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ABSTRACT

Despite the recognized roles of neuroinflammation in mental illnesses, PET imaging on currently available biomarkers has limitations due to the lack of evidence
demonstrating their relationship to the molecular and cellular events of inflammation associated with the pathology of mental illness. Rodent stress models, such as
chronic social defeat stress (SDS), have identified crucial roles for COX-1 and TLR4, which are innate immune molecules, in chronic SDS-induced neuroinflammation
and its behavioral consequences. In this study, we performed COX-1 and TLR4 PET imaging at multiple time points during chronic SDS in mice. For COX-1 PET
imaging, we used the COX-1 PET probe (S)-['®F]IKTP-Me. Subchronic SDS transiently increased uptake and slower washout in broad regions of the brain, including
the cerebral cortex, hippocampus, striatum, and thalamus. For TLR4 PET imaging, we developed a new BBB-permeable PET probe, [*'c]1, which detected LPS-
induced neuroinflammation. Washout of [11C]1 was facilitated in the cerebellum after subchronic and chronic SDS and in the pons-medulla after chronic SDS.
Collectively, our findings suggest the potential usefulness of COX-1 and TLR4 PET imaging in visualizing and understanding time-dependent process of neuro-
inflammation in stress-related mental illnesses.

1. Introduction molecules.®” Thus, the brain-body interaction through inflammation

is pivotal for stress-induced behavioral disturbance.

Chronic stress caused by aversive and psychological stimuli induces
emotional and cognitive disturbance and precipitates mental illnesses,
such as depression and post-traumatic stress disorder (PTSD)."” Rodent
stress models, such as chronic social defeat stress (SDS), have demon-
strated that chronic stress induces inflammation in the brain and body,
such as microglial activation and myeloid cell mobilization, respec-
tively, both of which are involved in behavioral disturbance.®*
Inflammation in the body may underlie physical dysfunctions, such as
cardiovascular, gastrointestinal, and metabolic disorders, which are
often comorbid with depression.>° Notably, stress-dysregulated bodily
organs exacerbate behavioral disturbance via inflammation-related
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Aligned with these findings in rodents, clinical studies have impli-
cated inflammation in depression.® Proinflammatory cytokines and
myeloid cells, such as neutrophils and monocytes, are increased in the
peripheral blood of depressive patients.® Positron emission tomography
(PET) imaging on 18 kDa translocator protein (TSPO), a mitochondrial
transporter of cholesterol, has been used to suggest inflammation in the
brains of depressive patients.” ' However, these current markers have
limitations to understand and visualize inflammation in mental ill-
nesses. Proinflammatory cytokines and myeloid cells in the peripheral
blood cannot predict what organs are associated with inflammation.
TSPO PET imaging does not necessarily reflect inflammation in the brain
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nor decipher the cellular mechanisms, since TSPO is involved in mito-
chondrial physiology and expressed in most of brain cells.'*'® The
development of PET imaging targeting the molecules that are enriched
in inflammation-related cells and crucial for stress pathology may help
overcome these shortcomings.

Rodent studies have identified the roles of innate immune molecules,
such as prostaglandin (PG) E; and Toll-like receptor (TLR) 2 and 4
(TLR2/4) for stress-induced behavioral disturbance.'®'® PGE; is a
bioactive lipid mediator derived from arachidonic acid by sequential
actions of cyclooxygenase (COX) and PGE synthase.'® SDS increases
brain PGE; synthesis via COX-1, which is selectively expressed in
microglia, leading to behavioral disturbance via dopaminergic attenu-
ation.'* In addition, TLR2/4 mediate chronic SDS-induced microglial
activation, leading to neuronal and behavioral disturbance via
inflammation-related molecules including PGE,.'>!” Although their
roles remain to be established in stress-induced inflammation in the
body, COX-1 and TLR2/4 are essential in acute and chronic inflamma-
tion upon tissue damage and physical disorders.'®'° Therefore, COX-1
and TLR2/4 may be attractive targets for PET imaging to visualize in-
flammatory responses in the brain and body for stress-related mental
illnesses.

In this study, we used a PET probe for COX-1, 18F 1abeled (S)-keto-
profen methyl ester,’® to visualize COX-1 distribution in the body and
brain during chronic SDS. In addition, we newly developed a
brain-permeable 11c.labeled PET probe for TLR4, [HC]I, to visualize
TLR4 distribution in the brain during chronic SDS. Our findings showed
distinct alterations in COX-1 and TLR4 PET activities in the body and
brain at multiple timepoints during chronic SDS.

2. Materials and methods
2.1. Animals

Male C57BL/6N mice (7-8 weeks old), retired male ICR breeding
mice, and male Sprague-Dawley rats weighing approximately 300 g
were purchased from Japan SLC (Shizuoka, Japan) and maintained in
our animal vivarium for at least one week before experiments. Animals
were housed in a temperature- and humidity-controlled animal room
with a 12-h light/dark cycle (light on between 8:00 and 20:00) with ad
libitum access to feed and water. All animal care and experimental
procedures were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institute of Health Sci-
ences and approved by the Animal Experimentation Committees of Kobe
University and RIKEN.

2.2. Chronic social defeat stress

Chronic SDS was performed as previously described.'>?! Male ICR
mice were screened based on their aggressiveness to a male C57BL/6N
mouse, as measured by attack latency and number in 3-min daily ses-
sions over three days. ICR mice that showed an appropriate level of
aggressiveness were used as aggressors. Experimental subjects, male
C57BL/6N mice, were initially grouped in cages, housing 4-5 mice each.
They were housed individually from one week before the first SDS ses-
sion and throughout experiments. The mice were subjected to chronic
SDS under 50-lux white light by transferring into a home cage of an
aggressive ICR mouse for 10 min daily for 10 consecutive days. Different
ICR mice were used on consecutive days. Experimental mice were
returned to their home cage and left undisturbed until the next SDS or
further examinations. As a control, C57BL/6N mice were handled
similarly to mice with SDS but were put in an empty cage without SDS
exposure.

2.3. Social interaction test

Social interaction test was performed as previously described.'>?! To
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habituate to a test environment, an experimental mouse was placed into
an open rectangular chamber (30 cm x 40 cm) containing an empty
metal mesh cage (10 cm x 6 cm) at one end under a 10-lux red light
illumination, and the mouse’s locomotor activity was measured for 150
s. To measure the level of social interaction, an experimental mouse was
returned into the same chamber for 150 s, but a novel male ICR mouse
was enclosed within the metal mesh cage. The trajectory of mouse
ambulation was video-recorded and analyzed using SMART video
tracking software (PanLab Harvard Apparatus, Barcelona, Spain). A 30
cm x 9 cm rectangular zone opposite to the metal mesh cage was defined
as the social avoidance zone. The proportions of the time spent in this
zone were measured post hoc as an index of social avoidance.

2.4. Lipopolysaccharide-induced neuroinflammation

Under 1.5% isoflurane anesthesia, the head of each rat was fixed in a
stereotaxic apparatus (Model 68,025, RWD Life Science, Shenzhen,
China), and a small burr hole for lipopolysaccharide (LPS) microinjec-
tion was drilled in the skull above the right striatum (0.5 mm anterior
and 3.2 mm lateral to the bregma). Then, LPS (strain 026:B6, Sigma-
Aldrich) was diluted in saline to a concentration of 1 pg/pl and micro-
injected into the right striatum (4.5 mm ventral to the cortical surface) at
a 0.2 pl/min rate using a UMP3 pump regulated by Micro-4 controller
(World Precision Instruments, Sarasota, FL, USA).

2.5. Radiochemistry

188 Labeled (S)-ketoprofen methyl ester was synthesized as previ-
ously described.?’ Regarding specific ligands to TLR4, we focused on the
sophisticated compound 1 with a pyrimidoindole structure, which was
developed by the research groups of the University of California, San
Diego.”>?* They demonstrated that compound 1 is a selective agonist for
TLR4 among several TLR isoforms, as shown by reporter cell assays.>*
This specificity was further confirmed by the observation that com-
pound 1 induces inflammatory responses in bone marrow-derived den-
dritic cells at as low as 1 pM and in a manner dependent on TLR4
integrity. Structural analysis predicts a specific binding surface for
compound 1 on the TLR4:MD2 complex. These characterizations have
established compound 1 as a promising lead for developing TLR4 PET
probes. According to their reports, methyl group at the N-5 position of
pyrimidoindole structure was potentially crucial for not only increasing
the agonistic activity to TLR4 but also decreasing cytotoxicity. For PET
imaging, we investigated synthesis of 'C-labeled probe ['!C]1 by
incorporating radioactive [*!C]methyl group at the N-5 position. The
radiolabeling was accomplished by the 'C-methylation using [''C]
methyl iodide and demethyl substrate 2, the latter of which was pre-
pared as the previous report.”> Thus, by using a remote-controlled
radiolabeling system to protect personnel from harmful radiation,
demethyl substrate 2 (1.72 mg, 3.9 pmol) was reacted with ['!C]methyl
iodide (radioactivity: ca. 40 GBq) in the presence of Cs3CO3 (2.6 mg, 8.0
pmol) at 90 °C for 4 min in dimethyl sulfoxide (DMSO, 400 pL). The
reaction mixture was diluted with a mixed solution of acetonitrile (100
pL) and a 30 mM aqueous solution of ammonium acetate (100 pL), and
then transferred to a reservoir vessel. After passing through a filter to
remove solid substances, the mixture was injected into a semi-
preparative HPLC system (Supplementary Fig. 1). The fraction of in-
terest was collected in a flask, including sodium ascorbate to prevent
radiolysis, and then concentrated under reduced pressure. After a
formulation by sterilizing cartridges, [HC]l was collected in a sterile
vial using a mixed solution (3.0 ml) of saline, propylene glycol, and
Tween 80 (volume ratio: 100:10:1). The total synthesis was completed
within 34 min. The radioactivity of the final solution of [*'c]1 was
3.4-5.4 GBq and the molar activity was 59-72 GBq/pmol (n > 20). The
decay-corrected radiochemical yields based on [*!C]methyl iodide were
27-44%. The chemical and radiochemical purities were both >99%. The
pH of the final solution was ~7 (as measured using pH paper). These
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qualities were considered to be fully applicable to in vivo animal PET
study. HPLC chromatograms of the separation and the purity analyses of
[11C11 are shown in Supplementary Fig. 2.

2.6. PET imaging

PET imaging was performed as previously described with minor
modifications.’>?*?> We performed PET scanning 90 min after the
fourth and tenth SDS. The experimental mice were anesthetized with
0.3-2.5% isoflurane and nitrous oxide/oxygen (7:3) and placed on the
bed of a small-animal PET scanner (microPET Focus220, Siemens,
Knoxville, TN, USA). A venous catheter for PET probe injection was
inserted into the tail vein before PET scanning. 18F_labeled (S)-keto-
profen methyl ester or 'C-labeled probe [*!C]1 (~20 MBq per animal)
dissolved in 0.2 ml saline was injected via the cannula inserted into the
tail vein for 10 s and emission data were then acquired either for 45 min
(*8F-labeled (S)-ketoprofen methyl ester) or for 60 min (Mcin using
the 3D list-mode (6 x 10s,6 x 30s,11 x 60s,and 15 x 180 s, for a total
of 33 frames or 38 frames, respectively). The data were reconstructed
with a standard 2D filtered back projection (ramp filter, cut-off fre-
quency at 0.5 cycles per pixel). Regions of interest (ROIs) were placed on
target organs using imaging processing software (PMOD ver. 4.0, PMOD
Technologies, Fallanden, Switzerland) by aligning PET images to mag-
netic resonance T1-weighted images (Bruker BioSpec 70/20, Bruker
Biospin MRI GmbH, Ettlingen, Germany) for the brain and computed
tomography (CT) images (R-mCT2, Rigaku, Tokyo, Japan) for the other
organs. For CT imaging, a contrast agent was injected via the cannula
inserted into the tail vein. Regional uptake of radioactivity was
expressed as the standardized uptake value (SUV), where SUV = tissue
radioactivity =~ concentration (MBq/cm3)/ [injected radioactivity
(MBq)/body weight (g)]. Peak-normalized SUVs were calculated to ac-
count for the initial uptake of PET probes in target tissues, which may be
influenced by stress-induced changes in blood flow. However, as the
washout of PET probes may begin before the uptake is completed,
unnormalized SUVs were also analyzed.

2.7. Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described. Briefly,
total RNA was extracted from tissues using TRIZOL Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacture’s
protocol. The resultant RNA was used to obtain cDNA using a Prime-
Script RT reagent Kit with gDNA Eraser (Takara Bio, Shiga, Japan). All
PCR experiments were conducted in duplicate using PowerTrack SYBR
Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), and
fluorescent SYBR Green signals were automatically detected and
analyzed with a CFX384 Touch Real-time PCR Detection System (Bio-
Rad, Hercules, CA, USA). Primes for PCR are as follows: for mouse Actb
(B-actin), 5-TGC GTG ACA TCA AAG AGA AG-3' and 5-GAT GCCACA
GGA TTC CAT A-3’; for mouse TIr4, 5'-ATG GAA AAG CCT CGA ATC CT-
3'and 5-TCC AAG TTG CCG TTT CTT GT-3’; for mouse TIr2, 5-TGG AAT
GTC ACC AGG CTG C-3' and 5-GTC CGT GGA AAT GGT GGC-3’; for
mouse COX-1, 5-CCT CTT TCC AGG AGC TCA CA-3' and 5’-TCG ATG
TCA CCG TAC AGC TC-3’; for mouse COX-2, 5’-GGG AGT CTG GAA CAT
TGT GAA-3' and 5-TGT CAA TCA AAT ATG ATC TGG ATG T-3’; for
mouse IL-18, 5-AGT TGA CGG ACC CCA AAA G-3’ and 5-AGC TGG
ATG CTC TCA TCA GG-3’; for mouse IL-6, 5-GAG GAT ACC ACT CCC
AAC AGA CC-3' and 5-AAG TGC ATC ATC GTT GTT CAT ACA-3’; for
mouse Argl, 5-GGA ATC TGC ATG GGC AAC CTG TGT-3' and 5-AGG
GTC TAC GTC TCG CAA GCC A-3’. The values were normalized to those
of B-actin mRNA in the same cDNA samples. The levels were then
normalized to those of the Control-Cerebellum groups.

2.8. Statistical analysis

Statistical analyses were performed using Prism 10 (GraphPad
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Software, San Diego, CA, USA). Error bars represent means + SEM.
Differences between two groups were analyzed with the two-tailed un-
paired Student’s t-test. Differences among more than two groups with
two factors were analyzed with two-way ANOVA followed by Bonfer-
roni’s post hoc test for evaluation of pairwise group differences. P-values
below 0.05 were considered statistically significant, unless specified
otherwise in the text. Outliers were identified using the Robust regres-
sion and Outlier removal (ROUT) method.® This method identified one
control mouse and one subchronic SDS mouse in TLR4 PET imaging as
outliers and excluded them from the analysis. The number of samples in
each group was determined based on published studies and our previous
experience with the behavioral tests employed. No statistical methods
were used to predetermine the sample size.

3. Results

3.1. Subchronic and chronic stress alters COX-1 PET activity in the
kidneys and liver

To visualize the effects of stress on the distribution of COX-1 PET
probes in the whole body, we subjected adult male C57BL/6N mice to
chronic social defeat stress (SDS) (Fig. 1A). In this model, a single-
housed male C57BL/6N mouse was exposed to aggressive encounters
with a male ICR mouse for 10 min daily over 10 consecutive days. We
first confirmed that chronic SDS increased the level of social avoidance,
a typical stress-induced depression-related behavior (Fig. 1B and C).
Since inflammation is a dynamic process composed of multiple phases,
such as its initiation and resolution, we examined the distribution of
COX-1 PET probes at two time points, after repeated SDS exposure four
and ten times as subchronic and chronic stress, respectively (Fig. 1A).
We used '8F-labeled (S)-ketoprofen methyl ester ((S)-['8F] KTP-Me), a
COX-1 PET probe that can be used to detect COX-1 distribution in mouse
and human brains.”**>?” PET imaging was performed at 90 min after
the last SDS exposure when SDS-induced inflammatory responses were
clearly detected.’® Regional uptake of radioactivity in each organ was
expressed as the standardized uptake value (SUV), the radioactivity in a
region of interest normalized to the whole-body concentration of the
injected radioactivity. The summed SUVs of (S)—[IBF]KTP—Me showed a
transient increase after subchronic SDS in the left kidney and a decrease
only after chronic SDS in the liver (Supplementary Figs. 3A and B). The
right kidney was excluded from the analysis due to potential contami-
nation by liver signals.

In the kidney, the time activity curve of (S)-['8F]KTP-Me showed
two peaks within 1 min and 15 min, respectively (Supplementary
Figs. 3C and D). This pattern is distinct from a washout of PET probes
with exponential decay, suggesting that the radioactivity in the kidneys
represents active biological processes, such as metabolism and excre-
tion, that affect the accumulation of PET probes. Despite such
complexity, subchronic SDS increased the first and second peaks in the
left kidney (Supplementary Fig. 3C), whereas the second peak was
rather decreased after chronic SDS (Supplementary Fig. 3D). These
findings suggest stress-induced alteration in renal functions in a phase-
dependent manner.

In the liver, the time activity curve showed a single peak, but the
peak occurred more slowly, later than 1 min (Supplementary Figs. 3E
and F), than in other tissues, such as the kidneys and brain. The washout
was slower, with more than 50% of activity being persisted even after an
hour (Supplementary Figs. 3E and F, right). This pattern is also distinct
from a washout of PET probes with exponential decay, suggesting that
the radioactivity in the liver also represents active biological processes.
Chronic, but not subchronic, SDS reduced the uptake of COX-1 PET
probes in the liver (Supplementary Fig. 3F, left), suggesting stress-
induced alteration in liver functions.

Since the activity of COX-1 PET probes in the kidney and liver ap-
pears to be highly influenced by their pharmacokinetics, it is difficult to
assess COX-1 expression in these organs with PET imaging.
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Fig. 1. Experimental schedule of PET imaging with mice after subchronic and chronic social defeat stress

(A) Experimental schedule of chronic SDS, social interaction test, and PET imaging. Mice were single-housed for 7 days, followed by habituation to the chamber used
for the social interaction test on Day 0, one day before the first SDS. Then, mice were exposed to 10-min SDS per day over 10 consecutive days. PET imaging was
performed 90 min after SDS on Day 4 and Day 10. The level of social avoidance was assessed by the social interaction test before SDS on Day 9.

(B) Definitions of the social avoidance zone (blue rectangles) and representative exploratory traces (black lines) of mice without or with chronic SDS (Control or
Stress, respectively) in the social interaction test.

(C) The level of social avoidance in the social interaction test after chronic SDS. N = 26 for Control group, N = 29 for Stress group. ****P < 0.0001 for unpaired t-test.
Error bars represent means + SEM.

3.2. Subchronic stress transiently alters COX-1 PET activity in the brain probe (S)-[18F]KTP-Me in the brain at 90 min after subchronic and
chronic SDS. Subchronic SDS, but not chronic SDS, increased the sum-
Since neuroinflammation is crucial for behavioral changes induced med SUV in the brain (Fig. 2A-C). The time activity curve showed rapid

by chronic SDS,'*'>!7 we examined the distribution of the COX-1 PET uptake within 1 min followed by rapid washout with exponential decay
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Fig. 2. Subchronic stress transiently alters COX-1 PET activity in the brain.

(A) Representative coronal views of PET images of (S)-[*®F]KTP-Me representing summed SUV from 5 to 45 min following probe injection at 90 min after subchronic
SDS.

(B and C) The summed SUV of (S)-[*®F]KTP-Me from 5 to 30 min in the brain 90 min after subchronic (B) and chronic (C) SDS. N = 9 in each group. *P < 0.05 for
unpaired t-test.

(D and E) The time activity curves of the SUV (left) and peak-normalized SUV (right) in the brain after subchronic (D, day 4) and chronic (E, day 10) SDS. The same
PET images were analyzed as those in B and C. Blue and red lines represent Control and Stress (subchronic or chronic SDS) groups, respectively. **P < 0.01 for the
main effect of stress in two-way repeated measures ANOVA.

Error bars represent means + SEM.
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(Fig. 2D and E). However, COX-1 PET activity in the brain persisted
significantly longer than in the heart and lungs, with activity exceeding
67% in the brain compared to less than 34% in the heart and 42% in the
lungs at 2 min post-injection (Supplementary Fig. 4). This observation
suggests that the radioactivity at least partially represents COX-1 ligand
binding in the brain, although the possibility of contamination from
COX-1 PET activity in peripheral blood cannot fully be ruled out. Sub-
chronic, but not chronic, SDS increased maximum uptake and slower
washout of the probe in the brain (Fig. 2D), suggesting a transient in-
crease of COX-1 ligand binding in the brain.

We then divided the whole brain into 10 regions and calculated the
summed SUVs in each region (Fig. 3A and B). Subchronic, but not
chronic, SDS increased the summed SUVs in most regions, especially the
cerebral cortex, hippocampus, striatum, and thalamus, where the
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increase was statistically significant (Fig. 3A and B). The time activity
curve showed rapid uptake within 1 min followed by rapid washout with
exponential decay in all the brain regions examined (Fig. 3C-F). In
subchronic SDS mice, the SUV was increased at the peak and remained
elevated for at least 30 min in the cerebral cortex, hippocampus, stria-
tum, and thalamus (Fig. 3C-F). The washout of COX-1 PET probes also
appears to be slower even when the SUVs were normalized to the peak.
These findings suggest that subchronic SDS transiently increased COX-1
ligand binding in these broad brain regions.

Notably, the peak-normalized time activity curve revealed the vari-
ability in the washout, which likely represents the different binding
capacity of COX-1 PET probes, across brain regions in control and sub-
chronic SDS mice (Fig. 3G and H). The delayed washout after subchronic
SDS was most notable in the cerebral cortex and striatum and not related
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Fig. 3. Subchronic stress transiently alters COX-1 PET activity in the striatum, cerebral cortex, hippocampus, and thalamus.

(A and B) The summed SUV of (S)-[*®F]KTP-Me from 5 to 30 min in each brain region following probe injection at 90 min after subchronic (A) and chronic (B) SDS.
N = 9 in each group. *P < 0.05, **P < 0.01 for Bonferroni’s post hoc test after two-way ANOVA.

(C-F) The time activity curves of the SUV (left) and peak-normalized SUV (right) in the striatum (C), cerebral cortex (D), hippocampus (E), and thalamus (F) after
subchronic SDS (day 4). The same PET images were analyzed as those in A and B. Blue and red lines represent Control and Stress groups, respectively. *P < 0.05, **P
< 0.01, ***P < 0.001 for the main effect of stress in two-way repeated measures ANOVA.

(G and H) The time activity curves of the peak-normalized SUV in each brain region of control mice (G) and subchronic SDS mice (H). The washout decrease after
subchronic SDS was most notable in the cerebral cortex and striatum (purple and green lines, respectively). AMY: amygdala, OLF: olfactory bulb, CTX: cerebral
cortex, HIP: hippocampus, P-M: pons-medulla, STR: striatum, HYP: hypothalamus, CB: cerebellum, THA: thalamus, PAG: periaqueductal gray. N = 9 in each group.

Error bars represent means + SEM.
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to the washout rate in control mice (Fig. 3H).

3.3. A novel PET probe for TLR4 detects inflammation in the brain

Given that the innate immune receptors TLR2/4 in microglia are
crucial for behavioral disturbances induced by chronic SDS,'> we
developed a novel PET probe cj1  for TLR4, to visualize
microglia-mediated neuroinflammation (Fig. 4A, see the Materials and
Methods for details). To evaluate the effectiveness of *ci1in detecting
inflammation in the brain, we unilaterally injected the TLR4 ligand
lipopolysaccharide (LPS) into the striatum. The accumulation of [*!C]1
at the injection site was compared to the corresponding site on the
contralateral side. PET images taken one day after unilateral LPS in-
jection into the striatum showed high accumulation of radioactivity on
the injected striatum compared to the contralateral one (Fig. 4B, upper).
Notably, a significant attenuation of [HC]l accumulation by simulta-
neous injection of the non-radiolabeled 1 (1 mg/kg, approximately 500
folds chemical mass of [''C]1) confirmed its specific binding in radio-
activity (Fig. 4B and C). These results show that [*c]1 can effectively
cross the blood-brain barrier and detect inflammation in the brain.

3.4. Subchronic and chronic stress alters TLR4 PET activity in the brain

We examined the distribution of the TLR4 PET probe [*'C11 in the
brain at 90 min after subchronic and chronic SDS. The summed SUV in
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the whole brain did not show apparent effects of subchronic or chronic
SDS (Fig. 5A-C). The time activity curve showed rapid peak within 1
min followed by rapid washout with exponential decay (Fig. 5D and E).
TLR4 PET activity was distributed differently across brain regions,
exhibited brain region-specific changes induced by SDS (see below for
details), and distinctly from COX-1 PET activity. These observations
suggest that the radioactivity of TLR4 PET probes at least partially
represents their binding in the brain, although the possibility of
contamination from TLR4 PET activity in peripheral blood cannot fully
be ruled out. Subchronic and chronic SDS appears to increase the
maximum uptake of the probe in the brain (Fig. 5D and E, left). How-
ever, when normalized to the peak, the washout of the probe was rather
faster after subchronic and chronic SDS (Fig. 5D and E, right), suggesting
a decrease of TLR4 ligand binding in the brain.

We then divided the whole brain into 10 regions and calculated the
summed SUVs in each region (Fig. 6A and B). Since the uptake increase
masks the effects of the washout increase in the summed SUVs, the peak-
normalized, summed SUVs were also calculated (Fig. 6C and D). Indeed,
the peak-normalized, summed SUVs showed clearer changes than the
summed SUVs, such as the reduction in the cerebellum and pons-
medulla (Fig. 6C and D). The time activity curve, especially when
normalized to the peak, confirmed the faster washout in the cerebellum
after subchronic and chronic SDS (Fig. 6E and F) and in the pons-
medulla after chronic SDS (Fig. 6G and H), respectively. These find-
ings suggest that subchronic and chronic SDS decreased TLR4 ligand
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Fig. 4. A novel PET probe for TLR4 detects inflammation in the brain.

radiolabeled 1

(A) Chemical structure and synthetic scheme of [“C]l, a novel PET probe for TLRA4.
(B) Representative coronal (left) and sagittal (right) views of [*'C]1 PET images summed SUV from 5 to 45 min after probe injection without or with administration
of non-radiolabeled compound (Vehicle or non-radiolabeled 1, respectively) in rats microinjected LPS into the right striatum. Red ellipses indicate the sites of LPS

injection.

(C) The ratio of the summed SUV from 5 to 45 min after probe injection in the region with LPS injection (red ellipses in A) and that in the corresponding contralateral

region. N = 4 in each group. **P < 0.01 for unpaired t-test.

161



Y. Motooka et al.

A
1.0
=
IS
S
© %)
c
. <
[9]
2
(0}
0.1
D Whole brain
0.6 — Control (day4) # 5 1.0 — Control (day4)
— Stress (day4) %) — Stress (day4)
g
3 T
) € 0.5
o
[ =
~
(2]
[
o
00 T T T T 00 T T T T
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)

Fig. 5. Subchronic and chronic stress alters TLR4 PET activity in the brain.

vs)

*

SUV (5-45 min)

Journal of Pharmacological Sciences 157 (2025) 156-166

Subchronic SDS C Chronic SDS
8- 8+
L]
6 . o E 6 "
e 9 :
4 H * @14—
>
2+ 7 2
0 T T 0 T
Control  Stress Control ~ Stress
E Whole brain
06 — Control (day10) 5 10 — Control (day10)
— Stress (day10) @ — Stress (day10)
g
> =
©
3 £
[=]
[ =
~
(2
[0
o
00 T T T T
0 10 20 30 40
Time (min) Time (min)

(A) Representative coronal views of PET images of e representing summed SUV from 5 to 45 min after probe injection following subchronic SDS.
(B and C) The summed SUV of [*!C]1 from 5 to 45 min in the brain 90 min after subchronic (B) and chronic (C) SDS. N = 10 in each group in B, N = 9 for Control

group and N = 11 for Stress group in C.

(D and E) The time activity curves of the SUV (left) and peak-normalized SUV (right) in the brain after subchronic (D, day 4) and chronic (E, day 10) SDS. The same
PET images were analyzed as those in B and C. Blue and red lines represent Control and Stress groups, respectively. #P < 0.1, *P < 0.05 for the main effect of stress in

two-way repeated measures ANOVA.
Error bars represent means + SEM.

binding in these selective brain regions.

We examined TLR4 mRNA expression in the cerebellum and pons-
medulla, where SDS accelerated the washout of TLR4 PET activity, as
well as in the cerebral cortex, where it remained unaffected. We also
examined COX-1 mRNA expression in these brain regions. Neither
subchronic nor chronic SDS significantly altered TLR4 or COX-1 mRNA
expression in any of these brain regions (Fig. 7A, B, H, and I), suggesting
that their PET activities may reflect protein expression and/or other
properties. Despite this, subchronic and chronic SDS did increase the
mRNA expression of typical, if not all, inflammatory markers, such as
COX-2 and IL-1p, in the cerebellum and pons-medulla (Fig. 7C-G and J-
N), corroborating neuroinflammation implicated with TLR4 PET probes
in these regions.

4. Discussion

Despite the roles of inflammation in mental illnesses, PET imaging
with currently available markers has limitations due to the lack of evi-
dence demonstrating their relationship to the molecular and cellular
events of inflammation associated with mental illnesses. In this study,
using the COX-1 PET probe (S)—[ISF]KTP—Me and a newly developed
TLR4 PET probe, [HC]I, we identified distinct alterations in COX-1 and
TLR4 PET activity in the brain at multiple time points during chronic
SDS. Thus, the increased uptake and slower washout of the COX-1 PET
probe were transiently observed in widespread brain regions, such as the
cerebral cortex, hippocampus, striatum, and thalamus, after subchronic
SDS. By contrast, the washout of the TLR4 PET probe was rather
increased in selective brain regions, the cerebellum after subchronic and
chronic SDS and the pons-medulla after chronic SDS. Therefore, COX-1
and TLR4 PET imaging may be useful to visualize distinct molecular and
cellular processes of neuroinflammation that drive stress-related mental
illnesses.

PET imaging using TSPO ligands has been employed to visualize
neuroinflammation, as increased TSPO expression in microglia and
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astrocytes is associated with neuroinflammation in various brain dis-
eases. However, recent studies have shown that microglia and astrocytes
play distinct roles in neuroinflammation and that microglia can exist in
multiple states even within a single brain disease. Since TSPO is a gen-
eral biomarker for all activated states of microglia and astrocytes, a
molecular based, state-specific PET probe is needed to comprehensively
investigate the specific pathophysiological role of neuroinflammation in
brain diseases. In this study, PET imaging with COX-1 and TLR4 ligands
in the brain revealed distinct spatiotemporal changes in their PET ac-
tivity during chronic SDS: a transient, widespread change in COX-1 PET
activity and a sustained, localized change in TLR4 PET activity. Given
that COX-1 and TLR4 in microglia are critical for chronic SDS-induced
behavioral disturbances, yet mediate different actions of microglia,
PET imaging with COX-1 and TLR4 ligands may offer a novel approach
to visualizing distinct neuroinflammatory states.

Since acute and chronic SDS increase COX-1-dependent PGE; syn-
thesis selectively in subcortical rather than cortical regions,'*'” COX-1
PET imaging does not accurately reflect the spatiotemporal pattern of
COX-1-dependent PGE; synthesis. Neither subchronic nor chronic SDS
affected COX-1 mRNA expression in the brain, suggesting that changes
in COX-1 expression by PET reflect alterations in its protein expression,
structure, and/or activity. Because COX-1 is selectively expressed in
microglia and macrophages in the brain,'* COX-1 expression detected
by using PET may indicate a transient and widespread process of neu-
roinflammation during chronic stress. This finding contradicts the cur-
rent notion, based on histological markers, that chronic stress induces
microglial activation only in selective brain regions such as the medial
prefrontal cortex (mPFC) and hippocampus.'>*® Therefore, microglia
and macrophages may exhibit widely distributed responses to chronic
stress in the brain. Since changes in COX-1 expression detected by PET
precede the development of chronic SDS-induced behavioral distur-
bances, COX-1 PET imaging might be useful for revealing neuro-
inflammation in the prodromal phase of mental illnesses.

Rodent studies have demonstrated that TLR2/4 in microglia underlie
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Fig. 6. Subchronic and chronic stress alters TLR4 PET activity in the cerebellum and brainstem.
(A-D) The summed SUV (A and B) and peak-normalized summed SUV (C and D) of [*'C]1 from 5 to 30 min in each brain region 90 min following probe injection at
90 min after subchronic (A and C) and chronic (B and D) SDS. N = 10 in each group in A and C. N = 9 for Control group, N = 11 for Stress group in B and D. #P < 0.1,

**P < 0.01, ***P < 0.001 for Bonferroni’s post hoc test after two-way ANOVA.

(E-H) The time activity curves of the SUV (left) and peak-normalized SUV (right) in the cerebellum (E and F) and pons-medulla (G and H) after subchronic (E and G)
and chronic (F and H) SDS. The same PET images were analyzed as those in A-D. Blue and red lines represent Control and Stress (subchronic or chronic SDS) groups,
respectively. #P < 0.1, **P < 0.01, ***P < 0.001 for the main effect of stress in two-way repeated measures ANOVA.

Error bars represent means + SEM.

multiple inflammatory processes in the brain, contributing to chronic
stress-induced neuronal and behavioral disturbances.'® Specifically,
TLR2/4 mediate chronic stress-induced activation of mPFC microglia,
leading to dendritic atrophy of mPFC neurons and behavioral distur-
bances through proinflammatory cytokines. Additionally, TLR2/4 play a
crucial role in stress-induced PGE, synthesis in the microglia of the
subcortical forebrain, which is responsible for the attenuation of the
mPFC dopaminergic response and its behavioral consequences.'®!’
However, since peak-normalized TLR4 PET activity is selectively
reduced in the cerebellum and pons-medulla, it does not reflect
TLR2/4-dependent inflammatory processes in the forebrain and is
distinct from the pattern of COX-1 PET activity.

Several possibilities may account for different results of COX-1 and
TLR4 PET imaging. Since SDS did not alter the mRNA expression of COX-
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1 or TLR4, SDS-induced changes in COX-1 and TLR4 PET activity could
reflect alterations in their protein expressions, structures, and/or ac-
tivities. For example, microglia may proliferate, and macrophages may
migrate to the site of neuroinflammation, thereby increasing the total
amount of COX-1 protein in the tissue, hence binding to COX-1 PET
probes. In addition, COX-1 is prone to suicidal inactivation with radicals
derived from its enzymatic activity,”” which may affect its protein
expression, structure and activity. On the other hand, since TLR4 acti-
vation reportedly induces its endocytosis, reducing its surface expres-
sion,’*! the observed reduction in peak-normalized TLR4 PET activity
could be attributed to alterations in its protein expression and/or
localization. Thus, COX-1 and TLR4 expressions may vary differently
depending on the states of microglia and the surrounding environment,
which could influence their PET activity in distinct ways. TLR4 PET
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Fig. 7. Subchronic and chronic stress induces neuroinflammation in the cere-
bellum and brainstem. The relative mRNA expression levels of Tlr4 (A and H),
COX-1 (B and I), TIr2 (C and J), COX-2 (D and K), IL-1p (E and L), IL-6 (F and
M), and Argl (G and N) in the cerebellum, pons-medulla, and cerebral cortex
90 min after subchronic (A-G) and chronic (H-N) SDS. #P < 0.1, *P < 0.05,
**P < 0.01 for Bonferroni’s post hoc test after two-way ANOVA. Error bars
represent means + SEM.

imaging may also reflect non-microglial changes during chronic SDS.
Whereas COX-1 is selectively expressed in microglia, TLR4 is expressed
not only in microglia but also in vascular endothelial cells,*>** whose
barrier function is affected by chronic stress.>* Therefore, the differen-
tial regulation and/or cell-type specificity of COX-1 and TLR4 expression
may help explain the varying results observed with each PET probe.
Nonetheless, the pivotal role of TLR4 in inflammation suggests that
TLR4 PET imaging can visualize unexpected neuroinflammatory pro-
cesses localized in the cerebellum and pons-medulla, which are sus-
tained during chronic SDS. Since subchronic and chronic SDS increased
the expression of inflammatory markers, COX-2 and IL-1p, in the cere-
bellum and pons-medulla, neuroinflammation is likely to be induced in
these regions. The pons-medulla contains serotonergic and
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noradrenergic neurons that have been implicated in chronic stress and
depression.>” ™’ Additionally, the cerebellum, particularly its non-motor
regions, has been associated with depressive symptoms in clinical
studies.*® *° Rodent studies have also revealed the role of microglia in
regulating monoaminergic and cerebellar neurons involved in
emotional behavior.*"»*? Further investigation is needed to determine
whether chronic stress-induced inflammation via TLR2/4 affects
neuronal functions in the cerebellum and pons-medulla, contributing to
behavioral disturbances.?”>

Consistent with the effects of chronic stress on bodily organs and
their behavioral relevance,”” subchronic and chronic SDS alter COX-1
PET activity in the kidneys and liver. However, since the activity does
not follow a typical exponential decay due to the dissociation of the
probe from its target, it may reflect SDS-induced changes in renal and
hepatic functions. Indeed, chronic stress increases urine production,** a
change that may be visualized by a subchronic SDS-induced increase in
COX-1 PET activity in the kidneys. Additionally, chronic stress has been
reported to affect the liver, which secretes inflammation-related mole-
cules that infiltrate the brain parenchyma, leading to behavioral dis-
turbances.***> Thus, a chronic SDS-induced decrease in COX-1 PET
activity in the liver may indicate hepatic dysfunction. Since the changes
in COX-1 PET activity in the kidneys and liver appear to lack molecular
specificity, another method is necessary to visualize the molecular
processes underlying stress-induced renal and hepatic dysfunctions.

This study has several limitations. Whereas we developed TLR4 PET
probes from a well characterized compound that selectively binds to
TLR4 and validated their specificity in vivo using cold excess, their
unknown metabolites produced in the body might exhibit unexpected
off-target binding, which remains to be addressed with TLR4 knockout
mice. Since COX-1 and TLR4 are abundantly expressed in peripheral
blood cells, the potential contribution of these cells to brain PET activity
remains to be excluded. In addition, PET imaging was conducted under
anesthesia, which has been shown to affect microglial states through
noradrenergic activity.’®"” Therefore, to fully assess the applicability of
these imaging modalities in humans, PET imaging of COX-1 and TLR4
should be performed in awake animals. It is also important to note that
different animals were used for COX-1 and TLR4 PET imaging at
different time points, and TSPO ligand imaging was not included in this
study. Furthermore, as chronic SDS induces various behavioral changes,
including depression, anxiety, and cognitive decline, the behavioral
correlates of the PET imaging have yet to be examined. Given that
specific neuronal circuits underlie such behavioral changes, the rela-
tionship between COX-1 and TLR4 expression and neuronal activity also
warrants investigation. To address these issues and establish the unique
advantages of COX-1 and TLR4 PET imaging for visualizing neuro-
inflammation, it is necessary to perform simultaneous COX-1 and TLR4
imaging, correlating the findings with behavioral disturbances at mul-
tiple time points during chronic SDS, and directly comparing them with
FDG and TSPO PET imaging in the same subjects. Nonetheless, the
specificity of COX-1 and TLR4 PET imaging in the brain, likely due to
molecular and cellular precision, cannot be achieved with currently
available markers of neuroinflammation, such as TSPO ligands. These
novel imaging tools may be used to identify and analyze multiple neu-
roinflammatory processes with distinct spatiotemporal patterns in
human patients with stress-related mental illnesses, such as depression
and PTSD.
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