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Abstract. - OBJECTIVE: We have previously
shown that the intranasal administration of dan-
trolene ameliorated cognitive dysfunction in the
5XFAD mouse model of Alzheimer’s disease.
This study examines the morphology of the na-
sal mucosa after 10 months of intranasal dantro-
lene in 5XFAD mice.

MATERIALS AND METHODS: 5XFAD mice
were either treated with intranasal dantrolene (5
mg/kg, 3 times/wk) from 2 months to 12 months
of age or given no treatment at all. The mice
were euthanatized at 12 months of age and the
snouts were processed for histological exam-
ination. The morphology of the nasal mucosa
was assessed and compared between the two
groups.

RESULTS: There were no significant differenc-
es in the thickness of the olfactory epithelium or
the proportion of the thickness of the glandular
layer to the wall of mucosa and submucosa in
the nasal passages.

CONCLUSIONS: Long-term intranasal ad-
ministration of dantrolene did not significantly
change the nasal mucosa morphology in 5XFAD
mice.
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Introduction

Dantrolene, an FDA approved drug to treat
muscle spasms and malignant hyperthermia, has

been shown to be cyto-protective! and organ
protection? in various disease models, especially
models of neurodegenerative diseases*®. Further
studies have suggested dantrolene as a promising
drug for the treatment of Alzheimer’s disease
(AD)>™, which is a leading cause of death and
the most common form of dementia worldwide!®.
However, the poor penetration of dantrolene into
the CNS®!!' and liver toxicity'? have previously
impeded the chronic oral administration of dan-
trolene®. Recently, however, we have demon-
strated in mice that the intranasal administration
of dantrolene increased the concentration and
duration of dantrolene in the brain'* compared to
the oral approach and caused no significant liver
toxicity nor impaired olfaction or motor func-
tion®. However, the concern that the long-term
use of intranasal dantrolene may damage the
nasal mucosa must be addressed since the muco-
sa is not only the first defense of the respiratory
system but also the site of the first cranial nerve,
the olfactory nerve. This study provides evidence
that the chronic administration of intranasal dan-
trolene does not cause morphologic damage to the
nasal olfactory mucosa in AD transgenic mice.

Materials and Methods

Animals

All animal procedures were approved by the
Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania.
Male and female SXFAD transgenic mice (Line
Tg6799, B6SJL-Tg (APPSwFlLon, PSEN1*M-
146L*L286V)6799Vas/Mmjax) from the Jackson
Laboratory (Bar Harbor, ME) were bred and
used in this study, which were the same mice
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used in our previous study®. These mice express
mutant human PSEN1 and APP transgenes and
recapitulate AD-related phenotypes'!. Mice were
housed at controlled room temperature with a
12-hour light-dark cycle in the animal facility
of the University of Pennsylvania. Food and
water were available ad libitum. Transgenic and
non-transgenic offspring were genotyped by PCR
of tail DNA.

Drug Administration

Dantrolene (Sigma-Aldrich, St. Louis, MO,
USA) was diluted to a final concentration of 5
mg/ml in the same vehicle (125 mg mannitol,
25 mg polysorbate 80.4 mg povidone K12 in 5
ml of sterile water, and pH adjusted to 10.3) as
RYANODEX® (dantrolene sodium, Eagle Phar-
maceuticals, Inc., NJ, USA). Mice were randomly
divided into two experimental groups at one
month of age. For the intranasal group (IN-DAN,
n = 4) dantrolene was administered intranasally
with a dose of 5 mg/kg, 3 times per week starting
at 2 months and ending at 12 months of age. For
the control group (CON, n = 4), no treatment was
given. During intranasal dantrolene administra-
tion, the mice were held upright and fixed by the
scruff of their necks. The total dose, which was
subdivided into several drops, approximately 5 pl
total, was delivered coinciding with inspiration
in alternating nostrils with a 10-second pause
between each drop. During the pauses, the head
of the mouse was restrained in a tilted back po-
sition to prevent the drug from leaking out of the
nostrils.

Euthanasia and Nasal Cavity Histology
At 12 months of age, the mice were anes-
thetized via a nose cone with 4% isoflurane
and euthanized by transcardial perfusion with
phosphate-buffered saline and ensuing exsangui-
nation. The whole nose was dissected and post-
fixed in 4% paraformaldehyde overnight at 4°C
prior to paraffin embedding for sectioning. Nasal
transverse sections (10 um) located immediately
posterior to the incisors” were imaged for olfac-
tory mucosa histological assessment using stan-
dard hematoxylin and eosin (H&E) staining'®.
In brief, the paraffin slides were deparaffinized
and hydrated. Then, the samples were placed
in the hematoxylin solution for 3 min, washed
under running tap water for at least 5 min, and
immersed in working eosin Y solution for 2 min,
successively. Finally, the samples were dehydrat-
ed, cleared with xylene, and cover-slipped with

Permount. To evaluate the effects of intranasal
dantrolene on gross nasal structure, an Olympus
BXS51W1 microscope equipped with a Q Imaging
Retiga 2000R digital camera and iVision imaging
software (BioVision Technologies, Exton, PA,
USA) was used to image all the sections. Sections
were evaluated by a pathologist who was blinded
to the groups and recorded as normal or mild
changes, moderate degenerative or proliferative
lesions, or severe lesions with extensive damage
to the tissue architecture. To further evaluate the
histological scale of inflammation and edematous
changes in the nasal cavity, both the thickness
of the olfactory epithelium and the thickness of
glandular layer of the epithelium (relative thick-
ness of the glandular layer to the thickness of the
entire wall consisting of mucosa and submucosa),
analogous to the Reid index in chronic bronchi-
tis’’, were measured. These measurements were
all focused on the olfactory epithelium from the
dorsal meatus of the mouse nasal passage’. The
thickness was quantified as the average of three
measurements in randomly determined nasal sec-
tions per mouse.

Statistical Analysis

The unpaired #-test was performed to analyze
the data with Graph Pad Prism 8.0 as described
in the pertinent figure legend. Data are reported
as means with 95% confidence intervals (CI). The
significance level was set at 95% (p< 0.05).

Results

Figure 1 illustrates the anatomy' of the mouse
nasal passage in the level 1 nasal cavity sections
of mice from both groups. Morphometric anal-
yses of the olfactory epithelium from the dorsal
meatus of the nasal passage were employed to
compare the histological changes between the
two groups (Figure 2). No significant difference
was determined in the thicknesses of the olfacto-
ry epithelium, between CON 40.1 (24.2, 56.0) um
and IN-DAN 34.9 (20.6, 49.2) um groups, (#=0.77,
p=0.47). These results suggest that there was no
evident loss or necrosis of epithelial cells in the
IN-DAN group when compared to the control
group, which was consistent with the gross ob-
servation showing the organized polarity of the
epithelium.

There was no significant difference between
groups in the glandular proportion of the nasal
epithelium between CON, 51.5% (44.1, 58.9), and
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Figure 1. Representative H&E-stained slide images of the nasal cavity from control and intranasal dantrolene treatment
groups in 5XFAD mice. Coronal sections of representative mouse nasal passages”® from the control group (A, CON, n =
4) and the intranasal dantrolene treatment group (B, IN-DAN, n = 4), stained with Hematoxylin and Eosin, illustrating
the nasal anatomy'®. Higher magnification focused on the dorsal meatus (DM) as indicated in A and B (dashed blocks) are
presented in C (CON) and D (IN-DAN), respectively. Nt, nasoturbinate; S, nasal septum; OE, olfactory epithelium; RE,
respiratory epithelium. In CON, nothing was administrated via the intranasal route. Intranasal administration of dantrolene
was administered 3 times per week from 2 months to 12 months of age in IN-DAN. Scale bars: 200 um (A, B); 100 pm (C, D).

IN-DAN, 51.5% (@45.1, 57.8), (¢=0.02, p=0.99).
This result further demonstrated that long-term
intranasal dantrolene did not cause significant

chronic inflammation of the nasal olfactory mu-
cosa in 5XFAD mice (Figure 2).

Discussion

This study demonstrated that chronic intrana-
sal dantrolene treatment did not lead to signifi-
cant gross histological changes in the nasal tissue
when compared to the control group and provided
evidence to support the tolerable long-term use
of intranasal dantrolene. The pathological ex-
amination revealed no significant impairment of

200

the nasal mucosa, indicating relative safety after
chronic use of intranasal dantrolene for up to 10
months.

Dantrolene, as an antagonist of ryanodine re-
ceptors (RyRs), inhibits the excessive and ab-
normal activation of RyRs and restores the intra-
cellular Ca?" homeostasis', has been a promising
repurposed drug to treat varieties of neurodegen-
erative diseases*®, especially AD*%°, On the other
hand, its limited ability to penetrate the CNS®!
and concern about its dose-dependent side ef-
fects'?, has hampered clinical studies. Our previ-
ous studies have demonstrated that the intranasal
administration of dantrolene could circumvent
the blood-brain barrier to maintain an effective
neuroprotection level in the brain while poten-
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Figure 2. Intranasal dantrolene treatment did not change the nasal mucosal membrane thickness. Representative Hematoxylin
and Eosin stained images (A) control group (CON); (B) intranasal dantrolene treatment group (IN-DAN)) are presented to
illustrate the morphometric measurements. The thickness of the epithelium (hollow arrows in A and B) and the glandular
proportion (a Reid index'” measure of the relative thickness of the glandular layer to the thickness of the entire wall consisting
of mucosa and submucosa; solid arrows in A and B) were examined as an indication of inflammation. The measurements were
focused on the olfactory epithelium from the dorsal meatus of the mouse nasal passages'. (C) No significant differences were
detected either in terms of the thickness of the epithelium (40.1 (24.2, 56.0) um vs. 34.9 (20.6, 49.2) um, t=0.77, p=0.47) or (D)
the glandular proportion (51.5 (44.1, 58.9) % vs. 51.5 (45.1, 57.8) %, t=0.02, p=0.99), between CON and IN-DAN, respectively.
The thickness was quantified as the average of three measurements in a randomly determined nasal section per mouse (N =
4 in each group). The unpaired z-test was used to analyze the data by GraphPad Prism 8.0. Data are presented as means with

95% CI. Scale bars: 50 um (A and B).

tially reducing systemic exposure and therefore
the side effects of dantrolene®. Furthermore, we
found that this noninvasive approach could also
significantly increase both the peak concentration
and duration of dantrolene in the brain'®. Last, but
not least, intranasal dantrolene nearly abolishes
memory loss even after the onset of cognitive
dysfunction in 5XFAD mice®.

For the chronic use of intranasal dantrolene
to be considered for AD therapy in patients, the
side effects need to be thoroughly examined. We
have previously investigated the systemic side ef-
fects and found no significant liver toxicity nor
impaired olfaction or motor function® after long-
term intranasal dantrolene. However, damage to
the delivery site needed to be further examined.
In this study, we investigated the morphology of

the nasal mucosa in SXFAD mice after about 10
months of intranasal administration of dantrolene
and demonstrated no significant nasal mucosal
damage. We employed morphometric measure-
ments of the thickness of the olfactory epitheli-
um and the glandular proportion from the dorsal
meatus of the mouse nasal passage to reflect the
degree of change in inflammation'”. The glandular
proportion was derived from the Reid index, which
was previously confirmed to be a valid instrument
to evaluate chronic inflammation in the respira-
tory tract'. As a relative thickness, the glandular
proportion may attenuate any bias ensuing from
the random measurements in the sections. The
histopathologic changes of degeneration are gen-
erally regarded as the major component of the
lesions in the olfactory region of the nasal cavity
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following an insult by a toxicant”. In our study,
no significant difference was found in terms of
either the thickness of the olfactory epithelium or
the glandular proportion, which suggested intrana-
sal dantrolene administration is unlikely to cause
moderate or severe inflammatory changes. These
results are consistent with our previous studies
that intranasal dantrolene did not impair olfaction
in either 5XFAD or C57BL/6 mice®!®. This study
boosts the confidence needed to adopt intranasal
administration of dantrolene for the treatment of
various neurodegenerative diseases, although fur-
ther studies are needed to confirm the conclusion.

This study has several limitations: (1) A small
sample of animals were examined, running the po-
tential risk of false-negative results; (2) The present
results were derived from mice and may not be di-
rectly translatable to humans; (3) This study is lim-
ited to a less comprehensive histological analysis,
which only focused on the morphometric analyses
of the olfactory epithelium from the level 1 section'.
Further studies examining both the respiratory and
olfactory epithelia from the three transverse tissue
levels'® may provide more robust evidence.

Conclusions

The chronic intranasal administration of dan-
trolene did not cause significant inflammatory
changes in the olfactory epithelium from the
dorsal meatus of the mouse nasal passages in
5XFAD mice.
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