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Abstract 

Alaskan Husky encephalopathy (AHE
2
) is a fatal brain disease associated with a mutation in 

SLC19A3.1 (c.624insTTGC, c.625C>A). This gene encodes for a thiamine transporter 2 with 

a predominantely CNS distribution. Considering that brain is particularly vulnerable to 

thiamine deficiency due to its reliance on TPP-dependent metabolic pathways involved in 

energy metabolism and neurotransmitter synthesis, we characterized the impact of this 

mutation on thiamine status, brain bioenergetics, and the contribution of oxidative stress to 

this phenotype. In silico modeling of the mutated transporter indicated a significant loss of 

alpha-helices resulting in a more open portein structure suggesting an impaired thiamine 

transport ability. The cerebral cortex and thalamus of affected dogs were severely deficient in 

TPP-dependent enzymes accompanied by decreases in mitochondrial mass and OXPHOS 

capacity, and increases in oxidative stress. These results along with the behavioral and 

pathological findings indicate that the phenotype associated with AHE is consistent with a 

brain-specific thiamine deficiency, leading to brain mitochondrial dysfunction and increased 

oxidative stress. While some of the biochemical deficits, neurobehavior and affected brain 

areas in AHE were shared by Wernicke’s and Korsakoff’s syndromes, several differences 

were noted likely arising from a tissue-specific vs. that from a whole-body thiamine 

deficiency. 

Keywords: thiamine deficiency, mitochondrial dysfunction, brain, oxidative stress, mtDNA 

deletions 

                                                
*
Abbreviations: AHE, Alaskan Husky Encephalopathy; mtDNA, mitochondrial DNA; TPP, thiamine 

pyrophosphate; PDH, pyruvate dehydrogenase; KGDH, ketoglutarate dehydrogenase; OXPHOS, 

oxidative phosphorylation; TPP, Thiamine pyrophosphate; TK, transketolase. A
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Introduction 

 Mitochondrial encephalomyopathies such as Leigh Syndrome can be associated with 

the deficiency of enzymes involved in energy metabolism including Complexes I, II, III and 

IV of the electron transport chain, ATP synthase, pyruvate dehydrogenase, pyruvate 

carboxylase as well as mitochondrial DNA mutations (27). While a number of nuclear gene 

mutations affecting either structural subunits of respiratory chain complexes, factors essential 

for their assembly (101), or genes involved in mitochondrial DNA (mtDNA) stability (104) 

have been described as causative of mitochondrial encephalopathies, the majority of the 

reported mutations occur in the mitochondrial genome, and up to a third of cases have no 

known etiology (67, 85). In addition to genetic causes, environmental (i.e., heavy metals, 

paraquat and rotenone) as well as gene x environment factors (i.e., enhancement of the flame-

retardant BDE-49 toxicity by a PTEN-deficient background (69)) may also play a crucial role 

in the onset and development of non-classic mitochondrial diseases (10, 24, 59, 69). 

Thiamine (Vitamin B1) is an essential micronutrient for humans and other species. It is 

obtained mainly from the diet (11) and it is mostly absorbed in the proximal (10) part of the 

small intestine (89). Thiamine is essential in carbohydrate, amino acid and fatty acid synthesis 

and metabolism. Thiamine pyrophosphate or diphosphate (TPP), the activated form of 

thiamine, is an essential cofactor of cytosolic transketolase that functions in the nonoxidative 

branch of the pentose phosphate pathway, and for the peroxisomal 2-hydroxyphytanoyl–

coenzyme A (CoA) lyase (36). The pentose phosphate pathway, in which TK plays a critical 

role, supplies NADPH (for antioxidant defenses and fatty acid synthesis) and ribose-5-

phosphate (for ATP and GTP synthesis and nucleic acid synthesis). In mitochondria, TPP is 

essential for three enzymatic mitochondrial complexes (PDH, branched chain ketoacid A
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dehydrogenase complex, and the alpha-ketoglutarate dehydrogenase complex). Mitochondria 

are central to cellular energy production, and critical for sustaining adequate energy levels in 

highly aerobic organs such as brain (79) and heart (58).  

Thiamine deficiency can result from multiple factors including: (i) the presence of 

anti-thiamine activity in the diet (e.g., fish or fish-derived products containing thiaminase (25, 

50, 106)); (ii) thiamine inactivation by heat and/or sulfur dioxide; (iii) changes in thiamine 

demand (lactation or pregnancy or increased physical activity not matched by the 

consumption (25, 64, 94)); (iv) genetic defects at the level of any of the thiamine transporters 

(SLC25A19, SLC19A2, SLC19A3) and/or within the thiamine pathway (TPK1, THTPA, 

ENTPD5). Primary (genetic defect) or secondary have devastating effects across species (15, 

22, 39, 75, 76, 88, 97, 103, 108, 116). Insufficient intake of thiamine in humans can cause 

neurological disorders such as Wernicke's encephalopathy, Wernicke-Korsakoff syndrome 

(77) and beriberi (82). Thiamine deficiency results in a progressive encephalopathy in both 

humans and animals (7, 22, 54, 60, 75, 84, 116), characterized by time-dependent lesions in 

the brain; however, the distribution and severity of the lesions is species-dependent. For 

instance, lesions in thalamus and the caudal colliculi are typical in rats (31), bilaterally 

symmetrical spongy changes and necrosis of brainstem nuclei in dogs, (87, 102), progressive 

brain atrophy and bilateral thalami and basal ganglia lesions in humans (119) whereas lesions 

are diffuse in aquatic mammals such as seals (25). Regardless of the species, it is clear that 

there is a particular vulnerability of the brain due to its reliance on metabolic pathways 

requiring thiamine for energy metabolism and neurotransmitter synthesis.  

Alaskan Husky Encephalopathy (AHE) is fatal brain disease in Alaskan Husky (AH) 

dogs (14, 114). It presents as a multifocal central nervous system deficit with seizures, altered A
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mentation, dysphagia, central blindness, hypermetria, proprioceptive positioning deficits, 

facial hypoalgesia, ataxia and tetraparesis. AHE has been associated with a novel defect in the 

solute transporter 19 member 3.1 (SLC19A3.1) included a 4 basepair insertion and single 

nucleotide polymorphism in exon 2, predicted to result in a frame shift with premature peptide 

termination resulting in a truncation of 279 amino acids of the 498 amino acid present in the 

full length protein (c.624insTTGC, c.625C>A) (109). In humans, thiamine metabolism 

dysfunction syndrome 2 (an autosomal recessive metabolic disorder characterized by 

encephalopathy, and presenting as confusion, seizures, external ophthalmoplegia, and 

dysphagia) has been associated with mutations in the SLC19A3 gene or thiamine transporter 2 

(OMIM #606152) and affected patients show encephalopathies that have clinical and 

neuropathological similarities to AHE (40, 78). Notably, in the canine genome there is a 

duplication of SLC19A3 resulting in two paralogs, SLC19A3.1 (43,411,960-43,419,612 Mb) 

and SLC19A3.2 (43,363,905-43,386,983 Mb). SLC19A3.1 shares 84.7% identity and 

SLC19A3.2 shares 79.9% identity at the amino acid level to the human gene. Maximum gene 

expression of SLC19A3.1 was observed in cerebrum, cerebellum, spinal cord, kidney and 

testis whereas SLC19A3.2 was mainly expressed in liver and kidney (109) suggesting a tissue-

specific expression profile (possibly function) for each paralog in these organs. Recently, a 

Moroccan family with Leigh syndrome-like phenotype carrying a c20C>A mutation in 

SLC19A3 resulting in a pSer7Ter showed negligible thiamine uptake in cells in culture defcts 

in thiamine transport can result in a phenotype resembling a mitochondrial disease (40).  

Given that the AHE manifested as a CNS disorder, matching the tissue expression of 

this transporter (only minor pathological defects were observed in liver, skeletal muscle or 

fibroblasts (109), we sought to evaluate the biochemical impact of thiamine deficiency on A
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mitochondrial function in brains of affected dogs. AHE provides a unique opportunity to 

define and characterize the effects of an organ- (brain) and region-specific thiamine deficiency 

as opposed to an “overall thiamine deficiency” such as that resulting from nutritional deficits. 

The present study is a biochemical evaluation of a “localized” thiamine deficiency in AHE 

dogs focusing on the effects on mitochondria and intermediary metabolism in brain. 
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Materials and methods 

Colony characterization and housing of Alaskan Huskies 

Alaskan Husky dogs from a racing kennel in Alaska, with clinical signs suggestive of 

encephalopathy were examined at the University of California Davis, William R. Pritchard 

Veterinary Teaching Hospital. Clinical signs included generalized seizures, difficulty walking, 

difficulty eating, high stepping gait, blindness and ataxia (114). Dogs were euthanized and 

had immediate necropsy evaluation. The brain was removed and samples from the cerebral 

cortex and thalamus were immediately frozen in liquid nitrogen. The remainder of the brain 

was placed into 10% formalin. Neuropathological lesions diagnostic for AHE included 

bilaterally symmetrical, cavitatory, malacic lesions in the thalamus, and smaller malacic 

lesions in the putamen, claustrum, junctional grey and white matter in the cerebral cortex, in 

the brainstem and midline cerebellar vermis (14). Affected dogs all had a histological 

diagnosis of AHE confirmed by a board certified veterinary pathologist (RH). Samples from 

dogs utilized for this study were part of a previous study described in (109). Brain samples 

obtained from Alaskan Huskies that died of AHE were included in this study. Control samples 

of brain were obtained from five adult dogs with a known cause of death unrelated to thiamin 

deficiency.  

 Diet and feeding characteristics- Diet included a mix of a proprietary diet made by 

Caribou Creek Gold (http://www.cariboucreekgold.com/ingredientsblue.htm) supplemented 

with minerals and vitamins and approved by the Association of American Feed Control 

Officials (AAFCO). No data on food consumption/animal was available for this study.  

 Neurological signs in AHE-Details on the phenotype and neurological signs presented 

by the affected dogs analyzed in this study are shown in Supplementary Table 1. Clinical A
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manifestations of dogs affected with AHE can be seen in Supplementary Movies 1 and 2.  

Chemicals and biochemicals 

All chemicals and biochemicals were of analytical (or higher) grade. Potassium 

phosphate was purchased from Fisher, NAD
+
 was from Calbiochem; all other reagents were 

from Sigma Chemical Co (St. Louis).  

Preparation of brain tissues for enzymatic analyses 

Approximately 1-5 mg of wet weight brain were homogenized with a Retsch Mixer 

Mill MM200 using 3.2 mm stainless steel beads (Alliance Analytical Inc, Menlo Park, CA) in 

20 mM HEPES, pH 7.4 supplemented with proteolytic and phosphatase inhibitors (using a 

wet weight to volume ratio of 1 to 5). Homogenates were then centrifuged at 3,000 g at 4˚C to 

remove any residual particulate matter, and the supernatant was used for protein determination 

and enzymatic activity assays.  

Mitochondrial Complex and enzymatic activities  

Activities of Complex I, Succinate-cytochrome c reductase (SCCR), cytochrome c 

oxidase, Complex V (evaluated by following ATPase activity) and citrate synthase were 

evaluated as previously described in detail (70) using variable amount of brain proteins (2-8 

µg). Protein fractions were quantified with BCA Protein Assay Kit, (#23225, Pierce 

Biotechnology, Rockford, IL). 

Biochemical assessment of thiamine deficiency 

The most widely used methods to detect thiamin deficiency are the measurement of 

thiamine content (total or as TMP, TDP or TTP, and TTP) in red blood cells, the transketolase 

activation test, and the transketolase activity assay (8, 25, 29, 93, 113). The last two tests are 

functional rather than a direct measurement of thiamin status and therefore may be influenced A
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by factors other than thiamin deficiency. These include loss of reactivatable apoenzyme 

during chronic deficiency in vivo (83, 117), altered binding of apoenzyme and coenzyme 

because of the presence of isoenzymes of transketolase (55), and reduced synthesis of 

apoenzyme in patients with diabetes (37) and liver disease (35), among other technical factors 

(83). If no appropriate controls are available, these factors may have contributed to the lack of 

agreement over the upper limit of the reference range for the activation assay, with values 

ranging from 15.5% to 40% (2, 21). On the other hand, the evaluation of total thiamine 

content (free and bound as well as all phosphorylated forms) does not take into account the 

actual fraction incorporated into key enzymes of the metabolism whose inactivation results in 

the occurrence of symptoms(26, 32, 112). The gold standard method to assess thiamin status 

is red cell concentration of TDP, the physiologically active form of thiamin. This measure 

reflects body thiamin stores and, in a variety of studies, has been correlated with transketolase 

functional testing (6, 105). Thus, in this study we proceeded to evaluate total TK and PDH 

activities as TPP-dependent enzymes located in the cytosol and mitochondrial compartments 

as surrogate markers of thiamine deficiency. Transketolase (TK) activity was measured as 

previously described (25). Briefly, the reaction mixture contained 1.6 mM xylulose 5-

phosphate, 1.7 mM ribose-5-phosphate, 3 mM MgCl2, 20 units α-GDH/TPI and 100 mM Tris, 

pH 7.6. The assay was performed at 37˚C. Then 50-µg protein was added, and the reaction 

was started by adding 0.2 mM NADH, and followed for 30 min. The decrease in absorbance 

resulting from the oxidation of NADH was recorded at 340 nm. The change in slope/min was 

taken in the linear range, which was from 10 to 25 min. An INT-coupled assay was used to 

measure PDH activity (49, 100). The reaction mixture contained 4 µM rotenone, 6.5 µM 

phenazine methasulfate, 0.1 mM coenzyme A, 0.6 mM INT, 1 mM MgCl2, 2.5 mM NAD
+
, 3 A
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mM α-keto-β-methylvalerate, 5 mM pyruvate, 25 mM oxamate, 0.1% Triton, 0.1% BSA, 50 

mM potassium phosphate buffer, pH 7.8. The reaction was started by adding 20 µg protein. 

The absorbance was recorded at 500 nm in the presence or absence of 5 mM 3-fluoropyruvate, 

an inhibitor of PDH, at 25˚C for 15 min. The change in absorbance/min was taken in the 

linear range, which was from 5 to 15 min. The difference between the slopes/min without and 

with inhibitor was taken as specific for PDH activity. All enzymatic measurements were 

performed in a Tecan Infinite M200 microplate reader and the final volume for all the 

reactions was 200 µl. The specific activities of TK and PDH were evaluated with and without 

the addition of a saturating amount of TPP. The specific activites were expressed as units/mg 

protein (where 1 unit = 1 nmol product x (min)
-1

). The saturating concentration of TPP and 

PDH for each brain tissue was obtained by adding TPP from 0.5 to 20 mM until the Vmax was 

obtained. 

mtDNA copy number per cell and mtDNA deletions 

Mitochondrial DNA copy number and deletions were evaluated as described before 

(70). Genomic DNA was extracted from 5-10 mg frozen tissue using the Gentra Puregene Cell 

and Tissue Kit (Qiagen #158388) following the manufacturer’s recommendations. 

Concentration and purity of DNA was evaluated at 260 nm and 280 nm using the Tecan i-

control 1.6 software (v. 1.6.19.2) on a Tecan infinite M200 Nanoquant (Tecan, Austria, 

GmbH). A ratio of 1.8 to 2.0 was taken as “pure” DNA (98), otherwise a subsequent 

extraction was perfomed. Average yield of DNA was 0.4-0.8 µg/mg of wet tissue weight. 

Following DNA extraction, changes in mtDNA copy number were evaluated by qPCR using 

dual labeled probes. The gene copy number of CYTB, ND1 and ND4 were normalized to a 

single copy nuclear gene APP (amyloid beta (A4) precursor protein). Because minor changes A
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in the efficiency of the amplification of each gene can result in large changes in the ratio of 

mtDNA/nDNA, the mitochondrial primers were designed for regions of low polymorphisms 

(less than 1%). Species-specific primers were selected using the Primer Express 3 software 

(Applied Biosystems). Canine primers for APP were: forward 5’- 

GGTGTTGTCATAGCAACAGTGATTG-3’; reverse 5’-

ACCGTGATGAATGGACGTGTAC-3’; primers for CYTB were: forward 5’-

GGACAAAGCAACCCTAACACGA-3’; reverse 5’- CTATTGCTAGAGCTGCGATGATG-

3’. Primers for ND1 were: forward 5’- CTTGGGAGTCCTATTCATACTAGCAA-3’; reverse 

5’-GGGCGTATTTGGAGTTTGAGG-3’; primers for ND4 were: forward 5’- 

TCTATGAGGCATAATCATAACAAGCTC-3’; reverse 5’-

AACTGAGGAGTATGCAATTAGGGATT-3’. The probes used were from Roche UPL 

library, Locked Nucleic Acids, short hydrolysis probes, labeled at the 5’ end with fluorescein 

and at the 3’ end with a dark quencher dye (#9 for APP, cat no: 04685075001; #88 for CYTB, 

cat no: 04689135001; #58 for ND1, cat no: 04688554001; #94 for ND4, cat no: 

04692110001).  PCR products encoding for CYTB, ND4, ND1 and APP were run on a gel and 

visualized using ethidium bromide. The experimental sizes were consistent with the expected 

ones (74 bp (CYTB), 79 bp (ND4), 89 bp (ND1), and 78 bp (APP); Supplementary Fig. 1). 

Specificity of each primer pair was confirmed by sequencing all amplified PCR products (UC 

DNA Sequencing Facility, UC Davis, CA; Supplementary Table 3). The qPCR was 

performed on a Mastercycler EP Realplex thermocycler (Eppendorf, Westbury, NY). qPCR 

was performed in a 96-well PCR plate with Taqman Universal PCR Master Mix (Applied 

Biosystems, cat no. 4304437) with 400 nM of each primer, and 5 µl (3.13 ng) of template 

DNA per reaction. Putative dilution bias was tested by running the assay at 6 different A
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dilutions (0.78, 1.56, 3.13, 6.25, 12.5, and 25 ng) without obtaining changes in the final 

outcome. Primer efficiencies for each gene were: 97% (ND4), 98% (ND1), 97% (CYTB), and 

98% (APP). Amplification was performed using the following cycling conditions: 2 min at 

50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 60 s at 60°C. The mean cycle time, 

obtained by double derivatives (CalqPlex algorithm; Eppendorf, Westbury, NY), was 

designated as Ct. Relative mtDNA/nDNA was assessed by the comparative Ct method using 

the following equation: mtDNA/nDNA = 2
-Ct

, where Ct = Ctmitochondrial- Ctnuclear. Each 

sample was analyzed in triplicate with an average coefficient of variation (CV) between 0.34 

to 0.45%.  

Detection of mtDNA large-scale deletions by long-range PCR 

 

 To detect for large-scale deletions in mtDNA, the segment located between CYTB and 

ND1, covering for 11.7 kbp of the 16.7 kbp, was amplified with the following primers: foward 

5’-CTTGGGAGTCCTATTCATACTAGCAA-3’ and reverse 5’- 

CTATTGCTAGAGCTGCGATGATG-3’. Long-range PCR amplification was done using the 

Advantage 2 Polymerase Mix from Clontech with Titanium Taq. Reaction mixture was 

constituted by 5 µl of 10x Advantage 2 Buffer, 2 µl of 10 mM dNTP mix (Sigma), 1 µl of 50x 

Advantage 2 polymerase Mix, 1 µl of 10 µM foward and reverse primers, 20 µl of sample 

with 50 ng total DNA, and 20 µl of nuclease-free water. Cycling conditions were the 

following: 95°C for 1 min, 30 cycles of 95°C for 30 s and 68°C for 12 min, final elogation at 

68°C for 12 min and indefinite hold step at 4°C. Five µl of the PCR products and a 1 kb DNA 

ladder (New England Biolabs, cat # N3232L) were run on a 0.8% agarose gel and visualized 

with ethidium bromide (Supplementary Fig. 3).  

Western blotting A
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All western blot procedures were performed essentially as described before (33, 65) 

with the modifications indicated below. Protein extracts from brain sample homogenates were 

concentrated and partly delipidated by acetone precipitation, through the addition of 4 

volumes of -20°C acetone to each homogenate. Acetone-containing mixtures were vortexed 

and placed at -20°C for 24 h. Samples were then centrifuged at 16,000 x g for 10 min at 4°C. 

After pouring off the supernatant, the pellet was resuspended and washed two more times with 

-20°C acetone, spinning each wash at 16,000 x g for 10 min at 4°C. After removing the 

supernatant from the final wash, the samples were placed in the SpeedVac for 15 min to 

remove residual acetone. Samples were resuspended in RIPA buffer (25 mM MOPS, 150 mM 

NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 1% DOC, pH 7.5) and the protein concentration 

was evaluated using a BCA Protein assay kit (Pierce #23227). Proteins from brain were 

denatured in SDS-PAGE sample buffer (BioRad) plus 1.5% DTT at 100
o
C for 3 min. For 

protein normalization, increasing amounts of total cell protein (2-10 µg) were added to 

successive lanes in the SDS-PAGE, transferred to membranes, and probed with specific 

antibodies to nitrotyrosine (Millipore, MA) and complex V F1 alpha- and beta-subunits (BD 

Biosciences, NJ). The loaded protein amounts were plotted against the densitometry readings 

to ensure that the ECL response was within a linear range of the protein range. All values 

were normalized to actin or VDAC1 as a loading control. Membranes were visualized with 

chemiluminescent reagents on a Kodak 2000MM Imager. Images were analyzed with the 

Kodak Imager 2000MM software provided by the manufacturer.  

Protein determination 

Protein evaluation in liver and brain samples was performed with the Pierce BCA 

protein assay (Thermo Scientific, Waltham MA). A
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Molecular modeling 

The 3D structure of the thiamine transporter was obtained through modelling of the 

primary sequences of the WT and mutant transporter proteins (95, 120) as indicated before 

(38). Modeling of native and mutant protein structures for the transporter was performed with 

I-TASSER (96). The 3D structure was further refined by using ChemDraw. All pdb files were 

visualized using PyMol 1.4.1 (99).  

Statistical analysis 

Summary statistics were expressed as mean ± SEM (95% confidence intervals). 

Individual values are shown in the Supplementary Table 2. Data were obtained from 

triplicates run on different days. Statistical analysis was performed by using the ANOVA 

followed by the Bonferroni’s post-test for multiple comparisons and considering p < 0.05 as 

statistically significant. A G-power analysis has been computed for each outcome with the use 

of the G Power 3.1 software. For all the outcomes tested, the caculated power was ≥ 0.950. 
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Results 

Thiamine transporter protein structure is significantly affected by mutation and 

truncation of primary sequence 

Modeling of the primary sequence for the native protein resulted in a 3D structure 

consistent with the function of a transporter (~12 transmembrane helices; Fig. 1A, C). The 

novel SLC19A3.1 defect in AHE-affected dogs included a 4 basepair insertion and single 

nucleotide polymorphism in exon 2, predicted to result in a frame shift with premature peptide 

termination resulting in a truncation of 279 amino acids of the 498 amino acid present in the 

full length protein (c.624insTTGC, c.625C>A) (109). Modeling of the protein structure of the 

mutant transporter was significantly affected, with almost half of the helices lost due to the 

truncation (Fig. 1B, D). However, the remaining helices did maintain some of the original 

structure suggesting that a limited binding/transport of thiamine might still be possible, 

probably with a lower affinity.  

 

Thiamine deficiency in brain regions from AHE-affected dogs 

Based on the tertiary structure predictions, it was hypothesized that the defective 

SLC19A3.1 may lead to defective thiamine transport ensuing in thiamine deficiency. As 

thiamine deficiency reduces the activities of TPP-dependent enzymes throughout the brain 

(16, 41) and, both, protein and gene expression of SLC19A3.1 are highest in CNS, the activity 

of two TPP-dependent enzymes, namely (cytosolic) transketolase (TK) and (mitochondrial) 

pyruvate dehydrogenase (PDH) were evaluated, as functional markers of thiamine deficiency 

(see methods (29, 30)), in cerebral cortex and thalamus of affected dogs and in cortex of 

control dogs. Due to the unavailability of thalamus from control dogs, and based on the A
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similarities in biochemical and mitochondrial outcomes for thalamus and cortex reported for 

other species (28, 57, 118), comparisons were performed among these three groups.  

The mean TK specific activity in thalamus of affected dogs was 83% of controls 

(Table 1). In cortex of affected dogs, TK activity was 31% and 30% of control values (p < 

0.01), indicating a more profound effect in the cytosol of cortex vs. thalamus (~3-fold; Table 

1). Mean specific activities of TK in both brain regions were lower in affected dogs relative to 

controls; however, they did not show an improvement in activity upon addition of saturating 

levels of TPP. This apparent discrepancy between the relatively negligible effect of TPP 

supplementation on enzymatic activity can be bridged considering that there is an increased 

breakdown of TK after conversion to the apoform (52) explaining the loss of reactivatable 

apoenzyme as it has been described in cases of chronic thiamine deficiency in vivo (83, 117).  

Consistent with the results on TK activity, the mean PDH activity for the affected 

group in both cortex and thalamus was lower than controls regardless of TPP supplementation 

(Table 1). The activity of PDH in thalamus of affected dogs was 36% (without TPP) and 41% 

(with TPP) of control values (p < 0.05 in both cases). Similar deficits in PDH activity were 

observed in cortex of affected dogs (55% without TPP and 59% with TPP of control values). 

To ascertain whether the decreases in PDH activity were the result of lower specific activity 

or lower mitochondrial mass, citrate synthase activity was assessed (42, 69). The activity of 

citrate synthase, which is indicative of mitochondrial mass and integrity, was also 

significantly lower in both cortex and thalamus of affected cases (cortex: 67% and thalamus: 

66%; Table 2). Our results indicated that while both brain regions from affected dogs 

presented lower mitochondrial mass, the decreases in PDH activity in cortex from affected 

dogs were ascribed to decreases in mitochondrial mass (55 to 59% of control PDH vs. 67% A
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citrate synthase activity of controls), whereas the decrease in PDH activity in thalamus was 

the result of a combination of both lower specific activity and decreased mitochondrial mass 

(35 to 41% of control PDH vs. 66% of citrate synthase activity). 

Taken these results together, they indicate that in both brain regions of affected dogs, 

cortex and thalamus, PDH and TK activities were lower than controls suggesting a common 

mechanism. In thalamus of affected dogs, PDH activity (mitochondria) was ~2-fold more 

affected than TK (cytosol) suggesting mitochondria as a major target in this tissue. In cortex 

of affected dogs, while both PDH and TK activities were also signficantly lower than controls, 

the decreases in TK activities were more marked than those observed in thalamus (~2.6-times 

lower). The PDH activity was less affected than TK activity within this tissue and also when 

compared to PDH activity from cortex of affected dogs (~2-fold; Table 1). Thus, cortex form 

affected dogs exhibited enzymatic deficits in cytosol and mitochondria whereas thalamus 

seemed to be mainly affected at the mitochondrial level. 

 

Deficiencies in mitochondrial activities in brain from AHE-affected dogs 

To test the effect of the presence of the mutated thiamine transporter on bioenergetics, 

activities of each individual Complex of the electron transport chain were evaluated in 

thalamus and cortex of affected dogs and in cortex of control dogs (Table 2 and 

Supplementary Table 2). The activities of cytochrome c oxidase (Complex IV) and ATPase 

(Complex V) in cortex from affected dogs were 58% and 44% of control values. In thalamus 

from affected dogs, the activities of Complex IV and V were 42% and 50% of control values, 

similar to those observed in cortex. No statistical differences were observed in the mean 

activities of Complex I or II-III between affected cases and controls, although values for 

Complex II-III in dog #1 (cortex) and dog #3 (cortex and thalamus) were outside of the 95% A
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confidence interval (CI) calculated with control values. To differentiate between changes in 

mitochondrial mass vs. decline in specific respiratory chain Complexes, all activities were 

normalized by citrate synthase activity (Table 3). In cortex, Complex V activity was 66% of 

controls whereas in thalamus both Complex V and IV were decreased (76% and 64% of 

controls, respectively; Table 3). Thus, brain of affected dogs showed lower specific activities 

of Complex IV (thalamus) and V (thalamus and cortex). However, based on Complex IV 

activities (normalized by citrate synthase), thalamus seemed more compromised (1.4-fold) 

than cortex in affected dogs. This finding is consistent with the PDH activities whose deficits 

were more pronounced in thalamus than cortex (vide supra). Of note, none of these Complex 

deficits constituted a criteria for a mitochondrial respiratory chain disorder diagnosis for 

humans because they were above the threshold level (≤ 30% of control values (12)).  

 

Increased oxidative/nitrative stress in brain from AHE-affected dogs 

Considering that TK is an enzyme of the pentose phosphate pathway, and one of the 

functions of this pathway is to provide NADPH to sustain antioxidant defenses, we tested 

whether increased oxidative/nitrative damage was observed in the brain regions of affected 

dogs. To this end, we evaluated tyrosine (Tyr) nitration in Complex V in cortex and thalamus 

because nitration of Tyr
345

 and Tyr
368 

in the beta subunit of ATPase (ATPB) impairs 

significantly its activity (38, 47). The content of [nitrotyrosine]/[ATPB] in affected brain was 

2.4-fold that of control values (average of cortex and thalamus) (Table 4). These results 

indicated that in affected brains, there is an increased protein nitration due to an increased 

oxidative/nitrative stress, not necessarily proportional to TK activities but still increased with 

TK deficits. It is likely that the decline in Complex V activity in both brain regions is partly 

due to increased ATPB Tyr nitration as observed before (38, 47). These results are also A
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supported by the lack of changes in protein expression of the two most abundant subunits of 

Complex V, namely the F1 alpha and ATPB of the ATPase (Fig. 2 and Supplementary Fig. 

2).  

Thalamus from AHE-affected dogs presented a significant lower mtDNA copy 

number/cell (72% of controls; Table 4). The decreases in mtDNA copy number/cell (~30%) 

were less pronounced than those observed for citrate synthase (~2-fold) suggesting that the 

decreases in mtDNA copy number were independent of the decreases in mitochondrial mass. 

Mitochondrial DNA microdeletions, marker for increased DNA oxidative damage, were 

detected in the segment encoding for ND4 in cortex and/or thalamus of the most severely 

affected dogs (#2 and #3; Table 4 and Supplementary Table 2), with no detectable deletions 

in the CYTB gene. Large-scale single or multiple deletions of mtDNA in brain regions from 

affected dogs were excluded using long-range PCR methodology (111)(Supplementary Fig. 

3). Taken together, these results indicated that brain regions from affected dogs showed 

increased oxidative stress-mediated damage probably resulting from a combination of lower 

antioxidant capacity (pentose phosphate shunt) and higher mitochondrial reactive oxygen 

species production by a defective electron transport chain.  
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Discussion 

 In this study we analyzed the biochemical changes in brain bioenergetics of Alaskan 

Huskies affected with AHE. Dogs with AHE presented central nervous system deficits (109) 

including, but not limited to, central blindness, proprioceptive positioning deficits, ataxia and 

tetraparesis (Supplementary Movies 1 and 2). Considering that the dogs developed clinical 

signs similar to thiamine deficiency and that after euthanasia their brains had severe 

enzymatic deficiencies in TPP-dependent enzymes, it is likely that the progression of the 

neurological disease that culminated in death was caused by a localized thiamine deficiency 

originated by the presence a loss-of-function mutation in SLC19A3.1, gene encoding for a 

thiamine transporter.  

 Several studies have indicated a number of symptoms during sub-lethal thiamine 

deficiency, including appetite loss or anorexia (25), memory and learning deficits (62, 63, 92), 

lethargy (34), immune suppression (34), and damage to the blood-brain barrier (20, 46). 

However, these early signs are not pathognomonic of thiamine deficiency and they may be 

overlooked when a well-balanced diet is provided (25) without considering genetic 

susceptibilities to this deficiency (40, 78). 

Thiamin is a water-soluble vitamin with a 9 to 18 day half-life, so a regular dietary 

supply is important (66). In humans, the daily requirement for thiamine in infancy and 

childhood is relatively high and its body stores are limited. For its efficient extraction from 

foods, the vitamin is absorbed in the intestine and transported inside the cells by high-affinity 

thiamine transporters encoded by the SLC19A2 and SLC19A3 genes. Within the cell, thiamine 

is converted to TPP by the cytoplasmic enzyme thiamine pyrophosphokinase (TPK1) and is A
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transported to the mitochondria by a dedicated transporter, encoded by SLC25A19, in 

exchange for thiamine monophosphate. Thus, mitochondrial TPP content is dependent on the 

cytosolic availability of this vitamin, and according to the results presented in this study, brain 

mitochondria represent a very sensitive target for this deficiency (Fig. 3).  

 Our findings are supported by previous studies on patients with Leigh’s syndrome (40) 

and mitochondrial encephalopathy (78), both of which have shown to be linked to thiamine 

transporter-2 defects and to be characterized by lesions in the cortex, basal ganglia, and 

thalamus. Furthermore, thiamin treatment effectively alleviates the symptoms of individuals 

with Wernicke's-like encephalopathy (MIM 606152), a syndrome caused by SLCA19A3 

mutations and characterized by acute onset of epilepsy, ataxia, nystagmus and 

ophthalmoplegia in the second decade of life, a phenotype that resembles the affected dogs’ 

clinical presentation more so than the rodent model of thiamine deficiency (Table 5). Despite 

the behavioral similarities between AHE and Wernicke’s encephalopathy and Korsakoff’s 

psychosis (Table 5), several other symptoms (as well as affected brain areas; Table 6) seem 

different in AHE-affected dogs (no signs of apnea, bradycardia, among others; Table 5), 

suggesting species-specific differences or to the model of thiamine deficiency (organ-specific 

thiamine deficiency in AHE vs. generalized as in the rodent and human models). 

 Although no thalamic tissue was available from controls dogs, the comparison 

between cortex and thalamus should still be valid because (a) no differences in PDHC activity 

or TK distribution were observed in frontal cortex and thalamus from humans or rodents (29, 

57) and (b) expression data on key mitochondrial proteins (i.e., citrate synthase, index of 

mitochondrial mass, NADH dehydrogenase (ubiquinone) Fe-S protein 4, cytochrome c 

oxidase subunit IV, ATP synthase beta subunit) from the gene portal BioGPS (118) reported A
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no differences among these CNS areas.  A second consideration is that, by using whole tissue 

lysates, the information on brain-specific contributions of glia and neurons (4, 51) is no longer 

available.  Although glia-to-neuron ratio of thalamus is different from that in cortex, at least in 

humans (1:1 for  cortex and as high as 17:1 for thalamus, respectively; (4)), with a higher glia-

to-neuron ratio in larger animals’ brains (51), not much variation has been shown in the 

number of neurons per mm
2
 across species (51), possibly making the contribution of the glia 

less significant in smaller animals (i.e. dogs). In the context of TD, both neurons and 

astrocytes have been identified as targets for this deficiency (44, 48, 115) thus de-emphasizing 

a putative cell-specific effect. Accordingly, the more severe outcomes observed in thalamus of 

affected dogs are likely to be ascribed to a tissue-specific distribution of the SLC19A3.1 

transporter rather than to the glia-to-neuron ratio.  

The phenotype associated with AHE, mainly reflected as an encephalopathy, stems 

from the relatively high gene expression of canine SLC19A3.1 in cerebellum, spinal cord and 

cerebral cortex (109), pointing at a very specific and possibly unique function. In humans, 

high expression of SLC19A3 RNA in thalamus has been linked to the selective lesions in this 

tissue displayed by MRI of individuals with mutations in this gene (56, 119). However, other 

factors might contribute to the morbidity of this phenotype. Brain is more sensitive to 

thiamine deficiency than other organs (such as liver or muscle) where more thiamine reserves 

are normally present (thiamine content of brain to liver = 2-3 fold; (5, 9, 28) and even these 

reserves seem to last only 20 days (40); indeed, severe thiamine deficiency manifests as a 

phenotype more consistent with an encephalopathy rather than a liver disease (40, 75, 78, 91). 

In addition, recent advances in thiamine biochemistry indicate that TPP may not be the only 

active form of thiamine (13, 37, 72) explaining some of the tissue-specific symptoms A
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observed in thiamine deficiency (e.g., anorexia). Finally, brain requires a continuous supply of 

thiamine because the blood-brain barrier transport of thiamine occurs mainly as a saturable 

process. Saturable uptake of thiamine occurs at a rate of 0.3 pg x (h x g brain tissue)
-1 

(43), a 

rate similar to that calculated for thiamine turnover in brain (90) suggesting that a fully 

functioning thiamine transport may be just sufficient to maintain normal brain requirements. 

Thus, in front of a primary or secondary thiamine deficiency, the transport of this cofactor 

could be severely affected, and the ensuing metabolic changes will be more severe in brain 

regions such as thalamus (with high expression of SLC19A3) that are destined to manifest 

neuronal cell loss in thiamine deficiency (17, 45, 80, 107).  

 Given that the dog diet was supplemented with both vitamins and minerals, and as 

such, it had adequate amounts of thiamine, then the deficiency observed in TPP-dependent 

enzymes is consistent with the genetic origin of this disorder identified in the transporter 

SLC19A3.1. Moreover, defects at the SLC19A2 (located mainly in the GI tract, resembling the 

tissue distribution of the other canine paralog transporter SLC19A3.2) result in megaloblastic 

anemia, diabetes mellitus, and sensorineural deafness (74), symptoms not observed in AHE-

affected dogs. Considering that a mitochondrial enzyme (PDH) as well as a cytosolic one 

(TK) (both TPP-dependent) presented decreased activities in the affected dogs, the defective 

mitochondrial thiamine transporter (SLC25A19) may have affected functionally SLC19A3 

due to non-saturating concentrations of cytosolic thiamine, resulting in a phenotype that 

resembles more a double KO model. While the biochemical outcomes observed in AHE 

suggest that deterioration of brain energy status (that particularly affects brain because of its 

high dependence on oxidative phosphorylation for their ATP supply (3, 23, 73, 86)), and 

impaired de novo synthesis of Krebs cycle-associated neurotransmitter amino acids (i.e., A
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glutamate, asparatate and GABA (18, 71)) were likely to start the chain of detrimental events, 

other processes likely contributed to AHE morbidity. Among them, increased oxidative stress, 

decreased mitochondrial mass, and mtDNA depletion. Increases in oxidative stress can be 

explained by a lower supply of NADPH resulting from lower TK activity (Fig. 3; (25)). The 

increased oxidative/nitrative stress, evaluated as increases in nitrotyrosine and mtDNA 

deletions, would be expected to add to the progression of symptoms of AHE as observed in 

other cases of thiamine deficiency (19, 20, 25), by inactivating other targets such as aconitase 

(53). The lower mitochondrial mass (as judged by lower citrate synthase activity) might 

indicate an increased autophagy/mitophagy (activated by increased oxidative stress, not 

matched by increases in mitochondrial biogenesis) in an effort to clear damaged mitochondria 

(68). The lower mtDNA copy number observed in thalami of affected dogs could be the result 

of nucleotide pool imbalances between the cytosol (resulting from a defective pentose 

phosphate pathway) and mitochondria, which are critical for both mtDNA replication (1, 81) 

and synthesis of mtDNA-encoded subunits. Indeed, brains of mutant mice with thymidine 

phosphorylase deficiency showed elevated mitochondrial dTTP and developed partial 

depletion of mtDNA, deficiencies of respiratory chain complexes, and encephalopathy (61). 
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Table 1: TK and PDH activities in AHE-affected dog brains
a 

Brain region Enzymatic activity (expressed as mean ± SEM) 

nmol x (min x mg protein)
-1

 

 Transketolase PDH 

 - TPP + 20 mM TPP - TPP + 20 mM TPP 

Control (n = 4) 142 ± 1 161 ± 6 42 ± 4 44 ± 4 

95% CI [140-145] [149-172] [34-50] [36-52] 

Affected Thalamus (n = 2) 118 ± 17 124 ± 10 15 ± 2 18 ± 2 

p-value - < 0.05 < 0.05 < 0.05 

Affected Cortex (n = 2) 44 ± 11 49 ± 9 23 ± 2 26 ± 3 

p-value < 0.01 < 0.01 < 0.01 - 

a
Numbers in bold were < 95%CI (numbers between brackets represent control 95%CI). P-values are 

reported for statistically significant differences between affected thalamus or cortex and 

controls and were obtained with the ANOVA followed by Bonferroni’s post-test for multiple 

comparisons. 
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Table 2: Mitochondrial outcomes in AHE-affected dog brain
a 

Brain region Mitochondrial activities (expressed as mean ± SEM) 

 Complex 

I 

Complex 

II-III 

Complex 

IV 

Complex V Citrate 

synthase  

Control (n = 5) 11 ± 2 14 ± 2 15 ± 1 48 ± 2 214 ± 8 

Affected Cortex (n = 3) 9 ± 1 9 ± 3 8.7 ± 0.5 21 ± 3 143 ± 18 

p-value - - - < 0.01 < 0.05 

Affected Thalamus (n = 3) 11 ± 1 10 ± 4 6.3 ± 0.8 24 ± 8 141 ± 35 

p-value - - < 0.01 < 0.01 < 0.05 

a
Complex I, Complex II-III, Complex IV, and Complex V were expressed as nmol of reduced 

quinone produced x (min x mg protein)
-1

, nmol of reduced cytochrome c x (min x mg protein)
-

1
, nmol cytochrome c oxidized x (min x mg protein)

-1
, nmol ATP hydrolyzed x (min x mg 

protein)
-1

, respectively. Complex II-III activities were evaluated by the succinate-cytochrome 

c reductase activity. Citrate synthase activity was expressed as nmol product x (min x mg 

protein)
-1

. P-values are reported for statistically significant differences between affected 

thalamus or cortex and controls and were obtained with the ANOVA followed by 

Bonferroni’s post-test for multiple comparisons. 
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Table 3: Brain mitochondrial Complexes normalized to citrate synthase in AHE-affected 

dog brain
a 

Brain region Activities normalized to citrate synthase (x 1000) 

 Complex I Complex II-III Complex IV Complex V 

Control (n = 5) 51 ± 8 65 ± 8 70 ± 4 224 ± 10 

95% CI [35-67] [49-81] [62-78] [204-244] 

Affected Cortex (n = 3) 63 ± 9 63 ± 19 61 ± 7 147 ± 24 

Affected Thalamus (n = 3) 78 ± 18 71 ± 29 45 ± 11 170 ± 61 

a
Values taken from Table 2. Numbers are shown as mean ± SEM of the ratios between 

individual Complexes and CS. Values in bold are <95%CI (numbers between brackets 

represent control 95%CI).  
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Table 4: Nitrated ATPase and mtDNA deletions in AHE-affected dog brain
a 

Brain region Mitochondrial outcome (expressed as mean ± SEM) 

 Nitrotyrosine mtDNA copy number mtDNA deletions 

Control (n = 5) 102 ± 30 1383 ± 75 1.00 ± 0.04 

Affected Cortex (n = 3) 

p-value 

220 ± 20 

- 

1496 ± 28 

- 

0.84 ± 0.06 

- 

Affected Thalamus (n = 3) 

p-value 

350 ± 40 

< 0.01 

991 ± 101 

0.05 

0.88 ± 0.14 

- 

a
The nitrotyrosine content of ATP5B was estimated as the optical density of the nitrated band 

normalized to that of ATP5B. The mtDNA copy number was estimated by using the 

mtDNA/nDNA gene copy ratios determined in genomic DNA extracted from each brain 

region of each patient. The mtDNA deletions shown in this Table correspond to those 

observed by qPCR in the segment encoding for ND4. Outcomes for each dog are provided 

under Supplementary Table 2. For more experimental details see Materials and Methods 

Section. P-values are reported for statistically significant differences between affected 

thalamus or cortex and controls and were obtained with the ANOVA followed by 

Bonferroni’s post-test for multiple comparisons. 
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Table 5: Behavioral symptoms of thiamine deficiency in AHE-affected dogs, humans and 

murine model of thiamine deficiency
a 

Behavioral symptoms AHE-affected dogs Humans# Rodent model 

Ataxia + + + 

Central blindness +* +/- nd 

Dysphagia +* +/- nd 

Mental status change +* + + 

Motor incoordination + + + 

Postural dysfunction + + + 

Seizures +* + + 

Tetraparesis +* +/- nd 

Thoracic limb hypermetria + nd nd 

Anorexia - - + 

Opisthotonus - - + 

    

Apnea - + nd 

Bradycardia - + (tachycardia) 

Loss of consciousness - + + 

Nystagmus - + + 

Oculomotor dysfunction - + nd 

    

Anterograde memory loss nd + + 

Depressive symptoms nd - + 

Dysarthria nd + - 

Hearing Loss nd + nd 

Hypotension nd + - 

Retrograde memory loss nd + - 

Startle response nd nd + A
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a
Negative (-); positive (+) indicates absence or presence of a symptom, restively, whereas +/- 

means occasional presence of that symptom. n.d, not determined or not tested. *Indicates 2 

out of 3 dogs presented this symptom. # The symptoms shown for humans are those for 

cerebral beriberi which may lead to Wernicke’s encephalopathy and Korsakoff’s psychosis. 

Shaded cells indicate shared symptoms between the dog and other species. Adapted from 

(110). 
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Table 6. Comparison of brain pathology between AHE-affected dogs and, human and murine 

models of thiamine deficiency
a 

 

Brain area AHE-affected dogs Humans Rodents 

    

Cerebellum + - + 

Corpus callosum - - + 

Cranial nerve nuclei - - + 

Frontal cortex + - + 

Mammillary bodies - + + 

Medulla + - + 

Parietal cortex + - + 

Periaqueductal gray - + + 

Red nucleus - - nd 

Striatum + - nd 

Tectum - + + 

Thalamus + + + 

a
Positive (+) and negative (-) signs indicate atypical and typical areas, respectively, as judged by 

neuropathology and/or neuroimaging. nd, not determined. Shaded cells indicate shared pathology 

between AHE-affected dogs and models of thiamine deficiency. Adapted from (110). 
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Figure legends 

Figure 1. 3D structure of thiamine transporter 

The models were obtained by using I-TASSER and further refinement by ChemDraw. The 

TM-score was 0.51±0.15 and RMSD was 11.4 ± 4.5 Å for WT transporter. Native (A and C) 

and mutant (B, D) conformation. A and B: side view of the transporter. C and D: top view of 

the model with thiamine bound to them shown in sticks. 

 

Figure 2. Expression level of ATPase alpha and beta subunits in brain 

Panel A. Protein samples from cortex controls (n = 5) and cortex and thalamus patients (n = 3) 

were run on a 12% SDS-PAGE. The samples were blotted to membranes and probed for 

ATPase F1 alpha and beta subunits. Representative, images of full membranes for both 

ATPase subunits are shown in Supplementary Fig. 2. Panel B. The optical density for each 

band from panel A was determined using the software provided by the manufacturer of 

Kodak2000MM and densitometry was obtained with the use of the Carestream software. The 

ratios were obtained for both controls and patients, and the mean ± SEM were plotted as a bar 

graph. No statistical differences were found between each of the two analyzed brain region 

and controls. 

 

Figure 3. Molecular network linking a defective thiamine transporter 2 to increased ROS 

production and defective OXPHOS  

Thiamine is absorbed in the intestine and transported by high-affinity thiamine transporters 

encoded by the SLC19A2 and SLC19A3 genes inside the cell, where it is converted to 

thiamine pyrophosphate (TPP) by the cytoplasmic enzyme thiamine pyrophosphokinase A
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(TPK1). Whithin the cytosol, TPP acts as a cofactor for transketolake (TK), enzyme of the 

pentose phosphate pathway providing reducing equivalents in the form of NADPH to sustain 

fatty acid synthesis and antioxidant defenses (such as glutathione peroxide-reductase system) 

and ribose-5P, essential precursor in the biosynthesis of nucleotides. TPP is also transported 

inside the mitochondria by a dedicated transporter, encoded by SLC25A19. Whithin the 

mitochondria, TPP acts as a coenzyme for both PDH, in the conversion of pyruvate into 

acetyl-CoA, feeding the Krebs cycle, and for α-ketoglutarate dehydrogenase (KGDH), a 

highly regulated enzyme that catalyzes the conversion of α-ketoglutarate to succinyl-CoA, 

producing NADH and providing electrons for OXPHOS and for branched –chain amino acid 

dehydrogenase (not shown). Defective transport of thiamine inside the cells, due to a mutation 

of SLC19A3.1 will eventually lead to (i) increased oxidative stress, due to both decreased 

synthesis of NADPH (one of the major players involved in the protection against ROS 

toxicity) and defective ETC-dependent increased ROS production; (ii) lower OXPHOS, due 

to lower PDH activity, defective entry to Krebs cycle and decreased NADH levels and (iii) 

lower mitochondrial mass, probably due to increased autophagy/mitophagy (activated by 

increased oxidative stress, not accompanied by increased mitochondrial biogenesis) in an 

effort to clear damaged mitochondria. 
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