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Magnetization transfer and diffusion imaging of acute axonal
damage in the cerebral peduncle following hypoxia-ischemia

in neonatal rats

Ursula I. Tuor'3, Min Qiao’, Melissa Morgunov', Emily Fullerton', Tadeusz Foniok? and Adam Kirton**

BACKGROUND: Magnetic resonance imaging (MRI) of axonal
degenerative changes in the cerebral peduncle of the corti-
cospinal tract following cerebral hypoxic-ischemic damage
might distinguish infants most appropriate for receiving prompt
treatment. The optimal MRI sequence for very early diagnosis of
axonal degenerative changes is unknown. We hypothesized that
magnetization transfer ratio (MTR) imaging would be more sen-
sitive than traditional MRI, e.g, T, or diffusion weighted imaging.
METHODS: Transient unilateral cerebral hypoxia—ischemia
was produced in the neonatal rat followed by MRI of changes
inT, the apparent diffusion coefficient (ADC) of water, and
MTR, with a focus on the parietal cortex (an ischemic damaged
region) and the cerebral peduncle (remote within the corti-
cospinal tract). Rats were imaged at 2h, 1 d, or 1 wk postinsult.
RESULTS: In the cerebral peduncle, MTR and T, responded
similarly, with alterations occurring ipsilaterally at 1 d postin-
sult. ADC was most sensitive for detecting changes as early as
2 h postinsult, and this corresponded to a reduced staining of
axonal filaments ipsilaterally.

CONCLUSION: MTR and T, imaging have comparable sen-
sitivity for distinguishing early axonal damage in the cerebral
peduncle. ADC imaging is highly sensitive for detecting early
disruption of corticospinal axons, supporting its potential
hyperacute diagnostic use clinically.

Perinatal hypoxic-ischemic brain injury and perinatal
stroke are leading causes of death and neurological disabil-
ity (1-3). Considering the lifelong suffering and high costs to
society, there is an urgent need for both effective new thera-
pies and improved early diagnosis to help select patients who
would benefit from confirmed therapies such as hypothermia
(4). In addition, an improved understanding of early patho-
logical processes is needed to identify therapeutic targets when
treatment opportunities are greatest (5). Magnetic resonance
imaging (MRI) (e.g., T,- or diffusion-weighted imaging) is the
main tool for the diagnosis of hypoxic-ischemic encephalopa-
thy or stroke, and its use is possible within the immediate peri-
natal time frame (3,5-9).

Determination of MRI abnormalities such as lesion size and
location shows consistent but relatively weak associations with
long-term outcomes (3,10,11). By contrast, function-specific
imaging biomarkers may have greater potential to predict
outcomes. The leading example is early diffusion imaging
changes in the descending corticospinal tract, which appear to
correlate well with motor outcome in neonatal (e.g., cerebral
palsy), childhood, and adult stroke (12,13). We have shown
recently, using MRI in a neonatal model of hypoxia-ischemia,
that similar to changes in the descending corticospinal tract
in human infants, there are acute (by 24 h) increases in T, and
decreases in the apparent diffusion coefficient (ADC) of water,
consistent with early Wallerian degeneration (14). Earliest
possible detection of these changes is desirable for maximal
clinical utility.

An alternative MRI scan, a magnetization transfer (MT)
sequence, uses radiofrequency pulses that are “off” or “on” res-
onance to probe the properties of free and bound water, pro-
ducing a magnetization transfer ratio (MTR) image (15-17).
MR scans with MT contrast have been reported to be more
sensitive than T, imaging for detecting acute mild ischemic
changes in white matter (18) or chronic degenerative changes
in adult axons (19-22). Whether alternative MR methods such
as MT imaging are capable of detecting axonal degeneration in
earlier, hyperacute time frames (e.g., <6 h) is unknown.

We hypothesized that MT imaging would be more sensitive
than T, or diffusion imaging for detecting early signs of axonal
injury in perinatal hypoxic-ischemic brain injury. We used our
neonatal rat model of transient unilateral cerebral hypoxia—
ischemia to investigate time points as early as 2h postinsult and
compared the changes in T,, ADC, and MTR. We focused on
changes occurring in the cerebral cortex (an ischemic region dur-
ing the hypoxia-ischemia) and the cerebral peduncle (a region
within the descending corticospinal tract remote from the site
of the ischemia caused by carotid artery ligation and hypoxia).
We demonstrate that following a unilateral cerebral hypoxic—
ischemic insult, MTR was comparable with T, but less sensitive
than ADC for detecting early corticospinal tract changes, and
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these hyperacute changes were associated with altered staining
of axonal filaments in the cerebral peduncle.

RESULTS

MRI intensity changes in MT, T -weighted, and diffusion-
weighted images were observed ipsilateral to the transient
hypoxia-ischemia (Figure 1), whereas no ipsilateral-con-
tralateral differences were observed in sham-treated animals.
Parenchymal lesions were evident within a brain distribution
consistent with the P7 model of unilateral transient cerebral
hypoxia-ischemia (23,24). Cortical, striatal, and thalamic
ischemic changes were observed consistently in all animals
(lesion volume of 37.1 + 7.8% of the hemisphere at 1 d after
hypoxia-ischemia). At 2 h postinsult, ischemic damaged areas,
such as the cerebral cortex, demonstrated an enhanced ipsilat-
eral signal intensity in both T - and diffusion-weighted images
(Figure 1b,c) and a decreased intensity in MT ratio images
(Figure 1a). In five of seven animals (71%) at 2h postinsult,
increases in intensity in diffusion-weighted images were also
detected in posterior subcortical brain remote from the site of
the ischemia, specifically within the cerebral peduncle of the
descending corticospinal tract (Figure 1f). By 1 d postinsult,
intensity changes were observed for all scan types, both in
directly injured ischemic regions such as the cerebral cortex
and within the posterior cerebral peduncle of the descending
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Figure 1. Representative MRI scans of the brain (a-c) at an anterior level
and (d-I) at the level of the pons. Images are from a neonatal rat at dif-
ferent times ((a-f) 2 h, (g-i) 1 d, or (j-1) 1 wk) after an episode of unilateral
(right) cerebral hypoxia—ischemia (HI). Localized magnetic resonance
changes are visible at acute times after Hl. (a,d,g,j) MTR images, (b,e,h,k)
T,-weighted images, and (¢,fi,1) diffusion-weighted images. Alterations
in image intensity were detected within regions such as the cerebral
peduncle (arrows) and parietal cortex (arrowheads). MRI, magnetic reso-
nance imaging; MTR, magnetization transfer ratio.

326 Pediatric RESEARCH Volume 73 | Number 3 | March 2013

corticospinal tract (Figure 1g-i). At 1wk postinsult, intensity
levels in MR scans were similar, and differences between left and
right hemispheres were difficult to distinguish (Figure 1j-1).

Quantification of the MR scans confirmed significant ipsilat-
eral-contralateral differences at acute and subacute times after
hypoxia—ischemia (Figure 2). Diffusion-weighted changes,
quantified by determining changes in the ADC for water, were
significant at 2h after hypoxia-ischemia in the parietal cortex
and cerebral peduncle. At 1 d after hypoxia-ischemia, there
were ipsilateral changes in MTR (Figure 2a), T, (Figure 2b),
and ADC (Figure 2c) within the parietal cortex and the cerebral
peduncle. These normalized by 1wk after hypoxia-ischemia.
Within the pons, MTR, T, and ADC were similar in the ipsilat-
eral and contralateral regions at all time points investigated.

Sensitivity of the MTR sequence for detecting changes was
assessed by comparing the mean ipsilateral vs. contralateral dif-
ferences within the different regions of interest (Figure 3). All
sequences were sensitive for detecting alterations in ischemic
lesions such as the cerebral cortex at 2h and 1 d postinsult. In cor-
tical tissue, the mean changes in MTR tended to be less marked
than those in T,. Within the cerebral peduncle acutely (2h after
hypoxia-ischemia), ADC was the most sensitive in detecting the
alterations as compared with MTR and T,. At 1 d after hypoxia—
ischemia, all sequences detected changes in cerebral peduncle
ipsilaterally, with ADC having a significantly greater relative
change than MTR. At 1 wk postinsult, the ipsilateral vs. contral-
ateral differences in T,, MTR, and ADC normalized.

The observed changes in the cerebral peduncle were not asso-
ciated with the severity of the ischemic insult. At any time after
hypoxia-ischemia, there was a lack of a correlation (Pearson
product moment) between the ischemic lesion volumes and
the changes in MTR, T,, or ADC. There was also no correla-
tion between the changes in the MR values measured within
the cerebral peduncle as compared with those in the parietal
cortex, a region directly injured by the hypoxia-ischemia.

Histological changes in regions corresponding to those
assessed with MRI were investigated. Standard hematoxylin
and eosin staining demonstrated areas of infarct (e.g., within
the parietal cortex) and more subtle edematous changes asso-
ciated with vacuolation or paler eosin staining in regions
such as the cerebral peduncle (Figure 4a-c). Measurement
of optical gray levels in the regions of interest demonstrated
a significantly lighter staining ipsilaterally as compared with
that contralaterally at 2h and 1 d after hypoxia-ischemia
within the cerebral peduncle and at all times within the cor-
tex (Figure 4d). In SMI31-immunostained sections, positive
staining was less intense and rather diffuse in immature rats
(7-d-old rat brain) as compared with that in 2-wk-old rats.
Heterogeneous positive staining intensity was similar in the
left and right hemispheres in sham-treated controls. There
was a reduced SMI31 staining within the subcortical posterior
cerebrum ispilateral to the hypoxia-ischemia (Figure 4e,f).
Ipsilateral-contralateral SMI31 staining was significantly dif-
ferent at all times after hypoxia-ischemia in the axons of the
cerebral peduncle but not in the gray matter regions of the
pons or parietal cortex (Figure 4d).

Copyright © 2013 International Pediatric Research Foundation, Inc.
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Figure 2. Quantitative imaging changes in the pons, parietal cortex, and cerebral peduncle (within the corticospinal tract) measured ipsilateral (white bars)
and contralateral (black bars) to the insult. Mean values for (a) the MTR, (b) T, and (c) ADC are shown for the regions of interest at 2 h (top row), 1 d (middle
row), or 1wk (bottom row) following an episode of unilateral cerebral hypoxia—ischemia. Significant mean ipsilateral as compared with contralateral differences
(*P < 0.05, **P < 0.005) are observed within the parietal cortex and cerebral peduncle. ADC, apparent diffusion coefficient; MTR, magnetization transfer ratio.
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Figure 3. Comparison of ipsilateral vs. contralateral difference (Diff) for measures of the MTR (white bars), T, (black bars), and ADC (gray bars). Shown
are the mean values (+SD) for the hemispheric differences in magnitude for T, (ipsilateral — contralateral/contralateral percentage) or MTR and ADC (con-
tralateral — ipsilateral/contralateral percentage) at (a) 2 h, (b) 1 d, and (c) 1 wk following an episode of unilateral cerebral hypoxia—ischemia. The regions
examined include the pons, cerebral peduncle, and parietal cortex. In the cerebral peduncle, ipsilateral vs. contralateral differences in mean T, and MTR
were similar, whereas ipsilateral vs. contralateral differences in ADC differed from those in MTR (*P < 0.05, **P < 0.005, different from MTR, ANOVA and a
Bonferroni multiple comparison). ADC, apparent diffusion coefficient; MTR, magnetization transfer ratio.

DISCUSSION

This study in neonatal rats is the first to our knowledge to exam-
ine the time course and sensitivity of MTR imaging for detect-
ing early corticospinal tract degeneration following cerebral

Copyright © 2013 International Pediatric Research Foundation, Inc.

ischemic injury. The results have identified several original find-
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ings. First, we observed a decrease in MTR at an acute time of
1 d following a hypoxic-ischemic insult in the descending cor-
ticospinal tract remote from the direct ischemic injury, such as
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Figure 4. (a-c) Representative sections stained with hematoxylin and eosin (HE) or (e-f) sections stained immunohistochemically for axonal filaments
using SMI31, from animals killed at (a,e) 2 h, (b,f) 1 d, or (c,g) 1 wk after cerebral hypoxia-ischemia. (d) Mean optical intensity measures from the HE-
and SMI31-stained sections are shown for regions of interest that include the pons (e.g., circles) and cerebral peduncle (e.g., filled curves and arrows).
Mean values (£SD) for different times at 2 h (white bars), 1 d (black bars), and 1wk (gray bars) after insult are presented as a difference in ipsilateral and
contralateral hemispheres converted to a percentage of the contralateral value. Shown below each of the representative micrographs are magnified
images taken for the left and right cerebral peduncle at the arrows and then further magnified within the rectangles. Bar is 100 um. *P < 0.05, **P < 0.01,
ipsilateral value different from contralateral value, using a paired Student’s t-test.

that in the cerebral cortex. Second, the results demonstrated that
MT imaging is no more sensitive than T, imaging for diagnos-
ing the distal axonal changes in the corticospinal tract following
cortical ischemic damage. Third, we found that diffusion imag-
ing and ADC appear to be highly sensitive for detecting hyper-
acute changes within the ipsilateral cerebral peduncle at 2h after
hypoxic-ischemic injury. Finally, the ADC decreases within
the cerebral peduncle at early times postinsult corresponded to
paler hematoxylin and eosin staining ipsilaterally and reduced
positive staining for axonal neurofilaments with SMI31. MTR
provided no additional advantage over more standard imag-
ing methods, and ADC was the most sensitive method for the
detection of very early remote axonal injury following cerebral
ischemia produced by right carotid artery ligation and hypoxia.

The model of transient unilateral cerebral hypoxia-ischemia
used in the current study produces a substantial unilateral
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infarction with a well-characterized distribution of damage.
Ischemic damage is known to occur ipsilateral to the carotid
artery ligation in the regions of the cerebral cortex, hippocam-
pus, thalamus, and striatum within the middle cerebral artery
territory. MRI changes in this model are also well character-
ized within the regions that develop infarcts, such as the cere-
bral cortex. White matter structures such as the internal capsule
may also receive ischemic damage, but, of importance, posterior
brainstem and pontine structures including the cerebral pedun-
cle are not ischemic in this model (23). In ischemic damaged
regions at 1 d postinsult, there are increases in T, associated with
vasogenic edema and decreases in ADC that have been shown
to be associated with a cell swelling or cytotoxic edema (25,26).
Therefore, acutely there is a combination of vasogenic and cyto-
toxic edema in ischemic injured brain areas such as the parietal
cortex. Normalization of such T, and ADC changes by 1wk

Copyright © 2013 International Pediatric Research Foundation, Inc.



postinsult has been reported previously and was confirmed in
the current study (14). Few studies have investigated the 2-h time
point, although similar cortical increases in T, and decreases
in ADC have been observed at 1h (27). It should be noted that
there can be some variability in the regional distribution, mag-
nitude, and progression of changes, depending on the severity
of the hypoxia-ischemia, with mild and substantial insults hav-
ing different profiles (18). In the current study, the duration of
unilateral cerebral hypoxia-ischemia was moderate, resulting
in a fairly consistent volume of ischemic damage. Moreover, it
is important to acknowledge that measures of MTR are affected
by edematous changes within ischemic lesions such that at more
chronic time points (e.g., 1wk or longer), MTR can be mark-
edly reduced within slices containing cysts. Cystic regions were
avoided by measuring pericystic or peri-infarct regions, and in
these peri-infarct regions, MTR values were normalized by 1wk
after hypoxia-ischemia.

Progression of standard T, and ADC sequence imaging changes
within the descending corticospinal tract has been reported
recently using the same animal model (14). In this study, we inves-
tigated the imaging changes between 1 d and 4wk postinsult, and
similar to the present results, decreases in ADC and increases in
T, were observed within the cerebral peduncle at 1 d postinsult,
with a return toward sham-treated control or contralateral values
by 1wk (14). These MR changes were associated with early signs
of Wallerian degeneration as detected by altered staining of axons
using a silver stain and SMI31 immunohistochemistry. The cur-
rent study expands these findings by investigating the standard
imaging changes in the cerebral peduncle at a hyperacute time
point (2h) after injury. We found that T, in the ipsilateral cere-
bral peduncle was similar to that in the contralateral cerebral
peduncle at this very early imaging time point. However, hyper-
intense changes were already visible in the cerebral peduncle in
diffusion-weighted images, corresponding to a significant ipsi-
lateral decrease in ADC suggestive of cytotoxic edema. In histo-
logical sections stained for axonal neurofilaments or with hema-
toxylin and eosin, there was a decrease in staining ipsilaterally
at this early and subsequent time points. This is consistent with
early degenerative changes in axons that have been observed as
soon as 30min after transection of axons in mouse spinal cord
in vivo (28). Within 300 um from the site of transection, there
is initially beading and swelling of the axon membrane. This is
followed by continued narrowing of the axon into fragments and
its subsequent disintegration or dieback within hours. At around
30h, this is followed by further fragmentation and subsequent
disintegration of the distal end of the axon. A similar sequence
of axonal swelling focally, that subsequently progresses to axonal
fragmentation, also occurs in a mouse model of experimental
autoimmune encephalomyelitis with focal axonal degeneration
(29). The current study supports the notion that a similar axonal
degeneration is produced following hypoxic-ischemic damage
to the cerebral cortex. In the cerebral peduncle, the early axonal
swelling and fragmentation reported by others (28,29) appear to
be detected at 2h as a reduction in ADC and paler hematoxylin
and eosin and SMI31 staining, which by 1 d is also mixed with a
vasogenic edema reflected by increased T,.

Copyright © 2013 International Pediatric Research Foundation, Inc.
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We had hypothesized that MT imaging would be particularly
sensitive for detecting changes, within white matter tracts, asso-
ciated with axonal degeneration following transient unilateral
cerebral hypoxia—ischemia in the neonate. MT imaging was
able to detect a significant reduction in MTR in the posterior
cerebral peduncle of the descending corticospinal tract, but this
was seen only by the day 1 time point, similar to the observed
changes in T,. Clinically, MT imaging has detected changes in
the corticospinal tract of patients with a number of different
neurodegenerative diseases, and in contrast to the findings of
the current study, several others have reported a greater sensitiv-
ity or reliability of MT than T, contrast imaging. For example, in
patients with amyotrophic lateral sclerosis, a decreased MT ratio
was observed in the pyramidal tract, yet the majority of subjects
had normal T, imaging (19,20). Similarly, in studies of patients
with amyotrophic lateral sclerosis or probable multiple system
atrophy, imaging with a T, spin echo sequence with MT contrast
consistently showed altered intensity within the pyramidal tract,
despite normal-appearing T, contrast in fluid-attenuated inver-
sion recovery images (21,30). One major difference between
these clinical studies and the current study is the timing of the
degenerative process being imaged, which is likely more chronic
(e.g., weeks rather than days) in the clinical investigations. It
is also possible that the axonal changes following stroke or
hypoxia-ischemia differ from those in slowly progressing neu-
rodegenerative diseases or that there are differences in immature
as compared with adult brain. Irrespective of the reasons for dif-
ferent results, the current findings indicate that both MT and
T, imaging have similar sensitivity for detecting axonal changes
within the cortiocospinal tract occurring in the first week fol-
lowing cerebral hypoxia-ischemia in the neonate.

In conclusion, a need for early accurate diagnosis of brain
injury following perinatal stroke/hypoxia-ischemia is gain-
ing importance in facilitating appropriate and rapid decisions
regarding infant management and treatment. Selecting patients
for treatment studies might be guided most effectively by using
signs of ischemic injury that are indicative of poor outcome such
as Wallerian degeneration (12,13). Our comparison of MT, T,
and ADC imaging of the corticospinal tracts following cerebral
hypoxic-ischemic damage in the neonate demonstrates that
MTR detects subacute degenerative changes, but these reductions
in MTR ratio are similar to increases in T,. Indeed, there is no
added diagnostic benefit of MT ratio imaging for identifying cor-
ticospinal tract abnormalities 2 h to 1 wk after a hypoxic-ischemic
infarct. ADC is the most sensitive MR sequence for distinguishing
axonal injury in the corticospinal tract, with hyperacute imag-
ing changes observed as early as 2h postinsult. Hyperacute ADC
imaging of early Wallerian degeneration holds promise for fur-
ther study as a method of selecting infants most likely to benefit
from new or current treatments, such as hypothermia.

METHODS

Animal Model of Hypoxia-Ischemia

The procedures followed in the use of animals were in accordance
with the guidelines of the Canadian Council on Animal Care and
were approved by the University of Calgary Animal Care Committee.
Twenty-one male or female rat pups from eight litters delivered from
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Wistar females (Charles River Laboratories, Montreal, Canada) were
randomized to cerebral hypoxia-ischemia groups (n = 6-7 per group)
destined for MRI at 2h, 1 d, or 1wk after surgery as described previ-
ously (14,18). Briefly, on the seventh day of life, animals in the transient
unilateral cerebral hypoxia—ischemia group (n = 21) were anesthetized
with 2% isoflurane in 30% oxygen, and the right common carotid artery
was exposed surgically, ligated, and transected. This was followed by
infiltration of the wound with a local analgesic (0.25% bupivacaine;
Ayerst Veterinary Laboratory, Guelph, Ontario, Canada) and closure of
the incision with tissue adhesive (Permabond 910; Electron Microscopy
Sciences, Hatfield, PA) and a suture. Following ~30-min recovery from
anesthesia, animals were returned to the dam for 1-1.5h before expo-
sure to 65min of hypoxia (8% O,, 92% N,) in a chamber controlled at
35.5°C. There was an adequate collateral blood supply ipsilateral to the
ligation except during exposure to hypoxia. During hypoxia, the reduc-
tion in blood flow to the ipsilateral hemisphere within the distribution
of the middle cerebral artery territory becomes sufficiently ischemic
to produce permanent damage and, essentially, a transient unilateral
cerebral hypoxia-ischemia (23,24). Sham-treated control pups (n = 15)
underwent a similar procedure without carotid artery ligation or expo-
sure to hypoxia.

MRI

At the time of MRI, animals were anesthetized with isoflurane
(1.5-2.5%) and scanned within a 9.4T MRI system (Biospin, Bruker,
Germany) using methods similar to those described previously (14,18).
Briefly, the head of the rat was positioned within a quadrature volume
coil of 3.5cm diameter and restrained using a custom-designed head-
band. Respiration was monitored and maintained normal via adjust-
ments in anesthesia. Animals were maintained normothermic (~37°C)
using a small animal monitoring and servo-controlled feedback heating
air system (SA Instruments, Stony Brook, NY).

First acquired were T, and diffusion scans consisting of 30 0.5-mm-
thick slices, through the medulla and cerebrum. They were acquired
using a data matrix size of 128 x 128 and field of view 0f 2.0 x 2.0 cm. The
T, sequence used to obtain T, maps consisted of a set of 32 T,-weighted
spin echo images with an echo time spacing of 10ms between images
and a repetition time of 10 s. The sequence to determine ADC maps
consisted of a set of diffusion-weighted echo-planar images using five
different b values (74, 292, 655, 891, and 1,164) acquired with a repeti-
tion time of 5,000 ms and an echo time of 40 ms.

Subsequently, MT imaging scans were acquired to obtain MTR maps.
For the MTR map, two-proton density-weighted spin echo scans were
acquired consisting of six 0.5-mm-thick slices with an interslice gap of
0.5mm and a matrix size of 128 x 128. Scans were obtained with MT
saturation either on or off using a repetition time of 6 s, echo time of
15ms, and 60 saturation pulses with a frequency offset of 1,500 Hz and
a constant radiofrequency power B1 of 6 uT.

Histology

After the MR scan, animals (n = 4 per group) were deeply anesthe-
tized with pentobarbital (120 mg/kg, i.p.) and perfused with saline and
10% formalin. Brains were cut into blocks and embedded in paraffin.
Sections (7pm thick) were cut at the level of the posterior cerebral
peduncle in the mid-brain and at the level of the posterior thalamus.
The sections were then stained with hematoxylin and eosin in order to
assess tissue changes including signs of cell swelling or edema detected
by evidence of vacuolation and paler eosin staining. Changes in axonal
filaments associated with disintegration of the cytoskeleton were
assessed immunohistochemically using SMI31 (Covance, Berkeley,
CA), an antibody considered to recognize phosphorylated, high-mo-
lecular-weight neurofilaments within the axonal cytoskeleton (31,32).
Briefly, slides were incubated for 2h at room temperature with the pri-
mary mouse antibody, SMI31 (1:500), followed by overnight incubation
at 4°C with biotinylated goat antimouse immunoglobulin G (1:400;
Jackson ImmunoResearch Lab, West Grove, PA). Immune complexes
were visualized using 3,3-diaminobenzidine (Sigma, Oakville, Ontario,
Canada). Controls included staining of mature rat brain sections con-
taining axons and gray matter and sections processed with omission of
the antibody to identify nonspecific staining.
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Data Analysis

Values of T2, MTR, and ADC were measured using locally developed
software (Marevisi; National Research Council of Canada, Winnipeg,
Manitoba, Canada) within the anatomically specified regions of
interest identified using a rat atlas (33) as described previously (14).
Regions outlined were areas of the pons (20-25 voxels) and the cere-
bral peduncle (4-8 voxels) of the descending corticospinal tract at a
level of the posterior cerebrum, where the pons was not infarcted (i.e.,
directly ischemic) following the hypoxia-ischemia. Measures were
also taken in the parietal cortex (20-25 voxels) within a slice of the
mid-cerebrum, a region consistently damaged in this animal model
(14). Regional measures were taken in the hemisphere ipsilateral
to the carotid artery ligation, where permanent ischemic damage is
generally confined, and the corresponding contralateral homotopic
region, where transient hypoxic biochemical changes might occur
(24). At 1wk after hypoxia—ischemia, cystic areas were avoided, and
measures were taken within a 0.2-mm-wide rim of the adjacent peri-
infarct parietal cortex. T, values were obtained by a monoexponen-
tial fit of the echo time-related decrease in regional signal intensities
in the T,-weighted images. The MTR map was calculated as MTR =
(M, — M)/M_) x 100%, where M_and M_ were the regional signal
intensities obtained with and without MT saturation, respectively.
ADC was calculated using an exponential fit of the regional intensi-
ties in the diffusion-weighted images and their b values. T,-weighted
images were used to calculate ischemic lesion volume by summing for
all slices—the area of hyperintensity x slice thickness (converted to a
percentage of the area of the nonischemic hemisphere).

The histological sections were analyzed for altered levels of SMI31 or
hematoxylin and eosin staining. Images of stained sections at the level
of the pons, which contained the posterior cerebral peduncle, and at
the level of the posterior thalamus, which contained the parietal cortex,
were captured digitally using a slide scanner (Coolscan V, version 4;
Nikon, Melville, NY). Image ] software (National Institutes of Health,
Bethesda, MD) was used to convert the images to gray scale. The stain-
ing intensity was quantified by measuring the mean optical gray levels
within the anatomical areas outlined as for the MR images. Regions of
interest were the posterior cerebral peduncle, pons, and parietal cortex
in the hemisphere ipsilateral and contralateral to the ischemia produced
by right carotid artery ligation and hypoxia. The difference between the
contralateral and ipsilateral gray levels was normalized as a percentage
of the contralateral value.

Data are reported as mean + SD for the different groups studied.
Differences between the ipsilateral and contralateral values were com-
pared using a two-tailed Student’s paired t-test. Differences between
groups were compared using an ANOVA and a Bonferroni-corrected
t-test for multiple comparisons. Statistical differences between means
were considered significant at P < 0.05.
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