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Effects of adrenergic drugs on aqueous humour
dynamics in the normal human eye. I. Salbutamol
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SUMMARY The immediate effects of topical salbutamol, a beta2 adrenergic agonist, on the aqueous
humour dyamics of 22 normal subjects was studied by fluorophotometry and tonography. Signifi-
cant lowering of intraocular pressure was accompanied by a significant increase in both aqueous
flow rate and tonographic facility of outflow. Uveoscleral outflow was calculated and found to be
significantly increased by salbutamol. This appeared to be the predominant acute pressure lowering
effect of beta receptor stimulation in the normal human eye.

Pharmacological manipulation of the adrenergic
system within the eye plays an important part in the
medical treatment of glaucoma. Timolol and adrena-
line are widely used as ocular hypotensive agents and
highlight the apparent paradox that both stimulation
and blockade of adrenoceptors result in lowering of
the intraocular pressure.

Fluorophotometric studies ' 2 have shown that
timolol, a beta, and beta, antagonist lowers the intra-
ocular pressure by reducing the rate of aqueous
formation. It has little or no effect on aqueous out-
flow. 3 4 Recent studies5" on the effect of adrenaline, a
mixed alpha, beta,, and beta2 agonist, have revealed
more complex actions. Intraocular pressure is
reduced, in spite of an increase in aqueous formation,
by an increase in aqueous outflow, which appears to
be predominantly through the uveoscleral pathway.
Bill7 had earlier found a similar effect in monkeys
with isoprenaline, a predominantly beta agonist. This
increase in uveoscleral outflow is thought to be due to
beta receptor mediated ciliary muscle relaxation.

Salbutamol is a relatively specific beta2 agonist that
has been shown to have a significant ocular hypoten-
sive effect in man.8 It was considered a suitable drug
for investigating the effects of beta receptor stimula-
tion on aqueous humour dynamics in the normal
human eye.

Corrcspondcncc to Mr R. L. Coakcs. King's College Hospital,
Denmark Hill, London SE5 9RS.

Subjects and methods

Twenty-two normal, young subjects, 13 male and 9
female, participated in the study. Each subject under-
went a full eye examination and met the admission
criteria that both eyes were normal except for
ametropia and that the intraocular pressure of the
two eyes differed by 3 mmHg or less.
The study was divided into two parts separated by a

minimum period of two weeks. In the first part the
effect of salbutamol on aqueous flow was measured
by fluorophotometry; in the second part the effect on
tonographic facility of outflow was measured.

In both parts of the study each subject acted as his
or her own'control, receiving randomly assigned drug
solution to one eye and placebo solution to the other.
The studywas carried out in a double-masked fashion.

Salbutamol sulphate solution, equivalent to 4%
salbutamol base, and placebo vehicle solution were
prepared by the hospital pharmacy and placed in
drug-placebo bottle pairs labelled according to a code
retained by the pharmacy until the end of the study.

FLUOROPHOTOMETRIC-STUDY
On the morning of the study the volume of the
anterior chamber of each eye was determined by a
photogrammetric method,' and the intraocular
pressures were measured by Goldmann applanation
tonometry. One 50 gl drop of the drug or placebo
solution was then placed in the appropriate con-
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junctival sac. One hour later a mass of fluorescein of
between 0-15 and 0*7 ,ug was introduced into the
central 4 mm of the corneal stroma by iontophoresis
and surface fluorescein removed by irrigation with
balanced salt solution.

Fluorescein concentration was measured in the
cornea and anterior chamber 20 minutes after
iontophoresis and at two and seven hours with a

xenon flash fluorophotometer. "' The mass of
fluorescein in the cornea was measured 30 minutes
after iontophoresis. The anterior chamber volume
and intraocular pressure of each eye were measured
after the seven-hour fluorophotometric reading.
The fluorophotometric and anterior chamber

volume data were used to calculate the anterior
chamber elimination coefficient, K. and the rate of
aqueous flow, F, by a nomographic method."

TONOGRAPHIC STUDY

All 22 subjects who had participated in the aqueous
flow study later underwent tonography. On the
morning of the study the intraocular pressure of each
eye was measured by Goldmann applanation ton-
ometry and four-minute tonography was carried out
with a 5*5 g weight. One drop of drug or placebo
solution, from the same bottles used in the fluoropho-
tometric study, was placed in each conjunctival sac.

Five hours later applanation tonometry and ton-
ography were repeated.

IRIS DIFFUSION STUDY
A separate fluorophotometric study was carried out
to determine the effect of salbutamol on the
permeability of the iris vessels to fluorescein. Two
young, normal male subjects participated in a cross-
over study. One drop of drug or placebo solution was
placed in each conjunctival sac. One hour later 1 g of
sodium fluorescein in 150 ml of water was taken
orally. The fluorescein concentration in the anterior
chamber of each eye and in the serum ultrafiltrate
was measured every 30 minutes for 4 hours. The
transfer coefficient for fluorescein by diffusion, Kd,,
was determined from these data and from the pre-

viously determined values for K,. by a modification of
the method described by Nagataki. '2

The relationship between aqueous inflow and
aqueous outflow is given by the equation

F=C(P-P)+U ............... (1),

where F is the rate of aqueous inflow, C the tono-
graphic facility ofoutflow, P,, the intraocular pressure,
P, the episcleral venous pressure, and U the
pressure-insensitive uveoscleral outflow.
The pressure-sensitive aqueous outflow (Ftrah) was

calculated according to the equation

Ftrah=C(Po-Pcv) .. ..... (2).

A value of 8 mmHg was assumed for P,v and the
means of the initial and the final intraocular pressures
from the fluorophotometric and tonographic studies
were taken for P,,.
The pressure-insensitive uveoscleral outflow (U)

was calculated according to the equation

U=F-Ftrah ............. (3).

Statistical analysis of the results of the fluoropho-
tometric and tonographic studies was carried out by
Student's t test.

Results

Table 1 gives the results of the aqueous flow study.
Table 2 gives the results of the outflow facility study.
Statistical analysis of both studies is given in Table 3.

Salbutamol-treated eyes showed a statistically
significant increase in aqueous flow rate of 39% and a

statistically significant decrease in intraocular
pressure compared with the placebo-treated eyes.

Facility of outflow increased by 42% in the sal-
butamol-treated eyes but also increased significantly,
by 21%, in the placebo-treated eyes.

Calculated values for trabecular outflow (F,ri,b) and
uveoscleral outflow are given in Table 4.

Table 1 Fluorophotometric results

Intraiocul(r pressure Anterior chamnber Anzterior chamber Aqueousflow
(ininHg) volume (p.L) elimnitiatijot (uxL.iniw I)

coefficient Ke
lItiiial Fitnal ltIitial Fitnal (mniti-'x 102)

Salbutamol cycs Mcan 15-2 11-1 213 213 1-82 3-48
SD 162 1*8() 26-5 25-1 0(37 0-71
SE 0-35 0-38 5-66 5-35 (0(8 0-15

Placebo cycs Mcan 15-1 14-1 213 214 1*38 2-61
SD 165 2-23 26-5 26-0 0-42 0(69
SE 0-35 0-48 5-65 5-55 (0(9 0-15

Numbcrs of subjccts=22, 13M:9F, avcragc agc 21-2 ycars (rangc 18-7-28X0).
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Table 2 Tonographic results

Iittraocular Outflow facilityv
pressure (ininHg) (pL. inin- inrnHg-')

liitial 5 hours lItitial 5 hours

Salibutiamol eycs Mcan 13 6 10( 1 (024 (0-34
SD 1 97 1890X080(08
SE 0(42 0(40 2 ((2

Placcbo cycs Mcan 13X8 131 0(24 0-29
SD 1-95 1-54 0-07 0-08
;SE () 42 0(33 0(01 0(02

Table 3 Statistical analyvsis

t 9p

Fluorophotomnetric studls
1. Flow ratc S-P 592 <0001
2. Intraocular Si-SI: 14 34 <()(I

prcssurc Pi-Pi 3 1(0 <()-()1
Pi-Si 1.7(0 NS
['I1SI 1(0177 <()-()()1

Tonograpluic slud
1. Outflow SI:-SI 6 91 <()()()1

faicility I:-PI 322 <().()1
PI-SI 0-60 NS
St.- PI 2'86 <()()0I

2. Intraoculatr Si-Si: 975 <()O(I)N
prcssurc Pi-Pi 2994 <()-()1

Pi-Si 1 31 NS
PI-SI 838 <() (HI

S=Salbutamol cyc. P=Placcbo cyc. I= Initial mcasurcmcnt. F=
Finail mcasurcment. NS=Not significant (p>().()5).

The results of the iris diffusion study are given in

Table 5. Fluorescein loss from the anterior chamber
increased by approximately one-third in the
salbutamol-treated eyes.

Discussion

The results of this study show that the immediate
effect of salbutamol is to increase the rate of flow of
aqueous humour and to increase the rate of outflow.
The net effect of these conflicting actions is to lower
intraocular pressure.

The rate of flow of aqueous humour has been cal-
culated on the assumption that 90% of fluorescein
loss from the anterior chamber is by bulk flow and the

Table 5 Iris diffusion study

Salbut(atnol Pleb()o

.Subject Etve DifJiusion oefficient Eve Diffusion coefficiet
(K,/) = 10) (K,/) = 10'

A L 1 14 R 0-69
A R 1 02 L (1.73
B L 0(52 R 0-55
B R 0(80 L (062
Mean 0(87 0)65
SD 0(27 0(08
SE (0.14 0(04

remainder by diffusion. This is true for the normal,
undisturbed eye, but topically applied drugs may alter
iris vessel permeability and thus increase or decrease
diffusional losses of fluorescein leading to an over- or

underestimation of aqueous flow rate. The experi-
ments with oral fluorescein indicate that salbutamol
increases diffusional losses by about a third; if this is

taken into consideration, aqueous flow rate is in-
creased by salbutamol by 35%. These results are in
close agreement with the findings of Araie and
Takase,'3 who studied the effect of DL-metaprotera-
nol, a beta agonist, in normal human eyes. They
found that diffusion losses were increased by 14%
and aqueous flow rate by 35%.

Stimulation of aqueous formation by salbutamol is

consistent with the effect of timolol, a beta,, and
beta, adrenoceptor antagonist. Earlier fluorophoto-
metric studies have shown that timolol reduces
aqueous flow rate by between 34%' and 47%.,
probably by blocking the action of noradrenergic
stimulation or circulating catecholamines at adreno-

Table 4 Calculated trabecular anbd uveoscleral outflow

Salbu,tainol es'es lwcho eyes

Mcaea SI) SE Meant SI) SE

Trahccular outflow Prc-trcatmcnt 154 0-61 (-13 1-54 (151) ()-II
(Fitra) g11 min' Trcatcd 0(84 () 5(0 0- 1 155 (043 (1()9
Uvcosclcral outflow (U)

Icl min' 2 59 0(84 ()18 1-06 1)75 0(16
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ceptors located in the ciliary processes. Nathanson '4
has shown that in man, as in lower species, these
adrenoceptors are predominantly of the beta, sub-
group, and they might be expected to be particularly
sensitive to the effect of salbutamol, a relatively
specific beta, agonist. Ueno et al.'5 showed that
topical salbutamol induces morphological changes in
the non-pigmented cells of the rabbit ciliary epi-
thelium indicative of increased cellular activity,
suggesting that the beta adrenergic drugs exert an
influence on the secretory component of aqueous
formation. There is no convincing evidence to date of
a vascular mediated effect, though beta-receptor-
induced changes in the calibre of the afferent
arterioles supplying the ciliary processes would
modify the rate of aqueous formation by altering
ultrafiltration.
The effect of salbutamol on aqueous outflow is

more complex. For the purpose of calculating out-
flow through the trabecular meshwork and through
the uveoscleral route a value of 8 mmHg has been
assumed for the episcleral venous pressure which was
not measured in the study. Further, it has been
assumed that salbutamol does not significantly alter
P,.V Careful and repeated measurements by Kupfer
and his co-workers'l(- failed to show any significant
effect of adrenergic agonists, including the pre-
dominantly beta agonist isoprenaline, on P,. after
one hour. Transient but unimportant effects may
have occurred, and delayed effects after one hour
cannot be ruled out, but it seems unlikely that topically
applied beta agonists cause a significant reduction in
PCV
The increase in tonographic facility of outflow with

salbutamol is consistent with the finding of Langham
and Diggs"' that a 2% solution results in a 60%
increase in C at 6 hours. Paterson and Paterson,'
using a 4% solution, found little or no change in C,
but their measurements were taken at the end of one
and two weeks' treatment. The significant increase in
C that occurred in our placebo-treated eyes was un-
expected and did not occur in the study by Langham
and Diggs. In other studies'7 tonography repeated
after a period as short as one hour has given identical
results, and it is concluded that the significant increase
in C in the control eye is drug induced, though the
mechanism of this consensual response remains
obscure.

In the placebo-treated eyes trabecular outflow
(Ftrah) was unchanged in spite of the increase in C,
because P,, fell during the course of the study. By
contrast Fr,5 was reduced by 47% in the salbutamol-
treated eyes-that is, less aqueous left these eyes via
the pressure-dependent trabecular route despite the
substantial increase in outflow facility.

For the purpose of calculating uveoscleral outflow

it has been assumed that the facility of outflow
measured at five hours is attained within one hour of
instilling salbutamol and similarly the final intraocular
pressures in the tonographic and fluorophotometric
studies. The apparent increase in U in the salbutamol-
treated eyes is approximately 160%, and more than
three times the volume of aqueous leaves the
salbutamol-treated eye by this pressure-insensitive
route than via the trabecular meshwork and canal of
Schlemm. Townsend and Brubaker' in their fluoro-
photometric study of the acute effect of adrenaline
calculated that U had increased by 58% while Fl,1,
was unchanged.
The results of this study indicate that beta,

receptors are present in the ciliary processes, the
ciliary muscle, and trabecular meshwork ofthe human
eye. Stimulation results in an immediate increase in
aqueous formation, uveoscleral outflow, and tono-
graphic facility of outflow. These effects are similar to
those produced by adrenaline, suggesting that at least
in the short term the beta2 agonist effect of adrenaline
is dominant.

We gratcfully acknowlcdgc the gencrous support of the T.F.C. Frost
charitablc trust for this study. P.B. Siah was also supported through
the Chappell glaucoma scholarship. Wc thank Mr Bob Watkins and
Miss Jill Bloom of the Moorficlds Pharmacy for the preparation of
materials for this study and Miss Eilccn Crciaby for sccrctarial
aissistancc.
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