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Abstract 

There has been a suspicion on the part of many clinicians and research scientists that intraocular pressure can 
be regulated by neural and/or humoral influences upon the rate of aqueous humor formation. It has been 
difficult, if not impossible, to separate specific influences of the central nervous system upon intraocular 
pressure from vascular induced or other secondary alterations. The past two decades have witnessed a great 
deal of study of the role of the adrenergic nervous system upon the regulation of intraocular pressure. From 

the investigations it is possible to formulate an integrated concept that can place years of work and 
speculation on a firm molecular foundation. The secretory tissue of the eye, the ciliary processes, contain an 
enzyme receptor complex, comprised by receptor complex, comprised by receptor bound membrane proteins, 
the catalytic moiety of the enzyme, a guanyl nucleotide regulatory protein (or N protein) and other features. 
The enzyme can be activated by well known neurohumoral or humoral agents that consist of catecholamines, 
glycoprotein hormones produced by the hypothalmic pituitary axis, and other related compounds, including 
placental gonadotropin. These compounds cause the ciliary epithelia to produce cyclic AMP at an accelerated 
rate. Cyclic AMP, as a second messenger, causes, either directly or indirectly, a decrease in the rate of aqueous 
humor formation that may be modulated by cofactors. Clinical syndromes fit the experimental data so that an 
integrated explanation can be given for the reduced intraocular pressure witnessed under certain central 
nervous system and adrenergic influences. The molecular biology of this concept provides important leads for 
future investigations that bear directly both upon the regulation of intraocular pressure and upon glaucoma. 

Introduction 

The purpose of this review is to assemble old and 
new observations of the effects of the central 
nervous system and the adrenergic nervous system 
upon intraocular pressure (lOP). It is now possible 
to uni~' our concept of the ocular pressure effects of 
these systems because physiologic studies have 
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indicated a very central role for the adenyl cyclase 
receptor complex as a regulator of aqueous humor 
formation (16, 46, 47). Evidence for the regulatory 
role of ocular adenyl cyclase based on results from 
studies of the adrenergic nervous system can be 

integrated with results from studies of the neuroh- 
umoral influence of the central nervous system 
upon IOP to develop a unifying hypothesis telling 
how these two systems, central nervous system and 
adrenergic system, may exert their effects upon 
aqueous humor dynamics. 
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Methods 

Interest in the adrenergic control of the resistance to 
aqueous outflow was rekindled when it was found 
that the 24 hour decrease in IOP after postgang- 
lionic adrenergic denervation could largely be ac- 
counted for by a decrease in the resistance to 
outflow of aqueous humor (23, 44). Other labora- 
tories joined the race to learn about adrenergic 
influences on outflow (11, 37). The chase became 
even more spirited when circumstantial evidence 
was presented that linked the production of cyclic 
AMP and its persistence in the anterior chamber 
aqueous humor with decreased IOP and increased 
outflow of aqueous humor (30). It has become 
clear, however, that, even in the laboratory, only 
large doses of adrenergic drugs and some of their 
analogs can induce the effect, and, that even this 
pharmacologic effect, while definite, is small (32, 
33). With the appearance of utilizable techniques 
for measurements of aqueous inflow, attention now 
shifted to include these latter data (1, 7, 21). Again, 
however, adrenergic effects are small and varied, 
have not been characterized by study of dose 
dependency, are related to routes of delivery of the 
drug wherein frequently the delivery cannot be 
quantified, and exhibit species differences that in 
fact may not be as related to the species as to the 
experimental method. Finally, conclusions drawn 
about the mechanism of adrenergic effects do not 
always reflect a convincing application of known 
cellular receptor mechanisms to explain the clinical 
effect of these drugs (34). In spite of these discrep- 
ancies, study of the adrenergic system has proved to 
be a stimulating way to learn about regulatory 
mechanisms for lOP. In particular, it has led us to 
the development of information about receptors on 
a molecular level. An enzyme-receptor complex is 
present in the tissue responsible for the formation of 
aqueous humor. The adenyl cyclase receptor com- 
pex is present in the secretory epithelia of the ciliary 
processes of the eye and is associated with the other 
components of the second messenger system (45). If 
adenyl cyclase were linked to a common receptor or 
even to different receptors activated separately by 
either a central mediator or an adrenergic one, it 
would provide an integrated explanation of the 
action of these systems. 

A physiologic technique usefnl for the study of 
the receptor-containing tissue responsive to central 
and adrenergic mediators is one of the requirements 
for an adequate investigation. A probe of this 
receptor must have these characteristics: 1. potency; 
that is, activity at physiologic or low concen- 
trations. Some agents delivered by intraocular per- 
fusion or by topical application can exert effects on 
the outflow channels and related structures because 
they reach these targets in concentrations much 
larger than would be anticipated if similar com- 
pounds were regularly gaining entry to the eye by 
customary blood routes after endogenous release. 
Blood levels of hormones, for example, are in the 
range of 10-t~ but in pharmacologic studies, of 
the eye done with adrenergic agents, for example, 
levels of hormones in the aqueous humor three to 
five orders of magnitude greater are required even 
for modest effects. 2. Effectiveness in the un- 
disturbed eye to avoid possible changes induced by 
disruption of the blood-aqueous barrier. 3. A pro- 
longed duration of action to avoid any secondary 
effects produced by short lived vascular changes. A 
good candidate satisfying these three requirements 

was the cholera toxin. Cholera toxin has been widely 
used as a classic stimulator to evaluate the function 
of adenyl cyclase in various tissues. The prolonged 
action of the cholera toxin is a particular property 
that makes it ideal for intraocular study of the 
dynamics of aqueous humor. Changes from the 
toxin will become manifest after an interval of 
several hours. At this later interval, any earlier 
changes in blood flow can be separated from the 
slower changes in either aqueous humor formation 
or in outflow resistance that may have occurred to 
create a new steady state IOP. 

A test of this idea was executed in the summer of 
1977 when Marion Stoj, a medical student, and 
Alden Mead studied the effect of cholera toxin on 
IOP in our laboratory (47). Intravitreal injections of 
cholera toxin were made into the eyes of rabbits and 
the IOP fell dramatically to levels of episcleral 
venous pressure (16). Of course, in large doses, 2 mg 
or more per vitreous cavity, the ocular tissues 
showed inflammatory changes. Of enormous im- 
portance, however, was the fact that IOP could be 
reduced with much lower doses without any trace of 
inflammation. As little as 0.015 m g (  10- ~ ~M final 



dose in vitreous cavity) still produced a dramatic 

effect (46). The interval required for the response 

varied slightly, but within 12 hr virtually all animals 
exhibited at least a 5 mm Hg drop in IOP. 

Encouraged by the results obtained from in- 
travitreal injection, experiments were done in which 
cholera toxin was administered by close arterial 
infusion but accomplished so that the ocular circu- 
lation was not compromised. Delivery of cholera 
toxin through the blood supply was particularly 
important because under ordinary conditions it 
would be expected that hypothetical endogenous 
mediators would arrive at the ciliary processes in 
this manner. It turned out that arterial infusions of 
cholera toxin caused a marked decrease in in- 
traocular pressure. The effects were so remarkable 
that we decided to study in detail the relationship 
between the rate of aqueous inflow, blood flow, and 
the reduction in intraocular pressure. After pre- 
liminary dose-response experiments it was decided 
to infuse rabbits with 2.4 x 10 ~ M of cholera 
toxin through the right internal maxillary artery. 
IOP and blood flow are shown in Fig. 1. In the 

phase before (and during) the reduction in IOP, 
cholera toxin actually increased the blood supply to 
the anterior uvea. This means that the decrease in 
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Fig. 1. Effect of  close right arterial infusion of  cholera toxin on 

ocular blood flow and IOP. lOP and blood flow are plotted as 

ratios R/L, the RE was experimental and the LE control. Blood 

flow values at each interval represent a mean of  values from four 

rabbits taken immediately after infusion, and 4, 12 and 20 hours 

later. Ten additional animals had measurements  of  IOP by 
applanation tonometry at the intervals shown. IOP decreases as 
blood flow increases. Early increases in blood flow, within the 

first few hours, are an effect of  the cholera toxin. Later increases 
may include an indirect effect or component  of  hypotony to 
increase blood flow further. (From M.L. Sears et al., reference 
47). 
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aqueous flow cannot be caused by limited blood 

flow to the ciliary processes. Measurements of 

aqueous flow revealed that cholera toxin in eyes of 
rabbits whose blood ocular barrier were intact 
reduced the formation of aqueous humor by more 
than 500,o from a normal value of 2.4 ~: 0.09 (12) to 

1.1-t-0.15 (6) /ll/min p<0.01.  The decrease in 
IOP induced by arterial toxin was thus caused 
by drastically reduced aqueous flow. 

The anatomic localization of the binding sites for 
the action of cholera toxin in the eye has been 
studied (27). Cholera toxin reduces the rate of 
formation of aqueous humor in concentrations 
(10 i t M) that do not disturb the morphology of  the 
aqueous humor forming epithelial cells of the ciliary 
processes of the rabbit eye and that do not disturb 
the blood aqueous barrier. Furthermore, cell sur- 
face reception which mediates the action of cholera 
toxin on aqueous humor formation is localized in 
the interdigitating and apical plasma membranes of 
the nonpigmented epithelium (Figs. 2 and 3). Thus 
cholera toxin delivered by close arterial infusion (or 
by intravitreal injection) causes a profound re- 
duction in IOP by decreasing net of aqueous flow 
through the eye without compromise to the aque- 
ous forming cells or to their blood supply. These 
results are consistent with an influential role for the 
adenyl receptor cyclase complex of the ciliary pro- 
cess epithelia as a determinant of levels of IOP. 
Cholera toxin activates adenyl cyclase in the ciliary 
processes of rabbit eyes (16, 47) and can also 
increase the rate of production of cyclic AMP in 
intact ciliary processes from human eyes. In these 
human eyes, several of them quite fresh, basal cyclic 
AMP levels in excised ciliary processes averaged 5.2 
picomoles/mg of cell protein and could be raised 
almost tenfold by stimulation with cholera toxin 
(47). It turns out that in addition to cholera toxin, 
beta adrenergic agonists and glycopeptide hormone 
preparations can increase the rate of production of 
cyclic AMP by the ciliary processes, to reduce 

net aqueous flow and to cause a reduction in 
IOP (47). 

Are there any other endogenously released sub- 
stances that can mediate changes in aqueous flow in 
a similar manner? The answer to this question could 
tell us whether the mechanism by means of which 
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Fig. 2. Top: Electron micrograph of part of a ciliary process taken after close arterial infusion with B subunit of  cholera toxin conjugated 
with horseradish peroxidase. Reaction products larrows) within apical extracellular spaces between PE and NPE localize binding sites of  
cholera toxin, x 6000 

Bottom left: Lateral interdigitating membranes of NPE cells show beaded reaction products on outer surface of  plasma membrane. X 
60,000 
Bottom right: Extracellular space between PE and NPE. Reaction products attached to PE or NPE plasma membranes show binding sites 
of cho!era toxin, x 45,000 (modified from Mishima et al., reference 27). 



Fig. 3. Summary diagram of distribution of binding site~ on 
ciliary processes of beta subunit of cholera toxin and likel5 sites 
for beta subunits or glycopeptide hormones: �9 = after in vitro 
incubation: ~7 = after close arterial delivery. 

influences of the central nervous system affect IOP 
can be correlated with the effects of the adrenergic 
nervous system on IOP. Before we address this 
latter question, a short digression to discuss another 
aspect of adrenergic influences on IOP is indicated. 
Although epinephrine, a mixed alpha and beta 
adrenergic agonist, was first used topically in the 
1920's to treat glaucoma (17), it was Weekers (54) 
~ho first demonstrated that isoproterenol, a beta 
adrenergic agonist, reduced pressure in the human 
eye. I_ater, Ross & Drance (41) showed the dose 
response relationship between isoproterenol and 
reduced IOP in humans. The dramatic reduction in 
IOP occurred without affecting gross facility of 
aqueous outflow. It was therefore concluded that 
isoproterenol lowers IOP by reducing aqueous 
humor formation. Gaasterland (13) et al. proposed 
that beta adrenergic stimulation done by topical 
isoproterenol caused a 60~ reduction of aqueous 
humor inflow in tour young normal males. In the 
animal laboratory, Eakins (10), using the technique 
of intravitreal injections, studied aqueous humor 
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outflow directly and aqueous humor formation 

indirectly under the influence of epinephrine, nore- 
pinephrine, isoproterenol. While systematic errors 
may have occurred, a clear-cut separation of drug 
effects was noted, with isoproterenol, the classic 
beta agonist, reducing aqueous humor formation. 
All these cited studies indicate very clearly that 
stimulation of the beta adrenergic receptor, adenyl 
cyclase, lowers IOP, probably by reducing aqueous 
humor formation. 

The demonstration in the 1960's and the years to 

follow, that several beta adrenergic blockers (4, 38, 
44), but especially timolol (50), lower intraocular 
pressure, and, that the latter does so by a reduction in 
aqueous humor formation (57, 58), has provided a 
good deal of excitement for both clinicians and re- 
searchers. For the clinician a very potent useful 
topical agent has been developed in the treatment of 
glaucoma. For the researcher, the task of unravel- 
ing the apparent discrepancy of adrenergic agonists 
and antagonists acting in the same direction has 
proved interesting. Stimulation of adenyl cyclase 
reduces net aqueous flow. How then can blockade 
of adrenergic receptors lower intraocular pressure 
by reducing aqueous flow? Either ocular receptors 
are different fi'om the classic beta adrenergic re- 
ceptors or timolol acts in a unique manner unre- 
lated to its action as a beta adrenergic blocker. 
Evidence for beta adrenergic activity (31, 53), and 
receptors in the ciliary processes (6, 15) has been 
collected and further characterization indicates that 
very likely beta_, adrenergic receptors are present 
(29). These are, by definition, essentially the same 
receptors as found in vessels that mediate vasodi- 

lation and in the lung that mediate bronchodilation. 
Therefore the possibility that ocular beta adrenergic 
receptors are different fi'Oln the classic beta re- 
ceptors is remote. In defense of the position that 
beta adrenergic blockers work as such to lower 
aqueous humor formation it is said that the beta 
blockers as a class of drugs lower lOP. Timolol is 
simply the most efficacious. Nonetheless, there is 
not apparent parallelism between the ability of a 
drug to reduce IOP and to block beta receptors. 
Second, timolol acts like a beta adrenergic blocker 
in vivo at a concentration lower than that required 
for its pressure reducing effect in the eye and yet at a 
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concentration consistent with its Kd for binding to 
beta adrenergic receptors in ciliary processes (15). 
Third, d-timolol lowers IOP (24). This finding 
indicates a lack of stereospecificity for the beta 
receptor. Fourth, the suggestion that timolol or 
other beta blockers may have a presynaptic locus of 
action does not help because it has been found that 
the drug is equally effective in eyes that are nor- 
really innervated and postganglionically denervated 
(55). Although the authors themselves did not draw 
this conclusion with respect to the locus of action of 
timolol, it is quite clear that in the presence of a 
postganglionic denervation, a presynaptic locus of 
action with timolol would be eliminated. A specu- 
lation has been made that timolol or beta blockers 
may inhibit ciliary process Na-K-ATPase 2 but the 

doses required for this in vitro effect are very much 
larger than required for the drug to exhibit other 
chemical, physiologic, or pharmacologic effects. 
For all these reasons, it is likely that timolol reduces 
aqueous formation by a mechanism in addition to 
or other than its beta blocking action. This con- 
clusion is an explanation consistent with the power- 
ful evidence that stimulation, not blockade, of 
adenyl cyclase reduces aqueous flow (10, 13, 16, 41, 

46, 47, 54). 
Now we can turn our attention to the central 

nervous system. If  the adenylate cyclase receptor 
complex is regulatory for aqueous humor for- 
mation, are there other agents besides adrenergic 
compounds and cholera toxin that can stimulate 

this complex to reduce aqueous humor inflow? 
It turns out that preparations" of important hor- 
mones elaborated by the hypothalmic pituitary axis 
of the central nervous system have the ability to 
stimulate the adenyl cyclase-receptor complex and 
can lower lOP and aqueous humor formation. 
These are preparations of the glycoprotein hor- 
mones, the gonadotropins. 

Central neural and/or neuro-humoral influences 
upon IOP were the subject of speculation and have 
been searched for many years. In 1870, Von Hippel 
& Gruenhagen (51) speculated that the cervical 
sympathetic nerves decreased and the fifth nerve 
increased pressure. Elwyn (12) in 1938, Hess (18) in 
1945, Magitot (25) in 1947, Schmerl & Steinberg 
(43) in 1950 and Duke-Elder (9) in 1957 all hy- 

pothesized that a center in the hypothahnus or 
diencephalon was responsible for regulation of eye 
pressure. Von Sallman & Lowenstein (52) tried to 
explore the diencephalon to find specific areas that 
could alter IOP independently of changes in sys- 
temic blood pressure. The changes in eye pressure 
that could be recorded were only transient. In 1951, 
Nagai, Ban & Koratsu (128) showed changes in IOP 
after stimulation of the diencephalon but believed 
that these changes were not independent of alte- 
rations in systemic blood pressure. These neu- 
rophysiologic studies on the central nervous system 
have not delineated a pathway that can mediate 
IOP. More recently, a relationship between changes 
in blood osmolality and IOP have suggested that 
the hypothalmus mediates these fluctuations in IOP 
by way of efferent fibres in the optic nerve (22, 40). 
Additional supporting evidence is required to estab- 
lish a definite pathway and its effector. 

Clinical studies have revealed two endocrine 
instances in which hypotony or low IOP occurs 
without ocular pathology. One of these is pregnan- 
cy. The drop in eye pressure in pregnancy has been 
studied sporadically over the last twenty years. 
Niebroj (36) in 1971 showed that administration of 
chorionic gonadotropin in menopausal patients 
with glaucoma in a dose of 10,000 units daily over a 
period of five days caused a slight to moderate drop 
in pressure after treatment. A previous study by 
Niebroj (35) had shown that in certain glaucoma 
patients there were decreased LH levels. There had 
been some other earlier studies of patients who were 
pregnant. For example, DeGrosz (8) in 1937 
showed that a series of pregnant women had a 2 to 3 
mm drop sustained throughout their pregnancy. In 
Scandinavia, Wilke (56) showed a 1.4 mm Hg fall in 
IOP only during pregnancy and believed that this 
pressure drop could be accounted for by a change in 
episcleral pressure. Horven (19) in 1974, in a work 
designed to study the corneal indentation pulse in 
pregnant women, measured IOPs and found these 

to fall from an average of about 14 mm Hg to a low 
of 11 to 12 mm Hg in the 30 to 40th week of 
pregnancy. No mention was made of any re- 
lationship to circulating hormones. Seven other 
studies referenced in Horven's paper were quoted as 
agreeing that IOP decreases in pregnancy. Among 



these studies, an early one by Becker & Friedenwald 
(3), two women were found to have increased 
outflow. The authors commented that the increase 
in outflow was related to an increased circulating 
level of progesterone. Horven himself comments on 
the possible relationship of IOP to episcleral venous 
pressure as a determining factor but makes no 
mention of possible changes in aqueous humor 
formation. He did observe, however, that the IOP 
goes down in the first trimester and apparently 
stays down. In perhaps one of the first studies of 
pregnant women. Imre (20) in Hungary, showed 
that 42 of 50 pregnant women studied had tensions 
of 12 mm Hg which he characterized as being much 
less than the 20 mm Hg which he considered 
normal. 

The other clinical condition in which hypotony 
has been documented (and in which gonadotropins 
(FSH) have been shown to be elevated) is myotonic 
dystrophy. The authors who originally described 
the ocular findings in myotonic dystrophy (5) and 
others who have confirmed the observation of 
hypotony did not make a connection to any parti- 
cular humor to account for the drop in pressure. It 
should be remembered that male patients with 
myotonic dystrophy have testicular gonadal atro- 
phy. Probably as a consequence increased circulat- 
ing levels of FSH have been noted. In pregnancy 
increased chorionic gonadotropins (of placental 
origins) and in myotonic dystrophy increased FSH 
levels occur. These changes can well account for the 
drop in IOP seen in these two groups of patients. As 
one can also conclude from the ensuing experimen- 
tal studies, there is a correlation between the elev- 
ated glycoprotein hormone levels and reduced IOP. 
Further study of the effect of these glycoprotein 
hormones obviously required this scrutiny in a 
controlled environment. 

Glycoprotein hormones include the pituitary and 
the placental gonadotropins and the thyroid stimu- 
lating hormone of the pituitary. These hormones 
are very complex proteins that have diverse func- 
tions, yet are closely related in structure. Each bears 
two peptide chains or sub-units, alpha and beta. 
They are cross linked by disulfide bonds and are 
glycosylated at specific residues. Specificity of hor- 
monal activity, however, is conferred by the beta 
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sub-units. The alpha sequence is virtually identical 
for all the glycoproteins. These hormones elicit their 
biologic response after interaction with cell surface 
receptors by activation of adenyl cyclase and the 
production of cyclic AMP (42). The results with the 
cholera toxin, the classic stimulator of the adenyl 
cyclase receptor complex, and with catecholamines. 
indicating that stimulation of beta adrenergic re- 
ceptors causes a net reduction in aqueous humor 
flo~ (16, 46, 47), leads to an obvious explanation 
of the mechanism of action for the hormones of the 
adrenergic system on the one hand and the cholera 
toxin and glycoprotein hormones on the other. All 
of these chemicals act on a cell surface receptor 
linked to stimulate membrane bound adenyl cyclase 
to reduce net aqueous humor flow (42, 47). New 
evidence from experiments done with gonadotropin 
preparations supports this hypothesis. 

We obtained and then tested two different pre- 
parations of each of the gonadotropins. These 
preparations with their bioassayed activity accord- 
ing to the 2nd international standard were: bovine 
thyrotropin (TSH) from Armour, (Thyrotropar) 
and bovine TSH a gift from Professor John Pierce 
of UCLA, about 10 /t/rag; follicle stimulating 
hormone (FSH) from Sigma Chemical Corp. (50 
/t/rag) and from the National Institutes of Health 
(Lot # 1366) 60 /l/rag: luteinizing hormone (LH) 
from Sigma (about 6,000 l~/mg); (HCG) human 
chorionic gonadotropin from Serono (about 6,700 
/~/mg) and Pregnyl from Organon (about 2,500 
l~/mg). These preparations were studied in rabbits 
by administering a right intravitreal injection of a 
test substance in 10 /A of diluent while the left 
control eyes received a 10 l~1 injection of the diluent 
itself. Additional controls included two different 
progesterone preparations and quingestanol, ge- 
nerously donated by Dr. Black of Warner-Lambert. 
A typical experiment done with two different doses 
of an HCG preparation, as an example, is shown in 
Fig. 4. About 8 hours after intravitreal injection eye 
pressure begins to fall and reaches its ebb within 16 
hours. The effect may last as long as two days. The 
time course of this local ocular effect, relatively 
slow onset and prolonged duration, is quite con- 
sistent with the way in which these compounds act 
on the gonads. Both these effects are of course 
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Fig. 4. Human chorionic gonadotropin (pregnyl, Organon) was 
injected intravitreally into the right eyes of rabbits in a volume of 
l0/A to produce final molar concentrations of 10 8 M in one 
series and 10-; M in a second series. The control left eyes were 
injected with 10 pl of diluent. Outflow pressure (applanation 
pressure) minus episcleral venous pressure (unchanged usually at 
between 8-10 mm Hg) is plotted on the ordinate. After six to 
eight hours IOP begins to fall and reaches a nadir at about 16 
hours. The reduction in pressure persists for almost two days 
before returning to normal control levels. 

based upon activation of cell surface receptors that 

are coupled with adenylate cyclase to cause an 

accelerated rate of production of cyclic AMP (42, 

47). The physiology of this response is virtually the 

same as that of cholera toxin: a pronounced action 

of these compounds to reduce aqueous humor 

formation accounts for the reduction in intraocular 

pressure. The results obtained with all the gonadot- 

ropin preparations plotted at the time at which their 

maximum effect was accomplished, about 10-14 

hours after intravitreal injection, are illustrated in 

Fig. 5. At levels of from 10 - t~  M to 10 6 M, final 

vitreal concentration, dramatic effects in lowering 

intraocular pressure were obtained for each of the 

compounds tested. FSH and HCG were more 

potent, followed by TSH. LH was the least effective 

with the preparations and dose levels used. Not 

surprisingly, progesterone and its congeners were 
completely ineffective. These latter compounds in- 
terestingly inhibit activation of adenylate cyclase 

(12). 
It is interesting simply to compare the final molar 

vitreal concentration required to give a consistent 
pressure reducing effect with the levels of human 
gonadotropin found in the plasma of pregnant 
women during the first trimester. These plasma 
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Fig. 5. A summary dose response curve showing the effect of 
se,mral commercial glycopeptide preparations upon ocular out- 
flow pressure in the rabbit reflecting the time of peak response, 
usually about 16 hours. Each point represents the mean of 5 to 8 
eyes. x, progesterone; [] quingestanol, given to animals fol- 
lowed for 24 hours, had no effect in doses plotted. 

levels for HCG are 10 " M tested by radioim- 

munoassay, a figure that in the vitreous consistently 

produced a significant fall in IOP (Figs. 4 and 5). 

Could then this local effect be reproduced by 
parenteral administration'? Males, females, and 

oophorectomized female rabbits were given per- 

gonal in a dose of 25 units of FSH and 25 units of 

LH intramuscularly daily for three doses while 

control animals were given a diluent. Six days after 

the first injection the procedure was reversed: ani- 

mals that received diluent were now given injections 

of pergonal and the hormone injected animals were 

given diluent. Fig. 6 indicates the results. The males, 

females and oophorectomized animals are the three 

groups traced respectively (top to bottom) in the 

figure. Parenteral administration of the FSH-I,H 

preparation produced an effect on intraocular pres- 

sure which began within 24 hours and lasted for 2 to 
3 days in all groups. Although three doses were used 

it is clear that the first dose alone could bring the 
pressure down. This result in animals again con- 
firmed the impression encountered in pregnant 
human females and in myotonic dystrophy patients 
that elevated levels of gonadotropic hormones can 
reduce intraocular pressure. The effect is clearly not 
mediated by the gonads because of the equivalent 
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Fig. 6. Tracing indicates the response of outflow pressure to 
parenteral injections of FSH 25 /~ and LH 25 p administered 
together in a preparation called pergonal (Serono). 6 males, 6 
females, arid 6 oophorectomized females, (respectively top to 
bottom traces) were divided into two groups that reversed 6 days 
later. A dramatic response began after the first of three injections 
to reduce outflow pressure to 75~ or more (in the oophorecto- 
mized group). Crossover study confirmed the result, indicating 
that parenteral gonadotropins can reduce intraocular pressure 
significantly. 

effects in three groups .  In fact, the oophorec tomized  

g r o up  had  the greatest  effect. Also,  the g o n a d o -  

t rop in  effect can  be es tabl i shed f rom ei ther  the 

b lood  or vi t real  side of  the  ci l iary ep i the l ium.  

A l t h o u g h  o u r  m e a s u r e m e n t s  of  net  a q u e o u s  flow 

(16) after  ac t iva t ion  of  ciliary' epi thel ia l  adeny la t e  

cyclase c a n n o t  d i s t i ngu i sh  e n h a n c e d  a q u e o u s  re- 

a b s o r p t i o n  f rom reduced  secret ion,  a schema of  

how several  c o m p o u n d s  m a y  act on  the adeny la t e  

cyclase recep tor  complex  in the ci l iary ep i the l ium 

is ind ica ted  by  Fig.  7 a n d  its legend.  Fig. 8 sum-  

mar izes  d i f fe rent  in f luences  on  the adeny la t e  cy- 

clase recep tor  complex .  

A d d i t i o n a l  expe r imen t s  are needed  b o t h  on  clini-  

cal a n d  e x p e r i m e n t a l  levels to s u p p o r t  the hy-  

pothes is  p r o p o s e d  in this  paper .  It  cou ld  t u r n  out ,  

for example ,  tha t  the  p r e p a r a t i o n s  used in the  

cu r r en t  expe r imen t s  r epor t ed  c o n t a i n  an  i m p u r i t y  

or a new subs t ance  wi th  pressure  r educ ing  activity.  

None the less ,  it is qui te  clear f rom these l a b o r a t o r y  

expe r imen t s  a n d  m a y  be su rmised  f rom o ther  cl ini-  

cal s tudies  tha t  the net  flow o f  a q u e o u s  h u m o r  

can  be d r a m a t i c a l l y  reduced  by ac t iva t ion  of  the 

adeny la t e  cyclase system. The  decrease  in net  aque-  

ous  f low is assoc ia ted  wi th  the ac t iva t ion  o f  aden-  

ylate cyclase c o n t a i n e d  wi th in  the c i l iary processes 

(of  the eyes of  b o t h  r abb i t s  a n d  h u m a n s ) .  P r e p a r a -  

t ions  o f  g lycopep t ide  h o r m o n e s  whose  ac t ion  is 

med ia t ed  by  the adeny la t e  cyclase system also lower  
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Fig. 7. When mediators act on a beta membrane-bound re- 
ceptor, the catalytic moiety of the adenylate cyclase complex, is 
activated via the coupling protein, N, that binds GTP. It is 
possible, similar to the exogenous ribosylating action of cholera 
toxin, that endogenous ADP ribosylation of the N protein 
occurs within the cytoplasm of the cell. In this ribosylated state 
of the N coupling protein, an associated GTPase is inhibited, an 
effect that keeps adenyl cyclase activated. (The regulatory role of 
the guanine nucleotide may include an amplifying effect by GTP 
and a dampening effect by GDP.) Cyclic AMP is now produced 
at an accelerated rate and activates or deactivates a phosphory- 
lation system which may directly regulate membrane permea- 
bility or may indirectly regulate the rate of formation of aqueous 
humor by altering the rate at which sodium is presented to an 
Na-K-ATPase pump. 

In ciliary process the beta receptor may be a betaz receptor 
rather than both beta 1 and 2. Whether these receptors are 
distributed evenly or differently across the epithelia and vascula- 
ture is not known at this time. 

Besides beta receptors, there are alpha (u.) receptors linked to 
inhibit adenyl cyclase. These have not yet been demonstrated for 
ocular tissue. (They are therefore shown with?) There may occur 
other alpha (c4 receptors, alphat, that are post-synaptic, and not 
linked to adenyl cyclase. These may influence the ciliary process 
through calcium as a second messenger to produce either 
vascular or, less likely,, epithelial Isecretory) effects. These have 
been demonstrated in the lacrimal and parotid gland, but not for 
ciliary' process. Finally, there are presynaptic, alphae receptors 
that act in feedback, to inhibit norepinephrine synthesis. The 
effect of these receptors in the ciliary" process is unknown at 
present but the5' are known to function elsewhere, as in the 
retina. 
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Adenylare C]clase Medxated Reduction in Aqueous H~mor Formation 
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Fig. 8. A simple summary diagram indicates how neurohumoral 
changes may be mediated by norepinephrine (NE) at a post- 
synaptic noncyclase receptor, ~1, or by catecholamines at the 
beta receptor, and other hormones at another membrane bound 
receptor, coupled to act upon the catalytic moiety of the 
receptor enzyme complex, adenylate cyclase. 

in t raocular  pressure.  These effects are not  media ted  

by estrogen or progesterone (Fig. 5). [The latter have 

small  effects on IOP (26, 48)]. Thus  exper imenta l  

results f rom studies of  the adrenergic  nervous  

system and f rom the central  nervous  system as well 

as clinical observa t ions  (5, 8, 14, 20, 35, 36, 39, 47, 

48) deal ing with ho rmone  p repa ra t ions  that  are 

e l abora ted  by  the p lacen ta  or  after release f rom the 

hypo tha lamic  p i tu i ta ry  axis o f  the central  nervous 

system have increased our  unders tand ing  of  how 

IOP m a y  be regula ted  th rough  changes in aqueous  

humor  format ion .  The b io logy o f  the ci l iary epi- 

thel ium tells us that  the membranes  of  these cells 

conta in  a c o m m o n  receptor  coupled  to adenyla te  

cyclase. The kinetics o f  its occupancy  by agonis ts  

and antagonis ts  have been and are under  intense 

s tudy (6, 15, 29, 31). Regu la t ion  of  this enzyme 

receptor  complex  can take  place by events outs ide 

the cell, i.e. neural  or  humora l  ones, at the cell 

m e m b r a n e  receptor ,  or by events at the level of  the 

coupl ing mechan i sm within the cell membrane ,  or  

by in t racel lu lar  componen t s  dampen ing  or enhanc-  

ing the ac t iva t ion  o f  the cata lyt ic  moie ty  of  aden-  

ylate cyclase (47) (see Fig. 7). A l t h o u g h  the precise 

schedule of  molecu la r  events that  occur  after in- 

te rac t ion  of  a ho rmone  with  its membrane  receptor  

are complex,  future  studies of  the fo rma t ion  of  

aqueous  h u m o r  will undoub ted ly  be dependent  

upon  and reflect a chemical  dissect ion o f  these loci. 

References 

1. Araie, M., M. Sawa, S. Nagataki & S. Mishima. Aqueous 
humor dynamics in man as studied by oral fluorescein. Jpn. 
J. Ophthalmol. 24:346 362 (1980). 

2. Becker, B. Vanadate and aqueous humor dynamics. Proctor 
Lecture Invest. Ophthalmol. Vis. Sic. 19:1156-1165 (1980). 

3. Becker, B. & J.S. Friedenwald. Clinical aqueous outflow. 
Arch. Ophthalmol. 50:557-571 (1953). 

4. Bietti, G.B., M.G. Bucci, J. Pecori-Giraldi et al. Etude sur 
l'action hypotonisante oculaire du Propranolol et du Pro- 
pranolol-Pilocarpine par voie locale. Bull. Soc. Ophthalmol. 
Fr. 84:509 (1971). 

5. Brand, I. Intraokulare Hypotonie bie Myotonikern. Oph- 
thalmologica 129; 81-88(1955). 

6. Bromberg, B.B., D.S. Gregory & M.L. Sears. Beta-adrener- 
gic receptors in ciliary processes of the rabbit. Invest. 
Ophthalmol. Vis. Sci. 19:203-207 (1980). 

7. Coakes R.L. & R.F. Brubaker. A method of measuring 
aqueous humor flow and corneal permeability using a 
fluorophotometry monogram. Invest. Ophthalmol. Vis. Sci. 
18:288-302 (1979). 

8. De Grosz, E. La Tension intra-oculaire et la grossesse. Ann. 
d'Ocul. (Budapest) 167-177 (mars 1937). 

9. Duke-Elder, W.S. The aetiology of simple glaucoma. Trans. 
Ophthalmol. Soc. U.K. 77:205-228 (1957). 

10. Eakins, K. The effect ofintravitreous injections of norepin- 
ephrine, epinephrine and isoproterenol on the intraocular 
pressure and aqueous humor dynamics of rabbit eyes. J. 
Pharmacol. Exp. Ther. 140:79-84 (1963). 

11. El~.yn, H. Pathogenesis of chronic simple glaucoma. Arch. 
Ophthalmol. 19:986 1008 (1938). 

12. Finidori-kepicard, J., S. Schorderet-Slatkine, J. Hanoune & 
E.E. Baulieu. Progesterone inhibits membrane-bound aden- 
ytate cyclase in Xenopis laevis oocytes. Nature 292:255-256 
(1981). 

13. Gaasterland, D., C. Kupfer, K. Ross & H.E. Gabelnick. 
Studies of aqueous humor dynamics in man. 3. Measure- 
ments in young normal subjects using norepinephrine and 
isoproterenol. Invest. Ophthalmol. 12:267~79 (1973). 

14. Gierkowa, A., E. Samochowiec & R. Halatek. Influence of 
gonadotropins and gonadotropic releasing hormones on the 
intraocular pressure. Klin. Oezna 46:1005 1008 (1976). 

15. Gregory, D.S., L.P. Bausher, B.B. Bromberg & M.L. Sears. 
The beta-adrenergic receptor and adenyl cyclase of rabbit 
ciliary processes. In: New Directions in Ophthalmic Re- 
search, ML. Sears, editor, Yale University Press, New 
Haven, Chapter 8, pp. 127-145 (1981). 

16. Gregory, D.S., M.L. Sears, L. Bausher, H. Mishima & A. 
Mead. Intraocular pressure and aqueous flow are decreased 
by cholera toxin. Invest. Ophthalmol. Vis. Sci. 20:371-381 
(1981). 

17. Hamburger, K. Experimentelle Glaukomtherapie. Klin. 
Monatsbl. Augenheilkunde 7 l: 810-811 (1923). 

18. Hess, L. Pathogenesis of glaucoma. Arch. Ophthalmol. 33: 
392-396 (1946). 



19. Horven, L. & H. Gjonnaess. Corneal indentation pulse and 
intraocular pressure in pregnancy. Arch. Ophthalmol. 91: 
92-98 (1974). 

20. Imre, J. Pregnancy and the eye, their endocrinological 
relations. XV Concilium Ophthalmol. Egypte, Vol. III, 
213-226 (19375. 

21. Jones, R.F. & D.M. Maurice. New methods of measuring 
the rate of aqueous flow in man with fluorescein. Exp. Eye 
Res. 5:208-220 (1966). 

22. Krupin, T., S.M. Podos & B. Becket. The effect of optic 
nerve transection on osmotic alterations of intraocular 
pressure. Am. J. Ophthalmol. 70:214-220 (1970). 

23. Langham, M.E. & C.B. Taylor. The influence of pre- and 
postgangIionic section of the cervical sympathetic on the 
intraocular pressure of rabbits and cats. J. Physiol. 152: 
437-446 (1960). 

24. Liu. H.K. & G.C.Y. Chiou. Continuous, simultaneous, and 
instant display of aqueous humor dynamics with a micro- 
spectrophotometer and a sensitive drop counter. Exp. Eye 
Res. 32:583-592 (19815. 

25. Magitot, A. Sur l'origine intra-cranienne de l'atrophie 
optique glavcomateurse. Ann. Ocul. (Paris) 180:321 (1947). 

26. Meyer, E.J.. C.R. Roberts, H.M. Leibowitz, B. McGowan 
& R.E. Houle. Influence of norethynodrel with mestranol 
on intraocular pressure in glaucoma. II. A controlled 
double-blind study. Arch. Ophthalmol. 75:771-773 (1966). 

27. Mishima, H., M. Sears, L. Bausher. & D. Gregory. Ultra- 
cytochemistr? of cholera toxin binding sites in ciliar~ 
processes. Cell Tissue Res. 223:241~53 (19825. 

28. Nagai, M., T. Ban & I .  Koratsu. Studies on the changes of 
the intraocular pressure induced by electrical stimulation of 
the hypothalamus. Med. j. Osaka Univ. 2 : 8 7 ~ 5  (1951). 

29. Nathanson, J.A. Human ciliary process adrenergic receptor: 
pharmacological characterization. In~est. Ophthalmol. Vis. 
Sci. 21:798-804 (1981). 

30. Neufeld, A.H., L.M. JampoI, & M.L. Sears. Cyclic-AMP in 
the aqueous humor: the effects of adrenergic agents. Exp. 
Eye Res. I4:242-250 (19725. 

31. Neufeld, A.H. & M.L. Sears. Cyclic-AMP in the ocular 
tissues of the rabbit, monkey and human. Invest. Ophthal- 
tool. 13:475477 (1974). 

32. Neufcld, A.H., D.K. Dueker, T. Vegge & M.L. Sears. 
Adenosine 3',5"-monophosphate increases the outflow of 
aqueous humor from the rabbit eye. Invest. Ophthalmol. 14: 
4O-42 (19755. 

33. Neufeld, A.H. & M.L. Sears. Adenosine 3',5'-monophos- 
phate analogue increases the outflow facility of the primate 
eye. Invest. Ophthalmol. 14:688~589 119755. 

34. Neufeld, A.H. Epinephrine and timolol: How do these drugs 
lower intraocular pressure? Ann. Ophthalmol. 13: 
1109-1111 (19815. 

35. Niebroj, T., A. Gierek, & E. Samochowiec: Urinary ex- 
cretion of luteinizing hormone in women with glaucoma. 
Pol. Med. J. 9:526-528 (19705. 

36. Niebroj, T, A. Gierek, & E. Saraochowiec. The influence of 
chorionic gonadotropin (HCG) on water metabolism in the 

The regulatiott of intraocular pressure 211 

eye of patients suffering from glaucoma. Pol. Endocrinol. 
XXI1, No. 3:204 207 (19715. 

37. Paterson, C.A. The effect of sympathetic nerve stimulation 
on the aqueous humor dynamics of the cocaine pretreated 
animal. Exp. Eye Res. 5:37-44 (1966). 

38. Phillips, C.I., G. Howitt, & J. Rowlands. Propranolol as 
ocular hypotensive agent. Br. J. Ophthalmol. 51:222-226 
(1967). 

39. Radnot, M. Beitrag zur Entstehung der durch Kastration 
erzeugten Hypotonie. Klin. Monatsbl. Augenheilkunde 115: 
524 526 (1949). 

40. Riise, D. & S.E. Simonsen. Intraocular pressure in unilateral 
optic nerve lesion. Acta Ophthalmol. 47:750 755 (1969). 

41. Ross, R.A. & S.M. Drance. Effects of topically applied 
isoproterenol on aqueous dynamics in man. Arch. Ophthal- 
mol. 83:39-46 (1970). 

42. Salomon, Y. Receptors for the glycoprotein hormones: LH, 
FSH, hCG and TSH. In: Cellular Receptors for Hormones 
and Neurotransmitters, D. Schulster and A. Lcvitzki, edi- 
tors, Chichester, John Wile5' & Son, Chapter 8, pp. 149-161 
(1980). 

43. Schmerl. E. & B. Steinberg. Separation of diencephalic 
centers concerned with pupillary motility and ocular ten- 
sion. Am. J. Ophthalmol. 33:1379 1381 (1950). 

44. Sears, M.L. & E.H. Bfirfiny. Effects of cervical sympathec- 
tomy with adrenergic inhibitors. Arch. Ophthalmol. 64: 
839 848 (19605. 

45. Sears, M i .  Friedenwald Lecture. Perspectives in glaucoma 
research. Invest. Ophthalmol. Vis. Sci. 17:6-22 (19785. 

46. Sears, M.L. The aqueous. In: Adler's Physiology of the Eye, 
7th edition, R.A. Moses, editor. St. Louis. C.V. Mosby, 
Chapter 7, pp. 204 226 (19805. 

47. Sears. M.L., D. Gregory, k. Bausher, H. Mishima & J. 
Stjernschantz. A receptor for aqueous humor formation. In: 
New Directions in Ophthalmic Research, M.L. Sears. edi- 
tor, New Haven, Yale University Press, chapter 10, pp. 
163 183 (19815. 

48. Treister, G. & S. Mannor. Intraocular pressure and outflow 
facility. Arch. Ophthalmol. 83:311-318 (19705. 

49. Trope. G.E., B. Clark & S.J.S. Titinchi. Identification of 
beta adrenergic receptors in the pigmented mammalian iris- 
ciliary body diaphragm. Exp. Eye Res. 34:153-157 11982j. 

50. Vareilles, P., DL Silverstone, B. Plazonnet, J.-C. Le- 
Douarec, M.L. Sears, & C.A. Stone. Comparison of the 
effects of Timolol and other adrenergic agents on in- 
traocular pressure in the rabbit. Invest. Ophthahnol. Vis. 
Sci. 16:987-996 (1977). 

5t. von Hippel, A. & A. Grunhagen. Uber der Einfluss der 
Nerven auf die Hohe des intraokularen Druckes. Alb. yon 
Graefes Arch. Klin. Exp. Ophthalmol. 15:27 (1870). 

52. von Sallman, L. & O. Lowenstein. Responses of intraocular 
pressure, blood pressure and cutaneous vessels to electric 
stimulation in the diencephalon. Am. J. Ophthalmol. 39: 
11 29 (1955). 

53. Waitzman. M.B. & W.D. Woods. Some characterizations of 
an adenyl cycIase preparation from rabbit ciliary process 



212 M, Seat's & ,4. Mead  

tissue. Exp. Eye Res. 12:99 1ll (1971). 
54. Weekers, R., Y. Delmarcelle & J. Gustin. Treatment of 

ocular hypotension by adrenalin and diverse sympathomi- 
metic amines. Am. J. Ophthalmol. 40:666-672 11955). 

55. Wentworth, W.O. & R.F. Brubaker. Aqueous humor dy- 
namics in a series of patients with third neuron Horner's 
syndrome. Amer. J. Ophthalmol. 92:407~-115 (1981). 

56. Wilke, K. Episcleral venous pressure and pregnancy. Acta 
Ophthalmol. Suppl. 125:4041 (1975). 

57. Yablonski, M.E., T.J. Zimmerman, S.R. Waltman, & B. 
Becket. A fluorophotometric study of the effect of topical 
timolol on aqueous humor dynamics. Exp. Eye Res. 27: 

134-142 (.1978). 
58. Zimmerman, T.J. & H.E. Kaufman. Timolol. A beta- 

adrenergic blocking agent for the treatment of glaucoma. 
Arch. Ophthalmol. 95:601-604 (1977). 

Authors' address: 
Department of Ophthalmology and Visual Science 
Yale University School of Medicine 
310 Cedar Street 
P.O. Box 3333 
New Haven CT 06510 
U.S.A. 


