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Transmission of Chronic
Nociception by Spinal Neurons
Expressing the Substance P
Receptor
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Substance P receptor (SPR)-expressing spinal neurons were ablated with the
selective cytotoxin substance P-saporin. Loss of these neurons resulted in a
reduction of thermal hyperalgesia and mechanical allodynia associated with
persistent neuropathic and inflammatory pain states. This loss appeared to be
permanent. Responses to mildly painful stimuli and morphine analgesia were
unaffected by this treatment. These results identify a target for treating per-
sistent pain and suggest that the small population of SPR-expressing neurons
in the dorsal horn of the spinal cord plays a pivotal role in the generation and
maintenance of chronic neuropathic and inflammatory pain.

Chronic pain conditions are caused by ongo-
ing disease states or tissue damage that result
in sensitization of primary afferent and spinal
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cord neurons. This sensitization results in an
increased sensitivity to both noxious (hyper-
algesia) and non-noxious (allodynia) stimuli
that is frequently difficult to treat with current
pharmacological or surgical approaches (1).

Spinothalamic (STT) and spinoparabra-
chial (SPB) neurons are involved in the as-
cending conduction of acute noxious stimuli.
Sensitization of these neurons results in hy-
peralgesia (2). Although SPR-expressing
neurons represent less than 5% of the total
neurons in the dorsal horn of the spinal cord

19 NOVEMBER 1999 VOL 286 SCIENCE www.sciencemag.org



(3), the majority of STT and SPB neurons in
lamina I of the dorsal homn of the spinal cord
express SPR. The majority of lamina I SPR
neurons are STT and SPB neurons (4). SPR
activation appears to be involved in the exci-
tation and sensitization of STT neurons as
well as the development of hyperalgesia (5).

When a conjugate of substance P (SP) and
the ribosome-inactivating protein saporin
(SAP) was intrathecally (i.th.) infused into
the spinal cord, the SP-SAP conjugate was
specifically concentrated in SPR-expressing
neurons. Thirty days after infusion, there was
a loss of lamina I spinal cord neurons that
express the SPR (5). This treatment attenuat-
ed thermal and mechanical hyperalgesia as
well as nocifensive behavior produced by
capsaicin injection (5).

To determine the concentration-response
relation for SP-SAP in ablating SPR-express-
ing spinal neurons and in blocking capsaicin-
induced pain behaviors, we infused 10 pl of
1077 M, 107°M, or 5 X 1076 M SP-SAP 30
days before plantar administration of 10 pg
of capsaicin (5). In normal animals, capsaicin
results in a profound nocifensive behavior,
thermal hyperalgesia, and mechanical allo-
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dynia (5). Thirty days after infusion of SP-
SAP, there was a distinct concentration-relat-
ed reduction in these behaviors. The reduc-
tions in these pain-related behaviors were all
significantly correlated with the concentra-
tion-related loss of SPR-expressing lamina I
neurons (all » > 0.95; Fig. 1A). On the basis
of these results and the lack of any observable
side effects at the concentration of 1076 M,
i.th. infusion of 10 wl of 10~ M SP-SAP was
used in the remaining experiments.

The effect of SP-SAP on three models of
inflammatory pain was tested 30 days after
i.th. administration of 10 pl of 107 M SP-
SAP (5). Subcutaneous (s.c.) injection of for-
malin into the hind paw produces a distinct
biphasic, nocifensive behavior consisting of
an early phase followed by a prolonged sec-
ond phase lasting nearly 1 hour (6). SP-SAP
did not significantly affect the first phase (0
to 10 min); however, in the second phase (20
to 50 min), the paw-flinching behavior was
significantly reduced in SP-SAP-treated ani-
mals (Fig. 1B). Injection of A-carrageenan or
complete Freund’s adjuvant (CFA) into the
hind paw produced local inflammation, ther-
mal hyperalgesia, and mechanical allodynia

(5), peaking at about 3 hours and 3 days after
injection, respectively (7). SP-SAP signifi-
cantly reduced the thermal hyperalgesia and
the mechanical allodynia produced by carra-
geenan (Fig. 1C) or CFA (Fig. 1D).

The effects of SP-SAP were also assessed
in a model of neuropathic pain (8). Tight
ligation of the LS and L6 spinal nerves re-
sulted in long-lasting mechanical allodynia.
Thirty-day pretreatment with SP-SAP re-
duced the mechanical allodynia that is
present 7 days after nerve ligation surgery
(Fig. 1E). When SP-SAP was administered 7
days after nerve ligation, there was also sig-
nificant reduction in the mechanical allodynia
(Fig. 1F). These findings demonstrate that
SP-SAP treatment will inhibit the allodynia
associated with nerve injury when adminis-
tered before or after the development of the
neuropathic pain.

To assess long-term effects, we examined
measurements of capsaicin-induced pain be-
haviors and several neuronal and glial cell
markers in both spinal cord and dorsal root
ganglia at 30, 100, and 200 days after infu-
sion of 10 wl of 107 M SP-SAP (Fig. 2 and
Table 1) (5). In all cases, saline or 1076 M

Fig. 1. (A) SP-SAP produces a concentration-
related reduction in capsaicin-induced pain be-
haviors and ablation of SPR-expressing lamina |
neurons. Concentration-response relations of SP-
SAP (10 pl, i.th.) on capsaicin-induced nocifensive
behavior (red), thermal hyperalgesia (green), me-
chanical allodynia (blue), and loss of lamina |
SPR-positive neurons (open circles) 30 days after
SP-SAP treatment. n = 5 per group. (B to D)
SP-SAP attenuates pain behaviors in three models
of inflammatory pain. In all cases, SP-SAP (10~
M, 10 pl} was administered 30 days before injec- e
tion of the inflammatory agent. (B) The behavioral
effects of administration of formalin in the rat
hind paw. Formalin results in about 90 min of B I L E
robust paw flinching (6) in saline-treated animals r
(blue, n = 7). There is a significant reduction in
both the number of flinches and the overall length
of the flinching behavior in the second phase (20
to 50 min) produced by formalin in SP-SAP-treat-
ed animals (red, n = 9). (C) SP-SAP (red, n = 5)
attenuates the mechanical allodynia that is
present after injection of carrageenan (7) when
compared with saline-treated controls (blue, n =
4); h, hours; d, days. (D) SP-SAP (red, n = 6)
pretreatment attenuates the mechanical allodynia
present after injection of CFA (7) when compared
with saline-treated controls (blue, n = 4). There is
no significant allodynia in saline-treated animals
by 3 days after carrageenan injection or at 7 days
after CFA injection. (E and F) SP-SAP attenuates
nerve injury (spinal nerve ligation model)-induced
allodynia when administered either 30 days be-
fore or 7 days after nerve ligation (8). The dashed
lines indicate the paw withdrawal threshold (g) in
the normal animal. (E) Thirty-day pretreatment .
with SP-SAP (red, n = 6) reduces the tactile =
allodynia in nerve-injured animals when com-

pared with saline-treated controls (blue, n = 6).

(F) The antiallodynic effect of SP-SAP (red, n = 14} and saline (blue, n = 13) when administered after nerve ligation and development of the persistent
pain state. The antiallodynic effect of SP-SAP becomes significant 211 days after infusion. Error bars represent standard error of the mean. Asterisks
represent statistical significance from control (P < 0.05). Crosses represent statistical significance from baseline (P < 0.05).
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Fig. 2. Fluorescent confocal images of coronal (A to F) or sagittal (G and H)
sections of the lumbar (L4) rat spinal cord 200 days after saline, SAP, or
SP-SAP administration. SPR immunoreactivity (orange) is significantly re-
duced after SP-SAP treatment (E) but not after SAP (C) or saline (A)
treatment. In contrast, NeuN labeling shows no significant reduction in the

SP-SAP (F), SAP (D), or saline (B) groups. Scale bar (A to F), 200 pm. In the
sagittal plane, laminae are indicated by roman numerals, and the loss of
SPR-immunoreactive neurons after SP-SAP (H) treatment is apparent in both
the superficial and deep laminae when compared with the saline-treated
group (G). Scale bar (G and H), 80 pm.

Table 1. Cytotoxicity of i.th. infused SAP and SP-SAP in the L4 segment of the spinal cord at 30, 100, and
200 days after treatment. There were no statistically significant differences between animals that
received saline, animals that received SAP (107® M), and normal animals, and therefore all percentages
are expressed as percentage of saline-treated controls. The only significant differences observed were in
SP-SAP-treated animals (10~ M), in which there was a reduction in SPR-expressing neurons in laminae
1to lll (all time points) and laminae IV and V (100 and 200 days). Data are expressed as mean = standard
error of the mean. ND, not determined; CGRP, calcitonin gene-related pepitude; DRG, dorsal root ganglia;
GFAP, glial fibrillary acidic protein.

peralgesia and allodynia with no evidence of
loss of this effect over time (Fig. 3). The
effects of SP-SAP did not affect morphine
analgesia and appeared to be confined to the
spinal segments where it was infused. Thus,
after lumbar infusion of SP-SAP, the ability
of morphine (15 mg/kg, s.c.) to block me-
chanical allodynia or thermal hyperalgesia

SAP SP-SAP after CFA injection into the hind paw was
Neuronal cell population 200 Presgrved, and formalin-induced pain behav-
100 days 200 days 30 days 100 days 4 iors in the forepaw (6) were not altered.
ays _ These results suggest that SPR-expressing
Immunoreactive cells (versus saline) (%) neurons in the dorsal horn of the spinal cord
SPR (laminae | and II) 70+ 18 81 11 69 * 5* 41 = 12¢ 41x3*  are not the major site of action of morphine
SPR (lamina I11) 85+7 98 + 10 45 2% 50 + 5* 41+3*  and that, after SP-SAP treatment, opiates re-
SPR (lamina IV) 91x9 81x6 76+ 3 50 + 4% 642" main a viable therapy for breakthrough pain.
i + + + + + .
SPR (lamina V) 102 x5 10111 89 x4 64=6 63> 4 A major reason for the long-term efficacy and
SPR (lamina X) ND ND ND ND 104 =18 nt lack of side effects after SP-SAP
NeuN (lamina | neurons) 9=+2 99+8 ND 95 + 4 97+g  Aapparent lack oI § :
CGRP (motor neurons) 95 101+6 ND 96+ 7 98 x4  (reatment appears to be related to the restrict-
SP (DRG) ND ND ND ND 100 + 4 ed nature and specificity of SP-SAP action.
Immunofluorescence levels (versus saline) (%) The actions of i.th. infused SP-SAP are con-
SPR (P’eg:"g_“mi;w) ND 98 =1 ND ND 103+1  fined to the SPR-expressing neurons in the
sympathetics, 1h f which are STT and SPB
SPR (laminae | and I, C2) ND 100 = 1 ND ND 107 =2 igriin "(r;l’;;anyo which are STT an
SPR (laminae | and II, 14) ND 89 + 11 ND ND 49 * 5* urons (7, 4). ,
CGRP (lamina 1) ND 79 + 22 ND ND 117 = 19 Previous data have suggested that in the
GFAP (laminae | to V) ND 1M11«£5 ND ND 1105 peripheral nervous system, neuropathic and

inflammatory pain arise from different mech-
anisms and are conveyed to the spinal cord by
distinct groups of primary afferent neurons.

* Statistical significance from control (P < 0.05).

1560

SAP did not induce any significant changes
in behavior or in the cell populations exam-
ined (Table 1). In contrast, SP-SAP produced
a significant decrease in the number of SPR-
expressing cells in laminae I and III at 30
days and in laminae I, III, IV, and V at 100
and 200 days after infusion (9). A significant

change in the total number of lamina I neu-
rons with the NeuN antibody was not detect-
ed, presumably because the population of
SPR-expressing neurons targeted by SP-SAP
makes up such a small percentage of these
neurons (3). SP-SAP treatment results in a
long-term inhibition of capsaicin-induced hy-

Here, SP-SAP treatment reduced the hyper-
algesia and allodynia associated with both
neuropathic and inflammatory persistent pain
states. Whether it is the same SPR-expressing
neurons or different subsets of SPR-express-
ing neurons that convey neuropathic and in-
flammatory pain is unknown, but recent evi-

19 NOVEMBER 1999 VOL 286 SCIENCE www.sciencemag.org



300 @
9 _ A &
§§ 250 - Saline
£
=8 200} 53 B E
9 m© L 2 &
84:
B8 150¢ )
E] & o
‘gg 100 o
85 50}
s 2 ‘
-50 0 50 100 150 200
T 15
§ (B m
o) g ®
=
<3 10}
E *® &= %
EE:
=5 = 5
§ 5F
=
=
- 700 150 200

n
=]
o
&

w
1

C)
=) c i
[=]
£
=8 10
CB‘_E r
£ ® ®
S
85 g
=T 5t
= B &
= B ]
3
o O%5—3F =55 10 %0 20

Days After Injection

Fig. 3. Time course of antihyperalgesic effect of
i.th. infusion of saline (n = 5, 10, and 6 at 30,
100, and 200 days, respectively), 1076 M SAP
(n = 6,6,and 6), or 10-6 M SP-SAP (n = 5, 10,
and 6). After SP-SAP treatment, there is a re-
duction in (A) capsaicin-induced nocifensive
behavior (expressed as duration, in seconds,
over 300-s observation), (B) thermal hyperal-
gesia (expressed as paw withdrawal latency, in
seconds), and (C) mechanical allodynia (ex-
pressed as paw withdrawal threshold, in g) that
does not diminish with time after injection.
Infusion of saline or SAP alone did not produce
any changes in these pain behaviors at any of
the time points examined. Asterisks represent
statistical significance from control (P < 0.05).

dence suggests that a uniting feature of many
spinal and forebrain neurons that express the
SPR is their involvement in the response to
tissue injury and stress (/0). Characterization
of the gene and protein changes that SPR-
expressing spinal neurons undergo during no-
ciception should provide insight into the spi-
nal mechanisms involved in the generation
and maintenance of chronic neuropathic and
inflammatory pain.
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Specific Lipopolysaccharide
Found in Cystic Fibrosis Airway
Pseudomonas aeruginosa

Robert K. Ernst,’ Eugene C. Yi,2 Lin Guo,'* Kheng B. Lim,?}
Jane L. Burns,® Murray Hackett,2 Samuel 1. Milter'}

Cystic fibrosis (CF) patients develop chronic airway infections with Pseudo- .
monas aeruginosa (PA). Pseudomonas aeruginosa synthesized lipopolysaccha-
ride (LPS) with a variety of penta- and hexa-acylated lipid A structures under
different environmental conditions. CF patient PA synthesized LPS with specific
lipid A structures indicating unique recognition of the CF airway environment.
CF-specific lipid A forms containing palmitate and aminoarabinose were as-
sociated with resistance to cationic antimicrobial peptides and increased in-
flammatory responses, indicating that they are likely to be involved in airway

disease.

Cystic fibrosis (CF) is the most common
inherited disorder of Caucasians (/). The res-
piratory tracts of most patients with CF be-
come infected with the opportunistic gram-
negative bacteria Pseudomonas aeruginosa
(PA) shortly after birth (2). Chronic infection
results in airwayinflammation, which is the
major cause of morbidity and mortality in
CF. Despite improved survival when treated
with antibiotic therapy, CF patients eventual-
ly die of progressive PA pulmonary infection
characterized by massive neutrophilic infil-

tration without bacterial destruction.
Recently, it has been demonstrated that
enteric bacteria synthesize different forms of
lipid A in response to environmental condi-
tions that include magnesium-limited growth
and conditions encountered during mamma-
lian infection (3). Salmonellae with these
modifications have increased resistance to
cationic antimicrobial peptides (CAMPs) and
decreased lipopolysaccharide (LPS)-mediat-
ed recognition by human cells. Because the
PA-CF lung interaction is a remarkable ex-
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