
 International Journal of 

Molecular Sciences

Article

Increased Regenerative Capacity of the Olfactory
Epithelium in Niemann–Pick Disease Type C1

Anja Meyer 1, Andreas Wree 1, René Günther 1, Carsten Holzmann 2, Oliver Schmitt 1,
Arndt Rolfs 3 and Martin Witt 1,*

1 Institute of Anatomy, University of Rostock, 18057 Rostock, Germany;
anja.meyer@med.uni-rostock.de (A.M.); andreas.wree@med.uni-rostock.de (A.W.);
ren.guenther@gmx.de (R.G.); schmitt@med.uni-rostock.de (O.S.)

2 Institute of Medical Genetics, Rostock University Medical Center, 18057 Rostock, Germany;
carsten.holzmann@med.uni-rostock.de

3 Albrecht-Kossel Institute for Neuroregeneration, Rostock University Medical Center, 18147 Rostock,
Germany; arndt.rolfs@med.uni-rostock.de

* Correspondence: martin.witt@med.uni-rostock.de; Tel.: +49-381-494-8435; Fax: +49-381-494-8402

Academic Editor: Ritva Tikkanen
Received: 2 February 2017; Accepted: 20 March 2017; Published: 6 April 2017

Abstract: Niemann–Pick disease type C1 (NPC1) is a fatal neurovisceral lysosomal lipid storage
disorder. The mutation of the NPC1 protein affects the homeostasis and transport of cholesterol
and glycosphingolipids from late endosomes/lysosomes to the endoplasmic reticulum resulting in
progressive neurodegeneration. Since olfactory impairment is one of the earliest symptoms in many
neurodegenerative disorders, we focused on alterations of the olfactory epithelium in an NPC1 mouse
model. Previous findings revealed severe morphological and immunohistochemical alterations
in the olfactory system of NPC1−/− mutant mice compared with healthy controls (NPC1+/+).
Based on immunohistochemical evaluation of the olfactory epithelium, we analyzed the impact
of neurodegeneration in the olfactory epithelium of NPC1−/− mice and observed considerable loss of
mature olfactory receptor neurons as well as an increased number of proliferating and apoptotic cells.
Additionally, after administration of two different therapy approaches using either a combination
of miglustat, 2-hydroxypropyl-β-cyclodextrin (HPβCD) and allopregnanolone or a monotherapy
with HPβCD, we recorded a remarkable reduction of morphological damages in NPC1−/− mice and
an up to four-fold increase of proliferating cells within the olfactory epithelium. Numbers of mature
olfactory receptor neurons doubled after both therapy approaches. Interestingly, we also observed
therapy-induced alterations in treated NPC1+/+ controls. Thus, olfactory testing may provide useful
information to monitor pharmacologic treatment approaches in human NPC1.

Keywords: immunohistochemistry; cyclodextrin; allopregnanolone; miglustat; NPC1; mouse model;
olfactory mucosa; bromodeoxyuridine; olfactory marker protein

1. Introduction

Neurodegenerative diseases become increasingly important because of an aging society. Olfactory
impairment is one of the first symptoms in many neurodegenerative diseases and partly precedes
motor symptoms for years. For example, 96% of patients with Parkinson’s disease demonstrate
olfactory malfunction up to four years before the clinical onset of motor symptoms [1–3]. Alzheimer’s
disease is also associated with a progressive olfactory impairment in about 90% of the patients [4,5].
Similar deficits are known for Huntington’s disease and other hereditary ataxias [6].

Although olfactory impairment has a direct influence on the patient’s quality of life and is
frequently associated with neurodegenerative diseases, the olfactory system and in particular the
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olfactory epithelium has not been in the focus of extensive research activities [7,8]. Even in aged
humans, the olfactory epithelium represents a neurogenic niche that replaces olfactory receptor
neurons continuously throughout life, which allows the epithelium to recover after damage [9–11].
Regulation of olfactory neurogenesis is a multifaceted chain of molecular events leading to adequate
proliferation and further differentiation of basal progenitor cells upon challenges of homeostasis during
developing neurodegenerative diseases [12,13].

Previous studies of the olfactory system in a mouse model of Niemann–Pick disease type
C1 (NPC1) reported a significant loss of olfactory receptor neurons in the olfactory epithelium as
well as massive astrogliosis and microgliosis of the olfactory bulb [14,15]. NPC1 is an autosomal
recessive lysosomal lipid storage disease with a progressive neurodegenerative and so far fatal course,
which is caused by a mutation of the NPC1 gene in 95% or of NPC2 gene in 5% of the patients.
This defect leads to a disturbed transport of different lipids from late endosomes/lysosomes to
the endoplasmic reticulum and consequently to a toxic accumulation of unesterified cholesterol,
glycolipids, glycosphingolipids (GSLs) and fatty acids [16–20]. The neuropathology is characterized
by a progressive loss of Purkinje cells in the cerebellum [21–25] and neurons in other parts of the brain,
e.g., basal ganglia, thalamus [26–28], piriform cortex, and hippocampus [27]. Further on, NPC1 is
associated with disturbance of myelin integrity [26,29–31] and an almost complete absence of myelin
in the corpus callosum [32].

Thus far, a substrate reduction therapy (SRT) with miglustat is the only already clinically
permitted treatment in Europe. This small imino sugar reversibly inhibits the glycosylceramide
synthase and reduces the accumulation of toxic metabolites like sphingomyelin, sphingosine and
other complex GSLs and delayed the onset of neurological symptoms [20,33,34]. Former studies
also proved the delay of neurological symptoms and a reduced hepatic cholesterol concentration
after treatment with cyclodextrin (2-hydroxypropyl-β-cyclodextrin, HPβCD) [34–36]. HPβCD is
a cyclic oligosaccharide that is thought to transfer cholesterol out of the lysosomes [37,38] and is,
based on this promising effect, part of a phase 2b/3 prospective, randomized trial sponsored by
Vtesse Inc. (Gaithersburg, MD, USA) [39]. A combination of SRT with a byproduct replacement
therapy (BRT) with HPβCD and allopregnanolone demonstrated a delay in the onset of clinical
symptoms, a pronounced increase of lifespan and a significant reduction of intracellular lipid
accumulation as well as a prevention of the cerebellar Purkinje cell loss [21,38,40].

Since chemosensory systems were almost spared from NPC1 related studies, we used
a 5-bromo-2′-deoxyuridine (BrdU) protocol and appropriate immunohistochemical markers,
to quantify the impact of NPC1 on the regenerative capacity, apoptotic activity and number of
mature olfactory receptor neurons of the olfactory mucosa in an NPC1 mouse model. Additionally,
we analyzed the potential of two different therapeutic approaches using the combination of SRT and
BRT with miglustat, HPβCD and allopregnanolone (COMBI) and a monotherapy with HPβCD.

2. Results

2.1. Histology of the Olfactory Mucosa

Sections were stained with hematoxylin and eosin (H&E) with an interval of 500 µm. A normal
olfactory epithelium (OE) is composed of three different layers (Figure 1). The basal layer consists
of horizontal and globose basal cells that act as stem and progenitor cells and are responsible for the
regeneration of olfactory receptor neurons (ORNs). The medial part comprises several series of ORNs
that end up in an apical dendritic knob with several cilia containing olfactory receptors, and basally in
their axons connecting to the olfactory bulb. The third cell type includes the self-renewing supporting
cells in the luminar layer of the OE.



Int. J. Mol. Sci. 2017, 18, 777 3 of 19
Int. J. Mol. Sci. 2017, 18, 777  3 of 19 

 
Figure 1. Structural overview of the OE (H&E): (A) frontal section of the nasal cavity of a NPC1+/+ 
mouse (56 days); and (B) structural composition of the olfactory mucosa including the lamina propria 
(LP) and the olfactory epithelium with basal cells (BC), olfactory receptor neurons (ORN), supporting 
cells (SC) and cilia/dendritic knobs (DK). 

Light microscopy showed distinct morphological alterations of the NPC1−/− OE (Figure 2). 
Whereas NPC1+/+ demonstrated the typical columnar arrangement of ORNs, it was hardly maintained 
in NPC1−/−. Instead, there were obvious interruptions in the continuity of ORNs and basal cells (Figure 
2B) and an apparently decreased cell density. 

Both treatment approaches showed a clear benefit for preservation of the regular morphology 
(Figure 2D,F). It was hardly possible to distinguish between treated NPC1−/− and treated or untreated 
NPC1+/+ (Figure 2C,E) when observers were blinded. 

 
Figure 2. H&E staining of the OE: (A) Untreated NPC1+/+ demonstrate a typical columnar structure 
and a large number of ORNs; (B) Untreated NPC1−/− exhibit massive morphological changes by a loss 
of regular layering and a markedly decreased cell density. COMBI-treated NPC1−/− (D); and HPβCD-
treated NPC1−/− (F) demonstrate a significant improvement of the morphology and are barely 
distinguishable from their controls. COMBI-NPC1+/+ (C); and HPβCD-NPC1+/+ (E) exhibit a normal 
profile. 

Figure 1. Structural overview of the OE (H&E): (A) frontal section of the nasal cavity of a NPC1+/+

mouse (56 days); and (B) structural composition of the olfactory mucosa including the lamina propria
(LP) and the olfactory epithelium with basal cells (BC), olfactory receptor neurons (ORN), supporting
cells (SC) and cilia/dendritic knobs (DK).

Light microscopy showed distinct morphological alterations of the NPC1−/− OE (Figure 2).
Whereas NPC1+/+ demonstrated the typical columnar arrangement of ORNs, it was hardly maintained
in NPC1−/−. Instead, there were obvious interruptions in the continuity of ORNs and basal cells
(Figure 2B) and an apparently decreased cell density.
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Figure 2. H&E staining of the OE: (A) Untreated NPC1+/+ demonstrate a typical columnar structure
and a large number of ORNs; (B) Untreated NPC1−/− exhibit massive morphological changes by
a loss of regular layering and a markedly decreased cell density. COMBI-treated NPC1−/− (D);
and HPβCD-treated NPC1−/− (F) demonstrate a significant improvement of the morphology and are
barely distinguishable from their controls. COMBI-NPC1+/+ (C); and HPβCD-NPC1+/+ (E) exhibit
a normal profile.
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Both treatment approaches showed a clear benefit for preservation of the regular morphology
(Figure 2D,F). It was hardly possible to distinguish between treated NPC1−/− and treated or untreated
NPC1+/+ (Figure 2C,E) when observers were blinded.

2.2. Quantification of BrdU(+) Proliferating Cells

BrdU(+) proliferating cells were distributed in the entire OE in the layer of basal cells, ORNs and
supporting cells (Figure 3). In NPC1+/+ animals, proliferating cells were mainly located and arranged
like a string of pearls in the basal third of the OE. Occasionally, proliferating cells also occurred in
the area of ORNs and supporting cells. In contrast, in NPC1−/− OE, BrdU(+) cells were distributed
in clusters in the basal compartment and additionally abundant in the region of supporting cells
and ORNs.
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(B,D,F) mice in all epithelial layers. 

Both treatment schedules seemed to upregulate the proliferation activity in NPC1−/−. Contrary to 
the untreated NPC1−/− mice, the cells were distributed more regularly and not that clustered. 
However, they were further located in all, basal, medial and luminal layers of the OE. There was a 
similar tendency in both treated NPC1+/+ mouse groups. Treatments seemed to increase the 
proliferation and regeneration activity of basal cells, ORNs and supporting cells indicating that both 
treatments influenced and interfered the homeostasis of the OE in healthy NPC1+/+. 

For a more detailed distinction of the proliferation activity we quantified BrdU(+) cells of all six 
groups. We defined the number of BrdU(+) cells per mm3 of untreated NPC1+/+ 100% with 17,417 ± 
1317 cells/mm3 and compared the cell densities. The proliferation in all other groups was significantly 
higher than in the control group (Figure 4). NPC1−/− mice showed a significant increase of BrdU(+) 
cells with 145% (25,180 ± 1605 cells/mm3, p = 0.021), whereas both treatment approaches resulted in 
severe proliferation enhancement with 157% more BrdU(+) cells in COMBI-treated NPC1−/− mice 
(44,693 ± 4191 cells/mm3, p = 0.021) and 305% in HPΒCD-treated NPC1−/− mice (70,558 ± 8159 cells/mm3, 

Figure 3. Immunohistochemical reaction of BrdU(+) proliferating cells. (A) Proliferating cells of
untreated NPC1+/+ mice are mainly located in the basal third of the OE (arrows); (B) In untreated
NPC1−/−, BrdU(+) cells are distributed in clusters in the basal compartment as well as in the region of
ORNs and supporting cells. The thickness of the epithelium is considerably reduced. COMBI-treated
NPC1−/− (D); and HPBCD-treated NPC1−/− (F) demonstrate an increased proliferation activity
with less clustered but more regularly distributed cells. COMBI-NPC1+/+ (C); and HPBCD-NPC1+/+

(E) exhibit a higher proliferation activity than untreated NPC1+/+ (A) as well as untreated and treated
NPC1−/− (B,D,F) mice in all epithelial layers.

Both treatment schedules seemed to upregulate the proliferation activity in NPC1−/−. Contrary to
the untreated NPC1−/−mice, the cells were distributed more regularly and not that clustered. However,
they were further located in all, basal, medial and luminal layers of the OE. There was a similar
tendency in both treated NPC1+/+ mouse groups. Treatments seemed to increase the proliferation
and regeneration activity of basal cells, ORNs and supporting cells indicating that both treatments
influenced and interfered the homeostasis of the OE in healthy NPC1+/+.
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For a more detailed distinction of the proliferation activity we quantified BrdU(+) cells of
all six groups. We defined the number of BrdU(+) cells per mm3 of untreated NPC1+/+ 100%
with 17,417 ± 1317 cells/mm3 and compared the cell densities. The proliferation in all other
groups was significantly higher than in the control group (Figure 4). NPC1−/− mice showed
a significant increase of BrdU(+) cells with 145% (25,180 ± 1605 cells/mm3, p = 0.021), whereas
both treatment approaches resulted in severe proliferation enhancement with 157% more BrdU(+) cells
in COMBI-treated NPC1−/− mice (44,693 ± 4191 cells/mm3, p = 0.021) and 305% in HPBCD-treated
NPC1−/− mice (70,558 ± 8159 cells/mm3, p = 0.021). A comparison of NPC1−/− mice showed
a significant proliferation increase in these animals after both therapy approaches. Whereas
COMBI-treated NPC1−/− mice showed a significant increase of 19,513 cells/mm3 (~77.5%, p = 0.021)
of newly formed cells, the monotherapy resulted in a further enhancement of 45,378 cells/mm3

(~180%) when compared with untreated NPC1−/− mice (p = 0.021). Surprisingly, the proliferation
increase was not only restricted to NPC1−/− mice, but occurred also in treated NCP1+/+ groups.
We detected an almost fourfold therapy-induced proliferation increase with 390% in COMBI-treated
NPC1+/+ mice (67,972 ± 7694 cells/mm3, p = 0.021) and 436% in HPBCD-treated NPC1+/+ mice
(75,871 ± 1865 cells/mm3, p = 0.021). The monotherapy with HPβCD induced approximately 58%
more proliferating cells than combination therapy in NPC1−/− mice (p = 0.021). Treated NPC1+/+ mice
showed a similar tendency, but without any statistical significance.
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mice show a remarkable increase of newly formed cells in all groups compared to untreated NPC1+/+.
Both treatments result in a particularly clear enhancement of proliferation in NPC1−/− but also in
NPC1+/+. The monotherapy reveals a higher proliferation rate than the COMBI-treatment in NPC1+/+

and NPC1−/− mice. All data represent the mean ± SEM. p < 0.05 was considered significant (* p < 0.05).
For p-values see text.

2.3. Quantification of OMP(+) Mature ORNs

Olfactory marker protein (OMP) is a marker for mature olfactory receptor neurons (ORNs) and
possibly involved in the olfactory signal transduction pathway [41,42]. The olfactory epithelium
of NPC1+/+ mice showed a dense layer of highly organized OMP(+) mature ORNs, which were
clearly distinguishable from supporting and basal cells (Figure 5A). In contrast to the anti-BrdU
labeling, treatments of NPC1+/+ mice did not result in immunohistochemical differences of OMP(+)
pattern (Figure 5C,E). In contrast, NPC1−/− mice displayed a considerable reduction of mature ORNs
(Figure 5B). The few remaining mature ORNs were mainly located in the upper third of the OE,
which appeared clearly thinner. The typical columnar arrangement was replaced by irregular cell
arrangement and large gap-like spaces. Both treatments showed a notable benefit for the morphology
in NPC1−/−. The OE revealed a pronounced layer of either preserved and/or already replaced mature
ORNs. In contrast to NPC1+/+, the basal layer cannot be clearly distinguished and the ORNs seemed to
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be less organized (Figure 5D,F). Light microscopy did not allow distinguishing between the beneficial
effect on the recovery and preservation of either therapy approach.Int. J. Mol. Sci. 2017, 18, 777  6 of 19 
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reactivity of: OMP(+) ORNS in COMBI-NPC1+/+ (C); and HPΒCD-NPC1+/+ (E) do not show any 
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NPC1+/+ mice, the quantity of mature ORNs in untreated NPC1−/− mice was significantly reduced to 
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cells/mm3 (~105%, p = 0.006) and HPΒCD-treated NPC1−/− 238,139 cells/mm3 (~69%, p = 0.014) more 
OMP(+) cells than untreated NPC1−/−, indicating that the combination therapy had a bigger impact on 
the preservation of mature ORNs. However, the differences between both treatment approaches were 
not statistically significant. 

2.4. Quantification of Cas-3(+) Apoptotic Cells 

Cas-3(+) apoptotic cells of untreated NPC1+/+ mice were found in ORN and basal cell layers but 
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cells. The monotherapy with HPβCD in NPC1−/− mice seems to lead to a higher apoptotic level than 
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Figure 5. Immunohistochemical reaction of OMP(+) mature ORNs. (A) Untreated NPC1+/+

show a thick layer of highly organized mature ORNs; (B) Untreated NPC1−/− exhibit only a few
remaining disarranged mature ORNs in the upper third of the OE. COMBI-treated NPC1−/− (D);
and HPBCD-treated NPC1−/− (F) demonstrate a pronounced layer of preserved or already replaced
mature ORNs. Nevertheless, the basal layer cannot be clearly differentiated and cells seem to be less
organized. The reactivity of: OMP(+) ORNS in COMBI-NPC1+/+ (C); and HPBCD-NPC1+/+ (E) do not
show any alterations in comparison to untreated NPC1+/+ (A). In (A), the OE is demarcated by dotted
lines from the lamina propria (LP). ON, olfactory nerve bundles in the LP.

Furthermore, we quantified the OMP(+) mature ORNs and estimated the cell density within the
OE (Figure 6). Based on the OMP(+) cell density of 100% (836,392 ± 63,784 cells/mm3) in untreated
NPC1+/+ mice, the quantity of mature ORNs in untreated NPC1−/− mice was significantly reduced
to 41% (346,129 ± 37,812 cells/mm3, p = 0.009). Both treatment schedules resulted in a distinct
increase of OMP(+) cells with 85% in COMBI-treated NPC1−/− mice (709,729 ± 69,558 cells/mm3,
p = 0.100) and 70% in HPBCD-treated NPC1−/− mice (594,852 ± 43,952 cells/mm3, p = 0.014), but did
not completely compensate for the neuronal loss at the NPC1+/+ level. COMBI-treated NPC1−/−

showed 363,600 cells/mm3 (~105%, p = 0.006) and HPBCD-treated NPC1−/− 238,139 cells/mm3

(~69%, p = 0.014) more OMP(+) cells than untreated NPC1−/−, indicating that the combination therapy
had a bigger impact on the preservation of mature ORNs. However, the differences between both
treatment approaches were not statistically significant.
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effect on the number of mature ORNs in NPC1+/+. All data represent the mean ± SEM. p < 0.05 was 
considered significant (* p < 0.05, ** p < 0.01). For p-values, see text. 
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Figure 6. Analysis of mature OMP(+) ORNs of untreated, COMBI- and HPBCD-treated NPC1+/+

and NPC1−/− mice. Compared to the untreated controls, untreated NPC1−/− mice show
a significant reduction of mature ORNs that can be partly compensated by both therapies. However,
COMBI-NPC1−/− benefit more than their HPBCD-treated conspecifics. In contrast, both treatments
have no effect on the number of mature ORNs in NPC1+/+. All data represent the mean± SEM. p < 0.05
was considered significant (* p < 0.05, ** p < 0.01). For p-values, see text.

2.4. Quantification of Cas-3(+) Apoptotic Cells

Cas-3(+) apoptotic cells of untreated NPC1+/+ mice were found in ORN and basal cell layers but
not in the layer of supporting cells (Figure 7A). On the contrary, NPC1−/− animals demonstrated a clear
increase of apoptotic cells, which occurred in regular intervals, frequently in clusters in the layer of
ORNs as well as basal cells (Figure 7B). Cas-3(+) cells were not detected in the layer of supporting cells.
The monotherapy with HPβCD in NPC1−/− mice seems to lead to a higher apoptotic level than the
combination therapy. A similar tendency could be observed in treated NPC1+/+ mice. COMBI-treated
NPC1+/+ mice did not differ from untreated NPC1+/+ animals. However, HPBCD-treated NPC1+/+

presented widely spaced but regularly cas-3(+) cells.
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Figure 7. Immunohistochemical reaction of cas-3(+) apoptotic cells. Untreated NPC1+/+ (A) show
occasionally apoptotic cells (arrow), whereas untreated NPC1−/− (B) demonstrate a clear increase of
frequently clustered cas-3(+) cells in the area of basal cells and ORNs. In comparison to the untreated
NPC1−/− (B); COMBI-treated NPC1−/− (D); and HPBCD-treated NPC1−/− (F) exhibit a reduction of
apoptosis. Light microscopic evaluation do not show any noticeable alterations in: COMBI-NPC1+/+
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For a clear identification of relative cell density differences, we quantified cas-3(+) in all groups
(Figure 8). Based on a cell density of approximately 4000 apoptotic cells/mm3 in NPC1+/+ mice,
we detected an almost 2.5-fold significant increase of cas-3(+) cells in untreated NPC1−/− mice
(9879 ± 1373 cells/mm3, p = 0.014). In addition, after both treatment approaches, NPC1−/−

animals still showed higher apoptotic cell numbers than their controls with an increase of 37% in
COMBI-treated NPC1−/− (5471 ± 397 cells/mm3, p = 0.142) and 75% in HPBCD-treated NPC1−/−

(7016 ± 591 cells/mm3, p = 0.019).

Int. J. Mol. Sci. 2017, 18, 777  8 of 19 

For a clear identification of relative cell density differences, we quantified cas-3(+) in all groups 
(Figure 8). Based on a cell density of approximately 4000 apoptotic cells/mm3 in NPC1+/+ mice, we 
detected an almost 2.5-fold significant increase of cas-3(+) cells in untreated NPC1−/− mice (9879 ± 1373 
cells/mm3, p = 0.014). In addition, after both treatment approaches, NPC1−/− animals still showed 
higher apoptotic cell numbers than their controls with an increase of 37% in COMBI-treated NPC1−/− 
(5471 ± 397 cells/mm3, p = 0.142) and 75% in HPΒCD-treated NPC1−/− (7016 ± 591 cells/mm3, p = 0.019). 

 
Figure 8. Analysis of cas-3(+) apoptotic cells of untreated, COMBI- and HPΒCD-treated NPC1+/+ and 
NPC1−/− mice. Compared to the untreated controls, untreated NPC1−/− mice show a significant increase 
of apoptosis. Both therapies compensate this effect up to a certain extend but cannot normalize it to 
the NPC1+/+ level. The cas-3 rates of COMBI- and HPΒCD-treated NPC1+/+ do not significantly differ 
from untreated NPC1+/+. However, HPΒCD-treated NPC1+/+ and NPC1−/− reveal a higher apoptosis 
activity than their COMBI-treated conspecifics. All data represent the mean ± SEM. p < 0.05 was 
considered significant (* p < 0.05, ** p < 0.01). For p-values see text. 

However, both therapies reduced apoptotic cell death in NPC1−/− significantly when compared 
with untreated NPC1−/−, as the number of apoptotic cells decreased by 4408 cells/mm3 (~55%) in 
COMBI-treated NPC1−/− (p = 0.009) and by 2863 cells/mm3 (~71%) in HPΒCD-treated NPC1−/− (p = 
0.045). In contrast, both treatments had no significant effect on apoptotic activity in NPC1+/+ mice with 
83% (3327 ± 387 cells/mm3, p = 0.773) in COMBI-treated NPC1+/+ and 108% (4316 ± 215 cells/mm3, p = 
0.327) in HPΒCD-treated NPC1+/+. Although we did not observe a significant difference between both 
treatment approaches in NPC1−/−, there was a significant increase of 989 cells/mm3 (~29%) of apoptotic 
cells in HPΒCD-treated NPC1+/+ when compared with COMBI-treated NPC1+/+ mice (p = 0.050) (Table 
1). 

Table 1. Summary of the mean values ± SEM in cells/mm3 of the cell densities of proliferating BrdU(+) 
cells, mature OMP(+) ORNs and apoptotic cas-3(+) for the six different treatment groups show distinct 
alterations depending on genotype and treatment option. 

Treatment Group BrdU
(Cells/mm3 ± SEM) 

OMP
(Cells/mm3 ± SEM) 

Cas-3  
(Cells/mm3 ± SEM) 

untreated NPC1+/+ 17,417 ± 1317 836,392 ± 63,784 3999 ± 596 
untreated NPC1−/− 25,180 ± 1605 346,129 ± 37,812 9879 ± 1373 
COMBI NPC1+/+ 67,972 ± 7694 844,819 ± 65,313 3327 ± 387 
COMBI NPC1−/− 44,693 ± 4191 709,729 ± 69,558 5471 ± 397 
HPΒCD NPC1+/+ 75,871 ± 1865 797,470 ± 32,568 4316 ± 215 
HPΒCD NPC1−/− 70,558 ± 8159 584,268 ± 21,134 7016 ± 591 

  

Figure 8. Analysis of cas-3(+) apoptotic cells of untreated, COMBI- and HPBCD-treated NPC1+/+ and
NPC1−/− mice. Compared to the untreated controls, untreated NPC1−/− mice show a significant
increase of apoptosis. Both therapies compensate this effect up to a certain extend but cannot normalize
it to the NPC1+/+ level. The cas-3 rates of COMBI- and HPBCD-treated NPC1+/+ do not significantly
differ from untreated NPC1+/+. However, HPBCD-treated NPC1+/+ and NPC1−/− reveal a higher
apoptosis activity than their COMBI-treated conspecifics. All data represent the mean ± SEM. p < 0.05
was considered significant (* p < 0.05, ** p < 0.01). For p-values see text.

However, both therapies reduced apoptotic cell death in NPC1−/− significantly when compared
with untreated NPC1−/−, as the number of apoptotic cells decreased by 4408 cells/mm3 (~55%) in
COMBI-treated NPC1−/− (p = 0.009) and by 2863 cells/mm3 (~71%) in HPBCD-treated NPC1−/−

(p = 0.045). In contrast, both treatments had no significant effect on apoptotic activity in
NPC1+/+ mice with 83% (3327 ± 387 cells/mm3, p = 0.773) in COMBI-treated NPC1+/+ and 108%
(4316 ± 215 cells/mm3, p = 0.327) in HPBCD-treated NPC1+/+. Although we did not observe
a significant difference between both treatment approaches in NPC1−/−, there was a significant
increase of 989 cells/mm3 (~29%) of apoptotic cells in HPBCD-treated NPC1+/+ when compared with
COMBI-treated NPC1+/+ mice (p = 0.050) (Table 1).

Table 1. Summary of the mean values± SEM in cells/mm3 of the cell densities of proliferating BrdU(+)
cells, mature OMP(+) ORNs and apoptotic cas-3(+) for the six different treatment groups show distinct
alterations depending on genotype and treatment option.

Treatment Group BrdU
(Cells/mm3 ± SEM)

OMP
(Cells/mm3 ± SEM)

Cas-3
(Cells/mm3 ± SEM)

untreated NPC1+/+ 17,417 ± 1317 836,392 ± 63,784 3999 ± 596
untreated NPC1−/− 25,180 ± 1605 346,129 ± 37,812 9879 ± 1373

COMBI NPC1+/+ 67,972 ± 7694 844,819 ± 65,313 3327 ± 387
COMBI NPC1−/− 44,693 ± 4191 709,729 ± 69,558 5471 ± 397
HPBCD NPC1+/+ 75,871 ± 1865 797,470 ± 32,568 4316 ± 215

HPBCD NPC1−/− 70,558 ± 8159 584,268 ± 21,134 7016 ± 591



Int. J. Mol. Sci. 2017, 18, 777 9 of 19

2.5. Cathepsin D

Cathepsin D (cathD), a marker for lysosomal activity, was strongly expressed in macrophage-like
cells within the OE of untreated NPC1−/− animals (Figure 9). In contrast, cathD immunoreactivity was
almost absent in both, untreated and treated NPC1+/+ animals. Both treatments resulted in a reduction
of cathD immunoreactivity in NPC1−/−. CathD(+) cells still occurred in regular intervals, but less
frequently and in reduced size. A difference between the cathD immunoreactivities was not apparent
in the treatment groups.
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Figure 9. Immunohistochemical reaction of the olfactory mucosa revealed that cathD was negligible
in untreated NPC1+/+ (A); COMBI-NPC1+/+ (C); and HPBCD-NPC1+/+ (E). In contrast, untreated
NPC1−/− (B) exhibited a clear immunoreactivity of cathD within large inclusions in regularly
distributed cells, mainly located in the basal layer (arrows). In COMBI-treated NPC1−/− (D);
and HPBCD-treated NPC1−/− (F), cathD(+) cells still occurred in regular intervals, but less frequently
and in reduced size (arrows). There were no obvious differences between both therapies.

3. Discussion

Even though olfactory impairment is a known symptom and appears early in the course of
neurodegenerative diseases like Alzheimer’s disease [43–45] or Parkinson’s disease [46,47], less is
reported about the impact of neurodegeneration and regeneration on the olfactory epithelium.
Adult neurogenesis occurs only in distinct regions of the mammalian organism, including the
peripheral and central olfactory system, and consequently a steady turnover of neuroepithelial cells in
the OE is maintained [48]. In this study, we analyzed the regenerative capacity of the OE in an NPC1−/−
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mouse model and the impact of two different therapy approaches with a combination of miglustat,
2-hydroxypropyl-β-cyclodextrin (HPβCD) and allopregnanolone (COMBI) as well as a monotherapy
with HPβCD. Therefore, we determined the number of BrdU(+) proliferating cells, OMP(+) mature
ORNs, cas-3(+) apoptotic cells and, and assessed additionally, the occurrence of lysosomal activity
with cathD in the different groups.

For the first time, we revealed the extent of neurodegeneration in the OE of NPC1−/− in detail
and demonstrated that the number of mature ORNs in eight-week-old NPC1−/− mice was more
than halved, whereas the caspase-dependent apoptotic activity has increased by more than 2.5 times.
Despite an increased proliferation, the neuronal loss could not be fully compensated. Light microscopic
evaluation of BrdU(+) cells revealed that the newly formed cells are distributed in the entire OE in
the layers of basal cells, ORNs and supporting cells, indicating that the mitotically active basal cells
already differentiated into ORNs and that proliferation also affected the self-renewing supporting cells.
Furthermore, we detected a distinct enhancement of the lysosomal activity with cathD.

Additionally, we presented the beneficial effect of two symptomatic therapies on the pathology in
the OE by a significantly increased proliferation activity and a clearly visible delay of morphologic
degeneration. However, therapeutic effects are limited and the pathologic picture could not
be normalized.

Surprisingly, both therapies resulted in a significant increase of the proliferation in NPC1+/+

animals. This effect was not reflected by quantitative alterations of the mature ORNs and could not
be adequately explained by accompanying apoptotic processes. Although both treatment schedules
worked with HPβCD, we detected significant differences between both therapies.

3.1. Olfactory Epithelium in NPC1+/+ Control Animals

Our results demonstrate the homeostasis of proliferation and apoptosis in the normal OE,
in which mature ORNs represent a majority of the cells. CathD was negligible in both treated and
untreated NPC1+/+.

Thus far, no data were available on the total number of ORNs in mice. For the first time,
Kawagishi et al. (2014) published a quantification method for ORNs in a C57BL/6J mice model and
estimated a total number of OMP(+) receptor neurons in the unilateral main olfactory epithelium
with 5,140,000 ± 380,000 in males and 5,210,000 ± 380,000 in females with no significant differences
between the sexes [49]. We adapted this method for the quantification of OMP(+) receptor neurons
and cas-3(+) apoptotic cells in the unilateral OE of NPC1 and analyzed the impact of the disease and
both treatment approaches on these cells. We estimated the mean value of the total number of OMP(+)
ORNs in the unilateral OE without the OB of healthy NPC1+/+ mice 4,676,983 ± 184,344. These data
indicate that both quantifications are comparable.

3.2. Morphological Alterations in NPC1−/− Animals

We showed that, in the OE of week-week-old NPC1−/− mice, the number of BrdU(+) cells was
significantly increased, probably as a result of compensation of the severe loss of mature ORNs. While
NPC1−/− mice need to replace numerous dying neurons, there is less turnover in NPC1+/+ animals
that has to be compensated. Our results reflect the constant ability of recovering processes after
neuronal loss to maintain the integrity of olfactory processes [13].

Our previous findings showed a considerable reduction of axonal inputs of the ORNs (OMP(+)
cells towards the olfactory bulb in eight-week-old NPC1−/− mice [14]. The present data demonstrate
in detail the extensive loss of mature ORNs. We detected a significant reduction of mature ORNs up
to 41% indicating that the majority of the cell deficit affects these cells. Seo et al. (2014) confirmed
these results and additionally found that the immature neuronal pool (GAP43(+) cells) was reduced
in NPC1−/− OE [15]. Supplementary, we detected a 2.5-fold significant increase of apoptotic cells
proving the enormous neuronal loss in NPC1−/−. The increased immunohistochemical reactivity for
cathD in NPC1−/− mice confirms own previous studies on the involvement of lysosomal activity and
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the presence of galectin-3, a carbohydrate-binding protein that is released mainly by macrophages in
the OE [14,50]. Increased levels of cathD are associated with neurodegeneration like in Alzheimer’s
and Gaucher’s disease or LSDs and partially appear before the onset of major pathology [51–54].
Similar effects have also been described in NPC1 for brainstem, cerebellum, hippocampus and
liver [18,50,55].

3.3. Combination Treatment of NPC1−/− Mice Shows Beneficial Effects

NPC1 disease proceeds lethally and only symptomatic therapies are available. Earlier studies in
the same murine model demonstrated a synergistic effect of the combination of miglustat, HPβCD and
allopregnanolone, resulting in a significant reduction of GSL accumulation, a delay in onset of clinical
signs, 30% increase of lifespan, rescue of cerebellar Purkinje cells, motor behavioral improvement and
regression of corneal inclusions [21,34,56,57].

Our results confirm the beneficial effect on normalized motor behavior and prevention of weight
loss. With regard to cell and tissue dynamics, our data revealed that the number of proliferating cells
significantly increases. Furthermore, after seven weeks of treatment, the number of mature ORNs
did not diminish in the same degree, and apoptotic processes were distinctly reduced to 55% when
compared to untreated NPC1−/−. Accordingly, we observed a reduced immunoreactivity of cathD
compared with untreated NPC1−/−, however, accompanied with an immunoreactivity still more
extensive than in NPC1+/+ mice indicating ongoing neurodegenerative processes.

3.4. Monotherapy with HPβCD

Previously only used as a vehicle for allopregnanolone, monotherapy with HPβCD had distinct
effects. For example, Tanaka et al. (2015) showed that weekly subcutaneous injections of up
to 4000 mg/kg HPβCD improved the lifespan and significantly attenuated symptoms and liver
cholesterol sequestration of NPC1−/− mice. Additionally, they observed a benefit after treatment with
2500 mg/kg HPβCD twice a week in a patient with NPC [58]. Maarup et al. (2015) demonstrated
a stabilization of a patient’s pathological state after 1.5 years of treatment with 200 mg intrathecally
administered HPβCD [59]. Matsuo et al. (2013) also proved a benefit of HPβCD during the
first six months after a gradually increasing treatment of 80 mg/kg to 2.5 g/kg in two patients.
Even though they did not recognize any alterations of the neurological deficits, the treatment reduced
the hepatosplenomegaly and central nervous dysfunction [60]. However, a major side effect of HPβCD
is hearing loss [61–63]. Other possible cytotoxic effects of HPβCD at a relatively high dose cannot
be ruled out, but Tanaka et al. (2015) [58] showed that comparisons between different HPβCD
concentrations applied in NPC1−/− mice did not indicate differences in putative toxicity (in a range
between 1000 and 4000 mg/kg, applied subcutaneously); highest survival rates were achieved with
a dose of 4000 mg/kg in mice, but the limitations of this and other cyclodextrin studies are the lack
of other frequencies of administration [58]. In a recent study, Megias-Vericat et al. (2017) compiled
adverse effects of HPβCD in 17 patients, 11 of which were related to the drug [64], however, attested
a low toxic potential.

Our results show a beneficial effect with a significant increase of proliferation by 180% and mature
ORNs rate by 69% as well as an up to 71% significantly reduced apoptotic activity when compared
to the initial values of untreated NPC1−/− mice. Similar results were found in the olfactory bulb of
cyclosporin A treated NPC1−/− mice [15]. Seo et al. (2014) detected 66% more DCX(+) cells, a neural
precursor marker, in the glomerular layer and a 1.5-fold increase of BrdU labeled cells in the granule
cell layer derived from the subventricular zone [15]. Similar to the COMBI-treated NPC1−/− mice,
treatment with HPβCD reduced the cathD reactivity but did not normalize it to the NPC1+/+ level.
Cluzeau et al. [50] also investigated the impact of HPβCD and miglustat on cathD mRNA expression
in NPC1−/− liver and showed a normalization of cathD to the NPC1+/+ level after daily HPβCD
treatment, whereas miglustat had only a moderate effect.
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3.5. Limitations of Symptomatic Treatments

However, both treatment schedules showed limited benefit and did not completely prevent the
neuronal loss in NPC1−/−. The usage of only one concentration of HPβCD may render it difficult to
decide if certain effects on cellular homeostasis were caused by too high dosage or an optimal dose of
HPβCD and/or miglustat.

Further on and despite an additional increase of proliferating cells of 78% in COMBI-treated
NPC1−/− and even 180% in HPBCD-treated NPC1−/− animals, compared to the untreated NPC1−/−,
the number of mature ORNs is partly significantly reduced. Possibly, despite the increased proliferation
there are still not enough newly formed cells that can compensate the loss of neurons. More probably,
these cells failed to differentiate into mature ORNs, remained in any other stage of differentiation or
even died [65]. Hinds et al. [66] examined the turnover of ORNs and suggested that most or all newly
formed cells that fail to establish synapses with the olfactory bulb die. Our results of the apoptosis
analyses confirm a still increased number of dying cells indicating that the apoptotic activity cannot
be reduced to wildtype level despite the therapy. These newly formed cells can potentially influence
the rate of non-neuronal cell lines like supporting cells or cells of different maturity level that are not
detected with our immunohistochemical markers. Furthermore, the increased expression of cathD
in NPC1−/− could not be normalized after both treatment approaches. Our results demonstrated
a reduction of cathD in NPC1−/− OE after both treatments without any obvious differences. Possibly,
the benefit is mainly due to HPβCD, but further investigations are needed.

3.6. Therapy-Induced Changes in NPC1+/+ Mice

Surprisingly, the therapeutic effects are not restricted to NPC1−/− mice but are also found in
NPC1+/+ littermates. The proliferation in both treated NPC1+/+ groups is massively increased, but we
could not record any corresponding increase of mature ORNs numbers. Both treatment approaches
probably maximize the proliferation ability resulting in an up to more than fourfold increase of BrdU(+)
cells. Possibly, wildtype mice have a less limited precursor cell reserve than NPC1−/− mice, which may
explain the differences between the genotypes. However, we could not detect alterations in apoptosis
in NPC1+/+ after treatment. It might be that we did not detect the whole extent of apoptosis because of
the very short caspase-dependent apoptotic processes during cell cycles. Moreover, we cannot exclude
alterations in alternative mechanisms of cell death like necrosis or autophagy [67]. Finally, the fate
of these newly formed cells is still unclear. However, miglustat and COMBI treatment of NPC1+/+

mice lead to decreased body weights, brain size and partly impaired performance in behavioral tests,
possibly due to decrease of cholesterol and other lipids below normal level, interfering with normal
cellular or membrane functions [68]. This would be in line with the observation that one of the major
side effects of HPβCD administration resulted in ototoxicity, presumably by membrane dysfunction of
the sensitive hair cells [62,69]. Considering olfactory homeostasis, further investigations on differential
transcription factor expression that regulates OE neurogenesis [13] are necessary.

3.7. Differences between the Therapeutic Effects

The proliferation rate in HPBCD-treated NPC1−/− mice is significantly higher than in
COMBI- treated NPC1−/− mice, although both treatment approaches used HPβCD. It has been
shown that ß-cyclodextrin triggers the activity of caspase-3 and caspase-7 of keratinocytes in vitro,
and significantly increases LDH rates in concentrations of 0.5% (w/v) and higher, whereas
concentrations up to 0.1% (w/v) do not show any antiproliferative influence on HaCaT keratinocytes
rather than sometimes even proliferative effects [70]. These findings allow the assumption that
the HPβCD monotherapy of NPC1−/− mice led to a compensatory cell proliferation by triggering
apoptosis of ORNs. Yokoo et al. [71] also investigated the impact of HPβCD on leukemic cell lines
and even attempted to use the potentially apoptosis inducing effect. They demonstrated that HPβCD
had anticancer effects by inhibiting leukemic cell growth and inducing apoptosis. Although our
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results show a 28% higher casp3 activity in HPBCD-treated NPC1−/− than the COMBI-treated
NPC1−/− mice, there is no statistical significance probably because of a too small number of samples.
However, HPBCD-treated NPC1−/− have a proliferation rate similar to the treated NPC1+/+ controls,
whereas COMBI-treated NPC1−/− generate significantly less new cells. Pharmacologic interactions
between these substances are not yet completely understood. It is possible that miglustat has
an inhibitory or antagonistic effect in combination with HPβCD and allopregnanolone. In contrast
to our results, Wang et al. [72] examined the therapeutic potential of allopregnanolone in rats and
revealed a significantly increased neuroprogenitor cell and human neural stem cell proliferation.
Zampieri et al. [73] described that allopregnanolone may protect cells from oxidative damage and
from peroxide-induced apoptosis. Because oxidative stress triggers apoptosis, this effect could explain
the lower proliferation rate in our COMBI- treated mice.

However, in terms of proliferation and mature ORN numbers we could not detect a difference
between both therapies in NPC1+/+ mice. In contrast to the treated NPC1−/−, we observed
a significant increase of almost 30% of apoptotic cells in HPBCD-treated NPC1+/+ when compared
with COMBI-treated NPC1+/+ animals, which supports the assumption that HPβCD may trigger
apoptosis. It is likely that untreated NPC1+/+ mice already formed a maximum of mature ORNs.
Consequently, even the increased proliferation cannot increase the number of OMP(+) cells in both
treatment approaches. However, further investigations are necessary to clarify the fate of these
numerous newly formed cells.

4. Methods

4.1. Animals

Heterozygous breeding pairs of NPC1 mice (BALB/cNctr-Npc1m1N/-J) were obtained from
Jackson Laboratories (Bar Harbor, ME, USA) for generating homozygous NPC1−/− mutants and
NPC1+/+ control wild type mice. Mice were maintained under standard conditions with free access to
food and water with a 12 h day/night cycle, a temperature of 22 ◦C and a relative humidity of 60%.
Genotypes were determined until postnatal day P7 by PCR analysis. Eighteen NPC1 mutants and
eighteen wild type controls of both sexes, aged up to eight weeks, were used for different therapeutic
treatment schedules.

All animal procedures were approved by the Committee on the Ethics of Animal Experiments of
the University of Rostock (approval ID: 7221.3-1.1-030/12, 14 June 2012).

4.2. Genotyping

For genotyping by PCR analysis, 1–2 mm of the tails were clipped at postnatal day P6 and
homogenized in DirectPCR-Tail and 1% proteinase K (Peqlab, Erlangen, Germany) at 55 ◦C with
750 rpm for 16 h overnight on a Thermo Mixer (Eppendorf, Hamburg, Germany). Extracts
were centrifuged for 30 s with 6000 rpm and PCR analysis was performed twice with 2 µL
of the lysate and two different primer pairs under equal cycling conditions. For detecting the
mutant allele (obtained fragment size 475 bp) primers 5′-GGTGCTGGACAGCCAAGTA-3′ and
5′-TGAGCCCAAGCATAACTT-3′ and for the wild type allele (obtained fragment size 173 bp)
5′-TCTCACAGCCACAAGCTTCC-3′ and 5′-CTGTAGCTCATCTGCCATCG-3′ were used.

4.3. Pharmacologic Treatment

We used two different therapeutic schedules for the NPC1−/− mutants and their NPC1+/+ controls.
The first one was a combination treatment (COMBI) of synergistically working drugs utilizing HPβCD,
allopregnanolone and miglustat, starting at postnatal day P7 with an injection of allopregnanolone
(Pregnan-3α-ol-20-one; 25 mg/kg; Sigma Aldrich, St. Louis, MO, USA) dissolved in cyclodextrin
(2-hydroxypropyl-β-cyclodextrin; 4000 mg/kg, i.p.; Sigma Aldrich, in Ringer’s solution) once a week,
as described by [34]. Additionally, 300 mg/kg miglustat (N-butyl-deoxynojirimycin; generous gift
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of Actelion Pharmaceuticals, Allschwil, Schwitzerland) dissolved in normal saline solution was
intraperitoneally injected daily from P10 to P22. Afterwards, miglustat powder was administered
mixed with food (summarized in Figure 10). For the second treatment schedule, allopregnanolone
and miglustat were omitted and only HPβCD was injected weekly. Controls included treated and
untreated NPC1+/+ animals as well as untreated NPC1−/− mutants.Int. J. Mol. Sci. 2017, 18, 777  14 of 19 
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4.4. BrdU Injections

BrdU (5-bromo-2′-deoxyuridine) is a thymidine analogue, which is incorporated in DNA during
the S-phase of DNA synthesis. Consequently, it is a reliable marker for the quantification of the
proliferative potential of tissues [74,75]. To label proliferating cells, all mice were intraperitoneally
injected with BrdU (solubilized in normal saline, 50 mg/kg, Sigma, St. Louis, MO, USA) twice a day
from P40 to P46. Additionally a final single dose was given 1 h before perfusion at P55–P56 for labeling
the dividing cells of the olfactory epithelium.

4.5. Sample Preparation

Mice were deeply anesthetized with a mixture of 50 mg/kg ketamine hydrochloride
(Bela-Pharm GmbH & Co KG, Vechta, Germany) and 2 mg/kg body weight of xylazine hydrochloride
(Rompun; Bayer HealthCare, Leverkusen, Germany) and then intracardially perfused with normal
saline solution, followed by 4% paraformaldehyde (PFA) in 0.1 M PBS. Mice were then decapitated,
skinned, spare tissue was removed and the remaining skull including the nasal turbinates and the
whole brain were post-fixed in 4% PFA for 24 h at 4 ◦C. Subsequently, heads were decalcified in 10%
EDTA for 5–6 days at 37 ◦C, dehydrated and embedded in paraffin. The heads were serially cut in
10 µm in frontal direction from the tip of the nose to the anterior olfactory bulb and collected.

4.6. Immunohistochemistry

For the quantification of proliferating cells every 10th section (spaced 100 µm apart) was subjected
to anti-BrdU immunohistochemistry (Abd Serotec, Puchheim, Germany). Sections were deparaffinized,
rehydrated and pretreated with microwaves in 0.1 M citrate buffer (5 min, 680 W) followed by
incubation with 3% H2O2 in PBS to block endogenous peroxidases for 30 min, and 5% normal
goat serum (NGS) in PBS for 45 min to block nonspecific binding sites. Subsequently, sections
were exposed to the primary antibody against BrdU (1:2000) in 3% NGS/PBS overnight at 4 ◦C.
One section of each slide was used for negative control. After washing in PBS, the sections were
sequentially incubated for 1 h with the secondary anti-rat IgG (1:200; Vector, Burlingame, CA, USA),
the streptavidin-biotin-complex (ABC) reagent for 1 h (Vectastain-Elite; Vector, Burlingame, CA, USA)
and finally visualized with H2O2—activated 3,-3,-diaminobenzidine (DAB, Sigma, Munich, Germany).
Sections were dehydrated, mounted with DePeX and coverslipped.

For the quantification of mature ORNs adjacent sections were incubated similarly with antiserum
against olfactory marker protein (OMP, Cat No. O7889, Sigma, St. Louis, MO, USA), and an additional
series was incubated with anti-cleaved caspase-3 (cas-3, clone Asp175, Cat No. 9661, Cell Signaling
Technology, Danvers, MA, USA) as well as anti-cathepsin D (Cat No. PU205-UP, BioGenex Laboratories,
San Ramon, CA, USA). Pretreatment was carried out with microwaves in 0.1 M citrate buffer
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(5 min 850 W and 5 min 340 W). After blocking procedures, sections were exposed either to rabbit
anti-OMP (1:6000 in blocking solution), or anti-caspase-3 (1:500) or anti-cathepsin D (1:6000) overnight
at 4 ◦C and subsequently developed as described above. For controls, primary antisera were omitted.
In negative controls no reactivity was observed.

4.7. Stereology and Statistic Evaluation

For the quantification of BrdU- positive cells of the OE, 32–40 complete sections of each mouse in
units of averaged 5000 µm length were counted, using an unbiased stereological method, the optical
fractionator. For each group and each genotype 4 animals were counted using a computer-aided
microscope (Olympus BX-51, Hamburg, Germany) and a stereology software (Stereo Investigator v7.5,
MBF Bioscience, Williston, ND, USA). The whole OE was first outlined using a 2× or 4× objective
lens. Counting was realized at 40×magnification. The cell density of proliferating cells per mm3 of
OE was averaged and the six different groups (summarized in Table 1) were compared. Therefore, the
untreated mutants and untreated NPC1+/+ mice served as a reference for both COMBI-treated and
HPBCD-treated mice.

The cell densities of OMP(+) mature ORNs and apoptotic cas-3(+) cells were estimated as
described before [49]. Briefly, the unilateral OE of the 4–5 sections with an interval of 1000 µm
were traced using a lower magnification (4×) and labeled cells were counted with the 40× objective
lens. For each group and genotype, 4–6 mice were analyzed.

Results are expressed as mean values ± SEM. Statistical evaluation was done with
a Mann–Whitney U-test by SPSS (v.15.0.1, Chicago, IL, USA) using genotype and treatment group as
independent variables. p < 0.05 was considered significant.

5. Conclusions

In summary, the olfactory neuroepithelium in NPC1−/−mice reacts significantly with proliferation
and almost complete reconstitution of its functional integrity after continuous COMBI treatment as well
as after a monotherapy with HPβCD. First behavioral tests indicate concomitant functional olfactory
acuity after respective therapies. Due to the constant and lifelong recovery of ORNs, olfactory testing
may be a useful approach to monitor therapeutic management of NPC1 in humans. To underline the
potential of olfactory acuity as a biomarker, we are currently performing behavioral sniffing tests in
NPC1−/− mice.
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