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Abstract

The current animal models of stroke primarily model a single intracerebral hemorrhage (ICH) attack, and there is a lack of a reliable model of recurrent ICH.

In this study, we established 16-month-old C57BL/6 male mouse models of ICH by injecting collagenase VII-S into the left striatum. Twenty-one days later, we
injected collagenase VII-S into the right striatum to simulate recurrent ICH. Our results showed that mice subjected to bilateral striatal hemorrhage had poorer
neurological function at the early stage of hemorrhage, delayed recovery in locomotor function, motor coordination, and movement speed, and more obvious
emotional and cognitive dysfunction than mice subjected to unilateral striatal hemorrhage. These findings indicate that mouse models of bilateral striatal
hemorrhage can well simulate clinically common recurrent ICH. These models should be used as a novel tool for investigating the pathogenesis and treatment

targets of recurrent ICH.
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Introduction

Intracerebral hemorrhage (ICH) is associated with a high morbidity and
mortality. The 1-month case fatality of ICH has been attributed to primary
and secondary brain injuries (SBIs) (Wang, 2010; He et al., 2017; Pinho et al,,
2019; Ren et al., 2020; Deng et al., 2021; Zhang et al., 2022). ICH survivors
suffer from neurologic deficits and cognitive and emotional disturbances
(Caeiro et al., 2013; Planton et al., 2017; Chen et al., 2020; Shi et al., 2021).
These outcomes have been associated with SBI and ICH recurrence (Zhang
et al., 2017; Jia et al., 2021). Hypertensive angiopathy (HA) and cerebral
amyloid angiopathy (CAA), which account for 78% to 88% of all cases of
ICH, contribute to recurrent ICH (Vidale et al., 2016; Boulouis et al., 2017;
Charidimou et al., 2017, 2019; Pinho et al., 2021). Recurrent ICH related to HA
has been found to be localized in deep areas, which results from the rupture
of degenerated arterioles induced by uncontrolled hypertension (Weimar et
al., 2011). HA-associated recurrent ICH frequently occurs in the contralateral
basal ganglia due to gliosis at the first bleeding site. Recurrent CAA-related
ICH is predominantly superficial or lobar in location (Pasi et al., 2018). Studies
on recurrent ICH have mainly focused on clinical observations, such as the risk
factors, disease severity, and bleeding site, which limits our understanding
of its pathogenesis. One study found that CAA-related ICH has an annual
recurrence of 10.5% versus an HA-related ICH recurrence of 3.7% (Casolla et
al., 2019). Another study revealed that the ganglionic-ganglionic type was the
most common form of ICH recurrence (Wolf et al., 2016). However, given that
the pathogenesis of the two recurrent ICH subtypes is different, treatment

strategies are also disparate (Nakase et al., 2012; Jandke et al., 2018).
Therefore, it is necessary to explore the pathogenesis of recurrent ICH.

Collagenase-induced ICH is the most commonly used experimental ICH
model (Li and Wang, 2017). This model mimics ICH by targeting the unilateral
striatum, and has been used to promote preclinical and translational research
(Manaenko et al., 2011). However, there is not yet an animal model that
simulates recurrent ICH. Research on recurrent ICH has been limited to clinical
observations that focus on bleeding sites and pathogenesis classification
(Veltkamp and Purrucker, 2017; Weimar and Kleine-Borgmann, 2017). HA-
related recurrent ICH has been reported to occur in 11-41% of patients with
ICH (Ye et al., 2018). Therefore, we established and characterized a double-
side ICH model ((d)-ICH) in aged mice to mimic HA-related recurrent ICH,
which is more common in older patients (Tsai et al., 2021).

SBI exacerbates ICH outcomes (Lan et al., 2017, 2019; Boltze et al., 2021) and
affects the perihematomal tissue and remote brain regions. Substantia nigra
injury ipsilateral to the original hemorrhage or ischemia in the basal ganglia
has been reported (Imamura et al., 2003; Fan et al., 2013), and this has been
associated with cognitive dysfunction, anxiety, anhedonia, and movement
disorders (Aswendt et al., 2021; Yang et al., 2022). Few studies have investigated
the relationship between SBI and ICH recurrence, and remote injury in the
midbrain after recurrent ICH has not been investigated. Furthermore, the effect
of ganglionic ICH on the dopaminergic system is unclear. Finally, the impact of
recurrent ICH on motor, cognitive, and emotion-like behaviors is undetermined,
which hinders further research and intervention.
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Drawing on our experience with ICH models, we established a two-stage
bilateral model by administering sequential collagenase injections to the
bilateral striatum of mice to mimic recurrent ganglionic-ganglionic ICH. We
then characterized the behavioral performance and “remote” brain injury
in mice subjected to this novel model. Our findings help to explore the
pathogenesis and treatment strategies for recurrent ICH.

Methods

Animals

The animal protocol was approved by the Research Ethics Committee of
Guangdong Provincial People’s Hospital, Guangdong Academy of Medical
Sciences (approval No. AEC: 2019831A) on December 10, 2019. In this study,
16-month-old C57BL/6 male mice (25-35 g; Beijing Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China; license No. SCXK (Jing) 2016-0011)
were used to mimic the cerebrovascular condition of older people. All mice
were raised in a temperature- and light-controlled environment in pathogen-
free animal rooms. All experiments were designed and reported according to
the Animal Research: Reporting of /n Vivo Experiments (ARRIVE) guidelines
(Percie du Sert et al., 2020). All efforts were made to minimize the suffering of
the animals used. Based on our preliminary studies, a sample size estimation
indicated that 8 mice/group would provide at least 80% power for detecting
a 20% change in lesion volume at a = 0.05 (two-sided). Considering that
the two-stage injection ICH model may result in high mortality, we used 15
mice/group. Animals that died during the operation were excluded from the
analysis.

A total of 84 mice were used in this study. Mice were randomly assigned to
the single-side ICH (s-ICH; n = 27), single-side sham control (s-control; n = 15),
d-ICH (n = 27), and double-side sham control (d-control; n = 15) groups using
the randomizer form at www.randomizer.org (Li et al., 2017b; Zhang et al.,
2018). The flow chart is shown in Figure 1.
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Figure 1 | Study flow chart.
ICH: Intracerebral hemorrhage.

s-ICH and d-ICH models

Mice were anesthetized with 3% isoflurane (Shanghai Yuyan Instruments Co.
Ltd., Shanghai, China) for induction, then 1-2% isoflurane for maintenance.
During the operation, an electronic thermostat-controlled warming blanket
maintained the rectal temperature at 37 + 0.5°C until mice recovered from
anesthesia completely and performed normal motor activity (Han et al.,
2019).

s-ICH

We injected 0.35 pL collagenase VII-S (0.075 U in 0.5 uL saline; MilliporeSigma,
St. Louis, MO, USA) into the left striatum of mice (n = 27) at the following
stereotactic coordinates: 0.6 mm anterior and 2.0 mm lateral to the bregma,
and at a depth of 3.0 mm, as previously described (Han et al., 2019). We used
a lower dose of collagenase than a former study (Li et al., 2017c), because
of the use of older mice and the two-stage injection design. During surgery,
three mice died from anesthesia, and two mice died from severe neurologic
deficits on day one after the operation. Twenty-two mice with successful s-ICH
were used in the subsequent experiments.

d-ICH

We established the d-ICH model in two stages. In stage one, we established
the s-ICH model as described above. In stage two, 21 days after s-ICH, mice
received a second 0.35 L collagenase VII-S injection into the right striatum
at the following stereotactic coordinates: 0.6 mm anterior and 2.0 mm lateral
of the bregma, and at a depth of 3.0 mm. During surgery, one mouse died in
stage one, and three mice died in stage two due to severe neurologic deficits.
Twenty-three mice with successful d-ICH were used in the subsequent
experiments.

s-control and d-control

We randomly selected 30 mice as the sham control group. The s-control
group (n = 15) was injected with an equal volume of saline into the left
striatum, and the injection coordinate parameters were the same as for the
s-ICH group. Two mice died from anesthesia. The d-control group (n = 15)
was treated in the same way as was the d-ICH group, with 0.35 pL normal
saline injected into the left striatum in stage one, then 0.35 uL normal saline
injected into the right striatum 21 days later in stage two. The two injection
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coordinate parameters were the same as those of the d-ICH mice.

Hematoma volume and lesion volume

Mice from the s-ICH and d-ICH groups (n = 10 mice/group) were sacrificed on
day 3 after the operation. Five randomly selected brains were cut into 1 mm-
thick fresh sections using a brain matrix. Another five brains in each group
were cut into 60 um-thick sections and stained with Luxol fast blue and Cresyl
violet based on our established protocol (Chang et al., 2014). ImageJ software
version 1.52a (National Institutes of Health, Bethesda, MD, USA; Schneider et
al., 2012) was used to calculate the volume of the hematoma and lesion by
multiplying the thickness by the sum of the damaged areas in each section
(Yang et al., 2017).

Neurologic function

Neurologic deficit score

The neurologic deficits of mice were evaluated using a 24-point scoring
test (Li et al.,, 2017a) on days 1, 3, 7, 14, and 21 after the operation. Using
the scoring system, we scored the four groups on six parameters, including
body symmetry, gait, climbing, circling behavior, front limb symmetry, and
compulsory circling. Each test was graded from 0 to 4, resulting in a maximum
deficit score of 24.

Wire hanging test

The wire hanging test (Zhu et al., 2014, 2018) was used to assess gripping
and forelimb strength, coordination, and endurance, and was implemented
on days 1, 3, 7, 14, and 21 after the operation. Mice were hung from the
forelimbs on a 55-cm long iron wire (1 mm in diameter) between two posts
that were 50 cm above the ground. We placed a pillow underneath the
mice to prevent falling injuries. The hind limbs were gently covered by tape
to prevent mice from using all four paws. The animals were trained before
formal experiments, and the falling latency was recorded during assessments.

Novel object recognition test

The novel object recognition (NOR) test was used to evaluate recognition and
initiative exploration on day 21 after the operation, as previously described
(zhu et al., 2014). Briefly, the NOR included three processes. First, mice were
placed in an open field (47 cm x 26 cm x 20 cm) for 5 minutes on day 1 to
habituate. Second, we placed two identical novel objects (green cubes, 4 cm
x 4 cm x 3 ¢cm) in the arena. The mice had 10 minutes to explore them on the
day two training. After one hour of training, mice were exposed to a novel
object (red scalene triangle, 5 cm in diameter) and a familiar object (green
cube) for 5 minutes. A camera was used to record the whole test period. The
time in direct contact within the object area was calculated as the time it took
to explore an object. Sniffing or touching with the nose or forepaws within 0.5
cm around the object was defined as an exploration event. The discrimination
index and total exploration time were calculated for each mouse. The
discrimination index was used to assess cognitive ability (Zhu et al., 2014;
Chen et al., 2020) and was calculated as follows: Discrimination index (%) =
(time spent on novel object/total time devoted to exploring novel and familiar
objects) x 100. Contacts judged as accidental, and standing, sitting, or leaning
on the object were excluded. Meanwhile, the exploration duration (total time
spent exploring the novel and familiar objects) was calculated to estimate
exploring initiative of the mice.

Y-maze test

The Y-maze was used to assess short-term memory, spatial memory, and
innate curiosity in mice (Chen et al., 2020; Shi et al., 2021). The maze was
made of white painted wood. Each arm (marked as A, B, and C) was 30 cm
long, 17 cm high, 10 cm wide, and positioned at equal angles. On day 21
after the operation, mice were placed in the middle of the maze and allowed
to move freely for 5 minutes. A camera was used to record the number of
arms entered and the alternations. When the whole body of the mouse
completely went into an arm, we considered it an arm entry. When the
mouse continuously passed a non-repeated entry into arms A, B, and C, we
considered it a successful cycle (Miedel et al., 2017). The alternation was
calculated as the ratio of successful processes by the number of adequate
turns (defined as the total number of arm entries minus 2) multiplied by 100.

Open-field test

The open-field test was used to evaluate locomotor activity and anxiety-like
behavior in the four groups on day 21 after the operation (Seibenhener and
Wooten, 2015; Shi et al., 2021). We used a 50 cm x 50 cm x 38 ¢cm square
box without a cover. Its bottom was subdivided into 25 equal squares (nine
squares in the “interzone” center, surrounded by 16 outer zones). The video
recording device was connected to a computerized tracking system. We
placed mice in the well-lit box, directly above which a video camera was
mounted. The mice were placed in the open field center, allowing freedom
of movement. The Viewer software (SMART v3.0-Panlab Harvard Apparatus,
Shenzhen, China) was used to record the behavior of mice for 10 minutes in
the box and analyze the activity of each mouse according to total distance
traveled, average speed, and time spent in the center zone.

Forced swimming test

During the forced swimming test, mice were placed individually in a clear
Perspex cylinder (20 cm high x 22 cm in diameter) filled to a depth of 15
cm with water that had a temperature of 25 + 1°C. The movements of mice
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on day 21 after the operation were recorded for 6 minutes using a camera.
The absence of escape-oriented behaviors, such as swimming, jumping,
rearing, sniffing, or diving, indicates behavioral despair. Mice floating upright
and making only small movements to remain above water were considered
immobile (Yankelevitch-Yahav et al., 2015; Shi et al., 2021). The immobility
time during the final 4 minutes of the test was recorded.

Tyrosine hydroxylase immunofluorescence staining

Immunofluorescence of dopaminergic neurons in the midbrain was conducted
as described previously (Han et al., 2016) to assess tyrosine hydrolase protein
expression. Animals were anesthetized with 4% isoflurane and then perfused
with ice-cold 0.1 M PBS (pH 7.4) and 4% paraformaldehyde. Brains were
removed, post-fixed overnight in 4% paraformaldehyde, and then placed
in 30% sucrose for 2 days. Fixed midbrain sections on day 21 after s-ICH or
d-ICH were incubated overnight at 4°C with rabbit anti-tyrosine hydroxylase
antibody (1:200, MilliporeSigma, Cat# ab137869, RRID: AB_373130), followed
by Alexa 594 conjugated-goat anti-rabbit IgG (1:2000, Invitrogen, Eugene, OR,
USA, Cat# A11007, RRID: AB_141374) at room temperature for 1 hour. From
bregma, three 10-um typical planes were selected at 2.70 mm, 3.52 mm, and
3.88 mm. Four to six photographs were taken from each layer, and the total
number of dopaminergic neurons of the three selected layers was summed.
The sections were observed under a Nikon Eclipse 90 immunofluorescence
microscope (Nikon Co., Tokyo, Japan).

Statistical analysis

Mice that died during surgery or shortly after ICH were excluded from the
final analysis. Investigators who were blinded to the four groups evaluated
the behavioral and histologic outcomes of all mice and performed the
data analysis. All data are presented as the mean + standard deviation.
Comparisons between two groups were made using unpaired t-tests. For
behavioral tests, data at different time points for the same group were
compared using one-way analysis of variance with a Dunnett’s post hoc test.
Data from other groups were simultaneously compared using a two-way
analysis of variance with the Tukey post hoc test. Comparisons of mortality
ratios were made using chi-square tests. Statistical analysis were performed
using GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, USA, www.
graphpad.com). Between-group differences were considered statistically
significant at P < 0.05.

Results

Mortality of the two-stage bilateral recurrent ICH in aged mice

The mortality of mice was 5 out of 27 (18%) in the s-ICH group, 4 out of 27
(15%) in the d-ICH group, 2 out of 15 (13%) in the s-control group, and 2
out of 15 (13%) in the d-control group. There was no difference in mortality
between the four groups (P > 0.05).

Volume of hematoma and lesion in two-stage bilateral recurrent ICH in
aged mice

Three days after surgery, the hematoma was present in both the s-ICH and
d-ICH groups. Fresh brain sections were used to calculate the volume of
the hematoma, and Luxol fast blue and Cresyl violet staining were used to
quantify the lesion volume (Figure 2A). There were no significant differences
in hematoma or lesion volume between the s-ICH and d-ICH groups (both, P >
0.05; Figure 2B and C).
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Figure 2 | Brain injury in a two-stage bilateral recurrent intracerebral hemorrhage
aged mouse model on day 3 after surgery.

(A) Luxol fast blue images of fresh brain sections in the left striatum of the s-ICH group
and right striatum of the d-ICH group. The hematoma was restricted to the striatum.
Scale bars: 1 mm. (B) Quantification showed no differences in hematoma volume
between the s-ICH and d-ICH groups (P = 0.8204). (C) Quantification showed no
differences in lesion volume between the s-ICH and d-ICH groups on day 3 (P = 0.6709).
All data are presented as dot plots with the mean + SD (n = 5 mice/group), and were
analyzed using two-way analysis of variance followed by Kruskal-Wallis post hoc tests.
d-ICH: Two-stage bilateral intracerebral hemorrhage; s-ICH: single side intracerebral
hemorrhage.

Changes of motor and cognitive function in two-stage bilateral recurrent
ICH in aged mice

Neurologic deficit scores

Neurologic deficit scores in the s-ICH and d-ICH groups were higher than

those of their respective controls on days 1, 3, 7, 14, and 21 (n = 13, F =
8.987, P < 0.01; Figure 3A). Only on day 14, the neurologic deficit scores were
significantly higher in the d-ICH group than in the s-ICH group (F = 18.46, P <
0.05). The s-ICH and d-ICH groups exhibited gradual recovery from days 3 to
21.

Wire hanging test

In the wire hanging test, gripping, forelimb strength, coordination, and
endurance were impaired in both the s-ICH and d-ICH groups on days 1, 3,
7, 14, and 21 compared with their respective controls (n = 12-13 mice, F =
0.9723, P <0.01; Figure 3B). The falling latency was shorter in the d-ICH group
than in the s-ICH group on days 3, 7, and 14 (all, P < 0.05). Meanwhile, both
ICH groups’ performance in the wire hanging test gradually recovered from
days 3 to 21. On day 21, both the s-ICH and d-ICH group continued to show
motor deficits compared to their sham controls (both, P < 0.05); nevertheless,
the motor deficit was more severe in the d-ICH group than in the s-ICH group,
except for on day 1 (all, P < 0.05).
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Figure 3 | Changes in neurologic deficit scores and falling latency over time in a two-
stage bilateral recurrent intracerebral hemorrhage aged mouse model.

(A) Mice with s-ICH and d-ICH showed significantly higher neurologic deficit scores than
their respective controls. Mice with d-ICH had a significantly higher neurologic deficit
score than mice with s-ICH 14 days after the operation (F = 18.46, P < 0.05). Both the
s-ICH and d-ICH groups showed gradual recovery from days 3 to 21 (F = 8.987, P < 0.05).
(B) The falling latency was shorter in mice with s-ICH and d-ICH than their respective
controls. The falling latency was significantly shorter in d-ICH mice than in s-ICH mice on
days 3, 7, 14, and 21 (F = 0.9723, both, P < 0.05). All data are presented as dot plots with
the mean £ SD (n = 12—-13). ¥*P < 0.05, **P < 0.01 (two-way analysis of variance followed
by Kruskal-Wallis post hoc tests). d-ICH: Two-stage bilateral intracerebral hemorrhage;
d-control: two-stage bilateral sham surgery; s-ICH: single side intracerebral hemorrhage;
s-control: single side sham surgery.

Cognitive function test

In the NOR test, the discrimination index (n = 12-13, F = 1.443, P < 0.01;
Figure 4A) and the exploration time (n = 12-13, F = 0.5697, P < 0.011;
Figure 4B) of the s-ICH and d-ICH groups were significantly lower than their
respective controls. The discrimination index and time to exploration of the
d-ICH group were lower than those in the s-ICH group (both, P < 0.05).
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Figure 4 | Changes of cognitive function in a two-stage bilateral recurrent intracerebral
hemorrhage aged mouse model.

(A, B) In the novel object recognition test, the discrimination index (F = 1.443, P < 0.05; A)
and the total exploration time (F = 0.5697, P < 0.001; B) in mice with s-ICH or d-ICH were
significantly lower/shorter than their respective controls. These two parameters were
worse in d-ICH mice than in s-ICH mice (both, P < 0.05). All data are presented as dot
plots with the mean + SD (n = 12-13). *P < 0.05, **P < 0.01 (two-way analysis of variance
followed by Kruskal-Wallis post hoc tests). d-ICH: Two-stage bilateral intracerebral
hemorrhage; d-control: two-stage bilateral sham surgery; s-ICH: single side intracerebral
hemorrhage; s-control: single side sham surgery.

In the Y-maze test, the alternation was significantly lower in both the s-ICH
and d-ICH groups than in their respective controls (n = 12—13 mice/group, F =
4.114, P < 0.05; Figure 5A), and the d-ICH group exhibited fewer alternations
than the s-ICH group (P < 0.05). There were no significant differences in
alternation between the four groups (F = 1.294, P > 0.05; Figure 5B).

Locomotor and emotional behaviors

The typical movement track in the open field test for each group is shown in
Figure 6A. Compared to their respective controls, the total distance traveled
was shorter, and the average speed was slower in the s-ICH and d-ICH groups
(both, P < 0.05; Figure 6B and C). These two parameters were much lower in
the d-ICH group than in the s-ICH group (P < 0.05). However, the time spent
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12-13, F = 0.9091, P > 0.05; Figure 6D).
s-control

In the forced swimming test, the immobility time in the s-ICH and d-ICH
groups was significantly longer than that of their respective controls (both, P
< 0.01). Immobility time was longer in the d-ICH group than in the s-ICH group

(n=12-13, F=0.9591, P < 0.01; Figure 6E).

Y-maze test Y-maze test
*
[
Ay = .
» A - . A
4] ° A - 80
£ 2 A < sl +
T o ada S 60 ¢ A
k] st =
. 4 © A A
3 + c 404 ®g° Ak
2 10 A A A o) ~
5 <, M :
3 e 0
0

T T T T T T T T
s-control s-ICH d-control d-ICH s-control s-ICH d-control d-ICH

Figure 5 | Changes of spatial memory and initiative exploration in a two-stage
bilateral recurrent intracerebral hemorrhage aged mouse model in the Y-maze test.
(A) The number of entries in s-ICH and d-ICH mice was smaller than their respective
controls (F=4.114, P < 0.05), with a significantly worse performance in d-ICH mice than
in s-ICH mice. (B) There were no significant differences in alternation between the four
groups (F =1.294, all, P> 0.05). All data are presented as dot plots with the mean + SD
(n=12-13). *P<0.05, **P < 0.01, ***P < 0.001 (two-way analysis of variance followed
by Kruskal-Wallis post hoc tests). d-ICH: Two-stage bilateral intracerebral hemorrhage;
d-control: two-stage bilateral sham surgery; s-ICH: single side intracerebral hemorrhage;
s-control: single side sham surgery.
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Figure 6 | Changes of locomotion and emotional behaviors in a two-stage bilateral
recurrent intracerebral hemorrhage aged mouse model.

(A) The track of the movement of the open field test. (B) Within 10 minutes, the total
distance traveled by s-ICH and d-ICH mice was shorter than their respective controls
(n=13, F=1.2931, P<0.01); moreover, the d-ICH mice traveled less distance than

did the s-ICH mice (P < 0.01). (C) The average speed in mice with s-ICH and d-ICH was
significantly slower than their respective controls (n = 12-13, F = 1.669, P < 0.05), and
d-ICH mice were slower than s-ICH mice (P =0.0227). (D) The time in the center zones
did not differ between the four groups (n = 12—-13, £ = 0.9091, P > 0.05). (E) In the
forced swimming test, immobility time was significantly longer in d-ICH mice than in
their controls and s-ICH mice (n = 12-13, F =0.9591, P < 0.01). s-ICH mice tended to
have a longer immobility time than the s-control group, but this difference did not reach
significance (P > 0.05). All data are presented as dot plots with the mean + SD. *P < 0.05,
**p <0.01, ***P <0.001 (two-way analysis of variance followed by Kruskal-Wallis post
hoc tests). d-ICH: Two-stage bilateral intracerebral hemorrhage; d-control: two-stage
bilateral sham surgery; s-ICH: single side intracerebral hemorrhage; s-control: single side
sham surgery.

Changes in the number of dopaminergic neurons in the midbrain of two-
stage bilateral recurrent ICH in aged mice

Tyrosine hydroxylase immunofluorescence staining was used to evaluate
changes in the number of dopaminergic neurons in the midbrain on day 21
after s-ICH or d-ICH. Contrary to our expectations, there were no significant
differences between the four groups (all P > 0.05). However, the s-ICH
and d-ICH groups tended to have fewer dopaminergic neurons than their
respective controls (n = 6, F = 1.802, P = 0.6370 and 0.1398, respectively;
Figure 7A and B).
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Figure 7 | Changes in the number of dopaminergic neurons in the midbrain in a two-
stage bilateral recurrent intracerebral hemorrhage aged mouse model.

(A) Immunofluorescence staining with tyrosine hydroxylase (TH, red, Alexa 594) on

day 21 after s-ICH or d-ICH. (B) The number of dopaminergic neurons did not differ
significantly between the four groups, although it tended to be lower in d-ICH mice than
in control mice (F = 1.802, P> 0.05). All data are presented as dot plots with the mean
+SD (n =5) and were analyzed using one-way analysis of variance followed by Kruskal—
Wallis post hoc tests. DAPI: 4',6-Diamidino-2-phenylindole; d-ICH: two-stage bilateral
intracerebral hemorrhage; d-control: two-stage bilateral sham surgery; s-ICH: single side
intracerebral hemorrhage; s-control: single side sham surgery.

Discussion

In this study, we successfully established a novel two-stage bilateral mouse
model of ICH to simulate recurrent ICH. We used aged animals to mimic the
cerebrovascular effects of aging. This novel model generated reproducible
hematoma, lesions, and neurologic deficits. It also produced marked memory
and emotional deficits. Compared to s-ICH mice, d-ICH mice exhibited
more severe neurologic deficits, memory dysfunction, and depression-
like behaviors, closely mimicking the symptoms of recurrent ICH in clinics.
Interestingly, we did not observe a significant loss of dopaminergic neurons in
the midbrain in s-ICH or d-ICH mice. However, s-ICH and d-ICH mice tended to
have fewer of these neurons than their respective controls. This could help us
understand the pathogenesis of vascular Parkinsonism, which is characterized
by dysfunction of the dopaminergic system rather than a reduced number of
dopamine neurons, as is seen in Parkinson’s disease.

We used a 24-point neurologic scoring system to evaluate overall locomotor
function (Li et al., 2017a; Li and Wang, 2017), and the wire hanging test to
assess grip strength, coordination, and forelimb endurance (Zhu et al., 2018).
Both s-ICH and d-ICH mice exhibited marked motor deficits on days 1, 3, 7, 14,
and 21 after ICH. The difference between the four groups gradually decreased
over time, consistent with clinical signs/symptoms in patients with ICH whose
neurologic function progressively improves when hematomas stabilize.
Gripping and forelimb strength and coordination decreased in the s-ICH and
d-ICH mice at the five-time points. d-ICH mice performed significantly worse
than the s-ICH mice in this task, except for day one after ICH. The wire hanging
test seems to be more sensitive to evaluate forelimb muscle coordination and
endurance in the d-ICH model, with better performance than the neurologic
scoring system. Consistent with this result, in the open field test, the average
movement speed of d-ICH mice was slower and the total distance traveled
within 10 minutes was shorter than s-ICH mice. Therefore, we concluded that
d-ICH mice had more severe motor deficits in gripping and forelimb strength
and coordination from days 3 to 21 after d-ICH. Augmented SBI due to locally
produced proinflammatory mediators in response to repeated bleeding
could explain this result. SBI developed around the hematoma and in brain
regions that were remote from the hematoma. SBI affected the pyramidal
tract around the hematoma and the projection fibers that connect with other
areas of the brain. This could explain why motor deficits were limited to the
neurologic deficit score, and involved movement coordination and flexibility
with ataxia and gait abnormalities, which are prominent primary symptoms of
vascular Parkinsonism. This could indicate that an increase in proinflammatory
cytokines aggravates SBI, while an increase in anti-inflammatory cytokines
is protective against ICH injury (Chang et al., 2017; Zhu et al., 2019; Li et al.,
2021).

We used the NOR and Y-maze tests to assess changes in cognitive function
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in the s-ICH and d-ICH models. The NOR test is often used to evaluate
recognition memory, attention, anxiety, and preference for novelty in rodents
(Barba et al., 2000). The Y-maze test is used to assess short-term memory
and spatial memory in mice, and it relies on rodents’ innate curiosity to
explore previously unvisited areas (Kraeuter et al., 2019). For example, a
mouse with intact working memory will remember a familiar object or arms
previously visited, and show a preference for approaching a novel object or
entering a less recently visited arm. Despite findings of the critical role of the
striatum in cognition in rats (Gardner et al., 2020), other studies have failed
to find significant learning or memory impairments in rats after striatal ICH
(MacLellan et al., 2009). These different results may be related to variable
assessment times and hematoma locations used in prior work. Our study
revealed that both s-ICH and d-ICH mice exhibited impaired recognition
and decreased exploration desire, with more severe deficits in d-ICH mice.
Alternation in the Y-maze test did not differ between the four groups, which
suggests that spatial memory was not necessarily impaired in the s-ICH and
d-ICH groups. However, this result might be due to the fewer entries of ICH
mice. Together, our data indicate that d-ICH mice had more severe cognitive
impairment than s-ICH mice, which is consistent with clinical findings from
patients with recurrent ICH (Pinho et al., 2019). The incidence of vascular
cognitive impairment in patients with ICH is approximately 12—27.5% (Laible
et al., 2017), but is likely to be significantly higher in patients with recurrent
ICH. Cognitive impairment in vascular dementia is a patchy rather than a full-
blown decline in all cognitive domains, unlike Alzheimer’s disease; this could
be reflected by unbalanced damage to cognitive function in our d-ICH model.

We used the open field test to analyze locomotion and anxiety-like behaviors
(Sosa et al., 2018; Shi et al., 2021). The average speed was considerably
slower in mice with s-ICH or d-ICH than in control mice. There was a
significant decline in the average walking speed of the d-ICH mice compared
with that of the s-ICH mice. In a 10-minute time period, s-ICH and d-ICH mice
exhibited a shorter total distance walked than did the control mice. The total
distance walked was shorter in the d-ICH group than in the s-ICH group. These
results are similar to a previous study in rats (Cai et al., 2018).

We used the forced swimming test to assess depression-like behaviors (Shi
et al., 2021). d-ICH mice had a longer immobility time than s-ICH mice in
the forced swimming test, which indicates that d-ICH mice exhibited more
severe depression-like behaviors. Post-stroke depression is a common
mental disorder associated with increased disability and mortality (Cai et al.,
2019), and 20% of ICH survivors have been reported to show clear signs of
depression (Koivunen et al., 2015). The inflammatory response promotes
SBI (Hua et al., 2020; Ren et al., 2020), increases oxidative stress (Ren et al.,
2021), and activates ferroptosis/autophagic cell death pathways (Li et al.,
2018; Wan et al., 2019; Weiland et al., 2019), and might be the primary cause
of post-ICH depression. The two-stage bilateral ICH model we established had
repeated intrastriatal bleeding with enhanced exacerbation of SBI, potentially
by the aforementioned mechanisms, which could explain their more severe
depression-like behaviors. To our knowledge, none of the current ICH models
mimic recurrent ICH. Our novel model will be a valuable tool to study the
pathologic mechanisms and therapeutic strategies for recurrent ICH.

The dopaminergic system is associated with depression and movement
disorders such as vascular Parkinsonism (Grace, 2016; Poewe et al., 2017).
Parkinsonism is a prevalent disease associated with an imbalance in dopamine
metabolism. One study has revealed that dopaminergic neurons in the
midbrain have bidirectional control capacity (inhibition or excitation); these
neurons can immediately and bidirectionally modulate (induce or relieve)
multiple independent depression symptoms caused by chronic stress (Tye et
al., 2013). Another study showed that stimulation of dopaminergic neurons
in the ventral tegmental area of the midbrain regulates motor activity (Jing
et al., 2019). Damage to dopaminergic neurons in the distant midbrain has
been reported after ICH in the striatum (Chang and Grace, 2014; Yang et al.,
2018a). Previous studies have found that ischemic or hemorrhagic damage in
the striatum can cause SBI of the substantia nigra after ICH both in patients
and in animal models (Fan et al., 2013). Such injuries have been detected by
both anatomical and diffusion-weighted magnetic resonance imaging (Yang
et al., 2018b). Previous studies have found that ischemic or hemorrhagic
damage in the striatum can cause SBI of the substantia nigra after ICH in both
patients and animal models (Fan et al., 2013). However, the changes that
occur to dopamine neurons in the substantia nigra after bilateral striatum
injury are not clear. In our study, we found that the number of dopaminergic
neurons tended to decrease in d-ICH mice, which could explain why the
locomotor deficits and depression-like behavior were worse in d-ICH mice
than in s-ICH mice. Given that no significant loss of dopaminergic neurons
was observed in the present study, it is possible that dopaminergic fibers or
receptors are instead compromised following recurrent ICH. This could explain
why dopamine replacement therapy is ineffective for vascular Parkinsonism
(Korczyn, 2015). Recurrent cerebral infarction is one of the most common
causes of vascular Parkinsonism in clinical practice. One study showed no
substantia nigra damage in 59 of 135 cases with secondary Parkinsonism
in patients with multi-infarct encephalopathy (Jellinger, 2001). Vascular
Parkinsonism after ICH has rarely been reported. The results of our study
suggest that the pathomechanism of vascular Parkinsonism may be associated
with dysfunction of the dopaminergic system rather than a decrease in the
number of the dopaminergic neurons.

This study has some limitations. First, the aged mice did not have
hypertension-related arteriosclerosis. Therefore, this recurrent ICH model
does not generate spontaneous bleeding, which differs from clinical ICH.

Consequently, the pathologic process of recurrent ICH could perhaps be
better simulated in hypertensive mice. Second, the inflammatory response
after a single ICH can influence the pathologic process of the second ICH.
Thus, the clinical symptoms of recurrent ICH are not the simple addition
of the single ICH, and instead exhibit their own unique characteristics.
Third, we only used male mice in this study. Due to sex-related differences
in behavior, female animals should be included in subsequent research to
extend the current results. In future work, we will investigate the pathologic
and biochemical changes of brain edema, inflammation, iron toxicity, and
ferroptosis, and neurotransmitter alterations after recurrent ICH, as well as
explore potential therapeutic strategies. Furthermore, establishing lobar
subtypes of the recurrent ICH model will deepen our understanding of
recurrent ICH.

In summary, we established and characterized a novel model of recurrent ICH.
This model generated reproducible brain damage and expected behavioral
changes. This model closely mimics recurrent ganglionic ICH and could
represent a novel tool to elucidate its pathogenesis.
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