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Alteration of *C-Dextroamphetamine Sulfate Absorption
by Carbonic Anhydrase Inhibition* (33984)

R. C. ScuNeLL, Tom S. Miva, AND RoBErT K. CHALMERS
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Pretreatment with acetazolamide has been
shown to alter brain levels of certain drugs.
Following acetazolamide treatment in rabbits
Kelentey et al. (1) found the level of peni-
cillin increased in brain and decreased in
blood. They concluded that the increased
brain levels were the result of increased per-
meability of the blood-brain barrier. Reed
(2) found that acetazolamide treatment . in-
creased the duration of pentobarbital sleep-
time in rats and the brain “pentobarbital
space” was increased in treated animals dur-
ing the first 20-40 min after drug administra-
tion.

Maren et al. (3) characterized acetazola-
mide as a pure carbonic anhydrase inhibitor;
i.e., it exerts no action either in vivo or in
vitro other than the inhibition of carbonic
anhydrase, the enzyme which reversibily ca-
talyzes the interconversion of carbon dioxide
and carbonic acid.

The present study was conducted to deter-

* Supported by Program Project Grant no, GM-
15005 and Predoctoral Fellowship No. GM-29,865

from the National Institute of General Medical Sci-
ences.

mine the effect of carbonic anhydrase inhibi-
tion on rat brain uptake of C-
dextroamphetamine sulfate, a drug producing
its primary pharmacological effect in the
central nervous system.

Materials and Methods. Male, Holtzman
rats (140-185 g), fasted 6-12 hr, were
treated with acetazolamide! (200 mg/kg, sc)
30 min prior to the administration of 4C-
d-amphetamine sulfate! (2 uCi/mg). Control
animals were given an equivalent volume of
saline in place of the acetazolamide. At vari-
ous time intervals following the d-amphetam-
ine injection, the animals were sacrificed by
decapitation. Free-flowing blood was collected
in tubes containing potassium oxalate. After
centrifugation a 0.1-ml aliquot of plasma was
taken for analysis. The brain was perfused
by injecting 10 ml of saline into each carotid
artery to minimize errors derived from the
radioactivity in blood. Samples were taken
from the frontal lobes of the cerebrum for

1 Acetazolamide was a gift from Lederle Laborato-
ries; *C-dextroamphetamine sulfate was a gift from
Smith, Kline, and French Laboratories.
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TABLE I. The Effect of Acetazolamide Treatment on Brain and Blood Levels of *C-Dextro-
amphetamine Administered Intraperitoneally.®

Brain levels

(dpm/100 mg of tissue + SE)

Plasma, levels
(dpm/0.1 ml of plasma + SE)

Time (min) Control Acetazolamide Control Acetazolamide
5 1974 + 254 3224 + 240° 546 =+ 50 898 + 53°
10 3258 + 382 4056 -+ 320 571 + 72 791 + 5°
15 4112 + 242 3840 + 288 622 + 64 670 + 67

¢ Acetazolamide (200 mg/kg, sc) was administered 30 min prior to an intraperitoneal injee-
tion of “C-d-amphetamine (5 mg/kg; 2 uCi/mg). Control animals were given saline in place
of acetazolamide. Each value represents the mean of 4 animals =+ SE,

b p <L.05.
°p <.01.

analysis of total radioactivity since it has
been reported that almost all of the activity
(>90%) is associated with the parent com-
pound (4).

Both brain and plasma samples were
prepared for liquid scintillation counting by
the method of Bruno and Christian (5). Af-
ter preparation the samples were refrigerated
until counted in a Packard Tri-Carb scintilla-
tion spectrometer (model 3003). *C-Benzoic
acid in toluene was employed as an internal
standard in each sample.

Results and Discussion. In the first experi-
ment d-amphetamine (5 mg/kg) was adminis-
tered intraperitoneally and the animals were
sacrificed at intervals of 5, 10, and 15 min.
As shown in Table I, treatment with acetazo-
lamide significantly increased the brain levels
of the labeled drug at the 5-min interval.
Differences observed at the 10-and 15-min
intervals were not significant at the .05 level
(Student’s ¢ test). Plasma levels of d-am-
phetamine were increased at all time inter-
vals. It is apparent that plasma and brain
levels are correlated, and that brain levels in
acetazolamide-treated animals only reflect
.the higher plasma levels. This can be clearly
seen by comparing brain-to-plasma ratios cal-
culated on the basis of dpm/100 mg brain
tissue:dpm/0.1 ml of plasma. No significant
differences were found between the ratios de-
rived from treated and control animals. How-
ever, .the increased plasma levels in the
treated animals do suggest that the absorp-

tion of d-amphetamine from the intraperi-
toneal injection site was more rapid.

When d-amphetamine (2.5 mg/kg) was in-
jected intravenously and the animals were
sacrificed at intervals of 2.5, 5, and 10 min,
the brain and plasma levels of labeled drug
in treated animals did not differ significantly
from the corresponding levels in control ani-
mals at any of the time intervals (Table II).
These results indicate that acetazolamide
treatment did not increase the permeability
of the blood-brain barrier to d-amphetamine.
It should be noted, however, that in treated
animals brain levels were slightly higher and
plasma levels slightly lower than in control
animals. This resulted in decreased brain-to-
plasma ratios in the treated animals. These
data are consistent with the concept that
most drugs penetrate the central nervous sys-
tem in the un-ionized form (6, 7). Mitchell
and Ogden (8) have shown that the pH of
rat blood decreases approximately 0.2 pH
units following acetazolamide treatment (200
mg/kg). These results were also confirmed
in our laboratory. Since d-amphetamine is a
basic drug, an acidic shift in pH would de-
crease the proportion of the un-ionized form
of the drug, and consequently, there would
be a decrease in the brain level of the drug.

In an additional experiment d-amphetam-
ine (5 mg/kg) was injected intraduodenally
and the animals were sacrificed at intervals
of 5, 10, and 15 min. Treatment with aceta-
zolamide significantly increased both the
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TABLE II. The Effect of Acetazolamide Treatment on Brain and Plasma Levels of *C-Dextro-
amphetamine Administered Intravenously.*

Brain levels

(dpm/100 mg of tissue + SE)

Plasma levels
(dpm/0.1 ml of plasma =+ SE)

Time (min) Control Acetazolamide Control Acetazolamide
2.5 3384 + 192 3320 =+ 146 462 + 66 503 + 32
5 3568 = 8 3198 =+ 196 393 + 46 415 + 16
10 3002 = 58 2998 -+ 188 299 + 18 377 + 28

® Acetazolamide (200 mg/kg, sc) was administered 30 min prior to an intravenous injeetion
of *C-d-amphetamine (2.5 mg/kg; 2 uCi/mg). Control animals were given saline in place of
acetazolamide, Each value represents the mean of 3 animals + SE.

brain and plasma levels of labeled drug at
the 5- and 10-min intervals (Fig. 1). Brain-
to-plasma ratios were not significantly differ-
ent at any of these intervals. The increased
plasma levels, however, indicate an alteration
in the absorption of the drug from the duo-
denal injection site.
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Fig. 1. Brain and plasma levels of ™C-

dextroamphetamine administered intraduodenally fol-
lowing acetazolamide pretreatment (200 mg/kg,
sc); each point represents a mean of 4 animals;

*p<.05; **p<<.001.

These data are consistent with current con-
cepts of drug absorption from the intestine
(9, 10). In addition, Parsons (11) has found
that the slightly acidic pH (6, 7) normally
maintained in the upper intestine of the rat
became more alkaline (pH 7.0) following
acetazolamide treatment. Thus, an increase
in pH in the intestinal milieu would result in
an increase in the proportion of the un-
ionized form of the basic d-amphetamine
and, in turn, increase the rate of its absorp-
tion. Studies are in progress to investigate the
mechanism involved in this altered absorp-
tion so the scope of this finding can be
broadened to include all drugs.

Summary. Acetazolamide treatment does
not increase the permeability of the blood-
brain barrier to *C-d-amphetamine but does
alter the absorption of this drug from intra-
peritoneal and intraduodenal injection sites.
The increased rate of absorption of d-am-
phetamine from the duodenum is inferred to
be the result of a pH change produced by the
inhibition of carbonic anhydrase.
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Cystine in proteins may participate in pep-
tide bonds, disulfide bonds, or both. The turn-
over of half-cystine bound to protein by
disulfide bonds only is very much more rapid
than is that bound by peptide bonds (1, 2).
In vivo, this turnover of disulfide-bound half-
cystine has been reported to be mediated by
a disulfide-sulfhydryl interchange enzyme
(3-5).

During the study of sulfur amino acid me-
tabolism in regenerating wound tissue, we had
shown that labeled peptide-bound half-
cystine in the tissue protein of rats can be
distinguished from that bound to the protein
by disulfide bonds exclusively (1, 6). To
verify these results in vitro, the uptake of
cystine by proteins in fresh tissue homo-
genates was studied. Only a relatively small
amount of labeled cystine became associated
with the homogenate proteins by means of
peptide bonds. In an attempt to increase pep-
tide-bound 3%S-cystine incorporation, the ho-
mogenates were incubated with mixtures of
amino acids—to no avail. Not only was there
no increased incorporation of peptide-bound
cystine, but the presence of the amino acids
appeared to cause a diminution in the disul-
fide-bound half-cystine which became at-
tached to the protein. This effect was soon
traced to the presence of glutamic acid in the
mixtures.

* Supported in part by the U. S. Army Medical
Research and Development Command under Re-
search Contract No. DA-94-193-MD-2493.

A few characteristics of the inhibition of
the sulfhydryl-disulfide interchange reaction
by glutamic acid are presented below. Other
parameters of the reaction are presently un-
der investigation.

Experimental Methods. In early experi-
ments, we compared the uptake of labeled
cystine by native and denatured tissue pro-
teins. When once it had been established that
the effect of the glutamic acid is nonenzy-
matic in vitro, much of the subsequent work
was carried out on protein from heat-
denatured homogenates. Inactivation of tis-
sue proteins is of obvious importance to pre-
vent metabolic structural changes when
studying the inhibitory capacity of glutamic
acid or related compounds.

Rat tissue homogenates were prepared in
an all-glass homogenizer with about 2—4 vol
of 0.05 M tricine buffer at pH 7.3-7.5. After
diluting the homogenate with 30-50 vol of
buffer, it was heated in a water bath at
80-85° for 5 min and then filtered several
times through glass wool. The filtrate was
diluted with buffer to contain approximately
0.7-1.0 mg of protein/ml.

Experiments on the binding of labeled cys-
tine were carried out at room temperature by
mixing 2.0 ml of diluted tissue homogenate
with 2.0 ml of glutamic acid solution, ad-
justed to the appropriate pH, and 2.0 ml of
buffer containing 0.01 uCi of 2°S-L-cystine.
The control was a similar mixture, containing
2.0 ml of tricine buffer instead of the gluta-





