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mTOR drives cerebral blood flow
and memory deficits in LDLR�/�

mice modeling atherosclerosis
and vascular cognitive impairment

Jordan B Jahrling1, Ai-Ling Lin2, Nicholas DeRosa1,
Stacy A Hussong1, Candice E Van Skike1, Milena Girotti3,
Martin Javors4, Qingwei Zhao5, Leigh Ann Maslin6,
Reto Asmis6,7 and Veronica Galvan1

Abstract

We recently showed that mTOR attenuation blocks progression and abrogates established cognitive deficits in

Alzheimer’s disease (AD) mouse models. These outcomes were associated with the restoration of cerebral blood

flow (CBF) and brain vascular density (BVD) resulting from relief of mTOR inhibition of NO release. Recent reports

suggested a role of mTOR in atherosclerosis. Because mTOR drives aging and vascular dysfunction is a universal feature

of aging, we hypothesized that mTOR may contribute to brain vascular and cognitive dysfunction associated with

atherosclerosis. We measured CBF, BVD, cognitive function, markers of inflammation, and parameters of cardiovascular

disease in LDLR�/� mice fed maintenance or high-fat diet� rapamycin. Cardiovascular pathologies were proportional to

severity of brain vascular dysfunction. Aortic atheromas were reduced, CBF and BVD were restored, and cognitive

dysfunction was attenuated potentially through reduction in systemic and brain inflammation following chronic mTOR

attenuation. Our studies suggest that mTOR regulates vascular integrity and function and that mTOR attenuation may

restore neurovascular function and cardiovascular health. Together with our previous studies in AD models, our data

suggest mTOR-driven vascular damage may be a mechanism shared by age-associated neurological diseases. Therefore,

mTOR attenuation may have promise for treatment of cognitive impairment in atherosclerosis.
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Introduction

The symptomatic pathology of neurodegeneration such
as that associated with Alzheimer’s disease (AD) results

from prolonged dysfunction at a cellular level that pre-
cedes symptoms by years and likely even decades.1 It is
well established that many of the known risk factors for
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AD and other dementias prominently include car-
diovascular dysfunction and atherosclerosis.2,3

These disease processes have profound effects on both
peripheral and central vascular function,4,5 and thus
improvement of cardiovascular capacity also enhances
cognitive function in humans.6–8 Accordingly, in
an effort to develop early stage interventions, the
investigation of known risk factor mechanisms and
contributions to AD pathogenesis are active areas
of research.

Serum cholesterol levels prominently factor in the
development of cardiovascular disease9 and abnormal
cholesterol metabolism is increasingly being linked with
cognitive impairment.10,11 Members of the lipoprotein
family are tasked with the transport of cholesterol, tri-
glycerides, and phospholipids. Increasing blood levels
of the low density lipoprotein (LDL) have been asso-
ciated with atherosclerosis and cardiovascular dis-
ease,12 which are themselves recognized as risk factors
for dementias.2,3,13 In humans, gene mutations of the
LDL receptor (LDLR), which removes LDL from the
circulation via endocytosis, result in familial hyperchol-
esterolemia,14 a condition that is linked to premature
coronary heart disease.15 LDLR also recognizes apoli-
poprotein E (ApoE) which is believed to play a signifi-
cant role in AD pathogenesis.3

The LDLR knock out mouse (LDLR�/�) is a model
for atherosclerosis and related cardiac dysfunction.
These mice exhibit significant elevations in plasma
cholesterol and rapid, progressive development of
atherosclerosis, further exacerbated by a high fat diet
(HFD). While cognitive deficits in LDLR�/� mice were
suggested,16,17 little is known regarding the extent or
mechanisms of dysfunction and their relation with
hypercholesterolemia and brain vascular damage. In
the present study, we measured parameters of periph-
eral and central vascular function, determined cognitive
outcomes as specific forms of learning and memory,
and defined the role of mTOR in maintenance- or
HFD-fed LDLR�/� mice. As suggested by previous
studies,18,19 systemic attenuation of mTOR with rapa-
mycin reduced atherosclerotic lesions. In addition, we
report that mTOR attenuation abolished profound
functional and structural neurovascular deficits and
ameliorated memory impairment in LDLR�/�

animals, while reducing parameters of vascular and sys-
temic inflammation. Our studies suggest a critical role
of mTOR in mechanisms of neurovascular damage
associated with inflammatory processes of atheroscler-
osis. Attenuating mTOR activity, an intervention that
extends lifespan and improves critical aspects of health-
span in mice, including the restoration of cognitive
function in mouse models of AD, may also be of
value in the treatment of cognitive impairment asso-
ciated with atherosclerosis.

Materials and methods

Animal, diets and experimental design

All studies were performed under approval of
the UTHSCSA Institutional Animal Care and Use
Committee (Animal Welfare Assurance Number:
A3345-01) – which adheres to the Animal Welfare
Act, the Guide for the Care and Use of Laboratory
Animals, the Public Health Service Policy on Humane
Care and Use of Laboratory Animals, and the
US Government Principles for the Utilization and
Care of Vertebrate Animals Used in Testing,
Research, and Training – and also in compliance with
the ARRIVE guidelines (Animal Research: Reporting
In Vivo Experiments) for reporting animal experiments.
Group size calculations for in vivo experiments were
based on MWM because it has the highest variability.
We estimated group sizes of n¼ 12 as sufficient to pro-
vide .85 power to detect an effect f¼ 0.4 with overall
SD¼ 15% and alpha¼ 0.05 in RM-ANOVA). SAA
and IL-6 were measured in serum and brain of the
same animals that were tested in the MWM, respect-
ively. CBF studies utilized animals that were not
included in MWM and had been generated to be
matched for age with those in MWM studies. From
our prior studies,20 we determined that five mice per
group would provide .8 power to detect an effect
f¼ 0.9 with overall SD¼ 7% and alpha¼ 0.05 in
ANOVA. We verified that our MWM and CBF studies
were adequately powered (n¼ 4 to have .85 power to
detect an effect f¼ 1.15 with overall SD¼ 10.4% and
alpha¼ 0.05 in ANOVA, and n¼ 9 to have 0.84 power
to detect an effect f¼ 1.36 with overall SD¼ 9.5% and
alpha¼ 0.05 in RM-ANOVA for MWM and CBF stu-
dies respectively). Studies of brain vascular density
(BVD) using n¼ 4 provided .85 power to detect an
effect f¼ 1.14 with overall SD¼ 6.33% at alpha¼ 0.5
in ANOVA. HFD-fed LDLR�/� mice showed acceler-
ated weight loss and high mortality as a result of intra-
peritoneal injection of rapamycin; thus, this group was
removed from ANOVA of CBF and VD data.

Tissues from animals that were used in CBF experi-
ments were not utilized for any other determinations.
For all studies, treatment groups were randomized by
parentage. We minimized potential misidentification of
animals in behavioral and functional imaging studies
by using unique animal identifiers that were perman-
ently tattooed on the tail.

Aortic arch lesion area studies used estimated group
sizes of n¼ 6 as sufficient to provide .95 power to detect
an effect f¼ 0.5 with overall SD¼ 5% and alpha¼ 0.05
in 2W-ANOVA. For comparisons of two independent
means group sizes using t tests, we estimated group
sizes of n¼ 6 as sufficient to provide 0.8 power to
detect an effect d¼ 1.8 with overall SD¼ 5% and
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alpha¼ 0.05 in two-tailed Student’s t test. For ventricle
mass studies, we estimated group sizes of n¼ 8 as
sufficient to provide 0.8 power to detect an effect
f¼ 0.38 with overall SD¼ 8% and alpha¼ 0.05 in
two-way ANOVA.

Personnel performing experiments identified animals
only by the animal identifier and were blinded from
genotype and treatment assignment. Male and female
LDLR�/� (B6.129S7-LdlrtmlHer/J, Jackson
Laboratories, Bar Harbor, ME) or C57Bl/6 (hereafter
referred to as ‘WT’, Jackson Laboratories, Bar Harbor,
ME) mice were housed �5/cage and maintained on a
12-h light/12-h dark cycle. WT and LDLR�/� mice
were fed maintenance (AIN-76A, BioServ) diet, while
additional LDLR�/� mice were fed high fat diet (HFD;
21% saturated milk fat, 0.2% cholesterol, supplemented
into AIN-76A, BioServ). Encapsulated rapamycin
(14 ppm) prepared as described21 was supplemented
into HFD. Control HF diet was also prepared which
contained eudragit only (HF Eud); Eudragit is the
encapsulation material for rapamycin that aids in enteric
drug absorption. Animals were euthanized by isoflurane
overdose followed by cervical dislocation or by CO2

overdose followed by cervical dislocation. Brain was dis-
sected within �1.5–2min of death. Blood was collected
post-mortem from heart.

Animal cohorts

Cohort 1: mice of both sexes were treated at 8–10 weeks
of age for 10, 20 or 30 weeks, corresponding to
expected aortic lesion states I and II, I, II and III and
I, II, III and IV. Cohort 2: males aged to 28 weeks were
treated intraperitoneally (IP) with either rapamycin
(10mg/kg) or vehicle every other day for 16 weeks, at
which time MRI studies to investigate CBF and BVD
were performed. IP administration of rapamycin was
utilized for these studies due to temporary unavailabil-
ity of supplemented chow due to licensing of the for-
mulation; IP delivery of rapamycin has been shown to
be equivalent to enteric delivery via chow supplemen-
tation.22 Cohort 3: a crossover design in which mice
were fed a HFD þ/� rapamycin for 15 weeks starting
at 20 weeks of age, then switched to the opposite diet
for 15 weeks. Cohort 4: an all-male group fed mainten-
ance or HFD þ/� rapamycin beginning at 28 weeks of
age for 20 weeks. Only males were used to avoid poten-
tial confounds related to variability in female perform-
ance in the Morris water maze (MWM).23,24 All
behavioral testing was performed at 12 months of
age. Prior studies reported cognitive deficits in
LDLR�/� mice at seven to eight months of age25;
since we aimed to model treatment and not prevention
of these deficits, Cohort 2 and 4 studies were designed
accordingly.

Note: The LDLR�/� model of atherosclerosis relies
on the use of HFD. In an effort to remain consistent
with prior knowledge in the field, we designed
our experiments such that the efficacy of mTOR inhib-
ition by rapamycin was tested in the best-established
LDLR�/� model of atherosclerosis, using HFD-fed
LDL mice treated with Eudragit-supplemented or rapa-
mycin-supplemented chow. Due to time limitations, a
maximum of 60 animals can be tested in the Morris
water maze (MWM) in a single study. Accordingly,
maintenance chow-fed LDLR�/�, rapamycin-fed
groups were excluded for all experiments with the
exception of Cohort 2 (MRI-based studies, Figure 4).
The inclusion of maintenance chow-fed LDLR�/�

rapamycin-fed groups in MRI studies was possible in
MRI studies because sample sizes adequate to identify
differences in group means for those measures were
smaller than those calculated for MWM studies.

Blood analysis

Mice were fasted overnight and sacrificed with blood
collection via cardiac puncture. Rapamycin levels in
whole blood were determined at 30 weeks by LC/MS.
Remaining blood was centrifuged and plasma samples
were collected and analyzed for total cholesterol (Total
Cholesterol E Kit, Wako Chemicals, Richmond, VA)
and trigylycerides (L-type Triglycerides M, Wako
Chemicals, Richmond, VA).

Fasting glucose

Mice were fasted overnight for 16 h. Blood was col-
lected from the tail vein and tested using a handheld
glucose monitor (LifeScan One Touch Ultra).

Measurement of rapamycin (RAPA) using
HPLC-tandem MS

The HPLC system consisted of a Shimadzu SCL-10A
Controller, LC-10AD pump with a FCV-10AL mixing
chamber, SIL-10AD autosampler, and an AB Sciex API
3200 tandem mass spectrometer with turbo ion spray.
The analytical column was a Grace Alltima C18
(4.6� 150mm, 5m; Alltech (Deerfield, IL)) and was
maintained at 60�C during the chromatographic runs
in a Shimadzu CTO-10A column oven. Additional
details are available in the supplementary materials.

Measurement of markers of inflammation

Serum amyloid A (SAA) was measured in serum using
an SAA ELISA Kit (Invitrogen). Briefly, samples were
diluted in diluent buffer and added to microplate wells
in duplicate. An equivalent volume of anti-SAA HRP
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was added and the plate was covered and incubated for
1 h at 37�C. Wells were then gently aspirated, washed
4� with wash buffer, and substrate was added to each
well. The plate was covered and incubated for 15min at
RT. After addition of stop solution, absorbance at
450 nm was measured using 630 nm as a reference.

Total RNA extraction

RNA extracts were prepared from microvessel-depleted
brain samples using the RNAqueous-4PCR Kit
(Ambion) under RNase-free conditions following the
manufacturer’s protocol. Additional details of this
method can be found in the supplementary materials.

cDNA synthesis and real-time quantitative PCR

cDNA synthesis and real-time quantitative PCR were
performed as described previously.26 Details of this
method can be found in the supplementary materials.

Preparation of brain vascular lysates

Brain vascular lysates were prepared as described pre-
viously.20 Details of this method can be found in the
supplementary material.

Immunoblotting

Samples were resolved by SDS-PAGE (Bio-Rad, 10%
Mini-PROTEAN TGX) and electroblotted onto nitro-
cellulose membrane (GE Healthcare). Additional
details are provided in the supplementary material.

Antibodies

The following primary antibodies were used for
immunoblotting: phospho-rpS6 (Cell Signaling, 1:
1000); rpS6 (Cell Signaling, 1:1000); Actin (UBP Bio,
1:5000). The following secondary antibodies were used
where appropriate: Goat anti-Mouse IgG Poly HRP
(Pierce, 1:20,000); Goat-anti-Rabbit IgG Poly HRP
(Pierce, 1:20,000).

Analysis of atherosclerosis

Atherosclerosis was analyzed as previously
described.27,28 Further detail is available in the supple-
mentary material.

Non-invasive measurement of cardiopulmonary
parameters

Mice were temporally anesthetized (1–4% inhaled iso-
flurane), and left ventricle hypertrophy was measured

using the VEVO 2100 digital ultrasound microimaging
system (VisualSonics) as previously described.29

Morris water maze

The Morris water maze30 was used to test spatial
memory as described.20 Further detail is available in
the supplementary material.

Spatial novelty

Mice were trained with three visually distinct but com-
parably sized objects. During testing, one object was
moved to a new location within the chamber and
exploration was monitored. Additional details of this
task are available in the supplementary material.

Cerebral blood flow measurements

Quantitative CBF (mL/g/minute) was measured using
MRI-based continuous arterial spin labeling tech-
niques31 as previously described20 Briefly, measure-
ments utilized a horizontal 7T/30 cm magnet and a 40
G/cm BGA12S gradient insert (Bruker, Billerica, MA,
USA). A small circular surface coil (ID¼ 1.1 cm) was
placed on top of the head and a circular labeling coil
(ID¼ 0.8 cm), built into the cradle, was placed at
the heart position for continuous arterial spin labeling.
The two coils were positioned parallel to each other,
separated by 2 cm from center to center and were
actively decoupled. Paired images were acquired in
an interleaved fashion with field of view¼ 12.8�
12.8 mm2, matrix¼ 128� 128, slice thickness¼ 1mm,
9 slices, labeling duration¼ 2100ms, TR¼ 3000ms,
and TE¼ 20ms. Continuous arterial spin labeling
image analysis employed codes written in Matlab
(Natick, MA, USA)31 and STIMULATE software
(University of Minnesota, Minneapolis, MN, USA) to
obtain CBF.

Vascular density measurement

Magnetic resonance angiography was acquired as pre-
viously described.20 Briefly, three-dimensional gradient-
echo MR imaging with flow compensation was used
with following parameters: repetition time/echo time-
¼ 26/4.3 milliseconds; field of view¼ 12.8� 12.8mm2;
acquisition matrix¼ 128� 128� 192; repetition n¼ 4.
The magnetic resonance angiography was taken
before and after monocrystalline iron oxide nanoparti-
cle (MION) injection through the tail vein (30mg/kg)
and blood vessel intensity was calculated as the change
in transverse relaxivity between images. Image analysis
was performed using custom-written programs
(Matlab; MathWorks, Natick, MA, USA). ‘‘S-1/3’’
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indicates the overall MRI signal as calculated by the
equation �R2/(�R2*)2/3 as described.32

Statistical analyses

Statistical analyses were performed using GraphPad
Prism (GraphPad, San Diego, CA, USA) and included
two-way ANOVA, one-way ANOVA, or Student’s
t test as appropriate, as denoted in the figure legends.
All data are means� SEM with p< 0.05 considered
significant.

N.B. Additional methods and details of those listed
above can be found in the supplementary material.

Results

Reduced phosphorylation of mTOR targets
in rapamycin-treated LDLR-/- mice

To determine cardiovascular and cerebrovascular con-
sequences of mTOR attenuation in LDLR�/�mice, we
generated four experimental cohorts (Table 1 and
Methods).

Analysis of Cohort 1 samples demonstrated no sig-
nificant differences in uncoagulated blood rapamycin
levels in females and males (1.62� 0.48 ng/ml for
females and 0.78� 0.23 ng/ml for males at 30 weeks
of treatment, p¼ 0.137, Figure 1(a)). To determine
whether rapamycin treatment attenuated mTOR activ-
ity in our studies, we measured rpS6 phosphorylation, a
downstream target of mTOR signaling whose phos-
phorylation is reduced by rapamycin treatment in
mouse visceral adipose tissue, heart, and brain.21,33–35

In agreement with previous studies,21,33,36 phosphoryl-
ation of rpS6 was significantly decreased in aortas of
Cohort 1 LDLR�/� mice following 20 weeks of

rapamycin treatment as compared to control-treated
animals (Figure 1(b)). Similarly, phosphorylation of
rpS6 was significantly decreased in brain vasculature
of rapamycin-treated HFD-fed LDLR�/� animals in
Cohort 4 (Figure 1(c)). No differences in mTORC2 sig-
naling measured as phosphorylation of Akt at Ser473
were observed between rapamycin- and control-treated
animals (Supplementary Figure 1).

It has been shown that rapamycin does not accu-
mulate in liver, and that liver levels of rapamycin rep-
resent an effective proximal measure of blood levels of
the drug.37 Indeed, chronic rapamycin-supplemented
HFD-feeding of Cohort 4 animals resulted in average
liver rapamycin levels of 14.1 pg/mg (Figure 1(d)),
which were comparable to rapamycin levels in livers
of male C57BL/6 mice treated with the same chow as
reported,33,38 and correspond to 3–4 ng/ml in blood.38

Cohorts 2 and 3 mice were not tested as these groups
underwent comparable treatment to Cohort 4 mice in
regards to treatment onset and duration.

Chronic mTOR attenuation decreases body weight
and fat mass in aged HFD-fed LDLR�/� mice

Female, but not male HFD-fed LDLR�/� mice of
Cohort 1 exhibited significantly lower body weight fol-
lowing chronic mTOR attenuation with rapamycin
(Figure 2(a)) when compared to LDLR�/� mice fed
HFD containing only eudragit, the encapsulation
material for rapamycin. Both sexes showed a significant
elevation in plasma triglycerides (Figure 2(a)), despite
no differences in blood glucose (Figure 2(f)) nor chol-
esterol levels (Figure 2(g)). In spite of the observed ele-
vation in plasma triglyceride levels, percent fat mass
decreased in rapamycin-treated mice in this cohort
(Figure 2(b)). Similarly, chronic mTOR attenuation in

Table 1. Animal cohorts.

Age at start Route and dose Duration Sex Rapamycin blood levels Measures

Cohort 1 2–2.5 months Enteric (chow)

14 ppm

10, 20 or 30

weeks

Male and

female

1.62 ng/ml (F)

0.78 ng/ml (M)

Plaque area (IHC)

Ventricle mass

Cohort 2 7 months Intraperitoneal

(10 mg/kg)

16 weeks Male Not measured (liver

rapamycin levels of

14.1 pg/mg equivalent

to 3–4 ng/ml in

blood)

CBF and BVD

(MRI)

Cohort 3 5 months Enteric (chow)

14 ppm

15 weeks

crossover

Male and

female

Not measured Plaque area (IHC)

Cohort 4 7 months Enteric (chow)

14 ppm

16 weeks Male 3–4 ng/ml Memory (NOR,

MWM)

mTOR: mechanistic target of rapamycin; AD: Alzheimer’s disease; LDL: low density lipoprotein; CBF: cerebral blood flow; BVD: brain vascular density;

LDLR: low-density lipoprotein receptor; NO: nitric oxide; HFD: high fat diet; WT: wild type; MWM: Morris water maze; SN: spatial novelty; SAA:

serum amyloid A; ApoE: apolipoprotein E; IL-6: interleukin 6.
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Cohort 4 mice lowered both overall body weight
(Figure 2(c)) and percent fat mass (Figure 2(d)). As
expected, weight gain was significantly increased in
HFD-fed LDLR�/� mice of Cohort 4 as compared to
animals on maintenance diet, with the most dramatic
effects seen in the first eight weeks before reaching a
stable range of body weight. Interestingly, this HFD-
mediated weight gain was significantly attenuated in
rapamycin-treated LDLR�/� mice (Figure 2(c)), sug-
gesting that systemic attenuation of mTOR activity
may inhibit fat accumulation in LDLR�/� mice either
by changes in fat metabolism or storage.

To determine whether chronic mTOR attenuation
may affect body mass composition, we performed
quantitative magnetic resonance on Cohort 4 mice at
12 months of age. Whereas percent fat mass in main-
tenance diet-fed LDLR�/� mice (�25–30%) did not
differ from WT, percent body fat was increased to
�45% in HFD-fed LDLR�/� mice (Figure 2(d)).
Notably, percent body fat was significantly lower in
LDLR�/� mice that were fed HFD supplemented
with rapamycin (Figure 2(d)). With the exception of a
transient initial spike in the HFD-fed groups in
Cohort 4, food consumption was not significantly dif-
ferent amongst experimental animals regardless of diet

or treatment (Figure 2(e)). Despite their significant
weight gain, however, HFD-fed mice of Cohort 4, simi-
lar to those in Cohort 1 (Figure 2(a)), did not exhibit
any difference in fasting glucose levels compared to
either maintenance diet-fed or WT mice (Figure 2(f))
and were therefore not insulin deficient.

Chronic attenuation of mTOR does not affect
hypercholesterolemia in LDLR�/� mice

LDLR�/� animals fed a HFD develop hypercholester-
olemia.39 Given the established effects of mTOR
attenuation with rapamycin on glucose and lipid
metabolism40,41 and prior studies suggesting that rapa-
mycin administration results in hypercholesterolemia,42

we investigated the effects of rapamycin treatment on
circulating cholesterol levels in HFD-fed LDLR�/�

mice. Since LDLR is responsible for clearing LDL
cholesterol from the periphery, it was not surprising
that LDL cholesterol levels were significantly higher
in LDLR�/� mice compared to WT. Notably, serum
LDL cholesterol levels were comparable between all
LDLR�/� mice regardless of diet or treatment
(Figure 2(g)), suggesting that HFD does not confer
any further cholesterol burden at this age. Similarly,
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Figure 1. Chronic rapamycin treatment reduces mTOR activity in aortas and brain vasculature of LDLR�/� mice. (a) Blood levels of

rapamycin in mice of Cohort 1 after 30 weeks of treatment. Blood levels of control-treated animals were below the detection limit

(D.L.) of 0.5 ng/ml. (b) Significantly reduced phosphorylation of rpS6, a downstream target of mTOR, in aortas from rapamycin-treated

animals (**, p¼ 0.004, Student’s unpaired t test); (c) Significantly reduced rpS6 phosphorylation in brain vasculature purified from

rapamycin-treated animals of Cohort 4 following 20 weeks of treatment (***, F(3,12)¼ 12.06, p< 0.001, Tukey’s test on a significant

effect of treatment, one-way ANOVA); (d) Rapamycin levels in liver in animals of Cohort 4. n¼ 8–10/group. Data are means� SEM.
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rapamycin treatment had no effect on cholesterol levels
in WT C57BL/6 J.

Chronic mTOR attenuation reduces atherosclerotic
lesion area in the aortic arch

Previous studies18,43 have suggested that mTOR has a
role in atherogenesis. To determine whether chronic
mTOR attenuation affected the development of
atherosclerotic lesions in HFD-fed LDLR�/� groups,
we measured aortic arch lesion area using both a time-

course (Cohort 1) and a crossover design (Cohort 3,
Methods and Table 1). Aortic arch lesion area in
HFD-fed LDLR�/� mice was significantly reduced
20 and 30 weeks after initiation of rapamycin treatment
in both male and female mice of Cohort 1 (Figure 3(a)).

Interestingly, lesion areas in the aortic root were
reduced only in female mice of Cohort 3 that had been
switched from control to rapamycin diet (Figure 3(b)),
suggesting that mTOR has a role in development, but
not in the initiation, of plaque deposition during athero-
genesis in female mice. Notably, left ventricle

Figure 2. Chronic mTOR attenuation reduces body weight and fat mass gains in HFD-fed LDLR�/� mice. (a) Decreased body weight

despite a significant increase in blood triglycerides without changes in glucose or cholesterol in rapamycin-treated HFD-fed LDLR�/�

mice of Cohort 1; (b) Reduced body fat in rapamycin-treated HFD-fed LDLR�/� mice of Cohort 1 (*, p¼ 0.0465, Student’s unpaired t

test); (c) Weight gain in Cohort 4 HFD- two-way ANOVA); (d) Reduced body fat in rapamycin-treated LDLR�/� mice of Cohort 4

(**, F(3, 42)¼ 38.54, p< 0.0001, Tukey’s test on a significant effect of treatment, one-way ANOVA); No differences in food con-

sumption (e) or fasting glucose (f) levels were observed among experimental groups; (g) Significant increases in blood cholesterol

following HFD feeding in Cohort 4 were unaffected by rapamycin treatment. n¼ 11–15/group (males) and n¼ 13–16/group (females)

for (a–b) and n¼ 10/group (c–f). Data are means� SEM.
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hypertrophy was significantly reduced in females, but not
in males (data not shown) after 30 weeks of rapamycin
treatment (Figure 3(c)).Measured ejection fraction values
were indistinguishable from WT for both male and
female animals (data not shown), though the sample
size of these studies was likely too small to detect differ-
ences in these in vivo measures of cardiac function.

Cerebrovascular rarefaction and cerebral hypoper-
fusion are reduced by mTOR attenuation

We used arterial spin labeling magnetic resonance ima-
ging to measure CBF and MRI-based angiography to
estimate BVD. CBF was significantly decreased in
LDLR�/� mice; this deficit was exacerbated by HFD
(Figure 4(a)). Because relatively small groups provide
sufficient statistical power in MRI studies
(see Methods), we were able to include a maintenance
diet-fed LDLR�/� group that was treated with rapamy-
cin in these experiments. Notably, chronic mTOR
attenuation by intraperitoneal rapamycin administra-
tion restored CBF in maintenance diet-fed LDLR�/�

mice to levels comparable to WT mice, suggesting that
mTOR has a critical mechanistic role in brain hypoper-
fusion in LDLR�/� animals. The consequences of

mTOR attenuation by rapamycin on CBF in HFD-
fed LDLR�/� mice could not be unequivocally deter-
mined due to accelerated weight loss and high mortality
in this group, in agreement with the observed rapamy-
cin-mediated reduction in body weight in HFD-fed
LDLR�/� (Figure 2(c)). Of note, and although this
observation can only be considered anecdotal, a single
surviving rapamycin-treated HFD-fed LDLR�/�

animal (n¼ 1) exhibited CBF levels indistinguishable
from those of WT control mice (Figure 4(a)). To deter-
mine whether differences in CBF between control- and
rapamycin-treated LDLR�/� mice could be explained
by changes in BVD as previously shown for hAPP(J20)
mice modeling AD,20 we measured BVD using MRI-
based angiography. Indeed, we found decreased CBF in
LDLR�/� was accompanied by proportionate differ-
ences in BVD (Figure 4(b) and (c)), suggesting that
the preservation of BVD may underlie the restoration
of CBF in rapamycin-treated LDLR�/� mice.

Chronic mTOR attenuation improves memory
in LDLR�/� mice

Decreased CBF is associated with cognitive dysfunc-
tion.13,44,45 To determine whether decreased CBF

(a)

(b) (c)

Figure 3. Reduced atherosclerotic lesion size in the aortic arch following mTOR attenuation. Overall aortic arch lesion area (a) in

HFD-fed LDLR�/� female (left panel), male (center panel) and both female and male (right panel) mice were significantly reduced

following either 20 or 30 weeks of rapamycin treatment (*, two-way ANOVA F(1,34)¼ 11.69, p¼ 0.002) n¼ 6–8/group; (b) Reduced

lesion area by rapamycin treatment in the aortic root of female mice after, but not prior to, the onset of lesion formation (left panel,

quantitative analyses of anatomical data; right panel, representative images (oil red o (ORO), haemotoxylin and eosin (H&E)). Student’s

unpaired t test, *, p¼ 0.026), n¼ 12/group (c) No difference in male but significantly reduced left ventricle mass in female LDLR�/�

mice treated with rapamycin (*, two-way ANOVA F(1,28)¼ 10.30, p¼ 0.029), n¼ 8/group. Data are means� SEM.
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resulted in impaired cognitive function in LDLR�/�

mice and ascertain the role of mTOR, we next assessed
recognition memory in LDLR�/� mice of Cohort 4
using the spatial novelty (SN) paradigm, a simple dis-
crimination task which requires that the animals retain
the prior locations of objects presented in the experi-
mental arena and thus recognize novel object place-
ment. All animals explored the three objects presented
during training equally (Figure 5(a)), ruling out poten-
tial confounds arising from aversion/preference for a
particular object or location. During testing, WT and
maintenance diet-fed LDLR�/� animals preferentially
explored the object that had been moved (Figure 5(b)),
indicating retention of the object’s prior location.
HFD-fed LDLR�/� mice, however, spent an equivalent
percent of trial time examining each of the three
objects (Figure 5(b)), indicating a deficit in reten-
tion of the prior location of the displaced object.
Notably, rapamycin-treated HFD-fed LDLR�/� mice
performed indistinguishably from WT mice, suggest-
ing that attenuation of mTOR activity restores hippo-
campus-dependent recognition memory in HFD-fed
LDLR�/� mice.

To rule out potential task-specific effects of mTOR
attenuation by rapamycin and define whether the
observed improvement in SN recognition in rapamy-
cin-treated HFD-fed LDLR�/� mice was associated
with improvements of other aspects of context-related
learning and memory, we used the Morris water maze
(MWM). MWM design limits the number of animals
that can be included in an experiment to 60 due to time
constraints inherent with keeping time-at-testing as

constant as possible. For our studies, n¼ 60 corres-
ponded to 4 groups of 15 animals each to have suffi-
cient power to detect meaningful differences between
group means (Methods). Because HFD-fed LDLR�/�

are the established model of atherosclerosis, we chose
the four groups to be included in these studies to be (1)
maintenance-fed WT controls; (2) maintenance-fed
LDLR�/� mice; (3) control-treated (eudragit) HFD-
fed LDLR�/� and (4) rapamycin-treated, HFD-fed
LDLR�/� mice in order to identify effects of mTOR
attenuation on cognitive and brain vascular functional
outcomes in HFD-fed LDLR�/� mice.

This behavioral task requires intact hippocampal
function similarly to SN, but requires processing
of more complex sets of spatial information to learn a
specific location. As expected, spatial learning in
the MWM progressively improved across four days
of training for WT mice (Figure 5(c)). Performance
of both HFD and maintenance diet-fed LDLR�/�

mice, however, was significantly impaired on training
days 2 and 3 (Figure 5(c)). Increased latencies in
LDLR�/� mice fed a maintenance diet suggested
delayed spatial learning in this group, a finding in con-
trast to their ability to retain simple contextual infor-
mation (Figure 5(b)).

Distance swam can provide a better measure of per-
formance when swimming speeds are significantly dif-
ferent amongst groups. We report no differences
between experimental groups for distance swam
(Figure 5(d)), but because reduced swimming speed of
HFD-fed LDLR�/� during training (Figure 5(e)) was a
consequence of increased floating (Figure 5(f)),

Figure 4. Restored cerebral blood flow and preserved brain vascular density by mTOR attenuation in LDLR�/� mice. (a) Profound

CBF deficits in 12 month old LDLR�/� mice were restored to levels indistinguishable from those of WT mice as a result of chronic

rapamycin treatment (F(2,7)¼ 21.22, p¼ 0.001, Tukey’s test, one-way ANOVA); (b–c) Reduced BVD (calculated as S¼�R2/(�R2*)2/

3) in control-treated but not in rapamycin-treated LDLR�/� mice (F(2,7)¼ 41.48, p¼ 0.0001, Tukey’s test, one-way ANOVA; (b)

Representative MRI angiograms; (c) Quantitative analyses of angiogram data. n¼ 3–4. Data are means� SEM. N.B. Data for the single

surviving HFD-fed rapamycin-treated LDLR�/� animal are provided (a,c) but were not included in the ANOVA. Values for WT CBF (a)

and BVD (c) are included as a reference and correspond to measures performed on separate groups of WT C57Bl/6 J mice of

comparable age; these values were not included in the ANOVA.
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Figure 5. Rapamycin treatment abolishes memory impairments in LDLR�/� mice. (a) No differences among experimental groups

during training in the spatial novelty task; (b) Recognition memory in rapamycin-treated HFD-fed LDLR�/� mice is restored to levels

indistinguishable from those of WT mice (F(3, 35)¼ 7.048, p¼ 0.0008 Tukey’s test, one-way ANOVA), n¼ 10–11/group; (c) Improved

performance in rapamycin-treated HFD-fed mice, but not in in control-treated LDLR�/� mice fed either HFD or maintenance chow in

days 2 and 3 of training in the MWM [(F(3, 35)¼ 6.336, p¼ 0.0015) and training day (F (3, 105)¼ 15.19, p< 0.0001, Tukey’s test, RM two-

way ANOVA]. Although all groups swam comparable distances during training days, distances swam were artificially decreased in

untreated HFD-fed LDLR�/� mice (d) due to a significant reduction in swimming speed (e) (F(3, 35)¼ 10.71, p< 0.0001, Tukey’s test, RM

two-way ANOVA) as a result of increased floating (f) (F (3, 35)¼ 4.87, p¼ 0.006, Tukey’s test, RM two-way ANOVA). n¼ 10/group. Data

are means� SEM. (g) HFD-fed LDLR�/� mice exhibit significant cognitive impairment during the probe trial in which the platform is

removed. Rapamycin treatment restored exploration in the appropriate quadrant to WT levels (**, one-way ANOVA, p¼ 0.013).

*, HFD-fed LDLR�/� different from Control Maint; ^, HFD-fed LDLR�/� different from Maint-fed LDLR�/�; #, HFD-fed LDLR�/�

different from rapa-fed LDLR�/� mice.
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conclusions on spatial learning could not be unequivo-
cally drawn for this group. Performance of rapamycin-
treated HFD-fed LDLR�/� mice, in contrast, was
not confounded by decreases in swimming speed nor
floating (Figure 5(e) and (f)) and was indistinguishable
from that of WT control mice (Figure 5(c)), suggesting
that attenuation of mTOR activity abrogates spatial
learning defects in HFD-fed LDLR�/�mice. All experi-
mental groups performed comparably on day 4 of
training, indicating that spatial learning is impaired
but not abolished in LDLR�/� mice. Furthermore,
HFD-fed LDLR�/� control (eudragit) mice exhibited
a statistically significant deficit in percent time spent in
the target quadrant during the probe trial (Figure 5(g))
compared to all other groups, whereas rapamycin-
treated subjects were indistinguishable from the WT
group. All experimental animals were confirmed to pos-
sess comparable motor and neurological competency
prior to behavioral testing. Percent time engaged in
thigmotaxis could not be used as a proximal measure
of evoked anxiety because of increased floating, which
confounds this measure.

mTOR attenuation suppresses markers of brain
and systemic inflammation in LDLR-/- mice

Because a high systemic inflammatory state has been
implicated in the pathogenesis of atherosclerosis in
LDLR�/� mice46 as well as in the etiology of cognitive
impairment in vascular dementia,47 we investigated
whether improved cardiovascular and neurovascular
measures in LDLR�/� mice as a result of mTOR attenu-
ation with rapamycin were associated with reduced brain
and systemic inflammation. To test this hypothesis, we
measured levels of the pro-inflammatory cytokine IL-6
and of serum amyloid A (SAA) as markers of inflamma-
tion in brain and in serum, respectively, of Cohort 4
LDLR�/� mice. Rapamycin treatment conferred a
notable reduction in whole brain levels of IL-6 in
HFD-fed LDLR�/� mice, though this trend did not
reach statistical significance due to high variability in
the control-treated group (Figure 6(a)). Of note, vari-
ance was significantly lower in the rapamycin-treated
group, suggesting that attenuation of mTOR may exert
a regulatory effect over brain IL-6 levels that our studies
were not sufficiently powered to detect.

We next examined serum levels of SAA, a family of
apolipoproteins secreted during acute inflammation, as
a measure of systemic inflammatory state in all experi-
mental groups. SAA was significantly elevated in sera
of HFD-fed LDLR�/� mice as compared to either
maintenance diet-fed LDLR�/� mice or WT control
animals (Figure 6(b)). Rapamycin treatment, in con-
trast, conferred a significant reduction in SAA in
HFD-fed LDLR�/� mice.

Discussion

Rapamycin treatment significantly reduced mTOR
activity in our studies (Figure 1(b) and (c)), despite
blood levels that were lower than the 3–4 ng/ml
reported by both Zhang et al.33 and Fischer et al.48

Of note, however, the mice in those studies were in
the C57BL/6 and C57BL/6 J backgrounds, respectively,
which may explain the differences in rapamycin blood
levels observed. As previously reported,18,19 we showed
that chronic rapamycin-mediated mTOR attenuation
decreased lesion area in the aortic arch of HFD-fed
LDLR�/� mice (Figures 2 and 3) despite pronounced
hypercholesterolemia. While some studies in either
transplant patients49,50 or the LDLR�/� model
reported an increase in LDL cholesterol following
mTOR attenuation,51 in our studies, chronic mTOR
attenuation did not change cholesterol levels in blood
(Figure 2(g)). Thus, body weight and body mass com-
position changes observed in rapamycin-treated HFD-
fed LDLR�/� mice cannot be attributed to alterations
in cholesterol metabolism. Still, the observation that
rapamycin treatment increases triglyceride levels
(Figure 2(a)) is consistent with reports of dyslipidemia
in human transplant49 and cancer42 patients treated
with mTOR inhibitors. All mice in our experiments
exhibited levels of LDL cholesterol within expected
ranges.52 Thus, it is possible that treatment with rapa-
mycin, as in the present studies, has different conse-
quences for overall blood cholesterol levels than
everolimus, the rapamycin derivative used by Mueller
et al.51 Alternatively, there may exist a ‘ceiling’ effect
where LDL cholesterol levels are maximal in LDLR�/�

Figure 6. Chronic rapamycin treatment abrogates an increase

in markers of systemic inflammation in LDLR�/� mice. (a)

Reduced brain IL-6 levels in rapamycin-treated HFD-fed LDLR�/�

mice as compared to control-treated HFD-fed LDLR�/� mice

[p¼ 0.2566, Student’s unpaired t test with Welch’s correction.

Variance was significantly different among groups (p¼ 0.001,

F(4, 6)¼ 12.09], n¼ 5–7/group); (b) Increased serum levels of

SAA in control HFD-fed LDLR�/� mice as compared to main-

tenance-fed LDLR�/� are attenuated by rapamycin treatment

(****p< 0.0001, F(3, 15)¼ 49.79, Tukey’s test, one-way ANOVA

and p¼ 0.028, Student’s unpaired t test). n¼ 6/group Data are

means� SEM.
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mice due to their inability to clear it from their
circulation.

Furthermore, we report differences in body weight
and in parameters of lipid metabolism between our
mouse cohorts (Figure 2) which may arise from differ-
ences in age at initiation of treatment (2–2.5 and 7
months of age for Cohort 1 and Cohort 4, respectively).
Our data suggest that chronic systemic attenuation of
mTOR activity by enteric delivery of rapamycin may
have distinct effects on both triglyceride levels and over-
all body weight depending on whether mice have com-
pleted development or are still developing key
metabolic organs/tissues such as skeletal muscle. It is
also conceivable that a body weight effect was not
observed in the younger cohort (Cohort 1) simply
because they had not yet begun storing excess body
fat as a consequence of age-associated slowing of
their metabolism. Still, our observation that rapamycin
treatment conferred no differences in fasting glucose
levels (Figure 2(f)) in HFD-fed LDLR�/� mice suggests
that reduced body weight in this group (Figure 2(a) and
(c)) may result from decreased body fat (Figure 2(b)
and (d)) and further suggests that chronic attenuation
of mTOR may reduce fat synthesis and/or accumula-
tion in HFD-fed LDLR�/� mice.

It has been proposed that rapamycin-mediated sup-
pression of mTOR activity, and the resulting decrease
in cellular proliferation and increase in autophagy,
may inhibit atherosclerotic plaque growth and destabil-
ization53 and thereby limit cardiovascular damage asso-
ciated with increasing levels of LDL cholesterol.
Though the present study did not directly address
either of these mechanisms, prior studies indicate a
role of mTOR in increasing macrophage numbers asso-
ciated with atherosclerotic plaques54 and in promoting
the transition from early macrophage-enriched lesions
to advanced plaques.51 Conversely, Peng et al.55 sug-
gested that the development of atherosclerosis is
restricted by mTOR. Here, we observed that rapamycin
treatment significantly decreased aortic lesion area in
LDLR�/� mice (Figure 3(a)), in agreement with previ-
ous studies showing that everolimus reduced atheroscler-
otic lesion size and composition.51 Similar findings of
rapamycin-mediated reduction in aortic lesion area and
plaque formation in HFD-fed ApoE�/� mice have also
been reported.19,56 Of note, chronic mTOR attenuation
inhibited left ventricle hypertrophy in female but not
male HFD-fed LDLR�/� mice (Figure 3(c)), in agree-
ment with recent studies from the laboratory of Dr.
Peter Rabinovitch that demonstrated that rapamycin
treatment improved diastolic function in female mice57

through a mechanism involving the transient induction
of autophagy and mitogenesis. These studies as well as
our data are consistent with the larger effects of mTORC1
attenuation by rapamycin in murine aging.21 Although no

other sex-specific dimorphisms were observed in our stu-
dies, the sex-specific differences observed in left ventricle
hypertrophy in HFD-fed LDLR�/� animals are in
accordance with those in the magnitude of lifespan exten-
sion by systemic mTOR attenuation, which is larger in
female than in male mice.21,33

Our crossover studies (Cohort 3) suggested that
mTOR has a role in the development, but not in the
early steps of plaque formation (Figure 3(b)). Thus,
mTOR attenuation may be more effective in the treat-
ment rather than in the prevention of atherosclerosis.
While hypercholesterolemia in LDLR�/� mice was not
affected by rapamycin, both body weight and percent
body fat in HFD-fed LDLR�/� animals were signifi-
cantly reduced (Figure 3(a) to (c)), suggesting that
mTOR activity is required for fat accumulation in
LDLR�/� mice. This finding is consistent with previous
reports of lowered body weight in WT mice treated
with everolimus51 and in rats injected with rapamycin,58

and thus may be generalizable and not mechanistically
related to LDLR genotype.

Numerous studies have reported that systemic
mTOR attenuation by rapamycin leads to dose- and
treatment duration-dependent hyperlipidemia.50,59 The
majority of these studies, however, have investigated
relatively short term (<6 weeks) rapamycin treatment
in human subjects. Recent studies by Fang et al.60

showed that while short-term (6 weeks) treatment of
genetically heterogeneous mice resulted in hyperlipid-
emia, long-term (up to 20 weeks) rapamycin treatment
actually improved lipid profiles as compared to control-
treated groups.60 Our studies, however, documented
significantly increased triglyceride levels in both male
and female LDLR�/� mice following 30 weeks of rapa-
mycin treatment (Figure 3(a)). This difference may
be explained by the difference in genetic background
between the mice used by Fang et al. and the
LDLR�/� animals in our studies. Alternatively, it is
possible that the differences observed in the response
to long-term rapamycin treatment may be at least par-
tially due to a requirement for LDLR in the metabolic
adaptation of mice to long-term mTOR attenuation.60

Because our LDLR�/� cohorts were also fed HFD, it is
possible that exacerbated dyslipidemia increased adipo-
genesis or the activation of fat storage mechanisms.
Of note, Polak et al.61 showed that mTORC1 is
required for adipogenesis, as knockdown of Raptor
results in decreased adipose tissue and reduced obesity
in mice, supporting the hypothesis that weight reduc-
tion following chronic mTOR attenuation with rapa-
mycin may be due to a reduction in fat synthesis
rather than to increased adipolysis.

Remarkably, intraperitoneal rapamycin treatment,
more so than the enteric route, induced significant
weight loss and premature death in LDLR�/� mice
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fed HFD (Figure 4). This is dissimilar to recent studies
by Johnson et al.22,62 in which IP administration of
rapamycin at similar or much higher doses than those
used in our studies extended lifespan by attenuating
disease symptoms in the Ndufs4 knockout mouse
model of Leigh Syndrome. In light of these data, and
the observation that intraperitoneal rapamycin did not
result in any observable toxicity in maintenance-fed
LDLR�/� mice, our studies suggest that wasting and
death in severely dyslipidemic HFD-fed LDLR�/� mice
may have been caused by bouts of exacerbated meta-
bolic imbalance associated with intraperitoneal rapa-
mycin administration.

Cardiovascular disease risk factors increase risk for
AD and vascular dementia (reviewed in Luchsinger and
Mayeux63 and de Bruijn and Ikram64); thus, effective
management of these risk factors is recommended to
prevent cognitive decline/dementia.65 Our previous stu-
dies demonstrated that attenuation of mTOR activity
both before34 and after20 onset of cognitive impair-
ments abolished AD-like cognitive deficits and negated
profound deficits in brain vascular integrity and
function in AD-model mice.20 Given that LDLR�/�

mice develop vascular pathology that affects brain
microvasculature,66 we hypothesized that mTOR-
driven mechanisms of neurovascular dysfunction may
contribute to cognitive impairment associated with
atherosclerosis in LDLR�/� mice that have elevated
cholesterol and develop atherosclerosis even when fed
a maintenance diet.67 Our MRI and MRA studies
revealed that brain hypo-perfusion (Figure 4(a)) could
be explained by a decrease in BVD (Figure 4(b) and
(c)), potentially as a consequence of increased systemic
and brain inflammation (Figure 6) following hyperlip-
idemia. These deficits occurred regardless of diet but
were exacerbated though HFD feeding. Thus, dyslipi-
demia in LDLR�/� mice is associated with profound
neurovascular disintegration and dysfunction that is
proportional to the severity of the imbalance. In agree-
ment with our hypothesis, attenuation of mTOR by
rapamycin appeared to negate neurovascular dysfunc-
tion and damage in LDLR�/� mice, although these
data represent a single observation in the only surviving
subject in the HFD-fed, rapamycin-treated LDLR�/�

group. Still, these data may hint at a role of mTOR-
dependent mechanisms of vascular dysfunction
upstream of HFD-triggered pathways of exacerbated
dyslipidemia and atherogenesis.

Our recent studies in mice modeling AD20 suggested
a model in which age-associated mTOR-dependent loss
of neurovascular integrity and function is an apical
mechanism of pathogenesis in AD. Because mTOR
drives murine aging,68 we hypothesized that mTOR-
dependent loss of neurovascular integrity and function
may contribute to the pathogenesis of other

neurological diseases of aging such as cognitive impair-
ment associated with atherosclerosis. This model pre-
dicts that the restoration of neurovascular function by
mTOR attenuation would lead to improved cognitive
function in LDLR�/� mice.63,64 As expected from
observed profound CBF and BVD deficits (Figure 4),
spatial learning in LDLR�/� mice was poor and in the
HFD-fed group was confounded by high levels of float-
ing, reflecting increased helplessness in response to the
highly anxiogenic environment of the MWM. Further,
because performance in MWM depends on unencum-
bered swimming, increased floating in HFD-fed
LDLR�/� mice as training progressed may have been
exacerbated by physical limitations such as obesity,
which changes the area-body weight ratio and thereby
the dynamics of swimming, and decreased endurance
due to cardiovascular deficits. All experimental animals
were confirmed to possess comparable motor and
neurological competency prior to behavioral testing.
Thus, the observed increase in floating in HFD-fed
LDLR�/� mice (Figure 5(f)) can be explained by
increased helplessness in response to the anxiogenic
environment of the MWM. Percent time spent in thig-
motaxic swim could not be used as a proximal measure
of evoked anxiety because increased floating con-
founded this measure. Of note, rapamycin treatment
was sufficient to alleviate increased helplessness in
HFD-fed LDLR�/� mice (Figure 5(f)), which may
have contributed to improved performance in this
task. These findings are consistent with prior studies
suggesting anxiolytic and anti-depressive35,69 effects of
systemic mTOR attenuation.

Because of significantly increased floating
(Figure 5(f)), MWM data for the HFD-fed group
could not be unequivocally interpreted, but a delay in
spatial learning in maintenance chow-fed LDLR�/�

animals (Figure 5(c)), that still develop atherosclerosis,
albeit at a slower pace than HFD-fed animals, suggests
that vascular consequences of dyslipidemia in LDLR�/
� mice may be sufficient to impair spatial learning.
Learning in rapamycin-treated HFD-fed LDLR�/�

mice, however, was indistinguishable from that of WT
mice, indicating that learning deficits in LDLR�/� mice
could be abrogated by chronic mTOR attenuation.
Furthermore, HFD-fed mice exhibited significant
deficits in the probe trial, which measures retention of
spatial information acquired during training, that were
restored by chronic rapamycin treatment (Figure 5(g)),
suggesting that reduction of mTOR activity may confer
improvements to spatial memory function in HFD-fed
LDLR�/� mice.

In addition to spatial learning deficits, our studies
revealed significant contextual recognition memory def-
icits as measured with the SN task that were abrogated
by chronic attenuation of mTOR activity by
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rapamycin, rendering HFD-fed LDLR�/� mice func-
tionally indistinguishable from WT mice (Figure
5(b)). Taken together, our data indicate that systemic
inhibition of mTOR restores spatial learning and con-
textual memory as measures of cognitive function in
HFD-fed LDLR�/� mice. Of note, although LDLR�/�

mice fed a maintenance diet showed profound CBF def-
icits that may have been exacerbated by HFD (Figure 4)
and resulted in spatial learning impairment (Figure 5(c))
they did not show deficits in the minimally anxiogenic
SN task which measures retention of contextual infor-
mation but does not require encoding of spatial infor-
mation using distal environmental cues as in the MWM.
Conversely, the exacerbation of learning and recognition
memory deficits resulting from feeding a HFD was not
proportional to the magnitude of CBF and BVD deficits
in HFD-fed LDLR�/� mice (Figure 5).

Recent studies established a critical role for inflamma-
tion in the etiology of atherosclerosis and demonstrated
the involvement of inflammatory mediators at all stages
of disease.70,71 Interestingly, both pro- and anti-inflam-
matory roles of mTOR have been described in various
diseases.72,73 Our studies showed that systemic mTOR
attenuation by rapamycin decreased serum SAA levels
and also reduced variability and tended to decrease over-
all levels of IL-6 in brain (Figure 6), suggesting that
mTOR attenuation lessens systemic and potentially also
brain inflammation. Members of the SAA family that are
induced by inflammation have previously been shown to
degrade extracellular matrix, potentially through the
induction of matrix metalloproteinase 9.74 Thus, decreas-
ing levels of SAA through mTOR attenuation may be a
mechanism by which rapamycin treatment restores vas-
cular integrity and function both in brain as well as in the
periphery in HFD-fed LDLR�/� mice. Furthermore,
reduced inflammation in LDLR�/� mice may explain
the overall reduction in aortic lesion size following rapa-
mycin treatment despite the lack of discernible effects of
treatment on serum cholesterol levels. Increased systemic
inflammation cannot explain the observed brain vascular
damage and dysfunction in LDLR�/� mice fed mainten-
ance chow, however, since SAA was not increased in this
group. Still, while our findings here suggest a correlation
between cardiovascular health and inflammation, further
mechanistic studies are necessary to identify the mechan-
istic role of mTOR on this relationship.

In conclusion, our studies show that LDLR�/� mice
develop profound neurovascular deficits (Figure 4)
that negatively impact cognitive function as well as
non-cognitive components of behavior (Figure 5).
Thus, in addition to cardiovascular disease, LDLR�/�

mice may have significant potential as a model of vas-
cular dementia. Further, our data suggest that mTOR
activity underlies neurovascular dysfunction and cogni-
tive deficits in LDLR�/� mice, and that chronic mTOR

attenuation with rapamycin is sufficient to restore these
deficits. Remarkably, learning and memory impair-
ments in Cohort 4 LDLR�/� mice (Figure 5) correlated
with both the severity of neurovascular damage (Figure
4) and the observed magnitude of peripheral athero-
genic processes (Figure 3) in similarly-treated subjects
from Cohorts 2 and 1, respectively. Our findings of
both improved cognitive outcomes and improved car-
diovascular health following mTOR attenuation sug-
gests that cardiovascular and cognitive benefits of
rapamycin administration may be at least partially
mediated through common mechanisms of decreased
inflammation (Figure 6), and potentially, preserved
endothelial function.20

The experiments reported confirm a role of mTOR
in mechanisms of neurovascular and cardiovascular
dysfunction associated with dyslipidemia and athero-
sclerosis in LDLR�/� mice. While other studies have
suggested that LDLR�/� mice exhibit cognitive dys-
function,16,17 to our knowledge, mTOR attenuation
by chronic rapamycin is the first successful intervention
to counteract these deficits. That rapamycin treatment
restored vascular integrity and function and was also
associated with cognitive rescue indicates a critical role
of mTOR-mediated neurovascular dysfunction as an
initiator of age-associated cognitive impairment rather
than as an indirect consequence of ongoing pathology.
Considering the established relationship between car-
diovascular disease and risk for future dementia,63,64

mTOR attenuation with rapamycin may represent a
viable intervention for age-related cognitive disorders,
including but not limited to cognitive dysfunction asso-
ciated with atherosclerosis.
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