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Cortical spreading depolarizations induced by surgical
field blood in a mouse model of neurosurgery

Anja |. Srienc, MD, PhD,"? Pei-Pei Chiang, MS,! Abby J. Schmitt,' and Eric A. Newman, PhD'
'Department of Neuroscience and ?Medical Scientist Training Program, University of Minnesota, Minneapolis, Minnesota

OBJECTIVE Cortical spreading depolarization (CSD) has been linked to poor clinical outcomes in the setting of trau-
matic brain injury, malignant stroke, and subarachnoid hemorrhage. There is evidence that electrocautery during neuro-
surgical procedures can also evoke CSD waves in the brain. It is unknown whether blood contacting the cortical surface
during surgical bleeding affects the frequency of spontaneous or surgery-induced CSDs. Using a mouse neurosurgical
model, the authors tested the hypothesis that electrocautery can induce CSD waves and that surgical field blood (SFB)
is associated with more CSDs. The authors also investigated whether CSD can be reliably observed by monitoring the
fluorescence of GCaMP6f expressed in neurons.

METHODS CSD waves were monitored by using confocal microscopy to detect fluorescence increases at the cortical
surface in mice expressing GCaMP6f in CamKlI-positive neurons. The cortical surface was electrocauterized through an
adjacent burr hole. SFB was simulated by applying a drop of tail vein blood to the brain through the same burr hole.

RESULTS CSD waves were readily detected in GCaMP6f-expressing mice. Monitoring GCaMP6f fluorescence provid-
ed far better sensitivity and spatial resolution than detecting CSD events by observing changes in the intrinsic optical sig-
nal (I0S). Forty-nine percent of the CSD waves identified by GCaMP6f had no corresponding |0S signal. Electrocautery
evoked CSD waves. On average, 0.67 + 0.08 CSD events were generated per electrocautery episode, and multiple CSD
waves could be induced in the same mouse by repeated cauterization (average, 7.9 £ 1.3 events; maximum number in 1
animal, 13 events). In the presence of SFB, significantly more spontaneous CSDs were generated (1.35 + 0.37 vs 0.13 +
0.16 events per hour, p = 0.002). Ketamine effectively decreased the frequency of spontaneous CSD waves (1.35 + 0.37
t0 0.36 + 0.15 CSD waves per hour, p = 0.016) and electrocautery-stimulated CSD waves (0.80 + 0.05 to 0.18 £ 0.08
CSD waves per electrocautery, p = 0.00002).

CONCLUSIONS CSD waves are detected with far greater sensitivity and fidelity by monitoring GCaMP6f signals in neu-
rons than by monitoring |0Ss. Electrocautery reliably evokes CSD waves, and the frequency of spontaneous CSD waves
is increased when blood is applied to the cortical surface. These experimental conditions recapitulate common scenari-
os in the neurosurgical operating room. Ketamine, a clinically available pharmaceutical agent, can block stimulated and
spontaneous CSDs. More research is required to understand the clinical importance of intraoperative CSD.

https://thejns.org/doi/abs/10.3171/2018.12.JNS181130
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nomenon characterized by dramatic shifts in neu- cellular accumulation of K**2? and by glutamatergic sig-

C orRTICAL spreading depolarization (CSD) is a phe- ma."” CSD waves propagate through the cortex by extra-

ronal ion gradients,”?® massive cellular depolariza-
tion, transient silencing of neuronal activity,'® and changes
in local blood flow.*!7?” CSD in the brain is triggered by
a variety of stimuli, including ischemia®* and blunt trau-

naling.%3-32

The clinical relevance of CSD was unclear until re-
cently. However, the presence of CSD has now been
demonstrated in patients with subarachnoid hemorrhage

ABBREVIATIONS CSD = cortical spreading depolarization; 10S = intrinsic optical signal; IP = intraperitoneal; NMDA = N-methyl-p-aspartate; SAH = subarachnoid hemor-

rhage; SFB = surgical field blood.
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(SAH),*”?5 malignant stroke,'” and traumatic brain injury
(TBI).”2* Additionally, the onset of delayed neurological
deficits associated with vasospasm in SAH patients has
been temporally correlated with bursts of CSD events.® It
is widely hypothesized that CSD waves carry such a high
metabolic demand that they impose additional stress on
compromised tissue, leading to expanded infarct size.*3°
However, CSD is also thought to underlie migraine au-
ras;?® in this less extreme circumstance of migraine head-
aches, CSD does not seem to contribute to tissue injury as
it does in SAH, stroke, or TBI.!716.17

CSD can also be caused by mechanical pressure! and
electrocautery’ and has been shown to occur in a mouse
model of neurosurgery.” Only one group has described
CSD in the setting of intracranial surgery.>® Given that
CSD is associated with SAH.? that the brain is exposed to
blood during neurosurgical procedures, and that intracra-
nial intraaxial surgeries can require electrocautery of the
cortex, we sought to further characterize CSD generation
in a mouse neurosurgery model. We set out to accomplish
three goals: 1) confirm that electrocautery injury triggers
CSD events in a mouse neurosurgery model, 2) test wheth-
er surgical field blood (SFB) increases the rate of spon-
taneous and electrocautery-induced CSD events, and 3)
test whether the N-methyl-p-aspartate (NMDA) receptor
blocker ketamine can reduce the number of CSD events
that occur with electrocautery or when SFB is present.

Methods

Ethics Statement

All experiments were performed in accordance with
the Guide for the Care and Use of Laboratory Animals
by the National Institutes of Health. Experimental proce-
dures were approved by the University of Minnesota’s In-
stitutional Care and Use of Animals Committee.

Animals

Transgenic mice expressing the genetically encoded
Ca?* indicator GCaMP6f in neurons under the CamK?2a
promoter were used to monitor CSD in the cortex. Forty-
four (25 male and 19 female) C57BL/6 mice heterozygous
for 129S-Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/J
X 129S6-Tg(Camk?2a-cre/ERT2)1Aibs/J (Jackson Lab)
were used. Animals were housed in the University of
Minnesota laboratory animal facility, allowed ad libitum
access to food and water, and kept in a 12/12-hour light/
dark cycle. Mice received 1 intraperitoneal (IP) injection
per day of 100 mg/kg tamoxifen in sunflower oil for 5
days to induce GCaMP6f expression. Experiments were
performed 14 days following the final tamoxifen injec-
tion.

Chronic Thinned-Skull Cranial Window

Mice were prepared for chronic awake cortical imag-
ing by creating a thinned-skull cranial window over the
left visual cortex under isoflurane anesthesia as described
previously.'>?¢ The skin over the scalp was removed and
a metal head bar permanently attached to the skull with
cyanoacrylate glue and dental cement. The edges of the
cranial window were at 2.0 and 4.0 mm lateral to the sag-
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FIG. 1. Electrocautery mouse model of neurosurgery. A 2 x 2-mm
thinned-skull cranial window was created on the right side of the head,
with the medial border of the window approximately 2 mm from the sag-
ittal suture and the posterior border of the window approximately 0 mm
from the lambdoid suture. A burr hole was then drilled 1 mm anterior to
the cranial window, approximately at the center of the anterior border of
the window, with subsequent durotomy. Through this burr hole, tail vein
blood could be applied to the cortical surface and/or the cortex could be
cauterized with bipolar electrocautery. During experiments, the mouse
was fixed to a head bar attached to a treadmill under the microscope
objective. Drawing by Pei-Pei Chiang; used with permission.

ittal suture and 0.0 and 2.0 mm anterior to the lambdoid
suture (Fig. 1). By using a 0.25-mm drill bit, the bone was
shaved down through the cancellous layer, leaving the in-
ner table exposed. Animals recovered for 3-5 days after
this procedure before they were used for experiments.

On the day of experimentation, while the mouse was
under isoflurane anesthesia, a small burr hole and durot-
omy were created 1.0 mm anterior to the cranial window
and roughly in the center of the medial-lateral axis (Fig. 1).
The site of the burr hole along the medial-lateral axis was
chosen to avoid any large surface blood vessels to mini-
mize risk of bleeding. The burr hole was created using a
0.25-mm drill bit and the dura was gently perforated and
stripped from the cortical surface with a 30-gauge needle.
Bleeding from this procedure was minimal; in cases with
significant bleeding, animals were not used for experi-
ments. The burr hole site was used to access the cortical
surface for electrocautery with bipolar forceps electrodes
(Fig. 1).

Microscopy

Once the mouse fully recovered from isoflurane anes-
thesia, it was placed under a confocal microscope (Olym-
pus, FV1000) with the head bar screwed into posts and the
feet resting on a treadmill. The mouse walked at will on
the treadmill. CSD waves were monitored in two ways.
The intrinsic optical signal (IOS) of the cortex was moni-
tored with reflectance microscopy at 559 nm. Simultane-
ously, GCaMPo6f fluorescence from cortical neurons was
monitored with confocal microscopy at 488 nm. The cor-
tical surface was viewed through the thinned-skull win-
dow with a 4x dry objective. During each trial 250 images



were acquired over 410 seconds. Electrocautery and non-
electrocautery trials were alternated during a recording
session, which lasted for 50 to 250 minutes.

Electrocautery

Electrocautery was performed with a DRE Citadel 180
Electrosurgical Unit designed for small-animal surgery
using 3.5-mm curved reusable bipolar forceps electrodes
(0.5-mm tip). The bipolar electrodes were positioned with
a micromanipulator and lowered through the burr hole to
the cortical surface. A period of 7 minutes was allowed to
pass before initiation of confocal monitoring, in order to
minimize the chance of capturing any CSD episodes that
were triggered by the burr hole procedure or by contact
of the electrode tips with the cortical surface. Each elec-
trocautery event had a duration of 1 second, with an elec-
trosurgical unit setting of Micro 5. The bipolar electrodes
were lowered approximately 150 um after each cauteriz-
ing event to ensure that the electrodes maintained contact
with the cortical surface.

Surgical Field Blood

Blood was applied to the cortical surface though the
burr hole to determine whether CSD events occur with
greater frequency when blood is present in the surgical
field. At the start of an experiment, 10 ul of venous blood
was taken from the tail vein of the mouse and applied
into the burr hole after positioning the bipolar electrodes
within the hole. Additional blood was applied into the burr
hole between trials if the blood in the hole dried out.

Ketamine

CSD events are heavily dependent on glutamate signal-
ing.>?332 Ketamine, an NMDA receptor antagonist that
has been implicated as an effective CSD blocker,"" was
administered to test whether it could reduce or eliminate
CSD events in response to electrocautery in the presence
of SFB. The peak ketamine effect occurs approximately
20 minutes after administration.' Therefore, 25 mg/kg
IP ketamine was administered 40 minutes prior to imag-
ing and again 10 minutes prior to imaging to maximize
plasma ketamine concentrations. Given ketamine’s short
half-life, 25 mg/kg ketamine was re-administered every
30 minutes for the duration of the experiment.

Control Groups

Three separate control experiments were conducted.
In the first control group, CSD events were monitored
through the thinned-skull window without electrocau-
tery stimulation and before a burr hole was drilled. In the
second control group, the burr hole was drilled, the dura
was removed, the bipolar electrodes were lowered into the
hole, and the mice were then monitored for CSD events,
but no electrocautery stimulation was performed. In the
third control group, the procedure was similar to that per-
formed in the second group, except that SFB was added
to the cortical surface in the burr hole after the bipolar
electrodes were placed in the burr hole. In every animal, a
period of 7 minutes was allowed to elapse prior to the ini-
tiation of confocal monitoring to avoid capturing sponta-
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neous CSD waves due to cranial manipulation and mouse
handling.

Analysis

CSD events were detected from image stacks that were
processed using a custom MATLAB (MathWorks) routine
to highlight changes in IOS brightness and GCaMP6f Ca?*
florescence (Fig. 2). Images were spatially averaged using
a Gaussian blur, and changes in intensity were calculated
by subtracting the mean of the previous 20 frames from
each frame. The vast majority of electrocautery-induced
CSD waves occurred within 82 seconds of an electrocau-
tery event. Thus, electrocautery-induced CSD waves were
defined as any wave that occurred within 82 seconds after
an electrocautery event. Spontaneous CSD waves were de-
fined as any wave that occurred before electrocautery or
82 seconds or more after electrocautery (Fig. 3).

Numerical data were analyzed in Excel (Microsoft) and
Origin 2018 (OriginLab). Data are presented in dot plots
with superimposed bar graphs indicating the mean of the
group, with error bars representing SEM. Data are pre-
sented in the text as mean + SEM. Statistical significance
was set at an alpha of 0.05 and comparisons between
groups were made using one-way ANOVA with a post hoc
Tukey Honest Significant Difference test. For all experi-
mental groups, n = 8 animals, except the groups of control
mice that underwent the thinned-skull window procedure
with or without receiving a burr hole, for which n = 6 ani-
mals. In the control mice for which SFB was added to the
burr hole, n = 8 for control experiments.

Results

Cortical electrocautery has previously been shown to
evoke CSD waves.® In our study, we validated this elec-
trocautery neurosurgical model and tested the hypothesis
that SFB results in more frequent CSD events. The corti-
cal surface of awake mice was viewed with confocal mi-
croscopy through a thinned-skull cranial window over the
visual cortex. Bipolar electrocautery electrodes lowered
through a small burr hole in the skull and touching the
cortical surface were used to evoke CSD events.

CSD Waves Are More Reliably Detected by Monitoring
Calcium Increases in Neurons Than by Monitoring 10S

CSD events can be effectively monitored by measuring
GCaMP®6 fluorescence in neurons.’

We used transgenic mice expressing the genetically
encoded Ca?** indicator GCaMPO6f in neurons under the
CamKII promoter to monitor CSD. Few studies have used
genetically encoded Ca?* indicators to monitor CSD, and
in order to validate this technique, we used concurrent
IOS intensity measurements and GCaMP6f fluorescence
measurements to monitor CSD (Fig. 2). We found that
GCaMP6 had far greater sensitivity for identifying CSD
events, even when IOS images were processed to increase
their contrast. Every CSD wave detected by I0S was also
detected with GCaMP6f imaging, but 78 of 160 CSD
waves (49%) identified by GCaMP6f had no correspond-
ing IOS signal. When the I0S and GCaMP6 signals were
analyzed for each wave, there was no difference in CSD
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FIG. 2. Detecting CSD with GCaMP6f fluorescence is superior to detecting CSD with 10S. Image frames are displayed at 4 differ-
ent time points from a single trial in which GCaMP6 and 10S were monitored simultaneously while a CSD event was elicited with
electrocautery at time = 0 seconds (s). The CSD wave in the Raw 0S series could not be detected. However, when the raw image
stack was processed using a custom MATLAB routine to highlight changes in signal brightness, the CSD became evident (Pro-
cessed |0S). Meanwhile, the CSD wavefront during the same trial could be clearly observed in the raw GCaMP6f fluorescence
signal (Raw Ca?) and was further enhanced after image processing (Processed Ca?).
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FIG. 3. Most electrocautery-evoked CSD waves occur within 82 seconds of electrocautery. Histograms representing the distribu-
tion of the number of CSD events after electrocautery in the No SFB group (A), the SFB group (B), and the SFB group that was
treated with ketamine (SFB+KET) (C). Electrocautery occurred at time 0. Most electrocautery-evoked CSD waves occurred within
82 seconds of electrocautery. The widened distribution of CSD events in the SFB group is thought to represent the observation of
increased spontaneous CSD waves in that group.

4 J Neurosurg April 5, 2019



Srienc et al.

Following
cautery No cautery
359 _* * 7
*
3.0 6 Burr Hole+SFB
£ 25 ° § 5
= z &
3 : 4
8 = o3
g 5 8 2
= g § 1
ol L L IT |
0 50 100 150 180
Time (Min)

C

[¢))
(=)

N
(=)

w
o

N

AN
NN

T

N
o

Waves Latency (sec)
>

o

D

FIG. 4. Frequency, latency, and velocity of CSD in the mouse electrocautery model. A: Electrocautery without SFB elicited CSD

in the mouse cortex (No SFB group) at an average rate of 0.67 + 0.08 waves per stimulus (stim). In the presence of SFB (SFB
group), 0.80 £ 0.05 CSD waves occurred per stimulus (p = 0.186). However, in SFB mice treated with ketamine (SFB+KET group),
the rate of electrocautery-induced waves was decreased (0.18 + 0.08) compared to the rate in the animals in the No SFB and SFB
groups (p = 0.0005 and p = 0.00002, respectively). B: In cortexes previously electrocauterized, the average rate of spontaneous
CSD waves in the SFB group was 1.35 £ 0.37 events per hour. This rate was significantly higher than the rate in the No SFB group
(013 +£0.16, p = 0.002). Mice in the SFB+KET group showed reduced spontaneous CSD waves in SFB trials compared to SFB
group mice that did not receive ketamine (0.36 % 0.15 events per hour, p = 0.016). For cortexes that did not receive electrocautery,
no waves were generated in trials in control mice that underwent the thinned-skull window procedure without a burr hole (Without
burr hole) (0.00 + 0.00). This result was not significantly different from that for mice with no electrocautery in the Burr hole group
(0.45 + 0.25 events per hour, p = 0.11) or in the Burr hole+SFB group (0.38 £ 0.26 events per hour, p = 0.25). C: In the mice with
no electrocautery in the Burr hole+SFB group, the occurrence of spontaneous CSD waves did not vary as a function of exposure
time to SFB. CSD events occurred randomly over 180-minute trials. D: For CSD wave latency, no statistically significant difference
was observed from the time of electrocautery between the No SFB (19.9 + 3.4 seconds), SFB (23.7 + 3.5 seconds), and SFB+KET
(26.5 £ 5.0) groups (p = 0.21). E: For wave velocity, when CSD waves were elicited by electrocautery (Stim Waves), the average
CSD velocity in the No SFB group was 3.46 + 0.16 mm/min, while in the SFB group it was 3.51 = 0.19 mm/min (p = 0.99). The
average CSD velocity in the SFB+KET group was 1.87 + 0.13 mm/min, significantly less than that for the SFB group, which was
not treated with ketamine (p = 0.0002). When CSD events occurred spontaneously (Spon Waves), there was no difference in CSD
velocity between the No SFB (3.2 £ 0.27 mm/min), SFB (3.47 + 0.27 mm/min), Burr hole (3.81 + 0.32 mm/min), and Burr hole+SFB
groups (3.87 * 0.34 mm/min); however, ketamine significantly reduced velocity in the SFB+KET group (1.7 £ 0.21 mm/min, p =
0.0009). For all groups, n = 8 animals, except the control Burr hole and Without burr hole mice (all of which underwent the thinned-
skull window procedure), for which n = 6 animals. Cautery = electrocautery. *Statistically significant at an alpha of 0.05.

surface was electrocauterized in our mouse model of neu-
rosurgery. Histograms representing the distribution of the
number of CSD events after electrocautery are shown in

latency (19.7 = 1.3 vs 19.9 + 3.4 seconds) or velocity (3.46
+ 0.17 vs 3.46 + 0.16 mm/min) between the two imaging
methods. Given the superiority of GCaMP6 signals in de-

tecting CSD, we performed the rest of our experiments
using only GCaMPo6f fluorescence to monitor CSD.

Cortical Electrocautery Reliably Evokes CSD Waves
We reliably observed CSD waves when the cortical

Fig. 3. On average, 0.67 + 0.08 waves occurred for each
electrocautery event (Fig. 4A). CSD waves were always
initiated outside the cranial window. Based on the con-
centric spread of the waves, they were initiated at or near
the site of electrocautery. The latency from onset of elec-
trocautery to the wavefront appearing in the imaging field
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was 19.9 + 3.4 seconds (Figs. 3 and 4C). The average ve-
locity of electrocautery-induced CSD waves was 3.46 +
0.16 mm/min (Fig. 4E).

We hypothesized that repeated electrocautery at the
same cortical site would eventually result in enough tissue
damage so that subsequent electrocautery would not elicit
additional waves. However, we found that electrocautery
could be repeated many times to reliably produce CSD
waves. The maximum number of electrocautery-induced
CSD events elicited in 1 animal was 13, and the average
was 7.9 + 1.3 events.

Spontaneous CSD Waves in the Absence of Electrocautery

Occasionally, spontaneous CSD waves were observed
independent of electrocautery. These waves occurred in-
frequently; they were only seen in 2 out of 8 animals. We
hypothesized that these waves occurred in response to
injury from the burr hole. Indeed, no spontaneous waves
were observed in animals that underwent the thinned-skull
window procedure without receiving a burr hole, while
0.45 + 0.26 CSD events per hour occurred in mice that
underwent both the thinned-skull window and burr hole
procedure (p = 0.11) (Fig. 4B). Comparison of the num-
ber of spontaneous CSD waves in mice with burr holes
that underwent electrocautery to the number in mice that
received a burr hole but did not undergo electrocautery
revealed no statistically significant difference in the aver-
age number of spontaneous CSD events per hour (0.13 +
0.16 vs 0.44 + 0.26 events, p = 0.21) (Fig. 4B). (Spontane-
ous waves in animals that underwent electrocautery were
defined as waves that occur 82 seconds or more after an
electrocautery event, as outlined in the Methods.)

Together, these data suggest that the burr hole proce-
dure is relatively benign and does not contribute to risk of
CSD in a statistically significant manner. Likewise, skull
thinning to produce a cranial window is not irritating to
the underlying tissues. These data also suggest that elec-
trocautery of the cortex does not injure the brain in a way
that leads to spontaneous recurrent CSD events.

Blood at the Surgical Site Increases Spontaneous CSD
Waves

Since SAH is a well-known trigger for CSD waves, we
asked whether blood at the surgical site (site of electrocau-
tery) affected the frequency of spontaneous and electro-
cautery-induced CSD waves. We applied 10 ul of tail vein
blood from the mouse to the burr hole site. Contrary to
expectations, SFB did not result in a significant increase
in electrocautery-induced CSD waves: 0.80 + 0.05 CSD
waves/electrocautery stimulus occurred in the presence of
blood, while 0.67 + 0.08 CSD waves/electrocautery stimu-
lus occurred in the absence of SFB (p = 0.186) (Fig. 4A).
There were no statistically significant differences in laten-
cy (Fig. 4D) or velocity (Fig. 4E) of electrocautery-induced
CSD waves in the presence or absence of SFB.

In contrast, we found that SFB did increase the rate of
spontaneous CSD events that occurred in the minutes after
the cortex had been cauterized. In the presence of SFB,
spontaneous CSD waves occurred at 1.35 +0.37 events per
hour, a significantly higher rate than the frequency without
blood (0.13 + 0.16, p = 0.002) (Fig. 4B).
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We also tested whether SFB increased the rate of
spontaneous CSD events in the absence of prior electro-
cautery. SFB did not result in an increase in spontaneous
CSD waves: 0.38 £ 0.26 CSD waves per hour occurred in
the presence of blood, while 0.45 + 0.25 CSD waves per
hour occurred in the absence of SFB (p = 0.85) (Fig. 4B).
We tested whether the duration of SFB exposure affected
the rate of CSD wave generation. The occurrence of CSD
waves was not affected by the duration of exposure to SFB
(Fig. 4C).

The rate of spontaneous waves in animals that under-
went electrocautery in the absence of SFB (0.13 + 0.16
waves per hour) was not statistically different from the
rate of spontaneous CSDs in thinned-skull window con-
trols (without burr hole) (0.00 + 0.00 CSD events per hour,
p = 0.23), in control animals with a burr hole that did not
undergo electrocautery (0.45 + 0.25 CSD events per hour,
p = 0.21), and in control animals with a burr hole with
SFB that did not undergo electrocautery (0.38 +0.26 CSD
events per hour, p = 0.38) (Fig. 4B). To summarize, the
rate of spontaneous CSD waves is increased in cauterized
cortex only when SFB is present.

Ketamine Reduces the Frequency of Stimulated and
Spontaneous CSD Waves and Decreases CSD Wave
Velocity

Ketamine is an NMDA receptor antagonist and has
been shown to effectively inhibit CSD waves in a variety
of CSD model systems.>!%!12429 We tested whether ket-
amine reduced the frequency of electrocautery-induced
CSD events as well as spontaneous CSD events.

We found that IP ketamine reduced the number of CSD
waves triggered by electrocautery in the presence of SFB
by 77.5%. Ketamine-treated mice experienced 0.18 + 0.08
CSD waves per electrocautery while mice that did not re-
ceive ketamine had 0.80 + 0.05 CSD waves per electrocau-
tery (p = 0.00002) (Fig. 4A). Ketamine also significantly
reduced CSD wave velocity from 3.51 + 0.19 mm/min in
non—ketamine-treated animals to 1.87 + 0.13 mm/min in
ketamine-treated mice (p = 0.0002) (Fig. 4E). The aver-
age latency to CSD wave generation in ketamine-treated
SFB animals was not significantly different from that of
non—ketamine-treated SFB animals (26.5 = 5.0 vs 23.7 =
3.5 seconds, respectively) or from no SFB animals (19.9 +
3.4 seconds, p = 0.21) (Fig. 4D). We also found that ket-
amine reduced the average number of spontaneous waves
per hour in the presence of SFB from 1.35 + 0.37 t0 0.36 +
0.15 (p =0.016) (Fig. 4B).

Discussion

Our study confirms a previous report that electrocautery
at the surface of the cortex induces CSD waves.’ In addi-
tion, we demonstrated, to our knowledge for the first time,
that SFB in an animal model of neurosurgery increases
spontaneous CSD events during neurosurgical procedures.
This finding is particularly notable since blood-induced
CSD has not previously been reported in a mouse model.
We found that spontaneous CSD waves increased 10-fold
following the addition of SFB to the surface of the cortex
in brains that had previously been cauterized. However,



SFB does not increase the occurrence of CSD events in
cortexes not previously exposed to electrocautery. Nor
does the duration of SFB exposure change the rate of CSD
generation.

In previous studies, it was shown that subdural blood?
and subarachnoid blood*®!” from CNS injury are associ-
ated with CSD waves. We found that significant neuro-
logical compromise is not necessary for spontaneous CSD
events to occur in the presence of blood; it is sufficient
to apply a small volume of venous blood to the cortical
surface. One study reported the occurrence of CSD waves
in patients during elective neurosurgical procedures® but
did not attempt to correlate CSD events with bleeding or
electrocautery due to the significant practical limitations
of recording CSD in the operating room. Our findings of
increased CSD with SFB offer a specific risk factor for
intraoperative CSD.

The occurrence of CSD during surgical procedures
could potentially result in brain damage from loss of neu-
rons as repetitive CSD has been associated with neuro-
nal death,'** poor clinical outcomes, and neurological
deficits from secondary ischemic infarcts after SAH.® The
clinical implications of our results also rest on our find-
ing that ketamine reduces both electrocautery-induced
and spontaneous CSD waves seen with SFB. These data
are consistent with previous reports that ketamine signifi-
cantly reduces the incidence of CSD in a dose-dependent
manner in animal models*'° and in patients in the inten-
sive care unit.** Additionally, experiments in rats found
that dexmedetomidine and isoflurane suppress CSD waves
compared to propofol and pentobarbital,'® though the abil-
ity of these agents to reduce CSD in humans has not been
tested. Taken together, these observations suggest that
pharmacotherapies already in clinical use could be used
to augment neuroanesthesia to limit CSD during neuro-
surgery.

We did not explore the mechanism of CSD wave gen-
eration in the setting of SFB, but wave generation could be
due to release of K* or reactive oxygen species produced
by blood breakdown. Blood hemolysis is known to in-
crease K levels in venipuncture samples.?! Applying K+
to nervous tissue or increasing oxidative stress has been
shown to induce CSD waves.2022:23.28.32

Our study validates a previously published model
of electrocautery as a reliable method of inducing CSD
events.’ In that study, Carlson et al. used electrocautery of
the mouse cortex while measuring CSDs with electrophys-
iology and optical imaging techniques. While Carlson et
al. limited electrocautery to a single stimulus per cortical
site, we electrocauterized a single cortical area multiple
times. Importantly, we observed that CSD events could
be reliably triggered with repeated electrocautery at the
same location, with 1 mouse exhibiting 13 evoked CSD
waves. We had hypothesized that electrocautery would re-
sult in cortical necrosis from thermal injury, thereby limit-
ing CSD initiation after a small number of electrocautery
stimuli. But this was not the case. We also believed that
electrocautery-induced cortical injury would increase the
frequency of spontaneous CSD waves, just as ischemic
injury results in repeated CSDs that originate from the
peri-infarcted tissue.?® Surprisingly, this proved incorrect.
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Our observations demonstrate that not all cortical injuries
increase the risk of CSD waves.

CSD is well known to cause changes in IOS due to cell
swelling and changes in hemoglobin oxygenation.?0-28.293!1
Only one study has investigated CSD by monitoring Ca?*
with genetically encoded Ca?* indicators.” In that report,
GCaMPof was expressed in mouse neurons after viral
vector delivery and CSD was induced with KCI applica-
tion to the brain through a small burr hole. The fluores-
cence signal at the CSD wavefront was found to closely
correlate temporally with a negative shift in direct current
(DC) potential and increased extracellular K*. This finding
is not surprising, as the depolarization and K* responses
are indicative of massive neuronal depolarization, which
is accompanied by increased cytoplasmic Ca?*.

We found that CSD waves were detected and charac-
terized with much greater sensitivity and fidelity when
the responses were monitored by measuring changes in
neuronal Ca* compared to measuring the IOS from the
cortex. A full 49% of CSD events detected by monitor-
ing GCaMPOf could not be detected with the I0S. It was
also much easier to detect the spatial distribution of the
CSD event by monitoring neuronal Ca?* than by measur-
ing the IOS. Thus, mice expressing GCaMP in neurons
is the preparation of choice when characterizing CSD in
animal experiments.

One potential limitation of our study was that experi-
ments were performed on awake mice, which does not
necessarily reflect the clinical scenario in the operating
room. Most intraaxial cranial surgeries are performed
in patients under anesthesia, and some commonly used
anesthetics and sedatives have been shown to inhibit
CSD.}10111524 This finding suggests that wakefulness may
lower the threshold for CSD initiation. However, patients
must occasionally be awakened during surgery for intra-
operative functional localization of eloquent brain areas.'*
These situations most frequently arise in the setting of tu-
mor resections, and patients often remain awake during a
portion of the resection. Our model reflects this particular
clinical situation well.

A second shortcoming of our study applies to CSD in-
vestigations in general: the clinical significance of CSD
events is unclear. On the one hand, the correlation between
metabolic disturbances and delayed neurological deficits
during CSD in the setting of major acute neurological
pathology is convincing.3!7% Clinical focal neurological
deficits correlate temporally with clustered CSD waves
and subsequent imaging demonstrates ischemic infarcts in
patients.® However, it is not clear whether CSD episodes
that occur without major brain injury or in a setting of
controlled brain injury, such as during tumor resections,
external ventricular drain placement, or other neurosurgi-
cal interventions, are equally deleterious. Several animal
studies have reported increased cortical cell death medi-
ated by apoptotic mechanisms after induction of repeti-
tive CSD in healthy rats."* On the other hand, a study that
identified intraoperative CSDs during elective neurosur-
gical cases did not find any associated negative clinical
outcomes or evidence of injury on postoperative imaging.®
Thus, it remains to be determined whether intraoperative
CSDs impose clinical risk.
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Conclusions

Using an awake, cortical mouse model of neurosur-
gery, we demonstrated that SFB increases the frequency
of spontaneous CSD wave generation, a finding not pre-
viously described. We also found that electrocautery of
the cortical surface reliably elicits CSD waves. Given that
intraaxial neurosurgical operations often involve surgical
site bleeding, it is of interest that SFB in our model re-
sulted in a greater frequency of spontaneous CSD waves
and a trend toward increased electrocautery-induced CSD
waves. The mechanism of this enhancement of CSD gen-
eration is unclear, but could be due to the same cellular and
molecular events that promote CSD in SAH. It remains to
be determined whether intraoperative CSD results in cor-
tical injury. Overall, these findings open an interesting av-
enue for the study of CSD and its relevance to the practice
of neurosurgery.
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