
REPORTS 

model, after subtraction of the vasomotion signals 
(12). We also analyzed several data sets from differ- 
ent species at the ful l wavelength range using a more 
rigorous algorithm similar t o  that proposed by May- 
hew. We found that the initial dip persisted or dis- 
appeared depending on the parameters used in the 
model, and the residuals of the curve fitt ing could not 
be used as reliable criteria for the validity of the 
model parameters [U, Lindauer et al., Neurosci. Abstr. 
25, 1639 (1999)l. 

15. D. F. Wilson, W. L. Rumsey, T. j .  Green, j .  M. Vander- 
kooi, 1. Biol. Chem. 263, 2712 (1983); W. L. Rumsey, 
j .  M. Vanderkooi, D. F. Wilson, Science 241, 1649 
(1988); D. F. Wilson e t  al., Adv. Exp. Med. Biol. 215, 
71 (1987); D. F. Wilson,Adv. Exp. Med. Biol. 333, 225 
(1993); S. A. Vinogradov and D. F. Wilson, Adv. Exp. 
Med. Biol. 361, 67 (1994). 

16. 1. P. Torres Filho and M. Intaglietta, Am, 1. Physiol. 
265, HI434  (1993); H. Kerger, I. P. Torres Filho, M. 
Rivas, R. M. Winslow, M. Intaglietta, Am, 1. Physiol. 
268, H802 (1995); M. Pawlowski and D. F. Wilson, 
Adv. Exp. Med. Biol. 316, 179 (1999). 

17. L.-W. Lo, C. j .  Koch, D. F. Wilson, Anal. Biochem. 236, 
153 (1996); L.-W. Lo, S. A. Vinogradov, C. J. Koch, D. F. 
Wilson, Adv. Exp. Med. Biol. 428, 651 (1997). 

18. All surgical and experimental procedures were in accord- 
ance with NIH guidelines. Details are described else- 
where (7, 8). Cats were anesthetized during the record- 
ing phase with continuous infusion of sodium pentothal. 
A craniotomy overlying area 18 of the visual cortex was 
performed and the dura removed. Stimulation protocol: 
(i) blank screen (prestimulus time, 1.5 to 5 s); (ii) moving 
gratings for 4 s (high contrast, 0.2 cycles per degree, duty 
cycle = 0.3, 6 cycles per second), and (iii) a blank screen 
(poststimulus time, at least 30 s). Up to 96 such trials 
were averaged. 

19. E. H. Ratzlaff and A. Crinvald, 1. Neurosci. Methods 36, 
127 (1991). Instead of a tungsten halogen lamp, we 
used a flash lamp (flash lamp model LABPAC 1200 
power supply, with trigger unit LITE-PAC FYD-1150 and 
flashtube FX-1150, providinga flash of 3 ys exponential 
decay time; EC&C Electro Optics, Salem, MA). 

20. H. Kerger et al., Anesthesiology 86, 372 (1997). 
21. The other factors affecting the phosphorescence decay 

time are temperature, salinity, and pH. By their nature, 
salinity and temperature changes are much slower than 
the phenomenon under examination. The upper limit 
for a pH change should be smaller than the artero- 
venous pH difference of ApH = 0.03. Using pH calibra- 
tion data (77), the effect of 1 p H  (pH = 7.4 was taken 
as the resting pH) on the decay time is negligible, about 
7% of the difference we observed during the deoxygen- 
ation phase. The initial dip detected with phosphores- 
cence decay time measurements cannot be attributed 
to blood volume rearrangements among microvascular 
comoartments, because the latter's onset is delaved bv , , 
-5d0 ms ( ~ i ~ .  28, inset). In addition, in those high- 
resolution volume measurements (4 km), the volume 
increase observed in venules and veins was neither 
faster nor larger than in the other compartments. Pre- 
vious (7, 79) and recent (I. Vanzetta, R. Hildesheim, A. 
Crinvald, unpublished data) fluorescent tracer imaging 
measurements confirmed these results. The visualiza- 
tion of a stimulus-dependent increase in red blood cell 
velocity in individual capillaries [D. Kleinfeld, P. P. Mitra, 
F. Helmchen, W. Denk, Proc. Natl. Acad. Sci. U.S.A. 95, 
15741 (1998)], also showed that the flow increase 
starts late (> -0.5 s). 

22. A weighted nonlinear least squares analysis was used 
t o  obtain the decay parameters (30). At  least three 
exponential components are expected for the three 
vascular compartments. However, the true decay 
function is even more complex; in each compartment 
a wide distribution was found (16). However, a single 
exponential-fit approximation is sufficient to show 
the initial decrease in oxygen tension claimed here. 
The graphs in Fig. 2 are based on such fit. To rule out 
the possibility that the observed increase in activity- 
dependent decay time is not an artifact of the single 
component f i t  to  a complex decay function, we also 
performed multicomponent analyses. For a two- 
components f i t  we obtained T, = 65.9 ? 0.3 ks,  T, = 
274 -t 1 ys, wi th amplitudes of A, = 67.1 i 0.5% 
and A, = 32.9 ? 0.5%. The initial dip was clearly 
present and statistically significant (95% confidence) 

in the t ime course of the shortest decay time. For 
three-components analysis, the initial dip was ob- 
served in the second component. However, as ex- 
pected, the same goodness of f i t  was provided by 
very different decay parameters. For example set 1: 
T, = 24 ys, T, = 70 ys, T~ = 281 ys, A, = 5%, A, = 

63%, A, = 32%; set 2: T, = 59 ks,  i, = 182 ks, T, = 

620 ys, A, = 57%, A, = 36%, A, = 7%. These large 
differences underscore the inherent ambiguities of 
multiexponential analysis [(30) and references there- 
in]. Adding constraints to some of the parameters 
that can be obtained from independent measure- 
ments should allow more quantitative analysis. 

23. The decay constant at zero oxygen tension and the 
quenching constant were taken for pH = 7.4 and 
38°C body temperature, 4% albumin, and 120 m M  
NaCl from published values (77). 

24. R. B. Buxton and L. R. Frank, 1. Cereb. Blood Flow 
Metab. 17, 64 (1997); R. B. Buxton, E. C. Wong, L. R. 
Frank, Magn. Reson. Med. 39, 855 (1998). 

25. Obtaining Eq. 2 required the following assumptions: 
(i) The activity-dependent changes in Po, and in 
oxyhemoglobin and deoxyhemoglobin concentra- 
tions were assumed to be small relative t o  their 
resting values: (ii) the cooperative binding of oxygen 
to hemoglobin was approximated by a reaction wi th 
constant binding strength; and (iii) mean oxygen 
saturation in the sampled blood volume was assumed 
to be -85%. 

26. B. Chance and B. Schoener, Nature 195, 956 (1962); 
P, Lipton, Biochem. 1. 136, 999 (1973); E. Lothmann, 
j. LaManna, C. Cordingley, M. Rosenthal, C. Somjen, 
Brain Res. 88, 15 (1975). 

27. C. Blomqvist e t  al., Acta Physiol. Scand. 151, 29 
(1994); M. S. Vafaee et al., 1. Cereb. Blood Flow 
Metab. 19, 272 (1999). 

28. I t  has been argued on theoretical (24) as well as 
experimental grounds (comparing the amplitude of 
the dip at 1.5 and 4 T )  that the amplitude of the 
initial dip seen wi th fMRl depends on the second 
power of the field strength (K. Ugurbil, personal 
communication). 

29. R. S. Menon, S. Ogawa, J. P. Strupp, K. Ugurbil, j. Neu- 
rophysiol. 77, 2780 (1997); R. S. Menon and B. C. 
Coodyear, Magn. Reson. Med. 41, 230 (1999). As with 
optical imaging, the f MRl BOLD signals are composed 
of (i) a "local" component, most likely originating from 
the capillaries situated in the parenchyma, carrying the 
stimulus' specificity; and (ii) a component originating 
from other sources, such as large veins, having more 
global diffuse character. For this reason, differential 
imaging comparing the activation patterns of different 
stimuli known to activate "orthogonal" cortical regions 
enables the enhancement of the signals' local compo- 
nent while getting rid of the global component. 

30. A. Crinvald, E. Haas, I. Steinberg, Proc. Natl. Acad. Sci. 
U.S.A. 69, 2273 (1972); A. Crinvald and I. Steinberg, 
Anal. Biochem. 59, 583 (1974). 

31. Supported by a grant from the German Israeli Foun- 
dation. We thank R. Buxton, U. Dirnagl, N. Logothetis, 
I. Steinberg, R. B. H. Tootell, K. Ugurbil, and D. F. 
Wilson for their useful suggestions and comments, 
and D. Ettner, I. Lampl, D. Nelson, E. Shtoyerman, D. 
Sharon, H. Slovin, and C. Wijnbergen for their help 
during the experiments. 

30 June 1999; accepted 14 October 1999 

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 bf 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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Neuroscience and Cancer Center, University o f  Min-  
nesota, Minneapolis, M N  55455, USA. 2Molecular 
Neurobiology Lab (151), Veterans Affairs Medical 
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get ing Systems, 1 1  175-A Flintkote Avenue, San Di- 
ego, CA 92121, USA. 

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 

"To w h o m  correspondence should be addressed. E- neurons represent less than 5% of the total 
mail: manty001@maroon.tc.umn.edu neurons in the dorsal horn of the spinal cord 
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(3), the majority of STT and SPB neurons in 
lamina I of the dorsal horn 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 p1 of 
lo-' M, lop6 M, or 5 X lop6 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- 

Fig. 1. (A) SP-SAP produces a concentration- 
related reduction in capsaicin-induced pain be- 
haviors and ablation of SPR-expressing lamina I 
neurons. Concentration-response relations of SP- 
SAP (10 pI, i.th.) on capsaicin-induced nocifensive 
behavior (red), thermal hyperalgesia (green), me- 
chanical allodynia (blue), and loss of lamina I 
SPR-positive neurons (open circles) 30 days after 
SP-SAP treatment. n = 5 per group. (B t o  D) 
SP-SAP attenuates pain behaviors in three models 
of inflammatorv pain. In all cases. SP-SAP 

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 r > 0.95; Fig. 1A). On the basis 
of these results and the lack of any observable 
side effects at the concentration of M, 
i.th. infusion of 10 pl of 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 p1 of lop6 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 X-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. ID). 

The effects of SP-SAP were also assessed 
in a model of neuropathic pain (8). Tight 
ligation of the L5 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. IF). 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 pl of M SP-SAP (Fig. 2 and 
Table 1) (5). In all cases, saline or lop6 M 

M, 10 FI) was idkinistered 30 dais before injec- 
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 
robust paw flinching (6) in saline-treated animals 
(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 
t o  50 min) produced by formalin in SP-SAP-treat- 
ed animals (red, n = 9). (C) SP-SAP (red, n = 5) gP 
attenuates the mechanical allodynia that is 
present after injection of carrageenan (7) when i z  
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 
aftbr 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 2.1 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 (C and H) SP-SAP (F), SAP (D), or saline (B) groups. Scale bar (A to F), 200 Fm. In the 
sections of the lumbar (L4) rat spinal cord 200 days after saline, SAP, or sagittal plane, laminae are indicated by roman numerals, and the loss of 
SP-SAP administration. SPR immunoreactivity (orange) is significantly re- SPR-immunoreactive neurons after SP-SAP (H) treatment is apparent in both 
duced after SP-SAP treatment (E) but not after SAP (C) or saline (A) the superficial and deep laminae when compared with the saline-treated 
treatment. In contrast, NeuN labeling shows no significant reduction in the 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 peralgesia and allodynia with no evidence of 
200 days after treatment. There were no statistically significant differences between animals that loss of this effect over time (Fig. 3). The 
received saline, animals that received SAP M), and normal animals, and therefore all percentages effects of s p - s ~ p  did not affect morphine 
are expressed as percentage of saline-treated controls. The only significant differences observed were in analgesia and appeared to be confined to the 
SP-SAP-treated animals M), in which there was a reduction in SPR-expressing neurons in laminae 
I to Ill (all time points) and laminae IV and V (100 and 200 days). Data are expressed as mean + standard 'pinal segments where it was infused. 
error of the mean. ND, not determined; CCRP, calcitonin gene-related pepitude; DRG, dorsal root ganglia; after lumbar infusion SP-SAP, the 
GFAP, glial fibrillary acidic protein. of morphine (15 mgkg, s.c.) to block me- 

chanical allodynia or thermal hyperalgesia 
SAP SP-SAP after CFA injection into the hind paw was 

Neuronal cell population 

SPR (laminae I and II) 
SPR (lamina Ill) 
SPR (lamina IV) 
SPR (lamina V) 
SPR (lamina X) 
NeuN (lamina I neurons) 
CGRP (motor neurons) 
SP (DRC) 

SPR (preganglionic 
sympathetics, T10) 

SPR (laminae I and II, C2) 
SPR (laminae I and II, L4) 
CCRP (lamina I) 
CFAP (laminae I to V1 

100 days 200 days 30 days 100 days 200 
days 

lmmunoreactive cells (versus saline) (%) 
702 18 81+11 69+5* 
85 + 7 98210 45+2* 
91 + 9  81 + 6  76 + 3 

102 + 5 101+11 8 9 2 4  
ND ND ND 

99 + 2 99 + 8 ND 
99 + 5 101 + 6 ND 

ND ND ND 
lmmunofluorescence levels (versus saline) (%) 

ND 98 + 1 ND 

preserved, and formalin-induced pain behav- 
iors in the forepaw (6) were not altered. 

These results suggest that SPR-expressing 
neurons in the dorsal horn of the spinal cord 
are not the major site of action of morphine 
and that, after SP-SAP treatment, opiates re- 
main a viable therapy for breakthrough pain. 
A major reason for the long-term efficacy and 
apparent lack of side effects after SP-SAP 
treatment appears to be related to the restrict- 
ed nature and specificity of SP-SAP action. 
The actions of i.th. infused SP-SAP are con- 
fined to the SPR-expressing neurons in the 
dorsal horn, many of which are STT and SPB 
neurons (3, 4). 

Previous data have suggested that in the 
peripheral nervous system, neuropathic and - - 

*Statistical significance from control (P < 0.05). 
inflammatory pain Gse  from different mech- 
anisms and are conveyed to the spinal cord by 
distinct groups of afferent neurons. 

SAP did not induce any significant changes change in the total number of lamina I neu- Here, SP-SAP treatment reduced the hyper- 
in behavior or in the cell populations exam- rons with the NeuN antibody was not detect- algesia and allodynia associated with both 
ined (Table 1). In contrast, SP-SAP produced ed, presumably because the population of neuropathic and inflammatory persistent pain 
a significant decrease in the number of SPR- SPR-expressing neurons targeted by SP-SAP states. Whether it is the same SPR-expressing 
expressing cells in laminae I and I11 at 30 makes up such a small percentage of these neurons or different subsets of SPR-express- 
days and in laminae I, 111, IV, and V at 100 neurons (3). SP-SAP treatment results in a ing neurons that convey neuropathic and in- 
and 200 days after infusion (9). A significant long-term inhibition of capsaicin-induced hy- flammatory pain is unknown, but recent evi- 
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I 
a ? ;I 50 100 150 200 

Days After Infection 

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), M SAP 
(n = 6,6, and 6), or 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 3005 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 injgction. 
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 (10). 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 aeruainosa 
Robert K. ~rnst,' Eugene C. Yi? Lin CuoS1* Kheng B. Lim?? 

Jane 1. ~ u r n s , ~  Murray Hackett? Samuel I. Miller1$ 

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 t o  cationic antimicrobial peptides and increased in- 
flammatory responses, indicating that they are likely t o  be involved in airway 
disease. 

Cystic fibrosis (CF) is the most common 
inherited disorder of Caucasians (I). 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 (LPSFmediat- 
ed recognition by human cells. Because the 
PA-CF lung interaction is a remarkable ex- 
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