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Abstract
Models of ischemic brain injury in the nonhuman primate (NHP) are advantageous for
investigating mechanisms of central nervous system (CNS) injuries and testing of new
therapeutic strategies. However, issues of reproducibility and survivability persist in NHP
models of CNS injuries. Furthermore, there are currently no pediatric NHP models of
ischemic brain injury. Therefore, we have developed a NHP model of cortical focal ischemia
that is highly reproducible throughout life to enable better understanding of downstream
consequences of injury. Posterior cerebral arterial occlusion was induced through intra-
cortical injections of endothelin-1 in adult (n = 5) and neonatal (n = 3) marmosets, followed
by magnetic resonance imaging (MRI), histology and immunohistochemistry. MRI revealed
tissue hyperintensity at the lesion site at 1–7 days followed by isointensity at 14–21 days.
Peripheral macrophage and serum albumin infiltration was detected at 1 day, persisting at
21 days.The proportional loss of total V1 as a result of infarction was consistent in adults and
neonates. Minor hemorrhagic transformation was detected at 21 days at the lesion core, while
neovascularization was detected in neonates, but not in adults. We have developed a highly
reproducible and survivable model of focal ischemia in the adult and neonatal marmoset
primary visual cortex, demonstrating similar downstream anatomical and cellular pathology
to those observed in post-ischemic humans.

INTRODUCTION
While the results from rodent models of central nervous system
(CNS) injury such as stroke are very encouraging, the majority of
experimental neuroprotective therapies discovered and trialed in
rodents are not translated to clinical use (19). All too often, prom-
ising results from studies undertaken in rodent stroke models are
not realized when applied clinically (53, 72). Investigating the
consequential pathophysiology and testing of novel therapeutics
in nonhuman primate (NHP) models of cerebral ischemia may
provide better physiological and temporal representation to the
human brain after CNS injuries.

The majority of transient and permanent arterial occlusions are
performed on rodents and directed at the middle cerebral artery
(MCA). In particular, the use of the vasoconstrictor endothelin-1
(ET-1) (57) was successfully used to induce MCA occlusion
(MCAO) resulting in downstream ischemic injury in rodents. An
advantage of this method is the minimal invasiveness of the tech-
nique and the potential for discrete ischemic lesions to be gener-
ated in neocortical targets (21). However, these rodent models of
ET–1-induced MCAO often result in relatively large zones of
infarct, often invading subcortical and thalamic regions. The
sequelae of these models often range from impaired sensorimotor
capacity to death. Furthermore, the large infarct zones observed in
most rodent and some NHP MCAO models are not representative
of survivable strokes in humans, raising the issue of translatable
clinical relevance. Focal MCAO, targeting distal branches in

NHPs, has been attempted (30) with variable infarct size and
severity. The high prevalence of pediatric strokes (33) has also
prompted the development of animal models of peri-/neonatal
strokes in rodents (51, 67) for the purpose of identifying mecha-
nisms underlying the greater capacity for functional recovery fol-
lowing early-life injuries. However, NHP models of peri-/neonatal
ischemic strokes have yet to be developed.

While many models have focused on the motor neocortex, this
study targeted the primary visual cortex (striate cortex; V1) of the
NHP as the locus for the development of cortical ischemic injury.
The primate’s, including human’s, visual cortex occupies 40%–
50% of the neocortex and the circuitry of the primate visual system
is also well characterized, and the topography is highly organized,
unlike the rodent’s. The visual cortex is also susceptible to cortical
ischemia, through occlusion of the posterior cerebral artery
(PCA), leading to cortical blindness in both neonates and adults (1,
22). These specific features afford the capacity to study the precise
anatomical, connectional and functional consequences of focal
injuries. For example, lesions of the visual cortex in NHP models
have been used to precisely demonstrate both physiological and
behavioral outcomes, as well as accurately map the extent of
neuroplasticity following an injury (eg, 13, 14, 23, 34, 61, 70, 71,
80, 83), and can be linked to behavioral and functional outcomes
such as those observed in the clinic. These specific features have
certain advantages over lesions of the motor cortex, in which
various NHPs have been extensively employed (eg, 28, 30, 47, 77,
81), where it can be difficult to determine transformations up- and
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downstream of the lesion site. The limited behavioral conse-
quences associated with discrete lesions of V1, scotoma/“blind
spot” in the contralateral visual field, ensure that the animal can
still ambulate normally and does not require significant human
intervention. This alone has specific ethical advantages.

The New-World marmoset monkey (Callithrix jacchus) is a
NHP with a visual system that has been extensively mapped in the
in both adult and neonate (10, 59). The species shares similarities
to humans in regards to its brain development, neocortical organi-
zation, retinotopy and connectivity (Figure 1A; 25, 59), and
overall vascular anatomy (12, 27). These features provide the
opportunity to define the effects of a lesion throughout the entire
visual system (Figure 1A). The relatively small size of the species
also makes it a popular model in the laboratory, with the
ability to study larger cohorts required for preclinical testing of
pharmacotherapeutics and better capacity for in vivo optical or
magnetic resonance imaging (MRI) techniques in small-bore, high
Tesla systems.

In this study, we developed a model in which focal ischemic
injury was induced in V1 of the adult and neonate marmoset
monkey through ET–1-mediated vasoconstriction (9) of the
calcarine artery (PCAca; Figure 1C). This paradigm induces sig-
nificant occlusion of the targeted blood vessel. Previous studies
with this vasoconstrictor have demonstrated that it accurately
models the histopathological sequelae of stroke accurately in the
rodent and primate. Our anatomical analyses of the neonate and

adult post-ischemic marmoset V1 demonstrate that the down-
stream pathologies bear similarities to pathophysiological conse-
quences of focal stroke in humans.

METHODS

Animals

Eight marmoset monkeys (C. jacchus) aged postnatal day (PD) 14
(n = 3) and adults (>18 months; n = 5) were used in this project.
Gender was not a criterion in the selection of animals, and no
siblings were used. Experiments were conducted according to the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes and were approved by the Monash University
Animal Ethics Committee. Animals were obtained and housed at
the National Nonhuman Primate Breeding and Research Facility
(Monash University).

Surgery and noninvasive imaging

Anesthesia was induced with alfaxalone (8 mg/kg) intramuscular
(IM) (adults) or 2% inspired isoflurane (neonates) and maintained
with inspired isoflurane (∼2%). The animal’s head was shaved
and swabbed with a topical antibiotic solution (Betadine; Sanofi,
Victoria, Australia). Adults were administered a broad-spectrum
antibiotic (Norocilin; Norbrook, Lenexa, KS, USA; IM; 27 mg/kg,

Figure 1. Intracortical injection of endothelin-1 (ET-1) proximal to the
calcarine artery results in transient arterial occlusion. (A) Schematic
illustration of the marmoset visual system. Visual representation in
operculum V1 (red) corresponds to 0–3° (foveal) of the contralateral
visual hemifield. (B) Schematic representation of the adult marmoset
cranium in lateral and dorsal views. Craniotomies were created on the
occipital pole of the cranium (shaded grey). The base of the craniotomy
extends parallel and ∼2 mm lateral to the midline, from interaural −7 mm
to −12 mm. The apex lies ∼7 mm lateral to the midline. (C) Red arrow
denotes the calcarine artery (P4 branch of the posterior cerebral artery,
PCAca) on the occipital pole of the marmoset brain. Dashed line outlines

approximate operculum V1 area. (D–F). Time-lapsed images demon-
strating the PCAca before ET-1 injections (D), ongoing arterial occlusion
(E) and subsequent reperfusion (F). *Denotes injection sites. Empty
arrows denote sites of occlusion and black arrows denote correspond-
ing regions during reperfusion. (G) Anatomical overview of the occipital
pole at 21 days post ischemia (DPI) after focal ischemia revealed a
discrete lesion site localized to the occipital pole of the marmoset
brain (outlined by dotted line) consistent with operculum V1. Orientation
markers: D = dorsal; V = ventral; R = rostral; C = caudal; L = lateral;
M = medial. Scale: (B) 5 mm, (C, G) 2.5 mm.

Focal Injury in Marmoset Primary Visual Cortex Teo & Bourne

460 Brain Pathology 24 (2014) 459–474

© 2014 International Society of Neuropathology



0.1 mL) and dexamethasone (IM; 0.3 mg/kg) to prevent cerebral
edema, then secured in a stereotaxic frame. Physiological condi-
tions were constantly monitored using a pulse oximeter and tem-
perature probe and kept within strict parameters. Following a skin
incision along the midline of the cranium, a triangular craniotomy
was created over the occipital pole using a burr drill with a 1-mm
ophthalmic drill bit. The base of the craniotomy (interaural: −7 to
−12 mm) situated parallel and ∼2 mm lateral to the midline with
the apex extending ∼5 mm laterally (Figure 1B). This was followed
by dural thinning, with the aid of a diamond knife, to facilitate
microsyringe penetration.

Once the target area was visualized, a 0.5-mL capacity
microsyringe (SGE; Analytical Sciences, Victoria, Australia)
tipped with a custom-pulled glass tip (∼80–90-μm tip diameter)
was positioned proximal to the calcarine artery (PCAca), originat-
ing from the P4 superficial segment of the posterior cerebral artery
(PCA), to a depth of ≤200 μm (Figure 1C,D). Intracortical injec-
tions were performed in doses of 0.1 μL/30 s pulse at 30-s inter-
vals to administer ∼0.5 μL (neonates); ∼0.7 μL (adults) of ET-1
1 μg/μL (Sigma-Aldrich, St Louis, MO, USA). Post-injection, the
needle remained in situ for a further 2 minutes before withdrawal.
Intracortical ET-1 injections surrounding the PCAca were per-
formed over four sites in neonates and ≤7 sites in adults. To
determine the extent of ET–1-induced ischemic injury, continuous
video monitoring of cortical surface was performed before, during
and after ET-1 administration. Upon completion (1–2 h post-
injection), the exposed cortical surface was covered with a piece
of soluble ophthalmic film (gelfilm; Pharmacia & Upjohn,
Bridgewater, NJ, USA) presoaked in saline and the resected dura
mater replaced over the film. The craniotomy was replaced and
secured with tissue adhesive (vetbond; 3 M, Chelmsford, MA,
USA) and the skin sutured closed.

Dextran labeling of peripheral macrophages

Peripheral macrophage dextran loading was performed to allow
downstream differentiation of infiltrating vs. local macrophage
populations after focal ischemia. Peripheral macrophages were
preloaded with blood–brain barrier (BBB)-impermeable high
molecular weight (hMW) tetramethylrhodamine-labeled dextran
(5 mg/mL; 1.66 mg/kg; 2 000 000 MW; Invitrogen, Carlsbad, CA,
USA), which is taken up through endocytic processes. Animals
undergoing dextran administration were anesthetized (as men-
tioned earlier) 24 h before surgery, and a bolus of hMW dextran
diluted in 0.5 mL saline was injected into the left saphenous vein.

MRI

T2-weighted scans were performed at the Monash Biomedical
Imaging facility using an echo planar capable, 9.4-T small animal
MRI system (Agilent Technologies, Wokingham, UK) at 1, 7, 14
and 21 days post ischemia (DPI). Animals were anesthetized as
outlined earlier (maintained with 1% inspired isoflurane) prior to
imaging. Parameters of T2-weighted imaging acquisition: thick-
ness = 6 mm; repetition time = 3000 ms; echo time = 39.17 ms;
echo train length = 8; averages = 8; flip angle = 90°.

Tissue preparation

At the end of the nominated recovery periods (1/21 DPI), animals
were administered an overdose of pentobarbitone sodium (100 mg/

kg; intraperitoneal). Following apnea, animals were transcardially
perfused with warm 0.1 M heparinized phosphate buffer (PB,
pH 7.2) containing 0.1% sodium nitrite (adults with heparinized
saline), followed by 4% paraformaldehyde. Cerebral tissues were
postfixed and cryoprotected as outlined in our previous study
(79). Following separation of the hemispheres, each hemisphere
was bisected coronally at the start of the caudal pole of the
diencephalon. The occipital block, which encompassed V1, was
cryosectioned in the parasagittal plane and the remaining block in
the coronal plane (40 μm).

Immunohistochemistry (IHC)

Free-floating sections were treated with 0.3% hydrogen peroxide
and 50% methanol in 0.1 M PBS for 20 minutes to inactivate
endogenous peroxidases. Sections were pre-blocked in a solution
of 10% normal goat serum in 0.1 M PBS, 0.3% Triton X-100 (TX;
Sigma-Aldrich) before incubation with primary antibodies
overnight at 4°C. Sections were rinsed in PBS-Tween 0.1%
(Sigma-Aldrich) prior to incubation with biotinylated secondary
antibodies for 1 h at room temperature. Sections were then
treated with streptavidin-horseradish peroxidase conjugate (GE
Healthcare, Amersham, UK; 1:200) and visualized via a metal-
enhanced chromogen, 3,3′-diaminobenzidine (Sigma-Aldrich).

Immunofluorescent antigen detection was conducted with
similar procedures, except steps including and after secondary
antibody incubation, which were performed in the dark. Following
pre-incubation in blocking solution, sections were incubated over-
night at 4°C with primary antibodies in blocking solution. Sections
were then rinsed in PBS-Tween, 0.1% before incubation with
secondary antibodies (Table 1). Sections were also treated with
Hoechst 333258 and 4′,6-Diamidino-2-phenylindole (DAPI)
nuclei stains.

Histology

For Nissl-substance staining, a series representing the entire brain
were mounted on glass slides, air-dried, defatted overnight

Table 1. List of primary and secondary antibodies used.

Host Dilution Source

Antibodies (antigen)
NeuN (neuronal nuclear protein) Ms 1:1000 Millipore
GFAP (glial fibrillary acidic protein) Ms 1:1000 Millipore
Iba1 (ionized ca-binding adapter

protein1)
Rb 1:1000 Wako

hSA (human serum albumin) Gt 1:1000 Bethyl
aCasp3 (activated caspase-3) Rb 1:250 Abcam
Ki-67 (Ki-67) Rb 1:500 Abcam
IB4 (isolectin-IB4) Ms 1:500 Sigma

Secondary antibody
Anti-Ms biotinylated Rb 1:500 DAKO
Anti-Rb biotinylated Gt 1:500 DAKO
Anti-Gt biotinylated Rb 1:500 Sigma
Anti-Rb Alexa Fluor 488 Gt 1:800 Invitrogen
Anti-Ms Alexa Fluor 594 Gt 1:800 Invitrogen

Ms = mouse; Gt = goat; Rb = rabbit.

Teo & Bourne Focal Injury in Marmoset Primary Visual Cortex

461Brain Pathology 24 (2014) 459–474

© 2014 International Society of Neuropathology



in equal-volume absolute chloroform and ethanol and serially
rehydrated in graded ethanol before treating with 0.1% cresyl
violet.

For methyl green chromatin staining, air-dried, slide-mounted
sections were rehydrated in distilled water before treating with 1%
methyl green. Sections were dehydrated with 70% w/v ethanol and
differentiated in acidified 100% ethanol.

For Perls’ Prussian blue iron staining, air-dried, slide-mounted
sections were similarly rehydrated before treatment with a solution
containing equal-volume 20% hydrochloric acid and 10% potas-
sium ferrocyanide.

Qualitative and quantitative analysis

Standard brightfield and epifluorescent microscopic examination of
processed sections were conducted using Zeiss SteREO discovery
(V20) and Axio Imager Z1 microscopes (Zeiss, Jena, Germany).
Images were obtained with a Zeiss Axiocam (HR rev3) using
Axiovision software (V4.8.1.0, Zeiss). All photomicrographs
were cropped and resized using Photoshop (CS4 v11.0, Adobe, San
Jose, CA, USA) and GNU Image Manipulation Program (GIMP;
V2.6.11, open source, www.gimp.org). Necessary manipulation
(eg, brightness/contrast and image cropping) was performed to aid
in analysis and for improved quality of final images.

Iba1+ and Iba1+/Dextran+ cell counts were performed using
ImageJ. Photomicrographs of the infarct core and peri-infarct area
(∼600–800 μm from the core) obtained through a 10× objective
were used for the counts (n = 2). Density counts of Iba1+ cells
were made using a counting grid: 8 × 104 μm2 (282.85 μm ×
282.85 μm) that was superimposed over each image. Counts were
made over four grids per photomicrograph with three photomicro-
graphs per area, three sections per animal. Results were expressed
as mean cells per 8 × 104 μm2 on a histogram generated using
Prism6 (GraphPad, La Jolla, CA, USA). Proportion of Iba1+/
Dextran+ cells in each area was determined by counting double-
immunofluorescent positive cells and the results expressed as a
percentage of total Iba1+ cell densities in each area, respectively.

V1 volume analyses were performed using ImageJ, utilizing the
Cavalieri method (36), on full series Nissl-stained sections (200-μm
separation) with a grid area of 0.64 mm2. Volume analyses were
performed on even numbered sections (400 μm apart) with one
replicate on odd numbered sections. Results were corrected for
linear shrinkage and expressed as volume (mm3) and percent total of
controlV1. Statistical analyses were performed on Prism6 using the
Mann–Whitney’s U-test (MW) and Welch’s t-test (Wt).

RESULTS

Targeted intracortical injection of ET-1 results
in PCAca occlusion

Intracortical injections of ET-1, proximal to the PCAca
(Figure 1C,D), caused sustained vasoconstriction for up to 4 h,
accompanied by vascular stasis and collapse immediately down-
stream of occlusion sites (Figure 1E) and visible pallor of the
surrounding cortical surface. ET–1-induced vasoconstriction also
resulted in blood and fluid extravasation into the surrounding
tissue causing localized cerebral edema. Reperfusion, character-
ized by visible vasodilation and restoration of blood flow usually

occurred within 4 h of vessel occlusion (Figure 1F). Post-
perfusion images of whole brains (Figure 1G) revealed a clearly
observable lesion core localized to the occipital pole of the
ipsilateral marmoset neocortex consistent with operculum V1
(Figure 1A,C).

In vivo MRI post ischemia revealed temporal
homology similar to the human neocortex

We profiled the spatiotemporal development of the ischemic core
as a result of ET–1-induced ischemia in the adult marmoset using
T2-weighted imaging at 1, 7, 14 and 21 DPI (Figure 2). The result-
ant data were compared against human post-ischemic T2-weighted
MR data at similar time points (2). At 1 DPI, we observed devel-
opment of an ischemic-necrotic core at the injection site, charac-
terized by a clear zone of hyperintense tissue relative to the
contralateral hemisphere, indicative of cerebral edema. At 7 DPI,
clearer demarcation of the necrotic core was observed, typified by
a clearly visible void, with ongoing tissue hyperintensity. Between
14 and 21 DPI, a discrete core is discernible and T2 normalization
was observed proximally. This was temporally consistent with
transient T2 isointensity (“fogging;” 73) observed in humans at
2–3 weeks post ischemia (2, 15, 54, 73). These findings demon-
strate that the development of the ischemic-necrotic core following
ET–1-induced injury in the marmoset develops over approxi-
mately 14 days, accompanied by associated edema. Comparison
with human T2-weighted MR data revealed significant pathologi-
cal time-course homology between post-ischemic marmoset and
human neocortex.

BBB disruption and mononuclear immune
cell infiltration

We examined BBB integrity in the adult marmoset following focal
ischemia by analyzing serum albumin extravasation in the prox-
imity of the lesion core at 1 and 21 DPI. IHC revealed elevated
serum albumin immunoreactivity compared with controls at 1 DPI
(Figure 3A) suggesting profound but localized vascular leakage.
Elevated extravascular serum albumin persisted at 21 DPI
(Figure 3A), indicating either delayed serum albumin clearing or
sustained BBB pathology.

At 1 DPI, macrophage populations proximal to the lesion site
detected using the ionized calcium binding adapter protein1
(Iba1) revealed little to no upregulation (Figure 3B) or change
from resting morphology defined by long, ramified processes
(Figure 3C,D). At 21 DPI, an abundance of Iba1+ cells were
detected adjacent to the ischemic core (Figure 3B) exhibit-
ing hypertrophic, thick processes characteristic of activated
(phagocytic) microglia/macrophages (Figure 3E).

We further investigated the acute infiltration of peripheral
macrophages through detection of dextran-loaded macrophages in
the post-ischemic region. hMW dextran does not cross the BBB in
normal brains (35; Figure 4A), and is taken up by circulating
macrophages through endocytic processes. This allowed for
optical differentiation between Iba1+/dextran− resident microglia
and Iba1+/dextran+ (dextran-loaded) infiltrating macrophages
subsequent to brain injury. Iba1+/dextran+ cells were detected in
the ischemic core at 1 DPI (Figure 4B), indicating that a propor-
tion of macrophages present were of peripheral blood origin.

Focal Injury in Marmoset Primary Visual Cortex Teo & Bourne

462 Brain Pathology 24 (2014) 459–474

© 2014 International Society of Neuropathology



Figure 2. Establishing pathological time-course of infarct development
after focal ischemia through in vivo magnetic resonance imaging. Series
of adjacent T2-weighted images of the post-ischemic marmoset brain
proximal to the infarct site. Slices are 6 mm apart and obtained at 1, 7,
14 and 21 days post ischemia (DPI). T2 hyperintensity was observed at
1, 7 DPI (white arrowheads) indicating the location and extent of injury

caused by arterial occlusion. Demarcation of the lesion core was most
pronounced at 7 DPI, characterized by T2 hyperintensity, indicative of
infarction and localized edema, and a clearly defined void most likely the
result of necrotic tissue loss. T2 normalization in previously hyperin-
tense regions was observed at 14 and 21 DPI (empty arrowheads).
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Figure 3. Inflammatory responses and blood–brain barrier (BBB) per-
meability after focal ischemia. Parasagittal sections of control, 1 and 21
days post ischemia (DPI) marmoset V1 immunolabeled for (A) serum
albumin and (B) macrophage-specific Iba1. (A) Serum albumin levels
was markedly increased at 1 DPI, compared with controls, and
remained elevated at 21 DPI. (B) No obvious difference in Iba1+
macrophage expression intensity or cellular distribution was detected at

1 DPI. However the density of Iba1+ immunolabeling was markedly
more intense at 21 DPI, indicating ongoing microgliotic activity. Iba1+
macrophage morphology remained at resting state (C, D; ramified, long
and thin processes) at 1 DPI, but was observed to be phagocytic (E;
hypertrophic, thick processes) at 21 DPI. Dashed lines denote V1–V2
boundaries demarcated using adjacent Nissl-stained sections. Scale:
(A, B) 2 mm, (C–E) 20 μm.
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Quantitative data analyses were performed to determine the
total macrophage population and proportion of infiltrating vs.
local macrophage at 1 DPI. These data revealed a reduction in
total macrophage density at the infarct site [∼7.9 cells per
8 × 104 μm2 ± 1.7 cells per 8 × 104 μm2 standard deviation
(SD); Figure 4C] compared with controls (∼12.3 cells per
8 × 104 μm2 ± 2.2 cells per 8 × 104 μm2 SD; Figure 4C). Further-
more, we revealed that ∼71.65% of total macrophage present
at the infarct core were peripheral infiltrates (Figure 4D). Total
macrophage population in the peri-infarct area remained close
to control levels (∼11.8 cells per 8 × 104 μm2 ± 2.1 cells per
8 × 104 μm2 SD; Figure 4C), of which only ∼40.9% were of
peripheral blood origin (Figure 4D). These results demonstrate the
acute disruption of BBB integrity and infiltration of peripheral
macrophage into the infarct and peri-infarct area after focal
ischemia.

Anatomical pathology is established rapidly
and localized to operculum V1

To determine the extent of anatomical pathology following ET–1-
induced ischemia in adult marmosets, we performed volumetric
analyses on brain tissue by measuring total (residual) V1 (calcarine
and operculum; see Figure 1A) using Nissl–substance-stained sec-
tions (Figure 5A) at 1 and 21 DPI. Volume analysis at 1 DPI

revealed a statistically significant decrease (∼16%) in total V1
volume (Figures 5B and 7B; 178.16 ± 9.29 mm3 SD) compared
with controls (209.92 mm3; P = 0.038; MW). At 21 DPI, no sig-
nificant decrease in total ipsilateral V1 volume was observed com-
pared with 1 DPI (Figures 5B and 7B; 179.2 mm3 ± 15.4 mm3 SD;
P > 0.05; MW). Nissl-substance histology also revealed that
the ischemic injury was focal to operculum V1 only (Figure 5C),
without affecting the juxtaposing secondary visual area (V2) and
the underlying calcarine V1.

Evidence for necrotic and apoptotic cell death
in the lesion core during the acute and
subacute periods post ischemia

Morphological evidence of cell death after focal ischemia in adult
marmosets was revealed using methyl green histology for chroma-
tin visualization. Presence of cellular pathology was characterized
by chromatin compaction and nuclear blebbing at the ischemic
core at 1 DPI (Figure 5Ciii) compared with standard nuclear mor-
phology in the peri-infarct area (Figure 5Cii) and control V1
(Figure 5Ci). At 21 DPI, normal nuclear morphology was detected
in operculum V1 regions distal to the core (Figure 5Civ). However,
cells exhibiting both normal and pathological nuclear morpholo-
gies were detected adjacent to the infarct core (Figure 5Cv). At 1
DPI, fluorescent co-immunolabeling revealed activated caspase-3
(aCasp3) independent neuronal death occurring proximal to the
lesion core (Figure 5E), characterized by DAPI-visualized nuclear
pathologies (compared with control; Figure 5D) and absence of
aCasp3 labeling. This result suggests that necrosis is most prob-
ably the primary cause of neuronal death at 1 DPI. At 21 DPI, no
necrotic neurons were detected in residual V1. However, the pres-
ence of aCasp3+ NeuN− cells were detected proximal to the core
(Figure 5F). Taken together, these results suggest that ongoing
neuronal necrosis at 1 DPI is completed by 21 DPI. Furthermore,
ongoing nonneuronal apoptotic cell death occurs the subacute
period following focal ischemia.

Immunohistochemical characterization of
neuronal and astrogliotic consequences of
the post-ischemic V1

NeuN IHC performed at 1 and 21 DPI in adult marmosets con-
firmed that the anatomical and neuronal pathology of ET–1-
induced PCAca occlusion was focal to operculum V1 only
(Figure 6A). At 1 DPI, NeuN IHC revealed zones of reduced
neuronal density compared with controls, consistent with an acute
ischemic-necrotic core (Figure 6A,A′), confirming previously
described neuronal pathology. By 21 DPI, neuronal loss was
observed to be most severe in the infarct core, affecting all six
cortical layers. Affected V1 regions adjacent to the infarct core
experienced less neuronal loss, involving only the supragranular
cortical layers (layers 1–3) of operculum V1. Inter—(L4) and
subgranular (L5–6) layers of operculum V1 outside the ischemic
core remained mostly unaffected (Figure 6A′). This result con-
firmed the efficacy of using targeted PCAca occlusion to generate
operculum V1-specific focal ischemia.

Glial fibrillary acidic protein (GFAP) IHC for astrocyte detec-
tion revealed only slight upregulation proximal to the lesion site at
1 DPI, compared with controls, without obvious changes in overall

Figure 4. Infiltration of peripheral macrophages in the acute post-
ischemic period. Iba1+/dextran+ peripheral macrophages were
detected in brain tissues proximal to lesion site at 1 days post ischemia
(DPI) (B; enlarged in insert), but not in controls (A). White arrow-
heads denote Iba1+/dextran− macrophages. Empty arrowheads denote
Iba1+/dextran+ macrophages. (C–D). Quantitative analysis of local and
infiltrating macrophages at the infarct and peri-infarct areas at 1 DPI.
Total macrophage populations (Iba1+) was lower at the infarct site
compared with peri-infarct area (600–800 μm distal to core), which
remained close to control levels. The percentage of infiltrating (Iba1+/
dextran+) over total macrophage (Iba1+) population was greater in the
infarct core compared with the peri-infarct area. Scale: (A, B) 50 μm,
(B insert) 20 μm.
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Figure 5. Analysis of lesion extent and neuronal injury after
endothelin-1 (ET-1) induced PCAca occlusion. (A) Parasagittal Nissl–
substance-stained section of adult marmoset brain. Dashed lines
denote the borders of operculum and calcarine V1 used in volume
measurement analysis. (B) Volume analysis ± standard error of the
mean (SEM) of remaining V1 at 1 and 21 days post ischemia (DPI)
compared with controls. *P = 0.038; not significant P > 0.05. (C).
Enlarged parasagittal Nissl-stained sections of control, 1 and 21 DPI
adult V1 demonstrating the focal extent of the ischemic injury. Dashed

lines in (C) denote the V1–V2 boundary. (i–v) denotes areas on accom-
panying enlarged regions (adjacent sections; 40 μm apart) visualized
using methyl green nuclei histology. Pathological nuclei morphologies
were observed in (iii) and (v), characterized by chromatin compaction or
nuclear blebbing, compared with normal nuclei observed in (i, ii, iv).
(D–F). Immunofluorescent detection of activated caspase-3 (aCasp3)
expression and neuronal nuclei (NeuN)+ neurons in control (D), at 1 DPI
(E) and 21 DPI (F). Cellular nuclei visualized using DAPI. Scale: (A) 5 mm,
(C) 2 mm, (i–v) 20 μm, (D–F) 5 μm.
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Figure 6. Neuronal and astroglial pathology after focal ischemia was
localized to operculum V1 only. Adjacent parasagittal sections of control,
1 and 21 days post ischemia (DPI) adult V1 immunolabelled for (A, A')
neuronal nuclei (NeuN), (B) astrocyte-specific glial fibrillary acidic pro-
teins (GFAP) and (C) activated caspase-3 (aCasp3). Sections were
selected where the lesion core was most apparent. Bounding boxes in

(A) denotes areas enlarged in (A', C, D). #denotes lesion core.
(B inserts) Demonstrates astrocyte morphologies. (C insert) obtained
from lesion core. (D) Co-immunofluorescent labeling revealed that the
majority of aCasp3+ cells detected were GFAP+ reactive astrocytes.
Cellular nuclei (white) visualized using Hoechst stain. Scale: (A, B)
2 mm; (A', C, D) 1 mm; (B insert, D insert) 20 μm.
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morphology from resting state (small soma and long, thin
processes; Figure 6B), indicating early-stage astrocyte reactivity.
However, profound upregulation of GFAP immunoreactivity
within the lesion area was apparent by 21 DP1, most intense at the
lesion core, exhibiting characteristic hypertrophic soma and short,
thick processes (Figure 6B), indicating ongoing reactive astrocyte
activities. Absence of any cellular aCasp3 immunoreactivity at 1
DPI confirmed that acute cell death was most likely necrotic and
not apoptotic (Figure 6C). Cellular aCasp3 was detected within the
infarct core and proximal peri-infarct V1 at 21 DPI, confirming
sustained apoptotic cell death in the subacute period post ischemia.
Double labeling revealed that the majority of aCasp3+ cells
detected were GFAP+ reactive astrocytes (Figure 6D). This result
confirmed that apoptotic activity detected at 21 DPI was not of
neuronal origin and most likely a result of either delayed astroglial
death or reactive astrocyte turnover.

ET–1-induced PCAca occlusion is reproducible
in neonatal marmosets and produces
an identical injury to adults

The ischemic injury model was recapitulated in neonate marmo-
sets because of a lack of NHP models of peri-/neonatal strokes,
despite the ongoing prevalence in humans. To demonstrate the
reproducibility of ischemic injury in the neonatal marmoset V1,
we performed identical PCAca occlusion surgeries on PD 14 mar-
moset monkeys. PD 14 animals were selected because of the
relative maturity of V1 at this age (11), which is comparable with
3–5 months in human (4). A 21 DPI recovery period was adopted
to allow for time-matched comparison with adults. Live monitor-
ing ensured an equivalent level of occlusion was achieved in neo-
nates. Volume analysis revealed a statistically significant ∼18%
loss of total V1 volume (Figure 7A; 129.71 mm3 ± 10.79 mm3 SD)
compared with controls (153.60 mm3 ± 11.43 mm3 SD; P =
0.0152; MW). Furthermore, analysis revealed that neonates expe-
rienced a similar loss in total V1 volume compared with adults
(Figure 7B; P > 0.05; Wt). Nissl-substance histology and NeuN
IHC revealed similarities in injury extent with adults, affecting
only operculum V1, with adjacent V2 and underlying calcarine
V1 spared completely (Figure 7C,D). Compared with adults, the
extent of neuronal loss was more profound at the infarct core and
peri-infarct area, indiscriminately affecting all six layers of the
neocortex (Figure 7D′). With respect to GFAP immunoreactivity,
this was more intense at the lesion site compared with controls at
21 DPI in both adults and neonates (Figures 6B and 7E), although
the intensity was weaker in neonates compared with adults at 21
DPI. This suggests that the reactive astroglial activity post-injury
may be more potent in adults compared with neonates.

Hemorrhagic transformation after ET-1-induced
focal ischemia in the marmoset V1

To determine if secondary hemorrhagic transformation is a suba-
cute complication post ischemia in our model, Perls’ Prussian blue
histology for ferric iron detection was performed on control and
post-ischemic adult and neonatal V1 sections (Figure 8A,B). An
adult rat brain that underwent a simple stab wound injury to the
cortex was used as a positive control (Figure 8C). No hemorrhage
was detected in the adult at 1 DPI (Figure 7A), suggesting that

blood extravasation observed during the lesion surgery (Figure 1F)
was most probably superficial and not intracerebral. Ferric iron
was detected in cerebral tissue in the infarct core at 21 DPI in
adults and neonates, suggesting that secondary hemorrhagic trans-
formation occurred subacutely. However, the extent of hemorrhage
was small and localized to a restricted region within the central
infarct core at both ages (Figure 8A,B), compared with the more
widespread and intense ferric iron staining observed in the
stab wound-positive control (Figure 8C). This result suggests that
both adult and neonates experience minor secondary punctate
hemorrhages in the subacute period post ischemia.

Neovascularization after focal ischemia in
the neonate and adult marmoset V1

We further investigated the possibility of subacute neova-
scularization in the adult and neonate residual V1. Fluorescent
co-immunolabeling was performed using vascular endothelial
cell marker isolectin-B4 (IB4) and Ki-67 antigen detections.
Large populations of Ki-67+/IB4+ vascular endothelial cells were
detected in the neonatal residual V1 at 21 DPI (Figure 8D,F). No
Ki-67+/IB4+ cells were detected in the post-ischemic adult
residual V1 at 21 DPI (Figure 8E), although a population Ki67+
cells were observed adjacent to IB4+ blood vessels (Figure 8E) in
the adult post-ischemic residual V1. Our results support the capac-
ity for post-ischemic neovascularization following early-life, but
not adult-life strokes.

Transneuronal retrograde degeneration (TRD)
following V1 focal ischemia in adult and
neonate marmosets

We investigated the extent of TRD at 21 DPI in the lateral
geniculate nucleus (LGN; primary thalamic visual relay nucleus in
primates) from retrograde degeneration of the optic radiation after
V1 focal ischemia. NeuN IHC revealed no obvious changes in the
laminar structure of the adult LGN at 21 DPI (Figure 9A,B).
However, a clear zone of neuronal degeneration was observed in
the neonatal LGN (Figure 9A′,B′), within the foveal representation
(central 0°–3°) of the contralateral visual hemifield (82), consist-
ent with the corresponding retinotopy of the marmoset operculum
V1 (Figure 1A; 59). The extent of neuronal degeneration was more
obvious in the dorsal (parvocellular) layers compared with deep
(magnocellular) layers. No cellular aCasp3 immunoreactivity was
detected in the adult or neonatal LGN at 21 DPI (Figure 9C,C′).
This result suggests that TRD-associated neuronal apoptosis in the
LGN is not yet apparent in the adults but could be complete in
neonates by 21 DPI, consistent with previous NHP data (38, 80,
83).

DISCUSSION
In this study, we sought to develop a model of focal ischemia in the
NHP visual cortex and characterize the anatomical and cellular
sequelae during the acute and subacute period post ischemia. This
is also the first demonstration of a model of neonatal/pediatric
stroke in a NHP. The approach provided a 100% survival rate
with no unexpected postsurgical complications in either adults or
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neonates. Animals were able to ambulate and feed normally after
recovery from anesthesia, followed by successful reintegration
into family groups.

This study demonstrates the reproducibility of selective distal-
arterial occlusion to produce area-specific focal ischemia in
the adult and neonatal NHP. Previous studies in rodents, which
involved ET–1-induced occlusion of large arteries (main/proximal
branch; eg, MCAOs; 6) or intracortical injections into the cortex
or striatum (eg, 39) resulted in inconsistent spatial profiles and
large infarct sizes, affecting subcortical and/or thalamic structures.
However, by selectively occluding a distal branch of the PCA, we
have achieved a precise and focal ischemic injury in the marmoset
monkey V1, which is highly reproducible in neonates and adults
alike, without affecting extrastriate/association cortices. This
approach, which can potentially be applied to other sensory corti-
cal areas, confers reduced variability in infarct size, providing
better control and ability to analyze up- and downstream changes,
ultimately reducing the cohort of animals required for studies.
These features are necessary to allow more precise research to
better define the long-term pathophysiological and functional
consequences following cerebral ischemia in a complex brain.
Therefore, this model provides an excellent approach for future
investigation into the functional and connectional changes as a
consequence of focal ischemia in V1. Examples of common
methods that have been employed include electrophysiological
(eg, 31, 58, 64) and functional MRI (eg, 62, 63) analyses of visual
responses in extrastriate areas after V1 injury. Recent advance-
ments have also highlighted the potential for functional MRI
experiments to be performed on unanesthetized, awake marmosets,
a strategy previously only employed in rodent studies (17, 18, 20,
48). Awake brain imaging of NHPs will be crucial to generate
more accurate maps of brain circuitry during resting state (5) or in
response to stimuli (45, 46), reducing the risk of anesthetic-related
physiological artifacts. Moreover, the lissencephalic neocortex of
the marmoset monkey and isotropic growth during development
(49) is advantageous over the gyrencephalic brains of other NHPs
used in research (eg, macaque monkey), enabling more stringent
control of lesion induction and subsequent comparative evaluation
in both young and old animals. Another advantage of the
lissencephalic brain is the position of foveal V1 on the outer
surface of the brain and not within the calcarine sulcus, which
provides uncomplicated and minimally invasive access to the
PCAca throughout life.

Our experimental model utilized an isoflurane-sustained
anesthetized setup for both the arterial occlusion and repeated
MRI procedures. Previous reports, especially in rodents, have
demonstrated isofluorane’s ability to afford a level of neur-
oprotection; that is improving survivability, reducing edema and
inflammatory injury and increasing cerebral blood flow during
MCAO (8), with paradoxically detrimental effects on the neonatal/
developing rodent brain (for a comprehensive review, see 60).
However, there is a lack of evidence of significant long-term
isoflurane-related neuroprotection available in NHP models or the
clinic (44). While investigating anesthetic-related differences in
the development of the ischemic-necrotic core in our model is
beyond the scope of our study, we argue that this model remains
enormously useful for the study of the cellular and molecular
sequelae of neocortical focal ischemia as well as the resulting
long-term connectional changes. Comparative analysis of the

Figure 7. Reproducibility of V1-specific focal ischemia in the neonatal
marmoset’s visual cortex. (A) Volume analysis ± standard error of meas-
urement (SEM) of neonatal V1 at 21 days post ischemia (DPI) compared
with controls *P = 0.0152. (B) Proportion of V1 loss as a result of focal
ischemia in adults compared with neonates (not significant, P > 0.05).
Parasagittal Nissl-stained sections (C) revealed a similar operculum
V1-specific localization of the lesion at 21 DPI, compared with adults,
confirmed using adjacent sections immunolabelled for neuronal nuclei
(NeuN) (D). Extent of neuronal degeneration was notably more severe
in neonates compared with adults, affecting all six cortical layers
indiscriminately (D'). Glial fibrillary acidic proteins (GFAP) immunohis-
tochemistry revealed similar upregulation and cellular morphology at 21
DPI previously observed in adults. #denotes lesion core. Scale: (C, D, E)
2 mm, (D') 1 mm.
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injury at 21 DPI between the animals that underwent repeated
anesthetic induction for MRI with animals that did not, revealed no
obvious cellular differences in infarct or peri-infarct area or size of
areas. However, it should be noted that, given the current lack of
information on anesthetic-related differences, without proper con-
trols or modifications to the anesthetic regime, this model may not
be suitable for studies relating to pharmacological or cellular
therapies for neuroprotection.

With respect to the time-course of neuropathology, we reveal
striking similarities to previous T2 MRI data from the post-
ischemic human cortex (2). Tissue hyperintensity at 1 DPI
is consistent with fluid extravasation and edema observed
immediately after PCAca occlusion. This is supported by valida-
tion of BBB disruption/increased vascular permeability at the
lesion site, characterized by extravasation of serum proteins
and infiltration of dextran pre-labeled peripheral macrophages.

Figure 8. Hemorrhagic transformation and neovascularization after
neonatal and adult focal ischemia. (A, B) Differential interference con-
trast (DIC) photomicrographs of Perls’ Prussian blue stained sections
corresponding the lesion core shown in Figures 5A′ and 6D′. No ferric
iron staining was apparent in adult and neonatal control or at 1 days post
ischemia (DPI). At 21 DPI, small punctate-like regions of ferric iron
staining was detected, localized to the central lesion core in both neo-
nates and adults. (C) Positive control of a rat stab wound lesion dem-

onstrating large region of intracerebral hemorrhage. # and * denotes
regions in (D) and (E), respectively. Isolectin-B4 immunolabeled vascular
endothelial cells positive for the proliferation marker Ki-67 were
observed 21 days after neonatal (D; red arrowheads) but not adult (E;
empty arrowheads) focal ischemia. Enlarged example of IB4+/Ki-67
cells with orthogonal views shown in (F). Scale: (A, B) 0.5 mm,
(D, E) 25 μm, (F) 2.5 μm.

Focal Injury in Marmoset Primary Visual Cortex Teo & Bourne

470 Brain Pathology 24 (2014) 459–474

© 2014 International Society of Neuropathology



Quantitative analysis of infiltrating macrophages post ischemia
indicates that peripheral infiltrates, although present in both the
infarct and peri-infarct areas, were present in a higher proportion
in the infarct core. The lower density of total immune cells in
the infarct core may be explained by the ischemic-necrotic
microenvironment at the infarct site, which has been demonstrated
to result in microglia death in rodents (40) during the acute post-
ischemic period. The distribution of peripheral macrophages was
consistent with the spatial profile of serum albumin extravasation,
validating BBB disruption.

T2 normalization in previously hyperintense regions at 14–21
DPI is consistent with transient T2 isointensity following ischemic
strokes observed in human. This phenomenon, known as
“fogging,” occurs in ∼50% of T2-weighted MR images during
subacute stages (2–3 weeks) after injury (15, 52) followed by a
secondary T2 increase. Although not fully understood, it has been
proposed that the transient isointensity is caused by displacement
of free water at the site through hemorrhagic transformations
or cellular activity including angiogenesis, tissue clearing,
accumulation of infiltrating and local macrophages and reactive
astrogliosis (78). Although some measure of secondary
hemorrhagic transformation did occur, the extent of the bleed was
small and punctate like, clustered superficially within the central
core of the infarct at 21 DPI. We suggest that the extent of
hemorrhage observed is most likely not a contributing factor to T2
fogging. Although evidence of neovascularization was present in
the post-ischemic neonatal peri-infarct areas, similar evidence
was not observed in the adults at 21 DPI. This result precludes
angiogenesis as a contributing factor to the T2 fogging. The pres-
ence of Ki-67+ cells adjacent to blood vessels may be consistent
with the post-ischemic proliferation of perivascular astrocytes in
adults but not in neonates. Furthermore, our data demonstrate
an accumulation of large GFAP+ reactive astrocyte and Iba1+
macrophage populations proximal to the lesion site at 21 DPI. This
suggests that the T2 fogging observed in our model is most likely
the result of accumulating reactive astrocytes and immune cells
proximal to the infarct and peri-infarct regions. Although this
event has parallels with rodent models of focal ischemia, the
decrease in T2 hyperintensity and T2-derived apparent lesion
volumes in post-ischemic rodents occurs earlier, between 3 DPI
and 9 DPI (16, 50), consistent with the peak of microglial accu-
mulation at ∼5–7 DPI in rodents (66).

The morphology of neuronal nuclei proximal to the infarct core
and absence of neuronal aCasp3 immunoreactivity at 1 DPI impli-
cates necrosis as the primary mechanism of acute post-ischemic
cell death. This result corresponds with human data demonstrating
apoptotic neuronal morphology detected only after 24 h post
ischemia (55), despite the earlier upregulation of the pre-cleaved
caspase3 proenzyme (69). This is contrary to the hyperacute acti-
vation of apoptosis in rodents at ∼4 h (75). These data provide
corroborating evidence that the neuropathological timeline in NHP
models of CNS injury are more characteristic of what is observed
in the human post-ischemic cortex than the rodent.

Despite ongoing research, the mechanisms by which neonatal
plasticity are thought to confer improved functional recovery after
early life vs. adult brain insults are still debated and remains poorly
understood (3, 32, 37). Therefore, the need for comparable early-
and late-life brain injury models is crucial for future research in
this area. The similar ischemic core localization between neonatal
and adult marmoset V1 that we have developed presents a robust
tool for this purpose, that is, to elucidate differences in pathophysi-
ology and capacity for functional recovery after neonatal com-
pared with adulthood injuries. In this study, we demonstrate
that selective occlusion of the PCAca results in an operculum
V1-specific focal ischemic injury that is anatomically and
volumetrically consistent between neonates and adults. This com-
parative model of early- and late-life focal ischemia provides evi-
dence of potentially less potent reactive astroglial response from
neonatal brain insults compared with injuries in adulthood, an

Figure 9. Transneuronal retrograde degeneration in the adult and neo-
natal LGN at 21 days post ischemia (DPI) after focal ischemia. Coronal
sections of control adult (A) and neonatal (A') LGN and after focal
ischemia at 21 DPI (B, B') immunolabaled for neuronal nuclei (NeuN). No
obvious neuronal degeneration was detected in the adult LGN at 21 DPI
but the neonatal LGN revealed a clear zone devoid of neurones.
Dashed lines denote neuronal degeneration zone. PE = parvocellular
external; PI = parvocellular internal; MI = magnocellular internal; ME =
magnocellular external. (C, C') no cellular aCasp3 expression was
detected in both adult and neonatal LGN at 21 DPI. Scale: 500 μm.
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observation that will require subsequent validation. The extent of
neuronal degeneration observed in the neonates was more pro-
nounced compared with the adult, supporting previous reports of
greater neuronal susceptibility to injury during early life compared
with adults (7). The degeneration occurring in all cortical layers,
an observation not always present in cases of neonatal stroke is
most likely dependent on the position and portion of the occluded
artery and the downstream territory. Previously published reports
exists describing similar extent of complete cortical degeneration
in human perinatal stroke (42), following main-branch MCAO (24,
26, 29, 43, 56, 68) vs. lenticulostriate branch occlusion, which
affects deeper structures and sparing superficial cortical layers.
These data are consistent with our own following superficial
PCAca occlusion. Moreover, angiogenic responses present in the
post-ischemic neonatal, but not in the adult brain provides sub-
stantiating proof of differential cellular and physiological events
underlying the response to injury that may be a contributing
factor to post-injury neonatal plasticity. The V1-specificity of the
ischemic core at both ages will also prove valuable in studies of the
processes underlying TRD in relation to long-term functional
visual outcomes following pediatric vs. adult PCA strokes in
humans (65, 76), in which we demonstrate that the neonate under-
goes a more rapid process of degeneration compared with the
adult, similar to that seen in the human (41, 74) and other models
of brain injury in the marmoset (38). Better understanding of these
mechanisms is vital, as potential therapies should be directed to
prevent degeneration of afferent inputs to sensorimotor systems,
which may otherwise be lost post-injury.

In conclusion, while this model may not directly mimic physi-
ological etiologies observed in the clinic, the goal of this model
was to generate the consequential anatomical and cellular effects
of ischemic injury observed in the clinic using a minimally inva-
sive and simple surgical technique that significantly improves
focality and reproducibility. We believe vasoconstrictor-induced
vascular occlusion provided the ischemic events required to gen-
erate these downstream effects. This model minimized variability
of affected cortical territories and infarct size with no post-
ischemic animal mortality. We have demonstrated that the tempo-
ral profile of pathology as well as cellular events during the acute
and subacute period mimics that of previously published data
observed in the post-ischemic human as evidence that the post-
ischemic sequelae is clinically relevant.

The pathophysiological and temporal homology between our
model and the post-ischemic human brain provides new opportu-
nities for translational research into the neuropathological,
physiological and behavioral consequences of early-life vs. adult
strokes. More importantly, the highly focal nature of the ischemic
injury, as well as its reproducibility throughout life, offers better
prospect for the development and preclinical testing of new, trans-
latable therapeutic strategies in a clinically relevant model of
pediatric and adult ischemic stroke.
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