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Introduction
Hippocampal neuronal loss is a well-established pathology that 

causes cognitive dysfunction. Cognitive dysfunction due to progressive 
neurodegeneration occurs in a wide range of neurodegenerative 
disorders, including Alzheimer’s disease, cerebral ischemic insults, and 
Parkinson’s disease [1,2]. In addition to neurodegenerative diseases, the 
severity of symptoms in schizophrenia is correlated with a decrease in 
brain volume [3,4].

Many reports have demonstrated that trimethyltin (TMT) induces 
neurodegeneration and the selective activation of glial cells in the 
hippocampal dentate gyrus of mice [5,6]. Immediately after TMT-
induced neurodegeneration in the dentate gyrus, neurogenesis becomes 
markedly enhanced [7]. Accordingly, these features of TMT have 
become useful in the research on hippocampal neurodegeneration and 
neuroregeneration [8]. In addition, TMT induces abnormal behaviors, 
including cognitive dysfunction and depressive-like behaviors [7,9]. 
Previous studies have shown that TMT-treated mice are useful for 
analyzing psychiatric changes involved in neurodegeneration or 
neuroregeneration in the hippocampal dentate gyrus.

Olanzapine, a multi-acting, receptor-targeted antipsychotic, 
has been shown to improve not only the positive and negative 
symptoms of schizophrenia but also cognitive dysfunction in both 
schizophrenia and Alzheimer’s disease [10]. In addition, previous 
studies have demonstrated that olanzapine is capable of preventing 
hydrogen peroxide, β amyloid, and N-methyl-4-phenylpyridinium 
ions from damaging PC12 cells [11-13]. Based on these findings, we 
hypothesized that olanzapine prevents TMT-induced neurotoxicity, 
including hippocampal neuronal degeneration and cognitive 
dysfunction. Therefore, the present study aimed to elucidate whether 
olanzapine improves TMT-induced neurodegeneration and cognitive 
dysfunction. 

Abstract
The organotin trimethyltin (TMT) induces neurodegeneration in the hippocampal dentate gyrus and psychiatric changes in mice such as cognitive dysfunction. We 
previously established a TMT-treated mouse model of cognitive dysfunction with hippocampal neurodegeneration. Olanzapine is an antipsychotic drug that has 
neuroprotective effects and improves cognitive dysfunction observed in schizophrenia. The present study aimed to elucidate the effects of olanzapine on cognitive 
dysfunction and hippocampal neurodegeneration in TMT-treated mice. Our results indicated that olanzapine effectively prevented TMT-induced neurotoxicity 
and the subsequent activation of microglia in the hippocampus, thus protecting hippocampal neurons from damage and preserving cognitive function. Minocycline 
(an inhibitor of microglial activation) also prevented TMT-induced neurotoxicity and demonstrated a synergistic effect with olanzapine. Collectively, our findings 
indicate that olanzapine may prevent TMT-related neurotoxicity, including hippocampal neurodegeneration and cognitive dysfunction.

Materials and methods
Animals

The animal protocols used in this study met the guidelines of The 
Japanese Society for Pharmacology and were approved by the Committee 
for Ethical Use of Experimental Animals at Setsunan University. All 
efforts were made to minimize animal suffering, reduce the number 
of animals used, and utilize alternatives to in vivo techniques. Seven-
week-old male Std-ddY mice were housed 4–5/cage (24 × 17 × 12 cm3) 
in a temperature-controlled room and were maintained on a 12-h light-
dark cycle (lights on from 7 AM to 7 PM). They were given free access 
to food and water for at least 4 days before use.

Reagents

Trimethyltin chloride (93-5084, Stream Chemicals, Inc. 
Newburyport, MA, USA) was dissolved in phosphate-buffered saline 
(PBS, pH 7.4). Olanzapine (156-03073, Wako Pure Chemical Industries, 
Ltd., Osaka, Japan) was dissolved in saline (pH 6.5). Chloral hydrate 
(Nacalai Tesque, Inc. Kyoto, Japan) and minocycline hydrochloride 
(M9511, Sigma–Aldrich, St. Louis, Missouri, USA) were dissolved in 
saline. All drugs were intraperitoneally administered at a volume of 10 
mL/kg. All other chemicals were of the highest purity commercially 
available.
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Assessment of cognitive function

Cognitive function was assessed by the novel object recognition 
test as previously described [14]. Briefly, each mouse was individually 
habituated to a Plexiglas box (25.5 × 30 × 40 cm), the floor of which was 
covered in sawdust. During habituation, mice were allowed to explore 
for 10 min in the absence of objects for 3 consecutive days. On day 
4, two objects were symmetrically placed on the floor of the box, and 
mice were allowed to explore the box for 10 min as part of the training 
session. The two objects were similar in size but different in shape and 
color. At 24 h after the training session, each animal was returned to the 
same box, in which one of the objects was replaced with a novel object. 
Mice were then allowed to explore the objects for 10 min as part of the 
retention session. This exploration behavior was calculated as the time 
spent sniffing each object. The preference index was calculated as the 
ratio of time spent exploring the novel object in the retention session to 
the total time spent exploring both objects.

Histological assessments

Mice were deeply anesthetized with chloral hydrate (500 mg/
kg), followed by transcardial perfusion with saline and 4% (w/v) 
paraformaldehyde in PBS as fixation. The whole brains were dissected 
and post-fixed in the same fixative solution overnight at 4°C. Post-fixed 
brains were embedded in paraffin and cut with a microtome into three 
sagittal sections of 5-µm thickness at 240-µm intervals ranging from 0.7 
mm to 1.2 mm to lateral. The brain sections were deparaffinized with 
xylene, rehydrated by immersion in graded decreasing concentrations 
of ethanol from 100% (vol/vol) to 50% (vol/vol), and washed with 
deionized water.

To detect damaged neurons, Fluoro-Jade B (FJB) staining was 
performed as previously described [15]. Briefly, sections were blocked 
with 0.06% (w/v) KMnO4 solution. After washing with deionized 
water, sections were incubated for 20 min with 0.0002% FJB (G310, 
Millipore Ltd., Tokyo, Japan) solution dissolved in 0.1% (v/v) acetic 
acid. After washing with deionized water, sections were dried at 60°C 
and dehydrated using 100% xylene for over 1 min.

Iba-1 immunostaining was performed as previously described [16]. 
Briefly, rehydrated sections were heated for 10 min in a microwave oven 
in 10 mM sodium citrate buffer (pH 7.0) for antigen activation. After 
washing with Tris-buffered saline containing 0.05% (w/v) Tween 20 
(TBST), sections were blocked with 5% (w/v) normal goat serum for 1 
h at room temperature, followed by incubation with rabbit anti-mouse 
Iba-1 antibody (1:1000 dilution; 019-19741, Wako Pure Chemical 
Industries) at 4°C overnight. After washing with TBST, sections were 
incubated with Alexa Fluor 594 Goat anti-rabbit IgG (H+L) antibody 
(1:1000; R37117, Thermo Fisher Scientific Inc. Waltham, MA, USA) at 
room temperature for 2 h.

Stained sections were viewed with a BX41 microscope (Olympus, 
Tokyo, Japan) equipped with a DS-Ri1 camera (Nikon, Tokyo, Japan). 
For FJB staining, the number of highly labeled cells was counted by 
microscopic observation. For Iba-1 staining, cells were classified as either 
resting or reactive microglia according to established morphological 
criteria [16]. Cells with less than 2 cell processes or 3–5 short branches 
were defined as resting microglia. Reactive microglia were identified 
according to particular histological characteristics, which included 
more than 5 long cell processes, a large soma with retracted and thicker 
processes, an amoeboid cell body, and numerous short processes. Three 
sagittal sections prepared from the brain of each animal were used for 
immunostaining and counting positive cells. The number of positive 
cells was represented as the average of three sections per animal.

Statistical analysis

Statistical analysis was performed using JMP Pro (SAS Institute 
Japan Ltd., Tokyo, Japan). Significant differences were determined 
using one-way or two-way analysis of variance followed by Tukey’s 
honesty significant difference tests. P < 0.05 was considered statistically 
significant.

Results
Olanzapine prevented TMT-induced cognitive dysfunction

We have previously shown that acute injection with TMT causes 
substantial neuronal loss in the dentate granule cell layer on day 2 post-
treatment as well as cognitive dysfunction in mice [7]. To evaluate the 
effect of olanzapine on TMT-induced cognitive dysfunction, the novel 
object recognition test was performed in the present study (Figure 
1). TMT significantly decreased the exploratory preference of the 
mice in the retention session, without affecting that in the training 
session. Olanzapine completely abolished this decrease in exploratory 
preference in TMT-treated animals but did not affect control animals 
treated with PBS. However, olanzapine failed to affect the exploratory 
preference in the training session for animals treated with TMT or PBS. 
These data suggest that olanzapine prevented TMT-induced cognitive 
dysfunction.

Olanzapine prevented TMT from damaging neuronal cells 
and activating microglia in the dentate gyrus

To evaluate the effect of olanzapine on TMT-induced 
neurodegeneration in the hippocampal dentate gyrus, FJB staining 
(Figure 2A), a well-established method for staining degenerating 
neurons [17], was performed. TMT induced substantial generation of 
FJB-positive cells selective to the granule cell layer of the hippocampal 
dentate gyrus (Figure 2A & 2B). Interestingly, olanzapine significantly 
decreased the number of FJB-positive cells in the dentate gyrus of 

Figure 1. Effect of olanzapine on TMT-induced cognitive dysfunction
Mice were intraperitoneally injected with either PBS or TMT (2.6 mg/kg). Olanzapine (0.6 
mg/kg) or vehicle (saline) was intraperitoneally injected into the mice at 30 min, 24 h, and 
48 h after TMT injection (lower panel). The left graph denotes the exploratory preference 
for one object in the training session of the novel object recognition test. The right graph 
denotes the exploratory preference for the novel object in the retention session of the novel 
object recognition test. Data are expressed mean ± SEM (n = 14). **P < 0.01, significantly 
different between each value obtained for animals treated with PBS or TMT. ##P < 0.01, 
significantly different between each value obtained for animals treated with vehicle or 
olanzapine.
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TMT-treated animals. These data suggest that olanzapine prevented 
TMT from damaging neuronal cells in the dentate gyrus.

It is well-known that TMT induces microglial activation 
accompanied by neurodegeneration [18,19] and that activated 
microglia play a role in neurodegeneration [20]. Therefore, Iba-1 
immunostaining was performed to evaluate microglia and the effect 
of olanzapine on TMT-induced microglial activation (Figure 2A). 
Systemic treatment with TMT generated a substantial increase in Iba-
1-positive cells selective to the granule cell layer, molecular layer, and 
hilus of the hippocampal dentate gyrus. In addition, TMT substantially 
increased the number of Iba-1-positive cells characterized as reactive 
microglia (reactive form) but did not significantly affect the number of 
those characterized as resting microglia in the dentate gyrus (resting 
form, Figure 2A & 2C). In TMT-treated animals, olanzapine decreased 
the number of reactive Iba-1-positive cells and conversely, increased 
the number of resting Iba-1-positive cells. These data suggest that 
olanzapine suppressed TMT-induced microglial activation in the 
dentate gyrus.

Minocycline prevented TMT from damaging neuronal cells 
and activating microglia in the dentate gyrus

To elucidate the involvement of reactive microglia in TMT-induced 
neurodegeneration, the effect of minocycline, an inhibitor of microglial 
activation, on TMT-induced neurodegeneration and microglial 
activation (Figure 3) was assessed. As expected, minocycline decreased 

the number of reactive Iba-1-positive cells in TMT-treated animals 
(Figure 3A & 3C). In addition, minocycline significantly decreased 
the number of FJB-positive cells generated by TMT (Figure 3A & 3B). 
These data suggest that inhibition of microglial activation served to 
suppress TMT-induced neurodegeneration in the dentate gyrus.

Effect of co-administration of olanzapine and minocycline on 
TMT-induced neurodegeneration in the dentate gyrus

The effect of co-administration of olanzapine and minocycline on 
TMT-induced neurodegeneration was assessed (Figure 4). In TMT-
generated FJB-positive cells, the preventive effect of co-administration 
of olanzapine and minocycline was stronger than that of administration 
of either compound alone. However, TMT-induced activation of 
microglia was inhibited by co-administration of olanzapine and 
minocycline. This inhibitory effect of the co-administration was 
comparable with that of olanzapine or minocycline alone (data not 
shown).

Discussion
It is well established that olanzapine has neuroprotective effects 

in vitro and improves cognitive dysfunction in vivo. However, few 
studies have revealed the role of olanzapine in neurodegeneration-
related cognitive dysfunction. The present study demonstrated for 
the first time that olanzapine prevents TMT from causing cognitive 
dysfunction, neurodegeneration, and microglial activation. In addition, 

Figure 2. Effect of olanzapine on TMT-induced neurodegeneration and microglial 
activation
Mice were intraperitoneally injected with either PBS or TMT (2.6 mg/kg). Olanzapine (0.6 
mg/kg) or vehicle (saline) was intraperitoneally injected into the mice at 30 min and 24 h 
after TMT injection. The mice were decapitated at 24 h after the final injection. (A) Typical 
fluorescence micrographs of FJB staining and Iba-1 immunostaining in the hippocampal 
dentate gyrus of animals treated with PBS or vehicle (PBS/vehicle), TMT or vehicle (TMT/
vehicle), and TMT or olanzapine (TMT/olanzapine). Scale bar = 100 µm. (B) The number 
of FJB-positive cells per section of the dentate gyrus slice. Data are expressed as mean ± 
SEM (n = 8). (C) The number of Iba-1-positive cells (resting and reactive forms) per section 
of the dentate gyrus slice. Data are expressed as mean ± SEM. (PBS/vehicle, n = 7; TMT/
vehicle, n = 7; TMT/olanzapine, n = 6). **P < 0.01, significantly different from the value 
obtained in PBS/vehicle. #P < 0.05, ##P < 0.01, significantly different between TMT/vehicle 
and TMT/olanzapine.

Figure 3. Effect of minocycline on TMT-induced neurodegeneration and microglial 
activation
Mice were intraperitoneally injected with either PBS or TMT (2.6 mg/kg). Minocycline (50 
mg/kg) or vehicle (saline) was intraperitoneally injected into the mice at 30 min and 24 h 
after TMT injection. The mice were decapitated at 24 h after the final injection. (A) Typical 
fluorescence micrographs of FJB staining and Iba-1 immunostaining in the hippocampal 
dentate gyrus of animals treated with PBS or vehicle (PBS/vehicle), TMT or vehicle (TMT/
vehicle), and TMT or minocycline (TMT/minocycline). Scale bar = 100 µm. (B) The 
number of FJB-positive cells per section of the dentate gyrus slice. Data are expressed as 
mean ± SEM (n = 8). (C) The number of Iba-1-positive cells (resting and reactive forms) 
per section of the dentate gyrus slice. Data are expressed as mean ± SEM (PBS/vehicle, n 
= 7; TMT/vehicle, n = 7; TMT/minocycline, n = 6). **P < 0.01, significantly different from 
the value obtained in PBS/vehicle. ##P<0.01, significantly different between TMT/vehicle 
and TMT/minocycline.
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Figure 4. Additive effect of olanzapine and minocycline on TMT-induced neurodegeneration
Mice were intraperitoneally injected with TMT (2.6 mg/kg). Olanzapine (0.6 mg/kg), 
minocycline (50 mg/kg), or vehicle (saline) was intraperitoneally injected into the mice 
at 30 min and 24 h after TMT injection. The mice were decapitated at 24 h after the final 
injection. Typical fluorescence micrographs reveal FJB staining in the hippocampal dentate 
gyrus of animals treated with drugs as indicated. Experiments were conducted at least three 
times, with similar results obtained under the same experimental conditions. Scale bar = 
100 µm

we found that microglial activation is, at least partly, involved in TMT-
induced neurodegeneration. The finding that co-administration of 
olanzapine and minocycline had a stronger neuroprotective effect than 
that of each drug alone allowed us to hypothesize that olanzapine elicits 
a neuroprotective effect against TMT neurotoxicity likely through 
the suppressed activation of microglia, along with other unknown 
mechanisms. A previous in vivo study in rats has provided evidence 
for the neuroprotective effect of olanzapine by demonstrating that 
olanzapine improves neuronal death and cognitive dysfunction 
induced by the intra-hippocampal administration of okadaic acid [20]. 
Our current findings of the neuroprotective effect of olanzapine against 
TMT-induced neurotoxicity, in addition to those of okadaic acid, 
support the proposition that olanzapine has universal mechanisms 
for neuroprotection. Elucidation of the unknown mechanisms 
underlying this neuroprotection may contribute to new treatments for 
neurodegenerative disorders.

Previous reports have demonstrated that TMT causes hippocampal 
neurodegeneration and cognitive dysfunction [7,21]. Further evidence 
for the involvement of hippocampal damage in cognitive dysfunction 
has been provided by various reports on colchicine-induced lesions of 
the hippocampal dentate gyrus [22] and amyloid β-induced neuronal 
death in the dentate gyrus [23]. Thus, cognitive dysfunction induced 
by TMT is attributed to neurodegeneration in the dentate gyrus. 
This proposition is supported by our previous studies reporting that 
TMT induces temporary cognitive dysfunction, which is abolished by 
regeneration after loss of granule cells in the dentate gyrus [7,9].

Because our findings indicate that minocycline suppressed TMT-
induced neurodegeneration, it appears that microglial activation 
is involved in TMT-induced neurodegeneration. Accumulating 
evidence suggests that the pro-inflammatory activation of microglia 
is involved in the pathology of various neurodegenerative disorders 
such as Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, 
and AIDS dementia [24-26]. Furthermore, minocycline has been 
shown to inhibit neurodegeneration induced by 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine and amyloid β in in vivo studies [27,28]. 
Our results that minocycline prevented TMT neurotoxicity strongly 
support the notion that TMT neurotoxicity is due to, at least partly, the 
pro-inflammatory activation of microglia. Importantly, the present in 
vivo study also demonstrated that olanzapine prevented TMT-induced 
microglia activation and neurodegeneration. Based on the findings 
of previous in vitro studies demonstrating that olanzapine inhibited 
microglial proton currents or the release of nitric oxide in microglial 
cell lines [29,30], we proposed that olanzapine directly contributes to 
the inhibition of microglial activation. Therefore, olanzapine inhibits 
TMT-induced neurodegeneration through the direct inhibition of 
microglia activation.

Several studies have reported on the effects of olanzapine on cell 
damage through different mechanisms in numerous cells. In PC12 cells, 
olanzapine enhances superoxide dismutase activity, thus protecting 
cells from death induced by hydrogen peroxide or N-methyl-4-
phenylpyridinium ions [11,13]. In addition, olanzapine regulates the 
translocation and expression of the pro- and anti-apoptotic proteins 
Bax and Bcl-XL, respectively, in PC12 cells [31]. Furthermore, an in vivo 
study suggested that chronic administration of olanzapine upregulates 
the expression of Bcl-2 in the hippocampus [32]. These reports support 
the proposition that olanzapine has both antioxidant and anti-apoptotic 
effects, which contribute to its neuroprotective effects against TMT-
induced neurodegeneration.

Conclusion
In conclusion, our current study provides evidence suggesting 

that olanzapine improves cognitive dysfunction accompanied by 
neurodegeneration. Moreover, olanzapine appeared to prevent 
neurodegeneration through the inhibition of microglial activation, 
indicating that it may be useful as a therapeutic drug for acute 
neurodegenerative disorders.
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