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Abstract

Patients with severe deficiency of methylenetetrahydrofolate reductase (MTHFR) suffer from a wide variety of neurological problems,
which can begin in the neonatal period. MTHEFR is a critical enzyme in folate metabolism; the product of the MTHFR reaction, 5-
methyltetrahydrofolate, is required for homocysteine remethylation to methionine and synthesis of S-adenosylmethionine (SAM). To
understand the mechanisms by which MTHFR deficiency leads to significant neuropathology, we examined early postnatal brain development
in mice with a homozygous knockout of the Mthfr gene. These mice displayed a dramatically reduced size of the cerebellum and cerebral
cortex, with enlarged lateral ventricles. Mthfr deficiency affected granule cell maturation, but not neurogenesis. Depletion of external granule
cells and disorganization of Purkinje cells were mainly confined to the anterior lobules of mutant cerebella. Decreased cellular proliferation
and increased cell death contributed to the granule cell loss. Reduced expression of Engrailed-2 (En2), Reelin (Reln) and inositol 1,4,5-
triphosphate receptor type 1 (Itprl) genes was observed in the cerebellum. Supplementation of Mzhfr™~ dams with an alternate methyl donor,
betaine, reduced cerebellar abnormalities in the Mrhfr~'~ pups. Our findings suggest that MTHFR plays a role in cerebellar patterning,
possibly through effects on proliferation or apoptosis.
© 2005 ISDN. Published by Elsevier Ltd. All rights reserved.

Keywords: MTHFR; Cerebellum; Apoptosis; Proliferation; Expression; Betaine

1. Introduction

Homocysteine is a neurotoxic sulphur amino acid derived
from methionine through the transmethylation cycle
(Rosenquist et al., 1996; Lipton et al., 1997). It can induce
neuronal apoptosis and increase neuronal vulnerability to
excitotoxicity (Kruman et al., 2000). Elevated plasma
homocysteine is associated with an increased risk for stroke
(Elkind and Sacco, 1998) and possibly Alzheimer’s disease
(Clarke et al., 1998; Miller, 1999).

Disruptions in homocysteine removal by transsulfuration
or remethylation pathways increase homocysteine levels in
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body fluids and tissues. Nutritional deficiencies in certain
vitamins (folate, cobalamin, or pyridoxine) and genetic
defects in homocysteine-metabolizing enzymes can result in
hyperhomocysteinemia or homocystinuria (Mudd et al.,
2001; Rosenblatt and Fenton, 2001). The most frequent
genetic cause of mild hyperhomocysteinemia is homo-
zygosity for a common missense mutation (677C — T;
A222V) in 5,10-methylenetetrahydrofolate  reductase
(MTHFR, E.C. 1.5.1.20) which results in moderately
decreased enzyme activity (Frosst et al., 1995). MTHFR
converts 5,10-methylenetetrahydrofolate to 5-methyltetra-
hydrofolate, a methyl donor for homocysteine remethylation
to methionine. Homozygosity for this variant is high (10—
15%) in many North American and European populations,
and has been reported to modify risk for several multi-
factorial diseases (Schwahn and Rozen, 2001). On the other
hand, severe MTHFR deficiency with homocystinuria is a
relatively rare inborn error of metabolism and is associated
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with much lower levels of MTHFR activity (usually less
than 20%) (Rosenblatt and Fenton, 2001). Neurological
symptoms in these patients include developmental delay,
motor and gait disturbances, peripheral neuropathy, hypo-
tonia, and seizures. Systematic studies on the neurological
effects of severe MTHFR deficiency are few due to limited
human material.

Homocysteine remethylation is critical for synthesis of
methionine and S-adenosylmethionine (SAM), an impor-
tant methyl donor for many cellular processes including
DNA methylation, neurotransmitter synthesis and phos-
pholipid metabolism. An alternate methyl donor for
homocysteine remethylation is betaine, a metabolite of
choline. The enzyme that catalyzes betaine-dependent
homocysteine remethylation, betaine homocysteine
methyltransferase (BHMT), is most abundant in liver
and kidney (McKeever et al., 1999; Chadwick et al., 2000).
Betaine supplementation has proven effective in amelior-
ating the biochemical abnormalities in homocystinuria due
to severe MTHFR deficiency. It lowers the elevated
homocysteine levels associated with this disease and
increases plasma methionine concentrations (Wendel and
Bremer, 1984; Holme et al., 1989). However, high-dose
betaine treatment is unable to normalize homocysteine
metabolism in homocystinuric patients, as indicated by
plasma homocysteine levels that remain 5-10-fold
elevated (Wendel and Bremer, 1984).

In earlier work, we cloned the cDNA/gene for MTHFR,
identified mutations responsible for severe and mild
MTHFR deficiency and generated an Mrhfr knockout
mouse (Goyette et al., 1994, 1995, 1996; Frosst et al.,
1995; Chen et al., 2001). Both heterozygous and homo-
zygous Mthfr knockout mice exhibit hyperhomocysteinemia
and decreased methylation capacity due to decreased SAM
or increased S-adenosylhomocysteine (SAH). In preliminary
studies of Mthfr '~ mice, we reported the expected genotype
distributions in offspring of Mrhfi*’~ matings, suggesting
the absence of in utero losses of homozygous mutant
animals. However, we observed considerable mortality in
the first few weeks of life in the Mthfr —/— group. We also
briefly described a diffuse internal granule cell layer (IGL)
and a disorganized Purkinje cell layer in the anterior region
of the cerebella, but not in the posterior region, in mutant
mice of 4-5 weeks of age. Microarray analyses of brain
RNA from 2-week-old Mrhfr 7~ mice had revealed
numerous gene expression changes (Chen et al., 2002).
One of the genes with significantly reduced expression, the
gene encoding the inositol 1,4,5-triphosphate receptor type 1
(Itpr1), plays a role in Purkinje cell generation (Nordquist
et al., 1998).

MTHFR is a cytoplasmic enzyme with ubiquitous
expression, although the exact expression pattern in brain
regions has not been examined. It is possible that MTHFR
deficiency alters expression of some of the genes involved in
cerebellar patterning. A study of mice with the Engrailed
(En)-2/lacZ transgene demonstrated restricted expression of

the transgene to the anterior lobe of the adult mouse
cerebellum (Logan et al., 1993). Mice with a disruption of
the very low density lipoprotein receptor (VidIr) gene also
showed more severe cerebellar defects in the anterior lobules
than in posterior lobules (Trommsdorff et al., 1999). The
VLDLR protein is known to function downstream of Reelin
(Reln), as a component of a signaling pathway that governs
cell positioning during brain development (Rice and Curran,
2001). However, these three genes (En2, Vidlr and Reln) did
not show significant changes in expression in the afore-
mentioned microarray analyses. This may have been due to
the fact that RNA was isolated from whole brain, rather than
cerebellum, or that the mice were relatively older (14 days)
with respect to the critical timing for cerebellar patterning.

Here we report our investigation of early postnatal
cerebellar development in Mrhfr '~ mice to further
characterize the cerebellar defects. We examined the
expression of En2, Vidlr, Reln and Itprl by RT-PCR, to
determine if a disruption of Mthfr affected their expression
in the cerebellum at an earlier stage of development. We also
studied the effect of betaine supplementation of pregnant
Mthfr’~ dams to determine the effect on cerebellar
development in their Mthfr '~ pups.

2. Experimental procedures
2.1. Animal experimentation

All experiments were approved by the Animal Care
Committee of the Montreal Children’s Hospital and were
conducted in accordance with the recommendations of the
Canadian Council on Animal Care. Mice were progeny from
matings of Mthfr” ~ mice, that had been backcrossed five
generations from 129/Sv-BALB/c F1 heterozygotes (Chen
et al., 2001) to BALB/cAnNCrIBR (Charles River Canada,
Saint Constant, Que.). Mice were fed laboratory rodent chow
(Purina laboratory rodent diet 5001, Purina Mills). PCR-
based genotyping was performed as described previously
(Chen et al., 2001).

2.2. Histological examinations

Anaesthetized mice were perfused through the left
ventricle with 10% neutral buffered formalin (Sigma-
Aldrich Canada, Oakville, Ont.). Brains were excised, and
fixed in formalin solution before embedding in paraffin for
sectioning. Six-micrometre brain sagittal sections were
mounted onto slides, and stained with haematoxylin and
eosin (HE) for morphologic analyses.

2.3. BrdU incorporation assay
Postnatal littermates at postnatal day 5 (P5) from

Mithfr*’~ matings were injected intraperitoneally with
diluted BrdU (50 pg/g) in 7 mM NaOH and killed 1 h later.
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Brains were removed and fixed at room temperature by
immersion in methanol/acetic acid (3:1) overnight,
dehydrated, embedded in paraffin and sectioned (6 pwm).
Sections were prepared for BrdU immunohistochemistry
as previously described (Przyborski et al., 1998). For
colorimetric detection, sections were treated with 3,3’-
diaminobenzidine tetrahydrochloride (DAB, Sigma) and
then counterstained with cresyl violet. Cells that incorpo-
rated BrdU displayed a dense brown precipitate in the
nucleus.

2.4. Terminal deoxynucleotidyltransferase (TdT)-
mediated dUTP nick end labeling (TUNEL)

TUNEL reactions were performed according to the
manufacturer’s instructions with some modifications (Roche
Diagnostics, Laval, Que.). Briefly, deparaffinized sections
were treated with 3% H,O, for 5 min at room temperature.
After rinsing with PBS, sections were incubated in TUNEL
reaction mixture (TdT and fluorescein-labeled nucleotide
mixture) for 30 min at 37 °C. Signal conversion was
completed by incubating sections with anti-fluorescein
antibody conjugated with horseradish peroxidase, followed
by incubation with DAB substrate (Sigma—Aldrich Canada,
Oakville, Ont.). Slides were counterstained with haematox-
ylin. Sections incubated with TUNEL reaction mixture
without TdT were used as negative controls. Cell death was
quantified by counting the brown DAB-stained nuclei within
one field at a magnification of 400. Only strong-staining
nuclei were counted in a total of 20 randomly chosen fields
in at least two different sections per cerebellum, in three
animals per genotype per age group.

2.5. Betaine supplementation

Female Mthfr*’~ mice on laboratory rodent chow (Purina
laboratory rodent diet 5001, Purina Mills) were supple-
mented with anhydrous betaine (Sigma—Aldrich Canada,
Oakville, Ont.) at 2% (w/v) in drinking water before mating
them to Mthfr” ~ males; this dose of betaine was chosen
because other work had demonstrated that it was successful
in increasing survival of Mthfr = pups (Schwahn et al.,
2004). Water intake was monitored. Betaine supplementa-
tion was continued until sacrifice of mice. Age-matched
offspring from matings of untreated Mthfr™’~ mice served as
controls. Cages were checked daily. At postnatal day 9 (P9),
mice were sacrificed. Brains were dissected, fixed by
immersion in 10% formalin and processed for 5 wm paraffin
sections and HE staining.

2.6. Gene expression studies

Cerebellar RNA was isolated from postnatal day 7 (P7)
and P2 Mrthfr*’* and Mthfr /= mice using the TRIzol
Reagent Total RNA Isolation Kit (Invitrogen). After DNasel
treatment, the A260/A280 ratio of isolated total RNA was

1.9-2.1. The reverse transcription (RT) reaction of 40 pl
contained 7 pg total RNA, 160 ng random hexamers,
500 uM each of dATP, dCTP, dGTP, dTTP, 10 mM DTT,
and 100 units SuperScript II Reverse Transcriptase, in 1x
First-Strand Buffer supplied by the manufacturer. The
reaction was conducted at 20 °C for 10 min, 42 °C for
50 min, and 70 °C for 15 min.

PCR reactions of 50 pl were performed for different
cycle numbers, range = 18-26 cycles, under the following
conditions (94 °C, 30s; 62 °C, 30s; 72°C, 1 min) to
determine the appropriate number of thermal cycles for the
specific genes. The final cycle numbers for each gene were
chosen to be as low as possible before reaching the
amplification plateau, yet of sufficient intensity to be
detectable by image analysis software (see below). 1.5-2 ul
of cDNA from the RT reaction was used in each PCR, in a
Biometra TGRADIENT machine. Distilled water, instead of
cDNA, was used as a negative control. Amplified products
were examined by electrophoresis in 9% polyacrylamide
gels. The images of ethidium bromide stained bands were
analyzed using Bio-Rad Quantity One software, relative to
the intensity of the internal control, Gapd. RT-PCRs were
performed for three animals per genotype per gene.
Additional details (primer sequences, annealing tempera-
ture, sizes of PCR products and cycle numbers) are provided
in Table 1.

3. Results

3.1. Underdeveloped brain with overexposed midbrain
and enlarged lateral ventricle

The Mendelian ratio of Mthfr™*:Mthfr*'~:Mthfr ’~ mice
after birth was close to the expected 1:2:1 ratio (data not
shown), suggesting that the matings between Mrhfi*'~ mice
did not result in any significant in utero losses of Mthfr '~
offspring. However, survival of Mthfr '~ mice was
approximately 30% at the age of 5 weeks, with nearly 3/
4 of the deaths occurring during the first two postnatal
weeks. The actual cause of death has not been determined
but the small size of the pups and/or abnormal cerebellar
development (as discussed below) may affect muscle tone or
coordination, and consequently decrease milk/food con-
sumption and limit weight gain.

Decreased survival or obvious neurological abnormal-
ities, as determined by preliminary histological examina-
tions and simple neurobehavioral tests such as open field and
footprint analyses, were not observed in the young Mthfr*'~
mice (data not shown). All subsequent studies therefore
focused on the Mthfr ’~ mice.

Mithfr~'~ mice were significantly smaller than their wild
type littermates. Brain weight of postnatal day 14 (P14)
Mithfr '~ mice (n=7) was approximately 56% of that of
wild type animals (n=9); mean =+ standard deviation =
0.23 £0.04 g versus 041 £0.04g. The anterior and
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Table 1

Primer sequences and amplification conditions

Gene DNA strand Sequences of primers Annealing Size of PCR Thermal cycle

temperature (°C) product (bp) number

En2 Sense 5'-GCTGAGTTTCAGACCAACAGGTA-3' 62 106 24
Antisense 5'-GCTTGTTCTGGAACCAAATCTT-3'

Reln Sense 5'-AGTACAGTGTCAACAATGGCATCA-3' 62 98 22
Antisense 5'-CAGGGGGACGTTGTAAGACA-3’

Itprl Sense 5'-AGAACTAAAGGACCAGATGACAGAA-3 62 85 24
Antisense 5'-GTTGACATTCATGTGAGGAGGAT-3'

Vidlr Sense 5'-TAGTCGTGGCTATCAAATGGATCT-3' 62 95 24
Antisense 5'-TCCTGATGTCTCTTCGATTAGTGA-3'

Gapd Sense 5'-CAGGAGCGAGACCCCACTAACAT-3' 60 74 18
Antisense 5'-AAGACACCAGTAGACTCCACGAC-3'

posterior colliculus of the midbrain in Mrhfr '~ mice were
overexposed compared to that of wild type animals at P14
(Fig. 1A). This is most likely due to the dramatically reduced
size of the cerebellum and cerebral cortex. The overall brain
structure in Mrhfr '~ mice was intact, but the lateral
ventricle in mutant mice was clearly enlarged (Fig. 1C).

3.2. Depletion of the external granule cell layer (EGL)
in anterior cerebellum with decreased cellular
proliferation

Since there were striking abnormalities in Mrhfr '~
cerebellum in the early postnatal period, we investigated
younger animals (P0O) to determine whether development in
utero had been compromised. However, the cerebella of
mutant mice at PO had similar laminar structures to those of
wild type animals, and the thickness of the EGL also
appeared to be quite similar in these two groups (Fig. 2A and
B). These findings suggest that prenatal cerebellar devel-
opment and early neurogenesis of the EGL are normal in
Mihfr~'~ mice.

At P5, however, the cerebellum of Mthfr_/ ~ animals was
reduced in size and foliation was severely retarded. Missing
fissures and underdeveloped lobules were observed in
mutant mice (Fig. 2G) as compared to age-matched wild

type animals (Fig. 2C). At P5, instead of a distinct 4-layer
laminar structure (EGL — molecular layer — Purkinje cell
layer — IGL), as seen in normal mice (Fig. 2C and E), mutant
mice possessed an EGL with dramatically reduced thickness
and disorganized Purkinje cells in anterior lobules (Fig. 2G).
In posterior lobules, these defects were also visible but to a
much lesser degree (Fig. 2I). Furthermore, the BrdU
incorporation assay revealed significantly decreased pro-
liferation in cells from the anterior regions of mutant
cerebella (Fig. 2H), but more normal proliferation in
posterior regions (Fig. 2J).

3.3. Increased apoptosis in cerebellum

Depletion of the EGL and disruption of the laminar
structure in young mutant cerebella could also reflect an
increase in apoptosis, a process which has been well-
documented in the normal developing mouse cerebellum
(Wood et al., 1993). Cerebella from P11 and P14 mice were
examined by TUNEL assay; a significant increase in
TUNEL positive stained granule cells was found in the
cerebella of Mrhfr '~ mice at both ages (Fig. 3). The
increases were observed in the EGL and the IGL, although
the increase in the IGL of P11 mutant mice was not
statistically significant. The numbers of TUNEL positive

Fig. 1. Brain of Mthfr '~ mice. (A) Comparison of the brains of P14 Mthfr '~ and Mthfr*'* mice. Mthfr '~ brain (right) is smaller and the midbrain is

overexposed compared to that of wild type (left). The cerebellum of the Mthfr

mouse is clearly underdeveloped. Parasagittal sections of P7 wild type mouse

(B) and Mthfr~'~ mouse (C). The lateral ventricle is abnormally enlarged in the mutant mouse. WT, wild type; KO, knockout; ac, anterior colliculus; pc,

posterior colliculus; hc, hippocampus; fx, fornix.
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Fig.2. Anterior cerebellar defects in Mthfr '~ mice are associated with decreased cell proliferation. Haematoxylin and eosin stained sagittal sections of anterior
cerebella of wild type (A) and Mthfr’/ ~ mice (B) at PO. Sagittal sections of cerebella of P5 wild type (C—F); and mutant mice (G-J). Depletion of the EGL and
disorganized Purkinje cells were seen in the anterior cerebellum of mutant mice (G). Milder defects were observed in the posterior cerebellum (I). D, F, H and J
are BrdU immuno-stained sections. D and F are sections from wild type mice corresponding to the rectangular regions in C and E, respectively. H and J are BrdU
immuno-stained anterior (H) and posterior (J) cerebella of Mthfrf/ ~ mice. Original magnification, X200 (A, B, D and F) and x 100 (others).



470 Z

)

120 - N=6
#*

i EGL
L +/+
E 80+ o -/-
2
8 e N=6
g N=8 C

40 |
B I

G 2% T,

Chen et al./Int. J. Devl Neuroscience 23 (2005) 465—474

(8)

120 4
IGL
100 A
& B o+/+
E w0 a -/-
“®
o
5 604
) N=6
%l *
=) 40 T
—
o N=7
N=6 =
204 N=8 T
N ey
0 T 1
P11 P14

Age

= /L :,';' ‘ y:

Fig. 3. Increased apoptosis in mutant cerebellum. (A and B) Quantification of TUNEL-positive cells in the EGL and IGL of the cerebella of wild type (+/+) and
homozygous mutant (—/—) mice at P11 and P14. (*) Student’s #-test of mutant compared with wild type, P < 0.03. Examples of TUNEL staining of cerebellar
sections from wild type (C) and mutant (D) mice at P14. Arrowheads point to TUNEL-positive cells. Bars, 50 wm; N, number of samples.

cells in anterior and posterior regions of mutant cerebella
appeared similar (data not shown). Despite the overall
increase of apoptotic granule cells in mutants, both wild type
and mutant animals demonstrated decreased cell death in the
EGL from P11 to P14, and increased cell death in the IGL
from P11 to P14. These observations suggest that the
disruption of the Mrthfr gene affects survival of granule
neurons during postnatal development, but the overall
apoptotic pattern in cerebellum is not changed.

3.4. Decreased expression of genes involved in
cerebellar patterning, neuronal migration and growth

The deficit in the EGL and the disruption of the laminar
structure in Mrhfr '~ mice was largely confined to the
anterior region of the cerebellum. We speculated that
MTHEFR deficiency might alter expression of genes involved
in cerebellar patterning, possibly through effects on DNA
methylation. We therefore examined expression of En2,
Vldir, Reln and Itprl in the cerebellum of mice at P2 and P7
by RT-PCR. We did not observe any changes in gene
expression at P2 (data not shown). However, at P7, we
identified decreased gene expression of En2, Reln and Itprl

in the cerebella of Mthfr '~ mice (Fig. 4); expression of
VldIr did not appear to be altered by MTHFR deficiency. The
average expression level of three mice per genotype (with
range) of En2, Reln, Itprl and Vidlr in wild type, compared
to mutant, cerebella, after adjustment for Gapd expression
levels, were 3.0 (2.7-3.2), 1.9 (1.6-2.5), 2.7 (0.9-5.6) and
1.03 (1.0-1.1), respectively.

3.5. Effect of maternal betaine supplementation on
cerebellar development

Body and brain weights of 9-day-old Mthfr*™* and Mthfr*’
~ pups from betaine-supplemented dams were not different
from those of untreated pups. However, Mthfr '~ pups with
maternal betaine supplementation had significantly higher
body and brain weights at P9 than those of untreated Mthfr '
~ pups (data not shown).

At P9, the brain structures of Mrhfr*"* mice with or
without maternal betaine supplementation were very similar.
Gross anatomy of brains of Mthfr '~ mice revealed
proportionately smaller cerebella (Fig. 5B). However, pups
from betaine-supplemented dams had a much larger
cerebellar size (Fig. 5C) compared to that in mice from
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Fig. 4. Representative RT-PCR results of cerebellar RNA in P7 mice (three
mice per genotype). The average expression levels of En2, Reln, Itpr and
Vidlr in wild type (+/+) cerebella compared to mutant, after adjustment for
Gapd levels, were 3.0, 1.9, 2.7 and 1.0, respectively.

untreated dams (Fig. 5B). Untreated Mrhfr '~ mice
exhibited the same types of abnormalities reported above.
Foliation and differentiation of the cerebellar cortex at P9
(Fig. 5B and E) appeared immature compared to Mthfr*'*
mice. There was no well-formed internal granule cell layer
(IGL) and no distinguishable single Purkinje cell layer. The
defects were observed in both anterior and posterior lobules,

but were more severe in the anterior lobules. Losses of
external granule cells were restricted mainly to the anterior
region of the cerebellum. In comparison, maternal betaine
supplementation improved cerebellar development of
Mthfr '~ mice (Fig. 5C and F). Most defects were restricted
to only one or two anterior lobules and the lamination
disruption in these anterior lobules was less severe. EGL —
molecular layer — Purkinje cell layer — IGL laminar structure
was clearly visible, although Purkinje cells were still
disorganized in the molecular layer and did not form a single
cell layer (Fig. 5F). The EGL in these lobules appeared
normal.

4. Discussion

The effects of severe MTHFR deficiency on brain
development are not well-characterized, largely due to
limited clinical material. The creation of Mthfr homozygous
knockout mice provides a unique opportunity to investigate
the role of Mthfr in CNS development.

Hydrocephalus internus of ventricles has been reported in
two patients with MTHFR deficiency (Baethmann et al.,
2000). We also observed enlarged lateral ventricles in the
brain of Mthfr_/ " mice. In addition, MTHFR deficiency in
mice delayed brain development and caused severe
cerebellar abnormalities, with effects on granule cell
development and neuronal organization. It is not clear
why the cerebellum displayed such significant effects,
although an imbalanced distribution of homocysteine in the
brain could be a contributor. A previous study reported that

Fig. 5. HE stained parasagittal cerebellar sections of mice at P9 with (A, C, D and F) or without (B and E) maternal betaine supplementation. (A—C) Overview of
the cerebellum. (D-F) Magnified rectangular regions in the anterior lobule. (A and D) were from Mthfi*"* mice. B, C, E and F were from Mzhfr '~ mice.
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the amount of homocysteine in mouse cerebellum was two-
fold higher than that in other brain regions (Broch and
Ueland, 1984). Dysfunction of MTHFR could therefore
push homocysteine levels into a particularly toxic level in
the cerebellum. However, homocysteine is not likely to be
the only cause of the cerebellar defects in the Mthfr '~ mice.
Mice deficient in cystathionine beta-synthase (CBS) do not
show obvious cerebellar defects although their plasma
homocysteine levels are also quite high (Watanabe et al.,
1995). In contrast to MTHFR deficiency, CBS deficiency
does not affect synthesis of methionine, an important
nutrient and precursor of S-adenosylmethionine for methy-
lation reactions; this additional disturbance in Mthfr—'~ pups
may have an impact on cerebellar development.

Cerebellar development in the postnatal period is
considerable; since Mthfr '~ mice are not subject to
intrauterine loss and have relatively normal cerebella at
PO, it is likely that disruptions in brain development might be
more severe in regions that develop postnatally, compared to
those that develop prenatally. Maternal folate levels
presumably protect the fetal brain in utero, but the increased
requirement for folate in the early postnatal period might be
a particular challenge for Mrhfr '~ mice.

Consist with our previous study of older Mthfr-deficient
mice (Chen et al., 2001), the deficit in the EGL and the
disruption of the laminar structure in younger Mthfr '~ mice
were largely confined to the anterior region, and were more
severe in the vermis than in the hemispheres. A similar
discrete patterning defect has been seen in the meander tail
mutant and leaner mutant (Ross et al., 1989; Herrup and
Wilcyzynski, 1982). The leaner mutation lies in an alpha 1A
voltage-sensitive calcium channel gene, which is uniformly
expressed in the cerebellum (Fletcher et al., 1996), and the
meander tail (mea) gene has not yet been cloned. It is
unlikely that disruption of Mthfr directly results in this
compartmental defect, but indirect effects on expression of
other genes could be contributory. It is possible that Mthfr
alters gene expression by modifying DNA methylation,
which in turn could affect brain development. DNA
methylation changes have been demonstrated in these
Mthfr-deficient mice (Chen et al., 2001) and in clinical
studies of the milder form of MTHFR deficiency (Friso
et al., 2002).

Through RT-PCR, we observed decreased expression of
En2, Reln and Itprl in P7 Mthfr~'~ mice. En2 expression is
restricted to the anterior cerebellum (Logan et al., 1993);
reduced En2 expression could contribute to the compart-
mental defect in Mrhfr '~ cerebellum. Although we did not
observe a change in the level of expression of Vidlr,
expression of Reln, an upstream component of VIidlr in the
Reelin signaling pathway, was altered. Reelin signaling
regulates the migration of neurons along the radial glial fiber
network (Curran and D’ Arcangelo, 1998); decreased Reln
expression could contribute to the defects in cerebellar
lamination and granule cell migration. ITPR1 acts as a
calcium release channel. Acute localized loss of function of

ITPR1 leads to growth arrest and neurite retraction (Takei
et al., 1998); decreased Itprl expression could contribute to
the increased apoptosis in mutant cerebella since there are
ample precedents for calcium involvement in neuronal cell
death (Koh and Cotman, 1992; Choi, 1995). Interestingly,
we did not see any obvious alterations in the expression
levels of En2, Reln, Itprl and Vldlr at postnatal day 2. An
immediate question is whether the decreased expression of
En2, Reln and Itprl in P7 Mthfr '~ cerebellum is a cause or
result of the cell losses and cerebellar defects in mutant
mice. We observed similar expression levels of Vidilr and
Gapd at P7; nonetheless, it is still possible that the
expression changes in En2, Reln and Itprl are secondary to
the cell losses (due to increased apoptosis and decreased
proliferation) if these genes are expressed in a cell-specific
manner. Additional studies are necessary to address this
question.

Early neurogenesis of EGL cells appeared normal in the
PO Mthfr_/ ~ mice. However, after birth, MTHFR deficiency
might affect granule cell maturation and radial migration.
BrdU incorporation assays revealed decreased cell prolif-
eration, mostly in the anterior lobules of mutant cerebella,
which could be responsible for the decreased number of
EGL cells in this region. In the posterior lobules, the lesser
degree of depletion of EGL cells in mutant mice was
associated with nearly normal cellular proliferation.
Increased granule cell death, as observed in P11 and P14
cerebellum of Mthfrf/ ~ mice, could also have contributed to
decreased number of cells. However, the increased cell death
in the Mrhfr '~ cerebella did not show a compartmental
pattern, suggesting that it might be regulated by different
mechanisms. Highly elevated plasma homocysteine in
mutant mice may directly contribute to cell loss since
homocysteine has been shown to induce neuronal apoptosis
and increase neuronal vulnerability to excitotoxicity (Kru-
man et al., 2000).

Betaine supplementation showed a beneficial effect on
cerebellar development of the pups. It reduced the severity
of lamination disruption in the cerebellum and limited the
defects to only one or two anterior lobules. However, the
compartmental defects were still evident in the Mrhfr—'~
pups with maternal betaine supplementation. Betaine is an
effective therapeutic agent in disorders of homocysteine
remethylation (Wendel and Bremer, 1984). Although
betaine can cross the blood brain barrier, homocysteine
remethylation to methionine, catalyzed by BHMT, occurs
mainly in liver. S-adenosylmethionine is released from liver
and can also cross the blood brain barrier, with partial
restoration of the decreased methyl donor pool in brain
caused by MTHFR deficiency. This phenomenon may
explain why there is still a high level of homocysteine in
brain, despite the increase in homocysteine remethylation to
methionine in liver following betaine administration
(Schwahn et al., 2003, 2004).

Survival of Mthfr '~ mice on the BALB/c background
was lower than that seen in mutants on the more mixed
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genetic background of our original colony (Chen et al.,
2001). This is not surprising since genetic background of
knockout mice has been shown to affect survival (Threadgill
et al., 1995). Nonetheless, it is not clear why Mthfr_’ ~ mice
in this study displayed different phenotypic severity despite
their similar genetic background. One explanation for this
variability is differential access to maternal milk, which
contains 5-methylTHF, the product of the MTHFR reaction.

In summary, MTHFR deficiency in newborn mice is
associated with normal neurogenesis, presumably due to
maternal supply of 5-methyltetrahydrofolate. However,
MTHFR deficiency in the early postnatal period affects
cerebellar patterning, and results in a greater disturbance in
anterior, compared to posterior, lobules in the cerebellum.
Both decreased cellular proliferation and increased cell
death may contribute to the EGL cell loss observed in mutant
mice. Betaine supplementation can improve early cerebellar
development and reduce the severity of the defects.
Investigation of the genes which contribute to these defects
may help in elucidating the regulatory role of MTHFR in
development of the cerebellum.
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