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Neurobiology of Disease

Quantitative 'H Magnetic Resonance Spectroscopic Imaging
Determines Therapeutic Immunization Efficacy in an
Animal Model of Parkinson’s Disease

Michael D. Boska,': Travis B. Lewis,' Christopher J. Destache, Eric J. Benner,! Jay A. Nelson,":> Mariano Uberti,'2

R. Lee Mosley,** and Howard E. Gendelman'->*

!Center for Neurovirology and Neurodegenerative Disorders, Departments of 2Radiology and 3Pharmacology, University of Nebraska Medical Center,
Omaha, Nebraska 68198-5215, and *Department of Pharmacy Practice, College of Pharmacy, Creighton University Medical Center, Omaha, Nebraska 68131

Nigrostriatal degeneration, the pathological hallmark of Parkinson’s disease (PD), is mirrored by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) intoxication. MPTP-treated animals show the common behavioral, motor, and pathological features of
human disease. We demonstrated previously that adoptive transfer of Copaxone (Cop-1) immune cells protected the nigrostriatal
dopaminergic pathway in MPTP-intoxicated mice. Herein, we evaluated this protection by quantitative proton magnetic resonance
spectroscopic imaging ('H MRSI). 'H MRSI performed in MPTP-treated mice demonstrated that N-acetyl aspartate (NAA) was signifi-
cantly diminished in the substantia nigra pars compacta (SNpc) and striatum, regions most affected in human disease. When the same
regions were coregistered with immunohistochemical stains for tyrosine hydroxylase, numbers of neuronal bodies and termini were
similarly diminished. MPTP-intoxicated animals that received Cop-1 immune cells showed NAA levels, in the SNpc and striatum, nearly
equivalent to PBS-treated animals. Moreover, adoptive transfer of immune cells from ovalbumin-immunized to MPTP-treated mice
failed to alter NAA levels or protect dopaminergic neurons and their projections. These results demonstrate that "H MRSI can evaluate
dopaminergic degeneration and its protection by Cop-1 immunization strategies. Most importantly, the results provide a monitoring

system to assess therapeutic outcomes for PD.

Key words: Parkinson’s disease; murine model; 'H MRSI; spectroscopic quantitation; immune therapy; copolymer-1

Introduction

Parkinson’s disease (PD) is a common and debilitating neurode-
generative disorder. Symptoms of tremor, rigidity, bradykinesia,
and postural instability commonly progress to significant move-
ment and cognitive dysfunction. Pathological changes in the sub-
stantia nigra pars compacta (SNpc) and striatum consist of nigral
dopaminergic neuronal loss, intraneuronal cytoplasmic inclu-
sions or “Lewy Bodies,” gliosis, and striatal dopamine depletion
(Lang and Lozano, 1998; Braak and Braak, 2000; Fahn and Przed-
borski, 2000). Innate immunity involving resident microglial
cells with secretion of neurotoxic cytokines and production of
reactive oxygen and nitrogen species can contribute to nigrostri-
atal dopaminergic degeneration (Gao et al., 2003).

Behavioral and neuropathological outcomes of human disease
are mirrored in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
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(MPTP)-intoxicated animals (Wu et al., 2003). Such animals dem-
onstrate degeneration of the nigrostriatal system characterized by
diminished dopamine, neuronal and termini loss (Tanji et al., 1999;
Bezard etal.,2001), and glial inflammation (Gao et al., 2003). For the
latter, attenuating brain inflammation can affect the disease process
(He et al,, 2001). In a recent report from our laboratories, immune
cells recovered from Copaxone (Cop-1; glatiramer acetate)-vacci-
nated animals and injected into MPTP-treated animals entering in-
flamed brain regions, increased expression of astrocyte glial cell line-
derived neurotrophic factor (GDNF), and attenuated microglial
responses. These effects parallel protection of the nigrostriatal path-
ways (Benner et al., 2004). Importantly, both microglial deactivation
and GDNF administration into the caudate and putamen show po-
tential clinical benefit (Gill et al., 2003; Kirik et al., 2004). Cop-1
immunization generates nonencephalitic T cells that cross react with
myelin basic protein, elicits few side effects (Johnson, 1996; Teitel-
baum et al., 1997; Aharoni et al., 1999; Chen et al., 2001), and shows
efficacy for relapsing-remitting multiple sclerosis (Johnson, 1996;
Chen et al., 2001). The ability of Cop-1 to affect immune system
responses in animal models of neurodegenerative disorders sup-
ports its potential for human use (Angelov et al., 2003; Benner et al.,
2004; Kipnis et al., 2004b).

Clinical responses may be limited by the timing of therapeutic
intervention. Currently, PD is commonly diagnosed when >50%
of SNpc neurons and their terminals are destroyed (Bernheimer
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et al., 1973). An early diagnosis would enable early treatment
intervention at times when positive outcomes are likely. In this
regard, functional imaging, including single-photon emission
computerized tomography (SPECT) (Seibyl et al., 1995; Benamer
etal., 2000), positron emission tomography (PET) (Vingerhoets
etal., 1994; Eidelberg et al., 1995a,b; Morrish et al., 1996), proton
magnetic resonance spectroscopic imaging ('H MRSI) (Cruz et
al., 1997; Tedeschi et al., 1997), and functional magnetic reso-
nance imaging (MRI) (Ceballos-Baumann, 2003), are promising
approaches for early PD diagnosis. The potential for detection of
early disease stage is significant (Burn and O’Brien, 2003; Simp-
kins and Jankovic, 2003).

With this in mind, we developed high-spatial resolution "H
MRSI to monitor PD-affected brain subregions, the SNpc and
striatum. Analysis demonstrated that N-acetyl aspartate (NAA)
was reduced in the SNpc of MPTP mice. Significantly higher
[NAA] was seen in MPTP mice that received Cop-1 immune
cell-adoptive transfers than in MPTP or MPTP/ovalbumin
(OVA) animals. We demonstrate that [NAA] can assess nigro-
striatal degeneration and therapeutic responses for MPTP
intoxication.

Materials and Methods

Animals. Male SJL/] mice were purchased from The Jackson Laboratory
(Bar Harbor, ME) and placed in study at 6-10 weeks of age. All animal
procedures were in accordance with National Institutes of Health guide-
lines and were approved by the Institutional Animal Care and Use Com-
mittee of the University of Nebraska Medical Center.

Immunization, MPTP intoxication, and adoptive cell transfers. Donor
mice were immunized with 200 ug of either Cop-1 or OVA emulsified in
0.2 ml of complete Freund’s adjuvant (CFA) containing 1 mg/ml myco-
bacterium tuberculosis (Sigma, St. Louis, MO) injected subcutaneously
at two lateral sites at the tail base. Recipient mice received four intraperi-
toneal injections at 2 h intervals of either vehicle (PBS, 10 ml/kg) or
MPTP-HCI (18 mg/kg free base; Sigma) in PBS. MPTP safety measures
were in accordance with guidelines published previously (Przedborski et
al., 2001). Five days after immunization, donor mice were killed, and
single-cell suspensions were prepared from pooled draining inguinal
lymph nodes and spleens. Twelve hours after the last MPTP injection,
random mice received intravenously 5-10 X 107 immune cells from
Cop-1- or OVA-immunized donor mice or no splenocytes (1 = 5-9 mice
per group) in 0.25 ml of HBSS. On days 2 and 6 after MPTP intoxication,
brain metabolites were evaluated by '"H MRSI.

MRI/MRSI. MRI and MRSI were obtained using a Bruker (Ettlingen,
Germany) Avance 7T/21 c¢cm system, operating at 300.41 MHz, using
actively decoupled 72 mm volume coil transmit and a laboratory built
1.25 X 1.5 cm receive surface coil. MR images were acquired with a 20
mm field of view (FOV), 25 contiguous 0.5 mm thick slices with inter-
leaved slice order, 128 X 128 matrix, and eight echoes with 15 ms echo
spacing and were refocused with Carr-Purcell-Meiboom-Gill (CPMG)
phase-cycled radiofrequency refocusing pulses to form eight images used
for T, mapping and coregistration with histology. Spectroscopic images
were obtained using a numerically optimized binomial excitation (Heth-
erington, 1994) refocused using three orthogonal slice-selective refocus-
ing pulses [binomial excitation with volume-selective refocusing
(BEVR)] (Boska et al., 2003). Spectroscopic images were obtained by
selecting an 8 X 4.2 X 1.5 mm volume of interest, using 24 X 24 spatial
encoding over a 20 mm FOV in the slice containing the SNpc yielding a
nominal voxel size of 1 ul, 16 X 16 encoding over the slice containing the
striatum (2.33 pl of voxel), and echo time (TE) of 33 ms, repetition time
(TR) of 4 s, and receiver gain of 50,000, two averages. The total acquisi-
tion time was 80 min for the SNpc and 40 min for the striatum. Shim-
ming of the selected volume used Fastmap (Gruetter, 1993) for initial
shims, with the final shim on the selected volume performed manually to
achieve a final water line width of 10-15 Hz.

MRSI processing. Spectroscopic images were Fourier transformed in
the phase-encoding dimensions and reformatted using MatLab (Math-
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Works, Natick, MA). Spectra were fit using advanced method for accu-
rate, robust, efficient spectral fitting (AMARES) (Vanhamme, 1997) in
the Java-based magnetic resonance user’s interface (jJMRUI) package
(Naressi, 2001). Model parameters and constraints were generated using
spectra from phantoms. Each was done separately for Cre, Cho, NAA,
glutamate, glutamine, myoinositol, taurine, lactate, or glucose with
3-(trimethylsilyl)-1-propane-sulfonic acid and sodium formate as
chemical shift and phasing references. Phantoms of each metabolite were
prepared in pH 7.5 phosphate buffer (100 mm) and maintained at 38°C
during spectral acquisition using a circulating water jacket.

Brain metabolites. Unsuppressed water spectroscopic images were ob-
tained with identical metabolite spectra parameters except for the follow-
ing: TR = I s, numerical aperture (NA) = 1, and receiver gain = 1000.
The unsuppressed water was used as an internal standard for each voxel
to quantitate metabolite concentrations from the water-suppressed
MRSI data (Husted et al., 1994). Water spectra were fit in the time do-
main to a single exponential decay. Water line width was used to measure
long T, singlet line widths within each voxel to constrain the metabolite
fitting routine. Water and metabolite signal amplitudes were corrected
for T, and T,. To calculate metabolite concentrations, the major peak in
the spectrum of each metabolite was corrected for number of averages
and number of protons contributing to the peak. A technologist, blinded
to the data source, fit the data. Calibration of the ratio of metabolite to
water signal amplitude at the respective receiver gains was measured in
phantom studies. Calculations were performed using MatLab (Math-
Works), and metabolite concentrations were output as American stan-
dard code for information interchange (for database development) and
binary (for MRI overlay) metabolite maps.

Water and metabolite T, and T,. Metabolite T, data sets (20, 33, 50, 75,
100, 136, 175, 225, and 272 ms TE) were acquired using a PRESS pulse
sequence with WET water suppression (Ogg et al., 1994). Single voxel
spectra were obtained for T, measurements from a 4 X 3 X 2 mm voxel
placed in the basal ganglia with 3 kHz bandwidth, 4096 points, TR = 4,
and NA = 128 for a total spectral acquisition time of 8 min 32 s per
spectrum at each TE. Metabolite inversion recovery T, data sets were
acquired using the BEVR pulse sequence from the same voxel as the T,
data. Single-voxel spectra for metabolite T, data sets used 3 kHz band-
width, 4096 points, TR = 10-20 s, NA = 128, TE = 33 ms, and nine TI
values (51, 100, 200, 400, 700, 1000, 2000, 4000, and 10,000 ms), with a
10 s preinversion delay yielding an acquisition time of 8—16 min per
spectrum.

Water T, was determined using an eight echo CPMG phase-cycled
spin-echo MRI sequence with a 12 ms echo spacing. Water T, was deter-
mined using an eight-TR (400-10,000 ms) progressive saturation imag-
ing experiment. Data were fit on a voxel by voxel basis using programs
written in C. Images were acquired in the coronal plane with 20 mm
FOV, 0.5 mm slice thickness, 128 X 128 matrix, interleaved slice acqui-
sition, and 25 contiguous slices.

MRI and histological coregistration. Digital images were preprocessed
by subimaging the brain from both the MRI T, maps and digitized im-
ages of coronal histological sections stained for TH expression. Pixel
dimensions in digital images of TH-visualized sections were separately
measured on x, y, and z axes based on MRI, and a rigid model for three-
dimensional head-in-hat coregistration of histology to MRI was achieved
using the AIR registration package (Woods et al., 1998) in the MedX
software suite (Sensor Systems, Sterling, VA). MRI was used to measure
voxel dimensions of digitized histology independently in x, y, and z to
account for tissue shrinkage. Errors in image coregistration were mini-
mized by using the MRI as the source of truth and placing the voxel based
on anatomical features identified on the histology slice in cases in which
visual disagreement could be identified by mouse brain anatomical
experts.

Voxel selection. MRSI voxels (one per hemisphere) containing the
SNpc, not visible on the MRI, were selected using neuroanatomical land-
marks and validated using coregistered TH-stained histological sections
as detailed in MRI and histological coregistration. SNpc voxel placement
was shifted in the original time domain data sets to encompass the SNpc
as needed. Voxels centered within the striatum (one per hemisphere)
were selected based on MRI.
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both SN and striatum. Analyses also examined
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Figure1.

(MPTP/QVA).

Immunohistochemistry and neuronal quantitation. After day 6, mice
tested by MRSI were killed by a pentobarbital overdose and perfused with
PBS followed by 4% paraformaldehyde. Brains were harvested, postfixed
with 4% paraformaldehyde, cryoprotected in 30% sucrose, and pro-
cessed for immunohistochemical studies. Processed brains were embed-
ded in OCT medium, and 25 wm coronal sections were cut throughout
the brain. Every 10th section was mounted onto slides for coregistration
and, every fifth serial section maintained as free-floating tissue was
stained for TH. Mounted sections were incubated with a 1:500 dilution of
rabbit polyclonal anti-TH (Calbiochem, La Jolla, CA; Novabiochem, San
Diego, CA), whereas free-floating tissues were reacted with a 1:2000 an-
tibody dilution. Anti-TH immunoglobulin was detected with a 1:200 to
1:400 dilution of biotinylated goat IgG anti-rabbit Ig, followed by
streptavidin-conjugated horseradish peroxidase (HRP) (Vectastain ABC
kit; Vector Laboratories, Burlingame, CA). HRP was visualized with 3,3’-
diaminobenzine (DAB) after reaction with hydrogen peroxide (DAB kit;
Vector Laboratories). All sections were counterstained with thionine for
Nissl substance. Immunohistochemical-stained tissues from slides
mounted before reactions spanned the three 500 um MRI sections cor-
responding to the "H MRSI slice and were coregistered with MRI for
validation of voxel placement (see MRI and histological coregistration).
Total numbers of TH- and Nissl-stained neurons in SNpc were deter-
mined from free-floating tissues and quantified by stereological tests
using the Optical Fractionator probe of Stereo Investigator software (Mi-
croBrightField, Williston, VT) (Liberatore et al., 1999). Laboratory per-
sonnel were blinded to the identity of the histological sections being
counted.

Reverse-phase HPLC (RP-HPLC). [NAA] in ventral midbrains was an-
alyzed by HPLC at 2 d after MPTP intoxication. Briefly, cohorts of mice
congruently treated as described previously were killed by CO, asphyxi-
ation. Ventral midbrains were immediately dissected, flash frozen, and
stored at —80°C until analyzed. Before analysis, frozen tissues were
weighed, resuspended in 10 volumes of 0.1N aqueous perchloric acid,
and homogenized with a motorized pestle. Tissues were clarified by cen-
trifugation at 12,000 X g for 10 min, and 250 ul of each supernatant was
removed for RP-HPLC analysis (Shimadzu, Columbia, MD). [NAA] was
evaluated by anion exchange RP-HPLC (Sager etal., 1995) througha C,4
BetaBasic column (4.6 X 100 mm) and a BioBasic strong cation exchange
column (4.6 X 150 mm) connected in tandem (Thermo-Electron,
Walthman, MA). Analytes were eluted with 25 mm KCl HPLC-grade
water containing 5N NaOH and 10N H,SO, pH 4.5, and detected at a
wavelength of 210 nm by UV-Vis detection (SPD-10Avp; Shimadzu).
Freshly prepared NAA standards were assessed for each determination. Daily
variation between each determination for 10 pg/ml of NAA was 5.8%, and
the correlation coefficients for all standard curves were =0.992.

Statistical tests. Analyses were undertaken to examine treatment differ-
ences in [NAA], [Cre], and [Cho] within selected regions of interest for

Experimental design demonstrates neuroprotective activities of Cop-1splenocytes. Shown here is the time course of
animal treatment (left panel) and immunohistochemical staining (right panel) for TH in the SNpc and striatum of mice treated
with PBS, MPTP, or adoptively transferred splenocytes from donors immunized with either Cop-1 (MPTP/Cop-1) or ovalbumin

the differences in TH - and Nissl-stained neu-
ronal counts within each voxel containing the
SNpc and the entire lesion for each mouse.
Neuronal counts found outside of the 99% con-
fidence interval within each group were elimi-
nated from the data set. Linear and logistic re-
gression models were applied to the data along
with generalized estimating equations to ac-
count for within subject correlation. Models
originally included effects for right/left hemi-
sphere and time in addition to treatment effect,
but because no differences in hemisphere or time
were discerned, these were removed from the
model. If differences were found, pair-wise com-
parisons between all treatment groups were deter-
mined by the Bonferroni procedure. Compari-
sons of individual time points were performed
using a Dunnett T3 test for comparisons of values
between each time point and group without as-
sumption of normal value distribution. All analy-
ses were performed using SPSS for Windows (ver-
sion 12; SPSS, Chicago, IL).

Results

"H MRSI tests were used as a noninvasive measure of the nigro-
striatal dopaminergic system in MPTP-intoxicated animals.
Quantitative '"H MRSI profiles were obtained from coronal slices
of the SNpc and striatum in MPTP-treated animals that received
Cop-1 or OVA splenocytes (MPTP/Cop-1 and MPTP/OVA).
The SNpc and striatum were examined by immunohistological
tests coregistered from brain subregions where spectra were ac-
quired. The results support our previous work showing that
adoptive transfer of Cop-1 splenocytes to MPTP-treated mice led
to significant protection of the dopamine striatal system (Benner
et al., 2004). Figure 1 demonstrates the treatment protocol and
typical TH " neuronal stains in SNpc and striatum for each treat-
ment group. In these studies, donor mice were immunized with
CFA containing either Cop-1 or OVA (Fig. 1, left), and spleno-
cytes were harvested after 5 d and adoptively transferred to recip-
ient mice 12 h after MPTP intoxication. As reported previously
(Benner et al., 2004), MPTP induced a significant loss of TH-
immunoreactive neuronal bodies in the SNpc and termini in the
striatum (Fig. 1, right). Adoptive transfer of splenocytes from
Cop-1 immunized mice (MPTP/Cop-1-treated group) attenu-
ated the MPTP-induced TH ™ neuronal (SNpc) and striatal ter-
mini loss, whereas adoptive transfer of OVA cells had no such
effects (MPTP/OVA). We next investigated 'H MRSI as a non-
invasive measure of immune-based therapy in MPTP-treated
mice. 'H MRSI monitoring of neurological damage by [NAA]
reflects neuronal damage in a variety of animal models of neuro-
degenerative disease (Podell et al., 1999; Kitada et al., 2000; Ma-
talon et al., 2000; Chung et al., 2003; Vielhaber et al., 2003).
Nonetheless, significant challenges were encountered obtaining
spectroscopic images in mouse brain as a result of the require-
ment for high-spatial resolution. Thus, we first developed proto-
cols for a high-field (7 tesla) MR system.

Results of data acquisition, analysis, display, and database de-
velopment are shown in Figure 2. The developed pulse sequence
was specifically designed to eliminate problems of residual water,
lipids, and stimulated echoes, which effect high-field 'H MRSI
spectral integrity. In this regard, an extension of a method used
for high-field (4.1 tesla) human '"H MRSI (Hetherington, 1994)
was established using numerically optimized BEVR (Boska et al.,
2003) (Fig. 2A). This optimization provided robust spectro-
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Figure2.  "HMRSIdata acquisition and processing. 4, The data acquisition used a BEVR sequence preceded by water presaturation and gradient spoiling. 8, Spectra from all voxels were fitin the

time domain using AMARES in the jMRUI package. The example shown is a representative fit from a single voxel within the "H MRS| data set of the striatum. ¢, Output from the AMARES fits was
compiled into metaholite maps used to generate quantitative overlays, as shown here, and a database of metabolic concentrations. Metabolite concentrations within the voxels of the striatum or

SNpc were extracted from the database and statistically analyzed.

Table 1. T, and T, determinations of metabolites and tissue water

Basal ganglia metabolite relaxation times”

Metabolite T, (ms) (n =5) T, (ms) (n = 8)
N-acetylaspartate 1380 == 100 154 £ 16
(reatine 1360 = 130 105 =7
Choline 1270 =130 139 33
Taurine 1390 =+ 510 127 =98
Glutamate 1250 £ 210 33+5
Glutamine 1200 =+ 220 24+19
Myoinositol 1020 = 140 28+8
Tissue water (SNpc) 1866 = 219 440+ 2.2
Tissue water (striatum) 2066 = 139 462 + 2.7

“Mean == SD for five to eight mice per determination.

scopic imaging. Figure 2 B illustrates a curve fit used to measure
multiple brain metabolites. Results from curve fit and quantita-
tion were reformatted into metabolite maps for image overlays
(Fig. 2C). Voxels corresponding to the regions of interest encom-
passing the SNpc and within the striatum were identified (Fig.
2C, bottom right) and entered into the database. Quantitation
was performed by referencing the water signal in an unsup-
pressed voxel. To correct amplitudes for magnetic saturation, T,
and T, values of both metabolites and tissue water were mea-
sured. Typical values for water and tissue T;s and T,s are dis-
played in Table 1.

To identify the MRSI voxel containing the SNpc, TH-
immunostained coronal sections were coregistered with MRI. An
example of TH-immunostained histological sections coregis-
tered to T, maps is displayed in Figure 3. Placement of the voxel
of interest was validated by immunocytochemistry to represent
TH ™ neuronal SNpc cell bodies. Examples of the voxels (one/
hemisphere) selected from a single animal in both the SNpc and
striatum are displayed in Figure 4. Details of the three contiguous
0.5 mm MRI slices and corresponding coregistered histology for
each 1.5 mm 'H MRSI slice are shown in Figure 4, A and B.
Coregistration and voxel identification were used for counting
TH *- and Nissl-stained neurons by stereology. These methods,
while not allowing a pixel-by-pixel correlation between the two
data sets, allowed regional matching for correlating spectroscopic

tracings with immunostaining results through selected volume
measurement.

The primary metabolic effect of MPTP treatment was the re-
duction of [NAA] in the region of the SNpc. Figure 5 shows MRSI
analyses of coronal brain slices and example spectra from single
voxels containing the SNpc (arrows) of mice from each treatment
group evaluated at day 2 after MPTP. A reduction of NAA levels
in SNpc of MPTP and MPTP/OVA-treated mice is shown. Sim-
ilar trends in Cre and Cho concentrations from the same mice
were, on average, not observed. However, detectable changes in
individual spectra (data not shown) were found. For example, in
the individual spectrum shown for the COP-1-treated animal, a
reduction of creatine is apparent, which was not found statisti-
cally. This highlights the need for comprehensive comparison of
individual results from animals with histopathology, biochemical
assays, and proteomics results to evaluate not just treatment ef-
fects but also details of individual biological response. Evaluation
of the entire cohort revealed that [NAA] was significantly re-
duced in the SNpc of MPTP ( p = 0.02) and MPTP/OVA (p =
0.05) treatment groups (Fig. 6). [NAA] remained at control con-
centrations following adoptive transfer of Cop-1 splenocytes
(MPTP/Cop-1) (p = 0.90 vs PBS). [NAA] in the striatum was
not changed in any treatment group ( p = 0.73). However, trends
of diminished [NAA] in MPTP animals were reversed in animals
that received Cop-1 splenocytes (MPTP/Cop-1) but not in those
that received OVA splenocytes (MPTP/OVA). The concentration
of [Cre] and [Cho] in SNpc and striatum on days 2 and 6 are
shown in Table 2. No statistical differences in [Cho] among any
treatment group at either time point or afflicted brain region
were seen. Dunnett T3 yielded a significantly lower [Cre] within
the striatum of MPTP mice at day 2 ( p = 0.03) that had recovered
byday 6 ( p = 0.93) compared with PBS-treated mice. The mech-
anism for this transient effect is unclear. Notably, [NAA] of PBS-
treated controls was significantly lower in the striatum (7.4 + 0.2
mM) than in the SNpc (9.6 + 0.4 mm) ( p < 0.001). In addition,
PBS mice showed significantly greater [Cho] in the striatum
(2.7 = 0.1 mm) than in the SNpc (2.2 £ 0.2 mm; p = 0.01).
However, differences in [Cre] in the SNpc and striatum of PBS-
treated mice were not found ( p = 0.37).
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Figure3.

Three-dimensional head-in-hat coregistration of histological sections photographed at 500 um intervals (right) with contiguous 500 um slices. T, maps were subimaged from 8-echo

(PMG phase-cycled MRI (left). Slices corresponding to the position of the striatum and SNpc were used to identify voxel locations (red boxes) for spectral analysis. Corresponding boxes on the
histological data were used as a guide to stereological analysis for Nissl-stained and TH-immunoreactive neuronal counts within the voxel and spectroscopic data.
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Figure 4.  Voxel selection in the SNpc and striatum. A, Three-dimensional cartoon of the
voxel of interest selected for SNpc spectral measurement and stereological tests. 8, TH antigen
expression (top row) coregistered to subimaged T, map (second row) in the SNpc. TH expression
in the striatum (third row) coregistered to subimaged T, map (bottom row). Red boxes dem-
onstrate the selection of the volumes identified as SNpc (top 2 rows) or striatum (bottom 2
rows).

To determine the degree of neuronal loss corresponding to the
observed metabolic changes, Immunohistological-stained sec-
tions were analyzed by stereological tests of matched MRI regions
(those contained in the voxel of interest) encompassing the SNpc.
Both TH *- and Nissl-stained neurons within the voxel analyzed
for metabolite concentrations were counted in each animal after
the second 'H MRSI examination (day 6). This was done to
compare neuronal loss with metabolic changes. Neuronal counts

are shown in Table 3. MPTP treatment caused a loss of 22% of the
dopaminergic neurons (p = 0.014 vs PBS) within the selected
volume, and MPTP/OVA splenocyte treatment showed a 33%
loss (p = 0.016 vs PBS). Neuronal counts within voxels from
mice that received Cop-1 splenocytes were partially spared (11%
loss) compared with those from MPTP intoxication (22%) and
were not different from TH " neuronal counts from PBS controls
(p = 0.456 vs PBS). No statistically significant differences in
Nissl-stained (TH-negative) neurons were observed in any group
when compared with PBS controls. Comparison of [NAA] and
TH™ neuronal counts demonstrated a weak correlation (r =
0.582; p = 0.001; Pearson correlation) between neuronal counts
and [NAA] in MPTP and MPTP/OVA-treated mice and in
MPTP/Cop-1-treated mice (Fig. 7).

[NAA] in the SNpc and striatum, measured by quantitative
"H MRSI, was compared with [NAA] detected by HPLC at day 2
in all animal groups (Table 4). Tissue in the ventral midbrain of
the basal ganglia, which includes the SN, was used. Concomitant
reductions of [NAA] in the SNpc as measured by 'H MRSI were
also reflected by HPLC analysis of the ventral midbrain. Although
trends toward [NAA] changes as an effect of treatment were sim-
ilar for "H MRSI and HPLC, absolute quantitative agreement
between the two methods was not achieved (Table 4).

Together, these results demonstrate that measurements of ab-
solute [NAA] by 'H MRSI analysis within and around the SNpcis
suitable for monitoring MPTP induced degeneration of the ni-
grostriatal pathway as well as immune-based neuroprotective
therapy in this model of PD. In addition, other metabolic changes
were detected, including transient reductions in [Cre] on day 2 in
the striatum resulting from MPTP intoxication, which was re-
versed by Cop-1 immune cells.

Discussion

PD is characterized by slow and progressive degeneration of the
nigrostriatal dopaminergic pathway (Lang and Lozano, 1998;
Langston et al., 1999; Dawson and Dawson, 2003). Currently,
approved treatment modalities for PD remain only palliative
(Shults, 2003). We previously demonstrated that attenuation of
microglial responses and adoptive transfer of Cop-1-specific im-
mune cells into MPTP-treated animals can achieve glial expres-
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sion of GDNF. Such responses parallel the
protection of dopaminergic neurons and
their striatal projections in Cop-1/MPTP
mice (Benner et al., 2004).

No laboratory tests for PD currently ex-
ist. Thus, history and neurological exami-
nation remain the principal diagnostic
methods. Disease manifests only after sig-
nificant damage, typically >50% neuronal
loss, occurs to the SNpc (Bernheimer et al.,
1973). Most commonly, symptoms begin
insidiously and consist of bradykinesia
and resting tremor and progress to immo-
bility and balance difficulties. Disease
manifestations in patients over the age of
65 are misdiagnosed as arthritis, depres-
sion, and global weakness (Wolters, 2000,
2001; Garber and Friedman, 2003). Behav-
ioral and mental disorders, including de-
mentia, can occur together with motor
dysfunction, but cognitive deficits usually
occur only late in the course of disease (Lo-
cascio et al., 2003). Levels of fluoro-1-3,4-
dihydroxyphenylalanine (.-DOPA) and
dopamine transporters are used to assess
L-DOPA uptake and dopaminergic nerve
terminals through PET or SPECT analyses,
respectively (Vingerhoets et al., 1994; Ei-
delberg et al., 1995a,b; Seibyl et al., 1995;
Morrish et al., 1996; Benamer et al., 2000);
however, both require substantial neural
damage to register significant discrimina-
tion from normal and attain diagnostic
sensitivity. Thus, together, a definitive di-
agnosis of PD requires substantive clinical
manifestations (DeKosky and Marek,
2003).

In our current study, we used high-field
"H MRSI with histological coregistration
to measure, in a sensitive and specific
manner, nigrostriatal dopaminergic de-
generation. Such measurements allowed
quantitative analysis of neuroprotective
events that follow adoptive transfer of
Cop-1 immune cells. Previous studies us-
ing single-voxel '"H MRSI showed reduced
NAA/Cho ratios in the SN and thalamus of
PD patients that were reversed after suc-
cessful stereotactic thalamotomy, a proce-
dure used to control symptoms in medi-
cally intractable PD (Baik et al., 2003).
MRSI analysis of the striatum has yielded
inconsistent results. One study demon-
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Figure 5.  [NAA], [Cre], and [Cho] overlays in SN containing brain slices with representative single-voxel spectra from voxels
containing SNpc. Concentration maps of NAA (left), Cre (center, left), and Cho (center, right) for representative mice treated with
PBS (top row), MPTP (second row from top), MPTP/Cop-1 (third row from top), or MPTP/OVA immune donors (bottom row). The
vertical color bar is a color code for metabolite concentrations ranging from 0 mm (black) to 15 mm (white) on a linear scale (top
right). Lower [NAA]in the SNpc (arrows) of MPTP- and MPTP/OVA-treated compared with PBS and MPTP/Cop-1miceis shown. An
extended area of reduced [NAA] surrounds the SNpcin MPTP mice. Representative single-voxel spectra from one voxel containing
the SNpcin each of the treatment groups are shown on the right. Significant loss of NAA is apparent in the MPTP and MPTP/OVA
treatment groups, whereas NAA is preserved in the MPTP/COP-1-compared with PBS-treated mice.
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movA
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Figure6.  'HMRSINAA levels on days 2 and 6 after MPTP treatment. Concentrations of NAA in and around the SNpc (left panel)
or striatum (right panel) were measured in mice treated with PBS (white bars), MPTP (side hatched bars), MPTP/Cop-1 (black
bars), or MPTP/OVA (vertical hatch bars). Data are means == SEM of five to nine mice per group. *p = 0.05 compared with
PBS-treated control.

strate that adaptive immune responses provide neuroprotection

strated increased [Cho] in the striatum for which the biological
significance is not clear (Clarke and Lowry, 2001) but may be
reflective of inflammatory responses in PD patients. "H MRS in
MPTP-intoxicated cats demonstrated reduced striatal [NAA]
(Podell et al., 2003); however, the degree of feline MPTP intoxi-
cation was pathologically more severe than induced in our study.
Our data demonstrate that "H MRSI and specifically [NAA] re-
flect dopaminergic loss in MPTP-intoxicated mice and can be
used to monitor putative neuroprotective therapies.

Previous work from our laboratory and from others demon-

against secondary damage after a variety of neural insults, includ-
ing MPTP intoxication (Benner et al., 2004), traumatic injury of
motor neurons and optic nerve (Moalem et al., 1999; Kipnis et al.,
2000; Angelov et al., 2003), the superoxide dismutase 1 mutation
causing amyotrophic lateral sclerosis (ALS) (Angelov et al.,
2003), retinal ganglion toxicity by glutamate (Schori et al., 2001),
and neurotransmitter imbalance by dizocilpine maleate and am-
phetamines (Kipnis et al., 2004). Cop-1 induces autoimmune
T-cells preventing additional degeneration of the CNS after ini-
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Table 2. "H-MRSI Cre and Cho levels in the SNpc and striatum in MPTP-treated mice

Basal ganglia metabolites (mm)“

(re Cho
Treatment Day n SNpc Striatum SNpc Striatum
PBS 2 6 105*+09 10003 22+02 2701
6 0 107 *09 9806 23+03 2801
MPTP 2 4 11605 84+07% 19+02 26=+02
6 8 11.5*06 95109 27%02 29%02
MPTP/Cop-1 2 0 100x06 10607 23+02 27%02
6 0 122*x12 104*x13 27*x03 32+03
MPTP/OVA 2 6 106108 8907 16*03 26=+02
6 5 1M7%11 96 £ 1.0 1.9 *+0.1 2.7 £0.1

“Mean == SEM for five to nine mice per group.
*p = 0.03 compared with PBS-treated mice, day 2.

Table 3. Stereological determination of TH* dopaminergic (SNpc) and Nissl
neurons coregistered by MRSl in each hemisphere at 6 d after MPTP treatment

Midbrain neuron counts per hemisphere?

Entire SNpc MRSI voxel
Treatment TH Nissl® TH Nissl®
PBS 4881 * 84 1598 = 109 3025 * 234 7517 = 832
MPTP 2456 * 200* 1537 = 210 2381 =+ 189* 7662 = 385
MPTP/Cop-1 3733 £ 221* 2204 = 151% 2887 * 263 8496 + 347
MPTP/OVA 2991 + 181* 1813 = 244 1758 *+ 237* 7027 = 405
“Mean == SEM for five to nine mice per group.
°TH immunoreactive.
“Niss| stained, TH negative.
*p = 0.05 compared with PBS-treated mice.
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Figure 7.  Correlation between the SNpc TH-immunoreactive neurons and H MRSI [NAA]

levels from mice in all treatment groups. For each mouse, mean [NAA], averaged from both
hemispheres, was plotted as a paired function of the number of TH ™ neurons per hemisphere,
and linear correlation was determined. A modest correlation (r = 0.582; p = 0.001; Pearson
correlation) was found between the loss of dopaminergic neurons and diminution of [NAA].

tial damage. The mechanisms of Cop-1 neuroprotection, includ-
ing an analysis of the T-cell subtypes involved in the neuroregu-
latory responses, remain under investigation (Kipnis and
Schwartz, 2002).

More specifically, we previously showed protection against
MPP * degeneration of dopaminergic neurons. In that study, the
sparing of neuronal and their terminal connections to the stria-
tum was accompanied by increased levels of astrocyte-generated
GDNF and interleukin-10 (Benner et al., 2004). It is, nonetheless,
likely that COP-1-induced regulatory T-cells affect a number of
neuroimmune activities. The balance between proinflammatory
and anti-inflammatory cytokines, together with induction of
neurotrophins and other growth factors, is likely operative. Di-
rect correlation of in vivo changes obtained using quantitative 'H
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Table 4. NAA concentrations measured by "H-MRSI and RP-HPLC from the
midbrains of mice 2 d after MPTP treatment

Midbrain NAA levels*

Treatment MRSI (mwm) HPLC (umol/q tissue)
PBS 9.1+04 16.5 £ 1.5
MPTP 7.1 +0.2% 11.0£14
MPTP/Cop-1 93+ 1.0 175+23
MPTP/QVA 7.6 £ 0.7% 137+£14

“Mean == SEM for five to nine mice per group.
*p = 0.05 compared with PBS-treated mice.

MRSI and quantitative assessment of tissue immunomodulatory
factors may, in subsequent works, reveal detailed mechanisms for
these neuroprotective processes.

Quantitative MRS is a technique that can be prone to error.
The primary source of error is the relaxation (T, and T,) correc-
tions of the signal amplitudes, because these parameters are dif-
ficult to measure and can change in pathological conditions. The
degree to which this will contribute to potential error increases
with decreased repetition time and increased echo time. In addi-
tion to difficulties with relaxation properties, difficulties can exist
in accurately measuring metabolites near the water resonance
because of incomplete water suppression or residual stimulated
echoes. For these reasons, we selected acquisition parameters that
minimize T, and T, relaxation corrections (TE, 33 ms; TR, 4 s)
and only reported results from metabolites that have long T, and
are well removed from the spectral regions of residual water and
occasional stimulated echoes (NAA, Cre, Cho). Developments
have been implemented during the acquisition of these data
(Smallcombe et al., 1995) to eliminate residual stimulated echoes
to allow for reliable quantitation of a broader array of metabolites
in future studies.

As a metabolite found primarily within neurons, measures of
NAA are used often as a noninvasive surrogate marker of neuro-
nal integrity for a wide range of neurodegenerative disorders,
including stroke, multiple sclerosis, ALS, AD, and human immu-
nodeficiency virus 1-associated dementia (Swindells et al., 1995;
Chen et al., 2000; Suhy et al., 2002; Tedeschi et al., 2002; Chung et
al., 2003; Schuff et al., 2003). Its use as a diagnostic test for PD has
been hampered by the inability of previous tests to precisely lo-
calize it to the SNpc, a necessary prerequisite because of the ex-
acting relationship of NAA to neuronal injury and the require-
ment for high-field MRSI to ensure precise quantitative
measurements (Clarke et al., 1997; Cruz et al., 1997; Federico et
al., 1997; Brooks, 2000; Clarke and Lowry, 2000; Firbank et al.,
2002; Baik et al., 2003). Nevertheless, a number of advantages to
NAA measurements are evident, including its exclusive relation-
ship to synthesis in neuronal mitochondria and reduction in mi-
tochondrial dysfunction (Clark, 1998; Signoretti et al., 2001).
Such subcellular injury may also be responsible for [NAA] reduc-
tions that we observed in and around the SNpc of MPTP-
intoxicated animals, which may reflect partial volume effects as-
sociated with glutaminergic and GABAergic neurons, especially
with HPLC measures of [NAA].

MPTP acts by glial cell conversion to the active neurotoxin,
MPP *, which is preferentially taken up by dopaminergic neu-
rons, binds complex I of the mitochondrial electron transport
chain of those neurons, and primarily affects the dopaminergic
neurons of the SNpc (Jackson-Lewis et al., 1995; Przedborski et
al., 2001; Crocker et al., 2003). Because the neurotoxin is reported
to have minimal effects on GABAergic neurons (Irwin and Lang-
ston, 1985; Javitch et al., 1985; Buck and Amara, 1994; Santiago et
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al., 1996; Bezard et al., 1999), we posit that the [NAA] loss in the
regions surrounding the SN could reflect glial inflammatory
products inducing more widespread changes in neuronal metab-
olism. Clearly, microglial activation and its subsequent secretory
neurotoxic activities have been shown to be an important source
of secondary neuronal damage in both the MPTP model and in
human PD as well as many other neurodegenerative disorders
(McGeer et al., 1988; McGeer and McGeer, 1998; Hunot et al.,
1999; Wu et al,, 2003) and may affect, in part, mitochondrial
function with resulting perturbation of [NAA]. In support of the
correlation of migroglial activation and neurodegeneration,
postmortem examination of PD patients shows nigrostriatal de-
generation associated with significant levels of reactive human
leukocyte antigen-DR-positive microglial cells in the SN and is
also commonly found in stroke, Alzheimer’s disease, and amyo-
trophic lateral sclerosis (McGeer and McGeer, 1998) Increases in
brain cytokine levels are found in the brains and CSF of PD
patients (Nagatsu et al., 2000). Microglia produce a plethora of
toxic products including proinflammatory cytokines, oxygen-
free radicals, quinolinic acid, glutamate, nitric oxide, and others.
Oxidative stress and excitotoxicity brought on by activated mi-
croglia can by itself lead to nigrostriatal degeneration by activat-
ing receptors that contain intracytoplasmic death domains lead-
ing to apoptosis (Mochizuki et al., 1996; Anglade et al., 1997;
Jenner and Olanow, 1998; Tatton et al., 1998; Olanow and Tat-
ton, 1999). Moreover, in the MPTP model, the degenerative pro-
cess is perpetuated by a mixture of direct MPP *-induced damage
and microglial toxic activities (Herrera et al., 2000).

Anti-inflammatory drugs such as pioglitazone, a peroxisome
proliferator-activated receptor-yagonist, and the tetracycline de-
rivative minocycline can reduce microglial responses and protect
dopaminergic neurons in MPTP animals (Du et al., 2001; He et
al., 2001; Breidert et al., 2002; Wu et al., 2002). Vaccination can
also attenuate neuronal injury by affecting microglial responses
(Moalem et al., 1999; Hammarberg et al., 2000; Hauben et al.,
2000; Fisher et al., 2001). This approach may have wide applica-
bility and effectiveness as shown in animal model systems, in-
cluding neural trauma, glaucoma, ALS, AD, and PD (Krieger et
al., 1976; Charness et al., 1989; Janus et al., 2000; Fisher et al.,
2001; Hauben et al., 2001, 2003; Lemere et al., 2001; Weiner and
Selkoe, 2002; Bakalash et al., 2003).

An unexpected observation made was the degree of [NAA]
reduction seen in the SNpc indicated that secondary damage can
occur to surrounding glutaminergic and GABAergic neurons
(Calon et al., 1999, 2001). TH " dopaminergic neurons occupy
only 10-30% of total neurons in the "H MRSI voxel containing
the SNpc. However, [NAA] reduction in glutaminergic and
GABAergic neurons does not appear causal for neuronal cell
death as evidenced by the retention of Nissl * neuronal counts in
all treatment groups. [NAA] loss likely reflects mitochondrial
dysfunction that should be reversible.

All together, whether severely affected dopaminergic neurons
can be protected from the ravages of PD-associated neurodegen-
eration using therapeutic strategies outlined in this study is not
yet known. However, the data outlined in this report and by
others support the idea that such a goal is achievable. Neuropro-
tective strategies, such as the stereotactic infusion of GDNF, have
entered clinical trials and shown benefit as treatments for PD
(Gill et al., 2003; Kordower, 2003; Kirik et al., 2004). Having the
means available to monitor therapeutic outcomes, such as those
described here, will likely prove to be a significant forward step in
realizing preventative and regenerative therapeutic goals for PD.
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