Cyclooxygenases as Potential PET Imaging Biomarkers to
Explore Neuroinflammation in Dementia
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The most frequently studied target of neuroinflammation using PET is
18-kDa translocator protein, but its limitations have spurred the molecu-
lar imaging community to find more promising targets. This article
reviews the development of PET radioligands for cyclooxygenase (COX)
subtypes 1 and 2, enzymes that catalyze the production of inflammatory
prostanoids in the periphery and brain. Although both isozymes produce
the same precursor compound, prostaglandin H,, they have distinct
functions based on their differential cellular localization in the periphery
and brain. For example, COX-1 is located primarily in microglia, a resi-
dent inflammatory cell in the brain whose role in producing inflammatory
cytokines is well documented. In contrast, COX-2 is located primarily in
neurons and can be markedly upregulated by inflammatory and excit-
atory stimuli, but its functions are poorly understood. This article reviews
these 2 isozymes as biomarkers of neuroinflammation, as well as the
radioligands that have recently been developed to image them in animals
and humans. To place this work into context, the properties of COX-1
and COX-2 are compared with 18-kDa translocator protein, with special
consideration of their application in Alzheimer disease as a representative
neurodegenerative disorder.
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PET is a powerful clinical and research tool with adequate sen-
sitivity to measure specific proteins at low density in vivo (I).
Some of these proteins can be used in clinical trials as biomarkers
to stratify patients and facilitate therapeutic drug development.
Pharmacokinetic biomarkers can be used to determine whether the
therapeutic agent reaches its target by measuring target engage-
ment or receptor occupancy. In addition, dynamic biomarkers can
confirm the expected pharmacological action, which is distinct
from clinical efficacy. For example, a dynamic biomarker of anti-
inflammatory action could demonstrate that the drug had the
expected pharmacological action shortly after administration, even
though weeks or years may be required to show clinical efficacy.
Neuroinflammation is a significant contributor to the pathophys-
iology of several neurologic and psychiatric disorders, including
Alzheimer disease (AD), multiple sclerosis, Huntington disease,
and possibly major depressive disorder (7,2). The 18-kDa
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translocator protein (TSPO) has been extensively studied as a PET
biomarker of neuroinflammation, and AD has been the most-
studied disease (/,2). Although PET imaging of TSPO in AD has
been shown to successfully reflect disease state and disease sever-
ity, it has several limitations as a biomarker of neuroinflammation,
including its nonspecific localization in microglia, astrocytes, and
vascular endothelium (7).

In the search for more useful targets of neuroinflammation, sev-
eral new radioligands have been developed that target the cycloox-
ygenase (COX) system. Two isoforms of COX, subtypes 1 and 2
(2), catalyze the rate-limiting step in the production of proinflam-
matory mediators, which makes these enzymes potentially useful
biomarkers of neuroinflammation. This article will review the
development of PET radioligands selective for COX-1 and COX-2
as well as the potential utility of these 2 targets, in comparison to
TSPO, as biomarkers of neuroinflammation in AD.

COX-1 AND COX-2: BACKGROUND

Given that both COX-1 and COX-2 convert arachidonic acid to
prostaglandin H, (Fig. 1), they might be expected to have the
same functions. However, the specificities of their function derive
from the varying cellular locations of COX-1 and COX-2 (3). For
example, platelets contain enzymes that convert prostaglandin H,
to thromboxane A,, which promotes platelet aggregation and clot-
ting. Vascular endothelium contains enzymes that convert prosta-
glandin H; to prostaglandin I,, which inhibits platelet aggregation
and clotting. In addition, platelets contain primarily COX-1,
whereas vascular endothelium contains primarily COX-2. Thus, a
nonselective COX inhibitor will have not only different actions
but opposing actions (e.g., inhibiting clotting in platelets but pro-
moting clotting in the vascular endothelium). The differential
effects of the COX isozymes have been revealed by studying
selective, or at least preferential, inhibitors. For example, the pref-
erential COX-1 inhibitor aspirin is commonly used to decrease
clotting in patients at risk for or with a history of heart attack and
stroke. Conversely, selective COX-2 inhibitors such as rofecoxib
(Vioxx [Tremeau Pharmaceuticals, Inc.], effective as an antiin-
flammatory drug) increase clotting to the point that this agent was
removed from use because it increased the risk of heart attacks
(4). Thus, the differential effects of COX-1 and COX-2 derive
from different cellular localizations and can be responsible for
both therapeutic efficacy and unwanted side effects.

Cellular Location and Inducibility

Given the importance of cellular location for pharmacological
effects, the issue of where COX-1 and COX-2 are located in the
brain is critical. Although reports vary, COX-1 appears to be
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FIGURE 1. Distinct functions of COX-1 and COX-2 derive from their cel-

lular location. Both COX-1 and COX-2 convert arachidonic acid into pros-
taglandin H, (PGH,), which is later enzymatically converted into several
bioactive prostanoids with different and sometimes opposing functions.
The specific prostanoid depends on the enzymes in a given cell. Platelets
contain primarily COX-1 and produce thromboxane A, (TXAy), which pro-
motes clotting. Vascular endothelium primarily contains COX-2 and pro-
duces prostaglandin I, (PGly), which inhibits clotting. Nonsteroidal
antiinflammatory drugs (NSAIDs) inhibit COX isomers, either nonselec-
tively (e.g., naproxen) or selectively (e.g., aspirin for COX-1 and rofecoxib
for COX-2). Thus, the pharmacological effect of inhibiting COX-1 is to
inhibit clotting and that of inhibiting COX-2 is to promote clotting.

located primarily in microglia and COX-2 in neurons (Table 1)
(5-7). This differential cellular localization is found both in ani-
mals after an inflammatory challenge and in humans with neuro-
logic conditions, including AD.

The functional differences between COX-1 and COX-2 derive
not only from their varying cellular localizations but also from a
differential response to inflammatory stimuli between the periph-
ery and the brain. In the periphery, COX-1 is generally regarded
as a constitutive enzyme and not upregulated by inflammation. In
contrast, COX-2 can be quickly upregulated severalfold, and the
increase can be blocked or reversed (8).

In the brain, the response of the COX isoforms is less conclu-
sive and may be species-dependent. Four studies using microglia
cultured from mice reported that COX-1 was upregulated on

exposure to stimulants such as lipopolysaccharide and B-amyloid
(9). In contrast, a study using cultured human microglia found no
upregulation (5). Additional studies may help resolve the extent to
which this differential effect is species-dependent.

In contrast to COX-1, the response of COX-2 to inflammatory
stimuli in the brain has been more consistently reported as an eleva-
tion (3,10). In fact, COX-2 reacts like an immediate early gene and
is rapidly upregulated in neurons after activation. For example,
COX-2—but not COX-1—was found to be elevated in monkeys
1 d after intracerebral injection of lipopolysaccharide, and a post-
mortem analysis showed that most COX-2 transcript was in neurons
(6). Although not an inflammatory stimulus, electroconvulsive seiz-
ures markedly and rapidly (within 1 h) increased COX-2 in rat neu-
rons (/1); prednisone blocked the increase in COX-2, suggesting
that this upregulation is likely related to inflammatory pathways.

Postmortem Studies in AD Brain

Immunohistochemical staining in the brains of individuals with
AD found that COX-1 was present in microglia and was especially
elevated surrounding amyloid plaques (Table 1) (7). However, the
increased density of COX-1 surrounding amyloid plaques may
simply reflect an increased number of microglia rather than an
increased amount of COX-1 in individual microglia. A follow-up
study using a large postmortem dataset found that the proportion
of activated microglia strongly correlated with B-amyloid load,
tau-related neuropathology, and rate of cognitive decline (12).

In postmortem brain studies, COX-2 was present predominantly
in the neurons of individuals with AD compared with control tissue
(5,7). Though clearly needed, quantitative measures of COX-2 in
postmortem AD are likely to be confounded by the rapid turnover or
degradation of this enzyme in healthy states and during the postmor-
tem interval. For instance, the half-life of COX-2 messenger RNA in
postmortem human brain is estimated to be less than 3.5 h (/3), and
the half-life of the protein in vivo varies from 2 to 7 h (14).

Microglia as Brain’s Macrophages

Microglia—which both release cytokines and phagocytose for-
eign protein and cellular debris—are often described as the resident
macrophages of the brain. However, the 2 cells have different
embryonic lineages: microglia derive from the embryonic yolk sac,
whereas most monocytes and macrophages derive from fetal liver
or bone marrow (/5). Both activated microglia and macrophages
(i.e., the activated form of bone marrow monocytes) are virtually
identical on histologic examination and can be distinguished only

TABLE 1

Properties of 3 Biomarkers of Neuroinflammation
Property COX-1 COX-2 TSPO
Primary cell Microglia Neurons Microglia, astroglia, vessels
Constitutive? Yes Yes Yes
Induced?* Species-dependent’ Yes Uncertain*
Remains elevated? Days Hours Weeks/mo
AD brain Microglia around Elevated in neurons, especially Microglia, astrocytes, vessels

amyloid plaques

early disease

*Defined as increased expression of protein per cell on exposure to inflammatory stimuli.
TThree positive reports in mouse microglia (9), and 1 negative report in human microglia (5).

*May also be species-dependent (63).
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by nonoverlapping transcriptomic or proteomic profiles (75).
Because microglia express high concentrations of COX-1, COX-1
inhibitors may have antiinflammatory effects in the brain, analo-
gous to the effects of COX-2 inhibitors in macrophages. In fact,
evidence suggests that COX-1 inhibition may have antiinflamma-
tory and beneficial effects in animal models, including the reduc-
tion of amyloid pathology and improved memory in a mouse
model of AD (16).

PET IMAGING OF COX-1

Few radioligands have succeeded in imaging COX-1. Many
early candidates were unsuccessful for various reasons, including
poor entry into brain, high nonspecific binding, and inadequate
affinity. The nonsteroidal antiinflammatory drug and COX-1
inhibitor ketoprofen has low brain uptake because of the extensive
deprotonation of its carboxyl group at physiologic pH. Nonethe-
less, ''C-ketoprofen-methyl ester (Supplemental Table 1; supple-
mental materials are available at http:/jnm.snmjournals.org) enters
brain and is rapidly hydrolyzed to ''C-ketoprofen for binding to
COX-1. Whereas studies with this prodrug radioligand showed
uptake in inflamed rat brain regions, COX-1-specific binding
could not be verified in blocking studies. Therefore, it remained
unclear whether radioactivity in brain was due mainly to binding
of 1'C-ketoprofen to COX-1 or to the inability of !'C-ketoprofen
to leave brain because of its negative charge (/7).

Despite this uncertainty, !'C-ketoprofen-methyl ester was stud-
ied in healthy human volunteers, individuals with mild cognitive
impairment, and individuals with AD (/8). No differences in
washout of radioactivity from brain were observed among these 3
groups. These results might reflect insufficient COX-1 expression,
insufficient binding of ''C-ketoprofen to COX-1, or inability of
the radioligand or its radiometabolites to leave the brain. In our
opinion, these results are also uninterpretable given that radioac-
tivity reflects both the prodrug (!!C-ketoprofen-methyl ester) and
the product of hydrolysis (i.e., ''C-ketoprofen) trapped in the
brain. !!C-ketoprofen-methyl ester underscores that prodrug-type
radioligands are usually difficult to quantify because PET cannot
distinguish the prodrug from its radiometabolites. '*F-FDG pro-
vides a notable contrast. Its ability to quantify the rate of glucose
metabolism is based on the irreversible trapping of its radiometa-
bolite in brain. Such is not the case for reversibly binding radioli-
gands, for which both uptake and washout of the active
component must be measured.

The direct-acting radioligand !!'C-1,5-bis(4-methoxyphenyl)-3-
(2,2,2-trifluoroethoxy)-1H-1,2,4-triazole (!!C-PS13) was developed
to overcome the issues associated with prodrugs (19). 'C-PS13 was
found to be potent (half-maximal inhibitory concentration, ~1 nM)
and selective (>1,000 fold) for COX-1 compared with COX-2 (20).
High affinities—particularly those in the nanomolar or subnanomolar
range—are desired because they increase specific binding to the tar-
get of interest. In contrast, nonspecific binding is determined by lipo-
philicity, as measured by the experimental distribution coefficient,
logD. LogD values of 2.0-3.5 indicate moderate lipophilicity and
are optimal for brain entry. Ligands with values that are too low risk
not crossing the blood—brain barrier, whereas those with values that
are too high may have high nonspecific binding to brain tissue and
plasma proteins (2/,22). Despite its very high logD of 4.26, ''C-
PS13 crossed the blood-brain barrier and bound to COX-1. 3F-
PS13 has also been prepared, thus providing another avenue to
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synthesize the radiotracer and extend its use, given the longer half-
life associated with '3F (23).

Both animal and human studies indicate that ''C-PS13 is prom-
ising for the in vivo imaging of COX-1. In whole-body scans of
rthesus monkeys, !C-PS13 showed significant uptake in organs
where COX-1 was expected, including the gastrointestinal tract,
spleen, kidneys, and brain, indicating appropriate distribution
(Fig. 2) (24). This uptake was blocked after administration of keto-
profen, a COX-1-specific inhibitor, but not celecoxib, a preferen-
tial COX-2 inhibitor, indicating good in vivo pharmacological
specificity (24). Whole-body scans in healthy human volunteers
found ''C-PS13 uptake in most major organs and subsequent
blockade by ketoprofen but not celecoxib, reproducing the appro-
priate distribution and pharmacological specificity seen in animals
(25). Furthermore, in the brains of healthy human volunteers, ''C-
PS13 uptake was highest in the hippocampus, occipital cortex, and
pericentral cortex (Fig. 3) (/9). This distribution appears to be
appropriate given the significant correlation with COX-1 gene
transcript levels, as obtained from the Allen Human Brain Atlas
(24). 11C-PS13 also demonstrated good absolute test-retest vari-
ability (range, 6.0%-8.5%) and reliability (intraclass correlation
coefficient range, 0.74-0.87), with no radiometabolite accumula-
tion and excellent time stability (/9).

PET IMAGING OF COX-2

Numerous radioligands have been tested to image COX-2, but
most have either failed or not progressed to human studies. Exten-
sive reviews detail the synthesis, in vitro results, and in vivo
results for these radioligands (26,27). Arachidonic acid is the sub-
strate for both COX-1 and COX-2 (Fig. 1), and !'C-arachidonic
acid is the only radiotracer mentioned in these reviews that has
moved to human studies (28,29). Both these early radioligands
and more recently developed ones (30-35) were primarily unsuc-
cessful because of high nonspecific binding. However, in some
cases, radiodefluorination (36,37), rapid metabolism (36), and
poor brain entry (38—40) were also reasons for failure. A few
radioligands appeared successful in small animals, but no ensuing
human studies were published (Supplemental Table 1) (4/—43).

Baseline Blocked
PS13 0.3mglkg
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b
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s g -
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FIGURE 2. Imaging of COX-1 with ''C-PS13 in monkey at baseline and
after blocking with nonradioactive PS13, which is highly selective for
COX-1. High specific binding (i.e., blockable) was shown in brain (percent-
age blockade, 35%), spleen (86%), gastrointestinal tract (61%), and kid-
ney (~75%). (Reprinted from (24).)
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FIGURE 3. Distribution of COX-1 in healthy human brain. After ''C-
PS13 injection, enzyme density was calculated on the pixel level as distri-
bution volume (V+). The MRl is from a representative participant, and PET
images of COX-1 are an average from 10 participants. Notable ''C-PS13
binding (arrows) was detected in hippocampus (HC), occipital cortex (OC),
and pericentral cortex (PC). The third row shows images fused from MRI
and PET scans. (Reprinted from (79).)

Other radioligands are still being investigated and have not yet
moved to in vitro or in vivo studies (44—46).

Currently, 3 radioligands exist to image COX-2, but only one—
1C-6-methoxy-2-(4-(methylsulfonyl)phenyl)-N-(thiophen-2-ylme-
thyl)pyrimidin-4-amine (!!C-MC1)—has moved on to human
studies. !!C-celecoxib and !'C-3-(4-methylsulfonylphenyl)-4-phe-
nyl-5-trifluoromethyl isoxazole (!'C-TMI) (Supplemental Table 1)
have been studied in baboons and have been shown to penetrate
the blood-brain barrier, accumulate in brain, and gradually wash
out (47). Both !'C-celecoxib and ''C-TMI produced a heteroge-
neous distribution in the brain that aligned with known COX-2
distribution (48,49). ''C-celecoxib also had uptake in organs
known to express COX-2. However, no animal models of inflam-
mation and no human studies have yet been published for either
1C_celecoxib or 'C-TMI.

"C-MC1 is the most recently developed radioligand with the
potential to image COX-2 in human neuroinflammation. On the
basis of a 2-(4-methylsulfonylphenyl)pyrimidine scaffold, ''C-
MC1 was found to be potent (half-maximal inhibitory concentra-
tion, ~1 nM) and selective (>1,000 fold) for COX-2 over COX-1.
1C-MC1, which has a slightly high logD of 3.74, crossed the
blood-brain barrier and bound to COX-2 (20,50). ''C-MC1 lacked
the sensitivity needed to measure low baseline concentrations of
COX-2 in the brains of healthy rhesus macaques (24). In addition,
the radioligand had minimal specific uptake in major organs
except the ovaries and possibly the kidneys, both of which have
high COX-2 expression (24). ''C-MC1 uptake in the ovaries was
blocked by inhibitors of COX-2 but not COX-1, thereby affirming
its pharmacological specificity.

Because COX-2 can be rapidly upregulated by inflammation,
Shrestha et al. (6) subsequently tested whether ''C-MC1 could image
upregulated COX-2 in monkey brain after intracerebral injection of
the inflammagen lipopolysaccharide. In this PET study, 2 monkeys
received a single lipopolysaccharide injection, and 2 monkeys
received a second lipopolysaccharide injection. COX-2 binding of
"'C-MC1 increased after 1 and 2 lipopolysaccharide injections, and
postmortem brain analysis at the gene transcript or protein level

56S

Blocked

FIGURE 4. COX-2 was increased after a lesion in the brain of a rhesus
macaque was found. The inflammatory agent lipopolysaccharide (LPS)
was injected into the right putamen and initially caused edema and, later,
a hemorrhage. (A) The coronal T2-weighted magnetic resonance image
(MRI) scan of a rhesus macaque showing poorly visualized edema (blue
arrow) and hematoma (purple arrow) around the injection site. (B) The PET
image after ''C-MC1 injection showed markedly elevated COX-2, espe-
cially overlying the hematoma. (C) The COX-2 selective compound MC1
(1 mg/kg intravenously) blocked uptake in the lesion area, confirming the
existence of both specific (i.e., blockable) and non-specific (i.e., residual)
binding of the radioligand. (Adapted from (6).)

confirmed these in vivo PET results (6). Interestingly, the monkeys
that received 2 lipopolysaccharide injections developed delayed intra-
cerebral hemorrhages after the first lipopolysaccharide injection, and
the increased uptake of 'C-MC1 overlaid the hemorrhage rather
than the injection site (Fig. 4). Thus, the increased uptake of ''C-
MCI1 likely resulted from a delayed effect associated with the first
lipopolysaccharide injection rather than an acute effect associated
with the second lipopolysaccharide injection.

Building on this work, another study evaluated the ability of
11C-MC1 to measure COX-2 concentrations in humans when con-
centrations were adequately elevated by peripheral inflammation.
This first-in-human study (6) examined 2 individuals with rheuma-
toid arthritis (RA) and 2 healthy volunteers who were imaged with
both 'C-MCI1 and the TSPO radioligand ''C-ER176. Patients
with RA were chosen because COX-2 is known to be upregulated
in the affected joints of RA patients and because COX-2 gene
expression is known to be upregulated in synoviocytes (57) and
macrophages (52) in response to cytokine triggers. In individuals
with RA, the symptomatic joints had increased !'C-MC1 and ''C-
ER176 uptake, but ''C-ER176 also showed uptake in asymptom-
atic joints (Fig. 5), reflecting past evidence of inflammation. ''C-
MCT1 uptake was partially blocked by 400 mg of the preferential
COX-2 inhibitor celecoxib (6), confirming that ''C-MC1 can be
used to image elevated COX-2 levels in humans. Higher oral
doses of celecoxib would likely have caused complete blockade in
the symptomatic joints because higher intravenous doses of cele-
coxib or more potent inhibitors completely blocked elevated
COX-2 in monkey brain (6).

A preliminary study then explored whether !!C-MC1 could mea-
sure COX-2 in 10 healthy human brains. In 9 of the 10 healthy par-
ticipants, ''C-MC1 detected specific binding in brain that could be
displaced by 600 mg of celecoxib, and the binding distribution corre-
lated with that of the gene transcript in the Allen Brain Atlas (53).
On the basis of the Lassen plot, celecoxib occupied 72% of available
COX-2 in the brain, but this specific binding was only about 20% of
total uptake. This finding suggests that !!C-MC1 has adequate sensi-
tivity to measure low-density COX-2 in healthy human brain. How-
ever, because of the low specific binding in the normal brain,
additional studies of individuals with neuroinflammatory disorders—
who presumably would have higher densities of COX-2—are
needed.
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polymorphism that affects the binding
affinity of all known PET radioligands. In
this context, COX imaging of neuroinflam-
mation would have several advantages.
First, TSPO is not specific to a single
. cell type but, rather, is present in microglia,
astroglia, and vascular endothelium. In
contrast, COX-1 is located almost exclu-
sively in microglia. Specifically, COX-1 is
elevated surrounding amyloid plaques, and
the elevation may reflect the induction of
the amount of COX-1 in microglia. Most
researchers and pharmaceutical companies
are interested in biomarkers selective to
microglia because that is the current target
for several neuroinflammatory therapies.
Second, pharmaceutical companies seek a

FIGURE 5. PET images of COX-2 and TSPO in a patient with RA and a healthy volunteer. The red
arrows indicate symptomatic joints, and the blue arrows indicate asymptomatic joints. Increased
COX-2 in the hands reflected currently symptomatic joints, whereas increased TSPO binding
reflected both currently symptomatic and previously symptomatic joints. Celecoxib (400 mg orally)
blocked only ~25% of the 1'C-MC1 uptake in the joints of the patient, confirming uptake selectivity
for COX-2 compared to COX-1. Animal studies suggest that higher doses of celecoxib are required

for complete blockade. Adapted from (6).

POTENTIAL USE OF COX-1 AND COX-2 AS BIOMARKERS

The most extensively studied biomarker of neuroinflammation
in neurologic (/) and psychiatric (2) disorders has, to date, been
TSPO. Thus, the potential use of COX-1 and COX-2 as bio-
markers of neuroinflammation in AD and other neuropsychiatric
disorders will inevitably be compared with the success and limita-
tions of TSPO (Tables 1 and 2). As background, TSPO is concen-
trated in microglia and astrocytes that have been activated by
various inflammatory stimuli (Table 1). AD, which generates a
significant inflammatory response in the brain, is the disorder most
frequently studied with TSPO radioligands. One large metaanaly-
sis of 28 studies comprising 755 individuals (318 healthy volun-
teers, 168 individuals with mild cognitive impairment, and 269
with AD) found that elevated TSPO was a biomarker of disease
state and disease severity (54), and another study found that TSPO
was a biomarker of disease progression (55). Although these find-
ings seem quite promising, TSPO has at least 3 clear limitations: it
is not specific to a single cell type, it remains elevated for long
periods, and the TSPO gene has a codominantly expressed

dynamic biomarker of pharmacological
effects, and TSPO is unlikely to fulfill that
role. With regard to AD drugs in particular, a
novel antiinflammatory drug would require
months to years to show a beneficial effect
on cognition. Such long studies would benefit
from identifying a biomarker—preferably in
the brain but possibly in plasma—that could
confirm antiinflammatory activity while assessing therapeutic efficacy.
In this context, TSPO is unlikely to fulfill the role of a dynamic bio-
marker because TSPO levels remain elevated long after inflammation
has resolved, limiting its utility as a biomarker of active inflammation
(1,2); ultimately, however, it may prove to be a good reflection of the
cumulative effects of neuroinflammation over time (2). In contrast,
because COX-2 is rapidly upregulated and degraded, it could poten-
tially be used as a biomarker of active neuroinflammation. In the
aforementioned study of RA patients imaged for COX-2 and TSPO,
COX-2 was elevated only in symptomatic joints, whereas TSPO was
elevated in both symptomatic and asymptomatic joints (6). If repli-
cated, these results suggest that COX-2 may be useful as a dynamic
biomarker of current inflammation and be decreased by some antiin-
flammatory medications.

Third, the TSPO gene has a codominantly expressed polymor-
phism that affects the binding affinity of all known PET radioli-
gands (/); thus, TSPO studies must correct or control for this
polymorphism in all participants. Although no polymorphism is
currently known to affect radioligand binding to COX-1 and
COX-2, future studies should be alert to this possibility. Indeed,

TABLE 2
Potential Role of 3 Proteins as Biomarkers of Neuroinflammation in AD*
Biomarker COX-1 COX-2 TSPO
Disease state Yes, numerous microglia  Visual increase in neurons, no Yes
quantitation
Disease severity ? ? Yes
Disease progression ? ? Possibly
Dynamic, reflecting ? Periphery, yes; brain, possibly Unlikely: remains elevated for

pharmacological action

long time

*Because COXs have not yet been imaged in AD, their biomarker potential is estimated from postmortem studies. The utility of TSPO

is based on numerous PET studies.
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both COX-1 and COX-2 genes have several encoding polymor-
phisms (56) that may contribute to functional differences (57,58).
For instance, COX-1 polymorphisms may modulate the response
of platelets to aspirin (59,60), and COX-2 polymorphisms may be
associated with interindividual variability in gene expression and
response to COX-2 inhibitors (67,62).

CONCLUSION

Neuropathological studies in AD show elevated COX-1 in
microglia surrounding amyloid plaques as well as elevated COX-2
in neurons. Although these results are based largely on the semi-
quantitative method of immunohistochemistry, both isozymes may
be biomarkers of disease state—that is, the presence of neuroin-
flammation. Steroids block or reverse the elevation of COX-2 in
peripheral inflammation and in neurons after electroconvulsive
shock. Thus, in addition to being a biomarker of disease state,
COX-2 may also be a dynamic biomarker of pharmacological
action (i.e., of antiinflammatory action).

Recently developed radioligands show promise in animal mod-
els and healthy humans to selectively image both COX-1 and
COX-2. ''C-PS13 can quantify the distribution of COX-1 in the
periphery and brain and is pharmacologically specific, based on
blockade in humans by COX-1 versus COX-2 preferential inhibi-
tors. ''C-MC1 can quantify COX-2 upregulation in monkey brain
after lipopolysaccharide injection and has the sensitivity to mea-
sure the low density of this target in healthy human brain. In our
opinion, both radioligands are well suited to study as biomarkers
of disease state or as dynamic biomarkers of pharmacological
action in neurodegenerative diseases such as AD.
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