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were also recorded during all procedures (Grass Astro-
Med Inc., Warwick RI, USA). Temperature was recorded
and maintained around 36.7 £ 0.25°C with a heater
pad thermocouple (BVT-100A BRC, Tokyo, Japan) or
an air-circulation heating system (3M™ Bair Hugger
warming unit 750, Arizant Healthcare, St. Paul, MN,
USA). The variables did not change significantly during
the procedures. For infection prophylaxis, antibiotics
were applied intramuscularly before starting the surgery
(cefovecin sodium, Convenia 8 mg/kg, Pfizer Japan Inc.,
Tokyo, Japan).

AChAO. The marmoset head was fixed in a
stereotaxic frame (Narishige SR-6C; Japan), and under
aseptic conditions the scalp was cut between the ears
and retracted anteriorly and posteriorly. The left
temporal muscle was then detached from the bone and
retracted. A large cranial flap from the orbital rim to the
occipital bone was opened and the dura was incised.
The stereotaxic frame was tilted ~30° laterally and the
anterior lobe was lifted up gradually by placing small
cotton balls into the space underneath. Dissection was
performed in the convergence of the anterior and
temporal lobe, finding the MCA origin and following the
ICA until the AChA was found over the optic tract. The
vessel was electrocoagulated and transected completely
(20 W) using bipolar forceps (Surgitron F.F.P.F. EMC;
Ellman, NY, USA). Coagulation was performed by
episodes of approximately 1s in length until the vessel
was completely sectioned. Between coagulations, saline
solution irrigation was used to cool down the tissues
surrounding the vessel. For chronic experiments,
artificial dura (Gore-Tex DM-03020, Tokyo, Japan) was
used to cover the brain surface and sutured without
inducing pressure; then, the temporal muscle was
placed over the artificial dura and the skin was sutured
(n = 5). For acute experiments, 12 marmosets were
euthanized immediately after surgery and received
transcardial perfusion with heparinized saline solution
followed by 4% (w/v) cold paraformaldehyde and latex
perfusion (as described above) to study the vascular
structures (non-operated side) and to confirm the
accuracy of AChA identification and occlusion (operated
side). To avoid brain deformation during perfusion, the
bone flap was returned over the brain and fixed using a
suture between the temporal muscles before euthanasia.

Sham operations. In three animals, the protocol
developed for AChAO was used, but without electro-
coagulating the AChA.

Postoperative management. After surgery, a bolus
injection of sugammadex (Bridion IV, 0.16 g/kg, MSD
Co., Ltd., Tokyo, Japan) was administered to reverse
the muscle relaxant effect. After marmosets started to
breathe spontaneously, artificial ventilation and
isoflurane were ceased, extubation was performed, and
animals were allowed to recover in an incubator (29 °C,
02: 20% (v/v)). All animals were nursed and hand-fed
after the procedure until they were able to care for
themselves.

Behavioral assessment

Hand preference. Before starting the chronic
experiments, marmosets were evaluated to determine
their hand preference as follows: a transport cage was
attached to the marmoset home cage with a modified
cover consisting of a transparent acrylic panel with a
rectangular window. Perpendicular to the acrylic, six

- PVC tubes were placed horizontally and attached to

each other (inner diameter 2 cm, length 5 cm) with one
opening over the window. To test the marmosets, a
black panel was used to cover the marmoset side;
meanwhile a sweet treat was loaded in one of the
tubes. When the black panel was removed, the
preferred hand to retrieve the treat was recorded. The
procedure was repeated 30 times (five times per tube)
on three different days using a random pattern. All
marmosets used in the chronic phase of the
experiments preferred the right hand. Although the
same evaluation was attempted after surgery, some
animals were reluctant to perform the task; for this
reason, after surgery hand preference was evaluated
only during volitional attempts that each marmoset
made during feeding.

Freret neurologic score (FS). Before surgery and 1, 4,
7 and 10 days after surgery, the neurologic status of each
animal was assessed using a neurologic score previously
described by Freret et al. (2008) (FS). This test consisted
in the evaluation of the absence (score = 2), scarce
occurrence (score = 1) or presence (score = 0) of the
following abnormal movements and postures: forelimbs/
hindlimbs slipping or dangling under the perch at rest or
movement, hand crossing the chest, head tilting and reac-
tion to a visual stimulus. The highest scores were 24
points for “total score” and 10 points for “hemilateral
score” (left or right evaluation of forelimb/hindlimb slipping
or dangling under the perch at rest or movement and ipsi-
lateral hand crossing the chest).

Marmoset neurologic score (MNS). Because the FS
provides a gross impression of marmoset status, we
considered that an additional, more detailed evaluation
of natural behavior was necessary fo provide a
comparison point of neurologic condition in each animal.
For this reason, we designed a new test (MNS) aimed to
determine the presence (score =0) or absence
(score = 1) of several aspects before and at days 1, 4, 7
and 10 after surgery (Table 1). The marmoset was
evaluated in the home cage before breakfast; after
removing all the cage contents, an acrylic door was
placed instead of the regular cage door and a camera
was located in front of the cage. The initial 10 min
involved video recording the spontaneous natural
behavior of the marmoset. Following this, a perch and a
loft were introduced into the cage, and little treats were
distributed over the cage to encourage the marmoset to
move around. An additional 5 min were recorded with
these conditions. Finally, the marmoset was retrieved
from the cage and allowed to stand in the experimenter’s
arm. General evaluation, “stick test” and “limb stimuli
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Table 1. Marmoset neurologic score (MNS)

General evaluation

During holding in the examiner's arm

Hemilateral evaluation

Stays in back of the cage

Stays still for 1 min

Cannot stand in the perch
Dysmetria’

Required assisted feeding’
Circling behavior

Left palpebral ptosis

No jumping from cage walls®

No rearing without hand support

Poor body balance®
Inaccurate food targeting

Inadequate grasping to the examiner's arm’

Body tilting

Head tilting

Hand waving

Repeated touching before grasp cage bars
Hand crossing the chest

Hand slipping from the cage bars
Hand dangling from the cage bars
No grasping a stick when presented
Cannot hold a stick more than 3 s
Absent retrieve reflex to hand stimuli®
Hand neglect during feeding

Foot slipping from the cage bars
Foot dangling from the cage bars
Absent retrieve reflex to foot stimuli®

Total score: 40 points (general, 9 points; holding, 3 points; hemilateral, 14 points per side).
' Dysmetria was evaluated during feeding. Marmosets trying to eat alone that could not coordinate hand-mouth movement, or attempted to aim a piece of food to the

mouth but missed, were considered dysmefric.

2 When marmosets could not finish a quarter of their food in 1 h, manual feeding was performed.
* Before surgery, marmosets usually jumped from one wall of the cage to another; when this behavior was absent during observation after surgery, a point was taken off.
4 Lack of force to hold evidenced by easy slipping from the examiners arm, or resistance was minimal when the animal was grabbed by the tail and gently pulled away, in

comparison to presurgical status.

5 During holding, when the marmoset was located over the examiner's arm and the arm was moved away from the examiner's chest, if the marmoset moved from right to

left while approaching the examiner's chest, a point was taken off.

8 “Retrieve reflex" refers to the fast retrieval of the marmoset extremity when the examiner holds the animal and without intruding in the marmosets’ visual field touch an

extremity using a brush.

tests” (see Table 1) were performed by the experimenter.
A score was calculated from the features observed in the
video and a record made by the experimenter during the
marmoset holding. The highest score was 40 for “total”
(all points) and 14 for “hemilateral” (points for only one
side of the body) evaluation.

Magnetic resonance imaging (MRI)

Prior to and 4 days after surgery, MRI images of the brain
were obtained from eight marmosets. Each animal was
anesthetized using pentobarbital sodium (Somnopentyl,
25 mg/kg IM., Kokuritsu Seiyaku Corp., Tokyo, Japan),
and Sa02 was monitored. Temperature was maintained
with a warm gel pad throughout the scanning procedure.
Heads were fixed in an MRI-compatible stereotaxic
frame and scanned using a 4-channel array coil on a
3Tesla MRI (Siemens Trio, Erlangen, Germany). A
three-plane localizer image was obtained to ensure
correct positioning of the target images (repetition time
(TR) = 100 ms, echo time (TE)=5ms, flip angle
(FA) = 40°, field of view (FOV) = 120mm, slice
thickness = 3 mm). A three-dimensional T1-weighted
image was then taken using a magnetization prepared
rapid gradient echo sequence (TR = 2300 ms,
TE = 2.8 ms, inversion time (TI) = 1000 ms, FA = 12°,
FOV = 67 mm, image matrix = 192, in-plane voxel
size = ~0.3 mm). T2-weighted images (TR = 4000 ms,
TE = 520ms, FOV =43 mm, image matrix 128,
in-plane voxel size = ~0.3 mm) were also taken.

Histology

Eleven days after surgery, marmosets were deeply
anesthetized with pentobarbital sodium (Somnopentyl,
35 mg/kg IV, Kokuritsu Seiyaku Corp., Tokyo, Japan)

and transcardially perfused with 300 cc of heparinized
saline solution followed by 300cc of cold 4% (w/v)
paraformaldehyde in 0.1 M phosphate buffer (PB).
Brains were dissected, post-fixed overnight and then
immersed in 30% (w/v) sucrose in PB. Forty-micrometer-
thick slices were cut across the infarcted zones
confirmed by the MRI images using a freezing stage
sledge microtome (REM-710, Yamato Kohki Industrial.
Saitama, Japan). To assess the infarcted area, Nissl
staining was performed on one in every four sections.
Sections were incubated with 0.1 M PB containing
0.5% (v/v) TritonX-100 for 30 min at room temperature,
washed with 0.05 M PB, mounted on precoated glass
slides and dried at room temperature overnight. Samples
were dehydrated by ethanol immersion, and de-fatting
was performed overnight (chloroform:methyl-alcohol = 1:1).
Samples were rehydrated, washed with distilled water
(DW) and transferred to thionin 0.15% (w/v) solution for
30-60s. Samples were washed again, and thionin
excess was removed using ethanol. Finally, samples
were cleared using xylene, and cover-slipped using
Entellan-neu (Merck).

To assess WM, myelin staining (Larsen et al., 2003)
was performed with some modifications. One in every
four sections were incubated with 0.01 M PB containing
0.005% (v/v) Triton X-100 for 30 min at room tempera-
ture, washed with 0.05 M PB, mounted on precoated
glass slides and dried at room temperature for 24 h.
Samples were fixed with 4% (w/v) paraformaldehyde
for 5 min, and then washed and blocked in 10% (w/v)
citrate buffer twice for 2 min each. Sections were trans-
ferred to autometallographic (AMG) developer solution
composed of gum Arabic (0.5kg/ml) 270 ml, citrate
buffer 45 ml, hydroquinone (0.006 g/ml) 67.5 ml and silver
nitrate (0.007 g/ml) 67.5 ml (Larsen et al., 2003) in a dark
chamber for 115 min, followed by the developer fixative



404 S. Puentes et al. /Neuroscience 284 (2015) 400411

(fresh AMG developer solution mixed with sodium thio-
sulfate anhydrous 5% (w/v)) for 10 min. All reagents
used were purchased from Nacalai Tesque Inc., Kyoto,
Japan. After washing with DW, samples were dehydrated
in ethanol, cleared with xylene and cover-slipped with
DPX (Merck Millipore, Darmstadt, Germany). Pictures
were taken using bright field microscopy (Keyence BZ
8000).

Image analysis

Lesion volume calculation. Injured areas were
evaluated from stained slices using UTHSCSA Image
Tool for windows software version 3.0 (University of
Texas Health Science Center, San Antonio, TX, USA).
Nissl-stained samples were used to measure the total
infarcted area of each slice (infarct volume) and Myelin
slices to measure the infarct areas compromising only
the IC (IC infarct volume). The infarct volume and IC
infarct volume were derived from the sum of the areas
and slice thickness. Additionally, the left IC ratio was
calculated using the myelin-stained slices (stereotactic
reference: interaural +5.6 mm to +11.3 mm. Hardman
and Ashwell, 2012) by measuring the left and right IC
area, and calculating the volumes from sum of the left
and right IC areas and slice thickness; data were
expressed as a percentage by comparison of the left
(infarcted) IC with the contralateral (nonimpaired) IC as
described before (Puentes et al., 2012).

Infarct topographical analysis. A frequency map was
constructed by hand drawing each infarct area (from
Nissl staining) over myelin-stained templates (one
sample set from a sham-operated animal). The original
color was modified to improve the contrast with the
infarcted areas (Adobe lllustrator CS 5.1., Adobe
Systems Inc. CA, USA). Each marmoset infarct map
was given a different color. White areas indicate
overlapping of three different colors. Thinned color
areas indicate the overlapping of two different colors.

Statistical analysis

Statistical analyses were performed using R software
(version 3.1.0). Error bars are expressed as the
standard deviation of the data. Dixon test type 10 was
used to determine the outliers; later, the relation
between the parameters was calculated by using a
linear mixed model (Latin square test). Subsequently,
an analysis of variance (ANOVA) was applied followed
by the pairwise ftest with Bonferroni correction for
group analysis. Finally, a Tukey honestly significant
difference (HSD) simultaneous test was conducted to
evaluate significant differences among groups in a time-
dependent manner.

RESULTS

Marmoset vascular distribution resembles the human
anatomy

In all marmosets, the vascular pattern resembled the
human anatomy finding a complete Willis circle (Fig. 1A).

XX
X
XX
XY XX
AX XX

Fig. 1. Anterior choroidal artery (AChA) of the common Marmoset.
(A) Cadaveric preparation showing the AChA bilaterally emerging
from the internal carotid artery (ICA). Both temporal lobes were
removed. The yellow square marks the area drawn in B and C (right
side). (B) Animals (n = 10) with a unique AChA emerging from the
lateral aspect of the ICA before its bifurcation resembled the human
vasculature. (C) Unusual patterns of the AChA were observed in
some animals (n = 4), which were characterized by a bifurcated
origin and/or an additional branch from the posterior communicating
artery (PcomA). BA, basilar artery; PCA, posterior cerebral artery;
SCA, superior cerebellar artery. Scale bar = 2 mm. (For interpreta-
tion of the references to color in this figure legend, the reader is
referred to the web version of this article.)

In 10 animals, the AChA sprouted from the ICA between
the posterior communicating artery (PcomA) and the ICA
bifurcation (Fig. 1B), running over the optic tract (AChA-
ICA bifurcation: 1.4 mm %= 0.2mm). Four animals
exhibited some anatomical variations (Fig. 1C) where
duplicated or triplicated AChA origins converged in a
single main artery or an aberrant AChA was found. In
two cases (Fig. 1C, left column), one of the additional
origins emerged from the PcomA instead of the ICA. The
distance from the main branch of the AChA to the
bifurcation of the ICA was 1.6 mm (£0.18). In humans, it
is well known that the AChA is a main feeder artery of
the IC (Hupperts et al., 1994; Ois et al., 2009). Therefore,
if the anatomical distribution of this artery is close between
humans and marmosets, its occlusion might lead to infarc-
tion of the IC.

Development of the surgical protocol

A large craniotomy was required to expose the deep
structures of the brain (Fig. 2), and the left AChA was
found behind the temporal lobe being the last branch
before the ICA bifurcation (Figs. 2B, 3A, B). When two
arteries were found emerging at the expected place of
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Fig. 2. Surgical approach to the anterior choroidal artery (AChA).
After head fixation, skin coronal incision, detachment and retraction
of the temporal muscle (TM) a hemicraniotomy was performed.
(A) Cotton balls (CB) were used to lift up the frontal lobe (FL).
(B) Magnification of the blue square in C. A spatula (S) was used to
retract the temporal lobe (TL) to find the AChA over the optic tract
(OT). The bifurcation of the internal carotid artery (ICA) into the
middle cerebral (MCA) and anterior cerebral arteries (ACA) can be
seen. FL, frontal lobe; ICA, internal carotid artery; OR, orbital rim.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the AChA, both were coagulated and sectioned. Latex
injection performed after AChAO confirmed the
complete section of the AChA (Fig. 3C) in 92% (11/12)
of the marmosets. One marmoset had an additional
branch bypassing the AChA to the PcomA, so the
occlusion of the branch visible during the surgery was
insufficient to cut the bloodstream to the AChA.

AChAO induced motor behavioral changes

Before surgery, all animals (n = 8) showed top scores for
both FS (total = 25 points, hemilateral = 10 points per
each side) and MNS (total = 40 points,
hemilateral = 14 points per each side). After AChAO
(n = 5), we noticed heterogeneous behavior of the
operated animals. After individual evaluation, three
marmosets manifested right sided neurologic deficits, as
measured by the applied scores (FS and MNS), and
required longer nursing and hand feeding during the
observation period. Conversely, the remaining two
marmosets recovered faster after surgery, and by day

11 their behavior was comparable to the status before
surgery when the scores were applied. To group the
animals that underwent AChAO with respect to their
behavior, a Dixon test type 10 for outliers was applied to
the total MNS score, finding the animals with higher
scores as outliers (P < 0.01 for days 7 and 10).
Operated animals were then divided into two groups:
AChAO with neurologic deficits (AChAO + ND: n = 3)
and AChAO without neurologic deficits (AChAO — ND:
n=2). For FS and MNS, the AChAO + ND group
showed a reduction in total and right side scores in
comparison with AChAO — ND and sham-operated
animals, which was more pronounced for MNS (Fig. 4;
AChAO + ND, Tukey HSD simultaneous tests:
*P < 0.05, P < 0.01). These animals also required
longer periods to eat by themselves, requiring hand
feeding until day 5-7. Additionally, they shifted the hand
preference to the left side when attempting to eat by
themselves. The AChAO — ND group showed a slight
reduction in scores, which quickly improved over time
(Fig. 4, AChAO — ND). This group also required less
nursing and 2-3 days after surgery started to eat by
themselves. One marmoset kept using his right hand as
the preferred one, and the other marmoset increased
use of his left hand without neglecting the right one
during feeding. Left side scores did not change after
surgery for any group. Sham-operated animals
recovered fast after surgery and nursing requirement
was minimal. Hand preference did not change after
surgery. There was no statistical difference between
AChAO —~ND and sham groups (Tukey HSD
simultaneous tests: P > 0.05).

AChAO induced damage to the IC

MRI performed 4 days after surgery showed injury
extending from the genu to the posterior limb of the IC
in the AChAO + ND group (Fig. 5A); extension of the
infarction to surrounding structures differed between
animals, but the posterolateral expansion was common
in the three marmosets (Fig. 5A, D). The findings of
AChAO — ND group were different: one animal did not
show IC compromise, and the other showed a small
infarction located medially in the genu of the IC without
posterolateral expansion as observed in the
AChAO + ND group (Fig. 5B, E). Animals from the
sham group did not show relevant changes.

Histology showed IC impairment congruent with MRI
findings. For the AChAO + ND group, myelin staining
showed important demyelination of the IC at the infarct
level and Nissl staining showed dense infiltrates affecting
the IC and expanding briefly to surrounding structures
(Fig. 6A). The AChAO — ND group showed small
demyelinated zones accompanied by cell infiltration in
the optic tract and basal ganglia, and one marmoset
showed a small demyelinated zone in the genu of the IC
(Fig. 6B). Sham-operated animals did not show relevant
changes. The left IC ratio was briefly reduced for the
AChAO + ND (85.67% =+ 5.62) and AChAO — ND
(94.76%) groups because WM was lost at the IC for the
AChAO-operated animals in comparison to the sham
group (99.74% == 0.66). However, the infarct volume
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Surgical view: AChAO

C Vascular occlusion confirmation: Latex perfusion

Fig. 3. Anterior choroidal artery occlusion. (A) Visualization of the anterior choroidal artery (AChA) emerging from the ICA during the surgical
procedure. (B) Same location as A, after AChA occlusion; there was no damage to the ICA or to the optic tract (OT). (C) Vascular occlusion
confirmation: latex injection was performed immediately after surgery to evaluate the accuracy of the vessel identification and its complete
electrocoagulation. ACA, anterior cerebral artery; BA, basilar artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; PcomA, posterior

communicating artery. Bars = 2 mm.

was markedly larger for the AChAO + ND than
AChAO — ND group (AChAO + ND: 18.41 mm?® £ 9.75
AChAO — ND: 2.97mm®) as the IC infarct volume
(AChAO + ND: 3.06 mm?® =+ 0.40. AChAO — ND:
0.14 mm?®). Infarct frequency maps revealed concomitant
damage to the IC in AChAO + ND group (Fig. 6C) in
contrast to the smaller infarct in AChAO — ND group
(Fig. 6D).

DISCUSSION

In this study, we found that the marmoset vascular
distribution was generally similar to the pattern found in
the human brain (Fig. 1) with a complete circle of Willis
and an AChA running over the optic tract (Wiesmann
et al., 2001; Uz et al.,, 2005). However, there was evi-
dence of anatomical variations (Fig. 1C), which were
expected given their presence in humans. An intraopera-
tive anatomical study performed in humans by Akar et al.
(2009) found that 86.4% of the evaluated patients had a
single AChA emerging from the ICA; the remaining
patients showed different branching patterns and in some
cases duplicated or triplicated AChAs were found. This
anatomical variability broadens the spectrum of clinical
conditions for AChA stroke patients. In our study, marmo-
sets that underwent AChAO showed different behavior
during the observation period. It is likely that a nonvisible
AChA branch during the surgical procedure bypassed the
blood flow to the distal AChA reducing the impact of the
artery occlusion in two of the operated animals that did
not show neurologic impairment (Fig. 6D, AChAO — ND).
Although this feature reduces the reproducibility of the
model, conditions are similar to the human reproducing

also the anatomical variations at some level. Additionally,
the medial lenticulostriate arteries from the MCA and
some perforating branches from the ICA can provide
blood flow to the posterior limb of the IC (Ghika et al.,
1990). This condition may influence infarct size. Visualiza-
tion of the IC irrigation state before surgery may provide
relevant information for future research.

MRI images and histological preparations (chronic
experiments) showed that the AChAO was able to
induce a small infarction affecting the IC, and other
subcortical structures in animals with evident neurologic
deficits (Figs. 5 and 6; AChAO + ND). Despite the
smaller size in infarct in comparison with previous
MCAOQ studies performed in marmosets (Marshall and
Ridley, 2003; Freret et al., 2008), the neurological deficit
was still evident 10 days after surgery (Fig. 4). Overall,
these results clearly suggest that the AChAO is a feasible
technique able to induce an infarction affecting the mar-
moset IC with consequent motor deficits, and is the first
described WM stroke model in the marmoset monkey.

Other studies implementing the AChAO

As far as we know, the AChAO model has only been
proposed in one previous study made by Tanaka et al.
(2008) in miniature pigs; they reported a high rate of suc-
cess for brain infarct induction (91.4%) when an aneurism
clip was placed or electrocoagulation was performed in
the proximal AChA. As an advantage, their study was
generated in an animal species with a gyrencephalic brain
and the AChAO was able to induce motor impairment.
However, recovery occurred within 10 days even though
a clear IC injury was observed 4 weeks after surgery.
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Fig. 4. Behavioral changes after surgery. Existing (Freret Score: FS) and newly developed behavioral tests (Marmoset Neurologic Score: MNS)
were used to assess behavioral changes after surgery in all animals. Animals that underwent AChAQO were divided in two groups regarding their
behavior: AChAQ animals showing neurologic deficits (AChAO + ND) and AChAO animals without neurologic deficits (AChAO — ND); see text for
details. For FS, total (A) and right-hemilateral (B) scores decreased in the AChAO + ND group when compared with the AChAO — ND and sham
groups (*P < 0.05, **P < 0.01). The MNS was also applied showing similar results for total (C) and right-hemilateral (D) scores (**P < 0.01).
Significance among groups was established using a linear mixed model followed by ANOVA and Tukey HSD simultaneous test.

By contrast, our marmosets exhibited motor impairment
even at day 10 (Fig. 4, AChAO + ND). This discrepancy
could be ascribed to the vascular anatomical differences
between species that may affect the functional recovery
of the animals. In the miniature pig, triplicated MCAs
emerge from the ICA (Imai et al., 2006), suggesting the
existence of a higher number of lenticulostriatal arteries.
This condition may improve collateral blood flow to the
IC after AChAOQ, thus attenuating the ischemic impact
and allowing fast neurological recovery. By contrast, the
brain vasculature of the marmoset resembles the
human’s (Fig. 1A), with a single MCA and an AChA with
a similar anatomical pattern in most cases. Because
blood flow supported by the lenticulostriatal arteries is
likely to be similar in species with a unique MCA, we
can infer that the motor deficit evidenced in the AChAO
may not be reversible as seen in AChA stroke patients.

Animal species selection for stroke research

Stroke research has been conducted mainly in rodents
owing to their handling and reproduction rate
advantages (Macrae, 2011; Canazza et al., 2014). How-
ever, owing to translational research failure from several
therapeutic approaches tested in these species (Xu and

Pan, 2013), the development of novel stroke models in
different animal species is required. Owing to their phylo-
genetic similarities to humans, the NHP has drawn atten-
tion for the generation of new stroke models (Fukuda and
del Zoppo, 2003). However, the use of gyrencephalic
NHPs, such as the baboon or macaque, is restricted
owing to their size, care and breeding requirements. Nev-
ertheless, the common marmoset is a NHP species rela-
tively easy to house and handle owing to their small size
(~300 g) and high reproduction ratio (Abbott et al., 2003;
Okano et al., 2012). Therefore, marmosets offer a rich
scenario for stroke research balancing resemblance to
human features, closer ergonomics and smaller GM/WM
ratio in an animal that is easier to handle than a larger
NHP.

Clinical relevance

AChA territory infarctions account for 2.9-11% of all
patients with acute ischemic stroke (Hamoir et al., 2004;
Ois et al., 2009) and are frequently associated with motor
deficits (Palomeras et al., 2008), where IC involvement
correlates importantly with motor outcome (Nelles et al,,
2008). Induced hemiparesis can be severe and progres-
sive (Steinke and Ley, 2002). Owing to the catastrophic
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Fig. 5. Infarct extension at day 4. T1 and T2 weighted images (WI, axial projections) from each monkey after AChAO. (A) Monkeys showing
neurologic deficits (AChAO + ND). (B) Monkeys without neurologic deficits (AChAO — ND). Yellow squares enclosing the infarct are zoomed on the
left side of each image. (C) T2WI (axial projection) from one animal before surgery. (D) T1WI and T2WI (coronal projections) from one animal
belonging to the AChAO + ND group. (E) T1WI and T2WI (coronal projections) from one animal belonging to the AChAQO — ND group. Yellow
arrows indicate infarction. Scale bar = 5 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

conditions of AChA stroke patients, where human studies
directly correlate WM damage to motor outcome after
stroke (Puig et al., 2011), we consider studies focusing
on damage to the IC will provide more relevant informa-
tion and aid in the search for new strategies to improve
recovery from motor function deficits.

Limitations of the model

This model was developed in a common marmoset
aiming to generate a NHP model that could be easily
comparable to the human condition. Although
phylogenetically humans and marmosets are closer than
rodents or other inferior mammals, the marmoset brain
is still lissencephalic. Despite the increased WM ratio in
comparison with rodents, the cortical distribution is quite
different to the human. It is important to remember such
differences across species for translational research.

A second limitation refers to the possibility to design a
reperfusion model by occluding the AChA that may allow
the evaluation of pharmacological interventions targeting
the reperfusion phase following ischemia (Macrae,
2011). Our initial design was to occlude the AChA using
an aneurism clip. However, owing to space restrictions it
was not possible to use this approach. Instead we
decided to perform a permanent occlusion of the
vessel. These conditions did not allow us to evaluate

the reperfusion state after stroke. Further surgical proce-
dures need to be developed to overcome this difficulty.

Third, we found neurologic impairment only in 60% of
operated marmosets, which is a low rate of success in
comparison with the established stroke models for
rodents (Tamura et al., 1981; Kohno et al., 1995) and mar-
mosets (Marshall and Ridley, 2003; Freret et al., 2008).
This lower success rate could be a disadvantage for apply-
ing this model for translational research in the develop-
ment of neuroprotective drugs as well as cell therapies
due to the requirement of a large number of animals.

Fourth, our model may not be directly applicable to the
majority of human stroke studies because AChA stroke in
humans is relatively rare in comparison with major
infarctions such as MCA stroke (Rordorf et al., 1998).
However, by establishing the AChA stroke model, we
wanted to offer an opportunity to study the WM ischemia
process without impairing the cortex. Therefore, we
believe this model may be comparable to any human
stroke that is accompanied by WM ischemia.

Future directions

The AChAO method in marmoset monkeys established in
this study will allow us to perform a detailed examination
of motor dysfunction and recovery using previously
reported behavioral evaluations (Marshall and Ridley,
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AChAO+ND
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+05.60

+08.25

B AChAO-ND

Fig. 6. Topographical distribution of infarction. Histological preparations (day 11) for Myelin (left) and Nissl staining (right) from one animal who
showed behavioral deficits after surgery (A, AChAO + ND) and one who did not (B, AChAO — ND). Frequency maps were constructed by drawing
the infarct areas fo the corresponding level for AChAO + ND (C) and AChAO — ND groups (D). Semi-transparencies represent fwo samples
overlapped; white color represents confluence of three samples (C only). Brain templates were constructed from myelin staining of a control animal.
Numbers indicate the stereotaxic reference from the interaural line (Hardman and Ashwell, 2012). Scale bar = 3 mm. (For interpretation of the
references fo color in this figure legend, the reader is referred to the web version of this article.)

2003; Freret et al., 2008) and additional evaluations such
as gait pattern, pressure distribution and muscular syn-
ergy alterations after WM stroke. Additionally, showing
the physiological mechanism for damaged IC compensa-
tion by other descending or cortical and subcortical net-
works will have a crucial implication on the
establishment of novel rehabilitation strategies in human
stroke patients.

CONCLUSIONS

The occlusion of the AChA in marmosets was able to
induce a focal infarction that compromised the IC, and
resulted in neurologic deficits, which were evident during
natural behavior and that were sustained to day 10. This

model offers a new approach to understand the
pathological process of WM ischemia, as well as stroke
treatment, including pharmacological therapies and
physiotherapy routines, allowing the development of
new strategies that focus on improving motor function
after WM impairment.
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Background: Oligomers of pathogenic proteins are implicated in the pathomechanisms of neurodegenerative diseases.
Results: Depletion of p62 delays the degradation of polyglutamine protein oligomers via autophagy and exacerbates neurode-

generation in polyglutamine disease model flies.

Conclusion: p62 plays a protective role via autophagic degradation of polyglutamine protein oligomers.
Significance: p62 should be a therapeutic target for the polyglutamine diseases.

Oligomer formation and accumulation of pathogenic pro-
teins are key events in the pathomechanisms of many neurode-
generative diseases, such as Alzheimer disease, ALS, and the
polyglutamine (polyQ) diseases. The autophagy-lysosome deg-
radation system may have therapeutic potential against these
diseases because it can degrade even large oligomers. Although
p62/sequestosome 1 plays a physiological role in selective
autophagy of ubiquitinated proteins, whether p62 recognizes
and degrades pathogenic proteins in neurodegenerative dis-
eases has remained unclear. In this study, to elucidate the role of
p62 in such pathogenic conditions in vive, we used Drosophila
models of neurodegenerative diseases. We found that p62 pre-
dominantly co-localizes with cytoplasmic polyQ protein aggre-
gates in the MJDtr-Q78 polyQ disease model flies. Loss of p62
function resulted in significant exacerbation of eye degenera-
tion in these flies. Immunohistochemical analyses revealed
enhanced accumulation of cytoplasmic aggregates by p62
knockdown in the MJDtr-Q78 flies, similarly to knockdown of
autophagy-related genes (Azgs). Knockdown of both p62 and
Atgs did not show any additive effects in the MJDtr-Q78 flies,
implying that p62 function is mediated by autophagy. Biochem-
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ical analyses showed that loss of p62 function delays the degra-
dation of the MJDtr-Q78 protein, especially its oligomeric spe-
cies. We also found that loss of p62 function exacerbates eye
degeneration in another polyQ disease fly model as well as in
ALS model flies. We therefore conclude that p62 plays a protec-
tive role against polyQ-induced neurodegeneration, by the
autophagic degradation of polyQ protein oligomers in vivo,
indicating its therapeutic potential for the polyQ diseases and
possibly for other neurodegenerative diseases.

The polyglutamine (polyQ)> diseases are inherited intracta-
ble neurodegenerative diseases, including Huntington disease,
several spinocerebellar ataxias (SCA1, -2, -6, -7, and -17 and
SCA3/MJD), dentatorubral-pallidoluysian atrophy, and spi-
nobulbar muscular atrophy, which are caused by the expansion
of a CAG repeat encoding for polyQ stretch within specific
genes (1). PolyQ proteins are prone to misfold, oligomerize, and
form aggregates and eventually accumulate as inclusion bodies
in affected neurons (2, 3). Whereas the formation of polyQ pro-
tein inclusion bodies is believed to be protective, by sequester-
ing the toxic polyQ proteins (4), the intermediate structures
formed during the aggregation process, such as monomers or
oligomers, are reported to be more toxic for the cells, leading to
neuronal dysfunction or neuronal cell death (5, 6). The polyQ
diseases are thus considered as one of the protein-folding dis-
eases, together with Alzheimer disease, Parkinson disease, and
ALS. Because there are currently no effective therapies for the
polyQ diseases, establishment of a novel therapy based on the

2The abbreviations used are: polyQ, polyglutamine; UPS, ubiquitin-protea-
some system; MJDtr, truncated form of mutant MJD; IR, inverted repeat
RNA; AB, amyloid-B; AGE, agarose gel electrophoresis; SEM, scanning elec-
tron microscopic.
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disease pathomechanism is a challenging theme. Considering
the pathomechanism of the polyQ diseases, the clearance of
toxic forms of the polyQ proteins should be a promising thera-
peutic strategy.

Although the precise mechanisms of how polyQ proteins are
degraded in the cell are not clearly understood, the two major
cellular degradation systems (i.e. the autophagy-lysosome sys-
tem and the ubiquitin-proteasome system (UPS)) are both
thought to be involved in polyQ protein degradation (7). How-
ever, the UPS may be inadequate for degrading polyQ protein
oligomers or aggregates, because substrate proteins of the UPS
need to be unfolded when entering the narrow proteasomal
pore (8). Furthermore, the mammalian UPS might not have a
protease activity to efficiently degrade the polyQ stretch (9, 10).
Alternatively, autophagy can degrade even large aggregates by
sequestering and delivering them to the lysosome (11).
Although autophagy was considered a non-selective degrada-
tion system in the past, emerging evidence suggests that it can
specifically degrade some ubiquitinated proteins, organelles,
and intracellular pathogens; this is now known as “selective
autophagy” (12). The specific autophagic degradation of polyQ
proteins, including large sized aggregates, would be a preferable
therapeutic strategy, because nonspecific degradation of cyto-
solic proteins may cause adverse effects due to the loss of nor-
mal protein functions.

The p62/sequestosome 1 protein (hereafter called p62) was
initially identified as an adaptor molecule for the selective
autophagic degradation of ubiquitinated proteins, because p62
has domains that bind both ubiquitinated proteins and
autophagosomes, giving selectivity to autophagy (13, 14). Neu-
ropathological studies revealed that p62 co-localizes with ubig-
uitin-positive inclusions consisting of disease-causative pro-
teins within neurons and glia of patients with various
neurodegenerative diseases (15, 16). This evidence suggests
that p62 is associated with various abnormal proteins, including
the polyQ protein. However, whether p62 recognizes these
pathogenic proteins as substrates for p62-associated selective
autophagy has remained unclear.

In this study, we explored the role of p62 in the polyQ dis-
eases, using Drosophila polyQ disease models. We demon-
strated that p62 plays an important role in the autophagic deg-
radation of polyQ protein oligomers, resulting in protection
against polyQ protein toxicity in vivo. Furthermore, we demon-
strated the protective role of p62 in various neurodegenerative
disease models, indicating that p62 could be a therapeutic tar-
get for various neurodegenerative diseases.

EXPERIMENTAL PROCEDURES

Fly Stocks—Flies were raised and maintained on standard
cornmeal-agar-yeast-based food at 25 °C. The transgenic fly
lines bearing the gmr-GAL4 (17) or UAS-human TDP-43*
transgene have been described previously. The transgenic fly
lines bearing the gmr-GeneSwitch or gmr-grim transgene and

3 N. Fujikake, N. Kimura, Y. Saitoh, S. Nagano, Y. Hatanaka, T. Ishiguro, T. Takeuchi,
M. Suzuki, H. A. Popiel, E. N. Minakawa, M. Ueyama, G. Matsumoto, A. Yoko-
seki, N. Nukina, T. Araki, O. Onodera, K. Wada, and Y. Nagai, submitted for
publication.
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the mutant fly line bearing the Azg6°°°*® mutation were

obtained from the Bloomington Drosophila Stock Center. The
transgenic fly lines bearing the UAS-MJDtr-Q78 and UAS-
M]JDir-Q27 transgene were gifts from Drs. N. M. Bonini (18),
and the UAS-Httex1p97QP (19), UAS-AB arc2 (20), and UAS-
R406W tau (21) transgene were gifts from J. L. Marsh, D. C.
Crowther, and M. B. Feany, respectively. The mutant fly lines
bearing a ref{2)P mutation, namely ref{2)P°2 or ref(2)P°*, were
described previously (22). The RNAi fly lines bearing the LUAS-
ref(2)P-IR, UAS-Atgl2-IR, UAS-alfy-IR, or UAS-ProsB2-IR
transgene were obtained from the Vienna Drosophila Resource
Center.

Fly Eye Imaging—Light microscopic images were taken using
a stereoscopic microscope model SZX10 (Olympus, Tokyo,
Japan) with a CCD camera (PD21, Olympus, Tokyo, Japan).
Scanning electron microscopic (SEM) images were taken using
an electron microscope (model TM1000, Hitachi, Tokyo,
Japan).

Calculation of Eye Pigmentation Score—The eye images of
adult flies were obtained. To quantitatively evaluate the degree
of eye degeneration in the MJDtr-Q78 flies, the area of remain-
ing normal pigment in their eyes were measured using the
National Institutes of Health Image] software as follows: 1)
extraction of the green color to produce grayscale images and
determination of the area of compound eye as the region of
interest (Fig. 2, Q and R); 2) smoothing of the images by Gauss-
ian blur (Fig. 2S), production of binary images, and adjustment
of the threshold of the binary images to determine the area of
remaining normal pigment in the eyes (Fig. 27); and 3) calcula-

tion of the mean area of remaining normal pigment within the

region of interest. For the TDP-43 flies, the region of interest
was determined in the anterior half of the eye to avoid the
necrotic tissues appeared in the posterior half because the
necrotic tissues could be misjudged as normal pigment. More
than four eyes were analyzed in each experiment.

Calculation of the Number of Interommatidial Bristles—The
SEM images of adult fly eyes were obtained. The number of
interommatidial bristles within a 150-um? area in the eye was
counted (23). Seven eyes were analyzed in each genotype.

Calculation of Eye Size—The light microscopic images of
adult fly eyes were obtained. The eye size was measured using
Image] software (24). Ten eyes were analyzed in each genotype.

Immunohistochemistry—Eye discs were dissected from third
instar larvae, fixed with 4% paraformaldehyde, and then immu-
nostained with a rat monoclonal anti-HA antibody (clone 3F10,
Roche Applied Science), a rabbit polyclonal anti-Ref(2)P/p62
protein antibody (22), or a mouse monoclonal anti-elav anti-
body (clone 9F8A9, Developmental Studies Hybridoma Bank,
Iowa City, [A) at 1:200 dilution as the primary antibody. As the
secondary antibody, an Alexa 568-conjugated anti-rat anti-
body, an Alexa 488-conjugated anti-rabbit antibody, or an
Alexa 488-conjugated anti-mouse antibody was used at 1:1000
dilution. Nuclei were stained using DAPI (Bio-Rad) after the
secondary antibody staining. An Alexa 647-conjugated wheat
germ agglutinin (Molecular Probes, Inc., Eugene, OR) staining
to define the nuclear membrane was performed after DAPI
staining at 1:500 dilution. Images were then taken by confocal
laser-scanning microscopy (FV1000, Olympus, Tokyo, Japan).
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The number of MJDtr-Q78 protein aggregates in the eye discs
was quantitatively measured using the FV10-ASW 2.0 Viewer
software (Olympus, Tokyo, Japan), as follows: 1) selection of
photoreceptor neurons within the 13 developing ommatidia in
row 2 and row 3 at the posterior tip of the eye discs, by anti-elav
staining (Fig. 4, E and F), because these ommatidia are in
approximately the same developing stage and can be easily
identified; 2) counting of the number of MJDtr-Q78 protein
aggregates localized in either the cytoplasm or the nucleus,
judged by whether they merge with the nuclei stained with
DAPI or not (Fig. 4, G and H). More than five eye discs were
analyzed in each experiment. '

Western Blot Analysis—Five heads of adult flies or 20 eye
discs of larvae were lysed in 100 ul of SDS sample buffer using a
pestle, sonicated, boiled for 5 min, and centrifuged at 10,000 X
g for 3 min at 25 °C. The supernatants were run on a 5-20%
gradient polyacrylamide gel (Wako, Osaka, Japan) and then
transferred onto an Immun-Blot PVDF membrane (Bio-Rad).
The membrane was blocked with 5% skim milk in PBS contain-
ing 0.1% Tween 20 for 30 min at room temperature and then
incubated overnight with a rat monoclonal anti-HA antibody
(clone 3F10, Roche Applied Science), a rabbit polyclonal anti-
Ref(2)P/p62 antibody (22), or a mouse monoclonal anti-actin
antibody (clone AC-40, Sigma-Aldrich) at 1:1000 dilution as
primary antibody. After overnight incubation, the membranes
were incubated with HRP-conjugated secondary antibodies.
Membranes were then treated with SuperSignal West Dura
chemiluminescent substrate (Thermo Fisher Scientific), and
images were taken by the LAS-4000 imaging system (Fujifilm,
Tokyo, Japan). Quantification of each signal was performed
using the MultiGauge software (Fujifilm).

SDS-Agarose Gel Electrophoresis (SDS-AGE)—SDS-AGE was
performed according to the previous reports (25-27). Briefly,
adult fly head lysates were run on a 1.5% agarose, 0.1% SDS
gel and then transferred onto a nitrocellulose membrane
(Schleicher & Schuell BioScience). Blocking with skim milk,
reaction with the primary or secondary antibody, and detection
were done with the same protocols as Western blot analysis.

Gene Switch Protocol—~RU486 (mifepristone, Sigma-Aldrich)
was dissolved in 100% ethanol, further diluted in water, and
then mixed with Instant Drosophila medium at a final concen-
tration of 10 pg/ml (Carolina Biological Supply Company, Bur-
lington, NC). For RU486 treatment, flies were in RU486-con-
taining medium from the larval stage until adulthood.

Statistical Analyses—For comparisons between two groups,
statistical differences were analyzed by Student’s t test. Data are
presented as the mean * S.E. A p value of <0.05 was considered
to indicate a statistically significant difference between groups.

RESULTS

p62 Co-localizes with Cytoplasmic PolyQ Protein Aggregates—
To evaluate whether p62 affects the polyQ protein in vivo, we
used the MJDtr-Q78S transgenic fly line, which expresses a
truncated form of the mutant MJD protein with an expanded
Gln-78 repeat (MJDtr-Q78). As a control, we used the M]Dtx-
Q27 transgenic fly line, which expresses a truncated form of the
M]JD protein with a normal-length GIn-27 repeat (MJDtr-Q27).
The MJDtr-Q78S flies showed severe compound eye degener-
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ation when the MJDtr-Q78 protein was selectively expressed in
the eye by the gmr-GAL4 driver, as revealed by light micro-
scopic analyses (18) (Fig. 1B). On the contrary, the MJDtr-Q27
flies did not show any eye degenerative phenotypes (Fig. 14). In
these MJDtr-Q78S flies, the MJDtr-Q78 protein was found to
accumulate as aggregates in both the cytoplasm and nucleus,
although nuclear aggregates were more abundant than cyto-
plasmic aggregates (Fig. 1, T and /). To evaluate the relationship
between p62 and the MJDtr-Q78 protein, we performed immu-
nohistochemical analyses of larval eye discs. In the MJDtr-Q27
flies, p62 was predominantly present in the cytoplasm (Fig. 1,
C-H), and punctate dotlike structures were also observed,
which are known as “p62 bodies” (28) (Fig. 1F, open arrows). On
the other hand, in the MJDtr-Q78S flies, p62 co-localized with
cytoplasmic MJDtr-Q78 protein aggregates but not with
nuclear aggregates (Fig. 1, I-N), although most MJDtr-Q78
protein aggregates were present in the nucleus. Wheat germ
agglutinin staining to define the nuclear membrane revealed
that p62-positive M]Dtr-Q78 protein aggregates are present in
the cytoplasm, and p62-negative MJDtr-Q78 protein aggre-
gates are present in the nucleus (Fig. 1, O~Q). The size of p62-
positive MJDtr-Q78 protein aggregates was much larger than
that of the p62 bodies seen in the control flies, indicating that
these p62-positive MJDtr-Q78 protein aggregates are different
from the p62 bodies (Fig. 1, Fand L). These results suggest that
p62 is associated with the MJDtr-Q78 protein, especially with
its cytoplasmic aggregates.

Loss of p62 Function Causes Exacerbation of Eye Degenera-
tion in PolyQ Disease Model Flies—To evaluate the role of p62
in the pathomechanisms of the polyQ disease model flies, we
examined the effect of the loss of p62 function on eye degener-
ation in two different MJDtr-Q78 fly lines: MJDtr-Q78S and
MJDtr-Q78W flies. The latter flies express a lower expression
level of the MJDtr-Q78 protein and show milder eye degenera-
tion than the MJDtr-Q78S flies (Fig. 2, A, B, E, and I). We used
a transgenic RNAI fly line that expresses an inverted repeat
RNA (IR) of ref(2)P, the Drosophila ortholog of the p62 gene,
and two different mutant fly lines of p62: ref(2)P°*?, bearing a
deletion of the Phox and Bem1p (PB1) domain, and ref{2)P°*,
bearing a deletion of the ubiquitin-associated domain (22). We
confirmed the efficient knockdown of p62 protein expression
when p62-IR is expressed throughout the whole fly body by the
tub-GAL4 driver (Fig. 2, Cand D). When we crossed the MJDtr-
Q78S flies with the p62-IR flies or p62 mutant flies, we found
that p62 knockdown or p62 mutations significantly aggravate
the compound eye degeneration of the MJDtr-Q78S flies,
resulting in more severe depigmentation and the appearance of
necrotic tissue (Fig. 2, E-H). Knockdown of p62 caused more
severe eye degeneration than p62 mutations, probably because
p62 mutant flies also possess a wild-type p62 allele in trans to
the mutant allele. Next, we examined the effect of loss of p62
function in the MJDtr-Q78W fly line. Knockdown of p62 or p62
mutations caused the exacerbation of eye depigmentation (Fig.
2, I-L), suggesting a protective role of p62 against polyQ-in-
duced eye degeneration. Upon quantification of the eye pig-
mentation by imaging analyses (Fig. 2, Q—T), the exacerbation
of eye depigmentation by p62 knockdown or p62 mutations was
statistically significant (Fig. 2U/). The exacerbation by loss of
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