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Stroke research in non-human primates (NHPs) with gyrencephalic brains is a critical step in overcoming the translational barrier that limits the
development of new pharmaceutical and rehabilitative strategies for stroke. White-matter stroke (WMS) has a unique pathophysiology from gray-
matter stroke and is not well understood because of a lack of pertinent animal models. To create a precise capsular infarct model in the cynomolgus
macaque, we first used electrical stimulation to map hand movements, followed by viral tracing of the hand motor fibers (hMFs). This enabled us
to identify stereotactic targets in the posterior limb of the internal capsule (PLIC). Neural tracing showed that hMFs occupy the full width of the
PLIC, owing to overlap with the motor fibers for the leg. Furthermore, the hMFs were distributed in an oblique shape, requiring coronal tilting of
the target probe. We used the photothrombotic infarct lesioning technique to precisely destroy the hMFs within the internal capsule. Double-point
infarct lesioning that fully compromised the hMFs resulted in persistent hand motor and walking deficits whereas single-point lesioning did not.
Minor deviations in targeting failed to produce persistent motor deficits. Accurate stereotactic targeting with thorough involvement of motor fibers
is critical for the production of a capsular infarct model with persistent motor deficits. In conclusion, the precision capsular infarct model can be
translated to the NHP system to show persistent motor deficits and may be useful to investigate the mechanism of post-stroke recovery as well as to
develop new therapeutic strategies for the WMS.
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INTRODUCTION

White-matter infarcts caused by the obstruction of deep pen-
etrating vessels and end-arteries in the brain represent 20~30% of
all stroke infarcts [1]. Recent advances in imaging techniques, such
as high-resolution MRI, provide an increasing chance of detect-
ing white-matter infarcts associated with cognitive and physical
impairments in elderly people [1-3]. In particular, white-matter
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infarcts affecting the corticofugal fibers often produce motor-sen-
sory deficits with poor clinical recovery, despite the small extent
of the infarct [4]. Until recently, stroke research has been centered
exclusively on the pathogenesis and recovery mechanisms of
large-artery gray-matter strokes [5]. Many therapeutic regimes
and drugs have been developed using gray-matter stroke models
[6]. However, neuroscientific research into white-matter strokes is
relatively rare in small animals and non-human primates (NHPs,
e.g., macaques) owing to the lack of pertinent animal models [7].
Recently, we reported a capsular infarct model created by cir-
cumscribed photothrombotic destruction of the internal capsule
in rodents after somatotopic mapping of the forelimb motor area
[8,9]. This model shows long-term, persistent motor deficits, and
has been used to investigate the mechanisms of post-stroke recov-
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Table 1. Summary of experimental animals

Body weight (kg) Post-infarct evaluation
Post- Infarct .
Subject  Group Sex . operative  volume  Neurological Brinkman Walking
Pre-infarct Necropsy mortality (mm?®) score board deficit
score (%)

1 Neural tracing Male 5.528 5.784 No

2 SPL Male 5378 5.715 No 4.747 0 100 _
3 DPL-DL Male 3.879 4.092 No 3.151 1 30 _
4 DPL-DL Male 3.554 4.039 No 9.303 1 51.7 _
5 DPL-CL Male 5.074 5.016 No 21.075 8.5 0 +
6 DPL-CL Male 5.249 5.634 No 14.809 6.8 0 +
7 DPL-CL Male 3.805 4.041 No 22.242 3 0 +
8 DPL-CL Male 3.115 3413 No 23.717 6 0 +

ery and changes in brain activity and behavior with the application
of a variety of neuromodulatory technologies [10-14]. However, a
translational barrier exists between rodents and humans because
of the anatomical and physiological differences between the two
species. In rodents, the axons of corticospinal neurons heavily
innervate subcortical targets, such as the striatum, thalamus, sub-
thalamic nucleus, ventral midbrain and brain stem whereas corti-
cospinal neurons sparsely branched to the striatum and claustrum
without innervating to other forebrain or midbrain regions in
primates [15]. These differences often leads to the frequent failure
of preclinical studies [16]. Therefore, a capsular stroke model in a
gyrencephalic NHP would have great value [16].

In this study, we describe a subcortical capsular infarct model
in cynomolgus macaque produced by targeted photothrombotic
lesioning. To determine the extent of the infarct lesioning, we first
performed motor mapping of the hand area in the primary motor
cortex, followed by injection of adeno-associated virus (AAV5-
CamKII-EYFP) to identify the location of the corticospinal tract
in the posterior limb of the internal capsule (PLIC). A cannula
was stereotactically introduced parallel to the oblique trajectory
of the internal capsule to compromise the maximum number of
hand motor fibers in the PLIC during unilateral photothrombotic
infarct lesioning. This model produced long-term motor deficits
that can be used to investigate white-matter stroke in macaques,
particularly post-stroke recovery and translational research. We
also discuss the confounding factors relevant to this precise capsu-
lar infarct model.

MATERIALS AND METHODS

Animals

All animals were managed in accordance with the guidelines of
the Association for the Assessment and Accreditation of Labora-
tory Animal Care (AAALAC). Experimental animals were housed
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one per cage in a controlled animal facility at 21+1T with water
ad libitum. The animal care unit was maintained on a 12-hour
light—dark cycle with lights on at 8:00 am.

Animal experiments were conducted after approval by the Insti-
tutional Animal Care and Use Committee (IACUC) of the Korean
Institute of Toxicology (KIT-1509-0275, KIT-1607-0262, KIT-
1705-0176, KIT-1801-0034, KIT-2007-0222) and GIST (Gwangju
Institute of Science and Technology). Eight macaques (male, 3.1 to
5.5 kg, 3 to 5 years in age) were used for this study: one for neural
tracing and seven for photothrombotic capsular infarct modeling
in the PLIC. Single point infarct lesioning (SPL) was conducted in
one macaque and double-point infarct lesioning (DPL) was con-
ducted in six macaques (Table 1). After histological examination,
the six DPL macaques were subdivided into a “correct lesioning”
group (DPL-CL; n=4), with accurate targeting in the PLIC, and a
“deviated lesioning” group (DPL-DL; n=2).

Neural tracing from hand motor fibers in the internal
capsule

To verify the exact location of the corticospinal tract associated
with hand movements within internal capsule, we performed elec-
trical motor mapping in the motor cortex. Under general anesthe-
sia with 2% isoflurane, the macaques head was fixed in a stereotac-
tic frame while vital signs were monitored and body temperature
was maintained at ~37C. The scalp was incised and a craniotomy
was performed over the central area of the lateral hemisphere.
After exposing the dura, the hand motor area was mapped by
applying a unipolar current (5 Hz, 5V, 5 sec) to the cortex while
observing contralateral hand movements (supplementary 1). If
stimulation of an area induced hand movement, that cortical area
was designated as part of the hand area of the motor cortex (Fig,.
1A).

Neural tracing was conducted with adeno-associated virus
(AAV5-CaMKII-EYFP virus core facility, KIST, Seoul, Korea). 30
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Virus (AAV5-CaMKII-EYFP)
Injection for neu_‘ral tracing
'y

Electrical stimulation
In motor cortex

Finger & hand movement

+14mm rostralto EBZ

Fig. 1. Identification of hand motor fibers. (A) Schematic drawing showing the electrical stimulation of motor cortex and simultaneous observation of
stimulation-induced hand movements. The viral construct (AAV5-CaMKII-EYFP) was injected at the site of stimulation. (B~D) The coronal sections
showing the viral expression of injection site and hand motor fibers were shown, and transcribed into the stereotactic atlas. AC, anterior commissure; Cd,

caudate; CC, corpus callosum; GPe, globus pallidus externus; GPi, globus pallidus internus; IC, internal capsule; PMC, primary motor cortex; Pu, puta-

men; Thal, thalamus.

ul of AAV was injected into hand area of the motor cortex at a rate
of 2.5 pl/min with a 26G Hamilton syringe connected to an Ultra-
MicroPump (WPI, Sarasota, FL, USA). After infusion, the micro-
cannula was left at the injection site for an additional 10 minutes
before being slowly removed. After closure of operative wounds,
the macaque was released from the stereotactic apparatus, given
antibiotic and analgesic injections [cephazolin (20 mg/kg), keto-
profen (3 mg/kg)], and transferred to the recovery cage. After wait-
ing 6 weeks for viral expression, the macaque was sacrificed and
4% paraformaldehyde solution (PFA) was perfused transcardially
for 20 min. Then, the brain was removed and further fixed by im-
mersion in 4% PFA for 24 h. Brains were sectioned coronally at 40-
um thickness and mounted onto glass slides. Images were acquired
with a DM3000 microscope (Leica, Germany), a Zeiss LSM 800
confocal microscope, and Zeiss Axioscan Z1 slide scanner (Zeiss,
Germany). The EYFP expression was transcribed into the stereo-
tactic atlas to show the relative location of the hand motor fibers
in the PLIC (Fig. 1B~1D). These drawings were independently
confirmed by three reviewers.

Internal capsule infarction using photothrombosis

On the basis of the neural tracing results, we determined the
coordinates of the stereotactic target for photothrombotic infarct
lesioning as the region of the PLIC in which hand motor fibers
were distributed. The unilateral photothrombotic infarct lesioning
procedure was similar to that previously described [9]. Briefly, the
monkeys head was fixed in the “stereotactic frame with simplified

adaptor” [17] in which coronal tilt is feasible. A scalp incision and
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skull opening were made to allow the optical fiber cannula (OFC;
a 400 pm optical fiber placed inside an 18 gauge spinal needle) to
be lowered to the target position; the other end of the OFC was
connected to a green laser system (532 nm; Shanghai Laser and
Optics Century, Shanghai, China) (Fig. 2A).

After a durotomy, the OFC was inserted stereotactically into the
PLIC for single (SPL) and double (DPL) targets. The SPL target
was the center of the PLIC (10 mm lateral to the midline, 14 mm
rostral to the interaural-EBZ line, 14 mm dorsal to the ear bar,
inclination angle of 32°) (Fig. 2B). For DPL, the deeper location
was targeted first, with the second target 3 mm above the first (Fig.
2C). Rose bengal (20 mg/kg, Sigma-Aldrich, Saint-Louis, US.A)
was administered intravenously while body temperature was
maintained at 37C. For SPL, the target site was irradiated for 5
min with a green laser (532 nm, 100 mW intensity at the fiber tip).
For DPL, two PLIC irradiations were performed, keeping the in-
clination angle at 32°. After all procedures were complete, the OFC
was withdrawn and the animals were provided postoperative care
as described above. All the macaques tolerated the operative pro-
cedures with no perioperative deaths and did no decline in body
weight (Table 1).

Behavioral evaluation

Two types of behavioral tests were used in this study: a neuro-
logical assessment with a stroke rating scale for quantification of
neurological deficits [18], and the Brinkman board measure of
manual dexterity [19]. For the neurological assessment, the scale

was weighted heavily toward motor functions, including grasp,
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Fig. 2. Stereotactic targeting for induction of photothrombotic infarct lesioning. (A) Schematic drawing showing the introduction of the optical fiber
cannula into the posterior limb of the internal capsule. (B, C) Schematic drawings showing stereotactic targeting of the hand motor fibers at a single site (B)

and at double sites (C).

movement of extremities, gait, circling, balance, bradykinesia, and
facial weakness, as well as assessing consciousness, visual field, and
neglect. From a total of 41 points, 0 corresponds to normal behav-
ior and 41 corresponds to severe bilateral neurological impair-
ment. Neurological assessment scores were evaluated three times
per week by the same trained technician.

For the Brinkman board test, macaques were placed in a cage in
which different window provide access for the right and left hands.
The Brinkman board consisted of 20 slots containing chocolate-
coated sunflower seeds and was presented to the macaques con-
tralesional hand for free retrieval (supplementary 2). After the test,
number of pellets remaining in the slots was counted for analysis.
The Brinkman board test was repeated three times per week be-
fore and after infarct lesioning until behavioral evaluation was
terminated. Videos of all tests were recorded for later analysis.

Histology and MRI imaging

Experimental animals were euthanized with an overdose of thio-
pental sodium six weeks after neural tracing and three months af-
ter capsular infarct lesioning, Transthoracic cardiac perfusion was
conducted as described above. Nissel staining and immunohisto-
chemical staining for glial fibrillary acidic protein (GFAP) were
performed as described in previous reports [8, 9]. The infarction
volume was measured in each animal with Image] (NTH, Bethesda,
MD, USA) [8].

In addition, two macaques (one SPL and one DPL-CL) under-
went magnetic resonance imaging (MRI, Magnetom Verio 3T,
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Siemens Healthcare, Munich, Germany) six months after capsular
lesioning to verify the long-term changes in infarct lesioning in
the PLIC. Serial T2-weighted images were acquired (TR=5,620
ms, TE=113 ms, FOV=96x96 mm, data matrix 256x256 mm, slice
thickness=1 mm) and exported into a Dicom viewer (RadiAnt Di-
com Viewer, Medixant, Poznan, Poland) for further analysis. The
infarct area was visualized in three dimensions using multiplanar
reconstruction (MPR).

Statistical analysis

All statistical analyses in this study were performed in Origin
8.5 software (OriginLab, Northampton, MA, USA). A two-way
ANOVA was used for comparisons between groups or times. We
performed a simple linear regression analysis to determine the
statistical correlations between neurological assessment scores,
brinkman board scores, and internal capsule infarct volume. Re-
gression models were validated with an F-test (p<0.05).

RESULTS

Neural tracing of hand motor fibers

In this study, we used viral anterograde tracing to identify the
course of hand motor fibers in the internal capsule. Neural trac-
ing revealed that some of the hand motor fibers cross the midline
through the corpus callosum with the remaining motor fiber
entering the ipsilateral internal capsule (Fig. 1B). The hand mo-
tor fibers are densely distributed in the full length of the posterior
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Fig. 3. Behavioral testing and post-infarct behavioral changes. (A) The Brinkman board test. The macaques left hand was allowed to extend through
a small window to reach the pellets in the Brinkman board. (B) Longitudinal follow-up of neurological assessment scores following capsular infarct in
each group. (C) Longitudinal follow-up of Brinkman board scores following capsular infarct in each group. ***p<0.001, **p<0.01, *p<0.05.

portion of the PLIC (Fig. 1D). The distribution pattern of the
corticospinal tract within the internal capsule is well known [20].
Hand motor fibers are thought to be located anterolateral to foot
fibers and face motor fibers are located in the anteromedial por-
tion of PLIC. However our neural tracing study shows that hand
motor fibers are distributed in the full width of the PLIC, likely
overlapping with leg motor fibers [21].

In addition, hand motor fibers follow the oblique shape of the
internal capsule at the IC level, making it difficult to compromise
the motor fibers with an orthogonal approach from above. Lateral
tilting of the optical fiber by about 30 degrees appears to be the
optimum angle to compromise the majority of hand motor fibers
(Fig. 2B,2C).

Behavioral changes after photothrombotic capsular
lesioning

Neurological assessment scores (NAS) were significantly in-
creased immediately after capsular lesioning in the SPL and DPL-
CL group (Fig. 3B), but not in the DPL-DL group.

Post-stroke NAS showed the increase of the scores exclusively
in motor function such as movement of extremities, gait or grasp
while the scores of consciousness, visual field, and neglect were
not affected. Therefore, post-stroke NAS were below 14 in the SPL
and DPL one week following stroke lesioning. Three weeks after
infarct lesioning, animals in the SPL and DPL-DL groups showed
improvement in NAS (to below 2) whereas the DPL-CL group
showed significant maintenance of increased NAS above 6.

All macaques showed an immediate significant decline in
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Brinkman board scores (BBS) (Fig. 3C). The animal of SPL (n=1)
showed the depressed mood following stroke lesioning and did
not respond to the Brinkman board testing. However, it showed
the sudden increase of BBS at 5 weeks. The DPL-DL groups
showed a gradual improvement in BBS over the 3 months after
the initial drop, whereas the impairment in the DPL-CL persisted
over the entire 13-week observation period. This result shows that
double-target infarct lesioning provides a persistent motor impair-
ment, which can be used to reliably evaluate the effects of post-
stroke rehabilitation or neuromodulation.

Extent of infarct lesioning

Capsular infarct lesioning did not affect the general condition
of the animals, such as body weight (Table 1). All macaques main-
tained their preoperative body condition. Histological examina-
tions showed minor gliotic changes along the optical fiber tract in
all macaques. Fig. 4 shows the extent of the infarct lesions in each
group.

The infarct lesion in the SPL macaque was located correctly
inside the internal capsule; however, the extent of the lesion was
not sufficient to compromise the hand motor fibers in the PLIC
(Fig. 4A). The two DPL-DL macaques had deviated lesioning that
extended over both the PLIC and the internal globus pallidus (gray
matter) away from the intended target; consequently, the lesions
failed to destroy the full width of the arm motor fibers (Fig. 4B).
Initially, we had technical difficulties in manufacturing the perfect
holder of the optical fiber cannula, leading to these targeting de-

https://doi.org/10.5607/en21026
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Fig. 4. Histological sections showing the extent of the infarct lesion in each group. GFAP (left) and nissle (right) staining expressed an infarct lesion in
the ipsi-lesional hemisphere (x200, top), and the enlarged images were shown at the bottom. Scale bars, 10,000 um (top), 2,000 um (bottom). (A) Single
point lesion. (B) Double point lesion — deviated lesion group. (C) Double point lesion — correct lesion group. Thal, thalamus; IC, internal capsule, Pu, pu-

tamen; GPe, globus pallidus externus; GPi, globus pallidus internus.

viations. Four of the DPL macaques had infarct lesioning correctly
located inside the PLIC (DPL-CL), compromising almost all of the
hand motor fibers (Fig. 4C). Thus, this group had a significantly
greater volume and extent of infarct lesioning than the other two
groups.

Long-term follow-up MRI in two animals showed that the in-
farct lesions spanned the full length of the PLIC in the DPL animal
but only part of the length of the PLIC in the SPL animal (Fig. 5).

MRI was helpful for identifying whether the lesion had been tar-
geted correctly or not. However, in this study, the quality of MRI
images of the infarct lesions was inferior to that from histological
imaging (Fig. 5).

Correlation between infarct volume and behavioral
changes

Fig. 6 shows the infarct volume in each group.

The volumes in the SPL, DPL-DL, and DPL-CL groups were
4.747 mm’, 6.227+4.35 mm’, and 21.435+17.4 mm”, respectively.
There was a significant difference in infarct volume between the
DPL-CL and DPL-DL groups. This finding is compatible with the
results from our previous study indicating that photothrombotic
infarct lesioning produces a larger area of infarct (internal capsule)
in the white matter (internal capsule) than in the neighboring gray
matter. Although the environment and the doses of rose bengal
dye and light irradiation were the same in the two groups, a larger
infarct area was produced in the DPL-CL group (where the lesion
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was restricted to the white matter) than in the DPL-DL group
(where the lesion extended over both white and gray matter).

Fig. 7 shows the correlation between infarct volume and post-
infarct behavioral changes.

As the infarct volume increased, the neurological assessment
scores increased (R’=0.5731, p<0.05) and the Brinkman board
scores decreased (R’=0.5958, p<0.05). This suggests that infarct
volume was the critical factor in determining post-infarct behav-
ioral changes (Fig. 7). Additional strategies to increase the infarct
volume within the PLIC should thus be considered.

DISCUSSION

In this study, we demonstrated that a small photothrombotic le-
sion in the internal capsule can generate a persistent motor deficit
in a gyrencephalic macaque, the cynomolgus monkey; if the lesion
encompasses the full length of the PLIC. Although the internal
capsule infarct volume produced with this approach was much
lower than with other types of lesioning [22-24], accurate photo-
thrombotic lesioning with stereotactic placement of the optical
fiber parallel to the oblique course of the internal capsule was able
to achieve long-term motor deficits. In addition, the macaques tol-
erated the operative procedures with zero mortality and reduced
morbidity.

A reproducible infarct model with long-term motor deficits
is essential for the development of rehabilitative interventions
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for chronic stroke. When an NHP model is used, high levels of
reproducibility and survival are required to minimize the sacri-
fice of valuable animals [23]. In our previous reports, we showed
that a circumscribed infarct lesion via stereotactically guided
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photothrombotic lesioning of the internal capsule can generate
a reproducible white-matter stroke model with persistent motor
deficits in rats [9, 10, 25]. Here, we applied similar techniques to
the macaque brain to produce to produce a persistent hand motor
deficit. Our results demonstrate that the photothrombotic infarct
procedure can be applied successfully to gyrencephalic brains to
destroy motor fibers. However, the partial lesioning produced by a
single-point lesion was not sufficient to produce a persistent mo-
tor deficit in macaques. Double-point lesioning that encompassed
the entire length of the PLIC was necessary to achieve a long-term
motor deficit. Furthermore, the PLIC is very narrow so lesions are
likely to miss the target even when stereotactic techniques are used.
To address this, we used an “incline adaptor” with our stereotactic
apparatus so that the cannula was introduced parallel to the course
of the hand motor fibers [17]. The combination of double-point
lesioning with an incline adaptor worked well to produce a PLIC
infarct of sufficient size and precision to induce a persistent deficit.

We performed neural tracing to accurately localize the course of
hand motor fibers inside the PLIC. The results showed that hand
motor fibers are distributed widely across the whole length of the
PLIC. Further, the double-point lesions produced motor deficits in

https://doi.org/10.5607/en21026
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the foot as well as the hand, leading to walking deficits. These find-
ings suggest that the hand motor fibers overlap with the leg motor
fibers in the PLIC [21]; therefore, selective lesioning for hand or leg
motor fibers was not possible in our study. Nonetheless, it was fea-
sible to produce a persistent, contralateral motor deficit following
destruction of the PLIC.

The PLIC infarct volume was very small in this study compared
with the volumes produced by other methods of capsular infarct
modeling. The average infarct volume in the macaques with DPL-
DL was 21.435+17.4 mm’, with no perioperative mortality or
morbidity. Traditional ligation of the lenticulostriate artery or
the anterior choroidal artery produces an infarct in the internal
capsule; however, the damage extends to other areas including
the basal ganglia, the optic tract, and the centrum semiovale [23,
24]. Injections of the vasoconstrictor endothelin-1 (ET-1) can be
targeted to the desired site: however, ET-1 is likely to diffuse out to
neighboring tissue, leading to greater-than-expected infarct vol-
umes. These larger infarct volumes are likely to result in higher lev-
els of perioperative mortality and morbidity. Furthermore, a larger
infarct volume does not guarantee the greater severity in motor
deficit that is essential for rehabilitation intervention studies. Small
but accurately targeted PLIC infarcts are the better option for pro-
ducing a capsular infarct model with a persistent motor deficit and
lower mortality and morbidity.

This study has several limitations. First, we had a limited number
of macaques in each group: considering the value of gyrencephalic
macaques, we had to limit the number of macaques in a group if
the infarct lesioning produced a smaller effect than expected (e.g.,
the SPL animal). We used the limited results to adjust our experi-
mental procedures (e.g., switching to double-point lesioning).
Second, photothrombotic infarct lesioning does not mimic the

occlusion of end arteries that is typical of lacunar infarct. However,
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occlusion of lenticulostriate arteries or anterior choroidal artery
produced the variable extent of infarct and neurological impair-
ment due to its anatomical variabilities [23, 24]. Further, the selec-
tive destruction of white matter in this study can be used to assess
the unique pathophysiology and recovery mechanisms of white-
matter stroke. These types of research, coupled with gray-matter
stroke research, will shed light on the entire spectrum of stroke.

In conclusion, the precise photothrombotic infarction technique
can be applied to gyrencephalic macaques to produce a model of
capsular infarct. This model may help overcome the translational
barriers that currently limit investigations into the mechanisms of
post-stroke recovery and the changes in brain activity and behav-

ior that occur with white-matter stroke.
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