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Abstract

Intracranial atherosclerotic disease (ICAD) lacks sufficient human
data; a suitable animal model is needed. Watanabe heritable
hyperlipidemic (WHHL) rabbits have limitations for ICAD. New
Zealand white (NZW) rabbits fed high cholesterol diets and WHHL
rabbits were evaluated. 14 rabbits underwent evaluation with MRI
and pathology. No NZW rabbits (8 fed high cholesterol diet, 2 fed
regular diets) developed ICAD. 6 (75%) high-cholesterol rabbits did
not survive for the planned timeframe. All 4 WHHL rabbits developed
ICAD. Methods other than induction with a high cholesterol diet
should be pursued for an ICAD model.
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Introduction

Intracranial atherosclerotic disease (ICAD) is a significant cause
of ischemic stroke that leads to long-term morbidity and mortality
in millions of patients worldwide each year, placing substantial
economic and emotional costs on society [1]. There are differences
in treatment algorithms among practitioners, medical centers, and
geographic regions. Conflicting algorithms result from conflicting
research findings, and pathophysiology data in particular are lacking.
In the quest for improved pathophysiological understanding,
sufficient human data are impossible to acquire, so animal model data
must suffice. The Watanabe heritable hyperlipidemic (WHHL) rabbit
model is the most extensively utilized atherosclerotic animal known
to develop ICAD [2-5]. However, the mechanism by which it develops
this disease does not replicate the way by which ICAD develops in the
vast majority of humans [3-7]. Furthermore, supply of these animals
has recently proven unreliable, so the need for a more sufficient model
is acute [8]. Diet-based models exist for atherosclerosis, producing
disease in wild type rabbits fed high cholesterol diets, yet these models
have not been evaluated for development of intracranial disease
[4,5,9-12].
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Case Study

This investigation examines the intracranial arteries of animals
fed a high cholesterol diet, utilizing vessel wall magnetic resonance
imaging (VWI) and histopathological stains to evaluate for the
development of ICAD.

Materials and Methods
IACUC protocol

All rabbits were evaluated under a protocol approved by the
Institutional Animal Care and Use Committee at our institution.

MRI protocol

All rabbits underwent baseline VWI using a standardized
protocol at 3T. General anesthesia was induced with intramuscular
injection of buprenorphine (0.03 mg/kg) followed approximately 30
minutes later by a ketamine (25-35 mg/kg) and xylazine (3 mg/kg)
mixture; anesthesia was then maintained as needed with isoflurane
in oxygen via endotracheal tube. Following induction of general
anesthesia, diffusion-weighted imaging (DWI) and fluid attenuated
inversion recovery (FLAIR), 3D T1-weighted black-blood vessel wall
imaging (T1BB), susceptibility weighted imaging (SWI) sequences
were obtained. After the intravenous injection of 0.1 mmol/kg of
gadolinium contrast, TIBB was repeated. The same protocol was
employed in all subsequent VWI studies performed on a monthly
basis for the remainder of the rabbits’ lives.

Diet protocol

WHHL and New Zealand white (NZW) rabbits were continued
on regular diets to serve as diseased and normal controls, respectively.
Additional NZW rabbits were transitioned from regular diets
to custom 2% or 4% cholesterol pellets (Envigo, Madison, WI)
supplemented with hay, alfalfa, and greens. Monthly VWI studies
were scheduled with the intent of performing euthanasia after three
months to evaluate for signs of ICAD. Different cholesterol amounts
were utilized to assess for a dose effect. If animals demonstrated failure
to thrive prior to three months, euthanasia was performed.

Euthanasia and pathology

Euthanasia was performed with perfusion fixation. Maintaining
deep general endotracheal anesthesia, rabbits were moved to a fume
hood. A midline incision was made over the neck and blunt dissection
performed to expose one of the carotid arteries. Using salinger
technique, a 4 French vascular sheath was introduced into the exposed
carotid artery and secured with sutures. The internal jugular veins,
having been exposed during surgical access for catheterization of the
carotid artery, were transected. A steady flow of 2% paraformaldehyde
and 5% glutaraldehyde solution was then infused into the indwelling
sheath to achieve fixation and allow ex vivo histological analysis.
The animal was decapitated and the brain and intracranial arteries
harvested and placed in a container with formalin. After two weeks,
the brain specimens were sliced to prepare slides. Slices were oriented
in such a way to maximize the cross-sectional orientation of the
proximal intracranial arteries. Analysis was performed with light
microscopy after hematoxylin and eosin (H&E) staining to evaluate
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the vessel walls for presence of ICAD. Qualitative comparisons were
made between control and high cholesterol diet rabbits, specifically
evaluating vessels for presence of intracranial atherosclerosis and
brain parenchyma for presence of infarct.

Statistical analysis

Descriptive statistics were performed to characterize the animals,
diets implemented, and survival to the targeted three month duration
of exposure. Independent sample T-tests was performed to assess
development of ICAD and survival among the animal groups.

Results

14 total rabbits underwent investigation. 8 animals were exposed
to high cholesterol diet. Two NZW rabbits received 2% cholesterol
diet, while 6 received 4% cholesterol diet. Table 1 summarizes the
animals fed high cholesterol diets. Two NZW and 4 WHHL rabbit
received normal diets. Changes in animal weights with respect to time
are graphed in Figure 1. ICAD was demonstrated in all WHHL rabbits
on both VWTI and histopathology (Figure 2); no ICAD was visualized
on VWI or histopathology in any of the NZW rabbits, regardless of
diet (Figure 3). One NZW rabbit on 4% cholesterol diet demonstrated
abnormality in the basilar artery on VWI that was initially suspected
to represent early ICAD (Figure 4). However, pathological analysis

following perfusion fixation demonstrated subleptomeningeal blood
but no ICAD (Figure 3).

All 4 WHHL and the 2 normal diet NZW rabbits survived to
the three month target for euthanasia. Two (25.0%) high cholesterol
diet rabbits survived to scheduled euthanasia at three months. Four
(50.0%) required earlier euthanasia due to failure to thrive but were
able to undergo euthanasia on an elective basis. Two (25.0%) high
cholesterol diet animals died outside protocol. One died under
anesthesia for VWI on diet day 94. Necroscopy demonstrated pale
appearance of the liver, a pale spleen with multifocal white spots, pale
brown kidneys with multifocal tan spots, pale lungs, and fatty deposits
on the heart. The remaining high cholesterol diet rabbit was found
dead in its cage on diet day 98. Necroscopy demonstrated yellow and
firm liver, an enlarged spleen with mottled appearance, pale lungs,
and free fluid in the abdominal and thoracic cavities.

WHHL rabbits were more likely to have ICAD confirmed on
pathology compared to NZW rabbits (100% vs. 0.0%, p<0.001). NZW
rabbits fed a high cholesterol diet were less likely to survive to the
planned three month timeframe (62.5% vs. 100%, p=0.003). High
cholesterol diet rabbits were also less likely to survive to scheduled
euthanasia (25% vs. 100%, p=0.001).

Table 1: Summary of NZW rabbits fed high cholesterol diet and outcomes.

Rabbit No. Diet Days of Diet Euthanasia Indication Intracranial Artery Pathology Results
1 4% 94 N/A (Died Under Anesthesia) Normal
2 4% 108 Failure to Thrive Subleptomeningeal Hemorrhage
3 4% 63 Failure to Thrive Normal
4 4% 63 Failure to Thrive Normal
5 4% 49 Failure to Thrive Normal
6 4% 91 Scheduled Normal
7 4% 98 N/A(Died in Cage) Normal
8 4% 114 Scheduled Normal
4.0 -
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Figure 1: Recorded weights for rabbits exposed to high cholesterol diets plotted against time. Red triangles reflect weights of rabbits on normal diets, with
blue squares for those on 2% cholesterol diets and black circles for those on 4% cholesterol diets. Trend lines in these colors are provided for each group R2
provided for each trendline. A linear relationship was noted for normal diet rabbits, while polynomial equations best fit the trend for high cholesterol diets, which
demonstrated greater early weight gain but then a reversal to weight loss as animals became ill.
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cell, and foamy macrophage (*) infiltration.

Figure 2: A) Diffusion-weighted and B) T2-weighted MRI demonstrate subacute infarct (arrows) in the brainstem and cerebellum of a WHHL rabbit. C) Pre- and
D) post-contrast T1-weighted MRI show enhancing culprit ICAD lesion (arrowheads). E) 50X photomicrograph of a pathological sample through the basilar
artery at the level of the brainstem of the same animal stained with H&E demonstrates asymmetrical neointima (NI) containing lipid (*) deep to the internal
elastic lamina (black arrows). F) 20X photomicrograph through midbrain stained with H&E demonstrates demarcated rarefaction and necrosis (black arrows)
consistent with an infarct. G) 100X photomicrograph of the same region demonstrates the zone of rarefaction (black arrows) around a region of necrosis, glial

sequences.

Figure 3: VWI protocol images from a NZW rabbit, including A) diffusion-weighted imaging, B) T2-weighted images, and C) pre- and D) post-contrast T1BB

Discussion

ICAD is the most common cause of ischemic stroke worldwide
[1,13]. Current conceptual understanding of atherosclerosis invokes
systemic processes that cause lesions at focal points of vulnerability,
but this understanding is based on atherosclerosis research that
has been performed outside the intracranial circulation [14,15].
Such extrapolation can be misleading because intracranial and
extracranial arterial systems are derived from different germ cell
layers, so vascular diseases in these separate systems should be

considered distinct processes [16,17]. Differences between ICAD
and extracranial atherosclerotic disease have undergone little
investigation, particularly when considering recent insights into
the role of inflammation in atherosclerosis, yet many approaches
to ICAD diagnosis and treatment are based on extrapolation from
outmoded extracranial research.

To perform investigation of ICAD that adequately characterizes
its pathophysiology and natural history, human investigations alone
will be insufficient for several reasons. ICAD often begins with
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Figure 4: VWI and pathology images from Rabbit No. 2. A) T2-weighted images demonstrate the patent basilar artery at the level of the brainstem. B) Pre- and
C) post-contrast T1-weighted images demonstrate signal abnormality along the ventral surface of the basilar artery (arrow) initially suspected to represent ICAD.
D) 10X and E) 50X photomicrographs of a sample through medulla demonstrate hemorrhage (black arrow, H) ventral to the parenchyma and basilar artery (*)
but within the leptomeninges. The basilar artery and its branch underlying the hemorrhage appear histologically normal.

an asymptomatic interval that can last for years and is typically
diagnosed only at later, advanced stages. Those with the disease often
have concomitant diseases, many of which are they risk factors for
vascular disease. These additional diseases, or treatments for them,
can confound analysis of ICAD.

Additionally, the above-described discrepancies in surveillance
and treatment schemes employed among managing providers
further hinder analysis in humans. Indeed, approaches to
management are often directly contradictory to one another.
Finally, histopathologic confirmation, widely considered the gold
standard in assessment of human disease, is prohibitively morbid
to obtain, so current management relies on potentially faulty
extrapolation of atherosclerosis research performed elsewhere in
the body. Longitudinal evaluation completed with histopathological
confirmation will require analysis in an animal model.

Rabbit models of atherosclerosis have a long history for the
investigation of peripheral and coronary artery atherosclerosis
[5]. However, little investigation has occurred for ICAD. The
Watanabe heritable hyperlipidemic (WHHL) rabbit model lacks
low density lipoprotein (LDL) receptors and reliably develops
systemic atherosclerosis [2,3,5,18,19].This model provided the first
characterization of underlying abnormality in individuals with
familial hypercholesterolemia, the human condition WHHL rabbits
most closely model [3]. While indispensable for the understanding
of coronary atherosclerosis, this model has limited applicability for
intracranial disease. Humans with familial hypercholesterolemia
often demonstrate sparing of the intracranial vasculature, and the
vast majority of ICAD occurs in individuals without this rare disease
[20-22]. WHHL rabbits only reliably develop intracranial disease
after induction of systemic hypertension, which can be problematic
considering their already general poor health [6,7]. Additionally,
these rabbits breed poorly, and all but one breeding colony has been
depopulated [8]. Considering its poor fidelity to the pathophysiology
of human ICAD and uncertain availability in the future, and in light
of the pressing need for an animal model of ICAD as described
above, we aimed assess a possible rabbit model that replicates a high

cholesterol diet described elsewhere that has not yet been evaluated
for intracranial disease[11].

In an effort to preliminarily evaluate development of ICAD in an
expedited fashion, we began by assessing six NZW rabbits, two each
fed regular, 2% cholesterol, and 4% cholesterol diets. Among these
initial six animals, one developed abnormality on VWI within weeks.
Weeks later, pathological analysis the abnormality on VWI was
shown to actually represent subleptomeningeal blood, but initially the
finding was erroneously interpreted as early ICAD (Figure 4). After
initial observation of the VWI abnormality, the rabbit was continued
on the 4% diet to allow further progression of the presumed lesion.
This animal did uncharacteristically well on what would typically be
considered a morbidly unhealthy diet until approximately 100 days
after diet initiation, when it began demonstrating signs of failure to
thrive. In light of these results, four additional NZW rabbits were
placed on 4% cholesterol diets. No ICAD developed in any of these
animals, and poor health was observed in keeping with previously
described reports of high cholesterol diets [5]. It is possible that
rabbits may eventually develop ICAD when fed high cholesterol diets,
but the morbid systemic effects that result from such a diet precede
these findings and make this an unsatisfactory model of ICAD.

Since creation of the WHHL model decades ago, several other
rabbit models have been created [5]. While the diet-based approach
described in this report did not achieve desired results, additional
models should be investigated. These include transgenic or knockout
rabbits [23-25]. While active investigations continue to examine
this multitude of rabbit models of atherosclerosis, to date none of
them have been applied to investigations of ICAD in particular.
Investigation of intracranial disease is warranted and should be
pursued in the future.

Conclusion

Given difficulties in acquiring high quality data in humans, a
robust animal model of ICAD is needed. In this study we evaluated a
high-cholesterol NZW rabbit model in an attempt to induce ICAD.
ICAD was not observed in any NZW rabbits on the high cholesterol
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diet, and substantial morbidity from systemic illnesses ensued in
animals on the altered diet. This argues that other rabbit models
should be pursued.
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