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During the acute phase of spinal cord injury (SCI), major alterations of
white and grey matter are a key issue, which determine the
neurological outcome. The present study with ex vivo quantitative
high-field magnetic resonance microimaging (MRI) was intended in
order to identify sensitive parameters of tissue disruption in a well-
controlled mouse model of ischemic SCI. MR imaging evidenced
changes as early as the second hour after the lesion in the dorsal horns,
which appear swollen. After 4 h, alterations of the white matter of
dorsal and lateral funiculi were reflected by a progressive loss of white/
grey matter contrast with further ventral extension by the 24th hour.
Diffusion tensor imaging and multi-exponential 7, measurements
permitted to quantify these physicochemical, time-related, alterations
during the 24-h period. This characterization of spatial and temporal
evolution of SCI will contribute to better define both the most
appropriate targets for future therapies and more accurate therapeutic
windows. Upcoming directions include the use of these parameters on
in vivo animal models and their application to clinics. Indeed, magnetic
resonance techniques appear now as a major non-invasive translation
tool in CNS pathologies based on the development of more appropriate
pre-clinical models.

© 2006 Elsevier Inc. All rights reserved.

Introduction

Spinal cord injury (SCI) induces structural and functional
modifications of neuronal networks yielding significant sensori-
motor alterations. Thus, the interruption of long myelinated tracts
and the disruption of local non-myelinated circuitry lead to specific
neurological deficits. One of the major gaps in the development of
an efficient therapeutic agent in the field of neuroprotection lies in
the obviously poor adequacy of the pre-clinical approaches and
their lack of predictability for the considered pathology (Blight,
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2002). Actually, the therapeutic windows for neuroprotection have
not been precisely pre-clinically established since the time
dimension of the degenerative phenomenon is insufficiently
known. Moreover, the correspondence with human pathophysiol-
ogy is still inadequate.

Non-invasive techniques for analyzing the evolution of SCI are
mandatory in order to accurately determine the time window of
tissue alterations due to major neurotoxic events and thus, to
elaborate more predictable animal models. Recent progresses of
magnetic resonance imaging (MRI) bring the possibility of
following in a non-invasive manner a pathophysiological process
in spinal cord of rodents. Even if in vivo MRI has been already
performed (Bonny et al., 2004; Bilgen et al., 2005; Kim et al.,
2005), the choice of ex vivo MRI was governed by several
advantages of this approach. Indeed, it is possible to extend the
acquisition time in order to, on the one hand, increase the spatial
resolution and thus define more accurately the extension of the
injured areas, and on the other hand, to use quantitative techniques
by the bias of multi-parametric reconstruction (Bonny, 2005).
Finally, the definition of the time period between the induction of
the lesion and fixing/observing the spinal cord is entirely free (in
this case 2, 4, 8, 16, and 24 h after the injury; see below).

The sensitivity of ex vivo quantitative MRI has been
exemplified for characterizing several pathological models in the
rat spinal cord (Matsuzawa et al., 1995; Inglis et al., 1999; Nevo et
al., 2001; Gulani et al., 2001; Nossin-Manor et al., 2002). In a
mouse model of experimental allergic encephalomyelitis, reduced
anisotropy in WM has been detected by diffusion tensor imaging
(DTI) (Ahrens et al., 1998).

In the present study, mice were preferred to rats despite their
smaller size since they give access to the extensive transgenic mice
library opening the possibility of testing specific molecular
hypotheses (Steward et al., 1999; Bonny et al., 2004).

To characterize our SCI model, the use of diffusion contrast is
an obvious choice due to its sensitivity to acute ischemia (Moseley
et al.,, 1990a,b). The decrease of apparent diffusion coefficient
(ADC) is directly related to the degree of perfusion deficit (Fiehler
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et al., 2001). In our case, the diffusion characterization has been
extended to the quantification of the apparent diffusion tensor
(Basser et al., 1994). Compared to the estimation of ADC in a fixed
direction, diffusion tensor gives access to the three-dimensional
diffusive transport of water. It provides multiple parameters
(diffusivities, anisotropy and principal direction of diffusion)
which are influenced by microstructural components of the tissue
and in particular have been proven sensitive for the characteriza-
tion of stroke lesions (Sotak, 2002).

Besides diffusion imaging which assesses the severity of the
ecarliest ischemic events, quantitative 7, imaging is a useful
complementary technique since the elevated 7, values give
information about the extent and the degree of vasogenic edema
during ischemia (Helpern et al., 1993; Loubinoux et al., 1997).
Moreover, most of the biological tissues exhibit multiple 7,
components in the range measurable by imaging. Previous
relaxation studies of peripheral nerves (Jolesz et al., 1987) and
myelinated WM (MacKay et al., 1994) suggest that the shortest
measured 7, represents water associated to the myelin membranes.
Moreover, the size of this short-7, component is well correlated
with the myelin content in fixed samples of normal and injured rat
nerves (Webb et al., 2003). Because of the potential of this
approach for detecting myelin loss after injury, the 7, relaxation
curves have been sampled densely in our experimental protocol to
detect possible multi-exponential behavior in white matter.

In the present study, we followed the evolution of quantitative
parameters obtained from DTI and multi-exponential 7, imaging
(MET),) during the time course of an ischemic experimental lesion
in the mouse spinal cords. The time frame was that of acute phase
(<24 h after lesion induction) which constitutes a critical period
that strongly determines posttraumatic neurological impairment
and the pharmacological windows for neuroprotection (Gimenez y
Ribotta and Privat, 1998).

Materials and methods
Animal preparation

Twenty-eight female C57BL/6 mice (Charles River Laborato-
ries, L’ Arbresle, France), aged 16— 18 weeks (20 £ 3 g) were used in
this study. This strain was chosen on the basis of its wide utilization
in CNS pathological models and its high degree of genetic
differentiation (Steward et al., 1999). The study was performed
according to European legislative, administrative and statutory
measures concerning the protection of animals used for experimen-
tal or other scientific purposes (86/609/EEC). All mice, except for
controls, were submitted to an experimental ischemic spinal cord
lesion (Gaviria et al., 2002). Animals were divided into six groups
depending on the time of sacrifice: controls (n =4), 2 h (n =4), 4
h(n=4),8h(n=26),16h (n=>5), and 24 h (n = 5) postinjury.

Animals were anesthetized through a mask by spontaneous
inhalation of 2% isoflurane in a current volume of 200 ml of air/
min using a Univentor 400 anesthesia unit (Univentor Ltd., Malta).
After obtaining a deep level of anesthesia judged by a loss of
response to nociceptive stimulation of the footpads and tail, mice
were placed in a prone position on a warmed surgical surface to
preserve body temperature throughout the procedure, i.e., £1.5°C
of the initial temperature, with a heating pad (Homeothermic
Blanket Control Unit, Harvard Apparatus, Edenbridge, USA). A
midline longitudinal incision was made over the TS to T13 level.

The skin was retracted, and the fat pad was carefully reflected
rostrally taking into account its important vascular supply present
at the T6-T7 level. The vertebral muscles were dissected
bilaterally exposing the dorsal laminae and spinous processes of
T7-T10 vertebrae.

Immediately after the end of the surgical procedure on the back,
Rose Bengal (Aldrich Chemical Co., Milwaukee, USA) was
intravenously injected (0.0133 ml/10 g, 30 mg/ml in 0.9% saline)
on the tail vein by means of a polyethylene 1 French-catheter over
a 3-min period. The skin of the tail was then sutured, and the
animal was transferred to the irradiation apparatus (ILC Technol-
ogy, Sunnyvale, USA). Ten minutes after the injection of Rose
Bengal, animals were irradiated for 8 min (Gaviria et al., 2002).
For this purpose, the irradiation beam of a xenon lamp, conveyed
by fiberoptics, was focused over the T8 vertebrac. A 560-nm
wavelength-light irradiation was performed over the translucent
dorsal surface of the vertebral laminae, inducing excitation of the
injected dye, i.e., Rose Bengal, in the spinal cord microvasculature.
A dual fan system was used to maintain body temperature at a
standard level at the irradiation site to avoid thermal injury. The
resultant photochemical reaction is known to provoke luminal
platelet aggregation, endothelial membrane damage, and blood—
brain barrier disruption. Actually, Rose Bengal is the most efficient
known generator of singlet oxygen in terms of reacting with
structural proteins and lipids in order to initiate direct peroxidation
reactions within endothelial membranes resulting in vascular stasis,
parenchymal thrombosis and ischemia (Watson et al., 1986). After
irradiation, the back muscles were sutured with 4-0 vicryl (Ethicon
SAS, Issy les Moulineaux, France) and the skin closed with tissue
adhesive (N-butyl-2-cyanoacrylate, B/Braun Germany). After total
recovery from anesthesia (~ 10 min), the animals were returned to
their individual cages.

At the time of sacrifice, animals were re-anesthetized and
perfused through the heart with a solution of paraformaldehyde
according to our protocol for ex vivo preparation (Bonny et al.,
2004). The vertebral column was left overnight in situ at 4°C, then
a block of 5 vertebrae, i.e., 2 vertebral bodies above and below the
T8 vertebral body (epicenter of the photothrombotic lesion), was
removed and postfixed for at least 24 h at 4°C in the same fixative.

After ex vivo MRI examination, the spinal cord was prepared
for histological analysis (see Gaviria et al., 2002). Five sets of
cryostat transverse 12-um-thick sections, corresponding to each
vertebral level (mid vertebral body landmark) and covering each
thoracic metamer, i.e., T6 to T10, were obtained for histological
staining of white and grey matter (luxol fast blue/neutral red). The
advantage of this method over other standard staining techniques is
to label both the intact myelin and cells cytoplasm permitting to
characterize myelin and neuronal changes. The sections were
examined under light microscopy, and photomicrographs were
matched with corresponding MRI images. Nevertheless, in spite of
a systematic location of spinal cord marks, gross morphological
characteristics of the 12-um-thick sections differ slightly from MR
images presumably because of the partial volume effect due to the
1 mm slice thickness of the latter (covering almost the whole spinal
cord metamer).

MRI parameters
During MRI analysis, each cord was transferred from the

fixative to a phosphate buffering saline solution (PBS) and placed
in a 5-mm diameter microimaging probe. Experiments were
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performed at 37°C on an Avance DRX400 microimaging system
(Bruker, GmbH, Ettlingen, Germany) with a wide-bore (89 mm)
vertical 9.4 T magnet and an actively shielded gradient coil
allowing a maximum gradient strength of 1000 mT/m. For both
DTI and MET,, images of five slices cut perpendicularly to the
spinal cord were collected; each 1-mm-thick slice covered a single
thoracic metamer. The voxel size is equal to 0.04 x 0.04 mm’
(field of view of 5 x 5 mm?, image matrix of 128 x 64 zero filled
to 128 x 128).

For DTI, the imaging protocol used a diffusion-weighted spin
echo sequence with the following parameters: TR = 5000 ms, TE =
26.9 ms, NA = 8, readout bandwidth of 39 Hz/pixel, A = 6.0-ms
duration, = 2.5 ms and b value of 900 s.mm 2. Diffusion
weighted images were acquired along 6 non-collinear directions,
along with a single image acquired without diffusion sensitizing
gradients (Basser and Pierpaoli, 1998).

The sequence for 7,-mapping consisted of collecting 16 images
at increasing TE with a single spin echo for each. By collecting a
single spin echo per scan, the protocol prevents the repetition of
refocusing errors that induces both the underestimation of 7', due to
the accumulation of fractional signal loss and the generation of
undesired additional echoes. The MET, protocol consisted of 16
spin echo images with equidistant TE ranging from 12.5 ms to 87.6
ms (inter-echo delay of 5 ms). Other acquisition parameters were
TR = 5000 ms, NA = 4 along with a readout bandwidth of 195 Hz/
pixel.

The whole protocol led to a total acquisition time of 12 h.

Postprocessing

The diffusion tensor was estimated using a multivariate linear
regression routine. After tensor diagonalization which leads to the
ordered eigenvalues (1; > 4, > A3) and assuming an axisymmetric
diffusion model, axial diffusivity 4, (=4;) and radial diffusivity
A1 (=(A, + 43)/2) were computed.

Discrete multi-exponential analysis of 7, relaxation decay
curves consisted of a multi-spectral nonlinear edge-preserving filter
followed by a non-linear least squares procedure (Bonny et al.,
2003). Because of the limitation in the number and the range of
TE, this analysis is able to resolve at best two T, components. Each
component is characterized by a relaxation time and an amplitude
(i.e., in the bi-exponential case the parameters measured are long-
T,, short-T, and relative amplitude of the short-75).

Fig. 1. ROI in spinal axial plane; WM (1) dorsal funiculus, (2/5) lateral
funiculi, (3/4) ventral funiculi, GM (6/7) ventral horns, (8/9) zona
intermedia lateralis, (10/11) dorsal horns substantia gelatinosa.

The values of the different parameters were measured by
positioning 11 regions of interest (ROI) in the parametric maps of
the spinal cord (see Fig. 1).

For statistical analysis, the values are presented as means and
both standard deviation (SD) and standard error of the mean
(SEM). An ANOVA test was applied to determine significant time-
related differences in MRI parameters followed by a Newman—
Keuls multiple comparison post hoc tests. A P level of 0.05 was
considered statistically significant. GraphPad Prism software
(GraphPad Software Incorporated, San Diego, CA, USA) was
used for statistical analysis.

Results

Control samples were pooled for WM values (5 ROI: dorsal,
lateral, and ventral funiculi) and GM values (6 ROI: dorsal horns,
zona intermediolateralis and ventral horns). The axial and radial
diffusivities were respectively equal to 1.37 107> (SD = 0.12)
mm?/s and 0.26 10> (SD = 0.11) mm%/s in WM and 0.72 10°
(SD = 0.12) mm*/s and 0.42 1073 (SD = 0.04) mm?/s in GM.
These results point to a significant anisotropy for both tissues in
accordance with previous ex vivo studies in mouse (Ahrens et al.,
1998) and rat (Inglis et al., 1997; Inglis et al., 2001; Madi et al.,
2004) spinal cord. Such diffusivities led to values of fractional
anisotropy (Basser and Pierpaoli, 1996) significantly higher in WM
than in GM, respectively 0.80 (SD = 0.08) and 0.36 (SD = 0.11).

Diffusion MRI changes were noticed at a very early stage after
SCI within WM with a dorso-ventral cord gradient in accordance
to injury mechanisms. As soon as the second hour after injury,
parallel diffusion rapidly decreased and was significantly altered
(30% decrease, P < 0.01) within the dorsal funiculus, whereas in
the lateral funiculi, significant changes were noticed between 4 and
8 h after SCI (50% decrease, P < 0.01) (see Fig. 2). Twenty-four
hours after injury, loss exceeded 70% in dorsal funiculus (P <
0.01) and 60% in lateral funiculi (P < 0.01). Whatever the delay
after injury, the variations in ventral funiculi were non-significant.
Interestingly indeed, earliest WM changes detected by parallel
diffusion preceded those depicted by both MR images and
histology (see above).

Conversely, no significant alterations were noticed for /4
after SCI near the irradiation region (see Fig. 3). A significant
increase of the radial diffusivity was only noticed at a much later
time point (i.e., 24 h after SCI) in the ventral funiculi (50%
increase, significantly different compared to 4-h and to 8-h values;
P < 0.05).

One of the novel aspects of this study is the association of a
multi-exponential analysis of the 7, relaxation curves with the
analysis of the diffusion tensor. In control tissues, the behavior of
the relaxation curves is bi-exponential in the WM and, most often,
mono-exponential in the GM (see Table 1).

During the development of spinal cord injury, two types of T,
behavior were noticed during the first 24 h: a trend for a
concomitant decrease of the three parameters in WM (i.e., long-
T5, short-T, and relative amplitude of the short-75), while the
changes in GM were reflected by an increase in the number of
ROI showing mono-exponential 7, behavior. Concerning the
WM changes, the main trend was a dorso-ventral cord gradient.
Within the dorsal funiculus, the decrease of short-7, amplitude
was significant since the 4th hour after the initial injury, while it
was significant since the 8th hour within the lateral funiculi. No
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Fig. 2. Parallel diffusion measured within the different white matter ROI; (*) corresponds to statistical differences between the group 0 h and the other groups
and (+) to the difference between 4 h and 8 h; (** or ++) P < 0.01, (***) P < 0.001.

significant decrease was noticed within ventral funiculi despite
the trend observed in Fig. 4. 24 h after injury, short-7, was
absent in dorsal funiculus, the decrease exceeding 60% in lateral
funiculi (P < 0.01). Thus, a characterized critical time interval
was noticed between 4 and 8 h within dorsal and lateral funiculi.
For GM, the percentage of mono-exponential measurements
progressively increased from 60% in the pooled ROI (dorsal
horns, zona intermediolateralis, and ventral horns) of controls to
95% 24 h after SCL

Discussion

Several morphological changes observed after photochemical
SCI (Prado et al., 1987; Bunge et al., 1994; Olby and Blakemore,
1996; Gaviria et al., 2002) have also been described after contusion
or compression of the spinal cord (Gledhill et al., 1973; Bresnahan,
1978; Griffiths and McCulloch, 1983; Holtz et al., 1990; Blight,
1991). These histopathological similarities are mainly due to the
fact that the chief mechanism of the secondary injury is
posttraumatic ischemia and infarction of the spinal cord (Tator
and Fehlings, 1991), involving common mechanisms of degener-
ation (for review of the secondary injury, see Choi, 1992). The
vascular phenomenon first occurs in central GM and then spreads
into WM tracts because of the greater concentration of blood
vessels in GM compared to WM.

A pathophysiological condition like ischemia causes a massive
increase in the extracellular glutamate concentration and the over-
stimulation of glutamate receptors triggers cellular processes
leading to acute neurodegenerative conditions (for review, see
Gimenez y Ribotta et al., 2002). Thus, NMDA receptors appear
primarily responsible for rapidly triggered glutamate-induced cell

Dorsal funiculus

Lateral funiculi

death mediated by a rapid influx of Ca*" (Siesjo and Wieloch,
1985), and AMPA/kainate receptors for slowly triggered excito-
toxicity in which the rate of Ca*" influx is slower.

Interestingly, in the early acute phase, in spite of a normal
appearance of axons and glia under light microscopy, electron
microscopy reveals initial organelles changes, such as swollen
mitochondria (Olby and Blakemore, 1996). During the first hours,
histological alterations become apparent. Thus, platelet aggrega-
tion, degranulation, expansion of the extracellular space in WM
and GM, intracellular GM vacuoles within the neuropil, initial GM
necrosis, and perivascular glial swelling take place within the
dorsal cord at the epicenter of the lesion. These changes are
followed by further expansion of the extracellular space in WM/
GM and accompanied by axonal swelling and necrosis, thinning of
myelin sheets, extension of the area of GM necrosis, and edema.
By twenty-four hours after the primary insult, the lesion is fully
extended, and demyelination begins at the interface of necrotic and
spared tissue (ventral-most WM). Other acute changes (24 to 48 h)
such as axonal aggregates of organelles (mitochondria, vesicles,
and neurofilaments) in varying states of deterioration and abundant
myelin debris have also been described (Tator and Fehlings, 1991;
Bunge et al., 1994; Olby and Blakemore, 1996).

In the present study, upon comparison of histological sections
and MR images, it appeared that despite a lower spatial resolution,
MR images matched very precisely the anatomical information
given by luxol fast blue staining. Fig. 5 shows the development of
SCI in high-resolution 7»>-weighted images and in their histological
correspondence. Swelling of dorsal horns was apparent as early as
2 to 4 h after the lesion, whereas the white matter appeared still
intact, both with MR and histology. The spatial location of the
initial GM changes can be due both to (i) the dorsal location of the
primary injury and (ii) the distribution of NMDA receptors within
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Fig. 3. Perpendicular diffusion measured within the different white matter ROI; (*) corresponds to statistical differences between 4 h and 24 h and (+) to the

difference between 8 h and 24 h; (* or +) P < 0.05.
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Table 1
Control MET, values corresponding to non-injured spinal cords
WM GM (all) GM (mono) GM (bi)
Mean SD n Mean SD n Mean SD n Mean SD n
Data pooled (all ROI)
Long-T, 148.58 80.34 20 - - 79.79 6.82 15 99.24 21.02 8
Short-T, 42.21 5.03 20 - - - - 15 53.44 20.03 8
Amplitude percent 64.13 10.43 20 - - - - 15 55.78 31.53 8
Data pooled in the spinal cord region
Dorsal cord
Long-T, 204.05 160.04 4 - - 84.06 7.00 6 119.37 29.09 2
Short-T, 38.01 3.50 4 - - - - 6 63.68 18.14 2
Amplitude percent 70.32 6.68 4 - - - - 6 74.84 13.76 2
Lateral cord
Long-T, 143.30 52,88 8 - - 78.14 6.50 4 97.49 16.97 4
Short-T, 43.61 4,60 8 - - - - 4 57.28 21.30 4
Amplitude percent 62.74 10,84 8 - - - - 4 51.62 33.48 4
Ventral cord
Long-T, 126.11 37.10 8 - - 75.98 4.67 5 82.60 221 2
Short-T, 42.92 5.42 8 - - - - 5 35.52 14.37 2
Amplitude percent 62.42 11.46 8 - - - - 5 45.04 48.79 2
In the GM, the total number of values is 24, but there is a meaningless long-7, value within the ventral region which explains the size of the sample (n = 7

instead of 8) and the size of the complete data pool (n = 23 instead of 24).

neuronal populations of the GM. Actually, NMDA receptors are
mainly present in dorsal horns and lamina IX, whereas in most
other laminae (V—VIII), they are slightly labeled or unlabeled on
binding experiments (Petralia et al., 1994; Hirbec et al., 2000).
After 4 h, pallor of myelin noticed with luxol fast blue was
paralleled by progressive MRI loss of contrast in dorsal and lateral
funiculi, whereas grey matter edema progressed towards ventral
horns. Gradual destruction of both white and grey matter, as seen
in histological sections, was paralleled by loss of GM/WM contrast
in MR images. On this basis, quantitative data obtained by DTT and
MET, are likely to reflect physicochemical alterations of the
nervous tissue induced by SCI which are complementary to
classical anatomical examination.

In the whole central nervous system, diffusion anisotropy has
been mainly reported in WM (Moseley et al., 1990a,b; Fenyes and
Narayana, 1999). It corresponds to a more efficient diffusion of
water parallel to the axonal direction axis than perpendicular to it.
This property is the basis of non-invasive trajectography of
myelinated fibers in the central nervous system (Conturo et al.,
1999) and is related to the ordered arrangement of these fibres. The

Dorsal funiculus
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microstructural determinants of anisotropy have been reviewed by
Beaulieu (2002).

The early decrease of parallel diffusivity in the WM indirectly
indicates tissue structure alteration. It is associated with the
cytotoxic edema, which appears during hyper-acute ischemic
strokes. Both dorso-ventral and temporal gradients reflect the
pathophysiological course of the ischemic phenomenon, which
tends to broaden ventrally as highlighted by the Fig. 5. Our results
suggest that the reduction of water translational motion in ischemic
WM is mainly due to the reduction of the diffusivity parallel to the
myelinated axons, in accordance with previous observations in
human ischemic brains (Sorensen et al., 1999) and piglets
(Thornton et al., 1997). Thus, the decrease of anisotropy in WM
during the hyper-acute period can be mainly attributed to the
decrease of 1, whereas / | remains stable.

More surprising is the increase of A | at +24 h, which is only
significant in the ventral region, the most distant from the focus of
the lesion. It corresponds to a pathologic state since 4 is
increased in comparison with its control value. This phenomenon
would correspond to a demyelination process partially de-
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followed by an increase in the number of ROI showing a mono-exponential T, behavior: nro; = 1 8 h after SCI and nro; = 0 24 h after SCI.
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Fig. 5. High-resolution (acquisition matrix 128 x 128, zero filled to 256 x 256 to obtain a voxel volume of 60 x 60 x 200 pm?) T-weighted (TR/TE = 5000/

47 ms) and corresponding histological images for each measured time after SCI.

correlated from the cytotoxic edema, which is known to induce a
specific increase of radial diffusivity (Song et al., 2005). The
demyelination process takes place as a secondary degenerative
component (Choi, 1992) at the interface between necrotic and
spared tissue from the end of the first day after SCI (Griffiths and
McCulloch, 1983). Actually, demyelination and remyelination
phenomena have been described up to 450 days following
contusive spinal cord injury in adult rats with an overall number
of demyelinated axons peaking at 1 day postinjury (Totoiu and
Keirstead, 2005). Thus, demyelination can be considered as a
major target for therapeutic intervention after spinal trauma.

In GM, despite the typical swelling of the dorsal horns then of
the whole grey matter due to the cytotoxic edema, no significant
variation of diffusivities was observed. Even if a trend towards
decrease was observed, especially dorsally, the inter-individual
variations prevent the detection of a statistically significant
decrease. Sotak (2002) pointed out several inconsistencies
concerning the differential ADC response of WM and GM to
ischemic injury. Our results clearly establish that the decrease of
diffusivities is greater in WM than GM during the acute period.

Concerning 7, parameters, the bi-exponential behavior ob-
served in the WM can be compared with the multi-exponential
character often observed at lower fields in vivo (Whittall et al.,
1997; Does and Gore, 2002) and ex vivo (Peled et al., 1999; Webb
et al., 2003). In our experimental conditions, a smaller number of
points (16 images with increasing TE), a relatively high minimum
TE, as well as the probable reduction of the 7, values due to the
increase of the field, certainly impede the detection of the short
fraction associated to the water trapped by the myelin membranes
themselves. The fractions observed in the present study may
correspond to the intermediate fractions, which result from the
slow exchange between the intra- and extra-axonal compartments.
The hypothesis is that the exchange velocity between these two
compartments is limited by the presence of myelin, which is
particularly abundant around the axons in the spinal cord WM.
This could explain what we observed in the control tissues, i.e., the
bi-exponential behavior in the WM and the more frequently mono-
exponential behavior in the GM. Thus, these parameters are also

sensitive indicators of the development of the ischemic lesion. The
alteration of the amplitude of the short-7, component in WM may
be explained by a demyelination.

Early alterations detected by quantitative MRI after SCI
preceded those seen by histological techniques. This sensitiveness
points to the broad coverage of MRI techniques, which allow
detecting molecular changes within the neural tissue, whereas
major and permanent structural alterations not yet took place in this
time frame. The possibility to detect precocious molecular changes
in vivo and to correlate them with neurochemical posttraumatic
events, with a same animal being used as its own control, will
represent a major breakthrough for the design of novel neuro-
protective therapeutic strategies. Magnetic Resonance Spectrosco-
py has to be considered as a technique likely to enhance the
characterization of SCI within the same regions of interest utilized
for MRI. By considering the specific anatomy of mouse spinal
cord, a maximum volume of 0.4 x 0.4 x 1 mm (0.16 ul) would be
reached within each ROI individually. Such small volume is clearly
challenging in our experimental conditions since the volume
currently obtained by localized spectroscopy is in the order of
several microliters (~16.5 pl) (Silver et al., 2001). Therefore,
simultaneous methodological breakthrough (i.e., ultra-high mag-
netic fields, implantable microcoils, powerful gradients) have to be
fulfilled to obtain volumes of interest compatible for both MRI and
MRS.

Conclusion

Ischemia represents one of the main components of traumatic
SCI. General and specific vascular alterations largely play a key
role in the secondary injury process.

The present ex vivo MRI approach has permitted to identify and
validate several quantitative parameters, which are sensitive enough
to detect very early physicochemical changes after a well-calibrated
ischemic spinal cord injury in mice. These accurate markers, i.e., the
axial diffusivity measured at low b value and the fractions of the bi-
exponential 7, components, constitute a unique tool for a
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translational approach. Significant markers being identified, exten-
sion of MR investigation to in vivo conditions is achievable because
of'its biological relevance and its feasibility in spinal cord of various
experimental animals such as rats (Ford et al., 1994, Pirko et al.,
2005) and mice (Bonny et al., 2004, Bilgen et al., 2005). Even if
diffusion MRI has already been achieved, the possibility to perform
in vivo MET, imaging with both sufficient accuracy and acceptable
acquisition times remains to be demonstrated.

The development of such a multidisciplinary methodology
combining MR, morphologic and functional assessments will
allow to define efficient therapeutic strategies and fine tuning
windows for intervention in pre-clinical models before being
applied in clinics.
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