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FIGURES

1. Effect of arachidonic acid and linoleic acid on mechanical nociceptive threshold in the

hindpaw of the rat.

2. Effect of 6-hydroxydopamine on sympathetic postganglionic neurons in superior

cervical ganglia.

3. Effect of noradrenaline on prostaglandin production by superior cervical ganglion

homogenates.

4. Effect of 6-hydroxydopamine and preganglionic denervation on noradrenaline-induced

prostaglandin production by superior cervical ganglion homogenates.

5. Effect of mepacrine and indomethacin on noradrenaline-induced prostaglandin

production by superior cervical ganglion homogenates.

6. Effect of yohimbine and prazosin on noradrenaline-induced prostaglandin E2 production

by superior cervical ganglion homogenates.

TABLES

1. Effect of 6-hydroxydopamine on prostaglandin production by superior cervical ganglion

homogenates.

iv



ABSTRACT

Prostaglandin E2 and prostacyclin (prostaglandin I2) modulate adrenergic

neurotransmission, and contribute to a sympathetically-dependent hyperalgesia and plasma

extravasation. The source of the prostaglandins mediating these actions is, however, not

known. We have evaluated whether sympathetic postganglionic neurons synthesize these

prostaglandins, whether production of prostaglandins by these neurons can contribute to

sensitization of primary afferent nociceptors, and how this production is regulated.

To examine the contribution of sympathetic postganglionic nerve terminals in

prostaglandin mediated hyperalgesia, we studied the effect of arachidonic acid (the

precursor to prostaglandins) on the nociceptive threshold in the rat. Intradermal injection of

arachidonic acid but not linoleic acid, in the rat hindpaw, decreased the mechanical

nociceptive threshold. This hyperalgesic effect was prevented by indomethacin, an inhibitor

of prostaglandin synthesis, or by prior surgical removal of the lumbar sympathetic chain.

These findings suggest that sympathetic postganglionic nerve terminals can metabolize

arachidonic acid to hyperalgesic prostaglandins.

To test the hypothesis that sympathetic postganglionic nerve terminals are a source of

prostaglandins, we measured production of prostaglandin E2 and 6-keto-prostaglandin Flo.

(the stable metabolite of prostacyclin) by homogenates of adult rat superior cervical ganglia.

These homogenates produced significant amounts of prostaglandin E2 and 6-keto

prostaglandin Flo. Prostaglandin production was markedly attenuated by neonatal

administration of 6-hydroxydopamine, which selectively destroys sympathetic

postganglionic neurons, supporting the hypothesis that sympathetic postganglionic neurons

synthesize prostaglandin E2 and I2.

Regulation of sympathetic postganglionic neuronal production of prostaglandins was

examined by studying the effect of noradrenaline, which is known to act at presynaptic

receptors on sympathetic nerve terminals and to stimulate prostaglandin production in a
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variety of non-neuronal cells. Administration of noradrenaline increased, in a dose

dependent manner, the levels of prostaglandin E2 and 6-keto-prostaglandin Flo.

synthesized by homogenates of superior cervical ganglia. This noradrenaline-induced

prostaglandin production, as well as basal production, was abolished by selective

destruction of adrenergic sympathetic postganglionic neurons in the ganglia using 6

hydroxydopamine. Conversely, elimination of preganglionic cholinergic sympathetic nerve

terminals in the ganglia had no effect on prostaglandin synthesis. Mepacrine (a

phospholipase inhibitor) and indomethacin (a cyclooxygenase inhibitor) attenuated both

basal and noradrenaline-stimulated prostaglandin production. To evaluate the receptor at

which noradrenaline acts to stimulate prostaglandin production, we studied the effects of

selective alpha-adrenergic receptor antagonists. Yohimbine (alpha2-selective), but not

prazosin (alpha1-selective), suppressed the noradrenaline dose-response curve for

prostaglandin production. These findings provide evidence to support the suggestion that

noradrenaline stimulates de novo synthesis of prostaglandin E2 and I2, and that this action

is mediated by an alpha2-adrenergic receptor on the sympathetic postganglionic neuron.

In conclusion, we have demonstrated that sympathetic postganglionic neurons

synthesize prostaglandin E2 and I2, and that this production is stimulated by noradrenaline

acting on an alpha2-adrenergic receptor. These studies support the hypothesis that the

prostaglandins which modulate sympathetic neurotransmission and mediate

sympathetically-dependent hyperalgesia and plasma extravasation are generated in response

to noradrenaline acting on a presynaptic alpha2-adrenergic receptor.
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INTRODUCTION

Prostaglandins (PGs) are 20 carbon fatty acids first described by von Euler in the

1930s (von Euler, 1934-36). The synthesis of PGs, which occurs in practically all

mammalian cells, requires the release of arachidonic acid from membrane phospholipid

pools. Arachidonic acid can then be metabolized by either the lipoxygenase pathways

yielding products such as leukotrienes, dihydroxyeicosatetraenoic acids (dihETEs) and

lipoxins, or metabolized by the cyclooxygenase pathway generating PGs of the E, I, D, or

F series, or thromboxanes. Since their initial discovery, PGs have been found to contribute

to numerous physiological functions. Their involvement in thrombogenesis (O’Brien,

1968; Vargaftig, 1973; Bunting, 1976; Moncada, 1988), inflammation [i.e. vasodilation

(Berström, 1959; Williams, 1973; Moncada, 1979), edema (plasma extravasation)

(Williams, 1973; Wedmore, 1981; Basran, 1982), and hyperalgesia (Ferreira, 1972; 1973;

Davies, 1984)], and the pathogenesis of fever (Dinarello, 1978) is well characterized.

Prostaglandins are also intimately involved in several aspects of sympathetic nervous

system function (Hedqvist, 1976). They are released by many organs following

sympathetic nerve stimulation or catecholamine administration, including spleen (Davies,

1968), heart (Wennmalm, 1971; Junstad, 1973), kidney (Davis, 1972; Needleman, 1974),

gastrointestinal tract (Coceani, 1967), and vas deferens (Hedqvist, 1974). There is

substantial evidence that E-type and I-type PGs contribute to feedback inhibition of

neurotransmitter release by an action on sympathetic postganglionic neuron (SPGN)

terminals (Hedqvist, 1972; Hedqvist, 1974; Frame, 1975), as well as at preganglionic

cholinergic nerve terminals (Dun, 1980; Belluzzi, 1982); an effect which appears to be

mediated through a decrease in calcium conductance (Mo, 1985).

More recently, it has been proposed that PGs mediate sympathetically-dependent

hyperalgesia and plasma extravasation. The hyperalgesic properties of PGE2 and I2 are

well known (Kuhn, 1973; Ferreira, 1978). For example, bradykinin and noradrenaline
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(NA) can elicit a hyperalgesia that is blocked by cyclooxygenase inhibitors, as well as by

sympathectomy (Lembeck, 1976; Levine, 1986). Prostaglandins generate hyperalgesia by

binding specific receptors on small diameter afferent nerve fibers to decrease the

nociceptive threshold, and potentiate the actions of other inflammatory mediators.

Similarly, plasma extravasation induced by factors that activate sympathetic nerve terminals

in the knee joint of the rat is attenuated by indomethacin and by sympathectomy (Coderre,

1989). This indomethacin-induced inhibition of sympathetically-dependent plasma

extravasation can be reversed by injection of PGE2 during activation of SPGN terminals.

The specific source(s) of the PGs regulating neuroeffector function and mediating

sympathetically-dependent hyperalgesia and plasma extravasation are not known. There is

evidence that postsynaptic cells generate PGs following sympathetic nerve stimulation

(Gilmore, et al., 1968; Junstad and Wennmalm, 1973; Jeremy, et al., 1985; Pipili and

Poyser, 1987). However, there is also support for a presynaptic source of PGs (Stjarne,

1972; Levine, et al., 1986). In fact, Webb and colleagues have reported that rat superior

cervical ganglia (SCG) generate E-type PGs (Webb, et al., 1978), and others have shown

that portal vein and vas deferens depend on sympathetic nerve terminals for PG production

(Greenberg, 1978; Petkov and Radomirov, 1980).

The goals of these studies are to test the hypothesis that SPGNs are capable of

synthesizing PGE2 and PGI2, and that this production is enhanced by a physiological

stimulus.



MATERIALS AND METHODS

Materials

Arachidonic and linoleic acid, (-)-arterenol bitartrate ([-]-noradrenaline), Krebs

Ringer bicarbonate buffer, indomethacin, mepacrine, prazosin hydrochloride, and

yohimbine hydrochloride were purchased from Sigma Chemical Corp., St. Louis,

Missouri. 6-hydroxydopamine hydrobromide (6-OHDA) was purchased from Aldrich

Chemical Corp., Milwaukee, Wisconsin. Materials used in the radioimmunoassays

included 3H-PGE2 and *H-6-keto-PGFlo purchased from New England Nuclear Co.,

Boston, Massachusetts, and anti-PGE2, anti-6-keto-PGFlo, , PGE2 and 6-keto-PGFlo

purchased from Advanced Magnetics (Seragen), Boston, Massachusetts.

Mechanical Nociceptive Threshold

The mechanical nociceptive flexion reflex was quantified in 250-300 g male Sprague

Dawley rats (Bantin and Kingman, Fremont, California) using the Randall-Selitto paw

withdrawal test (Randall and Selitto, 1957). The baseline nociceptive threshold is defined

as the weight, in grams, at which the rat withdraws its paw. In normal rats, the average

baseline threshold was 104.25 g + 6.01 (n=8). Hyperalgesia is defined as a significant

decrease in the nociceptive threshold produced by a test compound. After measuring the

baseline threshold for paw-withdrawal, we injected arachidonic acid intradermally in a

volume of 2.5 pil of saline. The nociceptive threshold was remeasured 20 min after injection

of arachidonic acid. The effect of intradermal arachidonic acid was studied in normal rats,

in rats sympathectomized by surgical ablation of the lumbar sympathetic chain 1 week prior

to further experiments, and, to rule out a direct effect of arachidonic acid on primary

afferents, in rats that received the cyclooxygenase inhibitor indomethacin (4 mg/kg, i.p.) 30

min prior to injection of arachidonic acid. Indomethacin was dissolved in a vehicle of 2%

sodium bicarbonate and then titrated to pH 7.2 with monosodium phosphate. To evaluate

nonspecific effects of unsaturated fatty acids, intradermal injection of linoleic acid (an 18



carbon dienoic fatty acid with similar detergent properties to arachidonic acid) was also

tested.

Superior Cervical Ganglion Homogenates

Superior cervical ganglia, harvested under pentobarbital anesthesia (65 mg/kg, i.p.),

from pairs of adult male and female Sprague-Dawley rats (Bantin & Kingman, Fremont,

CA), were desheathed in Krebs-Ringer bicarbonate buffer (1.80 g/l glucose, 0.10 g/l

magnesium chloride/6H20, 0.34 g/l potassium chloride; 7.00 g/l sodium chloride; 0.10 g/l

sodium phosphate dibasic (anhydrous); 0.18 g/l sodium phosphate monobasic

(anhydrous) to which was also added 0.20 g/l ascorbic acid, 1.26 g/l sodium bicarbonate,

and 0.28 g/l calcium chloride, then titrated to pH 7.40 at 37°C. Eight ganglia in 1.0 ml

buffer were homogenized on ice using a glass tissue grinder (model #885000-0002,

Kontes, Vineland, NJ). The homogenate was aliquoted into 250 pil samples, and following

the addition of noradrenaline, antagonist or vehicle in 10 pil volumes, incubated in a 37°C

shaking water bath for 30 min. Samples were briefly bubbled (2-3 sec) with

95%O2/5%CO2 at the beginning of the incubation, and again after 15 min. Samples were

then spun in a microfuge for 1 min to pellet membranes, and the supernatant removed and

stored at -80°C for subsequent determination of PG concentration.

Chemical Sympathectomy

To produce a selective and permanent depletion of neurons in the SCG, some rats

received 6-hydroxydopamine (6-OHDA), 150 mg/g subcutaneously, on alternate days, for

two weeks, starting on neonatal day 2 (Angeletti and Levi-Montalcini, 1970).

Surgical Denervation

To destroy sympathetic preganglionic nerve terminals in the SCG, a 5 mm segment of

the preganglionic nerve trunk was surgically excised from 4-5 week old rats, and SCG

harvested 2 weeks later. This procedure has been shown to reduce SCG choline

acetyltransferase (a marker for the cholinergic preganglionic nerve terminals) by >90%

(Quik, et al., 1986). A surgical-control (sham) group of rats were used in which the

4



preganglionic nerve trunk was exposed, but not cut, after which the animals recovered for

two weeks before harvesting the SCG.

Phospholipase and Cyclooxygenase Inhibition

Phospholipase inhibition was performed by incubating SCG homogenates in the

presence of mepacrine (1 mM). To assess the contribution of the cyclooxygenase pathway

to PG production, whole SCGs were incubated in Krebs buffer with indomethacin (20 AM)

(dissolved in a vehicle of 2% sodium bicarbonate and titrated to pH 7.2 with sodium

monophosphate), or vehicle, for 30 min at 37°C. SCG homogenates were then prepared,

and the experiment continued as outlined above.

Radioimmunoassay

The levels of PGE2 in supernatants were measured by a radioimmunoassay that

detects 10 pg/0.10 ml of PGE2 (Goldyne et al., 1973). The levels of 6-keto-PGFlo (the

stable metabolite of PGI2) were determined by the same method using specific antisera to

6-keto-PGFlo, ,and this antisera could also detect 10 pg/0.01 ml. Each sample (100 pul) was

assayed in duplicate, and the PG concentration calculated from the average.

Histology

Sections of SCG from normal and 6-OHDA-pretreated rats were also compared

histologically. Ganglia were desheathed, fixed in 4% paraformaldehyde, 4% sucrose in 0.1

M phosphate buffer for 2 h, placed in 30% sucrose in buffer overnight, and then cut on a

cryostat into 25 pm-thick sections and Wright-stained.

Statistical Analysis

Statistical analyses on changes in nociceptive thresholds in response to various

treatments were performed using repeated measures analysis of variance (ANOVA).

Prostaglandin levels in normal and 6-OHDA-pretreated ganglia were compared using an

independent t-test. Statistical comparisons of the effects of various stimuli and inhibitors on

PG production were performed using ANOVA and, when appropriate, the Newman-Keuls

post-hoc test.



RESULTS

Intradermal injection of arachidonic acid produced a dose-dependent decrease in

mechanical nociceptive threshold as indicated by a significant main effect of dose of

arachidonic acid (p<0.01, two-way ANOVA) (Fig. 1). The effect of arachidonic acid was

antagonized by indomethacin treatment or by prior surgical removal of the lumbar

sympathetic chain. Specifically, the dose dependence of the effect of arachidonic acid on

nociceptive threshold was abolished for these two groups (indicated by a significant main

effect of treatment, p<0.01, two-way ANOVA). None of the tested doses of linoleic acid

produced a significant change in nociceptive threshold. Indomethacin alone (i.e. without

arachidonic acid) had no significant effect on nociceptive threshold (data not shown).

To test the hypothesis that SPGNs are the source of PGs in SPGN-dependent

hyperalgesia, we measured PG production in normal and 6-OHDA-pretreated rats. On

gross examination, SCG from rats pretreated with 6-OHDA, when compared with normal

ganglia, were smaller in size, and when viewed by light microscopy, exhibited a selective

depletion of the large-diameter cells in the ganglia (Fig.2).

Prostaglandin E2 and 6-keto-PGFlo levels in SCG prior to homogenization were

below detectable limits of the radioimmunoassays. Superior cervical ganglion homogenates

from untreated rats produced significant levels of PGE2 and 6-keto-PGFlo (Table 1). The

amounts of PGE2 and 6-keto-PGFlo were, however, significantly decreased in

homogenates of SCG from 6-OHDA-pretreated rats, when compared to normal rats

(p<0.01 for both PGE2 and 6-keto-PGFlo.). In fact, PGE2 was undetectable and PGI2 fell

to 16% of the level obtained in control (untreated) rats.

Since sympathetic nerve stimulation and catecholamine administration increase PGs in

organ perfusates (Coceani, 1967; Davies, 1968; Wennmalm, 1971; Davis, 1972; Junstad,

1973; Hedqvist, 1974; Needleman, 1974), we tested the ability of noradrenaline to

stimulate PGE2 and PGI2 production by SCG homogenates. Noradrenaline (50pm to 1



mM) increased, in a dose-dependent fashion, the levels of PGE2 and 6-keto-PGFlo in

SCG homogenates (both p30.001) (Fig. 3).

Both basal and NA-induced PG production were markedly diminished in rats that

were pretreated neonatally with 6-OHDA (both p30.01) (Fig. 4a,b). Previous denervation

of the SCG by lesion of the preganglionic nerve trunk, however, failed to significantly

attenuate the stimulatory effect of NA on PGE2 (Fig. 4a) and 6-keto-PGFlo (Fig. 4b)

levels (both p-0.05).

Noradrenaline-induced PGE2 and 6-keto-PGFlo production was decreased by

mepacrine, a phospholipase inhibitor (both p30.01). Preincubation of SCG with

indomethacin, at a dose (20 HM) which has been reported to be relatively selective for

inhibition of cyclooxygenase (Somova, 1973; Flower, 1974; Willis, et al., 1972), also

decreased NA-stimulated PG production (both p30.01) (Fig. 5a,b).

To determine the adrenergic receptor at which NA acts to induce PG production, the

effect of yohimbine (a selective alpha2-adrenergic receptor antagonist) and prazosin (a

selective alpha1-adrenergic receptor antagonist) on the NA dose-response curve were

measured. At concentrations approximating 10xKi, yohimbine significantly attenuated the

dose response curve for NA-induced PGE2 synthesis (p<0.01), whereas prazosin did not

significantly affect the NA dose response curve (p<0.05) (Fig. 6). At the EC50 dose range

for NA, the same dose of yohimbine inhibited approximately 40% of PGE2 production

(p<0.01), whereas prazosin did not significantly affect the NA-induced production of

PGE2 (p-0.05). At higher concentrations of NA, there was no significant antagonism by

yohimbine or prazosin (p-0.05).



DISCUSSION

In these studies, intradermal injection of arachidonic acid produced a dose-dependent

hyperalgesia. The observation that sympathectomy prevents this response demonstrates that

arachidonic acid-induced hyperalgesia is dependent on SPGN terminals. Pretreatment with

indomethacin also prevents arachidonic acid hyperalgesia, suggesting that arachidonic acid

induced hyperalgesia is mediated through a product of the cyclooxygenase pathway of

arachidonic acid metabolism. Although use of indomethacin does not exclude the

possibility that lipoxygenase products might also contribute to the arachidonic acid-induced

hyperalgesia, the dose of indomethacin used in this study inhibits predominantly the

cyclooxygenase pathway of arachidonic acid metabolism (Willis, 1972; Somova, 1973;

Flower, 1974). In contrast to arachidonic acid injection, the injection of linoleic acid, a

desaturated fatty acid similar in chain length to arachidonic acid, did not produce

hyperalgesia. Failure of linoleic acid to produce hyperalgesia suggests that the

indomethacin-reversible hyperalgesia induced by arachidonic acid injection is not the result

of a nonspecific effect of fatty acids on endogenous arachidonic acid metabolism, but rather

that arachidonic acid itself is being converted to PGs.

To determine whether SPGNs are a source of hyperalgesic PGs, we measured PGE2

and 6-keto-PGFlo production by SCG homogenates. We observed that the homogenates

produced significant amounts of these two eicosanoids, both of which elicit hyperalgesia

when injected into the skin (Ferreira, 1978). Importantly, treatment of neonatal rats with

6-OHDA, a selective toxin for catecholaminergic neurons, abolished detectable PGE2

generation and markedly reduced 6-keto-PGFlo production by adult SCG homogenates.

Histological examination of SCG from rats treated with 6-OHDA confirmed the findings of

others that pretreatment of rats, neonatally, with 6-OHDA depletes SPGNs (Angeletti,

1970). These findings support the hypothesis that SPGNs are capable of generating

hyperalgesic PGs. The finding of residual 6-keto-PGFlo production by SCG

homogenates from rats pretreated with 6-OHDA might be due either to the small number of
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SPGNs that remain in 6-OHDA pretreated ganglia, or to the production of 6-keto-PGFlo.

by non-neuronal cells. The observation that in normal ganglia 6-keto-PGFlo production is

less than that of PGE2 suggests that the residual 6-keto-PGFlo in ganglia from 6-OHDA

pretreated rats is non-neuronal in origin.

To evaluate the ability of NA, the principle neurotransmitter of SPGNs, to stimulate

PG production we studied its effect on PG production by SCG homogenates.

Noradrenaline dose-dependently enhances the production of PGE2 and 6-keto-PGFlo by

SCG homogenates, and this effect of NA is abolished by prior destruction of SPGNs with

6-OHDA. In contrast, surgical ablation of the preganglionic nerve trunk, which destroys

the preganglionic nerve terminals in the SCG, did not diminish the increased eicosanoid

production in response to NA. That 6-OHDA abolishes NA-stimulated PG production by

SCGs strongly supports the hypothesis that NA can act on SPGNs to enhance the

production of PGs. Furthermore, since the phospholipase inhibitor mepacrine and the

cyclooxygenase inhibitor indomethacin both decrease NA-stimulated PG production, NA

appears to stimulate de novo synthesis of PGs.

In evaluating the contribution of specific alpha-adrenergic receptors on SPGNs to

NA-induced PG synthesis by SCG homogenates, we studied the effect of selective alpha

adrenergic receptor antagonists on NA-induced synthesis of PGE2--the prostanoid with the

larger response to NA stimulation. The alpha2-adrenergic receptor antagonist yohimbine

attenuated NA-induced PG synthesis, whereas the alpha1-adrenergic receptor antagonist

prazosin did not significantly affect NA-induced PG production. Loss of the inhibition of

NA-induced PGE2 production at the same dose of yohimbine, in the presence of higher

doses of NA, demonstrates that the alpha2 block exerted is a competitive antagonism and is

compatible, therefore, with the suggestion that a receptor-mediated effect is involved.

Importantly, the approximated Ki for yohimbine in our studies was 78 nM, well within

ranges of Ki reported by other investigators (Starke, 1981; Goldberg and Robertson, 1983;

Taniguchi et al., 1988). Although NA preferentially acts at alpha-adrenergic receptors, at
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higher concentrations NA may also bind beta-receptors as well. However, even equimolar

concentrations of the beta-adrenergic antagonists metoprolol (beta1-selective) and

butoxamine (beta2-selective) failed to affect NA (1 mM) stimulation of PGE2 synthesis

(unpublished observations). Taken together, these results suggest that NA stimulates PG

production by an action at a site with characteristics of the alpha2-adrenergic receptor.

A relatively high concentration of NA was required to stimulate PG production by

SCG homogenates, compared to the NA concentration usually required for similar receptor

mediated actions in cultured cells. The concentration of NA in the incubation medium,

however, does not necessarily reflect the concentration of NA at the cell membrane

receptor. For example, extracellular enzymes present in the homogenates (e.g. catechol-O-

methyl transferase) avidly metabolize catecholamines. In fact, Libet and colleagues, in

electrophysiological studies using perfused SCG, required specific inhibitors of catechol-o-

methyl transferase in order to observe a response to exogenous catecholamines (Ashe and

Libet, 1979; Ashe and Libet, 1981; Mochida, et al., 1987). Of note, previous studies of

NA-induced PG production by SCG have required doses in the range we employed

(Webb, et al., 1978). To test the hypothesis, under our conditions, that a lower

concentration of NA actually exists at the receptor level, we tested inhibition of NA-induced

PGE2 synthesis by receptor antagonists at considerably lower concentrations. Since these

antagonists are not metabolized by enzymes that metabolize catecholamines, their

concentration in the media will more precisely reflect their concentration at the receptor. We

found that a low concentration of yohimbine (200 nM) attenuates NA-induced PGE2

production, whereas prazosin (10 nM) has no effect. More importantly, the calculated Ki

for yohimbine was well within the range reported in the literature (Starke, 1981, Goldberg

and Robertson, 1983; Taniguchi et al., 1988), supporting the conclusion that this action of

NA at the alpha2-receptor is a physiologic effect.

Besides NA-induced hyperalgesia, the SPGN may be a source of PGs generated in

response to other inflammatory mediators. For example, the plasma extravasation in the rat
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knee joint induced by substance P, histamine and bradykinin is reduced by sympathectomy

or indomethacin pretreatment, and restored by exogenous PGE2 (Coderre et al., 1989).

Our data supports the suggestion that SPGN-derived PGE2 can contribute to

sympathetically-dependent plasma extravasation.

Noradrenaline appears to stimulate only PGI2 synthesis in nerve injury-associated

hyperalgesia (Taiwo and Levine, 1989), therefore, it was unexpected that NA stimulated

both PGE2 and PGI2 synthesis in SPGN homogenates. One possible explanation is that

SCG homogenization might destroy an existing segregation of the PGE2 and PGI2

enzymatic pathway components so that the common precursor of PGE2 and PGI2

(endoperoxide), generated by NA receptor activation, is now exposed to both PGI2

synthase and PGE2 isomerase. Alternatively, our findings may reflect a difference between

neuronal terminals and cell bodies. Studies using whole ganglia or cultured SPGNs may be

useful in testing these alternative explanations.

In summary, these studies demonstrate that SPGNs synthesize PGE2 and PGI2, the

PGs that have been shown to function as modulators of adrenergic neurotransmission and

effectors of sympathetically-dependent hyperalgesia and plasma extravasation. These

studies also provide strong evidence that NA stimulates SPGNs to increase the synthesis of

PGE2 and PGI2. Although in a variety of systems NA appears to bind a postsynaptic

alpha1-receptor to stimulate PG production (Gilmore, et al., 1968; Junstad and Wennmalm,

1973; Pipeli and Poyser, 1987; Trachte, 1987), our data suggests that a presynaptic action

at an alpha2 site on the SPGN terminal can also lead to PG synthesis. This suggests that the

feedback inhibition of neurotransmitter release by alpha2 receptors may result not only from

receptor mediated changes in cyclic-AMP, but also as a result of PG actions on the

presynaptic terminal.

A clinical correlate of this work applies to the observation that sympathetically

maintained pain syndromes can be exacerbated by catecholamines (Wiesenfeld-Hallin,

1984). Our finding that SPGN-derived PGs contribute to sympathetically dependent
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hyperalgesia in the rat suggests that, under these circumstances, NA acts on sympathetic

nerve terminals to release PGs. This suggestion is consistent with our finding that NA

enhanced synthesis of PGs by SPGNs occurs, at least in part, via an action at a site with

characteristics of the alpha2-adrenergic receptor.
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FIGURE LEGENDS

Figure 1. Effect of arachidonic acid and linoleic acid on mechanical nociceptive threshold

in the hindpaw of the rat

Arachidonic acid (n=8) produces a dose-dependent decrease (p<0.001), whereas

linoleic acid (n=8) has no detectable effect (p<0.001), on nociceptive threshold.

Indomethacin (4 mg/kg), given intraperitoneally 30 min prior to arachidonic acid (n=6),

prevents arachidonic acid-induced hyperalgesia at all doses up to 10 pig (p<0.001). Lumbar

sympathectomy (n=12) also prevented hyperalgesia at all doses of arachidonic acid tested

(p<0.001). Values and error bars are meansit SEM.

Figure 2. Effect of 6-hydroxydopamine on sympathetic postganglionic neurons in

superior cervical ganglia.

Wright-stained 25-mm sections of untreated (A) and 6-hydroxydopamine-pretreated

(B) superior cervical ganglia from adult rats demonstrate that 6-hydroxydopamine

pretreatment produces a marked decrease in sympathetic postganglionic neurons.

Calibration bar represents 30 p.m.

Figure 3. The effect of noradrenaline on prostaglandin production by superior cervical

ganglion homogenates.

Noradrenaline elicits a dose-dependent increase in PGE2 (n=4) and 6-keto-PGFlo.

(n=4) production by SCG homogenates from 4-5 week old adult rats incubated at 37°C for

30 min (p<0.01). Values and error bars in figure are meansit SEM.

Figure 4a,b. Effect of 6-hydroxydopamine and preganglionic denervation on

noradrenaline-induced prostaglandin production by superior cervical ganglion

homogenates.

SCG homogenates from 6-hydroxydopamine (6-OHDA) pretreated rats (n=4) show

marked attenuation of baseline and noradrenaline stimulated (6-OHDA + NA, n=4)

production of PGE2 and 6-keto-PGFlo, when compared with levels in homogenates from

13



age-matched control (CON) and control plus noradrenaline (CON + NA) animals (p<0.01

for all comparisons). SCG homogenates from animals which had their SCG decentralized

by lesion of the preganglionic nerve trunk (LES) 2 weeks prior to removal of SCG show

the same level of noradrenaline stimulated PGE2 and 6-keto-PGFlo production (LES +

NA, n=5) compared to age-matched (CON + NA, n=5) and sham surgery (SHAM + NA,

n=4) controls (p-0.05 for all comparisons).

SCG used in the denervation experiments were from 6-7 week old rats, since we

allowed an additional 2 weeks for complete degeneration of preganglionic nerve terminals.

SCG from older animals generated greater PGE2 production in response to NA (1 mM)

stimulation than SCG from their 4-5 week old counterparts in figure 3 (p<0.01), whereas

there was no significant difference between basal production. Conversely, SCG from 6-7

week old animals showed a marked increase in basal 6-keto-PGFlo production while the

percent increase in 6-keto-PGFlo production in response to NA (1 mM) was less than from

4-5 week old animals (33% vs. 50%). All noradrenaline concentrations are 1 mM. Values

and error bars in figure are meansit SEM.

Figure 5a,b. Effect of mepacrine and indomethacin on noradrenaline-induced

prostaglandin production by superior cervical ganglion homogenates.

Mepacrine (MEP+NA, n=6) (1 mM) attenuates the stimulatory effect of

noradrenaline (NA) (1 mM) on PGE2 and 6-keto-PGFlo production by SCG homogenates

(p<0.01). SCG treated with indomethacin (INDO + NA, n=4) (20 HM) starting 30 min

prior to homogenization, followed by addition of noradrenaline, also produce significantly

less PGE2 and 6-keto-PGFlo, than noradrenaline-treated vehicle controls (CON + NA,

n=4) (p<0.01). All noradrenaline concentrations are 1 mM. Values and error bars in figure

are means it SEM. Control and NA-induced prostaglandin production were measured in

SCG from 4-5 week old animals.

14



Figure 6. Effect of yohimbine and prazosin on noradrenaline-induced prostaglandin E2

production by superior cervical ganglion homogenates.

The alpha2-adrenergic receptor antagonist yohimbine (200 nM) suppressed the dose

response curve for NA-induced PGE2 production, whereas the alpha1-adrenergic receptor

antagonist prazosin (10 nM) had no effect on NA-induced PGE2 production (two-way

ANOVA: yohimbine vs. NA, F=17.171, p-value.<0.01; prazosin vs. NA, F=0.003,

p=0.95). There was a significant effect of yohimbine (p=0.05), but not prazosin, on basal

PGE2 production. Ki (Yohimbine) = 78 nM, using EC50 (Noradrenaline) = 4.22 ng/ml.

Values and error bars in figure represent meansit SEM, and n=4 for all groups.
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TREATMENT

NORMAL

6-HYDROXYDOPAMINE

TREATMENT

NORMAL

6-HYDROXYDOPAMINE

TABLE 1

Prostaglandin E2 Content (meantSEM)

(pg/ganglia (pg/mg weight)

780+40 840+115

(n=4) (n=4)

<62.5” <61.0”

(n=3) (n=3)

6-keto-Prostaglandin E1a_Content (meantSEM)

(pg/ganglia) (pg/mg weight)

490+20 480+20

(n=4) (n=4)

80+17 300+46

(n=3) (n=3)

*Prostaglandin content of ganglia prior to homogenization was,

in all cases, below detection limits for both PGE2 and 6-keto

PGF1a.
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