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Abstract Intradermal injection of capsaicin results iKey words Dorsal horn - Second messengers -
sensitization of spinothalamic tract cells to brushing aRdotein kinase C - Protein kinase A - Spinal :ord
pressure applied to the cutaneous receptive field in anes-
thetized monkeys. A significant increase in background
activity also occurs immediately after capsaicin injectidntroduction
that lasts for at least 2 h. A 40-50% decrease in the re-
sponse to noxious heat stimuli is also observed followitigradermal injection of capsaicin results in sensitization
capsaicin injection. This study investigated the spinall spinothalamic tract (STT) neurons to peripheral cuta-
role of second messengers by extracellularly recordingous stimuli (Simone et al. 1991; Dougherty and Willis
from spinothalamic tract cells and delivering inhibitor§992). Spinothalamic cells show an increase in baseline
of second messenger pathways to the spinal cord by auitivity, as well as an increase in responses to innocuous
crodialysis. Blockade of protein kinases with the genestimuli such as brushing and pressure (Simone et al.
protein kinase inhibitor, H7 (5.0 mh,= 6), reduced the 1991; Dougherty and Willis 1992). The sensitization of
sensitization of the cells to brush and pressure. Blockattgsal horn neurons induced by capsaicin is blocked by
of protein kinase C with NPC15437 (10.0 mMz= 10) glutamate (GLU) receptor antagonists actindgNenethyl-
reduced the increased background activity and the raspartate (NMDA) and non-NMDA GLU receptors
creased responses to brush. Blockade of protein kinasgNaugebauer et al. 1993, 1994). Additionally, blockade
with H89 (0.01 mM,n = 9) was most effective. H89 re-of neurokinin 1 (NK1) receptors results in a reversal of
duced the background activity, the increased responseth&capsaicin-induced sensitization of STT cells (Palecek
brush and press, and reversed the decreased responsedb 1994). Increased activity of STT cells can be in-
noxious heat stimuli. Blockade of G-proteins with th@uced by spinal application afansACPD, a metabo-
general G-protein inhibitor, GDB-S (1.0 mM,n = 9), tropic GLU receptor agonist, or by application of pho-
reduced the background activity and the responsesrtiol esters to activate the protein kinase C (PKC) trans-
brush and pressure without affecting the decreased deetion pathway (Patek et al. 1994a, b). Therefore,
sponse to heat. Thus, multiple intracellular messengtsre is evidence of a possible role of second messenger
appear to be involved in the processing of central sensdtistems activated through G-protein linked receptors and
zation induced by activation of C-fibers following intrafor PKC in central sensitization of STT cells.
dermal injection of capsaicin. Second messenger systems are thought to play an im-
portant role in cellular processing of sensory informa-
tion. Activation of second messenger pathways can be
initiated by a variety of mechanisms. One mechanism in-
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zation of the intracellular calcium pools (Schoepp amtse (1-2 mm) to a microdialysis fiber to ensure that the drug
Conn 1993; Bockaert et al. 1993). This would result yypuld reach the cell in a short period of time. Criteria to establish

. . - idromic activation from the VPL nucleus were: (1) constant la-
an overall increase in calcium and other second mes cy for the evoked response, (2) ability to follow high-frequency

gers such as protein kinases. ) stimulation, and (3) collision of orthodromic spikes with anti-
Behaviorally, mechanical allodynia and hyperalgesiigomic action potentials. The stored digital records of single-unit

occur in rats following intradermal injection of capsaicictivity from STT cells were retrieved and analyzed following
and these changes last for at least 2.5 h after injec h exp_erlmeI?t.d Background ?ctllvlgydwas subtracted and then
(Kinnman and Levine 1995; Sluka and Willis 1997). Nges In evoked responses caicuiated.

Both the mechanical allodynia and the mechanical hy-

peralgesia induced by capsaicin are reversed by inhildministration of drugs

tors of G-proteins and protein kinases (Willis and Sluka

i i ini ; | drugs were administered through the microdialysis fiber (at
1995). In the formalin test intrathecal administration W/min). beginning 30 min after injection of capsaicin, for

inhibitors to PKC can prevent nocifensive behavioky'min to'1 h. The inhibitors were dissolved in ACSF and pH was
(Coderre and Yashpal 1994). Conversely, PKC activat@ésrected to 7.2-7.4. The following drugs were used: @ES>-
can increase these nocifensive behaviors (Coderre 199@anosine 50-(2-thiodiphosphate), a general inhibitor of G-pro-
Coderre and Yashpal 1994)_ Few data are availablet (2.0 mM;n = 9; Sigma, dissolved in 10% dimethylsulfoxide

: S SO) and 90% ACSF); H7 ([1-(5-isoquinolinesulfonyl)-2-
the central actions of protein kinase A (PKA) on dors thylpiperazine, HCI], a general inhibitor of protein kinases,

horn neurons or in nociceptive transmission. HOWev€lp mm, n = 6; Sigma); NPC15437 (2,6-diamind{[1-oxotride-
peripherally local blockade of cAMP can reduce the meyl)-Z-piperidinyl]methyl)he);]anamiﬁe, ar|1 ) inhibitc()r c|>f PKC,I
i i i i i i 0 mM, n = 10; Research Biochemicals); H89 (Carlton et al.
chanical Pyperaigesia found in diabetc rats (Taiwo ai M iomncer et a. 100%; Ly and Ho 1992, an mhiior o
. ’ . ) . PKA (0.01 mM,n = 9; Calbiochem). ACSF(= 9) was used as a
This study tests the hypothesis that the maintenaRggirol. Only one drug or ACSF was administered per cell. The
of central sensitization of spinothalamic tract neurons igencentrations of drugs in the dialysate were presumed to be ap-

volves continual activation of G-proteins and prote'moximately two to three orders of magnitude higher than the con-

i ini ; i i ntrations that reach neurons in the dorsal horn. In the past we
Kinases. All drugs were administered by microdialysis ES e studied the diffusion across the microdialysis fiber in vitro of

decipher the _rOIe of the s_plnal _Cord in the S_e_ns'tlzatlons% eral similar-sized drugs with quite different chemical proper-
STT cells by intradermal injection of capsaicin. ties. The concentration ratio across the microdialysis fiber for all
these drugs was between 1% and 4% (Sluka and Westlund 1993a;
Sluka et al. 1994).
Since GDPB-S does not readily cross cell membranes (Kucera
Materials and methods and Rittenhouse 1988), it was dissolved in 10% DMSO to perm-
eabilize the cells to allow entry of the drug intracellularly (see
All experiments were approved by the Animal Care and Use CopWada and Sato 1975). DMSO (even at a concentration of 50% in
mittee at our institution. the microdialysis fluid) has no effect on the background activity or
the responses of dorsal horn neurons to innocuous or noxious me-
chanical stimuli (Peng et al. 1996). Concentrations of the inhibi-
Anesthesia and experimental set-up tors were based on published dose-response curves, with the dose
used being between the Efpand the top of the dose-response
Monkeys ( = 21) were initially anesthetized with ketaminecurve. This dose was then corrected for diffusion across the fiber

(10 mg/kg, i.m.). This was followed by administration of haldPy @ factor of 100. Thus the concentration of H89, for instance,
thane,a-chloralose (60-90 mg/kg, i.v.) and gallamine triethiodidat crosses the fiber was estimated to beiM1Following diffu-

(20 mg/h, i.v.). Anesthesia was maintained by sodium pentobarisien through the tissue this would be expected to be much lower.
al (5 mg/kg per hour, i.v.). After tracheotomy animals were artiftheé maximal concentration infused through the microdialysis fi-
cially ventilated to maintain end-tidal GQt approximately 4%, ber for: (1) GDPB-S was 1.0 mM (Taiwo and Levine 1989), (2)
Core body temperature was regulated at approximately 37°C uéﬂY%Was 5.0 mM (Nixon et al. 1991), (3) NPC15437 was 10.0 mM,

a thermostatically controlled heating blanket. A laminectomy wa&d (4) H89 was 0.01 mM (Chijiwa et al. 1990). Additionally,
performed to expose the lumbar enlargement. A craniotomy vggficentrations of drugs used for these studies were based on dose-
performed for stereotaxic placement of a stimulating electrode [§SPonse curves in a previous study in the rat (Willis and Sluka,
to the ventroposterolateral nucleus of the thalamus. 1995).

Three microdialysis fibers (Spectrum, 15 kDa cutoff) were po-
sitioned in the lumbar enlargement in areas most responsive to
stimulation of the lower hindlimb. The fibers were coated with siExperimental design
icone except for a 1-mm gap that was positioned in the ipsilateral
gray matter of the dorsal horn of the spinal cord. Artificial cer®nce an STT cell had been isolated the background activity and
brospinal fluid (ACSF; 151.1 mM Na2.6 mM K, 0.9 mM Mg*, responses to mechanical and thermal stimuli were recorded. All
1.3 mM C&+122.7 mM Ct, 21.0 mM HCQ-, 2.5 mM HPQZ, cells were characterized by their responses to application of brush,
3.87 mM glucose, bubbled with 95% G&% O,, pH 7.2—7.4) or pressure, pinch and squeeze of the skin at the most responsive por-
second messenger inhibitors, dissolved in ACSF, were infusaxh in the receptive field. This was used to classify the cells as
through the microdialysis fiber at a rate gfilsmin. low threshold, wide dynamic range or high threshold.

For recording STT cells, a monopolar steel electrode was posi-Five sites across the receptive field were defined for cutaneous
tioned in the ventral posterior lateral (VPL) nucleus of the thalmechanical stimulation. Brush, pressure and pinch were applied to
mus using both stereotaxic coordinates and recordings of respaifissites before and after capsaicin and after administration of in-
es to stimulation of the dorsal column and hindpaw. The spirdbitor. An average of all five sites was used for statistical analy-
cord was searched for STT cells with a carbon filament electragis. Heat and cold were applied to one site on the receptive field
by activating STT cells antidromically from the VPL nucleus dadutside the area of injection by at least 2 cm. Heat was applied for
the thalamus. The spinal cord is searched in an area relatiely (fast ramp) in a graded fashion, starting at 41°C and rising in
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increments of 2°C to 53°C. Cold was applied continuously (slow Background activity
* *

ramp) for 60 s with the temperature starting at 36°C and reaching
* *
+ +
+
- 1

a minimum of 5°C. 30 -
*  Brush *

Following baseline recordings, capsaicin was injected intra-
dermally into an area within the receptive field. Thirty minutes af-
ter injection the background activity and responses to mechanical
and thermal stimuli were tested. A second messenger inhibitor was
then delivered for 1 h and the cell's responses to cutaneous and "0
thermal stimuli retested. Control cells were tested for responses to
all stimuli before, and 30 min, 1 h and 1.5 h after injection of cap- 0 +
saicin while ACSF was infused through the dialysis fiber.

Statistical analysis

A repeated measures ANOVA tested responses in each grou;&’lf 20
significance was obtained, post-hoc testing with pairex$ts as-
sessed differences across time. A valuP ¢f0.05 was considered
significant. All values are given as the mean +SEM.

Rate (spi

Results

Recordings were made from a total of 47 STT cells. Of * 7
these, 46 were classified as WDR cells and one as an HT
cell. These neurons were located 978-19&8 (mean
1411pum) below the surface of the spinal cord. Of these
WDR cells 43 became sensitized to peripheral stimuli
following capsaicin injection. The HT cell did not sensi- | |
tize to the capsaicin injection. The background activity

of these 43 cells increased significantly from 15.61.7 to ACSF H7 NPC H89 GDP
24.0+2.1 spikes/s 30 min after injection of capsaicin—
(Fy 4 = 43.75,P = 0.0001). Evoked responses (brush,
press, pinch, heat and cold) are presented as the respagst Bar graphs summarizing the response of the cells before
es with the background activity subtracted. The averag@saicin gray barg, after capsaicinblack bar$ and after admin-
responses to brush across the five sites in the recepfilfation of drug ¢pen barj. Artificial cerebrospinal fluid (ACSF)

) i ; as used as a control for comparison. The background activity and
field significantly increased from 16.1x1.7 before caps e responses to brush and press applied to the cutaneous receptive

icin injection to 20.9+2.1 spikes/s 30 min after capsaicfid are shown. P < 0.05, significantly different from baseline
(Fy42=9.13,P = 0.004). The responses to pressure alg@ponses before capsaicin injectioR.< 0.05, significantly dif-

increased significantly following capsaicin injection frorfgrent from responses after capsaicin injection

10.9+1.1 to 18.1+2.4 spikes/s (> = 7.44,P = 0.01).

The greatest increase occurred for areas closest to the

site of injection. Changes in the responses to pinghonses to innocuous mechanical stimuli and decreased
varied for different cells, but the average pinch responsesponses to thermal stimuli (heat and cold). The follow-
were not significantly changed: 25.12+2.9 before capsag will consider only those changes that remained sig-
icin, 24.7+3.0 spikes/s 30 min after capsaicip,(= 0.02, nificantly changed once the cells were separated by
P = 0.89). In contrast the responses to heat were sigrifioup: background activity, brush, pressure and heat re-
cantly decreased in these 43 cells 30 min after capsagponses.

injection: 25.6+£3.0 before capsaicin, 11.3+2.0 spikes/s

30 min after capsaicin (F,= 20.85,P = 0.0001). The

responses to a slow application of cold were also signffientrol cells treated with ACSF

cantly decreased following capsaicin, § = 10.25,

P = 0.003). These responses remained decreased thr@gjls from control animals treated with ACSK £ 9)

hout the 1.5-h testing period. Responses to cold befdemonstrated significant increases after injection of cap-
capsaicin averaged 37.46+6.6 spikes/s for all cells agaicin in background activity (g = 11.44,P = 0.001)
decreased to an average of —3.27+6.9 spikes/s. Howeard responses to brush, (5= 5.21,P = 0.01) and pres-

if cells were grouped according to treatments the dawe (F 5= 4.34,P = 0.05) applied to the cutaneous re-
creased response to cold stimuli did not remain signifeptive field (Fig. 1). These increases were maintained
cant for all groups and no drug appeared to have antbfough at least 1.5 h after capsaicin injection. When
fect on the changes to cold stimuli. Therefore, if all celt®xious heat was applied to the cutaneous receptive field
are considered before and after injection of capsaifoutside the area of injection) after injection of capsaicin
there are increases in background activity, increasedthere was a significant decrease in the responses of the

20

Before capsaicin mmmm After capsaicin T After drug
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Response to 53°C neurons when compared with the responses before cap-
saicin injection (k5 = 5.54,P = 0.01). This decrease
100 + also was maintained through the 1.5 h testing period
80 * - (Fig. 2).
% 60 *
3\5 40 Cells treated with the general protein kinase inhibitor, H7
20
In the groups of cells treated with the general protein ki-
0 ACSF He9 nase inhibitor, H7, there were significant effects for time
—Baceline for changes in background activity, (l5= 6.54,P = 0.01),
= After Capsaicin brush (k0= 4.93,P = 0.03), pressure (F, = 4.99,
5 After drug P = 0.03) and heat ¢F,=5.01,P = 0.03). There were

Fig. 2 Bar graphs summarizing the responses to heat (53°C) insignificant increases from baseline in background activi-
cells treated with ACSF or the protein kinase A inhibitor, H8gy and the responses to brush and pressure 30 min after
Responses are represented as a percentage change from baggjection of capsaicin. In this group of cells there was

(black barg. After capsaicin injectionapen bar there is a sig- EISO a significant decrease in the response of the cells to

nificant decrease (P < 0.05) in the responses to heat stimuli. Fo . . . - L .
lowing a 1-h infugion of ,_)|89 (0.01 r'?]M) the responses to hedfal stimuli 30 min following injection of capsaicin. Fol-

stimuli were increased toward baselineSignificantly different 10wing microdialysis infusion of H7 (5.0 mM for 30 min
from responses after injection of capseicin to 1 h,n = 6) there was a significant reversal in the re-

Fig. 3 Rate histograms from a
cell treated with the general
protein kinase inhibitor, H7
(5.0 mM), after intradermal in-
jection of capsaicinGQAP). Fol-
lowing capsaicin injection
(middle panélthere were in-

i ND PRESSURE
creases in the background ac- BACKGROU BRUSH
tivity (left column) and in re- BEFORE CAPSAICN
sponses to brusimiddle col- -
" o * 140 140

umn) and pressureifht col-
umr compared with there- | | — — & = =
sponses before injectiotop
pane). Infusion of NPC15437
for 1 h reduced the increased
responses to brush and in-
creased background activity
without affecting the responses
to pressur:

AFTER CAPSAICIN

401 140

RATE (SPIKES/s)

140
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TIME (s)



Fig. 4 Rate histograms from a CAP
cell treated with the protein ki- c 8lA
nase C inhibitor, NPC15437
(10.0 mM), after intradermal _
injection of capsaicinGAP).
Following capsaicin injection
(middle panglthere were sig- BACKGROUND BRUSH PRESSURE
nificant increases in the back-

ground activity feft columr), BEFORE CAPSAICIN
and responses to brughifldle 20 30 50
column and pressureight i A B ¢ o € | _ _ _ _
column), when compared with

the responses before injection
(top pane). Infusion of 10 15
NPC15437 for 1 h reduced the

increased responses to brush 1
and increased background ac- || Il |IIH | i | | “ |||
tivity without affecting the re- Y 0 (Y

sponses to pressi:re

AFTER CAPSAICIN
20 30 1 50

RATE (SPIKES/s)
°
]

AFTER NPC 15437 (10mM)

20 30 50, — — — — —
10 15 ‘ ‘
0 J o MJ‘.H_“J]I
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TIME (s)

sponse of the STT cells to brush and pressure when c@wals treated with a selective PKC inhibitor, NPC15437
pared with responses 30 min after capsaicin injection
(Fig. 1). Spinal infusion of H7, however, did not have la the group of cells treated with the PKC inhibitor,
significant effect on the increased background activity NPC15437, there was a significant effect over time for
on the decreased heat response. The background actehnges in background activity,(fg = 11.44,P = 0.001),
was still significantly increased and the heat resportswish ()5 = 14.75,P = 0. 001), press g = 4.99,
was significantly decreased when compared with bag= 0.03) and heat gho=5.01,P = 0.03). A summary
line responses. of the responses of all cells in the group are illustrated in
An example of a cell treated with H7 after injection dfig. 1. There was a significant decrease in the responses
capsaicin is shown in Fig. 3. The top panels represent tiehe cells to noxious heat stimuli 30 min following in-
responses of an STT cell before injection of capsaicjection of capsaicin. Following microdialysis infusion of
The middle panels show increases in the background IdC15437 (10.0 mM for 30 min to 1 h,= 10), there
tivity, brush and press responses of the cell 30 min falas a significant reversal in the increased background
lowing injection of capsaicin. The bottom panels repreagetivity and the increased responses to brush induced by
ent the changes in the responses of the cell following adpsaicin injection. Spinal infusion of NPC15437 did
ministration of H7. In this particular cell H7 reduced theot, however, have an effect on the increased response of
brush and pressure responses to close to baselinethe-cells to pressure or on the decreased heat response. A
sponses while the background activity was minimally rggpical cell is illustrated in Fig. 4 and illustrates changes
duced. before and after capsaicin injection and after infusion of
NPC15437 for background activity and responses to
brush and pressure.



20

A BASELINE 18.3+5.7 spikes/s. Figure 2 summarizes the percentage
60 change from baseline in response to heat at 53°C in ani-
mals treated with ACSF as a control and those treated
with H89.
o Cells treated with the general G-protein inhibitor,
B 30 MIN POST CAPSAICIN GDP'B'S
60
2 In the groups of cells treated with the general G-protein
g inhibitor, GDP8-S (h = 9), there were significant effects
5 for time for changes in background activity, (= 5.39,
= P = 0.01), brush (kg = 4.25, P = 0.05), pressure
Z o0 . (Fy14=5.66,P =0.01) and heat ¢f,=4.31,P = 0.05).
Significant increases from baseline in background activi-
C  1HRPOSTH89 ty, brush and pressure occurred by 30 min following in-
80 jection of capsaicin (Fig. 1). There was also a significant

decrease in the responses of the cells to heat stimuli
30 min following injection of capsaicin. Following micro-
dialysis infusion of GDH3-S (1.0 mM for 30 min to 1 h)
there was a reversal in the increased background activity
) 50 100 150 200 250 of the cells and the responses of the cells to brush and
TIME (s) . pressure (Fig. 1). Spinal infusion of GIBPS did not,
L~ h N \ however, have an effect on the decreased heat responses.

41 43 45 47 49 51 53°C

Fig. 5 Rate histograms for the responses to graded heat stianI?cuss'on
from a cell treated with the protein kinase A inhibitor, H89
(0.01 mM), after intradermal injection of capsaicin. After capsd-he results of the present study demonstrate a role for

icin injection the responses to heat stimuli were decreased ckC PKA and G-proteins in the maintenance of the sen-
ﬂ%rg‘tjh‘e"’:rtgsggﬁgel'snﬁorﬁ:gfﬂjﬁi.‘e(gne hour following infusion @7 ation of STT cells after intradermal injection of cap-
saicin. Different effects were observed between specific
second messenger inhibitors. For example, treatment
Cells treated with a selective PKA inhibitor, H89 with a PKC inhibitor reduced the increased background
activity and the responses to brush (innocuous stimuli)
In the group of cells treated with the PKA inhibitor, H8But had no effect on the responses to pressure or heat.
(n = 9), there were significant effects over time foFhe PKA inhibitor, however, reduced the sensitization of
changes in background activity,(f; = 4.66,P = 0.03), the STT cells, i.e., increased background activity, in-
brush (k14 = 4.66,P = 0.03), pressure ¢f, = 5.43, creased responses to brush and press and also reversed
P = 0.02) and heat ¢f,= 2.91,P = 0.05). Significant the decreased responses to heat stimuli. @Gi3Pre-
increases in background activity and responses to brushsed the increased background activity and the in-
and press were observed 30 min following capsaicin treased responses to brush and pressure applied to the
jection. There was also a significantly decreased receptive field without having an effect on the decreased
sponse of the STT cells to noxious heat 30 min followimgsponses to noxious thermal stimuli. The increased re-
capsaicin injection (Fig. 5). Following microdialysis insponses to brush and pressure induced by intradermal in-
fusion of H89 (0.01 mM for 30 min to 1 h), there was jgction of capsaicin are thought to be reflective of a de-
significant reversal in the increased background activityease in mechanical threshold and thus representative of
and the increased responses to brush and press indseedndary mechanical allodynia and hyperalgesia. We
by capsaicin injection (Fig. 1). Spinal infusion of H8®ave demonstrated in behavioral experiments that intra-
also reversed the capsaicin-induced decrease in the Heamal injection of capsaicin results in secondary allody-
response. Figure 5 demonstrates the response of a celigoand hyperalgesia (Sluka and Willis 1997). Thus,
heat before and after capsaicin injection and after infuedification of activity in signal transduction pathways
sion of H89. A response at 53°C occurred in this cell pgan affect the sensitization of cells to mechanical stimuli
or to injection of capsaicin. The responses to this heatwell as the responses to heat stimuli.
stimulus averaged 22.6+6.8 spikes/s for all cells in this The same doses of inhibitors were tested in awake be-
group. Following injection of capsaicin the responses ledving rats on mechanical hyperalgesia induced by intra-
the cells to 53°C decreased by more than half dermal injection of capsaicin (Sluka 1996; Sluka and
9.5+6.5 spikes/s. Spinal infusion of H89 resulted in a fd4llis 1997). The drugs were delivered by microdialysis
versal of the response to heat at 53°C, increasingtadboth the ipsilateral and contralateral dorsal horn. The
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threshold to mechanical stimulation was assessed bilateith peripheral neuropathy or formalin injection can also
ally and remained the same on the contralateral side aftemprevented by PKC inhibitors (Mao et al. 1992a; Cod-
injection of capsaicin or infusion of the compound. Thexre 1992; Coderre and Yashpal 1994; Yashpal et al.
indicates that at the doses applied to the dorsal h@d95). The current study demonstrated that only the in-
there was no effect on sensation in the normal animalseased response to brush in STT cells was reduced to
These same doses, however, were able to reduce thelszseline levels with a PKC inhibitor. Although responses
ondary mechanical hyperalgesia induced by intradern@lbrush are not considered nociceptive, the increased re-
injection of capsaicin observed on the ipsilateral side.dponse to brush in STT neurons may be the mechanism
this experiment the drugs were not tested in non-serisi-allodynia — a painful response to innocuous stimuli.
tized STT neurons. We cannot exclude a possible effecfThe role of PKA in nociception is not well studied.
of these inhibitors in normal animals. However, based Aactivation of the cAMP pathway would result in activa-
our previous behavioral experiments, these doses oftion of PKA within the cell. We have demonstrated that
hibitors (Sluka 1996; Sluka and Willis 1997), delivereblockade of the cAMP transduction pathway can reduce
by microdialysis, appear to be specific for the sensitizedcondary mechanical hyperalgesia and allodynia in-
state and do not affect normal responses in animals. duced by intradermal injection of capsaicin (Sluka 1996;
Sluka and Willis 1997). An increase in cCAMP has been
shown to occur through activation of CGRP receptors in
Protein kinase involvement in pain transmission hepatocytes and smooth muscle (Bushfield et al. 1993;
Schini-Kerth et al. 1994; Santicioli et al. 1995; Sun and
The protein kinase inhibitors used in the current stuBgnhishin 1995). CGRP has been shown to be involved
have been shown to bind nonselectively to other prot@nanimal models of pain (Donaldson et al. 1992; Garry
kinases when given in high enough concentrations. H7ared Hargreaves 1992; Kuraishi et al. 1988; Satoh et al.
clearly a nonselective protein kinase inhibitor (Nixon 992; Smith et al. 1992; Donnerer and Stein 1992; Sluka
al. 1991). However, H89 is more selective for PKA thaat al. 1992; Sluka and Westlund 1993b). Peripherally, the
for PKG or PKC. The Ig, of H89 for PKA is 0.054M mechanical hyperalgesia found in diabetic rats is blocked
and that for PKG is 0.5M (Chijiwa et al. 1990). It has by local subcutaneous administration of an inhibitor of
1000-fold less affinity for PKC as compared with PKAAMP (Taiwo and Levine 1989; Ahlgren and Levine
(Chijiwa et al. 1990). NPC15437 has been shown to b@93). Additionally, intrathecal injections of cCAMP ana-
selective for PKC (I, = 19 pM) with no binding to logs reverse the antinociception inducedubgndd opi-
PKA or calcium-calmodulin dependent kinase at concevid receptor agonists (Wang et al. 1993). Thus, these
trations up to 30QuM (Sullivan et al. 1992). The dosestudies and the results of the current study suggest that
chosen for the inhibitors are based on a 100-fold drimgreasing cCAMP can contribute to hyperalgesia and cen-
across the microdialysis fiber (Sluka and Westlurichl sensitization. Therefore, inhibiting the actions of
1993a; Sluka et al. 1994). It is expected that degradatRiWA would reduce central sensitization and hyperalge-
and diffusion within the tissue would further reduce trsta.
concentration at the target neurons. Thus the maximalnteractions between protein kinases have been dem-
concentration that would cross the fiber is below thg I®nstrated in a variety of cell types. For example, activa-
for the other kinases that might have nonselective effetisn of PKC enhances cAMP accumulation in various
Therefore, although nonselective effects with H89 aell types (Rosengurt et al. 1987; Yoshimasa et al. 1987;
PKG are possible, we have interpreted these resultsSugden et al. 1987), thereby increasing activation of
the assumption that H89 and NPC15437 are selective R&tA. Jiang et al. (1992) also suggest that either PKA or
PKA and PKC, respectively, at the doses delivered to tRKG cross-activate the other kinase. This is based on the
vicinity of STT neurons. fact that forskolin, which increases cAMP, will activate
There is good evidence to support the involvementPKG in addition to PKA. If these interactions exist in
PKC in the process of central sensitization and the tradsefsal horn neurons, activation of one protein kinase
mission of nociceptive signals. For example, in unsenseuld set off a cascade of events that include activation
tized dorsal horn neurons, activation of PKC by phorbal other protein kinases. Activation of several different
esters or injection of PKC intracellularly enhances bopiotein kinases could amplify the signal initiated by the
NMDA and non-NMDA GLU currents and increases rgeripheral insult and be manifested as central neuronal
sponses of STT neurons to innocuous stimuli (Gerbersensitization and consequent behavioral manifestations
al. 1989; Chen and Huang 1991, 1992). Several mod&igain. Thus, as in the present study, reduction in central
of pain which are associated with sensitized neurcsensitization of central neurons could be accomplished
show an involvement of PKC. An increase in membrangy inhibitors of several different protein kinases.
bound PKC in the dorsal horn occurs in peripheral neu-
ropathy (Mao et al. 1992b), following application of
mustard oil (Munro et al. 1994) or in the formalin te€s-protein involvement in pain transmission
(Yashpal et al. 1995). This increase in membrane-bound
PKC can be prevented by GM1 gangliosides (Mao et @he G-protein inhibitor, GDPB-S does not readily cross
1992a,b). Furthermore, nocifensive behaviors associatel membranes (Kucera and Rittenhouse 1988). For this
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reason it was dissolved in 10% DMSO to permeabilii®93). Blockade of NK1 or CGRP receptors reverses
the cells enough to allow entry of the drug intracellulasensitization of STT cells or dorsal horn cells induced
ly. Using a similar protocol in behavioral studies in ratby capsaicin or inflammation (Dougherty et al. 1992,
animals were injected with capsaicin and then treated 1894; Neugebauer et al. 1993, 1995, 1996). Behavioral-
microdialysis with GDR3-S in 10% DMSO (Sluka andly, NK1 receptor antagonists or antibodies to CGRP
Willis 1997). In these animals there was a significant fheave been shown to decrease nocifensive behaviors in-
versal of the capsaicin-induced allodynia. As a contrliced by formalin, capsaicin or inflammation (Yama-
another group of animals received GPfS without moto and Yaksh 1991; Sakurada et al. 1993; Sluka et al.
DMSO following injection of capsaicin. In this groudl997). Therefore, there is indirect evidence for a role of
there was no change in behavioral responses, i.e., thesagond messenger systems activated through G-protein-
imals still demonstrated mechanical hyperalgesia andlaiked neurokinin, CGRP and metabotropic GLU recep-
lodynia. Additionally, 10% DMSO in ACSF had no eftors in nociception. Recently we demonstrated that
fect on the behavioral responses. Thus, the effectsttidre was a decrease in the mechanical allodynia and
GDP{3-S on reducing the responses of STT cells dmgperalgesia produced by intradermal injection of cap-
thought to be specific for GDB-S and it is presumedsaicin by spinal administration of the G-protein inhibi-
that GDPB-S binds to intracellular sites. tor, GDPB-S (Sluka and Willis 1997). This is in agree-

In the inactive state, G-proteins consistof3 and g ment with the present study that demonstrated a rever-
subunits with GDP bound to tleesubunit (Dunlap et al. sal of the increase in the evoked responses to brush and
1987)). When a ligand binds the receptor extracellularpressure in STT cells following intradermal injection of
there is an exchange of GTP for the bound GDP resaipsaicin.
ing in dissociation of the G-protein into the active sub-
unit a-GTP andfy (Ui and Katadata 1989). G-proteins
can either activate or inhibit second messenger systébasclusions
throughag or a; subunits. In addition gproteins have
been found in neural tissue ang has been linked to The current study demonstrated that sensitization of
regulation of calcium channels (Hescheler et al. 1983TT cells to intradermal injection of capsaicin can be
The inhibitor used in this study is a general G-protein ireversed by administration of inhibitors to specific pro-
hibitor that competes with GTP for its binding site on thein kinases or to inhibitors to G-proteins. In addition,
o subunit (Dunlap et al. 1987). Thus GIBFS could the desensitization to heat that occurs after capsaicin in-
have actions on either inhibitory or stimulatory G-prgection is reversed by inhibition of protein kinase A.
teins (Dunlap et al. 1987). Acting through a stimulatoBarallel behavioral studies in rats have demonstrated
G-protein on excitatory neurons, blockade with GBB- similar results in which secondary mechanical hyperal-
would reduce the activation of second messenger syssia and allodynia induced by capsaicin were reversed
tems resulting in decreased sensitization of dorsal hbsninhibitors to protein kinases or to G-proteins (Sluka
neurons. The consequence would be a decrease in theabd-Willis 1997). Thus, there is a complicated network
havioral manifestations associated with a peripheral wof-intracellular messengers that are activated as a result
sult. Alternatively, it is possible that GORS acts on in- of prolonged nociceptive input that contribute to central
hibitory G-proteins located on inhibitory interneuronsensitization.
Blockade of an inhibitory G-protein would also decrease
the behavioral manifestations and central sensitization

Peripherally, activation of G-proteins has been demeferences
onstrated in the dorsal root ganglion cells and their pe- _ _ o
ripheral terminals in response to noxious stimuli. Brad@h'%ggtggﬁ 'aa’k')';%CJgtglgﬁgargﬂseccigggécglz_hi'gggalgggg in strep-
kmm'.mduced excitation .Of CUItwed dorsal root .ga.ngl.logerridge MJ, Irvine RF (1989) Inositol phosphates and cell signal-
cells is blocked by administration of a G-protein inhibi- " |ing. Nature 341: 197-205
tor (McGuirk and Dolphin 1992). The mechanical hypeBockaert J, Pin J, Fagni L (1993) Metabotropic glutamate recep-
algesia found in diabetic rats is blocked by local subcu- tors: an original family of G-protein-coupled receptors. Fund

s : il ; Clin Pharmacol 7: 473-485
taneous administration of an inhibitor of G—proteln%,ushfield M, Savage A. Morris NJ, Houslay MD (1993) A mne-

GDP-S (Ahlgren and Levine 1993). monical or negative-co-operativity model for the activation of

Centrally, there is a great deal of evidence to supportadenylate cyclase by a common G-protein-coupled calcitonin-
involvement of spinal G-protein-linked metabotropic ggge-zrgéatggsneumpeptlde (CGRP)/amylin receptor. Biochem J
glutamate, ”‘?“ro!"?'” and CGgp receptors '”f péoce rlton SM, Westlund KN, Zhang DX, Willis WD (1992) GABA-
Ing nociceptive Information. Sensitization of dorsal immynoreactive terminals synapse on primate spinothalamic
horn neurons can be reversed by a metabotropic gluta+tract cells. J Comp Neurol 322: 528-537

mate receptor antagonist, L-AP3 (Young et al. 199@hen L, Huang LYM (1991) Sustained potentiation of NMDA re-

Neugebauer et al. 1994). In fact, mechanical hyperalge-ceptto.r'”lz.ediateg bg'“tam.at.g {\fSpO”sgsgigroggg activation of
. . D - protein kinase C by p opioid. Neuron 7: —
sia in rats can be induced by coadministratiotrafis  ~po, L, Huang LYM (1992) Protein-kinase-C reducesMuock

ACPD (metabotropic glutamate receptor agonist) and of NMDA-receptor channels as a mechanism of modulation.
AMPA (non-NMDA glutamate receptor: Meller et al. Nature 356: 521-523
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