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ABSTRACT: Both chronic and neuropathic pain con-
ditions are associated with increased expression of certain
voltage-gated sodium ion channel (Nay) isoforms in
peripheral sensory neurons. A method for noninvasive
imaging of these channels could represent a powerful tool
for investigating aberrant expression of Nay, and its role in
pain pathogenesis. Herein, we describe the synthesis and
evaluation of a positron emission tomography (PET)
radiotracer targeting Nays, the design of which is based on
the potent, Nay-selective inhibitor saxitoxin. Both auto-
radiography analysis of sciatic nerves excised from injured
rats as well as whole animal PET-MR imaging demonstrate
that a systemically administered ['®F]-labeled saxitoxin
derivative concentrates at the site of nerve injury,
consistent with upregulated sodium channel expression
following axotomy. This type of PET agent has potential
use for serial monitoring of channel expression levels at
injured nerves throughout wound healing and/or following
drug treatment. Such information may be correlated with
pain behavioral analyses to help shed light on the complex
molecular processes that underlie pain sensation.

C urrent clinical approaches for the diagnosis of chronic pain
rely on subjective methods of analysis, which include
patient self-reporting and physical exams.' Various imaging
modalities such as X-ray, computed tomography (CT), and
conventional magnetic resonance imaging (MRI) have limited
utility for objectively identifying hypersensitive ‘pain-generating’
neural structures and accurately assessing pain syndromes.””>
Accordingly, in vivo methods to pinpoint discrete molecular and
cellular changes associated with certain pain pathologies could
greatly enhance our understanding of the molecular etiology of
nociception and potentially offer impartial data to better inform
patient care.

Voltage-gated sodium channels (Nays), which play a
fundamental role in the formation and conduction of action
potentials in excitable tissue,® are of particular interest as
molecular markers of pain. Certain Nay isoforms are known to be
upregulated in peripheral sensory neurons and dorsal root
ganglia following neuronal or soft tissue injury, and have been
causally linked to enhanced nociceptive activity.” Dysregulation
of sodium channels can result in ectopic neuronal firing and
neuronal hyperexcitability associated with neuropathic pain.® A
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Scheme 1. De Novo Synthesis of '’F- and '*F-Labeled
Saxitoxins
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Figure 1. Concentration—response curves and ICg, values for STX
(circles) and ["F]STX (squares) tested against differentiated PC12
cells endogenously expressing TTX-sensitive Nayl.2 and Nayl.7
(filled), and CHO cells transiently expressing TTX-insensitive Nay1.5
(hollow) [n > 3, error bars represent standard deviations; I/I, =
remaining current/initial current]. Current versus time plots are shown
in Figure S2 in the Supporting Information.

method for noninvasive detection of Nays could enable imaging
experiments in living subjects that correlate changes in protein
expression with sensitization to pain stimuli. Herein, we describe
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Figure 2. Analytical HPLC chromatogram of formulated ['*F]STX
coinjected with [F]STX.
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Figure 3. Biodistribution of ['®F]STX in sham-operated versus SNI rats.
Tissues were collected at 60 min postinjection (p.i.), and associated
radioactivity was measured with a gamma-counter (n = 3, error bars
represent standard errors). Wound is defined as surgical damage to non-
neural structures, including muscle and skin. Differences in uptake in
nontarget tissues were not statistically significant.

0.5 - *
04
203
a
R
02
) J_J ' ' .
00 : : : : - .
> @ & @ & <& >
& @\f} ¢\°\§\ &0@ QQ,C‘ & <&
& X
N ¥ Qi.\‘§

Figure 4. Uptake of ["*F]STX in the neuroma of SNI rats compared to
background signal in representative nontarget tissues (*p < 0.05). Data
collected at 60 min p.i. (n = 3, error bars represent standard errors).

our initial efforts to develop a positron emission tomography
(PET) radiotracer for imaging peripheral nerve injury in an
animal model of neuropathic pain by targeting overexpression of
Nays.

A number of small molecule and peptide ligands are known to
bind Nays selectively and could potentially serve as PET probes.
Among this collection, saxitoxin (STX), a unique bis-
guanidinium natural product, offers two salient features. First,
STX binds reversibly and with low nanomolar affinity to the
extracellular pore of tetrodotoxin (TTX)-sensitive Nay isoforms’
and, thus, has the advantage of a readily accessible target on the
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Figure S. (a) Autoradiography of injured left sciatic and uninjured right
sciatic nerves of SNI animals harvested at different time points
postinjection. (b) Time plot of normalized signal in the neuroma over
60 min, determined by autoradiography, and coplotted with uptake in
the surgical wound as determined in biodistribution studies. (c)
Autoradiography signal in sciatic nerves of SNI and sham-operated
animals at 60 min (n = 3; error bars represent standard errors; *p <
0.05). Normalized to control areas in the same nerve.

cell surface.'” Second, prior studies have demonstrated that
functional group substitutions at N21 in STX can be
accommodated with mlnlmal perturbation of the ligand—
receptor binding interaction.'’ In particular, N-(aminohexyl)-

STX (STX-NH;*), a compound prepared previously by our lab,

can be con}ugated to a variety of groups through selective amide
bond formation.'” Such a method enables final-step introduction
of an appropriate radiolabel for PET imaging. Our radiolabel of
choice, fluorine-18, offers both a half-life (109.8 min) compatible
with the anticipated distribution kinetics of an STX-based
radiotracer and a low positron energy, which affords optimal
imaging resolution."?

Coupling of STX-NH;" with the N-hydroxysuccinimide ester
of 4-fluorobenzoic acid (['’F]SFB) furnished the corresponding
benzamide (['’F]STX) in 87% yield when 3.0 equiv of the ester
were employed (Scheme 1). To optimize this coupling protocol
for radiosynthesis by minimizing the amount of ester, this
reaction was also examined using a 4-fold excess of STX-NH;*
relative to ['?F]SFB. Under these conditions, ['*F]STX was
obtained in 1 hin 88% yield; the uncoupled STX-NH," was easily
separated from the desired product by reversed-phase HPLC.

The affinity of ['?F]STX for Nay was determined by
measuring block of peak Na® current in whole-cell voltage-
clamp experiments (Figure 1, Figure S2). Against nerve growth
factor (NGF)-differentiated PC12 cells, which endogenously
express two TTX-sensitive isoforms (rNayl.2 and rNay1.7),"*
the measured potency of the benzamide-modified toxin was only
S-fold less than that of the natural product (ICs, = 10.6 + 0.6 nM
for [*’F]STX and 2.1 + 0.2 nM for native STX). Importantly,
both STX and ['’F]STX were substantially less potent inhibitors
of recombinant Nay1.5 (CHO cells), a TTX-insensitive isoform
expressed principally in heart tissue (IC5y = 256 + 20 nM and
140 = 0.17 uM, respectively). These results indicate that
["F]STX binds to TTX-sensitive Nays with high affinity and
with a channel subtype selectivity profile similar to the parent
molecule."

Radiolabeled STX was prepared from ['®F]SFB, a reagent
commonly used for generating '°F PET probes (Scheme 1). A
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Figure 6. Representative cross-sectional MR, PET, and fused PET-MR (left to right) image of the thighs showing the transverse plane through the
neuroma of a spared nerve injury (SNI) rat comparing [ '*F]STX uptake in the injured left sciatic nerve (yellow arrow) versus the uninjured right nerve
(white arrowhead). Red arrowheads: uptake in the wound. PET signal (normalized to signal from adjacent muscle) in the left nerve was 1.56 + 0.29,n =
S,and 1.11 + 0.14 on the control side; p < 0.0S. As expected, increased PET signal is also observed in the urinary and excretory systems as well as the knee

joints.

semiautomated procedure for this synthesis was developed from
a conventional protocol'®"” (Figure S3) and provided ['*F]SFB
in 31.1 + 12.4% radiochemical yield (n = 26), decay-corrected
from end of bombardment. Following treatment of ['*F]SFB
with STX-NH;* (Scheme 1), the product [**F]STX was purified
by semipreparative HPLC and formulated in PBS (Figure 2).
When 200—250 g of STX-NH;" were employed in the coupling
step, the desired product was generated in radiochemical yields
of 6.6 + 3.7% (from ['®F]SEB, n = 8); however, when the
amount of STX-NH;" was elevated to 500 ug, radiochemical
yields of [**F]STX increased to 16.4 + 9.5% (from [**F]SFB, n =
12). Using this latter procedure, the overall synthetic efficiency
and the specific activity of the radiotracer (1.63 + 1.14 Ci/umol;
60.3 + 42.2 GBq/pumol; n = 12) were improved. Ultimately,
['8F]STX was obtained after a total synthesis time of 3—3.5 h
from end-of-bombardment with a radiochemical purity of >93%.
The successful synthesis of ['*F]STX represents a rare example
of a complex natural product derivative incorporating a fluorine-
18 isotope.18

Evaluation of ["*F]STX for PET imaging of neuromas was
performed with rats having undergone a spared-nerve injury
(SNI) surgical procedure. SNI is a validated experimental model
of neuropathic pain that involves transection of the tibial and
common peroneal branches of the sciatic nerve, leaving the sural
branch intact. This procedure introduces a neuroma at the site of
nerve injury and produces chronic pain lasting several months."”
In our studies, an allodynic response in the left hind paws
(operated side) of SNI animals was confirmed four weeks
postsurgery using von-Frey filaments (Figure SS). Immunohis-
topathology data of the surgically injured nerve of SNI animals
show elevated levels of protein expression of Nay1.3 and Nay1.7
as compared to the control.**'

The metabolic stability of our STX tracer was confirmed
through HPLC analysis of urine samples taken from SNI animals
60 min postinjection (p.i.) of ["*F]STX. In this experiment, 968
uCi ["*F]STX with a specific activity of 1.1 Ci/umol (40.4 GBq/
umol) at the time of injection was administered to the rat (300
g). As expected given the small amount of tracer injected [0.47 pg
(0.90 nmol)] and the reduced potency of ['’F]STX compared to
native STX (LD50 7 pug/kg, 23 nmol/kg),** no signs of toxicity
were observed in either this experiment or subsequent studies
using lower mass doses. Analysis of the rat urine showed that 97%
of the radioactive material had a retention time identical to that of
["®F]STX (Figure S6), indicating that the radiotracer suffers little
if any degradation systemically or in the renal system.”?

In order to gain an understanding of the distribution kinetics of
['"®F]STX, tissue-associated radioactivity levels were determined
at serial time points following intravenous injection of the
radiotracer (Table S1). Animals were euthanized at S, 10, 15, 30,
45, and 60 min postinjection of ["*F]STX, and tissues were
collected, weighed, and analyzed for radioactivity with a gamma-
counter. Organs with higher levels of absolute uptake (above 1%
ID/g) included heart, small intestine, kidney, and liver. Low
tracer uptake in muscle (0.07—0.10%ID/g) and rapid blood
clearance (0.19%ID/g at S min p.i. to 0.05%ID/g at 60 min p.i.)
were noted, both of which favor minimal background signal in
PET imaging. The uptake in brain was quite low (~0.1%ID/g)
and consistent with our expectation that the dicationic ['*F]STX
should not cross the blood—brain barrier. Radioactivity levels in
bone were also ~0.1%ID/g and constant over 60 min, indicating
negligible defluorination of the benzamide moiety. Comparison
of the results from both SNI and sham-operated animals at 60
min p.i. confirmed that nerve injury does not alter radiotracer
distribution in nontarget tissues (Figure 3).

Consistent with our expectation, increased uptake of
["™F]STX was observed in the neuroma (0.36 + 0.18%ID/g at
60 min postinjection). Adjacent wound tissue, on the other hand,
retained only 0.13 + 0.02%ID/g (Figure 4). Further, tracer levels
in the neuroma were 3.8-fold higher than in the normal (or
uninjured) right sciatic nerve (0.09 + 0.03%ID/g). Radiotracer
retention in the neuroma was confirmed by ex vivo auto-
radiography of the injured and uninjured sciatic nerve segments
excised at multiple time points over a 1 h period. At 60 min
following injection, the normalized tracer uptake (determined
from autoradiography images) in the neuroma of SNI animals
was higher than that in sham-operated animals (3.07 + 0.54 vs
1.56 + 0.28; F(2,6) = 13.6; p < 0.01, Figure Sc). In addition,
['8F]STX retention in the neuroma remained constant over time
(p > 0.05, Figure Sa). Collectively, these data provide support for
specific ["®F]STX uptake in the neuroma compared to the
surrounding tissue (Figure 5b).**

Encouraged by the results of our ex vivo experiments, we
performed preliminary PET scans of SNI rats with ['*F]STX
using MRI for anatomic correlation. Since current small-animal
PET scanners are limited by their relatively poor spatial
resolution,” it is difficult to identify peripheral nerves using
only PET. MRI offers greater spatial resolution and has been used
in conjunction with PET for anatomic localization. By
coregistering images from both modalities, the excellent spatial
and soft-tissue contrast resolution of MRI can be leveraged with
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the high sensitivity of PET to locate radiotracer signal in the
sciatic nerve.

Results from the PET-MRI studies revealed increased
['®F]STX uptake in the left injured nerve of SNI animals (Figure
6, PET signal (normalized to signal from adjacent muscle) 1.56 +
0.29, n = 5). By contrast, the uninjured sciatic nerve showed
reduced signal (normalized PET signal 1.11 + 0.14 on the
control side; p < 0.0S). These initial data demonstrate the
teasibility of using ['8F]STX PET to investigate sodium channel
levels and distribution in disease states.

We have successfully prepared a radiolabeled form of a potent
sodium channel antagonist to generate a novel PET tracer,
['8F]STX. Elevated concentrations of ["*F]STX are detected at
the location of nerve injury in an animal model of neuropathic
pain. Our work represents one of the first attempts to mark Nays
in an intact, living animal model.>® We envision using this type of
PET agent for serial monitoring of changes in channel expression
levels that occur at injured nerves as a function of wound healing
and/or drug treatment. Such information may be correlated with
pain behavioral analyses to help shed light on the complex
molecular processes that underlie pain sensation.
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