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Neuroinflammation is associated with a broad spectrum of neuro-
degenerative and psychiatric diseases. The core process in neuro-
inflammation is activation of microglia, the innate immune cells of
the brain. We measured the neuroinflammatory response pro-
duced by a systemic administration of the Escherichia coli lipo-
polysaccharide (LPS; also called endotoxin) in humans with the
positron emission tomography (PET) radiotracer [11C]PBR28, which
binds to translocator protein, a molecular marker that is up-regu-
lated by microglial activation. In addition, inflammatory cytokines
in serum and sickness behavior profiles were measured before and
after LPS administration to relate brain microglial activation with
systemic inflammation and behavior. Eight healthy male subjects
each had two 120-min [11C]PBR28 PET scans in 1 d, before and after
an LPS challenge. LPS (1.0 ng/kg, i.v.) was administered 180 min
before the second [11C]PBR28 scan. LPS administration significantly
increased [11C]PBR28 binding 30–60%, demonstrating microglial
activation throughout the brain. This increase was accompanied
by an increase in blood levels of inflammatory cytokines, vital sign
changes, and sickness symptoms, well-established consequences
of LPS administration. To our knowledge, this is the first demon-
stration in humans that a systemic LPS challenge induces robust
increases in microglial activation in the brain. This imaging para-
digm to measure brain microglial activation with [11C]PBR28 PET
provides an approach to test new medications in humans for their
putative antiinflammatory effects.
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The immune system plays a vital role in the response to in-
fection and injury, and activation of the immune system in

the context of central nervous system (CNS) diseases likely
contributes to the pathophysiology of these diseases. Multiple
sclerosis is the prototypical neuroinflammatory disease (1); however,
a role for the immune system has been proposed in the pathogenesis
of several other CNS diseases including Alzheimer’s, Parkinson’s,
amyotrophic lateral sclerosis, epilepsy, depression, and addictive
disorders (2–8). Loss of neurons or impairment of neuronal function
underlying these diseases may be caused or exacerbated by neuro-
inflammation, which results from chronic activation of microglia, the
primary immune surveillance cells of the brain. Microglia are ubiq-
uitous in the CNS and are necessary for the removal of damaged
cells and promotion of tissue repair (9–11). However, dysregulation
in peripheral and central inflammatory cytokine signaling interrupts
normal microglial function, leading to neuronal dysfunction, neu-
rotoxicity, neurodegeneration, and attenuated neurogenesis (3, 5,
12), processes that underlie most CNS diseases and result in dele-
terious effects on behavior, mood, motivation, and possibly cognition
(11, 13–15). Accumulating evidence for a role of immune dysregu-
lation and neuroinflammation in CNS diseases has attracted the
attention of the pharmaceutical industry, and several companies are
active in the development of drugs targeting the immune response
pathway. The ability to measure microglial activation in the human
brain in vivo is an essential tool for the development and testing of
new medications that regulate the inflammatory processes.

When microglia are activated from their resting state, they
express high levels of the 18-kDa translocator protein (TSPO),
which can be measured in vivo in the brain with the positron
emission tomography (PET) radiotracer [11C]PBR28 (16–19).
TSPO is present on the outer mitochondrial membrane of
microglia, and one established function of TSPO is to transport
cholesterol to the inner mitochondrial membrane for the pro-
duction of steroids, with possible additional functions in regu-
lating cell death, cytokine production, and microglial prolifera-
tion (20). Recent studies have also found that TSPO itself has
a role in regulating microglial immune function, as antagonists
of TSPO reduce the activation of microglia (21). Significantly
higher TSPO expression, measured with [11C]PBR28 and PET,
was recently found in cortical brain regions of patients with early
onset Alzheimer’s disease compared with subjects with mild
cognitive impairment and healthy controls (22), which highlights
the potential role of neuroinflammation in the etiology of Alz-
heimer’s disease (6). However, studies examining TSPO expression
between healthy control subjects and other patient groups such as
multiple sclerosis, depression, or cocaine abusers (23–27) have pro-
duced mixed results. A well-established and robust preclinical model
uses the administration of Escherichia coli lipopolysaccharide (LPS;
also called endotoxin) to trigger “classic” activation of microglia and
has been used in rodents to study neurodegeneration (28–31). We
previously reported a significant increase in [11C]PBR28 binding at
1 (29%) and 4 (62%) hours after LPS administration in nonhuman
primates (NHPs) compared with baseline binding levels (32).

Significance

Neuroinflammation is a brain immune response that is associ-
ated with neurodegenerative diseases and is primarily driven
by activation of microglia, the brain’s resident macrophages.
Dysfunctional microglial activation may contribute to the be-
havioral changes observed in neurodegenerative diseases. Upon
activation, microglia express translocator protein, which can be
imaged with the radiotracer [11C]PBR28 and positron emission
tomography (PET) in the living human brain. We imaged healthy
human subjects with [11C]PBR28 and PET before and after i.v.
administration of lipopolysaccharide (LPS), a potent immune acti-
vator. LPS produced a marked increase in brain microglial activa-
tion, peripheral inflammatory cytokine levels, and self-reported
sickness symptoms. This imaging paradigm can provide a direct
approach to test new medications for their potential to reduce
acute neuroinflammation.
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Moreover, such an increase in [11C]PBR28 binding was associated
with concurrent elevations in peripheral inflammatory cytokine lev-
els and immunohistochemical evidence for neuroinflammation and
TSPO expression in the brain.
In this study, we translated this innovative paradigm to humans

to enable the measurement of LPS-induced increases in activated
microglia in the brain of living human subjects. If proved successful,
such a research paradigm could be a quantitative imaging biomarker
of a neuroimmune response and thus incredibly useful to evaluate
the effect of antiinflammatory medications in the human brain.

Results
All subjects (n = 8) participated in two 120-min [11C]PBR28
PET scans on the same day. LPS (1 ng/kg, i.v. bolus) was ad-
ministered 3 h before the second PET scan based on (i) the
timing of the neuroinflammatory response observed in our pre-
vious nonhuman primate study (32) and (ii) the time course of
the peripheral inflammatory response in humans (33). For each
scan, [11C]PBR28 was injected as a 1-min bolus (13.9 ± 1.1 mCi).
There were no significant differences between baseline and post-
LPS scan conditions in the following parameters: injected activity
(15.9 ± 3.9 and 12.8 ± 4.9 mCi), injected mass (0.026 ± 0.036 and
0.024 ± 0.038 μg), and radiotracer plasma-free fraction (0.031 ±
0.006 and 0.031 ± 0.008).

LPS Significantly Increases [11C]PBR28 Binding in the Human Brain.
Due to an rs6971 polymorphism on the TSPO gene that affects
binding of PBR28 and other TSPO tracers (34), all subjects were
genotyped for TSPO binding status before the scans to exclude
nonbinders of [11C]PBR28. Accordingly, only high-affinity binding
(HAB, n = 3) and mixed-affinity binding (MAB, n = 5) subjects
were included. [11C]PBR28 volume of distribution (VT), which is
proportional to the availability of TSPO binding sites, was measured
in regions of interest for baseline and LPS challenge scans, and the
change in VT (%ΔVT) was calculated and reported as mean ± SEM
(Table 1). Baseline VT values were two times higher in HAB
compared with MAB subjects, consistent with results from other
studies (34, 35). However, there was no significant difference in %Δ
VT between HAB (39 ± 12%, n = 3) and MAB (50 ± 10%, n = 5)
subjects (F1,6 = 0.70, P = 0.43); therefore all subjects were com-
bined for further analysis. In the model comparing %ΔVT across
regions, LPS administration significantly increased [11C]PBR28
binding (VT) by an average of 46 ± 8%, and the increase averaged
across regions was observed in all subjects (Fig. 1). A significant
main effect of region was observed (F9,54 = 3.5, P < 0.0019). Least-
square means estimated from the model for %ΔVT within each
region were all significantly greater than zero. The mean % in-
crease in [11C]PBR28 binding (VT) ranged from 31% in the thal-
amus to 63% in the parietal cortex.

Physiological Responses to LPS Administration. Vital signs were
closely monitored after LPS administration. By the start of the
LPS challenge scan, there was a nonclinically significant decrease
in systolic (−5 mmHg) and diastolic (−10 mmHg) blood pres-
sure, and an increase in heart rate (+25 bpm) and temperature
(+2.0 °C) from baseline levels, consistent with findings from
previous studies (32, 36).

LPS Increases Peripheral Inflammatory Cytokine Levels. Blood sam-
ples were collected (relative to LPS administration; t = 0 min) at
−10 (baseline), 60, 90, 120, 180 (start of post-LPS [11C]PBR28)
and 240 min to measure serum levels of TNF-α, IL-6, IL-8,
IL-10, and IFN-γ (Fig. 2A). LPS administration resulted in sig-
nificantly increased levels of TNF-α (time effect: F4,27 = 9.8, P <
0.001), IL-6 (F4,7 = 8.5, P = 0.008), IL-8 (F4,27 = 11.0, P < 0.001),
and IL-10 (F4,7 = 13.7, P = 0.002), with maximum increases
occurring at 120–180 min (P = 0.001–0.0001), followed by
gradual decreases. Increases of IFN-γ displayed no statistically

significant differences across time points compared with baseline
levels (F4,7 = 2.6, P = 0.13). In general, these findings are
consistent with the well-established systemic response to LPS
(33, 37).

LPS Administration Induces Sickness Symptoms and Related Behaviors.
LPS is well known for its ability to produce sickness behaviors in
preclinical (14, 38–41) and clinical (33, 36, 42) studies, and it is
thought that these symptoms result from the effect on the brain of
the increases in blood serum levels of cytokines. Subjects were
asked to rate sickness symptoms (fatigue, headache, muscle pain,
and shivering) on a scale from 0 (least) to 4 (most) before and
at various time points after LPS administration (Fig. 2B). Self-
reported sickness symptoms significantly increased from baseline,
consistent with previous studies (Fig. 2B). Other symptoms known
to be associated with LPS administration were measured on a
visual analog scale (VAS) from 0 to 100 (Fig. 2C). The signifi-
cant elevation in self-reported fatigue levels and significant re-
duction in social interest after LPS was consistent with previous
findings (33, 36).

Table 1. [11C]PBR28 regional VT values (mean ± SEM) for mixed
affinity binder (MAB, n = 5) and high affinity binder (HAB, n = 3)
subjects and both groups combined (total, n = 8)

Brain region Baseline VT Post-LPS VT %Δ VT

Cerebellum
MAB 2.57 ± 0.12 3.81 ± 0.34 47.8 ± 8.8
HAB 5.43 ± 0.31 7.40 ± 0.54 36.6 ± 13.1
Total 3.64 ± 0.56 5.15 ± 0.75 43.6 ± 7.1
Frontal
MAB 2.58 ± 0.15 4.01 ± 0.38 54.3 ± 7.0
HAB 4.83 ± 0.37 6.87 ± 0.50 43.2 ± 13.1
Total 3.42 ± 0.47 5.08 ± 0.64 50.2 ± 5.7
Parietal
MAB 2.62 ± 0.08 4.59 ± 0.46 74.6 ± 14.5
HAB 5.12 ± 0.41 7.38 ± 0.59 44.9 ± 10.7
Total 3.55 ± 0.52 5.63 ± 0.67 63.5 ± 10.8
Temporal
MAB 2.39 ± 0.12 3.78 ± 0.37 57.3 ± 10.2
HAB 4.67 ± 0.30 6.58 ± 0.43 41.5 ± 11.2
Total 3.25 ± 0.46 4.83 ± 0.61 51.4 ± 7.5
Occipital
MAB 2.92 ± 0.15 4.63 ± 0.55 56.5 ± 12.1
HAB 5.22 ± 0.37 7.00 ± 0.41 35.7 ± 11.2
Total 3.79 ± 0.48 5.52 ± 0.59 48.7 ± 9.0
Caudate
MAB 1.90 ± 0.08 3.22 ± 0.35 67.6 ± 12.6
HAB 3.53 ± 0.24 4.89 ± 0.37 38.5 ± 3.7
Total 2.51 ± 0.33 3.85 ± 0.43 56.7 ± 9.3
Putamen
MAB 2.16 ± 0.15 3.24 ± 0.25 50.8 ± 8.3
HAB 4.36 ± 0.34 6.09 ± 0.50 40.2 ± 9.9
Total 2.99 ± 0.45 4.31 ± 0.61 46.8 ± 6.3
Thalamus
MAB 2.47 ± 0.16 3.21 ± 0.20 30.3 ± 4.8
HAB 5.45 ± 0.48 7.21 ± 0.61 33.3 ± 7.6
Total 3.59 ± 0.62 4.71 ± 0.82 31.4 ± 3.8
Hippocampus
MAB 2.35 ± 0.19 3.19 ± 0.26 36.7 ± 7.7
HAB 4.79 ± 0.39 6.42 ± 0.47 36.3 ± 15.4
Total 3.26 ± 0.51 4.40 ± 0.67 36.6 ± 6.8
Amygdala
MAB 2.47 ± 0.22 3.14 ± 0.23 28.7 ± 7.8
HAB 4.68 ± 0.34 6.55 ± 0.58 43.0 ± 22.6
Total 3.30 ± 0.47 4.42 ± 0.72 34.1 ± 9.1
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Correlation of Binding Measures and Behavioral and Cytokine Data.
In this small sample, significant correlations were not found
between [11C]PBR28 ΔVT and changes in inflammatory cytokine
or sickness symptoms from baseline levels.

Discussion
To our knowledge, we report for the first time in humans that a
systemic LPS challenge elicits a robust and measurable neuro-
inflammatory response, in addition to the well-established effects
of LPS on peripheral cytokine levels, sickness symptoms, and
vital signs (14, 32, 33, 41). The pathway through which LPS ac-
tivates the innate immune system is well established. LPS binds
to toll-like receptor 4 on innate immune cells, leading to activation
of these cells and the release of proinflammatory cytokines. The
mechanism by which LPS exerts its effects on the brain (e.g.,
sickness symptoms, body temperature increase, and activation
of microglia) are not completely known, but hypotheses include
binding of LPS to toll-like receptor 4 on brain endothelium,
transport of cytokines from the blood into the brain, and entry
from the blood into the brain of activated immune cells (33).
Possibly due to the small cohort and intersubject variability in

brain and peripheral and sickness measures in the current study,
no correlations were found between [11C]PBR28 ΔVT and changes
in inflammatory cytokine or sickness symptoms from baseline lev-
els. The absence of correlations between the peripheral and central
inflammatory response is consistent with other studies that had
larger sample sizes. In a study where patients with major depressive
episodes had higher TSPO VT compared with healthy controls, no
correlations were found between serum cytokines and brain TSPO
binding, even after controlling for genotype and body mass index
(27). Another study showed no correlations between cytokines in
the serum and cerebrospinal fluid in patients before and after knee
surgery, where cytokine levels were higher in the CNS than in the

periphery after surgery (43). The authors surmise that although
peripheral inflammation presumably induces the central in-
flammatory response, the CNS might regulate inflammation in-
dependently. Thus, lack of correlation between LPS-induced
microglial activation and inflammatory cytokine levels may also
reflect that the peripheral inflammatory markers are not a di-
rect indicator of the brain changes, hence the importance of the
[11C]PBR28-LPS imaging paradigm.
The peripheral and behavioral effects of LPS are well estab-

lished in rodent models and humans in studies of the immune
mechanisms of CNS diseases. In the current study, systemic LPS
markedly increased [11C]PBR28 binding in humans. [11C]PBR28
is a radioligand sensitive to TSPO levels expressed on activated
microglia and is a putative biomarker for neuroinflammation. TSPO
is also expressed in astrocytes; however, immunohistochemistry
performed in a nonhuman primate brain after LPS administration
confirmed that TSPO expression occurred mainly in activated
microglia (32). To estimate the nonspecific binding contribution
to [11C]PBR28 VT, a blocking study with TSPO agonist XBD173
in humans confirmed that [11C]PBR28 VT largely constitutes
specific binding to TSPO (44). Thus, with the current imaging
paradigm, the neuroimmune response to LPS can be quantita-
tively measured in vivo with [11C]PBR28 and PET, in association
with peripheral inflammation and sickness symptoms.
Results from the present study extend our previous findings

using a similar paradigm in nonhuman primates. Specifically, in
the current study, LPS administration (1.0 ng/kg, i.v.) led to in-
creased [11C]PBR28 binding levels by 46.3 ± 10.1% (mean ± SD,
range 31.4–63.5%) at 3 h post-LPS, which was similar to the
increases found in nonhuman primates (28.8 ± 15.7% and 61.8 ±
34.4%, at 1 h and 4 h post-LPS (0.1 mg/kg), respectively) (32).
There are important species differences in the sensitivity to LPS.
Some species, like humans and sheep, are very sensitive to LPS,
whereas other species, such as mice and nonhuman primates are
much more resistant. For instance, the LD50 dose of LPS in mice
is 106 times greater than the typical doses used in humans (45).
The dose used in our previous NHP study (0.1 mg/kg) is equiva-
lent to a 4 ng/kg dose in humans in terms of blood levels of in-
flammatory cytokines (46). In both studies, the neuroinflammatory
response was accompanied by an increase in blood levels of var-
ious inflammatory cytokines, including TNF-α, IL-6, IL-8, and IL-
10. The physiological response was also similar between humans
and nonhuman primates. Thus, we have successfully extended the
main findings of the nonhuman primate study to human subjects
and established that LPS administration in humans is associated
with a marked and significant increase in activated microglia.
We expect that the increase in activated microglia measured

with our paradigm is the “classically activated” microglia. Acti-
vated states of microglia can be of M1 type (classically activated)
that are proinflammatory and neurodegenerative or M2 type
(“alternatively activated”) that are antiinflammatory and neu-
roprotective, with further classification as regulatory and wound
healing (29, 47). However, it is important to note that this di-
chotomy is an oversimplification and that microglial activation
ranges in a phenotypic spectrum between the two M1- and
M2-type extremes (29, 48, 49). LPS has been routinely used in
preclinical studies and is known to polarize microglia to an
M1 phenotype, as characterized by brain mRNA expression of
proinflammatory cytokines (e.g., TNF-α and IL-6) or immuno-
phenotyping cell surface markers (e.g., MHC-II) (48). In the
current study, a significant increase in TNF-α from baseline levels
was observed 60 min post-LPS, peaking earlier than the other cy-
tokines measured. TNF-α is a primary proinflammatory marker and
plays an important role in the activation and recruitment of immune
cells (50). Interestingly, antiinflammatory IL-10 levels also increased
from baseline as a possible signaling mechanism to “switch off” M1
and “switch on” M2 microglia to regulate the neuroinflammatory
process, as cytokines and sickness symptom levels appeared to be

Fig. 1. LPS administration significantly increases [11C]PBR28 binding (VT)
from baseline in healthy control subjects (n = 8) shown in A, regional percent
increase in VT averaged across subjects (error bars are SEM). (B) VT for each
subject averaged across regions examined in high-affinity (squares) and
mixed-affinity binders (circles), and (C) average VT images with the magnetic
resonance image (MRI) shown for anatomical reference (Top row). Signifi-
cance level was *P < 0.01 (linear mixed models) of the difference between
baseline and post-LPS challenge scans.
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decreasing 1 h into the scan (240 min post-LPS). [11C]PBR28 does
not differentiate between M1- and M2-activated states; thus, an
important development would be the ability to use PET imaging to
measure M2-type activation of microglia in the brain. Because LPS
is known to activate M1-type microglia, the [11C]PBR28-LPS par-
adigm provides a useful tool for studying antiinflammatory drugs
that reduce the neurodegenerative, M1-type microglia.
To date, the examination of immunomodulatory agents on

microglial activation has been limited to preclinical and post-
mortem human studies (51–53). A potential application of the
[11C]PBR28-LPS model is to test medications designed to tem-
per neuroinflammation, e.g., the neuroinflammation implicated
in early onset (<65 y old) Alzheimer’s disease (22). Alzheimer’s
disease is characterized by neurofibrillary tangles, beta-amyloid
(Aβ) senile plaques, neuron loss, and cognitive/mood deficits. It
has been shown in rodent models that initial aggregation of ac-
tivated microglia around protofibrillar Aβ42 plays a protective
role and acts as a physical barrier to prevent further plaque
expansion, whereas areas lacking microglia had protofibrillar
“hotspots” with higher Aβ42 affinity and greater axonal dystrophy
(54). However, dysregulation of the M1 cycle, with the activation
of the complement system and production of reactive oxygen
species, inflammatory cytokines and chemokines, may lead to the
progression of neurodegeneration in Alzheimer’s disease where
microglia eventually become senescent in late onset (55). An
ideal antiinflammatory drug candidate would reduce M1-type
microglial activation, target key peripheral immunomodulators
that would promote M2-type neuroprotective/phagocytic micro-
glia, and ameliorate cognitive symptoms. Most evidence suggests
that inhibiting M1 and facilitating M2 microglia would be a
beneficial mechanism to reduce neuroinflammation, but the roles
of these two phenotypes in diseases are not completely understood.
The [11C]PBR28-LPS paradigm would be ideal for use as a bio-
marker of target modulation in phase 1 studies in healthy human
subjects before the start of clinical trials in patients. For example,
this imaging paradigm could provide insight into the mechanisms
of known polarizing medications [e.g., minocycline (56) and
TREM-2 agents (57)] and permit the assessment of novel antiin-
flammatory compounds to determine an optimal dose, based on
the dose-dependent reductions in LPS-induced microglial activa-
tion. Due to the translational nature of this research paradigm,
nonhuman primate or rodent models of Alzheimer’s disease

or Parkinson’s disease would also be ideal to assess candidate
antiinflammatory medications.
An important caveat to performing studies with [11C]PBR28

is that the binding affinity of [11C]PBR28 is dependent on the
presence of a single nucleotide polymorphism rs6971 on the TSPO
gene (34, 35). Thus, subjects must be genotyped before the PET
scan to determine binding phenotypes, classified as HABs, MABs,
or low-affinity binders (LABs); LABs were not included in the study
due to negligible specific binding for [11C]PBR28 (Materials and
Methods). To date, the significance of the rs6971 polymorphism is
undetermined (58). Knowledge of the binding phenotype is critical
for studies comparing baseline TSPO levels between patients and
healthy controls as previously demonstrated (35, 59). As expected in
our healthy control cohort, baseline VT values were 50% higher in
HABs than MABs, but interestingly, the TSPO response to LPS
(%Δ VT) was independent of the subjects’ binding affinity. LPS
increased [11C]PBR28 VT from by 19–57% in HABs and 27–70%
in MABs.
In conclusion, to our knowledge, this is the first study in humans

to demonstrate the effects of LPS administration on microglial
activation, measured with [11C]PBR28 and PET brain imaging. As
hypothesized, LPS significantly increased [11C]PBR28 binding,
peripheral inflammatory cytokine levels, and self-reported sick-
ness symptoms. The [11C]PBR28-LPS model is a valuable research
paradigm that is broadly applicable to neuroinflammation-related
diseases and can serve as an in vivo imaging marker of microglial
activation to test neuroprotective and antiinflammatory drug
candidates in humans.

Materials and Methods
Subjects. Eight healthy nonsmoker male subjects (24.9 ± 5.5 y old, 87.5 ±
12.3 kg) provided written informed consent and participated in the study.
This study was approved by the Yale University School of Medicine Human
Investigation Committee and the Radioactive Drug Research Committee.
Participants were recruited by word of mouth, posters, and newspaper
advertisements.

Eligibility was determined as follows: a medical examination including a
physical examination, electrocardiogram, serum chemistries, thyroid, liver,
and kidney function studies, HIV, syphilis, and hepatitis serologies, complete
blood count, urinalysis, and urine toxicology screening. Subjects had no
history of significant medical illness or major head trauma, did not meet
criteria for any current or past psychiatric or substance-dependence diagnosis
determined by the Structured Clinical Interview for Diagnostic and Statistical
Manual of Mental Disorders (SCID) and clinical interview, had not used

Fig. 2. LPS administration significantly increased (A) inflammatory cytokine serum levels, (B) sickness symptom levels, and (C) sickness symptoms measured
on a visual analog scale (VAS) from baseline levels (t = −10 min). Times are relative to LPS administration at t = 0 min. LPS was administered 180 min before
the start of the [11C]PBR28 post-LPS scan. Data shown are the mean (n = 8 subjects) and error bars are SEM.
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psychotropic medications in at least the prior year, and drank fewer than
seven alcohol drinks per week. Subjects were excluded if they had an in-
fection or vaccination in the last month or regularly used nonsteroidal
antiinflammatory drugs. Subjects had not used nonsteroidal antiinflammatory
drugs in the last month and were instructed to abstain from alcohol 48 h before
the day of the scan. Before the scan, subjects were genotyped for the rs6971
polymorphism on the TSPO gene to exclude nonbinders of [11C]PBR28 as pre-
viously described, with minor changes to include the use of 50 ng of genomic
DNA in the PCR (24, 34). Control plasmids (constructed in house) encoded
for C/C (HAB) or T/T (LAB) and a 1:1 mixture of each to serve as a control
for the C/T heterozygote (MAB).

Each subject participated in two [11C]PBR28 PET scans on the same day, one
baseline scan and a second scan starting at 180 min after LPS administration.
The order of scans was not randomized across subjects; the baseline scan was
always performed before the LPS challenge scan to avoid the possibility of
carry-over microglial activation from the LPS scan to the baseline scan. We
have recently demonstrated excellent test–retest variability of [11C]PBR28 VT

between 7% and 9%, with scans performed approximately 1 wk apart (26).
Because test–retest variability for PET scans performed on the same day is
typically less variable compared with scans performed on separate days, it is
unlikely that a test–retest change in VT from a morning to an afternoon scan
would significantly affect LPS-induced changes. On a separate day, each subject
had one magnetic resonance imaging (MRI) scan, to provide anatomical in-
formation for analysis of the PET data.

LPS Administration and Measures. LPS (NIH Clinical Center Reference Endo-
toxin E. coli serotype O:113) was administered at a dose of 1.0 ng/kg, i.v.
Vital signs (temperature, blood pressure, and heart rate) were recorded
before and at 60, 90, 120, 180, 240 min, and 300 min (incomplete subject
data) after LPS administration. Blood samples were drawn to measure in-
flammatory cytokine levels of TNF-α, IL-6, IL-8, IL-10, and IFN-γ relative to
LPS administration (t = 0 min) at −10 (baseline), 60, 90, 120, 180 {start of
[11C]PBR28 scan 2}, and 240 min. Sickness symptoms (fatigue, headache, muscle
pain, and shivering) were assessed from a scale from 0 (least) to 4 (most) rel-
ative to LPS administration (t = 0 min) at −10, 60, 90, 120, 180, and 240 min. A
VAS of 0 (least) to 100 (most) was used to evaluate symptoms such as alertness,
energy, focus, pep, and social interest relative to LPS administration at −10, 60,
90, and 180 min.

[11C]PBR28 PET Acquisition and Image Reconstruction. [11C]PBR28 was syn-
thesized as previously described (24). The specific activity at the end of
synthesis (mean ± SD) was 569.0 ± 326.7 MBq/nmol (15.4 ± 8.8 mCi/nmol, n =
16) and the average radiochemical and chemical purity was >91% and
>99%, respectively. PET scans were performed in the High Resolution Re-
search Tomograph (HRRT) (Siemens) with a spatial resolution, full width at
half maximum of 2–3 mm. An optical motion-tracking tool (Vicra, NDI Sys-
tems) was attached to the subject’s head with a Lycra swim cap. Before each
radiotracer administration, a 6-min transmission scan was acquired, which
was used for attenuation correction of the PET emission data. [11C]PBR28
was injected i.v. as a bolus over 1 min by a computer-controlled pump
(Harvard Apparatus), and emission data were collected for 120 min. Dynamic
list-mode scan data were reconstructed into 33 frames (6 × 30 s, 3 × 1 min,
2 × 2 min, and 22 × 5 min) with all corrections (i.e., attenuation, normali-
zation, randoms, scatter, deadtime, and motion) using the ordered-subset

expectation maximization (OSEM)-based MOLAR algorithm (60). The final
reconstructed image resolution was ∼3 mm.

Arterial Input Function and Plasma-Free Fraction Measurement. The metabo-
lite-corrected arterial input function was collected for all scans and used for
radiotracer kinetic modeling to estimate [11C]PBR28 binding as previously
described (24). Briefly, arterial blood samples were taken immediately be-
fore the [11C]PBR28 injection and during the scan to measure the time course
of radioactivity in the plasma and to determine the [11C]PBR28 parent
fraction curve (ratio of parent radioactivity to total radioactivity). The me-
tabolite-corrected arterial input function was calculated as the product of
the plasma time curve and the parent fraction curve.

Plasma free fraction (fp), or the portion of [11C]PBR28 unbound to plasma
protein, was determined for all scans using an ultrafiltration-based method
as previously described (24).

Image Processing and Analysis. Regions of interest (ROIs) were mapped from
Montreal Neurological Institute (MNI) template space to PET space to com-
pute tissue time-activity curves (TACs), which represent the time course of
mean radioactivity [(Bq/mL), corrected for decay] in the ROI. The following
ROIs were assessed: cerebellum, frontal, parietal, temporal, occipital, cau-
date, putamen, thalamus, hippocampus, and amygdala. TACs were fitted to a
two-tissue compartmental (2TC) model (61), using the metabolite-corrected
arterial plasma activity curve as input function to estimate the volume of
distribution (VT, mL/cm3) in each ROI. VT is the equilibrium tissue to
plasma activity ratio used to quantify [11C]PBR28 binding (62). The change in
VT (%ΔVT) across brain regions pre- and post-LPS was computed as %ΔVT =
[VT(post)/VT(pre) −1] × 100. For visualization of activated microglia pre- and
post-LPS, parametric images of VT were generated using the LEGA method
(63), with the starting time of the fit (t*) fixed at 30 min, and with basis
functions computed with parameter γ (i.e., the y-intercept of the Logan plot)
values in the range between −200 min and −1 min. Before applying the
model, the dynamic images were smoothed with a Gaussian filter with a full
width at half maximum of 5 voxels (∼6 mm).

Statistical Analysis. Statistical analysis was performed with two-tailed, paired
t tests with P < 0.05 to examine differences in [11C]PBR28 scan parameters
between baseline and LPS challenge and differences in vital signs (mean ±
SD) between baseline (t = −10 min) and post-LPS (t = 180 min).

Across subjects, [11C]PBR28 VT, cytokine levels, and sickness symptom data
are reported as mean ± SEM. The observed percent change from baseline in
VT (%ΔVT) was analyzed using a linear mixed model with region modeled as
a within-subjects factor. Least-square means and SEs were estimated from
the model and tested against the null of no change. A similar model was
used to model changes in cytokines and sickness variables with time, in lieu
of region, as the within-subjects variable. In the above models, group (HAB
and MAB) was considered as a between-subjects factor, but dropped for
parsimony if not significant. Correlation analysis was used to test for asso-
ciations between binding measures and behavioral and cytokine outcomes.
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