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Abstract

The protein_-isoaspartatentaspartate}o-methyltransferase participates in the repair of age-induced protein damage by initiating the
conversion of abnormal aspartyl residues within proteins to norraapartyl residues. Previous studies have shown that mice deficient in
the gene encoding this enzynectl-/—) accumulate damaged proteins, have altered levels of Bradtenosylmethionine (AdoMet)
and S-adenosylhomocysteine (AdoHcy), and suffer from epileptic seizures that result in death at an average age of about 42 days. In
this study, we found that the behavior BEmtl-/— mice is abnormal in comparison to their wild-typecntt-/+) and heterozygous
(Pcmti+/—) littermates in two standard quantitative behavioral assays - the accelerating rotorod and the open-field test. On the accelerating
rotorod, we found’cmtl-/— mice actually perform significantly better than their heterozygous and wild-type littermates, a situation that
has only been infrequently described in the literature and has not been described to date for epilepsy-proneficgFhe mice show,
however, hyperactivity in the open-field test that becomes more pronounced with age, with a partial habituation with time in the chamber.
Additionally, these mice demonstrate a strong thigmotaxic movement pattern. We present evidence that these phenotypes are not relatec
to the alterations of the AdoMet/AdoHcy ratio in the brain and thus may be a function of the accumulation of damaged proteins. These
results implicate a role for this enzyme in motor coordination and cerebellum development and suggest the importance of the function of
the repair methyltransferase in hippocampal-dependent spatial learning.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction zyme can initiate the reversal pfisoaspartyl damage utiliz-
ing S-adenosyle-methionine (AdoMet) as a methyl donor to
Proteins undergo a variety of cellular processes in the form ani-isoaspartyl methyl ester. This methyl ester spon-
aging process that can lead to damage and decreased eRaneously forms a mixture of proteins containing either the
zymatic efficiency[3]. One common type of damage is gamaged-isoaspartyl residue or the correstispartyl form
the isomerization and racemization ofasparaginyl and  [14]. Repeated methylation and demethylation cycles drive
L-aspartyl residues within the protein’s polypeptide back- the reaction to the normakaspartyl form. A similar path-
bone[7,23]. The resulting isoaspartyl anetconfiguration  \yay can result in the conversion ofaspartyl residues to
residues can alter the structure and function of the protein L-aspartyl and-isoaspartyl residugd9]. This repair path-
[10,13,22,31] The presence of these altered residues in the way helps to maintain the proper structure of proteins to
beta-amyloid peptide may contribute to the pathology seen provide for their function and stability.
in Alzheimer’s diseas¢24,28] While the role of this methyltransferase irisoasparty!
The importance of preventing the accumulation of pro- repajr in vitro is clear, its physiological importance is less
teins containing such damage is demonstrated by the presgjear, The repair function of the enzyme implicated its likely
ence in most cells of a highly conserved repair enzyme, the jnyolvement in cellular aging pathways. To study this path-
L-isoaspartyl p-aspartyl)O-methyltransferasgs]. This en- way in mice, the single gene encoding this enzyen(t)
has been disrupted and knockout mice obtaifisgi30]
* Corresponding author. Tek:1-310-825-8754; faxi-1-310-825-1968,  H{OWever, the long-term effects of isoaspartyl accumulation
E-mail addresscclarke@mbi.ucla.edu (S. Clarke). with age are obscured becauBemtl-/— mice unexpect-
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edly display a phenotype of progressive epilepsy resulting 2. Materials and methods
in their death at an average of 42 days of §gé5,16,30]
EEG analysis revealed thRcmtl-/— mice display abnor- ~ 2.1. Colony maintenance and genotyping
mal electrical activity approximately 50% of the time mon-
itored, even when they are not overtly seiz{i§]. Several The Pcmtl-/— mice used for these experiments were
other secondary phenotypes were also observed includingpreviously generated16]. The strain is approximately
reduced weighf16,30], sexual impotency or sterilitj2,15] 50% C57BL/6 and 50% 129/SvJae and is highly inbred by
and kyphosis of the spirj&2]. TreatingPcmtl-/— knockout brother—sister matings. A breeding colony was established at
mice with a combination of the antiepileptic drugs valproic the UCLA Behavioral Testing Core facility and maintained
acid and clonazepam restored normal growth and extendedunder a 12 h/12 h light/dark cycle (light on from 06:00 to
the life span, but to only about 80 daji$]. Neuron-specific ~ 18:00 h). Pcmth-/— mice were bred vyielding litters com-
rescue of th&cmtl-/— mice with a transgenic methyltrans-  posed oPcmti-/+, Pcmti-/—, andPecmtl—/— pups in the
ferase cDNA can, however, extend the life span to about 200 expected Mendelian ratios. The pups were weaned at 22—-23
days[20,25] days of age and separated based on sex into groups of three
To understand the phenotypes BEmtl-/— mice, it to four mice per cage with a random assortment of geno-
has generally been assumed that the loss of the repair entypes. Individual mouse genotypes were determined by PCR
zyme results in the accumulation of damage in a variety of amplification of tail DNA. Two primer sets were used for
proteins leading to the neural impairment s¢&h,16,30] amplification. The first set included-BCCCTCTTCCC-
Tubulin [18], synapsin 1[25], and amyloid-beta peptide @~ ATCCACATC-3 and B-GCAGCGACGGCAGTAACAG-3
[24,28] have all been identified as potential candidates for and was used to amplify a 405 base pair wild-type
isoaspartyl accumulation leading to loss of function. How- product within the Pcmtl exon 1. The second set in-
ever, the loss of the repair enzyme has also been shown tacluded 3-GCACGAGGAAGCGGTCAGCCCATTC-3and
alter the concentrations in brain of its small molecule sub- 5-CGCATCGAGCGAGCACGTACTCGG-3 that ampli-
strates AdoMet and S-adenosyhomocysteine (AdoHcy) fied a 310 base pair product within the neomycin cassette
[5]. It is thus possible that the increased AdoMet/AdoHcy interrupting thePcmtlgene.
ratio that accompanies the loss of Pcmtl may also con- Water and a commercial rodent chow in pellet form (Lab-
tribute to thePcmtl-/— mutant seizure phenotype. Lower Diet 5001, Purina Mills) were provided without restriction
brain AdoHcy concentrations may stimulate epileptic be- to the animals on the standard diet. For mice maintained
havior because this metabolite appears to be an endogenousn a low-folate diet, this standard chow was replaced by a
neural inhibitor. Evidence supporting this theory includes #517894 diet from Dyets Inc. (Easton, PA). This diet (also
the anticonvulsant effect of AdoHd$] and the fact many  in pellet form) is a modified Clifford.-amino acids rodent

common antiepileptic drugs including valprodf9], phe- diet with 0.2 mg of folate/kg and 1% succinyl sufathiazole
nobarbital [1], and diazepam[9] can elevate AdoHcy antibiotic.
levels.

Subsequent studies aimed at determining Pcmtl’s role in2.2. Rotorod testing
the brain pointed to hippocampal functidid®,18] Specifi-
cally, the CAS region oPcmtl-/— mutant mice was found Rotorod testing was done on a TSE Systems Rotorod Sys-
to degeneratd1?]. Pcmtl-/— mice possibly undergo a tem (SciPro Inc.). The apparatus consisted of a 20 cm raised
kindling effect induced from the hyperexcitability of their drum 10cm in circumference split into separate lanes to
epileptic activity [26]. Several behavioral tests have also allow simultaneous testing of five mice. The drum’s surface
been performedPcmtl-/— mice exhibit impaired spatial  was covered with rubber matting to provide for enhanced
learning in the Morris water maze, decreased anxiety in the grip for the mice. Mice were first weighed and then loaded
elevated plus maze, and impaired short-term memory in aon the rotorod at an initial speed of 5rpm. This speed was
context based avoidance t¢s2]. Unfortunately, these tests  maintained for 1 min to allow mice to become acclimated to
employed harsh procedures (i.e., shocking and swimming), the device. If mice fell during this period, they were replaced
which may induce epileptic episodes in the mutants and on the rotorod. After this initial loading phase, the rotorod
thus bias the results. was gradually accelerated from 5 to 60 rpm over the course

The goal of this study was to first examifemtl-/— of 3min. A light-beam sensor located below each compart-
performance in two common non-stressful behavioral tests ment on the drum recorded the time and rpm speed of the
that do not invoke electric shock, food deprivation, or swim- drum when a mouse fell from the device. In a few instances,
ming to demonstrate their potential as non-lethal measuresmice would cling to the grip of the rotating drum rather than
of thePcmtl-/— mutant’s impairment. The accelerating ro- fall from it. When this occurred, the light-beam sensor was
torod and the open-field test were chosen. Once distinctive manually triggered when the mouse failed to resume normal
phenotypes were identified we attempted to mitigate them performance after three consecutive revolutions. After all
through a low-folate diet aimed at altering tRemtl-/— mice fell from the rotorod, the group was given a 4-min rest
mice’s AdoMet/AdoHcy ratio. period and then reloaded on the device as before but without
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the 1-min acclimation period. Mice were tested again as 2.6. Statistical analysis

described above, allowed to rest for 4 min, and then tested a

final time. All testing was done between 13:00 and 16:00h. Data were analyzed for repeated measure ANOVA and
The experimenter was present in the room during the two-tailedt-tests using StatView version 5.0 software for the
testing. PowerPC.

2.3. Open-field analysis
3. Results

The open-field apparatus consisted of a.780n. x
10.75in. square Plexiglas chamber 8in. high that tracked and 3.1. Characterization of Pcmtd/— mice on normal and
recorded animal movement by infrared beam interruption low-folate diets
patterns (ENV-510 model, MED Associates, Inc.) Simulta-
neous analysis dPcmtl-/— mice and theiPcmtH-/— and Access to behavioral equipment necessitated the estab-
Pcmtl-/— controls were performed using four chambers. lishment of a second UCLA colony &fcmttdeficient mice.
Animal tracking in theXY-plane was monitored through 16  This colony was founded from previously inbredmt-/—
evenly spaced infrared sensors. An additional photobeammice transferred from the Center for Health Sciences to a
detected movement 2in. above the bottom of the appara-separate vivariumin Franz Hall. TheBemtH-/— mice were
tus to detect hind-leg vertical rearings by the mice on the subsequently interbred to generate mice of variBamtl
Z-axis. Prior to testing, fecal pellets were removed and genotypes, but that were otherwise genetically identical, for
each chamber was then sprayed with an ammonia-basedehavioral testing. As shown Fig. 1, we measured the life
glass cleaner and wiped carefully to eliminate any residual span of thePcmtl-/— mice in this facility and found that
odors from the mice. Cage mates were transported to the50% survival at 43 days, a similar time to those previously
testing room and immediately loaded into their respective obtained in other studig$,15,16,31] There was only one
open-field chambers. Each ftrial consisted of one 10-min death noted oPcmti-/— and Pcmtk-/+ mice before 200
trial that was split into 10 individual 1-min periods for days.
analysis purposes. lllumination was kept at a constant dim We detected a number of qualitative differences be-
level slightly above a reading threshold. Background noise tween thePcmtl-/— and Pcmth-/+ and Pcmth-/— mice.
was provided via a small portable air conditioner located Pcmtl-/— mice did not display the typical handling avoid-
in the center of the testing units. The experimenter was not ance behavior seen in heterozygotes and wild-type animals
present in the room during the experiment. All testing was such as congregating in cage corners and making evasive
done between 16:00 and 19:00 h. For thigmotaxic behav- movements when cages were moved or mice were picked
ioral analysis, the open-field’s center was defined as theup. The methyltransferase-deficient mice also sometimes

8in. x 8in. area in the middle of the apparatus. appeared to be unaware of their surroundings, and relatively
motionless, even in the absence of any detectable seizure
2.4. Plasma homocysteine analysis activity. Randomly occurring non-fatal seizures were fre-

quently observed.

Blood plasma homocysteine (Hcy) levels were mea- We also tested the survival ¢fcmtl-/— mice on the
sured inPcmtH-/4-, Pemti-/—, andPecmtl—/— littermates. low-folate diet described irsection 2 This diet was de-
Mice were fasted for 12 h prior to sample collection. Mice signed to test whether changes in the AdoMet/AdoHcy ratio
were anesthetized with isoflourane and blood was col- in brain might affect behavioral changes (see below). Mice
lected through retro-orbital bleeding with heparin-coated on the low-folate diet were found to live marginally longer
micro-hematocrit capillary tubes (Fisher Scientific, Catalog than those on the standard diet, with a 50% survival time
# 22-362-566). Samples were immediately transferred into of 48 days Fig. 1).
heparin-treated collection vials and placed on ice. The sam-
ples were spun at 1700 g for 3min to pellet red blood  3.2. Pcmtt/— mice perform significantly better on the
cells and the plasma supernatant was collected for analysisaccelerating rotorod task than their Pcmtl+ and
Plasma samples were shipped overnight on wet ice to Anti- Pcmth-/— littermates
cancer Inc. (San Diego, CA) for analysis using a previously

published protoco]27]. We first asked whether the loss of the protein repair gene
function and the accompanying accumulation of damaged
2.5. Mouse brain HPLC analysis substrates and increased seizure activity would affect their

ability to maintain their balance on an accelerating rotorod
High pressure liquid chromatography analysis of AdoMet apparatus Kig. 2). The rotorod was accelerated from 5
and AdoHcy levels in whole mouse brain homogenates wereto 60 rpm over 3min as described 8ection 2 In these
done of mice sacrificed at 50 days of age by a previously experiments, mice were only tested once (three trials in
described protocdb]. one session) and thus our results give a measure of initial
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Fig. 1. Survival curve foPcmtl-/— mice on normal and low-folate diet. All mice were weaned at 22-23 days of age and housed randomly by sex in
groups of three to four mice per cage. The survival curve depicted above indheded—/— mice ( = 54) fed a standard diet arRecmtl-/— diet fed
a low-folate diet (described iBection 2 (n = 22) mice. All P)cmtH-/— and Pcmt}-/+ littermates lived beyond the time period depicted on this graph.

motor coordination rather than motor learning. Surprisingly, episodes, the total distance traveled, vertical rearings, and a
the Pcmtl-/— mice performed significantly better than measure of grooming behavior (quantitated as stereotypic
Pcmth-/+ andPcmti-/— controls Fig. 2). counts) were recorded for each minute of a 10-min trial. In
This superior performance was all the more remarkable Table 1 we show data averaged over the each 1-min period
becaus®cmtl-/— mice often spontaneously fell or jumped of the 10-min trial. Here, we found no large difference be-
from the rod immediately after loading, a phenomenon not tweenPcmtl-/—, PcmtH-/—, andPcmtH-/4+ mice in their
observed in their heterozygotes or wild-type littermates. average moving velocity and stereotypic counts. However,
However, once the loading period ended and the trial waswe observed a significant nearly two-fold increase in the
started, the knockout mice were able to stay on the rotorod number of ambulatory episodes for tRemtl—/— knock-
significantly longer Fig. 2). In one instance, cmtl-/— out mice, and a corresponding two-fold increase in the
mouse seized after the second trial and was not tested fur-distance traveled. We also found decreased vertical rearing
ther. All otherPcmtl-/— mice were able to complete the for the knockout mice, but not at a statistically significant
trials. The small decrease in tiecmtl-/— performance level (Table 3. This behavioral hyperactivity could not be
seen in the third trial may be attributed to the seizure ac- attributed to faster locomotion as the average moving ve-
tivity of a few mice who became unstable at the end of the locities of Pcmtl-/— mice were in fact slightly slower than
session, but were still included in the dafeig; 2). The their Pcmti-/— littermates ¢ = 0.014). No significant
rotorod success of thecmtl-/— mice was apparently not  differences betweeRcmtt-/4+ and PcmtH-/— mice were
due to their smaller size because we saw no correlationobserved.
between weight and performance with any of the groups of When we grouped mice by age, we found the hyperactiv-
mice. Additionally, we found no correlation with age. ity of Pcmtl-/— mice as measured by total distance trav-
eled increased with the age of the mousigy(3). At 28-34
3.3. Pcmtt-/— mice exhibit thigmotaxic hyperactivity in days of agePcmtl-/— mice open-field activity levels were
the open-field apparatus that progresses with age about 55% higher than thefcmtt-/+ andPcmth-/— con-
trols. At approximately 35 days of age, a sharp increase
Mice were tested in an open-field apparatus as describedin the Pcmtl-/— population’s hyperactivity was observed,
in Section 2 The average moving velocity, ambulatory where the activity was almost three-fold higher. This rise was
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Fig. 2. Pcmtl-/— mice demonstrate improved coordination on the accelerating rotordéle Maice between 28 and 48 days of age were tested on an
accelerating rotorod that increased from 5 to 60rpm over the course of 3min. Each test consisted of three consecutive trials with 4-min rest periods
between each trial. The number of animals of each genotype tested ranged from 12 to 29 and is shown at the bottom of eacPdrmatl-®ne

mouse was excluded from his third trial because a seizure occurred during th&*t@st. 0.0001 in comparison to both control group$P < 0.005 in
comparison to both control groups. No significant difference betweantH-/+ and Pcmti-/— mice was observed. Error bars represent standard the

error of the mean.

statistically different from both their age-matched controls ~ We next asked whether the observed hyperactivity in
(Fig. 3 as well as when the activity d&fcmtl-/— between Pcmtl-/— mice was prevalent throughout the open-field
mice of 35 days and older was compared to mice of 28-34 exposure. When we examined each 1-min period of the
days (P < 0.005). This increased hyperactivity persisted 10-min trial, we found that the activity of the heterozygotes
throughout their adulthood and often grew greater upon sub-and wild-type mice did not change, but the hyperactiv-
sequent open-field exposures later in life (data not shown). ity of the Pcmtl-/— mice appeared to habituatEig. 4).

Table 1

Open-field behavior of wild-type and protein-repair-deficient mice maintained on a standdrd diet

Measure of activity Mouse genotype

in a 1-min period - - —
Wild-type Heterozygote Repair-deficient
Pecmti-/+ (n = 22) Pcmth-/— (n = 41) Pcmtl-/— (n = 30)

Average moving velocity (cm/s) 244 1.0 26.2+ 1.0 23.0+ 0.7

Ambulatory episodes 6.% 06 7.0+ 0.5 12.3+ 1.0

Distance traveled (cm) 12% 10 129+ 9 254+ 23°

Vertical rearings 19.3t 1.5 20.3+ 1.2 172+ 11

Stereotypic counts 153 7 157+ 5 150+ 5

2Values are givent standard error of the mean.
b p-value < 0.0001, when compared to wild-type and heterozygotes.
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Fig. 3. Pcmtl-/— mice display increasing hyperactivity with age on an open-field test. The average distance traveled during the entire course of a 10-min
open-field exposure is shown for each genotype for mice in three age groups. The number of mice tested of each genotype is shown at the bottom c
the graph. Only ri@e mice were tested in these experiments. The error bars represent the standard error of th& fmeal01 in comparison to
PcmtH-/+ and Pcmtt+/— controls.*** P < 0.0001 in comparison t@cmtH-/+ and Pcmti+/— controls.

Knockout mice were most hyperactive when initially en- Pcmtl-/— mice strongly avoided the open field’s center de-
tering the open field, and activity decreased steadily as spite their hyperactivity. This prompted us to compare the
they became more acclimated to the novel environmenttime spentin the center of the open-field apparatus in the dif-
(P < 0.0001 by repeated measure ANOVA analysis). How- ferent genotypesHig. 7). While Pcmt+/4+ andPecmtH-/—
ever, their activity never dropped to the levels seen in their mice showed a fairly proportional increase between total dis-
Pcmti-/— and Pcmthl-/+ siblings. An analysis of am-  tance traveled and percent time in center, the proportion of
bulatory episodes gave a similar result (data not shown). time spent in the center for tHecmtl-/— population was
When the data was analyzed on a per minute basis, we nownearly independent of the total distance traveled. Thus, as
detected a statistically significant decrease in the numberPcmtl-/— mice’s activity increased, their exploration re-
of vertical rearings ofPcmtl-/— mice compared to their = mained primarily thigmotaxic.
heterozygote and wild-type siblingBi¢. 5. While all mice
show an increase in the number of their vertical rearings 3.4. Alterations in the brain AdoMet/AdoHcy ratio do not
during the entire trial P < 0.0001), thePcmtl-/— mice affect mouse behavior in rotorod and open-field testing
increased at a significantly slower rate € 0.0001). There
was no difference observed in the rate of increase between After identifying thesePcmtl-/— specific phenotypes
PcmtH-/— andPcmtd-/+ mice. we were interested in determining the effect of altering
ComparingPcmtl-/— mice’s exploratory behavior pat- the brain AdoMet/AdoHcy ratio on their behavior in our
terns to those oPcmti/+ and Pcmtl-/— mice revealed assaysPcmtl-/— mice have been shown to have an ele-
that some knockouts exhibited severe thigmotaxic behavior vated ratio of AdoMet/AdoHcy in brain. This altered ratio
(Fig. 6). While all mice initially tended to prefer the cor- has been postulated to be an important component of the
ners and edges of the open field versus the exposed centeseizure phenotypgs]. We thus wanted to ask whether the
most eventually ventured to the middle. Surprisingly, some behavioral differences seen in the rotorod and open-field
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Fig. 5. Decreased vertical rearings Rtmtl-/— mice during open-field trials for e mice 28—-48 days of age. Vertical rearings were plotted during
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Fig. 6. Pcmtl-/— mice exhibit thigmotaxic behavior in the open-field test. A typical movement traé&woitl-/— mice in open-field trials is compared
to that of aPcmth-/— and aPcmth-/+ mice. The thigmotaxic behavior was typical of the BGmtl-/—mice tested, although a few displayed patterns
normal exploration patterns as seen with Bemtl+/— and aPcmth-/+ mice. We did not observe an thigmotaxic behavior in thePg¢int-/— mice

or in the 22PcmtH-/+ mice tested.

experiments was due to this relative increase of AdoMet diet and in fact survive marginally better than those on a
over AdoHcy. We approached this question by asking if standard chow diet. We confirmed that plasma Hcy levels
mice maintained on a low-folate/antibiotic diet designed to were significantly elevated in our mice fed the diei( 8).
perturb one-carbon metabolism and previously shown to in- The extent of the elevation varied greatly among individual
crease plasma total homocysteine levels (B. Shane, personatice, but no differences ilPcmtl-/—, Pcmth-/—, and
communication) would also alter brain AdoHcy and poten- Pcmtl-/4+ mice were seen (data not shown). To demon-
tially the AdoMet/AdoHcy ratio. As shown above ig. 1, strate that the low-folate diet was the causal factor, one group
Pcmtl-/— mice can be maintained on such a low-folate of low-folate mice was tested and then placed on a regular
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Fig. 7. Quantitative analysis of the thigmotaxic behaviorPaintl-/— mice in comparison wittPcmti/— and Pcmti+/+ in the open-field test. The
total distance traveled is plotted again the time that the mice spent in the center of the open field (total time was 600s). The center was defined as a
eight by eight inch square in the middle of the open field. Each point represents an individual mouse.
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Fig. 8. Plasma total homocysteine levels increase in mice on a low-folate diet. Plasma total homocysteine was measured in samples from mice of varied
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diet. Plasma Hcy levels were re-measured 12 days later andower than those previously observed Ramtl-/— mice on
showed no variance from the non-diet contrdigy( 8). a standard diet (5). Thus, we have been successful in alter-
Direct measurements of AdoMet and AdoHcy in mouse ing the AdoHcy/AdoMet ratio in brain. We then tested mice
brain extracts were then performefid. 9). We show here  with such altered metabolite ratios on the rotorod apparatus.
that animals of all three genotypes have lower AdoMet/ We found a similar improved performance with the knock-
AdoHocy levels on the low-folate diet than heterozygotes and out animals as seen when mice were maintained on a stan-
wild-type mice have on the standard diet, and are especiallydard diet Fig. 10 compare withFig. 2). We also observed
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Fig. 9. Low-folate diet results an alteration of the brain AdoMet/AdoHcy ratio. Brain AdoMet and AdoHcy levels were measured using HPLC analysis.

All mice were tested at 50 days of age. Mice were either on the standard diet or on the low-folate diet as desG#gibrin2 The genotype(s) of

each group is indicted in above the bar and the number of mice tested is indicated at the bottom of the bar. Error bars equal standard error of the mean.
The difference between the ratio for the mixture of heterozygotes and wild-type mice on the standard and low-folate diets is signiiCedit)( as

is the difference between the knockout mice on the low-folate diet and the mix of genotypes on the standatcdéi0(l1).
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Fig. 10. Pcmtl-/— mice on a low-folate diet also demonstrate improved coordination on the accelerating rotorod. The effects of the diet on rotorod
performance were assessed. All mice tested wereenaetween 28 and 48 days of age and were on a low-folate diet from weaning as described in
Section 2 Values from the three consecutive rotorod trials for each mouse were averaged to give one single score. The number of mice in each grour
is indicated below the graph. Error bars equal the standard error of the mean. The difference between the valleffiottttie mice and the group

of Pcmti+/— and Pcmt+/+ mice is significant £ < 0.001).

Table 2

Open-field behavior of wild-type and protein-repair-deficient mice maintained on a low-folafe diet

Measure of activity Mouse genotype

in a 1-min period - - .
Wild-type Heterozygote Repair-deficient
Pecmti-/+ (n = 11) PecmtH-/— (n = 17) Pcmtl-/— (n = 16)

Average moving velocity (cm/s) 204 18 275+ 1.8 253+ 0.8

Ambulatory episodes 9.9 1.1 10.2+ 0.5 14.0+ 1.4

Distance traveled (cm) 18& 20 184+ 20 356+ 50°

Vertical rearings 25.8t 3.4 255+ 2.2 18.3+ 2.5

Stereotypic counts 17% 12 176+ 10 148+ 1P

aValues are giver- standard error of the mean.
b p-value < 0.05, when compared to wild-type and heterozygotes.
¢P-value= 0.0002, when compared to wild-type and heterozygoes.

similar increases in distance traveled and ambulatory in the rotorod test and the increased hyperactivity in the
episodes in the open-field test fBcmtl-/— mice main- open-field test for the Pcmtd— mice does not appear to
tained on the low-folate diet compared to thBemth-/— be a function of altered brain AdoMet and AdoHcy levels.

andPcmtH-/+ littermates on the same didigble 2 Fig. 11;

compare talable 1 Fig. 4). Interestingly, we also detected a

general increase in most of the open-field parameters whend. Discussion
mice of a given genotype were placed on the low-folate diet;

the reason for these changes are not clear at present. In any The availability of protein-repair-deficienPcmtl-/—

case, these results indicate that the improved performanceknockout mice has provided a unique epileptic model with
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Fig. 11. Hyperactivity in open-field trials for mice on a low-folate diet. All mice tested weieenand between 28 and 48 days of age after being on a
low-folate diet from weaning as described $rection 2 The distance traveled in each minute of the 10-min open-field exposure is shown. The number
of mice tested were 22, 41, and 31 for tRemtk+/+, Pcmth-/—, and Pcmtl-/— genotypes, respectively. The error bars represent the standard error
of the mean.

additional significance for understanding neurodegenerative However, thesdPcmtl-/— mice demonstrate enhanced
disorders that may result from the accumulation of damagedfunction on the accelerating rotorod task. This was an unex-
proteins[12,15,18,30] Our study was aimed at quantifying pected result; we anticipated either a deficit or no difference
the severity of neural impairment iRcmtl-/— mice in betweenPcmtl-/— mutants and their littermates. To our
non-stressful behavioral assays. We have shown here thaknowledge, this is the only example of an epileptic mouse
Pcmtl-/— mutants display significant hyperactivity when model that displays improved motor coordination on this
placed in a novel environment accompanied by deficits in test. We are aware of at least two situations where genetic al-
exploration behavior expressed as a thigmotaxic patternteration of mice can result in improved performance on this
of movement. These open-field results sugdasntl-/— type of test. Improved performance is seen in at least one ex-
mice have a navigation defect when compared to their perimental protocol for Ts65Dn mice that have three copies
PcmtH-/4+ and Pcmth-/— littermates. While control mice  of a segment of chromosome 16 that corresponds to a large
show trepidation initially in the open-field apparatus, this section of human chromosome 21, where trisomy results in
is followed by gradual increases in movement, vertical Down syndromdl11]. Improved performance is also seen in
rearings, and center exploration. Howeveemtl-/— mice heterozygous mutant mice in the heregulin gene that encodes
display a thigmotaxic hyperactivity using the chamber walls a ligand for two tyrosine kinase receptor signaling pathways
to define their movement and show significantly less of [8]. Interestingly, these latter mice also demonstrate hyper-
an increase in vertical rearings. They do, however, begin activity in the open-field teqi8]. We are currently investi-

to habituate to their environment (in terms of the distance gating what role Pcmtl may play in the cerebellum.
traveled) so do appear to be capable of spatial learning. Recently, it has been hypothesized that changes in the
This defect in exploration was also underlie to some ex- levels of AdoMet and AdoHcy may be responsible for some
tent the decreased performance Rdmtl-/— mice seen of the abnormalities observed in tHecmtl-/— mutant
previously in the Morris water maze, where the mice also mice [5]. In this study, we have shown that the abnor-
display a thigmotaxic swimming behavi¢t2]. The ab- mally high AdoMet/AdoHcy ratio previously seen in the
normal open-field behavior is induced at approximately 35 Pcmtl-/— mice can be significantly lowered when these
days of age, a time correlated with the onset of their epilep- animals are placed on a low-folate diet. However, we found
tic disorder, isoaspartyl accumulation, and a change in thethat these mice behaved similarly on both the rotorod and
AdoMet/AdoHcy ratio[5,16,20,30] The causal factor or  the open-field tests as knockout mice on a standard diet,
factors for these events remain to be determined. suggesting that an altered AdoMet/AdoHocy ratio is not the
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primary determinant of the behavior. The situation may be [5] Farrar C, Clarke S. Altered levels &adenosylmethionine an§

more complex because both AdoHcy and AdoMet have a adetaoiy'holfﬁocyﬁz”‘f? in Ihe-brai;‘Sﬁ‘?ﬁ“”;’g;’;;‘ﬁ”g&gg .
; : ; methyltransferase-deficient mice. J Biol Chem ;27T: —63.

numb(_arof actions in the brain that may or may not be relat_ed [6] Fonlupt P, Roche M, Andre AC, Cronenberger L. PachecoSH.

to their roles as substrate and prOdUCt of transmethylat'on Adenosyli-homocysteine: 2. An anticonvulsant. Can J Physiol Phar-

reactions. AdoHcy appears to have endogenous antiepilep-  macol 1980;58:493-8.

tic function [6] and AdoMet administration can induce [7] Geiger T, Clarke S. Deamidation isomerization and racemiza-

apoptosis in PC12 cel[82], increase hydrogen sulfide pro- tion at asparaginyl and aspartyl residues in peptides: succinimide-
linked reactions that contribute to protein degradation. J Biol Chem

duction[4], induce Parkinson’s disease like tremors when 108726278594

administered tQ m'CE-?]' and actas an antldepress&ﬂt]. .. [8] Gerlai R, Pisacane P, Erickson S. Heregulin, but not ErbB2 or
The generation of the Pcmtl knockout mouse was origi- ErbB3 heterozygous mutant mice exhibit hyperactivity in multiple

nally developed with the intention of being a useful model behavioral tasks. Behav Brain Res 2000;109:219-27.

of protein damage accumulation in the aging process. How- [9] Gill MW, Schatz RA. The effect of diazepam on brain levels®f

ever, the enzyme’s importance in neurological function has adenosyl-I-methionine an8-adenosyle-homocysteine: possible cor-
! relation with protection from methionine sulfoximine seizures. Res

created a unique epileptic model with implications in several Commun Chem Pathol Pharmacol 1985:50:349—63.
neurodegenerative disorders. This study further elucidates|10] Hsu YR, Chang WC, Mendiaz EA, Hara S, Chow DT, Mann MB,
Pcmtl’'s role in hippocampal function and reveals a new im- et al. Selective deamidation of recombinant human stem cell fac-
portance in cerebellar motor coordination as well. Thus far, tor during in vitro aging: isolation and characterization of the as-

: : : . partyl and isoaspartyl homodimers and heterodimers. Biochemistry
neither isoaspartyl damage, progressive epilepsy, or altered 1008:37:2251-62.

AdoMet/AdoHcy ratios can be distinguished as the signifi- [11] Hyde LA, Crnic LS, Pollock A, Bickford PC. Motor leaming

cant defect leading to tHecmtl-/— mouse’s abnormalities. in Ts65Dn mice, a model for Down syndrome. Dev Psychobiol
2001;38:33-45.

[12] Ikegaya Y, Yamada M, Fukuda T, Kuroyanagi H, Shirasawa T,
Nishiyama N. Aberrant synaptic transmission in the hippocampal
CAZ3 region cognitive deterioration in protein-repair enzyme-deficient

. mice. Hippocampus 2001;11:287-98.
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