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a b s t r a c t
Microglia play an essential role in many brain diseases. Microglia are activated by local tissue damage or inﬂammation, but systemic inﬂammation can also activate microglia. An important clinical question is whether
the effects of systemic inﬂammation on microglia mediate the deleterious effects of systemic inﬂammation in
diseases such as Alzheimer's dementia, multiple sclerosis, and stroke. Positron Emission Tomography (PET)
imaging with ligands that bind to Translocator Protein (TSPO) can be used to detect activated microglia.
The aim of this study was to evaluate whether the effect of systemic inﬂammation on microglia could be measured with PET imaging in nonhuman primates, using the TSPO ligand [ 11C]PBR28.
Methods: Six female baboons (Papio anubis) were scanned before and at 1 h and/or 4 h and/or 22 h after intravenous administration of E. coli lipopolysaccharide (LPS; 0.1 mg/kg), which induces systemic inﬂammation.
Regional time-activity data from regions of interest (ROIs) were ﬁtted to the two-tissue compartmental model,
using the metabolite-corrected arterial plasma curve as input function. Total volume of distribution (VT) of
[11C]PBR28 was used as a measure of total ligand binding. The primary outcome was change in VT from baseline.
Serum levels of tumor necrosis factor alpha (TNFα), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and
interleukin-8 (IL-8) were used to assess correlations between systemic inﬂammation and microglial activation.
In one baboon, immunohistochemistry was used to identify cells expressing TSPO.
Results: LPS administration increased [11C]PBR28 binding (F(3,6) =5.1, p=.043) with a 29± 16% increase at 1 h
(n=4) and a 62±34% increase at 4 h (n=3) post-LPS. There was a positive correlation between serum IL-1β
and IL-6 levels and the increase in [11C]PBR28 binding. TSPO immunoreactivity occurred almost exclusively in
microglia and rarely in astrocytes.
Conclusion: In the nonhuman-primate brain, LPS-induced systemic inﬂammation produces a robust increase in
the level of TSPO that is readily detected with [11C]PBR28 PET. The effect of LPS on [11C]PBR28 binding is likely
mediated by inﬂammatory cytokines. Activation of microglia may be a mechanism through which systemic
inﬂammatory processes inﬂuence the course of diseases such as Alzheimer's, multiple sclerosis, and possibly
depression.
© 2012 Elsevier Inc. All rights reserved.

Introduction
Microglia, the brain's innate immune cells, are involved in a variety
of physiologic and pathologic processes (Tambuyzer et al., 2009).
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immunoreactive; IL, interleukin; LPS, lipopolysaccharide; NMI, normalized mutual
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Under physiologic conditions, microglia are tightly regulated by interactions with neurons (Ponomarev et al., 2011). When provided with
signals indicating tissue damage or inﬂammation, microglia become
activated; this is a key event in the pathophysiology of brain ischemia,
trauma, and infection, and in neurodegenerative and autoimmune
diseases (Chan et al., 2007; Chen et al., 2010; Tambuyzer et al.,
2009). Although activated microglia serve important repair functions,
they may substantially worsen brain diseases through the release of
molecules that can cause neuronal dysfunction and damage, e.g. inﬂammatory cytokines and reactive oxygen species (Block et al., 2007;
McNally et al., 2008; van Gool et al., 2010). Microglia primarily receive
signals from local sources in the brain; however, systemic signals also
affect microglial function. The effect of systemic inﬂammation on microglia is part of the bi-directional signaling that occurs between the
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immune system and the brain (DellaGioia and Hannestad, 2010) and a
potential mechanism through which systemic inﬂammation affects the
course of brain diseases (Teeling and Perry, 2009). For instance, in individuals with mild cognitive impairment, sepsis, which causes severe
systemic inﬂammation, often results in acute and long-term cognitive
impairment (Davies et al., 2006; Girard et al., 2010; Iwashyna et al.,
2010); this may be mediated by activation of microglia (Lemstra et al.,
2007). Milder forms of systemic inﬂammation (e.g. urinary tract infections) can also cause brain dysfunction (delirium) in susceptible
individuals such as those with mild cognitive impairment, and it is
believed that repeated systemic inﬂammation worsens the course of
Alzheimer's disease (Cunningham, 2011). Similarly, when systemic
inﬂammation occurs concurrently with a cerebrovascular accident, the
ischemic lesion is larger (Denes et al., 2010). In multiple sclerosis,
systemic inﬂammation is associated with faster progression, and this
has been hypothesized to involve activation of microglia (Teeling
and Perry, 2009). In summary, systemic inﬂammation has a wellestablished impact on the course and severity of a variety of brain diseases, and this impact may be mediated by the activation of microglia.
Although the effects of systemic inﬂammation on a diseased brain
are much more pronounced than the effects on a healthy brain
(Cunningham, 2011; Teeling and Perry, 2009), even in healthy subjects
systemic inﬂammation affects behavior (Hannestad et al., 2011) and
brain metabolism (Hannestad et al., 2012). One common symptom
caused by systemic inﬂammation is fatigue. Therefore, systemic inﬂammation may be the reason why fatigue commonly occurs in diseases
that do not usually affect the brain directly, such as rheumatic diseases,
infections, and cancer (Bower, 2007). Lastly, in many patients with
depression, there is a state of mild systemic inﬂammation (Dowlati
et al., 2010), which may contribute to depressive symptoms through
effects on microglia (McNally et al., 2008).
Because microglia may mediate the effects of systemic inﬂammation
on the brain, we used PET imaging of the Translocator Protein (TSPO)
(Venneti et al., 2006) to test the hypothesis that lipopolysaccharide
(LPS)-induced systemic inﬂammation would cause microglial activation in non-human primates, as is well-established in rodents (Qin
et al., 2008; Semmler et al., 2008). The expression of TSPO is very low
in healthy brain tissue, but it increases in diseases associated with
microglial activation, including stroke, trauma, infection, and autoimmune and neurodegenerative disorders (Batarseh and Papadopoulos,
2010; Cosenza-Nashat et al., 2009). The TSPO ligand [ 11C]PBR28 was
chosen because of its high speciﬁc binding in non-human primates
(Imaizumi et al., 2008). Because TSPO expression is diffuse, and because
we expected the effect of LPS to occur in all regions, no brain region devoid of TSPO could be used as a reference region. Therefore, the arterial
input function was required for proper quantiﬁcation. The need for the
arterial input function was the main reason for conducting this study
in baboons and not in rats. In addition, the baboon's response to LPS
is physiologically and immunologically very similar to humans (Redl
and Bahrami, 2005), therefore the results would be more readily translatable. Our primary hypothesis was that LPS administration would
produce microglial activation and therefore signiﬁcantly increased
[ 11C]PBR28 binding compared to baseline. Serum levels of tumor necrosis factor alpha (TNFα), interleukin-1 beta (IL-1β), IL-6, and IL-8 were
measured to assess correlations between systemic inﬂammation and
microglial activation. In one animal, immunohistochemistry was used
to conﬁrm that TSPO expression occurs primarily in microglia after
LPS administration.
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of Laboratory Animals (National Research Council, 1996), and was
approved by the Yale University Institutional Animal Care and Use
Committee (protocol #2009-11330). The baboon (Papio anubis) was
chosen for this PET imaging study because the lack of a reference
region requires arterial input function for proper quantiﬁcation. Six
female baboons (weight 14.5 ± 5.1 kg) were ovariohysterectomized
at least 3 months prior to the study as estrogen can affect TSPO expression (Batarseh and Papadopoulos, 2010). Prior to each study,
animals were fasted overnight and were then initially anesthetized
with ketamine (10 mg/kg i.m.), intubated, and maintained under
~ 2% isoﬂurane anesthesia for the duration of each experiment (during each PET scan and during the peak effects of LPS). The peripheral
antimuscarinic agent glycopyrrolate (5–10 μg/kg) was used to reduce
secretions. An arterial line was inserted into the femoral artery for
measurement of the radiotracer input function, and an intravenous
catheter was inserted in the posterior tibial vein for administration
of ﬂuids, [ 11C]PBR28, and LPS. Heart rhythm, respiratory frequency,
oxygen saturation, and end-tidal pCO2 were continuously monitored.
Blood pressure was recorded at least every 15 min. Body temperature
was monitored with a rectal probe. Each animal had one baseline PET
scan (n = 6). LPS was administered immediately after the end of the
baseline scan, and the animals were scanned again 1 h (n = 4) and/
or 4 h (n = 3) and/or 22 h (n = 2) after LPS administration. Animals
were under anesthesia from the baseline scan until the completion
of the 1 h or 4 h scan. Animals that had a scan the following day
were recovered and then anesthetized again the next day. After the
last scan on each day, isoﬂurane was stopped, and the animals were
recovered under veterinary care. One animal that had a PET scan at
baseline and 4 h post-LPS was killed immediately after the 4 h scan
(6 h post-LPS) using 0.25 mL/kg Euthasol® (sodium pentobarbital
390 mg/mL and sodium phenytoin 50 mg/mL). The brain was processed
for immunohistochemistry.
LPS administration and inﬂammatory cytokine levels
LPS (0.1 mg/kg, E. coli serotype O111:B4, Sigma, St. Louis, MO)
was dissolved in saline and administered as an IV bolus immediately
after the baseline PET scan. This dose of LPS was chosen to produce a
state of moderate systemic inﬂammation (Haudek et al., 2003). Blood
samples were obtained from the arterial line before the baseline scan
(− 2 h), at the end of the baseline scan (0 h), and 1 h, 1.5 h, 2 h, 3 h,
3.5 h, 4.5 h, 5.5 h and ~ 22 h after LPS administration. Serum was
stored at − 70 °C until assayed. The Quantikine® quantitative sandwich enzyme immunoassay for human IL-6 (R&D Systems, Inc.,
Minneapolis, MN) was used because it cross-reacts with baboon
IL-6 (Welty-Wolf et al., 2000). In addition, electrochemiluminescence
multi-array technology (Meso Scale Discovery, Gaithersburg, MD) was
used to measure serum levels of TNFα, IL-1β, IL-6, and IL-8. Cytokinespeciﬁc capture assay is coated in arrays in each well of a 96-well carbon
electrode plate surface. Serum (25 mL) was added to the wells in duplicate and incubated for 2 h at room temperature. After several washing
steps SULFO-TAG℗ labeled secondary antibodies were added. A read
buffer was then added to provide an appropriate chemical environment
for electrochemiluminescence. The plates were read on the Sector
Imager, which applies a voltage to the plate electrodes causing the
bound labels to emit light. The intensity of emitted light is proportional
to the amount of cytokine present in the sample.
Magnetic resonance imaging

Material and methods
Animals
Research was conducted in compliance with Animal Welfare Act
regulations and other Federal statutes relating to animal experiments,
it adhered to the principles set forth in the Guide for Care and Use

An MR brain image for each baboon was acquired on a 3T scanner
to assist with anatomical localization of regions of interest (ROIs). A
T1-weighted coronal MR imaging sequence was used: echo time =
3.34 ms, repetition time = 2530 ms, 176 slices, slice thickness =
0.54 mm, ﬂip angle = 7°, image matrix = 256 × 256, pixel size = 0.5 ×
0.5, ﬁeld of view = 140 mm, 3D turbo ﬂash.
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Radiotracer synthesis
The TSPO ligand [ 11C]PBR28 was chosen because the 20-min
half-life of 11C permits multiple measurements of binding within a
short time period and because this ligand has more than 90% speciﬁc
binding in the brain of another nonhuman primate, the Rhesus
macaque (Imaizumi et al., 2008). The precursor and the reference
standard for [ 11C]PBR28 was provided by the NIMH Chemical Synthesis
and Drug Supply Program. [ 11C]PBR28 was labeled by alkylation of
the desmethyl precursor, N-(2-hydroxybenzyl)-N-(4-phenoxypyridin3-yl)acetamide, with [ 11C]methyl iodide generated from cyclotronproduced produced [ 11C]CO2 (PETrace cyclotron, GE, Milwaukee, WI).
Synthesis of [11C]PBR28 was carried out either with a TRACERLab™ FxC
automated synthesis module (GE Medical Systems), or with AutoLoop™
(Bioscan Inc., Washington, D.C.). The crude reaction mixture was puriﬁed
by a semi-preparative High Performance Liquid Chromatography (HPLC)
column (Onyx Monolithic C18, 100 mm×10.0 mm, Phenomenex) eluted
with mobile phase at 3 mL/min, and monitored for radioactivity and
UV absorbance at 254 nm. Total synthesis time was ~60 min from end
of bombardment. Speciﬁc activity, chemical purity, and radiochemical
purity of [11C]PBR28 were determined by radio-HPLC with a UV detector
(Shimadzu LC-20AT Prominence System, SPD-M20A Diode Array detector
or with a SPD-20A UV/Vis detector) coupled with a gamma detector
(Bioscan), using a Gemini C-18 analytical column eluted with MeCN/
0.1 M ammonium formate (44%/56% v/v) at 2 mL/min. The speciﬁc activity for [11C]PBR28 was determined by counting an aliquot in a dose
calibrator and determining the mass by HPLC against a calibration curve
of the cold standard. Identity was conﬁrmed by co-injection with the
standard. The average radiochemical yield was 20.8%±6.4% at the end
of synthesis (based on trapped [11C]methyl iodide) with a speciﬁc activity
of 688±225 MBq/nmol (18.6±6.1 mCi/nmol). The chemical and radiochemical purities of [11C]PBR28 were both >98%.
PET imaging
The anesthetized baboon's head was positioned using a customdesigned stereotaxic head holder and imaged with the ECAT EXACT
HR + PET scanner (Siemens, Knoxville, TN). A transmission scan was
obtained for attenuation correction. An average radioactive dose of
176.0 ± 4.7 MBq of [ 11C]PBR28 was administered as a 3-min bolus
using an infusion pump. The mass dose of unlabeled PBR28 was
0.019 ± 0.013 μg/kg. A two-hour emission scan was acquired after
each injection. Dynamic images (33 frames over 120 min) were reconstructed with corrections for attenuation, normalization, random
events, scatter, and deadtime with the attenuation-weighted orderedsubset-expectation-maximization algorithm (Reader et al., 1998).
Manual blood samples were drawn at 0.75, 1.5, 2.25, 3, 3.75, 4.5,
5.25, 6, 8, 19, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105 and 120 min
after [ 11C]PBR28 injection to measure the time-course of total radioactivity and the parent fraction in plasma, i.e., the fraction of plasma
radioactivity attributable to [ 11C]PBR28, as determined by HPLC.
PET image analysis
PET-to-MRI registrations were performed using the automated
image registration algorithm (Woods et al., 1993) as an initialization
step, followed by two iterative registrations based on normalized mutual information (NMI). The individual MRI was warped to a baboon
MRI template using a linear NMI plus nonlinear registration. The template MRI was created by averaging 5 individual baboon MR images
that were spatially normalized using a NMI linear plus nonlinear
registration. Transformation matrices from the individual registrations (template-to-MRI and MRI-to-PET) were inverted to produce
PET data in template-space. To generate each regional time–activity
curve (TAC; results expressed as KBq/mL), the mean radioactivity
in the ROI was calculated for each frame as a function of time. The

following ROIs were delineated on the baboon template image: frontal,
cingulate, insular, and occipital cortex, caudate, putamen, nucleus
accumbens, and brainstem. A voxel-weighted average of those ROIs
was used as a measure of whole-brain binding. TACs were ﬁtted to the
two-tissue compartmental model, using the metabolite-corrected arterial plasma curve as the input function. Volume of distribution (VT) was
calculated from the estimated model parameters for each ROI. We chose
VT as the primary outcome measure because it is insensitive to any
blood ﬂow changes or any changes in blood–brain barrier permeability
caused by LPS. Total plasma radioactivity, un-metabolized fraction, and
the metabolite-corrected input function are shown in Supplementary
Fig. 1. Whole-brain TACs are shown in Supplementary Fig. 2.
Immunohistochemistry
One baboon was killed immediately following the 4 h post-LPS
scan (6 h after LPS administration). The brain was halved along the
corpus callosum and ﬁxed in 4% buffered formaldehyde. Subsequently,
the brain was dissected, and parts of the frontal and temporal cortex,
striatum, brain stem, and cerebellum were embedded in parafﬁn.
Sections (10 μm) were processed for immunohistochemistry. The following commercial antibodies were used in adjacent sections: glial
ﬁbrillary acidic protein (GFAP; Thermo Fisher Scientiﬁc, Waltham, MA,
USA) for astrocytes; protein gene product 9.5 (PGP 9.5; Millipore/
Chemicon, Billerica, MA, USA) for neurons; cluster of differentiation
68 (CD68; Thermo Fisher Scientiﬁc) for microglia and macrophages
(Slepko and Levi, 1996; Ulvestad et al., 1994); and CD163 (Cell Marque,
Rocklin, CA, USA) for perivascular macrophages (Fabriek et al., 2005). A
rabbit polyclonal antibody against TSPO and pre-immune serum from
the same rabbit, used as a negative control, were provided by Janet
Morgan, Ph.D. (Roswell Park Cancer Institute). Secondary antibodies
were either sheep anti-mouse or sheep anti-rabbit. The immunoreaction
was visualized with 3,3′-diaminobenzidine as a chromogen. Slides were
counterstained with hematoxylin and viewed and photographed with
a Zeiss microscope.
Statistical analysis
The primary hypothesis was that LPS administration would be
associated with an increase in whole-brain [ 11C]PRB28 binding (VT)
from baseline (0 h) to 1 h and 4 h, and a return to baseline at 22 h.
Binding of [ 11C]PBR28 was assessed using a linear mixed model
with time (0 h, 1 h, 4 h, 22 h) included as a within-subjects factor.
The best-ﬁtting variance–covariance structure was determined by
the Bayesian information criterion. Signiﬁcant time effects were subsequently analyzed with Tukey's multiple comparison procedure to
determine post-hoc pairwise differences adjusted for Type I error.
Changes in cytokine levels were assessed using a similar mixed
model, with time (− 2 h, 0 h, 1 h, 1.5 h, 2 h, 3 h, 3.5 h, 4.5 h, 5.5 h,
and 22 h) included as a within-subjects factor. Correlations between
changes in [ 11C]PBR28 binding (VT) and cytokine levels were assessed
with both Spearman's (non-parametric) and Pearson's (parametric)
correlations. All data are reported as mean± standard deviation (S.D.).
Results
Physiologic and immune parameters
The change over time in heart rate, blood pressure, rectal temperature, and cytokine levels are illustrated in Fig. 1. After LPS administration, heart rate increased (Fig. 1A), while systolic and diastolic
blood pressures increased for a short time, then decreased (Fig. 1B).
Rectal temperature did not increase until 4 h after LPS administration
(Fig. 1C). Serum levels of inﬂammatory cytokines increased after
LPS administration (Fig. 1D and Supplementary Fig. 3). There was
a strong correlation between IL-6 levels measured with ELISA and

J. Hannestad et al. / NeuroImage 63 (2012) 232–239

with electrochemiluminescence (r = 0.88, p b .00001). At 22 h, only
IL-6 was measured; IL-6 levels at 22 h were still elevated compared
to baseline, especially in one baboon, which had an IL-6 level of
1.3 ng/mL and was noted to be lethargic the day after LPS administration. Individual IL-6 data as measured with ELISA are listed in
Supplementary Table 1.
Whole-brain and region-of-interest analysis
Consistent with our a priori hypothesis, there was a signiﬁcant
effect of time on [ 11C]PBR binding (F (3,6) = 5.1, p = .043) due to an
increase in whole-brain [ 11C]PBR28 binding (VT) from 0 h to 1 h
and 4 h post-LPS (Fig. 2). Tukey's test revealed a signiﬁcant difference
between 0 h and 4 h (corrected p = .039), while the other comparisons did not reach signiﬁcance after correction: 0 h vs. 1 h (p = .24),
0 h vs. 22 h (p = .11), and 1 h vs. 4 h (p = .17). The lack of a statistically signiﬁcant difference between 0 h and 1 h in the mixed model
was probably because the baboons that were scanned at 4 h had
higher baseline binding than those that were scanned at 1 h (Fig. 3).
When comparing each group of scans (1 h and 4 h) to their corresponding baseline, there was a 28.8 ±15.7% increase in binding at 1 h
(range 11.5%–47.4%) and a 61.8 ±34.4% increase in binding at 4 h
(range 35.6%–100.7%). The day after LPS administration (n =2), binding
in one baboon returned to baseline after a 34.7% increase at 1 h, whereas
binding in the other baboon imaged at 22 h showed an unexpected
42.7% reduction in binding below baseline. Region-of-interest analysis
showed an increase in [ 11C]PBR28 binding in all nine ROIs at 1 h and
4 h (Fig. 4 and Supplementary Table 2), with no differential pattern
across regions. Post-hoc statistical tests for each region are provided in
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Supplementary Table 3. Speciﬁc activity was 304±170 MBq/nmol at
the time of injection. There was no correlation between speciﬁc activity
at the time of injection and baseline VT (y =−0.0382x+ 34.13, r2=
0.271, p =.29). LPS administration had no effect on K1 (the rate of inﬂux
of radiotracer from blood into the brain). K1 values (mean ±standard
deviation) were: 0.41 ±0.12 mL/min/g (range 0.23–0.56) at baseline;
0.39 ±0.10 mL/min/g (range 0.30–0.57) at 1 h, 0.6 ±0.10 mL/min/g
(range 0.50–0.70) at 4 h, and 0.27±0.03 (range 0.25–0.29) mL/min/g
at 22 h. There were no statistically signiﬁcant differences between K1
at baseline and K1 at any post-LPS timepoint (all p >.2).
Correlational analysis
There was a positive correlation between IL-1β levels at 2 h and
the peak increase in [ 11C]PBR28 binding from baseline (Pearson's:
r = .875, p = .023). There was a positive correlation between IL-6
levels at 3 h and the increase in [ 11C]PBR28 binding from baseline
to 4 h (r = .998, p = .044). There was a trend positive correlation between TNFα levels at 3 h and the increase in [ 11C]PBR28 binding from
baseline to 4 h (r = .985, p = .11). There were no signiﬁcant correlations between IL-8 levels and changes in binding.
Effects of LPS on [ 11C]PBR28 metabolism
[ 11C]PBR28 was rapidly metabolized: for the baseline scans (n = 6)
the unchanged fraction (“parent fraction”) was 60 ± 5%, 19 ± 5%
and 7 ± 1% at 8, 30 and 90 min after tracer injection, respectively
(see Supplementary Table 4 for all timepoints). Metabolism and clearance of PBR28 were affected by LPS administration: Whole-blood and

Fig. 1. The physiologic and immune response to LPS administration. LPS was administered at 0 h (arrows), and each data point pre- and post-LPS administration represents data
(mean and standard deviation) from all baboons measured at a given time: n = 6 for the pre-LPS through 3 h period, n = 3 for the 4 h through 6 h period, and n = 2 for the 22 h
through 25 h period. (A) Heart rate increased after LPS administration and stayed elevated until the following day. (B) Systolic and diastolic blood pressures increased slightly after
LPS administration and subsequently decreased. Systolic blood pressure normalized after approximately 4 h, while diastolic blood pressure remained lower until the following day.
(C) Rectal temperature increased approximately 4 h after LPS administration and remained elevated until the following day. (D) Levels of inﬂammatory cytokines (TNFα, IL-1β,
IL-6, and IL-8) increased after LPS administration. IL-6 levels were measured with both electrochemiluminescence and immunosorbent assays (see Materials and methods section
for details). Abbreviations: ELISA, enzyme-linked immunosorbent assay; IL, interleukin; LPS, lipopolysaccharide; TNF, tumor necrosis factor.
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Fig. 2. Change in [11C]PBR28 binding (VT) after LPS administration in the one baboon that had a PET scan at baseline and 1 h and 4 h post-LPS (the other baboons had either a 1 h or a 4 h
scan). (A) MRI from this baboon. (B) [11C]PBR28 binding at baseline. (C) [11C]PBR28 binding 1 h post-LPS. (D) [11C]PBR28 binding 4 h post-LPS. Abbreviations: LPS, lipopolysaccharide;
MRI, magnetic resonance imaging; VT, total volume of distribution.

plasma TACs increased after LPS administration, and the parent fraction was lower after LPS administration than during the baseline
scans. For example, 30 min after tracer injection, the parent fraction
was 19 ± 5% at baseline and 11 ± 5% (n = 4) 90 min after LPS administration (See Supplementary Table 4 for all parent fraction data). These
effects of LPS on the availability of the [ 11C]PBR28 are corrected for in
the compartmental analysis, therefore, the binding (VT) measurements reported here reﬂect only brain changes and are independent
of these peripheral effects.

Immunohistochemistry
In one baboon euthanized 6 h after LPS administration, cells that
were immunoreactive (IR) for the antibody against TSPO were almost
exclusively small, rod-like cells with short or no visible processes
(Figs. 5A–B, Supplementary Fig. 4A–F). These cells were very similar
in morphology, size, and distribution to CD68 IR cells (Figs. 5D
and E), suggesting that they were microglia. Conversely, GFAP IR
cells (astrocytes) were larger, much more abundant, and had more
numerous and longer processes (Figs. 5C and F). CD68 IR cells were
found both inside the brain parenchyma and around blood vessels
(Supplementary Fig. 5A), while CD163 IR cells were limited to intraand perivascular areas (Supplementary Fig. 5B). CD163 IR cells were
round with cytoplasmic granules, that is, different in morphology
from the cells inside the brain parenchyma that expressed CD68
and TSPO. In rare instances, TSPO IR cells were seen in perivascular
areas; these cells were round and granular, similar to CD163 IR cells
(Supplementary Fig. 5C). Weak expression of PGP 9.5 was found in
neurons, which were not TSPO IR (data not shown). Thus, TSPO immunoreactivity occurred almost exclusively in microglia, but not in
astrocytes or neurons.
Discussion

Fig. 3. Mean change in [11C]PBR28 binding (VT) after LPS administration. In this ﬁgure
the mean of each set of scans (1 h and 4 h post-LPS) is compared to their respective
baseline means. One hour post-LPS (n = 4), [11C]PBR28 binding increased 28.8 ±
15.7% (range 11.5%–47.4%). Four hours post-LPS (n = 3), [11C]PBR28 binding increased
61.8±34.4% (range 35.6%–100.7%). Error bars denote standard deviation. Abbreviations:
bl, baseline; VT, total volume of distribution.

Using PET imaging, we show for the ﬁrst time that systemic
inﬂammation is associated with increased binding (VT) of the TSPO
ligand [ 11C]PBR28 in the brain of nonhuman primates. The increase
in [ 11C]PBR28 binding indicates that systemic inﬂammation induced
by LPS is associated with an acute increase in TSPO expression. The
results are in line with postmortem studies which demonstrate that
systemic LPS administration or sepsis causes microglial activation in
rodents (Qin et al., 2007; Semmler et al., 2008) and humans (Lemstra
et al., 2007).
The increase in [ 11C]PBR28 binding 4 h after LPS administration
correlated with serum IL-1β levels at 2 h and with IL-6 and TNFα

J. Hannestad et al. / NeuroImage 63 (2012) 232–239

237

Fig. 4. Percent increase in binding from baseline in each region of interest (ROI). The light gray bars show mean (n = 4) percent increase from 0 h to 1 h in each ROI, while the dark
gray bars show mean (n = 3) percent increase from 0 h to 4 h. Error bars denote standard deviation.

levels at 3 h. LPS administration results in systemic release of these
inﬂammatory cytokines, which signal through receptors on brain endothelial cells (Chakravarty and Herkenham, 2005; Dauphinee and

Karsan, 2006; Gosselin and Rivest, 2008) and activate microglia (Qin
et al., 2008; Semmler et al., 2008). Because LPS is eliminated rapidly
from the circulation after IV administration in baboons (Haudek et

Fig. 5. Immunohistochemistry from the frontal lobe of one baboon that was killed 6 h after LPS administration (immediately after the end of the 4 h-post-LPS scan). Cells immunoreactive for TSPO (A, B) were small, rod-like cells with ﬁne branches that were similar to cells immunoreactive for the microglial marker CD68 (D, E). Conversely, immunoreactivity for the astrocytic marker GFAP (C, F) was found in cells that were much larger, more numerous, and that had more prominent processes. Scale bar = 100 μm.
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al., 2003), it is likely that the effect of LPS on TSPO expression in the
brain is mediated by LPS-induced inﬂammatory cytokines (Haudek
et al., 2003).
In postmortem samples from one animal, TSPO IR cells were
morphologically very similar to those that expressed the microglial/
macrophage marker CD68, and very different from astrocytes, suggesting that increased microglial expression of TSPO likely accounts
for most of the increase in [ 11C]PBR28 binding observed after LPS
administration. Cells that expressed TSPO and CD68 were rod-like and
mostly devoid of branching processes, which is consistent with the
morphology of activated microglia (Glenn et al., 1992). Rarely, TSPO
IR cells were found adjacent to blood vessels with a morphology similar
to CD163 IR cells. This suggests that TSPO is also expressed in perivascular macrophages and/or that some TSPO expression may have
been due to inﬁltration of monocytes from the circulation. CD163 IR
cells were never observed inside the brain parenchyma, and the number
of TSPO IR cells inside the brain parenchyma far outnumbered perivascular TSPO IR cells. This indicates that the increase in TSPO expression measured with PET was not largely due to inﬁltrating monocytes
or perivascular macrophages. Lastly, no signs of blood–brain barrier disruption were observed. This is consistent with data from humans, in
whom a comparable dose of LPS does not cause a measurable disruption
of the blood–brain barrier (van den Boogaard et al., 2010).
The four-fold individual variation in baseline [ 11C]PBR28 binding
(range: 10.3–43.9 mL·cm−3) may indicate either differences in baseline levels of TSPO expression or individual differences in the afﬁnity
of [ 11C]PBR28 for TSPO, a phenomenon which occurs in humans due
to a polymorphism in the TSPO gene (Owen et al., 2012). Whether
this polymorphism occurs in nonhuman primates is not known, and
we are not aware of baboons or other nonhuman primates that are
non-binders (as occurs in humans homozygous for the minor allele
of this polymorphism). The individual variation in the LPS-induced
increase in [ 11C]PBR28 binding (range: 11.5%–47.4% at 1 h and
35.6%–100.7% at 4 h) may point to individual differences in the susceptibility of microglia to a systemic inﬂammatory stimulus. Because
all but one animal were very similar in age (range 5–7 years), we
could not determine any effects of age on the microglial susceptibility
to systemic inﬂammation. The variability in microglial response within a group of animals of a similar age is consistent with data from
young, healthy human subjects, in whom LPS-induced systemic inﬂammation can have highly variable effects on behavior (Hannestad
et al., 2011) and on brain glucose metabolism (Hannestad et al.,
2012). Based on the cytokine and physiologic response, the LPS dose
used here (0.1 mg/kg) is comparable to a 2–4 ng/kg dose in humans
(Haudek et al., 2003), a dose that does not cause any detectable cognitive impairment in healthy subjects (van den Boogaard et al., 2010).
This is consistent with studies showing that systemic inﬂammation
causes cognitive impairment mainly in older individuals and in those
whose brain is more susceptible to inﬂammatory insults, e.g. individuals with mild cognitive impairment (Cunningham, 2011).
It is notable that this dose of LPS causes an increase in microglial
expression of TSPO in baboons, while the equivalent dose of LPS in
healthy human subjects does not cause disruption of the BBB or any
detectable changes in cognition. This suggests that acute systemic
inﬂammation can have subtle effects on microglia, which do not
result in measurable cognitive or other behavioral effects. Whether
the effects of LPS on non-cognitive brain functions such as motivation
and fatigue are mediated by microglial activation, remain to be determined. A key clinical question is whether subtle effects of acute or
chronic systemic inﬂammation on the activation state or cytokine
phenotype of microglia play a role in the well-known deleterious
effects of systemic inﬂammation on diseases such as Alzheimer's
dementia, multiple sclerosis, and stroke.
One drawback of [ 11C]PBR28 in humans is that approximately
3.4% of the population will have no binding of this radiotracer and
approximately 30% will have low binding, due to a substitution

polymorphism in the TSPO gene (Owen et al., 2011). Although several
other TSPO radiotracers are available (Rupprecht et al., 2010), this
polymorphism affects binding to all these radiotracers, with the exception of [ 11C]PK11195. Genotyping can be used to screen out nonbinders and low binders, and TSPO radiotracers then be used to characterize the effects of systemic inﬂammation on the brain in human
subjects, in efforts to develop and monitor the effects of novel neuroprotective and anti-inﬂammatory drugs.
This study has several limitations. The sample size is small and this
is therefore a preliminary study; however, the within-subject design
is a signiﬁcant strength, as is the consistency of the response to LPS,
i.e. that each animal tested had an increase in [ 11C]PBR28 binding at
1 h and 4 h. Further, due to the variability in [ 11C]PBR28 VT across
animals, a within-subject design is critical.
For the postmortem data, because double immunostaining was
not performed it is possible that TSPO and CD68 expression occurred
in different cell types, or that TSPO expression occurred in astrocytes
in addition to microglia.
In one of the two animals with follow-up PET at 22 h after LPS,
[ 11C]PBR28 binding returned to baseline, whereas in the other animal
binding decreased 42.7% below baseline. This may be an effect of
prolonged isoﬂurane anesthesia because isoﬂurane inhibits microglial
responses to LPS (Kim et al., 2009; Xu et al., 2008). Ketamine, which
was used for induction, also has anti-inﬂammatory effects, including
the inhibition of LPS binding to LPS-binding protein (which is required for subsequent LPS signaling in immune cells) and inhibition
of Toll-like receptor 4 signaling (Wittebole et al., 2010), the receptor
that mediates the effect of LPS on immune cells. Even though ketamine was administered at least 3 h before LPS, due to the 2–3 h
half-life (Haas and Harper, 1992), it is possible that ketamine may
have inhibited the systemic and/or brain inﬂammatory response
to LPS. It is also possible that isoﬂurane inhibited the effect of LPS
on microglia and TSPO expression. If this is the case, however, one
would expect an even more pronounced increase in [ 11C]PBR28 binding after LPS in the absence of ketamine and/or isoﬂurane.
Conclusions
This study shows that: (1) systemic administration of LPS is associated with an increase in binding (VT) of the TSPO radiotracer [ 11C]
PBR28, (2) the increase in binding may be mediated by inﬂammatory
cytokines, and (3) TSPO expression occurred mostly in microglia. This
is the ﬁrst study to show that an LPS-induced increase in TSPO expression can be detected in vivo with PET in baboons, whose brains
and immune systems are very similar to those of humans. These ﬁndings
have important implications for brain diseases in which systemic inﬂammation contributes to progression and worsening, e.g. Alzheimer's
disease, mild cognitive impairment, multiple sclerosis, stroke, and possibly depression (Teeling and Perry, 2009). Future studies are needed to
conﬁrm whether TSPO expression increases in humans after LPS administration or in the context of systemic diseases with an inﬂammatory
component, and whether changes in TSPO expression correlate with
inﬂammation-associated brain dysfunction.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2012.06.055.
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