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Half of all patients with multiple sclerosis (MS) experience cognitive
impairment, for which there is no pharmacological treatment. Using
magnetic resonance spectroscopy (MRS), we examined metabolic
changes in the hippocampi of MS patients, compared the findings
to performance on a neurocognitive test battery, and found that
N-acetylaspartylglutamate (NAAG) concentration correlated with
cognitive functioning. Specifically, MS patients with cognitive im-
pairment had low hippocampal NAAG levels, whereas those with
normal cognition demonstrated higher levels. We then evaluated
glutamate carboxypeptidase Il (GCPII) inhibitors, known to increase
brain NAAG levels, on cognition in the experimental autoimmune
encephalomyelitis (EAE) model of MS. Whereas GCPII inhibitor ad-
ministration did not affect physical disabilities, it increased brain
NAAG levels and dramatically improved learning and memory test
performance compared with vehicle-treated EAE mice. These data
suggest that NAAG is a unique biomarker for cognitive function
in MS and that inhibition of GCPIl might be a unique therapeutic
strategy for recovery of cognitive function.

neuroradiology | hippocampus | 2-(phosphonomethyl)pentanedioic
acid (2-PMPA)

lutamate carboxypeptidase II (GCPII), previously called N-
acetylated-a-linked acidic dipeptidase (NAALADase), is a
membrane-bound enzyme expressed on the surface of astrocytes
that catalyzes the cleavage of N-acetylaspartylglutamate (NAAG)
into N-acetylaspartate (NAA) and glutamate (Fig. 1) (1, 2). NAAG,
the most abundant neuropeptide in the mammalian brain, is a se-
lective agonist for metabotropic glutamate receptor 3 (mGluR3)
(1, 2). mGluR3s are expressed on the surface of presynaptic neu-
rons and astrocytes in the CNS. Activation of mGluR3s by NAAG
reduces cAMP and cGMP levels, inhibits glutamate release, and
stimulates a release of transforming growth factor beta (1, 2). A
recent study reported impaired performance on spatial reference
and working memory tasks in mGluR2/3 knockout mice (3), sug-
gesting a role for group II mGluRs in cognitive function.
Cognitive impairment is a frequent comorbidity of many neu-
rological diseases, including multiple sclerosis (MS). MS affects
over 2 million individuals worldwide, and ~40-65% of all MS
patients experience cognitive impairment (4). The most commonly
and severely affected facets of cognition in MS patients are an-
terograde episodic memory, working memory, and processing
speed (5-7), and these impairments strongly contribute to the high
frequency of unemployment in MS patient populations (8). Global
brain atrophy, candidate genetic risk factors, accelerated inflam-
matory processes (7), and dysregulated signaling pathways (9)
have been implicated as contributing factors, but an incomplete
understanding of the molecular mechanisms behind cognitive
impairment in MS has prevented the development and Food and
Drug Administration (FDA) approval of drug therapies.
The most widely used animal model of MS, experimental au-
toimmune encephalomyelitis (EAE), is a valuable tool for devel-
oping treatments for MS. Three FDA-approved disease-modifying
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agents were developed in EAE models before successfully moving
into MS trials—glatiramer acetate, natalizumab (10), and fingoli-
mod (11). A recent study reported memory impairment in EAE
mice compared with normal controls (12). However, to the best of
our knowledge, no drugs have demonstratively improved EAE-
induced cognitive impairment.

A 1.5-T magnetic resonance spectroscopy (MRS) study in MS
patients revealed no correlations between cognitive performance
and the concentrations of metabolites commonly altered in neu-
rodegenerative disorders, including inositol and NAA (13). How-
ever, use of a magnet at higher field strength (3 T) improves
spectral resolution and sensitivity and may also be used to esti-
mate NAAG, a neuropeptide that is significantly reduced in the
brains of patients with neurodegenerative diseases (14, 15), by
allowing it to be resolved from the NAA peak (16). In the present
study, we found that right hippocampal NAAG/creatine (Cr) con-
centrations positively correlate to cognitive function in MS patients.
Based on these data, we used a potent and selective small mol-
ecule inhibitor of GCPII (17) to increase brain NAAG levels in
an animal model of MS with cognitive impairment (12).

Results

Right Hippocampal NAAG Correlates with Cognitive Function in MS.
To determine if relationships exist between CNS metabolite con-
centrations and cognitive function in patients with MS, a neuro-
cognitive battery and MRS were conducted in newly diagnosed
relapsing-remitting MS patients at baseline and 6-12 mo after
the initial clinical visit. The left and right hippocampi were
evaluated for NAAG, NAA, inositol, and choline levels and
normalized to Cr, a relatively constant metabolite in the brain.
Pvalues were set at 0.01 to eliminate the chance of both type I and
II errors, and according to these parameters, right hippocampal
NAAG/Cr significantly correlated with the subjects’ scores on 17
cognitive variables (Table 1). These striking correlations were
observed in a wide range of cognitive tests, including measures of
processing speed (i.e., Symbol Digit Modalities Test, Fig. 2.4 and
B), nonverbal learning and memory (i.e., Brief Visuospatial
Memory Test, Rey-Osterrieth Complex Figure Copy Test), sus-
tained attention (i.e., Paced Auditory Serial Addition Test, Fig. 2
C and D), and cognitive flexibility (i.e., D-KEFS Sorting Test). No
correlations were discerned between cognitive performance and
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Fig. 1. GCPII reaction. GCPII cleaves NAAG into NAA and glutamate.

either right or left NAA, inositol, choline (Fig. 2E), or left hip-
pocampal NAAG levels.

A relationship between cognitive impairment and lower levels
of NAAG suggested that interventions to raise NAAG levels
might enhance cognition in MS patients. To test this hypothesis,
we turned to EAE and the use of a class of drugs that elevate
brain NAAG levels.

2-(Phosphonomethyl)Pentanedioic Acid Administration Does Not Affect
EAE Severity. To determine the effects of GCPII inhibition in EAE,
mice were administered daily injections of either 2-(phosphono-
methyl)pentanedioic acid (2-PMPA) or vehicle (saline). 2-PMPA

Table 1. Cognitive test scores correlated to right hippocampal
NAAG/Cr concentrations in MS patients

P P value Pearson

value summary r
Symbol Digit Modalities Test
Written raw score 0.0006 Fxx 0.9129
Oral raw score 0.0005  *** 0.9163

Paced Auditory Serial Addition Test (PASAT)

3-s rate PASAT 0.003 *k 0.8664
2-s rate PASAT 0.01 i 0.7774
Verbal Fluency Tests
FAS Verbal Fluency Test 0.13 NS 0.549
Categories 0.005 i 0.8342
Judgment of Line Orientation
Line orientation 0.06 NS 0.6483
Rey-Osterrieth Complex Figure Copy Test
Copy 0.03 NS 0.7124
Immediate recall 0.48 NS 0.2738
Delayed recall 0.67 NS 0.168
Recognition total correct 0.24 NS 0.4381
California Verbal Learing Test Il
Trial 1 recall 0.26 NS 0.4188
Trial 5 recall 0.003 *x 0.8631
Trials 1-5 total 0.01 ** 0.7744
Trial B 0.02 NS 0.7639
Short delay free recall 0.002 *x 0.8843
Short delay cued recall 0.004 *% 0.8503
Long delay free recall 0.0008  *** 0.9032
Long delay cued recall 0.0008  *** 0.9052
Recognition hits 0.15 NS 0.5251
Recognition false positives 0.009 *x —0.8051
D prime 0.01 *x 0.7826
C 0.02 NS 0.7425
Brief Visuospatial Memory Test
Trial 1 0.07 NS 0.6368
Trial 2 0.002 *x 0.8837
Trial 3 0.0008  *** 0.903
Delayed recall 0.001 il 0.8955
Hits 0.37 NS 0.3653
False positives 0.15 NS —-0.5561
p-KEFS Sorting Test
Free sorting correct sorts 0.05 NS 0.6616
Free sorting description 0.02 NS 0.7439
Sort recognition description 0.001 il 0.8936

P value summary denoted by **P < 0.01, ***P < 0.001.
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is a potent and selective GCPII inhibitor that penetrates the blood
brain barrier (BBB) and raises NAAG levels (18). Mice de-
veloped signs of EAE ~10 d postimmunization. EAE disability
scores did not differ between groups for the duration of the ex-
periment (Fig. 34), indicating that 2-PMPA does not affect se-
verity and progression of EAE.

GCPII Inhibition Enhances Cognitive Performance in EAE Mice. We
tested whether GCPII inhibition could lead to improved cognition
in EAE mice as assessed by Barnes maze performance. After ~4 wk
of treatment, EAE + 2-PMPA and EAE + vehicle demonstrated
similar initial learning abilities, with mean primary latency (time
before head poke into target box), total latency (time before target
box entry), and path efficiency (total distance traveled/distance from
starting point to target box) equal between groups on the first 2 d of
Barnes maze testing. Trends emerged on day 3, and significant
differences between EAE + 2-PMPA and EAE + vehicle mice were
observed on day 4. When comparing performance between the first
trial of day 4 to baseline (day 1, trial 1), EAE + 2-PMPA mice were
significantly different compared with EAE + vehicle mice in pri-
mary latency (mean = SEM: 167.4 + 1.19 vs. 134.0 = 10.30, re-
spectively; P < 0.01), total latency (mean + SEM: 167.4 + 1.19 vs.
98.42 + 24.66, respectively; P < 0.05), and path efficiency (mean +
SEM: —0.728 + 0.030 vs. —0.324 + 0.107, respectively; P < 0.01)
(Fig. 3 B and C), accounting for a 25, 70, and 125% improvement
in performance in EAE + 2-PMPA mice. Another research group
using the Barnes maze determined that comparison of back-to-
back trials on consecutive days (e.g., trial 4 of day 3 vs. trial 1 of
day 4) was an indication of long-term memory in mice (19). Using
this methodology, 2-PMPA enhanced long-term memory in EAE
mice by significantly decreasing total latency (mean + SEM: 13.14 +
7.69 vs. —38.82 + 19.04, respectively; P < 0.05) and increasing path
efficiency (mean + SEM: —0.138 + 0.094 vs. 0.209 + 0.098, re-
spectively; P < 0.05) compared with EAE + vehicle mice. Maxi-
mum speed in the maze was equal between groups.

To ascertain if 2-PMPA treatment altered fear memory in
EAE mice (20), fear conditioning tests were administered fol-
lowing completion of Barnes maze testing. Freezing levels were
equal between groups on days 1-3. On day 5, however, mice
treated with 2-PMPA had increased cued freezing in response to
the 120-s tone, specifically in the last 60 s, indicating a stronger
fear memory (Fig. 3D).

2-PMPA Treatment Is Not Anxiolytic in EAE Mice. To confirm that 2-
PMPA’s cognitive-enhancing effects were due to differences in
memory and not anxiety, elevated plus maze tests were con-
ducted 4 wk postimmunization in separate cohorts (n = 10). No
differences were noted between EAE + 2-PMPA and EAE +
vehicle groups regarding the time spent in open arms (mean +
SEM: 34.10 + 9.22 vs. 35.90 + 6.99, respectively) and closed arms
(mean + SEM: 224.2 + 10.07 vs. 225.6 + 13.65, respectively) of
the maze, indicating equal anxiety levels.

2-PMPA Is BBB Penetrable and Alters NAAG in EAE. Mass spectrom-
etry was used to confirm that 2-PMPA penetrated the CNS and
increased brain NAAG levels. 2-PMPA was detected in the cere-
bellum (mean + SEM: 0.832 + 0.056 pg/g tissue), hippocampus
(mean + SEM: 0.835 + 0.264 pg/g tissue), and frontal cortex
(mean + SEM: 1.193 + 0.222 pg/g tissue), areas that regulate
cognitive function in rodents and humans (21, 22). When measuring
NAAG concentrations between EAE + 2-PMPA and EAE + vehicle
mice, no difference was detected in the hippocampi (mean + SEM:
54.98 + 2.037 vs. 55.54 + 2.275, respectively), a trend of increase
was found in the cerebella (mean + SEM: 102.4 + 2.3 vs. 94.23 +
3.5, respectively; P = 0.0655) and a significant increase was de-
termined in the frontal cortex of EAE + 2-PMPA (mean + SEM:
32.91 £ 0.93 vs. 26.22 + 0.8727, respectively; P < 0.001) (Fig. 3E).
No differences in NAA levels were detected.

2-PMPA Does Not Alter Lymphocyte Populations in EAE. Fluores-
cence-activated cell sorting (FACS) analysis was conducted at
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NAAG/Cr NAAG/Cr NAAG/Cr NAAG/Cr
E NAAG/Cr NAA/Cr Choline/Cr Inositol/Cr
Pearson R P value Pearson R P value Pearson R P value Pearson R P value

SDMT - Written Raw Score 0.91 0.0006 -0.63 NS 0.36 NS -0.059 NS
SDMT - Oral Raw Score 0.92 0.0005 -0.59 NS 0.40 NS -0.081 NS
PASAT 3-second Rate 0.87 0.0025 -0.59 NS 0.29 NS -0.051 NS
PASAT 2-second Rate 0.78 0.0137 -0.58 NS 0.16 NS -0.022 NS

Fig. 2.

Positive correlations of cognitive task performances to right hippocampal (NAAG/Cr). Performance on the written (A) and oral (B) Symbol Digit

Modalities Test positively correlated to right hippocampal (NAAG/Cr) in MS patients. (A, P < 0.001, r=0.9129; B, P < 0.001, r = 0.9163) Performance on the 2-s
(C) and 3-s (D) Paced Auditory Serial Addition Test positively correlated to right hippocampal (NAAG/Cr) in patients with multiple sclerosis (C, P < 0.01, r =
0.8644; D, P < 0.05, r = 0.7774). No differences were noted in other metabolites examined (E). n = 9 patients.

the time when cognitive differences were detected between groups,
28 d post-EAE induction, to determine if daily 2-PMPA admin-
istration affected immune cell expression. No differences were
noted in T lymphocytes in the spleen or brain of EAE + 2-PMPA
mice compared with EAE + vehicle mice (Fig. S1).

Hippocampal GCPIl Activity Does Not Change in EAE. Enzymatic
activity of GCPII was measured in the hippocampi of control
mice and EAE mice treated with either vehicle or 2-PMPA 15
d after immunization. There were no differences detected be-
tween control and EAE groups treated with vehicle, indicating
that disease state does not affect functional enzymatic activity.
GCPII activity in the brains of control and EAE mice treated
daily with 2-PMPA did not differ as well. However, within each
group, there was a significant decrease in GCPII activity in 2-
PMPA-treated mice compared with vehicle-treated mice (Fig. S2).

GCPII Inhibition Has No Effect on Control Mice. Control (normal,
non-EAE) mice treated for at least 4 wk with 2-PMPA did not
differ from vehicle-treated normal controls in their Barnes maze,
fear conditioning, or elevated plus maze performances. 2-PMPA
was detected in the brains of treated mice, but no differences in
CNS NAAG levels were observed between control + vehicle and
control + 2-PMPA mice.

2-(Phosphonomethyl)Succinic Acid Does Not Affect Cognition and
Severity of EAE. 2-(PhosphonoMethyl)Succinic Acid (2-PMSA), a
structurally similar but inactive analog of 2-PMPA, was tested in the
EAE model to determine if the cognition enhancing effects were
specific to GCPII inhibition. Although their structures differ by one
methyl group, 2-PMSA is over 1,000-fold less potent for GCPII in-
hibition (18). Mice were immunized to induce EAE, and daily 2-
PMSA treatment did not affect disease severity and elevated plus
maze, Barnes maze, and fear conditioning performances (Fig. S3).

Discussion

The present study is unique in suggesting that right hippocampal
NAAG/Cr concentrations positively correlate with cognitive func-
tion in MS patients. The development of effective treatments for
cognitive impairment in MS could benefit over 1 million people
worldwide. MS patients with cognitive impairment early in disease
progression are more prone to severe learning and memory im-
pairments later in life (23). The average age of MS onset is 2040y
of age, and MS is the second leading cause of neurological

Rahn et al.

disability in young adults in the United States. An estimated 50—
80% of all MS patients are unemployed within 10 y of disease
onset (6), and these startlingly high unemployment rates are often
attributed to cognitive impairment (24, 25). Therefore, early de-
tection and treatment of cognitive impairment in MS would have a
tremendous impact on quality of life.

Based on our initial finding of a positive relationship between
hippocampal NAAG/Cr concentration and cognitive function in
MS patients, we tested a compound previously demonstrated to
increase brain NAAG levels, 2-PMPA (17, 26), in an animal model
of MS and measured cognitive performance. Data from the present
experiment reveal that up-regulation of CNS NAAG concentration
through inhibition of GCPII improves cognitive function in EAE
mice. The Barnes maze was used because it is a minimally stressful
land maze (27), and EAE mice have impaired performance in this
hippocampal-dependent behavioral task compared with healthy
wild-type mice (12). Hippocampal degeneration is well documented
in MS patients (28), thus making EAE and the Barnes maze the
ideal model to study MS-related cognitive impairment. 2-PMPA-
mediated GCPII inhibition dramatically enhanced memory, as
measured by the Barnes maze and fear conditioning. EAE disease
score and maximum maze speed did not differ between EAE +
vehicle and EAE + 2-PMPA mice, indicating that the improved
performance of 2-PMPA mice in the maze was not due to enhanced
physical abilities. To our knowledge, the present study is unique in
demonstrating significant amelioration of cognitive function in EAE
mice. Historically, potential MS treatments are deemed ineffective
and discarded if there is no improvement of EAE disease score. The
present study demonstrates that EAE disease score is not the only
endpoint for the evaluation of MS therapies and implies the pre-
mature abandonment of past treatment options.

The detection of 2-PMPA in the brains of mice treated with
the GCPII inhibitor demonstrates that 2-PMPA penetrates the
BBB and is responsible for the observed increases in NAAG con-
centration. The most pronounced increase in NAAG levels oc-
curred in the frontal cortex, which is responsible for executive
function and planning of motor movement, two key contributors
to successful Barnes maze navigation. The hippocampus also
contributes to spatial navigation abilities. Hippocampal NAAG
concentrations (right and left) were unaffected by 2-PMPA treat-
ment in EAE mice. We hypothesize that there may be changes in
NAAG concentration, activity, and/or turnover in specific regions
of the hippocampus (e.g., CA1) (29) that are not detectable in
whole fraction analysis. Future studies using more specific anal-
yses of hippocampal substructures are required.
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severity compared with vehicle-treated mice. (B) EAE mice treated with 2-PMPA demonstrated improved Barnes maze performance as indicated by increased total
latency delta (day 1 total latency — day 4 total latency) and decreased path efficiency delta (day 1 path efficiency — day 4 path efficiency) compared with controls,
showing superior learning abilities. (C) Sample Barnes maze paths tracked by ANY-maze software of the first trial of day 1 or day 4 of Barnes maze testing (~4 wk post-
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It is noteworthy that 2-PMPA was detected in all brain regions
of 2-PMPA-treated control (i.e., normal, non-EAE) mice but
did not affect cognitive performance. It is possible that a diseased
state is required for 2-PMPA to exert observable, beneficial ef-
fects. This conclusion is consistent with studies reporting that
GCPII inhibitors have no effect on spatial learning, memory, and
basal glutamatergic transmission in normal mice, but selectively
mitigate injury-induced changes (18). However, it is possible that
administration of a GCPII inhibitor might affect cognitive func-
tion in normal mice but was not detectable in our behavior testing
paradigms due to the ceiling effect or lack of dose-response test-
ing. Future experiments will investigate this possibility.

The precise mechanism of action of GCPII inhibition in alle-
viating cognitive impairment in EAE mice is unknown. The sub-
strate and products of GCPII activity are associated with cognitive
function and neuronal survival. Availability of extracellular NAA
is the rate-limiting feature to NAAG formation in astrocytes (30).
Imbalances in NAA concentration, both in cases of elevated NAA
(Canavan disease) or hypoacetylaspartia (a single documented hu-
man case) (31), lead to cognitive dysfunction. Similarly, insufficient
glutamate signaling leads to cognitive dysfunction, whereas excess
glutamate signaling is neurotoxic (32). High glutamate concen-
trations have been observed in the brains (33) and cerebrospinal
fluid (34) of MS patients, and excess glutamate signaling has been
implicated in a host of neurological disorders including schizo-
phrenia, Parkinson disease, Huntington disease, Alzheimer’s dis-
ease, and MS. Whereas decreased glutamate concentration due to
GCPII inhibition could certainly contribute to cognitive sparing in
EAE, it is hypothesized that NAAG is the crucial signaling mes-
senger that ameliorated cognitive function in the present study.
Inhibition of GCPII, which induces a measurable up-regulation in
NAAG, has proved to be beneficial in treating various preclinical
models of neurological disease (18, 35, 36). Activation of mGluR3
on presynaptic neurons by NAAG decreases glutamate release
(37-39), potentially promoting the survival of neurons crucial to
cognitive function. Additionally, activation of mGluR3 on astro-
cytes stimulates the release of transforming growth factor beta, a
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cytokine with demonstrated in vitro neuroprotective effects (40,
41). 1t is possible that one or both of these NAAG-mediated path-
ways regulates cognitive function in MS, requiring future studies to
elucidate the exact mechanism. FACS analysis conducted in EAE at
the time differences in cognitive function were observed (i.e., 28
d postimmunization) indicate that the spleen and brain lymphocyte
populations were not affected by daily 2-PMPA treatment, suggest-
ing that a neural signaling pathway and not immune system regula-
tion is responsible for the improvement of cognitive function in EAE.

The discovery of interdependence between cognitive perfor-
mance and right but not left hippocampal NAAG concentrations
in the present study was unexpected and warrants discussion.
Asymmetry of hippocampal size is well documented (right > left)
(42, 43), but the roles of right versus left hippocampi in cognitive
function are not completely understood. A body of literature is
emerging that supports lateralization of hippocampal function. A
recent rodent study reported that NAA concentrations positively
associate with learning and memory performance, but only in the
right hippocampus (44). A human study reported a significant
decrease in the level of right hippocampal activity during en-
coding of successfully recalled items in cognitively impaired MS
patients compared with both cognitively preserved MS patients
and healthy controls (45). Furthermore, a recent study in healthy
volunteers showed a positive correlation between cognitive per-
formance and anterior right but not anterior left hippocampal
size (42). Taken together, these studies suggest that the right
hippocampus plays a significant role in the maintenance of cog-
nitive function in both healthy subjects and patients with MS. Our
results also demonstrate a relationship between cognitive func-
tion and the right hippocampus but not the left hippocampus.
Whereas others have demonstrated equal bilateral hippocampal
volume loss in MS patients over the course of 3-13 y after dis-
ease onset (28), our studies focus on metabolite changes in re-
cently diagnosed patients and not gray matter brain structure
loss. Therefore, it is possible that the right and left hippocampi
have some separate and/or unique functions that may be affected
differently by changes in metabolite concentrations.
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Neither brain NAAG levels in MS patients nor the relation-
ship of brain NAAG levels to cognition are well defined. To our
knowledge only one other MRS study has attempted to examine
brain NAAG concentrations in MS patients (46). This study did
not measure hippocampal NAAG levels or correlate cognitive
function to NAAG levels, making a comparison between studies
impossible. A recent preliminary study reported a positive cor-
relation between NAAG concentration and memory in patients
with schizophrenia (47). However, the selection of a patient
population on atypical antipsychotics, a treatment that up-reg-
ulates NAAG production in vitro (48) and improves cognitive
function in patients with schizophrenia (49), makes the forma-
tion of causative conclusions impossible. Thus, the use of atypical
antipsychotics in schizophrenic subjects is a confounding variable
that the researchers did not control for, which may have led to a
type I error where there is a spurious rather than a causal re-
lationship observed between NAAG levels and cognition.

The present study has limitations that must be addressed. We
did not measure hippocampal volume or include healthy controls,
making it unclear if there is a bi- or unilateral loss of hippocampal
volume in our patient population compared with healthy controls.
Additionally, the MS patient population was very small, with only
six unique patients included. We applied appropriate statistical
corrections to use patient data at two unique time points and
applied a more stringent alpha (a = 0.01) to further minimize
type I error, but separate baseline and follow-up analyses with
larger patient populations are required to confirm the current
study. We focused on metabolite measurements in the hippo-
campi due to reported atrophy in the hippocampi of MS patients
compared with healthy controls (50), but other areas of the
brain, specifically subcortical gray matter structures, also atrophy
in MS patient populations (51). Future human studies will focus
on the measurement of metabolite concentrations in deep gray
structures, such as the thalamus. Future EAE studies are also
required to determine the mechanism of action of GCPII in-
hibition in cognitive impairment. Because NAAG signaling and
GCPII expression are altered in other neurodegenerative dis-
eases, this work also has broad applications to other nonde-
menting CNS disorders. Further work must be done to evaluate
the therapeutic potential of GCPII inhibition for the treatment
of cognitive impairment in other neurodegenerative disorders.

Materials and Methods

Study Participants. Participants were a cohort of newly diagnosed MS patients
in an ongoing longitudinal study of neuropsychological and neuroimag-
ing outcome measures at the Johns Hopkins Hospital. MS patients who had
completed neuropsychological testing and magnetic resonance imaging at
a baseline and/or follow-up visit were included in the analyses. Baseline was
defined as the visit in which the patient received a positive diagnosis of MS
and before any disease-modifying therapy had commenced, whereas follow-
up was defined as 6-12 mo following the initial diagnosis. Five MS patients
were reviewed at baseline (one male, four female; average age = 44.4 y old)
and four participants were reviewed at follow-up (four female; average age =
39.8 y old), three of whom had corresponding baseline data. Of the four
follow-up patients, three were on disease-modifying therapies (2 glatiramer
acetate, 1 IFNp-1a). Patient written consent was obtained and procedures
were approved by the Johns Hopkins Medicine Institutional Review Board.

Cognitive Testing. MS patients underwent a modified Minimum Assessment
of Cognitive Function In Multiple Sclerosis (MACFIMS) neuropsychological
battery (52) at baseline and/or follow-up. Cognitive tests were Symbol Digit
Modalities Test, Paced Auditory Serial Addition Test, Verbal Fluency Test,
Judgment of Line Orientation, Rey-Osterrieth Complex Figure Copy Test, Cal-
ifornia Verbal Learning Test Il, Brief Visuospatial Memory Test Revised, and
the Delis—Kaplan Executive Function System (D-KEFS) Sorting Test.

Magnetic Resonance Spectroscopy. MR imaging and spectroscopy were per-
formed on a 3-T Philips Intera scanner with a six-channel SENSE head coil as
previously described (53). Spectra were analyzed using the LCModel algorithm
(54) and quantified in millimolar concentrations using the unsuppressed water
signal as an internal intensity reference. Values were only included if Cramér—
Rao lower bounds were 50% or less (54).
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Animals and Housing. Seven- to 8-wk-old female C57BL/6 mice were purchased
from the National Cancer Institute. All procedures were approved by The
Johns Hopkins University Animal Care and Use Committee.

EAE Induction. Mice were immunized as previously described (55) with the
following minor modifications. Mice were immunized with two 50-pL s.c.
flank injections, and 300 ng of pertussis toxin was employed on Day 0 and 2.

Treatment Administration and Behavioral Scoring. Vehicle (50 mM Hepes
buffer), 2-PMPA [100 mg/kg in vehicle (pH 7.4) with 10N NaOH], or 2-PMSA
[100 mg/kg in vehicle (pH 7.4) with 10N NaOH] was delivered daily via
0.1-mL i.p. injections from the time of EAE immunization until sacrifice.
2-PMPA, 2-PMSA, or vehicle treatment administration on behavior testing
days occurred ~30 min before the first test.

Animals were monitored daily for physical signs of EAE, and scores were
assigned as previously described (56).

Barnes Maze. Mice wereimmunized to induce EAE and treated daily with either
vehicle or 2-PMPA for ~4 wk and subjected to Barnes maze testing as pre-
viously described (57). Paths were recorded and latency to the target hole,
path efficiency, speed, and directional times were calculated using ANY-maze
software (Stoelting). Different cohorts of mice were tested in 2-PMPA and 2-
PMSA studies.

Fear Conditioning. Following the Barnes maze testing, animals were given 1-2
wk rest then subjected to fear conditioning. Animals were placed in a chamber
for 240 s on 3 consecutive days. On day 1, a 2,000-Hz tone was played for 28 s
(seconds 180-208), immediately followed by a 2-s scrambled footshock. On day
2, animals were placed back in the same testing environment, but neither
sound nor shock was administered. On days 3 and 5, mice were placed in a novel
wooden box inside the chamber, and a 2,000-Hz tone was played for 120 s
(seconds 121-240). The duration of freezing behavior on each day was mea-
sured using FreezeScan software (Clever Sys).

Elevated Plus Maze. Mice were placed in the center of the maze and given 5
min to freely explore the maze. Time spent in open and closed arms of the
maze were tracked using ANY-maze software (Stoelting).

Mass Spectrometry. Animals were euthanized by cervical dislocation 50 d
after EAE immunization and 1 h following the last injection of vehicle or
2-PMPA. Hippocampi, frontal lobe, and cerebellum were dissected, and NAA,
NAAG, and 2-PMPA concentrations were measured via mass spectrometry
as previously described (58). (Fig. S4).

Perfusion and FACS Immunostaining. On day 28 postimmunization, mice were
anesthetized with isoflurane, spleens were removed, and mice were per-
fused with HBSS by the intracardiac route to remove circulating leukocytes.
Splenocytes and mononuclear cells from the CNS were surface stained with
anti-CD4 Peridinin-chlorophyll proteins (PerCP), anti-CD8 Allophycocyanin
(APQ), anti-CD44 FITC, and anti-CD62L Phycoerythrin (PE) (all from BD Bio-
sciences). Flow cytometry analyses were performed on a FACSCalibur in-
strument (BD Biosciences) and analyzed using FlowJo software (TreeStar).

GCPII Activity Assay. Control mice or mice immunized for EAE were treated
with vehicle or 2-PMPA for 15 d. Mice were euthanized via cervical dislocation
20 min after their treatment on day 15, and hippocampi were dissected and
snap frozen. GCPII activity levels were measured as previously described (58).

Statistical Analyses. Statistical analyses were completed using GraphPad
Prism 5.0 and open source software R. In human studies, Pearson correlations
were performed between the metabolites and neurocognitive tests. Gen-
eralized estimating equation (GEE) was used to study the association be-
tween NAAG and cognitive outcomes and correct for within-subject
correlations. Comparisons between groups in the animal studies were made
with t tests, whereas two-way ANOVA was completed to measure treatment
effects over time. P values <0.01 were considered statistically significant for
the human correlation data, whereas P values <0.05 were considered sta-
tistically significant in animal data analysis. Statistical support was provided
by the Johns Hopkins Institute for Clinical and Translational Research Bio-
statistics Center.
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