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Inhibition of Hyperalgesia by Ablation of 
Lamina I Spinal Neurons Expressing the 

Substance P Receptor 

portal of entry into SPR-expressing spinal 
cord neurons, we conjugated SP to the ribo- 
some-inactivating protein saporin (SAP). 
This substance P-saporin conjugate (SP- 
SAP), like other saporin conjugates, must be 

Patrick W. Mantyh,* Scott D. Rogers, Prisca Honore, internalized to exert its toxicity as it inacti- 
vates and ultimately kills cells by blocking Brian J. Allen, Joseph R. Ghilardi, Jun Li, Randy S. Daughters, protein smthesis (9). We pedormed a series 

Douglas A. Lappi, Ronald G. Wiley, Donald A. Simone of correlative in vitro and in vivo studies to 

Substance P is released in the spinal cord in response to painful stimuli, but its role in 
nociceptive signaling remains unclear. When a conjugate of substance P and the ribo- 
some-inactivating protein saporin was infused into the spinal cord, it was internalized and 
cytotoxic to lamina I spinal cord neurons that express the substance P receptor. This 
treatment left responses to mild noxious stimuli unchanged, but markedly attenuated 
responses to highly noxious stimuli and mechanical and thermal hyperalgesia. Thus, 
lamina I spinal cord neurons that express the substance P receptor play a pivotal role 
in the transmission of highly noxious stimuli and the maintenance of hyperalgesia. 

A subpopulation of dorsal root ganglion naling, we selectively ablated these neurons 
neurons synthesize (1) and transport (2) by infusing a cytotoxin conjugated to SP 
substance P (SP) to the spinal cord, where into the intrathecal space of the spinal cord 
it is released upon noxious stimulation of in rats. When SP binds to spinal cord neu- 
the innervated peripheral tissue (3). Al- rons expressing the SPR, both SP and SPR 
though SP excites spinal cord nocirespon- are rapidly internalized (5-7). Using SP-in- 
sive neurons (4) ,  the role that SP and the duced internalization of SPR as a specific 
substance P receptor (SPR) play in signal- 
ine nocice~tive information remains un- " 
clear. In the normal animal, SP, upon re- 
lease from ~rimarv afferents. diffuses to and 
interacts primarhy with ~ ~ ~ - e x ~ r e s s i n ~  
neurons located in lamina I of the spinal 
cord (5-7). A high proportion of spinotha- 
lamic and spinobrachial neurons located in 
lamina I express SPR (8), suggesting that 
these SPR-expressing neurons play a role in 
the ascending conduction of nociceptive 
information. 

To  investieate the functions of lamina I " 
SPR-expressing neurons in nociceptive sig- 

P. W. Mantyh, S. D. Rogers, P. Honore, B. J. Allen, J. R. 
Ghilardi, Molecular Neurobiology Laboratory (151), Vet- 
erans Administration Medical Center, Minneapolis, MN 
5541 7; and Department of Preventive Sciences, School 
of Dentistry, University of Minnesota and the Department 
of Psychiatry, University of Minnesota, Minneapolis, MN 
55455, USA. 
J. Li, R. S. Daughters, D. A. Simone, Department of 
Preventive Sciences, School of Dentistry, University of 
Minnesota and the De~artment of Psvchiat~. Universitv 

determine the specificity and toxicity of SP- 
SAP, as well as functional changes in so- 
matosensory processing. 

Competition binding studies with 12,1- 
SP binding to membranes of the adult rat 
spinal cord demonstrated that SP-SAP [me- 
dian inhibitory concentration (IC,,) = 2.2 
nM] was nearly equipotent with SP (IC,, = 
2.0 nM) in blocking the binding of 12,1-SP 
to the SPR (lo),  whereas neurokinin A 
(IC,, = 5 nM) was less potent, and SAP 
alone (1 pM) or the unrelated peptide en- 
dothelin-1 (1  pM) were totally inactive. 

SP-SAP internalization and cytotoxicity 
were examined in primary cultures of neo- 
natal rat spinal cord neurons (1 1 ), in which 
- 15% of the neurons express the SPR ( 12). 
Both SP (lop7 M) and SP-SAP ( lop7 M) 
induced a rapid and similar extent of SPR 

of Minnesota, ~inneapolis MN 55456, USA:' 
D, A, Lappi, Advanced Systems, 600 Faraday Fig. 1. Internalization and cytotoxicity of SP-SAP in primary cultures of neonatal spinal cord neurons 
Avenue, Carlsbad, CA 92008, USA. (1 7). Confocal image of neurons where the SPR immunofluorescence (A, C, D) appears red, areas of 
R. G. Wiley, Neurology Service (147), Veterans Adminis- concentrated SPR immunofluorescence appear yellow. (A, C, and D) SPR immunofluorescence in 
tration ~e-dical center, Nashville, TN 37212, USA. neurons 2 hours, 1 day, and 4 days, respectively, after treatment wlh SP-SAP. (B) Confocal image 
'To whom correspondenceshould beaddressed. E-mail: showing SAP ~~~un0fluorescence (yellow) 2 hours after SP-SAP treatment. These images were 
manty001 @maroon.tc.umn.edu projected from 14 optical sections acquired at 0.8-pm intervals with a 60X lens. Bar, 25 pm. 
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internalization that was blocked by 5 x 
lop6 M of the nonpeptide SPR antagonist 
RP67580. Two hours after treatment with 

M SP-SAP, but not lop7 M SAP, 
SPR internalization was visualized with an 
antibody that recognized SPR (Fig. lA),  
and intracellular accumulation of SAP was 
visualized with an antibody that recognized 
SAP (Fig. 1B). 

One day after SP-SAP treatment, there 
was no significant loss of cultured SPR- 
immunoreactive neurons, although in most 
of these neurons the SPR-immunoreactivity 
was localized within intracellular endo- 
somes (Fig. 1C). In contrast, 1 day after 
treatment with SP alone, most of the SPR 
neurons had recycled to the plasma mem- 
brane. Thus, within 24 hours after SP-SAP 
internalization, these neurons could no 
longer efficiently recycle SPR back to the 
plasma membrane. Four days after SP-SAP 
treatment, there was an 82% decrease in 
the number of SPR-immunoreactive neu- 
rons, at 7 days a 95% reduction, and at 10 
days there were no SPR-immunoreactive 
neurons remaining in culture. At 4 and 7 
days after treatment, the surviving SPR- 
immunoreactive neurons showed shrunken 
cell bodies, diffuse SPR immunoreactivity 
throughout the cytoplasm (Fig. ID), and 
shortened dendritic processes. In contrast, 
nearby neurons that did not express SPR 
immunoreactivity, but did express the neu- 
ronal marker microtubule-associated pro- 
tein-2 (MAP-2), appeared morphologically 
normal. Treatment of cultured spinal cord 
neurons with saline, SP, or SAP alone re- 
sulted in no significant morphological or 
cytotoxic changes in either the SPR-ex- 
pressing neurons or the non-SPR, MAP-2- 
immunofluorescent neurons. 

To estimate the placement of the intra- 
thecal catheter and the potential spread of 
the SP-SAP, we injected 10 ~1 of the dye 
Fast Green with the end of the intrathecal 
catheter placed at L4; 1 hour later, the dye 
had intensely labeled the spinal cord from 
spinal segments L2 to L5 (13). One hour 
after injection of 10 ~1 of 5.0 x lop6 M 
SP-SAP, SPR internalization was observed 
in SPR-immunoreactive dendrites and cell 
bodies in lamina I of the spinal cord at 
spinal segments L2 to L5 (Fig. 2). Internal- 
ization of SPR presumably reflected the 
sites where SP-SAP had bound to SPR and 
induced the internalization of both SPR 
and SP-SAP (5-7). After injection of SP- 
SAP, a significant loss of SPR immunore- 
activity was first detected at 7 days after 
treatment. This loss of SPR immunoreac- 
tivity was confined to lamina I in spinal 
segments L2 to L5, and the loss of SPR 
immunofluorescence in lamina I was ob- 
served through 28 days after treatment (Fig. 
3B), which was the last time point exam- 
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ined. In contrast, injection of saline, SP, or 
SAP alone produced no change in SPR 
immunoreactivity in lamina I in spinal seg- 
ments L2 to L5 at any of the time points 
examined (Fig. 3A). 

Twenty-eight days after injection of sa- 
line, SP, SAP, or SP-SAP, spinal cords and 
dorsal root ganglia (L4) were histologically 
examined (1 2) to determine which cell 
populations had been affected by these 
treatments (Table 1). Measurements were 
made of neuronal cell populations express- 
ing SPR (labels lamina I, I11 to V, and the 
preganglionic sympathetic neurons at spinal 
segment TlO), calbindin (labels a subset of 
lamina I and I1 neurons), ChAT (labels 
motor neurons), SP (labels cell bodies in 
the L4 dorsal root ganglia), as well as im- 
munofluorescence for SP in lamina I (labels 
SP primary afferent inputs), MAP-2 (labels 
all neurons), glial fibrillary acidic protein 
(GFAP; labels astrocytes), and OX-42 (la- 
bels microglia). 

Examination of neuronal markers and im- 
munofluorescence intensity values showed 

that the only significant changes observed at 
28 days after treatment with saline, SP, SAP, 
or SP-SAP was that SP-SAP treatment re- 
duced the number of lamina I SPR-immu- 
noreactive neurons in lamina I and in the 
levels of SPR immunofluorescence in lamina 
I (Fig. 3 and Table 1). Infusion of SP-SAP 
produced an 85% reduction in the number of 
SPR immunofluorescent neurons in lamina I 
at spinal cord segment L4. The surviving 
15% of the lamina I immunoreactive neu- 
rons showed shrunken cell bodies, shortened 
cell processes, and SPR immunoreactivity 
that was diffusely distributed throughout the 
cytoplasm with little SPR present on the 
plasma membrane. In contrast, there was not 
a significant reduction in the total number, 
or evidence of cytotoxicity, in SPR-immu- 
noreactive neurons located in lamina I11 to 
V or X at the L4 spinal segment or in pregan- 
glionic sympathetic neurons at spinal seg- 
ment TI0 (Table 1). 

Examination of the spinal cords treated 
with saline, SP, or SAP alone showed that 
these treatments did not produce a signifi- 

immunofluorescence in 'lamina I 
neurons in sagittal sections of the 
L4 spinal segment of the spinal 
cord at 1 hour after infusion of saline 
(A), 1 hour after infusion of SP-SAP 
(B), and an absorption control for 
SPR immunofluorescence in a sa- 
line-infused animal (C). In these 
confocal images the SPR immuno- 
fluorescence appears red and ar- 
eas of intense SPR immunofluores- 
cence appear yellow. Infusion of 
SP-SAP induced a marked translo- 
cation of the SPR from the plasma 
membrane (A) into intracellular en- 
dosomes (B). These images were 
projected from 18 optical sections 
acquired at 0.7-km intervals with a 
60x lens. Bar, 25 pm. 
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cant change in cell number, morphology, or Intrathecal infusion of saline, SP, SAP, 
fluorescence level o f  any o f  the cell markers or SP-SAP produced n o  detectable changes 
examined (Table 1). Thus, the cytotoxicity in body weight, food intake, alertness, loco- 
of intrathecally infused SP-SAP was limited motion, or grooming behavior for 28 days 
to  the SPR-expressing lamina I neurons in after injection. Behavioral testing indicated 
spinal segments L 2  to L5. that a l l  animals had normal withdrawal la- 

Table 1. Cytotoxicity of intrathecally infused saline, SP, SAP, and SP-SAP in the L4 segment of the 
spinal cord at 28 days after treatment (12). Cell numbers and immunofluorescence levels were deter- 
mined by confocal microscopy. In all instances the saline, SP, and SAP animals were not significantly 
different from normal untreated control animals, and thus only the values for the saline-, SAP-, and 
SP-SAP-infused animals are shown. The onlv significant difference in the SP-, SAP-, or SP-SAP-treated 
animals as compared with saline-treated controk was the loss of lamina I SPR-immunoreactive neurons 
and the loss of SPR immunoreactivitv in lamina I of the s~inal cord in the SP-SAP-treated animals. Data 
points are expressed as the mean SEM (n = 6), arid significant differences were calculated by a 
one-way ANOVA and Bonferroni comparisons (*P < 0.01). 

Treatment Percent immunoreactive positive cells (saline = 100) 

(neuronal cell population) Saline SAP SP-SAP 

SPR (laminae I and II) 
SPR (laminae Ill to V) 
SP (DRG) 
Calbindin (laminae I and II) 
ChAT (motor neurons) 

SPR (laminae I and II) 
SPR (preganglionic sympathetics) 
SP (laminae I and II) 
GFAP (lamina I) 
MAP-2 (lamina I) 

100 + 27 8 0 2  16 15 2 13* 
100 2 12 79 2 13 86 2 13 
100 % 23 91 % 11 103 + 13 
100 % 10 96 % 7 93% 9 
100 + 16 116 % 24 107 + 11 

Percent immunofluorescence level (saline = 100) 

Fig. 3. Cytotoxicity after in- 
trathecal infusion of SP-SAP 
in the spinal cord (13). Con- 
focal images of SPR immu- 
nofluorescence in the spinal 
cord 28 days after infusion 
of saline (A) or SP-SAP (B), 
where the SPR immunofluo- 
rescence appears yellow. 
The onlv difference between 
saline- and SP-SAP-treated 
animals is the marked re- 
duction in SPR immunofluo- 
rescence in lamina I (arrows) 
of the SP-SAP-treated ani- 
mals. These images are 60- 
km-thick tissue sections ac- 
quired with a 1 OX lens. Bar, 
400 km. 

tencies to heat applied to the plantar sur- 
face o f  the h i n d ~ a w  before treatment wi th 
capsaicin (14). In untreated rats, intraplan- 
tar injection o f  10 ~g of capsaicin produced 
nocifensive behavior for a duration o f  -3 
m i n  and produced about a 50% decrease in 
withdrawal latency to heat and a 40 to 60% 
increase in the frequency o f  withdrawal 
from the mechanical stimuli (15). Animals 
treated wi th SP-SAP exhibited a significant 
attenuation o f  mechanical (85% decrease at 
day 28) and heat (60% decrease at day 28) 
hyperalgesia produced by intraplantar injec- 

8 0 

[g 20 
' * 40 ; @ 
3 3  60 e = z g  80 

5 100 
0 7 14 28 

Days after treatment 

Fig. 4. Three behavioral parameters after intrathe- 
cal infusion of saline, SAP, or SP-SAP at day 0 
(14). There was no significant difference between 
normal untreated animals, SP-infused animals, or 
saline-infused animals at any of the time points 
examined, and thus only the values for the saline-, 
SAP-, and SP-SAP-infused animals are shown. 
All animals (normal, saline-, SP-, SAP-, and SP- 
SAP-treated) had normal withdrawal latencies to 
heat applied to the plantar surface of the hindpaw 
before treatment with capsaicin (14). (A) Nocifen- 
sive behavior during the first 5 min after unilateral 
injection of capsaicin. (6 and C) Thermal and me- 
chanical hyperalgesia at 5 min after intraplantar 
injection of capsaicin. The triangles at time 0 are 
the baseline measurements for the saline-treated 
animals after injection of capsaicin. Data for each 
experimental group and at each time point were 
obtained from separate animals (n = 6 for each 
group) and represent withdrawal responses of the 
paw injected with capsaicin. All data points are 
expressed as the mean % SEM, and significant 
differences were calculated by a one-way analysis 
of variance (ANOVA) and Bonferroni comparisons 
(*P < 0.01). 
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tion of capsaicin (Fig. 4, B and C). Addi- 
tionally, there was a marked reduction 
(75% decrease at day 28) in the nocifensive 
behavior induced by unilateral injection of 
capsaicin into the hindpaw at days 7, 14, 
and 28 after intrathecal treatment (Fig. 
4A). In contrast, infusion of saline. SP, or , , 

SAP produced no  significant change in me- 
chanical or thermal hyperalgesia, or in no- 
cifensive behavior produced by capsaicin as 
compared with normal untreated animals in 
any corresponding time point examined 
(Fig. 4). 

Although we ablated only the SPR- 
expressing neurons, which constitute less 
than 10% of all lamina I neurons (6, 7), 
capsaicin-induced nocifensive behavior 
and mechanical and thermal hyperalgesia 
were depressed by 60 to 90% (Fig. 4). Our 
assumption is that intrathecal infusion of 
SP-SAP is more cytotoxic to SPR-express- 
ing lamina I cells than to SPR-expressing 
cells in laminae 111 to V because further 
spread of bioactive SP-SAP into deeper 
laminae was prevented by degradation of 
the SP moiety by characterized proteases. 
One  reason tha t  ablation of such a small 
percentage of lamina I neurons could pro- 
duce such a large change in behavioral 
nociceptive responses may be that, be- 
cause most lamina I spinothalamic and 
spinoparabrachial neurons express SPR 
(8)  and internalize SP-SAP, SP-SAP 
treatment is ablating a major part of the 
system for the ascending conduction of 
nociceptive information. 

Hyperalgesia produced by capsaicin is 
mediated in part by sensitization of spino- 
thalamic neurons, and SP is involved in the 
excitation and sensitization of s~inothalam- 
ic neurons (16) and the development of 

other therapeutic compounds into other 
receptor-bearing cells remains to be deter- 
mined. This approach is, however, prom- 
ising as a substantial number of other re- 
ceptors have been shown to undergo li- 
gand-induced receptor internalization 
(21). Specific targeting of spinal neurons 
involved in transmitting chronic as op- 
posed to acute pain may have substantial 
therapeutic potential because most anal- 
gesics block both acute and chronic pain 
(22), and tolerance and dependence are 
major problems in long-term treatment 
with narcotics (23). Because the present 
findings suggest that the conduction of 
mild pain can be dissociated from highly 
noxious and hyperalgesic pain, SP-SAP 
treatment may be therapeutically useful in 
the treatment of persistent pain. However, 
before such therapies can be considered, 
the long-term consequences of removal of 
the superficial SPR-immunoreactive neu- 
rons must be defined. 

REFERENCES AND NOTES 

1. T. Hokfelt, J. 0. Kellerth, G. Nilsson, B. Pernow, 
Brain Res. 100, 235 (1975): C. G. Boehmer, J. Nor- 
man, M. Catton, L G. Fine, P. W. Mantyh, Peptides 
10, 1 179 (1 9891, M. Quartu et a/. , J. Chem. Neuro- 
anat. 5, 143 (1992); M. De Fiacco, M. Quartu, J. V. 
Prestey, M. D. Setzu, M. L. Lai, Neuroreport5,2349 
( I  994). 

2. S. Brlmijoin, J. M. Lundberg, E. Brodin, T. Hokfelt, G. 
Nlsson, Brain Res. 191, 443 (1980). 

3. T. M. Jessell and L L. versen, Nature 268, 549 
(1977); H.-G. Scha~ble, B. Jarrott, P. J. Hope, A. W. 
Duggan, Brain Res. 529,214 (1990); A. W. Duggan, 
P. J. Hope, C. W. Lang, C. A. Williams, Neurosci. 
Lett. 122, 191 (1 991). 

4. M. W. Salter and J. L. Henry, Neuroscience 43, 601 
(1991); Y. De Koninck and J. L. Henry, Proc. Natl. 
Acad. Sci. U.S.A. 88, 11344 (1991). 

5. H. Liu et a/., Proc. Natl. Acad. Sci. U.S.A. 91, 1009 
(1994); P. W. Mantyh et a/., Science 268, 1629 
119951: C. Abbadie. J. L. Brown, P. W. Mantvh, A. I .  

hyperalgesia (17). However, it has been ~asbaum, Neuroscience70,201 (1996). ' 

surprisingly difficult to block noxious stim- 6. J. L. Brownet a/., J. Comp. Neurol. 356, 327 (1995). 
7. N. K. L~ttlewood, A. J. Todd, R. C. Spike, C. Watt, 

ulus-evoked pain behavior with either SP S, A, Shehab, Neuroscience 66, 597 119951, 
antagonists (18) or "knockout" of SPR in 8. Y. Q. Ding, M. Takada, R. ~ h l ~ e m o t b ,  N. ~ i z u m o ,  
mice (19). In this study we did not block or Brain Res. 674, 336 (1995); G. E. Marshall, S. A. 

Shehab, R. C. Spike, A. J. Todd, Neuroscience 72, inactivate only the SPR, but rather we 255 (lggB), 
killed a specific population of SPR-express- 9, D, A, Lappi, F. S. Esch, L. Barbieri, F. Stirpe, M. 
inp cells that also exmess a varietv of other Soria, Biochem. Biophys. Res. Commun. 129, 934 

ne;rotransmitter receptors (20). These data (1985); F. Strpe, L. Barberi, M. G. Batteli, M. Soria, 
D. A. Lapp, Biotechnology 10, 405 (1 992). 

suggest that this population 10. SP and endothelin-1 were obtained from Bachem 
SPR-expressing neurons is pivotal in the (Torrence, CA), RP67580 was from RBI (Natick, - 
maintenance of hyperalgesia, a variety of MA), and SAP and SP-SAP were provided by Ad- 

vanced Targeting Systems (San Diego, CA). SAP 
other non-SPR expressed by these and SP-SAP were in iauid form and ster~le-filtered, 
neurons are also involved in nociceotive and n all other instances the com~ounds were 
signaling. Understanding the repertoire of weighed, dssolved n sterile saline, pipetted into ml- 

receptors that are expressed by this small crofuge tubes, and frozen at -70°C unt~l use. The 
C,, of these compounds was determined through 

population of SPR-immunoreactive lamina 1251-SP (Amersham, Oak Park, L )  bindng to plasma 
I neurons and how these receptors interact membranes obta~ned from adult rat (7 to 10 weeks, 

to generate persistent pain states should 250 9) Spinal cord as described [G. Nicol, D. K. 
Kllngberg, M. R. Vasko, J. Neurosci. 12, 1917 

provide valuable information on how (1gg2)l. 

chronic ~ a i n  states are generated, main- 11. All lsrocedures were alslsroved bv the Anmal Care - 
tained, and potentially managed. Commttee at the VA Medical Cenier and the Unver- 
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serve as a specific portal for introducing (Harlan Sprague-Dawley, Madson, WI). The whole 

spnal cord was dissected out of the rat and placed in 
4°C Puck's sane supplemented with 40 mM glu- 
cose, 50 mM sucrose, and 10 mM Hepes (DISG 
media, pH 7.4). The spinal cords were then dissoc- 
ated by trituration (1 5 to 20 t~mes) through a small- 
bore serological plpette, The resulting cell suspen- 
sion was centr~fuged at 4°C for 5 m n  at 1500 rpm in 
a Sorvall RC-3B centrfuge (DuPont, Newtown, CT). 
The supernatant was removed and the pellet resus- 
pended In Dulbecco's mod~f~ed Eagle's medium 
(DMEM; Sigma) plus 5% equine serum and 5% calf 
serum (v/v) (Hyclone, Logan, UT), The cell suspen- 
sion was plated on poly-L-orn~thine coated two-well 
chamber slides at a densty of 100,000 cells per 
milliliter and incubated at 37°C with 9% CO,. After 4 
days the mitotc inhbitors, 5-fluoro-2'-deoxyuridine 
and urdne were added At 7 days the media was 
replaced with DMEM plus 10% equlne serum (v/v). 
The cells were Incubated u n t ~  14 days after culture 
w th  media changes every fourth day. At day 14 after 
culture, either saline, SP, SP-SAP conjugate, or SAP 
was adde'd to a final concentration of M. The 
cells were incubated for 12 hours with the SP-SAP or 
SAP compounds at which time the compounds 
were removed from the culture and fresh media was 
added. The cultures were then allowed to continue 
until the desired time points (2 hours or 1, 4, 7, and 10 
days) at whch time the experment was termnated 
and the cells were processed for immunoh~stochem- 
istry by fixing for 20 mln at 22°C with 4% formalin in 
phosphate-buffered saline (PBS) as described (5-7). 

12, lmmunoh~stochemistry and fluorescent confocal m -  
croscopy were done as described (6-7) with an 
MRC-I024 Confocal Imaging System (Bio-Rad, 
Boston, MA) and an Olympus BH-2 'microscope 
equipped for ep~fluorescence (Lake Su~cess, NY) 
For cell counts the spnal cords were cut in the sag- 
ittal plane, whereas for immunofluoresc'ence mea- 
surements the spinal cords were cut in either the 
sagittal or coronal plane. Both of the microscopes 
were set up as described r. C. Brelje, D.:W. Scharp, 
R L. Sorenson, Diabetes 38,808 (1 989);P. W. Man- 
tyh et a/. , J. Neurosci. 15, 152 (1 995)]! SPR was 
detected by polyclonal rabbit antbody to1 SPR (anti- 
SPR) (1 :5000) raised aga~nst a 15-amino acid pep- 
tde  sequence (SPR,,,_,,,) at the COOH-termnus 
of the rat SPR. SP was detected by polyclonal guin- 
ea p ~ g  anti-SP (1 :1000). Calbindin was detected by 
monoclonal mouse anti-calbindin (Sigma, 1 : 300). 
Microtubule-associated protein (MAP-2) was de- 
tected by monoclonal mouse anti-MAP-2 (S~gma, 
1 :750). Choline acetyltransferase (ChAT) was de- 
tected by monoclonal mouse anti-ChAT (Chemicon, 
1 :500). GIal fbrilary acidic protein was detected by 
polyclonal rabb~t anti-GFAP (DAKO, 1 :450). OX-42 
was detected by a monoclonal mouse antibody 
(Chemicon, 1 : 2000). Saporin was detected by poy- 
clonal goat anti-Saporn (Advanced Targeting Sys- 
tems, 1 : 350). Secondary antibodies conjugated to 
fluorescent markers Cy3 (used w~th SPR, Calb~ndn, 
ChAT, GFAP, OX-42, and Saporn) and fluorescein 
~sothlocyanate (used w~th SP and MAP-2) (Jackson 
ImmunoResearch Laborator~es, West Grove, PA) 
were used at a dllution of 1 : 600 and 1 : 150, respec- 
t~vely. All primary (overnight, 22°C) and secondary (3 
hours, 22°C) antbodies were applied in cocktails 
w~th 1 % goat serum and 0.3% Triton X-100 n PBS 
souton. Finally, the tissue sections were washed for 
20 min ~n PBS (pH 7.4,22"C), mounted onto gelat~n- 
coated sl~des, and applied onto cover slips with 
PBS-glycerne contanng 1 .O% p-phenylenediamine 
to reduce photobleachingJo determine the number 
of immunofluorescent cell bod~es (Table I ) ,  we 
viewed the slides through a 1 .O-cm2 eyepiece gr~d, 
whch was divided into 100 1 mm by 1 mm unts, 
and counted the total number of immunofluores- 
cent cell bodes per unit area. To calculate SPR 
immunofluorescence Intensity, we obtained mag- 
es of the 60-pm-thick tissue sections with the BIO- 
Rad MRC1024 laser-scanning confocal fluores- 
cent-imaging system and analyzed them using N H  
Image 1.7 software. 

13. Animals were anesthetized with an ~ntramuscular n -  
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(1 mg/kg) and placed in a stereotaxic frame. An 8.5- 
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cm length of PE-10 tubing (inner diameter, 0.28 mm; 
outer diameter, 0.61 mm), serving as an inflow can- 
nula, was inserted into the subarachnoid space 
through an incision in the atlanto-occipital mem- 
brane. The cannula terminated in the caudal region 
of the lumbar enlargement (approxmately 14). The 
spinal cord was superfused with 10 PI of either saline 
or 5.0 x M SP, SAP, or SP-SAP followed by a 
5 pI saline flush with a 25-kl Hamilton syrnge. Five 
minutes after spinal superfus~on, the cannula was 
carefully withdrawn and the wound closed with 3-0 
silk sutures. 

14. Measurements of nocifensive behavior and hyperalge- 
sia produced by intraplantar injection of capsaicin were 
obtaned as described [H. D. Gilchrist, B, L. Allard, D. A. 
Simone, Pain 67, 179 (1 996)]. We and most other pain 
researchers define hyperalgesia as an increase in with- 
drawal responses. The capsaicin model of hyperalgesia 
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mans, and t is the only model of hyperagesia that can 
beused in parallel animal and human studies. Capsaicin 
(Sigma) was dissolved in a vehicle of 7.5% polyxyethyl- 
ene sorbitan monooleate (Tween-80) and saline, and 
given into the plantar surface of one hindpaw. Each 
animal received one injection of 10 kg  in a volume of 10 
pI. The duration of nocifensive behavior, defined as lift- 
ing and guard~ng the injected paw, was measured for 
the first 5 min after injection. Withdrawal responses to 
heat were determined by means of a previously de- 
scribed procedure [K. Hargreaves, R. Dubner, F. 
Brown, C. Flores, J. A. Joris, Pain 32, 77 (1988)l. Rats 
were placed under a nonbinding cage on a 3-mm-thick 
glass plate that was elevated to allow maneuvering of a 
radiant heat source from below. Controlled radiant heat 
stimuli were applied to the plantar surface of the hind- 
paw by means of a 50-W light bulb placed in a custom- 
built case. The start of each trial activated a timer, and 
withdrawal latencies to the nearest 0.1 s were mea- 
sured automatically by a photocell that terminated each 
trial and stopped the timer upon withdrawal of the paw. 
Fourstimuli, spaced at least 1 min apart, wereapplied to 
each hindpaw. Withdrawal latency for each paw was 
defined as the mean latency of the last three trials. The 
intensity of the heat was adjusted and maintained to 
produce withdrawal latencies of about 12 s under nor- 
mal conditions. Heat hyperalgesia was defined func- 
tionally asadecrease in the withdrawal latency. To mea- 
sure withdrawal responses to mechan~ca stimuli, we 
placed rats under a clear plastic cage on an elevated 
plastic mesh floor (1-cm2 perforations). A von Frey 
monofilament with a bending force of 95.0 mN was 
applied to the plantar surface from below the floor. The 
stimulus was apped 10 times, each for a duration of 1 
to 2 s, at random locations on the plantar surface. The 
frequency was determined for each hindpaw. Me- 
chan~cal hyperagesia was defined as an increase in 
withdrawal response frequency. 
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Preserved Acute Pain and Reduced Neuropathic 
Pain in Mice Lacking PKCy 

Annika B. Malmberg,* Chong Chen, Susumu Tonegawa, 
Allan I. Basbaum 

In normal animals, peripheral nerve injury produces a persistent, neuropathic pain state 
in which pain is exaggerated and can be produced by nonpainful stimuli. Here, mice that 
lack protein kinase C gamma (PKCy) displayed normal responses to acute pain stimuli, 
but they almost completely failed to develop a neuropathic pain syndrome after partial 
sciatic nerve section, and the neurochemical changes that occurred in the spinal cord 
after nerve injury were blunted. Also, PKCy was shown to be restricted to a small subset 
of dorsal horn neurons, thus identifying a potential biochemical target for the prevention 
and therapy of persistent pain. 

Neuropathic pain is a devastating conse- 
quence of nerve injury that is characterized 
by spontaneous, often burning, pain, an  
exaggerated response to painful stimuli (hy- 
peralgesia), and pain in response to normal- 
ly innocuous, for example touch, stimuli 
(allodynia). Neuropathic pain syndromes 
are among the most difficult to manage. 
Although the pain produced by tissue injury 
can usually be controlled by anti-inflamma- 
tory drugs and opioids, neuropathic pains 
such as postherpetic neuralgia, reflex sym- 
pathetic dystrophy, and phantom limb pain 
are often refractory to these treatments. 

Some studies suggest that nerve injury 
leads to neuropathic pain because it triggers 
an  N-methyl-D-aspartate (NMDA) recep- 
tor-mediated hyperexcitability of dorsal 
horn neurons in the spinal cord. Events 
downstream of the NMDA recentor. in- 

L ,  

cluding activation of various protein ki- 
nases, have also been im~licated: these are 
presumed to underlie the persistence of the 
nain (1 ). Conclusions from these studies. . . 
however, are very limited. For example, 
although there is evidence for a contribu- 
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tion of protein kinase C (PKC), those stud- 
ies not only used inhibitors that are not 
specific for PKC but they also provided no 
information about the contribution of spe- 
cific isoforms of PKC, at least 10 of which 
have been identified' (2).  In the present 
study we examined nerve injury-induced 
neuropathic pain in mice with a deletion of 
the gene that encodes for the neuronal- 
specific (gamma) isoform of PKC. 

The deletion (knock-out) of PKCy pro- 
duces viable mice with normal appearance. 
The mice have a slight ataxia, modest im- 
pairments in tests of learning and memory 
(3), and some motor incoordination (4) 
that mav be related to a defect in elimina- 
tion of multiple climbing fiber innervation 
of Purkinje cells (5). Although synaptic 
transmission appears normal, long-term po- 
tentiation is impaired (3). 

In the absence of nerve injury, we found 
no  difference in paw withdrawal responses 
to thermal or mechanical stimulation in 
mutant and wild-type mice (Fig. 1). Thus, 
transmission of acute "pain" messages was 
intact in the mutant mice. To  study pain 
behavior produced by nerve injury, we 
tightly ligated one-third to one-half of the 
diameter of the sciatic nerve; this partial 
nerve injury produces a neuropathic pain 
syndrome characterized by a marked and 
long-lasting reduction in the paw withdraw- 
al threshold to both thermal and mechani- 
cal st~mulation on the injured side (6). In 
the wild-type mice thermal response laten- 
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