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SUMMARY

The retina contains Na*K*-ATPase and carbonic
anhydrase (CA), enzymes that regulate ion fluxes
across cell membranes of photoreceptors. Since inhibi-
tion of retinal Na'K*-ATPase by digitalis impairs
colour vision, we wanted to find out whether this also
occurs after inhibition of CA. In a double-masked cross-
over study with placebo, 14 male volunteers were given
50 mg q.i.d. of the CA inhibitor methazolamide for 2
weeks. A disturbance of colour discrimination was
observed in 8 of the 14 subjects, in the classification
phase of Lanthony New Color Test. The presence of the
disturbance was not significantly correlated to the
degree of acidosis or to other side-effects. Its mechan-
ism could be interpreted as a specific effect of CA
inhibition in the retina (or the visual cortex) calculated
to more than 99.9%.

The retina contains Na*K*-ATPase' and carbonic
anhydrase®” (CA; carbonate hydrolyase EC 4.2.1.1),
enzymes that directly or indirectly regulate ion fluxes
across cell membranes of the photoreceptors.*
Inhibition of Na*K*-ATPase by digitalis has been
found to impair blue-yellow (in mild digitalis
intoxication) and red-green (in severe intoxication)
colour vision.®’ This effect can be conveniently
evaluated by the Farnsworth—-Munsell 100-Hue
Test.® It was therefore of interest to find out whether
colour vision is affected by inhibition of CA also, and
if so, whether this is related to other side-effects
known to occur™'? in patients given CA inhibitors.

MATERIALS AND METHODS

The study was approved by the Ethics Committee of
the Medical Faculty of Uppsala University.
Fourteen healthy men, aged 21-39 years, were
invited to participate in the study, which was
designed as a cross-over study with placebo. All

From: Department of Ophthalmology, University of Uppsala,
Uppsala, Sweden.

Correspondence to: Ingmar Widengérd, MD, Department of
Ophthalmology, University Hospital, S-751 85 Uppsala, Sweden.

Eye (1995) 9, 130-135 © 1995 Royal College of Ophthalmologists

subjects had normal visual acuity, normal colour
vision as assessed with pseudoisochromatic tables
and a Nagel Anomaloscope, normal ocular fundi,
and no history of eye diseases. The CA inhibitor
chosen was methazolamide USP (Neptazane,
Lederle division, Nordiska Cyanamid AB, Sundby-
berg, Sweden). Methazolamide is a relatively lipid-
soluble inhibitor that is known to cross the
blood-brain and blood-aqueous barriers easily."
Placebo tablets made to match the 50 mg methazo-
lamide tablets were a generous gift of American
Cyanamid Co. (Pearl River, NY, USA). Methazola-
mide and placebo tablets were dispensed in identical,
coded bottles, randomly allocated to the subjects and
labelled with directions for taking one tablet every 6
hours, i.e. the highest dose recommended by the
USP. The bottles were fitted with a cap containing a
microprocessor (Medication Event Monitoring Sys-
tem, MEMS, Aprex Col., Fremont, CA, USA), which
recorded every opening and closing as a presumptive
dose. The data were sent on diskette to the Aprex
Corporation for analysis. Information was provided
as listings of the time and date of openings and
closing, the duration of opening, and the time
between the individual doses. Each subject was first
given active drug or placebo for 2 weeks. After a
‘wash-out’ period without medication for at least 2
weeks, he then switched to either placebo or drug for
another 2 week period.

Prior to medication colour vision tests were
performed and the intraocular pressures (IOP)
were measured in duplicate on each eye with the
Goldmann applanation tonometer. Blood samples
were drawn into heparinised tubes and analysed for
pH and total carbon dioxide (CO,), using standard
hospital techniques. After centrifugation of the
blood, the plasma was separated, frozen and shipped
to the Product Research and Development Labora-
tory, Gosport, UK, for assay of its concentration of
methazolamide. Samples were analysed in duplicate
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Table 1. Levels (mean * SD) of methazolamide and CO, in plasma and of intraocular pressures (IOP) before and after 14 days of
treatment with either methazolamide 50 mg q.i.d. or placebo, in 14 healthy male volunteers

Placebo Drug
Parameter n Before After Before Aftera
Methazolamide (uM) 14 0 0 0 359 £ 55
CO; (mM) 14 26.1 = 1.0 256 £ 23 255 * 1.2 21.8 = 1.5
IOP (mmHg) 13 149 =22 13.7 £ 22 15.0 £ 2.1 145 =21

*Time interval between ingestion of the last tablet and measurements was 130 minutes (range = 60-236 minutes) on average. Compliance

was 95% of prescribed doses.

using a reverse phase high-performance liquid
chromatography system with internal standard.

At the end of the 2 week medication period, and
between 1 and 4 hours (mean 2 hours) after the last
tablet had been taken, the same tests were repeated.
In addition the occurrence of several side-effects’
were recorded, evaluated as none (0), mild (1),
moderate (2) and severe (3), respectively.

Colour vision was tested with two sorting tests
using caps with pigment colours: the Farns-
worth-Munsell 100-Hue Test (F-100)'? and the
Lanthony New Color Test (NCT)."> The F-100 is
widely used as a clinical test for both congenital and
acquired colour vision abnormalities. It measures the
ability to recognise and accurately classify small
differences in hue. It was used here in its original
version with 85 caps.

The NCT is designed specifically for use in
acquired colour vision defects. It is performed in
two phases. The first phase (separation) allows the
determination of neutral zones according to the
coloured hues confused with the greys at four
saturation levels. The second phase (classification)
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Fig. 1. Mean steady-state plasma concentration in 14
subjects taking 50 mg (212 umol) methazolamide tablets
every 6 hours, giving a mean single dose of 2.6 * 0.1 (SEM)
umol/kg. The concentration in plasma at 2 (1-4) h after
ingestion of the last tablet was 35.9 * 1.5 (SEM) uM. The
shaded area is the time of measurements. The ordinate to the
right shows the degree of carbonic anhydrase (CA)
inhibition at various concentrations. In the simulation the
following pharmacokinetic parameters were used: volume
of drug distribution, 10 litres; ty, for elimination of unbound
(45%) drug, 6 h; rate of invasion (gut to plasma) 1.3 hl.
The mean plasma concentration is so high compared with
the K; (~10~% M) of the drug against the red cell enzymes,
that the half-life of elimination is not blocked by the binding
to CA I (500 pumol) and CA Il (150 umol) in the
erythrocytes.”

allows the determination of chromatic discrimination
by the arrangement of the coloured hues. The hues
can be presented in four different levels of satura-
tion, two of them lower and two higher than the one
in the F-100.

The two tests were administered binocularly and
under standard illumination. The individual was
allowed free time to arrange the caps in an order
with which he was satisfied. A session was provided
before the first base-line test to reduce learning
effects. On each occasion the volunteer performed
two F-100s and one NCT.

Evaluation of the subject’s performance in the F-
100 was done as described previously.'*'® We also
analysed the inter-test variance at each occasion. In
the classification phase of NCT the defects were
rated as: 0 = no mistake, 1 = single mistake between
neighbouring caps, 2 = several mistakes.

Statistical Analysis

For each individual, the difference between the
effects of placebo and drug was calculated with
respect to every recorded parameter. Using these
differences, the correlation between the various
parameters was analysed by the z-test and by a
non-parametric statistical test, the Wilcoxon signed-
rank test.'” A significant difference was defined as
p<0.01.

RESULTS
Compliance

The definition of non-compliance was omission of a
scheduled dose. The 14 subjects, who were pre-
scribed 784 doses of either methazolamide or
placebo in 14 days, showed a mean compliance of
95 = 7% and 87 = 11% (SD), respectively. During the
medication period the doses were correctly taken on
77% of the days, for both drug and placebo, and on 99%
during the last 3 days of active drug. If adherence to,
scheduled times was defined as £3 hours, the number of
doses of active drug taken on schedule was 35 * 9% and
of placebo 26 * 6%.

Methazolamide Concentrations in Plasma

In the subjects taking active drug, the plasma
concentrations of methazolamide (Table I) ranged
between 6.2 and 10.5 pg/ml at the time when IOP
and total CO, were measured, and side-effects
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Table II. Side-effects in 14 healthy volunteers at 2 weeks after
treatment with methazolamide, 50 mg tablets q.i.d.

Subject

Side-effects? 123456789

Defects in colour
vision

Paraesthesias

Constipation

Diarrhoea

Polyuria

Rash

Altered taste

Confusion

Shortness of breath

Fatigue

Anorexia

Leg cramps
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“Defects in colour vision were rated as: 0 = no mistake, 1 = single
mistake between neighbouring caps, 2 = several mistakes. Other
side-effects were rated as: 0 = no reaction, 1 = mild reaction, 2 =
moderate.

Subject 1 exhibited a defect (1) in colour vision before taking
methazolamide but not after, and subject 14 had a similar defect
(1) after placebo. Subject 7 had a defect (1) before both
methazolamide and placebo. After placebo he showed no defect,
but after methazolamide he made several mistakes.

recorded. The drug could not be detected in plasma
(<0.5 ng/ml) after the wash-out period, indicating
that it had been eliminated from the plasma in those
subjects taking placebo after this period. There was
no significant difference between the values after the
two methazolamide periods. The plasma values, and
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the times for taking the drug, were used to simulate
the steady-state concentrations of methazolamide
during the 2 week period. This simulation was done
with a pharmacokinetic programmed (I think™.
Software from High Performance Systems Inc.,
Hanover, NH, USA) executed on a computer. The
pharmacokinetic parameters used in the simulation
are given in the legend to Fig. 1. The curve shows
that the colour tests were performed while plasma
levels were still high.

Plasma Carbon Dioxide Levels

Methazolamide significantly lowered the mean
plasma CO, in the 14 subjects (p<0.001), whereas
placebo had no such effect (Table I). The wash-out
period allowed the plasma CO, to return to normal.

Intraocular Pressure

Methazolamide had no significant effect on IOP
(Table I). The IOP in these healthy eyes was 15 * 2
(SD) mmHg, giving a mean outflow pressure of 5
mmHg, assuming the episcleral venous pressure to be 10
mmHg.

Side-effects

Methazolamide caused significantly more side-effects
than placebo (p<0.001; Table II). The only side-
effects reported after placebo were mild polyuria
(subject 1) and mild constipation (subject 13).
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Fig. 2. Performance of subject 7 in the classification phase of the Lanthony New Color
Test. The subject has misplaced the caps in the tritan and protan directions.
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Methazolamide induced a mean of 3.7 side-effects in
each individual, but with a wide range. For example
subject 13 reported no reactions, whereas subject 1
reported eight of the listed reactions. Paraesthesias,
flat taste of carbonated beverages, shortness of
breath and fatigue were the most frequent side-
effects (42-68%). They were not significantly
correlated to levels of methazolamide or plasma
CO,. No symptoms of kidney stones, blood dyscra-
sias or other rare side-effects that have been
observed after administration of carbonic anhydrase
inhibitors'® were noted.

Effect on Colour Vision

The performance of the subjects in the F-100 and in
the separation phase of the NCT was not altered
significantly by methazolamide or placebo. Neither
was the inter-test variation between the two F-100 at
the same visit. However, in the classification phase of
NCT methazolamide significantly (p<0.01) increased
the number and degree of mistakes (Table II) when
compared with placebo. All but one subject (no. 7)
made the errors in a direction between tritan and
protan; one was clearly protan. Most errors were
made with the caps around red and purple. Fig. 2
shows the mistakes in placing the caps done by
subject 7. The defects in colour vision were not
significantly correlated to the levels of methazola-
mide and total CO, in plasma, nor to the other side-
effects.

DISCUSSION

The compliance was very high considering that
tablets were to be taken four times a day and that
rather disturbing side-effects were experienced
during the treatment with methazolamide.'®*° The
high compliance is reflected in the rather narrow
range of drug concentrations in plasma. These
concentrations are in agreement with those reported
from other long-term studies?' using similar dosage
regimens. They are known to induce a metabolic
acidosis of 4-5 mM reduction of plasma CO,,'""! and
a reduction of plasma K* and Na*?? through
inhibition of CA in the kidney.!' Such effects were
also observed in our subjects (Table I).

Acidosis alone reduces IOP?® an effect that is
additive to the direct effect of inhibition of CA in the
ciliary epithelium. It was calculated that the inhibi-
tion of CA in this epithelium (and in the retina) was
>99.9% in our subjects (Fig. 1), since their mean
steady-state plasma level of freely diffusible metha-
zolamide was 16 uM, and the K; for methazolamide
against CA II'' and the membrane-associated CA**
is 0.01 uM (Fig. 1). A lowering effect on IOP can be
seen already at plasma concentrations (total drug) of
2 uM'! corresponding to an enzyme inhibition of
99.1%. Methazolamide given in daily doses of 100

mg or more*? has been found to lower IOP in most
patients with ocular hypertension'' or glaucoma®
with pressures above 20 mmHg. However, 9-17% of
such patients have been reported to be non-
responders.>'?® The acidosis and high levels of
methazolamide in plasma would have been expected
to reduce the IOP in our subjects. The lack of a
significant effect is probably due to the difficulty in
measuring a reduction of the low outflow pressures
of 5 mmHg, as seen in the eyes of our subjects. A
lack of effect of methazolamide in normal eyes has
previously been reported.”’

The number of side-effects reported by the
individual subjects was very similar to that
reported”!” in glaucoma patients after 1 week of
treatment with methazolamide, using the same
dosage regimen. Most of our subjects experienced
paraesthesias, an altered taste of carbonated bev-
erages, fatigue, and shortness of breath. The last is
said to be the most disturbing side-effect and is
probably due to the mixed respiratory and metabolic
acidosis caused by the inhibition of CA in the red
cells and kidney, respectively.!! However, there was
no significant correlation between the plasma levels
of CO, and the side-effects. A positive correlation
has previously been found'® between the syndrome
of malaise and excessive systemic acidosis, i.e. values
of CO, in plasma lower than 21 mM. However,
inhibition of CA in the brain, i.e. in the glial cells,
may also play a role, since the more lipid-soluble
inhibitors, such as ethoxzolamide, that are known to
cross the blood-brain barrier easily, produce a higher
incidence of this type of effect than less lipid-soluble
ones.”® The sensitivity towards shortness of breath in
our subjects, many of them athletes, is probably
explained by the daily physical demand on these
young men, making them aware of any type of
incapacitation. In this context it should be mentioned
that reducing the dose of methazolamide to 25 mg
three times daily results in very few s1de effects with
no malaise, paraesthesias or flat taste.'

The rather high incidence (57%) of defective
colour vision after intake of methazolamide is a
new finding. This defect was observed only in the
classification phase of the NCT, where the lowest
saturation series was used. The saturation of this
series is much lower than that of the F-100 and there
is also a slight difference in lightness. It is possible
that the minor defects diagnosed in our subjects are
detectable only in healthy eyes of young adults. The
possibility of a non-specific effect can naturally not
be ruled out, but is made less probable by two
observations. We found no positive correlation
between colour vision disturbance and any of the
other effects of CA inhibition; on the contrary a
weak negative correlation between the presence of
NCT mistakes and the notion of fatigue can be
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traced. If lack of concentration be the cause of the
mistakes, a greater variation between the two F-100s
performed at the same visit would also be expected,
and this was clearly not the case.

We propose that the defect is due to inhibition of
CA activity in the retina, and perhaps of the activity
in the cones. The mammalian retina has the same
high specific CA activity as the kidney,?® an activity
shown to‘originate from a high-activity (with respect
to hydration of CO,) cytoplasmic isoform CA II, and
a membrane-associated isoform.?

In the human retina, CA II has been localised by
immunohistochemical and histochemical methods in
Miiller cells,>***!' in certain cones,*’ probably the
red- and green-sensitive ones,” and in retinal pigment
epithelium (RPE)? Membrane-associated activity
has been similarly localised in Miiller cells, in CA
II-containing cones,” in apical and basolateral
membranes of RPE,> and in the choroidal capillary
endothelium >

The function of cytoplasmic CA II in the retina is
probably to modulate the intracellular pH and to
secure a rapid supply of CO,, HCO;™ and H", for the
transcellular ionic transport systems. Acidification of
the retina depresses the light sensitivity of the
photoreceptors.®®> However, the intracellular pH of
the photoreceptors is also dependent on the rate of
H" leakage out of, and of HCO;™ transport into, the
receptors, and thus on the concentrations of these
ions in the retinal extracellular space. The boundary
of this space in the distal retina is formed by the
Miiller cells, the photoreceptors of the RPE. The
rods of the cat retina have been shown to acidify the
extracellular space in the dark.* Lactic acid is
produced in the outer nuclear layer and generates
CO, by titration of bicarbonate.®® The above-
mentioned cells all have membrane-associated CA
activity, the role of which is probably to regulate and
modulate the extracellular pH gradients created by
the metabolic activity of the retina. Another function
would be to maintain a steady concentration of
bicarbonate outside the photoreceptor, an ion shown
to be critical for intracellular pH,S’35 and thus, for
phototransduction. Indeed, selective inhibition of the
membrane-associated CA activity in the brain glial
cells has been shown to increase the shift of pH in the
extracellular space associated with neuronal
activity.*®

Intravenous administration of the CA inhibitor
acetazolamide has been found to lower the pH in the
outer’’ and inner’® retina of the cat and pig,
respectively, and to decrease the standing potential
of the human eye.* The latter effect was thought to
emanate from RPE. The defect in colour vision seen
in our subjects is probably due to dysfunction of the
green- and red-sensitive cones. In the light of the
above discussion, it would seem clear that the effect
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could be due to inhibition of CA in the cones proper,
or in the cells, including the capillary endothelial
cells, which participate in the regulation of pH and
bicarbonate ions in the retinal extracellular space.

To differentiate the effect on the various cells in
the neuroretina it would be of interest to find out
whether methazolamide can cause a cone dysfunc-
tion detectable by the electroretinogram. However,
even if this proves to be the case, it does not rule out
the existence of additional colour vision disturbance
through inhibition of carbonic anhydrase in the glial
cells of the visual cortex.
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