mediate cool or hot/itch sensations via Trpm8 or TrpAl,
respectively(Kichko et al., 2018; Moore et al., 2018) but there was no
alteration in these transcripts (supplementary file 1 Table S5).

Wfsl impairment in pancreatic beta cells leads to a reduction in
acidification of secretory granules(Hatanaka et al., 2011). Furthermore,
reduced A%y and cellular ATP(Perry et al., 2011) impairs lysosome
acidity(Bouhamdani et al., 2021). We therefore explored whether ly-
sosomes were impaired in Wfs1 deficient sensory neurons. Using Lyso-
tracker, a well-known dye that is ion-trapped in acidic environments, we
found that the median lysosome volume (Fig. 8 A, Mann-Whitney test p
< 0.0001; U = 7,774, WT 95 % CI 0.23-0.28, Wfs1 deficient 95 % CI
0.18-0.22) and total volume of lysosomes (thus, total content; Fig. 8 B,
Mann-Whitney test p < 0.001; U = 8,253, WT 95 % CI 140.7-200.1,
Wfs1 deficient 95 % CI 86.3-124.5) in Wfsl deficient neurons were
reduced compared with WT cells cultured in parallel. Data from indi-
vidual experiments are shown in Supplementary file 1 Tables S6a and
S6b (mixed-effect ANOVA for median volume, effect of genotype F (1,
284) = 11.09, p < 0.002; mixed-effect ANOVA for total volume, effect of
genotype F (1, 284) = 12.40, p < 0.001).

Finally, we asked whether this reduction in Lysotracker staining was
due to a loss in lysosomes or a change in their acidity. We co-labelled
lysosomes with both Lysotracker and Lysosensor (pKa ~ 5.2). We
observed a reduction in acidic organelles in DRGs from Wfs1 deficient
mice compared with WT DRGs cultured in parallel (Fig. 8 C, t-test p <
0.001; t =3.73, df = 414; WT 95 % CI 0.93-1.07, Wfs1 deficient 95 % CI
= 0.75-0.88, effect size 0.4). Data from individual experiments are
shown in Supplementary file 1 Table S6¢ (mixed-effect ANOVA for
proportion of lysosomes that are acidic, effect of genotype F (1,120) =
6.9, p < 0.01). Our data suggest that primary sensory neurons from Wfs1
deficient mice may have a reduced capacity to recycle because they have
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Fig. 3. Ex vivo volumetric segmentation of trigeminus (cranial nerve V) of perfusion-fixed brains from WT and Wfs1 deficient male mouse littermates. Total tri-
geminal volume (A, C, E) and trigeminal volume per slice (D, F). B) 3D segmentations of brain from a 1 yr-old wildtype mouse. The turquoise arrow points to
trigeminus, the dark blue arrow points to the optic tract, the green arrow points to the cerebellum and the yellow arrow points to the brainstem. The overlying
cerebrum is shown by the red arrow. A) Total trigeminal volume of P10 mice (shown as triangles) and P22 mice (shown as circles). C) Total trigeminal volume from 8
m-old mice. D) Trigeminal volume, per coronal slice, in 8 m-old mice. E) Total trigeminal volume in 1 yr-old mice. F) Trigeminal volume, per coronal slice, in 1 yr-old
mice. **p < 0.01 versus WT. A, C, E, Symbols are of individual mice with group mean + sem also shown. D, F) Symbols are of group mean =+ sem. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reduced lysosomal load and reduced acidic lysosomes.

3.9. Reduced lysosomal content is an early feature in human WS
fibroblast-derived neural stem cells

Reduced lysosomal content is a novel finding in WS. We could not
conduct proteomic analyses in our samples that were used for mRNA; we
therefore examined the translational impact of our findings in two
recently published studies of healthy and WS patient untreated
fibroblast-derived neural stem cells(Pourtoy-Brasselet et al., 2021;

Zmyslowska et al., 2021).

Based upon a published library of lysosomal proteins(Schroder et al.,
2010), all lysosomal matrix proteins (N = 63) that were expressed by
neural stem cells (N = 45) and all lysosomal integral membrane proteins
or protein complexes of the lysosome membrane (N = 45) that were
expressed by the cells (N = 21) were extracted from the proteomics
dataset(Zmyslowska et al., 2021). The majority of lysosomal proteins,
both matrix (Fig. 9A) and integral (Fig. 9B), were reduced in WFS1
patient fibroblast-derived neural stem cells.

Separately, we conducted enrichment analyses. Proteomic data from
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the untreated healthy and WS human neural stem cells were compared,
and of the 8047 proteins in the dataset, 3308 were expressed differen-
tially (q value 0.05 or less). Enrichment analysis was then performed on
these 3308 proteins using two databases, G:Profiler(Kolberg et al., 2023)
and DAVID(Huang et al., 2009; Sherman et al., 2022). In G:Profiler,
Gene ontology cell component (GO CC) terms primary lysosome
(adjusted p value 1.90E-08, term size 154, intersection size 53,
GO0:0005766) and lysosome (adjusted p value 9.04E-10, term size 762,
intersection size 174, GO:0005764) were highly significant with 34 %
and 23 % of proteins within these GO terms enriched, respectively. In
DAVID, GO CC terms lysosome and lysosomal lumen were also enriched
(GO:0005764 lysosome, adjusted p value <0.003; GO:0043202 lyso-
somal lumen, adjusted p value p < 0.001).

8786 genes were published as differentially expressed (padj p <
0.05) in the second dataset of transcriptomics of neural stem cells
derived from WS patient and control fibroblasts(Pourtoy-Brasselet et al.,
2021). Examination of these DEGs again revealed enrichment of the GO
CC terms lysosome (padj 2.149E-9), lysosomal membrane (1.70E-8) and
lysosomal lumen (1.54E-5) in G:Profiler. These terms were also enriched
when analysed using DAVID (fold: 1.3x, 1.3x, 1.7x, respectively;
Benjamini-adjusted p values: p < 0.006, p < 0.0006, p < 0.00002). There
were far fewer differentially regulated genes in the differentiated neu-
rons derived from these cells, but the lysosome GO term was again
enriched (DAVID database; 2.3-fold; Benjamini-adjusted p value p <
0.02).

Finally, DAVID-based analysis revealed that the KEGG(Kanehisa,
2019, 2000; Kanehisa et al., 2023) term “lysosome” was enriched in
both the proteomics dataset (1.3 % of module, 1.7-fold enriched,
Benjamini-adjusted p value p < 0.01) and the neural stem cells tran-
scriptomics dataset (0.94 % of module, 1.5-fold enriched, Benjamini-
adjusted p value p < 0.0001). As shown in Fig. 9C, the majority of
differentially expressed proteins within the KEGG term “lysosome
pathway” (04142) from the proteomics dataset(Zmyslowska et al.,
2021), were downregulated (Fig. 9D, highlighted in blue), in particular
lysosome acid hydrolases, although proteins involved in transport of
synthesised lysosome enzymes tended to be upregulated (Fig. 9C,
highlighted in red).

Thus, in two, separate, publicly available datasets of patient
fibroblast-derived neural stem cells and neurons, multiple terms related
to lysosomes were enriched in differentially expressed proteins and
genes, which was determined using a published compendium of lyso-
somal proteins, in addition to two, separate, robust databases (G:Profiler
and DAVID). Further exploration of the differentially expressed proteins
showed that the majority of differentially expressed lysosome proteins
were downregulated but lysosomal transport proteins may be upregu-
lated. These data demonstrate that the lysosome component is greatly
affected from a very early disease stage in WS.

4. Discussion

WS is a rare, incurable, genetic disorder(de Heredia et al., 2013).
Increasingly, sensory deficits are being recognised in WS: patients
complain of trigeminal-like pain(Urano, 2016) and show deficits in vi-
bration sensation(Marshall et al., 2013), smell(Alfaro et al., 2023, 2020)
and hearing(Serbis et al., 2023). Hearing impairments are also common
in patients with Wolfram-like syndrome, a condition caused by auto-
somal dominant mutations in WFS1(De Muijnck et al., 2023), which
may be related to the role of WFS1 in maintaining correct targeting of
the beta 1 subunit of the Na*/K™ ATPase(Richard et al., 2023). Auto-
somal dominant mutations in WFS1 are also associated with cataracts
(Berry et al., 2013; Krutish et al., 2023). Moreover, given that hetero-
zygous pathogenic mutations in WFS1 are common in the general pop-
ulation(Aloi et al., 2012; Bespalova, 2001), mutant WES1 may underlie
sensory deficits more broadly.

We have previously shown that our WS mouse model develops the
diagnostic features of WS: elevated blood glucose from 4 months of age
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Wfs1 deficient DRG soma. Photomicrographs are not modified. Scalebar = 10 pm, for both photomicrographs. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

(Luuk et al., 2009) and optic atrophy by 1 year(Cagalinec et al., 2016).
Here, we extend these data. We show that at macroscopic level, brain
development is normal at the very earliest stages of WS because volume
measures of P10 and P22 neonate mouse brain were normal — this age is
likely equivalent to human ages of between in utero and 9 months of age
(Agoston, 2017; Clancy et al., 2007; Ohmura and Kuniyoshi, 2017).
However, by 8 months of age, total brain volume and optic nerve volume
is reduced, which are observed in children with WS(Hershey et al.,
2012). Our rat model also shows elevated blood glucose, optic atrophy
and loss of brainstem volume(Plaas et al., 2017) and here, we also show
a loss in total brain volume. Thus, our construct- and face-valid models
are ideal for examination of little-understood phenotypes that patients
show.

We used these two models to gain insight into trigeminal pathology
in WS. We show that Wfs1 is heavily expressed in trigeminus, and for the
first time, we show reduced trigeminal mechanical sensation using two
separate behavioural tests (von Frey hair and air puff), which occurred
at the time of earliest detection (8-months) of trigeminal volume loss
from ex vivo MRI sequences, another novel finding in WS. In keeping
with the observed atrophy, axons in caudal trigeminus tended to be
smaller. This atrophy worsened with age because it was initially most
robust caudally but by 1 year of age, atrophy was present throughout the
nerve, contributing to a loss in total volume. We replicated this pattern
of atrophy in trigeminus in aged Wfs1-deficient rats imaged ex vivo and
in a separate cohort imaged in vivo. Moreover, when we examined tissue
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from 8-month-old mice, we noted extensive inflammation in TSN, with
infiltration of astrocytes and activation of microglia, which was
consistent within genotypes, highly significant and showed no overlap
between genotypes.

When we examined sensory neurons, we found that mature primary
Wfs1 deficient DRGs showed reduced peak calcium with slowed rise in
calcium and reduced speed of return following depolarisation, and
reduced mitochondrial membrane potential. These deficits are remi-
niscent of the deficits in calcium buffering and mitochondrial impair-
ment that we observed in primary Wfsl-deficient cortical neurons
(Cagalinec et al., 2016; Liiv et al., 2024), which may reflect the critical
role of WFS1 in regulating calcium via the IP3 and ryanodine receptor
and SERCA(Liiv et al., 2024; Loncke et al., 2021).

There is a strong, positive effect of mitochondrial dysfunction on
lysosome biogenesis(Lang et al., 2022). We examined mRNA for several
autophagic genes, in trigeminal tissue taken from neonate or 8-month-
old mice, thus at early stage or during symptom and sign manifesta-
tion. We did note a tendency for upregulation of Beclinl and p62 in
neonates, but this did not reach significance, and there was no change at
8 months. This suggests no global change in autophagy, despite the
strong stimulating effect of mitochondrial dysfunction. Instead, we
report, for the first time, a reduction in size and load of lysosomes in
mature Wfsl DRGs prepared from neonate mice. In addition, the pro-
portion of lysosomes that were acidic was also reduced. Demonstrating
the validity of our data, using data derived from two separate publicly
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available datasets generated from WS patient neural stem cells, one on expressed proteins, we observed a highly significant enrichment of the
proteomics(Zmyslowska et al., 2021) and the other on transcriptomics GO cellular component terms lysosome, primary lysosome and lyso-
(Pourtoy-Brasselet et al., 2021), we also show a reduction in lysosome somal lumen. Importantly, the KEGG “lysosome” pathway (04142) was
matrix- and integral-related proteins. There was an enrichment of also enriched within the proteomic dataset of differentially expressed
lysosome-related GO CC terms (lysosome, lysosomal membrane and proteins. When we examined the individual significantly dysregulated
lysosomal lumen) in the transcriptome of neural stem cells derived from proteins within this pathway, the vast majority were again down-
patient fibroblasts. Moreover, when we analysed the differentially regulated, including several of the acid hydrolyses. However,
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Fig. 9. Proteomics data from untreated healthy and WS patient fibroblast-derived neural stem cells were obtained from(Zmyslowska et al., 2021). Based upon a
published library of lysosome proteins(Schroder et al., 2010), all lysosomal matrix proteins (N = 63) that were expressed by the cells (N = 45), and all lysosomal
integral membrane proteins or protein complexes of the lysosome membrane (N = 45) that were expressed by the cells (N = 21), were extracted from the entire
proteomics dataset for visual representation using Morpheus. The majority of lysosomal proteins, both matrix (A) and integral (B), show reduced expression in WS
patient fibroblast-derived neural stem cells. Separately, functional enrichment analysis in DAVID(Huang et al., 2009; Sherman et al., 2022) showed that the KEGG
pathway was enriched (1.3 % of module, 1.7 fold enrichment, Benjamini p < 0.01) and the 39 identified protein hits that were identified in this pathway were again
placed in Morpheus for visual representation (C). Again, the majority of proteins downregulated (blue), although a minority are upregulated (red). D) Many of the
lysosome acid hydrolases are downregulated (see blue squares) even though proteins involved in transport of lysosomal enzymes are upregulated (see red squares).
Permission for use of map04142 Lysosome granted by Kanehisa Laboratories(Kanehisa, 2019, 2000; Kanehisa et al., 2023). (For interpretation of the references to
Eolour in this figure legend, the reader is referred to the web version of this article.)
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intriguingly, the proteins related to transport of synthesised lysosomal
enzymes were upregulated. Lysosomal impairment is associated with
several diseases, for example, variants of TMEM106B are associated
with the fatal neurodegenerative disease Fronto-temporal lobar degen-
eration with TDP-43 (FTLD-TDP)(Stagi et al., 2014) and several aspects
of lysosome function, including impaired biogenesis, acidification and
trafficking are critical for Parkinson’s disease and Alzheimer’s disease
pathogenesis(Nixon and Rubinsztein, 2024).

Interestingly, WFS1 stabilises the V1A subunit of the vacuolar (v)
ATPase on secretory granules(Gharanei et al., 2013), and others have
shown that WFS1 is required for the acidification of secretory granules
in beta cells(Hatanaka et al., 2011), thus, the loss of Wfsl may have
inhibited lysosomal acidification in our primary sensory neurons —
certainly, ATP6VOD1 and ATP6VOA1 were downregulated in the human
neural stem cells(Zmyslowska et al., 2021) and both form part of this
ATPase. Importantly, we have very recently shown that reduced mito-
chondrial calcium uptake from the endoplasmic reticulum in WS sub-
sequently leads to loss of mitochondrial ATP production due to impaired
Krebs recycling (Liiv et al., 2024). Energy levels are critical for correct
functioning of the vATPase(Bouhamdani et al., 2021) and we and others
have shown that loss of mitochondrial energy production or vATPase
can lead to reduced lysosome size and lysosome acidity (De Araujo et al.,
2020; Olaoye et al., 2024; Xu and Ren, 2015). Alternatively, we previ-
ously observed Wfsl-deficiency-mediated early upregulation of
mitophagy(Cagalinec et al., 2016), which has been suggested to lead to
reduced free lysosomes(Mutvei et al., 2023). Separately, the FTLD-TDP
lysosomal protein TMEM106B, is reduced in WS patient neural stem
cells (Zmyslowska et al., 2021), and its loss is associated with reduced
lysosomal size, number and impaired lysosome response to stress (Stagi
et al., 2014).

5. Conclusion

Our current data highlight a profound impairment of the trigeminal
system in WS and the critical importance of Wfsl and lysosomes for
normal function of sensory neurons in WS. In the clinic, WS patients are
known to complain of trigeminal neuralgia-like pain(Stone et al., 2021;
Urano, 2016) and patients also show reduced vibration sensation
(Marshall et al., 2013). Heterozygous mutations in WFS1 also cause
sensory disturbances, such as hearing loss(De Muijnck et al., 2023; Lim
et al.,, 2023). Moreover, given the relatively common prevalence of
pathogenic WFS1 mutations in the general population(Aloi et al., 2012;
Bespalova, 2001), our data may also be more broadly relevant to sensory
impairments. Although relatively little transcriptomics have been con-
ducted in trigeminal neuralgia, heredity is increasingly noted in this
condition(Eide, 2022; Zorina-Lichtenwalter et al., 2018). Moreover, a
polymorphism in WFS1 has previously been associated with increased
analgesic drug use in patients with migraine(Di Lorenzo et al., 2007).
Our data highlight a central role for Wfs1 in the trigeminal system and in
peripheral nociceptive function.
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