The Journal of Neuroscience, March 1, 2002, 22(5):1752-1762

Folic Acid Deficiency and Homocysteine Impair DNA Repair in
Hippocampal Neurons and Sensitize Them to Amyloid Toxicity in
Experimental Models of Alzheimer’s Disease
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Recent epidemiological and clinical data suggest that persons
with low folic acid levels and elevated homocysteine levels are
at increased risk of Alzheimer’s disease (AD), but the underlying
mechanism is unknown. We tested the hypothesis that im-
paired one-carbon metabolism resulting from folic acid defi-
ciency and high homocysteine levels promotes accumulation of
DNA damage and sensitizes neurons to amyloid B-peptide (AB)
toxicity. Incubation of hippocampal cultures in folic acid-
deficient medium or in the presence of methotrexate (an inhib-
itor of folic acid metabolism) or homocysteine induced cell
death and rendered neurons vulnerable to death induced by
AB. Methyl donor deficiency caused uracil misincorporation

and DNA damage and greatly potentiated AB toxicity as the
result of reduced repair of AB-induced oxidative modification of
DNA bases. When maintained on a folic acid-deficient diet,
amyloid precursor protein (APP) mutant transgenic mice, but
not wild-type mice, exhibited increased cellular DNA damage
and hippocampal neurodegeneration. Levels of AB were un-
changed in the brains of folate-deficient APP mutant mice. Our
data suggest that folic acid deficiency and homocysteine impair
DNA repair in neurons, which sensitizes them to oxidative
damage induced by AB.
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Folic acid deficiency may facilitate several different age-related
diseases, including coronary artery disease (Swain and St. Clair,
1997), stroke (Elkind and Sacco, 1998), and cancers (Duthie,
1999). By promoting uracil misincorporation and hypomethyla-
tion of DNA and by impairing DNA repair, folic acid deficiency
can induce DNA damage in mitotic cells (Choi and Mason, 2000).
Hyperhomocysteinemia is a consequence of folic acid deficiency
that contributes to the pathogenesis of cardiovascular disease and
stroke (Refsum et al., 1998) and possibly Alzheimer’s disease
(AD; Clarke et al., 1998; Miller, 1999; Snowdon et al., 2000) and
Parkinson’s disease (Kuhn et al., 1998). Homocysteine is a me-
tabolite of methionine, an amino acid that plays a key role in the
generation of methyl groups required for numerous biochemical
reactions; homocysteine either can be remethylated to methio-
nine by enzymes that require folic acid or can be catabolized by
cystathionine B-synthase, a vitamin B6-dependent enzyme, to
form cysteine (Scott and Weir, 1998). Patients with severe hyper-
homocysteinemia exhibit a wide range of clinical manifestations,
including profound neurological abnormalities such as mental
retardation, cerebral atrophy, and seizures (Watkins and Rosen-
blatt, 1989; van den Berg et al., 1995). Recent studies have shown
that homocysteine can be directly toxic to cultured neurons; the
mechanism may involve the activation of NMDA receptors (Lip-
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ton et al., 1997) or apoptosis triggered by DNA damage (Kruman
et al., 2000).

In AD the death of neurons in brain regions critical for learning
and memory is believed to result from increased production and
accumulation of insoluble forms of amyloid B-peptide (ApP),
which may endanger and kill neurons by inducing oxidative stress
and disrupting cellular ion homeostasis (Yankner, 1996; Mattson,
1997). Analyses of brain tissue from AD patients and of experi-
mental cell culture and animal models of AD have provided
evidence for the involvement of AB and apoptotic biochemical
cascades in the neurodegenerative process (Mattson, 2000). DNA
damage, which is a potent trigger of neuronal apoptosis, has been
documented in studies of AD patients and in cell culture and
animal models of AD (Mullaart et al., 1990; de la Monte et al.,
1998; Torp et al., 1998; Adamec et al., 1999; Harada and Sugi-
moto, 1999; Love et al., 1999; Seidl et al., 1999). In addition,
non-neuronal cells from AD patients exhibit a defect in their
ability to repair DNA damage (Li and Kaminskas, 1985; Robison
et al., 1987; Boerrigter et al., 1991), suggesting a widespread
abnormality in DNA repair mechanisms. Cells from Down’s
syndrome patients (which have AD-like brain pathology) exhibit
hypersensitivity to ionizing radiation-induced DNA damage (Ot-
suka et al., 1985), and environmentally induced DNA damage
may contribute to neurofibrillary degeneration in the ALS—Par-
kinson—dementia complex of Guam (Kisby et al., 1999). In light
of the data implicating increased DNA damage in neurons that
degenerate in AD and the evidence that folic acid deficiency and
homocysteine can impair DNA repair in non-neuronal cells, we
used cell culture and mouse models of AD to test the hypothesis
that folic acid deficiency and homocysteine sensitize neurons to
Ap-induced death.
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MATERIALS AND METHODS

Hippocampal and cortical cell cultures, experimental treatments, and as-
sessment of neuron survival. Primary hippocampal cell cultures were
established from embryonic day 18 (E18) rat embryos by methods de-
scribed previously (Mark et al., 1995). Dissociated cells were seeded onto
polyethylenimine-coated plastic dishes or 22 mm? glass coverslips and
maintained in Neurobasal medium containing B-27 supplements, 2 mM
L-glutamine, 0.001% gentamycin sulfate, and 1 mm HEPES, pH 7.2. The
density of the cultures was 100-150 neurons/mm? of culture surface. At
the time of the experiments (7-10 d in culture) 90-95% of the cells were
neurons (M AP-2-immunoreactive); neurons in cultures prepared in an
identical manner are vulnerable to apoptosis induced by various insults,
including AB (Mark et al., 1995). Astrocyte cultures were derived from
the cerebral cortex of 1-d-old rat pups and cultured in DM EM/F12 with
the addition of 10% fetal calf serum. Cultures were composed primarily
of large type-1-like astrocytes and were ~98% pure as indicated by
immunostaining for glial fibrillary acidic protein with a polyclonal anti-
body (Sigma, St. Louis, MO). Astrocytes were incubated for 24 hr in
serum-free DMEM/F12 medium, complete (control) or L-methionine
and folic acid (M/F)-deficient; apoptosis and cell proliferation rates were
determined. Apoptosis was quantified in cultures stained with fluorescent
DNA-binding dye Hoechst 33342 as described previously (Kruman et al.,
1997). Proliferation of astrocytes was quantified by cell counting.

Methyl donor-deficient medium was identical to the normal medium
except that it lacked folic acid and methionine. In all experiments
involving methyl donor-deficient medium the control cultures were sub-
jected to the same number of medium changes of control medium.
Experimental treatments were added to cultures by dilution into the
culture maintenance medium from concentrated stocks. AB (AB1-42)
was purchased from Bachem (Torrance, CA) and prepared as a 1 mMm
solution in water 16 hr before its addition to the cell cultures at a final
concentration of 5 um. This method produces stocks that are in an early
state of aggregation (small aggregates and few or no fibrils) at the time
of their addition to the cultures (Mattson et al., 1993; Fezoui et al., 2000).
L-Methionine, homocysteine, thymidine, hypoxanthine, and methotrex-
ate (Sigma) were prepared as concentrated stocks in sterile water, pH 7.2.

Neuron survival was quantified by counting undamaged neurons in
premarked microscope fields before, and at indicated time points after,
exposure to experimental treatments via methods described previously
(Mark et al., 1995). Neurons that died in the intervals between exami-
nation points were usually absent, and the viability of the remaining
neurons was assessed by morphological criteria. Neurons with intact
neurites and soma with a smooth round appearance were considered
viable, whereas neurons with fragmented neurites and vacuolated soma
were considered nonviable. Analyses were performed without knowledge
of the treatment history of the cultures.

Assessments of DNA damage. DNA damage was assessed by the alka-
line single-cell gel electrophoresis “comet assay” method as described
previously (Morris et al., 1999). The comet assay has been shown to be
a sensitive and reliable measure of DNA strand breaks associated with
incomplete excision repair sites and alkali-labile sites. After experimen-
tal treatment the neurons were scraped, and cell suspensions (typically
10,000 cells) were embedded into 0.5% low-melting agarose on Trevigen
(Gaithersburg, MD) slides. After treatment with lysis buffer (1% Triton
X-100, 10% DMSO, 2.5 M NaCl, 100 mm EDTA, and 10 mm Tris, pH 10)
the slides were transferred to a horizontal electrophoresis unit, and
electrophoresis was performed at 25 V and 300 mA for 30 min. Then the
slides were stained with ethidium bromide and analyzed by using an
epifluorescence microscope and the comet image analysis software
(Komet 4.0; Kinetic Imaging, Bromborough, UK); 50-100 consecutive
cells were analyzed from the center of the slide. Nuclei with damaged
DNA have the appearance of a comet with a bright head and a tail,
whereas nuclei with undamaged DNA appear round with no tail. The
parameters that commonly are measured with the comet assay are tail
length, percentage of DNA in the tail, and Olive Tail Moment (OTM).
In preliminary studies we found that these three parameters are tightly
correlated and therefore chose to use the OTM, which represents the
product of the amount of DNA in the tail (expressed as a percentage of
the total DNA) and the distance between the centers of mass of the head
and tail regions as the measure of DNA damage. As a positive control we
used lymphocytes exposed to 1 Gy of y-irradiation (OTM was 7.1 * (.8),
and we used untreated lymphocytes as a negative control (OTM was
0.9 = 0.3). Our assay reliably detected DNA damage in lymphocytes
exposed to as little as 5 cGy of y-irradiation. Two Escherichia coli DNA
glycosylases, formamidopyrimidine glycosylase (FPG; Trevigen) and ura-
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cil DNA glycosylase (UDG; Roche, Palo Alto, CA) were used separately
to convert AB- or methyl donor deficiency- and homocysteine-induced
DNA base modifications into strand breaks. These strand breaks were
detected by comet analysis. For this purpose, after cell lysis the slides
were washed with FLARE buffer [containing (in mm) 250 KCI, 25
EDTA, 25 HEPES-KOH, pH 7.4], and the agarose gel was covered with
100 wl of either FPG (0.01 U/ul) or UDG (0.001 U/ul) in FLARE buffer.
After incubation at 37°C for 1 hr the slides were subjected to comet
analysis performed at a pH of 12.1-12.5. Oxidative DNA damage also
was determined as described previously (Struthers et al., 1998; Sattler et
al., 2000) with the Biotrin OxyDNA Assay (Biotrin, Dublin, Ireland)
according to the manufacturer’s protocol. Images of fluorescence were
acquired with 488 nm excitation and 510 nm emission.

Mice, diets, measurement of homocysteine levels, and brain tissue prepa-
ration. Experiments were performed in transgenic mice expressing the
“Swedish” amyloid precursor protein (APP) mutation under the control
of a prion promoter (Borchelt et al., 1996); the original line of mice was
bred into a C57BL/6 background through 19 generations. These mice
develop age-dependent deposition of AB in their brains, which is first
evident in the hippocampus and cerebral cortex beginning after 10
months of age. Seven-month-old APP mutant mice and littermate non-
transgenic control mice were maintained on either a control diet or a folic
acid-deficient diet. The control diet was a standard mouse diet that
contained defined choline and folate and lacked D,L-homocysteine
(Dyets, Incorporated, Bethlehem, PA; diet 518754). The experimental
diet lacked folic acid and contained 4.5 gm/kg D,L-homocysteine (Dyets,
Incorporated; diet 518806). All mice were given water and diet ad
libitum. After 3 months on the diets, blood was taken for analysis of
homocysteine levels, and the mice were killed by anesthesia overdose and
were decapitated; the brains were removed. Homocysteine levels in
serum samples were quantified with an IMy immunoassay analyzer
(Abbott Laboratories, Irving, TX) according to the protocol provided by
the manufacturer. Trunk blood was collected from mice at the time of
death, serum was isolated from whole blood, and a 50 ul aliquot was used
for analysis. One brain hemisphere was homogenized in calcium- and
magnesium-free buffer (1 hemisphere/2 ml buffer); a 100 ul aliquot was
taken for use in quantification of DNA damage by comet analyses (see
above), and the remaining homogenate was used for ELISA analysis of
the levels of AB. The other hemisphere was immersion fixed in Bouin’s
fixative, embedded in paraffin, sectioned in the sagittal plane at 30 wm,
deparaffinized, and stained with cresyl violet.

Quantification of hippocampal pyramidal neurons. Nissl-positive un-
damaged neurons were counted in the entire extent of the pyramidal cell
layer, including regions CA1 and CA3 (CA2 was included in counts for
CA3), using a stereological approach similar to that described previously
(Long et al., 1999; West, 1999; Lee et al., 2000). The level of resolution
at which the estimates were performed allows for an easy discrimination,
based on cell morphology, between the neurons of different subdivisions
and between the neurons and glial cells. Pyramidal cells of the CA3
subfield were recognized as having a larger size than those of the CAl.
The transition from CAl to CA2/3 was recognized as a narrow zone
containing large, loosely organized pyramidal cells, in contrast to the
characteristically tightly packed pyramidal cells of CAl. Glial cells,
characterized by their much smaller size compared with neurons, were
not included in the estimates. One of the ways to obtain an unbiased
estimate of number of neurons is a two-step process that involves
estimating both the numerical density of neurons and the reference
volume in which they reside (West, 1999). We used a computer-based
system, Stereologer (Systems Planning and Analysis, Alexandria, VA),
and methods described previously (Long et al., 1999). Estimates of the
reference volume of the delineated region were assessed according to
the Cavalieri method (Gundersen and Jensen, 1987). For each section
the reference space was delineated at low power (5X objective; on-screen
magnification, 138X); identification of CA1 and CA3 neurons was ac-
complished at high power (100X objective; numerical aperture, 1.4;
on-screen magnification, 2722X). Numerical density was calculated by
dividing the number of neurons counted by the total volume sampled in
the reference space.

ELISA and immunohistochemical analysis of AB. ELISA for soluble
and plaque-associated AB1-42 and AB1-40 was performed as described
previously (Chishti et al., 2001). The brain tissue was homogenized in
ice-cold buffer containing 5 M guanidine HCI and 50 mm Tris-HCI, pH
8.0, and incubated at room temperature for 3—4 hr. After dilution (1:50,
v/v) with cold Dulbecco’s PBS with 5% BSA, 0.03%Tween-20, and a
cocktail of proteinase inhibitors (Calbiochem, La Jolla, CA) and then
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centrifugation (16,000 X g for 20 min at 40°C), the supernatant was used
for ELISA analysis. A solid phase sandwich ELISA for AB1-40 and
ApB1-42 peptides was performed according to the protocol provided by
the manufacturer (BioSource, Camarillo, CA). Values of AB1-42 and
AB1-40 in brain were expressed as nanomoles per gram wet weight of
brain. Immunohistochemical analysis of AB in 8-um-thick brain sections
from APP mutant and wild-type mice was performed by using a mono-
clonal mouse antibody against human A (clone 6E10) purchased from
Senetec, Napa, CA). The antibody was applied at 1:1600 to deparaf-
finized and rehydrated sections after treatment with 50% formic acid and
immersion in 0.3% H,O, in methanol, followed by incubation with 5%
normal horse serum. After incubation with biotinylated anti-mouse IgG
secondary antibody, the sections were incubated in ABC solution and
developed in nickel-enhanced diaminobenzamine. Sections were coun-
terstained with cresyl violet.

RESULTS

Methyl donor deficiency and homocysteine promote
apoptosis and increase vulnerability of cultured
hippocampal neurons to Ap-induced death
We first determined the effects of methyl donor deficiency on
neuronal survival by maintaining cultured hippocampal neurons
in medium that was deficient in folic acid and methionine. Pro-
gressive death of neurons in cultures maintained in methyl donor-
deficient medium occurred, with ~80% of the neurons dying
within 72 hr (Fig. 1a,b). In contrast, only ~10% of the neurons in
control cultures died during the 72 hr period (Fig. 1a,b). The
extent of neuronal death caused by combined methionine/folic
acid deficiency was greater than that caused by either methionine
deficiency or folic acid deficiency alone (Fig. 1¢). Methotrexate, a
dihydrofolate reductase inhibitor that causes folic acid deficiency
(Golos and Malec, 1989; Huennekens, 1994), induced a level of
neuronal death similar to that of combined folic acid/methionine
deficiency (Fig. 1c), consistent with the mechanism of folic acid
deficiency-induced neuronal death involving impairment of one-
carbon metabolism. In contrast to postmitotic neurons, M/F
deficiency was not toxic in astrocytes. Levels of apoptosis were
low in control (4 = 2%) and in M/F-deficient (1.4 = 1.3) culture
media. However, M/F deficiency adversely affected the prolifer-
ation of astrocytes; the proliferation rate of astrocytes incubated
for 24 hr in M/F-deficient medium was reduced to 65 * 3% of the
proliferation rate of control cultures (mean * SE of determina-
tions made in six cultures; p < 0.01, paired Student’s ¢ test).
We next determined whether the vulnerability of hippocampal
neurons to AB-induced death was affected by methyl donor defi-
ciency. Exposure to AB1-42 caused death of ~30% of the neu-
rons in control culture medium during a 48 hr exposure period.
When cultures were exposed to AB1-42 in methyl donor-deficient
medium, a highly significant enhancement of AB-induced neuro-
nal death occurred such that >70% of the neurons were killed
(Fig. 1d). Because homocysteine levels are elevated in AD pa-
tients and because folic acid deficiency can cause hyperhomocys-
teinemia, we determined whether homocysteine modifies neuro-
nal vulnerability to AB. Neurons incubated in the presence of
homocysteine exhibited a significant increase in their sensitivity
to being killed by AB1-42 (Fig. 1d).

Folic acid deficiency increases homocysteine levels
and sensitizes hippocampal neurons to death in APP
mutant transgenic mice

Transgenic mice overexpressing the Swedish mutation in APP
under the control of a prion promoter exhibit increased levels of
soluble AB1-42 and progressive age-dependent AB deposits in
their hippocampus and cerebral cortex (Borchelt et al., 1996). In
the transgenic line used in the present study amyloid deposits first
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become detectable in the brain at ~10 months of age. We placed
7-month-old APP mutant mice and age-matched wild-type mice
on either the normal diet or a diet deficient in folic acid and
containing excess homocysteine. After 3 months on the diets,
serum levels of homocysteine were elevated by ~10-fold in both
APP mutant and wild-type mice maintained on the experimental
diet compared with mice on the control diet (Fig. 2a). Then the
mice were killed, and their brains were prepared for histological
analysis and assessment of DNA damage. Examination of sec-
tions stained with cresyl violet suggested that there was damage to
hippocampal CA3 neurons in APP mutant mice that had been
maintained on the folic acid-deficient diet compared with mutant
mice maintained on the normal diet and that there was damage to
wild-type mice maintained on the folic acid-deficient diet (Fig.
2b). We therefore performed stereology-based counts to deter-
mine the numerical densities of neurons in regions CA3 and CA1
of APP mutant and wild-type mice that had been maintained on
control and folic acid-deficient diets. The analyses in CA3 of
hippocampus revealed a highly significant 20% loss of neurons in
APP mutant mice on the folic acid-deficient diet compared with
mutant mice on the control diet and with wild-type mice main-
tained on the folic acid-deficient diet (Fig. 2¢). The total numbers
of neurons within the CA3 reference volume that were measured
were 888 *+ 61 for nontransgenic mice on the normal diet, 880 =
52 mm? for nontransgenic mice on the experimental diet, 896 *
66 mm? for APP mutant mice on the normal diet, and 712 * 32
mm? for APP mutant mice on the experimental diet (p < 0.01
compared with each of the other values; ANOVA with Scheffe’s
post hoc tests). There were no differences in the volume densities
of neurons in region CA1 among the four different groups of mice
(Fig. 2c). The analyzed reference volumes for specific hippocam-
pal regions among the four groups of animals did not differ
significantly (p > 0.1); for the CA3 region the values were
0.0028 = 0.0007 mm? for nontransgenic mice on the normal diet,
0.0028 = 0.0008 mm* for nontransgenic mice on the experimental
diet, 0.0026 = 0.0006 mm? for APP mutant mice on the normal
diet, and 0.0032 = 0.0009 mm? for APP mutant mice on the
experimental diet. Thus the decrease in CA3 neuronal density is
attributable to cell loss and was not the result of a change in the
volume of this structure.

Amyloid B-peptide levels are unchanged in APP
mutant mice maintained on a folic acid-deficient diet
APP mutant mice exhibit increased production of AB1-42 and
age-dependent deposition of extracellular AB in the brain, par-
ticularly in the hippocampus and cerebral cortex (Games et al.,
1995; Borchelt et al., 1996; Hsiao et al., 1996). We therefore
quantified levels of AB1-40 and AB1-42 in brain tissues from APP
mutant and nontransgenic mice that had been maintained on
control or folate-deficient diets. As expected, levels of each AB
species were below the limit of detection in nontransgenic mice
(data not shown). Levels of AB1-40 and AB1-42 were ~4 and 2
nmol/gm wet brain weight, respectively, in APP mutant mice that
had been maintained on either the control or folate-deficient
diets, with no significant differences in levels of either AB species
between mice on control or folate-deficient diets (Fig. 3a). The
ratio APB1-42/AB1-40 also was not changed by the folate-deficient
diet (Fig. 3b). Examination of brain sections immunostained with
an antibody against Ap revealed no evidence of extracellular
amyloid deposition in APP mutant mice that had been main-
tained on either diet (Fig. 3c). Collectively, the data suggest that
folate deficiency renders hippocampal CA3 neurons in APP mu-
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Figure 1. Methyl donor deficiency induces death of hippocampal neu-

rons and potentiates AB toxicity. a, Phase-contrast micrographs showing
hippocampal neurons in a control culture and a culture that had been
maintained for 48 hr in medium lacking methionine and folic acid. b,
Cultures were exposed to control medium, medium lacking L-methionine
and folic acid (M/F), medium containing 5 um AB1-42 (AB), or medium
containing a combination of M/F plus AB; neuronal survival was quan-
tified at the indicated time points. Neuronal survival is expressed as a
percentage of the initial number of neurons present before experimental
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tant mice vulnerable to death by a mechanism that does not
involve increased AB production or deposition.

Folic acid deficiency and homocysteine enhance
AB-induced DNA damage in cultured hippocampal
neurons and APP mutant mice

DNA damage has been documented in association with neuronal
degeneration in brain tissues of AD patients (Torp et al., 1998;
Adamec et al., 1999). We therefore determined whether methyl
donor deficiency was sufficient to promote DNA damage in neu-
rons and whether AB might exacerbate such DNA damage. Hip-
pocampal cultures were incubated in medium that was deficient in
folic acid and methionine or in the normal culture medium; DNA
damage was measured via the comet assay, a sensitive technique
that has proved useful in measuring the DNA damage and repair
capacity in cells subjected to chemical- or radiation-induced DNA
lesions (Fairbairn et al., 1995). DNA damage was increased
significantly in neurons within 8 hr of incubation in the methyl
donor-deficient medium (Fig. 4a,b). Although AB1-42 alone did
not induce DNA damage during a 5 hr exposure (this time of
treatment was based on the dynamics of DNA damage induced by
folic acid deficiency; Fig. 4b), accumulation of DNA damage in
neurons maintained in folic acid-deficient medium was enhanced
significantly in the presence of AB1-42 (Fig. 4c). A significant
increase in DNA damage also occurred in neurons exposed to
AB1-42 in the presence of homocysteine, but the magnitude of
the increase was not greater than that seen with either treatment
alone. To determine whether the folic acid-deficient diet pro-
moted DNA damage to hippocampal neurons in vivo, we per-
formed comet analysis to detect cells with DNA strand breaks in
hippocampal tissue samples from APP mutant and wild-type mice
maintained on either the normal diet or the folic acid-deficient
diet. DNA damage was increased significantly in APP mutant
mice maintained on the folic acid-deficient diet compared with
mutant mice on the control diet and with wild-type mice main-
tained on either control or folic acid-deficient diets (Fig. 4d).

Folic acid deficiency promotes uracil misincorporation
and impairs DNA repair under conditions of exposure
to A

The increased accumulation of damaged DNA in neurons sub-
jected to folic acid deficiency or exposed to homocysteine might
result from either an increase in damage or a decrease in DNA
repair. Folic acid/methionine deficiency or AB alone did not
produce significant DNA damage within 5 hr (Fig. 4c). Cultured
hippocampal neurons were maintained for 5 hr in the presence of
homocysteine alone, in the presence of homocysteine plus AB1-

«

treatment (see Materials and Methods). Values are the mean and SD of
determinations made in six cultures. ¢, Cultures were incubated for 48 hr
in control medium, medium lacking methionine and folic acid (M/F),
medium lacking folate (FA4), medium lacking methionine but containing
folic acid (M), or medium containing 20 uM methotrexate (Methotr).
Neuron survival was quantified (mean and SD; n = 6). *p < 0.001
compared with control; **p < 0.01 compared with M/F; #p < 0.05 and
##p < 0.01 compared with control (ANOVA with Scheffe’s post hoc tests).
d, Cultures were exposed for 48 hr to saline (Control), M/F-deficient
medium, 5 um AB1-42 (AB), a combination of M/F-deficient medium plus
5 uM AB1-42 (AB+MJF), 250 uM homocysteine (Hom), or a combination
of homocysteine plus AB (4B8+Hom). Neuron survival was quantified
(mean and SD; n = 6). *p < 0.01, **p < 0.001 compared with control;
#p < 0.01 compared with M/F deficiency and with AB; *#p < 0.01
compared with homocysteine and with AR (ANOVA with Scheffe’s post
hoc tests).
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Figure 2. A methyl donor-deficient diet induces hyperhomocysteinemia
and promotes neuronal degeneration in APP mutant mice. a, Levels of
homocysteine in serum samples from wild-type (WT) and APP mutant
mice that had been maintained for 3 months on the normal control diet or
the experimental folic acid-deficient diet were quantified. Values are the
mean and SD (n = 8). *p < 0.0001 compared with corresponding control
value (ANOVA with Scheffe’s post hoc tests). b, Micrographs showing
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42, or in medium deficient in folic acid and methionine in the
presence of AB1-42; then the neurons were incubated for an
additional 12 hr in the normal culture medium containing folic
acid and methionine. The level of DNA damage was increased in
neurons incubated in the presence of homocysteine alone and was
restored to basal levels after homocysteine was removed (Fig. 5a),
indicating that the DNA damage was reversible. In contrast, the
DNA damage was not restored to basal levels when neurons were
incubated in the presence of AB1-42 together with either homo-
cysteine or folic acid-deficient medium (Fig. 5a). Thus, AB im-
pairs the ability of neurons to repair DNA damage under condi-
tions of methyl donor deficiency.

DNA damage is associated with a variety of modifications of
DNA bases, among which the formation of 8-oxyguanine has been
reported widely; FPG excises oxidized nucleotides, including
8-oxyguanine (Laval et al., 1998). The relative amount of such
oxidatively modified bases incorporated into nuclear DNA can be
determined by performing comet analysis after incubation of the
nuclei in the presence of recombinant FPG, which removes the
oxidatively modified bases, resulting in an increase in DNA
strand breaks. Cultured hippocampal neurons were exposed for 8
hr to ApB1-42 alone, methionine/folic acid-deficient medium
alone, or the combination of methionine/folic acid-deficient me-
dium and AB1-42. Slides containing cells were treated with FPG
or buffer, and comet analysis was performed. AB1-42 induced an
increase in oxidatively modified FPG-sensitive sites, whereas me-
thionine/folic acid deficiency alone did not (Fig. 5b). However, the
extent of oxidative DNA damage induced by AB was enhanced
significantly in neurons subjected to methionine/folic acid-
deficient medium. To determine whether methyl donor deficiency
enhances oxidative modification of bases in neuronal DNA or
impairs DNA repair, we exposed neurons to AB alone or in
combination with folic acid-deficient medium for 5 hr, washed out
the treatments, and then assessed DNA damage 12 hr later.
AB1-42 induced oxidative DNA damage that recovered to basal
levels in neurons maintained in normal medium containing folic
acid and methionine (Fig. 5¢). In contrast, neurons maintained in
folic acid-deficient medium were unable to repair their DNA
after exposure to AB1-42. To confirm these results, we used the
Biotrin OxyDNA Assay to detect oxidized nucleotides (see Ma-
terials and Methods). Levels of 8-oxoguanine were very low in
control cultures and increased within 8 hr of exposure to AB (Fig.
5d). When the AB was removed from the cultures, levels of
§-oxyguanine immunoreactivity returned to a low level within 12
hr. AB caused an increase in 8-oxyguanine in cultures maintained
in folic-deficient medium, and the neurons were unable to repair
the DNA damage after washout of the AB (Fig. 5d).

Because methyl donor deficiency can cause misincorporation of
uracil into DNA of proliferating cells caused by impairment of
deoxynucleoside triphosphate pools (Pogribny et al., 1997), we
determined the effects of folic acid deficiency on uracil misincor-

<«

cresyl violet-stained sections of hippocampus (region CA3) from wild-
type and APP mutant mice maintained for 3 months on either the control
diet or the folic acid-deficient diet (4 PP diet; WT diet). The micrographs
at the bottom show high magnification of the lower limb of CA3. c,
Numerical densities of neurons in regions CA3 and CAl of hippocampus
were quantified in the brains of wild-type and APP mutant mice main-
tained for 3 months on either control or folic acid-deficient diets. Values
are the mean and SD (n = 8). *p < 0.01 compared with APP mutant or
wild-type mice maintained on the control diet and compared with wild-
type mice on the experimental diet (ANOVA with Scheffe’s post hoc tests).
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Figure 3. Dietary folic acid deficiency does not affect levels of AB in the
brains of APP mutant mice. a, Levels of AB1-40 and AB1-42 were
quantified by ELISA analysis in cerebral cortex of APP mutant mice that
had been maintained on either a control diet or a folate-deficient diet
(Exp. Diet). Values are the mean and SE of determinations (6 mice per
group). b, Levels of AB, expressed as a ratio of Ap1-42/AB1-40 in brain
tissue from APP mutant mice that had been maintained for 3 months on
folic acid-deficient or control diets. Values are the mean and SE of
measurements made in samples from six mice on each diet. ¢, Micro-
graphs showing A immunoreactivity (brown) in sections of hippocampus
from APP mutant transgenic mice that had been maintained for 3 months
on a folic acid-deficient diet (4 PP diet) or a control diet. Note the absence
of plaques in mice on either diet.
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poration in neurons by incubating cells in the presence of UDG,
an enzyme that removes misincorporated uracil (Duthie and
McMillan, 1997; Mol et al., 1999). Recognition of the misincor-
porated uracil by UDG and subsequent exposure to alkaline
conditions result in DNA strand breaks that can be detected by
comet assay. There was a highly significant increase in uracil
misincorporation in neurons when they were incubated in folic
acid/methionine-deficient medium (Fig. 6a). AB1-42 alone did
not cause uracil misincorporation (Fig. 6a). The misincorporation
of uracil appears to be a key event in the neurotoxic effects of folic
acid deficiency and homocysteine, because pretreatment with
thymidine and hypoxanthine (a precursor of purines) to the
culture medium reduced neuronal cell death induced by methyl
donor deficiency and homocysteine (Fig. 6b). We have shown
previously that DNA damage and poly (ADP-ribose) polymerase
(PARP) activation occur before evidence of mitochondrial alter-
ations or caspase activation after exposure of neurons to homo-
cysteine and that a PARP inhibitor and a caspase inhibitor pre-
vented homocysteine-induced cell death (Kruman et al., 2000). In
light of the latter data and because elevated homocysteine levels
mediate the cytotoxic actions of folate deficiency, it appears that
the early DNA damage after folic acid deprivation is a trigger of
apoptosis. To confirm this, we performed an additional experi-
ment to determine whether the inhibition of PARP can protect
neurons against death induced by folic acid deficiency. Cultures
were incubated for 24 hr in folic acid-deficient medium in the
absence or presence of the PARP inhibitor 3-aminobenzamide (5
mwm), and neuronal survival was quantified. Values for neuronal
survival (mean * SE; n = 6 cultures) included the following:
control (folate-containing medium), 91 * 3.1%; 3-aminobenz-
amide in folate-containing medium, 89 = 2.1%; folate-deficient
medium, 59 * 4.5%; 3-aminobenzimide in folate-deficient me-
dium, 82 + 5.9% (p < 0.01, ANOVA with Scheffe’s post hoc test).
Collectively, these data suggest that folic acid deficiency and
homocysteine can promote neuronal death and sensitize neurons
to AP toxicity by impairing DNA repair.

DISCUSSION

The ability of folic acid deficiency and elevated homocysteine
levels to increase the vulnerability of cultured hippocampal neu-
rons to Ap-induced death and to promote neuronal degeneration
in APP mutant transgenic mice suggests a mechanism whereby
individuals with low folic acid intake and a resulting elevation of
homocysteine levels might be at increased risk of AD. AB can
induce oxidative stress and DNA damage in cultured neurons
(Loo et al., 1993; Mark et al., 1995, 1997), and both oxidative
stress and DNA damage have been documented in neurons asso-
ciated with AB-containing plaques in the brains of AD patients
(for review, see Mattson, 1997, 2000). Our analyses of DNA
damage and repair suggest that folic acid deficiency and homo-
cysteine promote the accumulation of DNA damage in neurons
by impairing DNA repair. Thus, neuronal death promoted by
methyl donor deficiency was attenuated by purine and thymidine
supplementation, suggesting that limitation of the availability of
purines and thymidine for DNA repair plays a key role in the
endangering actions of methyl donor deficiency. The difference in
dynamics of DNA damage induced by the combination of folic
acid deficiency and AB, compared with the combination of ho-
mocysteine and AB, may result from a more rapid direct effect of
homocysteine and a more delayed effect of folic acid deficiency
requiring the production of endogenous homocysteine. Because
cellular RNA also can contain oxidizable bases, it could be a
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Figure 4.  Amyloid B-peptide enhances DNA damage in neurons under
conditions of methyl donor deficiency. a, Comet assay analysis of nuclear
DNA in neurons in a control culture and a culture that had been exposed
for 8 hr in methionine/folic acid-deficient medium. b, DNA damage was
quantified by comet analysis in hippocampal neurons after the indicated
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target for AB-induced oxidative modification. However, the FPG
recombinant enzyme that we used is specific for 8-oxodeoxy-
guanosine, and the conditions of the alkaline comet assay will not
cause RNA to be degraded. The immunostaining protocol we
used is also specific for DNA base modifications, and the extranu-
clear localization of immunoreactivity shown in Figure 5 could
reflect oxidative modifications of mitochondrial DNA.

Apoptosis of cultured neurons has been observed in response
to a variety of DNA-damaging agents, including UV irradiation,
cytosine arabinoside, and the topoisomerase I inhibitor campto-
thecin (Park et al., 1998). Postmitotic cells have been shown to be
more vulnerable to DNA damage than mitotic cells, probably
because of the lack of efficacy of DNA repair. It was shown that
neurons (Morris and Geller, 1996; Gobbel et al., 1998) and
neuroblastoma cells become extremely UV-sensitive after termi-
nal differentiation (McCombe et al., 1976). Patients with heredi-
tary disorders such as Cockayne’s syndrome and xeroderma pig-
mentosum, deficient in DNA repair on a par with increased
predisposition to cancer, have severe neurological abnormalities
(Allen et al, 2001). Currently, little is known about the repair
capabilities of neurons. Nevertheless, although DNA repair abil-
ity may decrease during brain maturation, neurons in the adult
brain can repair damaged DNA effectively (Korr and Schultze,
1989). This implies that impairment of DNA repair ability in
neurons could be an important factor in the accumulation of
DNA damage and neuronal death in neurodegenerative disor-
ders. The ability of folic acid deficiency to potentiate AB toxicity
was associated with oxidative DNA modification caused by de-
creased DNA repair, consistent with previous studies in non-
neuronal cells showing that folate deficiency increases genetic
damage caused by alkylating agents and +y-irradiation (Branda
and Blickensderfer, 1993). Interestingly, we found that postmi-
totic neurons are more vulnerable to being killed by homocys-
teine and folic acid deficiency than are mitotic astrocytes. In
dividing cells DNA damage can inhibit cell proliferation and
DNA repair and lead to mutagenesis and malignant transforma-
tion (Blount et al., 1997; Green and Miller, 1999). Thus, folic acid
deficiency and elevated homocysteine also may have an adverse
effect on mitotic cells in the nervous system, including glia and
neural progenitor cells.

Whereas the APP mutant transgenic mice used in the present
study exhibited no evidence of neuronal degeneration when main-
tained on the usual rodent diet, a significant loss of neurons
occurred in these mice when they were maintained for 3 months
on a folic acid-deficient diet that caused a >10-fold elevation of
circulating levels of homocysteine. In contrast, no significant
neuronal loss occurred in wild-type mice maintained on the folic
acid-deficient diet despite a similar elevation of circulating homo-
cysteine levels. The major consequence of overexpression of

<«

time periods of incubation in methionine/folic acid-deficient medium.
Values are the mean and SD of determinations made in six cultures; *p <
0.01. ¢, DNA damage was quantified in neurons that had been exposed for
4 hr to the indicated treatments (5 um Ap1-42; 250 uM homocysteine).
Values are the mean and SD (n = 6). **p < 0.01 compared with control.
#p < 0.05, ##p < 0.01 compared with A alone (ANOVA with Scheffe’s
post hoc test). d, DNA damage was quantified by comet assay in hippocam-
pal tissue samples from wild-type and APP mutant mice that had been
maintained for 3 months on either the control diet or the methyl donor-
deficient experimental diet. Values are the mean and SD (n = 8). *p <
0.01 compared with the value for APP mutant mice on the control diet
and with WT mice on either diet.
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- Figure 5. Impaired DNA repair and in-
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ified bases in neurons exposed to A un-
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the indicated treatments (5 um AB1-42;
250 um homocysteine). Then the cultures
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mean and SD (n = 6). *p < 0.01 compared
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Neurons were exposed for 5 hr to the
indicated treatments and then subjected to
W comet analysis of DNA damage, using
FPG treatment as described in Materials
and Methods. Values are the mean and
SD (n = 6). *p < 0.01, **p < 0.001 com-
pared with the corresponding buffer value.
¢, Cultured neurons were exposed for 5 hr
to the indicated treatments (5 um ABI-
42). Cultures either were processed for
analysis of DNA damage (Treatment) or
were incubated for an additional 12 hr in
the absence of treatments (Recovery) and
B subjected to comet analysis of DNA dam-
age by FPG treatment. Values are the
mean and SD (n = 6). *p < 0.01 compared
with the corresponding treatment value. d,
Micrographs showing 8-oxoguanine im-
munoreactivity in cultured hippocampal

neurons subjected to the indicated treatments. Cultures were exposed to the indicated treatments for 5 hr and either were analyzed at that time
(treatment) or were allowed to recover for 12 hr in the absence of treatment (recovery). Control, Exposure of 5 hr to buffer; 4B, 5 um AB1-42; M/F def.,

methionine- and folic acid-deficient medium.

mutant APP in mice is to increase the production of AB1-42,
which then forms plaque-like deposits in the hippocampus and
cerebral cortex (Games et al., 1995; Borchelt et al., 1996; Hsiao et
al., 1996). As expected, we found that levels of soluble Ap1-42/
AB1-40 were increased in the brains of APP mutant mice, as were
levels of intracellular AB immunoreactivity in hippocampal neu-
rons of the mutant mice. However, levels of AB appeared un-
changed in APP mutant mice maintained on the folic acid-
deficient diet. When taken together with our cell culture data
showing that methyl donor deficiency and homocysteine sensitize
hippocampal neurons to AB toxicity, our findings in the APP
mutant mice suggest that the increased production of AB1-42 in
the brains of these mice renders their neurons vulnerable to
homocysteine. In this scenario, neuronal death would be trig-
gered when the extent of DNA damage reaches a critical thresh-
old level, which is lowered by a folic acid-deficient diet and
age-related increases in the accumulation of AB. The selective
loss of CA3, as opposed to CA1, neurons in brains of APP mutant
mice after a folate-deficient diet regimen might result from the
selective vulnerability of CA3 pyramidal neurons of the hip-
pocampus to DNA damage and/or excitotoxicity. Previous studies
have shown that CA3 neurons are vulnerable to excitotoxicity
(Nadler et al., 1980) and that AB increases neuronal vulnerability
to excitotoxicity (Mattson et al., 1992). Consistent with this pos-
sibility are data showing that oxidative stress, DNA damage, and
activation of p53 mediate excitotoxicity (Copani et al., 2001).
Accumulating evidence suggests that cell cycle-related proteins
such as cyclins or cyclin-dependent kinases are reexpressed in
neurons committed to death in response to a variety of insults,
including AB (Copani et al., 2001). It even has been reported that
DNA replication can be triggered in postmitotic neurons (Smith

et al., 2000; Yang et al., 2001). In proliferating cells specific
proteins detect DNA damage (e.g., PARP and p53) and can
trigger cell cycle arrest and promote DNA repair. If the damage
is too extensive to be repaired, the same factors trigger apoptosis.
Such a mechanism appears to occur in differentiated postmitotic
cells such as neurons. AB-induced cell death may be mediated by
p53 (Culmsee et al., 2001), which responds to DNA damage and
activates a transcriptional gene program that induces the expres-
sion of proapoptotic genes such as Bax. We have shown that
homocysteine induces DNA damage, p53 activation, and neuro-
nal cell death (Kruman et al., 2000). Folate deficiency also in-
duces DNA damage, followed by cell death. The capability of
postmitotic neurons to replicate their DNA during conditions of
DNA precursor deficiency induced by homocysteine or folate
deficiency would explain our observation of a relatively rapid
effect of these treatments on uracil misincorporation and cell
death.

There is increasing evidence supporting a role for DNA dam-
age and apoptosis in the pathogenesis of several neurodegenera-
tive disorders, including AD. Neurons in vulnerable brain regions
of AD patients exhibit several alterations suggestive of apoptosis,
including caspase activation (Masliah et al., 1998; Chan et al,,
1999), increased levels of the proapoptotic protein Par-4 (Guo et
al., 1998), and increased expression of Bax (Su et al.,, 1997).
Exposure of cultured neurons to AB induces caspase activation
(Mattson et al., 1998; Chan et al., 1999) and increased production
of Par-4 (Guo et al., 1998) and Bax (Paradis et al., 1996), each of
which appears to play an important role in the cell death process.
Apoptosis triggered by DNA damage typically involves activation
of PARP and induction and activation of the tumor suppressor
protein p53 (Smulson et al., 2000). Increased PARP activity and
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Figure 6. Methyl donor deficiency-induced neuronal death involves mis-
incorporation of uracil into DNA. a, Neurons were exposed for 5 hr to
saline (Control), methionine/folic acid-deficient medium (M/F), or 250
uM homocysteine (Hom) and then were subjected to comet analysis of
DNA damage via UDG treatment. Next the nuclei were subjected to
comet analysis of DNA damage. Values are the mean and SD (n = 6).
*p < 0.01, **p < 0.001 compared with control value and with the
corresponding buffer value. b, Cultures were exposed for 48 hr to saline
(Control), methionine/folic acid-deficient medium (M/F), 15 uM thymi-
dine plus 30 uM hypoxanthine (Th+H), or the combination of methio-
nine/folic acid-deficient medium plus Th+H. Neuron survival was quan-
tified; the values are the mean and SD (n = 6). **p < 0.01 compared with
control; #p < 0.05 compared with the methionine/folic acid-deficient
value.

p53 levels have been documented in association with degenerat-
ing neurons in AD patients (de la Monte et al., 1998; Love et al.,
1999) and in cultured neurons exposed to AB (Culmsee et al.,
2001). Moreover, a chemical inhibitor of p53 can protect neurons
against AB toxicity (Culmsee et al., 2001), suggesting a key role
for this DNA damage-responsive cell death pathway in the patho-
genesis of AD. Our data suggest that, by impairing the DNA
repair capacity in neurons, folic acid deficiency and elevated
homocysteine levels may lower the threshold level of DNA dam-
age that is required to trigger neuronal death. In this view, folic
acid deficiency and elevated homocysteine levels accelerate the
accumulation of DNA damage that is promoted by age-related
increases in oxidative stress and by accumulation of AB. Neurons
are more vulnerable to DNA damage than non-neuronal cells
(McCombe et al., 1976; Gueneau et al., 1979), suggesting that the
brain may be particularly sensitive to diets deficient in folic acid
and other nutritional and genetic factors associated with one-
carbon metabolism.

In humans the normal range of homocysteine concentrations in
plasma is 5-15 um, and levels of homocysteine in CSF and brain
tissue are reported to range from 0.5 to 10 um (Welch and
Loscalzo, 1998). The levels of homocysteine in the blood of
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wild-type mice and APP mutant mice in the present study were
not different, being the range of 1-3 um when fed the usual diet.
However, homocysteine levels increased to 20-30 uMm in wild-type
and APP mutant mice maintained on the methyl donor-deficient
diet. Homocysteine can be taken up rapidly by neurons via a
specific membrane transporter (Grieve et al., 1992), and, based on
previous studies of non-neuronal cells (Blount et al., 1997) and
the present study of neurons, homocysteine can induce DNA
strand breaks by inducing thymidine insufficiency and promoting
uracil misincorporation. Plasma folic acid levels decrease and
homocysteine levels increase with age (Andersson et al., 1992;
Brattstrom et al., 1994) and to an even greater extent in patients
with AD and PD (Clarke et al., 1998; Kuhn et al., 1998; Snowdon
et al., 2000), consistent with a possible contribution of disturbed
de novo synthesis of purines and thymidine and increased accu-
mulation of damaged DNA to the pathogenesis of several differ-
ent age-related neurodegenerative disorders. If our findings in the
present studies of cultured neurons exposed to AP and APP
mutant mice reflect the pathogenic process in humans, then
dietary supplementation with folic acid would be expected to
reduce risk of sporadic forms of AD and also might suppress the
neurodegenerative process in familial AD cases.
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