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Donepezil ameliorates Aβ pathology 
but not tau pathology in 5xFAD mice
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Abstract 

The cholinesterase inhibitor donepezil is used to improve Aβ pathology and cognitive function in patients with Alz‑
heimer’s disease (AD). However, the impact of donepezil on tau pathology is unclear. Thus, we examined the effects of 
donepezil on Aβ and tau pathology in 5xFAD mice (a model of AD) in this study. We found that intraperitoneal injec‑
tion of donepezil (1 mg/kg, i.p.) exhibited significant reductions in Aβ plaque number in the cortex and hippocampal 
DG region. In addition, donepezil treatment (1 mg/kg, i.p.) reduced Aβ‑mediated microglial and, to a lesser extent, 
astrocytic activation in 5xFAD mice. However, neither intraperitoneal/oral injection of donepezil nor oral injection of 
rivastigmine altered tau phosphorylation at Thr212/Ser214 (AT100), Thr396, and Thr231 in 5xFAD mice. Surprisingly, 
we observed that intraperitoneal/oral injection of donepezil treatment significantly increased tau phosphorylation at 
Thr212 in 5xFAD mice. Taken together, these data suggest that intraperitoneal injection of donepezil suppresses Aβ 
pathology but not tau pathology in 5xFAD mice.
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Alzheimer’s disease (AD) is a neurodegenerative disease 
that reduces neurocognitive ability [1]. The two neuro-
pathological symptoms of AD are amyloid-β (Aβ) and 
tau deposition, which are consequently major targets for 
the development of AD treatments [2]. Unfortunately, 
most drugs targeting Aβ or tau (single target) have failed 
in clinical studies [3, 4]. Currently used AD treatments 
include the acetylcholinesterase inhibitor donepezil, 
which regulates learning/memory, neuroinflammation, 
and Aβ pathology in AD patients [5–7], but the impact 
of donepezil on tau phosphorylation has received limited 
attention.

To address this gap, we examined the effects of done-
pezil on Aβ pathology in 5xFAD mice, a model of AD. 
For these experiments, 5xFAD mice were intraperito-
neally (i.p.) injected with vehicle or donepezil (1 mg/kg, 
i.p.) daily for 2 weeks, followed by immunofluorescence 
staining with an anti-6E10 antibody. We found that 
5xFAD mice treated with donepezil exhibited significant 
decreases in Aβ plaque number (Fig. 1A–E). In addition, 
Aβ-mediated microglial activation and, to a lesser extent, 
Aβ-induced astrocyte activation were significantly 
reduced in donepezil-treated 5xFAD mice (Fig.  1  A–D, 
F–G). These data suggest that intraperitoneal injection of 
donepezil affects Aβ plaque number and Αβ-stimulated 
glial activation in 5xFAD mice.

Next, we investigated the impact of oral injection of 
donepezil on Aβ pathology. For this experiment, 5xFAD 
mice were orally injected with vehicle or donepezil 
(3 mg/kg, p.o.) daily for 2 weeks. In addition, wild-type 
mice were orally injected with vehicle daily for 2 weeks. 
We found that oral administration of donepezil did not 
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significantly alter Aβ plaque number and Aβ-mediated 
microglial activation in 5xFAD mice (Additional 
file  1:  Fig. S1). However, oral administration of done-
pezil significantly reduced Aβ-mediated astrocyte acti-
vation in the CA1 region (Additional file  1:  Fig. S1). 
Based on our observations and the literature, it is pos-
sible that long-term oral injection of donepezil (daily 
for 3 or 5 months) would affect Aβ pathology in 5xFAD 
mice. A future study will address this possibility.

We then examined the effects of donepezil on tau 
pathology in 5xFAD mice. Consistent with previous 
findings, tau phosphorylation was higher in vehicle-
treated 5xFAD mice than in vehicle-treated wild-type 
mice [8]. Moreover, neither intraperitoneal nor oral 
injection of donepezil altered tau phosphorylation at 
Thr212/Ser214, Thr231, or Thr396 or total tau levels 
compared with vehicle-treated 5xFAD mice (Fig. 1 H-P, 
Additional file  1:  Figs. S2, S3). Surprisingly, we found 
that tau phosphorylation at Thr212 was significantly 
enhanced by donepezil treatment Additional file 1: Figs. 
S2, S3). These data indicate that donepezil has a nega-
tive or no impact on tau phosphorylation in 5xFAD 
mice, depending on the phosphorylation site. We sub-
sequently explored the molecular mechanism by which 
donepezil affects tau pathology and found that intra-
peritoneal administration of donepezil significantly 
upregulated tau kinase p-Cdk5 levels in 5x FAD mice 
(Fig. 1Q-R).

To test whether other acetylcholinesterase inhibitors 
can modulate tau phosphorylation in a mouse model of 
AD, 5xFAD mice were orally injected with rivastigmine 
(2  mg/kg, p.o.) or vehicle daily for 2 weeks. We found 
that oral administration of rivastigmine did not alter tau 
phosphorylation at Thr212/Ser214, Thr396, or Thr212 in 
5xFAD mice (Additional file 1: Fig. S4).

In summary, intraperitoneal administration of done-
pezil (1  mg/kg, daily for 2 weeks, i.p.) significantly 
reduced Aβ plaque number and Aβ-stimulated glial 
activation in 5xFAD mice. However, neither intraperi-
toneal nor oral injection of donepezil nor oral injection 
of rivastigmine positively affected tau phosphorylation 
in 5xFAD mice. Taken together, these data suggest that 
intraperitoneal injection of donepezil downregulates 
Aβ pathology and that neither intraperitoneal nor oral 
administration of donepezil alters tau phosphorylation in 
5xFAD mice.

As mentioned above, we and others have found that 
donepezil improves learning, memory, Aβ pathology, and 
neuroinflammation in mouse models of AD [5, 7, 9], but 
studies of the effects of donepezil on tau pathology are 
scarce. Interestingly, a previous study demonstrated that 
injection of tau-overexpressing PS19 mice with done-
pezil (8 month injection period) significantly reduced 
tau phosphorylation at Ser202/Thr205 [10]. Another 
study found that donepezil treatment (1.3 mg/kg, intra-
gastrically once daily) did not alter tau phosphorylation 
at Ser202, Ser396, or Ser416 [11]. These conflicting find-
ings on the effects of donepezil on tau pathology may 
be due to differences in AD mouse models (tau-overex-
pressing PS19 mice vs. APP/PS1 and APP/PS1/Tau Tg 
mice), donepezil administration methods/durations, 
and donepezil dosages. In the present study, we assessed 
tau pathology in 3- to 4-month-old Aβ-overexpressing 
5xFAD mice or wild-type mice that were injected with 
donepezil or vehicle daily for 2 weeks. The wild-type 
mice expressed basal levels of tau phosphorylation, con-
sistent with previous findings [11]. In 5xFAD mice, most 
sites of tau phosphorylation (Thr212/Ser214, Thr231, and 
Thr396) were unaffected by donepezil or rivastigmine 
treatment (Fig.  1, Additional file  1: Figs. S3, S4). Based 
on the literature and our findings, it is possible that long-
term injection or lower/higher doses (e.g., 0.7 or 1.3 mg/
kg) of donepezil or rivastigmine might have different 
effects on tau pathology in 5xFAD mice, which will be 
examined in future work.

In addition, intraperitoneal injection of donepezil sig-
nificantly increased tau phosphorylation at Thr212 and 
tau kinase p-Cdk5 levels (Fig.  1Q-R, Additional file  1:   
Fig. S2). It is possible that the increase in tau phospho-
rylation at Thr212 was due to activation of the tau kinase 
p-Cdk5. Another possibility is that donepezil modu-
lated another tau kinase (e.g., DYRK1A or p-GSK3β) to 
directly and/or indirectly affect tau phosphorylation. We 
will evaluate the effects of donepezil on the activation 
of other tau kinases and tau pathology in young and old 
5xFAD mice (3 and 8 months old) in a future study.

In conclusion, intraperitoneal injection of done-
pezil daily for 2 weeks suppressed Aβ plaque levels and 
Aβ-stimulated glial activation in 5xFAD mice. Oral or 
intraperitoneal injection of donepezil or oral injection 
of rivastigmine daily for 2 weeks did not positively affect 
tau phosphorylation in 5xFAD mice. Taken together, our 

(See figure on next page.)
Fig. 1 Intraperitoneal injection of donepezil downregulates Aβ pathology but not tau pathology in 5xFAD mice. 5xFAD mice were injected 
with vehicle (veh) or donepezil (1 mg/kg, i.p.) daily for 2 weeks, and immunofluorescence staining was conducted. A–G Representative 
images of immunohistochemical staining with Aβ pathology‑related antibodies (veh, n = 4; DPZ, n = 5/group). H–P Representative images 
of immunohistochemical staining with tau pathology‑related antibodies (veh, n = 4; DPZ, n = 5/group). Q–R Representative images of 
immunohistochemical staining with tau kinase p‑Cdk5 antibody (veh, n = 4; DPZ, n = 5). Scale bar = 100 or 200 μm. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 1 (See legend on previous page.)
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findings suggest that intraperitoneal administration of 
donepezil inhibits Aβ pathology and that neither intra-
peritoneal/oral administration of donepezil nor oral 
administration of rivastigmine regulates tau pathology in 
5xFAD mice.

Abbreviations
Aβ: Amyloidβ; AD: Alzheimer’s disease; Cdk‑5: Cyclin‑dependent kinase 5; DG: 
Dentate gyrus; GSK‑3β: Glycogen synthase kinase‑3β.
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