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The rabbit iris-ciliary body contains 78 & 8 ng/gm serotonin 
(5-HT) while the amine content in the aqueous humor is less 
than 0.01 ng/lOO pl. The low levels of endogenous 5-HT in 
the iris-ciliary body could not be directly detected by im- 
munocytochemistry. However, pretreatment in viwo and in 
vitro with L-tryptophan and pargyline resulted in the local- 
ization of a sparse population of 5-HT fibers. These fibers 
could not be studied by exposing the tissue to exogenous 
5-HT since the amine was taken up by noradrenergic fibers 
as well. This was confirmed in studies involving superior 
cervical ganglionectomy. It is concluded that 5-HT is taken 
up by both serotonergic and adrenergic fibers of the iris- 
ciliary body. 

In the presence of lithium, 5-HT stimulated an increase in 
the 3H-inositol phosphate accumulation in a dose-dependent 
manner in tissue where the phosphoinositide pool was la- 
beled with 3H-inositol. A variety of agonists and antagonists 
were used to show that the 5-HT response is mediated, at 
least partly, by 5-HT, receptors. The 5-HT-mediated effect 
on inositol phosphates is unaffected by superior cervical 
ganglionectomy. The effect of noradrenaline, which also 
stimulates inositol phosphate accumulation (but via cu,-ad- 
renergic receptors in the iris-ciliary body), was elevated fol- 
lowing superior cervical ganglionectomy. 

Serotonin (5-HT) is thought to have a transmitter function in 
both central and peripheral nervous tissues (Osborne, 1982; 
Green, 1985). Both forms of nervous tissue exist in the eye. A 
transmitter role for S-HT in the retina, part of the central ner- 
vous system (CNS) is now well established (Osborne, 1984). In 
contrast, the evidence for 5-HT having a role in the iris-ciliary 
body, part of the peripheral nervous system (PNS), is less con- 
clusive. 5-HT and its metabolites have been detected in the 
cornea biochemically (Klyce et al., 1982; Uusitalo et al., 1982), 
where 5-HT has been shown to be taken up by specific nerve 
fibers (Osborne and Tobin, 1987). Furthermore, immunoreac- 
tivity for 5-HT has been demonstrated in cornea1 stroma and 
epithelium (Osborne, 1983). In addition, autoradiographic stud- 
ies have demonstrated binding sites for 5-HT at the cornea1 
epithelium (Palkama et al., 1984). These binding sites may be 
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physiologically important since exogenous application of 5-HT 
to the cornea1 epithelium increases both CAMP levels and chlo- 
ride ion transport (Klyce et al., 1982; Neufeld et al., 1982). 

A transmitter role for 5-HT in the iris-ciliary body was orig- 
inally implicated by the finding that intravenous injection of the 
amine in dogs and rabbits lowers their intraocular pressure 
(Schumacher and Classen, 1962; Chiang, 1974), while in the rat 
a strong constriction of the retinal blood vessels was reported 
(Tammisto, 1965). Recently it was shown that when 5-HT was 
injected into the rabbit anterior chamber, not only was the in- 
traocular pressure increased but so was the protein concentra- 
tion (Palkama et al., 1984). A sparse distribution of serotonergic 
fibers in the ciliary processes of the guinea pig and rat has been 
described by Uusitalo et al. (1982) following administration of 
L-tryptophan. Moreover, when the iris-ciliary body is exposed 
to exogenous 5-HT, the amine is taken up by a more widespread 
distribution of fibers (Osborne and Tobin, 1987). 

The purpose of the present study is to provide additional 
information in support of 5-HT having a functional role in the 
iris-ciliary body of the rabbit. Experiments were conducted (1) 
to investigate the nature of fibers that accumulate exogenous 
5-HT, (2) to report on the presence of 5-HT-immunoreactive 
fibers following pretreatment with L-tryptophan and pargyline, 
and (3) to provide evidence for the occurrence of 5-HT receptors 
linked to the mobilization of the second messenger, inositol 
trisphosphate. 

Materials and Methods 
Chemicals 
‘H-inositol(19.6 Ci/mM) was obtained from Amersham Int. UK, pra- 
zosin from Pfizer UK, methysergide from Sandoz, Switzerland, and 
ketanserin from Janssen Pharmaceuticals, Germany. The 5-HT, antag- 
onist MDL 72222 was a kind gift from Dr. Fozard. All other chemicals 
were obtained from Sigma. 

Treatment of animals 
In all experiments adult albino rabbits (1.5-2 kg) were anesthetized with 
an intramuscular injection of Hypnorm (0.5 ml/kg; Janssen) and killed 
with an overdose of sodium pentabarbitol. Eyes were enucleated im- 
mediately and the iris-ciliary body removed. 

High-performance liquid chromatography (HPLC) 
Freshly dissected iris-ciliary bodies were washed in physiological saline 
and immediately homogenized in 0.4 M perchloric acid. Following cen- 
trifugation (5000 x g for 10 min), the supematant was analyzed by 
HPLC with electrochemical detection. The apparatus was equipped with 
a C- 18 reverse-phase column and LC-4 amperometric detector. The 
electrochemical detector was set at 2 nA/V with a potential of 0.8 V. 
The mobile phase was 0.02 M sodium citrate buffer, pH 3.7, containing 
0.2 mM octane-1-sulfonic acid and 6.5% methanol. 
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Figure 1. HPLC separation and elec- 
trochemical detection of 5-HT in per- 
chloric acid extracts of the iris-ciliary 
body (a) and aqueous humor(c). Peaks 
corresponding to the position of do- 
pamine (I) and 5-HT (2) were identi- 
fied by addition of internal standards 
to the iris-ciliary body extract (b) and 
aqueous humor extract (4. I k 

r 

Immunocytochemistry 
The iris-ciliary bodies were fixed in 4% paraformaldehyde made up in 
0.1 M phosphate buffer (pH 7.2) overnight and kept in phosphate buffer 
containing 30% sucrose for periods of up to 5 hr. Ten micrometer frozen 
sections were obtained at - 20°C and recovered on gelatin-coated glass 
slides. The sections were then incubated overnight at 4°C with a rat x 
rat monoclonal antibody (Consolazione et al., 198 1) and then developed 
with a rat anti-rat IgG coniugated with fluoroscein isocyanate (Miles 
U.K.). The monoclonal and development fluorescent antibodies were 
diluted to 1:lOO and 1:20. resoectivelv. in PBS containina 0.2% Triton 
X- 100. The glycerol/PBS:mounted sections were observed with a mi- 
croscope equipped with epifluorescence optics, and photographs were 
taken with Kodax Tri-X film (400 ASA). 

Accumulation of exogenous 5-HT 
Iris-ciliary bodies were placed in oxygenated Krebs bicarbonate medium 
(NaCl, 154 mM; KCl, 6.17 mM; CaCl,.2H,O, 2.50 mM; KH,CO,, 1.50 
mM; MgS0,.7H,O, 1.50 mM; NaHCO,, 32.0 mM; glucose, 15.0 mM) 
containing ascorbate (0.1 mM). After a preincubation period of 10 min, 
0.1 PM 5-HT and the monoamine oxidase inhibitor pargyline (10 PM) 

were added and the incubation continued for a further 30 min. In some 
instances, the 5-HT uptake inhibitor chlorimipramine (10 PM) (Shaskan 
and Snyder, 1970) or the catecholamine uptake inhibitor desipramine 
(Carlsson et al., 1968) as well as noradrenaline (0.1 mM) or dopamine 
(0.1 mM), were added during the 10 min preincubation period. In the 
case of experiments carried out in a sodium-free medium, the NaCl and 
NaHCO, were replaced with equimolar amounts of sucrose and KHCO,, 
respectively. After incubation, the tissue was removed, rinsed in cold 
Krebs bicarbonate medium, and fixed for immunocytochemistry. 

Pretreatment with L-tryptophan and pargyline 
In vitro. Iris-ciliary bodies were placed in a Krebs bicarbonate medium 
that was continuously oxygenated (95% 0,/5% CO,). The solution con- 
tained L-tryptophan (0.1 PM) and pargyline (10 PM). Following an in- 
cubation at 37”C, the tissue was removed and fixed for immunocyto- 
chemistry. 

In vivo. An intraperitoneal(500 ~1) and intraocular injection into the 

lb 

M 

;’ 
posterior chamber (50 ~1) of L-tryptophan (26 mM) and pargyline (10 
FM) was made and repeated 18 hr later. One hour after the second 
injection, the animal was sacrificed and the iris-ciliary body fixed for 
immunocytochemistry. 

5-HT stimulation of inositol phosphates accumulation 
Iris-ciliary bodies were dissected and cut into approximately 7 equal 
pieces (416 mg each) and placed in 10 ml oxygenated HEPES-Ringer 
buffer (NaCl, 150 mM; KCl, 5.0 mM; MgSO,.7H,O, 1.2 mM; CaCl,. 
2H,O, 1.2 mM; HEPES, 20 mM; glucose, 15 mM). Following an incu- 
bation period of 30 min, the medium was renewed with the addition 
3H-inositol(0.26 PM) and incubated for 1 hr. The iris-ciliary body pieces 
were washed in a HEPES-Ringer buffer containing 10 mM Li+. Each 
iris-ciliary body piece was then removed with forceps placed in an 
homoeenizine tube containina 300 ~1 HEPES-Rinaer/LiCl buffer and 
incubated for-10 min in a shal&g water bath (37”C).-During this period, 
antagonists were added as required. Agonists were then added to the 
homogenizing tubes and the incubation continued for a further 30 min. 
The tubes were then placed on ice, and the tissue was removed, rapidly 
weighed, replaced, and then homogenized in the incubation medium. 
Immediately after homogenization, separation of the inositol phos- 
phates was carried out by the anion-exchange chromatography method 
described by Benidge et al. (1982). To each sample 1 ml of methanol/ 
chloroform (2:1, vol/vol) and 500 ~1 of chloroform were added. The 
phases were allowed to separate, and 1 ml of the aqueous phase was 
removed, Dowex (1 ml), in the formate form, and distilled water (2 ml) 
was added to this aqueous phase. The Dowex was allowed to settle and 
the supematant removed. The Dowex was then washed 3 times with 
distilled water. Dissociation of the bound inositol phosphates was 
achieved by two 500 ~1 elutions with 0.1 M formic acid/l M ammonium 
formate. The 2 elutions were combined, and 7 ml of Instagel scintillant 
(Parkard) was added. 

Sympathetic denervation 
Surgical removal of the superior cervical ganglion on the right side was 
carried out as described by Zhang et al. (1984). The contralateral side 
served as the control. The animals were sacrificed 26-30 d postopera- 
tively. 

Statistical analysis was performed using Student’s paired t test. 
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Results 
Detection and localization of 5-HT 
Figure la shows the separation and electrochemical detection 
of 5-HT from a crude perchloric acid extract of the iris-ciliary 
body. The 5-HT and dopamine peaks were identified by the 
addition of internal standards to the extracts (Fig. lb). From 
these studies the 5-HT content was found to be 78 + 6 ng/gm 
(n = 4, f SEM). In order to eliminate the aqueous humor as a 
possible source of 5-HT, an analysis of the 5-HT content was 
carried out. A peak corresponding to 5-HT was not present in 
extracts of aqueous humor (Fig. 1, c, d). It may therefore be 
concluded that if 5-HT does occur in the aqueous humor, it is 
at concentrations ~0.0 1 ng/gm/lOO ~1 of aqueous. Thus, the 
aqueous humor does not seem to be the source of 5-HT iden- 
tified in the iris-ciliary body extract. 

Iris-ciliary body processed for the presence of endogenous 

Figure 2. a, Immunocytochemical 
localization of 5-HT in the dilator re- 
gion (arrows) after incubation of iris- 
ciliary body in a medium containing 
L-tryptophan and pargyline. b, Control 
iris-ciliary body incubated in Krebs bi- 
carbonate buffer only. c, Immunocy- 
tochemical localization of 5-HT in the 
sphincter region (arrow) after intraper- 
itoneal and intraocular injection of 
L-tryptophan and pargyline. d, Control 
iris-ciliary body from contralateral eye. 
B V, Blood vessels; DP, dilator pupillae; 
SP, sphincter pupillae. Bar = 100 pm. 

5-HT provided no immunostaining. The only way to obtain 
positive immunostaining for 5-HT was to pretreat the tissue, 
either in vitro or in vivo with L-tryptophan and pargyline. How- 
ever, the results from these procedures varied from experiment 
to experiment. Figure 2b shows the distribution of 5-HT-im- 
munoreactive fibers in iris-ciliary body preparation following 
in vitro treatment with L-tryptophan and pargyline. The im- 
munofluorescence was not intense and, because of the variation 
between preparations, it was difficult to describe the distribution 
of fibers accurately. Immunoreactive cell bodies were not ob- 
served. Following intraocular and intraperitoneal injection of 
L-tryptophan and pargyline, 5-HT-immunoreactive fibers could 
be observed in the iris-ciliary body, especially in the sphincter 
region (Fig. 2c), despite an apparent increase in the nonspecific 
immunofluorescence. 

Tissue first exposed to exogenous 5-HT and then processed 
immunocytochemically for the localization of the amine re- 
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Figure 3. Immunocytochemical lo- 
calization of 5-HT in the iris-ciliary 
body following incubation with exog- 
enous 5-HT. a, Immunoreactive fibers 
can be seen beneath the ciliary epithe- 
lium (CE) that extend into the ciliary 
processes (0). b, Plexus of fibers can 
be seen to run the entire length of the 
dilator-pupillae (DP). Fibers could aiso 
be seen within bundles (double arrow) 
or as single fibers (single arrow) in the 
stroma of the dilator. c, Plexus of fibers 
was seen associated with the blood ves- 
sels (BP) of the iris. d, In the sphincter 
region, fibers could be seen anterior and 
posterior to the sphincter pupillae (SP) 
and within the muscle itself. Scale bar, 
100 pm. 

vealed a widespread accumulation (Fig. 3). In the ciliary body 
a fine network of varicosed fibers beneath the ciliary epithelium 
was seen to extend into the ciliary processes (Fig. 3~). In the 
iris a thick plexus of immunoreactive fibers was seen to run the 
entire length of the dilator, closely associated with the dilator 
pupillae (Fig. 3b), and within the stroma, large immunoreactive 
fiber bundles, together with a sparse population of single vari- 
cased fibers, could be seen (Fig. 3b). Blood vessels of the iris 
were also associated with a fine network of single varicosed 
immunoreactive fibers (Fig. 3~). 

The density of 5-HT-accumulating fibers in the sphincter re- 
gion was less than that found in the dilator region. Immuno- 
reactive fibers were seen anterior and posterior to the sphincter 
pupillae. A sparse population of immunoreactive fibers could 
be seen within the muscle itself (Fig. 3d). 

Nature ofjibers taking up exogenous 5-HT 

When tissue was exposed to 5-HT in vitro at 1°C and then 
processed for the immunocytochemical localization of the amine, 
the immunoreactive fibers were barely visible. This observation 
demonstrated that the uptake of 5-HT into the iris-ciliary body 
was temperature dependent. Similar studies showed the trans- 
port of the amine to be dependent on sodium in the incubation 
medium and inhibited by chlorimipramine. While the uptake 
of 5-HT was unaffected by high concentrations of dopamine 
(0.1 mM) in the incubation medium, the same amount of nor- 
adrenaline significantly decreased the amount of 5-HT taken 
up. Furthermore, the catecholamine uptake inhibitor desi- 
pramine inhibited the uptake of 5-HT. In view of the known 
adrenergic innervation of the iris-ciliary body, this observation 
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suggested that 5-HT is taken up by noradrenergic nerves. This 
postulation receives support from an analysis of 5-HT uptake 
in sympathetically denervated iris-ciliary bodies. Figure 4, a, b, 
shows sections of denervated tissue processed immunocyto- 
chemically for the localization of 5-HT-accumulating fibers. 
These fibers were almost completely absent. 

5-HT stimulation of inositol phosphate accumulation 
5-HT stimulated the accumulation of inositol phosphates in a 
dose-dependent manner (Fig. 5). The concentration of 5-HT 
required for half-maximal stimulation (EC,,) was 50.1 PM. The 
effects of various antagonists on the 5-HT-induced accumula- 
tion of inositol phosphates is shown in Figure 6. Ketanserin, a 
specific 5-HT,-receptor antagonist (Leysen et al., 1982), was the 
most potent inhibitor of the substances tested. Methysergide, 
which has a higher affinity for the 5-HT,- than the 5-HT,-re- 
ceptor, also partially inhibited the 5-HT response, whereas the 
peripheral 5-HT, antagonist MDL 72222 (Fozard, 1984) and 

Figure 4. Immunocytochemical lo- 
calization of 5-HT-accumulating fibers 
in the dilator region after sympathetic 
denervation. a, Control dilator region. 
b, Ipsilateral sympathetically denervat- 
ed dilator region. B V, Blood vessels; DP, 
dilator pupillae. Scale bar, 100 pm. 

cyproheptadine had no effect (Fig. 6). The effect of ketanserin 
and methysergide was analyzed further (Fig. 7), and the IC,, 
values for the antagonists were found to be 0.49 and 1.99 PM, 

respectively. 
The effect of 5-HT in comparison with other indole deriva- 

tives in stimulating the accumulation of inositol phosphates is 
shown in Table 1. L-Tryptophan and 5-hydroxytryptophan had 
no effect at the concentration used, whereas 5-methoxytrypt- 
amine and tryptamine stimulated the accumulation of inositol 
phosphates, but to a lesser extent. The 5-HT,,-receptor agonist 
8-OH-DPAT (Middlemiss and Fozard, 1983) had no effect on 
the stimulation of inositol phosphates. 

Consistent with previous studies by Akhtar and Abdel-Latif 
(1984) noradrenaline and carbachol stimulated inositol phos- 
phates accumulation in the iris-ciliary body (Table 1). Neither 

0 
5HT KET METH CYPRO MIAN MDL 

Oi..,..,.....,.....,.‘...,.....,.,...,’....I 
1 2 3 4 5 6 7 8 

-Log Serotonin Cone (M) 

Figure 5. Dose-response curve for 5-HT-stimulated accumulation of 
inositol phosphates (%SEM, n = 3). Each experiment was carried out 
in triplicate. 

ANTAGONIST (IpM) 

Figure 6. Effects of S-HT-receptor antagonists on the 5-HT (1 mM) 
stimulated accumulation of inositol phosphates (+SEM, n = 3). Each 
experiment was carried out in triplicate. SHT, serotonin; KET, ketan- 
serin; METH, methysergide; CYPRO, cyproheptadine; MIAN, mian- 
serin; MDL, MDL 72222. *p < 0.05 (Student’s paired t test). 
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Figure 7. Inhibition of 5-HT (1 mM) stimulated accumulation of ino- 
sitol phosphates by ketanserin and methysergide (f SEM, n = 3). Each 
experiment was carried out in triplicate. 

the muscarinic (atropine) nor the a,-adrenergic (prazosin) an- 
tagonists had any effect on the 5-HT response (Fig. 8). These 
data show that the 5-HT response is mediated via receptors that 
are distinct from a,-adrenergic and muscarinic cholinergic re- 
ceptors. 

Manifestation of an cy,-adrenergic supersensitivity following 
sympathetic denervation has been demonstrated previously in 
rabbit iris smooth muscle (Abdel-Latif et al., 1978; Akhtar and 
Abdel-Latif, 1986). This was illustrated by a left-hand shift in 
the dose-response curve to noradrenaline-stimulated inositol 
phosphate accumulation (Akhtar and Adbel-Latif, 1986). These 
findings were confirmed in this study by a 152 -t 6.0% (n = 3) 
increase in the noradrenaline response in the sympathetically 
denervated iris-ciliary body over that seen in the contralateral 
iris-ciliary body. However, surgical removal of the superior cer- 
vical ganglion had no effect on the 5-HT response (Fig. 9). 

Discussion 

Following the intraperitoneal injection of L-tryptophan and par- 
gyline, Uusitalo et al. (1982) were able to localize 5-HT im- 
munoreactivity in the iris-ciliary body and cornea of the rat and 
guinea pig. Together with the identification of 5-HT in the bo- 
vine cornea (Osborne, 1983) and the presence of 5-HT receptors 
linked to adenylate cyclase in the rabbit cornea1 epithelium 

KET PRAZ ATRO 

ANTAGONIST (l@M) 

Figure 8. Effects of atropine (ATRO, 1 PM), prazosin (PRAZ, 1 PM), 

and ketanserin (KET, 1 PM) on the 5-HT (1 mM) stimulated accumu- 
lation of inositol phosphates (+SEM, n = 3). Each experiment was 
carried out in triplicate. *p < 0.05 (Student’s paired t test). 

EZZl -CONTROL 
0 -DENERVATED 

5HT NA 

AGONIST (1 mM) 

Figure 9. Effects of surgical sympathetic denervation on the 5-HT (1 
mM) and noradrenaline (NA, 1 mM) mediated accumulation of inositol 
phosphates (+SEM, n = 3). Each experiment was carried out in trip- 
licate. 

(Neufeld et al., 1982, 1983), this suggests a role for 5-HT in the 
anterior segment of the eye. The present study was an attempt 
to confirm that 5-HT has a functional role in the iris-ciliary 
body. 

Uptake of exogenous 5-HT 
Reverse-phase HPLC analysis of rabbit iris-ciliary body extract 
demonstrated the presence of low levels of 5-HT (78 f 6 ngl 
gm). Using the indirect immunofluorescent technique (Coons, 
1958) with a primary monoclonal antibody to 5-HT (Conso- 
lazione et al., 198 l), attempts to localize endogenous 5-HT were 
unsuccessful. This was attributed to the inability of the im- 
munofluorescent technique to detect such low levels of the amine 
(see Osborne et al., 1982). This situation parallels that found in 
the mammalian retina, where serotonergic fibers could only be 
localized after loading with exogenous 5-HT (Osborne, 1980; 
Mitchell and Redbum, 1985). Adoption of this approach re- 
vealed an extensive distribution of 5-HT-accumulating fibers 
in the iris-ciliary body. The density of these fibers was far higher 
than might have been anticipated from the endogenous levels 
of 5-HT measured by HPLC. The distribution of 5-HT-accu- 
mulating fibers was similar to that reported for the sympathetic 
innervation (Hedlund et al., 1984), which led to the suspicion 
that 5-HT was accumulated into noradrenergic, as well as any 

Table 1. Effect of various substances (concentration, 1 mrw) on the 
stimulation of inositol phosphates in the iris-ciliary body 

Agonist 
Stimulation over basal 
Vd 

Carbachol 195.40 + 14.7 
Noradrenaline 188.56 ? 33.7 
5-HT 59.70 + 6.43 
Tryptophan 10.43 * 7.3 
5-Hydroxytryptophan -7.95 + 4.6 
Tryptamine 48.08 + 6.5 

5-Methoxytryptamine 36.60 t 12.9 

8-OH-DPAT -5.50 + 6.5 

Results expressed as means +- SEM (n = 3); each experiment was carried out in 
triplicate. 
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serotonergic, fibers. The uptake of 5-HT into noradrenergic fi- 
bers is known to occur in the CNS (Lichtensteiger et al., 1967; 
Iversen, 1970) and in peripheral tissues (Thoa et al., 1969; Jaim- 
Etcheverry and Zieher, 1982), and if this were the case in the 
iris-ciliary body, it would explain the high density of S-HT- 
accumulating fibers. However, there does appear to be a lack 
of correlation between 5-HT-accumulating fibers and tyrosine 
hydroxylase-immunoreactive nerves in the iris-ciliary body (Os- 
borne and Tobin, 1987), which may be significant. 

5-HT uptake was studied at a concentration of 0.1 PM, which 
is below the K, for the low-affinity uptake process, but within 
the K, for the high-affinity specific uptake mechanism (Shaskan 
and Snyder, 1970). 5-HT accumulation was found to be sodium 
and temperature dependent, sensitive to the tricyclic antide- 
pressant chlorimipramine, and unaffected by high concentra- 
tions of dopamine (0.1 mM). These findings are consistent with 
the properties of the specific uptake process identified at sero- 
tonergic nerve terminals (Osborne, 1980; Ross, 1982). However, 
the presence of noradrenaline (0.1 mM) or the catecholamine 
uptake inhibitor desipramine did reduce 5-HT accumulation, 
indicating that the transport system for noradrenaline and 5-HT 
have similar properties. 

The complete loss of 5-HT-accumulating fibers following su- 
perior cervical ganglionectomy suggests that these fibers origi- 
nate from the superior cervical ganglion. Since this ganglion is 
the source of sympathetic innervation of the iris-ciliary body, 
at least a proportion of the accumulating fibers may therefore 
be noradrenergic. The possibility that some fibers originating 
from the superior cervical ganglion are serotonergic is suggested 
by the report of Verhofstad et al. (198 I), in which it was shown 
that 5-HT-immunoreactive cell bodies exist in the superior cer- 
vical ganglion. 

It can be concluded from these studies that exogenous 5-HT 
may be accumulated into noradrenergic, as well as any sero- 
tonergic, fibers in the iris-ciliary body. Hence, unlike the situ- 
ation in the retina, loading with exogenous 5-HT is not a suitable 
methodology for the exclusive localization of serotonergic fibers 
in the iris-ciliary body. 

Pretreatment with L-tryptophan and pargyline 
The activity of the rate-limiting enzyme tryptophan hydroxylase 
(Femstrom, 1983) is dependent on the L-tryptophan concentra- 
tion (Femstrom and Wurtman, 1971). Exposure of the iris- 
ciliary body to 0.1 mM L-tryptophan and the monoamine oxi- 
dase inhibitor pargyline, either in vitro or in vivo, resulted in an 
increase in the intraneuronal levels of 5-HT such that it was 
possible to detect a sparse population of 5-HT-immunoreactive 
fibers in the ciliary body, dilator, and sphincter regions. The 
present data may be interpreted to suggest that the pharmaco- 
logical treatment increases exogenous levels of 5-HT, which is 
then taken up by nerves in sufficient quantities for localization. 
This seems unlikely because only a specific population of 5-HT- 
immunoreactive fibers are observed, which contrasts with the 
many fibers revealed following exposure to exogenous 5-HT 
(compare Figs. 2 and 3). Instead, we interpret our results to 
show that following pharmacological treatment the endogenous 
5-HT is raised to sufficient levels for immunocytochemical lo- 
calization within serotonergic nerves. 

5-HT-mediated accumulation of inositol phosphates 
Receptor-mediated hydrolysis of membrane polyphosphatidyl- 
inositides, due to the activation of a specific phosphodiesterase 

(phospholipase C), results in the generation of 2 secondary mes- 
sengers: inositol trisphosphate and diacylglycerol. Diacylglycer- 
01 has been shown to activate protein kinase C, whereas inositol 
trisphosphate is thought to initiate the mobilization of calcium 
from intracellular stores (Berridge, 1984; Abdel-Latif, 1986; 
Downes, 1986). 

Activation of this second messsenger system in the rabbit iris 
smooth muscle has previously been shown to be mediated by 
noradrenaline, carbachol (Akhtar and Abdel-Latif, 1984) and 
substance P (Yousufzai et al., 1986). By using the ability of 
lithium to block the enzyme myoinositol- 1 -phosphatase, and 
hence the recycling of inositol phosphate, this study was able 
to demonstrate a 5-HT-stimulated accumulation of 3H-inositol 
phosphates from a prelabeled pool of phosphatidylinositides. 
The 5-HT response was insensitive to atropine and prazosin, 
indicating that the 5-HT effect is mediated by receptors that are 
distinct from a,-adrenergic and muscarinic cholinergic recep- 
tors. 

The 5-HT,-receptor can be divided into 3 receptor subtypes: 
5-HT,,, 5-HT,,, and 5-HT,,, where the 5-HT,, receptors are 
positively linked to adenylate cyclase (Shenker et al., 1985), 
5-HT,, are negatively linked to adenylate cyclase (see Hoyer 
and Schoeffter, 1988) and 5-HT,, are coupled to the hydrolysis 
of phosphoinositides (Conn et al., 1986). The finding that the 
potent 5-HT,,-receptor agonist 8-OH-DPAT (Middlemiss and 
Fozard, 1983) has no stimulatory effect on the inositol phos- 
phates accumulation in the iris-ciliary body eliminates the 5-HT,, 
receptor from being associated with the observed 5-HT-stim- 
ulated accumulation of inositol phosphates. Furthermore, the 
sensitivity of the 5-HT response to ketanserin strongly suggests 
that the response is not mediated via either 5-HT,,- or 5-HT,,- 
receptor subtypes. A recent study on the pig choroid plexus has 
revealed a 5-HT,,-receptor that is linked to the hydrolysis of 
phosphoinositides (Conn et al., 1986). Mianserin was found to 
have over a IO-fold greater affinity at the 5-HT,, receptor than 
ketanserin (Conn et al., 1986). It can be seen from Figure 6 that 
ketanserin has a greater inhibitory effect than mianserin on the 
5-HT-stimulated accumulation of inositol phosphates in the 
iris-ciliary body, indicating that the 5-HT response observed in 
this study does not act through 5-HT,,-receptors. 

It is of interest to note that the specific peripheral 5-HT,- 
receptor antagonist MDL 72222 was ineffectual in blocking the 
5-HT-induced stimulation of inositol phosphates. 

The inhibitory actions of ketanserin (IC,, = 0.49 PM) and 
methysergide (IC,, = 1.99 PM), show that the 5-HT response is 
mediated, at least partly, by the 5-HT,-receptor subtype. This 
is consistent with the findings in the cerebral cortex (Conn and 
Sanders-Bush, 1984, 1985) retina (Cutcliffe and Osborne, 1987), 
blood platelets (Schachter et al., 1985) and aorta (Roth et al., 
1984) where 5-HT has been shown to stimulate the turnover 
of polyphosphatidylinositides via the 5-HT,-receptor subtype. 
However, the finding that cyproheptadine had no effect on the 
serotonergic response may indicate that peripheral 5-HT,-re- 
ceptors have slightly different properties from those of central 
5-HT, sites. 

L-Tryptophan and 5-hydroxytryptophan do not stimulate the 
accumulation of inositol phosphates. However, levels of inositol 
phosphates are increased by tryptamine and 5-methoxytrypt- 
amine, albeit at a lower potency than 5-HT. Both tryptamine 
and 5-methoxytryptamine are known to exist in the CNS in 
trace amounts (Bosin et al., 1979; Juorio and Greenshaw, 1985) 
but have not been identified in the iris-ciliary body. 
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Effects of sympathetic denervation on the accumulation of 
inositol phosphates 
Supersensitivity of the noradrenaline response following dener- 
vation was observed in the present study and confirms previous 
reports (Akhtar and Abdel-Latif, 1986). The biochemical mech- 
anism for the induced supersensitivity is unknown, but it has 
been suggested that it is not due to an increase in the number 
of a,-adrenoreceptors but to an increase in the efficiency of the 
noradrenaline-stimulated polyphosphatidylinositide turnover 
(Akhtar and Abdel-Latif, 1986). 

Superior cervical ganglionectomy did not, however, affect the 
5-HT response, as might have been expected if the serotonergic 
innervation originated from the superior cervical ganglion. An 
up-regulation of hippocampal S-HT,-receptors has been dem- 
onstrated following specific lesions (Seeman et al., 1980) and 
5,7-dihydroxytryptamine treatment (Morrow et al., 1985). 
However, electrolytic lesions of the raphe afferents do not result 
in the up-regulation of 5-HT,-receptors in the hippocampus. 
Furthermore, studies on the cerebral cortex have demonstrated 
that 5-HT,-mediated phosphoinositide hydrolysis does not show 
supersensitivity following 5,7-dihydroxytryptamine treatment 
(Conn and Sanders-Bush, 1986). These studies indicate that the 
phenomenon of supersensitivity following transmitter depletion 
is not universal for the serotonergic receptors (Hamon et al., 
1984). Therefore, superior cervical ganglionectomy may result 
in serotonergic denervation but with no associated supersensi- 
tivity of the 5-HT-stimulated accumulation of inositol phos- 
phates. For this reason the fact that there is no supersensitivity 
of the 5-HT response does not eliminate the possibility that the 
serotonergic innervation of the iris-ciliaty body originates from 
the superior cervical ganglion. 
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