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    Abstract

Memory loss is the signature feature of Alzheimer's disease, and therapies that prevent or delay its onset are urgently needed. Effective preventive strategies likely offer the greatest and most widespread benefits. Histone deacetylase (HDAC) inhibitors increase histone acetylation and enhance memory and synaptic plasticity. We evaluated the efficacy of nicotinamide, a competitive inhibitor of the sirtuins or class III NAD+-dependent HDACs in 3xTg-AD mice, and found that it restored cognitive deficits associated with pathology. Nicotinamide selectively reduces a specific phospho-species of tau (Thr231) that is associated with microtubule depolymerization, in a manner similar to inhibition of SirT1. Nicotinamide also dramatically increased acetylated α-tubulin, a primary substrate of SirT2, and MAP2c, both of which are linked to increased microtubule stability. Reduced phosphoThr231-tau was related to a reduction of monoubiquitin-conjugated tau, suggesting that this posttranslationally modified form of tau may be rapidly degraded. Overexpression of a Thr231-phospho-mimic tau in vitro increased clearance and decreased accumulation of tau compared with wild-type tau. These preclinical findings suggest that oral nicotinamide may represent a safe treatment for AD and other tauopathies, and that phosphorylation of tau at Thr231 may regulate tau stability.

	amyloid
	transgenic
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	memory
	cognition


Introduction

Acetylation of histones and nonhistone transcription factors plays an important role in regulating chromatin condensation and gene transcription (Roth et al., 2001). The key enzymes responsible for regulating protein acetylation include the histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Roth et al., 2001). Altered HAT and HDAC activities profoundly affect many critical cellular processes and are linked to several human diseases including cancer, fragile X syndrome, Rubinstein-Taybi syndrome, and neurodegenerative disorders (Timmermann et al., 2001). HDACs can be divided into four classes based on their homology to yeast proteins and cofactor requirements (McLaughlin and La Thangue, 2004). To date, 11 mammalian HDAC Class I, II, and IV family members have been identified. More recently, homologues of the yeast silent information regulator 2 (Sir2), which are nicotinamide adenine dinucleotide (NAD+) dependent and comprise the Class III HDACs (McLaughlin and La Thangue, 2004), have been identified in mammals. The sirtuin family of deacetylases is implicated in cellular pathways that influence longevity in yeast, C. elegans, Drosophila, and mammals (Tissenbaum and Guarente, 2001; Anderson et al., 2003; Howitz et al., 2003; Wood et al., 2004; Baur et al., 2006).

HDAC inhibitors appear to confer significant neuroprotection in experimental models of neurodegenerative diseases. HDAC inhibitors block polyglutamine-dependent neurodegeneration in transgenic Drosophila and improve motor impairment and neuropathology in transgenic mouse models of both Huntington's disease (HD) and spinal bulbar muscular atrophy (McCampbell et al., 2001; Steffan et al., 2001; Ferrante et al., 2003; Hockly et al., 2003; Minamiyama et al., 2004). In addition to the polyglutamine repeat diseases, beneficial effects of HDAC inhibitors have been reported in animal models of Parkinson's disease (PD), ALS, and experimental autoimmune encephalomyelitis (Gardian et al., 2004; Camelo et al., 2005; Ryu et al., 2005; Fischer et al., 2007). Clinical trials are currently underway to test the efficacy of the Class I/II HDAC inhibitor, sodium phenylbutyrate, in ALS, HD, and PD patients. Notably, there are no published reports testing the efficacy of transcriptional therapy with HDAC inhibitors in experimental models of Alzheimer's disease (AD).

Transcriptional dysfunction has been implicated in the pathophysiology of AD (Robakis, 2003), which is the most common neurodegenerative disease of the elderly and characterized by severe memory loss and cognitive decline. The accompanying neuropathology primarily affects the hippocampus, cortex, and amygdala, and includes intraneuronal and extracellular accumulation of the amyloid-β (Aβ) peptide, as well as intraneuronal aggregates of the microtubule-associated protein tau into neurofibrillary tangles (NFTs). In view of the clear benefits of HDAC inhibitors in a variety of CNS disorders, we undertook preclinical studies in the 3xTg-AD mouse model to determine whether HDAC inhibitors offered any therapeutic benefits (Oddo et al., 2003). The 3xTg-AD mice develop both Aβ and tau pathologies in a spatial and temporal pattern that mimics the human disorder, with coincident cognitive decline. Although HDAC inhibitors such as sodium butyrate increased transgene expression in the 3xTg-AD mice, Class III HDAC inhibitors, such as nicotinamide and sirtinol, did not. When tested for efficacy, our results suggest that nicotinamide is a promising safe and readily available therapeutic for the treatment of AD, as it restores cognitive decline associated with AD pathology. Underlying this, nicotinamide treatment selectively reduces a phosphorylated species of tau associated with microtubule depolymerization and implicated in AD. Treatment also upregulates proteins associated with increased microtubule stabilization and upregulates p25, which is linked to improved learning and memory.



Materials and Methods






Cloning.

Luciferase cDNA was amplified from construct pGL3 (Promega) using primers Fus-luc-Thy1.2-F GCGTCGACGTGGCTAGCCACCATGGAAGACGCC and Fus-luc-Thy1.2-R CGAGAACCGCGGAATCGATTTACACGGCGATCTTTCC using proofstart PCR (Qiagen). A 100 nm concentration of this PCR product was fused into pUC18-thy1.2 using In-Fusion Dry-Down PCR Cloning Kit (Clontech) as per manufacturer's instructions. JS5 bacteria were electroporated and colonies grown on agar plates containing 100 μg/ml ampicillin. Colonies were picked and selected for the full Thy1.2 containing the luciferase insert and grown up in LB Broth. Plasmid DNA was extracted using a Maxiprep kit (Qiagen).

The construct encoding T231E Tau mutant in this study was created using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) based on pcDNA-Tau, with a pair of primers GGTGGCAGTGGTCCGTGAGCCACCCAAGTCGCCG and CGGCGACTTGGGTGGCTCACGGACCACTGCCACC. The created mutation was verified by DNA sequencing (Laguna Scientific).




Luciferase assays.

HEK293 cells were nucleofected with Thy1.2-luc and dsRed at 1:5 to assess transfection efficiency. Two hundred thousand cells were plated down in each well of a six-well plate and left for 24 h. After this time media was replaced and the cells treated with the various compounds. 24 h later cells were lysed. For all luciferase assays, lysis buffer and luciferase substrates A and B buffers were used as described by the manufacturer (PharMingen). Luciferase activity was measured for 10 s with an Analytical Luminescence Laboratory Monolight 2010 Luminometer.




Immunoblotting.

Protein extracts were prepared from cells using a break buffer (50 mm NaH2PO4, 300 mm NaCl, 10 mm imidazole, 0.005% Tween 20 at pH 8.0 with the following inhibitors: 5 mm butyrate, 5 mm nicotinamide, phosphatase inhibitor cocktail I and II (Sigma-Aldrich), 1 mm PMSF, 0.001 mg/ml aprotinin and leupeptin, 20 mmN-ethylmaleimide, and Complete Mini Protease Inhibitor Tablets (Roche). Cell lysates were then centrifuged at 16,000 × g for 10 min and the supernatant taken for soluble protein analysis. Protein extracts were prepared from whole-brain samples by homogenizing in T-per (Pierce Biotechnology) extraction buffer and Complete Mini Protease Inhibitor Tablets (Roche) followed by high speed centrifugation at 100,000 × g for 1 h. The supernatant was taken as the protein extract. Protein concentrations were determined by the Bradford method. Equal amounts of protein (20–50 μg depending on protein of interest) were separated by SDS/PAGE on a 10% Bis/Tris gel (Invitrogen), transferred to 0.45 μm PVDF membranes, blocked for 1 h in 5% (v/v) nonfat milk in Tris-buffered saline, pH 7.5, supplemented with 0.2% Tween 20, and processed as described. Antibodies and dilutions used in this study include 6E10 (1:1000; Signet), CT20 (1:5000; Calbiochem) for C99 and C83, HT7 (1:3000; Innogenetics), AT8 (1:1000; Pierce Biotechnology), AT180 (1:1000; Pierce Biotechnology), AT270 (1:1000; Pierce Biotechnology), anti-GSK3β (1:3000; BD Transduction) for total GSK3β levels, anti-GSK3βser9 (1:3000; Cell Signaling) for ser9 inactivated GSK3β, anti-Cdk5 (1:3000; Calbiochem), anti-C‘-term p35 (1:2000; Santa Cruz Biotechnology) for p25 and p35, anti-ubiquitin (PD41) at 1:1000 (Cell Signaling Technology), anti-acetylated α-tubulin (6–11B; 1:2000; Sigma-Aldrich), anti-α-tubulin (1:5000; Sigma-Aldrich) anti-synaptophysin (1:1000; Sigma-Aldrich) and α-actin (1:10,000; Sigma-Aldrich). Quantitative densitometric analyses were performed on digitized images of immunoblots with Scion Image 4.0 (Scion Corporation).

For filter retardation assay cell debris pellets were taken after centrifugation for 10 min at 16,000 × g. Pellets were resuspended in 100 μl of Tris buffer (20 mm Tris, 15 mm MgCl2 at pH 8.0) and 100 μl of 4% SDS-100 mm DTT in PBS added. These samples were boiled for 5 min and then filtered through nitrocellulose membrane via a dot blot apparatus. The membranes were then dried at room temperature for 30 min and then blocked and primary antibodies added. Membranes were then treated at with Western blot for visualization of protein levels.




Aβ ELISA.

Aβ1–40 and Aβ1–42 were measured using a sensitive sandwich ELISA system. Soluble and insoluble Aβ was isolated from whole-brain homogenates using T-per extraction buffer (Pierce Biotechnology) and 70% formic acid (FA) respectively. Soluble fractions were loaded directly onto ELISA plates and FA fractions were diluted 1:20 in neutralization buffer (1 m Tris base; 0.5 m NaH4PO4) before loading. Secreted Aβ was measured from in vitro assays by direct addition of the cell incubated media onto the ELISA plates. MaxiSorp immunoplates (Nunc) were coated with mAB20.1 (William Van Nostrand, Stony Brook University, Stony Brook, NY) antibody at a concentration of 25 μg/ml in coating buffer (0.1 m NaCO3 buffer, pH 9.6), and blocked with 3% BSA. Standards of both Aβ40 and Aβ42 were made in antigen capture buffer (ACB; 20 mm NaH2PO4; 2 mm EDTA, 0.4 m NaCl; 0.5 g of CHAPS; 1% BSA, pH 7.0), and loaded onto ELISA plates in duplicate. Samples were then loaded in duplicate and incubated overnight at 4°C. Plates were washed and then probed with either HRP-conjugated anti-Aβ35–40 [C49, for Aβ1–40 (David Cribbs, University of California, Irvine, Irvine, CA)] or anti-Aβ35–42 [D32, for Aβ1–42 (David Cribbs)] overnight at 4°C. 3,3′,5,5′-Tetramethylbenzidine was used as the chromogen, and the reaction stopped by 30% O-phosphoric acid, and read at 450 nm on a Molecular Dynamics plate reader. Aβ readings were then normalized to protein concentrations of the samples loaded, or to the protein concentration of the cell layer that the media was incubated with in the case of the in vitro assays. This takes into account any variations of cell numbers or protein concentrations which may otherwise affect Aβ readings.




Immunostaining.

Light-level immunohistochemistry was performed using an avidin-biotin immunoperoxidase technique (ABC kit; Vector Laboratories) and was visualized with diaminobenzidine as previously described (Oddo et al., 2003). The following antibodies were used: anti-Aβ, 6E10 (Signet Laboratories), anti-Tau HT7 (Innogenetics), AT180 (Innogenetics). Primary antibodies were applied at dilutions of 1:1000 for 6E10; 1:500 for AT180; 1:1000 for HT7.




Immunoprecipitation.

One hundred micrograms of whole-brain lysate was incubated with 40 μl of Protein A Sepharose beads (Sigma-Aldrich) for 1 h and centrifuged, and the supernatant was recovered. A further 40 μl of beads were added along with HT7 (1:500), and the volume made up to 1 ml with water and incubated overnight at 4°C overnight. After pelleting the beads, the supernatant was discarded and the beads washed with STEN buffer (0.15 m NaCl, 0.05 m Tris HCl, 0.002 m EDTA, 2% NP-40, pH 7.6), and then STEN containing 0.1% SDS. The beads were then pelleted and 4× loading buffer added (Invitrogen), the samples were boiled for 10 min and spun down again, and the supernatant was run on a 4–12% Bis-Tris gel (Invitrogen).




Confocal microscopy.

Fluorescent immunolabeling followed a standard two-way technique (primary antibody followed by fluorescent secondary antibody). Free-floating sections were rinsed in TBS, pH 7.4, and then blocked (0.25% Triton X-100, 5% normal goat serum in TBS) for 1 h. Sections were incubated in primary antibody overnight (4°C), rinsed in PBS, and incubated (1 h) in either fluorescently labeled anti-rabbit (Alexa 555, 1:200; Molecular Probes) or anti-mouse secondary antibodies (Alexa 488, 1:200; Molecular Probes). Antibodies were diluted as follows: HT7, 1:1000; AT180, 1:1000; anti-ubiquitin, 1:1000. Omission of primary antibody or use of preimmune IgG eliminated all labeling (data not shown). Confocal images were captured on a Bio-Rad Radiance 2100 confocal system. To prevent signal bleed-through, all fluorophores were excited and scanned separately using lambda strobing.




Animal treatments.

All rodent experiments were performed in accordance with animal protocols approved by the Institutional Animal Care and Use Committee at the University of California, Irvine (UCI). The triple-transgenic mice (3xTg-AD) have been described previously (Oddo et al., 2003). Briefly, these mice harbor a knock-in mutation of presenilin 1 (PS1M146V), the Swedish double mutation of amyloid precursor protein (APPKM670/671NL), and a frontotemporal dementia mutation in tau (tauP301L) on a 129/C57BL/6 background. Sirt1 knock-out mice were a kind gift from Dr. Frederick Alt (Harvard University, Boston, MA) (Cheng et al., 2003). After treatment, the animals were killed and the brains removed. The brains were immediately dissected in half along the coronal line and one half frozen for biochemical analysis and the other half fixed in 4% paraformaldehyde. Forty-eight hours later, brains were sliced into 40 μm sections using a vibratome.




Statistics.

Behavioral scores were analyzed using a multifactor or repeated-measures ANOVA including genotype or treatment as independent variables, and escape latencies during training and probe trial measures as dependent variables. To dissect complex interactions between factors, post hoc Scheffé tests and Bonferroni corrections were used to determine individual differences between groups. Biochemical data were analyzed using planned Student's t tests. For individual planned comparisons, results were reported as significant only when p < 0.05.









Results


Effects of sodium butyrate on Aβ and tau pathology in the 3xTg-AD mice

We initially set out to explore the effects of sodium butyrate, a non-NAD+-dependent Class I/II HDAC inhibitor, on the pathological and cognitive phenotype in aged 3xTg-AD mice. However, sodium butyrate treatment increased APP (which is the holoprotein containing the Aβ sequence), the Aβ precursor C99, the alternative APP cleavage fragment C83, and tau steady-state levels (but not Aβ) (supplemental Fig. 1, available at www.jneurosci.org as supplemental material), suggesting that this compound modulates transgene expression, which in the 3xTg-AD mice is controlled by the Thy1.2 promoter. Hence, we developed a novel cell-based promoter assay to specifically test the effects of HDAC inhibitors on transgene expression (Fig. 1). Butyrate increased Thy1.2 promoter activity by ∼30-fold indicating that this HDAC inhibitor treatment affected the transgene promoter directly, precluding investigations into its therapeutic value in this animal model. However, nicotinamide and sirtinol, inhibitors of the NAD+-dependent or Class III HDAC sirtuin family, did not affect Thy1.2 promoter activity. Because of precipitation of sirtinol once injected in vivo, we chose to use nicotinamide, which can be administered orally, to determine its effects on AD pathology and cognition in the 3xTg-AD mice.
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Figure 1. 
Nicotinamide does not affect thy1.2 promoter. HEK293 cells nucleofected with Thy1.2-luc and then treated with DMSO (0.1%), nicotinamide (5 mm), butyrate (5 mm), sirtinol (15 μm), or Aβ42 (1 μm) for 24 h. Luciferase activity was assessed and light output normalized to protein concentration and plotted. Butyrate treatment increased Thy1.2 promoter activity ∼30-fold. Error bars indicate SEM, and * indicates significance versus PBS treatment (p < 0.05).







Nicotinamide prevents cognitive deficits in AD mouse model

Nicotinamide, also known as niacinamide, is a sirtuin inhibitor and the biologically active form of niacin (vitamin B3) which has been widely used clinically for >40 years (Knip et al., 2000). Nicotinamide is the precursor for the coenzyme β-nicotinamide adenine dinucleotide (NAD+) which is necessary for cellular function and energy metabolism. 3xTg-AD and nontransgenic control (NonTg) mice, both 4-months of age at study onset, were given nicotinamide in their drinking water (200 mg/kg/d) for 4 months. Cognition was tested on a battery of cognitive tasks to examine hippocampal-, amygdala-, and cortical-dependent learning, which comprise the major brain areas affected by AD pathology in this mouse model (Oddo et al., 2003). 3xTg-AD mice develop deficits in hippocampal-dependent behavioral tasks in the form of long-term retention deficits by 4 months of age, coinciding with the appearance of intraneuronal Aβ (Billings et al., 2005). By 8 months, somatodendritic accumulation of phospho- and non-phosphotau also occurs in the hippocampus and amygdala, but not the cortex (Oddo et al., 2003).

3xTg-AD and NonTg mice (which included nicotinamide treated and untreated groups; n = 8/group) were tested on the Morris water maze (MWM), a spatial task that is highly dependent on the hippocampus (Sutherland and McDonald, 1990). Treatment of mice with nicotinamide continued throughout the behavioral tasks. Mice were trained to criterion (escape latency <25 s) in the spatial reference version of the MWM to find the location of a hidden platform (Billings et al., 2005). Vehicle-treated 3xTg-AD mice reached criterion in 6 d, in line with previous findings (Billings et al., 2007), whereas 3xTg-AD mice treated with nicotinamide required only 4 d (Fig. 2A), suggesting that oral NA treatment improves spatial learning. NonTg mice also reached criterion by the fourth day, and treatment with nicotinamide did not significantly alter acquisition (Fig. 2A). Spatial reference memory probe trials were conducted at 1.5 and 24 h after the last training trial to examine short- and long-term memory, respectively. Nicotinamide rescued both short- and long-term memory in the 3xTg-AD mice comparable to NonTg mice, as determined by the marked increase in the number of platform crosses and reduced latency to cross the platform (Fig. 2B,C), whereas no change was seen in the time spent in the opposite quadrant (Fig. 2D). Interestingly, nicotinamide treatment in NonTg mice increased the number of platform crosses and decreased the latency to cross the platform only at the 1.5 h probe trial, suggesting that it may have beneficial effects on short-term memory in nondemented animals (Fig. 2B,C). However, given that nicotinamide improved 3xTg-AD acquisition to NonTg levels and also restored long-term retention memory, which is the deficit first apparent in these mice, oral nicotinamide appears to markedly improve hippocampal-dependent spatial learning in this AD mouse model.
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Figure 2. 
Nicotinamide prevents memory impairments in a hippocampal-dependent task in the 3xTg-AD mice. 3xTg-AD mice were treated with nicotinamide or vehicle for 4 months in their drinking water. Mice were trained and tested on the spatial memory version of the Morris water maze (MWM; n = 8 per group). A, Acquisition curves shown for the 7 d of training on the MWM. Nicotinamide prevents spatial memory deficits during training in the 3xTg-AD mice. All mice were trained to criterion in the MWM task (as indicated by dashed line at 25 s escape latency). B–D, Mice were given a memory probe with the platform removed at 1.5 h or 24 h after the last training trial. B, 3xTg-AD mice treated with nicotinamide made significantly more platform crosses at both short- and long-term probes than vehicle-treated 3xTg-AD mice. NonTg mice treated with nicotinamide performed better at the 1.5 h probe than vehicle treated NonTg mice. C, 3xTg-AD mice treated with nicotinamide exhibited significantly decreased latencies to cross the platform location compared with vehicle-treated 3xTg-AD mice, at both the 1.5 and 24 h probes. NonTg mice treated with nicotinamide had decreased latencies to cross the platform location compared with vehicle treated nontransgenic mice at only the 1.5 h probe. D, No significant differences in the time spent in the opposite quadrant were seen with nicotinamide treatment compared with vehicle for either 3xTg-AD or NonTg mice. E, Nicotinamide prevents contextual fear memory deficits in a mainly amygdala-dependent task. Mice were tested for retention of memory for fear-associated environments 1.5 and 24 h after training. Mice were taken out after 180 s if they did not cross over. F, Nicotinamide treatment does not affect cortex-dependent novel object recognition. No significant differences were seen between 3xTg-AD mice treated with nicotinamide or vehicle on their ability to remember a prior object, either 1.5 or 24 h after habituation with the object. Error bars indicate SEM. (*p < 0.05) for control 3xTg-AD mice vs nicotinamide treated 3xTg-AD mice, (**p < 0.05) for control nonTg mice vs control 3xTg-AD mice, and (#p < 0.05) for control nonTg mice vs nicotinamide treated nonTg mice.




Because 3xTg-AD mice show prominent pathology in the amygdala, we next evaluated the effects of nicotinamide treatment on contextual fear conditioning, an amygdala- and hippocampal-dependent task, using passive inhibitory avoidance. Although 3xTg-AD mice treated with nicotinamide completely avoided the dark, shock-associated compartment at both the 1.5 h and 24 h trials after training, vehicle-treated 3xTg-AD mice tended to enter this compartment before the 180 s testing period. This effect was statistically significant after 24 h, and a trend was even evident at 1.5 h (Fig. 2E). These results show that nicotinamide improves contextual learning on an amygdala- and hippocampal-dependent task. Finally, we evaluated nicotinamide-treated and untreated control mice in performance of the cortex-dependent contextual task, novel object recognition, which relies on the animals preference to explore a novel object over a familial object (Ennaceur and Delacour, 1988). We found no difference between vehicle- versus nicotinamide-treated 3xTg-AD mice in novel object recognition (Fig. 2F).

These results show that oral nicotinamide treatment prevents the cognitive deficits that manifest in the 3xTg-AD mice, while improving short-term spatial memory in nondemented control animals. After cognitive evaluation, mice were killed and neuropathology assessed to elucidate the underlying mechanism by which nicotinamide improved cognition.




Nicotinamide does not affect Aβ pathology

We previously showed that soluble Aβ and soluble tau, which both accumulate within the somatodendritic compartment of neurons, can underlie the cognitive deficits in the 3xTg-AD mice (Oddo et al., 2006). Hence, we sought to determine whether the improved cognitive performance could be attributed to an effect of nicotinamide on Aβ pathology. ELISA analysis of Aβ levels in both the detergent-soluble and -insoluble fractions from brain homogenates of control and nicotinamide-treated 3xTg-AD mice revealed no statistically significant differences between groups (Fig. 3A,B). Consistent with the ELISA findings, immunohistochemical staining for Aβ-like immunoreactivity did not reveal any discernable differences in intraneuronal Aβ accumulation in cell bodies of the hippocampus, amygdala, and cortex between the two groups (Fig. 3A–H). Steady-state levels of APP were also unchanged compared with controls, as were levels of Aβ*56, an Aβ oligomer linked to cognitive decline (Lesné et al., 2006), and the C-terminal fragments of APP C83 and C99 (Fig. 3I,J). These results show that Aβ production is not altered by nicotinamide, and that the beneficial effects of nicotinamide on cognition must occur through another mechanism.
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Figure 3. 
Nicotinamide treatment does not affect Aβ load or production. Soluble (A) and insoluble (B) Aβ40 and Aβ42 levels were measured from 3xTg-AD whole-brain homogenates from animals treated for 4 months with nicotinamide or vehicle. No significant differences were seen between treatments. C–H, DAB staining with 6E10 shows Aβ-like immunoreactivity in 40 μm sections from nicotinamide- and vehicle-treated mice. Staining was apparent in the hippocampal region (C, F), amygdala (D, G), and cortex (E, H; original magnification, 5×), but no differences were seen with treatment. I, Western blot analyses of protein extracts from whole-brain homogenates of 3xTg-AD mice treated for 4 months with either nicotinamide (N; n = 8) or vehicle (C; n = 8) shown as alternating lanes. Steady-state levels of APP and APP CTF's C83 and C99 were unaffected by nicotinamide treatment. J, Quantification of I normalized to β-actin levels as a loading control. Error bars indicate SEM.







Nicotinamide selectively reduces Thr231 phosphorylated tau

Given that nicotinamide improved cognition in both hippocampal- and amygdala-dependent tasks, but had no effect on Aβ levels, we next investigated its effects on tau pathology. Steady-state levels of human tau (HT7) were significantly reduced by ∼20% in nicotinamide-treated mice compared with controls (Fig. 4A,B). At 8 months of age, 3xTg-AD mice contain modified tau that is phosphorylated at a number of serine and threonine sites. Steady-state analysis of these phosphotau epitopes revealed no differences in tau phosphorylated at Thr212/Ser214 (AT100), Ser199/202 (AT8), or Thr181 (AT270) between the nicotinamide- and vehicle-treated mice. Notably, immunoreactivity against Thr231-phosphotau (AT180) was markedly reduced by >60% in the nicotinamide group compared with vehicle (Fig. 4A,B). Analysis of insoluble tau levels via filter retardation assay revealed no differences in total human tau, but a trend toward reduction in Thr231-phosphotau that did not reach statistical significance (data not shown).
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Figure 4. 
Tau pathology is decreased after nicotinamide treatment. Western blot analyses of protein extracts from whole-brain homogenates of 3xTg-AD mice treated for 4 months with either nicotinamide (N; n = 8) or vehicle (C; n = 8) shown as alternating lanes. Steady-state levels of total human tau (HT7) and tau phosphorylated at ser199/202 (AT8), thr231 (AT180), and thr181 (AT270) are shown. B, Quantification of A normalized to β-actin levels as a loading control. Error bars indicate SEM, and * indicates significance versus vehicle treatment (p < 0.05). Nicotinamide treatment dramatically reduces Thr213-phosphotau immunoreactivity. C–H, DAB staining with HT7 shows human tau immunoreactivity in 40 μm sections from nicotinamide- and vehicle-treated mice. Staining was apparent in the hippocampal region (C, F), amygdala (D, G) but not cortex (E, I; original magnification, 5×). I, J, Confocal microscopy images from 40 μm brain sections from nicotinamide- and vehicle-treated 3xTg-AD mice. CA1 pyramidal neurons shown (magnification 60×). Ubiquitin immunoreactivity shown in red for all panels. Total human tau (HT7) reactivity shown in green for I and human tau phosphorylated at thr231 (AT180) reactivity shown in green for J. Merge image shown for both total human tau and ubiquitin and for AT180-tau and ubiquitin.




In vehicle-treated 3xTg-AD mice, immunostaining for human tau revealed extensive somatodendritic accumulation in neurons of the hippocampus and amygdala, whereas it was absent in cortex (Fig. 4C–H). Notably, behavior on novel object recognition, a cortex-dependent task, was not improved with nicotinamide treatment (Fig. 2F), which is consistent with the lack of tau pathology in cortical brain regions at this age.

Using confocal fluorescent microscopy, we assessed ubiquitin and tau localization in hippocampal pyramidal neurons in nicotinamide- and vehicle-treated 3xTg-AD mice. Total human tau staining was apparent throughout the somatodendritic compartments and no differences in levels or localization was apparent with treatment (Fig. 4I). Likewise, ubiquitin reactivity (both monoubiquitination and polyubiquitination) and localization were unchanged with nicotinamide treatment, with staining also apparent throughout the somatodendritic compartment. No notable differences in colocalization between ubiquitin and tau were seen. Fluorescent staining for Thr231-phosphotau revealed stark differences: vehicle-treated mice displayed abundant staining in the somatodendritic compartment, whereas staining was barely detectable in the nicotinamide-treated mice (Fig. 4J), illustrating the specific effect on this particular phosphorylated species of tau.




Nicotinamide does not decrease tau kinase activity, but increases p25

Oral nicotinamide treatment markedly reduced Thr231-phosphotau reactivity, but not other phosphotau epitopes examined. Phosphorylation of tau is regulated by various protein kinases and phosphatases. Two major kinases, cyclin-dependent kinase 5 (cdk5) and GSK3β, have been shown to participate in the pathological hyperphosphorylation of tau in both the 3xTg-AD mice and in the human brain (Kobayashi et al., 1993; Flaherty et al., 2000). We first examined steady-state levels of GSK3β in 3xTg-AD mice treated with nicotinamide and found no difference compared with untreated animals (Fig. 5A,B). The activity of GSK3β can be inhibited by phosphorylation of serine 9 (Dajani et al., 2001), such that steady-state levels of this inactive GSK3β can be used to gauge overall activity. We also found no differences in the inactive form of GSK3β (Fig. 6A,B), suggesting that GSK3β activity is not modulated by nicotinamide treatment. Steady-state levels of cdk5, a second critical tau kinase, were not altered by nicotinamide treatment, but dramatic changes in its coactivator p25 were observed (Fig. 5A,B) (Lew et al., 1994). Increases in p25 are associated with improved learning and memory and may result as a compensatory mechanism in AD (Angelo et al., 2003; Fischer et al., 2005).
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Figure 5. 
Nicotinamide treatment increases p25 and reduces monoubiquitinated-tau. Western blot analyses of protein extracts from whole-brain homogenates of 3xTg-AD mice treated for 4 months with either nicotinamide (N; n = 8) or vehicle (C; n = 8) shown as alternating lanes. Steady-state levels of GSK3α/β, inactive GSK3β (phosphorylated at ser9), cdk5 and p35/p25 shown. B, Quantification of A normalized to β-actin levels as a loading control. Error bars indicate SEM, and * indicates significance versus vehicle treatment (p < 0.05). C, One hundred micrograms of brain homogenate immunoprecipitated with HT7 to isolate total human tau and then probed with anti-ubiquitin. Monoubiquitinated tau is identified by the molecular weight, which is 9 kDa heavier than human tau. Mouse heavy IgG chains also shown (55 kDa). No other ubiquitin-positive bands were seen. D, Overexpression of 5 μg of either wild-type human tau or Thr231 phospho-mimic human tau (T231E) in 3T3 cells with coexpression of myc-actin as a transcriptional and loading control (n = 10 per condition). Steady-state levels of the T231E phospho-mimic are significantly reduced, whereas myc-actin levels are consistent with wild-type tau myc-actin levels showing that transcriptional production of the proteins are not affected, but rather tau stability. E, Filter retardation assay of insoluble tau shows that wild-type human tau accumulates into high molecular weight aggregates, and that this is reduced with Thr231 phosphorylation mimic T231E tau. Memcode protein staining shown as a loading control. F, Quantification of D and E. Error bars indicate SEM, and * indicates significance versus wild-type tau (p < 0.05).
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Figure 6. 
Nicotinamide treatment inhibits brain sirtuins and increase acetylated α-tubulin and MAP2c. Western blot analyses of protein extracts from whole-brain homogenates of 3xTg-AD mice treated for 4 months with either nicotinamide (N; n = 8) or vehicle (C; n = 8) shown as alternating lanes. A, Steady-state levels of acetylated α-tubulin showing an increase with nicotinamide treatment, and steady-state levels of a band corresponding to acetyl-α-tubulin dimer, which shows a large increase with nicotinamide treatment. Total steady-state levels of monomeric and dimeric α-tubulin are also shown, although no differences were evident between nicotinamide and vehicle treatment. B, Quantification of A. C, Steady-state levels of PSD-95, synaptophysin, MAP2a, MAP2b, and MAP2c shown. Increases were seen in MAP2c with nicotinamide treatment. D, Quantification of C normalized to actin as a loading control. Error bars indicate SEM, and * indicates significance versus vehicle treatment (p < 0.05).







Nicotinamide reduces monoubiquitinated tau

Steady-state levels of total tau, as determined by using the antibody HT7, which detects both phospho- and non-phospho-tau, were reduced by ∼20% with nicotinamide treatment (Fig. 4A,B). Because we observed a ∼60% reduction in Thr231-phosphotau, we considered the possibility that nicotinamide increased degradation of selective phosphotau epitopes. Such an explanation would account for the significantly reduced levels of Thr231-phosphotau reactivity and also for the smaller proportion of total tau. In other words, the ∼20% of total tau reduced by this treatment likely represents the tau phosphorylated at the Thr231 site and consequently degraded.

Proteins are tagged for degradation by the addition of ubiquitin and polyubiquitin chains to lysine residues. Total human tau was immunoprecipitated from brain lysates of treated and untreated 3xTg-AD mice and immunoblotted with an anti-ubiquitin antibody. Nicotinamide markedly reduced the presence of monoubiquitinated tau (Fig. 5C); no polyubiquitinated tau was detected perhaps because polyubiquitination is a more transient modification. The relative absence of monoubiquitinated tau in the treatment group means that either monoubiquitinated tau is rapidly degraded, that this compound prevents the ubiquitination in the first place, or that other cellular process involving monoubiquitinated tau are affected. Given that we observed an ∼20% reduction in steady-state levels of total tau, and an ∼60% reduction in Thr231-phosphotau, the most plausible explanation is that nicotinamide increases tau degradation. If this treatment prevented ubiquitination, less degradation might result and hence higher steady-state levels.




Phosphorylation at Thr231 affects the stability and accumulation of tau

Given our results with nicotinamide in vivo, in which we found a dramatic reduction in Thr231-phosphotau, we sought to determine whether phosphorylation of this residue was important for stability in vitro. Attempts to detect tau Thr231 phosphorylation in cells proved difficult, hence to test the relationship of Thr231 phosphorylation to protein levels, we created a phospho-mimic of Thr231 tau by substituting the threonine to a glutamic acid (T231E). Equal amounts of wild-type or the T231E-encoding plasmids were overexpressed in NIH3T3 cells and total levels of tau assessed 24 h later. To control for transcriptional differences between the two plasmids, we also co-overexpressed myc-actin under the control of the same CMV promoter as the tau constructs (Fig. 5D). Overexpression of the T231E mutant resulted in a significant and highly reproducible reduction in steady-state levels of tau, whereas levels of myc-actin were similar across samples (Fig. 5D,F). These data suggest that phosphorylation at Thr231 likely increases clearance of tau rather than decreasing its production. Furthermore, we examined accumulation of insoluble tau using a filter retardation assay, and show that whereas wild-type tau accumulates, the T231E mutant does not (Fig. 5E,F). These data show that phosphorylation of tau at Thr231 is important for its stability and that phosphorylation at this epitope marks the protein for degradation and thus prevents aggregation and accumulation.




Nicotinamide inhibits brain sirtuin deacetylase function and increases levels of microtubule-stability-associated proteins

Nicotinamide reverses cognitive deficits associated with AD pathology in the 3xTg-AD mice, and reduces a specific species of phosphotau (Thr231), while increasing p25 levels. Thr231-phosphotau is one of two species of tau that is known to inhibit microtubule polymerization (Sengupta et al., 1998; Cho and Johnson, 2004), and is a commonly used biomarker for AD in CSF (Ewers et al., 2007). Similarly, p25 expression is associated with improved learning and memory through its role in upregulation of neuronal structural and synaptic proteins (Angelo et al., 2003; Fischer et al., 2005). An impact on microtubule stability would therefore be significant in AD as tau pathology leads to the breakdown of microtubules leading to impairments in neuronal transport (Alonso et al., 1997; Ebneth et al., 1998; Sengupta et al., 1998; Evans et al., 2000). These impairments may be involved in the synaptic loss and subsequent retrograde degeneration (Terry, 1998; Mandelkow et al., 2003) characteristic of neurodegeneration in AD.

To determine whether nicotinamide treatment affects other structural components of microtubules, we first tested whether α-tubulin acetylation is altered in brain. Sirtuins, specifically SirT2, can deacetylate α-tubulin (North et al., 2003), the structural component of microtubules. Acetylated-α-tubulin is associated with increased microtubule stability (Cambray-Deakin and Burgoyne, 1987) and is decreased in tangle bearing neurons in the AD brain (Hempen and Brion, 1996). Therefore if nicotinamide is delivered to the brain intact and inhibiting sirtuins as predicted, then an increase in acetylated α-tubulin should be observed. Analysis of brain homogenates from vehicle- and nicotinamide-treated 3xTg-AD mice demonstrated that acetyl-α-tubulin levels were indeed significantly higher in the animals treated with nicotinamide (Fig. 6A,B). This effect was even more pronounced for immunoreactive protein corresponding to dimers of acetyl-α-tubulin. Notably, steady-state levels of total monomeric or dimeric α-tubulin were not altered with nicotinamide treatment (Fig. 6A,B). Hence, increased acetylated α-tubulin serves as a useful surrogate marker to monitor nicotinamide-mediated sirtuin inhibition in the brain and suggests a potential impact of nicotinamide on microtubule stability.

Given these robust increases in acetylated α-tubulin and p25, we next investigated whether synaptic or other structural proteins associated with the cytoskeleton were altered. No changes in PSD-95, a structural protein that associates with the cytoskeleton and numerous synaptic channels, were detected with nicotinamide treatment (Fig. 6C,D), however a trend toward increased synaptophysin, a synaptic glycoprotein associated with exocytosis, was observed. Microtubule-associated protein 2 (MAP2), an abundant neuronal structural protein that is thought to stabilize microtubule growth, was next investigated. No changes in MAP2a or b were observed, however a robust and dramatic upregulation of MAP2c occurs in nicotinamide treated animals (>400%). MAP2c is 80% homologous to tau within its microtubule binding domains (Roger et al., 2004), and the two proteins display similar microtubule binding affinity. These results show that nicotinamide treatment has dramatic effects on proteins associated with the microtubules, from reductions in Thr231-phosphotau, which is known to inhibit microtubule polymerization, to robust increases in acetylated α-tubulin and MAP2c.




SirT1 reduction reduces Thr231-phosphotau

Increases in acetylated α-tubulin suggests that nicotinamide can enter the brain and inhibit sirtuin function. To assess whether genetic inhibition could evoke a similar molecular signature, we crossed homozygous 3xTg-AD mice with heterozygous SirT1 knock-out mice (Cheng et al., 2003) (homozygous knock-outs are embryonic lethal) because SirT1 is most closely related to yeast sir2. The resultant offspring are strain matched and harbor 1 copy of each of the AD-associated mutant genes (PS1, APP, and tau) and either 2 (n = 6) or 1 (n = 6) copies of SirT1. Mice were aged to 12 months, as pathology develops much slower in hemizygous 3xTg-AD mice (APPSWE/tauP301L +/−, PS1M146V/PS1), and then killed and brain tau levels analyzed. Western blot analysis showed no differences in total brain levels of human tau in mice harboring just 1 copy of SirT1 compared with mice with 2 copies (Fig. 7A,B). However, levels of Thr231-phosphotau were reduced by ∼50% demonstrating that reductions in SirT1 levels mimic the effects of nicotinamide on tau pathology.
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Figure 7. 
SirT1 knockdown leads to reduced Thr231-phosphotau. Whole-brain homogenates from 12-month-old 3xTg-AD hemizygous mice (n = 6) and 12-month-old 3xTg-AD mice with 1 copy of SirT1 knocked out (n = 6). A, Western blot analyses show a reduction in SirT1 protein levels and Thr231-phosphotau (AT180) in mice lacking a copy of the SirT1 gene. No changes were seen in total human tau (HT7). B, Quantification of A normalized to actin as a loading control. C, Steady-state levels of acetylated α-tubulin and p25 were not altered in mice lacking a copy of SirT1. D, Quantification of C normalized to actin as a loading control. Error bars indicate SEM, and * indicates significance versus vehicle treatment (p < 0.05).




We next examined levels of acetylated α-tubulin and p25 in these mice to determine whether SirT1 knockdown could influence their regulation as well, however no significant changes were seen in either, suggesting that SirT1 does not deacetylate α-tubulin or lead to increases in p25 (Fig. 7C,D). These data suggest that SirT1 is responsible for regulating levels of Thr231-phosphotau, but that increased acetylation of α-tubulin and p25 may result from the action of other sirtuins impacted by nicotinamide treatment (e.g., SirT2 for α-tubulin) or non-sirtuin-related effects.




Nicotinamide does not reduce Thr231-phosphotau in late-stage mice with existing severe pathology

Our original nicotinamide treatment was designed to prevent or delay progression in animals with mild pathology. Treating existing pathologies is far more challenging than preventing the accumulation of pathology in the first place, because of the aggregating nature of tau and Aβ. To determine whether nicotinamide could impact severe AD pathology, when tau is highly aggregated into thioflavin-positive tangles (Oddo et al., 2003), we treated 20-month-old 3xTg-AD mice for 4 months with oral nicotinamide as before (n = 5 untreated vs n = 5 treated). No behavioral analyses were performed as mice with this severe pathology are unable to learn. In contrast to early treatment, a significant reduction in soluble Aβ42 is observed, without changes in the insoluble fraction or soluble Aβ40 (supplemental Fig. 2A,B, available at www.jneurosci.org as supplemental material). Total human tau (HT7) or Thr231-phosphotau (AT180) were unaffected by nicotinamide treatment in these severe pathology mice (supplemental Fig. 2C,D, available at www.jneurosci.org as supplemental material). These results show that while nicotinamide is effective in removing Thr231-phosphotau in the earlier stages of pathology, it is ineffective at stages when excessive aggregation has occurred. Hence, these results suggest that nicotinamide treatment would be most effective when administered to patients in the early or mild stages of AD, rather than as a treatment for late-stage AD patients.





Discussion

Here, we report the novel findings that oral treatment with water-soluble nicotinamide is able to prevent cognitive deficits in a mouse model of AD with mild to moderate pathology in a manner consistent with an inhibition of brain sirtuins and an effect on microtubule stability. Improved memory recollection in nonTg mice treated with nicotinamide was also observed, suggesting that at these doses there are cognition enhancing properties. Nicotinamide was shown to markedly reduce Thr231-phosphotau levels; this particular species of tau has been reported to interfere with microtubule polymerization (Sengupta et al., 1998; Cho and Johnson, 2004), and is a commonly used biomarker for AD found in CSF (Ewers et al., 2007). Nicotinamide treatment also caused a dramatic upregulation of p25 along with a decrease in p35 (Fig. 5A,B). Such an increase is of relevance to AD and would normally be associated with increased cdk5 activity and hence increased tau phosphorylation; paradoxically, an increase in phosphotau was not observed with nicotinamide treatment. This observation is in agreement with data showing that moderate overexpression of p25 does not increase tau phosphorylation, but does lead to improved learning and memory (Angelo et al., 2003). In another p25 transgenic mouse, transient overexpression of p25 improved hippocampus-dependent memory and facilitated long-term potentiation (Fischer et al., 2005). Together, these results raise the possibility that chronic but low-level increases in endogenous p25, as seen here after nicotinamide treatment, may improve cognition and behavior and underlie in part the cognitive restoration in the 3xTg-AD mice and enhanced cognition in nonTg mice. These previous studies also showed that p25 overexpression caused upregulation of proteins associated with the cytoskeleton and synapses, consistent with the idea that nicotinamide may influence microtubule dynamics, and in agreement we found a trend toward a significant increase in overall steady-state levels of synaptophysin in addition to cytoskeletal associated proteins such as MAP2c. It should be noted that long-term overexpression of p25 leads to substantial neurodegeneration (Fischer et al., 2005), but we saw no evidence of deleterious effects caused by chronic upregulation of endogenous p25. Increased p35 to p25 cleavage is performed by calcium-dependent calpains, and interestingly recent data has shown calpain inhibitors to be protective in AD mouse models (Trinchese et al., 2008). Calpains are thought to have regulatory roles in neurons, but have also been implicated in both apoptosis and necrosis; however we see no evidence for either of these with nicotinamide treatment, either with p53 levels (data not shown), or with other substrates of calpains such as MAP2 (Johnson et al., 1991), which is unchanged or increased with treatment.

Microtubule stability is crucial for elongated cells such as neurons to function. They provide structure and a network for the transport of vital cargo vesicles, and breakdown of this network leads to synaptic loss and neurodegeneration, whereas development of new dendritic structures such as spines, requires a dynamic interaction between microtubules and actin filaments. Tau is a microtubule-associated protein (MAP) that is abundant in neurons and essential for proper stability and functioning of the microtubules that form the cytoskeleton. In contrast, hyperphosphorylation of tau reduces microtubule stabilization leading to reductions in axonal transport (Alonso et al., 1997; Ebneth et al., 1998; Sengupta et al., 1998; Evans et al., 2000). Reductions in transport to the periphery of neurons lead to synaptic starvation, such that synapses are lost in a process known as retrograde degeneration (Terry, 1998; Mandelkow et al., 2003). Hence, Thr231-phosphotau critically influences microtubule dynamics as it promotes microtubule depolymerization (Sengupta et al., 1998; Cho and Johnson, 2004). Although Thr231-phosphotau has been highlighted as crucial for proper tau-microtubule interactions, other phosphotau species have also been identified as impairing microtubule dynamics, such as tau phosphorylated at ser262 (Sengupta et al., 1998) and ser235 (Cho and Johnson, 2004), but it is not clear which ones are most important in vivo, or with regard to cognitive decline. Thus nicotinamide represents an effective treatment which targets this one tau species and leads to cognitive recovery. Phosphorylation of tau at Thr231 can occur via either of the major tau kinases, GSK3β or Cdk5, both of which show increasing activity with increasing age in either 3xTg-AD or nonTg mice, but no differences between the two genotypes at 8 months of age (Oddo et al., 2007).

Microtubules are composed of α- and β-tubulin dimers, and posttranslational modifications such as acetylation and detyrosination increase their stability (Cambray-Deakin and Burgoyne, 1987). SirT2 has been identified to function as an α-tubulin deacetylase (North et al., 2003), and treatment by the sirtuin inhibitor nicotinamide dramatically increases both monomeric and dimeric acetylated α-tubulin (Fig. 7A,B), suggesting that nicotinamide treatment may inhibit SirT2 activity in brain. Importantly, in AD brain acetylated α-tubulin is decreased in tangle bearing neurons (Hempen and Brion, 1996), demonstrating the relationship between hyperphosphorylated tau, such as Thr231-phosphotau, and breakdown of microtubules. The other predominant MAP in addition to tau is MAP2, which exists as 3 isoforms, MAP2a, MAP2b, and MAP2c, and whose binding to microtubules increases stability in a similar manner to tau. A dramatic upregulation of MAP2c is observed with nicotinamide treatment (>400%). Notably, MAP2c is normally more abundant in the neonatal brain than in adult brain, therefore this upregulation may mimic a developmental role for MAP2c. MAP2c shares a up to 80% identity with tau within the microtubule binding domains (Roger et al., 2004), and has similar microtubule binding kinetics. Unlike tau, MAP2c can also bind F-actin which may be important in neurite initiation and other areas where dynamic cytoskeletal regulation is required (Roger et al., 2004). This profound upregulation of MAP2c with nicotinamide treatment likely represents a mechanism to increase microtubule stability. Together these results show that oral nicotinamide treatment mediates pleiotropic effects that appear to converge on the cytoskeleton from the removal of Thr231-phosphotau to potential increases in microtubule stability via increased acetylated α-tubulin and MAP2c.

Nicotinamide affects many cellular pathways in addition to inhibiting sirtuins. It is likely that it mediates its beneficial effects via both sirtuin-dependent and independent pathways. However, nicotinamide may also be targeting multiple sirtuins to exert differential effects. For example, the reduction of Thr231-phosphotau is also observed when a single sirtuin, SirT1, is genetically reduced in vivo (Fig. 7C,D). SirT1 knockdown, however, does not affect α-tubulin acetylation or p25 levels. These effects may be a consequence of inhibition of other sirtuins, such as SirT2 mediated deacetylation of α-tubulin, or other mechanisms may be altered, such as HDAC6 deacetylation of α-tubulin. Further experimentation will be required to elucidate the underlying pathways impacted by nicotinamide, such as genetic modulation of other sirtuins or their individual contributions to cognition in 3xTg-AD mice.

Although the most significant finding from this study is that nicotinamide prevents cognitive deficits in an AD model, it is notable that this beneficial effect coincided with a decrease in Thr231-phosphotau. One possibility is that Thr231-phosphotau degradation is influenced by acetylation and other posttranslational modifications. Recently several proteins have been shown to be degraded through a regulated process involving phosphorylation and monoubiquitination (Wu et al., 2007; Zuccato et al., 2007) consistent with what we observe here in vivo. As this treatment seems to specifically target tau, and, more specifically, Thr231-phosphotau, tau effects may specifically mediate cognitive decline. Recent work suggests that Aβ causes cognitive decline in Aβ-overproducing AD mouse models through a mechanism involving tau, as knocking out endogenous murine tau prevents the cognitive decline that normally occurs after Aβ accumulation (Roberson et al., 2007). Nicotinamide treatment supports this notion that Aβ modifies tau, which then mediates cognitive decline, and suggests that nicotinamide is promising as a novel therapy. In support of the relationship between Thr231 and degradation, we show that mimicking phosphorylation at the Thr231 site decreases the stability of tau, reducing steady-state levels, aggregation, and accumulation of the protein. As Thr231-phosphotau accumulates in 3xTg-AD mice, but not in nicotinamide-treated animals, it may be that the presence of Aβ interferes with the normal degradation of tau, as we have previously shown (Tseng et al., 2008), but that the presence of nicotinamide circumvents this outcome.

Previous clinical trials with oral NADH have been performed and showed mixed results (Rainer et al., 2000; Demarin et al., 2004). However, the role of NADH is very different from that of nicotinamide, as the latter compound acts as a more potent inhibitor of the NAD+-dependent sirtuins, as well as serving as a precursor to NAD+, which is converted to NADH through oxidative reduction reactions to produce reducing equivalents for ATP production. Nicotinamide as a beneficial treatment for AD complements a number of emerging studies showing that Sir2 inhibitors improve pathology in other neurodegenerative diseases including Huntington's disease and other models of polyglutamine repeat disorders (Ghosh and Feany, 2004; Pallos et al., 2008) and Parkinson's disease (Outeiro et al., 2007). In the present study, the specific mechanism whereby nicotinamide enhances phosphotau degradation remains to be determined. Furthermore, these results suggest that nicotinamide may also be effective against other tauopathies, which share many common pathological features with the tau pathology seen both in AD and in the 3xTg-AD mice. In summary, the results presented here suggest that nicotinamide has potential as a novel, safe, and inexpensive AD therapy, either alone or in combination with Aβ-lowering therapies.
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