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ABSTRACT
BACKGROUND AND OBJECTIVE: Tacrolimus belongs to the family of calcineurin inhibitors and is extensively
used as an immunosuppressive drug after allogeneic organ transplant. According to the inhibitory effects of calcineurin
on synaptic plasticity and memory functions, it seems that the administration of tacrolimus leads to changes in the
electrophysiological responses and memory functions. Therefore, this article includes studies in which tacrolimus
involvement in cognitive functions such as synaptic plasticity, learning and memory are investigated, and the possible
mechanism of the effect of tacrolimus on synaptic plasticity and memory are explained.
METHODS: In this narrative review article, we searched PubMed and Google Scholar databases using the keyword
“Tacrolimus”, “Calcineurin”, “Synaptic Plasticity”, “Learning”, “Memory”, and “Free radicals” to provide an overview
of effects of tacrolimus on cognitive functions. Finally, articles published on these topics between 1987 and 2021 were
investigated.
FINDINGS: Among the 5632 sources found, 72 articles were considered appropriate for the purpose of the research.
Findings support that the administration of tacrolimus (TAC) improves cognitive functions such as learning, memory,
and synaptic plasticity. Furthermore, TAC has neuroprotective effects against oxidative stress-mediated cognitive
dysfunctions.
CONCLUSION: The results of the study showed that TAC may improve learning, memory, and synaptic plasticity,
possibly by calcineurin inhibition, reducing the level of free radicals, and altering calcium and glutamate levels.
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Introduction

Long-term potentiation (LTP) is one of the most
noticeable topics in neuroscience, referring to the long-
lasting enhancement of synaptic efficacy and
considered as a molecular and cellular mechanism of
learning and memory (1). It has been well established
that various protein kinases and phosphatases are
involved in synaptic plasticity, learning and memory
formation (2). A potential mechanism regulating
neuroplasticity and synaptic plasticity is the balance
between phosphorylation and dephosphorylation of
various substrates by protein kinases and phosphatases
(2, 3). The importance of protein kinases in learning and
memory promotion has long been recognized. However,
the roles of phosphatases in learning and memory
suppression are currently being investigated. CaN is the
only serine/threonine protein phosphatase under the
regulation of calcium/calmodulin that exists at high
levels in the hippocampus (4, 5).

A number of studies reported that CaN has an
inhibitory impact on hippocampal-based learning,
memory, and synaptic plasticity. Reports show that
up-regulation of CaN has negative relationships with
cognitive functions, while downregulation of CaN
improves learning and memory (7, 8). TAC or FK506 is
a fungal-derived agent synthesized from streptomyces
tsukubaensis bacterium (9). It was first introduced by
Tanaka in 1990 (10) and then large number of
derivatives, and analogues of this drug were discovered
by other researchers (11). This drug has ubiquitous
immunosuppressing effects and specifically block the
phosphatase activity of CaN. TAC exerts its inhibitory
effect on CaN by binding to the protein domain of
FK-binding proteins (FKBP) (12). It is usually
prescribed more than cyclosporine because it shows
better immunity, which is associated with increased
survival in patients (13). Interestingly, tacrolimus
has good tolerance among children and adolescents
(14, 15).

In clinical practice, TAC is extensively used
after allogeneic organ transplant for decrease the risk of
organ rejection (10, 16). Therefore, understanding
the effects of TAC administration on the central
nervous system (CNS) is very important. Overall, it
seems that the administration of TAC may lead to
changes in different cognitive functions, such as
learning, memory, and synaptic plasticity. Thus, the
present review article primarily aims at investigating
the effects of TAC on cognitive functions and
determining the possible mechanisms responsible for
such effects.
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Methods

This narrative review article was approved by the
ethics committee of Kermanshah University of Medical
Sciences with the code IR.KUMS.REC.1400.111. We
searched Google Scholar and PubMed databases using
the keywords “Tacrolimus”, “Calcineurin”, “Synaptic
Plasticity”, “Learning”, “Memory”, and “Free radicals”.
Finally, articles published on these topics between 1987
and 2021 were investigated. After screening the articles
published based on the title and abstract of the article,
duplicate cases, and articles that were not appropriate
for the purpose of this study were removed.

Results

Among the 5632 articles found, after initial review
and removal of unrelated studies, 72 articles were
finally considered appropriate for the purpose of the

paper (Fig. 1).
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Figure 1. The literature research strategy

Effects of TAC on Synaptic plasticity: hippocampus
is one of the most important structures that mediates
cognitive functions and behaviors. LTP is widely
regarded as the cellular-molecular mechanism of
learning and memory in the hippocampus. Usually, the
findings obtained in electrophysiological studies
confirm the results of behavioral assessments (17-20).
Evaluations of the molecular mechanisms of learning
and memory have demonstrated the existence of both
positive and negative regulators of synaptic plasticity
and memory formation (6, 17). Positive regulators such
as calcium/calmodulin-dependent protein kinases,
mitogen-activated protein kinase, and protein kinase A
(PKA) are critical for initiating synaptic plasticity and
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memory (17, 21). However, some phosphatases such as
calcineurin and calcium/calmodulin-dependent protein
kinase and protein phosphatase 1 are known as negative
regulators and inhibit neuroplasticity and memory (22).
Studies have shown that calcineurin as a negative
regulator is widely present in various areas of the
hippocampus and its activity leads to dephosphorylation
of some intracellular proteins that ultimately affect
the induction of LTP and memory (23, 24). In support
of these findings, Malleret et al. surveyed the impact
of genetically inhibiting of CaN on learning, memory,
and synaptic plasticity. According to the results of
their study, inhibition of endogenous CaN enhances
LTP in the hippocampus in vitro and in vivo.
Additionally, they indicated that CaN can act as an
inhibitory constraint on PKA-dependent pathways and
downregulate signals that support memory function and
synaptic plasticity (8).

Considering the negative effects of CaN on synaptic
plasticity, administration of TAC as a CaN inhibitor
may lead to the improvement of synaptic plasticity in
the hippocampus. Some previous studies investigated
this hypothesis and reported that administration of TAC
increased the intrasynaptosomal calcium concentration
and induced the calcium-dependent release of glutamate
neurotransmitter from synaptosomes of the brain and
improved spontaneously firing neurons (25, 26).
Besides, according to some reports on the contribution
of glutamate to synaptic plasticity (27), it seems that
increased glutamate level through inhibition of CaN
may be responsible for enhanced synaptic plasticity and
LTP induction by TAC.

A study by Moradpour et al. added further evidence
for the relationship between TAC and neuroplasticity.
Their  results revealed that dose-dependent
administration of TAC increased the magnitude of field
excitatory postsynaptic potential (fEPSP) in the
hippocampus slices. However, they reported that TAC
had no significant effects on the magnitude of PS
(Population Spikes) (28). The discrepancy between the
effect of TAC on fEPSP slope and PS amplitude
indicated that TAC could have different effects on the
induction of fEPSP and PS, which is evaluated by E-S
coupling curves. A previous study evaluated this
hypothesis and reported that microinjection of TAC
strengthened the effect of HFS (High Frequency
Stimulation) on E-S coupling curve (28). According to
some studies, CaN regulates the activities of different
ion channels through the dephosphorylation of different
target proteins (29). Therefore, the administration of
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TAC affects the performance of ion channels. As
duBell et al. reported, TAC led to prolonged duration of
the action potential of ventricular myocytes, which
resulted from the change of ion channels action (30).
Moreover, in a study conducted by Terashima et al.
reported that TAC could regulate the actions of K*
channels. For instance, TAC was found to increase the
open time of the Ca®** activated K* channel in
hippocampal neurons (31).

Evidence from different studies suggests that
the hippocampus is highly susceptible to the
neurodegenerative impacts of transient global cerebral
ischemia (TGCI) (32-35). On the other hand, TAC
decreases neuronal death and damage in the
hippocampus after TGCI (36, 37). These findings
indicate that TAC might be effective in the treatment of
ischemia-induced hippocampal neuronal death. Lee et
al. investigated the effects of TAC on the induction of
LTP in the culture of hippocampal slice. According to
their results, TAC promotes the survival of neural cells
in the hippocampus during kainic acid-induced
excitotoxic injury. Therefore, they suggested that the
survival of neural cells and recovery of their activity due
to the neuroprotective impacts of TAC may lead to an
increase in the synaptic strength and affect the
functional synaptic activity (38).

Previous evidence also demonstrated that the
activation of CaN has been involved in the alterations
of dendritic spine morphology (39). Spires-Jones et al.
investigated the effects of CaN inhibition using TAC
treatment on neuronal morphology. Their results
showed that treatment with TAC could lead to
significant growth in basal dendritic spine density and a
rise in the complexity of basal dendritic trees of neurons
(40). Thus, these structural alterations in dendrites may
underlie both the enhanced synaptic plasticity and
memory performances.

Some morphological modifications including
synapse and dendritic spines loss in neurons occur
in the Alzheimer’s disease, which can contribute to
neuroplasticity dysfunction (41, 42). According to
Wu et al., CaN mediates AB-induced morphological
modifications, including spine loss in cultured neurons,
and the elimination of CaN in Alzheimer’s disease
can abolish plaque-associated pathologic modifications
in dendrites and dendritic spines (43). Besides, as
reported by Rozkalne et al., administration of TAC
leads to an amelioration of dendritic spine loss
in plaque-bearing transgenic mice (44). This finding
suggests that TAC administration may be a
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neuroprotective agent for amyloid beta-induced
synaptic modifications through CaN inhibition. Overall,
it could be concluded that TAC administration
contributes significantly to the electrophysiological
responses, including the activity of ion channels, LTP
induction, and synaptic plasticity.

Effects of TAC on learning and memory: Learning
and memory are the ability for acquisition, maintenance
and retrieval of information which are classified
in different ways. Complex mechanisms play a
role in learning and memory, ultimately leading to
biochemical, morphological and physiological changes
at the level of synaptic and neural networks. Learning
and memory cannot be fully understood independently
of each other since they are highly interrelated (45).
As mentioned previously, there is a relationship
between CaN and cognitive functions such as learning
and memory. A large number of studies indicate that
CaN, as a calcium/calmodulin-dependent phosphatase,
has an inhibitory impact on learning and memory
functions (6).

Spatial learning and memory are the ability to
encode, store, and retrieve information about specific
environmental situations relative to each other and to
individuals. Malleret et al. investigated the impact of
CaN on spatial learning and memory. They reported that
memory for spatial location of object is enhanced by the
genetic inhibition of CaN at short retention intervals (8).
In order to survive, animals develop fear reactions to
unsafe situations. The neural mechanism of learned fear
has survival importance for animals, since they must
estimate danger from seemingly neutral contexts (46).
The hippocampus and amygdala are the main structures
involved in fear learning and memory (47).

A previous study investigated the effect of CaN on
fear learning and memory and reported that reduced
CaN action could improve fear learning and memory
(22). These findings propose that the restriction of CaN
action can affect different types of learning and
memory. Considering the inhibitory effect of CaN on
different types of learning and memory, the
administration of TAC can probably improve learning
and memory function. In support of this idea, some
studies showed that administration of TAC increased
the concentration of intrasynaptosomal calcium and
facilitated the calcium-dependent release of glutamate
from brain synaptosomes (25, 26). On the other hand,
some studies have also shown that glutamate is one of
the most important excitatory neurotransmitters in the
mammalian CNS and the principal neurotransmitter
employed by pyramidal cells in the cerebral cortex and
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numerous hippocampal tracts (27). Therefore, given the
contribution of glutamate to cognitive functions such as
learning and memory, it appears that increased
glutamate levels due to the administration of TAC may
be responsible for the improvement of TAC-induced
cognitive functions.

It has been proved that the processes of learning and
memory are usually conceptualized as containing three
steps: encoding, storage, and recall. Encoding is
explained as the initial registration and acquisition of
information. Step of storage is the maintenance of
information over time in the CNS, while recall is the
process in which the saved information is brought back
into conscious awareness and affects ongoing behavior
(45). 1t is well established that TAC selectively affects
acquisition and recall of learning and memory
processing in CNS (8).

In support of this finding, in a recent study,
Moradpour et al. investigated the effect of TAC on
recall of passive avoidance memory. According to their
results, through inhibition of CaN, TAC leads to
improved retrieval of passive avoidance memory in a
dose dependent manner (28). Besides, according to
some pervious studies, there is a relationship between
inhibition of CaN and olfactory memory (48). In line
with these findings, Christie-Fougere et al. reported
that TAC as a CaN inhibitor prolonged the period of
CREB phosphorylation in mitral and granule cells of
dorsomedial and dorsolateral quadrants of the
olfactory bulb and strengthened the odor preference
memory (49).

TAC has long-lasting protective effect against
neuropathological modifications. Tanaka et al. reported
that administration of TAC improved the learning
deficits. According to the results of their study, TAC
recovers the learning deficits mostly because of
preventing neuropathological modifications (50).
Another study reported that the intermediate and
long-term recognition memory impairments in Tg2576
mice were abolished with the administration of TAC as
a CaN inhibitor (51).

Therefore, it can be concluded that CaN is
negatively associated with learning and memory
functions, and TAC administration improves different
types of learning and memory functions. Overall, these
findings indicate that TAC exerts at least some of its
effects on numerous cognitive functions such as
learning, memory, and neuroplasticity by inducing
the inhibition of the negative effects of CaN on
cognitive functions and also changes in glutamate
level (Fig. 2).
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Figure 2. Inhibitory effect of TAC on CaN activity.
TAC exerts its inhibitory effect of CaN following binding to the
protein domain of FKBP. Then, CaN inhibition by TAC leads to
the alternation of cognitive functions such as learning, memory,

and synaptic plasticity.

Effects of TAC on Free radicals: Free radicals are
chemical structures that have unpaired electrons in
their external orbit. This property leads to a highly
reactive state and a propensity for reactions. The
imbalance between the production of prooxidants
and antioxidant systems within a cellular system
leads to oxidative stress (52, 53). A great number of
studies confirmed the involvement of free radicals in
damage of macromolecules of the cell containing
fatty acid, DNA, and protein (54, 55). On the one
hand, the brain is highly vulnerable to oxidative
stress due to its high oxygen turnover, which leads
to the formation of oxygen-related free radicals.
Moreover, brain has high levels of polyunsaturated
fatty acids and low antioxidant activity when
compared to other organs and tissues (56). Therefore,
accumulation of free radicals is very hazardous in
the CNS.

Much evidence demonstrates that oxidative stress
caused by accumulation of free radicals is involved
in memory impairment and synaptic dysfunction
because the production of free radicals has been
related to neuronal death and decay cognitive
functions, while administration of antioxidants can
abolish these deficits (57-59). In line with these
results, Fukui et al. reported that oxidative stress
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significantly impaired spatial learning and memory
in the radial-arm water maze. Furthermore, they
reported that these effects can partially attenuate
by administration of antioxidant compounds (60).
Previous evidence demonstrated that TAC has
beneficial and protective effects against functional
disorders caused by oxidative stress. It has been
established that TAC is able to prevent DNA
fragmentation (61-63).

One of the most important effects of free radicals
is lipid peroxidation, which leads to the disturbance
of cell membranes (64). Kaymaz et al. investigated
the effect of TAC on lipid peroxidation in injured
spinal cord tissue. According to the results of their
study, administration of TAC decreases lipid
peroxidation (65). It has been well established
that malondialdehyde (MDA) is end product of
lipid peroxidation and is commonly measured to be
an excellent index of lipid peroxidation (64, 66).
A previous study demonstrated that TAC decreases
the parameters of oxidative stress, including the
level of MDA and the activity of myeloperoxidase
(67).

Inhibition of dephosphorylation of nitric oxide
synthase decreases the generation of nitric oxide and
NO-dependent free radicals that cause damage in
different cells (68, 69). Moreover, CaN regulates
nitric oxide synthase activity in a calcium-dependent
manner (70). Phosphorylated NOS is inactive, and
dephosphorylation of NOS by CaN leads to the
formation of NO that can then react with superoxide
radicals to generate peroxynitrite radicals (68, 70).
Peroxynitrite is a highly reactive radical that leads to
cytotoxicity, neurodegeneration, neuronal cell death
and apoptosis (71). TAC leads to cerebroprotective
activities by inhibition of NO formation, indirectly
avoiding the CaN-mediated dephosphorylation of NOS
(68). On the other hand, a previous study has been
reported that TAC can decrease the generation of
superoxide radical (72).

According to these findings, it can be concluded
that CaN causes the formation of NO that can
then react with superoxide radicals to generate
peroxynitrite radicals, while TAC decreases the
level of superoxide radicals and inhibits the
formation of NO (Fig. 3). Therefore, neuroplasticity
dysfunction and cognitive impairment are associated
with the accumulation of oxidative damage to
macromolecules, and these negative effects can be
nullified by TAC.
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Figure 3. Inhibitory effect of TAC on the generation of free radicals. CaN leads to the formation of NO, which can then react

with superoxide radicals to generate highly reactive peroxynitrite radicals. Therefore, CaN increases the level of free radicals and then leads

to lipid peroxidation, protein oxidation, and DNA fragmentation, while TAC through the inhibition of CaN decreases the level of superoxide

radicals and inhibits the formation of NO.

Discussion

The results obtained from experiments agree with
the fact that TAC can cause several central effects.
Synaptic plasticity, learning, and memory are the most
complex functions of the CNS for information
management. Based on the findings of this article,
TAC improves cognitive functions such as learning,
memory, and synaptic plasticity, described in detail in
the present article. Besides, this review article argued
on the diverse mechanisms for the neuroprotective
effects of TAC on cognitive functions. Regarding the
inhibitory effects of CaN on hippocampal-based
learning, memory, and synaptic plasticity, it seems that
some of these effects on the functions of the neuronal
system caused by tacrolimus may be due to inhibition
of CaN activity.

It has been well established that synaptic plasticity
is commonly regulated by the release of several
neurotransmitters from the presynaptic neurons.
Glutamate is one of the most important excitatory
neurotransmitters in the CNS that plays a critical role in
memory functions, synaptic plasticity and LTP
induction. The inhibition of CaN is also associated with
the increasing of the glutamate concentration, which
may be considered as another potential mechanism for

improvement of learning, memory and synaptic
plasticity induced by TAC. Increasing evidence
indicates that oxidative stress can lead to synaptic
plasticity dysfunction and memory impairments. Brain
is especially vulnerable to oxidative stress, because it
uses a large level of oxygen, has plentiful lipid content,
and has low antioxidant activity. On the other hand, the
administration of TAC decreases the level of superoxide
radicals and inhibits the formation of NO and NO-
dependent free radicals that cause damage in different
cells. Thus, the protective effect of TAC against
oxidative stress suggests that another possible pathway
for the effects of TAC on neuroplasticity and memory
functions is through the decrease in the level of free
radicals. Based on the current review, it is suggested that
TAC as a CaN inhibitor affects cognitive functions of
the CNS through different pathways. However, further
investigations are needed for understanding the efficacy
of TAC on the cognitive functions.

Acknowledgment
The authors would like to thank Kermanshah
University of Medical Sciences.


http://dx.doi.org/10.22088/jbums.23.1.359
https://dor.isc.ac/dor/20.1001.1.15614107.1400.23.1.50.9

[ DOR: 20.1001.1.15614107.1400.23.1.50.9 ]

[ DOI: 10.22088/jbums.23.1.359 ]

J Babol Univ Med Sci; 23; 2021 365

References

1.Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. Neuron. 2004;44(1):5-21.

2.Runyan JD, Moore AN, Dash PK. A role for prefrontal calcium-sensitive protein phosphatase and kinase activities in
working memory. Learn Mem. 2005;12(2):103-10.

3.Bassel-Duby R, Olson EN. Signaling pathways in skeletal muscle remodeling. Annu Rev Biochem. 2006;75:19-37.
4.Chan GC, Tonegawa S, Storm DR. Hippocampal neurons express a calcineurin-activated adenylyl cyclase. J Neurosci.
2005;25(43):9913-8.

5.Havekes R, Nijholt IM, Luiten PG, Van der Zee EA. Differential involvement of hippocampal calcineurin during
learning and reversal learning in a Y-maze task. Learn Mem. 2006;13(6):753-9.

6.Baumgartel K, Mansuy IM. Neural functions of calcineurin in synaptic plasticity and memory. Learn Mem.
2012;19(9):375-84.

7.Foster TC, Sharrow KM, Masse JR, Norris CM, Kumar A. Calcineurin links Ca?* dysregulation with brain aging. J
Neurosci. 2001;21(11):4066-73.

8.Malleret G, Haditsch U, Genoux D, Jones MW, Bliss TV, Vanhoose AM, et al. Inducible and Reversible Enhancement
of Learning, Memory and Long-Term Potentiation by Genetic Inhibition of Calcineurin. Cell. 2001;104(5):675-86.
9.Kino T, Hatanaka H, Hashimoto M, Nishiyama M, Goto T, Okuhara M, et al. FK-506, a novel immunosuppressant
isolated from a Streptomyces. I. Fermentation, isolation, and physico-chemical and biological characteristics. J Antibiot
(Tokyo). 1987;40(9):1249-55.

10.Tanaka H, Kuroda A, Marusawa H, Hatanaka H, Kino T, Goto T, et al. Structure of FK506, a novel
immunosuppressant isolated from Streptomyces. J Am Chem Soc. 1987;109:5031-3.

11.Wallemacq PE, Reding R. FK506 (Tacrolimus), a novel immunosuppressant in organ transplantation: clinical,
biomedical, and analytical aspects. Clin Chem. 1993;39(11 Pt 1):2219-28.

12.Bennett PC, Moutsoulas P, Lawen A, Perini E, Ng KT. Novel effects on memory observed following unilateral
intracranial administration of okadaic acid, cyclosporin A, FK506 and [MeVal4]CyA. Brain Res. 2003;988(1-2):56-68.
13.Boots JM. Is tacrolimus superior to ciclosporin microemulsion in preventing long-term acute renal transplant
rejection?. Nat Clin Pract Nephrol. 2005;1(1):16-7.

14.Greenbaum LA, Benndorf R, Smoyer WE. Childhood nephrotic syndrome-current and future therapies. Nat Rev
Nephrol. 2012;8(8):445-58.

15.Skeens M, Pai V, Garee A, Termuhlen AM, Bajwa RP, Gross TG, Soni S. Twice daily i.v. bolus tacrolimus infusion
for GVHD prophylaxis in children undergoing stem cell transplantation. Bone Marrow Transplant. 2012;47:1415-8.
16.Saganova K, Orendacova J, Sulla I, Filipcik P, Cizkova D, Vanicky I. Effects of long-term FK506 administration on
functional and histopathological outcome after spinal cord injury in adult rat. Cell Mol Neurobiol. 2009;29(6-7):1045-
51.

17.Abel T, Nguyen PV, Barad M, Deuel TA, Kandel ER, Bourtchouladze R. Genetic demonstration of a role for PKA
in the late phase of LTP & in hippocampus-based long-term memory. Cell. 1997;88(5):615-26.

18.Lynch MA. Long-term potentiation and memory. Physiol Rev. 2004;84(1):87-136.

19.Salimi Z Khajehpour L, Moradpour F, Moazedi AA, Pourmotabbed A, Zarei F. Nandrolone improve synaptic
plasticity at the hippocampus CA1 area and spatial localization in the Morris water maze of male adolescent rats. Neuros
Res. 2020;158:21-9.

20.Salimi Z, Khajehpour L, Moradpour F, Moazedi AA, Pourmotabbed A. The study of effect of nilutamide (an androgen
receptor antagonist) on spatial learning and memory in adolescent male rats. J Arak Uni Med Sci. 2019;22(3):81-94. [In
Persian]

21.Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL. Regulation of distinct AMPA receptor phosphorylation
sites during bidirectional synaptic plasticity. Nature. 2000;405(6789):955-9.

22.l1kegami S, Inokuchi K. Antisense DNA against calcineurin facilitates memory in contextual fear conditioning by
lowering the threshold for hippocampal long-term potentiation induction. Neuroscience. 2000;98(4):637-46.

23.Price NE, Mumby MC. Brain protein serine/threonine phosphatases. Curr Opin Neurobiol. 1999;9(3):336-42.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1201477/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1201477/
https://pubmed.ncbi.nlm.nih.gov/?term=Kino+T&cauthor_id=2445721
https://pubmed.ncbi.nlm.nih.gov/?term=Hatanaka+H&cauthor_id=2445721
https://pubmed.ncbi.nlm.nih.gov/?term=Hashimoto+M&cauthor_id=2445721
https://pubmed.ncbi.nlm.nih.gov/?term=Nishiyama+M&cauthor_id=2445721
https://pubmed.ncbi.nlm.nih.gov/?term=Goto+T&cauthor_id=2445721
https://pubmed.ncbi.nlm.nih.gov/?term=Okuhara+M&cauthor_id=2445721
http://jams.arakmu.ac.ir/browse.php?mag_id=121&slc_lang=en&sid=1
http://dx.doi.org/10.22088/jbums.23.1.359
https://dor.isc.ac/dor/20.1001.1.15614107.1400.23.1.50.9

[ DOR: 20.1001.1.15614107.1400.23.1.50.9 ]

[ DOI: 10.22088/jbums.23.1.359 ]

366 Effects of Tacrolimus on Cognitive Functions; Z. Salimi, et al

24.Mulkey RM, Endo S, Shenolikar S, Malenka RC. Involvement of a calcineurin/inhibitor-1 phosphatase cascade in
hippocampal long-term depression. Nature. 1994;369(6480):486-8.

25.Steiner JP, Connolly MA, Valentine HL, Hamilton GS, Dawson TM, Hester L, et al. Neurotrophic actions of non-
immunosuppres-sive analogues of immunosuppressive drugs FK506, rapamycin andcyclosporin A. Nat Med.
1997;3(4):421-8.

26.Victor RG, Thomas GD, Marban E, O'Rourke B. Presynaptic modulation of cortical synaptic activity by calcineurin.
Proc Natl Acad Sci U S A. 1995;92(14):6269-73.

27.0ttem EN, Beck LA, Jordan CL, Breedlove SM. Androgen-dependent regulation of brain-derived neurotrophic factor
and tyrosine kinase B in the sexually dimorphic spinal nucleus of the bulbocavernosus. Endocrinology.
2007;148(8):3655-65.

28.Moradpour F, Moazedi AA, Pourmotabbed A, Zarei F. Calcineurin is involved in retrieval of passive avoidance
memory and synaptic plasticity impairment induced by Nandrolone administration in adolescent male rats. Neurobiol
Learn Mem. 2019;163:107032.

29.Herzig S, Neumann J. Effects of serine/threonine protein phosphatases on ion channels in excitable membranes.
Physiol Rev. 2000;80(1):173-210.

30.duBell WH, Wright PA, Lederer WJ, Rogers TB. Effects of the immunosuppressant FK506 on excitation-contraction
coupling and outward K+ currents in rat ventricular myocytes. J Physiol. 1997;501(Pt 3):509-16.

31.Terashima A, Nakai M, Hashimoto T, Kawamata T, Taniguchi T, Yasuda M, et al. Single-channel activity of the
Ca2+-dependent K+ channel is modulated by FK506 and rapamycin. Brain Res. 1998;786(1-2):255-8.

32.Petito CK, Feldmann E, Pulsinelli WA, Plum, F. Delayed hippocampal damage in humans following cardiorespiratory
arrest. Neurology. 1987;37(8):1281-6.

33.Pulsinelli WA, Buchan AM. The four-vessel cocclusion rat model method for complete occlusion of vertebral arteries
and control of collateral circulation. Stroke. 1988;19(7):913-4.

34.Suda S, Shimazaki K, Ueda M, Inaba T, Kamiya N, Katsura K-I, et al. Combination therapy with bone marrow stromal
cells and FK506 enhanced amelioration of ischemic brain damage in rats. Life Sci. 2011;89(1-2):50-6.

35.Sharifi Z-N, Abolhassani F, Zarrindast MR, Movassaghi S, Rahimian N, Hassanzadeh G. Effects of FK506 on
Hippocampal CALl Cells Following Transient Global Ischemia/Reperfusion in Wistar Rat. Stroke Res Treat.
2012;2012:809417.

36.Katsuta K, Umemura K, Ueyama N, Matsuoka N. Pharmacological evidence for a correlation between hippocampal
CAL1 cell damage and hyperlocomotion following global cerebral ischemia in gerbils. Eur J Pharmacol. 2003;467(1-
3):103-9.

37.Furuichi Y, Noto T, Li J-Y, Oku T, Ishiye M, Moriguchi A, et al. Multiple modes of action of tacrolimus (FK506) for
neuroprotective action on ischemic damage after transient focal cerebral ischemia in rats. Brain Res. 2004;1014(1-2):120-
30.

38.Lee KH, Lee BH. Effects of FK506 on Long-term Potentiation Observed by Optical Imaging in Organotypic
Hippocampal Slice Culture. Tissue Eng Regen Med. 2014;11(1):80-6.

39.Zhou Q, Homma KJ, Poo M-M. Shrinkage of dendritic spines associated with long-term depression of hippocampal
synapses. Neuron. 2004;44(5):749-57.

40.Spires-Jones TL, Kay K, Matsouka R, Rozkalne A, Betensky RA, Hyman BT. Calcineurin inhibition with systemic
FK506 treatment increases dendritic branching and dendritic spine density in healthy adult mouse brain. Neurosci Lett.
2011,;487(3):260-3.

41.Spires TL, Meyer-Luehmann M, Stern EA, McLean PJ, Skoch J, Nguyen PT, et al. Dendritic spine abnormalities in
amyloid precursor protein transgenic mice demonstrated by gene transfer and intravital multiphoton microscopy. J
Neurosci. 2005;25(31):7278-87.

42 Rabiei Z, Asgharzadeh S, Bigdeli M. Medicinal Herbs Effective in the Treatment of the Alzheimer’s Disease. J Babol
Univ Med Sci. 2015;17(3):51-9. [In Persian]


https://pubmed.ncbi.nlm.nih.gov/?term=Spires+TL&cauthor_id=16079410
https://pubmed.ncbi.nlm.nih.gov/?term=Meyer-Luehmann+M&cauthor_id=16079410
https://pubmed.ncbi.nlm.nih.gov/?term=Stern+EA&cauthor_id=16079410
https://pubmed.ncbi.nlm.nih.gov/?term=McLean+PJ&cauthor_id=16079410
https://pubmed.ncbi.nlm.nih.gov/?term=Skoch+J&cauthor_id=16079410
https://pubmed.ncbi.nlm.nih.gov/?term=Nguyen+PT&cauthor_id=16079410
http://dx.doi.org/10.22088/jbums.23.1.359
https://dor.isc.ac/dor/20.1001.1.15614107.1400.23.1.50.9

[ DOR: 20.1001.1.15614107.1400.23.1.50.9 ]

[ DOI: 10.22088/jbums.23.1.359 ]

J Babol Univ Med Sci; 23; 2021 367

43.Wu H-Y, Hudry E, Hashimoto T, Kuchibhotla K, Rozkalne A, Fan Z, et al. Amyloid beta induces the morphological
neurodegenerative triad of spine loss, dendritic simplification, and neuritic dystrophies through calcineurin activation. J
Neurosci. 2010;30(7):2636-49.

44.Rozkalne A, Hyman BT, Spires-Jones TL. Calcineurin inhibition with FK506 ameliorates dendritic spine density
deficits in plaque-bearing Alzheimer model mice. Neurobiol Dis. 2011;41(3):650-4.

45.Kandel ER, Schwartz JH, Jessell TM. Principles of neural science, 4 ed. McGraw-Hill; 2000.p. 5.

46.Maren S, Phan KL, Liberzon 1. The contextual brain: implications for fear conditioning, extinction and
psychopathology. Nat Rev Neurosci. 2013;14(6):417-28.

47.Tovote P, Fadok JP, Luthi A. Neuronal circuits for fear and anxiety. Nat Rev Neurosci. 2015;16(6):317-31.
48.Nakazaw A, Usuda N, Matsui T, Hanai T, Matsushita S, Arai H, et al. Localization of calcineurin in the mature and
developing retina. J Histochem Cytochem. 2001;49(2):187-95.

49.Christie-Fougere MM, Darby-King A, Harley CW, McLean JH. Calcineurin inhibition eliminates the normal inverted
U curve, enhances acquisition and prolongs memory in a mammalian 3'-5'-cyclic AMP-dependent learning paradigm.
Neuroscience. 2009;158(4):1277-83.

50.Tanaka K, Hori K, Wada-Tanaka N, Nomura M, Ogawaa N. FK506 ameliorates the discrimination learning
impairment due to preventing the rarefaction of white matter induced by chronic cerebral hypoperfusion in rats. Brain
Res. 2001;906(1-2):184-9.

51.Taglialatela G, Hogan D, Zhang W-R, Dineley KT. Intermediate- and long-term recognition memory deficits in
Tg2576 mice are reversed with acute calcineurin inhibition. Behav Brain Res. 2009;200(1):95-9.

52.Sharma RK, Pasqualotto FF, Nelson DR, Thomas AJ, Agarwal A. The reactive oxygen species-total antioxidant
capacity ROSTAC soure is a new measure of oxidative stress to predict male infertility. Hum Reprod. 1999;14(11):2801-
7.

53.Layali E, Tahmasbpour E, Jorsaraei SG. The effects of silver nanoparticles on oxidative stress and sperm parameters
quality in male rats. J Babol Univ Med Sci. 2016;18(2):48-55. [In Persian]

54.Greenlund LJ, Deckwerth TL, Johnson EM. Superoxide dismutase delays neuronal apoptosis: a role for reactive
oxygen species in programmed neuronal death. Neuron. 1995;14(2):303-15.

55.Salimi Z, Eskandary A, Headari R, Nejati V, Moradi M, Kalhori Z. Antioxidant effect of aqueous extract of sumac
(Rhus coriaria L.) in the alloxan-induced diabetic rats. Indian J Physiol Pharmacol. 2015;59(1):87-93.

56.Kamsler A, Segal M. Hydrogen peroxide as a diffusible signal molecule in synaptic plasticity. Mol Neurobiol.
2004;29(2):167-78.

57.Shirghasemi Alalan F, Hajihosseini R, Rasooli A, Fazeli M. Evaluation of Changes in Biomarkers of Oxidative Stress
Response in the Brain of Mice Infected with Street Rabies Virus. J Babol Univ Med Sci. 2021;23:38-45. [In Persian]
58.Salimi Z, Moradpour F, Zarei F, Rashidi Z, Khazaei MR, Ahmadi SM. The effect of blockade of androgen receptors
by flutamide on learning and memory, synaptic plasticity and behavioral performances: a review study. Cell Tiss Biol.
2021;15(4):337-46.

59.Eskandary A, Salimi Z, Zamani, N. Headari, R. , Farokhi, F. Antioxidant effect of aqueous extract of cynodon
dactylon in Streptozotocin diabetic rats. Indian J Physiol Pharmacol. 2017;61(3):308-14.

60.Fukui K, Omoi N-O, Hayasaka T, Shinnkai T, Suzuki S, Abe K, et al. Cognitive impairment of rats caused by
oxidative stress and aging, and its prevention by vitamin E. Ann N Y Acad Sci. 2002;959:275-84.

61.Ferjanil H, Achour A, Bacha H, Abid S. Tacrolimus and mycophenolate mofetil associations: Induction of oxidative
stress or antioxidant effect?. Hum Exp Toxicol. 2015;34(11):1119-32.

62.Kahraman S, Bambrick LL, Fiskum G. Effects of FK506 and cyclosporin a on calcium ionophore-induced
mitochondrial depolarization and cytosolic calcium in astrocytes and neurons. J Neurosci Res. 2011;89(12):1973-8.
63.Cardoso SM, Oliveira CR. The role of calcineurin in amyloid-beta-peptides-mediated cell death. Brain Res.
2005;1050(1-2):1-7.

64.Salimi Z, Headari R, Nejati V, Eskandary A, Ghasemi Z. Effect of Sumac (Rhus coriaria L.) extract on lipid
peroxidation and diabetic nephropathy in diabetic rats. J Birjand Univ Med Sci. 2012;18(4):275-84. [In Persian]


https://pubmed.ncbi.nlm.nih.gov/?term=Hudry+E&cauthor_id=20164348
https://pubmed.ncbi.nlm.nih.gov/?term=Hashimoto+T&cauthor_id=20164348
https://pubmed.ncbi.nlm.nih.gov/?term=Kuchibhotla+K&cauthor_id=20164348
https://pubmed.ncbi.nlm.nih.gov/?term=Rozkalne+A&cauthor_id=20164348
https://pubmed.ncbi.nlm.nih.gov/?term=Fan+Z&cauthor_id=20164348
https://pubmed.ncbi.nlm.nih.gov/?term=Maren+S&cauthor_id=23635870
https://pubmed.ncbi.nlm.nih.gov/?term=Phan+KL&cauthor_id=23635870
https://pubmed.ncbi.nlm.nih.gov/?term=Liberzon+I&cauthor_id=23635870
https://www.sciencedirect.com/science/article/abs/pii/S0166432809000059?via%3Dihub#!
https://pubmed.ncbi.nlm.nih.gov/?term=Pasqualotto+FF&cauthor_id=10548626
https://pubmed.ncbi.nlm.nih.gov/?term=Nelson+DR&cauthor_id=10548626
https://pubmed.ncbi.nlm.nih.gov/?term=Thomas+AJ+Jr&cauthor_id=10548626
https://pubmed.ncbi.nlm.nih.gov/?term=Agarwal+A&cauthor_id=10548626
https://www2.scopus.com/authid/detail.uri?authorId=56523374500&eid=2-s2.0-84923169991
https://www2.scopus.com/authid/detail.uri?authorId=56523156500&eid=2-s2.0-84923169991
https://www2.scopus.com/authid/detail.uri?authorId=23009190100&eid=2-s2.0-84923169991
https://www2.scopus.com/authid/detail.uri?authorId=56523374500&eid=2-s2.0-85028296572
https://www2.scopus.com/authid/detail.uri?authorId=57195467948&eid=2-s2.0-85028296572
https://www2.scopus.com/authid/detail.uri?authorId=56523156500&eid=2-s2.0-85028296572
https://www2.scopus.com/authid/detail.uri?authorId=36113186000&eid=2-s2.0-85028296572
https://www2.scopus.com/authid/detail.uri?authorId=56523156500&eid=2-s2.0-84923169991
https://www2.scopus.com/authid/detail.uri?authorId=23009190100&eid=2-s2.0-84923169991
https://www2.scopus.com/authid/detail.uri?authorId=23009190100&eid=2-s2.0-84923169991
https://www2.scopus.com/authid/detail.uri?authorId=23009190100&eid=2-s2.0-84923169991
http://journal.bums.ac.ir/browse.php?mag_id=36&slc_lang=en&sid=1
http://dx.doi.org/10.22088/jbums.23.1.359
https://dor.isc.ac/dor/20.1001.1.15614107.1400.23.1.50.9

[ DOR: 20.1001.1.15614107.1400.23.1.50.9 ]

[ DOI: 10.22088/jbums.23.1.359 ]

368 Effects of Tacrolimus on Cognitive Functions; Z. Salimi, et al

65.Kaymaz M, Emmez H, Bukan N, Dursun A, Kurt G, Pasaoglu H, et al. Effectiveness of FK506 on lipid peroxidation
in the spinal cord following experimental traumatic injury. Spinal Cord. 2005;43(1):22-6.

66.Singh R, Pathak DN. Lipid peroxidation and glutathione peroxidase, glutathione reductase, superoxide dismutase,
catalase, and glucose-6-phosphate dehydrogenase activities in FeCl3-induced epileptogenic foci in the rat brain.
Epilepsia. 1990;31(1):15-26.

67.Singh A, Kumar G, Naidu PS, Kulkarni SK. Protective effect of FK506 (Tacrolimus) in pentylenetetrazol-induced
kindling in mice. Pharmacol Biochem Behav. 2003;75(4):853-60.

68.Dawson TM, Steiner JP, Dawson VL, Dinerman JL, Uhl GR, Snyder SH. Immunosuppressant FK506 enhances
phosphorylation of nitric oxide synthase and protects against glutamate neurotoxicity. Proc Natl Acad Sci U S A.
1993;90(21):9808-12.

69.Lipton SA, Choi YB, Pan ZH, Lei SZ, Chen HS, Sucher NJ, et al. A redox-based mechanism for the neuroprotective
and neurodestructive effects of nitric oxide and related nitroso-compounds. Nature. 1993;364(6438):626-32.
70.Morioka M, Hamada J, Ushio Y, Miyamoto E. Potential role of calcineurin for brain ischemia and traumatic injury.
Prog Neurobiol. 1999;58(1):1-30.

71.Rodrigues AD, Scheffel TB, Scola G, Santos MT, Fank B, Dani C, et al. Purple grape juices prevent pentylenetetrazol-
induced oxidative damage in the liver and serum of Wistar rats. Nutr Res. 2013;33(2):120-5.

72.Nishinaka Y, Sugiyama S, Yokota M, Saito H, Ozawa T. Protective effect of FK506 on ischemia/reperfusion-induced
myocardial damage in canine heart. J Cardiovasc Pharmacol. 1993;21(3):448-54.


https://pubmed.ncbi.nlm.nih.gov/?term=Dursun+A&cauthor_id=15111998
https://pubmed.ncbi.nlm.nih.gov/?term=Kurt+G&cauthor_id=15111998
https://pubmed.ncbi.nlm.nih.gov/?term=Pa%C5%9Fao%C4%9Flu+H&cauthor_id=15111998
https://www.researchgate.net/profile/Amanpreet-Singh
http://dx.doi.org/10.22088/jbums.23.1.359
https://dor.isc.ac/dor/20.1001.1.15614107.1400.23.1.50.9
http://www.tcpdf.org

