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Abstract

The mechanisms of cognitive decline after intraventricular hemorrhage (IVH) in some patients
continue to be poorly understood. Multiple rodent models of intraventricular or subarachnoid
hemorrhage have only shown mild or even no cognitive impairment on subsequent behavioral
testing. In this study, we show that intraventricular hemorrhage only leads to a significant spatial
memory deficit in the Morris water maze if it occurs in the setting of an elevated intracranial
pressure (ICP). Histopathological analysis of these IVH + ICP animals did not show evidence of
neuronal degeneration in the hippocampal formation after 2 weeks but instead showed significant
microglial activation measured by lacunarity and fractal dimensions. RNA sequencing of the
hippocampus showed distinct enrichment of genes in the I'VH + ICP group but not in IVH

alone having activated microglial signaling pathways. The most significantly activated signaling
pathway was the classical complement pathway, which is used by microglia to remove synapses,
followed by activation of the Fc receptor and DAP12 pathways. Thus, our study lays the
groundwork for identifying signaling pathways that could be targeted to ameliorate behavioral
deficits after IVH.
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Introduction

Intraventricular hemorrhage (IVH) is easily recognized with modern imaging but associated
with a high mortality rate [1-3]. IVH is defined as an accumulation of blood within the
ventricles of the brain and may be caused by intraventricular rupture of a parenchymal
hemorrhage, a ruptured aneurysm/arteriovenous malformation, or traumatic brain injury [4,
5]. Additionally, IVH is also frequently seen in the setting of aneurysmal subarachnoid
hemorrhage (SAH) which is known to cause subsequent cognitive dysfunction, problems
with executive function, and memory deficits in some patients resulting in a large
socioeconomic burden [6-8]. Good outcomes after IVH have been shown to be inversely
proportional to the amount of intraventricular blood [9].

The impact of IVH and SAH on memory dysfunction has been well established, but the
underlying mechanisms of memory loss have yet to be defined. Previously suggested
mechanisms include hydrocephalus, blood toxicity, and neuroinflammation involving a
proinflammatory response at the cellular level [4, 10, 11]. We have previously shown that
microglia in the hilus of the rodent dentate gyrus become significantly more activated
following IVH [12]. There is a wealth of animal studies exploring the cause of memory
decline after non-traumatic intracranial hemorrhage, but studies examining the influence of
elevated intracranial pressure (ICP) on memory decline are under-represented in the current
literature [13].

Cognitive dysfunction after SAH has been difficult to simulate in rodent models since
animals in some models showed either no or only mild cognitive deficits [14, 15]. Likewise,
we have struggled in the past with obtaining reproducible behavioral deficits in a rat

model of IVH. In this study, we show that introduction of rigorous ICP monitoring and
sustained elevation of ICP in the setting of IVH induces a long-term spatial memory deficit
and hydrocephalus in rats. Our model was supported by hippocampal gene expression
analyses which showed a unique gene enrichment signature only in the I\VH + ICP group
and not in the IVH without elevated ICP group. Our data point towards involvement of
microglial regulatory pathways in the memory dysfunction, opening avenues for targeting
these pathways in the future to ameliorate cognitive deficits after IVH.

Materials and Methods

Animal Surgery

All animal use protocols and procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of California Davis (protocol #21874).
All procedures followed the ILAR Guide for the Care and Use of Laboratory Animals,
IACUC policy on Surgery Guidelines for Rodents and the UC Davis Animal Welfare
Assurance in compliance with the US Public Health Service. Male Sprague—Dawley rats
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aged 8-20 weeks (ENVIGO, Livermore, CA) weighing 300-400 g were used for the study.
Animals were anesthetized with 4% isoflurane (Henry Schein Animal Health, Dublin, OH)
in an induction chamber and then intubated. Animals were ventilated, and anesthesia was
maintained using 1-3% isoflurane and O,/N (1:2) carrier gas in a stereotaxic frame (Kopf
Instruments, Tujunga, CA). Animal body temperature was monitored and kept at 37 °C
using a rectal probe and electric heating pad. A 2-cm midline cranial incision was made
exposing the skull and 2 ventricular burr holes were drilled. A 22-gauge ventricular cannula
was stereotactically placed (coordinates: 1.4 medial-lateral, — 0.9 anterior—posterior, — 4.6
dorsal-ventral from bregma) in the right burr hole, and a 28-gauge ventricular needle was
inserted into the right ventricle (Plastic One Inc. Roanoke, VA). Subsequently, a 30-gauge
ICP probe (OPP-M200 Fiber Optic Miniature Pressure Sensor, OpSens Medical, Québec,
Canada) was placed 2 mm deep into the contralateral burr hole (- 1.4 medial-lateral,

- 0.9 anterior—posterior, — 4.6 dorsal-ventral from bregma) to allow for continuous ICP
monitoring.

The left femoral artery was dissected and cannulated to draw 0.2 ml of blood used for
autologous ventricular hemorrhage. A 1.5-2.5 cm incision was made in the inguinal region
of the left hind limb. The femoral artery was isolated, then a distal ligation and proximal
aneurysmal clip were placed to halt blood flow for cannulation. A small incision was

made near the distal suture, and a silastic tube was inserted into the artery. Two hundred
microliters of arterial blood was collected in a syringe, and the proximal end of the artery
was ligated. Subsequently, autologous blood was manually injected, using a pulsing thumb,
into the right lateral cerebral ventricle over 2 min. During the 2-min injection, ICP data was
collected using SoftSens (OpSens Medical, Québec, Canada) and graphically displayed to
obtain baseline and maximum ICP values. After 10 min, the cranial needle was removed,
and both incisions were closed using interrupted sutures. Once ambulatory, animals were
returned to their home cages and provided ad libitum access to food and water. We
observed no impairment of motor function in the left hind limb where the femoral artery
had been ligated. Animals were euthanized if they lost more than 20% of their weight
post-operatively.

Experimental Groups

Animals were divided into 4 main experimental groups: IVH + ICP, IVH, volume control,
and sham control. The IVH + ICP animals received 200 pl of arterial autologous blood
manually injected, using a pulsing thumb, over 2 min followed by artificial cerebrospinal
fluid (aCSF, Baxter Healthcare Corporation, Deerfield, IL) mechanically pumped using a
Hamilton syringe pump (Hamilton Company, Reno, NV) to bring the ICP to 50 mmHg
which was then sustained for 2 h (7= 12). The average volume of aCSF that needed to be
infused in the IVH + ICP group to keep the ICP around 50 mm Hg for 2 h was between 0.3
and 1.0 ml. The IVH group received 200 pl of autologous arterial blood manually injected,
using a pulsing thumb, over 2 min (n = 12). The volume control group received 200 pl of
aCSF manually injected, using a pulsing thumb, over 2 min (7= 12). Finally, the sham group
received no fluid injection, but the cranial needle was inserted for 2 min and withdrawn (n
=12). All injections were into the right lateral ventricle. All animals recovered for 7 days.
They were then tested on the Morris water maze on days 8-13. During the post-operative
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period, 5 animals from each group underwent magnetic resonance imaging (MRI) scans.
Animals were then euthanized via paraformaldehyde perfusion or decapitation 2—-3 weeks
after injury and within 1 week after the Morris water maze. Tissue collected following
perfusion was used for histological analysis of the hippocampus. Fresh hippocampal tissue
collected following decapitation was used for RNA sequencing. Separate cohorts of animals
underwent injection of 300 pl of autologous arterial blood (IVH300; 7= 3) and 400 pl of
autologous arterial blood (I\VH400; 1= 3) and were compared to sham control animals.
Another separate cohort of animals underwent a sustained elevation of ICP to 50 mm Hg for
2 h with the Hamilton syringe pump alone without the initial injection (ICP50; n= 10) and
was compared to a new group of concurrently operated sham control animals (/7= 10). Water
maze experiments for the latter cohort were performed at the Rodent Behavior Core at UC
Davis.

ICP Recordings

For each animal, maximum ICP values were recorded during the 2-min hand-pulsed
injection period. Additionally, ICP values were recorded in 5-s intervals during the 2-min
hand-pulsed injection period and 1.5 min before and after this period. These values were
analyzed using Prism GraphPad (version 9.2.0 GraphPad Software, San Diego, CA) to
generate an ICP graph for each animal which was then integrated to calculate the area under
the curve to obtain the cumulative ICP over time integral during the ICP spike.

Morris Water Maze

To assess spatial learning acquisition and place recall memory, 48 experimental animals
underwent Morris water maze testing 8-13 days post-op. The test was set up as follows: a
large white tank (183 cm in diameter and 60 cm tall) was filled to 23 cm deep with water,
and a transparent cylinder (12.8 cm in diameter, and 20 cm tall) was submerged to 3 cm

into the second quadrant of the water. Water temperature was maintained at 26 °C + 2 °C.
On each wall surrounding the tank, there were unique shapes to provide spatial cues while
animals navigated the tank searching for the submerged platform. Animals were given 5
training days to learn the location of the platform. Each training day consisted of 4 trials
during which the animal was placed in the pool at a random starting location (North, South,
East, West) and then given 120 s to find the platform, with 4-min breaks in-between trials.
When the animals found the platform, they were allowed 30 s to remain on the platform
before being removed from the pool. If the animal did not find the platform after 120 s, the
experimenter would manually guide them to the platform and again allow them to remain on
the platform for 30 s. Latency to reach the platform was recorded for each trial. On day 6,
the submerged platform was removed from the tank, and animals were allowed 60 s to swim
for the probe trial. From the probe trial, latency to first platform zone entry, swim speed,
and time spent in the 10% and 5% (of the total tank area) circular area around the platform
were recorded [16]. Animals were held in a warm cage between trials. Experimenters were
blinded to experimental groups. Each trial was recorded using an overhead camera (Logitech
Webcam software, Newark, CA) and later analyzed with a tracking software (AnyMaze
version 6.0, Stoelting Co. Wood Dale, IL). To assess learning, mean latency across the 4
trials was calculated for each training day.
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Corticosterone Analysis

To identify any relationship between intraventricular hemorrhage—related stress and memory
deficits, we analyzed blood samples collected pre-injury, post-injury, and 2-3 weeks after
injury before the decapitation. Five animals from IVH + ICP, IVH, and sham groups

were randomly selected to be analyzed. Using the silastic tubing used to cannulate the
artery and a 3-way stop-cock, 600 ul of blood was collected immediately before and after
the intraventricular injection of 200 pl of blood. The final blood sample was collected

2-3 weeks after injury from the carotid artery just prior to tissue collection (post-injury
week 2-3). Samples were analyzed at the UC Davis Nutrition department using an RIA
corticosterone kit (MP Biomedicals, Orangeburg, NY).

MRI and Ventricular Measurements

To visualize the impact of intraventricular injections and sham surgery on the lateral
ventricle, 5 animals from each main experimental group underwent MRI 1-5 days post-op.
Animals were anesthetized with 3-5% isoflurane in a chamber and then maintained in the
imaging instrument with 1-2% isoflurane and O, using nose cones. Body temperature and
respiratory rates were monitored using a rectal thermometer connected to a physiological
monitoring unit (SA Instruments, Stony Brook, NY). MRI scans were performed at the UC
Davis Center for Molecular and Genomic Imaging on a Biospec 7 T MRI scanner (Brunker
Biospin Corporation, San Jose, CA). Fifty-nine coronal images were produced with a field
view of 35 mm x 25 mm using a T2 fast spin-echo sequence (repetition time/echo time =
6250/33 ms; bandwidth 39,062 Hz) with 8 echos at 11 ms apart and 4 averages. Image voxel
size was 0.125 mm x 0.125 mm x 0.5 mm. To measure lateral ventricular volumes, MR
images were analyzed by a blind observer using ImageJ [17]. On each coronal slice, both
lateral ventricles were outlined, their areas summed, and then multiplied by section thickness
(0.5 mm) to calculate total bilateral ventricular volumes.

RNA Isolation

Hippocampi were carefully dissected from the rat brains between 2 and 3 weeks following
the initial surgery which is less than 1 week after the end of the Morris water maze

testing. Total RNA was isolated using Zymo Direct-zol RNA Miniprep Plus according to the
tough-to-lyse sample protocol (Zymo Research, Irvine, CA). Samples were kept frozen on
dry ice while being weighed. A volume of TRI Reagent was added to a clean glass Dounce
homogenizer proportional to the weight of the sample and placed on ice. The frozen sample
was then added to the TRI Reagent using clean, frozen tweezers, and homogenization was
completed over ice. Samples were homogenized until there were no visual solids observed
and the lysate was transparent (about 20 passes). The lysate was then transferred to a

tube and centrifuged for 1 min at 10,000 x g. The supernatant was then removed and
transferred to a new nuclease-free tube and RNA purification completed. DNase 1 treatment
was performed, and samples were eluted in 50 pl DNase/RNase free water. Eluted RNA
was quantified using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA) and Qubit 3 Fluorometer using the Qubit High Sensitivity RNA Assay Kit
(LifeTechnologies, Carlsbad, CA). The quality of eluted RNA was assessed using Agilent
2100 Bioanalyzer system with the RNA 6000 Nano Kit (Agilent Technologies, Inc., Santa
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Clara, CA). One IVH + ICP sample failed quality checks reducing the group size by one.
Eluted RNA was stored at — 80 °C.

RNA Libraries and Sequencing

Standard manufacturer protocol was used to generate libraries from 35 ng of total RNA
targeting polyadenylated RNA using the QuantSeq 3° mRNAseq FWD protocol (Lexogen,
Inc., Greenland, NH). Briefly, oligodT primers were used for reverse transcription followed
by degradation of the original RNA strand. Second strand synthesis uses random priming
and DNA polymerase and is followed by clean-up by magnetic beads. lllumina-compatible
linker sequences were contained within the primer sequences and unique dual indices were
introduced during PCR amplification. The fragment size distribution of the libraries was
verified via micro-capillary gel electrophoresis on a LabChip GX system (PerkinElmer,
Waltham, MA). The libraries were quantified by fluorometry on a Qubit fluorometer
(LifeTechnologies) and pooled in equimolar ratios. The library pool was Exo-nuclease VI
(New England Biolabs, Ipswich, MA) treated, SPRI-bead purified with KapaPure beads
(Kapa Biosystems/Roche, Basel, Switzerland), and quantified via gPCR with a Kapa Library
Quant kit (Kapa Biosystems) on a QuantStudio 5 RT-PCR system (Applied Biosystems,
Foster City, CA). Final libraries were sequenced to 13.3 M * 1.0 M single-end 85 base-pair
reads on an Illumina NextSeq500 (Illumina, Inc., San Diego, CA).

Data Processing and Statistical Analysis

Raw FASTQ files were processed at the Linux command line according to standard
protocols for Lexogen QuantSeq FWD data. Briefly, unique molecular identifier (UMI)
tags were first moved to the read header and then samples aligned and annotated to the
rat genome (Ensembl mRatBN7.2, annotation 105) using STAR 2.7.9a [18]. Aligned reads
(BAM files) were then collapsed by UMI to produce gene counts, which were imported
to Partek Flow (Partek, Inc., St. Louis, MO). Raw gene counts were normalized by the
trimmed mean of m-values (TMM) before gene-specific analysis to test significance for
differential expression. Differentially expressed genes (DEGs) were those called at p <
0.05 and fold-change >11.2I. Functional analysis of DEGs was performed in WEB-based
GEne SeT Analysis Toolkit [19] through overrepresentation of gene lists against KEGG,
Reactome, and WikiPathways databases.

Immunohistochemistry

Two to 3 weeks after surgery, animals were anesthetized and underwent trans-cardiac
perfusion with 1x phosphate-buffered saline followed by 4% paraformaldehyde. Brains were
removed, serially dehydrated in sucrose, then stored and snap-frozen in 30% sucrose. Five
animals from each group were randomly selected, 40 um coronal sections were cut using

a cryostat (Leica CM1900, Leica Microsystems Inc., Bannockbum, II) and then stained for
NEUN, IBA1, CD68, CD74, C1Q, C3, Doublecortin (DCX), and Synaptophysin (SYP). The
NEUN staining protocol is described in the Supplemental Methods.

To elucidate the relationship between IVH and microglia activation, fluorescent IBA1
staining was used. Every fifth coronal section (between plates 27 and 32) was mounted
on SuperFrost Plus slides and allowed to air dry. The tissue was then circled with a PAP
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pen and washed in PBS. Next, tissue was blocked in horse block (10% horse serum,

0.3% TritonX-100 in PBS) for 60 min at room temperature. Subsequently, tissue was
incubated in primary antibody for 48 h at 4 °C (Rabbit anti-IBA1, Wako, 019-19,741,
1:500). Afterwards, tissue was washed in PBS before incubation in secondary antibody
for 60 min at room temperature (Alexa Fluor 647 donkey anti-Rabbit, Invitrogen, A21206,
1:500). Finally, the tissue was washed in PBS and rinsed in double-distilled H,O before it
was coverslipped with Fluoromount G (Southern Biotech, Birmingham, AL) [12]. Fractal
and lacunarity analysis methods are described in the Supplemental Methods.

Staining to mark CD68 receptors on the surface of activated microglia was optimized

from a previously published protocol [20, 21]. The tissue was mounted on SuperFrost

Plus slides and allowed to air dry. Then, slides were washed in PBS-Triton for 15 min,
subsequently washed in PBS, and blocked for 1 h at room temperature (10% NGS + 1%
BSA + 0.3% TritonX-100 in PBS) before incubation in primary antibody for 48 h at 4 °C
(mouse anti-rat CD68, Bio-Rad Laboratories (Hercules, CA), MCA341GA, 1:200, Rabbit
anti-IBA1, Fujifilm Wako (Osaka, Japan), 019-19,741, 1:500). Next, slides were washed

in PBS and incubated in secondary antibody for 1.5 h at room temperature (Alexa Fluor
goat anti-mouse, Invitrogen (Waltham, MA), A11005, 1:500, Alexa Fluor goat anti-rabbit
488, Molecular Probes (Eugene, OR), A11008, 1:500). Finally, slides were washed in PBS
and then air-dried and coverslipped with Fluoromount G. Similarly, staining to identify
CD74 and receptors on the surface of activated microglia was performed. In brief, tissue
was mounted on SuperFrost Plus slides and allowed to air dry. Slides were washed in

PBS, blocked for 1 h at room temperature (10% NGS + 1% BSA + 0.3% TritionX-100),
and then incubated in primary antibody for 24 h at 4 °C (mouse anti-CD74, Bio-Rad
Laboratories (Hercules, CA), MCA46R, 1:25, Rabbit anti-IBAL, Fujifilm Wako (Osaka,
Japan), 019-19,741, 1:500). Next slides were washed in PBS and subsequently incubated
in secondary antibody for 2 h at room temperature (donkey anti-mouse FITC, Jackson
Immunoresearch (West Grove, PA), 715-095-151, 1:200, Alexa Fluor donkey anti-rabbit
555, Abcam (Cambridge, UK), ab150074, 1:1000). Finally, slides were washed in PBS
then air-dried and coverslipped with Fluoromount G [22, 23]. Additionally, C1Q and C3
staining was performed to identify synapses tagged for microglial elimination as previously
described [22-24]. The tissue was mounted on SuperFrost Plus slides and allowed to air
dry. Next, slides underwent a heat-mediated antigen retrieval using EDTA + 0.2% Tween
for 15 min. Slides were then washed in PBS, blocked for 1 h at room temperature, and
incubated in primary antibody for 48 h at 4 °C (Rabbit anti-C3 recombinant EPR1934
Abcam (Cambridge, UK), abh200999, 1:200; Rabbit anti-C1Q recombinant EPR14634
Abcam, ab189922, 1:500). Next, slides were washed in PBS and subsequently incubated

in secondary antibody for 1.5 h at room temperature (Alexa Fluor 488 donkey anti-rabbit
Invitrogen (Waltham, MA), A-21206, 1:1000). Finally, slides were washed in PBS, air-
dried, and coverslipped with Fluoromount G). To elucidate the location and function of
complement components like C3 and C1Q, dual immunofluorescence was performed using
IBA1, Synaptophysin, and Doublecortin (goat anti-IBA1, Abcam (Cambridge, UK), ab5076,
1:300, mouse anti-synaptophysin, Millipore (Darmstadt, Germany), MAB368, 1:500, mouse
anti-DCX, Millipore (Darmstadt, Germany), MAB2253, 1:500) with respective secondary
antibodies (donkey anti-goat Cy3, Jackson Immunoreseach (West Grove, PA), 705-16-147,
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1:200, Alexa Fluor donkey anti-mouse 555, Invitrogen (Waltham, MA), ab150106,

1:1000, Alexa Fluor goat anti-guineapig 555, Invitrogen (Waltham, MA) A11075, 1:1000).
Photomicrographs were taken using a fluorescent microscope (Zeiss LMS 800, Oberkochen,
Germany), and images were processed with Zen imaging software (Zeiss, Oberkochen,
Germany).

Statistical Analysis

Results

Bilateral ventricular volumes were analyzed using one-way ANOVA and Bonferroni’s
multiple comparison correction test. Maximum ICP values were analyzed using a one-
way ANOVA and post hoc Dunnett’s test. ICP spike graphs were collected in SoftSens
Software, integrated using GraphPad Prism, and analyzed using one-way ANOVA and post
hoc Dunnett’s test. Corticosterone levels were analyzed using repeated-measures ANOVA.
Acquisition data collected from the Morris water maze was analyzed using a repeated-
measures ANOVA with trial days as the repeated variable within subjects. Probe trial data
for all groups except ICP50 including swim speed, latency to first platform zone entry,

and time spent in the 5% and 10% concentric ring around the platform were analyzed
using one-way ANOVA and post hoc Dunnett’s test. Probe trial data for the ICP50 group
com-ared to sham control was analyzed with an unpaired #test. NEUN cell counts were
compared between groups using a one-way ANOVA and a Dunnett’s multiple comparison
test. Summary data for fractal dimension and lacunarity was collected from the FracLac
analysis, then cleaned and analyzed using custom scripts written in the open-source Python
language and the freely available libraries, SciPy [25, 26]. We performed a Kruskal-Wallis
H-test followed by a Mann-Whitney U-test with a Bonferroni correction for multiple
comparisons, due to the non-parametric nature of the data as tested with Bartlett’s test.

A corrected p-value of less than 0.05 was considered significant.

IVH Using Autologous Blood Caused ICP Spike

An overview of the experimental timeline of the in vivo experiments from surgery to tissue
collection is provided in Fig. 1a. Figure 1b shows an example of an initial ICP spike to
approximately 60 mm Hg during a 200 pl blood injection in an IVH + ICP animal followed
by artificial elevation of the ICP to around 50 mm Hg by the infusion pump for 2 h.

Figure 1c shows ICP recordings from a sham control animal. Note that the ICP during the
introduction of the needle never exceeds 20 mm Hg. The ICP area under the curve was not
significantly different for IVH + ICP vs IVH (p = 0.3668) or IVH + ICP vs volume control
groups (p = 0.3888; Fig. 1d) showing that the initial injury was comparable among groups
undergoing injections. There was a main effect of the group on ICP maximum spikes during
hand-pulsed injections (A3, 3) = 38.59). Animals from IVH + ICP (p < 0.0001), IVH (p<
0.0001), and volume control (p < 0.0001) groups had larger ICP maximum pressure spikes
compared to sham animals (Fig. 1e), as expected. Maximum ICP spikes from IVH + ICP,
IVH, and volume control groups showed no group effects (/,, 2g) = 2.197, p = 0.1300)
indicating comparability of the initial injury between groups despite the use of different
injectates (blood, aCSF). The effects of injury-related stress as a confounder on spatial
memory were evaluated by analyzing the serum corticosterone concentration before, after,
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and at the time of euthanasia. A mixed-model ANOVA showed a main effect of time but no
significant group effect (F1.197, 14.35) = 9.370, p= 0.0062). These results suggest that the
concentration of corticosterone decreased by post-injury days (PID) 14-17. However, there
were no differences across groups at specific time points indicating that corticosterone levels
did not change as a result of the intervention (£ 12) = 1.523, p= 0.2574; Fig. 1f), and stress
was likely not a confounder of behavioral testing. Interventions on average did not cause
enough weight loss to lead to exclusion from the study (Online Resource 1).

Lateral Ventricular Volumes Increase After Sustained ICP Elevation

MR brain imaging was performed to evaluate animals for hydrocephalus. A one-way
ANOVA comparing lateral ventricular volumes on MR images obtained 1-5 days after
injury (for example, images see Fig. 2a-d) showed a significant group effect (£3 16) = 7.132,
p=0.0029). Bonferroni’s post hoc demonstrated that rats that underwent IVH + ICP had
significantly larger ventricular volumes compared to sham control animals (p,qj = 0.0019,
Fig. 2e). Ventricular volumes of IVVH and volume control animals were not significantly
affected compared to sham (p,gj = 0.999).

Only IVH with Sustained ICP Elevation Causes Deficits in Long-Term Spatial Memory

To determine if one of the groups had memory deficits, we tested whether there was a group
effect on learning and memory 8-13 days after injection. A repeated-measures ANOVA
yielded no significant difference between groups to find the platform during acquisition
(A3, 16) = 0.2133, p=0.8857; Fig. 3a). There was no group effect on swim speed during the
probe trial (A3, 40) = 0.6285, p=0.6009; Fig. 3b) indicating that ligation of the left femoral
artery did not impair motor function. In the probe trial, we found a main effect of the group
on latency to reach the platform (A3, 42) = 3.976, p= 0.0140; Fig. 3c). Additionally, one-way
ANOVA revealed a significant effect on the group when evaluating time spent in the 10%
ring (A, 42) = 3.467, p=0.0244) and 5% ring (3, 42) = 4.765, p = 0.0060) during the probe
trial. A post hoc Dunnett’s analysis revealed that the IVH + ICP group spent significantly
less time in the 10% ring than the IVH (o = 0.0216) and the volume control groups (o =
0.0240; Fig. 3d), and the IVH + ICP group spent significantly less time in the 5% ring than
the 1VH group (p = 0.0016; Fig. 3e).

To determine if more blood would cause a spatial memory deficit since 200 pl of blood did
not cause a deficit in the probe trial, we also analyzed Morris water maze data from animals
who were injected intraventricularly with 300 pl (IVH300) or 400 ul of blood (IVVH400) and
compared these animals to sham surgery animals. There was again no signifi-ant difference
between groups to find the platform during acquisition (A 16) = 0.7871, p=0.4720; Online
Resource 2a). Moreover, there was also no group effect of time to platform, time spent in the
10% ring, and time spent in the 5% ring during the probe trial (~, 12) = 1.079, p = 0.4567;
F2,12)=0.408, p=0.6738; F 12) = 0.164, p=0.8503, respectively; Online Resource 2b,

¢, d). This showed that even large volumes of intraventricular blood do not cause a long-term
spatial memory deficit.

To further investigate the role of increased intracranial pressure, we analyzed Morris water
maze data from animals who underwent pump infusion of aCSF to raise the ICP to 50 mm
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Hg for 2 h without a preceding injection (ICP50). Again, there was no significant difference
between groups to find the platform during acquisition (A, 1) = 1.932, p=0.1685; Online
Resource 3a). There was also no significant difference in time to platform, time spent in the
10% ring, and time spent in the 5% ring during the probe trial ({16) = 0.098, p= 0.9231,
#(16) = 0.7625, p=0.4569, #16) = 0.3647, p=0.7201, respectively; Online Resource 3b,

¢, and d). These results show that severely elevated ICP over 2 h alone was insufficient to
cause a long-term spatial memory deficit in our rodent model.

Gene Expression Profiling of the Hippocampus

All gene expression data from the RNAseq analysis are available in Online Resource

4a-e and archived at Zenodo (https://doi.org/10.5281/zenod0.6395261). Gene expression
was consistent between the experimental groups with distributions of the 12,655 detected
gene counts similar across IVH + ICP (median = 21.4 CPM, Q1-Q3 = 4.1-71.2 CPM),

IVH (median = 21.5 CPM, Q1-Q3 = 4.1-72.1 CPM), and sham controls (median = 21.6
CPM, Q1--Q3 = 4.1-72.0 CPM). Many genes were differentially expressed in the dissected
hippocampus between the groups. Between the IVH + ICP group and the IVH group, there
were 311 differentially expressed genes (DEGs) of which 186 were expressed higher and
125 were lower in the IVH + ICP group compared to the IVH group (Online Resource 4a-e).
There were 412 DEGs between the IVH + ICP group and sham control group, including
220 elevated and 192 decreased genes. The IVVH versus the sham control group had 182
DEGs of which 92 were increased and 90 were decreased. Overall gene expression profiles
of the 50 genes most differentially expressed across all groups were highly consistent within
each experimental group indicating consistency of surgical or sham treatments (Fig. 4a).
Unsupervised hierarchical clustering of the sham control and IVH samples were separated
from the IVH + ICP samples at the highest branch of the dendrogram based on gene
expression profiles (Fig. 4a).

Taking each list of DEGs and running them through ontological databases using the
WebGestalt interface, func-ional pathways and processes related to these gene sets were
identified with overrepresentation in the curated gene sets above the cutoff of FDR <

0.05 (FDR = Benjamini-Hochberg False Discovery Rate for multiple comparisons; Fig.

4b). Combining multiple databases in the analysis allowed accounting for nuances in the
curated lists and reinforced pathways with similar memberships. For the DEGs in the IVH +
ICP vs IVH comparison, 31 pathways were enriched with FDR < 0.05 and represented
several main themes of complement pathway and immune activation (Fig. 4b, Online
Resource 4f). The most enriched pathway was classical complement activation with an
enrichment score (ES) of 21.2. Several other pathways related to complement activation,
and the complement cascade was also significantly overrepresented. Many pathways related
to innate and adaptive immunity were enriched. Among the top enriched pathways were
also Fc receptor—related (FCGR activation (ES = 15.1), FCERI activation (ES = 11.9), and
FCERI mediated MAPK activation (ES = 9.8)). DAP12 signaling and DAP12 interactions
were enriched with ES of 12.3 and 10.1, respectively. Pathways that were enriched for

the DEGs between 1\VVH + ICP and sham control groups were fewer, but similar, and
included complement, immune, and DAP12 pathways (Online Resource 4 g). Notably, the

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puglisi et al.

Page 11

DEGs between the IVVH and sham control groups were not overrepresented in any queried
pathways above the FDR < 0.05 threshold (Online Resource 4 h).

Individual gene expression plots of genes implicated in complement, microglial, and Lyn-
associated pathways are displayed in Fig. 5a-0. In all cases, these selected genes had
elevated expression in the IVH + ICP group compared to the sham control and/or the IVH
group. Cell surface markers Cd68, Cd74, and Ca53 were elevated 3.8-fold (p = 0.007),
3.7-fold (p=0.0004), and 1.9-fold (p = 0.0003), respectively, in the IVH + ICP group
compared to IVH group. Members of the C1 complex CIga (1.4-fold, p=0.04), Cigb
(1.5-fold, p=0.01), and C1r(1.8-fold, p=0.04) were significantly increased in the IVH

+ ICP group compared to the IVH group. CIgcwas increased 1.4-fold, but just outside

the significance cutoff (p=0.051). C3, CZ, and C4aexpression were increased 3.5-fold (p
=0.001), 2.1-fold (p=0.0009), and 2.2-fold (p = 0.04), respectively, in the IVH + ICP
hippocampus compared to IVH. TremZ2was 2.2-fold (p= 0.003) higher in the IVH + ICP
group than in the IVH group. Fcerlgwas 2.0-fold increased (p = 0.001) in the IVH + ICP
group compared to the I\VH group. Csflrexpression was 1.6-fold higher (p=0.002) in

the IVH + ICP group compared to the IVVH group. Src family kinases Lynand Hck were
1.8-fold (p=0.0001) and 1.9-fold (p = 0.04) greater, respectively, in the IVH + ICP group
compared to the IVH hippocampus. None of the aforementioned genes were significantly
different between the I'VH and sham control groups. Genes implicated in other known
dementia or neurodegenerative processes including App, Psd95 (aka Dlg4), alpha-synuclein
(Snca), netrin (Nin1), and netrin receptor (Dcc) were not statistically different between any
of the groups (Online Resource 5).

IVH Did Not Cause Acute Hippocampal Neurodegeneration

Next, to evaluate the impact of our intraventricular hemorrhage model on hippocampal
neurons, we compared neuronal cell counts within the granular zone of the dentate gyrus,
CAL, and CA3 across experimental groups (Fig. 6a). Stereological analysis using one-way
ANOVA did not reveal any significant difference in the neuron counts between groups in

the dentate gyrus (A3, 16) = 0.3029, p=0.8229), CAl (A3, 16) = 0.8172, p=0.5031), or
CA3 (A3, 16) = 0.03077, p=0.9924) 2-3 weeks after injury (Fig. 6b). Therefore, there was
no evidence to suggest that injection of 200 pl autologous blood, 200 ul of aCSF, or 200 pl
injection of autologous blood followed by 2 h of ICP elevation caused significant neuronal
death when evaluated 2—-3 weeks after injury. These data also suggest the long-term spatial
memory deficits in the IVH + ICP group were not due to hippocampal cell death at this time.

Sustained Increase of Intracranial Pressure Combined with IVH Accentuates Microglial

Activation

Since there was a significant enrichment of genes involved in regulating microglial activity
in the IVH + ICP group compared to other groups, we assessed changes in microglial
morphology as a proxy for microglial activation using previously published methods [26].

Utilizing IBA1-positive immunofluorescent images, we measured the fractal dimension and
lacunarity of isolated microglial cells in all groups (Fig. 6¢-f). Fractal dimension analysis
quantifies the overall complexity in morphology resulting in a value that ranges from 1 to 2,
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where 1 is a straight line in one dimension, and 2 is a fractal with infinite complexity in two
dimensions. In the case of fractal dimensions, we found statistically significant differences
between all groups. IVH + ICP showed the greatest decrease in fractal dimension (median
=1.3719, Q1-Q3 = 1.3226-1.4186) compared to all other groups including sham (median
=1.42315, Q1-Q3 = 1.37875-1.462), volume control (median = 1.4092, Q1-Q3 = 1.3512-
1.4655), and IVH (median = 1.42905, Q1-Q3 = 1.374025-1.4744; Fig. 6g). The lowest
fractal dimension was measured in the IVH + ICP group indicating the most profound shift
to an ameboid shape consistent with microglial activation.

In the case of lacunarity, we saw a statistically sig-ificant decrease in values for 3 groups
when compared to the sham group. Whereas volume control ((median = 1.1718, Q1-Q3
=1.017-1.3531), IVH (median = 1.16085, Q1-Q3 = 1.008425-1.323275), and IVH + ICP
(median = 1.1671, Q1-Q3 = 1.0212-1.3288) were not statistically significantly different
from each other, they were all different from the sham group (median = 1.21085, Q1-Q3
= 1.0655-1.3658; Fig. 6h). This decrease in lacunarity means that the microglia in these
three groups exhibited increased radial symmetry around the center suggesting microglial
activation as compared to sham which exhibited more directionally oriented microglia.
Microglia showed no difference in fractal dimensions and lacunarity on the side of the injury
compared to the contralateral hemisphere in the IVH + ICP group. This could suggest that
the intracranial pressure is distributed evenly inside the calvarium in our model and/or the
intraventricular blood is distributed evenly (Online resource 6).

Complement Staining Validates RNA Sequencing Results

Tissues from all four experimental groups showed colocalization of IBA1 and CD68
confirming proinflammatory microglial activation (Fig. 7a-d). Likewise, tissue from all four
experimental groups showed colocalization of IBAland CD74 (Fig. 7e-h). Representative
images showed an increased expression of C1Q in the granule cell layer of the dentate gyrus
in the IVH + ICP group compared to other groups (Fig. 7i-1). IVH + ICP histology also
qualitatively showed an increased C3 expression in the subgranular zone and granule cell
layer of the dentate gyrus compared to the other groups validating its 3.5-fold enrichment
found in RNAseq experiments (Fig. 7m-p).

Activated Microglia Express Markers of a Proinflammatory M1 Phenotype, and C1Q Is
Expressed Along Dendrites and Synapses

A further subanalysis of the RNAseq data revealed that a greater number of individual
genes was associated with a proinflammatory (M1) rather than a non-inflammatory (M2)
microglial phenotype (Fig. 8a) according to a previously published microglial classification
scheme [27]. IVH + ICP animals exhibited C1Q expression near activated microglia in

the SGZ of the dentate gyrus (Fig. 8b). This group of animals also demonstrated C1Q
expression in alignment with the dendritic processes of newly generated dentate progenitor
cells in the granular zone of the dentate gyrus (Fig. 8c). Finally, Synaptophysin (SYP) and
C1Q showed colocalization in some areas of the SGZ of the dentate gyrus in the IVH + ICP
group (white arrows, Fig. 8d) raising the possibility of incipient synaptic elimination.
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Discussion

In this study, we show that IVH alone does not cause a significant long-term spatial memory
deficit in rats, and spatial memory deficits only develop after raising the ICP to 50 mm Hg
for 2 h in the setting of IVH. Our behavioral findings are supported by gene expression
analyses which show that only in the setting of IVH + ICP rodents show activation of several
microglial signaling pathways in the hippocampus, and IVVH alone does not significantly
activate these microglial signaling pathways.

Our findings challenge a large body of literature that implicates blood or thrombin alone
as the culprit of memory deficits after intracranial hemorrhage (for a detailed review, see
[13]). However, we believe that our findings align well with the clinical observation that
patients often have good memory outcomes after SAH and IVVH as long as they present
to the hospital as a good clinical grade and do not have severe global cerebral edema and
increased ICP [28]. In addition, many of the previous thrombin and hemoglobin studies
did not control for intracranial pressure, so any role for elevated ICP in these models

is uncertain. In addition, many different species of rats and mice were used in previous
studies which could have contributed to variable results. We know that patients with IVH
stemming from a ruptured aneurysm or intraventricular rupture of an intraparenchymal
hemorrhage may develop increased ICPs requiring placement of an external ventricular
drain (EVD) in the setting of hydrocephalus. Thus, it is not uncommon to see in clinical
practice what we simulate in the rodent model presented in this study since IVH + ICP
animals also developed hydrocephalus. We found activation of microglia in the hippocampus
when assessing their fractal dimensions and lacunarity. It is unclear whether progressive
hydrocephalus in IVH + ICP animals triggered microglial activation as seen in a model
of inherited aqueductal stenosis [29] or whether elevated ICP activated microglia which
subsequently caused hydrocephalus through ependymal cell damage or other pathways [30,
31]. On the other hand, sustained ICP elevation alone did not cause a long-term spatial
memory deficit either so there likely is a role for the toxicity of blood to further trigger
microglial activation and inflammatory pathways in the setting of high ICP.

Our gene expression analysis identified microglial activation pathways as a possible
mechanism of the spatial memory decline. The data was very consistent since all IVH

+ ICP animals showed activation of key genes in microglial pathways whereas the other
groups consistently showed no activation. Genes associated with dementia such as APP and
alpha-synuclein were not activated in our model, so there is no evidence that IVH + ICP
pushes the rodent brain towards pathways associated with classical dementias. Our data
show that microglia may be a key component of the mechanism of spatial memory loss
perhaps by stripping synapses in the hippocampus, which is supported in part by the most
significant decrease in microglial fractal dimensions in the IVH + ICP group.

The most significantly activated pathway identified in our model is the classical complement
activation pathway. C1Q is the initiating protein of this cascade and leads to down-stream
accumulation of C3. Our pathway analysis showed that the classical complement pathway
was the most significantly upregulated pathway after IVH + ICP compared to I\VH alone,
and all constituents of this pathway were upregulated. The classical complement pathway
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mediates CNS synapse elimination through microglia [32]. Microglia are part of the
physiological process of synapse removal in the brain through C3 binding with their C3
receptors if synapses are not used frequently [33]. C3-induced increased elimination of
synapses in retinogeniculate neurons has been found in pathological conditions, such as
glaucoma [32]. Interestingly, both glaucoma and our IVH + ICP model share increased
pressure as a root cause of the problem. It is possible to imagine a similar mechanism in
the dentate gyrus in the setting of elevated ICP. Microglia regulate forgetting through the
elimination of synapses tagged with C3 on dendrites in the dentate gyrus [22]. We saw
increased C3 expression in the subgranular zone and granule cell layer of the dentate gyrus
and colabeling of C1Q with Synaptophysin raising the possibility that IVH + ICP leads to
increased synaptic elimination on dendrites of the dentate gyrus. This hypothesis will require
experimental confirmation. Further research is also needed to determine whether only IVH
+ ICP activates the classical complement pathway through the presence of blood since a
separate cohort of animals with an isolated ICP elevation to 50 mm Hg over 2 h did not
develop a long-term spatial memory deficit.

The second most significantly activated pathway in our IVH + ICP model compared to IVH
was the Fc-epsilon receptor pathway. Fc receptors (FCRs) are part of the immunoglobulin
(1gG) superfamily that attach to the constant domain (Fc) of Ig [34]. Fc-epsilon receptor
binds IgE [35] and was significantly upregulated in our model. It is possible that our

model increased the permeability of the blood-brain barrier due to high ICP and inadequate
cerebral perfusion as seen in traumatic brain injury [36]. Thus, microglia may have become
exposed to the Fc portion of leaked immunoglobulins inducing activation and subsequent
dysfunction.

Finally, the third most significantly activated pathway was also linked to microglia with

the TREMZ2 receptor pathway. TREM-2 receptors are mainly expressed on microglia [37]
and are associated with DNAX activation protein 12 (DAP12, [37]). The activation of the
receptor leads to overexpression of a tyrosine-kinase-based activation motif (ITAM) that
results in chemokine production and reduction of a proinflammatory state [38]. We also saw
an increased expression of calcium signaling in our pathway analysis, and TREM-2 has been
shown to cause its effects by increasing calcium signaling through purinergic receptors [39].

Our finding that activation of the classical complement pathway is a key component of the
injury opens the oppor-unity to develop targeted therapies to ameliorate outcomes after IVH
+ ICP in the setting of a ruptured brain aneurysm or hypertensive brain hemorrhage which
can both be associated with elevated ICP. C1 activation, for example, may be inhibited with
the administration of C1 esterase inhibitor CLH, a soluble glycoprotein, which has been
shown to decrease inflammatory markers after myocardial ischemia—reperfusion injury [40,
41]. C3 receptors may be blocked with C3a receptor antagonist SB290157 which has been
found to improve outcomes after ischemia [42]. FcRs could be blocked with IVIG or Fc
receptor antibodies as shown previously [43, 44]. Finally, TREM-2 may have a beneficial
effect on inflammation so its stimulation with a TREM-2 ligand may be beneficial [45].

In conclusion, we show in this study that ICP is the most important factor in causing a
long-term spatial memory deficit in an I\VVH rodent model, and IVVH alone, even with large
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volumes of blood, does not cause a spatial memory deficit. IVH + ICP but not IVH alone
was associated with the activation of distinct microglial signaling pathways such as the
classical complement activation cascade, FCR and DAP12. These signaling pathways may be
targeted in future interventions to prove causality and try to ameliorate memory deficits after
IVH.
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Fig. 1.

a Timeline of in vivo experimental workflow showing the generation and evaluation of
the injury model. b Example of an ICP graph from an ICP + 1\VVH animal obtained

using a fiberoptic pressure sensor showing the initial injury around approximately 2000s
followed by artificial elevation of ICP after approximately 3000 s for 2 h. ¢ Example of
an ICP graph from a sham control surgery animal showing no elevation of ICP above 20
mm Hg at any point in time. d Animals with intraventricular blood and sustained ICP
elevation (IVH + ICP), intraventricular blood (I\VVH), and intraventricular aCSF (volume
control) had significantly larger areas under the ICP curve compared to sham injections
(Dunnett’s multiple comparison test * = p< 0.05, ** = p< 0.01, **** = p< 0.0001).
There were no significant differences between IVH + ICP, IVH, and volume control.

e Animals with intraventricular blood and sustained ICP (IVH + ICP), intraventricular
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blood (IVVH), and intraventricular aCSF (volume control) had significantly higher maximum
ICP spikes compared to sham control. f There were no significant differences between

IVH + ICP, IVH, and volume control corticosterone levels at any given sampling time
point. Corticosterone levels decrease post-operatively but were unchanged between groups
indicating no differential stress response (whiskers: minimal and maximal values; boxes:
interquartile range; bar: median)

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Puglisi et al.

Page 20

Ventricutar Volume (mm?)

Fig. 2.

604

404

204

Total Lateral Ventricular Volume

T2-weighted MRI brain scans 1-5 days after a IVH + ICP, b IVH, c artificial CSF (volume
control), or d sham surgery. e Only pulsed thumb injections of blood followed by 2 h of
ICP elevation to 50 mm Hg caused significantly larger lateral ventricular volumes compared
to sham surgery 1-5 days after injury. Pulsed thumb injections of blood or aCSF did

not significantly change lateral ventricular volumes compared to sham surgery (Dunnett’s
multiple comparison test ** = p< 0.01). Whiskers: minimal and maximal values; boxes:

interquartile range; bar: median
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Fig. 3.
Acquisition learning of rats 8-13 days after intraventricular injections or sham surgery in the

Morris water maze. a Repeated-measures ANOVA showed no difference during acquisition
days between groups. b Average swim speeds during the probe trial were unchanged
between groups. ¢ During the probe trial, IVH + ICP animals took significantly longer

to enter the area where the platform was located compared to volume control animals. d
During the probe trial, animals with IVH + ICP spend significantly less time in the 10% area
around the platform compared to IVH and volume control animals. e During the probe trial,
animals with IVH + ICP spent significantly less time in the 5% area around the platform
compared to IVH animals (Dunnett’s multiple comparison test * = p< 0.05, ** = p< 0.01;
whiskers: minimal and maximal values; boxes: interquartile range; bar: median)
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Fig. 4.

a Heatmap of the top 50 differentially expressed genes across the hippocampus of the IVH
+ ICP, IVH, and sham control rats. Unsupervised hierarchical clustering of the experimental
groups (top) highlights the relatedness of the expression profiles within each group of
animals and consistency of the surgical procedures. b The 31 enriched functional pathways
overrepresented by the differentially expressed genes in the IVH + ICP vs the IVH group
(FDR < 0.05). Enrichment score is plotted to the right of each pathway representing the fold
enrichment of the pathway greater than the expected representation in the gene list. Member
genes in the DEG list are included in the overlay of the enrichment score bars. Overflow of
gene lists continue for adipogenesis, innate immune system, and adaptive immune system
appear in the boxes denoted a, b, and c in the figure. Colors of the enrichment score bars
indicate the database from which the pathways are curated: WikiPathways—Ilight brown,
KEGG—orange, and Reactome—yellow
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g
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Expression levels of individual genes measured in the hippocampus of IVH + ICP, IVH, and
sham control rats: a Cd68, b Cd74; c Cd53,d C3, e CIr, f Clga, g Clgb, h Clgc,i C2.j
C4a, k Trem2; | Csfir, m Lym; n Hck; and o Fcerlg. Statistical significance from analysis
of the TMM data is shown between the indicated groups with * = p< 0.05, ** = p< 0.01,
*** = p<0.001, and **** = p< 0.0001. Values are presented in counts per million (CPM).

(whiskers: minimal and maximal values; boxes: interquartile range; bar: median)
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Fig. 6.

a I%IEUN staining of the hippocampal formation showed b no significant differences in
neuronal cell counts between experimental groups 2—-3 weeks after injury in CA1, CA3, and
dentate gyrus regions using stereological counting methods. c-f Morphological analysis of
microglia in all groups showed that g fractal dimensions were altered for all three injection
groups compared to sham surgery, with IVH + ICP showing the most profound decrease in
fractal dimensions and therefore the highest degree of microglial activation. h Lacunarity
showed a similar decrease for all three experimental groups compared to sham surgery
indicating that microglia exhibited altered, activated morphology (* = p< 0.05, ** = p<
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0.01, *** = p<0.001, **** = p< 0.0001; whiskers: minimal and maximal values; boxes:
interquartile range; bar: median)
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Fig. 7.

Regpresentative images of CD68, CD74, and components of the classical complement
cascade qualitatively validate RNAseq results. CD68-IBAL is colocalized in the dentate
gyrus of alVH + ICP, b IVH, ¢ volume control, and d sham control animals. Similarly,
CD74-IBALl is colocalized in the dentate gyrus of e IVH + ICP, f IVH, g volume control, and
h sham control animals. Increased C1Q expression is observed in the granule cell layer of
ani IVH + ICP animal compared to j IVH, k volume control, and | sham control animals.
Increased expression of C3 is observed in the subgranular zone and granule cell layer of an
m IVH + ICP animal compared to n IVH, o volume control, and p sham control animals
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Fig. 8.

Efpression of M1 and M2 phenotype-related genes suggests microglia are predominantly in
an M1 proinflammatory activation state, and the proinflammatory marker C1Q is expressed
in close proximity to microglia, dendrites, and synapses in IVH + ICP animals. a Genes
associated with M1-activated proinflammatory microglial phenotypes (pink) outnumber
genes associated with M2-activated non-inflammatory microglial phenotype (light green)
based on a classification scheme published by Jurga et al. [27]. b C1Q and IBA1 label in
close proximity to one another in the subgranular zone (SGZ) of the dentate gyrus in an
IVH + ICP animal. c C1Q and Doublecortin (DCX) stain in parallel along the dendritic
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projections in the granule cell layer of the dentate gyrus in an IVH + ICP animal. d C1Q
colocalizes with Synaptophysin (SYP) in the SGZ of the dentate gyrus in an IVH + ICP
animal (white arrows)
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