
LABORATORY INVESTIGATION

HemispHerectomy has been used for decades in the 
treatment of children with refractory epilepsy and 
unilateral hemispheric lesions. While anatomi-

cal hemispherectomy is still performed, other techniques, 
such as hemispherotomy and functional hemispherectomy, 
are now also used to disconnect a cerebral hemisphere.37,48

Introduced in the 1990s, hemispherotomy has been de-

scribed as an effective surgical technique for hemispheric 
disconnection.14,48 This technique allows a complete dis-
connection between both brain hemispheres with good 
results regarding seizure control; it also causes minimal 
intraoperative bleeding and the shortest possible surgical 
time, with small skin incisions, craniotomies, and the least 
possible resection of the cerebral parenchyma.13 A system-
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atic review of the literature related to hemispherotomy for 
the treatment of refractory epilepsy found that this surgical 
procedure is highly effective in the treatment of refractory 
epilepsy in children, particularly considering acquired 
and progressive etiologies, and that hemispherotomy pro-
cedures are associated with a more favorable complication 
profile.36

The clinical examination after functional hemispherec-
tomy in children often demonstrates the presence of func-
tional deficits in the proximal and distal muscles of the 
contralateral side to the surgical intervention. The hand 
and wrist functions have the highest deficits (94%), fol-
lowed by arm dysfunction (54%) and leg and foot disabili-
ties (45%), compared with the unaffected side.10 Research 
suggests2,28 that after surgical treatment of pharmacologi-
cally refractory epilepsy, the still immature brain tissue 
has the potential to make an impressive recovery. Howev-
er, with respect to neural reorganization, the mechanisms 
of brain plasticity are still not well understood.

In the field of experimental neurosurgery, research has 
been conducted to analyze the behavioral and clinical ef-
fects of neurosurgical intervention on functional/morpho-
logical adaptations of neural structures, resulting in neural 
reorganization and functional recovery after hemispher-
ectomy and hemidecortication.29,45,49 These studies were 
based on animal models of surgical techniques using ro-
dents, felines, and primates (both young and adult labora-
tory animals). For example, several studies22,33,44 used cats 
and/or rats to investigate experimental models of focal 
cortical seizure, performing amygdalohippocampectomy, 
callosotomy, and multiple subpial transections aimed at 
epilepsy control by surgical intervention.

Experimental neurological approaches investigate the 
complex neurobiological mechanisms involved in epilep-
togenesis and the maintenance of seizures,25 the develop-
ment of new antiepileptic drugs,9,18,20 alterations in synap-
tic plasticity,26,50 the neurophysiological and neuropharma-
cological bases of the postictal immobility syndrome,8,12 
the characteristics of ictal and postictal states,31 and post-
surgical recovery skills.5,40 None of these lines of research, 
however, are related to the resection of relevant cortical re-
gions or disconnection of cortical tracts in animals under-
going acute and chronic models of generalized, multifocal, 
or limbic epileptic induction and cortical reorganization.

The aim of the present work is to describe a new ex-
perimental neurosurgical model of hemispherotomy in 
young Wistar rats. The new surgical approach not only 
clarifies neuronal mechanisms underlying behavioral re-
covery from early cortical injury, but also may open new 
perspectives on further investigation into the plasticity of 
corticospinal pathways and motor and sensory posthemi-
spherotomy recoveries.

Methods
Experimental Neurosurgery and Imaging Procedures
Animals

Twenty-six male Wistar rats (weighing 260 ± 10 g), with 
a mean age of 45 days, were used in the present study. All 
protocols were used in compliance with the recommenda-
tions of the Ethics Committee in Animal Experimentation 

of the Ribeirão Preto Medical School of the University of 
São Paulo and of the Hospital Israelita Albert Einstein in 
agreement with the animal research ethics adopted by the 
National Council for Animal Experimentation Control, 
affiliated with the International Council for Laboratory 
Animal Science. All efforts were made to minimize suf-
fering, as well as the number of animals used in this study.

Experimental Groups
Rats were distributed into two experimental groups for 

neural tract tracing and SPECT procedures (n = 26). Neu-
ral tract tracing (n = 4) and SPECT (n = 1) procedures 
comprised a control group (n = 5) that did not undergo 
operations and the surgical group (n = 21) that underwent 
hemispherotomy (8 did not survive the procedure; 10 
survivors underwent neural tract tracing, and 3 survivors 
underwent SPECT, comprising 13 rats for the surgical 
group). Rats received an injection of the anterograde bio-
tinylated dextran amine (BDA) neurotracer into the right 
cerebral hemisphere. BDA was microinjected into the 
primary motor cortex (M1) or into the nucleus caudatus/
putamen (CPu) according to stereotactic coordinates from 
Paxinos and Watson’s atlas (The Rat Brain in Stereotaxic 
Coordinates35) as follows: anteroposterior = 0.12 mm to 
M1 and 1.92 mm to the CPu, middle-lateral = 2.0 mm to 
M1 and 2.6 mm to the CPu, and dorsoventral = 5.8 mm to 
M1 and 5.0 mm to the CPu. The surviving animals (n = 4, 
control group; n = 10, surgical group) were killed 10 days 
after either neural tract tracing or tracing in addition to 
hemispherotomy invasive procedures.

As noted above, 4 rats were selected from the groups 
in this study and submitted to functional imaging pro-
cedures, distributed into two independent experimental 
groups: 1) the control group (n = 1) and 2) the surgical 
group (n = 3). Two weeks after the procedure, rats from 
both groups (control and surgical) were anesthetized and 
underwent the SPECT imaging technique (Fig. 1).

Neurosurgery: Experimental Hemispherotomy
The animals were placed individually in an induction 

chamber (150 × 150 × 300 mm), and anesthesia was in-
duced with 5% isoflurane (Cristália Pharmaceutical and 
Chemical Products Ltd.) in 100% oxygen with a delivery 
rate of 1 L/min until loss of righting reflex. Anesthesia 
was then maintained with isoflurane at 100% oxygen with 
a flow of 1.5–2.0 L/min, administered by means of endo-
tracheal intubation and kept under controlled ventilation 
(CR-Bion). Each rat was treated with an intramuscular in-
jection of penicillin-G benzathine (120,000 UI; 0.1 ml), 
followed by subcutaneous injection of the analgesic and 
antiinflammatory flunixin meglumine (2.5 mg/kg), and 
was then positioned on a surgical table for small rodents 
in ventral decubitus.

The limits for the craniotomy were as follows: anterior 
= 2 mm in front of the coronal suture, medial = 0.5 mm 
laterally to the sagittal suture (with preservation of a thin 
bone surface over the superior sagittal sinus), posterior = 
on the surface of the lambdoid suture, and lateral = near 
the temporal muscle insertion. A C-shaped incision was 
made in the dura mater, at the level of the medial line, 
under a surgical microscope (D.F. Vasconcellos S.A.) with 
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FIG. 1. A: Flowchart showing the experimental design of the present work. Rats in the control group did not undergo neurosurgery. 
However, they were evaluated through neural tract tracing and neuroimaging procedures. Surgical intervention corresponds to 
the animals that underwent experimental hemispherotomy (EH). The EH group was initially composed of 21 animals: 8 died, 10 
underwent neural tract tracing, and 3 underwent SPECT. FIG. 1. (continued)→ 
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a microsurgical hook and scissors, within the craniectomy 
limits.

After meticulous hemostasis, using bipolar forceps for 
microsurgery, the hemispherotomy was then conducted 
according to the following steps. The disconnection of the 
frontal lobe was performed 1 mm in front of the coronal 
suture projection, using a round-tip dissector, and the fron-
tal lobe was disconnected immediately in front of the an-
terior commissure to the floor of the skull base (Fig. 2A).

The cerebral parenchyma was resected by aspiration, 
which was performed starting at the site of the mechani-
cal disconnection of the frontal lobe. The deeper limit of 
the resection was determined by the appearance of sub-
telencephalic structures and the archeocortex. In a similar 
manner, the anterior and lateral limits of the resection were 
the anterior horn of the lateral ventricle and the CPu. The 
posterior limit of the cortical ablation was achieved when 
the resection reached the surface of the dorsal hippocam-
pus. Using this surgical approach, the surgeon maintained 
the integrity of these structures (see Fig. 2B for details).

After the parenchymal resection, the microscope was 
used to view the surface of the corpus callosum (ana-
tomical landmarks: anterior, caudate-putamen and lateral 
ventricle; posterior, hippocampus) to position the instru-
ment used for the leucotomy (12 mm in length, 0.25 mm 
in diameter, with a sharpened and 10° bent tip), placing 
the cutting edge parallel to the direction of the body of 
the corpus callosum. The corpus callosum (body) was sec-
tioned along the rostrocaudal axis, following the curvature 
of this commissure, positioning the tip of the instrument 
slightly upward. The anterior limit of the disconnection 
(toward the genu of the corpus callosum) was set at 2 mm 
anterior to the craniotomy, and the posterior limit (aiming 
at the splenium of the corpus callosum) was set at 1 mm 
posterior to the craniotomy, positioning the leucotomy in-
strument slightly downward (Fig. 2C).

After resection of the cerebral parenchyma, removal of 
subcortical white matter, and disconnection of the corpus 
callosum, the dorsal hippocampus was identified and re-
sected by aspiration. The hippocampectomy was carefully 
performed, up to visual identification of the dorsal thala-
mus in the floor of the lateral ventricle. After visual identi-
fication, the fornix was also carefully sectioned (Fig. 2D).

The external capsule disconnection was performed 
with a microsurgical dissector, following the external cap-
sule laterally to the caudate-putamen. The region of the 
frontal disconnection was considered the anterior limit of 
this procedure. The posterior limit of this leucotomy was 
considered to be the lambdoid suture (dorsally) and the 
lateral ventricle (laterally). The inferior limit of the exter-
nal capsule leucotomy was the skull base (Fig. 2E).

The dissection instrument was inserted deep into the 
brain, following the lateral wall of the lateral ventricle 

through a parasagittal plane, moving the leucotomy in-
strument from rostral (lesioning the amygdaloid complex) 
to caudal aspects of the temporal lobe, reaching approxi-
mately 1 mm behind the posterior limit of the craniotomy 
(Fig. 2F).

After a careful reexamination of the hemostasis (model 
HF-120, WEM Electronic Equipment Ltd.), the dura ma-
ter flap was repositioned and the skin was sutured with 
4-0 nylon wire (black NP53340, Polysuture). At the end 
of the surgical procedure, intubation was maintained in 
the experimental animal for oxygenation in an automatic 
breathing machine.

Each animal was transferred to its original cage after 
the anesthesia recovery period, and was observed daily to 
record clinical condition, food and water intake, behavior, 
and neurological conditions.

SPECT Imaging
Independent groups of Wistar rats comprising 1 rat 

from the control group and 3 rats from the hemispheroto-
my group were submitted to the SPECT imaging protocol. 
Two weeks after surgery, brain perfusion was evaluated in 
those animals by 99mTc hexamethylpropyleneamine oxime 
(HMPAO) SPECT imaging. HMPAO was obtained as a 
lyophilized commercially available kit and reconstituted 
with 99mTc pertechnetate according to the manufacturer’s 
instructions. Each animal was anesthetized with ketamine 
at 90 mg/kg (0.2 ml of 10% solution) and xylazine at 9 
mg/kg (0.1 ml; Dopaser, Hertape/Calier) and received 350 
MBq of 99mTc HMPAO, peripherally injected though the 
superficial dorsal vein of the penis. For image acquisition, 
we used an upgraded clinical gamma camera equipped 
with a 1.5-mm-diameter pinhole collimator and a comput-
er-controlled rotating stage for target positioning. Projec-
tions were recorded beginning shortly after radiopharma-
ceutical injection. Animals were placed in a vertical posi-
tion into the animal holder, with the head in front of the 
pinhole collimator, and 40 projections of 45 seconds each 
were recorded, for a total imaging time of 30 minutes. 
The energy window was set to 140 keV ± 10%, and the 
collimator-to-detector and collimator-to-rotation axis dis-
tances were set to 315 mm and 43 mm, respectively. The 
projections were recorded in 256 × 256 pixels and resam-
pled to 128 × 128 pixels for processing. The tomographic 
images were obtained using an in-house implemented ver-
sion of the ordered subset expectation maximization al-
gorithm, with 10 iterations, 4 subsets of projections, and a 
3D smoothing operation with a 1.5-voxel-width Gaussian 
kernel between iterations.30

Neural Tract Tracing
Animals were anesthetized with ketamine (90 mg/kg 

FIG. 1. B: Timeline of neuroanatomo-physiological investigation: 12 hours after neural tract tracing the animals were submitted to 
EH. The follow-up of the clinical evaluation occurred during 10 days, and the acquisition of SPECT images was performed 2 weeks 
after EH. BDA staining = visualization of interhemispheric neuroconnections; Histology 1 = tissue preparation (brain): perfusion, 
diaphanization, and paraffin fixation; Histology 2 = brain sectioning for the histochemical procedure. C: Timeline of the rotarod 
test procedure: habituation in the FMRP-USP (Faculdade de Medicina de Ribeirão Preto–University of São Paulo) Department of 
Surgery and Anatomy animal facility for 3 days, rotarod test before surgery on the 4th day, experimental hemispherotomy or sham 
procedure, and rotarod test 10 and 30 days after surgery.
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intraperitoneally) and xylazine (9 mg/kg intraperitone-
ally) and fixed in a stereotactic frame apparatus (David 
Kopf). The upper incisor bar was set 3.0 mm below the 
interaural line so that the skull was horizontal between the 
bregma and lambda. For the control group, the scalp was 
anesthetized with 2% lidocaine and then surgically ex-
posed. In the experimental surgery group, an incision was 
made in the midline with a no. 15 blade scalpel, cutting 
the skin and subcutaneous tissue. The nonfluorescent an-
terograde neurotracer BDA was microinjected in the limb 
area according to a stereotactic atlas.35 Rats subsequently 
received an intramuscular injection of penicillin-G benza-
thine (600,000 IU, 0.2 ml; Fort Dodge) and a subcutane-
ous injection of the antiinflammatory and analgesic drug 
flunixin meglumine (2.5 mg/kg, Schering-Plough).

The BDA (10%, either 10,000 or 3000 MW; Molecu-
lar Probes) was dissolved in 0.01 M phosphate buffer (pH 
7.4). Microinjections were performed under anesthesia, 
during surgery. Infusions were delivered using an infusion 
pump (Harvard Apparatus) at a volume of 0.5 ml BDA 
over the course of 5 minutes. The drug dose and injection 
time were based on previous studies.7,38,47 We used a glass 
micropipette for microinjections according to a technique 
described elsewhere to minimize the spreading of the in-

jection to neighboring areas.6,39 Briefly, micropipettes were 
made of a fused silica capillary (external diameter 150 
mm, internal diameter 75 mm; Cluzeau Info Labo C.I.L.). 
The capillary was fixed within a device made with needles 
of 0.60 × 25 mm and 1.00 × 25 mm (Becton-Dickinson) 
to prevent cannula breaks. The micropipette was attached 
to a 5-ml Hamilton syringe by polyethylene tube and intro-
duced through the guide cannula. The displacement of an 
air bubble inside the polyethylene tube that connected the 
syringe to the injection needle was used to monitor the mi-
croinjections. Injection micropipettes were left in place for 
2 minutes after the end of each microinjection to allow for 
local drug diffusion. In the group undergoing surgery, the 
anterograde neurotracer (BDA, 10,000 MW) was injected 
into the motor cerebral cortex 12 hours before the experi-
mental hemispherotomy, and the bidirectional neurotracer 
(BDA, 3000 MW) was microinjected into the CPu 72 
hours after the hemispherotomy.

Histological Analysis
Rats were deeply anesthetized with urethane (3 g/kg 

intraperitoneally, Sigma-Aldrich) 10 days after neural 
tract tracing (control group) or neural tract tracing in ad-
dition to hemispherotomy procedures (surgery group), 

FIG. 2. Steps of the neurosurgical procedure (A–F). A: Sagittal encephalic view: disconnection of the frontal lobe and anterior 
commissure (arrowheads). B: Sagittal view: removal of cortex and subcortical white matter tissue block (dashed line).  C: Cal-
losotomy: corpus callosum and anterior commissure disconnection (arrowhead and dashed line). D: Sagittal and posterior 
coronal section of the brain, showing dorsal hippocampectomy (dashed line). E: Disconnection of external capsule (dashed line).  
F: Anteroposterior leucotomy from the amygdaloid complex to the occipital lobe. Parasagittal (G and I) and transverse (H, J, and 
K) sections of the rat encephalon showing representative histological views of the following surgical procedures: frontal discon-
nection and cortical resection (G); cortical resection with hippocampal preservation (H); calosotomy (I); cortical resection, dorsal 
hippocampectomy, and disconnection of the external capsule (J); and posterior leucotomy (K). Bars = 1000 mm.
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and transcardially perfused with 0.9% buffered saline fol-
lowed by 4% paraformaldehyde (Sigma-Aldrich) in 0.1-M 
phosphate buffer (pH 7.4). Subsequently, the cerebrum was 
removed en bloc through a vertex craniectomy and refixed 
in 70% ethanol. Brains were then sectioned to obtain an 
anterior and posterior division, using a coronal plane pass-
ing through the cortical neurotracing point as a reference. 
Each brain section was dehydrated in a graded alcohol 
series, diaphanized in xylene, and embedded in paraffin. 
The brain divisions were coronally cut into 10-mm-thick 
sections and mounted on histological slides. BDA labeling 
was visualized using a standard avidin biotinylated horse-
radish peroxidase method and a nickel-intensified per-
oxidase 3,3′-diaminobenzidine dihydrochloride reaction. 
Slides were thoroughly washed in 0.1 M phosphate buffer 
(pH 7.4) after incubation, mounted on gelatin-coated glass 
slides, counterstained using the Nissl cresyl violet method 
in a robotized autostainer (CV 5030, Leica Autostainer 
XL), and viewed under a photomicroscope (AxioImager 
Z1, Zeiss). The brain areas were analyzed and the histolog-
ically confirmed sites of intracerebral neurotracer deposits 
were identified according to Paxinos and Watson’s atlas.35

Behavioral Study
Animals

All behavioral experiments were performed on young 
adult male Wistar rats. The rats (n = 30) were randomly as-
signed to 1 of 3 groups: control (10 rats), sham (craniotomy 
performed with an electric drill, 10 rats), and experimental 
neurosurgical groups (hemispherotomy, 10 rats). The sham 
and control groups did not undergo brain injury.

Craniotomy Procedures
The sham rats underwent the same sedation procedure 

for the experimental hemispherotomy described above. 
The limits of the craniotomy were the same as the neu-
rosurgical intervention; the osseous flap was removed, the 
dura mater was preserved, and the skin was sutured.

Rotarod Test
We used the modified procedure for the standard ro-

tarod test to emphasize motor skill learning, coordination, 
and balance.17,21 We used an automated device (acrylic box, 
530 × 400 × 410 mm in height, width, and length, respec-
tively; model EFF 411, Insight) and 3 experimental groups 
(control, sham surgical procedure, and hemispherotomy 
groups) were submitted to the rotarod test without previ-
ous training to remain 120 seconds on the rolling rod.

Acceleration of the rotation was fixed and was set at a 
relatively slow speed (8 rpm). For the test, evaluations were 
performed preoperatively and then 10 and 30 days after 
neurosurgery. The number of falls experienced by the rat 
during the procedure was recorded, and the animal was 
placed back on the rolling rod immediately after falling. 
The falls were recorded until the rat remained on the roll-
ing rod for 120 seconds. A timeline of this procedure is 
provided in Fig. 1C.

Statistical Analysis
Data were analyzed using the Shapiro-Wilk normality 

test. Normally distributed data underwent a repeated mea-
sures 2-way ANOVA followed by Bonferroni’s post hoc 
test to compare the different groups of rats and follow-up 
periods, with the objective of evaluating the significant 
effect of the type of injury (treatment) in different time 
windows. In all these procedures, the statistical program 
GraphPad Prism (version 5.0) was used, and p values < 
0.05 were considered statistically significant.

Results
Experimental Neurosurgical and Imaging Procedures

Twenty-six rats were used in the present experimen-
tal neurosurgery study: 5 nonoperated rats were used as 
controls and 21 rats underwent hemispherotomy surgery. 
Among the 21 operated animals, 13 survived to the end of 
the experiment and were used for structural (neural tract 
tracing, n = 10) and functional (SPECT, n = 3) neuroanato-
mo-physiological investigation. The other 8 operated rats 
died within the first 24 hours of surgery due to profuse 
intraoperative bleeding. The mean duration of the hemi-
spherotomy was 50 ± 10 minutes.

In the immediate postoperative period (i.e., the first 
24 hours), the following features of the hemispherotomy 
procedure were recorded: tremors (8%, n = 1), bleeding 
through the skin (31%, n = 4), suffusion at the site of sur-
gery (69%, n = 9), decreased motor activity (85%, n = 11), 
palpebral ptosis (38%, n = 5), increased muscular tonus of 
the dorsal muscles (69%, n = 9), and discrete bleeding in 
the eyes and nose (15%, n = 2).

On the 2nd day of follow-up, the following were ob-
served: a decrease in water and food intake (85%, n = 11), 
decreased motor activity (85%, n = 11), suffusion at sur-
gery focus (69%, n = 9), aggressiveness (69%, n = 9), dys-
pnea (8%, n = 1), palpebral ptosis (38%, n = 5), increased 
muscular tonus of the dorsal muscles (85%, n = 11), and 
discrete bleeding in the eyes and nose (15%, n = 2).

On the 3rd day of clinical observation, water and food 
intake decreased in 69% (n = 9), 85% showed grooming 
neglect (n = 11), 85% showed decreased muscle tone (n = 
11), 69% of operated animals demonstrated aggressiveness 
(n = 9), 31% showed suffusion at the surgical wound (n = 
4), and 46% showed a decrease in motor activity (n = 6). 
Also observed was palpebral ptosis (23%, n = 3), increased 
muscular tonus of the dorsal muscles (85%, n = 11), and 
discrete bleeding in the eyes and nose (15%, n = 2).

On the 4th day after the hemispherotomy, the animals 
showed reduced leg movements on the contralateral side to 
the surgery, difficulty in initiating movements, and unilat-
eral ambulation (walking to the right).

On the 5th day after surgery, the animals displayed ex-
ploratory behavior in the home cage. However, there was 
paresis contralateral to the surgery, they dragged their par-
alyzed legs, there was increased spinal curvature, and they 
lost walk balance.

The anterograde neurotracer microinjected into the 
cerebral cortex reached both the external and internal 
pyramidal layers of the motor cortex area (Fig. 3). In the 
control group, BDA-labeled corticostriatal pathways were 
found ipsilateral (Fig. 4A) to the microinjection sites of 
BDA, and BDA-labeled cortico-cortical neural pathways 
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FIG. 3. Schematic view of the neuroanatomical procedure (neural tract tracing). A: Upper shows BDA anterograde neurotracer 
microinjections (arrowhead) in Rattus norvegicus M1 area of the neocortex (right hemisphere). Lower shows transverse section of 
Wistar rat brain demonstrating, in a schematic view, reciprocated neural pathways connecting both brain hemispheres through the 
corpus callosum. The photomicrograph on the left represents a histologically confirmed site of BDA microinjection in the telen-
cephalon of the Wistar rat. B: Photomicrograph of a coronal section of the telencephalon of the Wistar rat showing a histologically 
confirmed site of intratelencephalic microinjection of the anterograde BDA neurotracer in the M1 cortical area. C: Representa-
tion of histologically confirmed sites of BDA microinjections in rat telencephalon of control and hemispherotomy-treated animals 
depicted in modified diagrams from the rat stereotactic atlas of Paxinos and Watson.
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were widely found crossing the corpus callosum (Fig. 
4B and C), reaching the contralateral cerebral cortex, in 
which terminal-connecting BDA-labeled fibers surround 
neuronal bodies situated in the multiform cortical layer 
(Fig. 4D).

However, in rodents undergoing hemispherotomy, mi-
croinjections of the anterograde neurotracer into the pri-
mary motor cortex showed BDA-labeled corticofugal fi-
bers (Fig. 5A and B) ipsilateral to the intracortical deposits 
of BDA sending ipsilateral projections to the neostriatum 
(Fig. 5A). Although there were labeled fibers in the corpus 
callosum (Fig. 5C), there was a rarefaction of interhemi-
spheric projections (Fig. 5B) crossing the midline through 
the corpus callosum (Fig. 5C), with consequent absence 
of BDA-labeled inputs to the contralateral cortical hemi-
sphere (Fig. 5D), suggesting a clear interruption of cor-
tico-cortical pathways disconnected by the experimental 
hemispherotomy procedure. Ipsilateral cortico-neostriato-
nigral pathways and the nigro-tectal pathway are examples 
of preserved connections in the hemispherotomy group 
(Fig. 6).

SPECT tomographic images of 99mTc HMPAO distribu-
tion were obtained to verify perfusion in functioning areas 
of the brain. In control animals, brain perfusion was uni-
form through both brain hemispheres, as shown in hori-
zontal and coronal slices (Fig. 7A upper, 7B). However, in 
the animals that underwent hemispherotomy, hypoperfu-
sion was observed in the hemisphere ipsilateral to the sur-
gery, as shown in horizontal and coronal slices (Fig. 7A 
lower, 7C–E).

Behavioral Study
According to the 2-way ANOVA, there was a signifi-

cant effect of treatment (F[34,24] = 2, p < 0.0001), time 
(F[2,19] = 27, p < 0.007), and treatment versus time in-
teraction (F[34,24] = 21.26, p < 0.0001) in the behavioral 
study. Although in the preoperative period (control, sham 
procedure, or experimental surgery groups) motor perfor-
mance was significantly affected by brain injuries, there 
was an increase in the number of attempts to maintain bal-
ance on the moving cylinder in the rotarod test at 10 days 
(Bonferroni’s post hoc test, p < 0.001) and 30 days (Bon-
ferroni’s post hoc test, p < 0.001) after the hemispherotomy 
compared with the control groups (Fig. 8). However, there 
was a tendency to recover the functional deficit over time.

Discussion
The present experimental neurosurgical approach re-

sulted in a successful hemispherotomy in all animals un-
dergoing neurosurgery, with a survival rate of 70% and 
good postsurgical recovery. The hemispherotomy was 
confirmed by neural tract tracing and SPECT procedures. 
The anterograde neurotracer, unilaterally microinjected 
into the motor cortex, labeled both cortico-neostriatal and 
interhemispheric pathways in the control group, but there 
was a clear rarefaction of BDA-labeled fibers crossing the 
midline in Wistar rats with hemispherotomy, showing 
the efficiency of the surgical brain disconnection. This 
structural evidence was supported by SPECT studies that 
showed a clear impairment in the perfusion of the ipsilat-

FIG. 4. Photomicrographs of coronal sections of the telencephalon of a representative control Wistar rat, showing cortico-cortical 
pathways. A: Cortical fugal pathways (arrow) originated from the right brain hemisphere ipsilateral to the site of microinjec-
tion of the anterograde BDA neurotracer in the M1 cortical area, also sending inputs to the ipsilateral neostriatum (arrowheads).  
B: Intertelencephalic cortical pathways (arrowheads) crossing the midline in the corpus callosum (CC). C: Enhanced cortical 
fugal pathways (arrowheads) originating from the right brain hemisphere ipsilateral to the site of microinjection of BDA in the motor 
cortical area crossing the midline in the corpus callosum. D: Coronal sections of the left brain hemisphere showing BDA-labeled 
fibers (arrowheads) reaching the multiform cortical layer contralateral to the site of microinjections of the anterograde neurotracer, 
surrounding local neurons.
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eral brain hemisphere in the hemispherotomy group. The 
structural and functional neuroanatomical approaches 
combined with detailed neurosurgical interventions high-
light the efficiency of this procedure, with a clear potential 
for the study of pharmacologically refractory epilepsy in 
laboratory animals.

Catastrophic epileptic syndromes have a highly unfa-
vorable outcome both in the evolution of the disease and 
in the aftereffects of treatments. Since the initial proposal 
for functional hemispherectomy by Rasmussen in 1983,37 
surgical procedures with more restricted cortical resection 
associated with neural tract disconnections have been the 
best choice of treatment for affected patients.48,51 On the 
other hand, the processes involved in the reorganization of 
the highly modified brain areas after surgery still require 
further clarification.

One way to study the lesions resulting from a disease 
and its treatments is to use animal models of surgical in-
terventions. Thus far, experimental models that simulate 
surgeries used in the treatment of pharmacologically re-
fractory epilepsy are hemispherectomy and hemidecor-
tication performed in neonates and in young adult labo-
ratory animals.23,24 In the present study, we describe a 
technique that involves a vertical approach, similar to the 
parasagittal vertical approach demonstrated by Delalande 
et al.14–16 as a modified procedure of functional hemispher-
ectomy proposed by Rasmussen.37 We adopted the vertical 
approach due to the structural anatomy of the rat brain.

Although human and rat brains have some similari-
ties, the primitive brain is more developed in rats and the 
neocortex is more developed in humans, in which, for ex-

ample, cerebral convolutions that are absent in the murine 
brain are more prominent in primates. In terms of com-
parative anatomy, the rat brain developed in the longitudi-
nal plane (sagittal and frontal aspects). In that context, it is 
possible to perform the disconnections of the subcortical 
structures, visualizing some encephalic structures from 
the midline to parasagittal planes to determine relevant 
anatomical references, such as the lateral ventricle, the 
CPu that is located posterior to the anterior commissure, 
and the corpus callosum.1

The encephalic structures reached in the experimental 
surgical approach used in this work were lesioned/sec-
tioned to simulate the clinical approach (hemispherotomy) 
performed in humans to achieve complete disconnection 
of the brain hemisphere. This approach is as follows: 1) 
internal disruption of the internal capsule and corona ra-
diata, 2) resection of the medial temporal structures, 3) 
callosotomy, and 4) disruption of the frontal horizontal 
fibers.16,32,48

The possible functional recovery that occurs in patients 
with CNS injury can also be observed in animal models.32 
Thus, experimental studies are also performed to better 
understand the mechanisms of neuroplasticity involved 
in the functional recovery of these patients.28,29,34,45,49 We 
observed that animals submitted to experimental hemi-
spherotomy displayed a motor deficit 10 days after the 
surgical procedures. However, there was a significant im-
provement in motor coordination and balance displayed by 
these animals in the rotarod test 30 days after the hemi-
spherotomy, suggesting brain neuroplasticity. The func-
tional deficits were mainly presented through changes in 

FIG. 5. Coronal brain sections of a representative hemispherotomy-treated Wistar rat. A: Intrahemispheric cortico-neostriatal 
connections (arrowheads) and cortico-cortical pathways (arrow) originating from the right brain hemisphere ipsilateral to the 
microinjection site of anterograde BDA neurotracer in the M1 cortical area. B: BDA-labeled interhemispheric neural pathways 
(arrow) reaching the corpus callosum ipsilateral to the microinjection site performed in the M1 cortical area. C: Rarefaction of 
BDA-labeled fibers reaching the site of disconnection (arrowheads) of the corpus callosum near the midline. D: Note the lack of 
either BDA-labeled axonal fibers or neuronal perikarya in the contralateral cerebral cortex layers.
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motor coordination causing more falls from the moving 
rod, possibly associated with difficulties in using sensory 
information, and postural adjustments related to decreases 
in general physical conditions.41,52

Correlating our data with data from other studies, we 
observed that the motor recovery of the animals undergo-
ing the experimental hemispherotomy may be related to 
cortical/subcortical reorganization3,4 and functional recov-
ery.28,29,41 The functional recovery shown in the rats under-
going hemispherotomy in the present work is similar to 
that reported elsewhere.19,34,53 In addition, the neurosurgical 
procedure preserved some critical connections subserving 
the motor function, such as the cortico-neostriatum-nigral 
pathways and the nigro-striatal projections.

The present study proposes an experimental model that 
provides an opportunity to study the mechanisms of neu-
roplasticity in the brain hemisphere, which is contralateral 
to resection (preserved structures), but also considers some 

axonal reorganization of the remaining neurons in corti-
cal territories ipsilateral to the lesions and the correlation 
of these neural substrates with motor recovery based on 
the development of new sprouting and axonal projections. 
Comparing our findings with those already described in 
other hemispherectomy and hemidecortication models, we 
observed a similarity to the findings obtained by Machado 
et al.28 regarding the total functional recovery period (less 
than 2 weeks). Marino et al.29 determined that the quality 
of functional recovery is related to the age of the rat at the 
time of surgery; i.e., younger rats have a greater chance of 
complete recovery. We used young rats, similar in weight 
to the animals used by Marino et al.,29 and we obtained 
similar results in terms of functional recovery.

In the present experimental neurosurgical approach, we 
observed a mortality rate of 30%, with death always oc-
curring within the first 24 hours of the procedure. As 71% 
of the deaths occurred in the first half of the total number 

FIG. 6. Coronal encephalic sections of a representative hemispherotomy-treated Wistar rat, showing preserved ipsilateral connec-
tions.  A–C: The cortico-neostriatal pathway, with neurons (black arrows) situated in the internal pyramidal layer (A and B) sending 
axons (arrowheads) to the CPu (C). D: The neostriato-nigral GABAergic projection, represented by axons and terminal buttons 
(arrowheads) situated in the substantia nigra pars reticulata (SNpr). E and F: The nigro-striatal dopaminergic pathway, represent-
ed by neurons (arrows) situated in the substantia nigra pars compacta (SNpc) connected to the CPu (black arrowheads indicate 
neurites). The arrow in C shows a representative site of the BDA bidirectional neurotracer (BDA, 3000 MW) microinjections in the 
neostriatum. The neuronal body (arrow) shown at the bottom of panel D is situated in the SNpc. Axons (black arrowheads) and 
puncta (open arrowheads) suggesting terminal buttons shown in panel F on the right are situated in the SNpr. Counterstaining was 
conducted using Nissl cresyl violet.
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FIG. 7. SPECT images of the brain blood perfusion tracer 99mTc HMPAO in 1 normal and 3 hemispherotomy-treated rats. A: 
Representative horizontal and coronal sections through the brain images of the normal and one of the hemispherotomy-treated 
animals. B–E: Horizontal sequence of coronal sections through the brain images of the normal and 3 hemispherotomy-treated 
animals.

FIG. 8. Effects of the hemispherotomy on motor performance of Wistar rats in the rotarod test during a 30-day follow-up. Data are 
presented as mean ± standard error of the mean (n = 10 per group). *p < 0.05, **p < 0.01 compared with the control group (naïve 
rats); #p < 0.05, ##p < 0.01 compared with the sham procedure group, according to the repeated 2-way ANOVA, followed by 
Bonferroni’s post hoc test. PreOp = preoperative/baseline responses.
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of operated animals, these deaths may be related to the 
learning/training process of surgical procedures. Further-
more, previous studies do not provide details about the 
mortality rate of their procedures or the timing of those 
deaths,29 nor do they mention the occurrence of death after 
surgery.29,46,55

Advantages of the experimental model of hemispherot-
omy proposed here include the opportunity to study the 
morphology and functional characteristics of novel neural 
connections arising from adaptive neuroplasticity in the 
disconnected brain through the emergence of new subcor-
tical projections and their inputs to the ventral horn of the 
spinal cord. In addition, we should highlight the functional 
role played by neuronal activity in the basal nuclei, brain-
stem-descending reticular-spinal projections, and cerebel-
lum in recovering animals; neuronal and myelin plastic-
ity;11 electrical stimulation;27,54 and neurophysiological 
mechanisms42 previously suggested by several research-
ers.34,43,46,49

The current model of hemispherotomy also enables the 
development of new rehabilitation strategies in rodents un-
dergoing experimental hemispherotomy for the improve-
ment of postsurgical recovery after hemispheric injuries, 
and it allows us to describe the neurological bases of this 
surgical therapeutic intervention in children with pharma-
cologically refractory epilepsy.

Conclusions
The new proposed experimental model of hemispherot-

omy, shown to be technically feasible and comparable to 
procedures currently used to surgically treat patients with 
pharmacologically refractory epilepsy, is suitable for many 
future studies focused on experimental neurosurgical and 
rehabilitation areas.
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