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RESULTS

CT-guided periganglionic injection in pigs
We developed a modified transforaminal technique along the lumbar
spine to access individual DRG with spinal needles in pigs (Fig. 1, A
and B) (23). The goal was to distribute drug around the targeted DRG
(that is, periganglionic) without accessing the intrathecal space or hav-
ing the drug distribute in a contralateral fashion via the epidural space.
We empirically determined that 275 ml (200 ml of drug or vehicle so-
lution + 75 ml of contrast medium) was a minimum volume necessary
to adequately coat the DRG. In each animal, we injected four ganglia on
one side of the spine with either 500 ng (2.5 ng/ml, n = 3) or 2000 ng
(10 ng/ml, n = 4) of RTX solution. The same four injected ganglia on
the contralateral side received vehicle only. Bilateral injections were
made to minimize the number of laboratory animals needed for this
www.ScienceTra
experiment, as well as to have an internal control for subsequent be-
havioral testing. The injection procedure was identical for both RTX
and vehicle. Using CT imaging, we confirmed periganglionic distribu-
tion of solution immediately after injection (Fig. 1C). By obtaining a
delayed scan at 10 to 15 min after injection, we also confirmed that
any diffusion of drug/contrast away from the injection site was mild.
We did occasionally observe thin layering within the ventral epidural
space (4 of 56 injections) (fig. S1).

Disability scoring and gait analysis
Because the cytotoxic effects of RTX are receptor-mediated and lim-
ited to nociceptive neurons, we expected that treated animals would
have no significant motor deficit or gait abnormality. To test this, we
performed disability scores (based on a previous study at our institu-
tion) (24) for each animal for the first 3 days after injection and then
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once weekly over the next 4-week obser-
vation period (table S1). There was no
evidence of lameness in any of the animals
during this period (disability score = 0
for all seven animals). Separately, clinical gait
scores were assessed using videography
to record each animal as they were guided
through a predetermined circuit before in-
jection and during week 4 after injection.
The animals were subsequently scored
clinically according to a schema modified
from the veterinary literature (25) (table
S2). There was no abnormal gait observed
in any of the animals before or after injec-
tion. Thus, each received a score of 1 (normal
gait and walking). In addition, there were
no observable differences in animal activity
or diet between the animals injected with
500 ng RTX and those with 2000 ng RTX
during this 4-week period, withmeanweight
gain of 13.4 ± 1.1 kg in the 500 ng RTX
group and 13.3 ± 0.8 kg in the 2000 ng
RTX group (P = 0.93).

C-fiber activation and
behavioral analysis
On the basis of previous studies in small
animal models (9, 13, 26), we expected
that sensory dermatomes innervated by
RTX-injected DRG would be less sensi-
tive to nociceptive thermal stimuli when
compared to the contralateral derma-
tomes injected with vehicle only. Our ra-
tionale for injecting four adjacent levels
of the lumbar spine was to induce anal-
gesia in a large enough area of the lateral
hindlimb, which would allow for behav-
ioral testing (Fig. 2A) (27, 28). We used
an infrared diode laser, which does not
contact the skin, to briefly and reprodu-
cibly activate the terminals of presump-
tive nociceptive afferents (6, 26, 29). We
defined the withdrawal latency as the
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Fig. 1. CT-guided injections in a pig model. (A) Three-dimensional (3D) surface rendering of posterior
skin surface with animal in prone position on CT table. Bilateral spinal needles are in place at the L2/3,

L3/4, L4/5, and L5/6 levels (blue arrowheads). (B) In the same animal, 3D volume rendering of pig
lumbosacral spine CT with spinal needles in place immediately adjacent to DRGs at the neuroforamina.
(C) Axial CT image with pig in prone position. Scan obtained after injection of 2000 ng of RTX at the L4/L5
level. Periganglionic distribution of drug/contrast mixture is seen (black arrowheads) surrounding the ex-
iting L4 DRG (black arrow) on the right (needle tip is out of plane of scan). Needle is in place to deliver
vehicle solution (not yet injected) to left DRG. Black appearance distal to needle tip is a common CT artifact
due to beam hardening along the needle path.
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Fig. 2. Withdrawal latency to C-fiber activation with laser stimulus.
(A) Diagram depicts the injected levels in pigs at L2/3, L3/4, L4/5, and L5/6,

slightly to minimize overlap. Individual stimuli, circle or square; mean re-
sponse time, gray box. (C) Withdrawal latency at week 4 after injection with
and the sensory dermatomes innervated by these ganglia (orange
shading). C-fiber stimulations were confined to this shaded area. (B) With-
drawal latency at week 2 after injection with a 10.5-s cutoff threshold
shows symmetric baseline withdrawal latency in uninjected animals. n =
2 (P = 0.257; left, 6.2 ± 0.4 s; right, 6.5 ± 0.4 s; 68 total stimuli). Significantly
delayed or absent response in 500 ng (9.2 ± 0.3 s, n = 2) and 2000 ng (9.5 ±
0.3, n = 3) RTX groups relative to contralateral dermatomes injected with ve-
hicle only (contralateral to 500 ng, 6.8 ± 0.4; contralateral to 2000 ng, 7.8 ±
0.3). Data points reaching 10.5-s cutoff (orange shading) have been staggered
www.ScienceTra
a 15.5-s cutoff. There is a significantly delayed or absent response in RTX-
treated hindlimb (500 ng, 13.7 ± 0.5, n = 3; 2000 ng, 12.1 ± 0.6, n = 4)
compared to the contralateral limb injected with vehicle only (500 ng,
9.3 ± 0.6; 2000 ng, 8.5 ± 0.4). (D) RTX-treated dermatomes have an increase
in number of trials reaching cutoff (combined 2- and 4-week data): unin-
jected, 4.4% (3 of 68); 500 ng, 60.7% (37 of 61) versus vehicle control 15.7%
(11 of 70); and 2000 ng, 59.6% (53 of 89) versus vehicle control 17.4% (19 of
109). Nonparametric Kruskal-Wallis test with Dunn’s posttest to correct for
multiple comparisons.
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time in seconds from laser stimulation to a behavioral response,
namely, skin twitch or limb withdrawal (movie S1). To test baseline
response to the stimulus, we first activated C-fibers in the hindlimbs of
uninjected control animals (n = 2) and evaluated the variability of the
responses and left/right symmetry. We found no significant difference
between withdrawal latencies of the two hindlimbs to repeated stimuli
(P = 0.257; left, 6.2 ± 0.4 s; right, 6.5 ± 0.4 s; mean ± SEM) (Fig. 2B).

We first tested treated animals for behavioral responses at week 2
after injection and observed a statistically significant increase in with-
drawal latency in both the 500 ng RTX (9.2 ± 0.3 s) and 2000 ng RTX
(9.5 ± 0.3 s) groups, relative to the latency on the contralateral hin-
dlimb (contralateral to 500 ng, 6.8 ± 0.4 s; contralateral to 2000 ng,
7.8 ± 0.3 s) (Fig. 2B). This corresponded to a 44.6 and 49.2% relative
increase, respectively, compared to the uninjected control animals (6.3 ±
0.4 s). To test the durability of RTX-induced analgesia, we then repeated
the laser stimulation in the same groups of animals 2 weeks later (4 weeks
after the RTX injection) in an identical manner, with the exception
that the stimulus cutoff was increased to 15.5 s (from 10.5 s at week 2)
to make the test more stringent. At the earlier, 2-week time point, we
used a lower cutoff because prolonged stimulation might produce skin
damage, possibly confounding subsequent testing. We also reasoned
that increasing the threshold at week 4 (the terminal study day) would
allow better differentiation between the RTX and vehicle response. At
week 4, we found that animals treated with 500 ng of RTX have a
115.2% increase in withdrawal latency (13.7 ± 0.5 s) relative to base-
line latency in uninjected animals (6.3 ± 0.4 s) and a 46.4% increase
relative to vehicle-injected contralateral dermatomes (9.3 ± 0.6 s; P =
0.0002) (Fig. 2C). In the animals treated with 2000 ng of RTX, we ob-
served a 90.3% increase in mean withdrawal latency (12.1 ± 0.6 s) when
compared to uninjected baseline (6.3 ± 0.4 s) and a 41.8% increase com-
pared to the contralateral hindlimb (8.5 ± 0.4 s; P = 0.0003) (Fig. 2C).
During the 4-week observation period, there were no skin ulcers observed
within treated dermatomes or behavior suggestive of neuropathic itch.

Finally, it is of interest that in both dermatomes treated with 500
and 2000 ng of RTX, most trials at 2 and 4 weeks reached cutoff thresh-
olds (500 ng, 60.7%, 37 of 61; 2000 ng, 59.6%, 53 of 89), but only a small
percentage of trials on vehicle-injected dermatomes reached threshold
(500 ng group, 15.7%, 11 of 70; 2000 ng group, 17.4%, 19 of 109) (Fig.
2D). We also noted that both vehicle- and RTX-injected dermatomes
were sensitive to a noxious mechanical (pinprick) stimulus. However,
we found the response rate highly variable, to the point that detailed
conclusions, other than retention of pinprick sensitivity, could not be
drawn (movie S2). Individual response times to laser stimuli for all
animals can be found in tabular format in the Supplementary Materials
(table S3).

TRPV1 expression in RTX-treated DRG
We next wanted to verify on a molecular level that our image-guided
intervention had deleted a significant proportion of TRPV1-expressing
nociceptive neurons and to determine whether TRPV1 mRNA expres-
sion correlated with behavioral testing. As an initial test, we used quantita-
tive polymerase chain reaction (qPCR) to compare mRNA transcripts
in RTX-treated and untreated ganglia. Because separate injections were
made at each DRG and the mean expression between pigs was similar
(500 ng group, 57.8 to 68.4%; 2000 ng group, 29.1 to 37.6%), each DRG
was treated independently for this analysis. The mean TRPV1 expression
in DRG treated with 500 ng of RTX was reduced by 36.1 ± 7.3% (mean ±
SEM) compared with control DRG. In DRG treated with 2000 ng of
www.ScienceTra
RTX, we observed a dose-dependent effect where TPRV1 mRNA expres-
sion was reduced by 66.3 ± 4.1% relative to control DRG (Fig. 3).

Immunofluorescence and histology in the DRG
and dorsal horn
Consistent with the mechanism of action of RTX, we observed a decrease
in markers of nociceptive cell bodies in the DRG and nerve terminals
in the dorsal horn after treatment. The fraction of TRPV1-positive cell
bodies in the RTX-treated ganglia (11.1 ± 1.6%, 140 of 1259 total cells)
decreased by 66% relative to the contralateral ganglia (32.7 ± 3.4%,
476 of 1457; P = 0.002) (Fig. 4, A to C). To establish that another subset
of sensory neurons remained intact, we examined expression of high–
molecular weight neurofilament (NF200), a marker of a large proportion
of myelinated neurons (30). The percentage of NF200-immunoreactive
(IR) cell bodies was not significantly affected by RTX injection (RTX-
treated DRG, 69.3 ± 3.9%, 567 of 818; vehicle-injected DRG, 71.6 ±
4.7%, 985 of 1375; P = 0.27), consistent with the receptor-based mech-
anism of action (Fig. 4, D to F). As a corollary to TRPV1 expression, we
examined the fraction of cell bodies in DRG expressing substance P
(SP), an excitatory neuropeptide often coexpressed in TRPV1-positive
nociceptive cell bodies (31). SP-IR cell bodies in RTX-treated ganglia
(10.7 ± 2.8%, 99 of 923) were decreased by 59% compared with con-
tralateral ganglia (25.8 ± 2.7%, 418 of 1621; P < 0.0001) (Fig. 4, G to I).
We also monitored calcitonin gene–related peptide (CGRP) immuno-
reactivity in the DRG and dorsal horn as CGRP defines a larger frac-
tion of the nociceptors in DRG. Many DRG neurons coexpress TRPV1
(30). Consistent with this, the number of CGRP-IR cells decreased by
35.6% in treated DRG (27 ± 1.4%, 290 of 1055) compared to vehicle-
only injection (42 ± 0.7%, 440 of 1044; P = 0.005) (Fig. 4, J to L). Quan-
titative fluorescence densitometry in the dorsal horn showed that there
was a 40.8 ± 8.5% reduction in CGRP-IR terminals at the L5 segment
on the RTX-treated side relative to the contralateral side (Fig. 4, M to O).
P = 0.02 P = 0.0005

Fig. 3. Relative TRPV1 mRNA expression in treated DRG compared with
control. Relative TRPV1 expression compared to control at the same lum-

bar level injected with 500 ng of RTX: 63.9 ± 7.3%, n = 7 DRG (P = 0.02), and
with 2000 ng of RTX: 33.7 ± 4.1%, n = 12 DRG (P = 0.0005). Wilcoxon
matched pairs test.
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Fig. 4. Immunofluorescence in L4/5 DRG and nerve terminals in the spinal cord (L5). (A to C) TRPV1
IR cell bodies from vehicle- (A) and RTX-injected (B) ganglia. (C) Bar graph depicts a 66% relative decrease

in TRPV1 IR cells in RTX-treated (11.1 ± 1.6%, 140 of 1259) versus contralateral ganglia (32.7 ± 3.4%, 476 of 1457; P = 0.002). (D to F) NF200-IR cell bodies were
not significantly affected by RTX injection (69.3 ± 3.9%, 567 of 818) (D); vehicle-injected DRG (71.6 ± 4.7%, 985 of 1375; P= 0.27) (E). (G to I) SP-IR cell bodies in
RTX-treated ganglia (10.7 ± 2.8%, 99 of 923) (G) comparedwith contralateral ganglia (25.8 ± 2.7%, 418 of 1621) (H)weredecreasedby 59% (P<0.0001). (J to L)
CGRP-IR cell bodies from vehicle-injected (27 ± 1.4%, 290 of 1055) (J) and RTX-injected (42 ± 0.7%, 440 of 1044; P = 0.005) (K) ganglia. (L) Bar graph depicts a
35.6% relative decrease. (M toO) CGRP-IR nerve terminals in the dorsal horn (DH) from vehicle- (M) and RTX-injected (N) sides of the same animal with a
40.8 ± 8.5% reduction (O) in CGRP nociceptive terminals. Cell counts are a summation of DRG sections from three animals and are expressed as % IR cells
per total cells. Scale bars, 100 mm (A to K) and 300 mm (M and N).
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