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Abstract Sepsis-associated encephalopathy (SAE) in-
duces neuroinflammation, which is associated with cog-
nitive impairment (CI). CI is also correlated with aging.
We used contrast-enhanced magnetic resonance imag-
ing (MRI), perfusion MRI, and MR spectroscopy to
assess long-term alterations in BBB permeability,
microvascularity, and metabolism, respectively, in a rat
lipopolysaccharide-induced SAE model. Free radical-
targeted molecular MRI was used to detect brain radical
levels at 24 h and 1 week post-LPS injection. CE-MRI
showed increased Gd-DTPA uptake in LPS rat brains at
24 h in cerebral cortex, hippocampus, thalamus, and
perirhinal cortex regions. Increased MRI signal

intensities were observed in LPS rat brains in cerebral
cortex, perirhinal cortex, and hippocampus regions
1 week post-LPS. Long-term BBB dysfunction was
detected in the cerebral cortex at 6 weeks post-LPS.
Increased relative cerebral blood flow (rCBF) in cortex
and thalamus regions at 24 h, decreased cortical and
hippocampal rCBF at 6 weeks, decreased cortical rCBF
at 3 and 12 weeks, and increased thalamus rCBF at
6 weeks post-LPS, were detected. MRS indicated that
LPS-exposed rat brains had decreased: NAA/Cho me-
tabolite ratios at 1, 3, 6, and 12 weeks; Cr/Cho at 1, 3,
and 12 weeks; and Myo-Ins/Cho at 1, 3, and 6 weeks
post-LPS. Free radical imaging detected increased rad-
ical levels in LPS rat brains at 24 h and 1 week post-
LPS. LPS-exposed rats were compared to saline-treated
controls. We clearly demonstrated BBB dysfunction,
impaired vascularity, and decreased brain metabolites,
as measures of long-term neuroinflammatory indicators,
as well as increased free radicals in a LPS-induced rat
SAE model.

Keywords Neuroinflammation . Encephalopathy.

Contrast-enhancedmagnetic resonance imaging (CE-
MRI) . Perfusion imaging .MR spectroscopy. Free
radical-targeted imaging

Introduction

Sepsis is a severe acute systemic inflammatory reaction
to circulating bacterial toxins. It is a serious and poten-
tially fatal illness and can result in multi-organ
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dysfunction and failure. Sepsis is associated with both
acute and chronic brain dysfunctions (Ning et al. 2017;
Taccone et al. 2013). Sepsis-associated encephalopathy
(SAE) is a common acute complication of sepsis that is
associated with a poor prognosis and cognitive impair-
ment (Jain et al. 2002; Ziaja 2013; Wu et al. 2015; Sun
et al. 2015). In general, neuroinflammation is considered
a risk factor for cognitive impairment (Sun et al. 2015;
Yamanaka et al. 2017). It is also well known that cog-
nitive impairment is a direct outcome of aging (Bettio
et al. 2017; Toth et al. 2017; Oedekoven et al. 2015).
Clinical and preclinical data has implicated that system-
ic inflammation can induce long-lasting cognitive com-
plications, particularly in the aged and vulnerable brain
(Murray et al. 2012; Sun et al. 2015; Cunningham and
Hennessy 2015; Yamanaka et al. 2017). In humans,
chronic neurocognitive compromise is well recognized
in sepsis survivors, affecting 70% of patients at hospital
discharge and 45% at 1 year (Mikkelsen et al. 2012).

SAE is a common complication that subsequently
occurs with poor prognosis in septic patients (Ziaja
2013; Bozza et al. 2013). SAE is also associated with
cognitive impairment (Ziaja 2013; Wu et al. 2015).
Sepsis in a mouse model (cecal ligation/perforation,
CLP) resulted in hippocampal-dependent cognitive im-
pairment, as measured in behavioral tests, showing sig-
nificantly increased distance spent in an open field test,
and decreased freezing time to context in a fear condi-
tioning test (Gao et al. 2017). In another study using the
CLP sepsis-induced mouse model, long-term cognitive
impairment, measured by behavioral outcomes from an
inhibitory avoidance test and a Morris water maze, was
detected 15 days after septic induction (Hernandes et al.
2014). It was also found that the CD40-CD40 ligand
pathway plays a major role in acute neuroinflammation
and contributes to long-term cognitive dysfunction fol-
lowing sepsis (Michels et al. 2015).

SAE pathophysiology is still poorly understood, but
a number of mechanisms-of-actions (MOAs) have been
proposed, including mitochondrial and vascular dys-
function, oxidative damage, neurotransmission distur-
bances, inflammation, and cellular death (Ziaja 2013;
Bozza et al. 2013; Berg et al. 2011; Jacob et al. 2011).
Oxidative stress is a central MOA of acute brain damage
(Bozza et al. 2013). Systemic inflammation induces
mitochondrial dysfunction, which is involved in both
apoptotic and necrotic cell death pathways, and in-
creased glucose uptake by brain tissues. This results in
the diversion of glucose to the pentose phosphate

pathway that may contribute to oxidative stress by pro-
ducing excessive superoxide radicals via NADPH oxi-
dase (Bozza et al. 2013; Berg et al. 2011). In addition,
microglia activation results in the secretion of nitric
oxide, reactive oxygen species (ROS) and matrix metal-
loproteinases (MMPs) that can all contribute to blood-
brain barrier (BBB) and neuronal damage (Wu et al.
2015). Regarding brain dysfunction in sepsis, it is
thought that reactive oxygen and nitrogen species
(RONS), generated during a systemic inflammatory re-
sponse, triggers lipid peroxidation due to a decreased
antioxidant activity (Berg et al. 2011). Free radical-
induced structural membrane damage also induces neu-
roinflammation (Berg et al. 2011). The formation of
excessive superoxide radicals also depletes ambient ni-
tric oxide in the cerebrovascular bed (Berg et al. 2011).
This results in the formation of peroxynitrite, which
irreversibly inhibits the mitochondrial electron transport
chain, resulting in an increase in mitochondrial release
of free radicals, and leads to mitochondrial dysfunction
and neuronal bioenergetics failure (Berg et al. 2011).
Additionally, free radicals trigger apoptosis via altering
intracellular calcium homeostasis in brain regions such
as the cerebral cortex and hippocampus, further exacer-
bating local inflammatory responses further (Berg et al.
2011).

There are a variety of MRI (magnetic resonance
imaging) methods that can be used to assess neuroin-
flammation. Contrast-enhanced MRI (CE-MRI) or dy-
namic contrast-enhanced (DCE) MRI can be used to
assess whether there is increased blood-brain barrier
(BBB) permeability, by assessing the uptake of a MRI
contrast agent, Gd-DTPA (gadolinium diethylene
triamino penta acetic acid), which increases MRI signal
intensity (SI), in the brain tissues. Perfusion MR imag-
ing (pMRI) (either arterial spin labeling (ASL), or DCE-
MRI) can also be used to assess tissue vascularlity by
measuring relative cerebral blood flow (rCBF). Metab-
olite levels assessed by magnetic resonance spectrosco-
py (MRS) can also be used as markers of neuroinflam-
mation in neurodegenerative diseases. Our group also
developed a free radical-targeted molecular MRI
(mMRI) approach to assess in vivo free radicals associ-
ated with oxidative stress-related neuroinflammatory
diseases, including SAE (Towner et al. 2013a), gliomas
(Towner et al. 2013b), and amyotrophic lateral sclerosis
(ALS) (Towner et al. 2013c).

It is well established that RONS lead to structural and
functional modifications of cellular proteins and lipids,

50 GeroScience (2018) 40:49–60



resulting in cellular dysfunction, such as impaired ener-
gy metabolism, altered cell signaling and cell cycle
control, impaired cell transport processes and dysfunc-
tional biological activities, immune activation, and in-
flammation (Bozza et al. 2013). RONS can be involved
in several disease processes as causative agents or result
as an effect of the pathogenesis, including SAE.

Mason et al. developed an antibody that recognizes
macromolecular DMPO (5,5-dimethyl-pyrroline-N-ox-
ide) spin adducts, regardless of the oxidative/reductive
state of the trapped radical adducts, and called the meth-
odology immuno-spin trapping (IST) (Mason 2004;
Ramirez and Mason 2005; Gomez-Mejiba et al. 2009;
Khoo et al. 2015; Mason 2016; Gomez-Mejiba et al.
2014). DMPO is a spin trapping compound that has
been used for several decades to trap and stabilize free
radical species. Our group extended IST technique to an
in vivo approach that involves the use IST in conjunc-
tion with molecular magnetic resonance imaging
(mMRI) (Towner et al. 2012, 2013a, b, c, 2015;
Coutinho de Souza et al. 2015; Towner and Smith
2017). The spin-trapping agent, DMPO, is used initially
to trap free radicals in an oxidative stress-related disease
model, and administration of a mMRI probe, called an
anti-DMPO probe, that combines an antibody against
DMPO-radical adducts and a MRI contrast agent, is
used to target the DMPO-trapped free radicals that can
be detected by mMRI. The anti-DMPO probe includes
an albumin-Gd-DTPA-biotin construct, where the anti-
DMPO antibody is covalently linked to the cysteine
residues of albumin, forming an anti-DMPO-adduct
antibody-albumin-Gd-DTPA-biotin entity. The Gd-
DTPA moiety acts as the MRI signaling component,
which will increase MRI SI in a T1-weighted morpho-
logical MR imaging sequence, and decrease T1 relaxa-
tion in a T1 map image. Both of these parameters, MRI
SI or T1 relaxation, can be used to assess the presence of
the anti-DMPO probe in vivo. In addition, the biotin
moiety can be used for ex vivo validation of the pres-
ence of the anti-DMPO probe in tissues, by using
streptavidin-fluorescence (e.g., Cy3) or streptavidin-
HRP (horse radish peroxidase) to tag the biotin in the
anti-DMPO probe.

We previously used the combined IST and mMRI
free radical-targeted approach in a mouse model for
SAE (Towner et al. 2013a). Mice with septic encepha-
lopathy (induced by CLP) were found to have higher
levels of trapped DMPO-radical adducts compared to
sham animals (abdominal incision without CLP and

sutured) (Towner et al. 2013a). This was the first report-
ed in vivo detection of elevated in situ free radicals in a
mouse model for SAE. However, long-term imaging
findings associated with experimental sepsis were not
addressed. In the current study, we used a combination
of MR techniques, including CE-MRI, pMRI, and 1H–
MRS and to assess long-term neuroinflammation-asso-
c i a t e d a l t e r a t i o n s i n BBB pe rme ab i l i t y,
microvascularity, and neurological metabolism, respec-
tively, in a rat lipopolysaccharide (LPS)-induced SAE
model over 3 months. Free radical-targeted mMRI was
also used to assess brain free radical levels at 24 h and
1 week post-LPS injection.

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
Animals. All efforts were made to minimize suffering.

LPS exposure

Rats (Sprague-Dawley; 8–10 weeks old; male; n = 30)
were exposed to LPS (10 mg/kg in 100 μL saline; i.p.).
Controls were administered saline (same volume and
route of administration as for LPS).

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. 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 thickness) 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, ma-
trix size = 256 × 256) were also performed and acquired
before and 10, 20, and 30 min after intravenous contrast
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agent injection (Gd-DTPA, Magnevist, Bayer Inc.,
Wayne, NY, USA; 0.4 mmol/kg). Regional assessments
were made in the following regions: cortex, perirhinal
cortex (pr-cortex), hippocampus, and thalamus regard-
ing MRI signal intensity measurements.

1H–MRS was acquired 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 × 3.0 × 3.0 mm3 was
positioned in the rat brain. To analyze the MRS data,
an in-house Mathematica program was used (version
6.0, Wolfram Research, Champaign, IL, USA). The
spectra were scaled in ppm by calibrating against the
water peak (4.78 ppm). Themajor brainmetabolic peaks
were identified as N-acetylaspartate (NAA) at 2.02 ppm,
choline (Cho) at 3.22 ppm, creatine (Cr) at 3.02 ppm,
and myo-inositol at 3.53 ppm. The peak area measure-
ments 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 thick-
ness, with a single shot echo-planar encoding over a
64 × 64 matrix. An echo time (TE) of 13.5 ms, a repe-
tition time (TR) of 18 s, and an inversion time (TIR) of
26.0 ms were used, and images were not submitted to
time averaging. To obtain perfusion contrast, the flow
alternating inversion recovery schemewas 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, perirhinal cortex, hippocampus,
and thalamus regions of the brain. Negative ASL rCBF
values were assumed to be zero.

For free radical-targetedMRI, rat brains were imaged
at 0 (pre-contrast) and up to 120 min post-contrast agent
injection. Rats were previously treated with DMPO
(5,5-dimethyl-1-pyrroline-N-oxide) (100 mg diluted in
200 μl saline; i.p.; 3× daily, every 6 h for 3 days) to trap
free radicals, and subsequently injected intravenously
with the anti-DMPO-albumin-Gd-DTPA-biotin contrast
agent (200 μg anti-DMPO antibody/rat and 100 mg
biotin-albumin-Gd-DTPA/rat) for in vivo free radical-
targeted molecular MRI. T1-weighted images were ob-
tained using a variable TR (repetition time) spin-echo
sequence (TR, 200–1600 ms; TE, 15 ms; NA, 2). Pixel-
by-pixel relaxation maps were reconstructed from a
series of T1-weighted images using a nonlinear two-
parameter fitting procedure. The T1 values of specified
regions-of-interest (ROI) were computed from all the
pixels in designated ROIs.

Streptavidin-HRP staining for anti-DMPO probe

Necropsies were performed on all rats. Brain tissues
were fixed in 10% phosphate buffered formalin, embed-
ded in paraffin, serially sectioned at 5 μm, and were
stained with hematoxylin eosin (H&E) for histological
examination. Streptavidin-HRP was used to target the
biotin moiety of the anti-DMPO probe bound to macro-
molecular DMPO-trapped free radicals in excised rat
brain tissues from the hippocampus region. Nova Red
was used as the chromogen for HRP staining.

Statistical analyses

Statistical analyses were performed using Graph Pad
Prism 6 (GraphPad Prism 6 Software, San Diego, CA,
USA). All p values < 0.05 were considered statistically
significant. MRI signal intensities, rCBF values, and
metabolite peak ratios [(NAA/Cho), (Cr/Cho), and
(Myo-Ins/Cho)] were reported as means ± standard
deviations. For statistical analysis, Student’s t tests (in-
dependent samples, two-tailed t test) were used to assess
the differences between means of the LPS-exposed and
saline-control rat brains.
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Results

LPS-treated rats have increased short-term
and long-term blood-brain-barrier permeability
alterations

CE-MRI, which detects BBB permeability alterations,
indicated a significant increase in MRI SI due to the
presence of Gd-DTPA in LPS-exposed rat brains at 24 h
post-injection in the cerebral cortex (p < 0.01), pr-cortex
(p < 0.05), hippocampus (p < 0.01), and thalamus
(p < 0.01), compared to saline-treated controls
(Fig. 1a–d). Panel “iii” in Fig. 1 is a representative T1-
weightedMR image of an LPS-exposed rat brain at 24 h
post-LPS, compared to a saline-treated rat brain at the
same time-point (Fig. 1(i)). Significantly increasedMRI
SI was also observed in the LPS rat brains in the cerebral
cortex (p < 0.05), pr-cortex (p < 0.001), and hippocam-
pus (p < 0.05) 1 week after LPS injection, compared to
controls. The only long-term change to the BBB in LPS-
exposed rats was detected in the cerebral cortex at
6 weeks following LPS injection (p < 0.01), compared
to controls. Representative LPS-exposed (Fig. 1(iv))
and saline-treated (Fig. 1(i)) rat brain MR images at
6 weeks post-LPS are also shown. Cortex (1), hippo-
campus (2), thalamus (3), and pr-cortex (4) are num-
bered respectively.

LPS-treated rats have both short-term and long-term
altered brain tissue perfusion rates

pMRI indicated that for the cortex and thalamus regions,
LPS-exposed rat brains had increased rCBF (p < 0.05 in
the cortex, and p < 0.01 in the thalamus) at 24 h post-
LPS, compared to controls; however, in the cortex and
hippocampus, long-term significant decreases 6 weeks
post-LPS in rCBF were detected for LPS-exposed rat
brains (p < 0.001 for the cortex, and p < 0.01 for the
hippocampus), compared to controls (Fig. 2). In the
cortex, there were also significant decreases in rCBF at
3 and 12 weeks (p < 0.05 for both), compared to con-
trols. Conversely, in the thalamus at 6 weeks post-LPS,
there was a significant increase in rCBF in the LPS
brains compared to controls. There were no significant
changes in the perirhinal cortex regarding rCBF in LPS
vs. controls (Fig. 2). Figure 2(iv) shows a representation
perfusion map in a LPS-exposed rat brain 6 weeks post-
LPS, compared to a saline-treated rat brain at the same
time-point (Fig. 2(iii)). Morphological images for the

perfusion maps shown in Fig. 2 are shown in panels “ii”
for LPS and “i” for saline rat brains.

LPS-treated rats have long-term altered brain
metabolism

The MRS data indicated that LPS-exposed rat brains
had significantly decreased NAA/Cho metabolite ratios
at 1 (p < 0.05), 3 (p < 0.01), 6 (p < 0.05), and 12
(p < 0.001) weeks post-LPS injection; Cr/Cho ratios at
1, 3, and 12 weeks (p < 0.05 for all) post-LPS; andMyo-
Ins/Cho ratios at 1, 3, and 6 weeks (p < 0.05 for all),
compared to controls (Fig. 3a–c). Representative images
depicting the selected regions for MR spectra in saline-
and LPS-treated rat brains are shown in Fig. 3d(i, ii),
respectively. Representative localized spectra for saline
and LPS rat brains are shown in Fig. 3e.

LPS-treated rat brains have increased free radicals

The targeted free radical imaging indicated the detection
of significantly increased trapped radical levels in LPS-
exposed rat brains at both 24 h and 1 week post-LPS
injection, compared to saline-treated controls (Fig. 4a–
e). For the 24-h time-point, an increased uptake of the
anti-DMPO probe (see Fig. 4f for illustration) in the
hippocampal blood vessel endothelial cells (Fig. 4h)
(compared to controls; Fig. 4g) was also observed,
indicated by HRP staining due to the binding of
streptavidin-HRP to the biotin moiety of the anti-
DMPO probe . From the ant i -DMPO probe
streptavidin-HRP staining, it was also determined that
there was an increase in blood vessel dilation at 24 h
post-LPS (Fig. 4h).

Discussion

Our findings indicated that CE-MRI, which detects
BBB permeability alterations, was able to show a sig-
nificant increase in the uptake of Gd-DTPA in LPS-
exposed rat brains at 24 h post-injection in the cerebral
cortex (p < 0.01), pr-cortex (p < 0.05), hippocampus
(p < 0.01), and thalamus (p < 0.01), compared to
saline-treated controls (see Fig. 1). Significantly in-
creased MRI SI was also observed in the LPS rat brains
in the cerebral cortex (p < 0.05), pr-cortex (p < 0.001),
and hippocampus (p < 0.05) 1 week after LPS injection,
compared to controls. The only long-term change to the
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BBB in LPS-exposed rats was detected in the cerebral
cortex at 6 weeks following LPS injection (p < 0.01),
compared to controls.

It has been known for some time that LPS can disrupt
the BBB (Wispelwey et al. 1988; Banks and Erickson
2010). It was recently found that Wip1 regulates BBB
function and neuroinflammation induced by LPS via the
sonic hedgehog signaling pathway (Zhen et al. 2017). In
another study, dynamic contrast-enhanced (DCE) MRI

was used to detect blood-brain barrier (BBB) break-
down 24 h following stereotaxic injection of LPS into
the right striatum in rats, which was absent at 1 mon
post-LPS injection (Ory et al. 2015). Another group
used multiphoton imaging to detect increased BBB
dysfunction in LPS-exposed mice (Zhou et al. 2014).

The cerebral cortex plays a key role in many brain
functions, including memory, cognition, awareness,
thought, language, attention, and consciousness (Shipp
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Fig. 1 LPS-treated rat brains
have increased BBB permeability
at early and late stages of LPS
exposure. CE-MRI relative signal
intensities for LPS- and saline-
administered rat brains in the a
cerebral cortex, b hippocampus, c
thalamus, and d perirhinal cortex
(pr-cortex) brain regions.
Representative T1-weighted MR
images of rat brains administered
either saline (i, ii) or LPS (iii, iv)
at either 24 h or 6 weeks post-LPS
or saline. Regional assignments:
(1) cerebral cortex, (2)
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2007). LPS exposure could possibly effect both short-
term, as well as long-term cognition, which is currently
being studied by our group members. The hippocampus
is involved in both short-term and long-term memory
(Squire 1992), which is also being investigated by our
group in the context of LPS exposure. The thalamus is
involved in the regulation of consciousness, alertness
and sleep (Percheron 2003). The perirhinal cortex is
thought to be associated primarily with memory (Moran
and Dalrymple-Alford 2003) and is also currently being
investigated by our group. Regarding altering BBB
permeability, LPS exposure seems to affect all regions

at early stages that we assessed, whereas only the cere-
bral cortex was observed to have more long-term ef-
fects. Increasing evidence indicates that the integrity of
the BBB plays an important role regarding the onset and
progression of neurodegeneration and cognitive impair-
ment (Takechi et al. 2017).

Regarding brain tissue vascular perfusion, there were
a few interesting occurrences that we observed (see Fig.
2). For the cortex and thalamus regions, LPS-exposed
rat brains had increased rCBF (p < 0.05 in the cortex,
and p < 0.01 in the thalamus) at 24 h post-LPS, com-
pared to controls; however, in the cortex and
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hippocampus, long-term significant decreases 6 weeks
post-LPS in rCBF were detected for LPS-exposed rat
brains (p < 0.001 for the cortex, and p < 0.01 for the
hippocampus), compared to controls. In the cortex, there
were also significant decreases in rCBF at 3 and
12 weeks (p < 0.05 for both), compared to controls.
Conversely, in the thalamus at 6 weeks post-LPS, there
was a significant increase in rCBF in the LPS brains
compared to controls. Another group assessing regional
cerebral blood flow (CBF), measured by positron emis-
sion tomography (PET) using 18F–fluorodeoxyglucose
(18F–FDG) in LPS-exposed rats, found CBF to decrease
in the cortex (Semmler et al. 2008), which is similar to
our findings. It is known that changes in cerebral blood
flow, release of inflammatory molecules, and metabolic
alterations, associated with SAE, have been previously
found to contribute to neuronal dysfunction and cell
death (Semmler et al. 2008). In a recent human study,
cerebral perfusion alterations and cognitive decline were

observed in critically ill sepsis survivors (Pierrakos et al.
2017). It is thought that alterations of CBF may repre-
sent a key component for the development of SAE
(Taccone et al. 2013).

We also previously reported that vasogenic edematic
fluid accumulates at the base of the brains of CLP-
induced mice usingMRI (Bozza et al. 2010). In a related
study, evidence was found that there is a link between
systemic inflammation and cerebral microhemorrhages
(CMH), which are microscopic deposits of blood deg-
radation products, and are pathological substrates of
cerebral microbleeds (Sumbria et al. 2016). In the same
study, with the use of Prussian blue staining, CMH was
found to be significantly higher in LPS-treated C57BL/6
mice 7-days post-treatment, compared to saline-treated
controls (Sumbria et al. 2016).

Our MRS studies indicated that LPS-exposed rat
brains had significantly decreased NAA/Cho metabolite
ratios at 1 (p < 0.05), 3 (p < 0.01), 6 (p < 0.05), and 12
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Fig. 3 LPS-treated rat brains
have altered brain metabolism at
early and late stages of LPS
exposure. Metabolite/choline
(Cho) ratios for a NAA/Cho, b
Cr/Cho, and c Myo-Ins/Cho of
LPS- and saline-administered rat
brains. d Representative T1-
weighted MR images of rat brains
administered either saline (i) or
LPS (ii) at 1 weeks post-LPS or
saline. e Representative MR
spectra from a saline- or LPS-
administered rat brain. Peak
assignments: myo-Ins at
4.06 ppm, tCho (total Cho) at
3.3 ppm, tCre (total Cr) at
3.0 ppm, and NAA at 2.0 ppm.
*p < 0.05, **p < 0.01, and
***p < 0.001
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(p < 0.001) weeks post-LPS injection; Cr/Cho ratios at
1, 3, and 12 weeks (p < 0.05 for all) post-LPS; andMyo-
Ins/Cho ratios at 1, 3, and 6 weeks (p < 0.05 for all),
compared to controls (see Fig. 3). It is interesting to note
that in the LPS-induced SAE model, there were no
significant decreases in metabolite ratios 24 h post-
LPS; however, in a CLP-induced SAE mouse model
we detected reduced NAA/Cho ratios at 24 h post-CLP
(Bozza et al. 2010), possibly indicating that the CLP
model is perhaps more severe than LPS injection. In
another study, a NAA/Cr ratio was found to decrease in
LPS-injected rat brains over a 24-h time-period (Wen

et al. 2017). It was also found in the same study that the
NAA/Cr ratio correlated quite well with apoptosis rates
in the hippocampus (Wen et al. 2017).

Free radical imaging indicated detection of signifi-
cantly increased trapped radical levels in LPS-exposed
rat brains at both 24 h and 1 weeks post-LPS injection,
compared to saline-treated controls (see Fig. 4). For the
24-h cohort, we also observed increased uptake of the
anti-DMPO probe in the hippocampal blood vessel en-
dothelial cells (compared to controls), indicated by HRP
staining due to the binding of streptavidin-HRP to the
biotin moiety of the anti-DMPO probe. From the anti-
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Fig. 4 LPS-treated rat brains have increased free radical levels at
early stages of LPS exposure. Representative T1-weighted images
overlaid with a post- minus a pre-contrast image following admin-
istration of the anti-DMPO probe that targets DMPO-trapped
macromolecular radicals for a saline-, and LPS-administred rat
brains at b 24 h and c 1 week post-LPS. MRI signal intensity
percent (%) differences normalized to muscle graphs of LPS- and
saline-administered rat brains given anti-DMPO probes at d 24 h
or e 1 week post-LPS or saline. There was a significant increase in

detection of DMPO-trapped radicals in the LPS-exposed rat brain
at 24 h (p < 0.01) and 1 week (p < 0.001) post-LPS, compared to
saline controls. f Illustration of the anti-DMPO probe, which
consists of Gd-DTPA, anti-DMPO antibody bound to albumin,
and biotin. Streptavidin-HRP bound to the biotin moiety of the
anti-DMPO probe in a g saline- or h LPS-administered rat hippo-
campal brain tissue section. Note binding of the anti-DMPO probe
to the endothelial cells, and more pronounced binding in the LPS
brain, along with increased vessel dilation
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DMPO probe streptavidin-HRP staining, it was also
observed that there was an increase in blood vessel
dilation, which correlates with the increased rCBF at
24 h post-LPS. In our previous combined IST and
mMRI study in a mouse SAE model (CLP-induced
sepsis), we found that the distribution of the anti-
DMPO probe was dispersed throughout the brain, and
determined to be significantly higher in septic mice vs.
sham animals in the hippocampus, striatum, occipital
lobe and medial cortex regions of the brain, as measured
by a percent (%) change or overall decrease in T1

relaxation (Towner et al. 2013a). Oxidized lipids (mea-
sured from Western blots for 4-hydroxynonenal (4-
HNE)), and oxidized proteins (measured from Western
blots for 3-nitroso-toluene (3-NT)) were also found to be
significantly higher in septic mice (CLP) after 6 h, com-
pared to sham controls (Towner et al. 2013a).

Others have also reported high levels of ROS were
also detected in a mouse LPS-induced SAE model
(Zhou et al. 2014; Clement et al. 2010). Increased
ROS and nitric oxide (NO) were also detected in a
feces-induced peritonitis sepsis mouse model (Handa
et al. 2008). In another study using the CLP sepsis-
induced mouse model, acute oxidative damage to the
hippocampus was detected through increased 4-HNE
expression, along with an increased Nox2 gene expres-
sion (Hernandes et al. 2014). Another report, using a
LPS-induced SAE mouse model, showed high levels of
ROS, malondialdehyde (MDA), tumor necrosis factor
(TNF-α), and interleukin 1β (LI-1β) were all detected
8 h after LPS injection2. IL-6 was also found to be
elevated in a LPS-induced SAE mouse model
(Clement et al. 2010). Patients with encephalopathy
were also found to have elevated serum and CSF (cere-
bral spinal fluid) levels of soluble intracellular adhesion
molecule-1 (siCAM-1), a marker of endothelium-
leukocyte interaction, nitric oxide (NO), lipid peroxide,
and S100B, a marker of astrocyte activation and injury)
compared to sepsis only (Hamed et al. 2009).

The pathogenesis of sepsis-induced brain dysfunc-
tion is associated with mitochondrial dysfunction
(Bozza et al. 2013; Lyu et al. 2015; Wang et al. 2014).
In a rat model of LPS-induced SAE, mitochondrial
dysfunction was found to be associated with altered
mitochondrial tyrosine kinase Src and protein phospha-
tase 1B (PTP1B) levels (Lyu et al. 2015). In the same
study, pretreatment of mitochondrial proteins with ac-
tive PTP1B resulted in overproduction of ROS and
decreased mitochondrial membrane potential (Lyu

et al. 2015). In a CLP-induced SAE mouse model, it
was found that the mitochondrial function of the hippo-
campus was severely impaired, coupled with increased
ROS, neuronal apoptosis and inflammation (Wu et al.
2015). In this same study, they investigated the effects of
a mitochondria-targeted peptide SS-31 onmitochondrial
function and cognitive deficits, and found that the pep-
tide SS-1 protected mitochondrial integrity, reversed
mitochondrial dysfunction, inhibited cytochrome c-
related apoptosis, and diminished inflammation (Wu
et al. 2015).

As there is mounting evidence that systemic inflam-
mation coupled with aging may exacerbate cognitive
decline (Sun et al. 2015; Yamanaka et al. 2017), an
interesting future direction would be to assess long-
term neuroinflammation and cognitive decline in aged
rodents.

Conclusions

In a rat LPS endotoxemia model, MRI imaging demon-
strates both acute and longer-term alterations in blood-
brain barrier permeability, brain perfusion, metabolic
alterations, and the generation of free radicals indicative
of oxidative damage. MRI may provide a useful tool in
the early identification of specific abnormalities associ-
ated with SAE and a mechanism to assess both the acute
and sustained efficacy of mitigating therapies.
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