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ARTICLE INFO ABSTRACT

Keywords: Introduction: Niemann-Pick type C2 disease (NP-C2) is a fatal neurovisceral disorder caused by defects in the
Niemann-Pick type C2 disease lysosomal cholesterol transporter protein NPC2. Consequently, cholesterol and other lipids accumulate within
NPC2 the lysosomes, causing a heterogeneous spectrum of clinical manifestations. Murine models are essential for
Mouse models . increasing the understanding of the complex pathology of NP-C2. This study, therefore, aims to describe the
Neurodegeneration

neurovisceral pathology in the NPC2-deficient mouse model to evaluate its correlation to human NP-C2.
Methods: Npc2—/— mice holding the LST105 mutation were used in the present study (Npc2®(tST109BysNyay Body
and organ weight and histopathological evaluations were carried out in six and 12-week-old Npc2—/— mice, with
a special emphasis on neuropathology. The Purkinje cell (PC) marker calbindin, the astrocytic marker GFAP, and
the microglia marker IBA1 were included to assess PC degeneration and neuroinflammation, respectively. In
addition, the pathology of the liver, lungs, and spleen was assessed using hematoxylin and eosin staining.
Results: Six weeks old pre-symptomatic Npc2—/— mice showed splenomegaly and obvious neuropathological
changes, especially in the cerebellum, where initial PC loss and neuroinflammation were evident. The Npc2—/—
mice developed neurological symptoms at eight weeks of age, severely progressing until the end-stage of the
disease at 12 weeks. At the end-stage of the disease, Npc2—/— mice were characterized by growth retardation,
tremor, cerebellar ataxia, splenomegaly, foam cell accumulation in the lungs, liver, and spleen, brain atrophy,
pronounced PC degeneration, and severe neuroinflammation.

Conclusion: The Npc2Ct(ESTI09)BY8NYa 1 5use model resembles the pathology seen in NP-C2 patients and denotes a
valuable model for increasing the understanding of the complex disease manifestation and is relevant for testing
the efficacies of new treatment strategies.

Cerebellar Purkinje cell

1. Introduction soluble sterol-binding protein targeted to the lysosomes by binding the

mannose-6-phosphate receptor. The two proteins are believed to act in

Niemann-Pick type C disease (NP-C) is an autosomal recessive lyso-
somal storage disease caused by a deficiency in either the intracellular
cholesterol transporter proteins NPC1 or NPC2 (Wiweger et al., 2021).
The incidence of NP-C is 1:100,000 live births, with the majority of cases
caused by NPC1 deficiency (95 %), whereas NPC2 deficiency accounts
for the remaining 5 % (Vanier, 2010). NPC1 is a large multidomain
transmembrane protein located in the lysosomes, whereas NPC2 is a

tandem mediating the efflux of free cholesterol and other lipids (e.g.,
gangliosides) from the endo-lysosomal compartment to other cellular
compartments (e.g., endoplasmatic reticulum, trans-Golgi network, and
plasma membrane) (Zhou et al., 2011; Li et al., 2016; Berzina et al.,
2018). Mutations in the ubiquitously expressed Npc1 or Npc2 gene can
lead to the loss of function or reduced activity of the gene products
consequently resulting in an accumulation of cholesterol within the

Abbreviations: GFAP, Glial fibrillary acidic protein; IBA1, Ionized calcium-binding adaptor molecule 1; NP-C, Niemann-Pick type C disease; NP-C1, Niemann-Pick
type C1 disease; NP-C2, Niemann-Pick type C2 disease; NPC1, Niemann-Pick C1 protein; NPC2, Niemann-Pick C2 protein; PC, Cerebellar Purkinje cell; PBS,
Phosphate-buffered saline; PPBS, Potassium-containing phosphate-buffered saline; WT, Wild-type..
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lysosomes (Nielsen et al., 2011; Yanez et al., 2020). Therefore, the age of
onset and clinical presentation is variable and includes a diverse range of
visceral manifestations such as hepatosplenomegaly with liver
dysfunction, pulmonary failure, and neurological symptoms such as
cerebellar ataxia, dysphagia, dysarthria, and dementia. Progressive
neurodegeneration results in a fatal outcome of the disease, and most
patients die before the age of 30 years (Wiweger et al., 2021; Vanier,
2010; Liu et al., 2008). While several mouse models have been estab-
lished to study NP-C1, only a few murine models are available for NP-C2.
Even though the pathological hallmarks are indistinguishable between
the spontaneous NP-C1 (Npcl "ih) mouse model and the induced NP-C2
mouse models, there are some discrepancies, e.g., when it comes to
disease progression. The Npcl"ih-null mouse model is more progressive,
leading to earlier death (9-11 weeks of age) compared to the hypo-
morphic NP-C2 mouse models (12-18 weeks of age), depending on
background strain (Nielsen et al., 2011; Dixit et al., 2011; Sleat et al.,
2004; Loftus et al., 1997).

Two transgenic hypomorphic NP-C2 mouse models are described in
the literature, the Npc2™P9P and the Npc2GtUST105)BY8NYa_established by
targeted mutation or the gene trap approach, respectively. While the
Nch”"IPl"b has been more widely used (Dixit et al., 2011; Sleat et al.,
2004; Markmann et al., 2018; Roszell et al., 2013; Schrantz et al., 2007;
Busso et al., 2010; Ong et al., 2004), only limited data are available for
the Npc2CtISTI09BYENYa mouse model (Nielsen et al., 2011; Schrantz
et al., 2007).

Therefore, this study aimed to characterize the Npc
mouse model established on a BALB/c background with a primary focus
on the pathological changes caused by NPC2 deficiency. Furthermore, a
group of six-week-old mice was included to evaluate the degree of pa-
thology before obvious symptoms are present, thereby evaluating the
disease progression from six to 12 weeks of age. Finally, the pathological
findings will be compared to the hallmarks of NP-C in humans to assess
the translational value of this specific NP-C2 mouse model.

2Gt( LST105)BygNya

2. Materials and methods
2.1. Animals

The 129P2,/0OlaHsd-Npc2CtESTI09By8Nya 1 5yse strain maintained on
a BALB/c background (Nielsen et al., 2011) was rederived using in vitro
fertilization with sperm collected from gene carrier mice (Npc2+/—)
(Nielsen et al., 2011) and embryos from BALB/cJRj mice (Janvier Labs).
The mice were housed with up to five mice per cage (GM500 IVC,
Techniplast) under standard conditions (12 h light/dark cycle at
20-24 °C and 55 + 10 % humidity, and ad libitum access to food
(Altromin 1324, Brogaarden) and water) in a specific pathogen-free
facility. Environmental enrichment included Tapvei bedding material,
sizzle nesting material, aspen bricks, peanuts, tunnels, and biodegrad-
able cardboard houses. The cages were changed weekly. The mice were
inspected daily by an animal caretaker. The animal study and breeding
of Npc2-/- mice was approved by the Animal Experiments Inspectorate
under the Ministry of Food, Agriculture, and Fisheries of Denmark (Li-
cense no. 2018-15-0201-01467 and 2019-15-0202-00056).

2.2. Genotyping by qgPCR

DNA was extracted from ear punches using the Quick-DNA mini prep
plus kit (Zymo Research #D4068) between postnatal days 10 and 14.
The offspring were genotyped using qPCR with the following DNA
primer pairs: Npc2 mutant (forward primer 5-CCA GGC AGC ACG GAT
GTC-3' and reverse primer 5-GCC AGG GTT TTC CCA GTC A-3) and
Npc2 wild-type (forward primer 5-TGT GGC TCA GTG GCT TAG G-3'
and reverse primer 5-CCA GGA AGG GAT TTC ACA CA-3") (Nielsen
et al., 2011), and Maxima SYBR Green Master Mix, with ROX as a
reference (Thermo Fisher Scientific, #K0223). The PCR conditions
consisted of an initial denaturation step of 95 °C for 10 min followed by
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40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s,
and extension at 72 °C for 30 s. Furthermore, a melt curve analysis was
performed at 60 °C to 95 °C with 0.05 °C/s. Examples of genotyping data
are provided in Fig. S1.

2.3. Breeding information

The breeding of NPC2-deficient mice (Npc2—/—) and wild-type (WT)
littermates (Npc2+/+) was generated from the mating of heterozygous
(Npc2+/—-) mice. No backcrossing was performed after the rederivation.
Continuous trio breeding was used for the breeding program, where one
adult male was housed together with two adult females. Each experi-
mental unit is therefore defined as a breeding cage when evaluating
breeding data. Eight trio-breeding cages were used in the present study.
The mice used for breeding were housed in GR900 IVC cages (Techni-
plast) and provided with Altromin 1318 diet ad libitum. During the
lactation period, the diet was supplemented with peanuts. For each
breeding cage, the following parameters were evaluated; the number of
litters, litter size at birth (pups were counted between birth and two
days), and interlitter interval (the number of days between births of
consecutive litters). The litter size and body weight at weaning were also
evaluated. The offspring were weaned after 21 days; 22 mice were
included in the study (see Table 1 for the different experimental groups).

2.4. Euthanasia and tissue collection

Npc2—/— mice were euthanized either at six weeks of age before
symptom development or at 12 weeks of age, before the end-stage of the
disease, determined by severe tremor, ataxia, and/or weight loss of 20 %
compared to healthy Npc2+/+ mice of identical age and sex. WT mice
were also euthanized at 6 or 12 weeks of age and included as controls.
The mice were deeply anesthetized by inhaling isoflurane (5 %, 1 L Oy/
min) and were euthanized by exsanguination by perfusing with
phosphate-buffered saline (PBS). The organs of interest (brain, lungs,
liver, and spleen) were weighed and collected for histological and
immunohistochemical examination and post-fixated in 4 % para-
formaldehyde (PFA) overnight (4 °C). On the following day, the organs
were washed in potassium-containing PBS (PPBS) and stored in 0.03 %
sodium azide until further processing.

2.5. Histological and immunohistochemical staining

Brains were cut into coronal sections (40 pm) using a cryostat and
collected free-floating in PPBS in a sequential series of six. The brain
sections were incubated free-floating in a blocking buffer containing 3 %
porcine serum with 0.3 % Triton X-100 diluted in 0.1 M PPBS for 30 min
at room temperature. Afterward, the sections were incubated with the
following primary antibodies: rabbit anti-glial fibrillary acidic protein
(GFAP) (Dako, Glostrup, Denmark, #Z0334, 1:500), rabbit anti-ionized
calcium-binding adaptor molecule 1 (IBA1) (Wako, #PDF3116, 1:5000),
and rabbit anti-calbindin CD28K (Invitrogen, #PAS-85669, 1:500) in
blocking buffer at 4 °C overnight. The sections were then washed in
washing buffer (blocking buffer diluted 1:50 in PBBS) and incubated for
one hour with biotinylated goat anti-rabbit IgG (Vector, #BA-1000)

Table 1
Sample size, genotype, age, and sex of the mice included in the study.
Number of mice Genotype Age Sex
5 NPC2—/— 6 weeks 2 females
3 males
5 NPC2+/+ 6 weeks 3 females
2 males
6 NPC2—/— 12 weeks 2 females
4 males
6 NPC2+/+ 12 weeks 3 females
3 males
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diluted 1:200 in blocking buffer. To visualize antibody binding, the
sections were incubated with Avidin-Biotin complex system (ABC-HRP
kit, Vector, #PK6100) and 3,3-diaminobenzidine tetrahydrochloride
(DAB). All sections were mounted with Pertex.

PFA-fixed visceral tissue (liver, lungs, and spleen) designated for
histopathological analysis was dehydrated in increasing ethanol con-
centrations (70 %, 96 %, and 100 %), followed by clearing in a xylene
substitute before being embedded in paraffin. The tissue blocks were cut
into three pm sections on a microtome (Leica RM2255, Germany) and
placed on Superfrost Plus glass slides. Tissue samples were rehydrated
and stained with Mayer’s Hematoxylin (MHS 16, Sigma-Aldrich) and
Eosin Y (HT110116, Sigma-Aldrich) solution.

The sections were imaged with an Axioplan 2 microscope equipped
with an Axiocam MRc camera (Carl Zeiss). Images were analyzed with
ImageJ software (Schindelin et al., 2012) and adjusted for contrast and
brightness.

2.6. Statistical analysis

All data analysis was done in GraphPad Prism version 9.4.1. P-values
<0.05 were considered significant. Data were tested for normality and
equal variance by the D’Agostino-Pearson and F-test, respectively. Due
to low n-values in some datasets, only the F-test was applied in such
circumstances. If the dataset passed these tests, a t-test was used to
compare the two groups. If data did not pass, non-parametric analysis
was performed. For statistical evaluation of the deviation from the ex-
pected mendelian frequency, a chi-square test was performed. The exact
statistical test and sample size are described in the figure legends. Re-
sults are presented with mean + standard deviation (SD) unless stated
otherwise.

3. Results
3.1. Breeding outcome

Breeding data were collected from continuous trio breeding of het-
erozygous Npc2+/— mice for a 10-week study period. The mating
resulted in offspring either homozygous for the wild-type alleles
(Npc2+/+), heterozygotes (Npc2+/—), or homozygous for the gene trap
alleles (Npc2—/—). The genotype ratio was 27 %:58.5 %:14.5 %,
respectively, from 200 offspring. Only one out of seven offspring was
born with the Npc2—/— genotype, which deviated significantly (p =
0.0024) from the expected ratio of an autosomal recessive disease (25
%:50 %:25 %), suggesting increased embryo-fetal death due to NPC2
deficiency.

All breeding cages gave birth to at least one litter, and 60 % of the
breeding cages gave birth to five or more litters during the 10-week
study period. 21 days after birth, all remaining offspring (93.6 %)
were robust and ready to be weaned. A few mice died before the time of
weaning due to cannibalism, and 2 % of the offspring were stillborn. The
stillborn mice were excluded from the litter size at birth (Table 2).

3.2. Phenotype

At six weeks of age, Npc2+/+ and Npc2—/— mice were indistin-
guishable concerning their phenotype (Fig. S2 and supplemental video

Table 2

The breeding outcome after trio matings for a 10-week study period.
Interlitter interval (days)® 26 +£7.2
No. of litters per trio 4.75 £ 2.3
Litter size at birth 6.23 £ 2.41
Litter size at weaning 5.83 £ 2.55

% loss at weaning (mortality) 6.4 %
Weight at weaning (g) 12.01 +1.77

2 Number of days between births of consecutive litters.
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material). They were comparable in body size (Fig. 1A+B), and no
symptoms were visible. However, even though not present with any
symptoms, Npc2—/— mice exhibited splenomegaly already at six weeks
of age (Fig. 1D). Although not significant, the lungs were also enlarged
compared to WT littermates (Npc2+/+: 0.17 £ 0.07 g, Npc2—/—: 0.24
+ 0.08 g). The weight of the liver and brain was comparable between
WT and NPC2-deficient mice at this age. All Npc2—/— mice developed
tremors from about eight weeks of age (Supplemental video material),
which increased in severity until the time of euthanasia. As the tremor
progressed, the motor function declined. This was evident during ob-
servations of their movement and rearing activity. The gait was wobbly,
with the feet pointing away from the body (“duck feet”), and mild
hindlimb splay was present during rearing. With increasing age, ataxia
gait followed (Fig. S2). At the end stage of the disease, the rearing
behavior was reduced, and when attempting to rear, they often lost their
balance (Supplemental video material). At 12 weeks, Npc2—/— mice
weighed less than WT controls (p = 0.002) (Fig. 1C). From six to 12
weeks of age, Npc2+/+ mice increased their body weight by 34.9 %
(Fig. 1A-C). Oppositely hereto, the body weight of female Npc2—/—
mice stagnated, whereas male Npc2—/— mice lost weight from 10 weeks
of age (data not shown). All Npc2—/— mice were euthanized at 12 weeks
of age due to reaching one of the humane endpoints; weighing 20 % less
compared to WT mice of identical age and sex (Fig. 1A+C).

When looking at the affected organs in the NP-C2 mouse model at 12
weeks of age (Fig. 1E), the brain was weighing 11.0 % less in Npc2—/—
mice compared to the WT control mice. In contrast, the lungs and spleen
were enlarged by 59.8 % and 31.1 %, respectively, compared to the
respective organs in the Npc2+/+ mice. Accordingly, the NP-C2 mouse
model is characterized by growth retardation, brain atrophy, spleno-
megaly, and possible pulmonary involvement.

3.3. Brain pathology

3.3.1. Purkinje cell degeneration

One of the hallmarks of NP-C is severe loss of cerebellar Purkinje cells
(PCs), which is evident in both patients and animal models of NP-C
(Markmann et al., 2018; Sarna et al., 2003; Li et al., 2005; Chandler
et al., 2017; Elrick et al., 2010). Therefore, a thorough examination of
the PC degeneration in the Npc2—/— mouse model was performed using
the PC marker Calbindin-D28k (Whitney et al., 2008).

When looking at the cerebellum from WT mice independent of age,
the morphology appeared normal with both a homogenous PC layer and
molecular layer whereto the PC dendrites extended. At six weeks of age,
Npc2—/— mice exhibited a varying degree of PC degeneration (Fig. 2).
The PC loss resulted in a striated appearance in the PC layer, which was
especially evident in the anterior lobe, including both the hemispheric
region and the vermis (Fig. 2B+C). The PC loss was more pronounced in
the anterior lobe compared to the posterior (data not shown). However,
some areas of the cerebellum were still completely unaffected.
Furthermore, pathological changes in the morphology of the PCs were
apparent, with focal axonal swellings and storage material seen in the
soma of some PCs even at this early stage of the disease (Fig. 2H+I).

From six to 12 weeks of age, severe progressive PC degeneration
occurred, although the loss of the PCs still varies regionally throughout
the cerebellum (Fig. 3). The hemispheric regions, as well as the anterior
part of the vermal region, were especially affected, showing an almost
complete loss of PCs with only a few cells scattered around in this
particular area (Figs. 3-4). In opposite hereto, the PCs remained almost
unaffected in the flocculus, lobules IX and X of the cerebellar vermis,
although some degree of PC degeneration was initiated in the lobule IX
resulting in a striated appearance (Fig. 3F). This pattern of PC loss was
evident in all of the 12-week-old NPC2-deficient mice.

At 12 weeks of age, more pronounced axonal swelling was seen in the
remaining PCs (Fig. 4), possibly due to the more advanced accumulation
of storage material at the end stage of the disease (Sarna et al., 2003).
Axonal swellings were almost identified in all surviving PCs.
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Fig. 1. Body- and organ weight in the wild-type (Npc2+/+) and NPC2 deficient (Npc2—/—) mice at 6 and 12 weeks of age. A) Body weight over time. Npc2—/— has a
lower increase in body weight from six to nine weeks of age compared to Npc2+/+ mice, after which the body weight of Npc2—/— mice declines until 12 weeks of
age, where the NPC2-deficient mice reach one of the humane endpoints; weighing 20 % less than age-matched wild-type mice of the same sex. (Npc2+/+: n = 6-11
mice, Npc2—/—: n = 3-8 mice). Mean + SD. B) No difference is seen in body weight at six weeks of age when comparing the Npc2—/— mice with age-matched
Npc2+/+ (n = 5 mice/group). Two-tailed t-test, (t[8] = 0.360, p = 0.728). Mean + SD. C) At 12 weeks, the body weight of Npc2—/— mice is significantly lower
compared to Npc2+/+ mice (n = 6 mice/group). Mann-Whitney U test (U = 0, n1 = n2 = 5, **p = 0.0022). Median with interquartile range. D) At six weeks of age
Npc2—/— mice have significantly larger spleens than Npc2+/+ controls. Data were analyzed with the Mann-Whitney U test (U = 2.5, n1 = n2 = 5, *p = 0.04, two-
tailed) due to a significant difference in the F-test (p = 0.005). Median with interquartile range. No differences are seen in the weight of the brain (t[8] = 1.065, p =
0.318), liver (t[8] = 0.674, p = 0.519), and lung (t[8] = 1.520, p = 0.167) when comparing the two groups analyzed with a two-tailed t-test (n = 5 mice/group).
Mean =+ SD. E) At the end-stage of the disease, the weight of the brains is significantly lower in Npc2—/— mice compared with Npc2+/+ controls (t[6] = 5.799, **p =
0.001), whereas the lungs are significantly larger (t[6] = 3.349, *p = 0.015). There are no differences in organ weight of the liver (t[6] = 0.251, p = 0.810) and
spleen (t[6] = 2.281, p = 0.0627) at this time point (n = 4 mice/group). The data were analyzed with a two-tailed t-test. Mean + SD. Blue squares: males, red
circles: females.

Furthermore, changes in the dendritic arborization were evident in some and microglia contribute to the disease progression in NP-C (Lopez et al.,
of the PCs, e.g., sprouting of the dendrites in the mediolateral plane 2011; Baudry et al., 2003; Cougnoux et al., 2018), and thus a thorough
(Fig. 4C). Even though the preservation of PCs was seen in the nodulus examination of these cell types at six and 12 weeks of age was
(lobule X), widespread axonal swellings were also visualized in the performed.
granular layer of the nodulus (Fig. 4I) indicating that the surviving PCs In WT mice of both six and 12 weeks of age, only a few GFAP-positive
were affected by the NPC2 deficiency. Thus, the abnormalities seen in cells were seen in the brain, except in the hippocampus, where astro-
the PCs progressed from six to 12 weeks of age, where severe and cytes were abundantly present (Figs. 5 and 7). The astrocytes were often
widespread morphological changes were evident. found adjacent to blood vessels, and they exhibited a typical astrocytic
morphology with small somata and fine branching processes. At six
3.3.2. Neuroinflammation weeks of age, three out of five NPC2-deficient mice already exhibited
Neuroinflammation in different brain regions, including the cerebral pronounced astrogliosis (two males and one female) (Fig. 5C), whereas
cortex, striatum, hippocampus, thalamus, cerebellum, and medulla the other two Npc2—/— mice (one male and one female) were indis-
oblongata, was evaluated immunohistochemically using the astrocyte tinguishable from WT littermates. When analyzing the aforementioned
and microglia cell markers GFAP and IBA1, respectively. Both astrocytes brain regions in the affected 6-week-old Npc2—/— mice, widespread

EN
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_

Fig. 2. Cerebellar Purkinje cell degeneration in six weeks old Npc2—/— mice. The cerebellum sections were evaluated immunohistochemically with the cerebellar
Purkinje cell marker calbindin. Cerebellar Purkinje cell degeneration is already present at six weeks of age giving the molecular layer a striated appearance, see
asterisks for examples. Furthermore, accumulation of storage material can be seen in the cerebellar Purkinje cells (arrowhead) as well as focal axonal swelling
(arrows) in the cerebellum of Npc2—/— mice. The degeneration of Purkinje neurons varies among the Npc2—/— mice; thus, two different scenarios are included in
this figure. The images are representative of wild-type (WT) control (n = 3 mice) and Npc2—/— (n = 5 mice). Scale bar = 100 pm (A-F), and 20 pm (G-I).

astrogliosis was present, especially in the cerebral cortex, hippocampus,
and cerebellum. Reactive astrocytes were particularly localized at the
PC layer of the cerebellum. In some cerebellar regions, the distribution
and morphology of the astrocytes remained unchanged (Fig. 5I).

When looking at microglia in six weeks old mice, an increase in the
number, as well as a change in morphology, was evident in all Npc2—/—
mice, although to a varying degree (Fig. 6). Reactive microglia, indi-
cated by retracted and thickened processes, were found scattered in
different regions of the cerebrum with a particularly high occurrence in
the hippocampus. The most pronounced microglial reaction was, how-
ever, seen in the cerebellum. Resting ramified microglia were still pre-
sent in all Npc2—/— mice. As for the astrocytes, the reactive microglia
were primarily located at the PC layer. In the most severely affected
mice (three out of five), reactive microglia were also present in the
molecular layer (Fig. 6L+0). Besides the processes’ thickening, the
microglia’s somata were swollen compared to the microglia of WT mice.
Widespread microgliosis was also seen in the deep cerebellar nuclei.

The inflammatory areas of the cerebellum probably corresponded to
the regions with PC degeneration. Thus, more severe microgliosis was
found in the Npc2—/— mice with pronounced astrogliosis and PC
degeneration. At six weeks of age, before symptom development, mild
PC loss and varying degrees of neuroinflammation are already present.

When analyzing the aforementioned brain regions in 12-week-old
mice, apparent differences in the expression of GFAP between Npc2—/
— and WT mice were evident (Fig. 7). In the Npc2—/— mice, many
reactive astrocytes were found in all brain regions examined indicating
severe diffuse astrogliosis. In addition, the cellular appearance of the
astrocytes changed further when compared to that of the six-week-old
mice, now showing pronounced hypertrophy of somata and extended
processes. Due to the increased number of astrocytes, astrocytic pro-
cesses overlap, resulting in a blurred appearance, especially in the
thalamus and cerebellum, making it difficult to identify the individual
astrocytes.

As for the astrocytes, the number of IBA1 immunopositive cells was
also markedly increased in all brain regions at 12 weeks of age (Fig. 7).
Additionally, the reactive microglia were severely enlarged, resulting in
an amoeboid appearance, indicating an active phagocytic state
(Colombo et al., 2021). This was particularly evident in the cerebellum,
where reactive microglial cells were abundantly found in both the mo-
lecular and the granular layers. In WT mice, the microglia were only
lightly stained, sparse in number, and exhibited a normal morphology
with small somata and few processes.

The widespread PC loss, astrogliosis, and activated microglia indi-
cated progressive neurodegeneration and neuroinflammation at the end-
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Fig. 3. Cerebellar Purkinje cell degeneration in 12-weeks-old Npc2—/— mice.
Normal cerebellar Purkinje cell patterns are seen in wild-type (WT) mice (A, C,
E, G) compared to Npc2—/— mice (B, D, F, H). The loss of Purkinje neurons is
more pronounced in the anterior cerebellar vermis (B) compared to the lobules
located more posterior, where preservation of Purkinje neurons is seen in the
flocculus (D), lobules IX and X (F, H). Almost complete loss of cerebellar Pur-
kinje cells is seen in the cerebellar hemisphere (F). The sections are stained with
the cerebellar Purkinje cell marker calbindin. The images are representative of
n = 3 mice/group. CL = central lobule of vermis, PF = paraflocculus, F =
flocculus, IX = the ninth lobule of vermis, X = nodulus. Scale bar = 300 pm.

stage of NP-C2. These pathological findings are associated with the se-
vere disease phenotype characterized by tremor and ataxia gait seen 12
weeks old Npc2—/— mice.

3.4. Visceral pathology

The histopathology of the liver, spleen, and lungs was evaluated in
the Npc2—/— mice at six and 12 weeks of age using hematoxylin and
eosin staining and compared to WT control mice.

At six weeks of age none or mild pathological findings were seen in
the visceral organs of Npc2—/— mice characterized by the accumulation
of a few foamy macrophages and focal inflammation (Fig. 8). At this
time point, hypertrophy and hyperplasia of Kupffer cells were observed
in the liver, which eventually will progress to foam cells. The patho-
logical findings were most obvious in the spleen, corresponding to the
splenomegaly observed at six weeks of age. However, the degree of
pathology varied among the different Npc2—/— mice (data not shown).

When evaluating the lungs of the NPC2-deficient mice, it appeared
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Fig. 4. Cerebellar Purkinje cell pathology in 12-weeks-old Npc2—/— mice.
Cerebellar sections are evaluated immunohistochemically using the Purkinje
neuron marker calbindin. Only a few remaining cerebellar Purkinje cells are
seen in the hemispheric region of Npc2—/— mice (B, C, E) compared to wild-
type (WT) mice (A, D). The morphology of the surviving Purkinje neurons re-
veals severe pathology. Some Purkinje neurons show increased dendritic
branching in the mediolateral plane (C). Whereas thin axons (asterisk) appear
in the WT mice (D), axonal swellings (arrowhead) are seen in the granular layer
in Npc2—/— mice. The cerebellar Purkinje cell degeneration follows a specific
pattern and the anterior vermis, e.g., the central lobule (G), has an extensive
loss, whereas the Purkinje neurons in the lobule X (nodulus) are preserved (I).
Numerous axonal swellings are still present in the granular layer of the nodulus
(D). GL = granular layer, PL = Purkinje cell layer, ML = molecular layer, PC =
cerebellar Purkinje cells, WM = white matter. The images are representative of
n = 3 mice/group. Scale bar = 100 pm (A, B, F, G, H, I), 20 pm (C, D, E).

consolidated, evident even at low magnification (data not shown). The
alveolar space was filled with eosinophilic proteinaceous material,
which was more evident at higher magnification (Fig. 9). This could
indicate the presence of alveolar proteinosis. At higher magnification,
large clusters of foamy macrophages were present intra-alveolar and in
the alveolar air space. Lipid-laden vesicles were evident in the cytoplasm
of these macrophages (Fig. 9). Furthermore, the intra-alveolar septae
were thickened with increased cellularity as a result of pulmonary in-
flammatory response. This thickening resulted in an increased diffusion
barrier compared to control animals.

The pathology observed in the liver of 12 weeks old Npc2—/— mice
varied among the different mice assessed, ranging from mild to severe
affection of the liver tissue (Fig. S3A). The main pathological findings for
all mice assessed were large numbers of foamy macrophages found in
clusters within the sinusoids (Fig. 9). The pathological changes were
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Fig. 5. GFAP immunohistochemistry in 6-weeks-old Npc2—/— and wild-type (WT) control littermates. GFAP-positive astrocytes are sparse in the brain of wild-type
(WT) mice (A, D, G). There is a large variation in the Npc2—/— group with two out of five Npc2—/— mice (B, E, H) being indistinguishable from the WT mice. In three
out of five Npc2—/— mice (C, F, I), widespread astrogliosis is already apparent in, e.g., the cerebral cortex and hippocampus. Furthermore, reactive astrocytes are also
found in some areas of the cerebellum, often associated with the Purkinje cell layer (I). Two examples for each region are included to demonstrate the variation found
between the Npc2—/— mice. Three WT and five Npc2—/— mice were analyzed for GFAP immunoreactivity. Scale bar = 300 pm (A-F), 50 pm (G-I).

widespread but often centered around the central veins of the liver. In
the most severely affected mice, only a few areas with normal hepatic
architecture remained in periportal areas surrounding the portal vein,
which could be observed even at low magnification.

Foam cells are known to induce inflammation, and inflammatory foci
could be seen with lymphocytes, monocytes, and neutrophils present in
several regions of the liver. Furthermore, hemorrhage and focal necrosis
with karyolysis were also evident in the diseased liver (Fig. S3B).

Similar to the pathological findings in the liver, a widespread accu-
mulation of foam cells was present in the spleen of Npc2—/— mice
resulting in a disorganization of the normal histoanatomical architec-
ture, making it difficult to distinguish white pulp regions (Fig. 9). These
histopathological findings correlated well with the splenomegaly seen in
the Npc2—/— mice. In opposite hereto, the spleens from WT mice were
well-organized with clear boundaries between the red and white pulp
with an apparent marginal zone. Extramedullary hematopoiesis is a
common finding in the splenic red pulp of healthy mice (Suttie, 2006),
and in accordance, megakaryocytes were also present in the tissue of WT
mice (Fig. 9).

4. Discussion

This study reports on a thorough histopathological characterization
of the Npc2CtLSTI0ByeNya 1 ouse model performed at two different ages
i.e., before the onset of symptoms and at the end stage of the disease. The
pathology of the brain and visceral organs was investigated to evaluate
the translatability of this NPC2-deficient murine model to NP-C patients,
with a particular focus on disease progression and neuropathology.

4.1. Breeding of Npc2—/— mice

NPC2 deficiency ultimately led to infertility in both sexes, which
necessitated breeding with heterozygotes (Busso et al., 2010; Busso
et al., 2014). NPC2 is required to produce functionally mature sperma-
tozoa, probably involved in inducing capacitation (Busso et al., 2014),
and in female mice, loss of a functional NPC2 causes defects in ste-
roidogenesis in the ovaries due to inadequate cholesterol transport
(Busso et al., 2010). The number of homozygous Npc2—/— mice born
was expected to be every fourth due to the autosomal recessive inheri-
tance pattern (Vanier, 2010). However, only a single out of seven mice
had the desired Npc2—/— genotype, suggesting embryonic lethality
(Sleat et al., 2004). These findings are in line with previously described
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Fig. 6. IBA1 immunohistochemistry in 6-weeks-old Npc2—/— and wild-type (WT) control littermates. The pattern of microglia activation was evaluated in different
regions of the brain: cerebral cortex (A-C), hippocampus (D—F), and cerebellum (G-O). Prominent microgliosis is present in the cerebellum of diseased mice.
However, the morphology of the reactive microglia varies among the different Npc2—/— mice. In WT mice, the microglia are characterized by a small soma with
ramified processes (M). In Npc2—/— mice, the microglia transform into an active state with enlargement of the soma and thickening of processes (N), with the most
prominent changes seen in (O) where the microglia are characterized by an amoeboid shape indicative of phagocytotic state. Three WT and five Npc2—/— mice were
analyzed. Scale bar = 300 pm (A-C, G-I), 50 pm (D—F), and 20 pm (J-L, M-O).
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Fig. 7. Neuroinflammation in the Npc2—/— mice at 12 weeks of age. Astro-
glisosis and reactive microglia are evident throughout the entire brain of
Npc2—/— mice compared to age-matched wild-type (WT) controls. CC = ce-
rebral cortex, S = striatum, H = hippocampus, T = thalamus, M = medulla
oblongata, CB = cerebellum. Images are representative of n = 3 mice/group.
Scale bar = 20 pm and 50 pm (CB).Created with Biorender.com.

findings for this NP-C2 mouse model and other NP-C murine models
(Sleat et al., 2004; Morris et al., 1982). Two percent of the offspring were
stillborn, however, the risk of perinatal cannibalism could result in an
underestimation of the number of stillborns. Patient cases with the se-
vere neonatal onset form of NP-C resulting in stillbirth have previously
been described (Imrie et al., 2015; Spiegel et al., 2009). Unfortunately,
the stillborn mice were not genotyped, and whether these pups were
Npc2—/—is unknown. When working with genetically modified mouse
strains where only a few pups are born with the desired genotype,
several aspects of the breeding program need attention. The trio
breeding used in the present study is a good strategy for rapid colony
expansion, and when using continuous breeding, this approach possibly
reduces the inter-litter interval by taking advantage of post-partum
estrus (Chatkupt et al., 2018). Cross-fostering results in more robust
offspring (Heiderstadt et al., 2014; Heiderstadt and Blizard, 2011),
which was supported here by a mean weaning weight of 12.01 +1.77 g.
Higher mortality from birth to weaning was seen in our study compared
to healthy BALB/cJ (#000651) (Flurkey et al., 2009).

4.2. Genotype

The Npc2—/— mouse model is established using the gene trap
approach to introduce an insertional mutation in the genome of 129P2/
OlaHsd mouse embryonic stem cells. The gene trap vector is located in
the intron immediately downstream of the first exon. Subsequently, the
gene trap insertion results in a fusion protein including the first 27
amino acids of the NPC2 protein, which are encoded by exonl of the
Npc2 gene (Nielsen et al., 2011). Although the gene trap mutation is
expected to produce a null allele type, one disadvantage of the gene trap
approach is that alternative splicing can result in low levels of the WT
protein (Lee et al., 2007). Consequently, the Npc2CLSTI09BYeNya i qyse
model is hypomorph. Based on this knowledge, with none or only low
expression of normal NPC2, this correlates well with the fast disease
progression seen in the Npc2—/— mouse model in the present study. This
reflects the human situation where the severity of the mutation (e.g.,
frameshift, nonsense, or missense) correlates with the clinical phenotype
(e.g., the onset of symptoms, progression, and age of death) (Millat et al.,
2001; Verot et al., 2007; Chikh et al., 2005; Geberhiwot et al., 2018).
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Fig. 8. Visceral histopathology in six weeks old Npc2—/— mice evaluated using
hematoxylin and eosin staining. Normal histological organization of the lung,
liver, and spleen was seen in wild-type (WT) mice. Mild pathological findings
are seen in the visceral organs of Npc2—/— mice at six weeks of age. In the
lungs, either none or only a very few foam cells (arrowheads) and sparse
eosinophilic material (large asterisk) are observed in the alveolar lumen.
Similarly, an accumulation of storage material is found within the Kupffer cells
in the sinusoids of the liver (arrowheads). Foci with inflammatory cells (arrow)
are observed in the liver (highlighted in the white box). The most prominent
findings are seen in the spleen with a more widespread observation of foam
cells (arrowheads). The megakaryocytes (small asterisks) are increased in the
spleen of Npc2—/— mice probably as a response to the foam cell accumulation.
Scale bar = 100 pm.

4.3. Phenotype

Weight loss is a common finding in mouse models of NP-C2 (Nielsen
etal., 2011; Sleat et al., 2004; Markmann et al., 2018), why this was also
expected in these Npc2—/— mice holding the gene-trap mutation,
rederived from the mouse strain used by Nielsen et al., where progres-
sive weight loss from 70 days of age and until termination at 12 weeks of
age has previously been reported (Nielsen et al., 2011). To our surprise,
only the male Npc2—/— mice lost weight during the 12-week study
period, whereas only growth retardation was evident in female Npc2—/
— mice (data not shown). Health status is an important variable in an-
imal studies, which consequently can affect the results (Van Keuren and
Saunders, 2004). The NPC2-deficient mouse strain was rederived to
specific pathogen-free facilities different from the study performed by
Nielsen and colleagues (Nielsen et al., 2011). Recent years’ research has
revealed a clear significance of the gut microbiota on the brain and the
immune system (Hickman et al., 2018; Minter et al., 2016; Sampson
et al., 2016). Hindlimb clasping and penile prolapse were previously
observed in these mice maintained on a BALB/c background at 12 weeks
of age (Rasmussen et al. unpublished data), which was not the case after
the rederivation. None of the Npc2—/— mice in the present study
developed hindlimb clasping or penile prolapse (Fig. S2C). These
symptoms are both markers of disease progression, indicating severe
impairment of the cerebellum, including its efferent and afferent pro-
jections (Markmann et al., 2018; Yerger et al., 2022; Fu et al., 2012).
Discrepancies in health status and gut microbiota are possible
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Fig. 9. Visceral histopathology in 12 weeks old Npc2—/— mice. Normal his-
tological organization of the lung, liver, and splenic tissue is evident in wild-
type (WT) mice compared to Npc2—/— mice.The main pathological finding in
the visceral organs examined from Npc2—/— mice is a severe accumulation of
foam cells. The white boxes identify the accumulation of foamy macrophages.
Lipid inclusions are evident intracellularly in the lung macrophages (arrows).
The histopathology of the lung tissue is characterized by thickening of the
alveolar wall (arrowheads) and focal intra-alveolar accumulation of eosino-
philic granular material suggestive of proteinosis (asterisk). Small arrows point
to megakaryocytes indicating extramedullary hematopoiesis in the spleen. The
white pulp consists of LF = lymphoid follicle and MZ = marginal zone (black
line), RP = red pulp. Representative tissue sections from WT and Npc2—/— (n
= 3 mice/group) stained with hematoxylin and eosin. Scale bar = 20 pm (lung),
50 pm (liver and spleen).

explanations for the difference between the Npc2—/— mice used in the
present study and those used previously (Nielsen et al., 2011). However,
this is not studied further.

Only a few studies are available on Npc2—/— mice, and hardly any
on the Npc2—/— mice holding the LST105 mutation (Nielsen et al.,
2011; Schrantz et al., 2007). There is, therefore, a clear need for a
thorough characterization of this NP-C2 mutant mouse, important for
future work with the specific disease model.

When comparing the NP-C2 mouse model of the present study
(Npc2CGtUSTI09)BygNya) with the NPC2-deficient murine model induced by
gene targeting (Npc2”"“’ l"b), differences prevail (Sleat et al., 2004;
Markmann et al., 2018). Hence, the disease phenotype in the Npc2™" lob
mice is less progressive, with the mice reaching disease end-stage at 14
or 16 weeks of age depending on sex (Markmann et al., 2018), which is
clearly later compared to the 12 weeks seen in the Npc2CtST105)BygNya
mouse used in the present study. Strain background could have a sig-
nificant effect on survival, which has also been described for the
Npc2”"1p b mouse strain (Dixit et al., 2011; Sleat et al., 2004). However,
both murine models are retained on a BALB/c background and are
hypomorphic, but the approach for establishing the genetically modified
mouse models differed, as mentioned previously. In patients, the type of
genetic mutation is associated with the disease phenotype (Verot et al.,
2007; Chikh et al., 2005). Thus this could be an explanation for the
variation seen in these two mouse models of NP-C2. For a comparison
between the two NP-C2 mouse models, see supplemental Table 1.

10

Molecular and Cellular Neuroscience 126 (2023) 103880
4.4. Brain pathology

NP-C2 is a progressive neurodegenerative disorder, which is the
primary cause of mortality (Ramirez et al., 2014). The major patho-
logical hallmark of NP-C2 is cholesterol accumulation in the lysosomes
of all cells due to impaired lipid transport. The most prominent increase
in cholesterol levels is observed in the visceral organs (Nielsen et al.,
2011; Li et al., 2005; Xie et al., 2000; Te Vruchte et al., 2004). However,
increased brain cholesterol levels in the Npc2C{ESTI0O9BYSNya moyse
model have also been observed compared to WT mice (Nielsen et al.,
2011). In the previous study by Nielsen et al., total cholesterol levels in
different brain regions of the Npc2—/— mice were quantified, and they
found a significant increase in cholesterol levels, especially in the cer-
ebellum, and to a lesser extent in the cerebral cortex of Npc2—/— mice.
In contrast, the cholesterol levels of the hippocampus were comparable
between WT and Npc2—/— mice (Nielsen et al., 2011). This correlates
well with the fact that the cerebellum is more vulnerable to NPC2
deficiency compared to other brain regions, although the underlying
reason is unknown (Elrick et al., 2010). Consequently, another hallmark
of NP-C2 is severe PC loss, which progresses in an age-dependent
manner resulting in cerebellar atrophy (Sarna et al., 2003; German
et al., 2001; Walterfang et al., 2013; Gilbert et al., 1981). Similar to
observations of human NP-C2 and other mouse models of NP-C2
(German et al., 2001; Walterfang et al., 2013; Jahnova et al., 2014;
Bjurulf et al., 2008), neurodegeneration leads to brain atrophy in
Npc2—/— mice of the current study.

Additional morphological changes in PCs are lipid storage and
axonal swellings. These pathological hallmarks were previously
described in other mouse models of NPC (Sleat et al., 2004; Sarna et al.,
2003; Baudry et al., 2003; Zervas et al., 2001; Dominko et al., 2021).
Axonal swellings, also called torpedoes, precede neuronal death and are
associated with axon dysfunction in neurodegenerative disorders like
Alzheimer’s disease, amyotrophic lateral sclerosis, and other demye-
linating disorders (Mejia Maza et al., 2019; Lang-Ouellette et al., 2021;
Takahashi et al., 1997; Stokin et al., 2005; Louis et al., 2009; Redondo
et al., 2015). Axonal swellings are very conspicuous in early-onset
human NP-C and increase in number with disease progression (Walk-
ley and Suzuki, 2004). At six weeks of age, mild axonal swellings are
evident in Npc2—/— mice. As the disease progresses, more storage ma-
terial accumulates correlating well with the severe axonal swellings
observed in the remaining Purkinje neurons in 12 weeks-old Npc2—/—
mice (Bjurulf et al., 2008; Zervas et al., 2001; Elleder et al., 1985).

The anterior-to-posterior PC loss in the Npc2—/— mice was similarly
reported elsewhere (Sarna et al., 2003; Higashi et al., 1993; Ko et al.,
2005). The differences in cell death among the PCs, and especially the
delayed degeneration of the PC in the nodulus have been extensively
studied, e.g., with a focus on a possible correlation between cholesterol
accumulation and vulnerability. However, the difference in the neuronal
capability of cholesterol storage is not an explanation for this variation,
as cholesterol storage is also noted in the PCs of the nodulus (Ko et al.,
2005). Despite this, the progression of PC death correlates well with the
development of symptoms attributable to cerebellar pathology. Thus,
the Npc2—/— mice of the present study are relevant for further inves-
tigation of this gradual degeneration of the cerebellar nodules, impor-
tant for increasing the understanding of the pathological processes
leading to PC death.

In the explanation of PC death, necroptosis (Cougnoux et al., 2016),
autophagy (Ko et al., 2005; Liao et al., 2007), oxidative stress (Vazquez
et al., 2011), and neuroinflammation (Baudry et al., 2003; Kavetsky
et al., 2019) were suggested as major causes. It was strongly indicated
that neuroinflammation actively participates in the disease progression,
and neuroinflammation is also a pathological hallmark in human NP-C2
patients (Cachon-Gonzélez et al., 2018; Cologna et al., 2014; Peake
et al., 2011). In the present study, neuroinflammation was observed in
both six and 12 weeks old Npc2—/— mice and progressed severely with
age, hence correlating to the progression of PC death. The pattern of



C.L.M. Rasmussen et al.

neuroinflammation varied among the youngest mice, but at six weeks of
age, microgliosis was already evident in the cerebellum of all NPC2-
deficient mice. In contrast, astrogliosis was only present in 60 % of
the Npc2—/— mice, indicating that microgliosis precedes astrogliosis,
which correlated with a previous study on neuroinflammation in NP-C
mice (Baudry et al., 2003).

Microglia are present at an early stage of NP-C1 even when PC loss is
absent (Baudry et al., 2003; Kavetsky et al., 2019). It remains unknown
why and how early reactive microglia can be observed in this NP-C2
mouse model. In 40 % of the six weeks old Npc2—/— mice, only mild
morphological changes were observed among the microglia with most of
the microglia cells having a resting phenotype similar to that of micro-
glia in the WT mice; i.e., thin cell bodies with ramified processes (Baudry
et al., 2003), indicating that neuroinflammation is in its waking stage.
Severe progression in neuroinflammation then follows from six to 12
weeks of age, terminating with significant loss of PCs accompanied by
widespread astrogliosis and reactive microglia. At the end stage of the
disease, all areas of the cerebellum are affected, and the inflammatory
cells were not only located at the border of the PC layer, as seen in the
early stage of the disease. The inflammation had further progressed to
the entire brain.

The variability in the degree of neuroinflammation and PC degen-
eration at six weeks of age challenges the treatment of NP-C2 even
further, especially since the symptoms first develop weeks later. From a
therapeutic perspective, the gradual increase in neuroinflammation and
PC degeneration from six weeks and onwards implies a need for early
intervention, which is difficult since the disease is rarely diagnosed until
after the onset of neurological symptoms (Imrie et al., 2015; Patterson
et al., 2020). As little as 5 % of the normal number of PCs is sufficient to
retain normal motor function (Elleder et al., 1985; Peake et al., 2011).
However, irreversible neurodegeneration hinders successful treatment
of the disease (Imrie et al., 2015; Verot et al., 2007; Patterson et al.,
2020).

4.5. Visceral pathology

The symptoms related to NP-C are heterogeneous, making the
diagnosis challenging for physicians (Imrie and Wraith, 2001). Spleno-
megaly denotes a major sign of systemic involvement and is present in
approximately 85 % of patient cases (Vanier, 2010). In the Npc2—/—
mouse, splenomegaly was present at six weeks of age, hence before the
onset of symptoms, which is comparable with the juvenile form of
human NP-C, where isolated splenomegaly can be the debuting sign of
disease denoting a possible relevance for early disease identification
(Vanier, 2010; Verot et al., 2007; Jahnova et al., 2014; Imrie and Wraith,
2001). Splenomegaly frequently precedes the onset of neurological
symptoms, which also were the case in the Npc2—/— mice. Two weeks
before symptom development, the spleen was severely enlarged with a
weight increase of approximately 40 % compared to WT mice. Spleno-
megaly can regress with age (Vanier, 2010), but this was not the case in
the NPC2-deficient mice. At 12 weeks of age, splenomegaly persisted
with severe infiltration of foamy macrophages in the splenic tissue of all
Npc2—/— mice assessed.

NPC2 deficiency also results in the disposition of excess cholesterol
in the liver, and hepatomegaly is a common clinical finding in patients
suffering from NP-C (Sleat et al., 2004). Despite a thorough histopath-
ological examination of the liver of the NP-C2 mice, hepatomegaly was
not detected at six or 12 weeks, but using hematoxylin and eosin staining
histopathological findings consistently showed foamy Kupffer cells, a
hallmark of the disease, in the sinusoids. In NP-C2 patients, the accu-
mulation of lipid storage is often more pronounced in the spleen than in
the liver, where deposits range from almost undetectable to widespread
intracellular storage resulting in liver impairment (Vanier, 2010; Jah-
nova et al., 2014; Elleder et al., 1984; Sheth et al., 2017).

The lung is another organ severely affected in NP-C2 patients, and
some patients are dying from respiratory failure (Verot et al., 2007;
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Sheth et al., 2017; Griese et al., 2010). In six-week-old Npc2—/— mice,
enlarged lungs were also evident, although not significantly. However,
at 12 weeks of age, all NPC2-deficient mice had pulmonary abnormal-
ities characterized by the accumulation of foamy macrophages, thick-
ened alveolar septae, and eosinophilic proteinacous material in the
alveolar lumen. In addition, the severe lung infiltration caused an
increased weight of the lung tissue in Npc2—/— mice; findings compa-
rable with those seen in human patients, where, e.g., lung biopsies
reveal accumulation of eosinophilic protein-rich material indicative of
proteinosis and foamy macrophages (Verot et al., 2007; Bjurulf et al.,
2008; Sheth et al., 2017; Griese et al., 2010).

The accumulation of foamy macrophages in all non-cerebral organs
examined denotes a common pathological finding in NP-C patients
(Lopez et al., 2012) and the specific NP-C2 mouse model examined here.
Loss of NPC2 results in dysfunction of the intracellular cholesterol
transport in all cells of the body and subsequently affects their normal
function. The balance between influx and efflux of low-density lipo-
proteins becomes disturbed, consequently converting macrophages into
foamy macrophages, the typical phenotype observed in NP-C (Russell
et al., 2009; van Eijk and Aerts, 2021). Normally, an increase in mac-
rophages is seen as a response to inflammation. However, foamy mac-
rophages further escalate the inflammation by presenting with a pro-
inflammatory phenotype (Russell et al., 2009) via the secretion of pro-
inflammatory cytokines, thereby contributing to the exacerbation of
disease progression (Cougnoux et al., 2018).

When using mice as models for human diseases, it is important to be
aware of the differences between mice and humans. One of the most
important things to consider in regard to NP-C2 is differences in lipo-
protein metabolism. Humans have high plasma levels of low-density
lipoprotein (LDL)-cholesterol. In opposite hereto, most of the choles-
terol in mice is transported in high-density lipoprotein (HDL) particles
(Oppi et al., 2019; Sontag et al., 2013). Cellular uptake of cholesterol is
normally via the LDL-receptor pathway, where LDL becomes hydrolyzed
to cholesterol (Hede et al., 2021; Xie et al., 1999). As a consequence,
mice have an overall lower level of cholesterol when compared to
humans (Oppi et al., 2019).

5. Conclusion

The Npc2—/— mice develop a neurovisceral pathology similar to NP-
C2 in humans. The mouse model resembles the juvenile form of human
NP-C2 with splenomegaly as the only manifestation weeks before the
onset of neurological symptoms, which mainly relates to the pathology
of the cerebellum (Sheth et al., 2017; Devaraj et al., 2022; Synofzik et al.,
2016). Pathological changes are evident early in the brain, with mild PC
degeneration and neuroinflammation where reactive microglia pre-
dominate. The disease in Npc2—/— mice severely progressed from six to
12 weeks of age with pronounced cholesterol accumulation and wide-
spread neurodegeneration correlating with clinical symptoms. At the
end-stage of the disease, Npc2—/— mice are characterized by tremor,
ataxia gait, growth retardation, severe PC degeneration, brain atrophy,
widespread neuroinflammation, and severe cholesterol storage in the
liver, lungs, and spleen. The Npc2—/— mice present a genotype-
phenotype correlation as that seen in humans emphasizing the trans-
lational value of this NP-C2 mouse model. The Npc2CtESTI09BygNye mice
will be valuable for further assessment of disease progression and for
testing of new treatment strategies.
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