
Overexpression of SIRT1 protein in neurons protects against 
Experimental Autoimmune Encephalomyelitis through activation 
of multiple SIRT1 targets

Vamshi K. Nimmagadda*,†,‡, Christopher T. Bever*,†,‡, Narasimha R. Vattikunta‡, Saifi 
Talat‡, Vakas Ahmad‡, Naveen K. Nagalla‡, David Trisler*,†,‡, Susan I. V. Judge*,†,‡, Walter 
Royal III*,†,‡, Krish Chandrasekaran*,‡, James W. Russell*,‡, and Tapas K. Makar*,†,‡

*VA Maryland Healthcare System, Baltimore MD 21201

†VA Multiple Sclerosis Center of Excellence-East, Baltimore, MD 21201

‡Department of Neurology, University of Maryland School of Medicine, Baltimore MD 21201

Abstract

Treatment of experimental autoimmune encephalomyelitis (EAE) with Resveratrol, an activator of 

Sirtuin 1 (SIRT1), reduces disease severity. This suggested that activators of SIRT1, a highly 

conserved nicotinamide adenine dinucleotide (NAD)-dependent protein deacetylase, might have 

immune-modulating or neuroprotective therapeutic effects in EAE. Previously, we showed that 

SIRT1 expression increases in EAE, suggesting that it is an adaptive response. In this study, we 

investigated the potential function of SIRT1 in regulating EAE using SIRT1 overexpressing mice. 

The current studies examine potential neuroprotective and immunomodulatory effects of SIRT1 

overexpression in chronic EAE induced by immunization of C57Bl/6 mice with myelin 

oligodendrocyte glycoprotein peptide (MOG35-55). SIRT1 suppressed EAE clinical symptoms 

compared with wild-type EAE mice and prevented or altered the phenotype of inflammation in 

spinal cords; as a result, demyelination and axonal injury were reduced. Significant 

neuroprotective effects were observed, with fewer apoptotic cells found in the spinal cords of 

SIRT1 overexpressing EAE mice; associated with increased brain-derived neurotrophic factor 

(BDNF) and NAD levels. Earlier, we showed that BDNF and NAD play crucial neuroprotective 

roles in EAE. These results suggest that SIRT1 reduces neuronal loss in this chronic 

demyelinating disease model and that this is associated with a reduction in inflammation.
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Introduction

Multiple sclerosis (MS) is a disease of the CNS that is characterized by inflammation and 

neurodegeneration, which cause a variable course of neurologic disability (1). Clinically, 

MS can be characterized by relapses and remissions and/or progressive disability. Relapses 

result from inflammatory events causing focal neurologic dysfunction that remit as acute 

inflammation resolves. The process is associated with neurodegeneration, which more 

closely correlates with permanent neurologic deficits (2,3,4). In other cases, MS follows a 

primary or secondary progressive disease course marked by a slow neurologic decline, with 

axonal damage and irreversible neuronal loss often without clear episodes of inflammation 

(1). Much of the pathogenesis of MS has been inferred from studies of experimental 

autoimmune encephalomyelitis (EAE) (5,6,7). Based on this analogy, MS is thought to be an 

autoimmune disorder (7) mediated by autoreactive T cells specific for myelin antigens 

(1,8,9,10). The immune imbalance is mainly in the adaptive immune response involving 

both T cells and B cells of the proinflammatory subsets, T helper 1 (Th1) and Th17 

(11,12,13). Immunomodulators were shown to reduce inflammation in MS, but they do not 

cure the disease or prevent long term disability (14) and have limited effects on 

neurodegeneration (15,16,17,18). It is widely believed that new treatments with 

neuroprotective properties are needed.

Sirtuin 1 (SIRT1) is the closest mammalian homologue of the yeast silent information 

regulator 2 (Sir2) and has a role in lifespan modulation (19,20,21,22). SIRT1 has been 

linked to neurodegenerative diseases (23,24,25). A pharmaceutical formulation of 

resveratrol (SRT501) that activates SIRT1 prevents neuronal damage, and long-term 

neurologic dysfunction in EAE (26,27,28). Importantly, either SRT501 or other SIRT1 

activating compounds regulate inflammation in EAE (26,27,28). This result suggests that 

resveratrol has the potential to complement current immunomodulatory MS therapies that 

fail to prevent neurodegeneration. In this context, it is not clear whether SIRT1 can exert any 

neuroprotective role in EAE or MS. There are limited studies that suggest a relationship 

between SIRT1 and MS/EAE diseases based on in vivo transgenic (Tg) methods. In the 

present study, we generated neuron-specific SIRT1 transgenic mice that overexpress human 

SIRT1 in neurons. We examined possible neuroprotective effects of SIRT1 in SIRT1-

overexpressing mice with EAE compared with wild-type (WT) mice with EAE. 

Overexpression of SIRT1 was associated with reduced neuronal damage during EAE 

suggesting a neuroprotective effect due to immunomodulatory and neuroprotective 

mechanisms.

Material and Methods

Animals

Wild Type (WT) C57Bl/6J mice were obtained from The Jackson Laboratory (Bar Harbor, 

ME, USA). Transgenic mice were developed in the University of Maryland School of 

Medicine Transgenic animal core facility, Baltimore, MD. Transgenic mice and WT mice 

were housed under pathogen-free conditions at the animal facility of the University of 

Maryland School of Medicine, Baltimore. All experimental procedures were conducted 
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following NIH guidelines under an Institutional Animal Care and Use Committee-approved 

protocol from the University of Maryland School of Medicine, Baltimore.

Generation of pTet CaMKII-mito/eYFP transgenic mice

Mitochondrial eYFP (mito/eYFP) encodes a fusion protein of mitochondrial targeting 

sequence from subunit VIII of human cytochrome c oxidase with eYFP. The fragment of 

mito/eYFP was generated by digesting the plasmid pEYFP-mito (Clontech, Mountain View, 

CA, USA) with the restriction enzymes NheI and NotI. The mito/eYFP fragment was cloned 

between NheI and NotI sites of the tetracycline-responsive element (TRE) bi-functional 

plasmid pTRE2-Bi-Neo (Clontech). SIRT1 cDNA was purchased from Origene (Origene, 

Gaithersburg, MD, USA) and cloned into the Xba1/Nde1 site of pTRE2-Bi-Neo. The insert 

devoid of vector sequences, containing the Tetresponsive promoter upstream of the SIRT1 

and mito/eYFP coding sequence and SV40 poly(A) signal, was used for injection into 

fertilized C57BL/6 eggs to create pTRE-SIRT1/mito/eYFP transgenic founders. Transgenic 

mice expressing the tetracycline-controlled transactivator protein (tTA) under regulatory 

control of the forebrain-specific calcium/calmodulin-dependent kinase IIα (CaMKIIα) 

promoter (pCaMKIIα-tTA) were purchased from The Jackson Laboratory (29). Bigenic 

mice that are positive for both pCaMKIIα-tTA and TRE-SIRT1/mito/eYFP (double-positive 

or bigenic) were obtained by crossing pTRE SIRT1/mito/eYFP mice with pCaMKIIα-tTA 

mice.

Genotyping

Animals positive for the transgene were identified by PCR using genomic DNA, isolated 

from the tails (Qiagen, Germantown, MD, USA). The primers were designed to hybridize 

with the mito/eYFP coding region (forward primer, 5′-

GCTGACCCTGAAGTTCATCTGC-3, and reverse primer, 5′-

CATGATATAGACGTTGTGGCTGTTG-3′) to amplify a 338 bp fragment. In the case of 

CaMKII, the primers (forward primer, 5′-GCTGTGGGGCATTTTACTTTAG-3, and 

reverse primer, 5′-CATGTCCAGATCGAAATCGTC-3′) were designed to amplify a 450 bp 

fragment. Fifty nanograms of genomic DNA were used in the PCRs, with a program of one 

cycle of 94°C for 3 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 30 s, and one 

cycle of 72°C for 5 min. The PCR products were separated on 1% agarose gel, stained with 

ethidium bromide, and imaged.

Doxycycline-responsive regulation of SIRT1 and eYFP expression

The parents of the bigenic mice were fed a normal diet. Because pCaMKII-tTA is a tet-off 

system, the bigenic pups that inherits both pCaMKII-tTA and pTRE2- SIRT1/mito/eYFP 

genes expressed SIRT1 and eYFP and eYFP exhibited fluorescence in the brain, which 

could be visualized through the skull at postnatal day 1 using a fluorescence visualization 

goggle (GFSP-5; Biological Laboratory Equipment, Budapest, Hungary). We examined 

doxycycline-responsive regulation of transgene expression in the bigenic mice by replacing 

doxycycline-free diet with doxycycline (200 mg/kg; BioServ, Frenchtown, NJ, USA) 

containing diet.
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EAE Induction

EAE was induced in WT and SIRT1 mice. All animals were used at 8 weeks of age. EAE 

induction, evaluation and scoring the clinical severity of the disease was carried out as 

described previously (30,31). EAE were induced with 200 μg myelin oligodendrocyte 

glycoprotein 35–55 (MOG) peptide (Biomer Technology, Pleasanton, CA, USA). EAE mice 

were given a clinical score until day 60.

Detection of tissue pathology

Mice were euthanized on day 60. Spinal cords were removed and paraffin sections were 

prepared as described previously (31). 7μm thick sections were stained with hematoxylin 

and eosin (H&E) (to detect inflammatory infiltrates) and Luxol Fast Blue (for 

demyelination) following standard protocols for conventional light microscopy. Analysis of 

inflammation and demyelination was performed as described previously (32) in a blinded 

manner.

TUNEL Assay for apoptotic cell death

Paraffin embedded tissues sections (7μm) were examined by in situ terminal 

deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL), and 

by activated cleaved caspase-3. Apoptosis was detected on paraffin sections by an ApopTag 

peroxidase in situ apoptosis detection kit (Chemicon International, Temecula, CA, USA) 

according to the manufacturer’s instructions.

Immunohistochemistry

Immunohistochemistry was performed as described (32) using VECTASTAIN ABC kits 

(Vector Laboratories, Burlingame, CA, USA). 7μm thick sections were used. Primary 

antibodies used are listed in Table I. Nuclei were counterstained with hematoxylin. Slides 

were examined using standard brightfield microscopy.

Immunofluorescence

7μm thick paraffin sections were deparaffinized in xylene, rehydrated through graded 

alcohols to water, washed in 0.01 M PBS, preincubated with 10% donkey serum for 60 min, 

and then incubated overnight at 4°C with primary antibody diluted in PBS with 1% bovine 

serum albumin (BSA) together with 0.3% Tween-20. SMI-32 and BDNF (Table 1) were 

used as primary antibodies in two different experiments. For the secondary antibody step, 

Alexa Fluor 594 Donkey anti-mouse and Alexa Fluor 594 Donkey Anti Rabbit (Invitrogen, 

Grand Island, NY) were used for SMI32 and BDNF respectively for 1 hr at room 

temperature in a humidified chamber. The specificity of the immunostaining for all the 

proteins was tested in control slides by incubation with pre-immune pre-adsorption of the 

antibody with the respective peptides used as immunogens. Slides were examined using 

standard fluorescence microscopy and results were quantitated by counting fluorescent cells 

per area or field.

Nimmagadda et al. Page 4

J Immunol. Author manuscript; available in PMC 2014 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Preparation of brain homogenates

Frozen mice brain tissue was rinsed in phosphate-buffered saline and then transferred to the 

Dounce tissue grinder (Wheaton Manufacturers, NJ, Milville, NJ). Homogenization buffer 

[10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 

mM PMSF] was added at a ratio of 2.5 ml/g tissue. Five strokes of pestle were used to 

homogenize tissue to a liquid mass. After the addition of NP-40 (0.5%), five additional 

strokes of homogenization were performed. The homogenates were transferred to Eppendorf 

tubes and stored as whole brain homogenates at −80°C until Western blotting was done. The 

protein content of each sample was determined using the Bradford protein assay kit (Sigma, 

St. Louis, MO, USA).

Western blot analysis

Homogenized samples were boiled for 5 min with a gel-loading buffer [125 mM Tris-Cl, 4% 

sodium dodecyl sulfate (SDS), 10% 2-mercaptoethanol (pH 6.8), 0.2% bromphenol blue] in 

a ratio of 1:1. Total protein equivalents for each sample were separated by SDS–

polyacrylamide gel electrophoresis (PAGE) with NuPAGE Novex Bis-Tris precast 4–12% 

gradient gels (Invitrogen Life Science, Carlsbad, CA, USA) and transferred to nitrocellulose 

membranes. The membranes were blocked for 1 hr and incubated overnight with primary 

antibody and then 1 hr with secondary antibody. The primary antibodies used for Western 

blots are listed in Table I. Horseradish peroxidase-conjugated donkey anti-rabbit IgG 

(1:2000) or Goat anti-mouse IgG (1:10,000) (Santa Cruz Biotechnology, CA, USA) were 

used as secondary antibodies. Chemiluminescent signals were detected using the ECL 

Western blotting detection Kit (Amersham Biosciences, Piscataway, NJ, USA).

Statistical analysis

Lumbar region spinal cord sections were selected from each of four animals per 

experimental group for pathology and immunohistochemistry. All the histological 

quantification was performed by a blinded observer. Statistical analyses were done using 

Prism software (GraphPad, San Diego, CA, USA). Data are provided as mean ± SEM. 

Significances between groups were examined by the t-test for EAE clinical score. For the 

remaining experiments, One-way ANOVA or t-test were used for statistical analysis. In all 

experiments, a P value of < 0.05 was defined as statistically significant.

Results

Generation and expression of SIRT1 overexpressing mice

OCT-embedded, fresh hippocampal brain and spinal cord sections (30μm), fixed with 4% 

paraformaldehyde were viewed under fluorescent microscope. These sections showed a 

distinct neuronal expression of mito-eYFP (Figure 1A) which confirms the presence of 

SIRT1 in the neurons. Bigenic mice were also identified by PCR analysis using tail DNA 

(Data not shown). To further confirm the overexpression of SIRT1 within the CNS, Western 

blot analysis was done on whole brain homogenates. SIRT1 mice showed a significantly 

(P<0.001) (Figure 1B,1C) higher expression of SIRT1 as compared to WT mice.
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SIRT1 reduces the severity of EAE

WT mice showed a typical course of chronic EAE, marked by increasing paralysis score 

beginning about 9 days after immunization, peaking several days later, and then persisting 

(Figure 2A). SIRT1 suppressed EAE post-immunization and EAE severity never reached 

levels equivalent to WT mice. The clinical severity was plotted between the groups and 

shown in Figure 2A. Mean clinical score for 60 days is plotted in Figure 2B. There is a 

significant decrease (P<0.0001) of mean clinical score in SIRT1 group of animals compared 

to WT groups. Day of disease onset and mean clinical scores during the acute and chronic 

phases and for the entire disease period are shown in Table II. It was reported previously 

that SIRT1 activators reduce clinical severity in EAE (33,34).

SIRT1 reduces CNS inflammation

Sections of spinal cords stained by H&E were examined for areas of inflammatory cell 

infiltration. Foci of inflammation were observed in the white matter of WT EAE spinal 

cords, and similar inflammation was detected in EAE spinal cords from SIRT1 mice (Figure 

3A–D). We compared the extent of the inflammatory response in spinal cord sections from 

the different experimental groups of animals. Meningeal, perivascular and parenchymal 

inflammatory infiltrates were quantitatively reduced (Figure 3M) n SIRT1 EAE mice 

compared with WT EAE mice. Histological analyses revealed a significant (p < 0.017) 

difference in the infiltrated cell accumulation: 25% of the quadrants in SIRT1 EAE mice 

were positive for inflammation compared with 51% in the WT EAE group.

SIRT1 modulates the phenotype of CNS inflammation

Although SIRT1 overexpression decreases clinical severity in EAE by suppressing the gross 

level of inflammation that occurs in the spinal cord, it is possible that SIRT1 may reduce 

neuronal damage by altering the type of inflammatory cells that enter the CNS. To assess the 

basic types of inflammatory cells present, sections of spinal cord from SIRT1 and WT EAE 

mice were stained with markers of T cells (CD3) and B cells (CD20). Similar to previous 

studies, inflammatory lesions in EAE spinal cord contained numerous T cells, with fewer B 

cells present, demonstrating the ability of these antibodies to detect expected cell types 

(Figure 3E–L). To quantify the relative contribution of different cell types in spinal cord 

infiltrates, the presence of each type of inflammatory cell, and the relative level of 

inflammation, was scored. A significant difference in the amount of inflammation caused by 

CD3 (p <0.0031) and CD20 (p<0.0197) was observed between SIRT1 EAE and WT EAE 

mice (Figure 3N,O). Studies conducted in EAE demonstrated a reduction of infiltrated 

leucocytes into the CNS possibly due to an induction of Th1 to Th2 shift and also 

suppression of proinflammatory Th17 responses (35,36,37). To further investigate the role 

of SIRT1 in immune modulation in vivo, we measured proinflammatory cytokines IFN-γ, 

IL-17, and anti-inflammatory cytokine IL-10 (Fig. 4). IFN-γ expression was increased 

significantly (Fig. 4M) in WT EAE animals, particularly in the white matter, compared with 

SIRT1 EAE animals (p < 0.0008). There was no IFN-γ detected in the gray matter. 

However, IL-17 was detected in both white and gray matter of the spinal cord. Interestingly, 

in the white matter, IL-17 expression was significantly higher in WT EAE animals 

compared with SIRT1 animals (p < 0.05) (Fig. 4N), but the numbers of IL-17–expressing 
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cells in gray matter did not differ between the groups (data not shown). In contrast, 

expression of the Th2 cytokine IL-10 was decreased significantly (Fig. 4O) in the white 

matter of WT EAE animals compared with SIRT1 EAE animals (p < 0.04). IL-10 

expression was also detected in the gray matter; however, there was no significant difference 

between the groups (data not shown).

SIRT1 protects the spinal cord from demyelination and loss of oligodendrocytes

Demyelination is one of the major histopathologic hallmarks in EAE and MS (32). Our 

histological observation indicated that the spinal cords from the WT EAE mice were weakly 

stained with LFB, especially in the white matter tracts (Fig. 5B), whereas a more intense 

LFB stain was observed in the SIRT1 EAE group (Figure 5D) and a uniform intense staining 

was seen in normal WT and SIRT1 Mice (Figure 5A,C). We found a significant reduction of 

demyelinating area (P < 0.0049) in the spinal cord of the SIRT1 EAE mice as compared to 

WT EAE mice (Figure 5I).

MBP is one of the major proteins in the myelin sheath (38) and mature oligodendrocytes 

(OLs) only have the capacity to produce MBP (39). Therefore, its expression indicates 

presence of OLs. Interestingly, a dramatically decreased MBP staining was observed in the 

WT as compared to SIRT1 EAE mice, indicating more OLs cells were present in the SIRT1 

mice (Figure 5E–H). Histological analyses revealed a significant difference in MBP 

expression: 30% of the quadrants in SIRT1 EAE mice displayed sparse staining compared 

with 45% of the quadrants in WT EAE mice (p < 0.0092) (Figure 5J). Together, these results 

indicate that SIRT1 protects the spinal cord from demyelination and loss of OLs in EAE 

mouse models. This is a prominent response to demyelination.

SIRT1 protects the spinal cord from axonal injury

To assess the contents of spared spinal cord of SIRT1 and WT groups after EAE, spinal 

cords sections were examined for the extent of neurofilament H (NF-H) dephosphorylation 

via anti-SMI-32 immunohistochemstry. SMI-32 immunopositivity was found predominantly 

in neuronal cell bodies in both WT EAE and SIRT1 EAE animals (Figure 6A,D). There was 

a significant increase of SMI-32 staining, both in number of neurofilaments (p<0.0064)

(Figure 6G) and the intensity of fluorescence, in the SIRT1 EAE mice compare to WT EAE 

mice. This data supports that SIRT1 plays an important role in preventing axonal damage in 

EAE.

SIRT1 and Nampt mediated neuroprotection in EAE

We targeted SIRT1 gene expression especially in neurons. The expression pattern of SIRT1 

in the gray matter in WT EAE and SIRT1 mice with or without EAE suggest that it is 

expressed in the neurons (Figure 7A–D). Tanno et.al, (2007) (40) reported that SIRT1 has 

both nuclear as well as cytoplasmic localization in neurons. In some neurons, SIRT1 mostly 

appears predominantly cytoplasmic (41). Interestingly, we found SIRT1 expression in the 

cytosoloic fraction that we reported previously (32). In this model system we found a 

significant increase of SIRT1 expression in SIRT1 EAE mice (p<0.001) compared to WT 

EAE mice (Figure 7M). It is known that Nampt controls the activity of SIRT1 (42) There 

was no significant difference of Nampt expression in normal WT and SIRT1 mice (Figure 
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7E,G). Nampt levels decreased after EAE induction in both the groups of mice (Figure 

7F,H). However, the expression of Nampt was significantly higher (p<0.001) in SIRT1 EAE 

mice compared to WT EAE mice (Figure 7N). This suggests that during EAE stress SIRT1-

adaptive responses activate the NAD pathway, which may further contribute to 

neuroprotection. SIRT3 deacetylates and regulates the enzymatic activity of many metabolic 

enzymes in mitochondria. However, although we detected SIRT3 expression in our model 

system, there was no significant change between the animal groups (Figure 7I–L,O) which 

indicates that SIRT1 overexpression does not influence other sirtunins.

SIRT1 protects against apoptosis in EAE

We used the TUNEL assay to evaluate the protective effects of SIRT1 in terms of neuronal 

apoptosis of the damaged spinal cords, as well as the neurologic deficits caused by EAE. We 

counted all TUNEL-positive cells in a single microscopic field of each of 5 randomly 

selected sections of each target area (Figure 8A–D). TUNEL-positive cells were 

significantly lower in SIRT1 EAE spinal cords than in WT EAE spinal cords (p < 0.0005) 

(Figure 8I). To testify that SIRT1 antiapoptotic function was associated with reduced pro-

apoptotic cleaved caspase-3 expression, we further examined the levels of cleaved caspase-3 

by immunohistochemistry (Figure 8E–H). Compared with WT EAE (Figure 8F), SIRT1 

EAE spinal cords (Figure 8H) were associated with a significant reduction (p < 0.0047) in 

the number of cleaved caspase-3-positive cells (Figure 8J) within the lesions.

SIRT1 restores BDNF function in EAE

Linker et.al 2010 reported the role of BDNF in MS and EAE (43). Our previous study 

suggests that BDNF delivery in EAE animals increases SIRT1 expression (32). In this 

context, it is not known if SIRT1 overexpression increases BDNF level. We performed 

immunofluorescence staining to detect BDNF expression in our animal models; it was found 

in both white and gray matter of spinal cord. In the white matter, a significant reduction (p < 

0.0012) (Figure 9S) in BDNF expression was observed (Figure 9J) in WT EAE animals 

compared to SIRT1 EAE animals (Figure 9L) and the pattern of expression seems to be 

axonal and it is known that axons express BDNF (44). In contrast, in the gray matter, BDNF 

expression was from the neuronal cell body. Also, the number of BDNF-expressing cells 

was significantly increased (p<0.006) (Figure 9T) in SIRT1 EAE animals (Figure 9P) 

compared with WT EAE animals (Figure 9N). Overall, we found a significant increase of 

BDNF expression in SIRT1 spinal cord compared with WT spinal cord (Figure 9).

Furthermore, we detected increased expression of TrkB receptor in SIRT1 mice compared to 

WT mice (Figure 9A–D,Q). In addition we detected GAD67 expression in these spinal 

cords. We found a significantly increased expression of GAD67 in SIRT1 mice compared 

with WT mice (Figure 9E–H,R). GAD67 expression suggests that endogenous BDNF is 

functionally active, as GAD67 is a BDNF induced gene. The levels of BDNF decreased in 

WT EAE and SIRT1 EAE mice as reported (43). As a result, TrkB and GAD67 expression 

also decreased in these spinal cords. However, the expression of TrkB(p<0.049) and 

GAD67(p<0.0368) is still significantly higher in SIRT1 EAE mice compared to WT EAE 

mice. These experiments suggest that SIRT1-mediated restoration of BDNF concentration 

and function might be a mechanism for SIRT1 neuroprotection in EAE.

Nimmagadda et al. Page 8

J Immunol. Author manuscript; available in PMC 2014 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

To determine the role of SIRT1 in the mammalian MS disease model, EAE, we took 

advantage of an SIRT1 transgenic mouse model in which SIRT1 overexpression in the CNS 

is driven by a Tetracycline-regulated promoter. In this study, we show that SIRT1 

overexpression actively attenuates the symptoms of disease progression in EAE.

The SIRT1 activator resveratrol (SRT501) was shown to suppress EAE exhibiting protection 

against myelin breakdown in the EAE animal model (26–28). Our present observations 

provide further evidence supporting the beneficial effects of SIRT1 on myelin forming 

oligodendrocytes (OLs) in EAE spinal cord. Enhanced MBP expression and more myelin 

staining by LFB in SIRT1 EAE mice spinal cord compared with WT EAE mice spinal cord 

suggest that SIRT1 protects OLs from undergoing cell death. Although we examined cell 

apoptosis in this case, we cannot provide direct evidence to confirm this proposed 

mechanism in the current study. Moreover, OLs dysfunction or demyelination has recently 

been implicated in the pathophysiology of schizophrenia, bipolar disorder, and major 

depression (45–48). Interestingly, all three disorders display major overlapping domains in 

their gene transcription profiles, especially genes involved in energy metabolism, 

inflammation, and myelination (49). Therefore, our present observations support the notion 

that some psychiatric disorders such as schizophrenia, bipolar disorder or major depression 

may share similarities in disease mechanism with MS.

Our investigation of CNS SIRT1 overexpression on inflammation in EAE mice reveals a 

significant reduction in the clinical symptoms, as well as reduced infiltration of 

inflammatory cells into the spinal cord. These results demonstrate that SIRT1 has potent 

antineuroinflammatory potential and strongly support its potential usefulness as a 

therapeutic intervention for MS and possibly other autoimmune and inflammatory diseases 

afflicting the CNS. Specifically, by showing that SIRT1 reduces T cell infiltration within the 

spinal cord parenchyma of EA mice, these data suggest a mechanism whereby diminishing 

persistent T cell infiltration might reduce ongoing neuronal damage. Also, our data indicate 

that the anti-inflammatory effects of SIRT1 in EAE are most likely mediated via T cell 

inactivation and inhibition of B cell infiltration. These findings add to a recent review by 

Kong et al. (50), in which they assert that small molecules that modulate SIRT1 functions 

are potential therapeutic reagents for autoimmune inflammatory disease.

Furthermore, to test the anti-inflammatory role of SIRT1 beyond immune cells, we 

investigated the inflammatory as well as anti-inflammatory cytokine profiles in these animal 

models. Interestingly, our observation of decreased pro-inflammatory cytokines (IFN-γ and 

IL-17) but an increase in the anti-inflammatory cytokine IL-10 in SIRT1 EAE animals 

compared with WT EAE animals is consistent with immunomodulatory function; SIRT1 

skewed monocytes toward a a regulatory phenotype and also acted via modulation of anti-

inflammatory mechanisms that may contribute to neuroprotective environment. Only 

recently has the role of SIRT1 in regulating IFN-γ, IL-17 and IL-10 levels in EAE been 

studied. In particular, IFN-γ has been shown to suppress SIRT1 transcription which disrupts 

energy expenditure and metabolic homeostasis in skeletal muscle cells (51). Sirtinol 

treatment (known SIRT1 inhibitor) or SIRT1 knockdown (by small interfering RNA) have 
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blocked LPS-stimulated IL-17 in a cell culture model (52), whereas sirtinol treatment also 

reduced airway inflammation and hyper-reactivity in a mouse model of atopic asthma (53). 

However, in our model system, IL-17 expression decreased in SIRT1 EAE animals 

compared with WT EAE animals as the result of fewer infiltrated cells. In vitro studies have 

shown that SIRT1 limits the inflammatory process by inhibiting NF-κB and AP-1 

(54,55,56), two transcription factors that are involved in the expression of proinflammatory 

cytokines such as TNF-α and IFN-γ. Furthermore, it has been shown that SIRT1 shows anti-

inflammatory activities in different disease models (57,58) by inhibiting proinflammatory 

transcription factors such as NF-κB. Recently it has been shown that SIRT1 promotes Th2 

responses (59). In this context, the increase in anti-inflammatory and Th2 cytokine IL-10 

expression in our model system also supports a role for SIRT1 in the regulation of the Th2 

response. Analysis of our animal model of EAE demonstrates that SIRT1 reduces infiltration 

of leucocytes into the CNS, induces a Th1 to Th2 shift and suppresses Th17 responses. The 

present findings demonstrate for the first time, to our knowledge, that SIRT1 promotes an 

anti-inflammatory environment in EAE.

A growing body of evidence supports the notion that neurologic dysfunction in MS occurs 

as a result of axonal degeneration (60,61) which may be dependent on or occur 

independently of chronic demyelination (62). SMI-32 staining identified numerous 

nonphosphorylated neurofilaments, indicating the presence of axons (63). We found 

evidence of axonal protection in SIRT1 animals compared with WT animals following EAE 

induction, which indicates the axonal protection capacity of SIRT1 protein. Considerable 

insight into the role of apoptosis in MS has been obtained by using its animal model (EAE). 

Experiments using the EAE model have revealed that both infiltrating lymphocytes and 

CNS resident cells die following an apoptotic pathway, thereby contributing to axonal injury 

as well as the resolution of inflammation. Our immunolabeling analysis (TUNEL positive 

cells) of DNA fragmentation, and cleaved-caspase-3 positive cells reveal that apoptotic cells 

are present in the spinal cord of WT EAE animals, whereas SIRT1 animals exhibit a 

dramatic reduction in the frequency of apoptotic cell death that can be correlated with 

neuronal protection. MOG35-55 peptide immunization results in more severe axonal damage, 

increased number of apoptotic OLs and a reduction in proliferating OPCs compared to wild-

type mice (64).

One limitation in our experimental design is that we are not able to identify the phenotype of 

the apoptotic cells as infiltrated lymphocytes or neuronal cells. In this context, first, the 

variety of apoptotic mechanisms in combination with their often opposing effects on the 

disease course highlights the need for a detailed understanding of apoptosis. Secondly, 

because SIRT1 has antiapoptotic activity (65,66,67), it will be interesting to determine the 

antiapoptotic mechanism of SIRT1 in this model system. The tumor suppressor gene p53 

can be deacetylated by SIRT1, thereby inhibiting p53-mediated apoptosis. Actually SIRT1 is 

a key regulator of cellular defenses and survival in response to stress (24,68). SIRT1 is 

expressed in the brain, where it is upregulated in mouse models of Alzheimer’s disease and 

amyotrophic lateral sclerosis. This is thought to be a neuroprotective adaptational response 

(69), because upregulation of SIRT1 can protect neurons against neurodegeneration and 

neurotoxic insults (24,69). Recently, we reported (32) that EAE could augment cellular 
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stress which indirectly increases expression of SIRT1, as an adaptive response to provide 

protection against neurodegeneration.

Earlier, we reported that BDNF can stimulate this anti-inflammatory and neuroprotectional 

microenvironment(31). Interestingly, having demonstrated that stem cell–mediated delivery 

of BDNF protects against apoptotic cell death in the CNS of EAE animals (70) and other 

neuronal system (71,72), we have detected increased expression of BDNF in the SIRT1 

spinal cord compared with WT spinal cords. Earlier it was reported that SIRT1 

overexpression stimulates BDNF transcription (73). Jeong et.al 2011 (74) have reported that 

overexpression of SIRT1 improved cell survival by increasing BDNF expression levels in 

Huntington’s disease mice. Jiang et.al 2011 (75) also reported that SIRT1 overexpression 

improved motor function in an animal model of Huntington’s disease by preventing the 

decline in BDNF and signalling of TrkB receptor. Lee et.al.2012 showed that Laquinimod 

treatment increased BDNF levels as a result of inhibited CD3 expression in EAE animals. 

(76). In our model system we found increased BDNF and decreased CD3 expression 

indicating that SIRT1 anti-inflammatory activities are involved with BDNF induction. We 

found increased BDNF expression, as well as increased expression of TrkB and the BDNF-

induced gene GAD67, in SIRT1 EAE animals compared with WT EAE animals.

These findings suggest that one of the anti-apoptotic functions of SIRT1 may be involved 

with the BDNF pathway although further experimental data are needed. Activation of the 

BDNF pathway by SIRT1 also may help to explain how overexpression of SIRT1 protein in 

neurons provides anti-inflammation properties. It is proposed that SIRT1 deacetylates and 

activates transcription co-activator 1 (TORC1) by promoting its dephosphorylation. This 

allows TORC1 to interact with CREB. The identified key target of TORC1/CREB pathway 

is transcriptional activity in BDNF transcription (73–75). Chang et al. (77) reported that 

lowering intracellular NAD levels in cortical neurons inhibits activity-dependent BDNF 

transcription. We found that overexpression of SIRT1 increased BDNF and Nampt, a key 

enzyme in NAD biosynthesis. These reports suggest a mechanism involving SIRT1, NAD, 

and BDNF gene regulation. Thus, both NAD and SIRT1 could play a neuroprotective role in 

models of MS.

It is important to note that we also found higher Nampt expression in the SIRT1 EAE 

animals as compared to WT EAE animals. Nampt is the rate-limiting enzyme in mammalian 

nicotinamide adenine dinucleotide (NAD)(+) biosynthesis and contributes to cell fate 

decisions. Wang et.al.2011 (78) have reported that Nampt positively modulated NAD(+) 

levels and thereby controlled SIRT1 activity in an animal model of ischemia. They also 

reported that Nampt overexpression in local brains reduced the incidence of ischemia-

induced cerebral injuries. Although Nampt is known to control SIRT1 activity (42), it 

remains unknown if SIRT1 regulates Nampt. Although we did not find any significant 

differences in Nampt expression between normal WT and SIRT1 animals, following EAE 

induction, we did find a significant increase of Nampt expression between these groups 

indicating high NAD synthesis. Together, these findings further support the notion that 

SIRT1 increases BDNF activity, as well as increases NAD levels needed for cell survival. 

These findings support a neuroprotective role for SIRT1 in mammalian MS disease models 

and open new avenues for the development of neuroprotective strategies in MS disease.
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Taken together, these results suggest that SIRT1 plays a neuroprotective role in EAE and 

overexpression results in improvement in the neurologic score, axon preservation, and 

neuronal survival, as well as a decrease in inflammation and myelin loss.
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Figure 1. Generation and expression of SIRT1 and eYFP in the bigenic mice
(A) Bigenic mice (SIRT1) were generated by crossing CamK2a-tTA mice with TRE-

SIRT1–mito/eYFP mice. Hippocampal brain sections and spinal cord sections were prepared 

and viewed under a fluorescent microscope and showed neuronal expression of mito/eYFP. 

Brain, original magnification ×40. Spinal cord, original magnification ×100. (B) Western 

blot analysis of SIRT1 protein in the brain extracts prepared from bigenic and WT mice. 

GAPDH was used as loading control. (C) Quantification of SIRT1 protein levels shows a 

significant increase in the levels of SIRT1 protein in the bigenic mice compared with WT. 

**p < 0.001, t test.
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Figure 2. SIRT1 overexpression attenuates EAE clinical scores
Female WT and SIRT1-overexpressing mice (n = 8/group) were immunized with MOG35–55 

emulsified in CFA, followed by a pertussis toxin injection, to establish EAE. (A) Clinical 

disease scores in WT and SIRT1 EAE animals over a 60-d period. (B) Mean score for all 

animals in each group over the 60-d period. The mean score was significantly lower in 

SIRT1 EAE mice compared with WT EAE mice; t test.
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Figure 3. SIRT1-overexpressing EAE mice show decreased inflammation and decreased 
amounts of CD3 and CD20+ cell infiltration in the spinal cord
H&E-stained sections show infiltration of mononuclear cells in white matter of both WT 

EAE (B) and SIRT1 EAE (D) mice. However, fewer inflammatory pockets (arrows) and 

inflammatory cells are seen in SIRT1 EAE compared with WT EAE. Normal WT (A) and 

SIRT1 (C) mice show no inflammatory infiltrates. WT EAE spinal cord (F) stained with Ab 

to CD3 shows numerous T cells (arrows) mainly within the white matter compared with 

SIRT1 EAE (H). Normal WT (E) and SIRT1 (G) mice show negligible numbers of CD3+ 

cells. Adjacent sections stained with CD20 Ab, a B cell marker, demonstrate numerous 

CD20-expressing cells (arrows) in the same inflammatory foci in the white matter of WT 

EAE mice (J) compared with SIRT1 EAE mice (L). Normal WT (I) and SIRT1 (K) mice 

show no CD20+ cells. Original magnification ×200 (A–D), ×400 (E–L). (M) The number of 

positive quadrants with inflammation was scored and expressed as a percentage of the total 

number of quadrants (H&E; n = 4); t test. (N) Quantification of CD3-expressing cells in 

white matter (n = 4); t test. (O) Quantification of CD20-expressing cells in white matter (n = 

4); t test.
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Figure 4. SIRT1-overexpression in EAE mice altered the magnitude of the T cell response in the 
spinal cord
Section of WT EAE spinal cord (B) stained with Ab to IFN-γ shows numerous IFN-γ–

expressing cells (arrows) mainly within the white matter compared with SIRT1 EAE (D). (i) 
IFN-γ–expressing cells in the box in (D) are shown at higher magnification. Section of WT 

EAE spinal cord (F) stained with Ab to IL-17 shows numerous IL-17–expressing cells 

(arrows) mainly within the white matter compared with SIRT1 EAE (H). (ii) IL-17–

expressing cells in the box in (H) are shown at a higher magnification. Section of SIRT1 

EAE spinal cord (L) stained with Ab to IL-10 shows numerous IL-10–expressing cells 

(arrows) mainly within the white matter compared with WT EAE (J). (iii) IL-10–expressing 

cells in the box in (L) are shown at a higher magnification. Normal WT (A, E, I) and SIRT1 

(C, G, K) showed negligible number of IFN-γ, IL-17, and IL-10–expressing cells. Original 

magnification ×400 (A–L). (M) Quantification of IFN-γ–expressing cells in white matter (n 

= 4); t test. (N) Quantification of IL-17–expressing cells in white matter (n = 4); t test. (O) 
Quantification of IL-10–expressing cells in white matter (n = 4); t test.
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Figure 5. SIRT1-overexpressing EAE mice show decreased demyelination and loss of myelin in 
the spinal cord
LFB-stained sections show more areas of demyelination (lack of blue stain; arrows) in the 

spinal cords of WT EAE mice (B) compared with SIRT1 EAE mice (D). Normal WT (A) 

and SIRT1 (C) spinal cord sections show uniform staining. Section of WT EAE spinal cord 

(F) stained with Ab to MBP shows more myelin loss (arrows) compared with SIRT1 EAE 

spinal cord (H). Normal WT (E) and SIRT1 (G) mice exhibit normal myelin. Original 

magnification ×200 (A–H). (I) Total areas of demyelination were measured using NIH 

ImageJ software (n = 4); t test. (J) The number of quadrants with sparse staining for MBP 

was scored and expressed as a percentage of the total number of quadrants (n = 4); t test.
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Figure 6. SIRT1 prevents axonal damage
Section of SIRT1 EAE spinal cord (D) stained with Ab to SMI 32 shows numerous 

phosphorylated neurofilaments (red) (arrows) compared with WT EAE spinal cord (A). (B 
and E) Sections were counterstained with DAPI (blue). (C and F) Merged pictures of 

TRITC and DAPI. Original magnification ×400 (A–F). (G) Quantification of the number of 

SMI 32–expressing cells in gray matter (n = 4); t test.
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Figure 7. SIRT1 affects NAD dynamics through Nampt
Section of SIRT1 EAE spinal cord (D) stained with Ab to SIRT1 shows numerous SIRT1-

expressing cells (arrows) mainly within the gray matter compared with WT EAE spinal cord 

(B). Normal SIRT1 mice (C) also show more SIRT1 compared with WT mice (A). (E–H) 
All of the sections stained with Ab to Nampt show numerous Nampt-expressing cells 

(arrows) in the gray matter. Normal SIRT1 mice (G) show more Nampt compared with 

normal WT (E) and EAE mice (F, H). Nampt is depleted in EAE; however, SIRT1 EAE has 

more Nampt compared with WT EAE. (I–L) All of the sections stained with Ab to SIRT3 

show numerous SIRT3-expressing cells (arrows) in the gray matter. There is no difference 

in SIRT3 staining among the groups. Original magnification ×200 (A–L). (M) 
Quantification of SIRT1-expressing cells in gray matter (n = 4). p < 0.001, SIRT1 EAE mice 

versus WT EAE, one-way ANOVA. (N) Quantification of Nampt-expressing cells in gray 

matter (n = 4). p < 0.001, SIRT1 EAE mice versus WT EAE, one-way ANOVA. (O) 
Quantification of SIRT3-expressing cells in gray matter.

Nimmagadda et al. Page 24

J Immunol. Author manuscript; available in PMC 2014 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. SIRT1 overexpression reduces apoptosis in EAE
In situ TUNEL staining of spinal cord sections showed numerous apoptotic cells (brown) 

(arrows) in WT EAE mice (B) compared with SIRT1 EAE mice (D). Normal WT (A) and 

SIRT1 (C) mice do not exhibit apoptotic cells. Section of WT EAE spinal cord (F) stained 

with Ab to cleaved caspase-3 shows numerous positive cells (arrows) compared with SIRT1 

EAE spinal cord (H). Normal WT (E) and SIRT1 (G) mice show no cleaved caspase-3+ 

cells. (I) Quantification of TUNEL+ cells in white matter (n = 4); t test. (J) Quantification of 

cleaved caspase-3–expressing cells in white matter (n = 4); t test.
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Figure 9. SIRT1 increases BDNF activity in the CNS
(A–D) All of the sections stained with Ab to TrkB show numerous TrkB-expressing cells 

(arrows) in the gray matter. Normal SIRT1 mice (C) show more TrkB compared with 

normal WT (A) and EAE (B, D) groups. TrkB expression is decreased in EAE; however, 

SIRT1 EAE has more TrkB compared with WT EAE. (E–H) All of the sections stained with 

Ab to GAD67 show numerous GAD67-expressing cells (arrows) in the gray matter. Normal 

SIRT1 mice (G) show more GAD67 compared with normal WT (E) and EAE (F, H) groups. 

GAD67 expression is decreased in EAE; however, SIRT1 EAE has more GAD67 compared 
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with WT EAE. (I–L) All of the sections stained with Ab to BDNF show BDNF expression 

in white matter. Normal WT (I) and SIRT1 (K) mice show uniform expression of BDNF 

throughout the white matter. WT EAE (J) shows more BDNF depletion (arrows) compared 

with SIRT1 EAE (L). (M–P) All of the sections stained with Ab to BDNF show numerous 

BDNF-expressing cells (arrows) in the gray matter. Normal SIRT1 mice (O) show more 

BDNF compared with normal WT (M) and EAE (N, P) groups. BDNF expression is 

decreased in EAE; however, SIRT1 EAE (P) has more BDNF compared with WT EAE (N). 

(Q) Quantification of TrkB-expressing cells (n = 4). p < 0.049, SIRT1 EAE versus WT EAE 

mice, t test. (R) Quantification of GAD67-expressing cells (n = 4). p < 0.0368, SIRT1 EAE 

versus WT EAE mice, t test. (S) The number of quadrants with depleted BDNF (loss) was 

scored and expressed as a percentage of the total number of quadrants (n = 4); t test. (T) 
Quantification of BDNF-expressing cells (n = 4). p < 0.006, SIRT1 EAE versus WT EAE 

mice, t test.
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Table I

Antibodies used in the present study

Antibody Vendor Concentration

Anti MBP EMD Millipore, Billerica, MA, USA 1:200(IHC)*

Anti SIRT1 LifeSpan BioSciences, Seattle, WA, USA 1:500(IHC)

Anti SIRT1 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:400(WB)#

Anti SIRT3 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:100(IHC)

Anti Nampt Novus Biologicals, Littleton, CO, USA 1:100(IHC)

Anti Cleaved Caspase 3 Cell Signaling Technology, Danvers, MA, USA 1:50(IHC)

Anti TrkB Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:250(IHC)

Anti GAD 67 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:200(IHC)

Anti CD3 Abcam, Cambridge, MA, USA 1:200(IHC)

Anti CD 20 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:100(IHC)

SMI-32 Covance Inc., Gaithersburg, MD, USA 1:1000(IF)**

Anti BDNF Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:200(IF)

Anti IL-10 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:50(IHC)

Anti IL-17 Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:50(IHC)

Anti INF-γ Bioss, Inc., Woburn, MA, USA 1:100(IHC)

GAPDH Antibody Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:500(WB)

*
IHC- Immunohistochemistry

#
WB- Western Blot

**
IF- Immunoflourescence
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