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Abstract 
Alzheimer’s disease (AD) is the common cause of dementia which shows the 
neuro-pathologies like an accumulation of amyloid-β (Aβ) and degeneration 
of cholinergic neuron. Olfactory bulbectomized (OBX) mice show some of 
AD features, so they have been used to research as AD model. Mesenchymal 
stem cells (MSCs) can differentiate into many kinds of cells, including neu-
ronal cells. In this study, we intranasally administrated the conditioned me-
dium derived from cultured umbilical cord (UC) MSCs. The intranasal ad-
ministration of the MSCs medium restored the cognitive impairment ob-
served in OBX mice. In addition, the decreased number of choline acetyl-
transferase-positive cells in the medial septum was restored by the condi-
tioned medium administration. In conclusion, MSCs-derived conditioned 
medium may have protective effects of cholinergic neurons in the medial 
septum, thereby rescuing the cognitive impairment of OBX.  
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1. Introduction 

Alzheimer’s disease (AD) is a common disorder associated with cognitive im-
pairment. AD is characterized by amyloid-β (Aβ) plaque and intracellular neu-
rofibrillary tangles (NFTs) [1]. Donepezil, rivastigmine and galantamine, the ace-
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tylcholine esterase (AChE) inhibitors, and memantine, an N-methyl-D-aspartate 
(NMDA) receptor antagonist, are currently prescribed for AD therapy. Howev-
er, those medicines can only prevent the progression of AD’s symptoms and not 
be able to cure them fundamentally. Recently, β-secretase inhibitor and anti-Aβ 
antibody are received attention for new therapeutic agents, but these compounds 
have not succeeded in recovering AD symptoms yet [2] [3] [4] [5] [6]. 

Olfactory bulbectomized (OBX) mice are a useful model of AD because they 
represent the pathological characteristics observed in AD such as Aβ accumula-
tion, cognitive impairment and depression. For example, OBX mice showed a 
loss of memory deficits mediated by cholinergic neuronal dysfunction [7]. Also, 
the Aβ level in neocortex and hippocampus was increased by bulbectomy [8]. 
We previously demonstrated that donepezil rescues the medial septum choliner-
gic neurons via the activation of nicotinic acetylcholine receptors in OBX mice 
[9]. We further showed that ST101 treatment improved memory impairment 
associated with the increased phosphorylation of Ca2+/calmodulin-dependent 
protein kinase II (CaMKII) and protein kinase C (PKC) in the hippocampus via 
activation of T-type voltage-gated calcium channel [10] [11]. 

Mesenchymal stem cells (MSCs), which reside in bone marrow, adipose tissue 
and umbilical cord, etc. can differentiate many kinds of mesenchymal tissues, 
including bone, muscle, and stroma [12]. In addition, MSCs can mature into 
neuronal cells [13]. Some recent studies show that MSCs have protective effects 
on Alzheimer’s disease [14] [15]. We here found that the administration of con-
ditioned medium derived from UC MSCs had a protective therapeutic effect in 
OBX mice. In addition, we provide the evidence that the conditioned medium of 
UC MSCs affects on survival of medial septum cholinergic neurons. 

2. Materials and Methods 
2.1. Animals and Operation of Olfactory Bulbectomy 

Eight-week-old male ddY mice were purchased from CLEA Japan, Inc. (Tokyo, 
Japan). The average weight of the mice was 38 g. Animals were bred under con-
ditions of 23˚C ± 2˚C, humidity 55% ± 5%, light and dark cycle (light from 9 am 
to 9 pm), and unlimited access to food and water. All experimental procedures 
conformed to “Regulations for Animal Experiments and Related Activities at 
Tohoku University” and were reviewed by the Institutional Laboratory Animal 
Care and Use Committee of Tohoku University. After habituation for 1 week, 
OBX mice were prepared as described previously [16]. In brief, mice were anes-
thetized and their head immobilized by a stereotaxic apparatus (David Kopf In-
struments, Tujunga, CA, USA). A small burr hole was drilled on both sides of 
the olfactory bulbs, which were then removed using a suction pump. Holes were 
filled with hemostatic sponges to prevent hemorrhagia. 

2.2. UC MSC Conditioned Medium Preparation 

Human UC tissues were collected from full-term pregnant women who provided 
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informed consent at Narita Ladies’ Clinic (Saitama, Japan). The sampling collec-
tion has been approved by the Human Ethics Committee in Narita Ladies' clinic 
as well as BioMimetics Sympathies Inc., and the UC tissues are not be collected 
without patient consent. UC-MSCs were isolated from the sample, and stromal 
vascular fraction were passaged with sf-DOT (BioMimetics Sympathies, Inc., 
Tokyo, Japan), a serum-free culture medium, at 37˚C in an atmosphere con-
taining 5% CO2. About 1.2 × 106 UC-MSCs of passage 5 were seeded in each 
T175 CellBIND culture flask containing 30 ml of sf-DOT medium. After 5 days 
of incubation, resulting MSC-CM was collected, centrifuged at 400 g for 5 min to 
remove the cell debris, filtered through 0.22-μm filter, and then concentrated (10 
times) by ultrafiltration using centrifugal filtering units with a cut-off value of 3 
kDa (Amicon Ultra-15; Millipore, MA), according to the manufacturer’s instruc-
tions. The concentrated UC MSC-CM was aliquoted and stored at −20˚C until 
use. 

2.3. Intranasal Administration of Medium and Conditioned  
Medium for OBX Mice 

We conducted the following experiments as shown in Figure 1. During 14 days 
from OBX operation, nasal administration of the control medium or the condi-
tioned medium was performed 5 times. After the treatment, we conducted beha-
vior tests and immunohistochemical analysis. Intranasal administration was 
conducted for OBX mice in 2nd, 4th, 7th, 10th and 12th day after the operation 
(Control medium: 20 μL; Conditioned Medium: 10 or 20 μL each day). 

2.4. Behavioral Tests 

Three behavioral tests were conducted 14 days later from OBX operation. 

2.5. Y-Maze Task 

A Y-maze task that can measure spatial memory was conducted as previously 
described [16]. A mouse was put on the end of the arm and allowed to move freely  
 

 
Figure 1. Protocol of the treatment of conditioned medium for olfactory bulbectomized 
(OBX) mice. OBX mice were treated with the conditioned medium at 2, 4, 7, 10, and 12 
days after bulbectomy. Two weeks later, novel object recognition task, Y-maze task, and 
passive avoidance task were conducted. The brain sections of the OBX mice were immu-
nostained after finishing the behavior tests. 
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for 8 minutes. Alternation behavior was defined as entries into all three arms on 
consecutive choices. Percentage of alternation was calculated as (alternation)/(total 
arm entries − 2) × 100. 

2.6. Novel Object Recognition Task 

Novel object recognition task is based on the characteristics that mice prefer 
novel objects to familiar ones. In the trial session, two similar objects were placed 
on the mouse cage symmetrically, and then the mouse was put on the cage for 10 
minutes. 24 hours later, one of the objects was replaced with a novel one and let 
the mice explore in the cage for 5 minutes (called “test session”). A discrimina-
tion index was evaluated by comparing the difference between exploratory con-
tacts of novel or familiar objects and the total number of contacts, adjusting for 
differences in total exploration contacts. 

2.7. Step-Through Passive Avoidance Task 

Passive avoidance task was conducted as previously described [16]. The appara-
tus consisted of light and dark compartments with stainless steel rods connected 
with an electronic stimulator (Muromachi Kikai, Tokyo, Japan). After putting a 
mouse on the light compartment, When the mouse entered the dark compart-
ment, it received an electric shock (0.3 mA for 2 s) from the grid floor and was 
removed from the apparatus 30 s later on training trials (fear acquisition). 24 
hours after this fear acquisition session, mice were placed in the light compart-
ment and step-through latency was recorded over a period of 300 s, an indicator 
of retention level (test session). 

2.8. Immunocytochemistry 

Mice were perfused with ice-cold phosphate-buffered saline (PBS, pH 7.4) and 
then with 4% paraformaldehyde. After removal and postfixation of the brain, 
tissue was sliced into 50 μm-thick coronal sections using a vibratome (Dosaka 
EM, Kyoto, Japan). TSA immunohistochemistry was performed using TSA Flu-
orescein System kit (PerkinElmer, MA, USA). The sections were incubated with 
0.3% H2O2 in PBS for 30 minutes to inactivate endogenous peroxidase. After 
blocking with TSA buffer (containing 5 mL 2M Tris-HCl, 0.88 g NaCl and 0.5 g 
blocking reagent in the kit per 100 mL), mouse anti-ChAT (1:500 in TSA buffer, 
Millipore) diluted in blocking solution was added and incubated in 4˚C for 
overnight. Washing with PBS several times, biotinylated anti-mouse antibody 
(1:500 in TSA buffer) was reacted for 2 hours at 4˚C. Then, streptavidin-HRP 
(1:500 in TSA buffer) was added and incubated for 2 hours at 4˚C after PBS 
washing. Finally, the sections were incubated with the fluorescein tyramide rea-
gent (1:100 diluent) for 10 min in room temperature in the dark and enclosed by 
MAS coated microscope slide immersed in VECTASHIELD® Antifade Mounting 
Media (Vector Laboratories, CA, United States). Images were acquired by con-
focal laser scanning microscope (TCS SP8, Leica Microsystems, Wetzlar, Ger-
many).  
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2.9. Statistical Analysis 

All data were presented as means ± standard error of the mean (S.E.M). Statis-
tical significance was tested by one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test. Pairs of means were compared by Student’s t-test. All 
the statistical analyses were performed using GraphPad Prism 8 (GraphPad 
Software, CA, USA). Differences with p < 0.05 were considered statistically sig-
nificant. 

3. Results 
3.1. Intranasal Administration of Conditioned Medium Improves  

the Memory Deficit Seen in OBX Mice 

First, we investigated whether conditioned medium can recovery impaired 
memory of OBX mice by three behavior tests. In Y-maze task, OBX mice showed a 
decrease of alternation compared with sham-operated mice (53.12% ± 2.89%, p 
< 0.01 vs. sham; Figure 2(b)). Intranasal administration of conditioned medium 
(20 μL) restored memory loss without alteration of total arm entries (71.19% ± 
3.11%, p < 0.05 vs. OBX; Figure 2(a) and Figure 2(b)). The discrimination in-
dex was measured by a novel object recognition task. In the trial session, there 
are no differences in the discrimination index in all groups (Figure 2(c)). In the 
test session, OBX mice could not discriminate a novel object from familiar one 
(48.96% ± 1.87%, p = 0.44 vs. familiar; Figure 2(d)). On the other hand, the ad-
ministration of conditioned medium restored memory deficit observed in 
OBX mice (59.65% ± 2.15%, p < 0.001 vs. familiar; Figure 2(d)). In the fear 
acquisition session of passive avoidance task, mice in all groups entered the 
dark box immediately (Figure 2(e)). In the test session, latency time of OBX 
mice was significantly shorter than that of sham-operated mice (16.95 ± 4.75 
sec, p < 0.0001 vs. sham; Figure 2(f)) and the memory impairment was recov-
ered by conditioned medium treatment (228.12 ± 50.99 sec, p < 0.0001 vs. OBX; 
Figure 2(f)). 

3.2. The Administration of Conditioned Medium Restores  
Decreased ChAT-Positive Cells in the Medial Septum 

After examining the behavioral test, we conducted immunostaining of medial 
septum to analyze the therapeutic effect of conditioned medium on the gene ex-
pression of acetyltransferase (ChAT) in OBX mice (Figure 3(a)). Consistent 
with the previous study, the amount of ChAT protein decreased in the septum in 
OBX mice (65.66% ± 6.24%, p < 0.05 vs. sham; Figure 3(b)). We further ex-
plored if the recovery of OBX memory impairment in the behavioral analysis is 
related to the restoration of ChAT expression. Intriguingly, treatment of condi-
tioned medium (20 μL) potentiated the gene expression to recover reduced 
ChAT level in OBX mice (104.15% ± 16.03%, p < 0.01 vs. OBX; Figure 3(b)). 
These data suggest that UC MSCs-derived conditioned medium has a potent 
therapeutic effect on the recovery of ChAT gene expression to restore memory 
functions. 
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Figure 2. Treatment of conditioned medium restored memory impairment of OBX mice. 
(a) Number of total arm entries and (b) Alternations in a Y-maze task; sham and OBX: n 
= 8; OBX + medium: n = 7; OBX + CM 10 μL or 20 μL: n = 5. All values are expressed as 
mean ± standard error of mean (SEM). Statistical significance was tested by one-way 
analysis of variance (ANOVA) with post-hoc Tukey’s multiple comparison test. *p < 0.05, 
**p < 0.01 vs. sham-operated mice; #p < 0.05 vs. OBX mice. (c) Discrimination index of 
object exploration during the trial session and (d) The test session in a novel object rec-
ognition task; sham: n = 9; OBX and OBX + medium: n = 8; OBX + CM 10 μL: n = 6; 
OBX + CM 20 μL: n = 5. Error bars represent SEM. **p < 0.01 vs. the familiar group by 
Student’s t-test. (e) Latency time in fear acquisition session and (f) Test session of passive 
avoidance task; sham, OBX and OBX + medium: n = 8, OBX + CM 10 μL: n = 6; OBX + 
CM 20 μL: n = 5. Error bars represent SEM. ****p < 0.0001 vs. sham-operated mice; ####p 
< 0.0001 vs. OBX mice by one-way ANOVA with post-hoc Tukey’s multiple comparison 
test. 

4. Discussion 

In this study, we demonstrated that conditioned medium derived from cultured 
UC MSCs potently restored cognition impairment in OBX mice. The therapeutic 
effect is apparently mediated by the recovery of decreased ChAT gene expression 
or survival of cholinergic neurons. These results imply that UC MSCs-conditioned  
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Figure 3. The administration of conditioned medium recovered the reduction of ChAT 
immunoreactivity in the medial septum in OBX mice. (a) Representative images of ChAT 
immunohistochemistry in the medial septum. Images were obtained using a 20X objective 
lens. The Scale bars indicate 300 μm; (b) The numbers of ChAT-positive neurons in the 
medial septum. The ChAT-positive cells in the red dotted lines were counted. Sham-operated 
mice and OBX + CM 20 μL: n = 5; other groups: n = 6. Error bars represent SEM. *p < 
0.05, **p < 0.01 vs. sham-operated mice (sham); ##p < 0.01 vs. OBX mice by one-way 
ANOVA with post-hoc Tukey’s multiple comparison test. 
 
medium has a beneficial effect on the recovery of memory impairment. The cho-
linergic neurons in the medial septum have an essential role in the cognitive 
function in AD model mice [10] [17] [18]. We previously demonstrated that neu-
roprotective compound ST101, an enhancer of T-type calcium channels, rescues 
the ChAT neurons in the medial septum, and improved cognitive impairment in 
OBX mice [10]. ST101 is the enhancer of T-type calcium channels in the brain, 
thereby rescuing the ChAT-positive neurons in OBX. ST101 stimulated BDNF 
production and protein kinase B (Akt) activity in the medial septum. ST101 sti-
mulated BDNF production and protein kinase B (Akt) activity in the medial 
septum. In this context, we will further investigate BDNF/Akt signaling after CM 
administration in the future study. 

As to the recovery of the decreased ChAT gene expression observed in this 
study, the mechanism underlying the protection of ChAT neurons in the present 
study is still unknown. The previous studies showed that the extracellular ve-
sicles, like exosomes and microvesicles, can be useful for neurological diseases 
[19]. For example, human adipose tissue-derived mesenchymal stem cells (ADSCs) 
secrete exosomes, and the treatment suppresses both secreted and intercellular 
Aβ levels in the Neuro2a cells [20]. Also, MSCs and exosomes promote cogni-
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tive function and neurogenesis in the subventricular zone of Aβ-oligomer in-
jected mice [21]. Although it is unclear whether exosome can pass through the 
blood-brain barrier (BBB), intranasal administration of conditioned medium was 
effective in this study. The secreted exosomes may penetrate the nasal sensory 
neurons in this system. It is also hypothesized that the conditioned medium supply 
protective cytokines derived from MSCs [22] [23]. Many cytokines are also po-
tential candidates to rescue the cholinergic neurons in the medial septum be-
cause the small compounds easily penetrate the brain from nasal. Thus, we pro-
pose the pharmacotherapeutics base using our MSC-derived conditioned me-
dium to develop symptomatic and disease-modifying therapy for AD symptoms. 
Based on these hypotheses, we will further investigate the mechanism of how the 
MSCs-conditioned medium shows a therapeutic effect on AD pathology. 

In conclusion, we demonstrated that MSCs-derived conditioned medium eli-
cits neuroprotective effects on ChAT neurons in the medium septum, thereby 
rescuing the cognitive impairment in OBX mice. In the future study, we will de-
fine the substances derived from MSCs to develop unique AD therapeutics. 
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