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Longitudinal MRI and MRSI characterization
of the quinolinic acid rat model for
excitotoxicity: peculiar apparent diffusion
coefficients and recovery of N-acetyl
aspartate levels
Noam Shemeshay and Ofer SadanbyEldad Melamedb, Daniel Offenb
and Yoram Cohena *
Quinolinic acid (QA) induced striatal lesion is an important model for excitotoxicity that is also used for efficacy
studies. To date, the morphological and spectroscopic indices of this model have not been studied longitudinally by
MRI; therefore the objectives of this study were aimed at following the lesion progression and changes in N-acetyl
aspartate (NAA) as viewed by MRI and MRSI, respectively, in-vivo over a period of 49 days. We found that the affected
areas exhibited both high and low apparent diffusion coefficients (ADC) even 49 days post QA injection in three of the
six tested animals. MRI-guided histological analysis correlated areas characterized by high ADCs on day 49 with
cellular loss, while areas characterized by lower ADCs were correlated with macrophage infiltration (CD68 positive
stain). Our MRSI study revealed an initial reduction of NAA levels in the lesioned striatum, which significantly
recovered with time, although not to control levels. Total-striatum normalized NAA levels recovered from 0.67 W 0.15
(of the contralateral row) on day 1 to 0.90 W 0.12 on day 49. Our findings suggest that NAA should be considered as a
marker for neuronal dysfunction, in addition to neuronal viability. Some behavioral indices could be correlated to
permanent neuronal damage while others demonstrated a spontaneous recovery parallel to the NAA recovery. Our
findings may have implications in efficacy-oriented studies performed on the QA model. Copyright ß 2009 John Wiley
& Sons, Ltd.
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INTRODUCTION
Excitotoxicity is an important biological process which contributes to neurodegeneration in diseases such as Huntington’s
disease (HD), Parkinson’s disease (PD) and amyotrophic lateral
sclerosis (ALS). Quinolinic acid (QA) is an endogenous metabolite
of tryptophan and is found in normal subjects as a byproduct
along the kynurenine pathway leading to the synthesis of the
essential co-factors nicotinic acid and nicotinamide adenine
dinucleotide (NAD). Injection of QA to the striatum induces
excitotoxicity via N-Methyl-D-Aspartate (NMDA) receptor activation and probably also by endogenous glutamate release (1).
These specifically affect the medium spiny striatal neurons and
slowly induce striatal degeneration. The QA injection model was
considered for many years as a rodent model that mimics the
earlier stages of HD (2–4). Since the advent of transgenic models
for HD (5,6), the QA-induced striatal lesion became more relevant
as a model for excitotoxicity. However, the QA model is still widely
used in efficacy studies (4,7–9).
Magnetic resonance imaging (MRI) is the most important
imaging modality for following pathology and neurodegeneration non-invasively in the central nervous system (CNS). The high
spatial resolution of MRI can faithfully depict the state of
pathology through various mechanisms, and biochemical
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information can be obtained through MR spectroscopy (MRS)
studies, although with lower spatial resolution. These can
elucidate the temporal and spatial evolutions of the toxininduced neuropathology, which are important determinants of
animal model studies (10).
Although the role of N-Acetyl Aspartate (NAA) in the CNS is not
clear yet, its levels are considered an important non-invasive
marker for neuronal integrity and viability (11). However, several
particularly interesting studies in the injection of the mitochondrial toxin 3-Niropropionic acid (3-NP) have shown that in some
cases, NAA levels can undergo recovery (12,13), implying that
NAA may also be a marker for neuronal dysfunction linked to
energy metabolism (11), in addtion to neuronal death.
The 3-NP model has been widely investigated by MR
(12,14–18). However, a comprehensive longitudinal MR study
has not been performed yet on the QA model, although a few MR
studies have shown the evolution of the lesion (19,20) while
others have shown NAA levels in a dose response manner in one
time-point (21,22). We performed in-vivo multiparametric MRI
and MRSI that extended over 49 days to assess the spatial and
temporal evolution of the QA neuropathology. We tested the
relevance of our findings to the behavioral findings of the rats,
and finally performed the end-point histology analysis to validate
the MRI findings.

MATERIALS AND METHODS
Quinolinic acid induced striatal lesion
Male Wistar rats (n ¼ 15, Harlan, Israel) weighing about 280 g
were used. All experimental protocols were approved by the
University Committee of Animal Use for Research and Education.
The rats were placed under 12 h light/12 h dark conditions and
grown in individually ventilated cages (IVC) with ad libitum access
to food and water. Every effort was taken to reduce the number of
animals used and to minimize their suffering.
The QA injection protocol and coordinates were previously
described (23). Briefly, QA (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in 1M NaOH solution, and then titrated with phosphate
buffer to pH 7–7.4. 150 nmol were injected in 1 mL using a
stereotactic frame (Stoelting, Wood Dale, IL, USA) under chloral
hydrate anesthesia (n ¼ 6). The injection was aimed to the left
mid-striatum according to the rat brain atlas (24) at the following
coordinates (relative to the bregma and dura): Anterior þ 0.7 mm,
lateral þ 2.7 mm, ventral 4.8 mm. The injection rate was 0.5 ml/
min, and the inserted needle was withdrawn after 5 min. The
QA-injected group (n ¼ 6) underwent MRI, MRSI (n ¼ 5) and
behavioral tests. The control groups (n ¼ 9) received 1 ml of PBS to
the same location. One control group (n ¼ 3) served as a control
for the MRSI study and another control group (n ¼ 6) served as a
control for the behavioral studies.

95% O2 at a flow rate of 0.3–0.5 l/h. Respiratory rate was
monitored throughout the entire MR experiments and was
maintained between 40–60 breaths/min. Body temperature was
maintained by a feedback system of circulating water at 398C. MR
experiments were performed one day after QA injection (day 1)
and on days 8, 25 and 49 post QA injection. The MRI experiments
consisted of 2D T2 weighted images acquired with the following
parameters: RARE8 TR/TE ¼ 3500/75 ms, field of view (FOV) of
2.56 cm isotropic, matrix size of 256  128 zero filled to 256  256
resulting in an in-plane resolution of 100  100 (mm)2, and the
number of scans was four. The DWI-EPI images were collected
with the following parameters: TR/TE ¼ 2800/54.5 ms, D/d ¼ 40/
4.5 ms, 2 points with G ¼ 0 mT/m and 173 mT/m in the  direcdirection resulting in b values of 1.5 s/mm2 and 1500 s/mm2
respectively. The FOV was 2.56 cm isotropic, the matrix size was
128  128 resulting in an in-plane resolution of 200  200 (mm)2
and the number of scans was four. For both MRI scans, a 1 mm
slice thickness was chosen, and ten contiguous coronal slices
were collected. ADC maps were calculated from the diffusion
weighted images using MatLab 7.3.0. Outer volume suppression
was not employed in this study. The MRSI study was performed
by a water suppressed 2D MRSI scan with TR/TE ¼ 2000/135 ms,
FOV of 2.56 cm isotropic, the matrix size was 8  8 zero filled to
16  16 and a slice thickness of 4 mm was chosen. The number of
scans was 16, and the total scan time was 23 min. The dual
purpose of choosing an echo time of 135 ms was the suppression
of the majority of the lipid signals by relaxation and refocusing of
the J-coupled metabolites such as lactate. VAPOR water
suppression scheme was used (25) with a bandwidth of
200 Hz. The slice of interest was shimmed selectively by a
volume selective PRESS sequence and resulted in line widths of
12–22 Hz for the water peak.
Due to the longitudinal nature of the study, special care was
taken in positioning the slices such that the same slices were
sampled along the time-points, and that the rat brain was
centered in the same place in every slice. To ensure that the
positioning was accurate, an initial T2 weighted scan was
acquired in the beginning of every MRI session. In the first MRI
session, the T2 scan was adjusted such that the first slice always
revealed the posterior border of the olfactory bulb. The distance
between the midline of the brain, as apparent in the T2 weighted
images, and the edges of the T2 weighted image were then
measured. In subsequent scans, the slices from the T2 images
were carefully adjusted in the anterior-posterior direction such
that the slices from the current measurement accurately
corresponded to the images from the first MRI session. The
distance between the midline and the edges were measured
again, and the coordinates were then rectified to correspond
exactly to the coordinates from the first session. Only then did the
MRI scans take place. The MRSI grid was always placed exactly on
the same four slices, and covered the same FOV, ensuring that the
voxels were accurately aligned and could be compared longitudinally.

MRI and MRSI
MR studies were performed on a 7.0 T/30 cm horizontal bore
Bruker Biospec (Karlsruhe, Germany) MRI scanner equipped with
a gradient system capable of producing gradient pulses of up to
400 mT/m. A body coil was used as the transmit coil, and a 15 mm
quadrature coil (Bruker, Karlsruhe, Germany) dedicated for the rat
brain was used as the receiving coil.
Anesthesia was induced with 4% isoflurane (Vetmarket Ltd.,
Petah Tikva, Israel) and maintained with 1–2% isoflurane in

Analysis of MRSI results
One rat (from the QA-injected group) was excluded from the
study because it failed to pass the Shapiro-Wilk normality test
(vide infra). The MRSI results (QA-injected group n ¼ 5 after
exclusion of one rat, control group n ¼ 3) were zero filled to 8 k,
multiplied by a line broadening factor of 10, then phasecorrected. The spectra from all of the voxels of interest were
imported to Mestre-C software (26). The NAA peak was then fitted
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were treated with apomorphine (Sigma-Aldrich) 1 mg/Kg subcutane (SC) and net ipsilateral rotations were automatically
monitored for 45 min by a rotameter (San Diego Instruments, San
Diego, CA, USA).
Open field

Figure 1. The MRSI grid, used for NAA analysis in this study, overlaid on
the T2 weighted image taken on day 1 post QA injection. Normalized NAA
levels were calculated by dividing the voxel of interest with one voxel
from the same contralateral row. NAA levels of voxels, voxels 12–14 were
normalized to voxel 17, voxels 22–24 were normalized to voxel 27 and
voxels 32–34 were normalized to voxel 37.

to a Lorentzian function and the area under the peak was
generated from the fitted function. The NAA levels in each voxel
in every row were normalized to one representative contralateral
voxel in the same row. Only voxels from the striatum were
analyzed. The NAA levels of voxels 12–14 (Fig. 1) were all
normalized to voxel 17, voxels 22–24 were normalized to voxel 27
and voxels 32–34 were normalized to voxel 37. Voxels 17, 27 and
37 were named ‘contralateral’ (cl) for the analysis of NAA levels.
The normalized NAA levels were defined as the ratio of NAAipsi/
NAAcl. We did not normalize NAA levels to total-Creatine or
total-Choline levels since we could not assume that these
metabolites remain constant for 49 days post QA-injection, in
light of the recent reports showing changes in these metabolites
already 5 days post QA-injection (21).
To study the normalized NAA levels from the striatum as a
whole, we first employed a pseudo ‘single voxel’ approach, by
combining normalized NAA levels from all of the voxels in the
striatum. Normalized NAA levels from voxels 12–14, 22–24, 32–34
(Fig. 1) were added and their mean  stdv was computed for each
animal for every time point. This ensemble of striatum voxels was
termed Total-striatum normalized NAA levels.
We then sought to study how NAA levels from voxels with
different degrees of initial impairment develop with time.
Therefore, the normalized NAA levels from the striatum were
then divided into three groups: Voxels in which NAAipsi/NAAcl
levels had been at least 0.8 on day 1 were assigned as ‘mild’
impairment voxels. Voxels in which NAAipsi/NAAcl levels had been
between 0.8 and 0.6 on day 1 were assigned as moderate
impairment voxels. Voxels in which NAAipsi/NAAcl levels had been
between 0.6 and 0.3 on day 1 post QA injection were assigned as
severe impairment voxels. Each class of voxels passed the
Shapiro-Wilk normality test (OriginPro 7.5) and was analyzed by
its impairment classification at the subsequent time-points. The same
voxels were always analyzed along the time course of the experiments.

Behavioral studies
Apomorphine induced rotations
Rats (n ¼ 12) were weighed weekly. From the 7th day post QA
injection, and in a 2 week interval along the experiment, rats

In order to test the QA-induced behavioral changes, rats (n ¼ 12)
were placed in a black 45 cm2 square open-field arena, with a
30-cm high plastic wall. The surroundings were visually uniform
and illuminated by a dimmed light projected on the walls of the
examination room. The arena was virtually divided into three
zones by two squares: the perimeters near the walls, the center
and the area between them. The arena was carefully cleaned with
ethanol before every test. Rats were placed in the arena for
60 min on the 5th and the 12th week post treatment. All tests
were video-recorded and analyzed by Ethovision 3.0 software
(Noldus, The Netherlands). The following parameters were
measured: total distance moved in cm, mean velocity (cm/s),
percent of the time the animal was mobile (defined as a change
of more than 10% of the pixels marking the animal body between
two frames, taken at five frames per sec), percent of the time the
animal presented a strong movement (defined as 30% in the
same manner as mobile), time in the perimeter zone and in
the center. For anxiety-related behavior the percent of the time
the animal spent in the center and the perimeters was measured
as previously described (27).
Immunohistochemistry
On day 70, two of the three rats that exhibited both low and high
ADCs were anesthetized with chloral hydrate for MRI guided
histology. Animals were intracardially perfused with ice cold PBS
for 5 min, followed by 15 min of 4% paraformaldehyde. Brains
were removed and immersed in 4% paraformaldehyde for 48 h in
48C and cryoprotected in 30% sucrose for another 48 h. After
immersion, the tissues were frozen in 708C until they were
cryosectioned to 10 mm coronal sections. Sections were incubated
in a blocking and permeabilization solution (5% normal goat serum,
1% bovine serum albumin and 0.5% Triton X100 in PBS) and
incubated with a primary antibody overnight at 48C (mouse anti
CD68 (ED1, a macrophage marker) 1:500, Serotec, Oxford, UK). After
washing with PBS, sections were incubated with a biotinilated
secondary antibody (Gout anti-mouse, Invitrogen, Carlsbad, CA,
USA, ready to use) for 1 h followed by DAB staining using Vector
ABC kit (Vector, Peterborough, UK).
Statistical analysis
MRSI data
Longitudinal results for NAA levels underwent unpaired t-tests
(OriginPro 7.5). Significant P values are indicated where
appropriate.
Behavioral test and histology
Student’s t-test was used to compare the two groups. Statistical
calculations were performed using SPSS v. 13. All results are
expressed as means  standard error, unless stated otherwise. In
order to determine the correlation between open field tested
parameters, we employed a linear regression, and conducted a
t-test on the beta coefficient for determining statistical
significance of the correlation.
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Figure 2. Coronal T2 weighted images of one representative rat. (a) Day 1, (b) day 8 (c) day 25 and (d) day 49 post QA injection. Only seven contiguous
slices out of the ten acquired are shown. Note that the lesion is confined to the striatum. The initial edema subsides by day 8 to leave a marked striatal
lesion. The slices marked by a white box comprise the MRSI slice.

RESULTS
Magnetic resonance imaging
Figure 2 shows the longitudinal coronal T2 weighted images from
one representative rat post QA injection. In these images, the
affected areas, found mostly in the striatum, appeared hyperintense. One day post QA injection, a mild enlargement of the
ipsilateral ventricle could be seen (Fig. 2a). The abnormalities as
seen in the T2 weighted images were clearly observable over six
to seven slices in all of the six animals injected with QA. The
ventricles asymmetry subsided with time and by day 8 no
abnormalities in the posterior parts of the ventricle could be
found (Fig. 2b). The edema substantially decreased and the
hyperintensity in T2 weighted images was somewhat diminished
(Fig. 2b). The hyperintensity in the striatum slowly recedes with
time, and on day 25 the lesion appears smaller and less intense
(Fig. 2c). Forty-nine days after QA injection, only four slices
revealed some hyperintensity in the striatum (Fig. 2d). It should
be noted that the ventricles appear somewhat enlarged along
the entire time course of the experiment.
The apparent diffusion coefficients (ADC) maps (Fig. 3)
revealed a complex behavior. One day post QA injection the
lesion was less apparent in the ADC maps as compared to the T2
weighted images, and could be seen in only three to four slices as
areas of low ADCs, in the range of 0.2–0.6  103 mm2/sec
(Fig. 3a). On day 8, the lesion was still distinguishable (Fig. 3b), and
after 25 and 49 days, two types of diffusion abnormalities were
observed – a low ADC area, with ADC values in the range of
0.2–0.6  103 mm2/sec (white arrow) and a high ADC area, with
ADC values in the range of 1.5–2.0  103 mm2/sec (black arrow),
(Figs. 3c and 3d respectively). A rim of intermediate ADC value,
circa 1.2  103 mm2/sec, could be seen around the region with
high ADCs, indicating ongoing processes around the necrotic
region (black arrowhead). This duality was noted in three of the
six rats measured, while in the two other specimens, only areas
with high ADCs were detected. One rat showed no abnormalities
(in both T2 and diffusion weighted images) from day 25.

Magnetic resonance spectroscopy
The raw data of the MRSI scan from one representative QA-injected
rat on day 1 post QA injection and one representative control are

shown in Figures 4a and 4b, respectively. It should be noted that
due to partial volume effects arising from the most anterior part
of the brain included in the slice, some non-brain tissue lipid
signals can be seen in the external cortical voxels. Therefore, only
voxels 12–14, 22–24 and 32–34 were analyzed. These voxels were
referenced to voxels 17, 27 and 37 respectively as explained in the
materials and methods section. The baseline in these voxels
remained mostly lipid-free. The NAA, creatine, choline and
glutamate/glutamine resonances were easily resolved. Additionally, an inverted peak (due to the 135 ms echo time), which was
assigned to lactate was detected on day 1 post QA-injection for
all animals. From day 8, no lactate signals could be detected.
We examined the total-striatum normalized NAA levels (see
materials and methods section and Fig. 1) by employing a
pseudo-single voxel approach, i.e. we combined the normalized
NAA levels from all of the voxels in the striatum. Figure 5a depicts
the total-striatum normalized NAA levels between days 1 and 49
post QA injection. On day 1, total-striatum normalized NAA levels
were reduced to 0.67  0.15 of the contralateral. On day 8, the
total-striatum normalized NAA levels did not show a statistically
significant difference compared to day 1 and remained at
0.68  0.17. On day 25, a statistically significant partial recovery of
total-striatum normalized NAA levels to 0.81  0.12 was
observed. Forty-nine days after QA injection, total-striatum
normalized NAA levels further increased to 0.90  0.12, significantly different from total-striatum normalized NAA levels on
days 25, 8 and 1 post QA injection. It should be noted that the
total-striatum normalized NAA levels of the QA-injected group on
day 49 were still lower than the total-striatum normalized NAA
levels of the control (injected with PBS) group with a statistically
significant difference ( p < 0.05). For the control group, totalstriatum normalized NAA levels were found to be 1.00  0.06
(n ¼ 3).
We then examined the NAA levels according to the impairment
classifications we defined (Fig. 5b). The fractions of voxels in
which normalized NAA levels were assigned as mild, moderate
and severe impairment (Fig. 5b) were found to be 0.13, 0.57 and
0.30 respectively. Interestingly, choosing other cutoff levels
resulted in failure of the normality test.
Normalized NAA levels from mild impairment voxels (Fig. 5c)
were lowered to 0.90  0.10 on day 1 post QA injection. These
voxels did not exhibit any significant changes compared to the
earlier time-points, until day 49, on which normalized NAA levels
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Figure 3. Coronal ADC maps of one representative rat. (a) Day 1, (b) day 8 (c) day 25 and (d) day 49 post QA injection. Only four contiguous slices out of
the ten acquired are shown. Note that the ADC map reveals areas characterized by low ADCs on day 1. On days 25 and 49, two distinct abnormalities were
found: a region that exhibited high ADC values (black arrow, necrotic region) and low ADC values (white arrow). This area corresponded to a dense CD68
positive stain in the histological study. The rim of the high ADC region exhibits intermediate ADC values (black arrowhead, positive stain for CD68),
showing that the necrotic region is surrounded by ongoing inflammatory processes. The units for the ADC maps are mm2/sec

recovered to 1.03  0.07 of the contralateral row. This recovery
was statistically significant only when compared to day 1 and 8,
but not when compared to day 25. The normalized NAA levels in
moderately impaired voxels (Fig. 5d) initially dropped to
0.71  0.05. On day 8, these voxels did not show any statistically
significant difference as compared to day 1, and normalized NAA
levels in these voxels were found to be 0.67  0.15. After 25 days,
normalized NAA levels in moderately impaired voxels recovered
to 0.80  0.12, with a statistically significant difference when
compared to days 1 and 8. Forty-nine days post QA injection,
normalized NAA levels from these voxels exhibited a statistically

significant difference when compared to days 1 and 8 but not
when compared to day 25 and were found to be 0.85  0.11.
Normalized NAA levels in severely impaired voxels (Fig. 5e)
initially dropped to 0.46  0.09 on day 1. On day 8, normalized
NAA levels were higher, with a statistically significant difference
from day 1 and were found to be 0.67  0.18. Twenty-five days
post QA injection, the normalized NAA levels in these voxels
further elevated to 0.81  0.12 with a statistically significant
difference from the normalized NAA levels that had been
observed on day 1 but not on day 8. On day 49 post QA injection,
normalized NAA levels of the severely impaired voxels showed a

Figure 4. MRSI dataset. (a) Spectra of a representative QA-injected rat 1 day post QA injection and (b) spectra of a control rat. The spectra are overlaid on
a T2 weighted image. On day 1, lactate signals can be observed in the ipsilataeral side. Note that NAA, Creatine and Choline peaks could be easily resolved
and the baseline is relatively lipid free due to the 135 ms echo time used in the MRSI sequence. It should be noted that the slice thickness of the T2
weighted image is only 1 mm, while the slice thickness of the MRSI data is 4 mm. Therefore, the lipid signals in the more external voxels result from
contribution of the more anterior part of the brain.
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Figure 5. Longitudinal MRSI study of NAA levels. (a) Time course of total-striatum normalized NAA levels. p < 0.0001 vs day 1, $ p < 0.0001 vs day 8 and #
p < 0.001 vs day 25 (b) Distribution of striatum voxels. The cutoff values for classification of voxels were chosen from this distribution. (c) Time course of
mild impairment voxels.  p < 0.03 vs day 1, $ p < 0.005 vs day 8 and # p < 0.01 vs day 25 (d) Time course of moderate impairment voxels.  p < 0.0002 vs
day 1, $ p < 0.0001 vs day 8 (e) Time course of severe impairment voxels.  p < 0.0005 vs day 1, $ p < 0.0001 vs day 8 and # p < 0.0007 vs day 25 (f )
Combined time course of all classes of voxels. Note that the total-striatum normalized NAA levels of the QA-injection group on day 49 (a) is significantly
lower as compared to the control (PBS-injected) group, p < 0.05.

statistically significant difference from all previous time-points
and were found to be 0.95  0.10, higher from all previous time
-points. The time course of the three classes of voxels can be seen
in Figure 5f. Interestingly, the three classes of voxels improved at
different rates, with the most severely impaired voxels improving
at the fastest rate.
In this study, we chose to normalize NAA levels to a
representative voxel from the contralateral row, since we could
not assume, a priori, no change in other metabolites in the
ipsilateral hemisphere. To ensure that the NAAipsi/NAAcl ratios
were not biased by RF inhomogeneity or detection errors, a
control group that was injected with PBS was measured using the
same acquisition protocol and evaluated by the same scheme.
Total-striatum normalized NAA levels from this control group
(injected with PBS) were found to be 1.00  0.06 (n ¼ 3),
indicating that normalization of NAA levels to the contralateral
row is indeed accurate in our experimental design. Moreover, in
the control group, no statistically significant differences could be
found when comparing normalized NAA levels between rows or
between columns (data not shown), indicating that RF

imperfections or magnetic field inhomogeneity do not alter
the results and indeed give normalized NAA levels of 1.00  0.06.
Behavioral studies
Treated rats failed to gain weight for 14 days after treatment with
QA. From day 21 on, the treated and control groups gained
weight in a parallel fashion, and there was a statistically
significant difference between them (Fig. 6a).
Apomorphine induced rotations were elevated compared to
control group in a statistically significant manner from the 7th
day and throughout all the time-points tested. The QA-treated
group showed an increase in the rotational behavior till the 35th
day, and from that point on, went into a plateau (Fig. 6b).
In the open field test several QA-induced phenomena were
observed. First, the lesioned animals exhibited a hyperactive
conduct manifested in a statistically significant longer distance
moved in the arena, which correlated well with other parameters
such as the percent of the time in which the animals moved
(defined as at least 10% movement per frame), strong movement
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as anxiety-related parameters. In fact, when we compared the QA
injected group to the control group in the later time-point we
found no statistically significant differences in all of the parameters tested. When compared to itself along the time course of
the experiment, the treated group showed a reduction of the
hyperactive behavior ( p ¼ 0.001), meaning that the spontaneous
activity of the QA-lesioned rats was reduced to the control level at
12 weeks post QA injection.

Histology

Figure 6. Behavioral tests. (a) Body weight of the animals along the
experiment (
p < 0.05 compared to the control group). (b) Apomorp < 0.005 compared to the control group,
phine induced rotation (
p < 0.05 compared to earlier time-points in a paired t-test).

(defined as 30% and above movement), mean velocity and others
(Table 1). A second change was the anxiolitic behavior
manifested in a statistically significant higher presence in the
middle of the arena and a reciprocal lesser presence in the
periphery of the arena in the QA-treated group compared with
the control group.
The third remark pertains to the second test conducted 47 days
after the first open field test. We found that the control group
behaved in a similar manner in both tests ( p ¼ 0.28 in a paired
t-test when comparing the total distance moved). However, the
QA-treated group revealed a recovery in terms of reduction of the
distance moved and other movement-related parameters, as well

Table 1. Open field test 5 weeks and 12 weeks post treatment. (
with R2 > 0.76, p for beta < 0.05).

From a macroscopic view, the histological appearance of the
lesioned animals (Figs. 7a, 7f ) closely resembled the ADC maps
(Figs. 7b, 7g). The most prominent feature that could be seen is
the a-symmetric ventricle enlargement in the ipsilesional side.
Most importantly, when the sections were stained for the
presence of macrophages, there was a clear correlation between
the CD68 positive stain (Fig. 7d) and the regions characterized by
low ADCs from the ADC maps of day 49 post QA injection
(Fig. 7b, right box). Figure 7k shows a single macrophage as
viewed by the CD68 positive stain. The high ADC areas on day 49
(Fig. 7g, right box) were found to be a pseudocystic structure, in
which a disappearance of a large fraction of cells was noted
(Fig. 7i). The T2 weighted images could not clearly distinguish
between the different pathological processes as viewed by
histology, although some hypointensity was observed on the T2
weighted images in the region of reduced ADCs (Figs. 7c, 7h).
Staining the contralateral areas for CD68 (Figs. 7e, 7j) did not
reveal any significant macrophage infiltration, and the corresponding ADC maps for the contralateral areas reveal normal
ADCs (Figs. 7b, 7g, left boxes).

DISCUSSION
Animal models for neurodegenerative diseases and processes are
important tools for revealing the underlying mechanisms and for
the search of novel treatments. Therefore, a longitudinal
characterization of these models is imperative for understanding
the progression of the neuropathologies involved.
The QA-induced striatal lesion, which was previously studied as
a model for HD, is now considered an important animal model for
excitotoxicity. One advantage of this model is its unilaterality
which allows an intrinsic control in the contralateral hemisphere,
a property which we have utilized in this study. Indeed, several

p < 0.05 compared to control, C-correlated to distance

5 weeks
Parameter
Distance moved (cm)
Mean velocity (cm/s)
Time mobile (%)
Time strong mobility (%)
Time in the perimeter (%)
Time in the center (%)

Control
6695  945
1.85  0.26 (C)
19.2  2.5 (C)
2.1  0.5 (C)
95.3  1.5
0.29  0.12

12 weeks
QA

9820  620(
2.72  0.17 (
28.0  1.7 (
4.1  0.7 (
82.9  3.9 (
0.78  0.15 (

)
,C)
,C)
,C)
)
)

Control

QA

7510  695
2.08  0.19 (C)
25.5  2.1
5.0  0.9
86.9  5.7
0.51  0.21

6265  420
1.74  0.11 (C)
22.6  5.3
3.7  1.2
88.2  6.4
0.95  0.81
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Figure 7. Histological study. (a, f ) Histological slices (macro view). (b, g) Corresponding ADC maps (day 49). (c, h) Corresponding T2 weighted images (day
49). (d, i) CD68 stain (x 100, scale bar ¼ 200 mm) from the regions of interest in the ipsilesional hemisphere. (e, j) CD68 stain from the contralateral
hemisphere. (k) A magnified image of a single cell stained for CD68 within the lesion (x 1000, scale bar ¼ 20 mm). Areas characterized by low ADC values
(right box in b) exhibited a dense positive stain for CD68 (d) indicating the presence of macrophages and ongoing inflammatory processes. Areas
characterized by high ADC values (right box in g) showed a pseudocystic arrangement in the corresponding histological slice (i). The ADC maps reveal the
dual status of the lesion much more clearly than the T2 weighted images. The parallel areas from the contralateral hemisphere exhibit no positive stain for
CD68 (e, j).

efficacy studies have employed this animal model, especially in
therapeutic-oriented studies in recent years (28–33).
Since MRI enables non-invasive longitudinal studies and access
to biochemical and anatomical information, it is the ideal modality
to characterize the temporal and spatial evolutions of neuropathologies in-vivo. For example, the characterization of ischemic
stroke model in MRI has led to better understanding of several
underlying biochemical and pathological processes (34–36). In
this study, we have longitudinally characterized the QA model
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from (1) a morphological point of view with the T2 and diffusion
weighted images and (2) a metabolic point of view by focusing
on NAA levels.
From the morphological point of view, the QA model
progresses through several stages with time. An inflammatory
response is induced in the CNS 1 day after QA injection (37,38),
depicted as regions of hyperintensity in T2 weighted images and
low ADC values in DWI. The ADC maps on day 8 revealed that low
ADCs remained in the striatum, while T2 weighted images
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showed that the edema subsided. The temporal evolution of the
lesion as viewed by DWI revealed regions characterized by both
low and high ADCs on days 25 and 49. To the best of our knowledge, this is the first study to show such a dual phenomenon at
late time-points of pathology. The simultaneous finding of areas
characterized by low ADCs in the striatum, as well as intermediate
ADC regions in the rim of the necrotic part on day 49 may imply
parallel mechanisms in action: low ADCs are considered to arise,
inter alia, from the shift of water from extracellular to intracellular
space during cell swelling, while high ADCs represent freely
diffusing water molecules consistent with necrotic regions that
had undergone membrane breakdown and removal (39–41).
Even though the histological analysis was performed 21 days
after the last MR scan, it correlated very well with the DWI results.
Areas characterized by high ADCs had pseudocystic characteristics and had undergone cell death and clearance. Interestingly,
the regions characterized by low ADCs demonstrated a dense
macrophages-positive stain. This implies that the initial inflammatory processes previously described in this model continued
for at least 70 days post QA injection, although probably on a
smaller scale than in the acute phase, immediately after QA
injection.
There are several options for the persistence of low ADCs in the
lesion for such a long time. The low ADCs areas shown in this
study may possibly arise from cytotoxic edema which propagates
due to the ongoing neuropathological processes. Alternatively,
the persistence of low ADCs may be due to a change in the tissue
density caused by macrophage infiltration, as shown in the
histological study. It is noteworthy that only three of the six rats
measured revealed areas characterized by both high and low
ADCs in the QA-treated group. This indeed reflects the
heterogeneity in such toxin-induced studies, and should be
taken into account when efficacy studies are performed.
From the metabolic point of view, we focused on N-Acetyl
Aspartate levels in the impaired striatum as estimated from the
integral of the NAA peak detected by MRSI. It should be noted
that quantification of metabolites as detected by MRSI is not
straightforward, and is susceptible to relaxation effects, RF
inhomogenieties, and normalization strategies.
NAA, which is almost exclusively localized in neurons, was
initially considered as a marker for neuronal viability and it had
been thought that its depletion arises from death, breakdown
and clearance of neuronal tissue (42,43). However, recent studies
have shown that in some cases NAA depletion may be reversible,
either by therapeutic interventions (44) or spontaneously
(12,13,45), suggesting that NAA levels may be also pertinent
to neuronal function/dysfunction resulting from shifts in
energetic demand (11). This question is crucial since NAA is
used as a neurodiagnostic marker for cellular viability (11).
In our study, the early reduction and significant recovery of
total-striatum normalized NAA levels, demonstrates that a major
population of the neurons in this region was reversibly impaired.
Normalized NAA levels in the striatum failed to completely
recover to control levels even after 49 days indicating that indeed
a relatively small population of irreversibly damaged neurons had
probably undergone cell death. We could not correlate the NAA
levels to regions that were characterized by high or low ADCs
because of partial volume effects. However, it seems probable
that at the later time-points of this study, the neuronal loss
manifests itself in the high ADC region.
Interestingly, we found a differential rate of improvement for
the three classes of voxels: all classes of voxels demonstrated

improvement compared to day 1 post QA injection, but
surprisingly, the most impaired voxels improved more rapidly.
On day 1, the most impaired regions probably suffer severe
metabolic stress. This stress may begin to alleviate within a few
days, and the areas in which NAA synthesis was most severely
shut down may begin to recover, resulting in recovery of NAA
levels. Increased neurogenesis (46) is unlikely to induce such a
significant recovery of NAA.
We could not completely rule out the possibility the recovery
observed was due to iron release on day 1 that caused a T2
decrease which in turn resulted in detection of lower NAA levels
in the early time-points. Upon clearance of iron due to
macrophage uptake and departure, the signal can recover over
time. However, due to the large changes in NAA levels and the
fact that no change was observed in the line shape, it seems
unlikely that the above mechanism was of significant importance
in the present study. Additionally, in areas which were
characterized by high ADCs, the histological analysis revealed
a pseudo-cystic arrangement and cell clearance, which would
only account for a decrease in NAA levels; however, in this study,
an opposite trend was observed.
One can compare the rate of recovery of NAA in severely
impaired voxels to that shown in the HPLC study of the systemic
3-NP model (a mitochondrial toxin), which has demonstrated
reduction in striatum NAA levels to 20% of control by day 3 (i.e.
severe impairment), and rapid recovery by day 9 (13). In our study,
the NAA levels in moderately impaired voxels are somewhat
comparable to the sub-acute 3-NP animal model, in which the
NAA levels were reduced to roughly 85% and then returned to
normal levels after 28 days (18). These studies used single-voxel
methods. The heterogeneity in NAA levels that was revealed by
our MRSI study may encompass a broader view regarding the
nature of recovery of NAA. Our findings imply that indeed NAA
should be considered as a marker for neuronal dysfunction, and
may be considered a marker of neuronal death only after a
prolonged period of time in which the recovery of NAA levels
does not persist. Therefore, efficacy studies should take the
significant spontaneous recovery of NAA levels in this model into
account.
Comparing the NAA recovery to the behavioral studies reveals
that NAA recovery precedes the behavioral changes. The
behavioral tests included a pharmacologically-induced apomorphine rotational challenge and a spontaneous behavior open
field test. The apomorphine-induced rotations demonstrated a
consistent impairment throughout the time course of the
experiment, without any signs of recovery. This can be attributed
to the sensitivity of pharmacologically-induced tests; even a
minor impairment to the striatum would give rise to significant
rotational behavior. Therefore the partial NAA recovery is not
reflected by these tests since indeed the NAA levels did not reach
control levels. By contrast, the open field tests, which were
performed on 5 and 12 weeks post QA injection, demonstrated
the well documented hyperactive and anxiolytic conduct (47–49),
followed by an improvement in both of these manifestations in
the later test. Most previous studies followed the hyperactive
conduct, only up to 4 weeks post QA injections. To the best of our
knowledge, this is the first report to show a spontaneous recovery
after 12 weeks in the QA model which is associated with the NAA
recovery shown in this study. It should be noted that the open
field test cannot be conducted in short time intervals due to
habituation effects; therefore the time lag documented between
the NAA recovery and the behavioral recovery may well be a
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manifestation of the experimental design of the present study.
The control group demonstrated a consistent behavior in both
time-points; therefore it seems that the spontaneous improvement of the QA group was not a result of habituation.
It is important to note that we could note demonstrate a clear
spatial correlation between the T2 findings, the ADC findings, and
the MRSI data. T2 and ADC are two distinct physical parameters.
There is no reason to expect an a-priori correlation between T2
and diffusion findings due to their inherently different
mechanisms of contrast. The spectroscopic findings were hard
to correlate with the morphological changes, since the resolution
of our DWI and T2 data was much higher than our MRSI
resolution. Indeed the metabolite MRSI data suffers from partial
volume effects; therefore, a comparison with the ADC or T2
weighted MR images is not straightforward, especially if the MRI
abnormalities occupy small areas. In the present study, indeed
the regions characterized by high ADCs at day 49 post QA
injection, which were identified as necrotic regions in the
histological study were relatively small. The failure of NAA levels
to reach control levels even after 49 days may well be a
manifestation of these small necrotic regions.
To conclude, in this study we found that the QA lesion exhibited
ongoing pathological processes alongside regenerative processes
for at least 70 days post QA injection. These processes were
demonstrated by morphological, biochemical, behavioral and
histological parameters. We therefore suggest that future studies
using the QA rat model should take into consideration the spontaneous recovery of the different indices reported in this study.
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