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Abstract

Background and Purpose—White matter (WM) injury during stroke increases the risk of
disability and gloomy prognosis of post-stroke rehabilitation. However, modeling of WM loss in
rodents has proven to be challenging.

Methods—We report improved WM injury models in male C57BL/6 mice. Mice were given
either endothelin-1 (ET-1) or L-N5-(1-iminoethyl)ornitine (L-NIO) into the periventricular white
matter (PVWM), in the corpus callosum (CC), or in the posterior limb of internal capsule (PLIC).
Anatomical and functional outcomes were quantified on day 7 post injection.

Results—Injection of ET-1 or L-NIO caused a small focal lesion in the injection site in the
PVWM. No significant motor function deficits were observed in the PVWM lesion model. We
next targeted the PLIC by using single or double injections of L-NIO and found that this strategy
induced small focal infarction. Interestingly, injection of L-NIO in the PLIC also resulted in
gliosis, and significant motor function deficits.

Conclusions—BYy employing different agents, doses, and locations, this study shows the
feasibility of inducing brain WM injury accompanied with functional deficits in mice. Selective
targeting of the injury location, behavioral testing, and the agents chosen to induce WM injury are
all keys to successfully develop a mouse model and subsequent testing of therapeutic interventions
against WM injury.
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3. Introduction

White matter (WM) injury is common in stroke patients and is correlated with prognosis and
functional recovery post-rehabilitation. In patients with minor stroke, WM lesions increased
the risk of a recurrent stroke [1-3]. Although the exact mechanism by which WM lesions
occur is not fully understood, they may be triggered by cerebral ischemia or hypoperfusion
in penetrating arteries deep in the WM [4-6]. Corpus callosum (CC), periventricular WM
(PVWM), and the posterior limb of internal capsule (PLIC) are the most affected area under
acute neurologic conditions [7-9]. For more information on topics such as pathophysiology
of WM injury, WM hypersensitivity, and genetics variants leading to stroke and WM injury,
refer to some of the reviews [10-15] and original research articles published recently
[16,17].

Given the advances in the imaging techniques, the role of WM injuries in the
pathophysiology of various neurologic disorders, especially stroke, is being recognized. The
necessity of a better understanding of the mechanisms of WM injuries is now essential to
further provide better options on disease management. Animals, such as rodents, have been
important in the development of pre-clinical translational models and the potential discovery
of novel therapeutics. In the rodent model of WM injury, lesion size and functional deficits
are dependent upon the drug that has been used, the injection site, and the strain of animal
[4,18-21]. Therefore, the understanding of the drugs and the location of the lesion in animal
models permit us to closely imitate the effects of behavioral and neurological deficits that
occur in patients with WM injury.

Lesions of the WM can be induced focally in rodents by the injection of any of the several
potential vasoconstricting or demyelinating agents reported or globally by ligating the
bilateral common carotid arteries [22—26]. The rational for using one or the other agents/
methods would be based on the questions being asked. For example, if one is more
interested in ischemic component then vasoconstricting agents or use of bilateral carotid
artery ligation models would be better suited. On the other hand, use of demyelinating
agents could be used to test therapies that can potentially be used to prevent loss of WM and
stimulate regeneration. Based upon the involvement of CC, PVWM, and PLIC in acute
neurologic conditions, these are the most common parts of the brain targeted to induce WM
injury [18,20,21,24,25,27]. In this study, we selected different strategies to induce ischemic
WM injury in PVWM and PLIC by using the vasoconstrictors endothelin-1 (ET-1) or L-N5-
(1-iminoethyl)ornitine (L-N10O). These updated protocols improved the existing models and
resulted in reproducible WM injuries along with appreciable functional deficits. Use of these
models could allow testing of various interventions leading to better outcomes during
rehabilitation.

4. Materials And Methods

4.1 Mice and Reagents

All experiments were performed in accordance with the NIH and the University of Florida
guidelines for the care and use of animals for experimental procedures, and the protocols
were approved by University of Florida’s Institutional Animal Care and Use Committee.
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Adult male C57BL/6J (3-3.5 months old; 25.0 + 2.0g) mice from our breeding facility were
used in this study. ET-1 or L-NIO (Enzo Life Science Inc., Farmingdale, NY) were freshly
prepared in saline (vehicle).

4.2 Mortality and Exclusion Criteria

All mice were randomized and personnel were blinded with experimental groups. Mice
exhibiting convulsion (functional) or showing intracranial bleeding (histological) were
excluded from the study following our pre-set exclusion criteria. One mouse from saline and
L-NIO groups each were excluded. A total of 2 mice (L-NIO single and double = 1 each)
died before the 7 day end-point.

4.3 Injection of the Drugs

Mice were randomized and anesthesia was induced by using 3% isoflurane (Vedco Inc.,
Saint Joseph, MO) that was then maintained at 1.0% to 1.5% for the rest of the procedure.
Mice were then positioned in digital stereotaxic instruments (Stoelting Co., Wood Dale, IL)
and either saline (control), ET-1 or L-NIO was injected intracranially in the PVWM or PLIC
using Hamilton micro-syringes as described earlier with some modifications [21,28]. After
the injections, mice were allowed to survive for 7 days and were then evaluated for the
functional deficits before being sacrificed.

4.3.1 Single Injection of ET-1 or L-NIO in the PVWM—In the first set of experiments
in this study, mice were given a stereotaxic injection of saline (N = 8; 0.5 pL) or ET-1 (10
ng/0.5 pL; N = 11) in the PVWM using the Hamilton micro-syringe at the coordinates of AP
0.5 mm, ML 1.0 mm, and DV 2.0 mm [29]. The injections were made using an auto-injector
with a delivery rate of 0.1 pL/min and the needle was then left in place for another 5 min
before being gradually retracted. In the second set of experiments, mice received three
microinjection of L-NIO (6.75 pg/0.25 puL; N = 6) in subcortical WM as described earlier
[21,28], with some modifications, at the following coordinates: the first injection at AP 0.21
mm, ML 0.22 mm, and DV -2.20 mm; the second injection at AP 0.71 mm, ML 0.15 mm,
and DV -2.25 mm; and the third injection at AP 1.21 mm, ML 0.22 mm, and DV -2.20 mm.

4.3.2 Single or Double Injection of L-NIO in the PLIC—Since we did not observe
any functional deficits following ET-1 or L-NIO injection in PVWM, we performed single
or double injection of L-NIO in internal capsule which is a densely packed WM area
involved with locomotion and motor functions. In the first set of experiments in this study,
the animals were administered saline (N = 5) or L-NIO (6.75 pg/0.25 pL; N = 7) in the
PLIC. Coordinates of the injection site were: AP —0.7 mm, ML 2.5 mm, and DV -3.2 mm
with inclination at 10°. In the second set of experiments, mice were given double injections
of saline (N = 5) or L-NIO (N = 6) in the PLIC using the same dose described above for
single injection experiment. The second coordinates used in this experiment were AP -1.1
mm, ML 2.8 mm, and DV -3.5 mm with inclination at 10°.

4.4 Behavioral Tests

Mice were tested for baseline performance prior to surgery and the post-surgery testing was
performed on day 7. All animals received at least 30 min of recovery time before being
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tested for another behavioral assessment. Each animal underwent three trials for each
assessment.

4.4.1 Neurologic deficit scores (NDS)—The neurologic deficits induced by these
injections were evaluated by a slightly modified 28-point scoring system [30,31]. This
system includes body symmetry, gait, climbing, circling behavior, front limb symmetry,
compulsory circling, and whisker response tests (not tested in this study). Each test is graded
from 0 to 4 thus establishing a maximum deficit of 24 points.

Rotarod: This task was used to evaluate motor coordination and sensorimotor deficits. Prior
to the test, mice were trained for three consecutive days. Pre- and post-injury testing was
performed with accelerating speed ranging from 5 to 30 rpm as described earlier [31,32].
Each test session was composed of three trials, each with maximum duration of 5 min and
an interval of 30 min. Total retention time on the rod for each mouse was automatically
collected by the Rotamex computer software.

Grip strength: This task was designed to assess neuromuscular function and muscular
strength by sensing the maximal peak force of the mouse forelimb [32-34]. Muscle strength
was measured using a Grip Strength Meter (San Diego instruments Inc., San Diego, CA).
The maximal force achieved by the animal was recorded and each animal underwent three
trials with a 5-min break in between each trial.

Wire-hanging test: This procedure was performed to measure muscular strength as
described earlier [32,35]. Mice were suspended with their forelimbs from a wire that was
stretched 100 cm apart between two poles at a height of 60 cm. The time taken by the mice
to reach either side of the pole or fall down was recorded with a cut-off time of 120 sec. Soft
bedding under the wire was used to prevent any suffering to the mice from the fall.

4.5 Histology and Lesion Volume Quantification

After the functional outcomes assessment, mice were perfused transcardially with 0.1 M
phosphate buffer saline (PBS) followed by 4% paraformaldehyde in PBS. The harvested
brains were post-fixed in 4% paraformaldehyde overnight followed by cryoprotection in
30% sucrose. The serial coronal sections at 30 um obtained on Cryostat (Leica CM 1850;
Leica Biosystem, Buffalo Grove, IL) were processed for histological and
immunohistochemical analysis.

To determine the lesion volume in WM, sections were stained with luxol fast blue (LFB) and
counterstained with Neutral red. The mounted sections were hydrated in distilled water then
defatted overnight in 70% ethanol. The next day, sections were placed in 95% ethanol for 5
min followed by staining with 0.1% solvent blue 38 (Luxol fast blue stain; Sigma) in 95%
ethanol for 4 to 6 h at 60°C. After rinsing with ethanol and distilled water, sections were
differentiated with 0.05% Li,CO3 and 70% ethanol several times until the contrast between
the gray matter and WM was clearly detected [36]. Sections were then finally counterstained
in 0.1% acidified neutral red solution. Images were acquired using an Aperio ScanScope XT
slide scanner (Aperio, Vista, CA). The lesion areas were defined as areas with reduced
myelin staining and neutral red-positive cell staining in the injury site. The lesion volume
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was quantified using Aperio ImageScope software (Aperio). The data in all the graphs are
means + SEM and the difference with P < 0.05was considered significant between different
groups.

4.6 Immunohistochemistry

To further determine the WM loss in the injury site, we utilized silver staining and myelin
basic protein (MBP) immunostaining which detects the myelin and axonal fibers. The silver
staining was performed by immersing the mounted tissue sections in fresh ammoniacal
silver nitrate solution for 45 min as described earlier [37]. Excess (unbound) silver was
removed by washing sections in three changes of 0.5% acetic acid. Because gliosis is also
concomitant with the demyelination process, CD11b was used as a marker for microglial/
macrophages and glial fibrillary acidic protein (GFAP) was used as a marker for astrocytes.
To stain MBP, CD11b, or GFAP, mounted sections were washed in 0.01M PBS with 0.1%
Triton-X100 (PBS-Tx; 3 x 55 min) and quenched in methanol containing 1% H202 for 30
min. After another series of washing (3 x 5 min) in PBS-Tx, sections were blocked with 5%
normal horse serum in PBS-Tx at room temperature for 60 min. One of the following
primary antibodies was applied overnight at 4°C: 1:500 anti-MBP (Abcam, Cambridge,
MA), 1:2000 anti-GFAP (Dako, Glostrup, Denmark), or 1:500 anti-CD11b (AbD Serotec,
Raleigh, NC). Sections were washed and incubated in biotinylated secondary horse anti-
rabbit for MBP and GFAP, or horse anti-rat for CD11b (1:1000, Vector Laboratories,
Burlingame, CA). Conjugation with avidin-biotin complex (Mecstatin Elite ABC Kit; Vector
Laboratories) was followed by visualization with 3,3-diaminonbenzidine-hydogen
peroxidase (Vector Laboratories) according to the manufacturer’s instructions. Sections were
then washed in PBS, and dried at room temperature, dehydrated in series of graded alcohol
followed by HistoClear.

4.7 Statistical Analysis

The brain section images were acquired by Aperio Scan scope and quantified by Spectrum
software (Aperio, Vista, CA). The statistical analyses were performed by Prism software
(GraphPad, La Jolla, CA). Neurologic deficit scores were analyzed by the non-parametric
Kruskal-Wallis analysis of ranks and are presented as medians with interquartile ranges
(25t and 75t percentiles). Other functional outcomes and the lesion volume data were
analyzed by one-way ANOVA followed by Newman—Keuls multiple range tests and
presented as mean + SEM. Significant levels were achieved when P < 0.05.

5. Results

5.1 Unilateral Injection of L-NIO in the Subcortical WM Causes Focal Infarction

A potent selective endothelial nitric oxide synthase (eNOS) inhibitor, L-NIO, was injected
into the mouse subcortical WM to induce an ischemic infarct. The administration of L-NIO
induced small focal ischemic damage in the injected sites as shown by LFB (Figures 1A,
1B).

Mice injected with the vasoconstricting agents revealed extensive tissue damage at the
injection site and it is markedly packed with picknotic cell bodies which are surrounded by
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sparingly condensed cell bodies. Interestingly, mice injected with saline also showed
localized picknotic cell bodies along the needle track. Similar mechanical damages induced
by the needle and the saline mass have been reported by others (38,39).

The WM injury was further confirmed by performing MBP (Figure 1C) and silver (Figure
1C) staining. Interestingly, microglial activation as monitored by CD11b staining (Figure
1E-F) was increased inside the injury area; whereas, astrogliosis as monitored by GFAP
staining (Figure 1G—-H) was increased around the injury. This indicates that the injury
process induced strong gliosis.

5.2 Vasoconstricting Agents Induced Moderate Damage in the PVWM

The vasoconstricting agents (ET-1 and L-NI0O)-injected groups exhibit no apparent
difference in lesion volume (0.040 + 0.024 mm? and 0.043 % 0.017 mm3, respectively)
compared with the saline-injected group (0.030 + 0.020 mm3; Figure 2A). Interestingly, the
only significant change in functional outcomes was observed in the NDS of L-NIO-injected
group. The NDS observed in different groups was: saline, 1.70 + 0.33; ET-1, 2.20 + 0.37;
and L-NIO, 3.00 + 0.31 (Figure 2B). The rotarod test showed that all mice ran for
approximately the same compared with their respective baseline before falling on the
underlining cushion (Figure 2C). Similarly, we did not observe any significant difference in
grip strength of both forelimbs among the groups. The percentage strength from baseline
(pre-surgery) of each group was as follows: saline, 98.39% + 2.73%; ET-1, 99.09% + 3.34%;
and L-NIO, 94.80% = 1.38% (Figure 2D).

Thus, it seems that low focal WM loss in the PVWM and subcortical WM did not induce
neurological and behavioral deficits, suggesting that other axonal fibers in the CC may alter
the local cortical circuitry to compensate for the loss of the WM in those areas. Therefore, in
the subsequent experiments we targeted the internal capsule, which contains the
corticospinal tracts responsible for locomotor function.

5.3 Unilateral Microinjection of LNIO Causes Discrete Focal WM Loss in the PLIC and
Induces Neurological and Behavioral Deficits

The unilateral microinjection of L-NIO only induced focal WM loss at the site of injection
(Figure 3A-F). LFB staining showed infarction and infiltration of cells stained with neutral
red at the site of injection (Figure 3A, arrow). Since there was no substantial difference
between the lesion volumes following single or double injection of saline, the data from
these groups were merged together. Lesion volume analysis demonstrated that a double
injection of L-NIO produces bigger lesion volumes compared to saline or a single injection.
There was a significant difference between saline and a single injection of L-NIO (0.034
+0.007 mm3 and 0.067 + 0.011 mma3, respectively; P < 0.05; Figure 3B), saline and a
double injection of L-NIO (0.034 £ 0.007 mm3 and 0.100 + 0.006 mm3, respectively; P <
0.001; Figure 3B), and between a single and double injection of L-NIO (0.067 = 0.011 mm3
and 0.100 £ 0.006 mm3, respectively; P < 0.05). NDS in single- and double-injected L-NI1O
mice resulted in higher neurological deficit scores compared to saline-injected group (P <
0.05, and 0.001 respectively; Figure 3C). Rotarod performance demonstrated significant
differences between saline and double injection (106.7% + 12.4% vs 68.8% + 6.9%, P <
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0.05; Figure 3D), but not for a single L-NIO injection. Grip strength analysis showed
significant differences between L-NIO and saline groups in both paws (71.5+5.1 vs 91.6

+ 2.6, P < 0.001; Figure 3E); however, there was no difference seen in either affected (20.8
+1.4vs28.2+3.4, P=0.09 and unaffected arms (24.3 2.1 vs 33.0 + 1.6, P=0.09). The
wire hanging testing also showed that double L-NIO-injection group had greater latency to
fall (12.9 £ 2.5 sec, P < 0.05; Figure 3F) as compared with saline-injected group (28.6 + 4.9
sec). There was no significant difference between saline and single L-NIO-injection groups.

6. Discussion

Our results demonstrate the utility of vasoconstricting agents in mediating WM ischemic
stroke and inducing glial responses in mice. Interestingly, both vasoconstricting agents (ET-1
and L-NIO) resulted in similar lesion volume. However, it is surprising that no neurological
and locomotor deficits in these mouse models of WM injury were observed. This could be
an indication that nearby motor neurons in the cortex and/or other axonal fibers may alter
neuronal circuitry to overcome functional deficits as a result of WM loss. Therefore, in
another set of experiments we targeted internal capsule and performed single of double
injections of L-NIO. This change in dose and target area produced substantial functional and
histologic changes.

L-NIO, a potent eNOS inhibitor, is approximately five times more potent as an inhibitor of
eNOS compared to any other arginine analogs such as L-NAME [40,41]. The inhibitory
effects of L-NIO are rapid in onset and irreversible compared to other arginine analogs [42].
A relatively recent report from Dr. Carmichael’s group demonstrated that microinjection of
L-NIO in the cortex and CC induced focal cortical and WM stroke, resulting in axonal fiber
loss (axon initial segment) and myelin damage within the CC [28]. Similarly, in our present
study also, we showed that both ET-1 and L-NIO injection in the PVWM or subcortical WM
in C57BL/6 mice caused a small infarction but did not induce a behavioral deficit.
Nevertheless, a double, injection of L-NIO in the PLIC induced neurological and motor
deficits in this mouse model of WM injury. Therefore, it is likely that larger lesions in the
PLIC are necessary to induce motor deficits.

Some studies, such as Sozmen and colleagues [21] and Horrie co-workers [19],
demonstrated that injection of ET-1 in the PVWM and subcortical WM induced axonal
degeneration and myelin loss accompanied by gliosis in the injected site. Similarly
microinjection of L-NIO in subcortical WM, also resulted in lesion development at the site
of injection [28]. Use of demyelinating agents such as LPC has also been reported to induce
WM injury. The injection of LPC into the PVWM resulted in WM loss in the site of
injection and eventually the injury spread out into the CC [43,24,25]. Similarly, we also
observed that LPC injection in PLIC resulted in significant WM injury and functional deficit
(unpublished data). However, a significant limitation of LPC-induced injury, at least from
stroke and rehabilitation point of view, is the potential for reversibility of the injury [44].
Therefore, LPC injection in WM is not recognized as a preferred ischemic WM stroke
model.
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To model a subcortical WM stroke, focal microinjection of a vasoconstricting agent into the
PVWM or below the frontal cortex is reported. Some studies have shown the effectiveness of
discrete injections of ET-1 [19,21] or L-NIO [28] to induce infarction and/or WM loss in the
subcortical WM or PVWM. However, information concerning lesions in the PVWM or
subcortical WM with behavior analysis was not provided. PVWM lesions are well known to
be associated with vascular cognitive impairment and are commonly found in aging and
ischemic stroke patients [45]. Reports regarding the relationship between focal PVWM
lesions with behavioral deficits in human studies are few and far between. One single report
showed that a PVWM lesion may be associated with dysphagia in subcortical stroke patients
[46]. However, there is no report on translational studies using animals associated with
motor function in the PVWM lesion model. To our knowledge, no previous studies have
specifically focused on the effect of vasoconstrictor-induced focal WM loss in the PVWM or
CC in rodents in association with their behavioral and or neurological outcomes. Our present
data suggests that selective targeting of PVWM might not be sufficient to induce WM injury
along with locomotor and/or neurological deficits, although previous reports suggest the
involvement of PVWM injury in regulating cognition and plasticity [47,48].

In the present study, we demonstrated that lesions in the PLIC not only induce WM loss but
also induce neurological and functional deficits. In a clinical study, Puig et al. [7] have
shown that damage to corticospinal motor fibers in the internal capsule resulted in
sensorimotor deficit in patients. Our data confirms findings from previous animal studies
that have shown that the vasoconstriction in the PLIC caused infarction in the rat internal
capsule and induced sensorimotor deficits [18,20]. While considering the use of L-NIO to
induce WM stroke, it should be acknowledged that at higher dose L-NIO may exerts toxic
effects apart from its inhibitory effect on eNOS.

Both tested agents ET-1 and L-NIO caused focal WM degeneration in PVWM and
subcortical WM but did not produce substantial functional deficits. One possible explanation
for the lack of functional deficits in such a PVWM lesion may be due to the fact that other
intact axonal fibers in the CC are able to compensate for axonal loss and remodel the
neuronal circuitry to counterbalance the functional deficit. Nevertheless, we showed that a
double injection of L-NIO (a vasoconstricting agent having more relevance for an ischemic
WM stroke) in the PLIC induced larger lesion volumes and induced neurological and
functional deficits. Thus we conclude that injuring the PLIC by L-NIO may be considered as
a viable model for WM ischemic stroke, particularly when post-stroke rehabilitation is of
interest.
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Figure 1.
Representative images showing loss of WM in the PVWM post L-NIO injection. Injection

of L-NIO induced focal degeneration of the PVWM as shown by LFB (A and B), MBP (C),
and sliver (D) staining Microinjection of L-NIO in the PVWM also induced microglial
activation (CD 11b; E and F) in the injured site and astrogliosis (FGAP; G and H) around the
injured site. Sclae bars are a 1 mm for lower magnification and 200 um for higher
magnification images.
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Anatomical and functional outcomes after LPC, endothelin-1, or L-NIO injections in the
PVWM. Although the lesion volume (A) in LPC-injected animals is higher compared with
the saline-, ET-1, and L-NIO-treated mice, neurological deficit score was higher in L-NIO-
injected groups (NDS; B). Other functional outcomes remained similar among the groups.
Data presented as mean = SEM. * P < 0.05, ** P < 0.01, when compared with the saline

group; ns = non-significant.
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A very focal but effective WM loss was induced by L-NIO in the internal capsule. Densely
packed cells stained with neutral red display the injured area (A). Lesion volume and NDS
(B) show that single and double injections of L-NIO produced significant damage. Other
functional outcomes show significant changes associated only with the double injection of
L-NIO. Data presented as mean = SEM. * P < 0.05, *** P < 0.001, when compared with the

saline group; T P < 0.05when compared with the L-NIO single group.
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