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We describe that an ongoing inflammatory response at one 
site (produced by complete Freund’s adjuvant injection in 
the hindpaw) produces a negative feedback inhibition on 
plasma extravasation, produced by perfusion of the inflam- 
matory mediator, bradykinin (160 rim), at a second site (the 
knee joint). This negative feedback process is abolished in 
rats that have been neonatally treated with capsaicin to de- 
plete most of their unmyelinated primary afferent fibers, 
which suggests that this negative feedback process is me- 
diated by activation of primary afferent fibers. Electrical 
stimulation of the hindpaw at intensities that excite C-fibers 
also inhibited bradykinin-induced plasma extravasation. 
Stimulation at intensities that only excite A-fibers had no 
effect on bradykinin-induced plasma extravasation. Platelet 
activating factor-induced plasma extravasation, which is 
not dependent on the innervation of the joint, was not in- 
hibited by stimulation of C-fibers from the hindpaw. 

Acute surgical interruption of the lumbar sympathetic 
outflow to the hind limb (the paravertebral ganglia between 
L, and L4) did not attenuate the depression of bradykinin- 
induced plasma extravasation produced by C-fiber stimu- 
lation. This indicates that the depression is not mediated 
by activity in the sympathetic outflow. Transection of the 
spinal cord, hypophysectomy, inhibition of corticosterone 
synthesis, and adrenalectomy (but not adrenal medullec- 
tomy) all prevented the inhibition of BK-induced plasma ex- 
travasation by electrical simulation, indicating that the neg- 
ative feedback inhibition on plasma extravasation is de- 
pendent on an intact neuraxis and an intact hypothalamic- 
pituitary-adrenocortical axis. 

In summary, our data demonstrate a negative feedback 
inhibition of an inflammatory process, which is elicited by 
stimulation of C-fiber afferents. It is mediated by ascending 
pathways in the spinal cord, and probably the hypothalam- 
ic-pituitary-adrenocortical axis. 
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The inflammatory response is a physiological process that pro- 
tects the organism against infection and repairs tissue after trau- 
matic injury. The mechanisms which initiate the inflammatory 
response are well documented, and involve both humoral (Wil- 
liams et al., 1988) and cellular (Keshav et al., 1990; Roos and 
Dolman, 1990; Haskill et al., 1992) components of the immune 
system, neuroendocrine mechanisms (Garcia-Leme et al., 1992; 
Sternberg et al., 1992), as well as sensory (Kowalski and Kali- 
ner, 1988; Mantyh et al., 1989; Barnes, 1991) and autonomic 
components (Levine et al., 1987; Khalil and Helme, 1989; Kidd 
et al., 1992) of the peripheral nervous system (PNS). While in- 
flammation is normally a tissue protective and/or reparative pro- 
cess, and beneficial to the organism (Basbaum and Levine, 
1991), the inflammatory process itself, especially if prolonged, 
can lead to tissue injury, as in the presence of chronic inflam- 
matory disease, such as rheumatoid arthritis. Thus, one would 
expect that there exists a mechanism(s) for the appropriate ter- 
mination of the inflammatory response, and that deficiencies in 
such mechanisms might contribute to production of inflamma- 
tory disease (Calogero et al., 1992; Zelazowski et al., 1992). 

While removal or cessation of the stimulus that has initiated 
an inflammatory response may be sufficient to terminate inflam- 
mation, there is also evidence that there are physiological mech- 
anisms which produce negative feedback control of the inflam- 
matory response. For example, the inflammatory response re- 
sults, in part, from the opening of interendothelial gaps, which 
quickly close again, even though the permeability-inducing 
agents continue to be present (Casley-Smith and Window, 1976). 
Another mechanism that may act to inhibit or terminate the in- 
flammatory response is activation of the hypothalamic-pitui- 
tary-adrenocortical (HPA) axis. Of interest, inflammation is 
known to cause local release of a number of substances, such 
as cytokines, that can act in the central nervous system to acti- 
vate the HPA axis (Payne and Krueger, 1992; Dunn, 1993). Ac- 
tivation of the HPA axis, in turn leads to the release of sub- 
stances, such as corticosterone, which act to suppress the inflam- 
matory response (Sternberg et al., 1989; Sweep et al., 1991; 
Calogero et al., 1992). Additional evidence for a contribution of 
the HPA axis to the negative feedback control of inflammation 
comes from studies involving pharmacological, anatomical, and 
genetic lesions of the HPA axis. For example, there is an in- 
creased susceptibility to arthritis in Lewis rats that have a ge- 
netically determined corticotropin-releasing factor (CRF) defi- 
ciency and hyporesponsiveness to administered CRF (Sternberg 
et al., 1989), in adrenalectomized (Harbuz et al., 1993) or hy- 
pophysectomized (Neidhart and Fluckiger, 1992) rats, and in 
chickens with impaired HPA-axis function (Brezinschek et al., 
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1990). A decreased susceptibility to inflammatory disease is, in 
fact, seen in CRF-hyperresponsive Fischer rats (Sternberg et al., 
1990; Calogero et al., 1992; Zelazowski et al., 1992). In humans 
with rheumatoid arthritis, there is an altered HPA axis circadian 
rhythm and an abnormality of the HPA axis response to inflam- 
matory stimuli (Neeck et al., 1990; Chikanza et al., 1992); how- 
ever, it is unclear whether this is the consequence of rheumatoid 
arthritis or a causative factor in the generation of rheumatoid 
arthritis. 

In this report, we describe the results of experiments which 
show that ongoing inflammation at one site, the hindpaw, pro- 
duces a negative feedback inhibition of bradykinin (BK)-in- 
duced plasma extravasation (a component of inflammation) at 
another site, the knee joint. Our data demonstrate that this neg- 
ative feedback inhibition is mediated by afferent C-fibers and is 
dependent on spinal ascending pathways as well as an intact 
HPA axis. 

Materials and Methods 
Animals 
The experiments were performed on 300-400 gm male Sprague-Daw- 
ley rats (purchased from Bantin and Kingman, Fremont CA, except for 
hypophysectomized rats and their normal controls, which were pur- 
chased from Charles River. Hollister. CA). The rats were housed in a 
temperature and humidity controlled environment, and were maintained 
on a 12 hr light/dark cycle (lights on at 06:OO). Food and water were 
available ad libitum. Care and handling of animals was performed in 
accordance with The American Physiological Society guidelines. 

Plasma extravasation 

Rats were anesthetized with sodium pentobarbital (Anthony Products 
Co., Arcadia, CA; 65 mg/kg). Skin overlying the knee was excised to 
expose the joint capsule, and rats were then given an intravenous in- 
jection of Evans blue dye (50 mg/kg, in a volume of 2.5 mlikg). A 30 
gauge hypodermic needle was then inserted for the inflow of perfusion 
fluid (250 pl/min; controlled by a Syringe pump, Sage Instruments 
Model 341B), and after perfusion of 100-200 p.1 of fluid, a second 
needle (25 gauge) was inserted into the joint cavity for outflow of the 
perfusion fluid-(250 pl/min; Syringe pump, Sage- Instruments Model 
351). Samples of perfusion fluid were collected every 5 min for a period 
of 70 min, and samples were analyzed for Evans blue dye concentration 
by spectrophotometric measurement of absorbance at 620 nm, which is 
linearly related to dye concentration (Carr and Wilhelm, 1964). Follow- 
ing establishment of baseline levels of plasma extravasation in the first 
three samples, BK (160 nM) was added to the perfusing fluid and re- 
mained present in the fluid for the duration of the experiment. 

Freund’s adjuvant-induced monoarthritis 

Inflammation at the primary site was induced by injecting rats with 150 
p.1 of complete Freund’s adjuvant subcutaneously into the plantar sur- 
face of the hindpaw. This produces an inflammatory response beginning 
4-6 hr postinjection and lasting for several days. Fifteen hours after 
injection of Freund’s adjuvant, BK-induced plasma extravasation was 
evaluated in the rat’s knee joint. 

Electrical stimulation of the hindpaw 
Two stainless steel electrodes were placed transversely in the plantar 
area of the hindpaw contralateral to the perfused knee joint (approxi- 
mately 10 mm apart). To determine stimulus intensities necessary to 
excite only large-diameter afferents, and intensities that also excite C-fi- 
bers, electrophysiological recordings were performed from bundles iso- 
lated from the sciatic nerve of pentobarbital anesthetized rats, as pre- 
viously described (Ahlgren et al., 1992). Rats were anesthetized with 
pentobarbital sodium (50 mg/kg, i.p.), a tracheostomy performed and 
the trachea cannulated with PE-240 tubing. The rat was positioned ven- 
tral side down, and the skin over the posterior aspect of its thigh was 
incised and retracted to form a pool that was filled with warm (37°C) 
mineral oil. The sciatic nerve was then exposed and dissected free of 
connective tissue in the mid-thigh. The nerve was crushed proximal to 
the recording site, the perineurium of the nerve was opened, and fine 

filaments dissected from the nerve, using sharpened jeweler’s forceps. 
The filaments were placed on a silver-wire electrode for recording, and 
the reference electrode was attached to nearby tissue. Stimulating elec- 
trodes were placed transversely across the paw (see above) approxi- 
mately 6 cm distal to the recording electrode. The stimulus intensities 
applied to the paw, which were found to reliably excite either A-fibers 
or A- and C-fibers, were 2.5 and 25 mA. The inset in Figure 1 dem- 
onstrates that a 2.5 mA stimulus intensity is below the threshold for 
exciting C-fibers, but above the threshold for exciting A-fibers, and that 
the 25 mA stimulus intensity also activate C-fibers. 

Some rats received non-noxious (A-fiber strength) or noxious (C-fiber 
strength) electrical stimulation to the hindpaw during the assessment of 
BK-induced plasma extravasation: 25 min after the initiation of BK 
perfusion in the knee joint, rats received non-noxious (2.5 mA, 0.25 
msec duration pulses, 3 Hz) or noxious electrical stimulation (25 mA, 
0.25 msec duration pulses, 3 Hz) via the two stimulating electrodes, 
which continued for the duration of the experiment, except in one group 
where the stimulation was stopped to determine the time course for 
recovery from inhibition. In one group of rats, transcutaneous electrical 
stimulation was applied to one forepaw. 

Surgical and pharmacological manipulations 

Acute surgical interruption of the lumbar sympathetic chain. The sym- 
pathetic chain was isolated bilaterally and loosely tied with two 2-O silk 
threads, one at the level of L,~? and the other at L?.?. The incision 
wounds were closed and sutured, and the animal prepared for knee joint 
perfusion. Acute sympathectomy was performed during knee joint per- 
fusion by applying tension to the silk threads to interrupt the sympa- 
thetic chain. Perfusion of BK through the knee joint and electrical stim- 
ulation continued uninterrupted following acute surgical interruption of 
the lumbar sympathetic chain. 

Neonatal capsaicin. Destruction of small-diameter unmyelinated pri- 
mary afferent fibers was achieved by administration of capsaicin (100 
mg/kg) on postnatal day 1. This method produces approximately an 
85% depletion of unmyelinated primary afferent fibers (Nagy et al., 
1983). Rats were subsequently used in plasma extravasation studies, 
when they weighed 300-350 gm (approximately 2 months postnatal). 

Adrenalectomy. To remove both adrenal glands, rats were anesthe- 
tized with pentobarbital. An incision in the abdominal wall was made 
to expose the adrenal glands, which were then excised. Following sur- 
gery, rats received drinking water (ad libitum) containing 0.5% sodium 
chloride containing and 50 bg/ml corticosterone. Adrenalectomy was 
performed 1 week before plasma extravasation experiments. 

Adrenal enucleation. To enucleate the adrenal gland (i.e., removing 
the adrenal medulla), under ether anesthesia, the adrenal gland was lo- 
cated through an incision in the lateral abdominal wall. Then the adrenal 
gland was exposed and the encapsulated adrenal medulla enucleated 
(Wilkinson et al., 1981). Rats then received drinking water (ad libitum) 
containing 0.5% sodium chloride for the first week after surgery. Ad- 
renal enucleation was performed 5 weeks prior to the plasma extrava- 
sation experiments. A long postsurgical period was employed to allow 
HPA axis function to recover; however, in these rats, stress-induced 
changes in plasma corticosterone levels are still somewhat lower than 
in normal rats (Wilkinson et al., 1981). 

Spinal transection. Spinal transection was performed on pentobarbital 
anesthetized rats. The spinal cord was exposed following incision along 
the dorsal midline and removal of the dorsal processes of the Tz ver- 
tebra. The dura mater was opened and the spinal cord was transected 
using a blunt spatula. Surgery was performed one day before the plasma 
extravasation experiments. 

Hypophysectomy. Hypophysectomized rats were purchased commer- 
cially from Charles River. Animals received 5% glucose in their drink- 
ing water for the first week after surgery, and were used in plasma 
extravasation experiments 2 weeks after surgery. 

Metyrapone administration. Metyrapone (100 mg/kg), a corticoste- 
roid synthesis inhibitor, was administered intraperitoneally (i.p.) 30 min 
before and 60 min after onset of BK perfusion. 

Materials 

Evans blue dye, bradykinin triacetate (BK), corticosterone (1 1 B,2 l-di- 
hydroxy-4-pregnene-3,20-dione), platelet activating factor (PAF) (L-C- 
phosphatidylcholine, B-acetyl-r-o-alkyl), and dimethyl sulfoxide were 
obtained from Sigma Chemical Company, St. Louis, MO. Metyrapone 
was obtained from CIBA Geigy (Summit, NJ), and heat killed M.yco- 
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Figure I. Effect of adjuvant pretreatment on BK-induced plasma ex- 
travasation in the rat knee joint. In all groups of rats, baseline plasma 
extravasation was established in the first three samples. In one group, 
BK (160 nM; 0, n = 8) was then added to the perfusion fluid (0.9% 
sodium chloride), and for the remainder of the experiment, was the only 
substance in the perfusion fluid. In a second group (A, n = 6), rats had 
received 150 p,I of complete Freund’s adjuvant injected subcutaneously 
in the paw 15 hr before the start of the plasma extravasation experiment; 
as with the first group, BK was added after the first three baseline 
samples. Finally, a third group of rats that also received 150 )*I of 
adjuvant in one hindpaw 15 hr before the start of the plasma extrava- 
sation experiment, also were treated neonatally with capsaicin to destroy 
primary afferent C-fibers (0, n = 6). In this and subsequent figures, 
data is presented as mean * SEM of n values, and ordinate is absor- 
bance of light at 620 nm, which is linearly proportional to the concen- 
tration of Evans blue dye (Carr and Wilhelm, 1964). Once a drug is 
added to the perfusate, it continues to be present for the duration of the 
experiment. 

bacterium butyricum (for Freund’s adjuvant) was obtained from Difco, 
Detroit, MI. Corticosterone was dissolved in ethanol and diluted in sa- 
line to give a final concentration of 5% ethanol. Metyrapone was dis- 
solved in dimethyl sulfoxide. All other drugs were dissolved in 0.9% 
saline. 

Data were analyzed using repeated measures analysis of variance. 
Fisher’s least squares difference test (Fisher, 1949) was used for post 
hoc comparisons. 

Results 
Peripheral afferent pathways 
Continuous perfusion of BK through the knee joint of the rat 
produces a sustained increase in plasma extravasation (Fig. 1, 
0; n = 8), which is first detected by 10 min after the onset of 
infusion of BK, reaches a plateau effect by 2.5 min and is sus- 
tained for at least 160 min (Green et al., 1993). To test if in- 
flammation at a primary site (hindpaw) could inhibit inflam- 
mation at a secondary site (knee joint), complete Freund’s ad- 
juvant (150 ~1, 10 mg/ml) was injected into the hindpaw 15 hr 
before BK perfusion of the knee joint. The experiments show 
that BK-induced plasma extravasation was markedly attenuated 
by prior injection of adjuvant in the paw (Fig. 1, a vs 0; P < 
0.01). To test if this inhibition was elicited, at least in part, by 
continuous activation of C-fiber afferents from the inflamed site, 
adjuvant was injected 15 hr prior to the onset of BK perfusion 
in rats that were treated neonatally with capsaicin. In these rats, 
BK-induced plasma extravasation was not attenuated by the ad- 
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Figure 2. Effect of electrical stimulation on BK-induced plasma ex- 
travasation in the rat knee joint. Following establishment of baseline 
plasma extravasation in the first three samples, BK (160 nM; 0, IZ = 
8) was added to the perfusion fluid, and for the remainder of the ex- 
periment, was the only substance in the perfusion fluid. In a second 
group of rats (A, n = 6), C-fibers were stimulated electrically (25 mA, 
3 Hz), via electrodes in one hindpaw, starting 40 min after the onset of 
the perfusion of BK, while a third group (0, n = 6) had the same 
treatment as the second group, but received a lower intensity electrical 
stimulation, which did not activate C-fibers (2.5 mA, 3 Hz). Inset, Elec- 
trical activity recorded from fascicles dissected from the sciatic nerve 
of the rat during electrical stimulation of the hindpaw. The action po- 
tentials recorded in response to electrical stimulation (0.25 msec dura- 
tion pulses) of the hindpaw of a rat is shown; the top truce was produced 
by a 2.5 mA stimulus pulse, while the bottom truce was produced by 
a 2.5 mA stimulus pulse. C-fiber action potentials are present only when 
the stimulation intensity was 25 mA, while A-fiber action potentials are 
present in both traces. The top tmce also includes an expanded time- 
base record to show A-fiber activation. 

juvant-induced inflammation in the hindpaw (Fig. 1; a vs 7, P 
< 0.05; v vs l , P > 0.05). 

We next tested whether activation of C-fibers from the site of 
primary inflammation could be responsible for the BK-induced 
plasma extravasation. We stimulated the paw electrically at stim- 
ulus intensities below and above C-fiber thresholds (2.5 and 25 
mA, respectively, both at 3 Hz; Fig. 2, inset). We found that 
BK-induced plasma extravasation was inhibited by electrical 
stimulation (starting 25 min after addition of BK to the perfusing 
solution) when stimulation parameters were above C-fiber 
threshold, but not inhibited when the low intensity stimulus was 
employed (Fig. 2; n vs 0, P < 0.05; 0 vs 0, P > 0.05). The 
depression of the BK-induced plasma extravasation was maxi- 
mal approximately 25 min after the start of electrical stimulation; 
after termination of the electrical stimulation, BK-induced plas- 
ma extravasation recovered towards prestimulation levels after 
approximately 50 min (Fig. 3). 

We also assessed the effect of activation of C-fibers on plasma 
extravasation induced by PAF; unlike BK, PAF-induced plasma 
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Figure 3. Time course for onset and recovery of electrical stimulation- 
induced inhibition of BK-induced plasma extravasation. Following es- 
tablishment of baseline plasma extravasation in the first three samples, 
BK (160 nM; 0, n = 8) was added to the perfusion fluid, and for the 
remainder of the experiment, was the only substance in the perfusion 
fluid. In a second group (a, n = 6), C-fibers were stimulated electrically 
(25 mA, 3 Hz), via electrodes in one hindpaw, starting 40 min after the 
onset of the perfusion of BK, and continuing for 40 mitt; after this time, 
electrical stimulation was stopped while BK perfusion continued for an 
additional 80 min. 

extravasation is not dependent on the presence of sympathetic 
terminals (Green et al., 1993). The perfusion of PAF into the rat 
knee joint also increases plasma extravasation (Fig. 3). Unlike 
BK, PAF-induced plasma extravasation was not significantly in- 
hibited by electrical stimulation (Fig. 4, a vs 0; P < 0.05). 

There is evidence that activation of small-diameter primary 
afferents causes activation of sympathetic efferents (Janig et al., 
1972; Sato and Schmidt, 1973) and that stimulation of sympa- 
thetic outflow inhibits plasma extravasation in the rat knee joint 
(Miao et al., unpublished observations). Therefore, we wanted 
to determine whether the observed inhibition of plasma extrav- 
asation by electrical stimulation of the hindpaw (Fig. 2) was due 
to activation of a reflex activation of the sympathetic supply of 
the knee joint. Therefore, we tested whether transcutaneous elec- 
trical activation of C-fibers also inhibited BK-induced plasma 
extravasation in the acutely sympathectomized rat, in which the 
postganglionic axons with their varicosities in the peripheral tar- 
get are still intact. We found that inhibition of BK-induced plas- 
ma extravasation by electrical stimulation was not reversed after 
acute sympathectomy (Fig. 5, 0 vs A; P > 0.05), suggesting 
that reflex activation of sympathetic neurons is not responsible 
for this depression of plasma extravasation. 

Central pathways 

To test if ascending spinal pathways participate in the inhibition 
of BK-induced plasma extravasation induced by electrical stim- 
ulation, we transected the spinal cord at the level of T, 1 d prior 
to performing the perfusion experiment. Transection of the spi- 
nal cord prevented the inhibition of BK-induced plasma extrav- 
asation (Fig. 6, V vs 0; P > 0.05), suggesting that supraspinal 
mechanisms are involved in the inhibition of BK-induced plas- 
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Figure 4. Effect of electrical stimulation on PAF-induced plasma ex- 
travasation in the rat knee joint. Following establishment of baseline 
plasma extravasation in the first three samples, PAF (100 nM; 0, 12 = 
7) was added to the perfusion fluid, and was the only substance in the 
perfusion fluid. In a second group (A, n = 6), C-fibers were stimulated 
electrically (25 mA, 3 Hz) via electrodes in one hindpaw, starting 40 
min after the start of the perfusion. 
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Figure 5. Effect of acute sympathectomy on electrical stimulation- 
induced inhibition of BK-induced plasma extravasation in the rat knee 
joint. Following establishment of baseline plasma extravasation in the 
first three samples, BK (160 IIM; 0, IZ = 8) was added to the perfusion 
fluid, and for the remainder of the experiment, was the only substance 
in the perfusion fluid in the control group of rats. In the second group 
of rats, BK (160 nM) was added after the third sample, and after the 
eighth sample, C-fibers were stimulated electrically (25 mA, 3 Hz), via 
electrodes in one hindpaw. The third group of rats (V, n = 6) had 
undergone surgery to loosely attach 2-O silk threads to the lumbar sym- 
pathetic chain (at L,, and L,~,); in this group, BK (160 nM) was added 
after the third sample, and after the eighth sample tension was applied 
to the threads to excise the sympathetic chain, thus producing an acute 
sympathectomy; after the twelfth sample, C-fibers were stimulated elec- 
trically (25 mA, 3 Hz), via electrodes in one hindpaw. 
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Figltre 6. Effect of spinal transection on electrical stimulation-induced 
inhibition of BK-induced plasma extravasation in the rat knee joint. 
Following establishment of baseline plasma extravasation in the first 
three samples, BK (160 no; 0, II = 8) was added to the perfusion fluid, 
and for the remainder of the experiment, was the only substance in the 
perfusion fluid in the control group of rats. In a second group of rats 
(A, n = 6), BK (160 nM) was added after the third sample, and after 
the eighth sample, C-fibers were stimulated electrically (25 mA, 3 Hz), 
via electrodes in one hindpaw. A third group of rats (V, II = 5) had 
the same treatment as the second group, except that rats in this group 
had undergone surgery to transect the spinal cord at the thoracic level 
Tz 1 d before the start of the plasma extravasation experiment. 

ma extravasation by activation of C-fiber afferents, the major 
candidate being the HPA axis. We also studied the effect of 
electrical stimulation to the forepaw in normal and spinally tran- 
sected rats. In both these groups electrical stimulation produced 
an attenuation of BK-induced plasma extravasation (Fig. 7; 0 
vs l , P < 0.05; v  vs 0, P < 0.05). 

To evaluate the contribution of the HPA axis, we first studied 
the effect of selectively ablating specific components of this axis. 
In adrenalectomized rats, electrical stimulation did not inhibit 
BK-induced plasma extravasation (Fig. 8, v  vs 0; P > 0.05). 
Metyrapone, an inhibitor of glucocorticoid synthesis, also pre- 
vented the inhibition induced by electrical stimulation (Fig. 9, 
0 vs 0; P > 0.05). In hypophysectomized rat?, noxious elec- 
trical stimulation did not inhibit BK-induced plasma extravasa- 
tion (Fig. 10, V vs 0; P > 0.05). Since hypophysectomized rats 
were obtained from a supplier (Charles River) different to the 
other rats used in this study, we tested whether BK-induced plas- 
ma extravasation was the same in control Sprague-Dawley rats 
from Charles River and Bantin and Kingman. BK-induced plas- 
ma extravasation was the same in both Charles River and Bantin 
and Kingman Sprague-Dawley rats (data not shown). 

In adrenal enucleated rats, inhibition of BK-induced plasma 
extravasation by noxious electrical stimulation was not statisti- 
cally different from the inhibition seen in control rats (a vs v, 
P > 0.05), although at some time points the inhibition is some- 
what attenuated (Fig. 1 1). This might have been due to a slightly 
reduced function of the HPA axis in adrenal enucleated rats, as 
indicated by the slightly lower levels in plasma corticosterone 
at certain times of the day (Wilkinson et al., 1981). Based on 
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Figure 7. Effect of spinal transection on forepaw electrical stimula- 
tion-induced inhibition of BK-induced plasma extravasation in the rat 
knee joint. Following establishment of baseline plasma extravasation in 
the first three samples, BK (160 nM; 0, II = 8) was added to the 
perfusion fluid, and was the only substance in the perfusion fluid in the 
control group of rats. In a second group of rats (A, n = 5), BK (160 
nM) was added after the third sample, and after the eighth sample, 
C-fibers were-stimulated electrically (25 mA, 3 Hz), via electrodes in 
one hindpaw. A third group of rats ( 0, II = 5) had the same treatment 
as the second group, except that rats in this group had undergone sur- 
gery to transect the spinal cord at the thoracic level T, 1 d before the 
start of the plasma extravasation experiment. 
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Figure 8. Effect of adrenalectomy on inhibition of BK-induced plas- 
ma extravasation in the rat knee joint produced by electrical stimulation 
of the hindpaw. Following establishment of baseline level of plasma 
extravasation, in the first three samples, BK (160 nM; 0, n = 8) was 
added to the perfusion fluid, and was the only substance in the perfusion 
fluid in the control group of rats. In a second group of rats, BK (160 
nM) was added after the third sample, and after the eighth sample, 
C-fibers were stimulated electrically (25 mA, 3 Hz), via electrodes in 
one hindpaw (A, n = 7). A third group of rats (0, n = 7) had the same 
treatment as the second group, but rats in this group had undergone 
surgical adrenalectomy 1 week before the plasma extravasation exper- 
iment. 
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Figure 9. Effect of metyrapone (a corticosterone synthesis inhibitor) Figure II. Effect of adrenal enucleation on inhibition of BK-induced 
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travasation in the first three samples, BK (160 nM; 0, IZ = 8) was added 
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to the perfusion fluid, and for the remainder of the experiment, was the 

fluid. In a second group of rats (a, n = 7), starting after the eighth 
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(160 nM) was added after the third sample, and after the eighth sample, 

trodes in one hindpaw. In a third group of rats, which also received 
C-fibers were stimulated electrically (25 mA, 3 Hz), via electrodes in 

electrical stimulation after the eighth sample, metyrapone (100 mg/kg) 
one hindpaw. The third group of rats (V, II = 8) had the same treatment 

was administered intraperitoneally twice. 30 min before and again 30 
as the second group, but rats in this group had undergone surgery to 
remove their adrenal medulla (adrenal enucleation), at least 3 weeks 

min after addition of BK (0, II = 10). before the start of the plasma extravasation experiment. 
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Figure 10. Effect of hypophysectomy on inhibition of BK-induced 
plasma extravasation in the rat knee joint produced by electrical stim- 
ulation of the hindpaw. Following establishment of baseline plasma ex- 
travasation in the first three samples, BK (160 nM; 0, n = 8) was added 
to the perfusion fluid, and for the remainder of the experiment, was the 
only substance in the perfusion fluid. In a second group of rats, BK 
(160 nM) was added after the third sample, and after the eighth sample, 
C-fibers were stimulated electrically (25 mA, 3 Hz), via electrodes in 
one hindpaw (A, n = 6). A third group of rats (0, n = 6) had the same 
treatment as the second group, but rats in this group had undergone 
surgical hypophysectomy. 
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the data described in Figures l-l 1, we propose a schematic 
model of the circuit mediating feedback inhibition (Fig. 12). 

Discussion 
In this study we demonstrated that ongoing inflammation at one 
site in the body is able to inhibit a component of the inflam- 
matory response (BK-induced plasma extravasation) at a second 
site. We also examined the mechanism of this negative control 
of the inflammatory response, and provide evidence that this 
phenomenon is mediated by a pathway involving C-fiber affer- 
ents from the primary site of the inflammation, ascending tracts 
in the spinal cord and the HPA axis. 

Freund’s adjuvant-induced inflammation in the rat hindpaw 
attenuated BK-induced plasma extravasation in the knee joint; 
this attenuation was prevented in rats depleted of C-fibers by 
neonatal treatment with capsaicin. Similarly, acute electrical 
stimulation of the rat hindpaw at stimulus intensities which ac- 
tivate C-fibers (but not at lower stimulus intensities) also atten- 
uated BK-induced plasma extravasation, and again this attenu- 
ation was prevented in C-fiber depleted rats (data not shown). 
These data implicate a role for C-fiber primary afferents in feed- 
back inhibition of inflammation. The inhibitory effect produced 
by C-fiber activation appears to be mediated, in turn, by as- 
cending pathways in the spinal cord, since we also showed that 
spinal transection prevented the attenuation of BK-induced plas- 
ma extravasation by electrical stimulation. In contrast, spinal 
transection (at T,) did not affect the inhibition of BK-induced 
plasma extravasation following transcutaneous stimulation of the 
rat forepaw (afferent input above C,), strongly suggesting an 
ascending pathway to supraspinal sites. We also show that feed- 
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Figure 12. Schematic diagram illustrating hypothesized pathway by 
which an ongoing inflammatory response at one site produces a nega- 
tive feedback inhibition on bradykinin-induced plasma extravasation at 
a second site. Activation of C-fiber afferents occurs in inflamed tissue 
at the primary site (induced in our experiments by injecting Freund’s 
adjuvant into the paw) and also during electrical stimulation of the 
hindpaw at intensities that excite C-fibers. Data shown in Figures l-l 1 
have provided evidence for likely components of the negative feedback 
pathway, and in this figure we have noted how each experiment and 
each preceding figure addresses the involvement of a particular com- 
ponent of the negative feedback circuit. The results of these experiments 
suggest that inhibition of plasma extravasation is mediated via a path- 
way which involves C-fiber activation of fibers in ascending tracts in 
the spinal cord which then stimulate the hypothalamus/pituitary, to re- 
lease a mediator(s) (e.g., ACTH) which in turn stimulates the adrenal 
cortex to release glucocorticoids which act at the secondary site (knee 
joint). 

back inhibition is not mediated via activation of sympathetic 
efferents, since acute sympathectomy, which does not affect the 
postganglionic axons and their varicose terminals in the joint 
capsule (at least for the duration of the experiment), did not 
affect the attenuation of BK-induced plasma extravasation by 
electrical stimulation. The time course to maximal suppression 
of BK-induced plasma extravasation (approximately 25 min) and 
its recovery following termination (approximately 50 min), sug- 
gests an involvement of humoral factors (rather than exclusively 
neuronal). Indeed, a subsequent step in this negative feedback 
pathway involves activation of the HPA axis, since the attenu- 
ation of BK-induced plasma extravasation by electrical stimu- 
lation is reduced or prevented in hypophysectomized and in ad- 
renalectomized rats, and in rats in which corticosterone synthesis 
was depressed. Two experiments argue against the adrenal me- 
dulla being involved in C-fiber activity-induced reduction of 
BK-induced plasma extravasation. Firstly, adrenal enucleation 
(removal of the adrenal medulla) did not significantly affect the 
inhibition of BK-induced plasma extravasation over the time 
measured. However, it should be pointed out that at some time 
points, electrical stimulation-induced inhibition of BK-induced 
plasma extravasation may be attenuated in the adrenal enucle- 

ated animals; this may be related to the observation that adrenal 
enucleation impairs adrenal cortical function, slightly decreasing 
resting evening and stress-induced plasma corticosterone levels 
(Wilkinson et al., 1981). Secondly, C-fiber stimulation of the 
forelimb in rats which were spinalized at the thoracic level T, 
also led to a reduction of BK-induced plasma extravasation. The 
afferent input from the forelimb reaches the spinal cord rostra1 
to the transection site and can therefore not influence the adrenal 
medulla via the sympathetic outflow distal to the transection site. 

Our results suggest that the anti-inflammatory mediator of the 
HPA axis, corticosterone, may be a candidate mediator of the 
negative feedback inhibitory system that inhibits BK-induced 
plasma extravasation in the joint, since administration of the 
glucocorticoid synthesis inhibitor, metyrapone, prevented the at- 
tenuation of BK-induced plasma extravasation by electrical stim- 
ulation. However, our data do not exclude the possibility that 
other mediators of the HPA axis are also involved. 

The data provided in this study suggests a circuit whereby 
inflammatory processes activate C-fiber afferents which, via spi- 
nal cord pathways, activates the HPA axis, leading to the sub- 
sequent release of glucocorticoids. The evidence that a neuronal 
component participates in the control of inflammation differs 
from previous models which have primarily focused on the role 
of mediators (such as CRF) released at the site of inflammation 
and/or in the CNS (Garcia-Leme and Schapoval, 1975; Moraes 
and Garcia-Leme, 1982; Wei and Kiang, 1989; Wei et al., 1990; 
Gao et al., 1991; Wei and Gao, 1991). For example, if a carra- 
geenan inflamed paw is perfused with saline, the perfusate has 
potent anti-inflammatory activity when injected intravenously 
into a donor rat; it has been shown that this effect is also de- 
pendent on the HPA axis, since hypophysectomy or adrenalec- 
tomy prevents the formation of the anti-inflammatory sub- 
stance(s) (Garcia-Leme and Schapoval, 1975). Furthermore, 
while CRF’s ability to attenuate the infiammatory response has 
been attributed to actions of humoral mediators (Smith et al., 
1986; Zelazowski et al., 1992), there are other reports which 
suggest that there is a neuronal component of feedback inhibi- 
tion. Thus, plasma corticosterode levels are increased in re- 
sponse to nociceptive input (i.e., activation of C-fibers) (Sten- 
berg et al., 1990). Additional evidence for a neuroendocrine neg- 
ative feedback inhibition of the inflammatory prdcess, mediated 
via primary C-fiber afferents, comes from one study, in which 
injection of formalin (which both activates C-fibers and produc- 
es inflammation) in the rat paw activates a supraspinal neuron- 
ally mediated feedback inhibitory system that is dependent on 
descending neuronal pathways and/or a humoral component 
(Wheeler-Aceto and Cowan, 1991), and another study, in which 
intraperitoneally administered formalin produces an increase in 
plasma ACTH in normal, but not in neonatally capsaicin treated, 
rats (Amann and Lembeck, 1987). 

The data presented here demonstrates that unlike BK, PAF- 
induced plasma extravasation is not attenuated by electrical stim- 
ulation. Since we have previously shown that BK-induced plas- 
ma extravasation is dependent on the sympathetic postganglionic 
neuron (Coderre et al., 1989) while PAF-induced plasma extrav- 
asation is not neuronal-dependent (Green et al., 1993) and likely 
to induce plasma extravasation by direct action on the postcap- 
illary venules (Braquet et al., 1987), the observation that BK- 
and PAF-induced plasma extravasation are differentially affected 
by electrical stimulation implicates the sympathetic postgangli- 
onic neuron terminal as a target for feedback inhibition. The 
data we have presented implicate the HPA axis in negative feed- 
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back inhibition, and in particular the role of corticosterone, with 
the sympathetic postganglionic neuron terminal as its target, to 
inhibit BK-induced plasma extravasation. A possible mechanism 
of action may be via inhibition of prostaglandin synthesis, since 
we have shown that BK-induced plasma extravasation is depen- 
dent on the production of prostaglandins (Coderre et al., 1989), 
and glucocorticoids attenuate prostaglandin synthesis by inhib- 
iting the activity of both phospholipase A2 and cycle-oxygenase 
isomerase (Goppelt-Struebe et al., 1989). Additional studies are 
required to determine whether HPA mediators of feedback in- 
hibition act on the sympathetic post-ganglionic neuron terminal, 
and what mediators are the ultimate components of the feedback 
inhibition circuit. We are currently investigating the effect of 
infusion of corticosterone directly into the knee joint on the mag- 
nitude of BK-induced plasma extravasation. 

In conclusion, we have demonstrated that inflammation atten- 
uates the ability to produce a component of inflammation (plas- 
ma extravasation) at a second site. This observation appears to 
reflect a normal physiological response whereby ongoing inflam- 
mation is modulated (negative feedback). Furthermore, we have 
demonstrated that this negative feedback system includes a neu- 
ronal and endocrine component, specifically C-fiber primary af- 
ferents, spinal pathways, and the HPA axis. 
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