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Abstract

Introduction: Although mouse models of Alzheimer’s disease (AD) have increased our

understanding of the molecular basis of the disease, none of those models represent

late-onset Alzheimer’s Disease which accounts for >90% of AD cases, and no thera-

peutics developed in themouse (with the possible exceptions of aduhelm/aducanumab

and gantenerumab) have succeeded in preventing or reversing the disease. This tech-

nology has allowed much progress in understanding the molecular basis of AD. To

further enhance our understanding, we used wild-type rabbit (with a nearly identi-

cal amino acid sequence for amyloid as in humans) to model LOAD by stressing risk

factors including age, hypercholesterolemia, and elevated blood glucose levels (BGLs),

upon an ε3-like isoform of apolipoprotein. We report a combined behavioral, imag-

ing, and metabolic study using rabbit as a non-transgenic model to examine effects

of AD-related risk factors on cognition, intrinsic functional connectivity, and magnetic

resonance-based biomarkers of neuropathology.

Methods: Aging rabbits were fed a diet enriched with either 2% cholesterol or 10%

fat/30% fructose. Monthly tests of novel object recognition (NOR) and object location

memory (OLM) were administered to track cognitive impairment. Trace eyeblink con-

ditioning (EBC) was administered as a final test of cognitive impairment. Magnetic res-

onance imaging (MRI) was used to obtain resting state connectivity and quantitative

parametric data (R2*).

Results: Experimental diets induced hypercholesterolemia or elevated BGL. Both

experimental diets induced statistically significant impairment of OLM (but not NOR)

and altered intrinsic functional connectivity. EBC was more impaired by fat/fructose

diet than by cholesterol. Whole brain and regional R2* MRI values were elevated in

both experimental diet groups relative to rabbits on the control diet.

Discussion:Wepropose thatmechanisms underlying LOAD can be assessed by stress-

ing risk factors for inducing AD and that dietary manipulations can be used to assess

etiological differences in the pathologies and effectiveness of potential therapeutics
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against LOAD. In addition, non-invasive MRI in awake, non-anesthetized rabbits fur-

ther increases the translational value of this non-transgenic model to study AD.

KEYWORDS

cholesterol, diabetes, eyeblink conditioning, late onset Alzheimer’s disease, magnetic resonance
imaging, whole-brain R2*

1 INTRODUCTION

Although mouse models of Alzheimer’s disease (AD) have increased

our understanding of the molecular basis of the disease, none of

thosemodels represent late-onsetAlzheimer’sDiseasewhichaccounts

for >90% of AD cases1,2, and no therapeutics developed in the

mouse (with the possible exceptions of aduhelm/aducanumab3 and

gantenerumab4,5) have succeeded in preventing or reversing the

disease.6,7 Late-onset AD (LOAD) is particularly challenging to study

usingmousemodels because it is not linked to anyknowngeneticmuta-

tions, but it is affected by several risk factors including age, hyper-

cholesterolemia, Type 2 diabetes, and the ε4 allele of apolipoprotein

E (APOE). Challenges associated with development of effective treat-

ments are linked to the complexmulti-factorial,multi-pathwayetiology

driving its pathophysiological progression. Identifyingmechanisms and

links among these risk factors can provide newavenues for therapeutic

development.

Given that the amino acid sequence for amyloid is nearly identical

between rabbits and humans,8 the physiology of lipids is more sim-

ilar between rabbits and humans than between mice and humans,9

and that working with non-human primates such as marmoset can be

difficult, we selected wild-type (WT) rabbit as a non-transgenic mam-

malian model to avoid off-target effects of inserting foreign DNA into

the genome,10 and toevaluate theeffects ofAD-relateddiet-based risk

factors (high cholesterol or an elevated blood glucose level) on cog-

nition and intrinsic functional connectivity within neural networks of

the rabbit brain as detected by resting state functional magnetic reso-

nance imaging (fMRI). The rabbit AD model offers several advantages.

Among these is the five decade–long use of the rabbit to study learning

and memory of eyeblink conditioning (EBC).11–14 Importantly, EBC is

impaired by AD, even in relation to normal age-related impairment.15

Rabbits exhibit AD-like pathology in response to a diet enriched with

cholesterol and copper,16 further strengthening the argument in favor

of its potential to be used to study LOAD.We replicated the cholesterol

and copper diet in aging rabbits, added a group fed a diet enrichedwith

saturated fat and fructose, and expanded characterization of memory

by adding recognition tests that canbedone repeatedly simply byusing

different objects or locations with each repeat of the test.17

Having shown18 that resting state fMRI (rsfMRI) in awake rab-

bits provides reliable information on brain intrinsic functional connec-

tivity networks, we acquired and compared connectivity data across

groups to determine diet-related differences among functional net-

works. Finally, using MRI to generate R2* (1/T2*) brain maps we mea-

sured whole-brain and regional R2* values that were consistently

higher in thediet groups compared to the control group. These changes

(i.e., increases in R2* and decreases in T2*) are interpreted as possi-

ble increases in iron depositions that co-localize with amyloid within

the brain of rabbits undergoing these diets.19,20 We propose that

diet-induced cognitive impairment and awake fMRI in the WT rabbit

are powerful tools for testing potential therapeutics and for valida-

tion of diagnostic imaging biomarkers in a translationally relevant AD

perspective.

2 METHODS

2.1 Animals

Given that age is the major risk factor for acquiring sporadic AD, and

that rabbits exhibit significant age-related impairments in acquiring

hippocampal-dependent trace EBC as early as 24 months of age,21,22

we selected aging New Zealand White rabbits for this experiment (30

± 2.6 months at start of experiment). Only female rabbits were avail-

able from the vendor (Covance) as retired breeders. Two consecutive

cohorts of 12 rabbits were used, and all three diets were represented

in both cohorts. However, two rabbits on cholesterol did not complete

the schedule due to liver and vascular complications and one rabbit

assigned to the fat/fructose diet was a statistical outlier in terms of its

performance during trace EBC; those rabbits were excluded from the

analyses. The final tally of rabbits per groupwas six on cholesterol diet,

seven on fat/fructose diet, and eight on normal control diet.

2.2 Diets

Rabbits were assigned to one of three Tekland diets: normal rabbit

chow (#8630), normal chow with 2% cholesterol and 2% molasses for

flavoring (#621107), or normal chow with 10% saturated fat (coconut

oil) and 30% fructose (#621103). Rabbits had ad lib access to reverse

osmosiswater; thewater of rabbits in the cholesterol groupwas spiked

with 0.12 ppm copper.16

Rabbits in each group were offered 300 kcal/d of food to dissoci-

ate calories from the effects of the specific diet (rabbits on cholesterol

often failed to consume all their daily feed; molasses flavoring partially

rescued the inappetence).

2.3 Blood chemistry

Blood was taken from the marginal ear vein monthly to acquire

a metabolic profile. Serum was separated from clotted blood by
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centrifugation, storedon ice, and shipped to an independent laboratory

for a lipid profile assay. Aglucose tolerance testwasperformedafter 21

or 24weeks on diet (cohorts 1 and 2, respectively) and blood was sam-

pled throughout a period of 2 hours.

2.4 Novel recognition tests

Cognition was assessed monthly using novel object recognition (NOR)

and object location memory (OLM) to track progression of memory

impairment.17 Amemory index scorewas calculated for each test using

the formula: (investigation time of novel cue or position–investigation

timeof familiar cueor position)/(investigation timeof novel cueor posi-

tion + investigation time of familiar cue or position). Results from the

first set of tests were used to assign each rabbit to a diet group so that

baseline memory index scores were similar among the three groups

before beginning the experimental diets.

2.5 Eyeblink conditioning

Rabbits were surgically prepared23,24 and tested for EBC after they

completed ≈ 5 months of diet and repeated memory assays with NOR

andOLM. The conditioning stimulus (CS) was a vibration (250millisec-

onds, 62.5Hz) of the B row of whiskers on the right side of the face.

The unconditioned stimulus (US) was a 150 millisecond puff of nitro-

gen (150 milliseconds, 3 to 5 psi) presented to the cornea of the right

eye. A stimulus-free interval of 500millisecondswas inserted between

the end of the CS and onset of the US. Movement of the nictitating

membrane (NM, third eyelid) was detected with a reflective infrared

sensor after holding the eyelids open with tailor hooks. Extensions of

the NM after CS onset and before US onset were considered condi-

tioned responses (CRs) if the signal changewas at least 4 standarddevi-

ation (SD) greater than the mean of the 250 millisecond baseline sig-

nal for at least 15 milliseconds. Each daily session of EBC presented

80 trials with a random intertrial interval ranging between 30 and

60 seconds.

2.6 MRI acquisition

Images were acquired with a 7T ClinScan MRI scanner, as recently

reported.18 A three-channel custom-made receiver coil (RAPID MR

International) designed with a central aperture was used. The volume

quadrature coil was used for transmission. The acquisition protocol

included a coronal 3D-GRE multi-echo scan with repetition time (TR)

= 68milliseconds and echo times (TEs) as used previously.18

2.7 MRI data analysis

Imageswere analyzed using FMRIBSoftware Library version 6.0 (Anal-

ysisGroup, FMRIB), FSLNets 0.6, andMatLabR2017a (TheMathworks

Inc.), as we did previously.18

RESEARCH INCONTEXT

1. Systematic Review: The authors reviewed relevant liter-

ature using PubMed sources and meeting abstracts and

presentations.

2. Interpretation: Our results demonstrate that dietary risk

factors for Alzheimer’s disease (AD) in a non-transgenic

animal can be used to induce AD-like memory impair-

ment, altered intrinsic functional connectivity, andwhole-

brain and regional increases in quantitative R2*.

3. Future Directions: Future work will address histopatho-

logical changes related to the cognitive impairment

and magnetic resonance imaging-derived results, that is,

altered functional connectivity and regional R2* increases

to identify cellular and sub-cellular changes more specif-

ically. The described model will also be used to analyze

quantified histopathological changes based on the ATN

criteria of amyloid, tau, and neurodegeneration,2 and to

test potential therapeutics against cognitive impairments

and neuropathology.

For the resting state analysis, echo planar images (EPIs) were pre-

processed: (1) all volumes were registered by a rigid transformation to

the central volume andmotion regressorswere removed from the data

to limit motion artifacts effect, (2) a brain mask was generated start-

ing from the bias field corrected mean of the volumes and used as an

inclusive mask for EPI, (3) a common origin was selected for all sub-

jects’ EPIs, (4) time course data were high-pass filtered with a thresh-

old of 0.02 Hz, and (5) images were smoothed using a 0.7 millimeter

Gaussian kernel. The better of the twoMRI acquisitions from each rab-

bit (based on visual inspection of EPI volumes and motion correction

reports) was chosen for further analysis. Functional volumes were reg-

istered to high-resolution 3D images and then to the common template

before independent components analysis (ICA). ICA was run using a

multi-session temporal concatenation pre-selecting 30desired compo-

nents. Resulting components were inspected to identify resting state

and spurious components.

Statistical differences among diet groups were explored using dual-

regression analysis (corrected for multiple comparison using 5000

permutations). A network analysis was performed on time courses

extracted from stage 1 output to assess correlations among the rest-

ing state components across all subjects. For each rabbit a matrix of

Pearson correlation coefficients was calculated, transformed using the

Fisher z-transform and a cross-subject general linear model (GLM)

analysis was performed to explore differences among groups. We also

computed the average correlationmatrix for each diet group, applied a

threshold of r >0.2, created diet group network graphs, and computed

the network efficiencies.

Parametric R2* maps were generated for each rabbit using a voxel-

by-voxel, least-square fitting tool included in the image processing
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software Jim (Xinapse). R2* was used for analysis instead of 1/T2*

because the former is directly proportional to iron deposition and R2*

values are associated with cognitive impairment even during normal

brain aging19 while T2* maps are linked to iron oxide deposition in

a more complex way. Co-registration of all images was accomplished

using the built-in elastic co-registration tools. To conduct robust quan-

titative comparison of R2* data from each experimental groupwe used

a R2* digital quantitative reference map generated previously using

data frommultiplehealthy control rabbits (n=24, frompreviousexper-

iments) as an absolute baseline. Using whole brain and regional R2*

values from this baseline parametric map we computed averaged nor-

malized R2* quantities using the formula
ΔR∗

2

R∗
2

=
(R∗

2
−R∗

2−baseline
)

R∗
2−baseline

. We

determined intrinsic variability of our measurements (by comparing

baseline to control group) to detect possible regional R2* diet-induced

changes in the fat/fructose and cholesterol diet groups.

The average R2* whole brain was calculated excluding ventricles to

eliminate bias in the quantitative assessment. The average regional R2*

values were extracted from the MRI parametric brain maps after re-

alignment and co-registration of all maps.

2.8 Immunofluorescence labeling of tissue slices

Rabbits were perfused (4% paraformaldehyde in phosphate-buffered

saline, pH 7.4) and the brain was post-fixed 1 week, followed by 10%

sucrose for 3 days, then 20% sucrose for at least 3 days (0.02% sodium

azide was added to solutions). Brains were stored in 20% sucrose

solution until sliced (45 μm) for immunohistochemistry. Details of

immunostaining are in the figure legends.

3 RESULTS

3.1 Effects of diets on blood chemistries

Figure 1 shows blood chemistry results across time. Results confirm

success of the diet-induced model for hypercholesterolemia and for

elevated levels of blood glucose as present with Type 2 diabetes.

Rabbits on the cholesterol enriched diet had a large, statistically sig-

nificant, and persistent increase in serum cholesterol as early as 1

month on diet (Figure 1A, F2,19 = 245.3, P < .0001). The average

cholesterol level across time was >1000 mg/dL; rabbits on control

diet averaged 29.5 mg/dL; rabbits on the fat/fructose diet averaged

49.5 mg/dL. The overall difference between the fat/fructose diet and

control diet was not statistically significant. The two rabbits from the

cholesterol group that did not complete the study had serum choles-

terol levels > 1500 mg/dL and signs of liver toxicity. This result led

us to invoke cholesterol-free days for all rabbits assigned to that diet

starting at week 16 on diet. Normal chow was given during weeks

16 to 18, and again during weeks 20 and 24. This feeding schedule

maintained an elevated level of serum cholesterol and prevented liver

toxicity.

Rabbits on the fat/fructose diet exhibited a statistically significant

and persistent elevation in blood glucose levels (BGLs) as of 1 month

on diet (Figure 1B). The level exceeded 126 mg/dL, that is, the value

that is diagnostic of diabetes in humans. Rabbits on cholesterol also

attained a BGL >126, that is, 128 mg/dL, but not until after 4 months

on diet; rabbits on control diet did not exceed 126 mg/dL BGL. Differ-

ences in BGL among the groups were statistically significant accord-

ing to repeated measures analysis of variance (ANOVA; F2,19 = 8.6, P

= .0022) and were detected as early as 1 month from start of the diet

(fat/fructose: 133.7 ± 4.2, cholesterol: 115.9 ± 2.4, control: 113.8 ±

2.4). Post hoc Fisher’s tests indicated that the BGL of rabbits on the

fat/fructose dietwas significantly greater than theBGL from rabbits on

either the control or cholesterol diets (P= .0042 and P= .013, respec-

tively). The fat/fructose diet was also associated with an increase in

circulating triglycerides (F2,19 = 7.7, P = .0035) due to an increase in

the rabbits on the fat/fructose diet (Figure 1C). A persistent and signif-

icantly elevated triglyceride level was seen after 1month on diet and is

predictive of amyloid and tau pathology years later in humans.26 Rab-

bits on control diet had a mean triglyceride level of 48.4 ± 3.2 mg/dL

that did not change significantly across time. Rabbits on fat/fructose

diet had a mean level of 170.7 ± 19.3 from 1 to 4 months on the diet.

The mean triglyceride level of rabbits on the cholesterol diet spiked on

F IGURE 1 Experimental diets induced either hypercholesterolemia or elevated blood glucose levels, as intended. A,Monthly lipid profiles
revealed hypercholesterolemia induced by the diet enrichedwith 2% cholesterol (and 0.12 ppm copper in their purified [RO] drinking water). B,
Elevated blood glucose levels (as associated with Type 2 diabetes) was achieved in rabbits on a diet enrichedwith 30% fructose and 10% saturated
fat (as coconut oil), that is, blood glucose level (BGL)>126mg/dL. C, Diet significantly affected triglyceride levels due to an increase in the rabbits
on the fat/fructose diet. D, A glucose tolerance test was done at either 21 or 24weeks after the start of the diets (cohorts 1 and 2, respectively).
Post hoc analysis of variance for each timepoint after the glucose injection revealed that rabbits on the fat/fructose diet exhibited impaired
glucose tolerance relative to the other groups at 90 and 120minutes after the glucose injection
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F IGURE 2 Differential effects of experimental diets on cognitive behaviors. Shown are plots of discrimination scores for object location (A)
and for object recognition (B) across time (baseline, week 5, week 11). A score of 1.0 indicates investigation of only the novel location or novel
object; a score of 0.0 indicates equal investigation times for both locations or objects. An analysis of variance (ANOVA) revealed a statistically
significant difference for object locationmemory among the diet groups. C, Trace eyeblink conditioning (EBC) was significantly impaired by both
experimental diets, but muchmore so by the fat/fructose diet. Post hoc least significant difference (LSD) tests revealed that rabbits on the
fat/fructose diet exhibited significantly fewer conditioned responses (CRs) than rabbits on either the control or cholesterol-enriched diet (P=
.037). An ANOVA on the percent of CRs during the final session of trace EBC confirmed a significant difference among the groups (F2,18 = 7.6, P=
.004) and post hoc LSD tests revealed that rabbits on either the cholesterol or fat/fructose diet exhibited significantly fewer CRs than rabbits on
the control diet (P= .019, P= .001, respectively)

the last reading due to a large increase in two rabbits at that timepoint,

that is, 711 and 576mg/dL.

The fat/fructose diet also impaired glucose tolerance (Figure 1D)

as revealed by repeated samplings of BGL after the injection of 0.6

g/Kg glucose (iv). An ANOVAof pretest baseline values revealed a non-

statistically significant elevation in BGL due to the fat/fructose diet

(130.3 vs. 118.9 [controls] and 108.3 [cholesterol], F2,19 = 2.2, P =

.137), and post hoc ANOVA for each time point after the glucose injec-

tion revealed that rabbits on the fat/fructose diet exhibited impaired

glucose tolerance relative to the other groups at 90 and 120 minutes

after the glucose injection (F2,19 = 6.6, P = .0065 and P = .0064 for

the90 and120minutes timepoint, respectively, comparison byFisher’s

predicted least significant difference test).

3.2 Experimental diets impair
hippocampal-dependent memory

3.2.1 Spatial and object memory

High-fidelity spatial memory requires the hippocampus (and not

perirhinal cortex) while object recognition requires the perirhinal

cortex (and not hippocampus).27–30 Both experimental diets signif-

icantly impaired spatial memory, as determined with the assay for

OLM (F2,21 = 3.9, P = .036). Rabbits on both the cholesterol-enriched

diet and the fat/fructose–enriched diet had significantly poorer mem-

ory for object location based on discrimination index scores accord-

ing to post hoc least significant difference test (P = .0173 and

.0372, respectively, Figure 2A). The impairment was present after 5

weeks of diet and persisted through 11 weeks of diet (Figure 2A).

Novel object recognition was not significantly impaired by either diet

(Figure 2B).

3.2.2 Temporal associative memory

Both experimental diets impaired forebrain- and cerebellar-dependent

trace EBC.28–35 Acquisition is also impaired by aging in rabbits21,22 and

humans.36,37 Rabbits on the fat/fructose diet acquired trace EBC at a

significantly slower rate than the rabbits on either the control diet or

the cholesterol-enriched diet (Figure 2C), and both diet groups per-

formed significantly worse than rabbits on the control diet during the

final conditioning session. A two-way repeated-measures ANOVA for

the percent of CRs revealed a significant interaction of diet group and

days of conditioning (F36,324 = 1.68, P = .011). Post hoc least signif-

icant difference (LSD) tests revealed that rabbits on the fat/fructose

diet exhibited significantly fewer CRs than rabbits on either the con-

trol or cholesterol-enriched diet (P= .037). An ANOVA on the percent

of CRs during the final session of trace EBC confirmed a significant

difference among the groups (F2,18 = 7.6, P = .004) and post hoc LSD

tests revealed that rabbits on either the cholesterol or fat/fructose diet

exhibited significantly fewer CRs than rabbits on the control diet (P =

.019, P= .001, respectively).

3.3 Experimental diets reduce intrinsic
connectivity among resting-state brain networks

An analysis of the intrinsic functional connectivity data among neu-

ral networks in the rabbit brain at rest24 replicated previous results,35

except for independent bilateral cerebellar networks instead of one

common cerebellar network. The 10 independent networks are shown

inFigure3A.The correlationmatrix for all thenodes for eachdiet group

is shown in Figure 3B, and a ball-and-stick connectivity map of the net-

work for each diet is shown in Figure 3C. Note that the retrosplenial

cortex is amajor node in the network, that the fat/fructose diet greatly
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F IGURE 3 Experimental diets alter intrinsic brain connectivity in awake rabbit, as assayedwith functional magnetic resonance imaging. A,
Group independent components analysis analysis of all animals identified 10 resting state components: retrosplenial cortex, cingulate cortex,
occipital cortex, hippocampus, thalamus, motor cortex, striatum, right cerebellum, left cerebellum, and entorhinal cortex. B, Differences and
interactions among the network nodes can be assessed visually with the color intensity matrices and ball-and-stick graphs. C, A general linear
model analysis of the correlationmatrices revealed significant differences in three contrasts: control group> fructose group in the correlation
between the cingulate cortex and themotor cortex (Pcorrected < .05); control group> cholesterol group in the correlation between cingulate cortex
andmotor, and in the correlation between retrosplenial cortex andmotor cortex (Pcorrected < .05). The fructose group is not represented because
there was no significant functional connectivity between retrosplenial cortex andmotor cortex for this diet group. Red crosses represent values
>1 standard deviation from themean
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F IGURE 4 Representative anatomical (A) and R2*images (B) for each group of rabbits. C, Baseline R2* map example (longitudinal and coronal)
used for comparative analysis and corresponding anatomical image; image at right shows our digital reference standard compiled from 24 control
rabbits. D, 3D rendering and 2D images showing regions of interest used to extract quantitative values for analysis

reduces connectivity between it and the rest of the network, and that

the fat/fructose diet functionally disconnects the cerebellum, entorhi-

nal cortex, and motor cortex from each other and the rest of the net-

work. Efficiencies of the network among resting state components39

were: 0.7 (controls), 0.27 (fat/ fructose), and 0.1 (cholesterol).

Effects of cholesterol on network connectivity were remarkable. It

greatly reduced connectivity among nodes and effectively isolated the

entorhinal cortex, hippocampus, retrosplenial cortex, and cerebellum

from each other (Figure 3B). Analyses using a GLM model indicated

that relative to the control diet, both experimental diets significantly

reduced connectivity in the cingulo-motornetwork (Figure3C); choles-

terol also significantly reduced connectivity in the retrosplenial-motor

network. The GLM correlation matrices revealed significant differ-

ences in three contrasts: fructose< control in the correlation between

the cingulate cortex and the motor cortex (Pcorrected < .05), choles-

terol < control in the correlation between cingulate cortex and motor,

and in the correlation between retrosplenial cortex and motor cortex

(Pcorrected < .05).

Shown in Figure 4A areMR images showing representative longitu-

dinal anatomical views from each group. The corresponding R2* maps

are shown in Figure 4B. Shown in Figure 4C is a representative coronal

and axial R2* parametric image from our baseline data set (n= 24 con-

trol rabbits). Regions with higher R2* values (or lower T2* values) com-

pared to control group (and baseline) are notable in Figure 4B in both

diet-fed cohorts. Figure 4D depicts qualitative 2D and 3D renderings

showing the regions of interest used for quantitative analysis.

3.4 Experimental diets yield
immunohistochemical markers of AD-like
neuropathology

An in-depth histopathological evaluation is beyond the scope of this

study. However, we show examples for both amyloid oligomers and

phospo-tau for each diet group in Figure 5. The CA fields and the den-

tate gyrus of hippocampus were stained with ACU193 or NU2 (for

amyloid oligomers) andwith AT8 for phosphorylated tau (p-tau). These

examples suggest that amyloid oligomers and p-tau become elevated

in the hippocampus of aging rabbits fed with special diets compared

to the control diet, in agreement with our reported behavioral, rsfMRI

connectivity, and R2* quantitative analyses.

4 DISCUSSION

The results support the use of rabbits as an animal model to study

the involvement of risk factors related to the genesis of AD-like cog-

nitive deficits and alterations of intrinsic connectivity. The human-like
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F IGURE 5 Experimental diets increase Alzheimer’s disease–related pathology detected using immunohistochemical fluorescence detection.
Examples of immunohistochemical staining for amyloid oligomers (ACU193 andNU2) and phosphorylated tau (AT8 p-tau) in hippocampus of
rabbits that were fed the control diet (top row), a diet enrichedwith 2% cholesterol (middle row), or a diet enrichedwith 10% saturated fat and
30% fructose (bottom row). ACU193 andNU2 (left and center, respectively) were imaged using the Lionheart automatedmicroscope. Images
collected from a full-slide scan at 10×were stitched together, then regions of interest were thresholded uniformly using ImageJ. Red on the images
denotes specific signal above the determined threshold for the set of images. AT8 (right) images were collected using the Leica SP8 confocal
microscope at 63×. Data shows an increase in AT8 (green) positive sites in the dentate gyrus of experimental diet animals over signal detected in
the control diet animals. Increased p-tau was also seen in other hippocampal regions as well as frontal and temporal cortex (data not shown).
Selected slices were washedwith Tris-buffered saline (TBS) three times for 10minutes each, permeabilized with 0.3% Triton X-100 (Sigma) in TBS
(working buffer) for 30minutes at room temperature, then blockedwith 10% normal goat serum (NGS) diluted in working buffer for 60minutes at
room temperature. Slices were incubated with ACU193, a humanizedmonoclonal antibody against AβOs, at 1 μg/mL, or NU2, a mousemonoclonal
against AβOs,25 at 1.5 μg/mL, or AT8, anti-phospho tau (Ser 202, Thr 205) (Invitrogen), at 1:500 diluted in 10%NGS. Slices were incubated at 4◦C
for 3 days on an orbital shaker. After washing three times for 30minutes eachwith working buffer at room temperature, slices were incubated
with the AlexaFluor secondary (Invitrogen), anti-human for ACU193 or anti-mouse for AT8 andNU2, diluted 1:2000 in 1%NGSworking buffer at
4◦C overnight. Slices were washed three times (15minutes each) in TBS, thenmounted on SuperFrost slides. Images were collected using the Leica
TCS SP8 confocal microscope or BioTek Lionheart FXmicroscope

amino acid sequence for rabbit amyloid; structural similarity of rabbit

and human tau; human-like lipid physiology; an APOE sequence that

is 80% homologous to the APOE ε3 isoform,40 the most common iso-

form in humans; and a spontaneous ability for rabbits to develop Type

2 diabetes,41 make the rabbit a good model to study the genesis of AD

and the effects of potential therapeutics. The rabbit provides an addi-

tional tool alongside murine genetic models to investigate more thor-

oughly the underlyingmechanisms and causes of AD.

In our study, WT rabbits allowed an examination of diabetic-like

changes without the use of the relatively rare heritable hyperlipidemia

exhibited in the Watanabe rabbit,42 which has a deletion of the bind-

ing domain of the low-density lipoprotein receptor43 and which has

been used to examine mechanisms related to high cholesterol44 and

Type 2 diabetes.42 Each diet produced the expected results in blood

chemistries, and similar impairments on OLM, but differential effects

on forebrain-dependent trace EBC were found, that is, rabbits on

fat/fructose were impaired, while rabbits on the high cholesterol diet

were not impaired until late in training; and differential effects on func-

tional connectivity were found, that is, cholesterol dramatically disso-

ciated functional connectivity among the nodes of the retrosplenial-

motor network while the fat/fructose diet impaired functional connec-

tivitywithin the cingulo-motor network, but to a lesser degree than the

effect of cholesterol on the retrosplenial-motor cortex network.

As reported by the Ronald laboratory,45 cholesterol-enriched diet

in rabbits was associated with signal voids and hypointensities in

T2*-weighted MRI. Correlation of the MRI hypointense regions with

iron-rich regions (according to Prussian blue staining) suggests a link

with amyloid plaque formation as reported by immunohistochemistry

data.45 While interpretation of these quantitative changes has not

achieved widespread consensus, the presence of hypointense regions
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F IGURE 6 Metabolic pathwaysmediating pathological effects of (A) cholesterol- or (B) fructose-enriched diets that lead to increased amyloid,
phosphorylated tau, Type 2 diabetes, andmetabolic syndrome. Panel Awas adapted fromMarwarha et al.48

in T2*-weightedMR images is linked to cellular-level changes and could

potentially reflect onset of amyloid neurodegenerative progression.

For this reason, we quantitatively analyzed parametric R2* maps, that

is, 1/T2*, extracting both whole-brain as well as regional averages for

each cohort of rabbitswith thegoal of detectingR2*patterns that could

reflect the neurodegenerative progression in our diet-based models.

Interestingly, the results showed relative trends across groups that

were similar to those observed in the behavioral data, with overall

increase of R2* in both diet groups compared to the control group

throughout the brain. Overall, these results suggest that understand-

ing etiological differences among people diagnosedwith ADmight lead

tomore specific treatments for each etiology.

A convergence of different etiologies onto common pathological

mechanisms might occur at the level of glycogen storage and/or mito-

chondrial function in which metabolism and energy production inter-

sect in neurons and glia. Increased absorption of glucose leads to

increased release of insulin and increased availability of glucose to

cells. However, high-fructose corn syrup in the modern diet drives

metabolism toward glycogen storage and an increased likelihood for

metabolic syndrome and diabetes, especially when combined with a

high-fat diet aswe have used here. High-fat diet in rats has been shown

to impair a hippocampal-dependent object location task46 and sponta-

neous alternation and intrinsic excitability of hippocampal CA1 pyra-

midal neurons47 which is required for neuroplasticity and acquisition

of trace EBC. Those changes could be related to the impaired EBC

and resting state functional connectivity reported here, andwhichmay

serve as biomarkers for potential therapeutics for the treatment of

cognitive impairments.

At the molecular level, increased serum cholesterol decreases the

concentration of leptin, which then drives an increase in beta amy-

loid cleaving enzyme (BACE1) and a decrease in insulin-degrading

enzyme, both of which increase the production of amyloid beta. Inter-

actions with leptin have been studied in the rabbit and in organ-

otypic slices of rabbit hippocampus.45 Decreasing levels of leptin also

drive the phosphorylation of tau (Figure 6). The fat/fructose diet also

promotes the development of Type 2 diabetes and metabolic syn-

drome, fructose in particular, and its increased use via high-fructose

corn syrup is associated with increased neurodegeneration and tau

deposition.49

Combining the rabbit model with additional transgenic models has

the potential to provide a comprehensive set of tools for multi-scale

characterization of molecular mechanisms underlying AD pathophys-

iology and the effects of potential therapeutics on progression of the

disease. In addition, our model can be used effectively for compre-

hensive therapeutic testing of novel treatments through the use of

behavioral tests (i.e., the temporal association trace EBC assay and

the object location test), and through MRI detection of iron oxide

labeled agents that target amyloid oligomers (an early biomarker

for AD) as reported for rabbits injected with synthetic amyloid

oligomers.50
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