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ABSTRACT

Introduction: Age-related olfactory decline is increasingly recognized to be a major health problem with no known
treatment yet, reflecting on individual safety, nutrition, physical and mental well-being. Intranasal administration of
adipose derived stem cells (ADSCs) could be an ideal curative strategy, bypassing the blood brain barrier with no risk for
systemic exposure.

Aim: To evaluate the age related structural changes in the olfactory bulb (OB) of rats and to assess the possible therapeutic
role of intranasally-administered ADSCs after different time points.

Materials and Methods: Thirty aged female rats, of two years old, in addition to five adult rats, six months old were used
in this study. They were divided into group I; served as adult control group, group II; served as aged non-treated group,
and group III that served as aged group treated with 1x10¢ of PKH26-labelled intranasal ADSCs. Rats of groups I and II
were sacrificed after 14 days of the beginning of the experiment. Rats of group III were sacrificed after two hours, one,
three, and 15 days respectively, five rats/time point. Dissection of OB was done at each time point, and processed for light
microscopic examination after staining with H&E, toluidine blue, and immunohistochemically-staining for synaptophysin
and S-100B. Morphometric study and statistical analysis were also done.

Results: Aged rats showed structural degenerative changes in all layers of the OB. Intranasal administration of ADSCs
reached the OB as early as two hours after administration, and managed to gradually reverse its age-induced structural
damage.

Conclusion: Intranasal administration of ADSCs managed to reverse the OB structure to the adult appearance. Hence,
it is recommended to include the intranasal ADSCs as a powerful therapeutic strategy for olfactory bulb dysfunction in
aged individuals.
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INTRODUCTION demential®. Thus, olfactory functioning could serve
as a valid indicator of the integrity of the aging brain.
Sense of smell plays a very important role in every Unfortunately, the symptomatic relevance and potential
day’s safety, recognition of danger, interpersonal preclinical value of olfactory dysfunction remain
communication, and in feeling pleasure of eating and disregarded by many clinicians!”.
drinking!"l. Olfactory dysfunction (OD) is a common
feature in elderly™™ present in more than half of those The concept of regenerative medicine has stimulated
between the ages of 65 and 80 years and more than the development of stem cell therapies forward. This might
three quarters of those over the age of 80 yearst. In be especially important in organs such as brain, heart and
fact, many patients with olfactory dysfunction showed eyes which have limited regenerative abilities following
signs of depression owing to limitations of many aspects injury, infarct or degenerating conditions®®. Adipose
of life enjoymentstl. OD may be due to structural and derived stem cells (ADSCs) were recently studied as an
functional abnormalities of the olfactory epithelium, ideal alternative source of stem cells, other than bone
olfactory bulb, central olfactory cortex, or basic olfactory marrow derived mesenchymal stem cells (BM-MSCs).
circuit®™. Moreover, smell loss could be an early sign They have been proved to be of a substantial clinical value
of some neurodegenerative diseases as Alzheimer’s indiseases lacking efficient treatments as in central nervous
disease, Parkinson’s disease, mild cognitive impairment, system disorders®”. ADSCs have significant advantages
frontotemporal lobar degeneration, and Huntington’s over BM-MSCs, including greater potential cell yield
disease. Olfactory impairment may also progress to from patients, a less invasive harvesting procedure!'®.
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Recently, the ability of ADSCS to differentiate into many
cells lineage including neuronal differentiation has been
documented!'!l.

The blood-brain barrier (BBB) is known to limit
the penetration, thus restricting the use, of numerous
therapeutic agents that have been developed to treat
neurodegeneration. Emerging from this point, intranasal
(IN) administration targeting delivery of therapeutics to the
central nervous system (CNS) might have many benefits
in the treatment of neurologic disorders!'?. Moreover,
intranasal formulations successfully reach the brain. Thus,
IN route of delivery might become a powerful therapeutic
strategy, by passing the blood-brain barrier and minimizing
systemic exposure!'?,

AIM OF THE STUDY

This study aimed to explore the histological changes
of the olfactory bulb structure as a result of aging.
Furthermore, it aimed to detect the possible therapeutic
role of intranasal administration of ADSCs, as a novel
route of stem cell delivery, on the olfactory bulb, after
different time intervals of their administration.

MATERIALS AND METHODS

This study included, a number of 30 female Wistar rats,
two-year old (300-350) gm, together with 5 six-months
old female adult Wistar rats weighing 180-200 gm. They
were purchased and housed in the Medical Research
Center, Faculty of Medicine, Ain Shams University. All
animals were put in wire mesh cages, with food and water
ad-libitum. They were divided into three main groups as
follows:

Group I (control adult group) comprised five adult rats,
serving as the control adult group. These animals received
single intranasal 120 pl of phosphate buffered saline
(PBS), equivalent to that given in group III administered as
60 pl/nostril in two consecutive doses (30 pl in each time).
These rats were sacrificed after 14 days from the beginning
of the experiment.

Group II (aged non-treated group) comprised five aged
rats that served as the aged group. They also received
PBS in same dose, and route as in group I. They were
also sacrificed after 14 days from the beginning of the
experiment.

Group I (aged group treated with intranasal
ADSCs) comprised 25 aged rats that received intranasal
PKH26-labelled ADSCs, purchased from the Medical
Biochemistry Department, Faculty of Medicine, Cairo
University. Five rats were then sacrificed at each of the

following time points; after two hours, one day, three days,
five days and 14 days.

Method of intranasal delivery

The rats were maintained in a supine position, non-
anesthetized. Nasal cavity of each animal was treated
once with total of 1 x 10°" of PKH26-labelled ADSCs
suspended in 120 pl of PBS in group III, or PBS only in
groups I and II. This was done via an infantile cannula
fitted onto the opening of an insulin syringe, ensuring the
intranasal delivery of the stem cell suspension or the PBS
solution. The rats received this dose in alternate applications
of 30 ul drops (left and right), twice for each nostril, at the
opening of the nostrils with 5-minute intervals, allowing
the animal to sniff the cell suspension or the PBS solution
into the nasal cavity!'],

Histological and immunohistochemical study

The animals were anesthetized by ether inhalation
at the end of each time point. Transcardial perfusion of
sterile 0.9% physiological saline, (0.9% NaCl), followed
by transcardial perfusion of 10% neutral buffered formalin
was done into the left ventricle. Brain was dissected out
and fixed in 10% neutral buffered formalin for ten days
after which the olfactory bulb was separated from the
frontal cortex and processed to from paraffin blocks.
Serial 5 pm sections were cut and stained by H&E,
toluidine blue stains!'..

Immunofluorescence examination of the intranasally-
administered PKH26-labelled ADSCs was done to
track and ensure the delivery of injected ADSCs to the
olfactory bulb of aged rats of group III in all time points.
Deparaffinized, non-stained sections were examined and
photographed in Medical Biochemistry Department,
Faculty of Medicine, Cairo University using Inverted
Microscope with Fluorescence unit (Leica, Germany).

Immunohistochemical staining of paraffin sections
was also done for synaptophysin using Rabbit anti-
rat, Monoclonal anti synaptophysin primary antibody
for neuronal synapses, [YE269] (ab32127) abcam,
Cambridge, UK). The reaction appeared as brownish
granules mainly in membranes of axons, dendrites and
synaptic vesicles. Anti S-100B primary antibody was also
used as a marker of mature astrocytes. It was purchased
as Rabbit anti-rat, polyclonal antibody, ab34686, Abcam,
Cambridge, UK). The reaction appeared as brownish
granules in cytoplasm and nuclei of mature astrocytes. The
immunohistochemical staining was carried out using the
avidine-biotin peroxidase technique. Sections were then
counterstained with hematoxylin, dehydrated, cleared, and
mounted. Negative control specimens were performed after
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omitting the primary antibody. Whole brain specimens
were used as positive controls for both antibodies!™..

Morphometric study and statistical analysis:

Morphometric measurements were carried for the
following parameters:

1- Mean number of glomeruli (10X).
2- Mean size of glomeruli in pm (20X).
3- Mean Nissl’s granules density in mitral cells (40X).

4- Mean density of glomerular synaptophysin (SYP)
immunohistochemical reaction (20X).

5- Mean number of S-100B immunohistochemically-
positive mature astrocytes in all layers of OB (40X).

All measurements were performed using Leica
Qwin software program installed on a Dell PC (Texas,
USA), connected to a microscope (Leica microsystem,
Heerbrugg, Switzerland) in the Histology and Cell Biology
Department, Faculty of Medicine, Ain Shams University,
Cairo, Egypt. Measurements were taken from five different
non-overlapping sections (five fields/section) from each
animal in each group. The mean values and the standard
deviation (SD) were calculated using SPSS statistical
program version 21; IBM Corporation, NY 10589. Data
were evaluated using one-way analysis of variance test
(ANOVA). Data were considered significant level at P
value less than 0.05.

RESULTS

Examination of sections of the two hours’ time point
of ADSCs treated group revealed that the OB was nearly
structurally identical to that of the aged non-treated group in
all histological and immunohistochemical stains performed
(data not shown). However, the immunofluorescent results
of the two hours’ treated group will be demonstrated
hereafter.

1- PKH26 Immunofluorescence

On examination by fluorescence microscope, sections
of the non-treated aged rats of group II showed negative
immunofluorescence as expected, as this group wasn’t
treated by the labelled PKH26 (Fig.1a). Sections of group
III revealed maximum positive fluorescence in all layers of
the OB two hours after intranasal PKH26-labelled ADSCs
administration, confirming the delivery of the injected cells
to the OB (Fig.1b). Positive fluorescence was also detected
in all other time points. However, it was apparently
gradually decreasing with advancing time after intranasal
ADSCs treatment at one, three and five days respectively,
being minimal after 14 days of treatment (Figs. 1c, 1d, le,

1f respectively) as compared to the two hours’ time point.
2- H& E-stained sections

Examination of the H&E-stained sections of the
control adult rats of group I revealed the regular concentric
multilayered olfactory bulb organization. Superficially
inwards, olfactory nerve fiber layer (ONL), glomerular
layer (GL), external plexiform layer (EPL), mitral cell
layer (MCL), closely associated to granule cell layer
(GCL) were observed. The olfactory nerve fiber layer
comprised the axons of olfactory epithelium sensory
neurons. The glomerular layer consisted of multiple,
roughly spherical to oval acellular synaptic islands
(glomeruli), arranged in one or two rows internal to the
ONL (Fig.2). Multiple interneuron juxtaglomerular cells
(JG cells) were seen surrounding the glomeruli exhibiting
small perikarya containing relatively large deeply stained
nuclei surrounded by a thin rim of basophilic cytoplasm
(Fig. 3a). Statistically, the glomeruli mean number was
counted as 15.6+0.54, mean+SD (Histogram 1), and their
mean size was measured in pm as 359.6+12.7, mean +SD
(Histogram 1). The EPL showed sparsely distributed small
to medium-sized multipolar tufted cells (Fig.3a). Mitral
cells, having triangular or multipolar cell bodies, were
the largest cells of OB, arranged in one row in the MCL,
marking the end of EPL. The granule cell layer (GCL)
was occupied mainly by the small interneuron axon-less
granule cells with small perikarya containing large dense
rounded nuclei surrounded by scanty cytoplasm. They were
arranged in multiple compact parallel lamellae; however,
some scattered granule cells were also commonly observed
among the mitral cells in the MCL (Fig. 3b).

Sections of the aged non-treated rats of group Il revealed
discontinuous, apparently thin glomerular layer (GL) with
appearance of multiple areas devoid of glomeruli. Most
of the remaining glomeruli were apparently small as
compared to that of the adult group (Fig. 4a). Significant
decrease (P<0.05) in mean number and size of glomeruli
was detected as compared to group I, measuring (4.8+0.83
and 103.2+6.45, Histogram 1). An apparent decrease in
population of juxtaglomerular cells (Fig. 4a), as well as in
the mitral and granule cells. The granule cells were seen
disorganized mainly in the superficial parts of the GCL,
being sparsely seen in the deeper parts (Fig. 4b). The few
remaining mitral cells appeared deeply stained and smaller
than those of the adult group I (Fig. 4b).

One day after intranasal ADSCs administration in aged
rats of group III, the glomeruli reappeared in many areas
of the GL, however, other arecas were &till seen devoid
of glomeruli. Juxtaglomerular cell number appeared
comparable to the aged group (Fig.5a). Significant increase
inmean glomerularnumberand size were detected (P<0.05),
as compared to the aged group II, and were measured as
(10+0.7 and 130.448.56, Histogram 1). However, these
values were significantly decreased (P<0.05) as compared
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to the adult group. An apparent increase in mitral cell
number was evident. They were apparently slightly larger
than those of the aged group, however, not reaching the size
of mitral cells of the adult group. Granule cell population
was seen apparently increased as compared to the aged
group, being comparable to the adult group denoting that
apparent healing of the deeper parts of the OB preceded its
superficial parts (Fig.5b).

Three days after intranasal ADSCs administration
in group III, the olfactory bulb showed improvement of
glomerular layer structure and in the juxtaglomerular
cells’ population (Fig.6a). No areas of lost glomeruli
were detected; however, their size didn’t return to the
control appearance. This was confirmed by the statistical
analysis, in which significantly increased glomerular
number and size were detected (P<(0.05) as compared
to group II and to the one-day time point of group III,
measuring (14.8+0.83, 226.6+5 Histogram 1). Meanwhile,
mean glomerular number was non-significantly different
(P>0.05) from that of the adult group. However, mean
glomerular size was significantly decreased (P<0.05) as
compared to the adult group. Mitral cells were apparently
larger in size as compared to the aged group and to the
one day time point of group III, and apparently smaller as
compared to the adult group. Granule cell layer seemed
comparable to the control adult group, and apparently
didn’t differ than that of the one day time point of
group III (Fig. 6b).

Five days after intranasal ADSCs administration in
aged rats of group III, the structure of olfactory bulb layers
appeared nearly comparable to the adult group. No apparent
change in glomerular number was seen as compared to
the three days’ time point of group III (Fig.7a). Mean
number of glomeruli was counted as (15.2+0.44) that was
significantly increased (P<(0.05) as compared to group II
and to the one-day time point of group III. However, it
was non-significantly different (P>0.05) when compared
to the control adult group and to the three days’ time point
of group III (Histogram 1). Regarding the glomerular size,
it was significantly increased (P<0.05) as compared to
those of group II and of the one and three days’ time points
of group III, measuring (288+18.74). However, it was
significantly decreased (P<(0.05) as compared to the adult
control group (Histogram 1). Mitral and granule cells’
population and structure were comparable to the control
adult group (Fig.7b).

Fourteen days after ADSCs intranasal administration in
group 111, reversal of the age-related structural changes was
evident in all layers of the olfactory bulb (Figs. a, b). The
number and size of glomeruli of the glomerular layer was
seen comparable to the control adult group, as well as the
juxtaglomerular cells’ population (Fig.8a). The glomerular
number was significantly increased (P<0.05) as compared
to the aged group (group II), and to the one-day time point
of group I, counted as (15.4+0.54). This value was non-

significantly different (P>0.05) as compared to the control
adult group and to the three and five days’ time point of
group III (Histogram 1). The glomerular size reached the
control values, being non-significantly (P>0.05) different
from it, measuring (348.6+10.06) that was significantly
increased (P<(0.05), as compared to the aged group and
to all the previous time points of group III (Histogram 1).
Mitral and granule cell layers were also comparable to
those of the adult group (Fig.8b).

3- Toluidine blue-stained sections

Examination of the toluidine blue-stained sections
of the control adult rats of group I revealed the presence
of vast amount of cytoplasmic Nissl’s granules in mitral
cells (Fig.9). Mean Nissl’s granules density measured
(103.42+0.28, mean+ SD. Histogram 2).

Sections of the aged non-treated rats of group II
revealed scanty Nissl’s granule content in most of mitral
cells (Fig.10). Mean Nissl’s granules density measured
(89.93+1.31) that was significantly decreased (P<0.05) as
compared to the adult group (Histogram 2).

One day after intranasal ADSCs administration in
group III, few Nissl’s granules were noticed in focal areas
of mitral cells’ cytoplasm (Fig.11). Significant increase
in mean Nissl’s granules density was detected (P<0.05)
as compared to the aged group, measuring (96.05+0.65).
However, it was significantly decreased (P<0.05) as
compared to the adult group (Histogram 2).

Three days after intranasal ADSCs administration
in aged rats of group III, moderate amount of Nissl’s
granules were noticed in some mitral cells’ cytoplasm.
Other mitral cells showed scanty Nissl’s granules (Fig.12).
Mean Nissl’s granules density measured (98.68+0.74),
that was significantly increased (P<0.05) as compared
to the aged group and to the one-day time point of group
III. However, it was still significantly decreased (P<0.05)
when compared to the adult group (Histogram 2).

Five days after intranasal ADSCs administration in
aged rats of group III, numerous cytoplasmic Nissl’s
granules were seen in most of the mitral cells (Fig.13).
Mean Nissl’s granules density measured (102.33+0.21),
that was significantly increased (P<0.05) as compared
to the aged group and to the one and three days’ time
points of group III. However, it was non-significantly
decreased (P>0.05) when compared to the adult group
(Histogram 2).

Fourteen days after ADSCs intranasal administration in
aged rats, toluidine blue-stained sections showed Nissl’s
granule amount in mitral cells comparable to the adult
group (Fig. 14). Mean Nissl’s granules density measured
(103.28+0.33), that was significantly increased (P<0.05)
as compared to the aged group and to the one and three
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days’ time points of group III. However, it was non-
significantly (P>0.05) different from the adult group and
non-significantly increased (P>0.05) as compared to the
five days’ time point of group III (Histogram 2).

4- Synaptophysin (SYP) immunohistochemically-
stained sections:

Examination of the glomeruli of SYP-stained sections
of the control adult rats of group I showed strong
positive immunoreactivity in all glomeruli. Moderate
immunoreactivity was detected in the EPL (Fig.15). Mean
density of glomerular SYP-immunoreactivity measured
(97.87+0.66, mean+ SD, Histogram 3).

Synaptophysin ~ immunohistochemically  stained
sections of the aged non-treated rats of group II revealed
weak positive reaction in most of the glomeruli. Apparently
decreased immunoreactivity of EPL was seen as compared
to the adult group (Fig.16). Mean density of glomerular
SYP-immunoreactivity measured (60.74+0.6) that was
significantly decreased (P<(.05) as compared to the adult
group (Histogram 3).

One day after intranasal ADSCs administration in group
III, moderate SYP immunohistochemical reaction appeared
in few glomeruli. However, other glomeruli exhibited weak
reaction. Immunoreactivity of the EPL was apparently
increased as compared to the aged non-treated group and
was nearly comparable to the adult group (Fig.17). Mean
density of glomerular SYP-immunoreactivity measured
(65.04+0.59) that was significantly increased (P<0.05) as
compared to the aged group. However, it was significantly
decreased (P<0.05) as compared to the adult group
(Histogram 3).

Three days after intranasal ADSCs administration in
group III, strong SYP immunoreactivity was observed
in some glomeruli. Weak SYP immunoreactivity was
observed in other glomeruli. The immunoreactivity of
EPL was apparently increased as compared to the aged
non-treated group and was nearly comparable to the
adult group and to the one day time point of ADSCs-
treated group (Fig.18). Mean density of glomerular
SYP-immunoreactivity measured (70.39+0.87) that was
significantly increased (P<(0.05) as compared to the aged
group and to the one day time point of group III. However,
it was still significantly decreased (P<0.05) as compared to
the adult group (Histogram 3).

Five days after intranasal ADSCs administration in
aged rats of group III, strong SYP immunoreactivity was
observed in most of the glomeruli. The immunoreactivity
of EPL was apparently increased as compared to the aged
non-treated group and was comparable to the adult group
and to the one and three days’ time points of ADSCs-
treated group (Fig. 19). Mean density of glomerular
SYP-immunoreactivity measured (78.33 +0.59) that was

significantly increased (P<(0.05) as compared to the aged
group and to the one and three days’ time points of group
III. However, it was still significantly decreased (P<0.05)
as compared to the adult group (Histogram 3).

Fourteen days after ADSCs intranasal administration
in aged rats, strong SYP immunoreactivity was observed
in all glomeruli of the OB and of the EPL, appearing
comparable to the adult group (Fig. 20). Mean density
of SYP-immunoreactivity measured (97.17+0.5) that
was significantly increased (P<(0.05) as compared to the
aged group and to all previous time points of group III.
Meanwhile, it was non-significantly different (P>0.05) as
compared to the adult group (Histogram 3).

5- S-100B
sections

immunohistochemically-stained

Examination of the S-100B stained sections of the
control adult rats of group I showed the presence of
immunopositive mature astrocytes among juxtaglomerular
cells (Fig. 21a), in EPL, among mitral and granule cells
(Fig. 21b). Mean number of S-100B immunoreactive
mature  astrocytes was counted as 66.6 +1.14
(Histogram 3).

Immunohistochemical S-100B stained sections of the
aged non-treated rats of group II revealed apparently large
immunopositive mature astrocytes among juxtaglomerular
cells as compared those of the adult group (Fig. 22a).
Apparently large, numerous immunoreactive astrocytes
were also noticed in the EPL and among mitral and granule
cells (Fig. 22b). Mean number of S-100B-immunoreactive
mature astrocytes was counted as (247+2.54) that was
significantly increased (P<0.05) as compared to the adult
group (Histogram 3).

One day after intranasal ADSCs administration in group
III, apparent decrease in S-100B immunohistochemical
reaction appeared among juxtaglomerular cells, in
EPL (Fig.23a) and in-between mitral and granule cells
(Fig. 23b). Mean number of S-100B-immunoreactive
mature astrocytes was counted as (101.8+0.83) that was
significantly decreased (P<(.05) as compared to the aged
group. However, it was significantly increased (P<0.05) as
compared to the adult group (Histogram 3).

Three days after intranasal ADSCs administration
in aged rats of group III, some S-100B immunoreactive
mature astrocytes were observed among juxtaglomerular
cells (Fig. 24a), in EPL and in-between mitral and granule
cells (Fig. 24b). Mean number of S-100B-immunoreactive
mature astrocytes was counted as (65.2+1.48) that was
significantly decreased (P<0.05) as compared to the
aged group and to the one day time point of intranasal
ADSCs administration in group III. However, it was non-
significantly decreased (P>0.05) as compared to the adult
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group (Histogram 3).

Five days after intranasal ADSCs administration
in aged rats of group III, few S-100B immunoreactive
mature astrocytes were seen in all layers of OB (Fig. 25
a, b). Mean number of S-100B-immunoreactive mature
astrocytes was counted as (27.4+1.14) that was significantly
decreased (P<(0.05) as compared to groups I and II,
and to the one and three days’ time points of group III
(Histogram 3).

Fourteen days after ADSCs intranasal administration
in aged rats, minimal S-100B immunoreactive mature
astrocytes was seen in all layers of OB, and was nearly
comparable to the adult group and to the five days’
time point of group IIT (Fig. 25 a, b). Mean number of
S-100B-immunoreactive mature astrocytes was counted
as (29+0.7) that was significantly decreased (P<0.05) as
compared to the adult and aged groups and to the one and
three days’ time points of group III. In addition, it was non-
significantly different (P>0.05) as compared to the five
days’ time point of group III (Histogram 3).

Histogram 1: Mean number (a) and size in pm (b) of glomeruli in different groups
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Histogram 3: Mean density of glomerular synaptophysin (a) and mean number of S100B (b) immunoreactivity in different groups

a) Density of glomerular synaptophysin
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Fig. 1: Showing (a): No fluorescence in the aged non-treated
section. (b): Maximum fluorescence in all layers of OB after
two hours of PKH26-labelled ADSCs intranasal administration
(1). Gradual decrease in ADSCs fluorescence (1) is noticed after
one (C), three (d), five (¢) and 14 days (f) of ADSCS intranasal
administration.

Inverted fluorescent microscope x 200

Fig. 2: Adult group showing olfactory bulb structure composed
of olfactory nerve fibers layer (ONL), glomerular layer (GL),
external plexiform layer (EPL), mitral cell layer (MCL) and
granule cell layer (GCL).

H&E x 100

b) Number of S100 positive cells

Fig.3: Adult group showmg (a): Glomcruh (G) consisting

of acellular synaptic nearly spherical masses, surrounded by
small juxtaglomerular cells (7). (b): A row of large mitral cells
(A), closely related to granule cells (7). Inset shows a high
magnification of mitral cell appearing triangular with acidophilic
cytoplasm containing basophilic patches and large rounded
vesicular nucleus (A). Notice the small granule cell with deeply
stained rounded nucleus and thin rim of cytoplasm (1).

H&E x 400, inset x 1000

Fig. 4: Aged non-treated group showing (a): Glomerular layer
appears with areas devoid of glomeruli (*). The remaining
glomeruli appear small in size (A), and surrounded by few
juxtaglomerular cells (7). (b and inset): Few small deeply stained
mitral cells (A), and few granule cells (1) can be noticed in the
GCL.

H&E x 400, inset x 1000
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Fig. 5: One day after intranasal ADSCs administration in group
111, showing (a): Widely spaced glomeruli are seen (G). Notice
the juxtaglomerular cells (7). (b): small mitral cells (A), and
numerous granule cells (1) are noticed.
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Fig. 6: Three days after intranasal ADSCs administration in group
111, showing (a): numerous glomeruli (G) are seen surrounded by
numerous juxtaglomerular cells (7). (b): Medium-sized mitral
cells are seen (A), together with numerous granule cells (7).
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Fig. 7: Five days after intranasal ADSCs administration in group
111, showing (a): numerous closely packed glomeruli can be seen
(G), with juxtaglomerular cells in-between (1). (b): medium sized
mitral cells (A), and numerous granule cells (1) can be seen.
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Fig. 8: Fourteen days after 1ntranasal ADSCs adm1n1§trat10n
in group III, showing (a): closely packed large glomeruli (G)
surrounded by numerous juxtaglomerular cells (7). (b): Large

mitral cells (A), and numerous granule cells (1) can be noticed.
H&E x 400

Fig. 9: Adult group showing numerous Nissl’s granules in the
cytoplasm of mitral cells (7).
Toluidine blue x 1000

Fig. 10: Aged non-treated group showing scanty Nissl’s granules
in mitral cells’ cytoplasm (1).
Toluidine blue x 1000
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Fig. 11: One day after intranasal ADSCs administration in
group III, showing little amount Nissl’s granules in mitral cells’

cytoplasm (7).
Toluidine blue x 1000

Fig. 12: Three days after intranasal ADSCs administration in
group III, showing moderate amount of Nissl’s granules in the
cytoplasm of some mitral cells (1) and few Nissl’s granule in
others (A).

Toluidine blue x 1000

"'

Fig. 13: Five day after intranasal ADSCs administration in
group III, showing numerous Nissl’s granules in mitral cells’

cytoplasm (7).
Toluidine blue x 1000
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Fig. 14: Fourteen days after intranasal ADSCs administration
in group III, showing the cytoplasm of mitral cells studded with
Nissl’s granules (7).

Toluidine blue x 1000

Flg 15: Adult group showmg élrong synaptophysm (SYP)
immunoreactivity (1) in the glomeruli of olfactory bulb.
Avidine biotin peroxidase technique x 100

F|g 16 ;
Fig. 16: Aged non-treated group showing weak SYP

immunoreactivity (1) in most of olfactory bulb glomeruli.
Avidine biotin peroxidase technique x 100
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Fig. 17: One day after intranasal ADSCs adm1n1§trat10n in
group III, showing moderate SYP immunoreactivity (1) in few
glomeruli and weak immunoreaction in others (*).

Avidine biotin peroxidase technique x 100

Fig. 18: Three days after intranasal ADSCs administration in
group III, showing strong SYP immunoreactivity (1) in some
glomeruli of olfactory bulb. Notice the weak immunoreactivity
in other glomeruli (¥*).

Avidine biotin peroxidase technique x 100

Fig. 19: Five days after intranasal ADSCs administration in group
III, showing strong SYP immunoreactivity (1) in most of the
glomeruli. However, moderate immunoreactivity can be noticed
in others (*).

Avidine biotin peroxidase technique x 100

Fig. 20: Fourteen days after intranasal ADSCs administration
in group III, showing strong SYP immunoreactivity (1) in all
glomeruli of olfactory bulb.

Avidine biotin peroxidase technique x 100

Flg 21 Adult group showing (a, 1nset) S- IOOB immunoreactive
mature astrocytes extending short cytoplasmic processes in-
between juxtaglomerular cells (7). (b, inset): Immunoreactive
mature astrocytes can be seen in the EPL (A), in-between mitral

(1) and granule cells (A).
Avidine biotin peroxidase technique x 400, inset x1000
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Fig.22: Aged group showmg (a 1nset) Some S-100B

immunoreactive mature astrocytes in-between juxtaglomerular

cells (1) and in the EPL (A). (b, inset): Numerous immunoreactive

mature astrocytes can be seen in the EPL (A), in-between mitral
(1) and granule cells (A).

Avidine biotin peroxidase technique x 400, inset x 1000
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¢ Fig. 23 . A%

Fig. 23: One day after intranasal ADSCs administration in group
III, showing (a, inset): Some S-100B immunoreactive mature
astrocytes in-between juxtaglomerular cells (1) and in the EPL
(A). (b, inset): Some immunoreactive mature astrocytes can be
also seen in-between mitral (1) and granule cells (A).

Avidine biotin peroxidase technique x 400, inset x 1000

B0 Y ) iy U L 0 ¥ : 7
[T e x‘.“"yut.'l\ ooy O M |
F|925 Ly, B ks
Fig. 25: Five days after intranasal ADSCs administration in group
III, showing (a, inset): Few S-100B immunoreactive mature
astrocytes in-between juxtaglomerular cells (1) and in the EPL
(A). (b, inset): Few immunoreactive mature astrocytes can be also
noticed among mitral (1) and granule cells (A).

Avidine biotin peroxidase technique x 400, inset x 1000

Fig. 24: Three days after intranasal ADSCs administration in

group III, showing (a, inset): Some S-100B immunoreactive
mature astrocytes in-between juxtaglomerular cells (7). (b,
inset): Some immunoreactive mature astrocytes are noticed
among mitral (1) and granule cells (A).

Avidine biotin peroxidase technique x 400, inset x 1000

DISCUSSION

Since no apparent sex differences in the structure of
human olfactory bulbs were reported, we conducted the
current research on female rats!> ', Interestingly, it was
demonstrated recently that gonadectomized female mice
exhibited slower responses to odorants in fewer glomeruli
than adult female mice. Meanwhile, in gonadectomized
males, this sex difference was reversed so that they
exhibited faster response in more glomeruli than control
adult male micel'”..

The laminar organization of the olfactory bulb (OB)
combines a unique neuronal morphology and complex
synaptic connections. The glomeruli of OB act as first
synaptic relay of the olfactory pathway. They receive

Fig. 26: Fourteen days after intranasal ADSCs administration in
group III, showing (a, inset): Minimal S-100B immunoreactivity
in-between juxtaglomerular cells (7). (b, inset): Minimal
immunoreactivity can be also seen in the EPL (A), among mitral
(1) and granule cells (A).

Avidine biotin peroxidase technique x 400, inset x 1000

afferent input from olfactory sensory neurons (OSNs)
of olfactory epithelium. These axons make axodendritic
synapses with the primary dendrites of mitral and tufted cells
of OB in the glomerular neuropil, while the axons of mitral
cells project to the olfactory cortex. Local synaptic circuit
also exist in the glomeruli consisting of dendrodendritic
synapses between dendrites of juxtaglomerular cells and
those of mitral and tufted cells!™®. Thus, these unique
structures play a basic role in smell perception and modify
the response of the output neurons for sharp tuning of a
given odor!"”), Subsequently, the glomeruli and mitral cells
are considered the main integrative and relay elements of
the OB,

In the current study, OB of aged non-treated rats
exhibited marked degenerative structural changes.
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Significant decrease in number and size of glomeruli
with apparent decrease in population of juxtaglomerular,
mitral and granule cells were demonstrated. This was
accompanied by a subsequent significant decrease in
Nissl’s granules of mitral cells. This was in accordance
with previous investigations that reported decline of the
glomeruli and mitral cells population at an approximate
rate of about 10% per decade. The researchers added that
only 25% of glomeruli remained intact!'l.

The decline in cells’ population was attributed in
previous investigation to the aging-related degeneration
of OSNs that might lead to decrease or even loss of
neurotrophic factors synthesis, and consequently, to
reduction in number and size of the glomeruli and the
related mitral cells of OB. Most of OSN degeneration might
be secondary to damage to the olfactory neuroepithelium
caused by nasal infections, chronic rhinitis, changes in
mucous production in elderly. Moreover, age-dependent
increase in the quiescent pool of basal stem cells of olfactory
epithelium with an accompanying decrease in the number
of OSNs could also account for olfactory dysfunction in
elderly?. It has been postulated that number of
glomeruli of OB could be indeed a relevant indicator
of olfactory epithelium destruction!'®l. Sleep apnea
associated with restriction of nasal airflow has been also
recently implicated in olfactory dysfunction in aged
individuals®”. Moreover, many age-related
neurodegenerative diseases have been associated with
olfactory dysfunction in elderly, suggesting that some
age-related alterations of OB may reflect pre-clinical
neurodegenerative diseases as Alzheimer’s diseasel*!
parkinson’s disease??! and schizophrenial*!.

Most importantly, although postnatal continuous
turnoverofOBneurons wasdocumented®!, cell proliferation
and neurogenesis was documented to be decreased in the
subventricular zone (SVZ) during aging?*. Atrophy was
reported to occur within the SVZ niche, together with
stenosis of the ventral wall of the lateral ventricle, thus
restricting neurogenesis to the dorsolateral region of the
lateral ventricle!®’l. This would result in fewer new adult-
born neuroblasts reaching the olfactory bulb through
the rostral migratory stream. Hence less differentiation
into interneurons occurs with aging!?. These neuroblasts
are now known to continuously differentiate into either
granule cells (95%) -mainly incorporating into the deeper
part of GCL- or periglomerular cells (5%)?%. Thus, the
consequent decrease in population of OB interneurons
during aging would be the end result consistent with our
results where a decreased juxtaglomerular and granule cell
population was detected , with a more obvious decrease in
the granule cells in the deep part of GCL. In context, OB
local interneurons modulate the activity of mitral/tufted
cells, contributing to odor signal integration®”). This could
explain the decreased population of mitral cells seen in the
aged non-treated group of the present study.

In the current work, examination of synaptophysin
(SYP) immunohistochemically-stained sections, synaptic
connections of the OB were seen in condensed mainly in
the glomeruli, and to a lesser extent in the EPL. In this
view, SYP is known to be a transmembrane glycoprotein
found in presynaptic vesicles involved in the packaging,
storage, release of neurotransmitters, and it is reported
to be prominent in olfactory bulb glomeruli. It was
demonstrated that the glomerular neuropil contains the
axodendritic synapses between the terminal arborizations
of OSNs and the apical dendrites of mitral, tufted, and
juxtaglomerular cells. A local circuit of dendrodendritic
synapses also exists between mitral/tufted cell dendrites
and the juxtaglomerular cell dendrites in the glomeruli. Of
note, each glomerulus was documented to be molecularly
specific in that it receives afferent input from OSNs
expressing the same odorant receptors?. The findings
of the current study revealed a significant decrease in
SYP immunoreactivity in the aged non-treated group. In
agreement, both axodendritic and dendrodendritic synapse
densities were demonstrated to be decreased with aging.

By contrast, the dendrodendritic synapses density
in the EPL was stable®®. This finding might reflect the
decrease in OSNs innervating the glomeruli, as well as
the age-dependent decrease in the dendritic arbors of the
juxtaglomerular cells as previously reported. These authors
added that the aging most immediate effect occurred at the
first synaptic relay in the glomeruli, with a preservation of
downstream circuitry in the OB

By contrast to the decreased neurons’ population in the
aged non-treated group of the present work, a significant
increase in mature astrocytes’ number was detected
by S100B immunohistochemical staining. Going with
this result, it was previously suggested that decreased
neuronal elements was usually accompanied by increases
in astrocytes number™. This could compensate for a
reduction in the glomerular space occupied by axons and
dendrites?®. In addition, mature reactive astrocytes have
been reported to induce astrogliosis and impaired neuronal
regeneration*3!,

In a trial of reversing the aging-induced structural
degeneration of OB, allogenic ADSCs were used in
this work in group IIl. Previous studies determined
that ADSCs were not immunogenic and didn’t elicit an
immune response attributed to the reduced expression of
surface histocompatibility antigens of human passaged
ADSCs that could no longer stimulate a mixed lymphocyte
reaction®?. Moreover, ADSCs were reported to suppress
immunoreactions®, and might not elicit a cytotoxic T-cell
response in vivol*4l.

The intranasal route of ADSCs delivery to the aged OB
was used in the current work. It is -by far- the first time that
this approach of treatment had been investigated in such
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case. The intranasal route has been recently investigated as
a novel delivery route of drugs?®, neurotrophic factors®!
and stem cells to the braint'**"). This approach avoided the
side effects detected after systemic administration such as
pulmonary embolism, infarctions and obstruction by the
BBBP”L Mesenchymal stem cells delivered into the nasal
cavity have been shown to migrate through the cribriform
plate and into brain tissue through the olfactory and
trigeminal pathwayst'l.

Tracking of the delivered PKH26-labelled ADSCs
was done by detecting their positive fluorescence by the
fluorescent microscope. The presence of these cells was
maximum two hours after their intranasal administration
and gradually decreased with advancing time denoting the
stem cells might have been differentiated into neuronal
cells. This agreed with other authors who documented
that MSCs migrate from the nasal cavities to the forebrain
within two hours after administration and the number
decreases sharply at three days*!. This might be supported
by the results of a recent study that reported the pluripotent
ability of ADSCs to differentiate into neuronal cellst.

In this regard, gradual improvement of the histological
structure of the OB has been detected after different time
points of ADSCS treatment in group III of the present study.
This improvement was noted from day one after treatment
and progressed through the three and five days after
treatment, reaching its ultimate therapeutic effect on OB
structure after 14 days of administration. Going with these
results, it has been previously documented that ADSCs
could differentiate into neuronal or neuronal precursor
cells, both morphologically and functionally*”. In addition,
ADSCs treatment reduced the brain atrophy and glial
hypertrophy in a hemorrhagic stroke model*!!. The MSCs
were reported to migrate to a spinal cord injury where they
partially differentiated into neurons and oligodendrocytes,
and restored locomotor functions!?. Moreover, newly born
cells were found to be initially integrated into the deeper
parts of GCLPY. This was in accordance with the results of
the present study that showed restored deeper granule cells’
population after one day intranasal ADSCs administration
in group III. Meanwhile, restoration of more superficial
parts as glomerular layer including the juxtaglomerular
cells was obvious at day three after treatment.

Until recently, the mitral cells of the OB were thought
to be born exclusively during early embryogenesist .
However, recent research showed that numerous migrating
dorsal SVZ-derived neuroblasts expressed transcription
factors restricted to the mitral glutamatergic neurons and
concluded that these cells of OB are produced throughout
adult lifel*. Noteworthy, OB local interneurons were also
found to modulate the activity of mitral/tufted cellst".
The results of all these investigations support our findings
where apparent increase in mitral cells’ number was
observed in group III after ADSCs administration. Taken
together, increased neuronal population of OB in all layers

could be the direct cause of increased synaptic circuits seen
by SYP immunostaining after ADSCS treatment in group
IIT of the present work.

A number of nonexclusive mechanisms through,
which ADSCs could repair and regenerate tissue, has
been postulated, other than their differentiation into a
desired lineage. The ADSCs might secrete growth factors
and cytokines that act in a paracrine manner to stimulate
recovery. A previous study suggested that intranasal
MSCs might induce neurotrophic factors production
through paracrine signaling, which in turn could promote
differentiation of precursor cells towards neuroblasts in the
SVZ nichet!. In addition, they might stimulate recruitment
of the endogenous stem cells residing in the stem cell niche
to the affected site, and promote their differentiation. In
addition, they might produce antioxidants and free radical
scavengers in the local environment thus removing the
toxic substances and promote recovery of surviving
cells!dl,

Synaptic connections were apparently gradually
established after ADSCs treatment in group III of the
current work. This was detected by significantly increased
SYP-immunoreactivity mainly in glomeruli and EPL
of OB, reaching its maximum after 14 days of ADSCs
administration. This could be attributed to the increased
neuronal population which might have extended their
processes and established synaptic circuits. Going with this
suggestion, it was observed in a prior electron microscopic
study that OB neurons received synapses from olfactory
sensory axons in N-methyl-D-aspartate (NMDA )-induced
OB injury®*”.. In 2009, Sultan-Styne suggested that newborn
granule cells normally become synaptically integrated over
the first 2-4 weeks after their birth™*.

Of notice, astrocytes were suggested to play a pivotal
role in promoting OB neurogenesis. They might control
the generation, migration, and survival of different
subtypes of interneurons as well as the establishment of
synaptic connections of newborn cellsi*). Moreover,
the immunosuppressive effect of MSCs might lead to
inhibition mature astrocytes”. Hence this might explain
their relatively large number after one day of ADSCs
treatment in group III of the present study with the ongoing
ADSCS differentiation to neurons, and their subsequent
reduction afterwards with concomitant increase in neuronal
population in OB.

CONCLUSION

Intranasal administration of ADSCs had a relevant
therapeutic potential on age-related structural changes of
olfactory bulb. This route of administration might represent
a novel valuable non-invasive tool for stem cell-based
therapy that holds much promise in neuronal age-related
structural changes. Using many time points to evaluate
the experiment was of value to conclude that regeneration
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process was time-dependent. Further preclinical and
clinical studies are needed to determine whether intranasal
ADSCs-based therapies can fulfill clinical expectations for
this age-related medical condition.
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