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Short Abstract: Normal brain tissue incurs damage from surgical techniques during intracranial surgery, causing a unique set of postoperative issues. In this article, we describe a rodent model designed to better understand, treat, and possibly prevent these complications.
Long Abstract:  Neurosurgery is often necessary to remove pathology from the brain.  The invasiveness of these procedures, coupled with the unique nature of the nervous system, leads to damage of normal tissue surrounding the resection site.  This surgical brain injury (SBI) results from tissue manipulation such as sharp dissection, retraction, electrocauterization, and any direct application of foreign material¹,².  The pathological sequelae from this trauma are brain edema, inflammation, necrosis, and apoptosis1-4.  Clinically, this can increase perioperative morbidity, length of stay in the critical care unit, neurological deficits, and possibly even mortality, while also limiting surgical resection areas for fear of encroaching injury causing irrevocable damage to important brain structures.  Therapeutic strategies for SBI have yet to be fully realized, and there are no other animal models to our knowledge that are being employed to address this particular issue.  In this article, we present a rodent model of SBI that uses an injury from a partial frontal lobectomy to study the molecular mechanisms involved, as well as to investigate potential therapeutic agents.  This model also provides for a consistently measurable and reversible neurological deficit that makes clinically relevant correlations possible.  Previous studies with this model have demonstrated that the major pathology involved is postoperative brain edema localized to the area surrounding the resection site1-5. 
Protocol:
This protocol was evaluated and approved by the Institutional Animal Care and Use Committee at Loma Linda University.  Adult male Sprague-Dawley rats weighing 300-350 grams were maintained in a climate-controlled environment with 12-hour light/dark cycles and given standard rat chow and water ad libitum for at least three days prior to surgery.  
Procedure:  
1.  Surgical Brain Injury Preparation
The preparation, use and appropriate handling of sterilized equipment are prerequisites for survival surgeries.
1.1)  Anesthetize the rat in an induction chamber with 4.0% isoflurane mixed with 70% medical air and 30% oxygen at 1 liter/min. 
1.2)  Shave the fur overlying the midline of the skull with electric clippers.
1.3)  Place rat in the prone position on the stereotactic frame, place on maintenance anesthesia of 2.5% isoflurane with 70% medical air and 30% oxygen at 1 liter/min, and orient surgical site on microscope.
1.4)  Disinfect the scalp by thorough betadine application using sterile cotton swabs or gauze.
1.5)  Insert a rectal probe and maintain the body temperature at 36.5°C ± 0.5°C with a heating pad. Monitor respiratory rate throughout the procedure. 
1.6)  Confirm for surgical anesthesia by toe pinch withdrawal reflex.
2.  Surgical Brain Injury Procedure
2.1)  Make a midline sagittal scalp incision extending from in between the eyes to nearly between the ears.  Retract the skin using hemostats and dissect the underlying connective tissue.  Elevate and reflect the periosteum to expose the right frontal skull.
2.2)  Identify a square operating area with a 5 mm edge on the frontal skull bone, with the lower left corner of the square lying at the bregma.  It may be helpful to score the target margins using a sterile 25-gauge needle tip bent to a 90° angle.
2.3)  Using a micro-drill, thin the margins of the target area to translucency without penetrating the skull.  Carefully remove the bone flap using a bone elevator or fine-tipped forceps, without injuring the underlying dura mater.
2.4)  Using a 22-gauge needle, incise the dura along the sagittal and coronal planes, following the resection margins of 2 mm lateral to the sagittal plane and 1 mm rostral to the coronal plane, and reflect.
2.5)  Using a 22-gauge needle, incise the brain tissue along the same sagittal and coronal planes, following resection margins of 2 mm lateral to the sagittal plane and 1 mm rostral to the coronal plane.  Depth of resection is through the entire thickness of the frontal lobe, as measured by tactile sensation of the skull base against the needle tip.
2.6)  Remove the sectioned right frontal lobe using gentle suction.  Continue resection and removal of the tissue until resection is completed to the skull base.  Irrigate with saline and suction once the resection is completed. 
2.7)  Insert sterile packing material into the full depth of the resection site and hold in place for a constant predetermined time to ensure hemostasis.
2.8)  Apply electrocautery using a micro-tipped unipolar probe at a setting of 1 watt for a duration of 2 seconds at each margin.   
2.9)  Examine for and control any bleeding.   
2.10)  Replace the bone flap.  Close the skin with interrupted 3-0 silk sutures. 
2.11)  Inject 0.02-0.05 mg/kg of buprenorphine subcutaneously for post-operative analgesia.
2.12)  Administer 1 ml of saline subcutaneously to hydrate the rat.
2.13)  Carefully monitor recovery of the rat from anesthesia. 
3.  Sham Operation
3.1)  For sham operations, follow the same procedure as outlined up through step 2.3, with preservation of the dura mater.  Continue with steps 2.10 through 2.13—replace the bone flap, close the overlying scalp, administer buprenorphine and saline, and monitor recovery from anesthesia.
4.  Outcome/Representative Results: 
Following surgery, the remaining ipsilateral frontal lobe will demonstrate differing degrees of edema development. The ipsilateral parietal lobe may develop edema as well. Brain water content around the injured area will peak 24 hours postoperatively (Figure 2), and will begin to attenuate after three days with normal levels achieved at one to two weeks2.  Because of this we study outcomes at 24 hours, especially when trying to decrease initial brain edema values.  Neurological tests are aimed at sensorimotor ability (e.g., Garcia test, vibrissae-elicited forelimb placement test, bilateral tactile stimulation test) and reveal consistent deficits in the contralateral forelimb and hindlimb, as shown in Figure 36-8.  Typical neurological changes may be less severe than those shown in Figure 3B, but are still measured visually.  These deficits will also attenuate over the period of a week until normalized.  To obtain brain water content, the brain must be extracted and sectioned into respective regions (as shown in Figure 1), weighed immediately, dehydrated in a 100°C oven for 48 hours, and then weighed again to determine percentage of total brain water content (wet weight - dry weight/wet weight x 100).  As demonstrated in Figure 2, the contralateral hemisphere, cerebellum, and brainstem do not show edema formation, as they are located away from the right frontal lobe; however, these values may be indicative of the consistency with which the model is being reproduced.  Inflammation, oxidative stress, necrosis, and apoptosis have all been shown in this model previously, though the impacts of these pathologies on clinical outcomes suggest that they play minor roles compared to brain edema1-5. 
Tables and Figures: 
(Figure_1_SBI.psd)
Figure 1.  Example of resection: A) Left Frontal Lobe, B) Right Frontal Lobe [resected] and area of pathological interest, C) Left Parietal Lobe, D) Right Parietal Lobe, E) Cerebellum, and F) Brain Stem.  Note the right frontal resection margins: 2 mm lateral of midline and 1 mm anterior of bregma.
(Figure_2_SBI.psd)
Figure 2.  Brain water content by brain regions: RF) Right Frontal, LF) Left Frontal, RP) Right Parietal, LP) Left Parietal, CB) Cerebellum, and BS) Brain Stem.  The asterisk (*) denotes p < 0.01. (Sham n=22, SBI n=89).
(Figure_3_SBI.psd)
Figure 3.  Neurological Assessment: A) Modified Garcia score results.  The asterisk (*) denotes p < 0.01.  (Sham n=18, SBI n=18). B) Demonstration of contralateral deficit.


Discussion:
The critical moments in this model are when completing the craniotomy window, dissecting the margins, and achieving hemostasis.  Unexpected or inappropriately located brain injury can occur during craniotomy via drill bit puncture.  Skull margins thinned to translucency without penetration and then light pressure applied to the bone window to assess progress should eliminate this error.  Correct margins are important for consistent neurological results.  Achieving hemostasis can be difficult due to the limited visibility and space in the cranial window.  Also, repeated packing can debride tissue, which may affect surgical margins.  Exceeding the margin limits may damage neighboring arteries, causing more bleeding. 
[bookmark: _GoBack]Intracranial surgery is very common, and to our knowledge this is the only model focused on surgically-induced brain injury.  Unlike many other forms of neurological injury, planned surgery allows for preemptive intervention.  This model enables the study of new therapies to improve patient outcomes, intraoperative techniques (e.g., achieving hemostasis), and perioperative morbidity and mortality.  The location of injury in this model provides a measurable and reversible neurological injury as edema, inflammation, etc. invade motor and sensory cortices.  One limitation is that it does not mimic specific neurosurgeries; however, the goal of this model is to provide general information about surgical brain injury that can be used in most intracranial surgeries, instead of focusing on a certain procedure.
Modifications to this model are possible; for example, retractor and stretch injuries can be incorporated, and depth of resection can be changed.  Currently, neuroprotective agents found by other neurological injury models are being tested in this model.  As our knowledge of the pathology associated with surgical brain injury increases, new therapies can be incorporated regularly into neurosurgical perioperative care, as well as neurological critical care.
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Equipment:
Micro Drill (Fine Science Tools, Foster City, CA, USA)
Electrocautery (Veterinary Electrosurgical Unit, Macan, Chicago, IL, USA)
Stereotaxic Frame (Benchmark)
Isoflurane Vaporizer (Whittemore Enterprises, Inc., Rancho Cucamonga, CA, USA)
Trinocular Microscope on Boom (Certificate No.AE993330901, China)
Digital Rectal Thermometer (Model BAT-12, Physitemp Instruments, Inc., Clifton, NJ, USA)
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