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Abstract

Nonhuman primate models of poststroke recovery have be-
come increasingly rare primarily due to high purchase and
maintenance costs and limited availability of nonhuman pri-
mate species. Despite this obstacle, nonhuman primate
models may offer important advantages over rodent models
for understanding many of the brain’s mechanisms for self-
repair due to greater similarity in cortical organization to
humans. Since the mid-1990s, surgical, neurophysiological,
and neuroanatomical methods have been developed to un-
derstand structural and functional remodeling of the cere-
bral cortex after an ischemic event, such as occurs in stroke.
These methods require long surgical procedures and entail
constant physiological monitoring. With careful attention to
intraoperative and postsurgical monitoring, these proce-
dures can be repeated multiple times in individual monkeys
without untoward events. This model provides a statistically
powerful approach for tracking brain plasticity in the ensu-
ing weeks and months after a stroke-like injury, reducing
the number of animals required for individual experiments.
This methodology is described in detail, and many of the
resulting findings that are relevant for understanding stroke
recovery and the effects of rehabilitative and pharmaco-
therapeutic interventions are summarized.
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Introduction

A fter a stroke has affected the motor cortex, motor
deficits are common in the upper extremity contra-
lateral to the injury. Deficits include paralysis or

weakness and abnormal muscle tone, posture, movement
synergies, and interjoint coordination (Cirstea and Levin
2000; Nakayama et al. 1994; Twitchell 1951; Wade et al.
1985). Although dexterity with the impaired hand may be

permanently affected, significant recovery occurs during the
first several weeks after the injury (Duncan et al. 2000).

At least part of the recovery process involves resolution
of pathophysiological events associated with cortical injury.
In addition, recent results from human and animal studies
suggest that cerebral cortex is capable of significant func-
tional and structural remodeling after injury and that motor
experience is a major modulator of neurophysiological and
neuroanatomical changes that take place in the undamaged
tissue. The notion that the brain can be remodeled after
injury is an exciting prospect because it may lead to the
development of new pharmacotherapeutic and physiothera-
peutic interventions for restitution of function after stroke.

To understand the underlying mechanisms of stroke re-
covery at molecular, synaptic, cellular, and systems levels
of organization, animal models, including nonhuman pri-
mate models, are essential. This article summarizes one
such model that has been developed in our laboratory over
the past several years. The purposes of this model have been
to determine (1) the detailed neurophysiological and neuro-
anatomical changes that occur in undamaged cortical tissue
after a focal ischemic lesion, and (2) the effects of behav-
ioral interventions on this cortical tissue. In this review, we
describe the unique surgical, neurophysiological, and be-
havioral procedures associated with the model, and a few of
the resulting findings regarding neuroplasticity after stroke.

Need for Primate Models of Stroke

Although rodent species have been very valuable in further-
ing our understanding of the cascade of events that follow
acute stroke, and have begun to be utilized for studies of
recovery mechanisms (Jones et al. 1999), the need for non-
human primate models of stroke has received increasing
attention. The advantages and disadvantages of nonhuman
primate models for stroke are reviewed in detail by Fukuda
and del Zoppo in this issue (Fukuda and del Zoppo 2003).
Briefly, from a heuristic standpoint, nonhuman primate spe-
cies share a more recent common ancestry with humans,
increasing the probability that neural processes related to
stroke-induced deficits and recovery are similar to those of
human stroke. It is clear that certain features of the primate
motor system, especially in cortical motor structures, are
more highly differentiated and elaborated compared with
those of other mammalian species (Heffner and Masterton
1983; Nudo et al. 1995).
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Recently, the interest in nonhuman primate models has
grown, due largely to the failure of clinical trials using
putative neuroprotective drugs that were successful in ro-
dent models. The possible reasons for failure have recently
been reviewed by Gladstone et al. (2002) and include ques-
tionable study design in some clinical trials, premature
clinical trials due to insufficient preclinical results, differ-
ences in therapeutic windows between preclinical and clini-
cal studies, emphasis on neuroprotection of peri-infarct
tissue and on gray matter protection in preclinical models,
and inappropriate outcome measures. Several reasons for
clinical trial failures have also focused on the appropriate-
ness of the animal model, such as the small size of the
rodent brain (Neff 1997), differences in recovery rates be-
tween rodents and humans, and other differences in the
genetic and proteomic makeup between rodents and humans
(Gladstone et al. 2002). As a result, recent recommendations
for priorities in preclinical stroke research have emphasized
the need for better models of stroke disease, especially non-
human primate models (Report of the Stroke Progress Re-
view Group, April 2002 [www.ninds.nih.gov]).

Characteristics of the Squirrel
Monkey Model

The most common approach to mimicking clinical stroke in
primate species is similar, in principle, to approaches ap-
plied in rodents. Usually the approaches involve occlusion
of the middle cerebral artery (MCA1) or the internal carotid
artery (Fukuda and del Zoppo 2003). Other investigators
have used direct surgical dissection (craniectomy) and per-
manent occlusion of the MCA over the lateral portions of
cerebral cortex (Marshall et al. 2000). The intent of experi-
ments in our laboratory is not to mimic clinical stroke per
se, but instead to provide a model for examining mecha-
nisms of neuronal plasticity that may underlie recovery after
stroke. Thus, we have developed an injury model that al-
lows the generation of focal ischemia over a functionally
identified cortical area of predictable extent.

Our primate model of choice is the adult squirrel mon-
key (Saimiri spp., males and females, ages 2.5-15 yr) cho-
sen primarily because the motor hand area is contained
within a relatively flat, unfissured sector of frontal cortex,
allowing direct access for neurophysiological examination
and infarct induction. Because the availability of squirrel
monkeys has been unreliable over the past few years, we use
a broad range of ages. To avoid major confounds with de-
veloping brains, we use squirrel monkeys at least 2.5 yr of

age (i.e., young adults) or older. Because squirrel monkeys
from commercial suppliers usually include retired breeders,
we often utilize much older animals. Our upper age limit is
15 yr, considered by most to correspond to older adult squir-
rel monkeys. However, beyond the age of about 12, we have
found that squirrel monkeys are not as physiologically
stable during our long surgical/neurophysiological proce-
dures (15-20 hr). Thus, we limit the use of older monkeys to
procedures that are of shorter duration (<10 hr). Although
we have not systematically examined the effects of age on
neuroplasticity or the behavioral response to cortical injury,
we have not observed major differences to date. Thus, for
our particular experimental design, an age range of 4 to 8 yr
is optimal. Because clinical stroke predominantly occurs in
the elderly, the need to produce generalizable results in
older nonhuman primates will likely become increasingly
important.

Likewise, no major differences have yet been found
between males and females with regard to neuroplasticity or
the behavioral response to cortical injury. However, because
females are typically smaller than males in this species, they
often present additional surgical challenges (e.g., tracheal
intubation, venous cannulation). We have found that a
weight of at least 700 g is optimal for these experiments but
have been successful utilizing squirrel monkeys as small as
600 g. Body weights in squirrel monkeys also change sea-
sonally and vary as a function of species and subspecies.

Using electrical stimulation of the deep layers of cere-
bral cortex (output layers) via microelectrodes, we can de-
fine the functional boundaries of the motor cortex with great
precision (<250 �m resolution). The hand area has been the
focus of these experiments because the hand is often af-
fected in human patients with cortical motor infarcts. Also,
we have been successful in training refined movements of
the hand in squirrel monkeys. We have used squirrel mon-
keys in our studies of cortical plasticity for nearly 20 yr and
have compiled a large database of behavioral, anatomical,
and physiological information regarding the cortical control
of movement in this species.

Methods for Defining Functional
Boundaries in Motor Cortex

Motor cortex is classically defined as the part of the cerebral
cortex that requires the least amount of electrical stimula-
tion to evoke movement of skeletal musculature. In pri-
mates, including humans, motor cortex is subdivided into
several regions: primary motor cortex (M11), premotor cor-
tex, the supplementary motor area, and the cingulate motor
area(s). Each is thought to play a separate role in the cortical
control of movement (Picard and Strick 1996; Preuss et al.
1996; Tanji and Kurata 1989; Wise 1996; Wu et al. 2000).

The global topography of motor representations in M1
follows an orderly progression, from the hindlimb at the
most medial locations, through the trunk, forelimb, and fi-
nally the face in the most lateral locations (Figure 1) (Pen-

1Abbreviations used in this article: AM, morning; BUN, blood/urea/
nitrogen; GLU, glucose; HCT, hematocrit; ICMS, intracortical micro-
stimulation; M1, primary motor cortex; MCA, middle cerebral artery;
NMDA, N-methyl-D-aspartate; PCV, packed cell volume; PM afternoon;
SMBRR, Squirrel Monkey Breeding and Research Resource; TP, total
protein.
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field and Boldrey 1937; Penfield and Rasmussen 1950).
Microelectrode stimulation mapping studies in nonhuman
primates (Gould et al. 1986; Wu et al. 2000), as well as
recent neuroimaging studies in humans (Grafton et al. 1991;
Rao et al. 1995; Sanes et al. 1995), have replicated this basic
homuncular somatotopy in M1. However, the representa-
tions of individual movements and muscles are widely dis-
tributed and overlapping (Asanuma and Rosén 1972;
Donoghue et al. 1992; Gould et al. 1986; Kwan et al. 1978;
Nudo et al. 1992; Poliakov and Schieber 1999; Sanes et al.
1995; Schieber 1999; Sessle and Wiesendanger 1982; Strick
and Preston 1982).

Surgical Techniques

The surgical techniques for defining functional boundaries
in motor cortex are standardized (Nudo et al. 1992). Under
sterile conditions and after induction of halothane/nitrous
oxide anesthesia, a craniectomy is made over the lateral
portions of the frontal cortex contralateral to the monkey’s
preferred hand. The dura is removed over an area approxi-
mately 1 cm2, directly exposing the hand area of M1. For
neurophysiological procedures, after the dura is removed, a
small plastic cylinder is fitted over the craniotomy and filled
with warm sterile silicone oil to prevent desiccation.

To define functional boundaries within M1, we use a
common technique known as intracortical microstimulation
(ICMS1). Ketamine is the most common agent used for
these studies and has been successfully utilized in our labo-
ratory for several years. The halothane/nitrous oxide used
for the surgical procedure is withdrawn gradually, and ke-
tamine is administered intravenously until the animal is sta-
bilized. Supplemental doses of ketamine are administered
throughout the remainder of the experiment as needed to

maintain a stable level of anesthesia. Diazepam or
acepromazine are delivered to reduce excessive muscle
tone. Heart rate, respiration rate, expired CO2, oxygen satu-
ration, and temperature are monitored and maintained
within normal physiological limits throughout the experi-
ment. Core temperature is maintained with a homeothermic
blanket system. Lactated Ringer’s solution with 3% dex-
trose is infused at the rate of 10 mL/kg/hr. The entire sur-
gical/neurophysiological procedure lasts approximately 15
to 20 hr, during which blood chemistry (hematocrit; so-
dium; potassium; chloride; blood, urea, nitrogen [BUN1];
total protein; and glucose) is monitored approximately ev-
ery 6 hr using a portable blood analysis system.

Using a video frame-grabber, a magnified photograph of
the cortical surface vasculature is derived. A glass micro-
pipette filled with 3.5 M NaCl is introduced on a fine grid
pattern, sited with reference to the surface vasculature and
then advanced perpendicularly to the cortical surface to a
depth of 1700 to 1800 �m. Thresholds for evoking move-
ments are minimal at this depth. Motor fields are defined by
determining movements elicited by ICMS using near-
threshold and suprathreshold electrical stimulation (<30
�A). These procedures are now widely used for mapping
the functional topography of motor cortex and have been
utilized in our laboratory for more than 15 yr (Donoghue et
al. 1992; Friel et al. 2000; Gould et al. 1986; Neafsey et al.
1986; Nudo et al. 1990, 1992, 1996a; Plautz et al. 2000b;
Waters et al. 1990). At each site, current is gradually in-
creased from zero until a response is just visible in at least
50% of the train bursts. After two observers agree on the
movement activated at threshold, the movement is recorded.
In some experiments, electromyographic activity is re-
corded from forearm muscles.

The various sites defined by the grid pattern are probed
sequentially until the entire hand area (digit, wrist, and fore-

Figure 1 Left: Location of motor areas in the frontal cortex of a squirrel monkey. At least five separate motor areas can be identified in
this and other primate species. These areas include the primary motor cortex (M1), supplementary motor area (SMA), dorsal premotor area
(PMD), ventral premotor area (PMV), and cingulate motor area (cing.). This arrangement is similar in other primates studied to date,
although the cortical sulci are much deeper in the majority of primate species (including humans). Right: Method for creating ischemic
infarct in the M1 hand area. Infarct procedure is in progress. Microforceps connected to a bipolar electrocoagulator are used to permanently
occlude the entire vascular bed of the target tissue. Black line outlines the M1 hand area defined by microelectrode stimulation techniques.
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arm) is explored. After neurophysiological procedures are
complete, the plastic cylinder is removed, the dura is re-
placed with gelfilm, the bone flap is cemented in place with
dental acrylic, the skin is sutured, and the wound is dressed
with an antibacterial agent. This procedure is repeated be-
fore and several weeks to months after the infarct procedure.

This so-called map-remap procedure has several advan-
tages for tracking changes in motor representations within
individual animals at the resolution required for these ex-
periments (250 �m between penetrations). Foremost, be-
cause of the high degree of individual variability in cortical
motor map organization (Nudo et al. 1992), these studies
would be much less feasible if between-group designs were
used (requiring ∼10-12 monkeys per group). Using a re-
peated measures statistical design, it is possible to achieve
sufficient statistical power with four to six monkeys per
group.

It is essential for the mapping procedure to have mini-
mal effect on the integrity of motor cortex organization.
Therefore, for ICMS, we use thin glass micropipettes that
have a relatively small diameter compared with insulated
metal electrodes. The diameters of the electrodes are ap-
proximately 15 to 20 �m at the tip and approximately 100
�m at 2 mm from the tip. Tips are beveled to a sharp point,
allowing them to pass through the pia with minimal resis-
tance. These electrodes have excellent electrical properties
(∼750k to 1M impedance) allowing currents of up to 100
�A with standard constant current isolators and reasonable
recording of multiunit and some single-unit responses. With
the dura removed, highly magnified digital photographs of
the cerebral vasculature are used as a guide to position
microelectrodes with great precision and accuracy. Thus, it
is possible to relate maps to each other that are derived at
different time points in the same animal.

Cortical Infarct Procedure

Following the neurophysiological mapping procedure, or in
a separate surgical procedure, M1 is exposed using the tech-
niques described above. If present, the plastic cylinder is
removed, and the silicone oil is flushed with warm saline.
Warm saline is applied periodically to the cortical surface to
prevent desiccation. The infarct procedure incorporates vas-
cular coagulation using a bipolar electrocoagulator primar-
ily applied to venous drainage and, to a lesser extent, small
end-arteries supplying the targeted tissue (Figure 1). The
infarcted vessels include very fine capillaries as well as
larger vessels. We specifically avoid any bypassing arterial
supply to other areas.

We chose this technique because it enables us to make
reliable infarcts within a restricted functionally defined zone
under visual guidance. Histological examination suggests
that the tissue adjacent to the injury is structurally indistin-
guishable from normal tissue, at least based on Nissl (cresyl
violet) and myelin (Gallyas) staining. Qualitative analysis
of neuronal type, somatic size, cortical lamination, neuronal

packing density, nuclear profile, axonal size, and axonal
myelination reveals no pathologies in the peri-infarct tissue.
The normal appearance of this tissue is likely due to (1) the
infarct procedure that restricts blood flow permanently and
completely over a focal region, and (2) long survival times
that extend several months. Although we continually exam-
ine the feasibility of other techniques for producing cortical
infarcts (excitotoxic lesions, photochemical lesions, MCA
occlusions) (Jaskiw et al. 1990; Marshall et al. 2000; Wat-
son et al. 1985), our current vascular infarct technique is
very reliable in our hands and reproduces many of the
events that occur naturally after an embolic stroke. The
procedure allows us to track the neurophysiological prop-
erties of the spared tissue before and after injury.

Direct measurement of the precise size of infarcts using
any lesion technique is problematic in chronic recovery
models. Techniques that compare the remaining volume of
tissue in the infarcted hemisphere with the intact hemi-
sphere as used in many rodent experiments are not reliable
for our model in squirrel monkeys because the lesions ac-
count for only a small percentage of the total cortical tissue.
We can induce lesions of predictable size with greater ac-
curacy than if we were using more traditional lesion tech-
niques (e.g., aspiration or electrolytic). After vascular
electrocoagulation, the ischemic cortex becomes blanched.
The boundaries between the ischemic and normal tissue are
clear-cut. Thus, the extent of the damaged cortex can be
measured directly by comparing pre- and postinfarct pho-
tographs. In postinfarct maps, a digital photograph of the
intact vasculature can be superimposed on the preinfarct
photograph, and the cortical territory spared by the infarct
can be evaluated. In addition, laser-Doppler images of re-
duced blood flow taken 1 hr after infarct are used to verify
the extent of the ischemic damage.

Monitoring Physiological State
During Long-term Surgical/
Neurophysiological Procedures

One of the unique challenges of this model is that the motor
mapping procedures require an extended surgical/
neurophysiological procedure that can last from 10 to 20 hr.
The length of the procedure is the result of our need to
resolve functional boundaries within the motor map with
high resolution. The procedure must be repeated at least
twice (pre-and poststroke) in each monkey.

Vital Signs

Several physiological variables are monitored continuously
and recorded every 15 min during the procedure. Because of
the long duration of the neurophysiological procedures, it is
extremely important to maintain these values within normal
physiological ranges for the following reasons: (1) Heart
rate, respiration rate, and expired CO2 are rough indicators
of the animal’s anesthetic state, which can affect the ability
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