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Abstract 

    The Npc1nih (Npc1 -/-) null model and the Npc1nmf164 hypomorph models of Niemann-Pick 

C1 (Npc1) disease show defects in olfaction.  We have tested the effects of the life-

prolonging treatment hydroxypropyl-beta-cyclodextrin (HPBCD) on olfaction and neural 

stem cell numbers when delivered either systemically or by nasal inhalation.  Using the 

paradigm of finding a hidden cube of food after overnight food deprivation, Npc1nih 

homozygous mice showed a highly significant delay in finding the  food compared to wild 

type mice.  Npc1nmf164 homozygous mice showed an early loss of olfaction which was 

partially corrected by somatic delivery of HPBCD.  In contrast, nasal delivery of this drug at 

1/5 the dosage used for somatic delivery delayed loss of olfaction but the control of nasal 

delivered saline did so as well.  The nasal HPBCD treated wild-type mice also lost olfaction 

while neural stem cell counts by BrdU incorporation showed a decrease in number in 

Npc1nmf164 homozygous mice compared to controls.  In contrast, somatic therapy with 

HPBCD resulted in  an increase  in BrdU-labelled neural stem cells.   
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Introduction 

 Olfaction is a highly important sensory modality in most mammals and represents 

the major sense in mice.  The sensory neurons in the olfactory epithelium project to 

dendrites of tufted and mitral cells in the olfactory bulb.  Here a complex local inhibitory 

circuit mostly involves granule cells (Lledo, et al,2004; Adam and Mizrahi, 2010).  During 

post-natal life, a continuous neurogenesis from the supraventricular zone (SVZ) of the 

lateral ventricles, leads to the generation of neuroblasts that migrate along the rostral 

migratory pathway and  diffentiate into interneurons inside the olfactory bulb (OB; Luskin, 

1998, Alvarez-Buyulla and Garcia-Verdugo, 2002; Stenman, et al, 2003).  The continued 

generation of these OB-destined cells from the SVZ is required for odor discrimination but 

not for the threshold of odor detection (Gheusi, et al, 2000). 

 There are defects of olfaction in the neurodegenerative disorder Niemann-Pick C1 

(NPC1) (Hovakimyan et al., 2013).  It is an autosomal recessive, neurodegenerative 

lysosomal storage disorder with variable clinical phenotypes (Patterson et al. 2001; Vanier 

2010). The most common presentation of NPC disease is a child of either sex developing 

coordination problems, dysarthria, and hepatosplenomegaly during early school-age years. 

This is accompanied by abnormal intracellular accumulation of cholesterol and 

glycosphingolipids in a variety of tissues, including the liver and spleen, and progressive 

cerebellar degeneration (Patterson et al. 2001; Garver et al. 2009; Vanier 2010). The 

neurological progression of the disorder is relentless and it is characterized by an 

increasing severity of ataxia, dysarthria, and dementia until death supervenes, usually 

during the second decade of life.  The primary defect involves a failure of cholesterol 

movement between intracellular organelles (for reviews, see Erickson, 2013; Fiorenza et 

al., 2013; 2108). 
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 Initial studies of olfaction in Npc1 deficient mice used the Npc1nih null mutant.  

Olfactory and trigeminal deficits were found by electro-olfactometry of the olfactory 

mucosa (Hovakimyan, et al, 2013). These deficits were associated with lysosomal deposits 

of cholesterol in almost all cells of the peripheral and central olfactory system with 

pronounced astrocytosis and gliosis (Hovakimyan, et al, 2013). Further studies used a 

hidden food pellet paradigm to measure olfaction (Seo, et al, 2014). The loss of olfaction 

detected at 7 weeks of age was associated with a marked loss of olfactory sensory neurons 

and a decreased pool of neuroblasts in the OB despite intact proliferation of neural stem 

cells in the SVZ at 4 and 8 weeks (Seo, et al, 2014).  Microglial activation and increased 

apoptosis was alleviated and olfaction improved by anti-inflammatory treatment with 

cyclosporin A for 4 weeks (Seo, et al, 2014). This group further explored the mechanism of 

activation of the neuropathic microglial response in the olfactory system, finding that the 

cysteine endopeptidase, Ctss, is involved in activation of its target, Cx3cl1 (also known as 

neurotactin) resulting in p38 mitogen-activated protein kinase signaling (Seo, et al, 2016). 

They found that the nasal delivery of antibody direct to Cx3cl1 decreased the number of 

damaged OB neurons and slightly enhanced olfaction (Seo, et al, 2016). 

 We have extended these studies of olfaction in 2 models of NPC1 disease and tested 

the effects of HPBCD treatment on them.  HPBCD is currently in phase I/II clinical trials 

using intrathecal delivery (Erickson & Fiorenza, 2017). 

Materials and Methods 

Mice 

        The Npc1nih mutant (Npc1 -/-) was originally found on the BALB/cNctr inbred strain and 

is a natural transposon-induced knockout (Loftus, et al, 1997).  It is a null mutation and 

considered to be a model of the infantile form of NPC1 disease.  
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We also used a mouse model on the C57Bl/6Jbackground that contains a point mutation in 

Npc1 (Npc1nmf164) which is highly similar to commonly occurring human mutations (Maue 

et al, 2011).   

 

Genotyping  

      For the Npc1nih mouse mutant, DNA was typed by PCR according to Loftus et al. (1997).   

The Npc1 nmf164 mice were typed by a method using a restriction enzyme according to Maue  

et al (2011). 

Olfaction testing 

 Mice were deprived of food overnight for a maximum of 16 hours.  They were placed 

in a clean cage for at least 15 minutes to acclimatize them to a cage without intense mouse 

odor.  They were then moved to another new cage where a 1 X 1 X 1 cm piece of fresh food 

pellet (recently removed from the bag of pellets to maintain their odor) was hidden under 

the fresh bedding at a 1 cm depth.  The mouse was given up to 3 minutes to find the pellet 

and show interest in it by picking it up, licking it, or nibbling on it.  The time to do so was 

recorded. The test was performed by comparing the time to find the pellet by sight 

compared to by smell, to rule out the possibility that latency to find the buried food pellet 

depended on olfaction rather than on visual and/or motor abilities.  In some cases, the 

visual task was not performed. 

 

Somatic delivery of HPBCD 

 HPBCD (Sigma-Aldrich, Milan, Italy) was dissolved in sterile saline and injected by 

the intraperitoneal route at 0.02 c.c. per gram (4000 mg/Kg) weekly starting at 4 weeks of 

age. 
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Nasal delivery of HPBCD 

 HPBCD was made to 20% in sterile saline.  It was not possible to sterilize the 

solution since it was too viscous to filter and heating would have caramelized this 

carbohydrate solution.  It was not thought that this would be a problem since mice 

continuously inhale bacteria from the fecal-contaminated bedding they live atop.  Mice 

were anesthetized with isoflurane and manually restrained while 2 ul per gram was 

delivered slowly to one nostril.   Since mice do not have a gag reflex, the liquid is inhaled, 

coating the nasal cavity on its way to the lungs.  The mouse is allowed to recover until it can 

just walk, re-anesthetized and then a similar dose is delivered to the other nostril. This 

resulted in a dosage of 800 mg/Kg and was repeated weekly.  Saline was delivered in equal 

volumes to separate mice by this method as a control. 

 

BrdU labelling of dividing neural stem cells 

 A sterile solution of BrdU at 3 mg/ml was injected by the intraperitoneal route at 60 

mg/Kg.  After 20 hours, the mice were sacrificed, the brains dissected and immediately 

fixed in fresh, 4% paraformaldehyde overnight and washed with PBS.  They were 

dehydrated through a series of increasing concentrations of ethanol to 100 % and then 

were transferred to xylene and embedded in paraffin.  

 

Detection and quantification of BrdU-labelled cells by immunofluorescence 

 Coronal sections were cut and mounted on slides which were incubated at 37°C 

degrees for drying.  The paraffin was removed by reversing the xylene/ethanol/PBS 

sequence.  Unmasking was performed by boiling the slides for 12 minutes in 10 mM citrate 

buffer,pH 6.  They were then blocked in 0.5 M glycine, 0.5% BSA for several hours and a 
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1/300 dilution of mouse monoclonal antibody to BrdU (MAB3510, Millipore) in this 

solution was applied to the slides and left overnight at 4 °C.   The slides were extensively 

washed in PBS containing 0.5 M glycine and a 1/750 dilution of secondary, anti-mouse 

gamma-globulin labelled with rhodamine (Alexa Fluor 555, goat anti-mouse H and L chains, 

Invitrogen) was applied for 2 hours followed by staining with Hoechst dye (for DNA of 

nuclei) for 5 min.  The slides were extensively washed with PBS and cover slip mounted 

using buffered glycerol. Epifluorescence images were obtained using a Zeiss Axioplan 

fluorescent microscope equipped with a Cool  Snap K4 Photometrics or Sony nex-3N 

mirrirless camera (Sony Europe Limited, Milano, Italy). 

 

  

Statistical analyses 

Statistical analyses were performed using GraphPad Prism version 5.0d (GraphPad, La 

Jolla, CA). Data were tested for normality (Wilk-Shapiro’s test) and homoscedasticity 

(Levene’s test) and then analyzed by unpaired two-tailed Student’s t test or two-way 

ANOVA for independent (genotype, treatment) measures, followed by Bonferroni post-hoc 

test. When data did not fully meet parametric assumptions, non-parametric analyses of 

variance (Mann-Whitney’s U test) were used. Differences were considered significant at the 

p < 0.05 level. All data are expressed as the mean ± SEM.  

 

Results 

Olfactory tests in Npc1nih mice and Npc1 nmf164 mice 

Npc1nih mice 
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When the hidden pellet paradigm was used, Npc1nih homozygous mice (Npc1-/-) were 

significantly slower in finding the pellet than were there wild-type siblings at postnatal 

weeks 6 and 8 (main effect of genotype: postnatal week 4: t12 = 0.21, p = 0.84; postnatal 

week 6: t12 = -2.72, p = 0.02; postnatal week 8: t12 = -2.42, p = 0.03). No difference was 

found when mice were asked to find exposed food, ruling out the possibility that visual 

and/or motor impairments contributed to the poorer olfactory performance of Npc1-/- 

(main effect of genotype: postnatal week 4: t12 = -0.07, p = 0.95; postnatal week 6: t12 = 

0.41, p = 0.69; postnatal week 8: U = 16, p = 0.35). 

b) Npc1 nmf164 mice 

Similar assessments of the olfactory performance were also performed on Npc1nmf164 and 

wt siblings. According with the slower progression of the disease, the olfactory 

performance was not affected by the Npc1-deficiency at pre-symptomatic stages (main 

effect of genotype: postnatal week 9: t14 = 0.51, p = 0.62) and a significant increase of the 

latency was first observed in 15 weeks–old Npc1nmf164 mice (main effect of genotype: U = 

0.50, p = 0.0002), but not at earlier ages (not shown). Also with these mice, no difference 

was found when mice were asked to find exposed food (main effect of genotype: postnatal 

week 9: t14 = 0.52, p = 0.61; postnatal week 15: U = 19.5, p = 0.20). 
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Fig. 1 Performance of Npc1-/- and Npc1nmf164 on buried and exposed food finding test. Npc1-/- 

and Npc1nmf164 mice exhibit longer latencies to find the hidden food in comparison to wt 

siblings. As expected, no difference was found when mice were asked to find exposed food. 

Data are expressed as the mean ± SEM. Group size: 8 Npc1-/- mice and 6 wt siblings; 8 

Npc1nmf164 mice and 8 wt siblings.  * p < 0.05; ** p < 0.01.  

 

Neural stem cells numbers in untreated Npc1 nmf164  homozygous mice  
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       To investigate whether a reduction of the proliferation potential of neural stem cells 

might be responsible for the poorer olfactory performance, the number of proliferating 

neural stem cells in the SVZ was counted by assessing dividing cells after 20 hours of BrdU 

incorporation Fig. 2a.  Because neural stem cell counts in  Npc1-/- were characterized in 

previous studies (Seo et al., 2014), we only studied Npc1 nmf164  homozygous mice and wt 

siblings.   At both 60 and 100 days post-natal, Npc1 nmf164  homozygous mice showed 

decreased numbers and extent of labelled cells.  This was both in absolute numbers and in 

numbers of cells per 100 microns of length along the SVZ (suggesting that the ventricular 

sizes had remained similar). 
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The effects of somatically delivered HPBCD on olfaction in Npc1nmf164 mice 

      Since no deficits had been found in visual detection of the food pellet, only the hidden 

pellet paradigm was used in this experiment.   

 

 

Fig. 2. Olfactory responses to a hidden cube in Npc1 nmf164  homozygous mice (GG) with and 
without somatic therapy with HPBCD.  Means and std. errors for 4 mice at each point  
 

Neural stem cells numbers in HPBCD treated Npc1 nmf164  homozygous mice 

 
To investigate the proliferation potential of neural stem cells upon treatment with 

hydroxypropyl-beta-cyclodextrin, the number of proliferating neural stem cells in the SVZ 

was counted by assessing dividing cells after 20 hours of BrdU incorporation and after 

treatment with Hydroxypropyl-beta-cyclodextrin or with saline of wt and Npc1 nmf164  

homozygous mice, at PN100.  Interestingly, there was a damaging effect of HPBCD in wild-

type mice in comparison to wt mice treated with saline, whereas Npc1 nmf164  homozygous 

mice showed increased numbers of labelled cells in comparison to  Npc1 nmf164  homozygous 

mice saline-treated.  

  

 Counts 

Genotype Saline Hydroxypropyl-
beta-cyclodextrin 

Wild Type 81,17±2,14  51,67±1,84*** 
Mutant 50,17±1,64 67,67±1,94 *** 

 
*** p<0,0001  
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Table Effect of HPBCD treatment on adult neurogenesis of subventricular zone in wt and 

Npc1nmf164 mice. 

 

 

Olfactory tests in Npc1 nmf164 mice with nasal HPBCD treatment and controls 

         The effects of nasal delivery were compared by the time to complete loss of olfaction 

(the first day  of 3 weeks of not finding the pellet in 3 minutes). Nasal therapy with HPBCD 

delayed loss of olfaction (as indicated with persistence of finding the pellet in the longer 

surviving, treated Npc1 nmf164 homozygous mice [GG]) but saline treatment did also, Table 1.  

There was a damaging effect of nasal HPBCD in wild-type mice, Table 1.    While not 

statistically significant, given the large variability in this test, both saline and HPBCD 

delayed loss of olfaction in Npc1 nmf164 homozygous mice while HPBCD nasal therapy of 

wild-type mice caused loss of olfaction. 

Table 1  
 
Genotype None Treatment  

 
Saline Hydroxypropyl-

beta-cyclodextrin 
Wild Type Not performed (4) No complete loss (5) 131.6+/- 17.1 
Mutant (4)83.75+/- 25.8 (4) 128.25+/-33.4  (4)118.25+/-22.3 § 
 

§ p=0.12 against untreated 

§§ p<0.02 against untreated 

Table 1Days to loss of olfaction (first day of not finding the pellet in 3 minutes which 
persisted for 2 more weeks for a total of 3 consecutive weeks) after olfactory treatment 
with either saline or HPBCD. 

 

 

Neural stem cell numbers in nasally treated Npc1 nmf164  homozygous mice and controls 
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     While the numbers are small, since some of the mutant mice died before BrdU could be 

administered, nasal delivery of HPBCD seemed to depress the number of neural stem cells 

found in the SVZ. 

Table 2. Effect of genotype and intranasal treatment on adult neurogenesis of 

subventricular zone in wt and Npc1nmf164 mice. 

 Treatment 

Genotype Saline Hydroxypropyl-
beta-cyclodextrin 

Wild Type 88 +/- 5 80.2 +/- 3.9 
Mutant 64.3 +/- 4.3 46.2 +/- 4 

Data were analyzed by two-way ANOVA for independent (genotype, treatment) measures, 

followed by Bonferroni post-hoc test. 

According to the result displayed in the Table 2, we found a significant reduction of BrdU 

positive cells in Npc1nmf164 mice regardless of saline or HPBCD treatment (main effect of 

genotype: F(1, 14) = 43.29, p = < 0.0001) in comparison to the control mice 

 

Discussion 

             While previous studies of olfaction in NPC1 model mice have used the Npc1nih 

mutant which is a null and a model of the infantile form, we have also used the Npc1 nmf164 

model.  Analyses of lifespan, body and spleen weight, gait and other motor activities, as 

well as acoustic startle responses all reveal a more slowly developing phenotype in Npc1 

nmf164 mutant mice in comparison to mice with the null mutations (Npc1nih). Although Npc1 

mRNA levels appear relatively normal, Npc1 nmf164 brain and liver display dramatic 

reductions in Npc1 protein, as well as abnormal cholesterol metabolism and altered 

glycolipid expression. Furthermore, histological analyses of liver, spleen, hippocampus, 

cortex and cerebellum reveal abnormal cholesterol accumulation, glial activation and 
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Purkinje cell loss at a slower rate than in the Npc1nih mouse model. Magnetic resonance 

imaging studies also reveal significantly less demyelination/dysmyelination than in the null 

alleles. Thus, although prior mouse models may correspond to the severe infantile onset 

forms of NPC disease, Npc1 nmf164 mice offer many advantages as a model for the late-onset, 

more slowly progressing forms of NPC disease that comprise the large majority of human 

cases. 

We found that Npc1nih homozygous mice showed a significant delay in finding a 

hidden food cube but no delay in finding it when visible (Fig. 1).  Although there are visual 

deficits in Npc1nih homozygous mice (Palladino et al, 2016), these clearly do not affect this 

visual task up to 8 weeks.  This is a complex task and, despite 15 min. acclimatization to the 

new cage, exploration of the new environment continues in the second cage.  Frequently 

the cube is exposed by random digging and no interest is shown which suggests that 

hunger is not as great a motivator as the new environment.   

We used BrdU-labelling to measure the number of neural stem cells at 60 and 90 

days in Npc1nmf164 homozygous mice, finding a significant decrease at both time points (Fig. 

3).  Our finding of decreased numbers of olfactory stem cells at 60 and 90 days of age is in 

marked contrast to the result of Seo et al, (2014) who found no such difference in the 

mouse model of the infantile form of NPC1 disease (Npc1nih).   Their counts were performed 

with 24 hours of labelling, as we did, and at 4 and 8 weeks, the latter time is comparable to 

our 60 day counts.  The different findings are hard to account for by differences in the two 

mouse models-- even if one corrects for the more rapid progression of disease in the 

infantile model, the 8 week counts might be comparable to our 90 day counts which again 

showed a deficiency in our hands.  They used a higher concentration of BrdU (100 mg/kg 

while we used the more standard 60 mg/kg) which might have labelled cells in a slower 
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cycle that we missed.  We find great variability in these counts which are greatly affected by 

the anterior-posterior position of the coronal sections.  It is possible that we, or they, have 

had less precise reproducibility of this anterior-posterior positioning. 

Hydroxypropyl-beta-cyclodextrin (HPBCD) is currently the most efficacious drug for 

NPC1 disease and is currently in phase I/II trials. A decade ago, an efficacious effect of 

HPBCD on slowing the neurodegeneration in the mouse model of NPC1was shown 

(Camargo et al. 2001), but this same publication showed that HPBCD does not cross the 

blood–brain barrier. Perhaps because it seems counter-intuitive to treat a CNS disorder 

with a drug that does not cross the blood–brain barrier, and perhaps because the effects 

are rather small when the drug is only started at the time of weaning, the treatment was 

not then pursued.  Interest was re-ignited when HPBCDs were used as a carrier for 

neurosteroids (Griffin et al, 2004) and injections were started at 7 days after birth when 

the drug is not as rapidly metabolized (Liu et al, 2010) and when the blood–brain barrier 

is still permeable (Saunders et al, 2012). It was soon found that HPBCD alone was as 

equally efficacious as HPBCD with the neurosteroid (Liu et al, 2009). Camargo et al. 

(2001) had found a modest, but very statistically significant, effect with HPBCD 

injections at doses of 500 mg/kg given three times a week starting at 28 days; in contrast, 

Davidson et al. (2009) found a doubling of life expectancy with every-other-day 

injections of 4,000 mg/kg starting at 21 days.  The latter dose has been used in many 

studies. 

Our results show a beneficial effect with a significant increase of proliferation, 

namely, we found that there was a difference between wt and Npc1 nmf164 mice, the number 
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of BrdU-labelled cells was improved after HPBCD treatment in Npc1 nmf164 mice. However 

a negative effect showed in wild-type, this results is also confirmed by nasal delivery of 

HPBCD. 

We found that there was a delay to complete loss of olfaction with systemic 

HPBCD treatment (Fig. 2). The number of BrdU-labelled cells was    ?   . 

 

 We also tested the effect of nasal delivery of HPBCD on olfaction.  Mice do not have a 

gag reflex and the inhaled drug passes the olfactory mucosa on its way to the lungs. There 

was a protection from loss of olfaction but an even greater protection with saline (Fig. 4a, 

Table 1).  However, there was a negative effect in wild-type (Fig. 4b, Table 1) which might 

be the result of inflammation as found in the lungs (Erickson, et al, 2018)). In the small 

number of mice available for study (many having died before sacrifice for studies could be 

performed), the number of BrdU-labelled cells was  decreased in the HPBCD-treated 

mutant mice. ?.... 

 HPBCD has previously been found to increase the proliferation of olfactory 

epithelium cells (Meyer, et al, 2017). The proliferation of olfactory epithelium cells in the 

untreated Npc1nih mice was found in clusters at the base of the epithelium. Treatment with 

HPBCD for 8 weeks at the usual dose (4000 mg/kg) but starting at 7 days resulted in a four-

fold increase of dividing basal cells with a more normal distribution (Meyer, et al, 2017). 

This is in contrast to the negative effects we found with nasal delivery of the drug.  It is 

possible that this is due to the inflammation the drug caused with retroaxonal transport of 

damaging signals.  
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 It is of interest that the OB with its many granule cells shows parallels in its 

development to that of the cerebellum.  It has recently been shown that cerebellar 

development is quite dependent on Sonic hedgehog signaling at the primary cilium and is 

defective in Npc1 model mice which also have shortened primary cilia (Nusca et al., 2014; 

Caporali et al., 2016; Canterini et al, 2017).  Our previous work has demonstrated 

(Canterini et al, 2017) that this signaling is important for granule cell proliferation.  Other 

studies have shown that importance of the primary cilia in olfaction with the knockout 

either of the Bardet—Biedl syndrome (which is associated with anosmia) proteins Bbs 1 or 

Bbs 4 causing severe reduction of the ciliated border of the olfactory epithelium and 

disorganization of dendritic network of the OB (Kulaga, et al, 2004).  Thus, we were hopeful 

that HPBCD treatment, which is very efficacious in maintaining cerebellar development 

when started during the first postnatal week (Nusca, et al, 2014; Caporali et al., 2016), 

would maintain olfaction.  We found some delay in loss of olfaction with somatic HPBCD 

treatment but it was not a large effect.  This could well be due to the delay in starting the 

therapy until 4 weeks when the mice have been genotyped. 
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