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Supplementary Figure 1. Pyridoxine deficiency has no effects on total exploratory activity in control and 

Pyr-def mice; data were analyzed with two-way ANOVA followed by Bonferroni post-tests (n = 7 per 

group). 
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Fig. 1. Pyridoxine deficiency (Pyr-def) decreases serum and brain PLP levels, novel object recognition 

memory, and monoamine levels in the hippocampus. (A) PLP concentration in serum and brain regions 

(cerebral cortex, hippocampus and thalamus); data are analyzed with the Student’s t-test (n = 20 per 

group; *p < 0.05). (B) Exploration time for familiar and new objects and the discrimination index in 

control and Pyr-def mice; data were analyzed with two-way ANOVA followed by Bonferroni post-tests 

(n = 7 per group; *p < 0.05, significant difference between familiar and new object, #p < 0.05, significant 

difference between control and pyr-def group) and Student’s t-test (n = 7 per group; *p < 0.05). (C) 5-

Hydroxytryptamine (5-HT), its metabolite (5-HIAA), and ratio (5-HIAA/5-HT) in the hippocampus of 

control and Pyr-def mice measured with HPLC analysis (n = 7 mice per group; *P < 0.05). (D) Levels of 

3,4-Dihydroxyphenethylamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid 

(HVA), and ratio (DOPAC/DA and HVA/DA) in the hippocampus of control and Pyr-def mice 

measured through HPLC analysis (n = 7 mice per group; *P < 0.05). 

 

3.4. Effects of pyridoxine deficiency on Ki67 and DCX immunoreactivity 

 

In the control and Pyr-def groups, Ki67-positive proliferating cells were found in the subgranular zone of the 

dentate gyrus. However, the number of Ki67-positive cells in the Pyr-def group was 49.6% (p = 0.0006) of that in 

the control group (Fig. 2A). 



 

 

 

3 

In the control and Pyr-def groups, cell bodies of DCX immunoreactive neuroblasts were found in the 

subgranular zone of dentate gyrus and their dendrites extended into the molecular layer of dentate gyrus. In the 

Pyr-def group, DCX immunoreactive neuroblasts and their dendrites were less abundantly observed and DCX 

immunoreactivity was significantly decreased to 72.8% (p = 0.0348) of that in the control group (Fig. 2B). 

 

Fig. 2. Pyridoxine deficiency (Pyr-def) decreases Ki67-positive proliferating cells and doublecortin- 

(DCX) immunoreactive neuroblasts in the dentate gyrus. (Upper) Photomicrographs of Ki67-positive 

structures in the dentate gyrus of control and Pyr-def mice. Scale bar = 50 μm. The number of Ki67-

positive nuclei is counted in 5 sections located in every 90-μm intervals (n = 7 mice per group; *P < 0.05). 

(Lower) Photomicrographs of DCX-immunoreactive structures in the dentate gyrus of control and Pyr-

def mice. Scale bar = 50 μm. Relative optical density (ROD) corresponds to the percentage of DCX 
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immunoreactivity value in the dentate gyrus of the control group (n = 7 mice per group; *P < 0.05). All 

data are expressed as mean ± SEM. 

 

3.5. Protein identification by 2D-DIGE followed by MALDI-TOF MS in the hippocampus 

 

In control and Pyr-def groups, 449 and 468 of total spots were detected, respectively, in the in-gel module and 

378 spots were paired. Among these 378 paired spots, a total of 20 spots increased more than two-fold, while 21 

spots were decreased (Fig. 3A).  

Based on SWISS-PROT and NCBInr databases, 10 spots showed no significant hits to report because of small 

amounts of peptide. The other 31 spots were identified based on MALDI-TOF MS analysis and are listed in Tables 

1 and 2. Among these identified candidate proteins, we considered several factors such as the number of matched 

peptides, coverage, and the theoretical MOlecular Weight Search (MOWSE) score. The most reliable proteins, 

which had high number of peptides matched in the identified protein and protein sequence coverage, were V-type 

proton ATPase subunit B, brain isoform (ATP6V1B2) and heat shock cognate protein 70 (HSC70). The standard 

abundance values of ATP6V1B2 were significantly lower, while those of HSC70 were significantly higher in the 

Pyr-def group compared to the control (Fig. 3A). 

 

3.6. Validation of identified proteins by Western blot 

 

The expression of ATP6V1B2 and HSC70 was validated by Western blot analysis. ATP6V1B2 expression 

was significantly decreased in the hippocampal homogenates of the Pyr-def group by 61.2% of that in the control 

group. In contrast, HSC70 protein levels in the Pyr-def group were significantly increased to 156.3% of those in 

the control group (Fig. 3B). 



 

 

 

5 

 

Fig. 3. Two dimensional gel electrophoresis (2DE) and subsequent matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis of the hippocampus 

of control and pyridoxine deficient diet fed mice. (Left) 2DE gels are enlarged and each panel shows an 

enlarged view of 2DE gel spots that were expressed differentially (arrowheads and arrows are 

ATP6V1B2 and HSC70, respectively). (Right) Western blot analysis of differentially expressed proteins 

(ATP6V1B2 and HSC70) in the hippocampus of control and Pyr-def mice (n = 6 per group; *P < 0.05, vs. 

vehicle-treated group). All data are shown as the ratio to control group ± SEM. 

 

Table 1. Identified candidate proteins in hippocampal homogenates decreased after 

pyridoxine-deficient diet treatment more than two-folds. Note that only V-type proton 

ATPase subunit B2 (ATP6V1B2) shows more than 20 peptides matched in the identified 

protein and protein sequence coverage. 

Proteins 

(gI accession 

number) 

Number of peptides 

matched in the 

identified protein 

Protein sequence 

coverage (%) 

pI, Mr 

(kDa) 

MOWSE Fold 

decrease 

APG-1 

(705391) 

1 1 5.53, 

95.3 

39  

Zinc finger protein 

831 

1 0 8.18 

176.1 

40 2.3 
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(150010581) 

Murine valosin-

containing protein 

(55217) 

 

3 3 5.14 

89.9 

105 2.5 

Heat-shock protein 

hsp84 

(194027) 

2 3 4.95 

83.5 

89 2.0 

V-type proton 

ATPase subunit B2 

(17105370) 

 

38 25 5.57 

56.9 

638 2.3 

Vacuolar adenosine 

triphosphatase 

subunit B 

(1184661) 

 

1 2 5.57 

56.9 

45 3.1 

Acyltransferase 

(1129118) 

1 2 8.88 

53.5 

48 2.8 

Anti-DNA 

immunoglobulin 

light chain IgG 

(1870366) 

 

1 8 9.11 

11.1 

39 2.1 

Poly(rC)-binding 

protein 1 

(6754994) 

 

1 2 6.66 

38.0 

40 2.2 

Guanine nucleotide-

binding protein 

G(I)/G(S)/G(T) 

subunit beta-1 

(6680045) 

 

12 12 5.60 

38.2 

243 8.8 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

1 1 8.14 

48.4 

34 3.0 
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(2494630) 

 

Charged 

multivesicular body 

protein 4b 

(2807749) 

 

2 11 4.76 

24.9 

85 2.1 

Voltage-dependent 

anion-selective 

channel protein 2 

(6755965) 

 

3 7 7.44 

32.3 

102 3.4 

Serine-threonine 

kinase receptor-

associated protein 

(4063383) 

 

1 3 4.99 

38.8 

36 2.8 

Osmotic stress 

protein 94 

(1098541) 

5 5 5.50 

95.2 

215 3.3 

 

 

Table 2. Identified candidate proteins in hippocampal homogenates increased after 

pyridoxine-deficient diet treatment more than two-folds. Note that heat shock cognate 

protein 70 (HSC70) and heat shock-related 70 kDa protein 2 shows more than 20 peptides 

matched in the identified protein and protein sequence coverage. 

Proteins 

(gI accession 

number) 

Number of peptides 

matched in the 

identified protein 

Protein sequence 

coverage (%) 

pI, Mr 

(kDa) 

MOWSE Fold 

increase 

NADH 

dehydrogenase 

(13879366) 

2 2 5.51 

80.7 

68 2.0 

Heat shock cognate 

protein 70  

(309319) 

 

49 29 5.37 

71.0 

1066 2.4 
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Heat shock-related 70 

kDa protein 2 

(31560686) 

 

20 21 5.51 

69.9 

620 3.5 

Dihydrolipoamide 

dehydrogenase 

(2078522) 

 

1 2 7.97 

54.7 

41 2.3 

ATP synthase subunit 

alpha, mitochondrial 

precursor 

(6680748) 

 

10 9 9.22 

59.8 

308 2.7 

Aldehyde 

dehydrogenase, 

mitochondrial 

isoform 1 precursor 

(6753036) 

 

2 3 7.53 

57.0 

96 2.0 

Type II keratin 

subunit protein 

(4159806) 

 

1 1 8.97 

65.7 

40 2.8 

Spermatogenesis-

associated protein 7 

homolog isoform 1 

1 1 6.23 

66.2 

34 3.0 

ATP-specific 

succinyl-CoA 

synthetase beta 

subunit 

16 13 5.65 

46.6 

366 3.6 

Protein phosphatase 

type 2A catalytic 

subunit alpha isoform 

(3342500) 

 

1 2 5.30 

36.2 

48 2.4 

Histidine triad 

nucleotide-binding 

protein 1 

1 11 6.36 

13.9 

41 2.1 
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(33468857) 

 

Epidermal keratin 

subunit I, partial 

(387397) 

 

17 8 5.01 

58.0 

304 4.0 

2-Oxoglutarate 

dehydrogenase-like, 

mitochondrial 

(568987556) 

2  83.2 96 2.4 

 

 

4. Discussion 

 

Pyridoxine is one of the essential elements during brain development and acts as a cofactor in synthesizing 5-

HT, norepinephrine, DA, melatonin, and other neurotransmitters. Several lines of evidence demonstrate 

abnormalities in locomotor and learning behavior in offspring when maternal pyridoxine deficiency is induced 

[30-32]. Maternal pyridoxine deficiency significantly reduces serotonergic [33] and DAergic activity [34, 35] as 

well as increases plasma homocysteine levels by reducing cystathionine synthase activity in pups [36, 37]. In 

contrast, adult animals show relative resistance to pyridoxine deficiency in adulthood [38], although vitamin B6 

deficiency affects T-lymphocyte cell numbers, decreases IL-2, and increases IL-4 in spleen lymphocytes [39]. In 

the present study, we focused upon the effects of pyridoxine deficiency on hippocampal functions during the 

juvenile and young adult periods. Pyr-def diet significantly reduced serum PLP levels to nearly undetectable levels 

in all animals and PLP levels were significantly decreased in the cerebral cortex, hippocampus, and thalamus in 

Pyr-def diet fed mice. This results showed that Pyr-def animal model was successfully established with consistent 

results with those of previous studies [39].  

In the present study, we observed the effects of pyridoxine deficiency on novel object recognition memory to 

assess the hippocampal function [40]. Pyridoxine deficiency significantly reduced the novel object recognition 

memory, based on the difference in the discrimination index between the Pyr-def and control groups. An electron 

microscopy study shows axonal swellings in vitamin B6-deficient rats [41]. Moreover, dietary deficiency of folate, 

vitamin B6, and B12 significantly increases Aβ deposits in the hippocampus [42]. In line with these reports, 

pyridoxine improves novel object recognition memory in healthy mice [10] and spatial memory in isocarbophos-

induced vascular dementia rats tested on the Morris water maze [43]. In addition, PLP phosphatase knockout 
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mice exhibit improved spatial learning and memory compared to controls [22]. Although a previous study showed 

that maternal pyridoxine deficiency affects hippocampal electrical activity in offspring [24], our study provides 

new insight into memory impairment induced by pyridoxine deficiency in juvenile and young-adult mice. 

Maternal pyridoxine deficiency decreases serotonergic [33] and DAergic [34, 35] signaling. In this study, we 

investigated the effects of pyridoxine deficiency in 5-HT, DA, and their metabolite levels in adulthood. We 

observed the reduction of 5-HT levels in the hippocampus, although no statistical significance was detected 

between control and Pyr-def fed groups. In addition, 5-HIAA levels showed similar content in both groups. This 

result suggests that pyridoxine deficiency decreased the 5-HT levels, not its metabolism, in the hippocampus. 

Constitutive depletion of 5-HT results in deficits in novel object recognition memory [44] and targeting of the 

serotonergic terminal in the hippocampus impairs spatial memory [45]. In contrast, activation of the serotonergic 

terminal in the hippocampus improves the spatial memory [45]. We also observed that pyridoxine deficiency 

resulted in significant reduction of DA levels in the hippocampus compared to the control group, although the 

levels of the metabolites DOPAC and HVA did not demonstrate any significant changes between groups. DA 

innervations of the hippocampus from locus coeruleus are involved in spatial learning and memory [46], while 

depletion of DA significantly decreases the novel object recognition memory in mice [47].  

Next, we investigated the effects of pyridoxine deficiency on proliferating cells and neuroblasts in the dentate 

gyrus because the recognition memory is closely related to hippocampal neurogenesis [48]. Pyridoxine deficiency 

significantly reduced the Ki67-positive proliferating cells and DCX-immunoreactive neuroblasts compared to 

those in the control group. Maternal pyridoxine deficiency decreases the total number of neurons in the neocortex 

and reduces the dendrites in postnatal rat pups [49]. In agreement with this, we previously demonstrated that 

pyridoxine treatment significantly increases proliferating cells and differentiated neuroblasts in the dentate gyrus 

[10, 12]. Collectively, these results suggest that pyridoxine is an essential element to hippocampal neurogenesis. 

To identify the possible regulatory proteins of pyridoxine deficiency in the hippocampus, we conducted 2-DE 

and subsequent MALDI-TOF analysis. We found ATP6V1B2 and HSC70 as candidate proteins involved in 

pyridoxine regulation based on high coverage and MOWSE scores. Validation by Western blot analysis showed 

that pyridoxine deficiency significantly decreased ATP6V1B2 expression in the hippocampus, while HSC70 was 

significantly increased in the Pyr-def group compared to that in the control group. ATP6V1B2 is ubiquitously 

expressed in the brain [50] and is related to synaptic transmission [51]. Atp6v1b2 knock-in mice show cognitive 

defects in the passive avoidance and novel object recognition tests [52] and the ATP6V1B2 rs1106634 A allele is 

a risk factor in hippocampal cognitive deficits [53]. HSC70 is upregulated in Alzheimer’s disease brains [54]. A 
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HSC70 inhibitor improves the novel object recognition memory in Alzheimer’s disease mice [55] and decreases 

the levels of the tau protein [55-58].  

In conclusion, pyridoxine deficiency affects the novel object recognition memory and hippocampal 

neurogenesis, which are associated with the decrease of ATP6V1B2 and increase of HSC70 levels in the 

hippocampus. Collectively, pyridoxine is an essential element in neurogenesis and hippocampal cognitive 

functions. 
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