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Abstract. Serotonin (5-hydroxytryptamine, 5-HT) is a biogenic amine which has a multitude of 
more or less clearly established effects on peripheral vessels. It influences blood viscosity, 
platelet aggregation, and vasoconstruction and -dilatation, it enhances capillary permeability, it 
is the precursor of melatonin (a hormone with diurnal production in the eye). Because of these 
actions a role for serotonin in the development of glaucoma and diabetic retinopathy might be 
suspected. In a series of pilot studies on rats the effects of serotonin on the anterior and 
posterior segments of the eye were studied. Serotonin had marked influence on the retinal and 
choroidal vasculature. The optic disk seemed to be very sensitive to serotonin. Possibly it had 
an influence on the blood-retinal barrier. It caused transient cataracts, probably by decreasing 
the production of aqueous. It blocked tropicamin-induced mydriasis. The techniques and 
provisional results of measurement of serotonin in human aqueous are also described. 

Introduction 

Sero ton in  (5 -Hydroxy t ryp tamine ,  5 -HT)  is a biogenic amine which exhibits 
a multiplicity of  pharmacologica l  actions. Because  of  the existence of  
mult iple  receptor  sites, the physiological  role of  5 -HT has not  yet  been  
clearly established and the results of  different studies are often cont radic tory  
or  controvers ia l  [1,2] .  5 -HT is mainly p roduced  in the en terochromaff in  
cells of  the small intenstine. It  is ei ther  r emoved  by the liver and the 
endo the l ium of  the lungs or  it is taken up by blood-platelets ,  which release it 
when  they aggregate  [3]. 5 -HT is also synthesized in the central  nervous  
system, where  it acts as a neurot ransmit ter .  Fur the rmore ,  5 -HT is the 
p recursor  of  mela tonin ,  a h o r m o n e  which is p roduced  in bo th  the eyes and 
the pineal  gland ( third eye) [4]. Melatonin  has an influence on retinal disk 
shedding  [5] and on various endocrinological  systems, th rough  which a 
relat ionship with intra-ocular  pressure and proliferative diabetic re t inopa thy  
might  be suspected.  

5 - H T  has an influence on haemorheo logy .  It increases b lood viscosity [6] 
and plays a role in platelet  aggregat ion [7]. It  has a complex influence on 
vasoconst r ic t ion  and vasodi la tat ion [8,9] ,  Fur the rmore ,  it enhances  
per iphera l  microvascular  permeabi l i ty  and thus plays a role in the develop-  
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ment of oedema [10]. These actions of 5-HT suggest a possible relationship 
between 5-HT and diabetes mellitus. There is evidence that 5-HT interacts 
with the glucose and insulin metabolism [11-14]. The reactions of the 
vessels to 5-HT in diabetic animals differ from those of healthy animals [15]. 
Winocour et al. [16] recently described significantly higher plasma concen- 
trations in diabetic patients than in healthy subjects. 

Because of the diversity of, mainly unclarified, actions on the general 
circulation and microcirculation, 5-HT might play a role in several eye 
diseases in which the circulation is involved, i.e. diabetic retinography, 
arterial and venous occlusion and glaucoma. The reaction of the retinal 
vessels to 5-HT was first described in 1959 by Morlunghi & Volpi [17], 
followed by Tammisto [18], who described the transient blanching of the 
fundus after intravenous injection of 5-HT. A more detailed study by 
Okhubo & Chiba [19, 20] showed the constrictive action on perfused canine 
ophthalmic arteries and human ciliary arteries. Williams et al. [21] and 
Faraci et al. [22], however, found no alteration in retinal bloodflow after 
5-HT in healthy monkeys, whereas in atherosclerotic monkeys there was a 
marked reduction in bloodflow and a decrease in the reaction to light stimuli 
on the ERG. In a double-blind study on the influence of an anti-5-HT drug 
on the progression of non-proliferative diabetic retinopathy, Klein & Hirche 
[23] found significantly less progression in retinal haemorrhages and mi- 
croaneurysms in the treated group. 

In consideration of the vasoactive properties of 5-HT and the fact that 
both intra-ocular pressure [24, 25] and melatonin (metabolite of 5-HT) 
production follow a diurnal rhythm in the eye, there is reason to suspect a 
possible role for serotonin in the development of glaucoma. Martin et al. 
[26, 27] were the first to measure 5-HT in human aqueous and speculated on 
its mode of action in glaucoma. In a double blind study on patients with 
normal tension glaucoma, Mermoud et al. [28] found a positive influence of 
naftidrofuryl (an anti-5-HT drug) on visual acuity and visual field, even 
though the intra-ocular pressure was slightly raised during treatment. 
Another anti-5-HT drug, ketanserin, was found to lower the intraocular 
pressure significantly in patients with ocular hypertension [29]. 

The enigmatic features of 5-HT listed above, induced the authors to 
conduct a series of pilot-studies. 5-HT was given in various doses by various 
methods of administration to healthy pigmented rats. The effects on the 
posterior and anterior segments were studied by ophthalmoscopy, fundus- 
photography, fluorescein-angioscopy, fluorescein-angiography, slit-lamp ex- 
amination and photography. Meanwhile, laboratory techniques for measur- 
ing 5-HT in human aqueous were developed. 

Materials and methods 

Throughout the pilot studies healthy pigmented AO x BN rats, three to six 
months of age, were anaesthetized with 0.25 ml Aescoket i.m. and 0.1 ml 
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Rompun s.c. after superficial ethersedation. 5-HT solutions of various 
concentrations were prepared by dissolving 5-HT-creatinine sulphate 
(Sigma) in either saline or phosphate buffer solution (PBS). Care was taken 
to expose the solutions as little as possible to light. Fluorescein-angioscopy 
and -angiography were performed on some rats after intraperitoneal injec- 
tion of 0.3 ml of a 5% fluorescein solution. A Zeiss fundus camera was used. 

Experiment 1: posterior segment 

(a) Per#ocular injections: after lifting the conjunctiva an injection of 0.05 ml 
of a respectively 1, 0.5, 0.25 and 0.01 mg/ml 5-HT solution in PBS was 
given to the right eye, the left eye served as the control eye. Mydriasis was 
obtained by using tropicamide 1% eyedrops prior to the injections. The 
effects were studied both ophthalmoscopically and by fluo-angioscopy and 
-angiography. 

(b) Intraperitoneal injections: 0.2, 0.1 and 0.02mg 5-HT in 0.5ml PBS 
were injected. Effects in both eyes were examined. 

(c) Eyedrops: 1% solutions of 5-HT in saline and in PBS were prepared 
and instilled into the right conjunctival sac immediately after anaesthesia 
and 5 and 10 minutes later. The left eye served as the control eye. 

Experiment 2: anterior segment 

(a) After the injections and eyedrops as described in Experiment 1 the 
anterior segments of some rats were studied by slit-lamp examination. 

(b) After intraperitoneal injection the penetration of fluorescein into the 
anterior chamber was examined. 

(c) The effects on mydriasis were studied by administration of 1% 5-HT 
eyedrops immediately after anaesthesia and 5 and 10 minutes later into the 
conjunctival sac of either the right or left eye, the contralateral eye served as 
control. After 15 minutes tropicamide 1% eyedrops were instilled into the 
conjunctival sac of both eyes. 

Experimental 3: 5-HT in human aqueous 

5-HT concentrations were measured in the aqueous of 5 patients who were 
scheduled for ECCE and IOL implantation under local anaesthesia and 
were not known to have either glaucoma or diabetes mellitus. Retrobulbar 
anaesthesia consisted of 2.5 ml Lidocaine 2% and 2.5 ml Marcaine 0.5%. 
Mydriasis was effected by means of tropicamide 1% and phenylephrine 
2.5% eyedrops. Using a 30G needle on a i ml syringe, 0.15 ml aqueous was 
aspirated from the anterior chamber, prior to the opening of the con- 
junctiva. Samples were conserved by the addition of sodium metabisulphite 
and the disodium salt of ethylenediaminetetraacetate to a final concentration 
of approximately 10 g/1 each. Samples were stored, protected from light, at 
- 2 0  ~ C until analysis. 100 txl aliquots were analyzed by direct injection on a 
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high performance liquid chromatography system with fluorometric detec- 
tion, as described by Kwarts et al. [30]. 

Results 

Experiment 1 

As shown in Fig. la & lb, peri-ocular injection of a 1 mg/ml 5-HT solution 
caused marked attenuation of the vessels. After 1 minute blanching of the 
optic disk could be observed, followed by blanching of the retinal arterioles 
and venules and of the choroidal vasculature. The retina was left virtually 
bloodless. The effect was temporary. In some rats it took 20 minutes before 
the fundus was perfused again, in others it took 1 hour or more. Rats that 
were re-examined the day after the experiment all had normal-looking 
fundi. When 5-HT in lower concentrations was used, the effects were less 
pronounced. As shown in Fig. lc the vessels became less attenuated, though 
occasionally some sludging was seen. An important finding was that, even 
when there was no macroscopic narrowing of the retinal vessels after these 
low concentration injections, there was still marked blanching of the optic 
disk. 

Because the findings might possibly be caused by the local effects of the 
injection in the peri-ocular region, i.e. haemorrhage or oedema, the experi- 
ments were repeated using intraperitoneal injection of 5-HT. The effects 
were comparable. Injection of 0.2 mg 5~HT i.p. caused marked attenuation 
within 2 minutes. After a 0.05 mg injection there was still marked paleness 
of the optic disk. As shown in Fig. 2, the effects of these low-dose injections 
were comparable to those of 1% 5-HT eyedrops. Though the effects of 
eyedrops were not observed in every animal, in some there was a definite 
blanching of the optic disk. 

Because the 5-HT injections caused fast-developing cataracts it was hard 
to obtain reproducible fluorescein angiograms. Though the larger vessels 
were well documented, it was hard to collect data on the capillary system. 
However, after injections of medium to high doses of 5-HT, when ophthal- 
moscopically there was complete closure of the retinal vascular system, 
some filling of the arteries could be observed, while the venous system did 
not fill at all. This suggests closure of either the capillary system or the 
veins. After low-dose injections, when opthalmoscopically the optic disk was 
very pale, some fluoresein still entered the disk, suggesting either partial 
closure of all disk vessels, or closure of either the retinal or the choroidal/ 
ciliary blood supply. 

Furthermore, during fluorescein-angioscopy the impression arose that, 
when fluorescein was given after the vessels reopened, some leakage of dye 
from the capillaries could be observed. However, this impression could not 
be documented angiographically. 
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(a) (b) 

(c) 
Fig. 1. (a) Normal rat fundus; (b) Same fundus after peri-ocular injection of 0.05 ml 1 mg/ml 
5-HT, showing blanching of the optic disk and marked attenuation of retinal and choroidal 
vessels; (c) Rat fundus after periocular injection of 0.05 ml 0.1 mg/ml 5-HT, showing less 
attenuation of the vessels, but still marked blanching of the optic disk. 

Experiment 2 

Both injections of 5-HT and eyedrops caused dense cataracts. After  ten 
minutes an increasing opacification of the lens was observed. On slit-lamp 
examination a cortical cataract was seen behind a small clear subcapsular 
zone. In rats undergoing fluorescein angiography, no fluorescein was seen 
entering the anterior chamber after high- or medium-dose 5-HT injections; 
in rats that were given eyedrops there was a marked reduction in the 
fluorescence of the anterior chamber in comparison with the contralateral 
eye. 
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(a) (b) 

Fig. 2. (a) Normal rat fundus; (b) Same fundus after intraperitoneal injection of 0.5 mg 5-HT, 
showing paleness of the optic disk; (c) Rat fundus after 1% 5-HT eyedrops, showing paleness of 
the optic disk as in low-dose intraperitoneal injections. 

When rats were given eyedrops in one eye immediately after anaesthesia, 
the pupil of this eye failed to dilate on administration of tropicamide 1% 
eyedrops.  Because after 10 minutes of anaesthesia most rats showed a 
difference in spontaneous pupil dilatation (in most cases the left eye was 
more  dilated than the right eye), the experiment was repeated on the eye 
that had the spontaneously larger pupil. In these cases also the pupil failed 
to dilate. 

Experiment 3 

In 3 of t h e  5 samples, a measurable concentration of 5-HT in the human 
aqueous was found. Concentrations were 4, 20, and 48 nmol /L  respectively. 
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Discussion 

As described by Tammisto [18], marked attenuation of the retinal vessels is 
observed after intravenous injection of 5-HT. The same observation was 
made in these pilot studies when 5-HT was given by the peri-ocular or 
intraperitoneal route. The reaction was dose-dependent. In high doses the 
retina became virtually bloodless. In lower doses, for instance when 5-HT 
was given in eyedrops, there was still marked blanching of the optic disk, 
even when the retinal vessels appeared to be unaffected. The optic disk 
vasculature seemed to be particularly sensitive to 5-HT. Whether the effect 
observed on ophthalmoscopy is due to actual spasm of the vessels or to 
obstruction of the vessels by cellular aggregates is still a debatable point. 
Other than in Tammisto's study, aggregates of blood corpuscles and sludg- 
ing were seen in many of the experiments. On the other hand, the 
experiments of Okhubo and Chiba, although performed on another species, 
do point in the direction of actual spasm. 

Although a fluorescein-angiogram of the rat's eye seems to be easily 
obtainable, efforts made to obtain reproducible data on the exact action of 
5-HT on the retinal vessels and capillary network were unsuccessful, partly 
due to fast-developing cataracts. Some observations could be made, how- 
ever. After a gross spasm of the retinal vessels some filling of the arteries 
could be observed but no filling of the veins. Whether this observation is 
explained by closure of the capillary network or by occlusion of the veins is 
not yet clear. 

During fluorescein-angioscopy the impression of mild leakage of dye from 
the capillary system was obtained. Whether this observation is in fact a case 
of 'wishful looking' is not yet clear. Angiographic techniques are being 
improved and fluorophotometric studies are in progress, with the aim of 
documenting the suspected leakage of dye into the vitreous after 5-HT 
administration. 

The influence of 5-HT on the rat's lens has been described by Tilgner & 
Kusch [31]. Cataracts were found when a subcutaneous injection of 5-HT 
was combined with a previous injection of phenelzine (a MAO-inhibitor). 
However  in our experiments, when 5-HT was given alone by peri-ocular or 
intraperitoneal injection or in eyedrops, dense cataracts were observed as 
well. Possible explanations for these contradictory finding are that either the 
subcutaneous injection alone gives a very low blood concentration which is 
increased by phenelzine, or the anaesthetics used in our experiments play a 
role in potentiating the effects of 5-HT. The fact that the in-vitro study 
performed by Tilgner and Kusch showed a definite opacification of the 
isolated rat's lens on 5-TH alone, together with the finding that 5-HT 
eyedrops cause opacification, supports the view that 5-HT alone is respon- 
sible for the cataract formation. The cause of this cataract formation after 
5-HT administration may be  found in a disturbance of lens-metabolism due 
to diminishing bloodflow to the ciliary body and anterior chamber. As 
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shown in the experiments, fluorescein penetration into the anterior chamber 
was greatly diminished after 5-HT administration. 

No reports have been found in the literature on the effects of 5-HT on 
pupillary dilatation. 5-HT blocked the dilatation of the pupil induced by 
tropicamide 1% eye-drops. Possibly this effect was due to hypoxia or 
ischaemia of the dilator muscle. A more sophisticated explanation may be 
found in a direct interaction between 5-HT and the autonomic nervous 
system [32]. This effect of 5-HT might play a role in the poor mydriasis 
observed in traumatic hyphaema: in hyphaema the concentration of 5-HT in 
the anterior chamber Will be high because of its depletion from the platelets. 
It might also play a role in the poor mydriasis of diabetic patients. Studies 
are in progress to obtain more detailed information on this particular action 
of 5-HT. 

As for the concentrations of 5-HT in human aqueous in this pilot study: 
they were although lower, still in the same order (nmol/mL) as those found 
by Martin et al. [26], and definitely higher than the concentrations found in 
the plasma of healthy people [16]. 

In conclusion, this series of pilot studies showed the multiple effects 
produced by 5-HT on the rat's eye. The results, together with the data 
found in the literature, support the hypothesis that 5-HT might play a role in 
the development of glaucoma and diabetic retinopathy. Angiographic tech- 
niques are being improved in order t o  get more insight into the action of 
5-HT on the capillaries of the retina and optic disk. Fluorophotometric 
studies on healthy and Alloxan-diabetic rats are in progress. Measurements 
of 5-HT in human aqueous will be continued in healthy patients and in 
patients with glaucoma or diabetes. A study in a group of carcinoid patients 
will be undertaken [33]. Finally, the influence on mydriasis will be studied in 
moredetai l .  Hopefully, in the future, these studies will shed more light on 
the iriteresting actions of 5-HT on the eye. 
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