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The basal ganglia is a group of subcortical nuclei that are in-
volved in many neuronal pathways associated with emotional, 
motivational, associative, and cognitive functions. Injury to the 
basal ganglia can result in serious complication in movement, 
perception, or judgement.53 Stroke in the basal ganglia is not 
as common as in the cortex.5,9,15,44,50 Patients with injury to the 
basal ganglia and internal capsule may have hypotonia, flac-
cid paralysis, or persistently impaired balance and ambulation 
and therefore benefit less from therapy.31 In addition, the basal 
ganglia can be involved in epileptic seizures46 as a remote inhibi-
tory control circuit;17 consequently the basal ganglia has been 
suggested as a potential target for neuromodulatory and phar-
macologic treatment of temporal lobe epilepsy.27,36

Compared with those of rodents, the brains of NHP are struc-
turally and functionally more similar to human brain and there-
fore are excellent models for stroke research.12,13,39 NHP models 
of stroke have been developed by occluding the middle cerebral 
artery (MCA); in these models, the ischemic lesion generally tar-
gets the cortical areas of the MCA territory. In our experimental 
exploration of NHP stroke model, we performed MCA occlu-
sion in 12 macaques (8 animals received permanent MCA occlu-
sion; the remaining 4 animals underwent transient occlusion). 
One of the macaques with permanent MCA occlusion initially 
developed a focal infarct in the right basal ganglion and later 
exhibited seizure symptoms at 48 h after stroke. MRI is a robust 
means to examine stroke lesions in both clinical and preclinical 
studies.3,4,41,51,56 In the present study, we used MRI to document 

the longitudinal evolution of the basal ganglia infarction in the 
rhesus macaque that developed seizures.

Materials and Methods
The subject described here is an adult Indian-origin rhesus 

macaque (Macaca mulatta; ID no. Rpf6; sex, female; weight, 11 
kg; age, 14 y) that was born and reared at the Yerkes National 
Primate Research Center, an AAALAC-accredited facility. The 
animal received the interventional stroke surgical procedure as 
reported previously.14,45,55 Briefly, to induce permanent infarction 
within the MCA territory in the right cerebral hemisphere, a mi-
crocatheter was navigated through a parent catheter to the tar-
geted M2 and M3 branches of the MCA, which were occluded 
by using 4-0 silk suture segments (5 to 10 mm). After the occlu-
sion was confirmed angiographically by using fluoroscopy, the 
catheters were removed from the femoral artery before moving 
the animal to MRI.

Animal care during MRI and surgery. The animal was initially 
anesthetized with 3 to 5 mg/kg of tiletamine–zolazepam and 
then intubated and maintained under approximately 2.0% iso-
flurane anesthesia for the stroke surgery and 1% to 1.5% isoflu-
rane during MRI scans. The subject was immobilized during 
surgery and MRI by using custom-built head holders. All major 
physiologic parameters were monitored and remained within 
normal ranges.29 Occlusion of the MCA was identified by using 
fluoroscopy before moving the animal to MRI. The macaque 
was euthanized without recovery from anesthesia through fatal 
barbiturate overdose immediately after the 48-h MRI scan.

Animal care of pre and post stroke. Animal care before and 
after stroke was described previously.54 Briefly, the macaque 
was housed in an appropriately sized indoor cage where the 
environment was maintained on a 12:12-h light:dark cycle at 60 
to 75 °F (22.6 to 23.9 °C) and relative humidity of 30% to 70%. 
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The macaque was fed a commercial diet (Jumbo Monkey Diet 
5037, Purina Mills, St Louis, MO) free choice and supplemented 
with fresh produce. After stroke surgery and each MRI scan, the 
macaque was under close supervision by a staff veterinarian un-
til full recovery from anesthesia. Then the animal was returned 
to her home cage, where she was housed individually; checked 
routinely by veterinary staff; and monitored trough continuous 
closed-circuit video recording. A liquid nutritional supplement 
(Boost, Nestlé Nutrition, Highland Park, MI) and a combination 
of regular or fruit-juice softened biscuits, applesauce, soft fruits, 
yogurt, and peanut butter were offered at least every 2 h. An-
algesics were provided for the duration of the survival period.

MRI. All images were acquired by using a 3T clinical scanner 
(Siemens Medical Solutions, Malvern, PA) and an 8-channel 
phase-array knee coil (Invivo, Gainesville, FL). The imaging set-
ting and protocols were as reported previously.55 In the present 
study, anatomic structural images including MR angiography, 
T2-weighted images, and diffusion-weighted images with 30 
gradient directions were collected. Bolus gadolinium injection 
(0.02 mg/kg) was administrated near the end of each scan ses-
sion. Pre- and postcontrast T1-weighted structural images were 
obtained through 3D magnetization-prepared gradient-echo 
sequence to evaluate for possible hemorrhage. Diffusion tensor 
imaging was repeated hourly during the day 0 (surgical day) 
scan. In addition, susceptibility-weighted imaging was applied 
to detect complications due to hemorrhage (data not shown). 
MRI was performed for screening at 7 d before stroke induction; 

within 7 h after stroke surgery (day 0); and at 48 h (day 2) after 
occlusion.

Data processing. Diffusion-weighted images were prepro-
cessed, coregistered, and averaged at each time point by using 
FSL (www.fmrib.ox.ac.uk/fsl/). Lesion volumes from diffusion-
weighted images were derived by using the threshold (mean + 
2 SD) of the diffusion-weighted intensity on the contralateral 
side. Lesion volumes from T2-weighted images were calculated 
through manual tracing. The infarct volumes on diffusion-
weighted images were estimated by using inhouse-built Mat-
Lab (MathWorks, Natick, MA) scripts. Lesion volumes were 
calculated as the sum of the lesion region in each slice multi-
plied by the slice thickness. The temporal evolution of stroke 
infarct was fitted by using the natural logarithm.52,54

Neurologic examination. Neurologic assessments were per-
formed before stroke induction day (baseline) and on days 1 
and 2 after stroke induction by using the previously reported 
grading scale for stroke in NHP.43

Histology. The macaque was euthanized immediately after 
the 48-h MRI scan by pentobarbital overdose and immediately 
perfused intracardially with saline followed by 10% buffered 
formalin, according to well-established protocols approved 
by the Emory IACUC. The whole brain was removed and im-
mersed in 10% buffered formalin. The brain then was blocked 
and sectioned at 50 µm by using a freezing microtome. Selected 
sections were stained with hematoxylin and eosin according to 
standard procedures.

Figure 1. MR angiography and diffusion-weighted images of the rhesus macaque that developed seizures after stroke (animal ID RPF6). (A) 
Axial MR angiographic images at 1 and 48 h after stroke show the occluded MCA (arrows). Diffusion-weighted imaging highlights the evolution 
of the infarct at (B) 7 h and (C) 48 h after MCA occlusion.
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All procedures were approved by the IACUC of Emory Uni-
versity and in compliance with the Animal Welfare Act,1 the 
Public Health Service Policy on Humane Care and Use of Labo-
ratory Animals,33 and the Guide for the Care and Use of Laboratory 
Animals.24

Results
MCA occlusion was validated through MR angiology  

(Figure 1 A). Occlusion of the main stem (M1) segment of the 
MCA was apparent on the day of surgery. On diffusion-weighted 
images, ischemic infarction was largely in the right caudate nu-
cleus at 7 h after surgery (Figure 1 B) and dramatically extended 
to most basal ganglia areas (caudate, putamen) and some corti-
cal regions (primary auditory cortex, insula, and primary and 
secondary somatosensory cortexes) at 48 h (Figure 1 C). Edema 
was seen in the caudate nucleus only on T2-weighted images 
at 7 h after stroke (data not shown) and extended into regions 
including the putamen, insula, and primary and secondary so-
matosensory cortexes at 48 h after stroke (Figure 2).

The temporal evolution of stroke infarct volumes (Figure 3 A) 
fitted a natural logarithmic pattern (Figure 3 B), indicating sig-
nificant infarction growth from day 0 to day 1. No hemorrhagic 
transformation was observed. In addition, heavy iron deposi-
tion was seen in the globus pallidus (Figures 2 and 4).

Clinical evaluation. On day 1 (24 h after stroke), the animal 
was quiet, alert, and responsive. Hemiparesis of the left forelimb 
and left hindlimb was present. The motor strength of the right 
extremities was generally weakened but not paretic. In addi-
tion, the animal was reluctant to ambulate and was only able to 
move to the right. On day 2 (48 h after stroke), the macaque was 
bright, alert, and responsive. Hemiparesis of the left extremities 
was less apparent. Muscle strength of the right extremities had 

returned to normal. The macaque engaged in species-appropriate 
threat behavior consisting of an open-mouth stare, small upper-
body lunge-type movements toward the observer, and head 
bobs. However, she remained reluctant to move freely about the 
enclosure. In contrast to the previous day, she was able to move 
her body to the left as well as the right.

Shortly after behavioral scoring was completed on day 2, the 
macaque began having seizures. She was anesthetized immedi-
ately as planned for the scan at 48 h after stroke. In light of the 
marked changes in the animal’s clinical condition on the morn-
ing of the follow-up scan and because of the new basal ganglia 
lesions discovered during MRI, euthanasia was elected in keep-
ing with the IACUC protocol.

The neurologic score of the macaque was 100 at baseline 
(measured 3 times before stroke surgery), 50 at day 1 (24 h after 
stroke), and 55 on day 2 (48 h after stroke; Table 1).

Neuropathology. The results from hematoxylin and eosin 
staining demonstrated ischemia-induced neural and glial cell 
damage in the MRI-identified regions (Figure 4).

Discussion
In the present study, we report a case of right basal ganglia 

infarction in an adult rhesus macaque monkey due to experi-
mental MCA occlusion, and seizures occurred 48 h after stroke 
as a consequence. Seizures did not occur during the first 24 h 
after ischemic occlusion, when the lesion was mainly limited to 
the caudate nucleus, but appeared at approximately 48 h after 
surgery, when the lesion involved most of the putamen.

The basal ganglia comprises the subcortical nuclei, includ-
ing the striatum (caudate, putamen) and globus pallidus. These 
structures receive input from the cerebral cortex, which they 
process in a highly specific manner, and then send information 
back to the cerebral cortex by way of the thalamus. Specifically, 
the basal ganglia–thalamocortical circuitry is essential for higher 
level behavioral control, and injury to the basal ganglia can 
cause serious deficits in movement, perception, or judgement.16

Basal ganglia infarction is an uncommon type of lacunar 
stroke, with lesions usually confined to the caudate, putamen, 
or globus pallidus (lentiform nucleus). Abulia and abnormali-
ties of speech, memory, and motor or sensory function are typi-
cally seen.8,21,49 Acute bilateral, left, or right caudate infarction 
has been seen in human patients. As reported previously,26 cau-
date infarction—usually caused by small artery disease—can 
cause abulia, psychic akinesia, frontal system abnormalities, 
speech deficits (left-sided lesion), and neglect syndromes (right-
sided lesion). In addition, 4 patients who had large infarcts in 
the right caudate nucleus showed prominent faciobrachiocrural 
paresis and behavioral abnormalities (in particular, one patient 
had severe impairment of motor and mental activity and could 
not move unless asked to eat or to stand). None of these patients 
had seizures, similar to what we observed neurologically in our 
subject on day 1.

Early human clinical case reports describe putamen infarction 
or lesions and their correlation with symptomatic dystonia.2,11,20 
Schizophrenia-like psychosis (with inconclusive seizure activ-
ity) occurred in a patient with a left putamen infarct.19 In addi-
tion, a patient with bilateral putamen nuclei ischemic infarctions 
demonstrated acute aphonia.40

The involvement of the basal ganglia in epileptic seizures has 
been demonstrated in previous clinical studies (for a review, see 
reference 46), and the role of the basal ganglia in seizures has 
been studied as well.36,47 Specifically, the striatum and pallidum 
are involved in temporal lobe epilepsy, and the basal ganglia has 
been suggested to play an inhibitory role during temporal lobe 

Figure 2. These T2-weighted images at 48 h after stroke illustrate the 
presence of edema after the stroke insult in our macaque.

cm18000004.indd   498 12/17/2018   9:59:13 AM



MRI of ischemic stroke in the basal ganglia of a macaque 

499

seizures.36 Significant volumetric loss in subcortical structures 
(including the putamen) has been demonstrated in patients 
with unilateral temporal lobe epilepsy.35 Progressive microstruc-
tural alterations in the putamen have been reported in a patient 
with epilepsy,23 and patients with negative symptoms in tem-
poral lobe epilepsy showed significant volume reduction in the 
putamen and globus pallidus.22 In addition, a recent MRI study 
of patients revealed significant changes in the resting-state func-
tional connectivity between cortical and subcortical structures, 
indicating the important role of the basal ganglia and thalamus 
in focal epilepsies.48

In comparison to the other macaques with permanent MCA 
occlusion in the same cohort, our macaque with seizures lacked 
prominent ischemic infarction in the cortex, due to the abundant 
collateral blood supply in NHP.45 Instead, ischemic infarction 
was confined to the caudate on the day of surgery and extended 
to the putamen at 48 h after stroke. Because the infarction vol-
ume evolves in a logarithm pattern during acute stroke,52,54 it 
may be reasonable to deduce that the infarct in the putamen 
was already present on day 1 (24 h after stroke), even though 
seizures did not develop until 48 h after stroke. These findings 
reveal the possible relationship between infraction evolution 
in the putamen and seizure onset and thus indicate a specific 
role of the putamen in seizure activity. In addition, this result 
is in agreement with a recent functional MRI finding in which 
the functional connectivity between the putamen and cortex is 
disturbed in patients with epilepsy37 and with a case report of a 
patient with microstructural alterations in the putamen.23

Stroke is one of the most frequent causes of seizures in pa-
tients, and subcortical infarcts have been associated with 
poststroke epileptic seizures.6,7,28,42 As we reported previously 
regarding the macaques in the same cohort, basal ganglia in-
farction was present in the other 2 macaques with permanent 
MCA occlusion (animals RJJ3 and RCE3).54 However, only the 
macaque we report here had infarction restricted to the basal 
ganglia on the day of surgery (Figure 1), whereas the other 2 
animals showed predominant infraction in the cortex. RCE3 
was euthanized immediately after MRI on the surgery day (ap-
proved by IACUC), and RJJ3 was euthanized at 48 h after stroke 
due to poor neurologic condition (but no seizures were seen). 
Therefore, our current findings suggest that focal basal ganglia 
infarction may contribute to the initiation of seizures. However, 
a cause–effect relationship cannot be established solely on the 
timing of the 2 events in this report. As seen in a subpopulation 
of stroke patients25 and rat models,30 early seizures occur in a 
random fashion after stroke. However, our current macaque 
stroke case revealed the temporal evolution of the basal ganglia 
infarction before seizure manifestation, and this information 
might be helpful for investigating the pathophysiologic cas-
cades of stroke-related seizures.

Basal ganglia infarction is usually caused by occlusion of the 
lenticulostriate arteries, which originate from the initial segment 
of the MCA and supply blood to most of the subcortical struc-
tures. By examining the MR angiography of all of our stroke 
macaques, we found that the main stem (M1) segment of the 
MCA was occluded on the day of surgery in all of the animals 
with basal ganglia infarction but not in those with infarction 

Figure 3. Temporal and spatial evolution of the stroke lesion in the basal ganglia. Single panels show the development of infarction from 1 to 48 
h after surgery (upper panel). The progressive changes of entire infarction volumes fit a natural logarithmic pattern (bottom panel).
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restricted to the cortex. Therefore, these perforating vessels 
could be occluded because of the unintended occlusion in the 
M1 segment during surgery (Figure 1). In addition, the animal 
with seizures lacked extensive cortical infarction, suggesting 
that this macaque had a strong collateral blood supply that pro-
tected her from cortical ischemic infarction. As a result, ischemic 
infarction was restricted to the basal ganglia of this macaque.

Prior studies in animal models and human patients have 
suggested the basal ganglia may function as a control circuit 
in seizures10,18 and therefore is a potential target for epilepsy 
treatment using deep brain stimulation.27 NHP models have 
been used in epileptic research.32,34,38 In addition, our present 
findings suggest that a macaque model with acute basal ganglia 

Figure 4. Demonstration of the stroke lesion in the macaque’s brain by using MRI and neuropathology. (A) T1-weighted coronal image. (B) 
Diffusion-weighted coronal images. (C) T2-weighted coronal image. (D) Hematoxylin and eosin staining. (E) Magnification of the box in panel 
D. Scale bar, 100 µm. (F) Magnification of the box in panel E. Scale bar, 100 µm.

Table 1. Findings from neurologic examination of the macaque that developed seizures after MCA occlusion

Points Baseline 1 Baseline 2 Baseline 3 Day 1 Day 2

Motor function
Severe hemiparesis 10
Mild hemiparesis 25 25 25
Normal strength but favors opposite extremity 55
Normal strength and normal function 70 70 70 70

Behavior
Death 0
Coma 1
Aware of surroundings but not active 5
Aware of surroundings and moves in response to examiner 15 15
Normal aggression 20 20 20 20 20

Ocular and cranial nerve function
Facial movement paretic 5 5 5
Facial movement normal 5 5 5 5
Visual field hemianoptic 1
Visual field normal 5 5 5 5 5 5

Total score 100 100 100 50 55
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infarction may be useful to investigate the etiology of epileptic 
seizures and develop new treatment strategies.

In conclusion, the involvement of the basal ganglia in epileptic 
seizures of clinical patients suggests that these structures play 
an important role in various epileptic syndromes and might be 
targeted for neuromodulatory and pharmacologic treatment. 
Our current case report involving a rhesus macaque with stroke 
demonstrates the possible relationship between the temporal and 
spatial anatomic changes associated with a unilateral basal gan-
glia lesion after acute stroke insult and the accompanying clinical 
symptoms. The current findings may provide additional informa-
tion regarding the involvement of the basal ganglia in seizures, 
given that prior clinical case reports did not provide information 
regarding the temporal and spatial evolution of the lesions.
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