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Background: Stroke involving the cerebral white matter (WM) has increased in prevalence, but
most experimental studies have focused on ischemic injury of the gray matter. This study was
performed to investigate the WM in a unique rat model of photothrombotic infarct targeting the
posterior limb of internal capsule (PLIC), focusing on the identification of the most vulnerable
structure in WM by ischemic injury, subsequent glial reaction to the injury, and the fundamental
histopathologic feature causing different neurologic outcomes. Methods: Light microscopy with
immunohistochemical stains and electron microscopic examinations of the lesion were per-
formed between 3 hours and 21 days post-ischemic injury. Results: Initial pathological change
develops in myelinated axon, concomitantly with reactive change of astrocytes. The first pathology
to present is nodular loosening to separate the myelin sheath with axonal wrinkling. Subsequent
pathologies include rupture of the myelin sheath with extrusion of axonal organelles, progressive
necrosis, oligodendrocyte degeneration and death, and reactive gliosis. Increase of glial fibrillary
acidic protein (GFAP) immunoreactivity is an early event in the ischemic lesion. WM pathologies
result in motor dysfunction. Motor function recovery after the infarct was correlated to the extent of
PLIC injury proper rather than the infarct volume. Conclusions: Pathologic changes indicate that
the cerebral WM, independent of cortical neurons, is highly vulnerable to the effects of focal isch-
emia, among which myelin sheath is first damaged. Early increase of GFAP immunoreactivity
indicates that astrocyte response initially begins with myelinated axonal injury, and supports the
biologic role related to WM injury or plasticity. The reaction of astrocytes in the experimental
model might be important for the study of pathogenesis and treatment of the WM stroke.
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As the human life span has continued to increase, stroke
patterns have changed. Ischemic stroke, which constitute 80%—
85% of stroke cases, comprise both the gray matter (GM) and
white matter (WM) of the brain. The prevalence of WM injury
causing motor and intellectual dysfunction has increased with
the aging population.' Neuroimaging methods have shown
rarefaction of the WM resulting from injury, which is termed
leukoaraiosis.” Ischemic stroke confined to WM, called isch-
emic leukoencephalopathy, is a feature of leukoaraiosis that can
be observed in humans through neuroimaging.’ Currently, the
most common etiology and pathogenesis of leukoaraiosis are
undefined vascular or ischemic events.*’

Up to 25% of WM strokes cause lacunar change, and the
internal capsule (IC) is commonly affected in humans.® The
posterior limb of the IC (PLIC) is the fundamental subcortical

© 2017 The Korean Society of Pathologists/The Korean Society for Cytopathology

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
292 by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

motor pathway; it includes the major corticofugal tract that is
directly related to motor function. Infarction of the PLIC results
in a challenging clinical progress characterized by persistent
motor disability; therefore, studies on pathophysiological altera-
tions and therapeutics are essential.”

Animal models have been used to understand the pathophys-
iology of strokes and to guide the development of more effective
therapeutic or rehabilitative interventions.*"' Few studies have
investigated WM injury when compared with studies on the
effect of ischemia in the GM. This limitation is partly due to the
difficulty in generating animal models of WM stroke. While
the weight of human brain is 1,300 to 1,500 g, that of the rat
brain is 5.5 to 6.0 g. Moreover, the substantially lower WM/
GM ratio in rodents (approximately 149%:86%) compared with
primates (40%:60%) increases the difficulty in targeting the WM
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structure.'?

A literature search through publications spanning the last 10
years revealed several experimental methods used to develop
WM stroke models, including occlusion of the common carotid
artery, proximal middle cerebral artery" and anterior choroidal
artery (AchA)™ and administration of the vasoconstrictive agent
endothelin-1 (ET-1) into the subcortical WM, IC, and stria-
tum."”"? However, infarcts selectively targeting the IC and result-
ing in chronic motor impairment cannot be induced consistently.
Long-term follow-up studies have failed to produce long-term,
persistent motor deficits in the experimental models.'”* The
lack of rat models of WM stroke has several possible neuroana-
tomical reasons, including the much smaller WM area of rats
compared with primates, the irregularly elongated IC structure,
and the absence of efficient tools selectively targeting the IC.*
Therefore, accurately assessing and controlling the infarct loca-
tion from the brain surface is difficult stereotactically.

To establish a WM infarct model producing long-term fore-
limb and hind limb motor deficits, selective ischemic injury of the
pyramidal tract is critical. Previously, we created a highly repro-
ducible rat model of IC-specific stroke using a photothrombotic
technique, which involves selectively illuminating the PLIC after
intravenous injection of Rose Bengal solution.”"** The infarct
lesions occurred in the PLIC without any significant injury to
surrounding structures including the putamen, optic nerve, and
WM. Neurologic motor functions significantly decreased imme-
diately after the ischemia and recovered variably. Through the
investigation of the early and comprehensive histopathology and
ultrastructural changes resulting from focal cerebral WM isch-
emia, the purpose of this study was to determine which struc-
ture of the WM is the first to be damaged, how glial response
appears to the damage, and what is the most important factor
causing different neurologic outcomes.
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MATERIALS AND METHODS

Experimental animals

Male Sprague-Dawley rats, 8- to 9-week-old and weighing
200-240 g, were housed two per cage in a controlled husbandry
unit with a 12/12 hour light/dark cycle and permitted ad libitum
access to food and water. The temperature was maintained at 21
+ 1°C. A total of 77 rats were used for the experimental study,
and they were divided into three groups: 50 rats for light micro-
scopic histological examination, 13 rats for electron microscopic
examination, and 14 rats for measurement of infarct volume.
The brain was harvested from 3 hours to 21 days after the pho-
tothrmobotic ischemia and infarct volumes were measured at
14 days (Table 1). Animal experiments were performed accord-
ing to the institutional guidelines of Chonnam National Univer-
sity Research Institute of Medical Science and Gwangju Institute
of Science and Technology (GIST). All efforts were made to
minimize animal suffering and to reduce the number of animals
used. Institutional ethical committee approval was obtained
prior to the experiments.

Induction of IC infarction and behavioral evaluation

The photothrombotic capsular infarction model used in this
study was described previously.”' Experimental rats were divided
into two groups: stroke lesion group (SLG) and sham-operated
group (SOG). Briefly, experimental rats of SLG were anesthe-
tized and fixed with a small animal stereotactic frame. A 28-
gauge straight stainless steel needle implemented with a fine
optical fiber transmitting laser light, a 125 pm outer diameter,
and a 62.5 pm core diameter, was inserted through a midline
scalp incision. The needle was stereotactically inserted into the
PLIC target; 2.0 mm posterior, 3.1 mm lateral to midline, and
7.2 mm deep to bregma, as shown in Fig. 1. The coordinate
used in this experiment was deeper than those previously sug-

16

gested.” Rose Bengal dye was injected through the tail vein,
followed by 1.5 minutes of laser irradiation with an intensity of

2.5 mW at the fiber tip. After the scalp wound was secured, the

Table 1. Experimental design of time interval and number of rats in photothrombotic capsular infarct

Time of post-ischemia

3hr 6 hr 12 hr 1 day 4 days 7 days 14 days 21 days
Light microscopy
Stroke lesion group 2 2 2 4 4 8 8
Sham operation group 2 2 2 2 2 2 2 2
Electron microscopy 1 1 1 2 2 2 2
Infarct volume - - 14°

aFour rats each for the moderate recovery group (MRG) and poor recovery group (PRG); ®Seven rats each MRG and PRG for measurement of lesion volume.
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rat was transferred to a recovery chamber. The experimental rats
of SOG underwent an identical lesion-making procedure except
for receiving an injection of saline solution (0.2 mL/100 g) instead
of Rose Bengal dye.

The behavioral tests employed were described in the previous
study,” and single pellet reaching tasks (SPRTs) were used to
measure motor performance in this study. Briefly, an experi-
mental apparatus was made of clear Plexiglas with a 1-cm wide
slit in the middle of the front wall for the food shelf. Once rats
began to show a forelimb preference to obtain a sucrose pellet
(Bio-Serve, Frenchtown, NJ, USA) through the slit, a pellet was
obliquely placed contralateral to the preferred paw to prevent
the use of the nonpreferred paw. Animals were subsequently
administered 20 pellets per session for 21 days. Successful reach
was defined as a reach in which an animal grasped a food pellet,
brought it into the cage, and consumed it without dropping.
Reaching performance was scored and the success rate was cal-
culated as the formula, number of successful reaches x 100/20
scores before the operation were averaged to represent preopera-
tive reaching performance. After the photothrombotic infarct,
the experimental rats were subdivided as follows from the SPRT
score: early recovery group (ERG) characterized by > 50%
recovery in 7 days; moderate recovery group (MRG) character-
ized by >50% recovery of the prelesion status in 14 days; and
poor recovery group (PRG) which had reaching performance at <
50% of the prelesion status. Subjects in the ERG were excluded
from the study. Persistent motor impairment, characteristic of
both MRG and PRG subjects, developed effectively in 71% of
rats. SOG rats did not show a significant decrease in SPRT per-
formance within the observation period.

Measurement of infarct size
To measure the infarct size in both MRG and PRG rats, seven

fresh brains were perfused at 14 days after the ischemia. Coronal
brain sections of 2.5-mm thickness were obtained from the center
of the needle insertion sites using a metallic tissue plate covered
with optimal cutting temperature (OCT) compound and imme-
diately frozen at —25°C in a frozen tissue microtome. Serial tissue
slices from the frozen brains (20-pm thick sections at 200-pm
intervals) were prepared and stained with hematoxylin and eosin
(H&E) and cresyl violet. Histologic images were scanned with a
ScanScope virtual microscope (Aperio Technologies, Vista, CA,
USA). Images from five to six sections were assessed for infarct
lesions with Image J software (NIH, Bethesda, MD, USA). The
total volume of brain injury was determined by summing the
area of damaged tissue recorded from all sections and multiplying
by the distance between sections.” The completeness of the IC
destruction was determined by three of the authors, all of whom
were blinded to the motor recovery group.

Histopathology and immunohistochemistry

Experimental time-points after PLIC ischemia were as follows.
To assess early changes of PLIC infarct, n =2 each at 3, 6, and 12
hours, and n =4 each at 1, 4 and 7 days. To assess late changes
between MRG and PRG infarcts, n = 8 each at 14 and 21 days.
For SOG, n =2 for each postlesion time-points. After the
behavioral evaluation, rats were anesthetized with intraperito-
neal sodium pentobarbital (70 mg/kg) and killed by intra-aortic
perfusion of 1% paraformaldehyde in phosphate buffer solution
(PBS; 0.12 M, pH 7.4) delivered by a perfusion pump (36 mL/
min) for 5 minutes followed by 4% paraformaldehyde in PBS for
15 minutes at the same flow rate. The brains were then removed
and coronally sectioned into 4-mm-thick slices surrounding the
center of the needle insertion site. For light microscopy exami-
nations, the brains were removed from the skull, postfixed in 4%
paraformaldehyde for 2 days at room temperature, and subse-

Fig. 1. A 28-gauge needle with an optical fiber (A, inset) inserted stereotactically into the posterior limb of the internal capsule (B), 2.0 mm
posterior, 3.1 mm lateral to midline, and 7.2 mm deep from bregma, to produce the infarction.
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quently kept in processed paraffin-embedded tissue blocks.
Routine H&E, luxol fast blue—periodic acid-Schiff (LBPAS),
and immunohistochemical stainings were performed on tissue
sections (6-pm-thick) on probed-glass slides. Immunohisto-
chemical staining with anti—glial fibrillary acidic protein (GFAP;
1:400, polyclonal, Zymed, South San Francisco, CA, USA) and
anti—neurofilament protein (NFP; 1:600, clone 2F11, Dako
Cytomation, Carpinteria, CA, USA) was done using the avidin-
biotin peroxidase method** with the ABC kit (Vector Laborato-
ries, Burlingame, CA, USA). Antigen retrieval was conducted
by heating the tissue sections at 60°C for 5 minutes in sodium
citrate buffer, after which the sections were incubated in a mixture
of 3% hydrogen peroxide and 10% methanol for 20 minutes,
followed by 10% goat serum for 1 hour at room temperature.
The sections were incubated with each primary antibody for 2
hours, biotinylated secondary antibody for 20 minutes, and
streptavidin-horseradish peroxidase (Dako Cytomation) for 20
minutes. They were then developed with a chromogenic solu-
tion of diaminobenzidine and counterstained with hematoxylin
to visualize cell nuclei. Known positive and negative tissues
were used as controls.

Electron microscopy

One rat each at 3, 6, and 12 hours, and two rats each at 1, 4,
7, 14, and 21 days after the ischemia (n = 13) and one SOG rat
were studied by transthoracic cardiac perfusion.” Rats were
perfused with 1% paraformaldehyde/0.1% glutaraldehyde in
cold phosphate buffer (PB) delivered by a perfusion pump (36
mL/min) for 5 minutes, followed by 2% paraformaldehyde/2%
glutaraldehyde in cold PB at the same flow rate for 5 minutes.
Brains were removed and coronally cut into 2-mm-thick slices.
After the lesion was evaluated macroscopically in the brain slices,
tissues were trimmed to approximately 2X 2 X 1 mm, placed in
4% glutaraldehyde in PB for 24 hours at 4°C, postfixed in 2%
osmium tetroxide for 2 hours at room temperature, rinsed in 0.1
mol/L cacodylate buffer, dehydrated in graded concentrations of
ethanol followed by propylene oxide, incubated in a mixture of
epon/propylene oxide (50/50, then 80/20 for 4 hours), and
embedded in epon at 60°C in an oven for 2 days. Semi-thin sec-
tions (1-pm-thick) were stained with 1% toluidine blue and
screened by light microscopy to select thin section areas from
multiple blocks at each lesion time-point for electron micros-
copy. Selected thin sections (SOO-A thick) were cut with a dia-
mond knife on an ultramicrotome (LKB-Produkter, Bromma,
Sweden), mounted on copper grids, contrasted with uranyl acetate
and lead citrate, and viewed on a JEOL 120S electron micro-
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scope (Nihon Denshi, Tokyo, Japan). The investigators were
initially blinded to the treatment conditions. Axon and myelin
thicknesses were quantified from 3 hours to 21 days after isch-
emia. Two random fields per grid from two grids were analyzed
per experimental brain. Four random images within each field
were collected at x 5,000 magnification and analyzed with
ImagePro Plus (MediaCybernetics, Rockville, MD, USA). The
axon and myelin sheath diameters were determined for every
myelinated axon from a minimum of 30 axons for each experi-
mental group. The myelin thickness was calculated by subtract-
ing the axon diameter from the total fiber diameter. The g-ratio
of each myelinated axon was calculated by dividing the average
axon diameter by the average total fiber diameter.”

Statistical analysis

Data were analyzed with SPSS ver. 10.0 statistical analysis
software (SPSS Inc., Chicago, IL, USA). SPRTs for skilled reach-
ing performances were analyzed with a repeated measure analysis
of variances for group and time. Electron microscopy data (g-
ratio, axon caliber, and myelin thickness) were tested with a one-
way ANOVA. Data are presented as the mean = standard error of
mean, with p<.05 considered significant.

RESULTS

Infarct volumes

A series of frozen tissue slices stained with cresyl violet to
measure infarct volume is illustrated in Fig. 2A. Infarct volume
included the area of necrosis and surrounding demyelination
and astrogliosis. At 14 days after ischemia, the infarct volume
was 0.6+ 0.2 mm’ in the PRG and 0.5 + 0.2 mm” in the MRG
(Fig. 2B). Infarcts in the PRG were slightly larger than those
in the MRG; however, there was no significant relationship
between infarct volume and the degree of motor recovery in
each group.

Light microscopy findings

Myelinated axons in the PLIC were well defined by LBPAS and
NFP immunohistochemical staining. The presence of reactive
astrocytes was clearly indicated by GFAP immunohistochemical
staining. At 3 hours post-ischemia, a pale focal lesion was observed
on H&E stained preparation (Fig. 3A). The lesion boundary was
not clear and gradually merged with the neighboring normal
WM. The lesion was highlighted by light brown positivity on
GFAP staining (Fig. 3B). Focal lesions of myelin pallor showed
separated, swollen myelinated axons in edematous PLIC by LB-
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296 e HanC-W, etal.

PAS staining. Nuclear pyknosis of oligodendrocytes was identi-
fied in the lesion. Edematous change was noted in the upper por-
tion of the optic tract and was limited to the vicinity of PLIC.
At 6 hours to 1 day poststroke, the focal lesion of PLIC was
more clearly identifiable with time through low magnification
microscopy. A focal infarct manifested as a well-demarcated,
pale, whitish lesion due to the lack of staining with H&E and

0.6

0.5
0.4+

0.3
0.2

0.1+
0.0-

Volume (mm3)

PRG MRG

Group @

LBPAS (Fig. 3C, D). Immunohistochemical staining revealed
increased positivity for GFAP (Fig. 3E) and decreased positivity
for NFP (Fig. 3F). Immunopositivity for GFAP in the infarct
lesion indicated the reactive change of astrocytes. No inflamma-
toty cell infiltration in the infarct lesion was noted.

At 4 days post-ischemia, myelinated axons in the PLIC were
completely lost by LBPAS staining (Fig. 3G). The lesion had a

Fig. 2. A series of frozen sections with Nissl staining to measure infarct volume, marked with red dotted line, are present (A). Graphic presen-
tation of the volumes reveals no significant difference between the moderate recovery group (MRG) and poor recovery group (PRG) (B).

(B)

Fig. 3. Light microscopy findings of stroke involving the poster limb of the internal capsule (PLIC). Coronal sectioning reveals a poorly defined
focal lesion characterized by loss of hematoxylin and eosin (H&E) staining (A) and increased glial fibrillary acidic protein (GFAP) staining (B) at

3 hours post-ischemia.
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Fig. 3. (Continued from the previous page) A well-demarcated, pale, whitish lesion is identified by low magnification microscopy via H&E and
luxol fast blue—periodic acid-Schiff (LBPAS) staining (C, D), and GFAP and neurofilament protein immunostaining (E, F) at 12 hours to 1 day
post-ischemia. (Continued to the next page)
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Fig. 3. (Continued from the previous page) The focal lesion shows central necrosis surrounded by macrophages (G) phagocytized with my-
elinated axon debris (H) by LBPAS staining, and GFAP-positive hypertrophic astrocytes along the lesion periphery () at 4 days post-ischemia.
The necrotic center is gradually reduced in volume, and infiltrating macrophages decrease in number at 7 days post-ischemia. However,
macrophages persist, and phagocytize periodic acid-Schiff-positive myelin debris as shown through LBPAS staining (J). At 14 to 21 days
post-ischemia, the infarct lesion presents as a pseudocystic cavity consisting of reactive astrocytes, macrophages, and newly formed capil-
laries. The motor recovery at 14 to 21 days post-ischemia is related to the completeness of axonal injury in the PLIC. In the moderate recov-
ery group, LBPAS staining in the PLIC revealed a pseudocystic lesion surrounded by GFAP-positive reactive astrocytes (K), and partially pre-
served myelinated axons passing in the PLIC periphery (L). In the poor recovery group, myelinated axons in the PLIC were completely
disrupted as shown by LBPAS staining (M) and were replaced by a cystic cavity surrounded by GFAP-positive reactive astrocytes (N).

http://jpatholtm.org/ https://doi.org/10.4132/jptm.2017.02.17



central geographic necrosis surrounded by a wall of macro-
phages, in which each macrophage had a central nucleus with
prominent nucleoli and abundant cytoplasm phagocytized with
light-blue or reddish granular debris (Fig. 3H). Loss of NFP
staining in the PLIC also indicated lesion developed. Neutrophil
did not infiltrate in the lesion. Strong GFAP staining highlighted
presence of hypertrophic astrocytes along the periphery of the
infarct lesion and neighboring WM (Fig. 3I).

At 7 days post-ischemia, the necrotic center showed a decreased
volume, and was surrounded by infiltrating macrophages, reac-
tive hypertrophic astrocytes, and newly formed capillaries. Infil-
trating macrophages actively phagocytized reddish granular
debris throughout the infarct lesion, clearly shown by LBPAS
staining (Fig. 3]). At 14 to 21 days post-ischemia, central necrosis
was distinctly resolved and the lesion was a pseudocystic with
loosely arranged cellular elements. The lesion consisted of a mix-
ture of foamy macrophages, hypertrophic astrocytes with elon-
gated processes, and newly formed capillaries. Critical histo-
pathological features related to motor dysfunction differences
between the MRG and PRG were investigated. A portion of
myelinated axon bundles passing the PLIC was preserved, as
illustrated by immunohistochemical stains for GFAP and NFP
and LBPAS staining (Fig. 3K, L). However, the fiber tract of
myelinated axons forming the PLIC was severely disrupted and
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formed pseudocysts in the PRG group, which was clearly iden-
tified by LBPAS staining at low magnification (Fig. 3M). In the
interpretation of PLIC injury by light microscopy, careful exami-
nation of serial tissue sections is important. At 21 days post-
ischemia, the focal infarct lesion persisted as a pseudocystic
cavity. A few macrophages were still observed along the inner
side of the angiogliotic cavity (Fig. 3N). Microscopic examina-
tions confirmed the presence of PLIC lesions (Table 2). The optic
tract adjacent to the IC was partially injured in a few rats. How-
ever, the adjacent striatum and anterior limb of the IC were
intact. The SOG did not show any damage within the underlying
IC.

Ultrastructural findings

Histopathological alterations resulting from early ischemic
injury were further studied by electron microscopy (Table 2). In
SOG, normal myelinated axons presented as a unit of a compact
lamellar sheath closely encompassing an axon, and oligodendro-
cytes were surrounded by myelinated axons (Fig. 4A). Size mea-
surement revealed two types of myelinated axons: large (0.85 +
0.18 pm diameter) and small (0.41 + 0.13 pm). Even large axons
presented in groups or singular aligned intimately with small
axons. Each axon was filled with organized intermediate fila-
ment structures; called neurofilaments, and mitochondria were

Table 2. Histopathologic features of photothrombotic capsular infarct through the time

Time (post-ischemia) Light microscopy

Electron microscopy

3-12hr Focal lesion with blurred margin

Myelin pallor by H&E and LBPAS stain

Increased GFAP and decreased NFP immunoreactivity from lesion

center

1 day Focal lesion on PLIC with well-defined margin

Increased GFAP immunopositivity in the lesion and surrounding

white matter
Loss of NFP immunopositivity and LBPAS stainability
No inflammatory cell infiltration
4 days
macrophages engulfing myelin debris
Loss of myelinated axons of PLIC

Focal infarct with central necrotic cavity surrounded by

Nodular swelling and loosening of compact myelin sheath

Submyelin edema, interstitial

Mild wrinkling of axons, but intact neurofilaments and
mitochondria

Reactive astrocytes with hypertrophic processes

Fibrin thrombosis and capillary luminal obstruction

Axonal swelling and flooding of organelles, extracellular edema

Rupture of myelin sheath with subsequent demyelination

Reactive astrocytes with hypertrophic processes

Degeneration and apoptosis of oligodendrocytes

Markedly swollen axons with demyelination forming inflated ball
or cystic appearance

Marked extracellular edema with exudation

7 days

14 days

21 days

GFAP immunopositive hypertrophic astrocytes along the border
of infarct and its vicinity

Focal infarct with necrotic cavity surrounded by macrophages
engulfing myelin debris, newly formed capillaries, and reactive
astrogliosis

Focal infarct with necrotic cavity containing macrophages,
hypertrophic astrocytes and newly formed capillaris

Macrophages, progressively reduced in number

Focal infarct with reduced necrotic cavity containing few
macrophages and angiogliosis

Necrosis of cellular elements

Macrophages phagocytized with myelin debris and dense bodies
Reduced exudative change

Degeneration and loss of myelin sheath, demyelinated axons
Macrophages phagocytized with myelin debris and dense bodies
Demyelinated axons

Astrogliosis

Macrophages, markedly reduced phagocytic debris
Demyelinated axons

Astrogliosis

Mecrophages with phagocytic debris still present

H&E, hematoxylin and eosin; LBPAS, luxol fast blue—periodic acid-Schiff; GFAP, glial fibrillary acidic protein; NFP, neurofilament protein; PLIC, posterior limb of

internal capsule.
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occasionally identified within axons. Progressive structural
abnormalities in myelinated axons were observed within the
ischemic lesion.

At 3 hours post-ischemia, platelets aggregated in the capillary
lumen and exudative changes were present in interstitial spaces
among myelinated axons. Nodular swelling with loosening of
the myelin sheath and irregular wrinkling of axons was observed
in both large and small myelinated fibers (Fig. 4B). Nodular
loosening of the myelin sheath led to the formation of lamellar
knob. With nodular loosening of myelin, a clear space devel-

oped in the submyelin area and contacted wrinkled axons with
polygonal outlines. However, axonal integrity consisting of fila-
mentous structures and mitochondria was relatively well pre-
served. Oligodendrocytes had relatively intact nuclei, rough
endoplasmic reticulum (ER), and mitochondria. Myelin pallor
observed by light microscopy in the early stage of the ischemic
injury matched the ultrastructural edematous change in the
myelin sheath, submyelin space, and wrinkled axons.

At 6 hours post-ischemia, whorled myelinated axons were
formed by progressive loosening of the compact myelin lamellae

Fig. 4. Ultrastructural findings during the early stage of stroke involving the poster limb of internal capsule (PLIC). In the control group, a my-
elinated axon unit in PLIC had a compact lamellar sheath closely encompassing an axon (A, x6,000). Each axon was filled with intermediate
filament structures, called neurofilaments, and mitochondria. The lesion group presents early pathologic changes; nodular swelling and loos-
ening of the myelin sheath, empty cystic change of submyelin space, polygonal wrinkling of axons, and accentuated cleft along the nuclear
membrane of an oligodendrocyte (B, x 3,000) at 3 hours post-ischemia. Progressive loosening of the myelin sheath covers crinkled axons de-
veloping characteristic laminating whorled appearance (C, x 10,000) at 6 hours post-ischemia. Axonal swelling with a reactive change of the
glial cells presented at 12 hours to 1 day post-ischemia (D-G). Swollen axons full of mitochondria, vesicles, and granules surrounded by
acompact myelin sheath appeared. Fibrin thrombosis in capillary lumen (asterisk), a ruptured myelin sheath with extrusion of axonal organ-
elles (arrows), and cystic vacuoles in the vicinity of swollen axons presented (D, x 12,000). (Continued to the next page)
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covered with wrinkled axons (Fig. 4C). Large and small axons
identified in SOG rats did not distinct significantly in MRG
and PRG groups due to irregular loosening of the myelin
sheath and markedly swollen axons. Small hydropic vacuoles
developed, and intermediate filaments dissolved in wrinkled
axons. At 12 hours to 1 day post-ischemia, the capillary lumen
was obliterated by fibrin thrombosis. Nodular loosening of the
myelin sheath decreased markedly, and wrinkled axons changed
to plump, swollen axons. Swollen axons were filled with many
mitochondria, vesicles, and granules, and showed mildly increased
electron density (Fig. 4D). With rupture of the myelin sheath,

7y ?
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-
o0 TN
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axonal organelles (mitochondria, neurofilaments, and vesicles)
extruded. Large vacuoles formed by demyelination with axonal
flooding were common. Expansion of the extracellular space
containing edema fluid presented. Reactive astrocytes were
identified by clubbed hypertrophic processes containing abun-
dant intermediate filaments that intimately connected with
swollen axons (Fig. 4E). Oligodendrocytes had variable patho-
logic features ranging from intact nuclei and mildly swollen
ER in the cytoplasm to peripheral clumping of coarse chro-
matin along the nuclear membrane. Oligodendrocytes undet-
going apoptosis in the ischemic lesion were identified by irreg-

Fig. 4. (Continued from the previous page) Club-shaped processes of reactive astrocytes (arrows) intimately contacted swollen axons and
organelles drifted from injured myelinated axons (E, x 6,000). Degenerative changes in an oligodendrocyte appear as an isolated cell with nu-
clear cytoplasmic dissociation by an irregular cleft, vesicles, and swollen mitochondria in the cytoplasm, and nuclear chromatin condensation
along the nuclear membrane (F, x6,000). Note the different stages of myelinated axon injury; from swollen axons filled with electrondense or-
ganelles surrounded by a loosely arranged, laminating myelin sheath to demyelinated ghost axons formed by cystic vacuoles containing
sparsely granular or myeloid debris (G, x6,000). A series of myelinated axonal injury, from loosening myelin sheath to macrophages infiltra-
tion phagocytized myelin and other cellular debris, was present at 4 days post-ischemia (H, x6,000).
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ular clumping of coarse nuclear chromatin at the periphery of
the nucleus, detachment of the nuclear membrane, and an elec-
trondense cytoplasm filled with swollen mitochondria and ER
(Fig. 4F).

At 4 days post-ischemia, whorled myelinated axons were
present though the pattern differed from those at 6 hours. The
whorls were formed by swollen axons filled with cell organelles
and electrondense fine filamentous materials covered with
whorled lamellae of myelin sheaths (Fig. 4G). Demyelinated
ghost axons packed with edematous flooding were common.
Macrophages had phagocytized degenerated and demyelinated
axons and electrondense bodies (Fig. 4H).

At 7 to 21 days post-ischemia, the exudative reaction sub-
sided progressively. A number of unmyelinated or thinly myelin-
ated axons were evident. Variably degenerated myelinated axons
with an infiltration of scavenging macrophages were seen in the
presence of hypertrophic astrocytes and oligodendrocytes. The
ultrastructural features were compatible with a pseudocystic
wall observed by light microscopy. The number of macrophages
decreased with time, but hypertrophic astrocytes were still
evident at 21 days post-ischemia.

Axon and myelin thickness was further separately assessed to
identify their contributions to g-ratio changes. Axon diameter
significantly decreased (p <.001) at 3 hours to 6 hours post-
ischemia. However, myelin thickness (calculated by nerve fiber
diameter minus axon diameter) remarkably increased (p <.001)
at 3 to 6 hours, and then decreased at 24 hours post-ischemia.
The increased axon diameter and decreased myelin thickness at
4 to 21 days post-ischemia contributed to an increased g-ratio
in the experimental animals. G-ratios did not differ between
sham subjects and the contralateral PLIC in the experimental

group.

DISCUSSION

In this experiment, a focal lesion in the PLIC was successfully
created by laser light with a low intensity light source (814 mW/
mm?) and a light delivery needle (28-gauge). The light scattering
capacity is 44 times higher in the GM than in WM,” which
might be a promising mechanism to induce a WM infarct in
this study. This system created a focal infarct in the PLIC with a
chronic loss of motor function, and minimized injury to the
adjacent striatum and optic tract. Thus, unwanted neurological
and behavioral manifestations did not occur during the experi-
mental period. It was possible to study progressive histopatho-
logical changes in the ischemic infarct by light and electron
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MICroscopy.

The human cerebrum is composed of 40% GM and 60%
WM, and WM damage causes clinically significant neurological
diseases including stroke and vascular dementia.'> The main
components of the WM; myelinated axons, astrocytes, and oli-
godendrocytes, were injured by photothrombotic ischemia and
infarction. In this study, pathological features developed during
the first 3-hour highlighted nodular loosening of the myelin
sheaths with polygonal wrinkling or compression of the axons.
The lesion might be caused by post-thrombotic edema of the
WM, indicating that the myelin sheath is very vulnerable to
ischemic injury. Concurrent decreases in axonal diameter and
increases in myelin sheath thickness at 3 to 6 hours post-isch-
emia indicated that injury of the myelin sheath and axon were
synchronized.

During the acute phase of ischemic injury, motor dysfunction
developed through the damage to myelinated axons, observed
by electron microscopy at first. Simultaneously, immediate reac-
tive change of astrocytes, evidenced by increased GFAP immu-
nopositivity in the lesion center, began to recover the damaged
WM. Reactive astrocytes continuously presented at 21 days
after the WM ischemia in this study. Traditionally, reactive
astrogliosis were thought to be detrimental because they secreted
inhibitory substrates and provided adverse mechanical barrier
for the axonal and dendritic plasticity.” However, there were
recent studies that reactive astrocytes might provide endoge-
nous mechanisms to protect the ischemic injury and facilitate
neural regeneration by releasing many trophic factors.””*" Exper-
imental data of our on-going study, data not shown, proved by
quantitative morphometric analysis that reactive astrocytes
produce highly increased immunoreactivity for brain-derived
neurotrophic factor (BDNF) and develop other cerebral lesion
by neurotransmitter modification without direct focal ischemic
injury, so called diaschisis.”’ BDNF-immunopositive reactive
astrocytes facilitated to restore myelin integrity®” and promoted
oligodendroglial differentiation from oligodendroglial precursor
cells (OPCs) after WM damage.’ 3 Intravenous injection of syn-
thetic BDNF also assisted OPC maturation, oligodendrocyte
replacement and WM remyelination in WM stroke model of
rats.”

With the progression of injury to myelinated axons and oligo-
dendrocytes, a focal cystic infarct lesion developed. Cystic infarct
in WM were formed by swelling and rupture of myelinated
axons, expansion of the extracellular space containing edema
fluid, and subsequent loss of massively swollen cellular ele-
ments. Macrophages infiltrated the lesion at 4 days post-isch-
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emic injury and phagocytized axon-myelin debris and fat glob-
ules. A number of cystic ghost axons also indicated simultaneous
injury of axon and myelin sheath by ischemia. Infarct volumes
did not differ between subjects in the MRG and PRG. Motor
recovety in the two groups depended on the completeness of
histopathological capsular injury induced by the ischemia. Sub-
jects in the PRG had more complete thickness destruction of
the fiber tract at the anterior PLIC, whereas those in the MRG
had partial destruction of the IC in serial sections of the brain.
The procedure was clinically well tolerated throughout the experi-
mental period, which spanned from 3 hours to 21 days post-
ischemia. These findings show that photothrombotic focal cere-
bral ischemia produce a highly reliable model of WM infarct in
the PLIC.

The pathophysiological mechanisms of WM stroke were pre-
viously most comprehensively studied by ET-1 injection into
rat brains.”'"” The histopathological features differed according
to the first component (axon or myelin) injured and experimental
methods used. ET-1 impeded regional cerebral blood flow with-
out disintegrating the blood-brain barrier and led to myelin
disruption. Axonal injury was evident prior to any clear changes
in myelin in the rat model of ET-1 induced WM ischemia,
which is a hallmark of WM stroke.”” Sozmen e 2% reported
signs of early axonal damage that were observed through ultra-
structural electron microscopy studies at 24 hours post-ischemia,
whereas myelin sheaths appeared intact within the infarct.
Strokes induced by ET-1 injection into the IC are characterized
by a well-demarcated, focal, demyelinated lesion and necrosis
after 14 days.'® In this study involving photothrombotic isch-
emia, concomitant axonal and myelin damage were observed by
light and electron microscopy. Although ultrastructural features
of whorled myelin formation and polygonal wrinkling of axons
appeared simultaneously in this study, edematous change of the
myelin sheath was the first pathologic feature by WM ischemia.
The photothrombotic model of WM ischemia was not compa-
rable to the ET-1 model, but the histopathological features are
significantly similars to those of human WM stroke.

The inflammatory response following photothrombotic focal
ischemia in the GM and WM is contested. A previous study
reported prominent neutrophilic infiltrations in the GM at 24
to 48 hours post-ischemia, and cuffing of macrophages sur-
rounding the central necrosis at 4 days post-ischemia.”'* How-
ever, prominent macrophage infiltration without neutrophil
infiltrations was present at 4 days post-ischemia. Even when the
same amount of ET-1 was administered to rats, a prominent
macrophage/microglia response without neutrophil recruitment
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in the striatum at 3 days" and a proliferative inflammatory
response of both neutrophil and mononuclear leukocytes at 1
day post—ET-1 injection have been reported.'® The difference in
inflammatory cell types might be related to cytokines released
from the damaged WM and GM and should be studied further.
Astrocyte activation occurred early and appeared consecutively
with myelin and axonal injury after photothrombotic ischemia.
However, increased GFAP staining for astrocyte activation
occurred later (7 to 14 days) than the early axonal damage in
ET-1-induced subcortical/ WM stroke models."” In this experi-
ment, increased GFAP staining indicated that the astrocyte
response was limited to the PLIC lesion and appeared very early
at 1 hour post-ischemia. The number of astrocytes did not
change, and cell hypertrophy increased GFAP staining in the
lesion. GFAP staining delineated the lesion site persistently during
the experimental period. The GFAP-positive astrocyte response
was similar to that in the photothrombotic and ET-1 induced
WM strokes in rats. Increased the number of astrocytes with
GFAP positivity also observed in the ET-1 mouse model.”

The AchA is a branch of the internal carotid artery,'* and
intraluminal occlusion of the AchA in rats resulted in variable
infarct size in the IC and hypothalamus.” A study reported the
comprehensive histopathology of IC lacunar infarcts by AchA
occlusion in gyrencephalic brains of miniature pigs. The study
defined the area of the ischemic lesion as the ischemic core (an
irreversibly damaged area), peri-infarct area, and marginal zone.”
Light and electron microscopy of the AchA occlusion model
showed progressive histopathology of edema, disrupted axonal
alignment, and aberrant myelin sheaths at 24 hours post-isch-
emia. GFAP-positive astrocytes in the peri-infarct area from
early stages, infiltrated macrophages that phagocytized myelin
debris and swollen axons, and several organelles within fragile
myelin sheaths were also observed at 1 week post-ischemia. The
most important finding from the ultrastructural analysis was
that axonal damage resulted in myelin sheath instability and
subsequent demyelination. These findings corresponded with
the early and late histopathological changes found in the photo-
thrombotic capsular infarct model used in this study. Ischemia
disturbs ion homeostasis due to a loss of ATP, which results in
Ca’* overload in axons and glia. This process is accelerated by
glutamate-mediated over-activation of ionotropic receptors. An
initial pathology of axon and myelin swelling in WM ischemia
is caused by excess glutamatergic activation of the 0-amino-3-
hydroxy-5-methyl-4-isoxzole propionic acid (AMPA) receptors in
the axon, while excitotoxic activation of N-methyl-D-aspartate
receptors is the initial event in GM ischemia.”” Ischemia has also
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been shown to induce excitotoxic damage to oligodendrocytes
and astrocytes through AMPA receptors.”*

In conclusion, cerebral WM is highly vulnerable to the effects
of focal ischemia, among which myelinated axon is damaged
first. Early and persistent increase of GFAP immunopositivity
in astrocytes might be important for investigating the molec-
ular mechanism of WM infarcts as well as the endogenous or
exogenous neuroprotective responses involved. Future studies
will be focused on biologic interactive mechanisms among neu-
rons, myelinated axons, astrocytes, oligodendrocytes, and vascular
endothelial cells in the experimental model.
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