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Abstract
Tacrolimus, a calcineurin (CaN) inhibitor, has been used for treatment of refractory allergic ocular disease, although its role 
in optic nerve degeneration remains to be elucidated. In this study, we investigated whether tacrolimus modulates tumor 
necrosis factor (TNF)-mediated axonal degeneration and whether it alters nuclear factor of activated T cells (NFATc), a 
downstream effector of CaN signaling. Immunoblot analysis showed no significant difference in CaNAα protein levels in optic 
nerve on day 3, 7, or 14 after TNF injection compared with PBS injection. However, a significant increase in NFATc1 protein 
level was observed in optic nerve 7 days after TNF injection. This increase was negated by simultaneous administration of 
tacrolimus. Administration of tacrolimus alone did not change the NFATc1 protein level in comparison to that observed 
after PBS injection. A significant increase in TNF protein level was observed in optic nerve 14 days after TNF injection and 
this increase was prevented by tacrolimus. Immunohistochemical analysis showed the immunoreactivity of NFATc1 to be 
increased in optic nerve after TNF injection. This increased immunoreactivity was colocalized with glial fibrillary acidic 
protein and was suppressed by tacrolimus. Treatment of tacrolimus significantly ameliorated the TNF-mediated axonal loss. 
These results suggest that tacrolimus is neuroprotective against axon loss in TNF-induced optic neuropathy and that the effect 
arises from suppression of the CaN/NFATc1 pathway.

Keywords  Tacrolimus · Calcineurin inhibitor · Calcineurin · NFATc1 · Tumor necrosis factor · Optic nerve

Introduction

Glaucoma is, in developed countries, one of the most com-
mon diseases that can lead to irreversible blindness. It is 
characterized by a slowly progressive retinal ganglion cell 
(RGC) pathology in which axonal degeneration of RGCs in 
the optic nerve precedes death of the RGC body. The only 
reliable clinical treatment for glaucoma is lowering intraocu-
lar pressure. However, means of neuroprotection are being 
studied as a complementary treatments.

Calcineurin (CaN) is a serine/threonine phosphatase, 
dependent on Ca2+/calmodulin (CaM). It is composed of 
two subunits, CaNA and CaNB. CaNA which has a CaM-
binding domain, acts as a 60-kDa catalytic subunit. CaNB, 
a 19-kDa regulatory subunit, has a Ca2+-binding domain 
[1, 2]. There are three isoforms (α, β, γ) of CaNA, with 
CaNAγ expression limited to testis and CaNAα and CaNAβ 
expressed in all tissues, but in varying ratios. In brain, for 
example, CaNAα is more abundant than CaNAβ in brain 
[3, 4].

Increased intracellular Ca2+ activates CaN, and the CaN 
combines with the Ca2+/CaM, leading to dephosphorylation 
of nuclear factor of activated T cells (NFATc) in the cyto-
plasm. Dephosphorylated NFATc translocates to the nucleus 
to regulate the transcription of cytokines such as interleu-
kin (IL)-2 and tumor necrosis factor (TNF) [5, 6]. There 
are 4 Ca2+/CaM-dependent NFATc transcription factors: 
NFATc1 (NFAT2), NFATc2 (NFAT1), NFATc3 (NFAT4), 
and NFATc4 (NFAT3) [7]. All are expressed in human 
brain, with NFATc1 reported to be present in astrocytes [8]. 
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Increased NFATc1 activity has been observed in the cerebral 
cortex in a rat traumatic brain injury model [9.]

Tacrolimus, a CaN inhibitor, forms a complex with 
immunophilin (FKBP) and inhibits CaN enzyme activity 
[10]. Tacrolimus has been clinically applied as an immuno-
suppressant and also applied via eyedrops for severe allergic 
conjunctivitis. In addition, tacrolimus has been shown to 
have a protective effect on RGCs in an optic nerve crush 
model [11, 12] and both on RGCs and optic nerve axons in 
an elevated intraocular pressure (IOP) model [13], although 
its mechanism remains to be elucidated.

TNF is a cytokine that is synthesized and released from 
microglia and astrocytes around several neurons. An associa-
tion between TNF-related neurotoxicity and glaucomatous 
optic neuropathy has been reported [14]. For example, a pre-
vious study has shown that ratio of TNF positive patients in 
aqueous humor was significantly higher in glaucoma group 
than cataract group [15]. In addition, a study from human 
glaucomatous retina has shown a significant up-regulation 
of TNF/TNF receptor 1 signaling [16]. More recently, a TNF 
antagonist was shown to reduce RGC hyperexcitability in 
a rat hypertensive glaucoma model [17]. We previously 
reported that intravitreal injection of TNF induces optic 
nerve degeneration in rats, in turn inducing RGC loss in 
rats [18]. In the present study, we tested whether tacroli-
mus modulates TNF-mediated axonal loss and it alters CaN/
NFATc1 signaling.

Materials and Methods

Animals

For experiments, male Wistar rats of 50 to 55 days old were 
used. All experiments were conducted in accordance with 
statements of the Association for Research in Vision and 
Ophthalmology statement on the Use of Animals in Oph-
thalmic and Vision Research. Animals were kept in a con-
trolled condition with a temperature of 23 ± 1 °C, humidity 
of 55 ± 5%, and light between 6 am and 6 pm.

TNF Injection Model

Intravitreal injection of TNF (Sigma-Aldrich, St Louis, MO) 
or tacrolimus (Senju pharmaceutical, Osaka, Japan) was per-
formed as previously described [19]. Briefly, intramuscu-
lar injection anesthesia with mixture of ketamine-xylazine 
(10 mg/kg and 4 mg/kg respectively) was administered 
to rats. A single 2-μL injection of 10 ng TNF in 0.01 M 
phosphate-buffered saline (PBS; pH 7. 40) was administered 
intravitreally into the animal’s right eye under a microscope. 
PBS alone, as a control, was administered to the left eye. 
Three, seven or fourteen days after the intravitreal injections, 

the rats were killed by an overdose of sodium pentobarbital 
administered intraperitoneally, and the eyes were subse-
quently enucleated.

Immunoblot Analysis

One hundred and two rats were used for immunoblot analy-
sis as described previously [19]. Briefly, optic nerves (4 mm 
in length) and retinas were collected, homogenized, and 
centrifuged at 15,000×g for 15 min at 4 °C after 3, 7 or 
14 days after the intravitreal injections. Optic nerve speci-
mens (n = 2) were collected for each sample. Each retina was 
used as one sample. Protein concentrations were measured 
with the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, 
CA). Protein samples (3 μg per lane of optic nerve sample; 
5 μg per lane of retina) were subjected to SDS-PAGE on 
10% polyacrylamide gels and transferred to an enhanced 
chemiluminescent membrane (EMD Millipore Corpora-
tion, Temecula, CA). Tris buffered saline-0.1% Tween-20 
(T-TBS) containing 5% skim milk was used for blocking 
of membranes. Membranes were reacted with CaNAα anti-
body (1:200; EMD Millipore Corporation), NFATc1 anti-
body (1:200; Santa Cruz Biotechnology, TX), TNF antibody 
(1:200; R&D Systems, MN) or anti-β-actin antibody (1:500; 
Sigma-Aldrich) in T-TBS. The membranes were then reacted 
to peroxidase-labeled anti-rabbit secondary antibody (MP 
Biomedicals, Solon, OH), peroxidase-labeled anti-goat sec-
ondary antibody (MP Biochemicals) or peroxidase-labeled 
anti-mouse secondary antibody (MP Biochemicals) diluted 
1:5000 in T-TBS. Immunoblots were detected by a chemi-
luminescence membrane detection system (ECL Plus West-
ern Blotting Detection Reagents; Amersham Pharmacia 
Biotech).

Immunohistochemical Analysis

Twelve rats were used for immunohistochemical analysis 
as described previously [19]. After injection of PBS, TNF 
or TNF with tacrolimus, eyes were put into 4% paraform-
aldehyde. After paraffin sections were made, sections were 
incubated with anti-NFATc1 antibody (1:200; Santa Cruz 
Biotechnology), anti-glial fibrillary acidic protein (GFAP) 
antibody (1:200; Dako, Tokyo, Japan) or anti ionized cal-
cium-binding adaptor molecule1 (Iba-1; a marker of micro-
glial cells) antibody (1:100; WAKO, Osaka, Japan). After 
washing, the sections were reacted with rhodamine-labeled 
or FITC-labeled secondary antibodies (1:100; Cappel, 
Aurora, OH) in the dark. After several washing, the sec-
tions were mounted on slides in DAPI-containing medium 
(Vectashield with DAPI; Vector Laboratories, Burlingame, 
CA). BSA was dropped as a negative control by replacing 
the primary antibody.



1728	 Neurochemical Research (2019) 44:1726–1735

1 3

Axon Counting in Optic Nerve

Morphometric analysis of each optic nerve in samples from 
23 rats was performed as described previously [19]. Two 
weeks after the intravitreal injections, eyes were obtained 
from the animals. The optic nerves, 4-mm segments, were 
obtained from 1 mm behind the globe. The segments were 
soaked in Karnovsky’s solution for 24 h at 4℃, processed 
and embedded in acrylic resin. Cross Sections (1 μm thick) 
were cut and stained with a solution of 1% paraphenylene-
diamine (Sigma-Aldrich) in absolute methanol. For each 
slice, images at the center and at each quadrant of the periph-
ery (approximately 141.4 μm from the center) were obtained 
with a light microscope (BX51, Olympus, Tokyo, Japan), 
which was equipped with a 100 × coupled digital camera 
(MP5Mc/OL, Olympus) and QCapture Pro software (ver-
sion 5.1, QImaging, Surrey, Canada). Aphelion image pro-
cessing software (Version 3.2, ADCIS, Hérouville Saint-
Clair, France) quantified the acquired images. The number 
of axons was calculated in five distinct regions from each 
eye, 1446.5 μm2 each (each quadrant in the periphery plus 
the center; total area of 7232.3 μm2 per eye). An average of 
the number of axons per eye was calculated, and this aver-
age value was calculated as a number per square millimeter. 
For each experimental condition at least 5 eyes were used 
for the analysis.

Statistical Analysis

Data are presented as mean ± SEM. Differences between 
groups were analyzed by one-way ANOVA and then Dun-
nett’s test. A probability value (p value) of < 0.05 was con-
sidered statistically significant.

Results

CaNAα Protein Levels in the Optic Nerve After TNF 
Injection

Immunoblot analysis showed a band of CaNAα at 58 kDa 
in the optic nerve sample, and no time point did the CaNAα 
protein level after TNF injection differ from that after PBS 
injection. No cleaved CaNAα was observed in the optic 
nerve at any time point after TNF injection (Fig. 1).

NFATc1 Protein Levels in the Optic Nerve After TNF 
Injection

Immunoblot analysis showed a band of NFATc1 at 
110/140 kDa in the optic nerve sample. NFATc1 protein 
level was significantly increased in optic nerve 7 days after 
TNF injection (Fig. 2). However, there were no statisti-
cally significant changes in NFATc1 protein levels 3 days 
and 14 days after TNF injection compared with the control 
(Fig. 2).

Effect of Tacrolimus on NFTATc1 Protein Level 
in Optic Nerve

Because the NFATc1 protein level was shown to be signifi-
cantly increased in the optic nerve 7 days after TNF injec-
tion, we examined the effect of tacrolimus on the NFATc1 
levels at this time point. The TNF-induced increase in 
NFATc1 was negated by simultaneous administration of 
tacrolimus (Fig. 3a). There was no significant difference in 
NFATc1 protein expression after tacrolimus treatment alone 
compared with PBS administration (Fig. 3b).

Fig. 1   CaNAα protein expres-
sion in optic nerves on days 3, 
7 and 14 after intravitreal injec-
tion of PBS or TNF. Immuno-
blotting values are normalized 
to β-actin. Values are expressed 
as percentages of control and 
represent mean ± SEM. n = 4
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TNF Protein Levels in the Optic Nerve After TNF 
Injection

Immunoblot analysis showed a faint band of TNF at 17 kDa in 
the optic nerve sample after PBS injection (Fig. 4). There was 
no significant change in TNF protein level 3 days after TNF 
injection compared with the control. Although TNF protein 
level tended to increase 7 days after TNF injection, it was not 
statistically significant (Fig. 4). However, there was a signifi-
cant increase in TNF protein level 14 days after TNF injection 
compared with the control (Fig. 4).

Effect of Tacrolimus on TNF Protein Level in Optic 
Nerve

Because the TNF protein level was shown to be signif-
icantly increased in the optic nerve 14 days after TNF 
injection, we examined the effect of tacrolimus on the TNF 
levels at this time point. The TNF-induced increase in TNF 
protein level was negated by simultaneous administration 
of tacrolimus (Fig. 5).

Fig. 2   NFATc1 protein expres-
sion in optic nerves on days 3, 
7 and 14 after intravitreal injec-
tion of PBS or TNF. Immuno-
blotting values are normalized 
to β-actin. Values are expressed 
as percentages of control and 
represent mean ± SEM. n = 4. 
*p < 0.05

Fig. 3   NFATc1 protein expres-
sion in optic nerves 7 days after 
intravitreal injection. Immuno-
blotting values are normalized 
to β-actin. a NFATc1 expression 
after injection of PBS, TNF, 
or TNF + 10−4 M tacrolimus. 
Values are expressed as percent-
ages of control and represent 
mean ± SEM. n = 4. *p < 0.05. 
b NFATc1 expression after 
injection of PBS or 10−4 M tac-
rolimus. Values are expressed 
as percentages of control and 
represent mean ± SEM. n = 4
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Localization of NFATc1 in Optic Nerve

Upon immunohistochemical analysis, faint NFATc1 immu-
noreactivity was observed in longitudinal sectioned optic 
nerve after PBS injection, whereas increased NFATc1 
immunoreactivity was observed 7 days after TNF injec-
tion (Fig.  6). This increased immunoreactivity was 

colocalized with GFAP, a marker of astrocyte (Fig. 6), and 
was suppressed by tacrolimus (Fig. 6). Similar findings were 
observed in cross sectioned optic nerves. The immunoreac-
tivity of NFATc1 was increased by TNF which is colocalized 
with GFAP, and this was suppressed by tacrolimus (Fig. 7).

Tacrolimus Prevented TNF‑Induced Optic Nerve 
Degeneration

We confirmed degeneration in the optic nerve axons 14 days 
after TNF injection (Fig. 8b) compared with PBS injection 
(Fig. 8a) (p = 0.0015). Although treatment of 10−6 M tacroli-
mus had a certain axonal protective effect (Fig. 8c), the neu-
rodegeneration induced by TNF was noticeable. In addition, 
the protective effect was not statistically significant when the 
number of axons was compared (p = 0.0684). However, treat-
ment with 10−5 M tacrolimus (Fig. 8d) and 10−4 M tacroli-
mus (Fig. 8e) yielded substantial axonal protection. Quan-
titative analysis showed statistically significant protections 
(Fig. 8f, TNF vs. TNF + 10−5 M tacrolimus, p = 0.0146; TNF 
vs. TNF + 10−4 M tacrolimus, p = 0.0013). These protective 
effects were shown to appear in a concentration-dependent 
manner.

Discussion

The present study demonstrated a significant increase in 
NFATc1 expression in optic nerves after TNF injection. 
NFATc1 is present in glial cells in optic nerve. Tacrolimus 
prevented the increase in NFATc1 expression and amelio-
rated the loss of axons of the optic nerve after TNF injec-
tion. These results suggest that the protective effect of tac-
rolimus may be involved in its inhibitory effect on NFATc1 
expression.

Fig. 4   TNF protein expression 
in optic nerves on days 3, 7 and 
14 after intravitreal injection 
of PBS or TNF. Immunoblot-
ting values are normalized to 
β-actin. Values are expressed 
as percentages of control and 
represent mean ± SEM. n = 3. 
*p < 0.05

Fig. 5   TNF protein expression in optic nerves 14  days after intra-
vitreal injection. Immunoblotting values are normalized to β-actin. 
TNF expression after injection of PBS, TNF, or TNF + 10−4 M tac-
rolimus. Values are expressed as percentages of control and represent 
mean ± SEM. n = 3. *p < 0.05
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In a previously reported study, cleaved CaN was found 
in retinal protein in the rat IOP elevation model but not in 
retinal protein in the optic nerve crush model [13]. In our 
current study, cleaved CaN was not observed in retinal pro-
tein (Supplementary Fig. 1) or in optic nerve protein (Fig. 1) 
after TNF injection. Under physiological elevation of intra-
cellular Ca2+, CaNA activity is reversible. However, under a 
pathophysiological condition such as kainate- or glutamate-
induced excitotoxicity [2] or cerebral ischemia [20], which 
causes excessive intracellular Ca2+ influx, CaNA activity is 
lasting. Calpain, a Ca/CaM dependent protein, puts CaN into 

a constitutively activated state by cleaving the self-suppress-
ing region of CaNA [2]. However, it is unclear why only IOP 
elevation caused cleavage of CaN but that optic nerve crush 
and TNF injection model did not. One hypothesis posits that 
the increased intracellular Ca2+ concentration is limited in 
the TNF model and that the increase is not enough to occur 
CaN cleavage or alter the CaN protein level. Nonetheless, 
we cannot deny the possibility of CaN activation in the TNF 
model because lack of agreement between the protein levels 
and the enzyme activity of CaN has been reported [21].

Fig. 6   Immunohistochemistry for NFATc1 in longitudinal sectioned 
optic nerves. NFATc1 immunoreactivity increased after TNF injec-
tion. Apparent colocalization of NFATc1 with GFAP was seen in the 

TNF group. The increased immunoreactivity was suppressed by tac-
rolimus. Scale bar = 50 µm
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Recent studies have reported NFATc3 expression in 
human lamina cribrosa cells [22] and NFATc1 expression 
in human trabecular meshwork cells [23]. Our study appears 
to be the first to reveal expression of NFATc1 in optic nerve. 
The protein levels of NFATc1 in optic nerve increased with 
TNF-induced optic nerve degeneration. Increased expression 
of NFAT4 has been reported in activated astrocytes through-
out the axon/dendrite layers of CA1 and the dentate gyrus 
[24]. It has also been reported that in quiescent astrocytes, 
TNF recruits CaN to stimulate a canonical NFAT pathway 
[25]. We found NFATc1 immunoreactivity colocalized with 

GFAP immunoreactivity but not with Iba1 immunoreactiv-
ity (Supplementary Fig. 2), indicating that NFATc1 is pre-
sent in astrocytes not in microglial cells in optic nerve. It is 
interesting to note that Ca-channel agonist increases TNF 
via the CaN/NFAT system in PC12 cells [26]. Therefore, 
it is possible that increased Ca2+ may result in CaN/NFAT 
activation, thereby increasing in TNF in certain cell death. 
Consistent with this idea, the present study demonstrated 
that increased NFATc1 protein level was observed 7 days 
and increased TNF protein level was observed 14 days after 
TNF injection, suggesting that NFATc1 exists upstream of 

Fig. 7   Immunohistochemistry for NFATc1 in cross sectioned optic 
nerves. NFATc1 immunoreactivity increased after TNF injection. 
Apparent colocalization of NFATc1 with GFAP was seen in the TNF 

group. The increased immunoreactivity was suppressed by tacroli-
mus. Scale bar = 50 µm
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TNF. It was reported that NFATc1β, an isoform of NFATc1, 
upregulated TNF production in NIH3T3 cells [27]. On the 
other hand, other possibility is that there are some compen-
satory effects by the other NFATc proteins, because it was 
demonstrated that TNF upregulation was the main cause of 
cell death controlled by NFATc2 in NIH3T3 cells [28].

In the present study, we found that tacrolimus signifi-
cantly prevented the TNF-induced increase in NFATc1 

expression in optic nerve. Morphometric analysis revealed 
that tacrolimus significantly prevented TNF-induced axon 
loss. These findings are consistent with those of a previously 
reported study demonstrating that tacrolimus attenuates the 
activation of astrocytes and microglia of brain in a rat cer-
ebral ischemia model [29]. That study also demonstrated 
that tacrolimus attenuates the expression of cytokines, such 
as TNF-α, in glia after cerebral ischemia [29]. The present 

Fig. 8   Tacrolimus exerted axonal protection in optic nerve. His-
tological findings 14  days following injection of PBS (a), TNF (b), 
TNF + 10−6  M tacrolimus (c), TNF + 10−5  M tacrolimus (d), or 

TNF + 10−4  M tacrolimus (e). Scale bar = 10  μm. f Comparison of 
axon numbers. n = 5–6 per group. *p < 0.05, ***p < 0.005
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study also found that tacrolimus abolished increment of TNF 
protein level in optic nerve. Moreover, it was reported that 
tacrolimus abolished NFAT activation in the anteroventral 
cochlear nucleus neurons of mice [30]. Furthermore, it was 
shown that increased expression of NFAT4 in activated 
astrocytes was observed in hippocampus of a murine Alz-
heimer’s disease model [31] and that amyloid β expression 
in hippocampus was suppressed by administration of tacroli-
mus or NFAT inhibitor in the murine Alzheimer’s disease 
model [32]. Thus, inhibition of NFAT by tacrolimus may 
have beneficial effects against several types of neuronal dam-
ages. Similarly to the results of immunoblotting, the present 
immunohistochemical study showed that the expression of 
NFATc1 tended to increase after TNF injection, and this 
increase was suppressed by tacrolimus. Increased expression 
of GFAP induced by TNF tended to be suppressed by tac-
rolimus. Intravitreal injection of TNF may lead to activation 
of microglia and astrocytes in optic nerve [18, 33]. There-
fore, it is reasonable to speculate that tacrolimus suppresses 
the activation of glial cells and inhibits the positive feedback 
loop among activated glia, cytokines and CaN/NFAT [34].

In conclusion, tacrolimus may protect against axon loss 
in TNF-induced optic neuropathy by inhibiting the CaN/
NFATc1 pathway.
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