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Abstract

Hemorrhagic transformation (HT) following ischemia is one complication which worsens stroke
outcome. During and after ischemia-reperfusion, persistent reduction of brain pH occurs. In a
recent study, we found that GPR68 functions as a neuronal proton receptor and mediates a
protective pathway in brain ischemia. Here, we asked whether GPR68 contributes HT after
ischemia. At 24 hr after transient middle cerebral artery occlusion (tMCAQ), 58% of the wild-type
(WT) mice exhibited some degrees of mild HT. At 72 hr, 95% of the WT showed HT with 42%
exhibited large “parenchymal” type hemorrhage. In the GPR68-/- mice, there was a trend of
increase in both the incidence and severity of HT at both time points. Mice with severe
hemorrhage exhibited significantly larger infarct than those with no to mild hemorrhage. Next, we
compared % infarct of GPR68-/— vs WT based on their HT categories. GPR68 deletion increased
% infarct when the HT severity is mild. In contrast, for mice exhibiting large area HT, the two
genotypes had no difference in % infarct. These data showed that GPR68-dependent signaling
leads to protection when HT is mild.

INTRODUCTION

Hemorrhagic transformation (HT) may occur following ischemic stroke and contribute to
stroke-induced injuries [1, 2]. Previous studies have shown that multiple processes,
including reperfusion-induced inflammation, disrupted metabolism, increased oxidative
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signaling, and disruption of basement membrane, compromise blood-brain barrier integrity
and contribute to post-stroke HT [1-4]. In addition, the incidence of hemorrhagic
transformation increases after thrombolytic therapy in human stroke patients[1, 3]. These
studies demonstrate the importance for a better understanding of mechanisms underlying HT
as well as its association with brain injury.

Following stroke, one common phenomenon is that brain becomes acidotic [5, 6]. Brain
acidosis plays a key role in determining ischemia-induced brain injury [7, 8]. In previous
studies, multiple ionic proton receptors, including acid-sensing ion channels and proton-
activated chloride channels, contribute to acidosis-induced neuronal injury [9-11]. We
recently found that GPR68, a proton receptor in brain neurons, and mediate a
neuroprotective pathway in acidotic and ischemic conditions [12, 13]. This finding raised a
question of whether GPR68 may also alleviate HT after ischemia.

Here, to better understand HT following tMCAO, we scored TTC stained sections for HT at
both 24 and 72 hr after a 45-min tMCAOQ. To determine the effect of GPR68 in HT, we
compared GPR68-/- with WT animals. Further, we asked whether different subgroups of
HT exhibit an association with % infarct and cerebral blood flow (CBF) changes.

MATERIAL AND METHODS

Mice

Wild-type C57BL/6 and knockout mice were maintained as breeding colonies at the
University of South Alabama. The GPR68-/— mice [14] were on a congenic C57BL/6
background. All knockout mice were refreshed (backcrossed to C57BL/6 wild-type) every
5-10 generations, according to the Jackson Laboratory’s recommendations. Animal care met
National Institutes of Health standards. All procedures were approved by the University of
South Alabama Animal Care and Use Committee.

Transient Focal ischemia

Note that the MCAO-TTC images used here for HT analysis have been previously analyzed
for brain injury in our recent study [12]. The induction of transient focal ischemia in mice
was performed as described previously [12, 15]. Briefly, WT and GPR68—/— male mice at
8-12 week of age and with body weight of 25 + 3 g were used for this study. We randomly
assigned the mice to experimental groups. For the 24 hr time point, the genotype of the first
set of animals (7 WT 4KO) were not blinded, while that of the second cohort of the animals
were blinded (5 WT 6 KO). The two sets generated comparable results and were combined
and reported. For the 72 hr time point, the genotype of all animals was blinded to the
operator. Following the surgery and the initial recovery in a temperature-controlled cage, all
mice were returned to their home cage and have ad libitum access to water, diet gel, and
food.

Anesthesia was maintained with 1.5% isoflurane, 70% N0, and 28.5% O, with intubation
and ventilation. Rectal and temporalis muscle temperatures were kept at 37°C + 0.5°C with
a thermostatically controlled heating pad. For cerebral blood flow monitoring, we attached a
fiber optic probe to the mouse skull with cyanoacrylate adhesive. Under an operating
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microscope, the bifurcation of the common carotid artery (CCA) was exposed and the
external carotid artery (ECA) ligated. The internal carotid artery (ICA) was isolated, the
extracranial branch of the ICA was ligated, and then a 7-0 silicon coated monofilament
nylon surgical suture (Doccol) was introduced through the open end of ECA into the ICA
lumen and advanced ~7-8 mm past the CCA bifurcation. Once the suture reached the correct
position, the tie at CCA was loosened to restore the blood flow to most of the ipsilateral
side. Suture occlusion of the middle cerebral artery (MCAO) was performed for 45 min.
Cerebral blood flow (CBF) for all surgery animals was monitored for the entire duration by
transcranial laser Doppler (MoorVMS-LDF2). To reduce the potential concern of
variabilities introduced by CBF variations, we applied the following inclusion criteria: the
occluded CBF was stable at 5-20% of the original value and the reperfused CBF reaches
50%-120% of the original value. The breakdown of the animals used in the 72 hr HT
analysis: a) 19 WT and 18 KO counted in the TTC and HT analysis, b) 8 WT and 5 KO with
good trace but died before the 72 hr time point, and ¢) 9 WT and 10 KO with traces not
meeting the inclusion criteria. 3 WT and 2 KO which exhibited apparent unsatisfactory
occluded blood flow were euthanized before suture withdraw and thus did not have
reperfusion value. For the 24 hr group: a) 12 WT and 10 KO counted in the analysis; b) 7
WT and 6 KO did not meet the CBF trace criteria; ¢) 6 WT and 7 KO died during the
surgery. Statistically (chi square analysis) these numbers were not different between the two
genotypes.

Vital dye staining and quantification of brain infarct

Mice were sacrificed at either 24 or 72 hr after tMCAQ. We sectioned the brain coronally at
1 mm intervals and stained with vital dye immersion: (2%) 2,3,5-triphenyltetrazolium
hydrochloride (TTC). Following staining, we fixed the sections in 4% paraformaldehyde and
scanned with a photo scanner (Canon Inc). For percent infarct calculation, we used the
method as described in one previous study [16]:

X(Area on the contralateral side - healthy area on the ipsilateral side)
Y Area on the contralateral side

% Infarct =

For quantification of edema factor, we calculated the ratio of (ipsilateral-contralateral)/
contralateral brain volume [17, 18].

Quantification of cerebral blood flow

Raw blood flow before (0-2 min), during (from the 6th min till the end of occlusion), and
after reperfusion (last 2 min of recording, typically at about 10 min after reperfusion) was
measured by transcranial laser Doppler (MoorVMS-LDF2) and recorded by the MoorVMS
software, exported and analyzed and plotted by Microsoft Excel and GraphPad software.

Quantification of hemorrhagic transformation

The categorizing of HT was modified based on a previous study [19]. Compared to the
referred study, we included one additional group to better account the range of HT with
small “spotty-type” hemorrhages. This is in part due to the fact that we are quantifying 6 (24
hr) or 7 (72 hr) slices per animal and thus the number of small hemorrhages can have a
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larger range (from 1-14). We also separated the groups with large area “parenchymal” type
HT to two subgroups based on their size. Thus, there are 3 main types and 6 groups. Group
(0) has no hemorrhage. Groups (I-111) show a number of small hemorrhages: (I) has a total
of 1-3 small hemorrhages across all brain sections; (1) has 4-10 small hemorrhages across
all brain sections; (111) has >10 small hemorrhages. Group (IV & V) exhibit large area
“parenchymal” type HT: (IV) has volume of hemorrhage less than 10% when normalized to
the contralateral side while (V) has volume of hemorrhage more than 10% when normalized
to the contralateral side.

Graphpad Prism and Microsoft Excel were used for statistical analysis. Two-tailed Mann-
Whitney U test was used to compare two groups. When multiple comparisons were
performed, we used 2-way ANOVA with Bonferroni’s post-hoc correction. Chi-square
analysis was used to compare animals in included and excluded categories between the two
genotypes. Differences were considered significant if p < 0.05. Mean + SDEV was presented
in figures and text.

In our recent study, we examined tMCAQO-induced brain infarction[12]. Our result showed
that GPR68 deletion exacerbated ischemia-induced brain injury. Here, we re-analyzed the
same set of TTC-stained sections for HT. To assess HT in these sections, we adopted a
scoring approach similar to that described in a previous study [19]. Figure 1A illustrates the
scale which we used. We classified the HT patterns to the following categories: no HT
(category 0); those with “spotty” pattern of HT, which was further scored based on the
number of small hemorrhages: 1-3 (category 1) , 4-10 (category Il), 10+ (category I1I); and
those with large area of HT, which was further scored based on % hemorrhagic area
(normalized to the contralateral side): <10% (category 1V) and > 10% (category V).

We first examined wild-type mice and compared their HT scores at 24 hr and 72 hr after 45
min tMCAQO (Figure 1B). At 24 hr, 41.7% (5/12) of the animal exhibited no HT while the
rest exhibited HT of category | (2/12) or 1l (5/12). At 72 hr, there was a clear increase in
both the incidence and severity of HT. 18 of 19 animals exhibited HT, with 36.8% (7/19)
scored as category IV and 5% (1/19) as category V. The average HT score of the 72-hr group
was 2.68 + 1.46, significantly higher than the 0.95 + 0.27 score of the 24-hr group (p =
0.0025, Mann-Whitney U test). Next, we asked whether GPR68 deletion alters HT. At both
24 and 72 hr time points, GPR68—/— mice exhibited a slight shift toward more severe HT
(Figure 2A, B). However, the average HT scores were not different between the two
genotypes.

To determine whether WT and KO exhibit any changes in edema following tMCAO, we
analyzed the ipsilateral and contralateral brain volume, and calculated the ratio of
(ipsilateral-contralateral)/contralateral volume [17, 18]. At 24 hr, WT and GPR68-/—
showed comparable edema ratio of 2.1 + 6.1% and 0.5 * 4.8%, respectively (Figure 2C). At
72 hr, there was a trend toward increased edema ratio in the knockout: the average edema
ratio was 2.8 + 5.6% for WT and 7.5 + 9.5% for GPR68—/-. We further analyzed the edema
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% by individual sections. None of the comparisons were statistically different. One technical
note is that we fixed the TTC stained slices overnight before scanning. We speculate that this
post-fixation may lead to some shrinkage of the brain sections, especially on the injury side
which had higher initial water content.

To determine whether there exists a correlation between brain injury and HT severity, we
examined the % infarct in each HT categories. For WT, mice in HT categories 0-111 had
lower infarct as compared to those of 1V and V categories (Figure 3A). Grouped comparison
showed that average % infarct for IV and V group was 41.4% + 9.4%, significantly higher
than those of O-111 group 24.7 £ 13.3% (p = 0.0068, Mann-Whitney U test) (Figure 3B). In
our recent study, we found that GPR68-/- mice exhibited larger tMCAQO-induced infarct. To
determine whether this effect correlate with HT severity, we quantified the infarct percentage
of HT groups O-111 and IV-V separately and compared the numbers between the two
genotypes. For HT groups 0-111, the average % infarct of GPR68-/— was 39.8 + 15.3%,
significantly higher than that (24.7 £ 13.4%) of the WT in the group (Figure 3C). However,
for those exhibited large area of HT (HT groups IV and V), the two genotypes had similar
levels of infarct % (Figure 3D).

For our MCAQO animals, we used the following inclusion criteria: an occluded cerebral blood
flow (CBF) between 5-20% of the original value and a reperfused CBF to 50-120% of the
original value. These criteria apparently pre-selected a cohort of animals based on their CBF
changes during MCAO. Nevertheless, we wondered whether the observed HT groups
preferentially associate with a specific range of occluded or reperfused CBF. To answer this
question, we plotted CBF changes according to their HT categories. All HT groups exhibited
comparable occluded (Figure 4A) or reperfused (Figure 4B) CBF.

DISCUSSION

In a previous study, the authors used thrombin-induced clot to induce a permanent MCAQ
[19]. At 24 hr, all animals exhibited some degree of hemorrhages with 23% showing large
“parenchymal” type hemorrhage. Here, we examined the changes following transient suture-
based occlusion. Our results showed that HT at 24 hour after tMCAQO is milder as compared
to the previous permanent model. In our experiments, 59% of the animals exhibit
hemorrhages; all in categories | & I1. However, HT apparently continued to develop after
day 1. At 72 hr after tMCAQ, about 95% of the WT and 100% of the GPR68—/— mice
exhibited some forms of HT. In addition, a significant fraction (over 40%) of the animals
developed large area HT at this later time point. The contrast between these results are
interesting. The permanent clot model enables the assessment of tPA effect as described in
the previous study [19]. The transient suture model, on the other hand, will allow us to better
understand how the time-dependent development of HT following the ischemia-reperfusion
paradigm (without the confounding factor of tPA treatment).

The continued development of HT during the first three days after reperfusion is consistent
with previous reported timeline of ischemia-induced disruption of blood-brain barrier (BBB)
[2, 20-22]. In rodent models of transient ischemia, blood-brain barrier (BBB) exhibited
biphasic opening within the first few days. The initial opening occurs within hours, followed
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by a reduced leakage around 24 hour and a second increase in leakage around 48-72 hour
after reperfusion [20-22]. Thus, the increased HT at 72 hr (as compared to 24 hr) in our
study likely reflects the second phase of BBB disruption after ischemia-reperfusion. One
technical note is that analyzing TTC stained sections apparently is not the most accurate
approach to quantify HT. However, this approach has its advantage in allowing a direct
correlation between brain injury with HT category on the same animal. To better interpret
these changes, it will be of future interest to perform additional analysis such as H&E
staining and immunostaining against various neuroinflammatory marker. In addition, we
speculate that our post-fixation led to, at least in part, an underestimation of the true edema
percentage. Since we applied the same procedure to both WT and knockouts, this caveat
would affect both genotypes in the same way, and thus unlikely to alter the main conclusion
on edema comparison. Nevertheless, to gain more quantitative measurements, it will be
important to perform similar analysis using freshly stained sections or measuring the water
content.

While multiple mechanisms contribute to HT, the contribution to this process from brain
acid receptors remain unclear. Following brain ischemia, pH in the brain can reduce to
6.5-6.0 or even lower [8, 23-25]. Through activating acid-sensing ion channels and proton-
activated chloride channel, acidosis contributes to ischemia-induced brain injury [9, 10]. In
our recent study, we showed that GPR68 functions as a metabotropic proton receptor in
brain neurons. GPR68 contributes to hippocampal LTP and fear memory and mediates a
protective pathway in brain ischemia [12, 13]. Deleting GPR68 led to increased ischemia-
induced brain injury while GPR68 overexpression resulted in protection. At least part of the
effect of GPR68 depends on PKC-dependent signaling [12].

Here, we showed that GPR68 deletion did not alter the average score of HT, although there
appeared to have a shift, especially at 24 hr, toward more severe categories. This result
suggests that the primary site of GPR68 function is not at the BBB. This speculation is
consistent with the predominantly neuronal expression of GPR68 and sporadic or low
expression of this receptor in brain endothelial cells [12, 26]. How GPR68, which primarily
presents in neurons, alters HT warrants further analysis. In our RNA-Seq analysis, we found
that GPR68 deletion altered the pathways involved in ER stress and oxidation/reduction
responses (unpublished result). We speculate that an altered stress/oxidative response
contributes to worsened HT in the knockout. Nevertheless, to better understand the
mechanism associated with these changes, it will be important to assess whether GPR68
deletion alters BBB integrity in a future study.

CONCLUSIONS

Our results showed a continued development of HT from 24 to 72 hr after tMCAO. There
was no apparent correlation between HT severity at 72 hr with CBF changes, either during
occlusion or after reperfusion. GPR68—/— mice exhibited larger brain infarct when HT is
mild.
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FIGURE 1. Development of HT at 24 and 72 hr time points.
(A) Representative images showing the categories of HT for scoring. The categories were

based on a previous report but with modifications to better fit the fact that we are scoring
multiple slices from one given mouse. Arrows in middle images and enlarged insets
illustrate HT spots. For categories I-111, numbers in parenthesis indicate the range of number
of HT spots included in that category. For categories IV and V, numbers in parenthesis
indicate the % area of HT as compared to contralateral brain. (B) Summary of HT categories
at 24 and 72 hr following 45 min tMCAQ. (C) Bar graph showing average HT grade at 24
and 72 hr. For quantification, categories 0-V is converted to scores of 0-5. Each dot
represents one animal. P value was from 2-tailed Mann-Whitney U test.
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FIGURE 2. The effect of GPR68 deletion on HT.
GPR68-/- and WT mice were scored at 24 (A) and 72 (B) hr as described in Figure 1. The

WT summary was re-plotted from Figure 1B to better compare with that of GPR68-/-. (C)
Edema ratio at 24 and 72 hr after tMCAO. Ratio of edema was calculated based on TTC
images as (ipsilateral volume — contralateral volume)/contralateral volume. P values were

from 2-tailed Mann-Whitney U test.
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FIGURE 3. Correlation between infarct size and HT severity.
(A) Scatter plot to summarize the infarct % over HT grades. (B) Quantification showing the

average % infarct for WT, separated based on HT grades O-111 and IV-V. (C & D)
Quantification showing the effect of GPR68 deletion on infarct percentage based on HT
grades O-111 (C) or IV-V (D). P values were from 2-tailed Mann-Whitney U test.
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B Reperfusion CBF vs. HT category (72 hr)
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FIGURE 4. Correlation between cerebral blood flow (CBF) changes and HT severity.

Scatter plot in (A) shows the CBF during occlusion while that in (B) shows the reperfused
value over HT grades.

Brain Hemorrhages. Author manuscript; available in PMC 2021 December 01.



	Abstract
	INTRODUCTION
	MATERIAL AND METHODS
	Mice
	Transient Focal ischemia
	Vital dye staining and quantification of brain infarct
	Quantification of cerebral blood flow
	Quantification of hemorrhagic transformation
	Statistics

	RESULTS
	DISCUSSION
	CONCLUSIONS
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.

