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Abstract Rapamycin (RAPA) is found to have
n e u r o - p r o t e c t i v e p r o p e r t i e s i n v a r i o u s
neuroinflammatory pathologies, including brain ag-
ing. With magnetic resonance imaging (MRI) tech-
niques, we investigated the effect of RAPA in a
lipopolysaccharide (LPS)-induced inflammaging
model in rat brains. Rats were exposed to saline
(control), or LPS alone or LPS combined with
RAPA treatment (via food over 6 weeks). Arterial
spin labeling (ASL) perfusion imaging was used to

measure relative cerebral blood flow (rCBF). MR
spectroscopy (MRS) was used to measure brain
metabolite levels. Contrast-enhanced MRI (CE-
MRI) was used to assess blood-brain barrier
(BBB) permeability. Immunohistochemistry (IHC)
was used to confirm neuroinflammation. RAPA
restored NF-κB and HIF-1α to normal levels. RA-
PA was able to significantly restore rCBF in the
cerebral cortex post-LPS exposure (p < 0.05), but
not in the hippocampus. In the hippocampus, RA-
PA was able to restore total creatine (Cr) acutely,
and N-acetyl aspartate (NAA) at 6 weeks, post-
LPS. Myo-inositol (Myo-Ins) levels were found to
decrease with RAPA treatment acutely post-LPS.
RAPA was also able to significantly restore the
BBB acutely post-LPS in both the cortex and
hippocampus (p < 0.05 for both). RAPA was
found to increase the percent change in BOLD
signal in the cortex at 3 weeks, and in the hippo-
campus at 6 weeks post-LPS, compared to LPS
alone. RAPA treatment also restored the neuronal
and macro-vascular marker, EphB2, back to nor-
mal levels. These results indicate that RAPA may
play an important therapeutic role in inhibiting
neuroinflammation by normalizing brain vasculari-
ty, BBB, and some brain metabolites, and has a
high translational capability.
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Introduction

Mammalian target of rapamycin (mTOR) is a protein
kinase that is involved in controlling growth and metab-
olism, and is commonly dysregulated in cancer and
metabolic disorders [1]. Rapamycin (RAPA) is an in-
hibitor of mTOR, and has been used as an anti-cancer
agent [1] for over a decade. It has also been found that
RAPA treatment can increase life span and health span
in mice [2, 3]. Regarding neuroinflammatory-related
pathologies, RAPA has been shown to have therapeutic
effects in Alzheimer’s disease (AD) [4–6], cerebral is-
chemia (stroke) [7–9], traumatic brain injury (TBI)
[10–13], intracerebral hemorrhage [14], epilepsy
[15–19], Parkinson’s disease (PD) [20], multiple sclero-
sis (MS) [21], brain aging [22, 23], and in lipopolysac-
charide (LPS)-induced encephalopathy [24–27].

For AD, RAPA was found to rescue vascular, meta-
bolic, and learning deficits in apolipoprotein E4 trans-
genic mice that have pre-symptomatic-like characteris-
tics of AD [4]. Chronic RAPA was also able to restore
brain vascular integrity and function, and improvemem-
ory, in transgenic human (h)APP mice modeling AD,
thought to occur via NO synthase activation [5]. In the
APP/PS1 mouse model for AD, RAPA was found to
regulate cholesterol biosynthesis and cytoplastic ribo-
somal proteins in the temporal lobe and hippocampus
[6]. There is a cautionary note regarding assessing RA-
PA in AD mouse models, where most of these studies
involved RAPA treatment before or early in the appear-
ance of AD pathological hallmarks, and it is thought that
later in the disease process when dementia occurs, that
the brain’s lysosomal system is compromised, and that
RAPA treatment may actually exacerbate further dam-
age [28]. Regardless, RAPA may still provide a poten-
tial therapeutic strategy for AD if detected early, which
is currently a major challenge.

Regarding stroke models, RAPA was recently found
to increase collateral circulation in rodent brains follow-
ing focal ischemia elicited in a middle cerebral artery
occlusion (MCAo) model [8]. RAPA also was found to
reduce brain metabolite alterations following transient
focal ischemia (MCAo) in rats [7]. In a related intrace-
rebral hemorrhage model involving injection of type IV
collagenase into the striatum in rats, RAPA treatment
improved sensorimotor deficits, and decreased brain
edema and lesion volumes, which was thought to be
due to suppression of microglial activation [14]. Con-
versely, RAPA did not have an effect on BBB

permeability in early stages of cerebral ischemia in
diabetic rats (streptozotocin-induced) following MCAo,
although it did decrease BBB disruption in control rats
subjected to MCAo [29].

In a rodent model for traumatic brain injury (TBI),
RAPA was found to protect against apoptotic neuronal
death and also improve neurologic function via
inactivating the mTOR-p53-Bax axis [10]. In a cryo-
genic model for TBI, long-term RAPA treatment result-
ed in reducing glial scar formation [11]. In a weight-
drop model of TBI in mice, RAPA was found to protect
neurons from brain contusion-induced inflammatory
responses via inhibiting microglial activation [12]. In a
weight-drop model for TBI in rats, it was found that
RAPA treatment resulted in the upregulation of autoph-
agy and mitophagy, and decreased apoptosis, as well as
improvement of cognitive and motor coordination func-
tions [13].

RAPA has also been studied as a potential anti-
eileptogenic therapy. In a kainic-acid-induced status
epilepticus (SE) model in rats, RAPA was found to
reduce BBB disruption, as well as seizure frequency,
during the chronic epileptic phase, but at the acute
phase, RAPA resulted in increased BBB permeability
[15, 16]. RAPA treatment, although found to reduce
seizures in this model of SE, did not affect microglial
activation [17]. In a post-electrical SE rat model for
temporal lobe epilepsy, RAPA did not suppress the
expression of inflammatory and oxidative stressmarkers
[18]. In a WAG/Rij rat model for epilepsy induced by
intracerebral injection of LPS, RAPA was found to
decrease seizures and inhibit neuroinflammatory cyto-
kines via modulation of AMPK, AKT/mTOR pathways
[19].

RAPA was found to alleviate the progression of
experimental autoimmune encephalomyelitis (EAE), a
model for MS, by inducing autophagy and inhibiting the
immune response [21]. A combination of RAPA and
trehalose treatment resulted in autophagy activation that
reversed both neuronal dopaminergic and behavioral
deficits in a mouse model of PD induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotox-
icity [20].

RAPA treatment has also been studied in LPS-
induced neuroinflammation. Rats intracranially injected
with LPS and pre-treated with RAPA were found to
have decreased expression of HIF1α (hypoxia inducible
factor) and phosphorylated (p-)S6 in the cerebral cortex
following immunohistochemistry analysis [24]. RAPA
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was also found in another LPS-induced neuroinflamma-
tion study to downregulate mTOR, p-mTOR, NF-κB,
and TNF-α expression [25]. When comparing RAPA to
everolimus, another mTOR inhibitor, everolimus was
found to be more effective than RAPA in inhibiting
iNOS and mTOR signaling pathways [26].

Regarding brain aging, RAPA-induced activation of
autophagy was found to provide protection by reducing
aging-induced oxidative stress, apoptotic cell death, and
the expression of markers for neurodegeneration [22]. In
OXYS rats, RAPA treatment was found to decrease
anxiety and improve locomotor and exploratory behav-
ior, as well as decrease demyelination and both Tau and
p-Tau levels in the hippocampus regions [23].

There is no question that RAPA could be beneficial
for various neuroinflammatory pathologies.

In this study, we used advanced MRI techniques,
including arterial spin labeling (ASL) perfusion imaging
to measure the relative cerebral blood flow (rCBF),
contrast-enhanced MRI (CE-MRI) to assess BBB per-
meability, and MR spectroscopy (MRS) to measure
brain metabolite levels, following LPS-induced enceph-
alopathy or inflammaging over an extended period of
time (up to 6 weeks), either untreated or treated with
RAPA. We have previously reported on the use of these
MRI techniques in LPS vs. saline-exposed rat brains
[30], and in LPS-exposed rats treated with the anti-
inflammatory and free radical scavenging agent, OKN-
007 [31]. Immunohistochemistry (IHC) was also used to
evaluate inflammatory markers, NF-κB and HIF-1α,
and the neuronal and vascular marker, EphB2.

Materials and methods

Ethics statement

Animal experiments were performed with the approval
and strict adherence to the policies of the Oklahoma
Medical Research Foundation Institutional Animal Care
and Use Committee, which specifically approved this
study, with adherence to the National Institutes of
Health Guide for the Care and Use of Laboratory Ani-
mals. All efforts were made to minimize suffering.

LPS exposure and rapamycin treatment

Rats (Sprague-Dawley; 8–10 weeks old; male; n = 30)
were exposed to a single injection of LPS (10 mg/kg in

100 μL saline; i.p.). Controls were administered saline
(same volume and route of administration as for LPS).
Control data was obtained from multiple studies con-
ducted in our laboratory over several years, whereas
LPS-exposed and rapamycin (RAPA)-treated rats were
directly compared for the purposes of this study. RAPA
was administered via the food pellets (42 ppm)
(Rapamycin Holdings, San Antonio, TX). A control diet
containing no RAPA was used for rats treated with
saline or LPS alone.

MRI methods—contrast-enhanced MRI, perfusion
imaging, and MR spectroscopy

MRI experiments were done on a Bruker Biospec 7.0
Tesla/30-cm horizontal-bore imaging system, and simi-
lar to those previously published in Towner et al. [30,
31]. Briefly, multiple brain 1H–MR image slices were
taken using a RARE multi-slice (repetition time (TR)
1.3 s, echo time (TE) 9 ms, 256 × 256 matrix, 4 steps per
acquisition, 4 × 4 cm2 field-of-view, 1.0-mm slice thick-
ness) imaging sequence.

For contrast-enhanced MRI (CE-MRI), multi-slice
spin echo T1-weighted images (TR = 1000.0 ms, TE =
14 ms, FOV = 4 × 4 cm2, averages = 2, slices = 16,
matrix size = 256 × 256) were also performed and
acquired before and 10, 20, and 30min after intravenous
contrast agent injection (Gd-DTPA, Magnevist, Bayer
Inc., Wayne, NY, USA; 0.4 mmol/kg). Regional assess-
ments were made in the following regions: cortex and
hippocampus, regarding MRI signal intensity
measurements.

1H–MRS was obtained using a PRESS (Point RE-
solved SpectroScopy) sequence with a TE of 24.0 ms, a
TR of 2500.0 ms, 512 averages, and a spectral width of
4006 Hz. A non-suppressed MR spectrum was acquired
beforehand by applying eddy-current correction to max-
imize signal intensity and decrease the peak linewidths.
Water was suppressed with a VAPOR (variable power
radio frequency pulses and optimized relaxation delays)
suppression scheme. In all cases, the peak width (full
width at half maximum) of the water peak was less than
30 Hz following localized shimming, which was con-
ducted by using first- and second-order adjustments with
Fastmap. A cubic voxel of 3.0 × 2.0 × 3.0 mm3 was
positioned in the rat brain predominantly in the hippo-
campus region. To analyze the MRS data, an in-house
Mathematica program was used (version 6.0, Wolfram
Research, Champaign, IL, USA). The spectra were
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scaled in parts per million by calibrating against the water
peak (4.78 ppm). The major brain metabolic peaks were
identified as N-acetylaspartate (NAA) at 2.02 ppm, cho-
line (Cho) at 3.22 ppm, creatine (Cr) at 3.02 ppm, and
myo-inositol (Myo-Ins) at 3.53 ppm. The peak area
measurements of the metabolites were used to calculate
the following ratios: NAA to Cho (NAA/Cho), Cr to Cho
(Cr/Cho), and Myo-Ins to Cho (Myo-Ins/Cho).

Arterial spin-labeling (ASL) perfusion maps were
obtained on a single axial slice of the brain located on
the point of the rostro–caudal axis where the hippocam-
pus had the largest cross section. The imaging geometry
was a 4 × 4 cm2 field-of-view (FOV) of 2 mm in
thickness, with a single-shot echo-planar encoding over
a 64 × 64 matrix. An TE of 13.5 ms, a TR of 18 s, and an
TIR of 26.0 ms were used, and images were not submit-
ted to time averaging. To obtain perfusion contrast, the
flow alternating inversion recovery scheme was used.
Briefly, inversion recovery images were acquired using
a slice-selective inversion of the same geometry as the
imaging slice or a nonselective inversion slice concentric
with the imaging slice with a slice package margin of 5.0
mm. For each type of inversion, 22 images were acquired
with inversion times evenly spaced from 26.0 to
8426.0 ms (with an increment of 400 ms between each
TIR). Relative cerebral blood flow (rCBF) values were
obtained by drawing circular ROIs (left and right regions)
in the cortex and hippocampus regions of the brain.
Negative ASL rCBF values were assumed to be zero.

Blood oxygen level-dependent (BOLD)

During the initial period of anesthesia, reference images
were taken, and localized field shimming was per-
formed. An imaging scan was taken while the animals
were in this basal state to provide a baseline value for
perfusion rates. At the end of the baseline perfusion
imaging BOLD (T2*-weighted dynamic), acquisition
was initiated, after which the carrier gas was switched
to 10% CO2 in 90% carrier gas on a volume basis. The
animals were allowed to acclimate to the CO2-enriched
gas for an additional 12 min during which the T2*-
weighted dynamic acquisition was continued. After the
acclimation period, a second perfusion imaging dataset
was acquired to provide data in the hypercapnia state.
BOLD imaging was implemented by acquiring echo-
planar imaging (EPI) with T2* contrast. An echo-planar
imaging sequence was used with a repetition time of
1500 ms, an echo time of 20 ms, a flip angle of 30°, 4

excitations per slice, and 4 segments. The geometry
consisted of 12 contiguous horizontal slices (as defined
according to the stereotaxic reference frame of Paxinos
and Watson [32]) 1.0-mm thick and 35 × 35 mm2

square. Each slice was encoded over a 128 × 96 matrix.
Twenty repetitions were acquired for the initial period
on medical O2, and the reaction of the animal to the
increase in CO2 content was captured from another
subsequent 20 repetitions to the end of the acquisition.

Immunohistochemistry (IHC)

Embedded in paraffin and mounted on HistoBond®Plus
slides (Statlab Medical Products, Lewisville, TX),
5-μm-thick histological sections were rehydrated and
washed in Tris buffered saline (TBS). Rabbit antibodies
were used for HIF-1α (cat# ab2185, 1:1000, 1 μg/ml,
Abcam, Cambridge, MA), NF-kB p65 (cat# ab16502,
1:1000, 1 μg/ml, Abcam, Cambridge, MA), and EphB2
(cat#83029, 1:200, Cell Signaling, Danvers, MA).
Slides were processed for IHC using Anti-Rabbit IgG
ImmPRESS® Excel Amplified Polymer kit Peroxidase
(cat# MP7601, Vector Labs, Burlingame, CA). Antigen
retrieval (pH 6 Citrate Antigen Unmasking Solution,
cat# H-3300, Vector Labs Inc., Burlingame CA) was
accomplished via 20 min in a steamer followed by
30min of cooling at room temperature for all antibodies.
Sections were treated with a peroxidase blocking re-
agent (Bloxall, cat# SP-6000, Vector Laboratories, Inc,
Burlingame, CA) to inhibit endogenous peroxidase ac-
tivity, followed by 2.5% normal horse serum blocking
reagent to inhibit nonspecific binding. Appropriate
washes were in TBS. Antibodies were applied to each
section and following 1-h incubation at room temp in a
humidified chamber, sections were washed in TBS and
reagents were applied according to the manufacturer’s
directions. Slides were incubated with NovaRed® (Vec-
tor Laboratories, Inc., Burlingame, CA) chromogen for
visualization. Counterstaining was carried out with He-
matoxylin QS Nuclear Counterstain (Vector Laborato-
ries, Burlingame, CA). Appropriate positive and nega-
tive tissue controls were used.

Statistical analyses

Statistical analyses were performed using ANOVA with
multiple comparisons, withGraphPad Prism 6 (GraphPad
Prism 6 Software, San Diego, CA, USA). All p values <
0.05 were considered statistically significant. MRI signal
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intensities, rCBF values, metabolite peak ratios ((NAA/
Cho), (Cr/Cho), and (Myo-Ins/Cho)), and IHC positivity
values for NF-κB, HIF-1α, and EphB2 were reported as
means ± standard deviations. For statistical analysis, one-
way ANOVA tests with multiple comparisons were used
to assess the differences between means of the LPS-
exposed and saline-control rat brains, and those that were
treated with RAPA.

Results

Rapamycin restores LPS-induced blood-brain barrier
permeability to normal

CE-MRI, which detects BBB permeability alterations
following administration of the contrast agent, Gd-
DTPA, which does not cross the BBB in normal brain,
indicated a significant increase in MRI signal intensity
(SI) due to the presence of the contrast agent in LPS-
exposed rat brains at 24 h post-injection in the cerebral
cortex (p < 0.05) and hippocampus (p < 0.05), compared
with saline-treated controls (Fig. 1D,E, respectively). At
1 week post-LPS, there was also a significant increase in
BBB permeability in both the cerebral cortex and hippo-
campus (p < 0.01 for both regions), when compared with
saline controls (Fig. 1D, E, respectively). A significantly
decreasedMRI SI was also observed in the LPS rat brains
treated with RAPA in the cerebral cortex 1 week post-
LPS (p < 0.05) (Fig. 1D), and hippocampus 1 week post-
LPS (p < 0.01) (Fig. 1E). Representative T1-weighted
MR images for saline-, LPS-, or LPS + RAPA-treated rat
brains are shown in Fig. 1A–C, respectively.

Rapamycin restores LPS-induced reduced brain tissue
perfusion rates to normal

Perfusion imaging (pMRI) indicated that for the cortex
and hippocampus regions, LPS-exposed rat brains had
significantly decreased rCBF at all time points (1, 3, and
6 weeks post-LPS), compared with saline controls. Re-
garding a treatment effect from RAPA, there was a
restoration of rCBF in only the cerebral cortex at 1 and
3 weeks post-LPS (Fig. 2D) for the LPS-exposed rat
brains treated with RAPA, compared with LPS-exposed
rat brains alone. These results strongly suggest that
RAPA restores vascularity, altered by LPS exposure,
back to normal in the cerebral cortex, but not the hippo-
campus (Fig. 2E).

Rapamycin restores some LPS-induced reduced brain
metabolite levels to normal

The MRS study showed that LPS-exposed rat brains
had significantly decreased NAA/Cho metabolite ratios
at 24 h (p < 0.05), 3 weeks (p < 0.05), and 6 weeks (p <
0.05) post-LPS injection; Cr/Cho ratios at 3 weeks (p <
0.01) post-LPS; and Myo-Ins/Cho ratios at 1 (p < 0.05),
3 (p < 0.0001), and 6 weeks (p < 0.05), compared with
controls (Fig. 3C). RAPA treatment of LPS-exposed rat
brains significantly restored some metabolites assessed,
NAA at 1–6 weeks post-LPS (p < 0.05 at 1 week; p <
0.01 at 3 weeks; and p < 0.05 at 6 weeks), and Cr at 24 h
post-LPS, compared with LPS-exposed animals alone.
Myo-inositol (Myo-Ins) levels were found to decrease
with RAPA treatment at 1 week post-LPS. These results
indicate that RAPA can restore some LPS-induced de-
pleted brain metabolites to normal levels.

Rapamycin increases the percent change in BOLD
signal resulting from LPS-induced encephalopathy

RAPA was found to increase the % change in BOLD
signal in the LPS + RAPA treatment group in the
cerebral cortex regions at 3 weeks post-LPS, and in the
hippocampus at 6 weeks post-LPS, comparted to LPS
alone at those time points (Fig. 4). The % change in
BOLD signal in the cerebral cortex regions at 3 weeks
post-LPS (Fig. 4B), which is predominantly due to
perfusion of oxygenated arterial blood (see “Discus-
sion” below), supports the rCBF data at 3 weeks post-
LPS in Fig. 2D.

Rapamycin reduces LPS-induced neuroinflammation
(NF-κB, HIF-1α)

RAPA was found to significantly decrease LPS-
induced neuroinflammatory markers at 6 weeks
post-LPS in both the cerebral cortex (i) and hippo-
campus (ii), as determined from IHC staining for
NF-κB (Fig. 5) and HIF-1α (Fig. 6). Quantitative
assessment of NF-κB positivity staining in the cortex
and hippocampus is shown in Fig. 5A and B, respec-
tively. There was a significant increase in NF-κB in
both the cortex (p < 0.01) and hippocampus (p <
0.0001), compared to saline controls. RAPA was able
to significantly decrease NF-κB in both the cortex (p
< 0.001) and hippocampus (p < 0.0001), when com-
pared to LPS-alone groups. Representative IHC
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tissue sections for NF-κB staining for saline-, LPS
alone-, or LPS + RAPA treatments are shown in Fig.
5C–H, in the cortex and hippocampus, respectively.
Quantitative assessment of HIF-1α positivity stain-
ing in the cortex and hippocampus is shown in Fig.
6A and B, respectively. There was a significant in-
crease in HIF-1α in the cortex of LPS-alone treat-
ment, compared to saline controls (p < 0.001); how-
ever, regarding HIF-1α in the hippocampus, the level
in the LPS-alone group was not quite significantly
increased (increasing trend; p = 0.0501) compared to
saline controls. RAPA was able to significantly de-
crease HIF-1α in both the cortex (p < 0.0001) and
hippocampus (p < 0.05), when compared to LPS-
alone groups. Representative IHC tissue sections for
HIF-1α staining for saline-, LPS alone-, or LPS +
RAPA treatments in the cortex (i) and hippocampus
(ii) are shown in Fig. 6C–H, in the cortex and hippo-
campus, respectively.

Rapamycin decreases an LPS-induced increase
in EphB2

RAPA was found to significantly decrease an LPS-
induced increase in EphB2, Ephrin receptor 2, a
transmembrane receptor protein involved in Ephrin
receptor signaling (Fig. 7). Quantitative assessment
of EphB2 positivity staining in the cortex and
hippocampus is shown in Fig. 7A and B, respec-
tively. There was a significant increase in EphB2
in both the cortex (p < 0.01) and hippocampus (p
< 0.05), compared to saline controls. RAPA was
able to significantly decrease EphB2 in both the
cortex (p < 0.001) and hippocampus (p < 0.01),
when compared to LPS-alone groups. Representa-
tive IHC tissue sections for EphB2 staining for
saline-, LPS alone-, or LPS + RAPA treatments
are shown in Fig. 7C–H, in the cortex and hippo-
campus, respectively.

Fig. 1 Rapamycin decreases LPS-induced BBB disruption in the
cerebral cortex and hippocampus. Representative post-contrast
(Gd-DTPA) MR images from brains of (A) saline, (B) LPS, or
(C) LPS + rapamycin (LPS + RAPA)-treated rats at 24 h and 1
week post-LPS. In panel B, black arrowheads depict hyperintense
or “bright whitened” regions of contrast enhancement, due to
uptake of the Gd-DTPA through the BBB. In a T1-weighted MR
image, contrast-enhanced regions depict the uptake of the MRI
contrast agent, Gd-DTPA, which normally cannot pass through
the BBB. Quantitative MRI relative signal intensities in the (D)
cerebral cortex, and (E) hippocampus regions. CE-MRI was used

to assess MRI relative intensities at 24 h and 1 week post-LPS (or
saline). Saline group (n = 24–28). LPS group (n = 4–5). LPS +
RAPA (n = 5). *Significant differences between saline controls
and other treatment groups. †Significant differences between the
LPS alone group and other treatment groups. * or † p < 0.05, ** or
†† p < 0.01. There was a significant decrease in MRI relative
intensities between the LPS alone group vs. the LPS + RAPA
group at 1 week post-LPS in both the cerebral cortex and the
hippocampus regions. Statistical analyses were performed using
ANOVA with multiple comparisons
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Discussion

Advanced MRI techniques, including CE-MRI, ASL
pMRI, and MRS, were able to demonstrate that
RAPA has the capacity to restore BBB integrity in
both the cerebral cortex and hippocampus, particu-
larly at 1 week post-LPS exposure; restore vascular-
ity, as measured from rCBF, to normal in the cere-
bral cortex at 1 and 3 weeks post-LPS; restore vas-
cularity integrity, as measured from BOLD imaging,
in the cerebral cortex 3 weeks post-LPS and in the
hippocampus 6 weeks post-LPS; and restore NAA at
longer time points (1–6 weeks post-LPS), as well as
Cr at an early time point (24 h post-LPS), respec-
tively. Further studies are being planned in the fu-
ture to assess longer time points with RAPA treat-
ment regarding BBB effect.

RAPA has been previously shown to reduce BBB
leakage after status epilepticus, particularly in the chron-
ic epileptic phase [15, 16]. CE-MRI was used to assess
MRI signal intensities from gadobutrol (another type of
MRI contrast agent that also does not cross the BBB in
normal brain) leakage found to be widespread, particu-
larly in the piriform cortex and amygdala after status
epilepticus [15, 16]. Conversely, RAPA treatment was
found to increase BBB leakage during the acute epilep-
tic phase [15, 16]. In a pre-clinical study for an apolipo-
protein E4 (apo-E4) transgenic mouse model for AD,
RAPA treatment was found to restore BBB integrity, as
measured by manganese (Mn)-enhanced MRI
(MEMRI), where Mn also does not penetrate BBB
under normal conditions [4]. In our study, Gd-DTPA,
a MRI contrast agent, which normally does not pass
through the BBB, was used. The LPS-exposed rat brains

Ai

Aii

Bi

Bii

Ci Cii

D

E

Fig. 2 Rapamycin normalizes LPS-induced decreased rCBF in
the cerebral cortex. Representative post-contrast (Gd-DTPA) MR
images (i) and perfusion maps (ii) from brains of (A) saline, (B)
LPS, or (C) LPS + rapamycin (LPS + RAPA)-treated rats. Note in
panel Bii that the perfusion image appears darker than panel Aii or
panel Cii, due to decreased rCBF. Quantitative relative cerebral
blood flow (rCBF) in the (D) cerebral cortex and (E) hippocampus
regions. Arterial spin labeling (ASL) perfusion imaging was used
to calculate rCBF at 1, 3, and 6 weeks post-LPS (or saline). Saline

group (n = 24–28). LPS group (n = 4–5). LPS + RAPA (n = 5).
*Significant differences between saline controls and other treat-
ment groups. †Significant differences between the LPS alone
group and other treatment groups. * or † p < 0.05, ** or †† p <
0.01, *** or ††† p < 0.001, **** or †††† p < 0.0001. There was a
significant increase in rCBF between the LPS-alone group vs. the
LPS + RAPA group at 1, 3, and 6 weeks post-LPS in both the
cerebral cortex, but not the hippocampus regions. Statistical anal-
yses were performed using ANOVA with multiple comparisons
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demonstrated an increase in BBB permeability due to an
enhanced contrast signal intensity depicted by
hyperintensity or “bright” regions, whereas RAPA was
able to restore BBB integrity. This finding has also been
confirmed by others in some models of neuroinflamma-
tion (as discussed above).

Age-associated inflammation, also referred to as
inflammaging, has been studied as a major player in

shortened life span and chronic disease [33]. LPS is
known to accelerate the inflammaging process, and
could be used as an inflammaging model [34]. In a
normal aging wild-type (WT) mouse model, BBB per-
meability or impaired BBB function has also been found
to occur in aging mice, compared to young mice [35,
36]. Likewise, in rats, BBB permeability is also in-
creased in aged animals, compared to a younger cohort

ab

c

Fig. 3 Rapamycin restores neuronal integrity from LPS-induced
encephalopathy in the hippocampus. (A) RepresentativeMRI scan
with the MR spectral voxel (3 × 2 × 3 mm3) placed predominantly
in the hippocampus region. (B) Representative MR spectra (0–
~4.5 ppm) from LPS, saline, and LPS +RAPA-treated rat brains in
the hippocampus regions. Peak assignments: N-acetyl aspartate
(NAA) at 2.02 ppm, choline (Cho) at 3.22 ppm, creatine (Cr) at
3.02 ppm, and myo-inositol (Myo-Ins) at 3.53 ppm. (C) Spectral
peak area measurements of the metabolites were used to calculate
the following ratios: NAA to Cho (NAA/Cho), Cr to Cho (Cr/
Cho), and Myo-Ins to Cho (Myo-Ins/Cho). Note the increase in
NAA in the RAPA-treated LPS-exposed rat brains (illustrated with
an arrow), compared to the LPS-alone spectrum. Saline group (n =

8). LPS group (n = 5-8). LPS + RAPA (n = 5). *Significant
differences between saline controls and other treatment groups.
†Significant differences between the LPS-alone group and other
treatment groups. * or † p < 0.05, ** or †† p < 0.01, *** or ††† p <
0.001, **** or †††† p < 0.0001. There was a significant increase
in NAA between the LPS-alone group vs. the LPS + RAPA group
at 1, 3, and 6 weeks post-LPS. There was a significant increase in
Cr between the LPS-alone group vs. the LPS + RAPA group at 24
h. There was a significant decrease in Myo-Ins (M-I) between the
LPS-alone group vs. the LPS + RAPA group at 24 h. Statistical
analyses were performed using ANOVA with multiple
comparisons
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[37]. Regarding BBB, the LPS-induced inflammaging
model seems to emulate normal aging.

In the apo-E4 model for AD, RAPA was able to
restore rCBF, asmeasured byASL pMRI [4] in a similar
approach to what we used in our study. In another model
for AD, transgenic human (h)APP mice, rCBF was also
restored following RAPA treatment [5]. In our study, we
found that rCBF was reduced by ~ 50% in the cerebral
cortex and by ~ 30% in the hippocampus. In another
normal aging mouse study (C57BL/6NWTmice), there
was a ~ 50% reduction in CBF (as measured byMRI) in
old mice compared to young mice, both in whole brain
and the hippocampus [36]. In another more recent study
by Liu et al., they found a significant decrease (p < 0.05;
~ 60%) in the percent difference in rCBF (using laser
Doppler flowmetry) between old and young WT
(C57BL/6) mouse brains [38]. In another study using a
rat aging model (Fisher-344), there was an average 17%
reduction in rCBF for 24-month-old rats compared to
12-month-old rats [39]. Regarding rCBF, the LPS-

induced inflammaging model also seems to resemble
normal aging, to some extent more so in the aging
mouse study, than the aging rat study. In our rat study,
RAPA was found to restore rCBF levels back to those
seen in the saline controls. It seems that RAPA can
restore brain vascular integrity in both the LPS-
induced neuroinflammatory model, as well as preclini-
cal models for AD.

Neuro-metabolites assessed with MRS include the
neuronal marker N-acetylasparate (NAA), as well as
the glial marker myo-inositol (Myo-Ins) [40]. The con-
centrations of these metabolites typically correspond to
disease severity and often correlate well with clinical
variables in various brain disorders [40]. Neuroinflam-
mation with activated astrocytes and microglia in brain
disorders is often associated with elevated Myo-Ins, and
to a lesser extent elevated total creatine (Cr) and choline-
containing compounds (Cho), which are found in higher
concentrations in glia than neurons, while neuronal in-
jury is indicated by lower than normal levels of NAA

a

b

Fig. 4 Rapamycin restores brain
vascular integrity in the cerebral
cortex and hippocampus regions.
Percent (%) change in blood
oxygen level-dependent (BOLD)
signals at (A) 3 weeks, or (B) 6
weeks post-LPS in LPS alone
compared to LPS + RAPA treat-
ment groups. BOLD signals were
measured in the upper, mid, and
lower cerebral cortex (Up-Cor,
Mid-Cor, and Low-Cor, respec-
tively), hippocampus (Hipp),
thalamus (Thal), cerebellum
(Cereb), and amygdala (Amygd)
brain regions. n = 6 for each
group. *Significant differences
between the LPS-alone group and
LPS + RAPA treatment group.
There was a significant increase
in the % change in BOLD signal
between the LPS alone and LPS +
RAPA groups in all of the cere-
bral cortex regions assessed (*p <
0.05 for all) at 3 weeks post-LPS,
and the hippocampus region (*p <
0.05) at 6 weeks post-LPS. Sta-
tistical analyses were performed
using ANOVA with multiple
comparisons.
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[40]. The spectral peak at 2.02 ppm associated with
NAA and NAA-glutamyl (NAAG) is widely used as a
marker of neuronal density since NAA is found within
mature neurons, while the resonance peak for myo-ino-
sitol (Myo-Ins at 3.56 ppm) is a putative glial marker
since it is primarily present in glial cells [40]. The peak
for choline compounds (Cho at 3.2 ppm) includes solu-
ble choline-containing compounds and is a marker for
cell membrane metabolism and cellular turnover [40].

In the LPS-induced rat model of neuroinflammation,
we compared the metabolites, NAA, Cr, and Myo-Ins,
to a Cho reference, as we found that Cho levels did not
significantly change between saline and LPS-exposure

groups [30]. In that study, we previously found that
although NAA/Cho was decreased, Myo-Ins and Cr to
Cho ratios were also decreased. It was interesting that
the Myo-Ins/Cho ratio was found to decrease with RA-
PA treatment at 1 week post-LPS, as in previous studies
we found that the Myo-Ins/Cho ratio in saline controls
was increased compared to rat brains following LPS
exposure [30, 31]. We are unsure at this time what this
result signifies regarding RAPA treatment. In previous
studies assessing intracerebral hemorrhage in rats [14]
or TBI in mice [12], RAPA treatment was found to
suppress microglial activation, which may contribute
to increased Cho, and therefore may reduce the Myo-

Saline LPS RAPA

Cortex

Hippocampus

a Cortex Hippocampusb

c d e

f g h

Fig. 5 Rapamycin restores inflammatory signaling molecule, NF-
κB, levels to normal in the cerebral cortex and hippocampus
regions. Quantitative assessment of positivity staining for NF-κB
in the cortex (A) or hippocampus (B) regions of rat brains treated
with either saline (n = 4), LPS (n = 3), or LPS + RAPA (n = 5).
There was a significant increase in NF-κB levels in LPS-treated rat
brains, compared to saline controls, and a significant decrease in

NF-κB levels in the LPS + RAPA-treated rat brains, compared to
LPS-alone. Statistical analyses were performed using ANOVA
with multiple comparisons. IHC staining for NF-κB is shown in
representative tissue slices in either the cortex (middle panel) or
hippocampus (lower panel) regions for saline- (C or F, respective-
ly), LPS- (D or G, respectively), or LPS + RAPA- (E or H,
respectively) treated rat brains at 6 weeks post-LPS
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Ins/Cho ratio that we observed. In an aging mouse
study, we found that levels of Myo-Ins are elevated ~
37% in spinal cord from old mice, which we speculated
could influence the levels of secondary messengers, as
Myo-Ins is a precursor for inositol triphosphate [41].
Myo-Ins is an osmotically active molecule, and changes
in its concentration could potentially disrupt ionic bal-
ance in the cell and favor cell death [41].

In a normal aging mouse model, NAA has also been
found to be significantly decreased in old mice com-
pared to young mice [42]. In a rat aging model, there

was a significant decrease in hippocampal concentra-
tions of NAA in old rats compared to young rats [43].
With respect to NAA levels, the LPS-induced
inflammaging model seems to be similar to a normal
aging model.

It is important to note that NAA, a neuronal-specific
marker, was restored with RAPA treatment in this study
for 1–6 weeks post-LPS (Fig. 3). In a TBI pre-clinical
study in mice, RAPA treatment was able to protect
against apoptotic neuronal death [10]. In a focal ische-
mia model in rats, RAPA was found to also restore

Saline LPS RAPA

Cortex

Hippocampus

a Cortex b Hippocampus
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f
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e

h

Fig. 6 Rapamycin restores inflammatory signaling molecule,
HIF-1α, levels to normal in the cerebral cortex and hippocampus
regions. Quantitative assessment of positivity staining for HIF-1α
in the cortex (A) or hippocampus (B) regions of rat brains treated
with either saline (n = 4), LPS (n = 3), or LPS + RAPA (n = 5).
There was a significant increase in HIF-1α levels in LPS-treated
rat brains compared to saline controls, and a significant decrease in

HIF-1α levels in the LPS + RAPA-treated rat brains, compared to
LPS-alone. Statistical analyses were performed using ANOVA
with multiple comparisons. IHC staining for HIF-1α is shown in
representative tissue slices in either the cortex (middle panel) or
hippocampus (lower panel) regions for saline- (C or F, respective-
ly), LPS- (D or G, respectively), or LPS + RAPA- (E or H,
respectively) treated rat brains at 6 weeks post-LPS
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NAA levels, as well as Myo-Ins and Cr levels [7]. Our
results, along with that of the TBI study mentioned
above, indicate that RAPA may be neuronal-protective.

RAPA seems to increase the % change in BOLD
signal in the cerebral cortex regions at 3 weeks post-
LPS, and in the hippocampus at 6 weeks post-LPS.
BOLD MRI images reflect local changes in oxyhemo-
globin levels by virtue of the increased spin relaxation
rate of the deoxyhemoglobin environment compared to
the oxyhemoglobin environment. As a result, the signal
decreases with higher tissue metabolism of oxygen, but
increases with the perfusion of oxygenated arterial

blood [44, 45]. As we used hypercapnia for the stimulus,
the primary contributor to the BOLD signal would be
changes in arterial blood perfusion, since the signal
under the hypercapnia conditions is considered
isometabolic [46]. The 3-week post-LPS data of in-
crease % change in BOLD signal in the cerebral cortical
regions (Fig. 4A) seems to support the rCBF data at 3
weeks post-LPS in the cerebral cortex region (Fig. 2D).
RAPA has also been found to regulate cholesterol bio-
synthesis and cytoplasmic ribosomal proteins in the
hippocampus of APP/PS1 mice [6]. Possibly, by week
6 post-LPS (Fig. 4B), RAPA is affecting similar

Saline LPS RAPA

Cortex

Hippocampus

Cortex Hippocampusa b

c d e

hgf

Fig. 7 Rapamycin restores neuronal Ephrin receptor, EphB2,
levels to normal in the cerebral cortex and hippocampus regions.
Quantitative assessment of positivity staining for EphB2 in the
cortex (A) or hippocampus (B) regions of rat brains treated with
either saline (n = 4), LPS (n = 3), or LPS + RAPA (n = 5). There
was a significant increase in EphB2 levels in LPS-treated rat
brains, compared to saline controls, and a significant decrease in

EphB2 levels in the LPS + RAPA-treated rat brains compared to
LPS-alone. Statistical analyses were performed using ANOVA
with multiple comparisons. IHC staining for EphB2 is shown in
representative tissue slices in either the cortex (middle panel) or
hippocampus (lower panel) regions for saline- (C or F, respective-
ly), LPS- (D or G, respectively), or LPS+RAPA- (E or H, respec-
tively) treated rat brains at 6 weeks post-LPS
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pathways in the hippocampus, as detected in the AD
mouse model. Further studies would need to be con-
ducted to verify this finding. Regardless, the arterial
blood perfusion, as measured by BOLD imaging, indi-
cates that RAPA seems to restore vascular integrity in
the hippocampus at 6 weeks post-LPS. The amygdala
seems also to have a trending increase in % change in
BOLD signal; however, this was not found significant.

LPS is known to induce neuroinflammation via
microglial activation by activating the NF-κB signaling
pathway [47]. In our study, we were able to demonstrate
NF-κB protein expression at 6 weeks post-LPS in both
the cerebral cortex and hippocampus brain regions (Fig.
5), which was significantly reduced by RAPA treat-
ment. It is also known that LPS induces the expression
of HIF-1α at early stages of neuroinflammation [24]. In
that same study, RAPA treatment was found to decrease
the LPS-induced levels of HIF-1α in the cerebral cortex,
as determined from IHC [24]. In our study, we
established that HIF-1α was elevated also at later stages
of neuroinflammation in both the cerebral cortex and
hippocampus regions from a single LPS exposure, and
that RAPAwas able to reduce the LPS-induced levels of
HIF-1α at 6 weeks post-LPS (Fig. 6).

LPS was recently found to increase both mRNA
expression and protein expression of EphB2 in the
hypothalamus region of mice [48]. Eph receptors in
the nervous system are thought to regulate aspects of
axon growth [49] and axon guidance [50], responsi-
ble for dendritic spine formation and synaptic mat-
uration in hippocampal neurons [51], and facilitate
neuronal activation and structural plasticity in
learning-associated neurons involved in memory
[52]. The signaling pathways of the Eph receptors
include molecules known to regulate neurite out-
growth (e.g., neural cell adhesion molecules of the
L1 family) [49]. In a DBA/2J glaucoma mouse
model, EphB2 was found to be upregulated and
coincided with axon loss [53]. It has also been found
that there is a connection between TNF-α, NF-κB,
and EphB2, where when tissue injury occurs then
the activation of EphB2 may be involved in promot-
ing cellular repair in damaged regions, but if the
surrounding environment is unfavorable for re-
growth, the apoptosis occurs [54]. Although heavily
associated with neurons, EphB2 is also expressed in
microvascular endothelial cells [55]. In our study,
we observed that EphB2 is elevated following LPS
exposure (6 weeks post-LPS) in both the cortex and

hippocampus regions (Fig. 7Bi and ii). We found
that RAPA was found to return EphB2 protein levels
to normal (same as saline controls; Fig. 7D). Per-
haps the effect of RAPA on neuronal EphB2 sup-
ports the MR spectroscopy data where NAA levels
were also restored with RAPA treatment (Fig. 3), or
additionally support the rCBF vascular data (Fig. 2).
To understand the mechanism of action more fully,
i.e., whether this is related to neurons or cerebral
microvasculature, this will need to be further inves-
tigated in future studies.

With respect to BBB, rCBF, and NAA levels, we
found that our LPS-induced inflammaging model had
similar effects in the brains of normal aging models.
Future studies however should directly compare the
LPS-induced inflammaging model with normal aging.

RAPAwas found to restore BBB, rCBF, and NAA to
those similar to the saline-treated controls, in the LPS-
induced inflammaging model.

Conclusions

RAPA has the capability to inhibit neuroinflammation
in a LPS-induced inflammaging model, via decreasing
BBB permeability, normalizing brain vasculature, nor-
malizing inflammatory markers (NF-κB and HIF-1α),
and restoring neuronal integrity. RAPA should be con-
sidered as a possible therapeutic strategy for various
neuroinflammatory diseases. The translatable capability
for RAPA into humans is very high.
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