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Abstract
Background—Neurosurgical procedures are carried out routinely in health institutions across the
world. A key issue to be considered during neurosurgical interventions is that there is always an
element of inevitable brain injury that results from the procedure itself due to the unique nature of
the nervous system. Brain tissue at the periphery of the operative site is at risk of injury by various
means including incisions and direct trauma, electrocautery, hemorrhage, and retractor stretch.

Methods/Results—In the present review we will elaborate upon this surgically-induced brain
injury and also present a novel animal model to study it. Additionally, we will summarize preliminary
results obtained by pretreatment with PP1, a src tyrosine kinase inhibitor reported to have
neuroprotective properties in in-vivo experimental studies. Any form of pretreatment to limit the
damage to the susceptible functional brain tissue during neurosurgical procedures may have a
significant impact on the patient recovery.

Conclusion—This brief review is intended to raise the question of ‘neuroprotection against
surgically-induced brain injury’ in the neurosurgical scientific community and stimulate discussions.
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Rationale
There are over 800,000 cranial and spinal neurosurgery cases performed annually in US alone.
The specialized field of neurosurgery has come a long way from its origins in trephination
practiced by the ‘sirkaks’ (Inca neurosurgeons) hundreds of years ago [13,29] to recent
advancements in endoscopic neurosurgeries [44,15]. Neurosurgical procedures, however,
remain invasive procedures regardless of whether they are performed in elective or emergency
settings. Some of the neurosurgical interventions such as surgeries for brain stem and spinal
cord pathologies are intrinsically linked to postoperative neurological deficits and may lead to
serious neurological injuries regardless of how carefully the operation is carried out [9].
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A key issue during most neurosurgical procedures is that there is always an element of
inevitable injury inflicted on the functional and normal brain while dissecting or eliminating
the pathological tissue(s). This unavoidable injury may exist in many forms including
predetermined cortical incisions to access any deeper pathological tissue [38], retraction of
brain lobes or hemispheres [1,20], intra-operative bleeding [19] and thermal injury due to
electrocoagulation. Endoscopic surgeries and stereotaxic guided procedures are designed to
minimize the invasiveness of neurosurgical procedures. However, these procedures also lead
to inevitable brain injuries and complications [8,12,19,37].

To reduce the post-operative effects of these brain injuries and decrease the subsequent
neurological deficits, osmotic agents, diuretics and steroids are routinely used [30]. Steroids,
though well established in ameliorating brain tumor associated edema, have not shown a
definite therapeutic effect in clinical trials for ischemic stroke, in tracerebral hemorrhage,
aneurysmal subarachnoid hemorrhage, and traumatic brain injury [18]. Some anesthetic agents
themselves [23,36] and therapeutic modalities such as intraoperative hypothermia [4,43] are
suggested to provide cerebral neuroprotection. Intraoperative hypothermia, however, is not
widely practiced and not without it’s own drawbacks [4,40,43].

Even with adjunct treatments, the standard neurosurgical maneuvers, whether planned or
performed in an emergency can cause damage to the surrounding brain tissue and may
contribute to or result in critical early postoperative complications such as brain edema and
ischemia or delayed healing [11,28,41]. Even if there are no life threatening and serious
complications in most cases, neurosurgical patients have to be monitored closely, especially
in the intensive care unit. This translates into longer hospital stay with significant implications
for the patient, the healthcare system and the society. The neurological and neurobehavioral
functional deficits can additionally be a source of long term emotional, social, physical and
financial duress. Moreover, the concerns of causing injury to the surrounding normal and
functional brain, especially in vulnerable areas such as brain stem, [9] may hamper the approach
of the neurosurgeons.

In the past and at present, the inevitable brain injury resulting from neurosurgical interventions
is not treated separately or covered under any separate neuroprotective regimen but rather is
left to be healed on its own. Presently, there are established therapeutic agents such as
erythropoietin and statins used clinically in patients for different non-neurological disorders
that have also shown promise as neuroprotectants in experimental studies [6,10,39]. These
agents, with proven safety in patients, are poised for clinical trials in cerebrovascular disorders
[10]. We want to take advantage of such therapeutic modalities for use as pretreatment against
surgically-induced brain injury due to their effectiveness when used prior to brain injury (such
as stroke or traumatic brain injury) and their reduced or lack of efficacy if used after brain
injury. Neuroprotection in the form of some pretreatment may not only guard the susceptible
normal brain tissue from surgically-induced brain injury, but is also clinically relevant in our
model.

Animal Model for surgically-induced brain injury
An extensive literature search did not yield any animal model used to study surgically-induced
brain injury. We have created a novel in vivo model to study brain injury caused exclusively
by neurosurgical procedures. The frontal lobe surgical injury rat model allows us to simulate
the surgically-induced brain injury by causing both cortical and parenchymal damage, and to
study the postoperative complications that follow neurosurgical procedures. Additionally, it
allows the study of molecular mechanisms and signaling pathways involved in surgically-
induced brain injury and the testing of different pretreatment modalities for neuroprotection.
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Adult male Sprague Dawley rats, each weighing 300-350 grams were used for the procedure.
Following anesthesia with isoflurane (4.5% for induction and 2.5% maintenance by intubation)
or ketamine (100 mg/kg) plus xylazine (10mg/kg) i.p, the rats were placed in prone position
in a stereotaxic frame (Benchmark™) under a surgical operating microscope. After dissecting
the skin and connective tissue, the periosteum was reflected with a periosteal elevator to expose
the right frontal skull. An operating square area (5mm edge) was identified on the frontal skull
bone such that the left lower corner of the square was at the bregma (Figure 1). The margins
of the square were thinned out to translucency with a micro-drill without penetrating the skull.
Using a bone lifter and forceps, this piece of bone was gently lifted to expose a square window
displaying the underlying right frontal lobe of the brain covered by dura. The dura was carefully
incised with no. 20 needle to minimize bleeding and gently flipped over to expose the right
frontal lobe. Using a flat blade (6 mm × 1.5 mm), two incisions were made leading away from
the bregma along sagittal and coronal planes to sever an area of brain 2mm lateral of sagittal
and 1mm proximal of coronal planes. The sectioned brain was removed and weighed
immediately (approximately 35 mg). In preliminary studies we observed that the variability in
the weights of the sectioned brain tissue was not significantly different (unpublished data).
Intraoperative packing and saline irrigation was used to control bleeding. Hemostasis was
confirmed by close observation after removal of packing. Subsequently the dura was placed
loosely back in original position, as was the skull cap and overlying connective tissue. Skin
was sutured using 3-0 silk (Ethicon) on a reverse cutting needle. Vital signs were monitored
throughout the procedure which lasts about 20-25 minutes. Sham surgery included only
craniotomy and replacement of the bone flap without any dural incisions. Preliminary studies
have shown zero mortality in this model.

Caveats in the animal model
Ideally, we intend to develop this model to simulate most, if not all, surgically-induced brain
injuries in a reproducible manner. The present model incorporates cortical and parenchymal
damage, including axotomy usually caused by surgical tools either inadvertently or in a
premeditated approach. Secondly, there is intraoperative bleeding which is controlled by
packing and saline irrigation. Electrocoagulation is also used to control bleeding and to make
incisions to gain access to deeper structures. There are variations in its usage in terms of voltage,
frequency and duration of application. Brain injuries caused by lobe retraction were not
considered due to variability in usage of retractors. Moreover, miniature instruments producing
consistent pressure and stretch injuries seen with retractor usage are required for this particular
brain injury component. Further improvements of this model, however, should address these
issues.

Even though the scale of frontal lobe injury may be comparable to brain tumor resection/
debulking [34] or epilepsy surgery (mostly in the temporal lobe) to some degree, this model is
not intended to mimic any specific neurosurgery operations. Instead the goal is to produce a
standard and reproducible model with certain amount of brain tissue loss and injury that will
produce neuronal death, and blood brain barrier dysfunction leading to brain edema which
occurs during routine neurosurgical operations in clinical practice.

Brain injuries produced by this animal model
Preliminary studies on the animal model presented above revealed that there is presence of
localized edema around the operative site, i.e. surgically-induced brain injury. This edema
indicated by brain water content [(wet weight-dry weight)/wet weight] × 100 and calculated
using standard methods [46] was present only in the ipsilateral frontal area, i.e the area
contiguous to the surgically-induced brain injury (Figure 2). Time course performed
experiments further revealed that this localized edema peaked at 24 hours, started declining
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after 3 days and almost entirely resolved by 1-2 weeks after the procedure (unpublished data),
thus mimicking a clinical situation appropriately. Further studies also revealed that there was
a disruption of the blood brain barrier (BBB) as indicated by standard methods such as IgG
staining (Figure 3) and Evan’s blue dye extravasation (unpublished data) [35,42]. Additionally,
using Nissl’s staining we identified neuronal death in the area bordering the surgically-induced
brain injury (Figure 4). Moreover, a clear transition zone i.e. gradual change from dead cells
to viable cells could be identified thus enabling us to measure and quantify the extent of injury.
Preliminary experiments involving pretreatment with neuroprotectants have showed a decrease
in the extent of injury (Figure 2). Thus, this model allows to study BBB dysfunction leading
to brain edema, and neuronal death in the brain tissue susceptible to surgically-induced brain
injury.

More importantly, this model also allows studying the cellular signaling mechanisms by
performing molecular techniques on the affected brain tissue. Delineating the signaling
pathways will elucidate the key molecular targets for neuroprotection against surgically-
induced brain injury. Preliminary experiments using inhibitors of key molecular targets such
as src tyrosine kinase have yielded very promising results (Figure 2). PP1 is a selective inhibitor
for src tyrosine kinase [33], which is an upstream regulator of mitogen activated protein kinases
(MAPKs). Src tyrosine kinase and the ubiquitous MAPKs are well implicated in brain injury
resulting from different causes such as cerebral ischemia, trauma and hemorrhage [2,21,22,
24,26,27,31,32,45] and have an important role in cerebral edema [26,31]. Inhibition of src
tyrosine kinase with PP1 reduces the expression of vascular endothelial growth factor (VEGF),
protects blood-brain barrier, and reduces brain edema immediately after subarachnoid
hemorrhage [26] and also offers cerebral protection against stroke by influencing the VEGF-
mediated vascular permeability and cerebral edema [33]. In this animal model, we have
observed a marked effect of PP1 on brain edema as shown in Figure 2. Neurological scoring
is routinely employed in animal models studying neurological disorders, such as middle
cerebral artery occlusion model for ischemic stroke [14], endovascular perforation model for
subarachnoid hemorrhage [25], and spinal cord injury models [3]. However, these scoring
systems were inappropriate for the present model as the affected brain area is localized and the
type of injury is different. Sensorimotor neurological deficits were observed in the form of
contralateral fore-limb weakness and decreased response to contralateral vibrissae stimulation
and side stroking. The animals had lesser appetite reflected in loss in body weight after surgical
injury (92 ± 0.4% of preoperative weight) as compared to the sham-operated animals (98.2 ±
0.7% of preoperative weight) and were sometimes aggressive. These neurobehavioral deficits
can be attributed to the ipsilateral frontal lobe injury, as the brain frontal lobe lesions have been
linked to aggressive behavior and loss of appetite and weight loss [5,7,16,17]. Interestingly,
the sensorimotor deficits seemed to resolve almost completely by end of 1 week parallel to the
recovery from brain edema.

Conclusion
The issue of neuroprotection against surgically-induced brain injury has not been addressed
before due to lack of any studies in humans and to the unavailability of an appropriate animal
model to study it. The new model simulates injuries caused during neurosurgical procedures
and produces commonly seen post-operative complications. Additionally, it allows us to study
the cellular signaling pathways and identify key molecular targets to focus on for
neuroprotective pretreatment before neurosurgical intervention. A successful therapeutic
intervention for ‘surgically-induced brain injury’ may result in significant benefits for patients
and healthcare organizations.
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Figure 1.
Left panel depicts a rat brain cut along horizontal plane and shows the frontal lobe surgical
injury in relation to the bregma (marked by X). The two incisions are made leading away from
the bregma along the sagittal and coronal planes 2 mm lateral and 1 mm proximal to the sagittal
and coronal sutures respectively. The right panel is a 3D image of the proposed model showing
the frontal lobe surgical injury (in red) from different angles and planes.
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Figure 2.
The figure shows marked edema in the frontal ipsilateral (bordering the surgical-injury) brain
in untreated and PP1-treated groups as compared to the control group 24 hrs after the surgical-
injury. The brain edema, however, is significantly lowered in the group that is pretreated (45
mins before surgery) with src tyrosine kinase inhibitor, PP1 (1.5mg/kg, i.p.) as compared to
untreated group. The other brain regions did not differ statistically from each other after the
injury. p< 0.05 for both * and # which represent vs control and vs untreated respectively. Data
are expressed as mean ± S.E.M. Statistical significance was verified by one-way analysis of
variance (ANOVA) for multiple comparisons.
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Figure 3.
The representative figure (n=4) in the upper panel shows IgG staining in a horizontal section
of the brain 24 hours after the frontal lobe surgical injury. There is increased IgG staining
surrounding the surgically-induced brain injury (marked by arrows) on the ipsilateral side as
compared to the unaffected contralateral side indicated by the asterisk (*). The lower panel
shows an individual affected blood vessel at high magnification depicting disruption of blood
brain barrier as indicated by IgG staining. Scale represents 4 mm and 100 μm in upper and
lower panels respectively.

Jadhav et al. Page 10

Surg Neurol. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The representative figures (n=4) show Nissl’s staining in a horizontal section of the brain 24
hours after the frontal lobe surgical injury. There is a marked area comprising of dead cells
adjoining the surgically-induced brain injury (marked by arrows at low magnification) on the
ipsilateral side. A transition zone marks the merging of this affected area with the unaffected
viable cells as marked by the yellow broken line. Scale represents 200 μm.
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