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Administration of BDNF in rats has also been reported to reduce 
the expression of tumor necrosis factor alpha (TNF-α), an inflam-
matory molecule, while increasing levels of anti-inflammatory 
cytokines. This suggests that BDNF may reduce ischemic dam-
age by reducing inflammation (Jiang et al., 2011). Finally, BDNF 
can inhibit neurotoxicity induced by glutamate in cultured cortical 
neurons by accumulating in dendrites to activate the tyrosine ki-
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Recovery following stroke is dependent on several factors, including neuroplasticity. Dietary supplementation with folic acid impacts 
neuroplasticity. Folic acid is a B-vitamin and is a major component of one-carbon metabolism. The aim of this study is to determine 
the impact of one-carbon supplementation on neuroplasticity after ischemic stroke using a mouse model.  Neuroplasticity was assessed 
by comparing levels of brain-derived neurotrophic factor (BDNF) and growth differentiation factor 11 (GDF-11) in a mouse model of 
ischemia. The supplemented diet (SD) contained higher levels of folic acid, riboflavin, vitamin B12, and choline. After ischemic dam-
age, within the damage site, we report that SD mice had increased levels of BDNF compared to control mice. Results also indicated a 
trend for increased GDF-11 in SD animals; however, these results were not statistically significant. Combined with previous results, 
this study suggests that supplementation with folic acid, vitamin B12, riboflavin, and choline may promote post-stroke neuroplasti-
city through increasing levels of BDNF. Increased levels of BDNF may be attributed to the protein kinase A (PKA) mechanism. Fu-
ture research could focus on optimizing neuroplastic effects by altering concentrations and determining the time frame during which 
treatment is most effective. Additionally, treatment efficacy with vitamins and nutrients could be assessed in stroke-affected patients. 
By understanding the role of these vitamins in post-stroke plasticity, novel and safe therapies may be applied to affected patients.  

INTRODUCTION
Stroke is the second leading cause of death worldwide and third 
leading cause of death in the industrialized world, posing a great 
burden to health care systems (Corbett et al., 2015; Dirnagl et al., 
1999). Ischemic stroke is characterized by a reduction in cerebral 
blood flow resulting in poor glucose and oxygen delivery to the 
brain, leading to neuronal and astrocyte cell death (Dirnagl et al., 
1999; Table 1).

New approaches for reducing the burden of stroke focus on 
promoting post-stroke plasticity. Neural plasticity refers to the 
brain’s ability to adapt to new circumstances, such as acquiring 
a learning a different skill (e.g. riding a bicycle). Neuroimaging 
studies in human patients have demonstrated neural plasticity dur-
ing post-stroke recovery by uncovering functional changes in be-
havior (Hara, 2015). Post-stroke neuroplasticity is thought to oc-
cur due to changes in synaptic activity, gene expression, and cell 
signaling (Hara, 2015). An important marker for neural plasticity 
is brain-derived neurotrophic factor (BDNF) (Cohen-Cory et al., 
2010). Studies have shown that neurons made to produce addi-
tional BDNF are protected from apoptosis (Zhang et al., 2011). 

Term Definition

Astrocyte Glial cells that support the blood-brain barrier 
and provide nutrients to neurons

Tumor Necrosis Fac-
tor Alpha (TNF-α)

Inflammatory molecule that exacerbates isch-
emic injury

Excitotoxic cell death Neuronal death induced by overstimulation of 
NMDA receptors

Tyrosine kinase 
receptor B (TrkB)

Family of receptors that respond to neuro-
trophins 

Transforming Growth 
Factor beta (TGF-β)

Cytokine that controls cell proliferation, differ-
entiation, and apoptosis

Homocysteine Non-protein amino acid synthesized from me-
thionine through removal of a methyl group

Protein Kinase A 
(PKA)

Enzyme family responsible for cellular re-
sponses from the cAMP second messenger 
pathway

Nerve Growth Factor 
(NGF)

Family of growth factors responsible for 
growth, survival, and neuronal plasticity.

Table 1. Definitions of technical terms used in the current study.
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nase receptor B (TrkB), protecting neurons from excitotoxic cell 
death, as a result of stroke (Chen et al., 2013; Crozier et al., 2008). 

Growth differentiation factor 11 (GDF-11) is a member of 
the transforming growth factor beta (TGF-ß) superfamily of mol-
ecules, which has recently been reported to reduce age-related 
changes in muscles and the brain (Brun and Rudnicki, 2015; 
Horbelt et al., 2012; Katsimpardi et al., 2014; M. Zhang et al., 
2018). Reduced levels of GDF-11 have also been reported in the 
middle cerebral artery occlusion (MCAO) mouse model of stroke, 
although the role of GDF-11 in ischemic stroke is not well defined 
(Chauhan et al., 2016).

Environmental factors such as diet also have a large impact 
on brain plasticity (Murphy et al., 2014). One potential therapy for 
increasing post-stroke plasticity is nutrition, specifically the use 
of folic acid, a B-vitamin, which has been reported to reduce the 
risk of stroke in adults with hypertension (Huo et al., 2015). Folic 
acid decreases level of homocysteine, which has been linked to 
increased risk of stroke (Castro et al., 2006). Elevated levels of 
homocysteine may alter synaptic function by activating glutamate 
receptors and promoting excitotoxicity (Lipton et al., 1997). Folic 
acid may combat ischemic damage by decreasing levels of homo-
cysteine to limit its oxidative stress and excitotoxicity. 

Another important function of folic acid is the generation 
of methyl groups for DNA methylation. It has been reported that 
DNA methylation can control BDNF expression during forebrain 
development in mice (Dennis and Levitt, 2005; Iskandar et al., 
2010). Animals deficient in vitamin B12 have reduced levels of 
neurotrophic factors, such as BDNF (Sable et al., 2011). In ad-
dition, B-vitamins have a protective effect (Selhub, 2002), more 
specifically, they have been reported to elevate mRNA levels of 
GDF-11 in rat skeletal muscle (Suidasari et al., 2017). 

Another component of one-carbon metabolism is the nutri-
ent choline, which is an important molecule in transmethylation 
metabolic pathways. Choline reduces levels of homocysteine by 
converting it to methionine (Niculescu and Zeisel, 2002). Ribofla-
vin, commonly known as vitamin B2, also demonstrates a protec-
tive effect as it is thought to protect brain tissue from oxidative 
ischemic distress (Mack et al., 1995). Furthermore, folic acid has 
been implicated in axonal regeneration after injury to the spinal 
and optic axons in vivo (Iskandar et al., 2010). Due to the potential 
of B-vitamins and choline in promoting neuroplasticity and post-
stroke recovery, it is beneficial to investigate the efficacy of these 
treatments for stroke. The purpose of this study is to investigate 
whether B-vitamin and choline supplementation increases plastic-
ity after ischemic damage in a mouse model. 

MATERIALS AND METHODS
Animals
All experiments were conducted in accordance with the Canadian 
Council of Animal Care. The experiments were performed in a 
randomized manner. At the age of one month, wildtype male mice 
were placed on either a control diet (CD, 2 mg/kg folic acid) or 
a folic acid deficient diet (FADD, 0.3 mg/kg folic acid) for four 

weeks preceding damage. Following damage, the FADD mice 
were placed on a supplemented diet (SD, 5 mg/kg folic acid) and 
the CD mice remained on the CD. In addition to higher levels of 
folic acid, the SD contained increased levels of riboflavin (10 mg/
kg diet; Agte et al., 1998), vitamin B12 (0.5 mg/kg diet; Wolff 
et al., 1998), and choline bitartrate (4950 mg/kg diet) compared 
to control diet. Levels of choline were based on previous studies 
(Craciunescu et al., 2003). In the present study, we used choline 
bitrate, and not choline chloride because of availability. The diets 
were custom-formulated by Envigo (Envigo, Madison, WI). The 
mice were maintained on the SD for four weeks following isch-
emic damage after which brain tissue was collected. 

Figure 1. The impact of supplemental diet (SD) after ischemic damage 
on brain-derived neurotrophic factor (BDNF). Representative images 
of brain tissue stained with BDNF (red) and DAPI (blue) at the damage 
site from CD (A) and SD (B) mice. Quantification of BDNF and DAPI 
positive cells within the damage site (C). * indicates a p < 0.05. All pic-
tures at 400X magnification, scale bar = 50 µm.
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Photothrombosis
The procedure for photothrombosis was followed using the method 
previously described (Labat-gest and Tomasi, 2013). Briefly, the 
mice were anaesthetized with 3.5 - 4% isoflurane in an induction 
chamber. In preparation, the mouse head was shaved and disin-
fected, then moved to a stereotaxic frame. To maintain anesthesia, 
a face mask was used at 1.5 - 2% isoflurane. In addition, a tempera-
ture probe and heating pad was used to maintain body temperature 
at 36°C. Five minutes before exposure to the laser Rose Bengal 
was injected intraperitoneally. To induce ischemia, a 532 nm laser 
light was placed and shone 2 cm above the sensorimotor cortex for 
15 min. Afterwards, animals were returned to their home cages. 

Analysis of Brain Tissue
After ischemic damage was induced using photothrombosis, brain 
tissue from four mice per group was sectioned (30 μm thick) and 
stained with anti-BDNF (BDNF, 1:100) (AbCam, Cambridge, 
MA), or anti-GDF-8+11 (1:100) (AbCam, Cambridge, MA). All 
brain tissue was co-stained with DAPI (1:10,000) (ThermoFisher, 
Waltham, MA), a nuclear stain, or anti-neuronal nuclei (NeuN, 
1:200) (AbCam, Cambridge, MA), for neuronal nuclei quantifica-
tion (Gusel’nikova and Korzhevskiy, n.d.; Tarnowski et al., 1991). 
Staining was visualized using a microscope (Zeiss) and all images 
were collected at 40X magnification. Within the damage site, Im-
ageJ (Rueden et al., 2017) was used to quantify incidence of co-
localization of BDNF with DAPI and GDF-11 and NeuN cells in 
both CD and SD brain tissue. 
Statistics
Data analysis was performed by two individuals blinded to experi-
mental groups. Statistical analysis was performed using GraphPad 
Prism 6.0 (GraphPad Software, La Jolla, CA). Unpaired t-tests 
were used to compare the means between SD and CD mice. All 
data are presented as mean ± standard error of the mean (SEM). 
Statistical tests were performed using a significance level of 0.05. 

RESULTS
Approximately 30 days after photothrombosis, analysis of the total 
BDNF co-localized with DAPI took place. Within the lesion area, 
mice on the SD had more BDNF positive cells compared to the 
CD animals (Figure 1; t(3) = 5.05, p < 0.05). Total BDNF levels 
include levels in both neurons and astrocytes. Additionally, we ob-
served a trend for increased levels of GDF-8/11 co-localized with 
NeuN cells of SD mice compared to those of CD mice within the 
damage area (Figure 2; t(3) = 2.09, p = 0.09).

DISCUSSION
In this study, we found that mice maintained on a SD after isch-
emic damage had increased levels of BDNF within neurons and 
astrocytes at the damage site compared to CD mice. Interestingly, 
there was also a trend for increased levels of neuronal GDF-8/11 
within the damage site of SD mice compared to CD mice. 

The photothrombotic mouse model is reproducible and used 
to study ischemic damage due to the well-defined ischemic regions 
produced and rapid progression of ischemic cell death (Dietrich et 
al., 1986; Fluri, 2015; Watson et al., 1985). Yet, a limitation of the 
photothrombotic model in accurately mimicking human stroke as 
strokes are typically caused by blood flow interruption (Labat-gest 
and Tomasi, 2013). Additionally, in some stroke patients, sponta-
neous reperfusion may cause secondary damages, which cannot 
be investigated using this model (Labat-gest and Tomasi, 2013). 
Nonetheless, this model is useful in the study of plasticity, as it 
allows processes in the perilesional area to be studied and aids in 
the investigation of neuronal repair following stroke (Kleinschnitz 
et al., 2015). 

The results from our study suggest that the effects of folic acid 
on post-stroke neuroplasticity in mice are mediated by BDNF. The 

Figure 2. The impact of supplemental diet (SD) after ischemic dam-
age on growth differential factor (GDF-8/110). Representative images 
of brain tissue stained with GDF-8/11 (red) and neuronal nuclei (NeuN; 
green) at the damage site from CD (A) and SD (B) mice. Quantification 
of GDF-8/11 and NeuN positive cells within the damage site (C). All pic-
tures at 400X magnification, scale bar = 50 µm.
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data demonstrates that B-vitamins, including folic acid, riboflavin 
and vitamin B12, as well as choline supplementation can influence 
neuroplasticity in the adult central nervous system, indicating that 
these effects are not confined to the embryonic period. This aligns 
with the outcome of previous experiments on the effects of folic 
acid supplementation on axonal regeneration in the adult mouse 
spinal cord (Guseva et al., 2008; Iskandar et al., 2010). Elevated 
levels of GDF-11 may also demonstrate a neuroprotective effect. 
Brain GDF-11 levels decline after stroke and with age (Chauhan 
et al., 2016). However, supplementation with rGDF-11 has been 
reported to improve post-stroke injury in mice, suggesting that 
increasing dietary levels of B vitamins and choline may exhibit 
neuroprotective effects due to elevation of GDF-11 levels (Chau-
han et al., 2016). Additionally, GDF-11 may protect against endo-
thelial injury through an anti-inflammatory effect, contributing to 
improved stroke recovery (Mei et al., 2016).

The mechanism by which BDNF levels are increased through 
B-vitamin and choline dietary supplementation must be further 
explored. A study on the neuroblastoma cell line found that H-89 
suppressed the neuroprotective effects of folic acid against dexa-
methasone-induced neurotoxicity in mice (Budni et al., 2011). A 
competitive inhibitor of protein kinase A (PKA), H-89 competes 
with ATP for binding to the catalytic subunit (Chijiwa et al., 1990). 
In turn, PKA is involved in various physiological functions in the 
brain, including neurotransmitter release, gene expression, syn-
aptic plasticity, memory, cell growth and differentiation, and cell 
survival (Xue et al., 2016). These PKA-mediated functions oc-
cur through the phosphorylation of substrates such as the cAMP 
responsive element binding protein (CREB), which is known to 
cause the expression of BDNF upon activation (Xue et al., 2016). 
Thus, BDNF levels may be raised in mice fed folic acid-supple-
mented diets through the activation of PKA. Additional mecha-
nisms behind stroke rehabilitation include the link between folic 
acid and reduced oxidative stress as well as prevention of neu-
rotoxicity (Cagnacci et al., 2015; Lipton et al., 1997). Folic acid 
has been reported to prevent neurotoxicity induced by glutamate 
and the glutamate receptor NMDA in cultured mouse cerebel-
lar granule neurons (Lin et al., 2004). In an axonal regeneration 
study, folate-mediated regeneration was dependent on the induc-
tion of the folate receptor alpha (Folr1). Therefore, it is necessary 
to further investigate the mechanisms by which Folr1 encourages 
axonal regeneration (Iskandar et al., 2010). Riboflavin may also 
exert its neuroprotective effect by raising the levels of BDNF, as a 
riboflavin-supplemented diet was found to increase BDNF levels 
in a mice model of multiple sclerosis (Naghashpour et al., 2016). 
Interestingly, vitamin B12 may not contribute to higher levels of 
BDNF since vitamin B12 supplementation has shown lower cor-
tex BDNF levels compared to those of a control group (Rathod et 
al., 2016). However, vitamin B12 and omega-3 fatty acid supple-
mentation was found to increase levels of the neurotrophin nerve 
growth factor (NGF), suggesting that NGF is a potential target 
molecule for analysis in further studies on B vitamin supplementa-
tion, neuroplasticity, and stroke (Rathod et al., 2016). The actions 

of choline in the supplemented diet may be similar to those of oth-
er B vitamins participating in one-carbon metabolism, thus lower-
ing serum levels of homocysteine (Niculescu and Zeisel, 2002). 
In folate-deficient individuals, more methyl groups are used from 
choline in methylation of homocysteine (Niculescu and Zeisel, 
2002). Choline might also provide protection after ischemic stroke 
by facilitating angiogenesis (Jin et al., 2015). 

Much of the current literature focuses on how folic acid can 
lower stroke risk, but few studies investigate at the relationship be-
tween B vitamins and choline with post-stroke rehabilitation. The 
use of folic acid and other B vitamins as a therapy is promising, 
and its safety makes it a valuable alternative treatment for reha-
bilitation. While the results from this experiment are significant in 
showing the relationship between dietary supplementation of B-vi-
tamins and choline on post-stroke neuroplasticity, there are further 
areas of research that must be explored. When recovering, many 
human patients make rapid gains in the first few weeks following 
ischemia, only to have their recovery plateau (Corbett et al., 2015). 
Studies have shown that there is a critical period for recovery dur-
ing which therapies are most effective when applied (Corbett et 
al., 2015). It is important to understand the window during which 
the optimal effects of B vitamin and choline supplemented thera-
pies may be realized. It is also important to investigate the ideal 
dosage for post-stroke plasticity. In a study of mice investigating 
the effects of folic acid on dexamethasone-induced neurotoxicity, 
maximum protection was achieved at a concentration of 300 μM 
of folic acid, resulting in a 29% protection rate (Budni et al., 2011). 
In another study, folic acid applied at a concentration of 80 μg/kg 
had the greatest effect on regeneration in the adult nervous system 
(Iskandar et al., 2010). Accordingly, these both serve as potential 
starting points that can be used in future studies investigating the 
ideal dosage concentration for treatments.

Future studies should investigate the efficacy of dietary sup-
plementation with B vitamins and choline in humans affected by 
stroke. Many results observed in mouse models have not translated 
onto human models due to humans being unable to safely con-
sume the same dosage as mice. Therefore, results from the pres-
ent study must be approached with caution (Ulrich Dirnagl, 2006). 
However, since B vitamins are safe for consumption, this may no 
longer be an issue. The results demonstrate promise, highlighting 
a safe, yet effective therapy for recovery following stroke. Com-
bining nutritional changes with other therapies for stroke-affected 
individuals may be a highly effective treatment. 
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