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ARTICLE INFO ABSTRACT

Keywords: Background: Cerebral small vessel disease (CSVD) is a major cause of vascular cognitive impairment, yet early-
Cerebral small vessel disease stage alterations remain insufficiently characterized. This study investigated the relationship between behav-
SDI,{f}:SI,) o ioral deficits, hippocampal microstructure, and histopathological changes in a preclinical CSVD model.
Hlip;lzlcc;l;lt;ﬂssor maging Methods: Male stroke-prone spontaneously hypertensive rats (SHRSP) and Wistar Kyoto (WKY) controls were

evaluated at 8, 14, and 42 weeks. Behavioral assessments included open field, novel object recognition, and

CA3 vulnerabili
v Morris's water maze. Brain MRI was performed using a 3.0 T system with diffusion tensor imaging (DTI), fol-

Cognitive impairment

Microvascular dysfunction lowed by region-of-interest analysis of the hippocampus. Histological evaluation included hematoxylin and eosin
Connectome (H&E) and Nissl staining.
Preclinical model Results: SHRSP demonstrated age-associated behavioral alterations, including reduced locomotor activity (strain

x age: p = 0.013), preserved recognition memory at early stages but declined at 42 weeks, and impaired spatial
learning with absent acquisition improvement in aged animals. Notably, hippocampal DTI metrics remained
unchanged across the examined experimental time points, with no significant effects of strain or age on fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), or radial diffusivity (RD) (all p > 0.25). Whole-
brain analyses yielded non-significant findings similarly. Histologically, enlarged perivascular spaces (ePVS)
were consistently observed, while microbleeds and hemosiderin deposition were absent. Hippocampal thickness
(CA1, CA3, dentate gyrus) was preserved; however, selective neuronal loss was detected in the CA3 subfield of
aged SHRSP (42 weeks).

Conclusion: Behavioral decline was observed despite the absence of detectable hippocampal microstructural al-
terations using conventional DTI metrics, suggesting that functional impairment may emerge before abnor-
malities become evident within the sensitivity limits of the current imaging framework. These findings suggest
that early CSVD involves subtle cellular and vascular dysfunction not captured by standard imaging, emphasizing
the need for more sensitive, network-based, and molecular approaches.
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1. Introduction

Cerebral small vessel disease (CSVD) is a major contributor to stroke
and vascular cognitive impairment, yet its early pathogenesis remains
poorly defined [1]. Although clinical studies have traditionally relied on
overt neuroimaging features such as white matter hyperintensities
(WMHs), lacunes, and microbleeds, these markers represent relatively
advanced stages of disease [2,3]. Increasing evidence indicates that
CSVD is fundamentally a disorder of the cerebral microvasculature,
characterized by progressive structural alterations including arterio-
losclerosis, vessel wall thickening, luminal narrowing, fibrinoid degen-
eration, and perivascular space enlargement [3,4]. These vascular
changes impair cerebral perfusion and disrupt tissue homeostasis long
before radiologically detectable lesions emerge [5], highlighting a crit-
ical need for experimental models that enable investigation of
early-stage disease under controlled conditions.

Preclinical models have become indispensable for dissecting the
temporal evolution of CSVD. Among these, the spontaneously hyper-
tensive stroke-prone rats (SHRSP) are widely regarded as one of the most
robust models, as it recapitulates key features of human CSVD, including
chronic hypertension-induced vascular remodeling, endothelial injury,
blood-brain barrier (BBB) disruption, and progressive microvascular
rarefaction [6,7]. Structural alterations such as thickened vessel walls,
reduced lumen diameter, microbleed formation, and hemosiderin
deposition have been consistently observed in this model [8,9]. In
contrast, Wistar Kyoto (WKY) rats serve as normotensive controls,
providing a critical comparative framework for isolating disease-specific
vascular and parenchymal changes. Importantly, the SHRSP model en-
ables the study of early vascular pathology prior to overt stroke or
extensive white matter damage, offering a unique window into the
initial stages of CSVD progression.

Despite the availability of such models, a major limitation in the
current preclinical literature is the fragmented evaluation of CSVD-
related outcomes. Behavioral studies frequently report impairments in
locomotor activity, exploratory behavior, and memory; however, these
findings are often interpreted in isolation, without direct correlation to
underlying vascular and structural alterations. Similarly, histopatho-
logical investigations have demonstrated vascular remodeling, peri-
vascular space enlargement, microhemorrhages, and neuronal loss, yet
many studies lack region-specific quantification within vulnerable brain
structures such as the hippocampus [10]. This is particularly important
given the functional heterogeneity of hippocampal subregions such as
Cornu ammonis 1 (CA1l), CA3, and dentate gyrus (DG), which are
differentially susceptible to hypoperfusion and vascular insufficiency
[11].

In parallel, neuroimaging approaches in preclinical CSVD research
remain underutilized, particularly in linking microvascular pathology to
tissue-level microstructural disruption and functional outcomes. Diffu-
sion tensor imaging (DTI) has emerged as a sensitive modality for
detecting early alterations in tissue organization, providing quantitative
metrics such as fractional anisotropy (FA) and diffusivity indices that
reflect axonal integrity, cellular density, and extracellular space changes
[12]. In the context of CSVD, these alterations may arise secondary to
chronic hypoperfusion, vascular stiffness, and impaired interstitial fluid
dynamics [13]. When applied to hippocampal regions of interest (ROI),
DTI tractography may offer the potential to capture early microstruc-
tural consequences of vascular dysfunction that are not detectable using
conventional imaging. However, few studies have systematically inte-
grated DTI-derived metrics with detailed vascular histopathology and
behavioral assessment within the same experimental framework [14,
15].

Furthermore, the hippocampus represents a critical nexus for
investigating early CSVD-related dysfunction due to its high metabolic
demand and vulnerability to microvascular compromise [16]. Vascular
structural changes, including reduced capillary density, vessel wall
thickening, and perivascular space dilation, may disrupt oxygen and
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nutrient delivery, leading to neuronal injury and synaptic dysfunction
[16]. These processes are likely to manifest as subtle impairments in
spatial learning, memory consolidation, and exploratory behavior, even
in the absence of overt lesions [17]. Therefore, a comprehensive,
multimodal approach is required to elucidate how vascular pathology
drives microstructural brain alterations and subsequent cognitive defi-
cits across disease progression.

In this context, the present study utilized SHRSP and WKY rat models
to investigate early-stage CSVD through an integrated preclinical
framework. Behavioral assessments, including the novel object recog-
nition (NOR) and Morris's water maze (MWM), are combined with
detailed histological evaluation of vascular and hippocampal structural
changes using hematoxylin & eosin (H&E) and Nissl staining, and hip-
pocampal DTI tractography. By examining age-dependent changes
across these domains, this study aims to establish mechanistic links
between vascular remodeling, neuronal integrity, microstructural
disruption, and behavioral dysfunction, thereby providing a more
comprehensive understanding of early CSVD progression.

2. Methodology
2.1. Study design, sample size determination, and animal allocation

All experimental procedures were carried out in compliance with the
Institutional Animal Care and Use Committee (IACUC) guidelines of
Universiti Putra Malaysia (UPM) and were approved under protocol
number UPM/IACUC/AUP-R004/2021. The study was conducted at the
Animal Behavioral Laboratory, Department of Human Anatomy, Faculty
of Medicine and Health Sciences, UPM. Sample size estimation was
performed a priori using parameters appropriate for a two-way analysis
of variance (ANOVA), assuming a medium effect size (f = 0.25), a sig-
nificance level of 0.05, and statistical power of 80%. Based on these
assumptions, a minimum of 80 animals was required. To mitigate po-
tential losses due to mortality, experimental exclusion, or imaging ar-
tifacts, an additional 20% was included, resulting in a target sample size
of approximately 100 animals.

A total of 100 male rats (50 SHRSP and 50 WKY rats), aged 3 weeks,
were obtained from the Animal Research and Service Centre, Universiti
Sains Malaysia. Following a two-week acclimatization period, animals
were randomly assigned to experimental groups based on a 2 x 3
factorial design, incorporating strain (SHRSP vs. WKY) and age as the
main factors. The age variable consisted of three experimental time
points selected to examine age-associated alterations within the SHRSP
model: 8 weeks (pre-hypertensive phase), 14 weeks (established hy-
pertension), and 42 weeks (stroke-prone phase). This design yielded six
experimental groups (WKY and SHRSP at 8, 14, and 42 weeks), with
approximately 16-17 animals per group to ensure balanced group sizes.
This factorial framework enabled the evaluation of both independent
and interaction effects of strain and age on all measured outcomes. A
schematic overview of the study design is presented in Fig. 1.
Throughout the experimental period, animals were housed in groups of
two to three per cage under standardized laboratory conditions (tem-
perature: 22 + 2 °C; relative humidity: 50-60%) with a 12-h light-dark
cycle. Food and water were provided ad libitum.

2.2. Vascular risk factors

Body weight and systolic blood pressure (SBP) were recorded
longitudinally in all animals (n = 100) on a weekly basis following a
two-week acclimation period. Body weight was measured using a cali-
brated digital balance under standardized conditions to ensure consis-
tency across time points. SBP was measured non-invasively using a tail-
cuff system (CODA®, Kent Scientific Corporation, USA), a validated
method for serial blood pressure monitoring in conscious rodents. To
reduce stress-related variability, animals were subjected to a habituation
phase prior to data acquisition, which involved repeated exposure to
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Fig. 1. A schematic overview of the study design.

restraint and the tail-cuff apparatus over several days.

All recordings were performed in a controlled environment with
ambient temperature maintained at approximately 30-32 °C to promote
adequate tail perfusion. Measurements were conducted at a fixed time of
day to minimize circadian influences. For each session, a series of
consecutive readings (typically 5-10 cycles) was obtained, and only
stable, artifact-free measurements were included in the analysis. The
average of the accepted cycles was used to represent SBP at each time
point. In cases where excessive movement or signal inconsistency was

Open Field Test (OFT) and Novel Object Recognition (NOR) Test ‘

observed, measurements were repeated to ensure data quality and
reliability.

2.3. Behavioral assessments

2.3.1. Open field test (OFT)

The OFT was used to assess spontaneous locomotor activity,
exploratory behavior, and anxiety-related responses in rodents. The test
was conducted in a square Plexiglas arena (75 x 75 x 40 cm) with the
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Fig. 2. Experimental timelines and schematics of behavioral testing procedures. This figure illustrates the protocols for evaluating exploratory behavior, memory,
and spatial navigation. Open Field Test (OFT) and Novel Object Recognition (NOR) Test: The OFT habituation phase allows for the assessment of baseline locomotor
activity and anxiety-like behavior by monitoring exploration of the Central zone versus the Peripheral zone over 300 s. Following a 24-h interval, the NOR training
phase familiarizes the subject with two identical objects (Al and A2) for 300 s. After a 1-h delay, the NOR test phase assesses short-term recognition memory by
introducing a novel object (B1) alongside a familiar object (Al). Increased interaction with B1 indicates intact memory. Morris's Water Maze (MWM) Test: This
paradigm assesses spatial learning and reference memory. During the acquisition trials (conducted over 5 days), subjects are trained to locate a hidden platform
within a circular pool. Each trial lasts up to 120 s, with short inter-trial intervals (e.g., 20 s). Visual cues (depicted as symbols at the cardinal points) assist in spatial
navigation. Finally, a Probe Trial, conducted 24 h after the last acquisition trial, evaluates memory retention by removing the platform to measure the subject's

preference for the target quadrant where the platform was previously located.
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floor demarcated into 25 equal squares to facilitate behavioral quanti-
fication (Fig. 2). Following brief acclimatization to the testing environ-
ment, each rat was placed in the center of the arena and allowed to
explore freely for 5 min. After each trial, the apparatus was cleaned
thoroughly using 70% ethanol to remove any olfactory traces and pre-
vent cue-based bias. Behavioral activity was recorded using an overhead
camera connected to an automated tracking system (ANY-maze, version
7.44, USA). The software was used to extract locomotor parameters,
including total distance travelled, number of line crossings, and move-
ment velocity. The protocol was adapted from previously described
methods [18,19].

2.3.2. Novel object recognition (NOR)

Recognition memory was evaluated using the NOR paradigm, which
exploits the natural tendency of rodents to preferentially investigate
unfamiliar objects. The procedure was adapted from previously estab-
lished protocols with minor adjustments [20]. Testing was conducted in
a square Plexiglas arena measuring 75 x 75 x 40 cm. The objects used
were constructed from plastic and differed in geometry (e.g., cylindrical
versus cuboidal) while maintaining comparable size (approximately
10-12 cm in height) (Fig. 2). Prior to testing, animals were acclimated to
the empty arena for 5 min on the day preceding the experiment. The task
consisted of two phases: acquisition and retention.

During the acquisition phase, each rat was placed in the arena con-
taining two identical objects and allowed to explore freely for 5 min.
After a 30-min interval, the retention phase was carried out, during
which one of the previously encountered objects was substituted with a
novel object. Rats were again given 5 min to explore. To prevent spatial
preference from influencing the results, the position of the novel object
was systematically alternated across trials. Exploratory behavior was
defined as active interaction with the object, including directing the
snout toward it within a distance of approximately 2 cm, as well as
sniffing or physical contact using the forelimbs. Passive proximity
without directed attention was not considered exploration. The duration
of exploration for each object was manually recorded in seconds.

Data analysis focused on the retention phase. The following param-
eters were derived: (i) time spent investigating the familiar object (A1),
(ii) time spent investigating the novel object (B1), and (iii) total explo-
ration time (e2), calculated as the sum of Al and B1l. Recognition
memory performance was quantified using the discrimination index (DI)
and recognition index (RI), calculated as:

Bl - Al

Dl=——
Bl + Al
Al

RI=— x 100%
e2

These indices reflect the relative preference for novelty, with higher
values indicating better recognition memory. Although additional var-
iables, including acquisition-phase exploration and absolute discrimi-
nation (d1), were recorded, only DI and RI are reported to maintain
clarity and emphasize key outcomes.

2.3.3. Morris Water Maze (MWM)

Spatial learning and memory were assessed using the MWM para-
digm (Fig. 2). The apparatus consisted of a circular tank (122 cm
diameter, 62.5 cm height) filled with water made opaque using non-
toxic white coloring. The pool was conceptually partitioned into four
equal quadrants, with a hidden escape platform (10 cm in diameter)
positioned in the northeast (NE) quadrant. The platform was submerged
approximately 2 cm below the water surface to prevent visual detection.
All trials were conducted under controlled, low-light conditions using
dim halogen illumination to minimize external visual cues. Before the
commencement of training, animals were subjected to a single 120-s
pre-exposure swim to facilitate acclimatization to the testing environ-
ment and to identify any rats unable to perform the task.
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The acquisition phase was carried out over five consecutive days,
during which each animal completed three trials per day. At the start of
each trial, rats were introduced into the pool from varying entry points
in a pseudo-random sequence, excluding the quadrant containing the
hidden platform. Each trial lasted a maximum of 120 s. Upon locating
the platform, animals were allowed to remain on it for 20 s. If a rat failed
to find the platform within the allotted time, it was gently guided to the
platform and permitted the same rest period.

Performance during acquisition was quantified using escape latency
and swim distance, both recorded via an automated tracking system
(ANY-maze, version 7.44, USA). To evaluate memory retention, a probe
trial was conducted on day six. In this session, the escape platform was
removed, and each rat was released from the quadrant opposite the
original platform location. The time spent in the target (NE) quadrant
was recorded over a 30-s interval and used as an indicator of spatial
memory retention.

2.4. Magnetic resonance imaging (MRI)

2.4.1. Image acquisition

MRI was performed using a 3.0 Tesla clinical scanner (MAGNETOM
Prisma, Siemens Healthineers, Germany) configured for small-animal
imaging. Anesthesia was induced with 3-4% isoflurane in oxygen and
maintained at 1.5-2.0% via a nose cone throughout the scanning ses-
sion. To reduce motion-related artifacts, the head of each animal was
carefully secured using a dedicated fixation setup.

2.4.2. Structural imaging

High-resolution anatomical datasets were acquired using three-
dimensional T1-weighted magnetization-prepared rapid gradient echo
(MPRAGE) and T2-weighted SPACE sequences. For T1-weighted imag-
ing, acquisition parameters included: repetition time (TR) = 1170 ms,
echo time (TE) = 5.66 ms, field of view (FOV) = 50 mm, matrix size
corresponding to a base resolution of 256, slice thickness = 0.5 mm, and
a voxel dimension of 0.2 x 0.2 x 0.5 mm. The total scan duration was
approximately 18 min and 35 s. T2-weighted images were obtained
using a SPACE sequence with TR = 2500 ms and TE = 351 ms. Imaging
was performed with an FOV of 50 mm, base resolution of 128, slice
thickness of 0.3 mm, and voxel size of 0.2 x 0.2 x 0.3 mm, yielding a
total acquisition time of 17 min and 54 s. No exogenous contrast agents
were used.

2.4.3. Diffusion tensor imaging (DTI)

DTI was conducted to characterize brain microstructure using a
diffusion-weighted spin-echo echo-planar imaging (EPI) sequence. The
acquisition parameters were as follows: TR = 5100 ms, TE = 99 ms,
FOV = 40 mm, slice thickness = 1.0 mm, base resolution = 80, and voxel
size of 0.3 x 0.3 x 1.0 mm. The total scan time for the diffusion protocol
was 17 min and 26 s. From the diffusion datasets, quantitative maps
were generated, including fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD). Directionally
encoded color FA maps were also produced to visualize fiber orientation
by integrating eigenvector directionality with anisotropy magnitude.

2.4.4. Diffusion reconstruction and tractography

Post-processing of diffusion data, including reconstruction and
tractography, was performed using DSI Studio (Yeh, 2025; Hou “{&”
version, February 10, 2026; http://dsi-studio.labsolver.org) [21].
Tensor reconstruction was applied to derive diffusion metrics and
facilitate fiber tracking. Whole-brain tractography was generated using
a deterministic streamline approach. The acquisition followed a
high-angular resolution diffusion imaging (HARDI) scheme with 200
sampling directions and a b-value of 1000 s/mm?. Imaging resolution
included an in-plane voxel size of 0.250 mm and a slice thickness of
1.00 mm. Signal inhomogeneity was corrected using the b0 reference
image.
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Fiber tracking was performed using a deterministic algorithm with
enhanced propagation strategies to improve reproducibility [22]. The
angular threshold ranged between 45° and 90°, and the step size cor-
responded to voxel spacing. Streamlines shorter than 10 mm or
exceeding 40 mm were excluded to reduce spurious tracts. A total of 1,
000,000 seeds were distributed across the brain volume. Shape-based
metrics were also derived to characterize tract geometry. All tracking
parameters were held constant across subjects to ensure comparability
between experimental groups. Region-specific analyses were conducted
using anatomically defined ROls, i.e., the hippocampus derived from the
Duke Center for In Vivo Microscopy (DukeCIVM) rat brain atlas inte-
grated within DSI Studio. The diffusion-derived metrics (FA, MD, AD,
and RD) were extracted to quantify microstructural integrity and enable
comparison across experimental groups.

2.5. Histology: Brain isolation and fixation

At the designated experimental endpoints (after MRI scanning), an-
imals were euthanized according to their respective age groups (8-week
group at week 9, 14-week group at week 15, and 42-week group at week
43). Prior to tissue collection, the rats were deeply anesthetized using
inhalational isoflurane to achieve a surgical plane of anesthesia,
ensuring the absence of reflexes and minimizing distress. Following
confirmation of adequate anesthesia, cardiac puncture was performed to
collect blood samples for downstream analyses. Subsequently, animals
were euthanized, and the brains were rapidly extracted through careful
dissection of the skull to avoid mechanical damage to the tissue.

Immediately after removal, whole brains were immersed in 10%
neutral buffered formalin for fixation. The fixation process was carried
out for a minimum of 48 h to ensure thorough penetration of the fixative
and optimal preservation of cellular morphology and tissue architecture.
This step is critical for maintaining structural integrity and preventing
post-mortem degradation prior to histological processing. Additional
organs and tissues were also collected and appropriately preserved for
future analytical purposes or ancillary studies. All remaining carcasses
and biological waste were handled and disposed of in accordance with
institutional biosafety and animal ethics guidelines, ensuring compli-
ance with approved IACUC protocols and standard laboratory safety
regulations.

2.6. Hematoxylin and eosin (H&E) and Nissl staining

Brains were coronally sectioned, placed in labeled cassettes, and
returned to 10% neutral buffered formalin prior to processing. Tissue
processing was performed using an automated tissue processor (~15 h).
Samples underwent graded dehydration in ethanol (70%, 95%, and
100%), followed by clearing in xylene and paraffin infiltration.
Following processing, tissues were embedded in paraffin using a Leica
embedding system. Samples were oriented in molds, infiltrated with
molten paraffin, and solidified on a cold plate to form paraffin blocks.
Blocks were stored at room temperature until sectioning. Paraffin blocks
were trimmed and sectioned using a Leica microtome at a thickness of
5 pm. Sections were floated on a 37 °C water bath and mounted onto
glass slides. Slides were air-dried at room temperature for 2-3 days prior
to staining.

H&E staining was performed using an automated Leica Autostainer
(~2 h). Sections were deparaffinized in xylene, rehydrated through
graded alcohol, and stained with hematoxylin followed by eosin. Slides
were then dehydrated, cleared, and coverslipped. This staining enabled
evaluation of hippocampal cytoarchitecture and identification of path-
ological features. H&E-stained sections were examined under a light
microscope (40 x magnification) to identify vascular and structural ab-
normalities, including microbleeds, hemosiderin deposition, vessel wall
thickening, and enlarged perivascular spaces. Observations were
recorded across the entire hippocampal region and interpreted based on
established morphological criteria. Additionally, hippocampal thickness
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was measured using an image analysis system coupled with a light mi-
croscope. Subregions (CAl, CA3, and DG) were assessed at 20x
magnification. Five measurements per region were obtained per sample,
and mean values were calculated for analysis.

Neuronal integrity was assessed using cresyl violet (Nissl) staining.
Sections mounted on Superfrost Plus slides were deparaffinized, rehy-
drated, and stained with 0.1% cresyl violet solutions. After staining,
sections were rinsed, differentiated in graded alcohol, cleared in xylene,
and cover-slipped. The procedure was completed within approximately
50 min. Nissl-stained sections were imaged at 40x magnification. Six
fields from each hippocampal subregion (CA1l, CA3, and DG) were
captured. Images were analyzed using ImageJ software to quantify
viable and non-viable neurons. Cell viability was calculated as:

Number of viable cells — Number of dead cells
Total number of cells

Cell viability (%) =
x 100%

All histological and image-based analyses were performed under
blinded conditions. Slides were coded by an independent researcher to
conceal group allocation (strain and age) from the evaluators. Quanti-
fication of hippocampal thickness and neuronal counts was conducted
independently by two trained observers. Inter-rater reliability was
assessed using the intraclass correlation coefficient (ICC) based on a
two-way random-effects model with absolute agreement. Inter-rater
agreement demonstrated excellent reliability across all hippocampal
subregions (CA1: ICC = 0.93, 95% CI [0.88-0.96]; CA3: ICC = 0.91, 95%
CI [0.85-0.95]; DG: ICC = 0.94, 95% CI [0.90-0.97]). Neuronal counts
from Nissl-stained sections similarly showed high reproducibility
(ICC = 0.92, 95% CI [0.87-0.96]). ICC values > 0.75 were considered
indicative of good reliability, while values > 0.90 reflected excellent
agreement.

For measurements with discrepancies exceeding 10% between ob-
servers, a joint review was performed to reach consensus. Intra-rater
reliability was evaluated by re-analyzing approximately 20% of sam-
ples after a two-week interval, demonstrating excellent consistency (ICC
>0.90 across all parameters). All image analyses were performed using
standardized acquisition settings and calibration parameters to ensure
consistency across samples. These procedures minimized observer bias
and enhanced the reproducibility of quantitative measurements.

2.7. Statistical analysis

All statistical analyses were performed using IBM Statistical Package
for the Social Sciences (SPSS, version 29.0, IBM Corp., Armonk, NY,
USA). Data are presented as mean + standard deviation (SD). Between-
group comparisons were conducted using two-way analysis of variance
(ANOVA) to evaluate the main effects of strain (SHRSP vs. WKY), age (8,
14, and 42 weeks), and their interaction. For behavioral measures
involving repeated testing (e.g., Morris Water Maze acquisition trials), a
two-way repeated-measures ANOVA was applied, with time/trial as the
within-subject factor. When significant main or interaction effects were
observed, Bonferroni-adjusted post hoc tests were performed for mul-
tiple comparisons. Assumptions of normality and homogeneity of vari-
ance were assessed prior to analysis. A p-value of less than 0.05 was
considered statistically significant.

3. Results

A total of 100 male rats (50 SHRSP and 50 WKY) were recruited at
the start of the study. Over the course of the experiment, a small number
of animals were lost due to spontaneous mortality and/or study-related
factors. Such attrition is expected in longitudinal studies involving
ageing and hypertensive models, particularly in the SHRSP strain. As a
result, 93 animals remained available for final analysis. The distribution
of animals across groups was as follows: WKY: 8 weeks (n = 15), 14
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weeks (n = 15), and 42 weeks (n = 17); SHRSP: 8 weeks (n = 15), 14
weeks (n = 15), and 42 weeks (n = 16). Despite this limited loss, group
sizes remained well balanced, supporting reliable statistical compari-
sons for both strain and age effects. All animals were housed and
maintained under standardized conditions as previously described.

3.1. Validation of CSVD model: vascular risk profile

The systolic blood pressure (SBP) and body weight were analyzed
across strain (WKY vs SHRSP) and age (8, 14, and 42 weeks) using two-
way ANOVA (Table 1). For SBP, a significant main effect of strain was
observed (p = 0.017), indicating consistently higher blood pressure in
SHRSP rats compared to WKY controls across the study period. How-
ever, neither the main effect of age (p = 0.405) nor the strain x age
interaction (p = 0.477) reached statistical significance, suggesting that
temporal SBP changes within the present dataset should be interpreted
cautiously and do not independently establish progressive vascular
worsening across age groups based solely on the current physiological
measurements. Descriptively, WKY rats showed a modest increase in
SBP from 8 weeks to 14 weeks, followed by a slight decline at 42 weeks.
Similarly, SHRSP rats exhibited persistently elevated SBP across all
examined age groups, consistent with the established hypertensive
phenotype of this strain, although age-dependent progression within the
present dataset was not statistically significant. Nevertheless, within-
strain comparisons using one-way ANOVA did not reveal statistically
significant differences across age points (p > 0.05) (Fig. 3A).

In contrast, body weight was significantly influenced by both strain
and age. Two-way ANOVA revealed significant main effects of strain
(p < 0.001) and age (p < 0.001), as well as a significant strain x age
interaction (p = 0.001). Overall, WKY rats displayed higher body weight
compared to SHRSP rats at all time points, with both groups exhibiting
progressive weight gain over time. The increase was more pronounced

Table 1
Effects of strain and age on systolic blood pressure (SBP) and body weight
(N =93).

Variable Group Age Mean =+ SD n
SBP (mmHg) WKY 8w 99.62 + 21.31 15
14W 117.95 + 25.70 15
42W 112.18 + 49.64 17
SHRSP 8w 125.95 + 20.70 15
14W 123.78 + 35.43 15
42W 140.44 + 62.79 16
Strain effect, (F [1,8] = 5.943, p = 0.017, partial r|2 = 0.064)
Age effect, (F[2,87] = 0.913, p = 0.405, partial nz =0.021)
Strain x Age, (F[2,87] = 0.747, p = 0.477, partial 12 = 0.017)
Body weight (g)  WKY 8W 21513 +3453 15

14W  349.53 + 45.92 15
42W  482.41 + 60.59 17

SHRSP 8w 178.20 +18.71 15
14W 279.13 £ 49.95 15
42W 346.94 £ 77.15 16

Strain effect, (F[1,87] = 56.58, p < 0.001, partial nz = 0.394)
Age effect, (F[2,87] = 138.80, p < 0.001, partial n? = 0.761)
Strain x Age, (F[2,87] = 7.40, p = 0.001, partial n2 = 0.145)

Data are presented as mean =+ standard deviation (SD). Statistical analysis was
performed using two-way analysis of variance (ANOVA) with strain and age as
independent factors. The interaction term represents the combined effect of
strain and age (strain x age). Partial n? (eta squared) indicates effect size,
interpreted as small (>0.01), medium (>0.06), and large (>0.14). Homogeneity
of variance was assessed using Levene's test, which indicated significant het-
erogeneity for both SBP (p < 0.001) and body weight (p = 0.001). Therefore,
results should be interpreted with caution. A p-value <0.05 was considered
statistically significant. Sample sizes (n) represent the number of animals per
group. WKY, Wistar Kyoto rats; SHRSP, Stroke-prone spontaneously hyperten-
sive rats; SBP, Systolic blood pressure.
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in WKY rats, particularly at 42 weeks (Fig. 3B). Post hoc analysis further
confirmed significant age-dependent increases in body weight within
each strain, with all pairwise comparisons (8 vs 14 weeks, 14 vs 42
weeks, and 8 vs 42 weeks) reaching statistical significance (all
p < 0.001), indicating a consistent growth trajectory across both
experimental groups.

3.2. OFT: locomotor activity and exploratory behavior

Locomotor activity, quantified by total distance travelled, was
analyzed using two-way ANOVA to assess the effects of strain and age
(Fig. 3C). A significant interaction between strain and age was observed
(F [2,23] = 4.676, p = 0.013), indicating that age-related changes in
activity differed between SHRSP and WKY rats. Post hoc analysis
(Bonferroni correction) revealed that SHRSP rats exhibited a significant
reduction in locomotor activity at 14 weeks (p = 0.024) and 42 weeks
(p < 0.001) compared to their 8-week counterparts. Although a further
decline was noted at 42 weeks relative to 14 weeks, this difference did
not reach statistical significance. In contrast, WKY rats showed no sig-
nificant age-dependent changes in locomotor activity. Between-group
comparisons indicated lower locomotor activity in SHRSP rats at both
14 and 42 weeks; however, statistical significance was reached only at
42 weeks (p = 0.011). Overall, older SHRSP rats demonstrated reduced
locomotor activity relative to earlier ages, representing the clearest
statistically supported behavioral alteration observed in the present
study.

Time allocation in the central and peripheral zones was further
analyzed to evaluate exploratory behavior. At 8 weeks, no significant
interaction between strain and zone was detected (F [1,24] = 1.620,
p = 0.211) (Fig. 3D). Both strains spent significantly more time in the
peripheral zone compared to the central zone (F [1,24] = 172.6,
p < 0.001), reflecting a strong preference for the periphery. Although
SHRSP rats showed a trend toward increased peripheral occupancy
relative to WKY rats, this difference was not statistically significant. At
14 weeks, a significant strain x zone interaction was observed (F [1,
25] =15.23, p < 0.001] (Fig. 3E). Post hoc analysis confirmed that both
groups preferred the peripheral zone over the central zone (p < 0.001).
Notably, SHRSP rats exhibited altered exploratory patterns, character-
ized by increased time spent in the central zone and reduced peripheral
preference compared to WKY rats (p = 0.018), suggesting changes in
exploration strategy.

At 42 weeks, the interaction between strain and zone remained sig-
nificant (F [1,26] = 7.190, p = 0.011) (Fig. 3F). Both SHRSP and WKY
rats continued to spend more time in the peripheral zone than in the
central zone (p < 0.001). Although SHRSP rats showed a tendency to-
ward increased central exploration relative to WKY controls, this dif-
ference did not reach statistical significance. Overall, SHRSP rats
demonstrated a shift in exploratory behavior with age, characterized by
altered central-peripheral distribution and a general increase in central
zone engagement compared to WKY rats across time points.

3.3. NOR: recognition memory

Recognition memory performance was evaluated using the DI, which
reflects the ability to distinguish between novel and familiar objects.
Positive values indicate a preference for the novel object, negative
values indicate a preference for the familiar object, and values around
zero reflect no clear preference. A two-way ANOVA followed by Bon-
ferroni post hoc analysis was performed to examine the effects of strain
and age on DI (Fig. 3G). No significant interaction between strain and
age was observed (F[2, 68] = 1.257, p = 0.291).

In SHRSP rats, DI values remained positive at 8 weeks and 14 weeks,
indicating preserved recognition memory during early and midlife
(Table 2). However, at 42 weeks, SHRSP rats showed a marked reduc-
tion in performance, with DI approximating zero or slightly negative,
suggesting loss of novelty discrimination ability. In contrast, WKY rats
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Fig. 3. Physiological and behavioral profiles of Wistar-Kyoto (WKY) and stroke-prone spontaneously hypertensive (SHRSP) rats across age groups. (A-B) Violin plots
showing the distribution of systolic blood pressure (SBP) and body weight (BW) at 8, 14, and 42 weeks. (C) Total distance travelled in the open field test (OFT),
demonstrating reduced locomotor activity in aged SHRSP rats. (D-F) Time spent in the peripheral and central zones of the OFT at 8, 14, and 42 weeks, indicating age-
and strain-dependent anxiety-like behavior. (G-H) Cognitive performance was assessed via the discrimination index (DI) and recognition index (RI) during the novel
object recognition (NOR) test, showing variability in recognition memory across cohorts. *Note: Data are expressed as mean + standard deviation (SD). Statistical

significance is indicated by *p < 0.05 and *p < 0.01.

maintained positive DI values across all age groups, reflecting stable
recognition memory performance over time. Although SHRSP showed
lower DI than WKY at 42 weeks, this difference was not statistically
significant.

A similar pattern was observed for the RI, which represents the
percentage preference for the novel object, with 50% indicating chance-
level performance (Fig. 3H). Two-way ANOVA revealed no significant
interaction between strain and age (F[2, 68] = 1.265, p = 0.289). SHRSP
rats demonstrated clear novelty preference at 8 weeks and 14 weeks,
with a peak at 14 weeks, but this preference was lost at 42 weeks,
indicating impaired recognition performance at later stages. WKY rats
consistently displayed novelty preference across all age groups, with
only minor fluctuations over time. Between-group comparisons showed
lower RI in SHRSP compared to WKY at 42 weeks; however, this dif-
ference did not reach statistical significance.

3.4. MWM: spatial learning and memory
At 8 weeks, no significant interaction between strain and acquisition

day was observed (F[4, 104] = 0.645, p = 0.632), indicating similar
learning trajectories in SHRSP and WKY rats (Fig. 4). A significant main

effect of day was detected (F[2.365, 61.50] = 11.52, p < 0.001),
reflecting progressive improvement in task performance across training
sessions. However, no significant main effect of strain was found (F [1,
271 =2.778,p = 0.108). Post hoc analysis revealed a reduction in escape
latency across days in both groups, with WKY rats showing a significant
improvement between day 2 and day 5 (p = 0.002), while SHRSP rats
demonstrated significant reductions from day 1 to days 3, 4, and 5 (all
p <0.007) as well as between day 2 and day 3 (p = 0.031). Collectively,
these findings indicate preserved spatial learning ability in both strains
at this age.

At 14 weeks, no significant interaction between strain and training
day was observed (F[4, 92] = 0.777, p = 0.543), and no significant main
effect of strain was detected (F [1,28] = 4.222, p = 0.051), although a
strong trend toward group differences was noted (Fig. 4). A significant
effect of day was present (F[2.044, 47.02] = 16.96, p < 0.001), indi-
cating learning across trials in both groups. Post hoc comparisons
showed that WKY rats exhibited consistent improvement across multiple
days, whereas SHRSP rats demonstrated fewer significant within-group
reductions in escape latency, primarily at later training stages. Despite
these differences in learning dynamics, both strains ultimately showed
reduced latency over time, indicating overall preserved spatial learning
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Table 2
Discrimination index (DI) and recognition index (RI) in WKY and SHRSP rats
across age groups.

(A) Discrimination Index (DI)

Strain Age Mean DI SD Interpretation

WKY 8 weeks 0.091 0.094 Novel preference (weak)
14 weeks 0.146 0.104 Novel preference
42 weeks 0.133 0.173 Novel preference

SHRSP 8 weeks 0.284 0.137 Preserved recognition
14 weeks 0.410 0.147 Strong recognition
42 weeks —0.001 0.125 Impaired/no preference

(B) Recognition Index (RI, % novel object preference)

Strain Age Mean RI (%) Interpretation
WKY 8 weeks 54.513 Novel preference
14 weeks 57.304 Novel preference
42 weeks 56.589 Stable novelty preference
SHRSP 8 weeks 64.175 Strong novelty preference
14 weeks 70.510 Peak performance
42 weeks 49.968 Chance level/impaired

SD, standard deviation.

at this stage.

At 42 weeks, no significant interaction between strain and acquisi-
tion day was observed (F[4, 76] = 1.644, p = 0.172), nor were there
significant main effects of strain (F [1,19] = 1.197, p = 0.288) or day (F
[2.381, 45.25] = 1.222, p = 0.309) (Fig. 4). Post hoc analysis revealed
significant reductions in escape latency in WKY rats between day 1 and
day 4 and 5 (p = 0.003 and p = 0.036, respectively), indicating retained
learning capacity. In contrast, aged SHRSP rats demonstrated less
consistent improvement across acquisition days compared to WKY
controls, suggesting possible vulnerability in spatial learning perfor-
mance. However, several strain effects and probe-trial outcomes did not
reach statistical significance, and therefore these findings should be
interpreted cautiously.
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Spatial memory was further evaluated using the percentage of time
spent in the target quadrant during the probe trial (Fig. 4). Two-way
ANOVA revealed no significant interaction between strain and age (F
[2, 68] = 0.630, p = 0.535). In SHRSP rats, time spent in the target
quadrant showed a gradual decline across age groups (8 weeks: 8.99%);
14 weeks: 6.56%; 42 weeks: 6.30%), although these changes were not
statistically significant. WKY rats exhibited a similar non-significant
pattern, with values of 7.45% (8 weeks), 5.80% (14 weeks), and
6.89% (42 weeks). Between-group comparison showed lower perfor-
mance in SHRSP relative to WKY at 42 weeks; however, this difference
did not reach statistical significance. Overall, probe trial performance
suggests a trend toward age-associated decline in spatial memory, with
more pronounced impairment emerging in SHRSP rats at later stages.

3.5. Histopathological findings

3.5.1. Vascular and structural abnormalities

Among the abnormalities evaluated, neither microbleeds nor he-
mosiderin deposition was detected in any group. In contrast, enlarged
perivascular spaces (ePVS) were consistently observed across all strains
and age groups (Fig. 5A-F), indicating a common structural feature
within the hippocampal microenvironment. Vessel wall morphology
demonstrated variability between groups. Thickened vessel walls were
identified in both SHRSP and WKY rats, although their distribution
differed across age groups (Fig. 5G-L). Notably, thick vessel walls were
absent in the 14-week WKY group but present in the SHRSP group at all
examined ages. Quantitative analysis (Fig. 5M) revealed no significant
differences in the prevalence of vessel wall thickening across SHRSP age
groups, nor between SHRSP and corresponding WKY controls. These
findings suggest that, despite observable vascular alterations, the extent
of vessel wall thickening does not differ significantly across disease
stages in this model.

3.5.2. Hippocampal thickness
Morphometric analysis of hippocampal subregions (CA1, CA3, and
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Fig. 4. Assessment of spatial learning and memory via Morris's water maze (MWM) performance among Wistar-Kyoto (WKY) and stroke-prone spontaneously
hypertensive (SHRSP) rats. Top Panels (Latency): Learning curves depicting the mean latency to locate the hidden platform across 5 acquisition days for 8-, 14-, and
42-week-old cohorts. Bottom Left (Probe Trial): Time spent in the target quadrant during the memory retention probe trial, illustrating spatial reference memory.
Bottom Right (Representative tracks): Sample swim paths for each group, visualizing search strategies and spatial bias toward the target location (indicated by the

small circle).
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Fig. 5. Representative Hematoxylin and Eosin (H&E) staining of cerebral perivascular spaces and vascular wall morphology in Wistar-Kyoto (WKY) and spontaneous
hypertensive stroke-prone (SHRSP) rats. Micrographs demonstrate structural changes across age cohorts (8, 14, and 42 weeks) at 40 x magnification. (A-F) Enlarged
perivascular spaces (ePVS): Longitudinal comparison showing the prominence of ePVS in the parenchyma of WKY (A-C: 8, 14, and 42 weeks respectively) and SHRSP
(D-F: A-C, 8, 14, and 42 weeks respectively) rats. Red arrows indicate areas of perivascular widening. (G-L) Vascular wall morphology: Micrographs highlighting
regional variations in vascular cell wall thickness and luminal integrity of WKY (G-I: 8, 14, and 42 weeks respectively) and SHRSP (J-L: 8, 14, and 42 weeks
respectively) rats. Red arrows denote representative microvessels showing varying degrees of structural remodeling and mural thickening. M: Quantitative analysis of
the presence of thick vessel wall in the hippocampus in comparison between different age groups. Each column represents the mean + standard deviation (SD) of
SHRSP and WKY rats. The results were based on a score of 1, which indicates the absence of the thick vessel wall, while 2 indicates the presence.

DG) was performed using H&E-stained sections (Fig. 6A-R). Quantita-
tive comparisons across strain and age were analyzed using two-way
ANOVA (Fig. 6S-U). No statistically significant differences were
observed in the thickness of CA1, CA3, or DG across age groups or be-
tween SHRSP and WKY rats. These results indicate that gross hippo-
campal architecture remains largely preserved, despite the presence of
vascular alterations.

3.5.3. Neuronal viability

Neuronal integrity was assessed using Nissl staining across hippo-
campal subregions (Fig. 7A-R), with quantitative analysis presented in
Fig. 7S-U. In the CAl region, no significant differences in neuronal
viability were detected between strains or across age groups (Fig. 7A-F).
Similarly, the DG showed no significant variation in cell viability
(Fig. 7M-R). In contrast, the CA3 region exhibited a significant reduc-
tion in neuronal viability in older SHRSP rats compared to age-matched
WKY controls (Fig. 7G-L), indicating region-specific vulnerability.

Taken together, these findings suggest that microvascular alterations
(e.g., ePVS and vessel wall changes) occur in the absence of overt
structural atrophy, while selective neuronal vulnerability emerges in
specific hippocampal subregions (CA3) at later stages. This pattern
supports the notion that microstructural and cellular changes may pre-
cede detectable gross morphological alterations in early-to-mid CSVD
progression.

3.6. Whole-brain and hippocampal: diffusion MRI findings

Diffusion MRI metrics at both the whole-brain and hippocampus are
presented in Table 3, with estimated marginal means visualized in Fig. 8.
At the global level, FA remained relatively stable across both strain and
age groups, suggesting preservation of overall white matter micro-
structural organization. Mixed-effects two-way ANOVA revealed no

significant main effects of strain (F [1,11] = 0.010, p = 0.921,
12 = 0.001) or age (F [2,11] = 1.319, p = 0.307, 1? = 0.193), and no
significant strain x age interaction (F [2,11] = 0.483, p = 0.629,
n? = 0.081) for whole-brain FA. These findings indicate that global
anisotropic integrity is largely maintained, despite the presence of
vascular risk factors and ageing.

Consistent with the FA findings, whole-brain diffusivity metrics did
not reveal significant effects of strain or age. MD showed no significant
main effects of strain (F [1,11] = 0.936, p = 0.354) or age (F [2,
111 =1.611, p = 0.244), and no significant interaction between factors
(F [2,11] = 0.315, p = 0.736). Similarly, AD and RD exhibited no sig-
nificant differences across groups. For AD, neither strain (F [1,
11] = 0.807, p = 0.388) nor age (F [2,11] = 2.061, p = 0.174) showed
significant effects. RD followed a comparable pattern, with no signifi-
cant influence of strain (F [1,11] = 0.993, p = 0.340) or age (F [2,
11] =1.297, p = 0.312). Collectively, these findings suggest that global
diffusivity measures remain largely unchanged, indicating an absence of
detectable whole-brain microstructural alterations between WKY and
SHRSP rats across the examined age range.

ROI analyses of the hippocampus revealed that there were no sig-
nificant strain-dependent differences across all diffusion metrics (all
p > 0.25). Furthermore, strain x age interactions remained non-
significant in the hippocampus following Bonferroni correction.
Collectively, these results indicate that neither chronic hypertension nor
aging induced detectable hippocampal microstructural alterations
within the investigated time frame, suggesting preservation of diffusion-
derived structural integrity across both white and grey matter regions.

4. Discussion

The present study provides a multimodal characterization of early-
to-late stage CSVD in the SHRSP rats, integrating behavioral



C.M.N. Che Mohd Nassir et al.

Translational Research in Anatormy 44 (2026) 100499

® CA1 Thickness
150
_ = WKY
E = SHRSP
@ 100
3
c
=
]
£ 50
L
<
o
0
o o 3
q‘é‘. 4\°6k 4!“3}.
® N M
Age
O] CA3 Thickness
250
_ = WKY
£ 200 = SHRSP
3
8 150
c
s
£ 100
£
o
< 50
o
/]
o 2 cl
é@éé 06‘. q‘#
L) K o
Age
| © DG Thickness
250
= WKY
E 200 =31 SHRSP
8
@ 150
B
% 100
E
gQ so0
0
& & &
® N [
Age

Fig. 6. Representative Hematoxylin and Eosin (H&E) staining of CA1, CA3, and dentate gyrus (DG) of the hippocampus in Wistar-Kyoto (WKY) and spontaneous
hypertensive stroke-prone (SHRSP) rats. Micrographs demonstrate structural changes across age cohorts (8, 14, and 42 weeks) at 20x magnification. (A-F) CAl
regions: Longitudinal comparison showing the CA1 of WKY (A-C: 8, 14, and 42 weeks respectively) and SHRSP (D-F: A-C, 8, 14, and 42 weeks respectively) rats.
(G-L) CA3 regions of WKY (G-I: 8, 14, and 42 weeks respectively) and SHRSP (J-L: A-C, 8, 14, and 42 weeks respectively) rats. (M-R) DG regions of WKY (M-O: 8, 14,
and 42 weeks respectively) and SHRSP (P-R: A-C, 8, 14, and 42 weeks respectively) rats. S-U: Quantitative analysis of the CA1, CA3, and DG hippocampal thickness in
comparison between different age groups. Each column represents the mean + standard deviation (SD) of SHRSP and WKY rats.

phenotyping, diffusion MRI, and histopathological assessment across the
disease trajectory. The principal finding is a clear temporal dissociation
between functional impairment and structural readouts: behavioral
deficits, particularly in locomotion, spatial learning, and recognition
memory, emerge with advancing age in SHRSP, whereas conventional
diffusion MRI metrics and gross hippocampal morphology remain
largely preserved. Subtle vascular alterations (e.g., ePVS and vessel wall
changes) and region-specific neuronal vulnerability (notably within
hippocampal-CA3) provide a partial substrate for these deficits, but do
not fully account for the magnitude of functional decline. Together,
these findings suggest that behavioral impairment may emerge prior to
detectable abnormalities using conventional diffusion MRI and gross
morphometric measures, although this interpretation should be
considered in light of the methodological sensitivity limitations of the
current imaging approach.

A prerequisite for interpreting downstream findings is validation of
the disease model. As expected, SHRSP rats exhibited consistently
elevated SBP relative to WKY controls, confirming a hypertensive
phenotype central to CSVD pathogenesis. Although age effects on SBP
were not statistically significant, the persistent strain effect is consistent
with the well-established role of chronic hypertension as a primary
driver of small vessel remodeling, endothelial dysfunction, and BBB
compromise [6,7]. The absence of strong age interaction likely reflects
variability inherent to tail-cuff measurements and the known hetero-
geneity in blood pressure trajectories in SHRSP rats, particularly at later
stages [28]. Importantly, body weight differed significantly between
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strains and across age, with SHRSP rats exhibiting lower weight gain, a
pattern frequently reported in this model and attributed to increased
metabolic demand and disease burden [29,30]. While body weight itself
is not a direct CSVD marker, it may modulate physiological reserve and
contribute indirectly to behavioral outcomes [27].

Behaviorally, the data suggest age-associated alterations in SHRSP
rats; however, these findings should be interpreted cautiously within the
context of the present physiological dataset. Although SHRSP rats
demonstrated persistently elevated SBP relative to WKY controls, sig-
nificant age effects and strain x age interactions were not observed for
SBP measurements. Therefore, while the SHRSP model is widely
recognized as a progressive model of hypertension-associated CSVD in
the broader literature, the current SBP findings alone do not provide
definitive evidence of progressive vascular worsening across the exam-
ined age groups. In the OFT, locomotor activity declined with age in
SHRSP rats but remained stable in WKY rats. However, reduced loco-
motion may reflect multiple interacting factors, including motor
dysfunction, systemic disease burden, altered motivation, stress
responsiveness, or general physiological decline, rather than exclusively
cognitive impairment or CSVD-related dysfunction [31]. Interestingly,
SHRSP rats demonstrated relatively greater central zone exploration at
later ages, which may reflect altered anxiety-like behavior or impaired
risk assessment rather than increased exploration per se [32]. This
pattern has been described in models with frontal-subcortical dysfunc-
tion, where disinhibition and impaired environmental appraisal can
increase center occupancy despite reduced overall locomotion [33,34].
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Fig. 7. Representative of Nissl staining of CA1l, CA3, and dentate gyrus (DG) of the hippocampus in Wistar-Kyoto (WKY) and spontaneous hypertensive stroke-prone
(SHRSP) rats. Micrographs demonstrate structural changes across age cohorts (8, 14, and 42 weeks) at 40x magnification. (A-F) CAl regions: Longitudinal com-
parison showing the CA1 of WKY (A-C: 8, 14, and 42 weeks respectively) and SHRSP (D-F: A-C, 8, 14, and 42 weeks respectively) rats. (G-L) CA3 regions of WKY (G-I:
8, 14, and 42 weeks respectively) and SHRSP (J-L: A-C, 8, 14, and 42 weeks respectively) rats. (M-R) DG regions of WKY (M-O: 8, 14, and 42 weeks respectively) and
SHRSP (P-R: A-C, 8, 14, and 42 weeks respectively) rats. S-U: Quantitative analysis of the CA1, CA3, and DG hippocampal cell viability in comparison between
different age groups. Each column represents the mean + standard deviation (SD) of SHRSP and WKY rats. Red arrows indicate viable cells, while yellow arrows

indicate dead cells.

Table 3
Mean and standard deviation (SD) of diffusion MRI parameters across experimental groups.
Variables Age
8w 14W 42W
WKY SHRSP WKY SHRSP WKY SHRSP
Whole brain
FA 0.267 + 0.010 0.267 + 0.010 0.267 + 0.010 0.267 + 0.010 0.267 + 0.010 0.267 £ 0.010
MD 0.797 + 0.233 0.907 + 0.023 0.919 + 0.055 0.947 £ 0.023 0.957 + 0.068 0.973 £ 0.466
AD 1.026 + 0.307 1.161 + 0.032 1.199 + 0.033 1.243 + 0.032 1.245 + 0.054 1.245 £+ 0.009
RD 0.683 + 0.196 0.781 + 0.190 0.779 + 0.663 0.800 + 0.020 0.813 + 0.075 0.837 £ 0.065
Hippocampus
FA 0.263 + 0.015 0.267 + 0.005 0.279 + 0.031 0.289 + 0.009 0.278 + 0.037 0.257 £ 0.037
MD 0.818 + 0.218 0.912 + 0.026 0.918 + 0.056 0.970 + 0.045 0.959 + 0.081 0.968 + 0.038
AD 1.050 £+ 0.289 1.169 + 0.036 1.194 £+ 0.034 1.266 + 0.061 1.247 £+ 0.065 1.232 + 0.002
RD 0.702 + 0.183 0.784 + 0.022 0.822 + 0.038 0.822 + 0.038 0.815 + 0.089 0.836 + 0.056

Data are presented in mean + standard deviations (SD). WKY, Wistar Kyoto rats; SHRSP, Stroke-prone spontaneously hypertensive rats.

Recognition memory performance in SHRSP rats showed a descrip-
tive decline at 42 weeks relative to earlier time points; however,
strain x age interactions and several between-group comparisons did
not reach statistical significance. Therefore, these findings should be
interpreted cautiously as suggestive trends rather than definitive evi-
dence of recognition memory impairment. A similar trajectory was
observed in the MWM, where spatial learning was preserved in both
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strains at 8 and 14 weeks but became impaired in aged SHRSP rats,
accompanied by inconsistent acquisition curves and reduced improve-
ment across trials. Probe trial performance suggested a parallel decline
in spatial memory retention. These findings are consistent with previous
work demonstrating that SHRSP rats develop cognitive impairment in
later stages, particularly in hippocampal-dependent domains [35,36].
Mechanistically, such deficits are often attributed to cumulative
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Fig. 8. Diffusion tensor imaging (DTI) parameters across the whole brain and hippocampal structures. 1st column: representative DTI maps of the whole brain and
the hippocampus. Column 2 — column 4: Line graph of estimated marginal means (y-axis) of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD),
and radial diffusivity (RD) are shown for the whole brain and hippocampus in WKY (blue line) and SHRSP rats (red line) across ages (8W, 14W, and 42W) (x-axis).
Line graphs represent estimated marginal means with corresponding 95% confidence intervals (CI) (y-axis).

microvascular dysfunction, reduced cerebral perfusion, and impaired
neurovascular coupling, all of which can disrupt synaptic plasticity
before neuronal loss becomes widespread [35].

A central and somewhat unexpected observation is the absence of
significant whole-brain and hippocampal diffusion MRI alterations
across strain and age. FA and diffusivity metrics (MD, AD, RD) remained
stable not only globally but also within the hippocampus. At face value,
this suggests preservation of microstructural integrity [37]. However,
this interpretation warrants careful consideration. Conventional DTI
metrics are relatively insensitive to subtle microvascular pathology,
particularly in early CSVD, where changes may be confined to peri-
vascular compartments, endothelial layers, or low-grade inflammatory
processes [25]. Clinical studies have shown that DTI alterations often lag
behind functional impairment and may only become evident with more
advanced white matter damage, such as demyelination or axonal loss
[24,38]. Moreover, the spatial resolution and signal-to-noise constraints
of clinical 3T MRI adapted for small animals may limit detection of
fine-scale alterations [39]. The current findings, therefore, align with an
emerging view that DTI-negative CSVD does not equate to the absence of
pathology but rather reflects limitations in sensitivity to early or subtle
changes [26].

Histopathological analyses provide additional context, whereby
ePVS were observed across all groups, suggesting that their presence
alone is not sufficient to distinguish disease state in this model. While
ePVS are commonly associated with impaired glymphatic clearance and
vascular dysfunction, their ubiquity here may reflect baseline anatom-
ical features or early subclinical changes [40,41]. Besides, vessel wall
thickening was variably present but did not differ significantly across
groups, indicating that overt structural remodeling of small vessels may
not yet be pronounced or detectable with the methods employed.
Notably, neither microbleeds nor hemosiderin deposition was identified
within the hippocampus, consistent with the absence of overt hemor-
rhagic pathology at the examined stages. However, this finding should
not be interpreted as evidence of a global absence of hemorrhagic
involvement. In both preclinical and clinical CSVD, cerebral micro-
bleeds exhibit a regionally heterogeneous distribution, with a predilec-
tion for subcortical and deep brain structures such as the basal ganglia,
thalamus, brainstem, and deep white matter, rather than the hippo-
campus [42].

In SHRSP models, spontaneous hemorrhagic lesions are well docu-
mented but tend to localize preferentially to penetrating arteriolar
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territories and watershed regions subjected to high hemodynamic stress,
where vessel wall fragility, lipohyalinosis, and fibrinoid necrosis are
more pronounced [43]. Similarly, human imaging studies consistently
report that hypertensive microbleeds are most frequently detected in
deep and infratentorial regions, whereas hippocampal involvement is
relatively uncommon unless the disease has progressed to more
advanced or mixed pathologies [44]. Therefore, the absence of micro-
bleeds and hemosiderin deposition in the hippocampus in the present
study likely reflects regional vulnerability patterns rather than true
disease absence. It is plausible that hemorrhagic manifestations may
have developed in other brain regions not systematically assessed in the
current histological analysis. This interpretation is further supported by
the temporal staging of the model, as the selected time points may
represent a phase characterized predominantly by vascular remodeling
and functional impairment, preceding the onset of overt hemorrhagic
damage. Collectively, these findings underscore the importance of
region-specific evaluation in CSVD and suggest that future studies
incorporating whole-brain histological mapping or
susceptibility-sensitive imaging techniques (e.g., T2*-weighted MRI or
susceptibility-weighted imaging) may provide a more comprehensive
assessment of microbleed burden and its spatial distribution.
Moreover, despite the relative preservation of gross hippocampal
architecture, neuronal assessment revealed reduced neuronal viability
within the CA3 subfield in aged SHRSP rats, representing one of the
more biologically meaningful positive findings in the present study.
However, this observation was based on conventional Nissl staining and
general morphological assessment rather than cell-type-specific, syn-
aptic, vascular, inflammatory, or molecular characterization. The CA3
region is distinguished by its dense recurrent collateral network, which
underpins pattern completion and associative memory processes but
also imposes high synaptic and metabolic demand [45]. Such charac-
teristics render CA3 neurons particularly sensitive to subtle disruptions
in cerebral perfusion and oxygen delivery, conditions that are increas-
ingly compromised in CSVD due to chronic microvascular dysfunction
and impaired neurovascular coupling [46]. However, these mechanisms
were not directly evaluated in the current study and should therefore be
interpreted cautiously as potential explanatory hypotheses rather than
definitive conclusions. In addition, CA3 is supplied by relatively delicate
microvascular networks that may be more susceptible to
hypertension-induced alterations, including endothelial dysfunction,
reduced vasoreactivity, and BBB perturbation. These vascular changes
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can precipitate a state of chronic, low-grade hypoperfusion, which has
been shown to preferentially affect metabolically demanding neuronal
populations [47]. Experimental and clinical studies have similarly re-
ported that CA3 exhibits early synaptic and dendritic alterations under
conditions of vascular insufficiency, even in the absence of overt
neuronal loss or volumetric atrophy [48,49]. Similarly, while ePVS were
consistently observed, their presence across all experimental groups
limits their specificity as a disease-associated marker within this dataset.
In addition, the absence of hippocampal microbleeds and hemosiderin
deposition does not exclude vascular pathology in other brain regions
but instead reflects the regional scope of the present histological sam-
pling. Consequently, broader whole-brain histological mapping and
multimodal vascular characterization will be necessary in future studies
to more comprehensively define the spatial and mechanistic landscape
of CSVD pathology.

The absence of comparable changes in CAl and the DG further
supports the notion that neurodegeneration in CSVD is spatially het-
erogeneous rather than diffuse. While CA1 is traditionally considered
highly vulnerable to acute ischemic insults, it may be relatively pre-
served under conditions of chronic, moderate hypoperfusion, whereas
CA3 appears more sensitive to sustained microvascular stress and
network-level dysfunction [49]. The DG, with its distinct neurogenic
niche and different vascular architecture, may also exhibit greater
resilience at this stage of disease progression. Importantly, the emer-
gence of CA3-specific neuronal compromise coincides with the observed
decline in recognition memory and spatial learning, reinforcing the
functional relevance of this subfield. Crucially, these cellular alterations
occur in the absence of detectable changes in hippocampal thickness or
diffusion MRI indices, highlighting a disconnect between microstruc-
tural integrity and functional performance. This supports the concept
that early CSVD-related cognitive impairment is driven by subtle
cellular and circuit-level dysfunction that precedes overt structural
degeneration detectable by conventional imaging or morphometric
analysis [50].

Taken together, the present findings indicate that selected behav-
ioral alterations and limited regional histopathological abnormalities
were detectable despite the absence of significant abnormalities using
conventional diffusion MRI metrics and gross morphometric assess-
ments. Importantly, several behavioral outcomes, particularly within
the NOR and portions of the MWM analyses, remained descriptive and
should therefore be interpreted cautiously. Prior literature suggests that
microvascular dysfunction may contribute to impaired neurovascular
coupling, subtle microstructural alterations within normal-appearing
white matter, and reduced efficiency of large-scale brain networks, all
of which have been associated with cognitive impairment in CSVD, even
when conventional MRI lesion burden appears modest [51,52]. How-
ever, these mechanisms were not directly evaluated in the current study
and should therefore be interpreted as potential explanatory hypotheses
rather than conclusions directly supported by the present data. Conse-
quently, the current findings do not provide definitive evidence that
early CSVD-related microstructural dysfunction precedes detectable
imaging abnormalities. Rather, the data suggests that subtle behavioral
and cellular alterations may occur in parallel with negative conventional
DTI findings within the sensitivity limits of the employed imaging
framework.

Notably, the coexistence of preserved diffusion MRI metrics with
subtle behavioral and histological abnormalities may itself represent a
potentially relevant translational observation in early-stage CSVD.
Conventional diffusion metrics derived from standard tensor models
may lack sufficient sensitivity to detect subtle vascular, perivascular,
inflammatory, or cellular alterations occurring during early disease
progression. Therefore, further studies incorporating advanced multi-
modal imaging, connectomics, perfusion assessment, BBB evaluation,
and molecular analyses are required to clarify the underlying mecha-
nisms and better define the earliest pathological stages of CSVD.
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4.1. Limitations and future directions

Several limitations warrant careful consideration when interpreting
the present findings. First, although the use of a clinical 3T MRI system
enhances translational relevance, it inherently limits spatial resolution
and sensitivity compared to dedicated high-field preclinical systems,
and may therefore underestimate subtle microstructural alterations,
particularly within small or heterogeneous regions [53]. Second, diffu-
sion MRI analyses were restricted to conventional tensor-derived met-
rics. While widely used, these parameters lack specificity to disentangle
complex microstructural changes; more advanced approaches such as
neurite orientation dispersion and density imaging (NODDI), free-water
imaging, or multi-compartment diffusion models may offer greater
sensitivity to early CSVD-related pathology [54]. Besides, future in-
vestigations incorporating susceptibility-sensitive imaging modalities
such as susceptibility-weighted imaging (SWI/SWAN) and
high-resolution T2/T2*-weighted MRI may improve the detection of
cerebral microbleeds, hemosiderin deposition, and subtle vascular ab-
normalities associated with CSVD.

Importantly, the relatively limited spatial resolution and voxel size
achievable using a clinical 3T MRI platform for small-animal imaging
may increase susceptibility to partial volume effects, particularly within
anatomically small and heterogeneous structures such as hippocampal
subfields. Consequently, subtle microvascular, perivascular, inflamma-
tory, or cellular alterations may remain below the detection threshold of
conventional tensor-derived diffusion metrics. Therefore, the absence of
significant diffusion abnormalities in the present study should be
interpreted as the absence of detectable alterations within the sensitivity
limits of the employed imaging framework, rather than definitive evi-
dence of preserved microstructural integrity.

Another limitation is that the ROI focuses on the hippocampus,
which, while justified by its role in cognition, does not fully capture the
diffuse and whole-brain nature of CSVD. Small vessel pathology affects
widespread vascular territories, particularly deep white matter,
subcortical nuclei, and cortical-subcortical networks [23]. Conse-
quently, restricting analyses to the hippocampus may overlook critical
alterations in other vulnerable regions such as the corpus callosum, in-
ternal capsule, thalamus, and frontal-subcortical circuits. Future studies
should therefore adopt a more comprehensive, whole-brain ROI
framework, complemented by connectome-based analyses, to better
characterize network-level disruptions. Structural and functional con-
nectomics could provide critical insight into how distributed micro-
vascular injury translates into large-scale network inefficiency and
cognitive decline, potentially revealing alterations that are not detect-
able using regional or voxel-wise approaches alone [55].

Although the observed reduction in neuronal viability within the
CA3 subfield represents one of the more biologically meaningful find-
ings of the present study, its interpretation remains constrained by
methodological limitations. Histological evaluation was limited pri-
marily to conventional H&E and Nissl staining, which provides largely
morphological and descriptive information regarding vascular archi-
tecture and neuronal integrity. While these approaches enabled identi-
fication of structural abnormalities such as ePVS, vessel wall alterations,
and reduced neuronal viability, they do not permit definitive mecha-
nistic characterization of the underlying biological processes. Conse-
quently, interpretations related to microvascular dysfunction, neuronal
vulnerability, cellular dysfunction, neuroinflammation, impaired neu-
rovascular coupling, or selective CA3 susceptibility should be consid-
ered cautiously and viewed as potential explanatory hypotheses rather
than conclusions directly established by the present data. Importantly,
the study did not include immunohistochemical or molecular analyses to
assess endothelial integrity, BBB permeability, inflammatory signaling,
glial activation, synaptic alterations, oxidative stress, apoptosis-related
pathways, or vascular remodeling.

In addition, stereological approaches were not employed, which may
limit the precision and robustness of regional neuronal quantification.
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Therefore, the biological specificity and functional significance of the
reported CA3 alterations remain difficult to fully establish within the
context of the present dataset. Future studies incorporating cell-type-
specific neuronal and glial markers, BBB assessment, vascular and in-
flammatory profiling, apoptosis-related analyses, synaptic character-
ization, stereological quantification, and molecular validation
techniques will be necessary to better define the mechanistic basis of the
observed structural and behavioral alterations in early-stage CSVD and
to determine whether the observed CA3 changes reflect true neurode-
generative processes, altered neuronal metabolism, inflammatory re-
sponses, synaptic remodeling, or other cellular mechanisms associated
with disease progression.

Next, the cross-sectional design restricts the ability to infer temporal
dynamics within individual animals. Longitudinal studies are needed to
map the sequence of events linking vascular dysfunction, neuronal
compromise, and behavioral decline. Additionally, variability in physi-
ological measures such as SBP may have reduced sensitivity to detect
age-dependent effects, particularly given the known heterogeneity of
the SHRSP phenotype. Moreover, although age-based grouping was
employed to examine different stages of disease vulnerability within the
SHRSP model, significant age-dependent progression in SBP was not
observed in the present dataset. Consequently, interpretations regarding
progressive vascular deterioration should not be based solely on the
current physiological measurements. Nevertheless, the broader validity
of SHRSP as a progressive preclinical model of hypertension-associated
CSVD remains well established in prior experimental literature.

Finally, although behavioral paradigms were carefully implemented,
performance outcomes may be influenced by non-cognitive factors,
including motivation, visual acuity, and stress responsiveness, which are
known to change with aging and disease progression [56]. Future in-
vestigations should prioritize multimodal, longitudinal, and
system-level approaches to more fully characterize CSVD pathophysi-
ology. The integration of high-field MRI, advanced diffusion modeling,
and susceptibility-based imaging could improve the detection of
microstructural and microvascular abnormalities. Expanding analyses
beyond single regions to include whole-brain network architecture and
connectome organization will be essential to understanding how local-
ized vascular pathology propagates into global functional impairment.
In parallel, incorporation of molecular, cellular, and fluid biomarkers
will provide mechanistic depth and facilitate translation to human
studies. Ultimately, combining these approaches with early-stage ther-
apeutic interventions may help determine whether the functional defi-
cits observed in preclinical CSVD are reversible before irreversible
structural damage occurs.

5. Conclusion

This study demonstrates that age-related behavioral impairment in
SHRSP rats can occur in the absence of detectable abnormalities using
conventional diffusion MRI metrics and gross hippocampal morphom-
etry within the sensitivity limits of the current experimental framework.
Age-dependent alterations in locomotor activity were observed in
SHRSP rats, while recognition memory and spatial learning assessments
demonstrated more modest or descriptive behavioral differences that
should be interpreted cautiously, given the limited statistical signifi-
cance of several comparisons, despite largely preserved diffusion MRI
indices and gross hippocampal morphology. Histopathological analyses
revealed subtle vascular alterations and selective neuronal vulnerability
within the CA3 subfield, indicating that early CSVD is characterized by
regional and cellular perturbations rather than widespread degenera-
tion. These findings highlight the possibility that behavioral impairment
may be detectable before abnormalities become evident using conven-
tional structural imaging approaches, although further multimodal and
mechanistic investigations are required to determine the biological basis
of this apparent divergence. Taken together, this work positions early
CSVD as a clinically silent but biologically active phase, where
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intervention may still be feasible before irreversible damage occurs.
Advancing toward multimodal, whole-brain, and connectome-based
frameworks, alongside integration of molecular biomarkers, will be
necessary to clarify the mechanisms underlying this apparent
divergence.
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