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ARTICLE INFO ABSTRACT

Keywords: Deficits in olfaction are associated with neurodegenerative disorders such as Alzheimer’s disease. A recent study
C}}ohne acetyltransferase reported that intranasal zinc sulfate (ZnSO4)-treated mice show olfaction and memory deficits. However, it re-
Hippocampus mains unknown whether olfaction deficit-induced learning and memory impairment is associated with the
Memory

cholinergic system in the brain. In this study, we evaluated olfactory function by the buried food find test, and
learning and memory function by the Y-maze and passive avoidance tests in ZnSOy-treated mice. The expression
of choline acetyltransferase (ChAT) protein in the olfactory bulb (OB), prefrontal cortex, hippocampus, and
amygdala was assessed by western blotting. Moreover, we observed the effect of the acetylcholinesterase in-
hibitor physostigmine on ZnSO4-induced learning and memory deficits. We found that intranasal ZnSO4-treated
mice exhibited olfactory dysfunction, while this change was recovered on day 14 after treatment. Both short-term
and long-term learning and memory were impaired on days 4 and 7 after treatment with ZnSO4, whereas the
former, but not the latter, was recovered on day 14 after treatment. A significant correlation was observed
between olfactory function and short-term memory, but not long-term memory. Treatment with ZnSO4 decreased
the ChAT level in the OB on day 4, and increased and decreased the ChAT levels in the OB and hippocampus on
day 7, respectively. Physostigmine improved the ZnSOg4-induced deficit in short-term, but not long-term,
memory. Taken together, the present results suggest that short-term memory may be closely associated with
olfactory function via the cholinergic system.

Olfactory function
Zinc sulfate

1. Introduction

Olfaction plays an important role in several behaviors such as food
localization, emotional modulation, and social behaviors. Odors are first
detected by olfactory sensory neurons in the olfactory epithelium, and
this information is then transferred to the olfactory bulb (OB) which
projects to brain areas such as the cortex, hippocampus and amygdala,

which play crucial roles in cognition [1].

It is well known that Alzheimer’s disease (AD) patients show marked
olfactory dysfunction [2], and this change is observed in an early stage
of AD [3]. AD patients show a marked decrease in choline acetyl-
transferase (ChAT) activity, which is responsible for the synthesis of the
transmitter acetylcholine in the OB and its projection to brain areas such
as the cortex, hippocampus, and amygdala [4-7]. Cholinergic neurons in

Abbreviations: AD, Alzheimer’s disease; ANOVA, analysis of variance; ChAT, choline acetyltransferase; i.p., intraperitoneally; LTP, long-term potentiation; OB,
olfactory bulb; OBX, olfactory bulbectomy; PFC, prefrontal cortex; SEM, standard error of the mean; SVZ, subventricular zone; TBST, tris-buffered saline supple-

mented with 0.01 % Tween-20; ZnSO,, zinc sulfate.
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the brain play crucial roles in olfactory and memory function [8].
Anticholinergic drugs such as atropine and scopolamine cause olfactory
and memory deficits [9-14], while acetylcholinesterase inhibitors such
as donepezil recover these deficits [13,15,16]. These findings suggest
that changes in the olfactory system and cholinergic neurons may be
associated with AD symptoms.

Olfactory bulbectomy (OBX) can lead to various abnormal behaviors
such as depressive-like behavior [17-20] and cognitive dysfunction
[21-23], as well as various neurochemical changes such as reductions in
monoamines [19,24,25], hippocampal neurogenesis [17,19,22,23],
long-term potentiation (LTP) [26], and choline acetyltransferase (ChAT)
levels [21]. However, OBX results in permanent anosmia, damages
blood circulation in the brain [27], and leads to retrograde neuro-
degeneration of neurons in the cortex, hippocampus, amygdala and
more [28,29]. Thus, this model in rodents appears to be unsuitable for
evaluating the association between olfaction and memory function.

Nasal administration of zinc sulfate (ZnSO4) has been shown to result
in reversible lesion of the olfactory epithelium and transient anosmia in
mice [30]. Recently, other studies have reported that nasal treatment
with ZnSO4 induces memory and learning impairment, and a reduction
of hippocampal LTP in mice [31,32]. Hence, this model is appropriate
for evaluating the impact of olfactory dysfunction on learning and
memory. However, it remains unknown whether ZnSOs-induced
cognitive dysfunction is associated with the cholinergic system in the
brain.

In the present study, memory function after nasal treatment with
ZnSO4 was examined in the Y-maze and passive avoidance tests to
examine whether olfactory dysfunction affects learning and memory
function. Moreover, to evaluate whether olfactory dysfunction-induced
memory deficits are associated with cholinergic neurons, we investi-
gated the changes in ChAT levels in the brain regions of mice treated
with ZnSO4 and the effect of the acetylcholinesterase inhibitor physo-
stigmine on ZnSO4-induced memory deficits.

2. Materials and methods

All experiments were approved by the Ethics Committee of Animal
Experiments at the International University of Health and Welfare
(Ohtawara, Japan; approval number: 19016). All procedures followed
the guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (Bethesda, MD). Efforts were made to mini-
mize the animals’ suffering and reduce the number of animals used.

2.1. Animals

We used male ddY mice (age, 6-7 weeks; weight, 26-28 g; Japan
SLC, Shizuoka, Japan) for all experiments (total, n =427; behavioral
test, n = 367; western blotting analysis, n = 60). The mice were housed
in cages containing five to six mice, and subjected to steady conditions
(i.e., temperature, 23 + 1 °C; humidity, 55 + 5 %, and 12/12 h light-dark
cycle with lights on at 7:00). All behavioral tests were performed be-
tween 10:00 and 17:00. Each animal was tested for only one behavior
except for the buried food finding test and the evaluation of the rela-
tionship between olfaction and memory-related behaviors. The behav-
ioral tests were conducted by a blinded observer.

2.2. Olfactory deprivation

Mice were anesthetized with pentobarbital sodium (50 mg/kg, i.p.;
Dainippon, Osaka, Japan), and then subjected to intranasal ZnSO4 or
saline effusion in an abdomen-up position. Ten pl of saline or 2.5 %
ZnSO4 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) so-
lution was intranasally perfused into each nostril with a 10 pl pipette
(total 20 pl per mouse).
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2.3. Drugs and treatments

Physostigmine (Sigma-Aldrich, St-Louis, MO, USA) was dissolved in
saline. Physostigmine (0.03 and 0.1 mg/kg) was intraperitoneally (i.p.)
administered 30 min before the behavioral tests on day 7 after nasal
administration of saline or ZnSO4. These drugs were administered in a
volume of 0.1 mL/10 g of mouse body weight. The dose for each drug
used was calculated from previous reports [21].

2.4. Buried food finding test

The buried food finding test was used as a measure of olfactory
function in mice. Briefly, mice were housed singly in a cage (height:
17 cm, width: 25 cm, length: 30 cm) with clean 3 cm-deep bedding for
5 min after 24 h of food fasting. Food was randomly buried 0.5 cm under
the bedding surface in the cage. The latency to find the food was
recorded manually. This test was conducted on days O (pretreatment), 4,
7, and 14 after the administration of ZnSQOg.

2.5. Y-magze test

The Y-maze apparatus consisted of three compartments (height:
25 cm, width: 3 cm, length: 40 cm) radiating out from the center. The
mice were placed in one of the compartments and allowed to move
freely for 8 min. Experiments were performed at a light intensity of
351x. An arm entry was defined as three legs entering one of the arms,
and the sequence of entries was manually recorded. An alternation was
defined as entry into all three arms on consecutive trials. Thus, the
maximum number of alternations was the total number of entries minus
2, and the percent alternation was calculated as (actual alternations /
maximum alternations) x 100. The percent spontaneous alternation
behavior of the mouse was taken as a measure of spatial short-term
memory.

2.6. Passive avoidance test

The passive avoidance test was performed as previously described
[33]. In the training trial, an electric foot-shock (0.5mA for 1s) was
delivered to the feet through the floor grids as soon as the mouse left the
lighted compartment and completely entered the dark compartment.
This trial was conducted 24 h after nasal administration of saline or
ZnS0y. In the test trial, each mouse for each time point was placed in the
illuminated compartment and the latency to enter the dark compart-
ment was once again recorded, allowing a maximum cut-off time of
300 s; no foot-shock was delivered in this case.

2.7. Western blotting

To confirm the expression of ChAT in the OB, prefrontal cortex
(PFC), hippocampus, and amygdala of mice on day 4, 7, or 14 after nasal
administration of saline or ZnSO4, mice were sacrificed by decapitation;
the brain was immediately removed and the OB, PFC, hippocampus, and
amygdala were dissected quickly by a mouse brain slicer (Muromachi
Kikai). We used samples from mice that had not undergone any
behavioral tests. The brain atlas of Paxinos and Franklin [34] was used
as a reference to guide all dissections. Protein isolation and western
blotting were performed as described previously [20]. After electro-
phoresis, proteins were transferred electrically from the gel onto a pol-
yvinylidene difluoride membrane using a semi-dry blotting apparatus
(Bio-Rad Laboratories, Hercules, CA, USA). The blots were blocked for
30 min with 5 % skim-milk in Tris-buffered saline supplemented with
0.01 % Tween-20 (TBST). Next, membranes were probed with anti-
bodies against ChAT (1:1000; Millipore Corporation, Billerica, MA,
USA) and f-actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) overnight at 4 °C. The blots were washed several times and then
incubated at room temperature for 1h with secondary antibody
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(horseradish peroxidase-COnjugated anti-goat or anti-mouse IgG anti-
body diluted 1:10000 with TBST containing 5 % skim-milk). Blots were
developed using an ImmunoCruz (Santa Cruz Biotechnology) and
scanned, optimized and analyzed by Quantity One 1-D Analysis Soft-
ware version 4.5.2 (Bio-Rad Laboratories). The density of the corre-
sponding bands was analyzed using Image Studio Lite version 5.2
(LI-COR Biosciences, Lincoln, NE, USA).

2.8. Statistical analysis

Results of experiments are expressed as mean =+ standard error of the
mean (SEM). Normality and homoscedasticity assumptions were veri-
fied prior to the use of any parametric tests (Shapiro-Wilk normality test
and equality of variances F-test). The statistical significance of differ-
ences was determined by the Student’s t-test for two-group comparisons.
The significance of differences was determined by one- or two-way
analysis of variance (ANOVA), followed by the Tukey-Kramer test for
multiple group comparisons except for the buried food finding test,
which was analyzed using the Dunnett test. The criterion of significance
was set at p < 0.05.

3. Results

3.1. Change in olfactory function after the nasal administration of ZnSO4
in mice

As shown in Fig. 1, nasal administration of 2.5 % ZnSO4 induced a
significant increase in the time required to find the buried food on days 4
and 7 after treatment (pre vs day 4: p=0.0005; pre vs day 7:
p =0.0252), and this change recovered on day 14 after treatment with
ZnSO4 (day 4 vs day 14: p=0.0010) [One-way ANOVA: F (3,
68) =7.916, p=0.0001]. In addition, the time required to find the
buried food on day 14 after nasal administration of ZnSO4 was not
significantly different from that of pretreatment group (pre vs day 14:
p =0.2758). We observed that 5 % ZnSO4-treated mice almost all died
immediately after administration (data not shown). Hence, we consid-
ered that 2.5 % ZnSO4 was the appropriate dose to investigate the
relationship between olfaction and memory.

3.2. Time-dependent effect of ZnSO4 on learning and memory in mice

A two-way ANOVA revealed a significant interaction between time
and group for spontaneous alternation behavior [F (2, 84) =5.493,
p =0.0057, Fig. 2(B)]1, but not for number of arms [F (2, 84) = 0.6969,
p=0.5010, Fig. 2(C)]. ZnSOg4-treated mice showed a decrease in
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spontaneous alternation behavior on day 4 or 7 after nasal administra-
tion compared to each saline group (day 4: p=0.0010; day 7:
p < 0.0001), while this deficit was not observed on day 14 (day 4 vs day
14: p=0.0011). There was no significant difference in total arm entries
between saline and ZnSOy-treated mice for any of the periods.

A two-way ANOVA revealed a significant interaction between time
and group for latency time in the passive avoidance test [F (3,
112) =5.675, p=0.0012, Fig. 3(B); F (1, 38) =9.007, p = 0.0047, Fig. 3
(D)]. On day 1 (training trial day), all groups showed similar latency
times to enter the dark compartment [day 1: p > 0.9999, Fig. 3(B)].
ZnSO4-treated mice had a significantly lower latency time compared to
the saline group on days 4, 7, and 14 after treatment [Fig. 3(B): day 4:
p=0.0007; day 7: p=0.0240; day 14: p < 0.0001, Fig. 3(B)]. Moreover,
we examined learning and memory function when ZnSOy-treated mice
had mostly recovered from anosmia. On day 14 (training trial day), all
groups showed similar latency times to enter the dark compartment [day
14: p > 0.9999, Fig. 3(D)], while ZnSO4-treated mice had a significantly
lower latency time compared to the saline group on day 17 after treat-
ment [day 17: p=0.0008, Fig. 3(D)].

3.3. Correlations of olfactory function with memory-related behavior in
7ZnSO-treated mice

Using linear regression, we examined the relationship between ol-
factory function and memory-related behavior on day 7 after treatment
with ZnSO4. We found a significant correlation between the latency time
to find the buried food and the spontaneous alternation behavior in the
Y-maze test [R2 =0.3393, r = -0.5825, p=0.0179, Fig. 4(A)], but not
the latency time in the passive avoidance test [R®= 0.04045, r =
-0.2011, p=0.4551, Fig. 4(B)].

3.4. Changes in ChAT levels in brain regions after ZnSO,4 treatment

A two-way ANOVA revealed a significant interaction between time
and group for the OB and hippocampus [F (2, 54) =11.47, p < 0.0001,
Fig. 5(A); F (2, 54) = 4.598, p = 0.0143, Fig. 5(C)], but not for the PFC or
amygdala [F (2, 54) = 0.07558, p = 0.9273, Fig. 5(B); F (2, 54) = 1.587,
p=0.2139, Fig. 5(D)]. On day 4 after administration, ZnSOy-treated
mice exhibited a significant decrease in ChAT levels in the OB compared
to the saline group [p =0.0155, Fig. 5(A)]. On day 7 after administra-
tion, ZnSO4-treated mice exhibited a significant increase and decrease in
ChAT levels in the OB and hippocampus, respectively [OB: p = 0.0020,
Fig. 5(A); hippocampus: p =0.0028, Fig. 5(C)]. On day 14 after treat-
ment, the ChAT levels in the OB and hippocampus were unchanged
between the saline and ZnSO4-treatment groups [OB: p = 0.1827, Fig. 5
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Fig. 1. Nasal administration of ZnSO, induces reversible olfactory dysfunction in mice. A: Time course of the experimental protocol. B: Latency times to find the
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Fig. 3. ZnSOy-treated mice show long-term memory impairment in the passive avoidance test. A and C: The time course of the experimental protocol. B and D: The
latency times for the different groups are shown for the training trial at day 1 (B) or day 14 (D) after treatment with ZnSO,4 and the test trial in the passive avoidance
test. Bars represent means & SEM. ** p < 0.01 vs. saline group (n =15 per group).

(A); hippocampus: p =0.2352, Fig. 5(C)].

3.5. Effects of physostigmine on ZnSO4-induced learning and memory
deficits in mice

On day 7 after administration, ZnSO4-treated mice exhibited signif-
icant decreases in spontaneous alternation behavior in the Y-maze test
(p=0.0081) and in latency time in the passive avoidance test
(p =0.0089). Physostigmine (0.1 mg/kg) reversed the decrease in
spontaneous alternation behavior (p =0.0130) [one-way ANOVA: F (3,
55) = 3.687, p=0.0172, Fig. 6(A)], but had no effect on the decrease in
latency time (p=0.4963) [one-way ANOVA: F (3, 55)=3.687,
p =0.0172, Fig. 6(C)]. Moreover, locomotor activity as assessed by total
arm entries in the Y-maze test was not significantly altered by the
administration of physostigmine [one-way ANOVA: F (3, 53) =1.381,

p =0.2586, Fig. 6(B)].
4. Discussion

In this study, olfactory dysfunction was time-dependently associated
with learning and memory, and with changes in ChAT levels in several
brain regions. On days 4 and 7 after intranasal ZnSO4 treatment, mice
exhibited complete anosmia, along with memory impairment in the Y-
maze and passive avoidance tests, which are used to evaluate short- and
long-term memory, respectively. On day 14 after treatment, olfaction
and short-term memory deficits recovered, while long-term memory was
still impaired. On day 4 after treatment, ZnSO4-treated mice exhibited a
significant decrease in ChAT levels in the OB. Moreover, ZnSO4-treated
mice exhibited a significant increase in ChAT levels in the OB, and a
decrease in ChAT levels in the hippocampus on day 7 after treatment.
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Olfactory function could be destroyed by ZnSOj as early as 1 h after
treatment and persisted for about 1 week [35,36], whereas this
dysfunction would eventually disappear because of the recovery of ol-
factory epithelium cells [35]. Ahn et al. reported that ZnSOg4-treated
mice showed time-dependent recovery of olfactory epithelium along
with the improvement of olfaction [30]. Hence, we consider that change
in olfaction closely depends on the degree of olfactory epithelial
destruction in ZnSOjs-treated mice. In the present study, we also
observed that ZnSO4-induced olfactory dysfunction persisted for 1 week,
while this change recovered on day 14 after ZnSO4 treatment (Fig. 1).

This finding suggests the presence of reversible impaired olfaction in
ZnSO4-treated mice.

Olfaction plays crucial roles in cognition [1]. A previous study
showed that nasal administration of ZnSO4 induced olfactory dysfunc-
tion and changes in learning and memory functions in mice [32]. The
present study revealed that ZnSOjy-treated mice showed short- and
long-term memory impairment on days 4 and 7 after nasal treatment,
while short-term memory, but not long-term memory, was recovered
accompanied by a return of olfaction on day 14 after nasal treatment
(Figs. 2 and 3). Moreover, we found that ZnSO4-treated mice showed
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impaired learning function on day 14 after treatment, even though ol-
factory function was mostly restored [Fig. 3(D)]. Another study reported
that associative learning and memory, as well as hippocampal LTP,
remain impaired when olfactory function is mostly recovered [31]. The
Y-maze test evaluates short-term memory, while the passive avoidance
test evaluates associative learning and memory [37]. Thus, we consider
that olfactory dysfunction may reversibly reduce short-term memory
and induce irreversible associative learning and memory deficits.
Furthermore, the present study revealed a significant association be-
tween the latency to find buried food and spontaneous alternation
behavior in the Y-maze test, but not latency time in the passive avoid-
ance test [Fig. 4(A) and (B)]. These results suggest that olfactory
dysfunction may be closely associated with short-term memory.

Muscarinic acetylcholine receptors play a prominent role in the ol-
factory pathway [38-41]. Interestingly, intranasal administration of
atropine, a muscarinic antagonist, is associated with olfactory
dysfunction in patients at high risk of developing AD [15,40]. Musca-
rinic cholinergic transmission plays a major role in odor identification,
and there is initial evidence that improvement in odor identification is
associated with clinical improvement in patients with AD who receive
cholinesterase inhibitors [38]. The activity of ChAT in the olfactory
tubercle is known to be reduced in AD patients, indicating that cholin-
ergic neurons may be degenerated in the olfactory system [4]. In the
present study, ZnSO4-treated mice showed a decrease in the ChAT level
in the OB on day 4 and an increase on day 7 after treatment [Fig. 5(A)].
These changes may reflect reversible olfactory dysfunction. This study
demonstrated that olfaction deficits persisted for 1 week (Fig. 1). The
reduction of ChAT in the OB on day 4 after treatment may be related to
olfactory dysfunction by ZnSOy. In contrast, the increase in ChAT in the
OB on day 7 after treatment may contribute to the process of recovery
from anosmia. Therefore, it is suggested that time-dependent changes in
the ChAT level in the OB may be associated with olfactory changes in
ZnSOg4-treated mice.

Hippocampal acetylcholine is associated with learning and memory
function [42-44]. Infusion of the anticholinergic drug scopolamine into
the hippocampus impairs spatial memory in rodents [9-11]. AD patients
show a marked decrease in hippocampal ChAT activity [4], and drugs
that increase endogenous acetylcholine, such as donepezil and riva-
stigmine, are used to treat dementia. These reports suggest that modu-
lation of the cholinergic system in the hippocampus plays an important
role in memory function. In the present study, we found that ZnSO4--
treated mice showed a decrease in the ChAT level in the hippocampus
[Fig. 5(C)], and the ZnSO4-induced short-term memory deficit was
improved by acute administration of physostigmine on day 7 after

treatment [Fig. 6(A)]. Acute treatment with physostigmine also tended
to improve ZnSO4-induced long-term memory deficit in the passive
avoidance test, but this effect was not statistically significant [Fig. 6(C)].
In contrast, ZnSOy-treated mice showed impaired short-term memory
even on day 4 after treatment, despite the unchanged ChAT level in the
hippocampus. These results suggest that activation of cholinergic neu-
rons may be associated with the improvement of ZnSO4-induced
short-term memory deficit, but the reduction of ChAT in the hippo-
campus may not directly contribute to the development of ZnSO4-in-
duced short-term memory deficit. In addition, although the ChAT levels
in the brain were unchanged, ZnSO4-treated mice showed a long-term
memory deficit on day 14 after treatment. An et al. reported that
ZnSOg4-treated mice exhibited impaired associative learning and mem-
ory with decreased hippocampal LTP when olfactory function was
mostly recovered [31]. Moreover, recent study reported that hippo-
campal dopaminergic and glutaminergic systems involved in the in-
duction of LTP were downregulated in ZnSOy4-treated mice [45]. Thus,
we considered that ZnSO4-induced long-term memory deficit may be
associated with, at least in part, the impairment of hippocampal LTP via
dysfunction of dopaminergic and/or glutaminergic systems rather than
cholinergic system.

The present study revealed that ZnSO4-induced olfactory deficit af-
fects learning and memory functions in mice, but the mechanism re-
mains unclear. Previous studies have suggested that neurogenesis in the
subventricular zone (SVZ) is associated with both olfactory function and
memory [46,47]. Therefore, we plan to perform additional experiments
focusing on neurogenesis in the SVZ in a future study.

In conclusion, the present study demonstrated that nasal treatment
with ZnSO4 causes reversible olfactory dysfunction and short-term
memory impairment, as well as irreversible long-term memory impair-
ment in mice. These reversible phenomena may contribute to the
changes in ChAT levels in the OB and hippocampus by ZnSO4. Moreover,
ZnS04-induced short-term memory impairment was improved by acute
administration of physostigmine. The present findings suggest that
short-term memory may be closely associated with olfactory function
via the cholinergic system, which should contribute to our under-
standing of the pathophysiology of cognitive disorders such as AD.
However, as it remains unknown whether the rescue effects of physo-
stigmine for short-term memory deficits are actually mediated by
increased acetylcholine at the OB and hippocampus, we will examine
these issues in a future study.
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