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2007). Thus, the ability for folates to methylate homocysteine to 
its nontoxic derivative methionine plays a large role in protecting 
against neurotoxicity. However, the links between these illnesses 
and homocysteine are still not fully understood, with many down-
stream biochemical pathways still needing to be discovered. Re-
search into increased homocysteine levels and altered folate me-
tabolism confirms a variety of cytotoxic effects in Caenorhabditis 
elegans (Ortbauer et al., 2016), Drosophila melanogaster (Blatch, 
Stabler & Harrison, 2015) and Sacchaomyces cerevisiae (Kumar et 
al., 2011). Thus, the need to utilize mammal models of increased 
levels of homocysteine is necessary to produce potential theories 
of illness. 

One such model looks at the knockout of a particular enzyme 
in the homocysteine cycle, known as methylenetetrahydrofolate 
reductase (MTHFR). Folate itself cannot directly methylate homo-
cysteine, thus it must first be converted from the form it is ingested 
to its primary circulating form, 5-methyltetrahydrofolate (5-meth-
yl-THF). The key enzyme to this process is the aforementioned 
MTHFR, which catalyzes the production of 5-methyl-THF from a 
less abundant form 5,10-methyl-THF, which then methylates ho-
mocysteine. Thus, this enzyme is essential to both the metabolism 
of folate and homocysteine. This cycle is highlighted in Figure 1.
The occurrence of MTHFR deficiency is not uncommon in hu-
mans, with two common mutations producing reduced or lack of 
function. One of these deficiency-causing mutations is homozy-
gous in approximately 18 percent of humans (Zittan et al., 2007).  
As many as 34 mutations in this gene, however, have been identi-
fied in individuals with homocystinuria, a genetic condition result-
ing in elevated levels of homocysteine that is associated with neu-
rological and vascular problems (Leclerc, Sibani & Rozen, 2000).

INTRODUCTION
Folate metabolism is a key mechanism in the brain that allows 
the downstream alteration of a variety of proteins and plays a 
role in the synthesis of nucleotides (Kamen, 1997). These folate-
mediated effects are necessary for the production of new neural 
cells and thus are essential to the overall health of the brain dur-
ing development, adulthood and aging (McGarel, Pentieva, Strain 
& McNulty, 2015). One mechanism through which folates affect 
protein function is through the initial methylation of homocyste-
ine to methionine. Homocysteine is a cytotoxic molecule when in 
high levels that produces a variety of negative effects, including 
endoplasmic reticulum stress, excitatory amino acid receptor over-
activation, kinase hyperactivity and DNA damage (Ho, Ortiz, Rog-
ers & Shea, 2002). These effects have been associated with many 
clinical pathologies in humans, being indicated as a contributing 
factor to cognitive impairment (Almeida et al., 2005), neural tube 
defects (Felkner, Suarez, Canfield, Brender & Sun, 2009), brain 
atrophy (den Heijer et al., 2003), stroke (Hankey & Eikelboom, 
2001) and cardiovascular disease (Frosst et al., 1995; Wierzbicki, 
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Previous research has already begun to look in some of these 
regions with regards to neurogenesis and homocysteine levels. 
Research conducted by Jadavji et al. in 2012, used adult MTHFR 
knockout mouse models to test the association between neuro-
genesis and hyperhomocysteinemia-mediated pathologies. The 
results showed that homozygous knockouts for MTHFR had se-
verely decreased cognitive functioning in object recognition tests, 
while apoptosis levels in the dentate gyrus were also elevated 
in the same genotype (Jadavji et al., 2012). This would suggest 
that without cell replacement in the dentate, cognitive function is 
greatly reduced, as a result of elevated homocysteine.

Similarly, research into other areas of the brain associated 
with neurogenesis appears to produce comparable results. In 2005, 
Chen, Schwahn, Wu, He & Rozen analyzed cell death levels in 
the cerebellum of MTHFR knockout mice, and found that homo-
zygous knockouts also showed increased apoptosis of cerebellar 
neurons in both the intragranular and extragranular layers during 
the first two weeks of postnatal development (Chen, Schwahn, 
Wu, He & Rozen, 2005). As previously mentioned, pruning of 
neural pathways occurs during this time frame and alterations to 
cell death would result in changes to cerebellar patterning and 
could potentially contribute to neuropathology.

Thus, in order to determine if the pathologies viewed as a 
result of elevated homocysteine levels are partially mediated by 
alterations to neurogenesis levels, this study aimed to analyze the 
levels of neurogenesis in three of the regions associated with adult 
cell proliferation; the dentate gyrus, the cerebellum and the cortex. 
Analysis of neurogenesis in these regions in MTHFR knockout 
mice was used to determine if and propose how neurogenesis re-
ductions may mediate homocysteine-related neuropathology.

Studies into MTHFR in animal models have confirmed its role in 
preventing homocysteine-mediated neurotoxicity and associated 
pathologies (Chen et al., 2001; Chen, Schwahn, Wu, He & Rozen, 
2005; Jadavji et al., 2012). Some of these pathologies include 
changes to motor control, mood and cognitive function, all of 
which have some connection to the altered morphology of the hip-
pocampus and cerebellum specifically (Jadavji et al., 2012).  The 
combination of the modelled results and the clinical implications 
of this gene thus offer significant intrigue into the role of folates in 
protecting against neurotoxicity.

Many of the associated pathologies, including cognitive im-
pairment, brain atrophy and neural tube defects would suggest that 
the production of new and fully-functioning neurons is altered in 
response to high levels of homocysteine (Boot et al., 2003; Black, 
2008). Neurogenesis, or the production of new neurons, occurs 
most prominently prenatally across species (Clancy, Darlington & 
Finlay, 2001, and is tightly linked to overall brain and cognitive 
function (Siwak-Tapp et al., 2007). Neurogenesis is also inherently 
linked with apoptosis, or cell death, as during development, neu-
ral pathways are trimmed via apoptosis. Additionally, adult neural 
death must be replaced by new cells in order to maintain the func-
tion of that brain region. Adult neurogenesis almost exclusively 
occurs in the dentate gyrus of the hippocampus and the olfactory 
bulb (Ming & Song, 2011), although there is research suggestin-
adult cell proliferation in the cerebellum (Ponti, Peretto & Bon-
fanti, 2008) and the cortex (Gould, Reeves, Graziano & Gross, 
1999). As a result of this, it is of great interest to study the effect 
of increased homocysteine levels on the rates of neurogenesis in 
these regions to determine if blunted neurogenesis occurs as a re-
sult of increased homocysteine levels and if this mediates any of 
the observed pathologies.

Figure 1. Partial diagram of the methionine/homocysteine and folate cycle outlining key contributing molecules to this research.
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RESULTS
Previous research into MTHFR knockout mice would suggest 
that neurogenesis would likely be reduced in the mice with lost 
function of the enzyme. Previous research by Chen et al. (2001) 
confirmed the knockout status of MTHFR of this strain of mice, 
and can be referred to for Western blot results. As the goal of the 
research was to determine if MTHFR status had an impact on neu-
rogenesis in the 3 week old mice, the co-localization of DAPI and 
PH3 staining was compared to determine if there was any differ-
ence between genotype groups. 
Dentate Gyrus
First, in the dentate gyrus (Figure 2), the three statuses of MTHFR 
produced mean co-localized cell counts of 4.10 (n = 4, SD = 1.49) 
for the wild-type, 4.33 (n = 3, SD = 4.04) for the heterozygotes 
and 4.50 (n = 4, SD = 1.78) for the full knockouts. There was no 
difference between genotype groups (Figure 2(C), F(2,8) = 0.03, 
p = 0.974). 

Cerebellum
Next, the same measures were taken for the cerebellum (Figure 
3). This procedure produced a mean co-localized cell count for the 
wild-type mice of 9.30, (n = 5,SD = 4.51), 8.55 (n = 6, SD = 4.49) 
for the MTHFR heterozygotes and 5.64 (n = 5, SD = 1.52) for the 
complete knockouts. The analysis of variance showed no differ-
ence between groups (Figure 3(C), F(2,13) = 1.29, p = 0.309).

 

MATERIALS AND METHODS
Animal Experimentation
All experiments were approved by Montreal Children’s Hospital 
Animal Care Committee in accordance to the Canadian Council 
on Animal Care guidelines. The mice used were from the C57B1/6 
genetic background. The breeding of each status of MTHFR has 
been described previously (Jadavji et al., 2012). Mice were fed 
standard mouse chow (Envigo) and water ad libitum. They were 
sacrificed at 3 weeks from male mice.
Immunofluorescence
Slides of sagittal-oriented brain tissue from 3-week-old animals 
were deparaffinized in fresh xylene twice for 5 minutes each. They 
were then rehydrated in absolute alcohol for 5 minutes, followed 
by reduced concentration alcohol gradually at 95, 80 and 70% al-
cohol for 3 minutes each. The slides were then rinsed using PBS 
twice for 5 minutes each before Antigen Unmasking Solution was 
used for 20 minutes at 95°C to retrieve antigens on the slides. 10 
μg/mL Proteinase K in Tris/EDTA solution was used to perform 
cell permeabilization for 10 minutes at room temperature before 
5% goat serum in PBS blocked non-specific binding sites in the 
samples for 30 minutes. This allows for the targeted antibody-
antigen interaction to occur.   These slices were then stained us-
ing 1:100 concentration rabbit anti-phospho histone H3 mitosis 
marker (PH3; Cell Signalling) as the primary antibody to identify 
cells that were proliferating overnight at 4°C. Alexa Fluor (Cell 
Signalling) antibody at a dilution of 1:200 was then used for 40 
min at room temperature. 4’,6-diamidino-2-phenylindole (DAPI) 
was used as a general stain for the visualization of all cells and sec-
tion were coverslipped with Vectashield Hardset Mounting Media 
in order to preserve the staining and were stored at 4°C.
Immunofluorescence Analysis
The stained slides were imaged using Infinity Analyze software, 
where an image under fluorescence for PH3 and DAPI were cap-
tured for each of the regions of interest; the dentate gyrus of the 
hippocampus, the cerebellum and the cortex. The images for each 
fluor respectively, were combined using Image J software (NIH) 
and the final combined images were manually quantified for co-
localization of the two immunofluorescent tags. As the cerebellum 
and cortex were larger and unable to be imaged all in one photo, 
three separate lobes were imaged for each cerebellar sample, and 
three sections from each cortex (anterior, medial and posterior) 
and the counts were averaged from every sample for each speci-
men into one mean per mouse.

Statistical Analysis
Data was analyzed using SPSS and GraphPad software. One-way 
analysis of variance (ANOVA) was conducted on the three levels 
of MTHFR in each of the regions of interest, with p < .05 set as the 
significance threshold.

Figure 2. Combined images of the co-localization of PH3 and DAPI 
immunofluorescence staining in the dentate gyrus of a (A) wild-type 
MTHFR mouse (+/+) and (B) homozygous knockout MTHFR mouse 
(-/-). 200X magnification. Scale bar 50µm. Mean co-localization count in 
the dentate gyrus of MTHFR knockout mice and controls (C). No statisti-
cally significant differences were viewed (F(2,8) = 0.03, p = 0.974). Stan-
dard deviations are represented by the standard deviation bars attached to 
each column.
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ANOVAs, especially for the cerebellum which had the highest F-
ratio. If the sample size was increased for each MTHFR level, 
it is possible that the resulting reduced variance could lead to a 
statistically significant effect. Procedural issues were not the only 
potential source of confound producing this result. As mentioned 
in the introduction, mice are generally into their “adolescent” pe-
riod by three weeks, and thus have completed the majority of their 
developmental neurogenesis (Clancy, Darlington & Finlay, 2001). 
As no significant change in neurogenesis was viewed at this stage 
of development, it could perhaps be beneficial to look at younger 
mice that are still going through developmental neurogenesis. 
It is possible that earlier neurogenesis may be more sensitive to 
MTHFR status, suggested by the many studies showing develop-
mental neurological defects, especially in the neural tube (Felkner, 
Suarez, Canfield, Brender & Sun, 2009). Future research should 
consider looking at mice earlier in neurological development for 
alterations to neurogenesis as a result of MTHFR status.

In addition to changing the age of the mice used, another pos-
sible reason for viewing this result could be an alternative method 
of methylating homocysteine. Betaine is well established as a 
supplementary methyl donor for the homocysteine to methionine 
conversion known to reduce homocysteine concentrations (Olthof 
& Verhoef, 2005). Derived from choline, betaine is regularly pro-
duced in the body through the catalytic activity of two enzymes, 

Cortex
Finally, the levels of co-localized cells were recorded for the cor-
tex of the mice, as imaged in Figure 4. The mean co-localized cell 
count for the wild-type mice was 8.06 (n = 4, SD = 1.93), 6.19 (n 
= 4, SD= 3.71) for the heterozygous knockouts and 7.42 (n = 5, 
SD= 4.62) for the complete knockouts. There was no difference 
between groups (Figure 4(C), F(2,10) = 0.26, p = .773). 

DISCUSSION
This research produced no statistically significant changes in the 
co-localization counts of PH3 and DAPI in any of the three main 
regions of interest, the dentate gyrus, cerebellum and cortex in 
response to MTHFR status. This would suggest that the relative 
level of MTHFR does not have a significant impact on neurogen-
esis at this point of development in male mice, and is not an ideal 
candidate for explaining altered neurogenesis and neuropathology 
seen in response to increased homocysteine. Despite this unex-
pected result, there are numerous reasons why this study may have 
failed to reject the null hypotheses. 

The first reason may simply have to do with a small sample 
size. The levels of MTHFR had a range of n-values of 3 to 6, thus 
even after procedures to reduce variance by calculating a mean 
for each mouse before the genotype mean, there was still a high 
level or variance for most statuses. This high variance greatly con-
tributes to the failure to reject the null hypothesis of the one-way 

Figure 3. Combined images of the co-localization of PH3 and DAPI 
immunofluorescence staining in the cerebellum of (A) a wild-type 
MTHFR mouse (+/+) and (B) a homozygous knockout MTHFR 
mouse (-/-). 200X magnification. Scale bar 50µm. Mean co-localization 
count in the cerebellum of MTHFR knockout mice and controls (C). 
No statistically significant differences were viewed (F(2,13) = 1.29, p = 
0.309). Standard deviations are represented in the figure by the standard 
deviation bars attached to each column.

Figure 4. Combined images of the co-localization of PH3 and DAPI 
immunofluorescence staining in the cortex of (A) a wild-type MTHFR 
mouse (+/+) and (B) a homozygous knockout MTHFR mouse (-/-). 
200X magnification. Scale bar 50µm. Mean co-localization count in the 
cortex of MTHFR knockout mice and controls (C). No statistically signifi-
cant differences were viewed (F(2,10) = 0.26, p = .773). Standard devia-
tions are represented in the figure by the standard deviation bars attached 
to each column.
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choline dehydrogenase (CHDH) and betaine aldehyde dehydroge-
nase (BADH). Betaine is then converted into its methyl-donating 
form via betaine homocysteine methyltransferase (BHMT). Thus, 
these results viewed may show that at this key stage of devel-
opment there is an alternative method of reducing homocysteine 
and neuroprotection in response to MTHFR deletion. This method 
could involve the upregulation of any of the CHDH, BADH or 
BHMT enzymes, resulting in increased betaine-mediated meth-
ylation of homocysteine, preventing the neurotoxic effects. This 
theory is not completely hypothetical, as previous research men-
tioned by Chen, Schwahn, Wu, He & Rozen, in 2005, showed that 
betaine augmentation reduced the effect of MTHFR deletion in 
cerebellar development, the region closest in this study to having 
statistically significant effects (Chen, Schwahn, Wu, He & Rozen, 
2005). Although the supplementation of that study came from an 
external source, it could be valuable to assess the relative tran-
script levels of betaine-related enzymes in future research of folate 
metabolism and the homocysteine cycle.

It may also be of value in future research to sample levels of 
methyl marks on methylated acceptors in these regions of inter-
est. As methionine can be metabolized to S-adenosylmethionine, 
protein methylation would be expected to be viewed in mice with 
effective folate metabolism. This could potentially provide a valu-
able measure of whether homocysteine was being converted to 
methionine at regular levels or not, perhaps confirming confound-
ing effects from betaine.

MTHFR has continuously been indicated in numerous pathol-
ogies and has been modelled effectively as a knockout paradigm. 
Age of the mice and confounding enzymatic pathways should 
both be considered in future research into the models. Despite no 
statistically significant results here, this study still contributes es-
sential information into the mechanisms of neurogenesis and fo-
late metabolism. 
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