Table III-—Apparent Permeability Coefficient, P,,,,
Determined for the Vaginal Absorption of the Alcohols

Ppp X 10°% cm/sec

Monkey Methanol 1-Butanol 1-Octanol
774 0.80 1.44 2.18
775 1.16 1.77 3.52
778 0.75 0.96 2.85

metrical surface area of the cell used, V is the total volume of the drug
solution, and P, is the apparent permeability coefficient. The ratio of
the surface area to the volume depended upon the cell employed.

The results of some typical P,,, determinations are summarized in
Table I11. As can be seen, the values increased from methanol through
octanol for all monkeys used. This finding is in qualitative accord with
the results obtained in the rabbit vaginal absorption studies. Further-
more, the P,p,, values for the monkey were approximately of the same
order of magnitude as those obtained with the rabbit system (2). However,
since these experiments were carried out with little regard for the men-
strual cycle effects, the results in Table 111 mainly represent a demon-
stration of the feasibility of the experiments. A rather systematic study
of the menstrual cycle effects, that is, the influence of the phase of the
cycle and the influence of the alkyl chain length as a function of the
menstrual cycle, will be reported® (7).

In separate experiments, as was found in the rabbit studies, there were
no significant losses of the alcohols in the perfusion system through, for
example, adsorption when the rib-cage cell was bypassed.

9 Presented at the APhA Academy of Pharmaceutical Sciences, New Orleans
meeting, Apr. 1976 (abstract 54).

In conclusion, this study has shown that a relatively simple procedure
involving perfusion and a special cell inserted into the vagina may be used
to carry out vaginal membrane permeability experiments in the rhesus
monkey. The procedure should be well suited for determining vaginal
membrane permeability coefficients over a wide range of conditions,
especially as a function of the menstrual cycle employing, wherever
possible, the particular monkey as its own control.
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Aqueous Chamber Drug Distribution Volume

Measurement in Rabbits

JOSEPH M. CONRAD and JOSEPH R. ROBINSON x

Abstract O A method was developed for aqueous chamber drug distri-
bution volume measurement in the albino rabbit, and the apparent vol-
ume of distribution was determined for inulin, pilocarpine alkaloid, and
1-hexanoic acid. The method consists of injecting a suitable concentration
of drug, in an appropriate volume of fluid, into the anterior chamber of
the eye and monitoring the decline in drug concentration as a function
of time by periodic sampling of the agueous humor. Graphical analysis
of the resulting data yields both the apparent volume of distribution and
the turnover rate constant of the aqueous humor. The technique does
traumatize the eye, causing formation of plasmoid aqueous, which does
not interfere with the apparent drug distribution volume measurement
or the determination of aqueous humor turnover. Inulin was used to
determine the physiological aqueous volume, 287 ul, in good agreement
with literature values. The turnover rate constant was 0.016 min—!, also
in good agreement with literature values. The apparent volume of dis-
tribution for pilocarpine alkaloid was 575 ul in albino eyes and 760 ul in
pigmented irides; for 1-hexanoic acid in albino eyes, it was 760 ul. For
pilocarpine alkaloid, literature citations on the fraction of dose absorbed

have been based on an assumed apparent volume of distribution of
250-300 ul. Therefore, a factor of two error has been introduced when
using albino eyes and a factor of almost three has been introduced when
using pigmented eyes. The implication of the apparent volume of dis-
tribution for pilocarpine in its ocular disposition is discussed, as is the
unexpected observation that pilocarpine alkaloid apparently inhibits
formation of plasmoid aqueous and follows one-compartment kinetics
during these studies. It is shown that the one-compartment kinetics for
pilocarpine are due to its biological activity in the aqueous chamber.

Keyphrases O Drug distribution—aqueous chamber drug volume, in-
ulin, pilocarpine, and 1-hexanoic acid, rabbit eyes O Inulin—aqueous
chamber volume of distribution, rabbit eyes O Pilocarpine—aqueous
chamber volume of distribution, rabbit eyes 0 1-Hexanoic acid—aqueous
chamber volume of distribution, rabbit eyes @ Ocular volumes of dis-
tribution—aqueous chamber, pilocarpine, inulin, and 1-hexanoic acid,
rabbit eyes

To make meaningful quantitative statements about the
bioavailability of an ophthalmic preparation, it is necessary
to know the apparent volume of distribution for that drug
in the eye. At present, the ophthalmic literature contains

statements on the bioavailability of topically applied oc-
ular drugs that are based, at best, only on an approxima-
tion to the actual aqueous humor volume, ignoring all other
factors, and, at worst, on poorly controlled clinical studies
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(1-4). The present study was designed to establish pro-
cedures for obtaining ocular volumes of distribution in the
anterior and posterior chambers of the eye, to provide an
accurate value for aqueous humor volume, and to deter-
mine the apparent volume of distribution of some typical
ophthalmic drugs.

BACKGROUND

The apparent volume of distribution for ocular drugs can be used to
provide insight on drug disposition if a physiological basis for the actual
volume is provided, i.e., if the ocular tissue volume is known. Significant
deviations from the physiclogical volume for a determined apparent
volume of distribution would be helpful in a mechanistic understanding
of a drug’s disposition.

Reported values for the physiological volume of the aqueous humor
in rabbits have been derived primarily from paracentesis studies where
the anterior chamber was aspirated and the volume was determined. Such
values, however, may be in error since they may not measure the aqueous
humor in the posterior chamber or fluid adhering to the walls of the an-
terior chamber. The aqueous humor contained in and on these structures
is not measurable via normal aspiration techniques. Moreover, the iris
and ciliary body are relatively porous structures containing aqueous
humor that probably will not be removed via paracentesis.

Apparently, there are no reports on the apparent volumes of distri-
bution for ocular drugs. For situations requiring an apparent volume of
distribution, e.g., determination of the fraction of dose absorbed, it is
common practice to assume a 250-300-ul volume, irrespective of the drug
under study.

Without an accurate value for the apparent volume of distribution of
a drug in the eye, it is still possible to make statements regarding the
percent of an applied dose that crosses the cornea to the aqueous humor.
However, these values are only estimates and do not consider many pa-
rameters that can affect the bioavailability of a particular drug, e.g.,
protein binding, partitioning into tissues, and poor mixing. By deter-
mining a precise value for the apparent distribution volume, it is possible
to calculate accurately the fraction of dose absorbed. Armed with this
information, it is possible to modify the size of the dose, the frequency
of dosing, the vehicle for the dose, etc., and to gauge the improvement
in drug bioavailability due to these manipulations. In addition, the ap-
parent volume of distribution for a drug can be used as an initial probe
in the design of mechanistic studies of drug disposition.

An additional parameter, important to the disposition of a drug in the
aqueous chamber, is aqueous humor turnover, since drug can be rapidly
eliminated by the inflow and outflow of the aqueous humor. Removal of
drug via this route is influenced by distribution equilibria of the drug in
the aqueous chambers. Hence, the terminal elimination portion of the
aqueous humor drug concentration—time profile can be used to estimate
the importance of aqueous humor turnover, as well as distribution, on
drug elimination.

Physiological turnover rates have been determined by various invasive
and noninvasive techniques in several animal species (5-9). The results
derived from the present method compare well with previously reported
values. The salient feature of the described method is that it allows cal-
culation of both the rate of aqueous humor turnover and the apparent
volume of distribution for the drug from a single experimental technique.
Other methods, both invasive and noninvasive, do not have the capability
of determining the apparent volume of distribution, since they are mainly
either continuous perfusions of the anterior chamber or intravenous in-
jections of tracer material that appears in the eye after penetration of the
blood-aqueous barrier via the animal’s circulatory system (5-14). Thus,
these methods do not provide for extrapolating drug concentration—time
data to zero time, which is a necessary feature in developing a procedure
to obtain the apparent volume of distribution for a drug.

EXPERIMENTAL

Materials——Male, albino, and mixed breed dark iride rabbits!, 1.8-2.4
kg, were maintained on a regular diet with no restrictions on food or water
intake.

14C_Inulin? dry powder, specific activity 2.47 uCi/mg, was used as re-

1 Klubertanz, Edgerton, Wis.
2 New England Nuclear, Boston, Mass.

220 / Journal of Pharmaceutical Sciences

ceived. *H-Pilocarpine alkaloid? alcoholic solution, specific activity 2.4
mCi/mg, was purified by vacuum distillation (15) prior to use. The pu-
rification of pilocarpine was carried out immediately before each ex-
perimental run to minimize tritium exchange with the solvent. 14C-1-
Hexanoic acid3, sodium salt aqueous solution, specific activity 10 mCi/
mmole, was used as received. '“C-Inulin and !4C-1-hexanoic acid were
99% chromatographically pure. All other chemicals were either reagent
or analytical grade.

Methods—Preparation of “4C-Inulin Solution—!4C-Inulin was
dissolved in water so that a concentration of 2 X 10~> M was obtained.
Since this concentration represents the limit of aqueous solubility for
inulin, no “cold” (nonlabeled) inulin was added to the solution. This
concentration corresponds to 0.1 ug of inulin/ul of solution. In the study
employing an inulin-pilocarpine solution, radioactive inulin, 2 X 1075
M, was added to a 1 X 10~% M cold pilocarpine solution.

Preparation of 3H-Pilocarpine Solution—Earlier work established
a peak aqueous humor drug level of approximately 1 X 10~4 M from
topical application of a 1 X 102 M solution of pilocarpine (16). Since the
present study involved direct injection of drug into the anterior chamber,
1 X 10~* M pilocarpine was used. The alcoholic solution of 3H-pilocarpine
alkaloid was evaporated to dryness. To the evaporated 3H-pilocarpine
was added 5 ml of 1 X 1074 M cold pilocarpine alkaloid in aqueous solu-
tion. The addition of 3H-pilocarpine alkaloid was small enough to have
no appreciable effect on the molarity of the final solution. The solution
concentration corresponded to 2.08 ug of pilocarpine alkaloid/ul.

Preparation of '4C-1-Hexanoic Acid Solution—From the aqueous
solution of the sodium salt, 50-ul samples were diluted to 3 ml with water
to produce a solution that was 1.67 X 1074 M in *C-1-hexanoic acid.
Therefore, the solution for injection corresponded to 1.94 X 1072 ug of
hexanoic acid/pul.

Aqueous Humor Drug Concentration-Time Profile—Rabbits were
anesthetized by intraperitoneal injection of pentobarbital sodium solution
followed by phenobarbital sodium solution (17). Due to variations in
response to the anesthetic doses, some animals had to be titrated with
additional anesthetic until no head movements and/or blink responses
were present. Also, for time points beyond 30 min, an intravenous infusion
of a phenobarbital sodium solution was administered periodically to
maintain anesthesia.

Anesthetized animals were then placed in wooden restraining boxes
which maintained the normal upright posture for the animal. About 10
min prior to dosing, each eye received 1 drop of 0.5% tetracaine hydro-
chloride solution*. Due to the manipulations required, each rabbit was
used for two different time points. For example, the left eye was dosed
10 min after the right eye so that at the end of 20 min the right eye yielded
a 20-min point while the left eye yielded a 10-min point. To eliminate any
right to left or left to right bias, the next rabbit was dosed so that the left
eye yielded the 20-min point while the right eye yielded the 10-min point.
For the later time points of 60 min and beyond, the same time point could
be obtained from both eyes since the entire procedure of refilling the
syringes, injecting the drug solution, and positioning the delivery appa-
ratus on the wooden blocks took approximately 1 min, and this period
introduced a potential error of only 1.67% in a 60-min time point.
Moreover, this error was averaged out by reversing the order of dosing
in the next rabbit.

Once the anesthetized animal was positioned in the restraining box
and the topical anesthetic was applied, measured volumes of drug solution
(5, 10, or 20 ul) were accurately administered to each rabbit eye via a
microliter syringeS. The syringe was fitted with a modified vein infusion
set® prefilled with the drug solution. The modification consisted of
shortening the tubing length from the normal 30 cm to approximately
3 cm. This change was made to minimize drug solution loss and to make
the delivery apparatus more manageable. Once the needle of the infusion
set had punctured the cornea and was in position in the anterior chamber,
the appropriate dose was delivered from the syringe. To prevent leakage
of the aqueous humor fluid, the 3-cm tubing was then clamped off with
Kelly forceps and the tubing was cut just behind the clamp. The clamp
was then supported on a wooden block so that its weight would not pull
on the punctured cornea and produce leakage at the entrance point of
the needle into the cornea.

The clamp assured no loss of aqueous humor due to positive pressure
outflow caused by the intraocular pressure. The small amount of tubing

3 ICN, Chemical and Radioisotope Division, Irvine, Calif.
4 Pontocaine, Winthrop Laboratories, New York, N.Y.

5 Hamilton 705, Hamilton Co., Reno, Nev,

€ Miniset, Travenol Laboratories, Deerfield, Ill.



Table I—Pharmacokinetic Parameters Obtained via Anterior Chamber Injection of Various Drugs

Amount of Drug Apparent Turnover Rate

Drug Dose, ul per Dose, ug C,, ng/ml Vg, ul Constant, k, min™!
Inulin® 5 0.5 1.75 286 0.018
e 10 1.0 3.40 294 0.011
20 2.0 7.15 280 0.020
Average 287 Average 0.016
Pilocarpine 10 0.2083 0.36 579 0.060
20 0.4165 0.73 571 0.058
Average 575 Average 0.059
Pilocarpinec 10 0.2083 0.27 760 0.066
1-Hexanoic acid? 10 0.1937 0.26 745 0.019
20 0.3874 0.50 775 0.015
Average 760 Average 0.017

2 Analyzed by apparent two-compartment open model. The turnover rate constant was determined from the terminal portion of the line. & Ana-
lyzed by apparent one-compartment open model. €In dark iride rabbits. The turnover rate constant was determined from the initial portion of the

line.

remaining, 1.5 em, and the supported clamp allowed the rabbit some head
movement without danger of dislodging the needle.

At the end of the designated time periods, 5, 10, 15, 20, 30, and 60 min,
the rabbit was sacrificed by rapid marginal ear vein injection of an
overdose of phenobarbital sodium. The 90- and 120-min time points were
obtained only with the !4C-inulin at the 20-l volume. The aqueous humor
was aspirated from each eye using a 1-ml tuberculin syringe fitted with
a 27-gauge, 1.27-cm needle. Aqueous humor samples, 100 ul, were
quantitatively transferred to scintillation counting vials’ containing 5
ml of a scintillation cocktail®. Samples were then stored in the dark at
room temperature for a minimum of 48 hr prior to counting to eliminate
error due to chemiluminescence. Ten-minute counts of each sample were
made using a liquid scintillation spectrometer®. The final count for each
sample, corrected for background, was then converted to a microgram
of drug per milliliter of aqueous humor basis by standardization tech-
niques to facilitate analysis and. interpretation of results.

A minimum of 10 eyes was used for each data point, with the exception
of the 80-min point for pilocarpine in albino rabbits where four eyes were
used; no animal was used more than once. Mean values and standard
errors of the mean were determined from the pooled data at each time
point. The concentration-time profiles were least-squares fit to the one-
or two-compartment model.

RESULTS

Inulin has been employed in the past to measure renal clearance values.
Since it does not readily penetrate tissues and is not bound to protein to
any measurable extent, it was considered ideal for such clearance mea-
surements because it is eliminated solely by glomerular filtration. These
same properties make inulin an attractive probe for measuring the
physiological aqueous humor volume. In addition, tissues surrounding
the aqueous chamber, i.e., iris and ciliary body, are porous and should
allow free movement of the relatively small inulin molecule so that all
resident aqueous humor is detected. These assumptions are borne out
by experimentation. Assay of ocular tissues surrounding the anterior
chamber, i.e., cornea, ciliary body, iris, vitreous humor, and lens, shows
that inulin is not absorbed and/or adsorbed onto these tissues. Thus, the
only means of exit for inulin from the anterior chamber is by normal
aqueous humor drainage.

Figure 1 shows the aqueous humor inulin concentration-time profile
for three different injected volumes (5, 10, and 20 ul). Different volumes
were employed to determine the influence of instilled volumes on the
apparent volume of distribution and apparent aqueous humor turnover
as well as to check on the proposed mechanism for inulin removal, i.e.,
to explain the shape of the drug concentration—time profile. The drug
concentration-time profiles were analyzed as an apparent two-com-
partment open model'®, with the initial portion of the curve attributed

7 Mini-vial, Research Products International Corp., Elk Grove Village, Il1.

8 Aquasol.

9 Packard model 2002, Packard Instrument Co., Downers Grove, [II.

10 The term compartment is used in a very loose sense throughout this article.
With inulin, only the aqueous chamber is involved, i.e., one compartment, and the
biphasic concentration-time profile is simply a fast volume-dependent removal
of drug followed by a slower removal.

to an effect due to injection of a volume above that of the normal resident
volume and the terminal portion due to normal aqueous humor turn-
over.

An analogy can be made between this system and instilling a volume
of drug into the precorneal portion of the eye (18). In the precorneal
portion, an instilled solution is diluted by resident tears, the tear-drug
solution then rapidly drains from the eye until the volume is back to the
normal resident volume, and, finally, tear turnover accounts for most of
the remaining drug removal. In the aqueous chamber, the injected inulin
mixes with resident aqueous humor and drains from this area until a
normal volume is achieved, at which point aqueous humor turnover is
responsible for additional removal. Thus, the initial portion of the inulin
profile is attributed to rapid removal of drug simply because a volume
has been injected. The increasing slopes of these lines with an increasing
volume support this proposal. The terminal portion of the profile cor-
responds to aqueous humor turnover. Since no distribution of inulin into
aqueous chamber tissues occurs, the terminal slope can be directly related
to aqueous humor turnover.

After graphical analysis and extrapolation to time zero, the volume of
distribution of the aqueous humor can be calculated in the usual manner.
These values for the three volumes are presented in Table I along with
the turnover rate constants obtained from the terminal portion of the
curves. The physiological volume of distribution, i.e., true aqueous humor
volume, and the turnover rate constant derived from these measurements
agree very well with those reported for rabbits using other techniques
(5, 19).

The problem of plasmoid aqueous formation due to trauma has been
well documented for the rabbit (20-22). Any trauma such as inflammation
or puncture of the globe of the eye leads to a breakdown on the blood-

INULIN, ug/ml of agueous humor

10510 20 30 60 90 120
MINUTES
Figure 1-—Aqueous humor drug concentrations following intracameral
injection of 2 X 10~° M inulin solutions in albino rabbits. Error bars
represent the standard error of the mean. Where no error bars are
drawn, the standard error was smaller than the symbol used. Solid lines
are best-fit lines. Dotted lines connect the mean value at each time
point. Key: 0,5 ulinjected; A, 10 ul injected; and Q, 20 ul injected.
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PILOCARPINE, ug/ml of aqueous humor
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Figure 2—Aqueous humor drug concentrations following intracameral
injection of I X 104 M pilocarpine solutions in albino rabbits. Error
bars represent the standard error of the mean. Where no error bars are
drawn, the standard error was smaller than the symbol used. Solid lines
are best-fit lines. Dotted lines connect the mean value at each time
poing. Key: A, 10 pl injected; and 0, 20 pl injected.

aqueous barrier with a concomitant rise in the protein content of the
aqueous humor. In the inulin study, plasmoid formation was visually
observed at the 30-min time point and beyond. Plasmoid formation re-
sults in an extremely viscous agueous humor, which is difficult to aspirate
into the tuberculin syringe. It appears as a transparent semisolid, gel-like
substance which undergoes shear thinning with repeated uptake and
discharge through the syringe needle.

Formation of plasmoid aqueous in the rabbit occurs with very mild
trauma, whereas the human eye seems much more resistant to its for-
mation (23). Since plasmoid aqueous does not appear to affect vision, at
least in the human eye, and the calculated turnover rate constant of the
aqueous humor from the present study agrees well with that of normal
aqueous humor in rabbits, its formation does not appear to be a cause for
concern in the present study. Apparently, the rabbit eye makes all nec-
essary accommodative changes to compensate for the more viscous
plasmoid aqueous. Plasmoid aqueous formation is, of course, a reversible
process; in a relatively short period, i.e., a few hours, a normal aqueous
humor is again formed.

Figure 2 shows the aqueous humor drug concentration-time profile
for pilocarpine, and Table I shows the apparent volume of distribution
and turnover rate constant for pilocarpine derived from graphical analysis
of the data. From the data in Table I, it is clear that the apparent volume
of distribution for pilocarpine is twice that of the physiological volume
and the turnover rate constant is significantly greater than the normal
value. The larger volume of distribution can be attributed to the fact that
pilocarpine is somewhat protein bound, can and does penetrate ocular
tissues, and may be bound to tissue surfaces (4, 24-27)!1.

Because protein contained in the aqueous humor leaves the eye during
the normal removal of the aqueous humor, the present method is unable
to discern whether or not a drug is highly bound to protein, as can be done
with the traditional drug volume of distribution in the blood. However,
the method can discern tissue penetration and binding of drugs to ocular
tissue surfaces, as was shown clearly in the study of pilocarpine in dark
iride rabbits (Fig. 3). The apparent volume of distribution for pilocarpine
was 760 ul, considerably larger than the 575 ul determined in albino
rabbits. For comparative purposes, Fig. 3 includes the albino rabbit data
for pilocarpine. The decline in drug concentration between pigmented
and nonpigmented animals was parallel. However, the 60-min point was
considerably different between the pigmented and nonpigmented ani-
mals, No explanation for this difference is offered, but it is important to
recognize that the data from albino rabbits are based on only four eyes
with a large standard error and that the radioactive counts at this level
are uncomfortably low. Thus, we have less confidence in this point as
compared to others.

11 M. C. Makoid, University of Wisconsin, Madison, Wis., unpublished data.
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PILOCARPINE, ug/ml of aqueous humor

0.01 T T
520 30 60

MINUTES
Figure 3—Comparison of aqueous humor drug concentrations following
intracameral injection of 1 X 10~* M pilocarpine solutions in albino
and pigmented iride rabbits. Error bars represent the standard error
of the mean. Error bars were deleted from the albino rabbit data to fa-
cilitate comparisons. Solid lines are best-fit lines. Dotted lines connect
the mean value at each time point. Key: A, 10 ul injected in albino
rabbits; and O, 10 ul injected in pigmented rabbits.
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The shape of the drug concentration-time profile for pilocarpine was
considerably different than that of inulin. A biphasic curve was not ob-
served over the time course of the study, and the slope of the line yielded
a rate constant considerably greater than physiological turnover of the
aqueous humor. A suggested explanation for this behavior is related to
the pharmacological effect of pilocarpine. It is well known that pilocarpine
exerts various pharmacological effects in the eye, such as decreased an-
terior chamber depth (28) and an influence on aqueous humor turnover
(9, 29-30). These effects were absent with inulin as well as with 1-hexanoic
acid, and both of these compounds showed the expected biphasic ap-
pearance. In support of the idea that this finding is not an artifact of the
present technique, it was observed that the 1st hr or so beyond the peak
of the aqueous humor pilocarpine-time profile, from topically applied
drug, also showed an increased rate of removal over and above physio-
logical turnover!!,

As an alternative explanation for the data, it is possible that the ap-
parent one-compartment profile for pilocarpine represents a non-
steady-state distribution into other tissues, which would invalidate this
approach for pilocarpine apparent volume of distribution measurement.
However, other datal! do not support this thesis; therefore, a pharma-
cological effect is offered as a reasonable explanation. As added support
for a pharmacological effect explanation, a study was undertaken where
inulin and pilocarpine were injected together and the decline in inulin
concentration was monitored as a function of time. If a pharmacological
effect from pilocarpine occurs, it would be expected that the decline in
inulin concentration, when an inulin-pilocarpine solution is injected,
would be more rapid and perhaps follow different kinetics than when
inulin is administered by itself.

Figure 4 shows the results of this study as well as the data for inulin
and pilocarpine. Inulin did indeed leave the aqueous chamber at a more
rapid rate when pilocarpine was present. Although there are insufficient
data to draw a firm conclusion, it appears that the inulin-pilocarpine data
closely parallel the pilocarpine elimination line, and it is considerably
different than the inulin line by itself.

When pilocarpine was injected into the anterior chamber, no plasmoid
aqueous humor was observed up to 60 min postinjection while with inulin
and 1-hexanoic acid, a plasmoid aqueous formed readily.

Figure 5 presents the aqueous humor drug concentration-time profile
for 1-hexanoic acid. This compound, of course, is not used in ophthalmic
therapy. However, because it is a medium chain-length fatty acid, it can
be expected to penetrate tissues readily and to have a relatively large
apparent volume of distribution. As indicated in Table I, its apparent
volume of distribution was approximately 2.5 times larger than the true
physiological volume of distribution obtained in the inulin study.

Graphical analysis of the 1-hexanoic acid data yielded an apparent
two-compartment open model with the same volume effect initially as
that shown for inulin. The break points in the curves for the two volumes
followed the same pattern established for inulin, and this finding lends
credibility to the volume effect argument.
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Figure 4—Comparison of aqueous humor drug concentrations following
intracameral injection of 10 ul of 2 X 10~° M inulin solutions (0), I X
10=*M pilocarpine solutions (A),or 2 X 10~5Minulinin 1 X 107*M
cold pilocarpine solutions (O) in albino rabbits. Error bars represent
the standard error of the mean. Error bars were deleted from the 2 X
1075 M inulin and from the 1 X 10~4 M pilocarpine data to facilitate
comparisons. Solid lines are best-fit lines. Dotted lines connect the mean
value at each time point.

Another feature of the apparent two-compartment open model used
to describe the inulin and 1-hexanoic acid data is that the turnover rate
constant obtained after curve stripping of the initial phase of the curves,
i.e., that portion attributed to the volume effect, agrees reasonably well
with the turnover rate constant found for pilocarpine in that study. This
result indicates that the volume effect is qualitatively similar to the
pharmacological effect produced by pilocarpine.

DISCUSSION

A primary consideration of this study was the development of a tech-
nique for systematically measuring the apparent volume of distribution
of ophthalmic drugs. The method itself is ohviously unrealistic for human
use, since it involves puncturing the cornea and direct injection of drug
solution into the anterior chamber. However, the insights gained from
animal studies are useful in providing initial estimates of ocular behavior
in humans. For example, since the rabbit eye is similar in size and gross
morphology to the human eye, a drug’s apparent volume of distribution
measured in rabbits is expected to approximate that of human eyes.

The described method has limitations. As mentioned previously,
protein binding will not be detected per se, because the movement of drug
bound to protein will be indistinguishable from free drug movement. Both
bound and free drug leave the chamber via normal aqueous humor
drainage, and the present technique cannot distinguish free and bound
drug.

A second limitation is that the drug must be in an aqueous vehicle.
Since it is injected into a small confined aqueous milieu, an oil-soluble
drug in an oily vehicle could precipitate in the anterior chamber and block
the aqueous humor drainage pathways or the oil vehicle could cause a
physical blockade to drainage.

Based on the previous discussion, relative to the effect of injected
volume on the pharmacokinetic profile, it is clear that there should be
constraints on the volume employed. Too large a volume may result in
possible tissue damage so that an upper limit is placed on the accom-
modative mechanism of the rabbit eye. A small volume is limited by the
reproducibility of repetitive injections. It is suggested that the 10-ul
volume be used on a routine basis, because the 5-ul volume requires
considerable skill for reproducibility and the 20-ul volume might generate
damage to the eye, particularly if small rabbits are employed. However,
if solubility problems or assay limitations are encountered, the 20-ul
volume can be employed; in fact, a 30-ul volume can be used. Studies
using 30 ul were also conducted for inulin, and the results (not reported
here) from these studies are consistent with the reported volumes.

One concern with the proposed experimental technique was that having
the test animal under general anesthesia throughout the experiment
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Figure 5—Aqueous humor drug concentrations following intracameral
injection of 1.67 X 10~4 M I-hexanoic acid solutions in albino rabbits.
Error bars represent the standard error of the mean. Where no error bars
are drawn, the standard error was smaller than the symbol used. Solid
lines are best-fit lines. Dotted lines connect the mean value at each time
point. Key: A, 10 pl injected; and Q, 20 ul injected.

might decrease the rate of aqueous humor formation and removal (6, 31).
Results, namely that physiological turnover rates of the aqueous humor
were determined from the inulin and 1-hexanoic acid data, indicate that
this reduction or stoppage does not occur in the rabbit under anesthe-
sia.

Several additional observations made during this study require further
comment. As noted earlier, the trauma of intracameral injection and
increased volumes in the chamber due to injection caused the formation
of plasmoid aqueous within 30 min postinjection of inulin and 1-hexanoic
acid. At first glance, it would seem likely that this more viscous, pro-
teinaceous aqueous humor should not leave the anterior chamber very
easily, thus leading to a slow turnover rate. This is obviously not the case.
Two possible mechanisms can explain this finding. Either the rabbit’s
trabecular meshwork expands to accommodate the plasmoid aqueous
or a microdiffusion effect removes the more fluid portions of the plasmoid,
leaving behind a “matrix” of highly viscous protein plasmoid aquecus
which is subsequently removed at a slower rate.

If increased accommodation is the method of plasmoid aqueous re-
moval, this process is easily reversible since, upon removal of the cause
of plasmoid aqueous, the rabbit aqueous humor returns to normal within
a matter of a few hours (32). The accommodation must be throughout
the anterior and posterior chambers because, not only does the viscous
plasmoid leave at a normal rate, it must form and enter the posterior
chamber at a normal rate to maintain a constant turnover rate (20,
32).

The second possibility, a microdiffusion effect, would involve formation
and destruction of a protein matrix with relatively free flow of the aqueous
humor in and through this matrix. If this microdiffusion mechanism is
operative, it presents an interesting form of sustained release for any
highly protein-bound drug. The drug would be bound to the protein
matrix, which should prolong its residence time in the aqueous chamber.
These possible mechanisms for plasmoid aqueous removal are interesting
and require additional work. However, the most important factor relative
to the proposed technique is that plasmoid aqueous formation does not
interfere with the apparent volume of distribution determination.

The pilocarpine and 1-hexanoic acid data were intriguing from several
points of view. As noted in Table I, the apparent volume of distribution
for pilocarpine in the aqueous humor was 575 ul, and the concentra-
tion-time data fit a monoexponential curve with an apparent first-order
rate constant of 0.059 min~!. The apparent volume of distribution was
twice the physiological velume, which was attributed to sorption of the
drug into and onto tissues lining the aqueous chamber (4, 24-27)11. Since
published studies on the fraction of dose absorbed for pilocarpine have
relied on an assumed volume of distribution of 250-300 pl, these values
probably are off by a factor of two for albino rabbits and by a factor of
almost three for pigmented rabbits. The more important point is that
other drugs, as illustrated by 1-hexanoic acid, could have much larger
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apparent volumes of distribution and be off by factors of three, four, or
greater.

In defense of the proposed mechanism for the increased turnover rate
constant due to pilocarpine, i.e., a pharmacological effect, a comparison
of these results in rabbits with those obtained in humans (33) for topically
applied pilocarpine is in order. Yoshida and Mishima (33) found that the
rate constant for normal aqueous turnover in humans was 0.7 hr~! while
that following topical dosing with pilocarpine was 0.27 hr—!, In the present
study, the normal aqueous turnover in rabbits was 0.72 hr~! while the
turnover following pilocarpine injection was 4.2 hr~1. It would appear
that these data are in conflict. However, it should be kept in mind that
topical dosing leads to a reservoir effect in the corneal epithelium (34)
so that, at later times, the turnover of pilocarpine appears slower than
it actually is. As pilocarpine leaves the aqueous chamber, more drug is
being fed in to maintain a level of drug in the aqueous chamber that falls
less rapidly than would occur if the reservoir was absent. Application of
drug through direct injection bypasses the reservoir effect of the corneal
epithelium and generates a more rapid removal of the aqueous humor,
in keeping with what one would intuitively expect for a glaucoma drug.
Over the time course of these studies, pilocarpine apparently is unable
to penetrate the corneal epithelium from direct injection so there is no
reservoir effect. Recent evidence (4, 24)!! demonstrates that pilocarpine
disposition from the aqueous humor is quite complex and does not follow
a simple one- or two-compartment model.

From the results of this pilocarpine study in albino and pigmented
animals, it is clear that the method can discern binding. Thus, the earlier
noted differences in pilocarpine uptake in heavily pigmented animal eyes
(4, 25) as well as humans (26) have been borne out in an in vivo experi-
ment and support the need for more drug to treat glaucoma in heavily
pigmented eyes.

1-Hexanoic acid data were biphasic, with the terminal portion of the
curve having an apparent rate constant of 0.017 min—!, in agreement with
normal aqueous humor turnover. One would intuitively expect that the
elimination of a drug that distributes extensively into aqueous chamber
tissues would be influenced by this distribution and that, therefore, the
terminal portion of the 1-hexanoic acid curve should probably not cor-
respond to normal turnover. One can speculate that drug taken up by
tissue is removed from the aqueous chamber by absorption into the
general circulation or perhaps that the drug is irreversibly bound to tissue
or in some manner degraded.
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