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Abstract
Alzheimer’s disease is a progressive neurodegenerative disorder characterized by impairments in synaptic plasticity and 
cognitive performance. Current treatments are unable to achieve satisfactory therapeutic effects or reverse the progression of 
the disease. Calcineurin has been implicated as part of a critical signaling pathway for learning and memory, and neuronal 
calcineurin may be hyperactivated in AD. To investigate the effects and underlying mechanisms of FK506, a calcineurin 
inhibitor, on Alzheimer-like behavior and synaptic dysfunction in the 3 × Tg-AD transgenic mouse model of Alzheimer’s 
disease, we investigated the effect of FK506 on cognitive function and synaptic plasticity in the 3 × Tg-AD transgenic mouse 
model of Alzheimer’s disease. The results showed that FK506 treatment ameliorated cognitive deficits, as indicated by the 
decreased latency in the water maze, and attenuated tau hyperphosphorylation in 3 × Tg-AD mice. Treatment with FK506 
also reduced the levels of certain markers of postsynaptic deficits, including PSD-95 and NR2B, and reversed the long-term 
potentiation deficiency and dendritic spine impairments in 3 × Tg-AD mice. These findings suggest that treatment with cal-
cineurin inhibitors such as FK506 can be an effective therapeutic strategy to rescue synaptic deficit and cognitive impairment 
in familial Alzheimer’s disease and related tauopathies.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disease and the most common cause of dementia in the 
elderly. Its clinical characteristics include gradual memory 
loss accompanied by language problems. Eventually, neu-
rons in parts of the brain that enable a person to carry out 
basic bodily functions, such as walking and swallowing, are 
affected. Individuals become bed-bound and require around-
the-clock care (Gaugler et al. 2022). Currently, there are 
no effective interventions that can cure, halt or prevent the 
progression of AD. Neuronal dysfunction and degeneration 
in brain regions such as the hippocampus, entorhinal cortex, 
basal forebrain, and frontal and parietal lobes, lead to behav-
ioral abnormalities in AD (Umar et al. 2022). Synaptic and 
neuronal degeneration in these brain regions is closely asso-
ciated with the aggregation of extracellular senile plaques 
composed of amyloid-β (Aβ) peptides and intracellular neu-
rofibrillary tangles (NFTs) composed of abnormally hyper-
phosphorylated tau proteins (Scheltens et al. 2021). Thus, 
an ideal drug would be one that can effectively target the 
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pathological changes as well as prevent and rescue cognitive 
impairment.

Ca2+/calmodulin-dependent protein phosphatase cal-
cineurin (CaN) is the most abundant phosphatase in the 
central nervous system and is essential for synaptic plasticity 
and normal memory function. Modulated calcineurin sign-
aling is associated with neural dysfunction in Alzheimer’s 
disease (Saraf et al. 2018). The activation of CaN leads to 
dephosphorylation of various proteins, which in turn induce 
various hallmarks of Alzheimer’s disease, such as inflamma-
tion, cell death, and hyperphosphorylation of tau (Tucker 
et al. 2021). For instance, in APP/PS1 transgenic mice, CaN 
is upregulated in astrocytes and triggers a typical AD inflam-
matory response (Norris et al. 2005). CaN over activation in 
AD patients triggers a cascade of NFAT signaling, leading to 
Aβ-induced cell death (Wu et al. 2010). Conversely, the dys-
regulation of Ca2+ plays a crucial role in oligomer-mediated 
toxicity in many amyloidogenic diseases due to their strong 
trans-membrane concentration gradients and involvement 
in cell dysfunction and death (Demuro et al. 2005), such as 
inhibition of CaN protects neuronal cells from Aβ-induced 
cell death (Rajput et al. 2020) and eliminates perturbations 
of LTP induced by Aβ (Chen et al. 2001). Therefore, inhi-
bition of CaN may be a potential therapeutic strategy for 
patients with AD.

The 3 × Tg-AD model harbors two mutations associated 
with familial AD (APP Swedish and PSEN1 M146V), one 
Tau mutation, and P301L frontotemporal dementia; repli-
cates some key histopathological and behavioral character-
istics of AD; and is one of the most widely used animal 
models of AD. However, no study has used this AD model 
mouse to investigate the impact of CaN inhibitor on AD. So, 
in this study, we aimed to investigate the effect of FK506, 
one of the calcineurin inhibitors, on cognitive function and 
molecular markers of neuroplasticity in 3 × Tg-AD mice, 
intended to provide a more comprehensive research founda-
tion for whether inhibition of CaN can become a therapeutic 
strategy for AD.

Materials and methods

Experimental groups and treatment with FK506

This study included homozygous 3 × Tg-AD mice (pur-
chased from the Jackson Laboratory, Bar Harbor, Maine, 
USA) with a C57BL6/129S4 background. The 3 × Tg-AD 
mice and the male non-transgenic WT control mice (a hybrid 
of 129S4 and C57BL/6 J mice) were group-housed (four 
animals per cage) at 24 ± 2 °C with daily 12 h light–dark 
cycles and ad libitum access to food and water. There were 
three study groups, as follows: 3 × Tg-AD mice with FK506 
treatment (3 × Tg + FK506, n = 9), 3 × Tg-AD mice without 

FK506 treatment (3 × Tg, n = 8), WT mice without FK506 
treatment (wt, n = 9). The 3Tg + FK506 group mice were 
treated with FK506 (purchased from Sigma, St. Louis, MO) 
via intraperitoneal injection (10 mg FK506/kg body weight 
at a concentration of 10 mg/mL in 0.9% saline) once they 
reached 10 months of age, for 14 days. As a control, the 
other two groups received the same dose of 0.9% sterile 
saline via intraperitoneal injection. The Morris water maze 
(MWM) task was performed on the 8th day. The animals 
were euthanized on the 14th day for electrophysiological 
and spine analysis as well as western blotting. The flow 
chart of the experiment is shown in Fig. 1A. All efforts were 
made to minimize animal suffering in this study. All animal 
experiments were performed in accordance with the U.K. 
Animals (Scientific Procedures) Act, 1986 and associated 
guidelines, EU Directive 2010/63/EU for animal experi-
ments, and the Guidelines for the Care and Use of Labora-
tory Animals of the Ministry of Science and Technology 
of the People’s Republic of China. The study protocol was 
approved by the Institutional Animal Care and Use Com-
mittee in Tongji Medical College, Huazhong University of 
Science and Technology.

MWM

The MWM was used to assess spatial learning and memory. 
The test was performed in a circular pool (with a diameter 
of 180 cm and a height of 60 cm) filled with nontoxic black 
dye-tinted water and maintained at 23 ± 2 °C. Two virtual 
principal axes, with each line bisecting the maze perpen-
dicular to the other, divided the maze into quadrants. A plat-
form was positioned in the middle of one of the quadrants 
and submerged 1 cm below the water surface. The mice 
were trained to find the hidden platform from semi-random 
start positions in each quadrant facing the pool wall and 
ended as soon as the mice climbed onto the hidden plat-
form for 6 consecutive days (four training trials per day, 
once per quadrant) from 14:00 to 20:00 pm. During training, 
the swimming path and the time used to find the platform 
(latency) were recorded each day. If a mouse failed to find 
the platform within 60 s, it was gently guided to the platform 
and the escape latency was recorded as 60 s. At the end 
of each trial, the mouse was left on the platform for 30 s, 
then removed, dried, and returned to its home cage. A 90 s 
probe test assessing spatial memory without the platform 
was performed 24 h after the final trial. The time spent pass-
ing through the previous platform-located quadrant and the 
first time to cross the platform (latency) were recorded. All 
trials were recorded using a video camera, which was fixed 
to the ceiling 1.5 m from the water surface and connected 
to a digital-tracking device attached to an IBM computer 
(Armonk, NY).
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Electrophysiological recordings

Animals were anesthetized using ketamine and xylazine 
(Sigma-Aldrich, X1126). The mouse brains were cut into 
horizontal sections of 350  μm thickness using a Leica 
VT1000S vibratome (Leica, Germany) after continuously 
perfused with ice-cold oxygenated artificial cerebrospinal 
fluid (aCSF) containing (in mM): NaCl 124, KCl 3, CaCl2 
2, MgCl2 1, Na2PO4 1.25, NaHCO3 26, glucose 10, satu-
rated with 95% O2 and 5% CO2 (pH 7.4). The hippocampal 
slices were incubated at 32 °C for 30 min, and allowed to 
equilibrate to 22 ± 2 °C for ≥ 30 min. For the induction of 
long-term potentiation (LTP), the slice was laid over an 8 × 8 
microelectrode array and kept flat in a CSF. Field excita-
tory postsynaptic potentials (fEPSPs) were evoked with 0.2 
ms pulses delivered via MED64 on mossy fibers, recorded 
extracellularly in the CA3 stratum radiatum and quantified 
as the initial slope of the field potential. Baseline responses 
were recorded by using a stimulation intensity that evoked 
a half-maximal response, defined as the maximal response 
without a population spike (pop-spike). High-frequency 
tetanus consisting of three epochs (100 Hz, 1 s duration) 

was delivered. The magnitude of LTP was calculated as the 
average (normalized to baseline) of the responses recorded 
50–60 min after conditioning stimulation. All signals were 
recorded using a multi-electrophysiological recording setup 
(MED64 System, Alpha MED Sciences, Panasonic, Japan).

Golgi staining and spine analyses

Golgi staining was performed by using a FD Rapid Golgi 
Stain Kit (FD Neurotechnology, PK401). The mice were 
deeply anaesthetized and perfused for 5 min with phosphate-
buffered saline (PBS), followed by 4% paraformaldehyde in 
PBS for 15 min. The brains were dissected and immersed in 
impregnation solution (equal volumes of Solutions A and B, 
containing HgCl2, K2Cr2O7, and K2CrO4). All procedures 
were performed in the dark. The brain samples were soaked 
in the solution in the dark for 4 h at 24 ± 2 °C and placed in 
fresh impregnation solution. After 2 weeks, the brain tissues 
were transferred to Solution C and stored at 4 °C for 48 h, 
and placed in fresh Solution C after 4 h. Sagittal brain Sec-
tions (100 μm thick) were taken using a vibrate microtome 
(VT 1000 s, Leica, Nussloch, Germany) and mounted on 

Fig. 1   FK506 treatment ameliorated cognitive deficits in 3 × Tg-AD 
mice. A The experiments were designed as shown in panel A. Dur-
ing the 2nd week after FK506 treatment, the mice were trained in 
the Morris water maze (MWM) for 6 consecutive days to measure 
their learning capacity, and memory was assessed on the 7th day via 
removal of the hidden platform. B FK506 improved learning ability 
as indicated by the decreased escape latency during the MWM train-
ing test. C The representative swimming trace of the mice during the 
learning test on the 6th day in the water maze. D FK506 improved 

the memory capacity as demonstrated by the decreased escape 
latency, increased number oftimes crossing the site where the plat-
form was placed before, and longer retention time in the target quad-
rant on the 7th day. E There was no significant difference in swim-
ming speed among the three groups (n = 9 mice each for the wt and 
3 × Tg + FK506 groups, n = 8 mice for the 3 × Tg group). *, p < 0.05, 
**, p < 0.01 (3 × Tg vs wt); #, p < 0.05 (3 × Tg + FK506 vs 3 × Tg). 
The data are expressed as the mean ± standard error of the mean
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gelatin-coated slides in Solution C. After drying, the slides 
were rinsed twice in distilled water (2 min each) and then 
placed in a mixture of Solution D: E: distilled water (1:1:2) 
for 10 min. The sections were rinsed in distilled water and 
dehydrated in 50, 75, 95, and 100% ethanol four times (4 min 
each), cleaned in xylene (Sinopharm Chemical Reagent, 
10,023,418) three times (4 min each), and then cover-slipped 
with Permount solution (Daigger Scientific, EF15969A).

A Zeiss Axio imager microscope with a 63 × oil immer-
sion objective was used to image the dendritic segments 
under bright-field illumination, and the spine morphology 
was analyzed. The segments of dendrites at a distance of 
90–110 μm (proximal) and 190–210 μm (distal) from the 
soma were used to determine the spine density. Image-Pro 
Plus 6.0 was used to calculate the spine numbers from 10 μm 
of dendrite length per neuron. Data from five to seven neu-
rons were averaged per animal (three mice per group) and 
used in further statistical analysis. All imaging data were 
analyzed using the double-blind method.

Western blotting

Mice were decapitated after the spatial memory retention 
test. The tissues were rapidly removed and homogenized at 
4 °C using a Teflon glass homogenizer (Glas-Col, 099cs71) 
in 50 mM Tris–HCl, pH7.4, 150 mM NaCl, 10 mM NaF, 
1 mM Na3VO4, 5 mM EDTA, 2 mM benzamidine (Bjoka-
vip, XW020077), and 1mphenylmethylsulphonyl fluoride 
(Sigma-Aldrich, P7626). After mixing with sample buffer 
(3:1, v/v, containing 200 mM Tris–HCl [pH 7.6], 8% SDS, 
40% glycerol, 40 mM dithiothreitol), the extract was boiled 
for 10 min and then centrifuged at 12, 000 × g for 10 min 
at 25 °C. The supernatant was used for western blotting. 
The proteins were transferred to PVDF membranes after 
separation by 10% SDS–polyacrylamide gel electrophoresis. 

The membranes were blocked for 1 h with 5% nonfat milk, 
dissolved in TBS-Tween-20 (50 mM Tris HCl, pH 7.6, 
150 mM NaCl, 0.2% Tween-20 [Sinopharm Chemical Rea-
gent, 31,089,328]), and incubated with primary antibodies 
(Table 1) at 4 °C overnight. Finally, the blots were incu-
bated with anti-mouse IgG (LI-COR, 926-32210) or anti-
rabbit IgG (LI-COR, 926-32211) conjugated to IRDyeTM 
(800CW) for 1 h at 24 ± 2 °C and visualized using the Odys-
sey Infrared Imaging System (Licor biosciences, Lincoln, 
NE, USA). The protein concentration was estimated using 
a bicinchoninic acid kit (Sigma-Aldrich, BCA-1) according 
to manufacturer’s instructions. Protein bands were quanti-
tatively analyzed using Image-pro plus 6.0 software (Media 
Cybernetics, Washington, USA).

Statistical analysis

All data were collected and analyzed in a blinded man-
ner. Data are expressed as the mean ± standard error of the 
mean and analyzed using SPSS 20.0 (SPSS Inc. Chicago, 
IL, USA). Statistical analysis was performed using a one-
way analysis of variance followed by Bonferroni’s post hoc 
analysis. The level of significance was set at p < 0.05.

Results

FK506 treatment ameliorates memory deficits 
in 3 × Tg‑AD mice

To determine the role of FK506 in AD, we first investi-
gated whether FK506 could rescue spatial memory impair-
ment in 3 × Tg-AD mice. On the MWM test, the 3 × Tg-AD 
mice exhibited learning and memory deficits compared to 
their age-matched littermates (Fig. 1B–D), while FK506 

Table 1   Primary antibodies 
used in this study

Mono- monoclonal; Poly- polyclonal; p- phosphorylated; M mouse; R rabbit; WB western blot

Antibody Specificity Species Type Dilution Source

GluR1 GluR1 R Mono- 1:1000 WB Millipore, Billerica, MA
GluR2 GluR2 R Poly- 1:1000 WB Millipore, Billerica, MA
Synapsin-1 Synapsin 1 R Poly- 1:3000 WB Millipore, Billerica, MA
Synaptophysin Synaptophysin M Poly- 1:3000 WB Millipore, Billerica, MA
PSD95 PSD95 R Poly- 1:1000 WB Abcam, Cambridge, USA
NR2B NMDAR2B R Poly- 1:500 WB Abcam, Cambridge, USA
pS396 p-tau (Ser396) R Poly- 1:1000 WB SAB, Pearland, TX, USA
pS404 p-tau (Ser404) R Poly- 1:1000 WB SAB, Pearland, TX, USA
pS214 p-tau (Ser214) R Poly- 1:1000 WB SAB, Pearland, TX, USA
pT231 p-tau (Thr231) R Poly- 1:1000 WB SAB, Pearland, TX, USA
Tau1 tau (Ser198/199/202) M Mono- 1:1000 WB Millipore, Billerica, MA
Tau5 Total tau M Mono- 1:1000 WB Millipore, Billerica, MA
DM1A Total α-tubulin M Mono- 1:1000 WB Sigma, St. Louis, MO
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improved learning ability (days 3–5), as indicted by the 
decreased latency to find the submerged platform over 6 con-
secutive days of training (Fig. 1B, C). The improved mem-
ory of 3 × Tg-AD mice was demonstrated by this decreased 
latency as well as the increased time crossing the platform 
site and the increased time spent in the platform quadrant on 
day 7 after removing the platform (Fig. 1D). There was no 
significant difference in swimming speed among the three 
groups (Fig. 1E).

FK506 improved the synaptic plasticity of neurons 
in the hippocampal CA3 region of 3 × Tg‑AD mice

LTP contributes to synaptic plasticity and synaptic strength, 
which underlies the formation of learning and memory 
(McLeod et al. 2020). Therefore, to investigate the underly-
ing mechanisms of FK506-induced amelioration of synaptic 
deficits, we first measured the effect of FK506 on LTP in 
acute hippocampal slices. By stimulating mossy fibers, the 
slope of fEPSPs was recorded in CA3. We found that the 
slope value was much lower after high-frequency stimulation 

in 3 × Tg-AD mice than in wt mice. However, FK506 res-
cued the LTP deficit in 3 × Tg-AD mice (Fig. 2A, B).

Dendrite complexity and the morphologies of post-
synaptic spines are critical components for learning and 
memory (Guedes-Dias and Holzbaur 2019). Therefore, we 
examined alterations in dendritic spines using Golgi stain-
ing. We found that the spine density in hippocampal CA3 
was markedly reduced in 3 × Tg-AD mice and FK506 almost 
fully recovered the spine density (Fig. 2C, D).

Normal synaptic transmission is dependent on the stable 
expression of synaptic proteins. Several independent studies 
have demonstrated that N-methyl-D-aspartate receptor type 
1 (NR1), NR2B, PSD95, AMPA receptor subunits GluR1 
and GluR2, synaptophysin, and synapsin 1 are related to 
synaptic plasticity (Yan et al. 2023; Wang et al. 2023; Liu 
et al. 2020). To further explore the molecular mechanisms 
underlying the protective effects of FK506, we detected 
synapse-associated proteins using Western blotting. The 
expression of postsynaptic proteins NR2B and PSD95 were 
significantly reduced in the hippocampi of 3 × Tg-AD mice 
compared to matched wt mice, however, FK506 restored the 
NR2B and PSD95 levels (Fig. 3A, C). In addition, the levels 

Fig. 2   FK506 reverses long-term potentiation impairment and 
improves dendritic spine density in 3 × Tg-AD mice. A, B fEPSPs 
were recorded in hippocampal region CA3 by stimulating mossy 
fibers in brain slices from 3 × Tg-AD mice and wild-type litter-
mates. The long-term potentiation (LTP) magnitude was calculated 
as the average (normalized to baseline) of the responses recorded 

50–60  min after conditioning stimulation (n = 7–8 slices from three 
mice for each group). C, D Spine density was detected by Golgi stain-
ing (at least 18 neurons were analyzed from three mice per group). 
Scale bar: 5 μm. **, p < 0.01, ***, p < 0.001(3 × Tg vs wt); #, p < 0.05 
(3 × Tg + FK506 vs 3 × Tg). Data are expressed as the mean ± standard 
error of the mean
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of presynaptic proteins synaptophysin and synapsin 1, and 
postsynaptic proteins GluR1 and GluR2 did not significantly 
change (Fig. 3A–C).

FK506 attenuates tau hyperphosphorylation 
in 3 × Tg‑AD mice

We further detected the level of phosphorylated tau in 
3 × Tg-AD mice. In the hippocampi of 3 × Tg-AD mice, 
the levels of total tau (Tau5), Tau1 (not phosphorylated at 
Ser198/199/202), and tau phosphorylated at Thr231, Ser214, 
Ser396, and Ser404 were increased significantly, while 
FK506 attenuated tau hyperphosphorylation at Ser396 and 
Ser404. The Tau5 level was also reduced by FK506 (Fig. 4A 
and B).

These data suggest that tau hyperphosphorylation is 
attenuated by FK506, which may have played a major role 
in the improved cognitive function of the 3 × Tg-AD mice.

Discussion

In the present study, we found that treatment with CaN inhi-
bition can improve the AD-like memory deficits and synap-
tic dysfunction, as well as attenuates tau hyperphosphoryla-
tion in adult 3 × Tg-AD mice. These data suggest that CaN 
inhibition may be a potential therapeutic strategy for the 
prevention of diseases associated with AD.

FK506, a product of the bacterium Streptomyces tsuku-
baensis and also known as tacrolimus, is a CaN inhibitor. 

Fig. 3   FK506 increases synaptic protein levels in the hippocampi of 
3 × Tg-AD mice. A The levels of presynaptic and postsynaptic pro-
teins in whole hippocampal extracts were measured using Western 
blotting and quantitative analysis (n = 3 for each group). B The lev-
els of GluR1 and GluR2 did not significantly differ among the three 
groups. C The expression levels of NR2B and PSD95 were signifi-

cantly reduced in the hippocampi of 3 × Tg-AD mice, while FK506 
restored the levels. D The levels of synapsin1 and synaptophysin 
were not significantly altered. *, p < 0.05, **, p < 0.01 (3 × Tg vs wt); 
#, p < 0.05 (3 × Tg + FK506 vs 3 × Tg). Data are expressed as the 
mean ± standard error of the mean
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FK506 inhibits CaN-mediated dephosphorylation by form-
ing a complex with the FK506-binding protein FKBP12 
(Juvvadi et al. 2020). As a clinically important immu-
nosuppressant, FK506 is primarily used in liver, kidney, 
heart, and lung transplants (Parlakpinar and Gunata 2021). 
FK506 has a good therapeutic potential due to its anti-
fungal, neuroprotective, and neuroregenerative activities 
(Jung et al. 2020). Whether FK506 can become one of the 
candidate drugs for AD treatment and bring hope to AD 
patients remains unknown. In clinical researches, a large 
single-center retrospective study showed that the long-
term use of FK506 was associated with a significantly 
lower incidence of AD than that in age-matched control 
populations (Taglialatela et al. 2015). An open-label phase 
II study of FK506 is underway to investigate the efficacy in 
mild cognitive impairment (MCI) and AD (Yu et al. 2021). 
These clinical studies suggest that FK506 may become 
a candidate drug for AD treatment, therefore, extensive 
animal experimental research and cytological study have 
become necessary. The current researches includes FK506 
reversed deficits in cognition and memory in Tg2576 APP 
transgenic mice as well as AD model mice created by the 
injection of Aβ oligomers into the lateral ventricles (Tag-
lialatela et al. 2009; Dineley et al. 2007, 2010). Further 
studies have documented that FK506 treatment alleviated 
memory deficits in a lithium-pilocarpine-induced cogni-
tive deficit SE rat model as well as STZ i.c.v. treated mice 
and aged mice (Liu et al. 2018, Amit et al. 2017), and our 
study also confirmed that FK506 can ameliorates memory 
deficits in 3 × Tg-AD mice.

The impairment of synaptic plasticity is a common change 
in the brain of AD patients. Synaptic plasticity refers to the 
property of synapses to undergo long-term changes in syn-
aptic strength and is considered to be a cellular substrate of 
learning and memory (Stroebel et al. 2021). The impairment 
of synaptic plasticity often manifests as abnormalities in LTP, 
a decrease in synaptic spines and the abnormal expression of 
synaptic proteins. Cognitive deficits in AD are strongly associ-
ated with LTP failure and the aberrant expression of synaptic 
proteins in the hippocampus (Wong et al. 2022; Al-Onaizi 
et al. 2022). In the present study, we found that the LTP defi-
cit was rescued and the levels of postsynaptic proteins NR2B 
and PSD95 were increased in 3 × Tg-AD mice following treat-
ment with FK506, this indicates that the mechanism by which 
FK506 reverses cognitive deficits can occur at the synaptic 
protein level. As well as, we observed that FK506 reversed the 
decline in dendritic spine density in 3 × Tg-AD mice. There are 
also studies with similar results, such as Miller found that in 
cultured hippocampal neurons from APPSwe AD-transgenic 
mice and cultured rat hippocampal neurons, treatment with 
soluble Aβ oligomers impaired synaptic function by reducing 
the amplitude of miniature excitatory postsynaptic currents, 
and FK506 blocked this effect (Miller et al. 2014). FK506 
prevented Aβ42-mediated loss of dendritic spines in wild type 
cells and in primary hippocampal neurons (Stallings et al. 
2018; Zhao et al. 2010). Zhang et al. showed that the use of 
FK506 can rescue the maintenance defect of mushroom spines 
in the PS1-M146V KI mouse model (Zhang et al. 2015). Roz-
kalne also reported a 14% reduction in spine density that was 
effectively rescued with FK506 treatment in APP/PS1 mice 

Fig. 4   FK506 attenuated tau hyperphosphorylation in 3 × Tg-AD 
mice. A, B The levels of tau in whole hippocampal extracts were 
detected by western blotting and quantitative analysis (n = 3 for each 
group). The levels of Tau5, Tau1, and phosphorylated tau at Thr231, 
Ser214, Ser396, and Ser404 sites were significantly increased, while 

FK506 attenuated tau hyperphosphorylation at Ser396 and Ser404 
sites. The level of the total tau (Tau5) was also decreased by FK506. 
**, p < 0.01 (3 × Tg vs wt); #, p < 0.05 (3 × Tg + FK506 vs 3 × Tg). 
Data are expressed as the mean ± standard error of the mean
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(Rozkalne et al. 2011). These data and our research provide 
strong evidence that FK506 has a long-lasting effect on synap-
tic plasticity and can improve cognitive performance.

The aggregation of hyperphosphorylated tau proteins leads 
to the formation of NFTs, which is one of the characteristic 
changes in the brain of AD patients. In our study, FK506 atten-
uated hyperphosphorylation of tau at Ser396 and Ser404 sites 
in 3 × Tg-AD mice. Some studies are similar to our results, 
such as CaN inhibitors reduce CaN activity in SH-SY5Y cells, 
resulting in a corresponding increase in extracellular p-tau181 
(Karch et al. 2013). But there is also study that contradict our 
results, for example, Luo et al. found that the injection of dif-
ferent doses of FK506 into the left ventricle of mice resulted 
in abnormal hyperphosphorylation of tau at multiple phospho-
rylation sites but did not affect the total amount of tau protein 
(Luo et al. 2008). The different effects of FK506 on tau pro-
tein may be caused by different experimental methods, such as 
variations in the drug dose, site of administration, and animal 
model. This difference highlights the need for further research.

Currently, five drugs approved by FDA for the treatment 
of AD—donepezil, rivastigmine, galantamine, memantine 
and memantine combined with donepezil—temporarily treat 
Alzheimer’s symptoms but do not change the underlying 
brain changes of Alzheimer’s or alter the course of the dis-
ease (Gaugler et al. 2022). The sixth drug, aducanumab, 
addressing the underlying biology of Alzheimer’s disease 
rather than the symptoms, is not appropriate for all individu-
als living with Alzheimer’s disease (Cummings et al. 2021). 
Thus, it is a matter of urgency to develop or identify treat-
ments that can effectively target the pathological changes in 
AD and suitable for more AD patients and safe. The present 
study showed FK506 via intraperitoneal injection for 14 days 
rescue spatial memory impairment in 3 × Tg-AD mice which 
not accompanied by any negative effects. A study also has 
shown that the administration of FK506, over 1 year pre-
vents age- and AD-associated microstructural changes in the 
hippocampus, parahippocampal cortex, and prefrontal cortex 
of the middle-aged beagle brain, with no noticeable adverse 
effects (Radhakrishnan et al. 2021). This suggest that FK506 
would be a potential route for therapeutic intervention in 
AD. However, a double-blind placebo control human clinical 
trial remains to be carried out to learn the actual therapeutic 
potential of FK506. The further mechanism of FK506, its 
impact on Aβ and its efficacy in combination with other 
drugs are all directions that can be further studied in the 
future.

Conclusion

In summary, we found that intraperitoneal injections of 
FK506 can prevent learning and memory impairments and 
reduce synaptic plasticity dysfunction in 3 × Tg-AD mice, 

reduce tau hyperphosphorylation. Our findings encourage 
further consideration of calcineurin inhibition as a pharma-
cological strategy to ameliorate cognitive deficits in AD.
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