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ABSTRACT

Different organic acids have been shown to block the
transfer of 5-hydroxyindoleacetic acid (SHIAA) from the
brain. This blockade was proposed to involve inhibition of a
carrier-mediated transport system for S5HIAA elimination.

A model based on transport kinetics and competitive
inhibition was developed to simulate the levels of brain
5HIAA after an inhibitor. To test this model rats were
sacrificed at different times following a single dose of
probenecid. The brains were assayed for 5HIAA by fluorescence
and for probenecid by gas-liquid chromatography. Plasma con-
centrations of probenecid were also determined by gas-liquid
chromatography. An analog computer was used to fit the model
to the S5HIAA brain level-time curves by varying the constant
.of inhibition, Ky. The K1 obtained from the curve of best
fit was time independent and only one dose was required as
opposed to that of the usual dose-response determinations.
Ky was determined in this fashion for doses of 100 and 300
mg/kg. The constant of inhibition was also calculated by
an alternate procedure. Determination.of the inhibitor con-
centration in the brain and plasma allowed a comparison of
the calculated percent inhibition with the inhibitor concen-
tration yielding the concentration of probenecid which pro-
duced 50 percent inhibition, that is, K;.

It was further proposed that the acid elimination

system prevents the equilibration of slowly diffusible



iii

exogenous acids between brain and plasma. In effect, the
transport system contributes to the "Blood-Brain Barrier."

To test this concept, a model was developed to detect
nonlinear disposition of a drug in a tissue. The model was
experimentally tested as it relates to salicylic acid dispo-
sition in the brain. Experimental data were obtained in
rats for intraperitoneal doses of 25 and 400 mg/kg. The
parameters measured for each dose were the ratio of the area
under the brain concentration-time curve to the area under
the plasma concentration-time curve and the ratio of the
maximum brain concentration of salicylic acid to the plasma
concentration at the time the brain levels were maximal.
The ratios were seen to increase with dose. Ratios calcu-
lated using plasma concentrations corrected for plasma pro-
tein binding were also dose-dependent. Calculations performed
on literature data for salicylic acid disposition in mouse
brain corroborate the results of this study. Facilitated
transport of salicylic acid out of mouse and rat brain was
proposed to explain the nonlinear disposition.

Thus, the existence of a saturable, carrier-mediated
acid transport system for the elimination of both endogenous
and exogenous acids from the brain is supported by the data

presented.
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CHAPTER I

INTRODUCTION

The brain has long been noted to be more resistant than
other tissues to the penetration of certain compounds. This
phenomenon, frequently referred to as the blood-brain barrier,
was first detected when acid dyes were seen not to pass from
the blood to the brain despite high blood concentrations of
the dyes (1, 2). It could be argued that acid dyes such as
trypan blue would be poor indicators of a blood-brain barrier,
since these compounds are very highly bound to proteins in the
blood and thus their diffusion into tissues would be inhibited.
Yet trypan blue will readily stain most tissues of an animal
while the central nervous system remains virtually unaffected
(3).

The first quantitative studies of the blood-brain bar-
rier were carried out by Wallace and Brodie (4). Brodie and
his co-workers carried out extensive studies which showed that
many diverse compounds entered the brain at a slower rate than
that observed in other tissues (5). These studies also demon-
strated that highly lipophilic compounds were capable of rapid
penetration of the central nervous system (6). The logical
conclusion from these results was to attribute lipoid charac-
teristics to the blood-brain barrier much like those of most
membranes. The drug penetration of the brain would thus de-

pend upon the lipophilic properties of the compound and its



degree of ionic dissociation. These conclusions although valid
did not explain the marked difference in drug entry between the
brain and other tissues with similar blood perfusions.

An early postulate to explain the barrier effect was
the lack of a sufficient extracellular space in the brain to
allow the diffusion of plasma borne compounds into the brain.
Electron microscopists estimated an extracellular space in the
brain of only 5% or less (7). This view, however, is not cur-
rently acceptable, since subsequent physiological experiments
have shown this space to be as high as 15-20% (8). The obstacle
to entry into the brain is most likely the result of differ-
ences in the capillaries of the brain. Whereas in other tis-
sues the capillaries are surrounded by extracellular fluid,
brain capillaries are covered by the end-feet of the astrocytes
or glial cells (9). Thus the astrocytic protoplasm constitutes
an extra barrier which a molecule in the blood must cross be-
fore reaching the brain. Another notable anatomical difference
which makes the brain capillaries unlike those of other tissues
is the existence of continuous tight intercellular junctions
in the capillary endothelial cells (10). The absence of any
intercellular space in the endothelium requires a drug in the
blood to diffuse through the endothelial cell itself, while
in other tissues a compound might be capable of diffusing
through spaces 50-100 R wide.

Conceivably, the observed anatomical differences in the
capillaries of the brain explain why certain compounds enter
the central nervous system at a slower rate than that observed

in other tissues. It would not explain, however, why the



unbound concentrations of some compounds do not achieve equi-
librium between plasma and brain even when the plasma concen-
tration is maintained constant by infusion. Mayer, et al. (5)
showed that salicylic acid in the brains of rabbits did not
achieve equilibrium with the unbound drug in the plasma al-
though the plasma concentration was maintained at steady state
for three hours. Kleeman, et al. (l1l) demonstrated a similar
occurrence with urea; after three hours of infusion the drug
in the brain reached a plateau which was one-half of the
plasma concentration. Anatomical differences alone could not
explain the results of these experiments; however, the ex-
istence of a transport mechanism in the direction of brain to
blood might explain the unequal distribution of some drugs
between blood and brain. Evidence for such a transport system
which would function as a component of the blood-brain barrier
has been reviewed (11, 12). Steinwall (13) proposed the ex-
istence of a transport system for organic acids in the brain.
He showed that acid dyes which normally did not enter the
central nervous system could be made to cross the barrier by
the administration of various metabolic inhibitors. Hypo-
thermia and high concentrations of other organic acids also
induced extravasation of the acid dyes into the brain. The
conclusions from this work were that acid dyes apparently do
not penetrate the brain from the blood because of a transport
system which operates in the opposite direction. Drawing an
analogy with the kidney, he proposed that such a transport sys-

tem would not only protect the central nervous system from



toxic acids in the blood, but would also serve in an excre-
tory capacity to rid the brain of unwanted or toxic acidic
metabolites formed within the brain.

In view of Steinwall's theory, the inability of sali-
cylic acid in the brain to achieve equal concentration with
the unbound drug in the plasma (5) could be interpreted to
be proof of the existence of an acid transport system in the
brain. A unidirectional mechanism which was capable of trans-
porting acids from the brain to the blood would account for
the salicylate concentration in the brain remaining lower
than the unbound concentration in the plasma. Similar evi-
dence can be found in an early study with penicillin-G in
which equivalent concentrations in the cerebrospinal fluid
(CSF) and plasma of man were never achieved even under con-
ditions of continuous administration (14). Further evidence
for the existence of an acid transport system is the report
that increasing doses of ‘ampicillin result' in dispropor-
tionate increases in the CSF concentration of the drug in
dogs (15). This is consistent with the concept of a saturable
transport system; as the dose increases the result is a low-
ering of the rate of elimination relative to the amount in
the tissue. Ampicillin levels in the’' CSF would then increase
more than the corresponding increase in the plasma concentra-
tions. Conclusive evidence has also been presented by
Fishman (16) to substantiate that penicillin-G is transported
out of the CSF of dogs. The transport which appeared uni-

directional exhibited saturability, and it was inhibited by



probenecid, a well known acid transport inhibitor. The acidic
compounds Diodrast and phenolsulfonphthalein have also been
shown to be actively transported out of the CSF of goats

(17) . The ventricles and cisterna magna were perfused with

a solution of either Diodrast or phenolsulfonphthalein, and
the passage of the test compound from CSF to blood was found
to be unidirectional, capable of saturation, and sensitive

to inhibition by para-aminohippurate.

The foregoing discussion has been conerned with the
transport of exogenous compounds from the brain, that is,
compounds which normally are not found in the central nervous
system. There is indication, however, that acids produced in
the brain (endogenous acids) are also eliminated from the
brain via a transport system. Probenecid and other organic
acids have been shown to block the efflux of 5-hydroxyindole-
acetic acid (5HIAA), one of the end products of serotonin metabo-
lism in the brain (18-20). The transport of 5 HIAA out of
the brain appears to be unidirectional, since intravenous
doses of the compound produced no changes in the CSF levels
of S5HIAA in dogs (21). Despite the fact that 5HIAA does not
readily enter the brain, it appears to leave the brain with
little difficulty, since the fractional turnover rate in rate
brain is 85% per hour (20). This also suggests a transport
system, since diffusion is too slow a process to account for
such a rapid fractional turnover rate. The administration of
a monomine oxidase inhibitor which blocks 5HIAA synthesis

produces a drop in the 5HIAA levels in the brain, but an



efflux inhibitor administered concomitantly with the mono-
mine oxidase inhibitor prevents the drop in the S5HIAA

levels (19). Support is thus given to the transport theory,
since SHIAA does not appear to leave the brain passively in a
significant amount. A transport for S5HIAA has also been
demonstrated in cat CSF (22) and in the dog (23,24).

There is evidence that the acid transport system is not
very specific. Different acidic compounds such as probenecid,
phenylacetic acid, and benzoic acid inhibit the elimination
of 5HIAA (20, 25). It is probable that the lack of speci-
ficity extends to the compounds being transported and not
just the inhibitors. Homovanillic acid, an acidic end
product of dopamine metabolism in the brain, also appears
to be transported (23). The transport inhibitors which
block 5HIAA transport also block the efflux of homovaniillic
acid (23, 25). Referring again to Steinwall's proposal (13),
it seems reasonable that a transport system should exist for
removing unwanted and potentially toxic compounds from the brain.
It is very likely that such a system should be non-specific so
that it may function in removing both endogenous and exogenous
acidic compounts. This transport system would be of physi-
ologic importance in removing potentially toxic polar acid
metabolites formed within the brain and in preventing the
accumulation of exogenous polar organic acids in the central

nervous system.



With few exceptions most of the studies involving
brain transport have utilized ventricular-cisternal perfusions
or the incubation of brain slices or of isolated choroid
plexuses. The drawbacks of an in vitro study are many, the
most important of which is the possibility that the barrier
effect may be lost in removing the brain from the animal.
With brain perfusion studies, an intact animal is used, but
it might not be representative of a normal animal after the
necessary surgery, restraint, and loss of CSF. Furthermore,
transport from the CSF into the blood may not be representa-
tive of the total brain, since transport could occur directly
from the brain parenchyma into the blood without CSF in-
volvement. The use of perfusion technigques to introduce
foreign compounds into the brain is also questionable, since
the normal mode of entry into the brain is ignored.

The objective of the present investigation is to study
in vivo the brain's acid transport system in intact animals and
to demonstrate that the inability of many acids to pass from
blood to brain is due, at least partly, to an acid transport
system from the brain to the blood. To meet this objective,
the transport of endogenous and exogenous organic acids was
studied. The indole metabolite, 5-hydroxyindoleacetic acid,
was used to study the transport of an endogenous acid; sali-
cylic acid was used as the example of an exogenous acid which

is transported out of the brain.



CHAPTER II
TRANSPORT OF 5HIAA FROM THE BRAIN

Section 1: Introduction

As discussed in the conclusion of Chapter I, the ob-
jectives of the present investigation can be accomplished by
studying acids that are normally found in the brain (endo-
genous acids) and acidic compounds which must enter the brain
from the circulation (exogenous acids). This chapter will be
concerned with that section of the investigation dealing with
the transport of endogenous acids from the brain.

The endogenous acid chosen to pursue the study of the
transport system was 5-hydroxyindoleacetic acid (5HIAA).
This compound is uniquely suited for this type of study, since
it readily leaves the brain but does not enter it from the
blood to a significant extent (26, 21). Such a unidirectional
movement is indicative of a transport system. Although S5HIAA
is found in the circulation, it is unlikely that a signifi-
cant amount of this enters the brain; therefore, 5HIAA found
in the central nervous system must be produced there (20).
The main source of this acid is from the catabolism of
5-hydroxytryptamine (5HT; serotonin). The metabolic sequence

can be diagrammed as follows:

S5HT —L 5HIA ——AL—>5HIAA

The enzyme monoamine oxidase (MAO) oxidatively deaminates

serotonin to the aldehyde, 5-hydroxyindoleacetaldehyde (5HIA),



which is further oxidized by an aldehyde dehydrogenase (AD)
to the acid, 5HIAA. The S5HIAA once present, does not appear
to leave the brain to any significant extent by passive dif-
fusion. Although the arguments supportive of this conclusion
have been presented in Chapter I, the importance of this
concept warrants some repetition.

The administration of a monoamine oxidase inhibitor to
rats blocks the synthesis of 5HIAA, producing a drop in the
brain 5HIAA levels (19). If an inhibitor of acid transport
is administered concomitantly with a monoamine oxidase in-
hibitor, the levels of 5HIAA remain unchanged (19). Any
significant passive diffusion would have produced a fall in
the 5HIAA brain concentration despite the transport inhibi-
tion. Furthermore, the lack of diffusion of 5HIAA into the
brain from the blood (26, 21) would denote an equally de-
ficient passive diffusion out of the brain. Yet, when the
monoamine oxidase inhibitor pargyline was administered alone,
the fractional turnover rate of 5HIAA was 85% per hour, indi-
cating a very rapid exit of S5HIAA from the brain (20). It
would be difficult to envision any other process besides
transport as an explanation for the observations above.

Further evidence of the occurrence of transport of
S5HIAA can be seen in studies where accumulation of the acid
has resulted in the brains of animals treated with probenecid
(18-20,.22, .23;-24). This blockade of transport is not unique
to probenecid; phenylacetic acid and benzoic acid also pro-

duce an accumulation of 5HIAA (20, 25). This non-specificity
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of inhibition leads to the hypothesis that the transport
system is not specific to 5HIAA; that is, other acids besides
5HIAA can be transported by the system. If this be the case,
it is possible that the inhibition of SHIAA elimination pro-
duced by probenecid, phenylacetic acid, and benzoic acid re-
sults from the inhibitors' occupying a hypothetical carrier
which is involved in the transport of S5HIAA from the brain.
When the exogenous acids displace 5HIAA from the carrier,
inhibition of 5HIAA brain transport results. It is probable
that once these inhibitors occupy the carrier, they too are
transported out of the brain. Although speculative, it ap-
pears reasonable that the brain should utilize the same or

a similar system to rid itself of unwanted endogenous and
exogenous organic acids as does the kidney.

The available evidence suggests that a relatively
simple model can be developed to quantitate the transport of
S5HIAA and to predict the levels of the acid following the ad-
ministration of a transport inhibitor. If a model based on
carrier kinetics were to fit the experimental data, it would
constitute substantiation in vivo of the elimination of S5HIAA

by a transport system.

Section 2: Theoretical
The elimination of 5HIAA by a carrier mediated trans-
port system may be described by an equation analogous to the

Michealis-Menten equation for enzyme kinetics:

Vmax Ca

= _R;_;—EX— (1)
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where v is the rate of transport of 5HIAA out of the brain;
Cp is the concentration of S5HIAA in the brain; Vimax is the
maximal rate of transport possible, and Ky is the concentra-
tion of 5HIAA in the brain that will produce half the maximal
velocity. If a competitive inhibitor of the transport is
present, then the equation for the rate of transport takes

the form:

V. C
vy = max °“A (2)

Cr
Km(l + E;) + CA

This equation is also borrowed from enzyme kinetics; vy
represents the rate of transport of 5HIAA from the brain in
the presence of an inhibitor with concentration Cyi Kp is
the constant of inhibition. Equations 1 and 2 may be simpli-
fied, if K can be shown to be much larger than Cp. After
the inactivation of monoamine oxidase, Tozer, et al. (18)
noted that the rate of decline of 5HIAA was proportional to

its concentration. This implied that

Vmax
Kn

Ca (3)

which would follow from Equation 1 if Ko is larger than Cp.
Assuming that the presence of a transport inhibitor does not
raise the levels of 5HIAA to a value approaching K, , Equation

2 simplifes to

VI = — (4)

The assumptions leading to Equation 4 are somewhat justified
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from a study by Tozer, et al. (18). After the administration
of reserpine the levels of S5HIAA rose to a concentration more
than twice the normal value. When the monoamine oxidase in-
hibitor, pargyline, was administered, the levels of 5HIAA de-
clined in a monoexponential fashion, thus asserting that the
rate of transport of S5HIAA was still proportional to the S5HIAA
concentration despite the higher levels of the acid.

The steady state concentration of S5HIAA is primarily
determined by two processes, the rate of synthesis from sero-
tonin and other sources and the elimination of 5HIAA from
the brain. Since diffusion of 5HIAA out of the brain appears
to play an insignificant role, it will be assumed that this
compound can only leave the brain through transport. The
change of S5HIAA levels at steady state may then be described

by the following:

da -
at = Rsyn -v=0 (5)
where %% represents the change in the amount of 5HIAA in the

brain with respect to time, RSyn is the rate of synthesis,

and v is the rate of transport. Since at steady state the
levels of S5HIAA in the brain are unchanged, %% = 0, Assuming
that the rate of synthesis does not change in the presence of
a transport inhibitor, the change in the levels of 5HIAA in
the brain after an inhibitor may be described by substituting
Equation 4 into Equafion 5, that is, replacing v with the rate
of transport when an inhibitor is present, v;. The result is

V; (o
max “A (6)

da

(a—t')I = Rsyn - CI

Kp(l + ==)
K
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For the sake of further simplification, the constant k will

be used in place of V?ax and will be referred to as a trans-
m
port rate constant for 5HIAA. Substituting k into Equation

6 yields
kC
(dA - A (7)

Equation 7 may be solved if it is known how the concentration,
Cy, varies with time. If an inhibitor is used such that its
elimination from the brain is monoexponential, the following

equation would express how Cy varies with time:
CI = CIoe-kIt (8)

Cio is the concentration of inhibitor in the brain at zero
time and is a value obtained by extrapolation; ki is the rate
constant for elimination of the inhibitor. Using Equation 8

to substitute for C; in Equation 7 produces the relationship

kCp

Croe~KIt
K1

(9)

(%%)I = Rgyn -
1+
Equation 9 represents the model which describes the variation
in 5HIAA concentration in the brain when an inhibitor which
competes with 5HIAA for the carrier is present. It is im-
portant to note that for this equation to apply, the inhibi-
tor's rate of decline must be proportional to the inhibitor
concentration in the brain. Otherwise, a different function
would have to be substituted for C; in Equation 7. The use
of the model will be discussed in Section 4 of this chapter

(Results and Discussion). At this time it should be pointed
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out that all the terms in Equation 9 can be independently
determined with the exception of Ky, the inhibition constant;
that is, the model is not necessary to ascertain the other
terms. By solving Equation 9 with an analog computer (re-

fer to Appendix A for computer diagram) K_ may be determined.

I
Varying the value of K; in the computer program generates
different curves showing the change in brain 5HIAA levels
with time following a dose of an inhibitor. The curve which
is found to best fit the experimental data will correspond
to the correct value for Ky. In this fashion it is possible
to determine the brain concentration of an inhibitor which
produces 50% inhibition, which by definition is Ky. The
uniqueness of this technique is that only one dose is re-
quired and the K; determined is not dependent on the time

of sacrifice. Thus the classical log dose-response curve

in which several doses are administered and the animals are
all sacrificed at the same time can be avoided. An alter-
nate method which does not require an analog computer to
calculate Ky will be presented in the Results and Discussion
section of this chapter.

The log dose-response curve, albeit useful, has the
inherent disadvantage of being dependent on the time of sac-
rifice. Neff, et al. (19) report such a curve for the inhi-
bition of 5HIAA transport out of the brain by probenecid.
The accumulation of S5HIAA in rat brains two hours after
various doses of probenecid was measured, and it was con-
cluded that the maximal effect was approached by a dose of

200 mg/kg. The maximum accumulation was two and one-half
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times the normal levels, and the approximate inhibitor dose
producing 50% inhibition was 20 mg/kg The present investi-
gation, however, has shown that the accumulation of S5HIAA

is very dependent on time, as would be expected since the
inhibitor levels in the brain are not constant with time.

The time dependency of S5HIAA accumulation after a 100 mg/kg
dose of probenecid may be seen in Figure 2-1. The experi-
ment leading to these data will be discussed in detail below.
‘At this time the intent is solely to show that the levels of
SHIAA rise after a dose of inhibitor, reach a maximum, and
then decline with time. In the study depicted by Figure

2-1, 24 hours after the dose of probenecid the concentration
of S5HIAA in the brain had returned to normal. The major
idea to be gained from Figure 2-1 is that the time of sacri-
fice of the animals determines how high an accumulation of
S5HIAA will be seen. 1In this study the maximum accumulation
occurs between one and two hours; however, with a higher or
lower dose of probenecid this may no longer be the time of
maximum accumulation. In a classical log dose-response
study such as the one reported by Neff, et al. (19), the
interpretations could be erroneous if the time of sacrifice
were too early, for then the maximum accumulation would never
be seen. Furthermore, the magnitude of the inhibitor dose
producing 50% inhibition would vary depending on the time of
sacrifice. It is proposed in the present investigation that
the aforementioned problems may be avoided by using the model
presented in Equation 9. The experimental procedure to be

used in testing this model will be described below.
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Section 3: Experimental

Materials: All chemicals used were of analytical
grade. Probenecid as the free acid was supplied by Merck
Sharpe and Dohme, Inc., West Point, Pennsylvania. The fol-
lowing other materials were used: 5-hydroxyindoleacetic
acid, (ethylenedinitrilo)tetraacetic acid disodium salt,
monobasic and dibasic potassium phosphate, zinc sulfate,
pepsin (N.F. Granular), Regisil@l gas chromatography glass
column 6' x 1/8" packed with 3% OV-IGDon.High Performance
Chromasorb w&DBO/IOO mesh, nitrogen gas (prepurified), oxy-
gen (extra dry), hydrogen gas (prepurified), hydrochloric
acid, sodium hydroxide, ether, heptane.

Animals: Male Sprague-Dawley rats weighing 190-210g
were obtained from Horton Laboratories, Inc., Oakland,
California, and used throughout this investigation. Earlier
studies also reported utilized rats from Simonsen Labora-
tories, Gilroy, California.

Apparatus: Aminco-Bowman spectrophotofluorometer
model 8210, Varian gas-liquid chromatography model 204-C,
Tenbroeck tissue grinder, Vortex Jr. Mixer model K-500-J,
Lab-Tek® Aliguot Mixer, International centrifuge model EXD,
Mettler analytical balance type B6, Tektronix programmable
calculator model Statistician 911, test tube heater model
100C from Hallikainen Instruments, Richmond, California,
Dubnoff Metabolic Shaking Incubator, guillotine from the
Harvard Apparatus Co., Inc., Millis, Massachusetts, 15 ml

ground glass centrifuge tubes with stoppers (centrifuge tube),
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20 ml screw cap culture tubes with teflon-lined caps (culture
tube), assorted §lassware and small equipment.

Experimental Design: Before each experiment involving

the transport of 5HIAA the following solutions were freshly
prepared:

1) Injection solution: Probenecid was chosen to inhibit

the transport of S5HIAA. Depending on the dose required, the
proper quantity of probenecid was weighed on an analytical
balance and the powder quantitatively transferred to a volu-
metric flask. Since probenecid was used as the free acid,
the drug was wetted with an equivalent amount of a 1N solu-
tion of sodium hydroxide. Enough distilled water was then
added to dissolve the probenecid; then 10 ml of a pH 7 phos-
phate buffer was added. Enough distilled water was added to
bring up the volume to 100 ml. For a dose of 100 mg/kg, a
solution of 20 mg/ml of probenecid was prepared; rats
weighing 200 g would then receive 1 ml of the injection so-
lution. For other doses of probenecid, the concentration of
probenecid in the injection solution was adjusted correspond-
ingly.

2) B5HIAA standard solution: 10 mg of 5HIAA were weighed and
dissolved in a volumetric flask with enough distilled water
to make 100 ml of solution with a concentration of 100 ug/ml.
One ml of this solution was then transferred into a volumet-
ric flask and the volume brought up to 100 ml using 0.1 N HCl
resulting in a 1 ug/ml solution of 5HIAA. These solutions
were used in the preparation of standard curves for the spec-

trophotoflurometric assay of S5HIAA to be discussed later.
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3) Phosphate buffer - pH 7: A 0.5 M solution of monobasic
potassium phosphate was prepared by dissolving 34.02 g of
the salt in sufficient water to make 500 ml of solution. A
0.5 M solution of dibasic potassium phosphate was prepared by
similarly dissolving 43.545 g in water. Using thése two so-
lutions, a pH 7 buffer was prepared by adding enough of the
first solution to the entire volume of the latter. The
mixing was monitored with a pH meter to ascertain when a pH
of 7 was reached.
4) (Ethylenedinitrilo)tetraaeetic acid disodium salt solu-
tion (EDTA): To prepare a 0.05 M solution 930.6 mg of the
salt was dissolved in enough water to make 50 ml of solution.
This solution, which shall henceforth be referred to as
EDTA, was used to prevent coagulation of whole blood.
5) 2Zinc sulfate solution: The monohydrate of zinc sulfate
was used to prepare a 2.5% solution in distilled water.
6) Hydrochloric acid solutions: A 6N and a 0.1 N solution
of hydrochloric acid was prepared by diluting the appropriate
volume of concentrated hydrochloric acid with distilled water.
The injection and sacrifice of animals was carried out
once the solutions above were prepared. Groups of rats with
five per group were randomly selected. A control group with
eight rats was set aside from the others and received no
treatment. The remaining rats all received one ml of the
injection solution. (In one study the rats were administered
a dose corresponding to 100 mg/kg; in another the dose was

300 mg/kg.) Since the intent was to sacrifice the rats at
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different times after administering probenecid to them, an
injection schedule was arranged so that the last group to be
sacrificed was injected first; the first group to be sacri-
ficed was injected last. Also, the injections of the indi-
vidual rats in each group were staggered by two minutes so
that at the time of sacrifice all rats in the same group
would have the same time elapsed from the time of injection.
After the appropriate interval, each group of rats was sac-
rificed by decapitation. Whole blood was collected in 50 ml
beakers containing 200 ul of EDTA solution to prevent coagu-
lations of the blood. After mixing the blood with the EDTA
by rotating the beaker, it was quickly transferred to a
centrifuge tube. The sample was numbered and set aside.
The next step was the rapid extirpation of the brain from
the decapitated head, taking care to blot with an absorbent
tissue excess blood from the surface of the brain. At the
same time the larger blood vessels of the pia mater were
removed. The brain with a minimum of spinal cord was then
wrapped in a small section of aluminum foil, numbered, and
put into ground dry ice. The time elapsed from the decapi-
tation to the freezing of the brain rarely exceeded one
minute. The entire procedure was repeated for each rat in
a group. Upon completion of an entire time group, all the
collected blood samples were centrifuged for approximately
five minutes to separate the plasma.

After centrifugation, 1 ml from each plasma sample

was transferred into a correspondingly numbered culture tube.
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These samples were rapidly frozen and stored for analysis of
their probenecid content at a later time; control plasmas
were pooled and also stored frozen.

Due to the instability of 5HIAA in a neutral or basic
medium, it was highly desirable to homogenize the brains as
soon as possible, and to stabilize the 5HIAA by acidifying
the brain homogenate. The homogenization was, therefore,
carried out on the same day as the sacrificing. Each brain
was homogenized individually. First the brain was weighed
while still frozen; then it was transferred to a Tenbroeck
tissue grinder with a motor driven pestle. For each gram of
rat brain, 3 ml of a chilled 0.1 N hydrochloric acid solution
was pipetted into the tissue grinder, and the homogenization
was then performed. The entire process would take about a
minute per brain. After homogenization, 3 ml of homogenate,
representing 0.75 g of brain, was transferred to a culture
tube, labeled, and stored for the analysis of probenecid.
With homogenization the initial phase of the study was com-
plete. The analysis of brain 5HIAA concentration was always
postponed until the following day, due to the length of time
involved in the first part of the experiment.

5HIAA Analysis: The fluorometricassay of Udenfriend,

et al. (27) was used with the modifications described below.
A standard curve using known concentrations of S5HIAA was

prepared at the same time that brain levels of S5HIAA were to
be determined. The stock solutioné of 5HIAA described above

were used for this purpose. Varying volumes of the stock
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solutions were pipetted into culture tubes to prepare samples
containing different amounts of 5HIAA. All samples were
then brought up to 1 ml with 0.1 N hydrochloric acid. An
aliquot of 3 ml of 0.1 Nhydrochloric acid was then added
to each sample and the sample agitated using a vortex mixer.
Three ml of each sample was then transferred into culture
tubes. The purpose of this final step was to simulate the
transferring of 3 ml of brain homogenate for the S5HIAA anal-
ysis. Three control samples were also prepared by pipetting
3 ml of0.1 N hydrochloric acid into culture tubes. The fol-
lowing extraction procedure was then used for the standards
and the brain samples.
1) To culture tubes containing 3 ml of brain homo-
genate or 3 ml of standard S5HIAA solution add
4 ml of a 2.5% zinc sulfate solution.
2) Add 0.5 ml of al N sodium hydroxide solution
and stir each sample immediately using a vortex

mixer.

3) Centrifuge the samples at a medium setting
(approximately 1400xg) for 5 minutes.

4) Transfer 4 ml of the supernate into centrifuge
tubes containing approximately 2 g of sodium
chloride and 0.3 ml of a 6 N solution of hydro-
chloric acid.

5) Add 5 ml of anhydrous ether to each sample;
stopper with ground glass stoppers, then shake
each sample gently by hand for ten seconds.

After all samples are shaken, repeat the shaking
procedure for five seconds. The shaking must be
gentle to avoid emulsification of the samples.
Some emulsion invariably forms, but this separates
upon centrifugation.

6) Centrifuge as in step 3) above, then transfer
4 ml of the ether phase into centrifuge tubes
containing 2 ml of a pH 7, 0.5 M phosphate buffer.

7) Shake vigorously for fifteen seconds and centri-
fuge again.
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8) Using a disposable Pasteur pipette and Propipettégk
transfer most of the buffer phase into a quartz
cuvette and read the fluorescence of the sample
at the maximum activation and fluorescence wave-
lengths for 5HIAA. ' The uncorrected wavelengths
used for maximum activation and fluorescence were
315 and 370 nm, respectively; the actual activating
and fluorescence wavelengths for 5HIAA are 295 and
340 nm.

The following precautions should be observed when per-
forming this assay to insure good results. The glassware
must be meticulously cleaned and rinsed with glass distilled
water. Screw cap glassware should not be used in the presence
of organic solvents to avoid fluorescence contamination.
Furthermore, it was found that sodium chloride produced a
strong fluorescence peak at 420 nm which interfered with the
S5SHIAA fluorescence. Reagent grade sodium chloride was found
to be free of this contamination. Chemicals stored in
plastic should be avoided; for example, concentrated hydro-
chloric acid packaged in plastic bottles was found to pro-
duce a higher fluorescence blank than hydrochloric acid from
glass bottles.

An example of a fluorescence standard curve may be
seen in Figure 2-2. Since the extraction procedure was
identical and carried out at the same time for both standards
and brain samples, it was possible to convert fluorescence
readings from the brain samples directly into micrograms of
5SHIAA per gram of brain weight. To accomplish this, the
points on the standard curve were fitted to a straight line
by the method of least squares, and the parameters of this

line were then used to calculate concentration units from

fluorescence units.
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Plasma Probenecid Analysis: At the inception of this

investigation, the only assay reported for probenecid was
that of Dayton, et al. (28), which utilized a spectrophoto-
metric method. This assay was found to be unsatisfactory

if the levels of probenecid in the plasma fell below 10 ug/ml.
Furthermore, when this assay was used for the quantitation

of probenecid in brain it was found to be totally unsuitable.
It was necessary, therefore, to develop an entirely new

assay in an effort to increase the sensitivity and the speci-
ficity; Because of the inherent ability of gas-liquid
chromatography (GLC) to quantitate and separate an unknown
substance from its components, it was decided to use this
instrumentation to develop an analytical procedure for pro-
benecid in biological tissues.

Probenecid is too polar a compound to be chromato-
graphed without derivatization. The trimethylsilyl ester of
probenecid, on the other hand, was found to give sharp peaks
with reasonable retention times using a flame ionization de-
tector with a hydrogen and oxygen flame and nitrogen as a
carrier gas. Different liquid phases were tried with a High
Performance Chromasorb h&§80/100 mesh as the solid support
in a stainless steel 6' x 1/8" column. The best resolution
was obtained using a support with 3% OV-1® a nonpolar phase
described by the manufacturer as a methylsilicone polymer.
Standard curves were prepared using known concentrations of
probenecid which had been silylated for two hours with 100

pl of bis(trimethylsilyl)trifluorocacetamide, Regisil®.
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The standard curves, however, were not satisfactory, since
they had a positive x-intercept; that is, they did not cross
through zero. Since this is indicative of nonlinearity at
the lower concentrations, it was suspected that there was
excessive adsorption of the silyl ester of probenecid on the
column. The metal column was then replaced with a pyrex
column, and the linearity was greatly improved. Although
the curve still had a positive x-intercept, it was possible
to obtain acceptable standard curves. The methyl ester of
probenecid was synthesized by Fisher esterification with
methanol and used as an internal standard when preparing
standard curves. Figure 2-3 is an example of a standard
curve for probenecid extracted from control plasmas. The
abscissa is the concentration of probenecid per milliliter
of plasma while the ordinate is the ratio of the height of
the probenecid peak to the height of the internal standard
peak. This ratio is normally referred to as the peak height
ratio (P.H.R.).

The procedure for preparing a standard curve for pro-
benecid extracted from plasma is given below. The same ex-
traction procedure was used for plasma samples in a transport
study.

l) To 1 ml of control plasma samples, add varying

microliter volumes of stock solutions of probene-
cid in phosphate buffer. Mix repeatedly on a
Vortex mixer to insure intimate mixing of the
probenecid in the plasma.

2) Add 1 ml of a 5 mg/ml solution of pepsin in water
to all samples.



25

3) Add 2 ml of 0.1 Nhydrochloric acid to all samples;
mix on Vortex, and store for 3 hours at approxi-
mately 50°C to allow digestion of the plasma pro-
teins by the pepsin.

4) At the end of the digestion period allow samples
to come to room temperature, then add 5 ml of
anhydroys ether. Shake for 10 minutes on a
Lab-Te mixer and centrifuge for 5 minutes to
separate the phases.

5) Transfer 4 ml of ether from above into a culture
tube with 5 ml of a 0.1 M solution of dibasic
potassium phosphate. Shake and centrifuge as
above.

6) Transfer 4 ml of phosphate layer into a culture
tube with 1 ml of 6 N hydrochloric acid.

7) Add 5 ml of ether to each sample. Shake and cen-
trifuge as above.

8) After centrifugation transfer 4 ml of ether phase
into a centrifuge tube containing a known amount
of the internal standard (methyl probenecid) in
ether.

9) Evaporate the ether to dryness on a tes ube
heater then react with 100 ul of Regisi for
2 hours.

10) Using a Hamilton 10 ul syringe, inject 1-2 ul
samples into the gas-liquid chromatograph.

Figure 2-4 is a typical GLC recording for probenecid
extracted from plasma. Gas flow rates and instrument temper-
atures are listed in Figure 2-4. It should be pointed out
that to optimize the accuracy of this procedure, a standard
curve should be prepared on the day before analyzing unknown
samples. Pepsin digestion of the plasma proteins was found
to be desirable before extraction to allow complete recovery
of the probenecid from the plasma. Also, because of the

nonlinearity of the standard curves over a wide concentration

range, it was better to prepare two or more standard curves
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ratner than just one. For example, a standard curve with a
concentration range of 2-10 ug of probenecid was prepared
using 3 ug of internal standard, and another one with a range
of 20-200 pg of probenecid was prepared using 30 pg of in-
ternal standard. This resulted in a better standard curve
than if the range 2-200 pg had been used. Since a large
amount of surplus plasma was obtained from each sacrificed
rat, it was possible to pool plasma samples from each time
group for preliminary assays to determine the concentration
ranges which should be used in the standard curves.

Brain Probenecid Analysis: The assay for brain pro-

benecid, although basically the same as that described above
for plasma, was complicated by the low concentrations of
probenecid and the high levels of contaminants which extracted
along with the probenecid. As an organic solvent, a mixture
of equal volumes of ether and n-heptane was found to be pref-
erable to ether alone, since less contaminants were extracted
from the brain homogenate when the mixed-solvent system was
used. Prolonged shaking of the samples was also found to be
necessary to extract all of the probenecid from the homogen-
ate. Digestion of the brain homogenate with pepsin as with
plasma samples did not produce satisfactory results. A
double extraction reduced the contaminants to an acceptable
level. The extraction procedure is given below:
1) Add 2 g of sodium chloride and 0.3 ml of 6 N
hydrochloric acid to each brain homogenate sample.
Mix on Vortex.

2) Add 5 ml of a mixture of equal volumes of ether
and n-heptane.
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3) Shake samples gently on a Lab-Tek® mixer for 30
minutes, then centrifuge for 5 minutes at a medium
speed.

4) Transfer 4 ml of the organic phase into a culture
tube containing 5 ml of a 0.1 M solution of di-
basic potassium phosphate.

5) Shake for 15 minutes on a Lab-Tek® mixer and cen-
trifuge as above.

6) Carefully transfer 4 ml of the phosphate layer
into another culture tube with 1 ml of 6 N hydro-
chloric acid. Since the lower layer has to be
separated in this step, it becomes necessary to
use care to avoid mixing of the two phases. This
separation may be accomplished using a volumetric
4 ml pipette and a Propipette®,

7) Add 5 ml of ether and shake for 15 minutes as in
step 5 above. Centrifuge.

8) Transfer 4 ml of ether phase into a centrifuge
tube containing a known amount of internal stand-
ard in an ether solution.

9) Evaporate the ether to dryness, then react with
50 ul of Regisi for 2 hours.

10) Using a Hamilton 10 pl syringe, inject 1-2 ul
samples onto the gas-liquid chromatographic column.

To prepare a standard curve, the same extraction pro-
cedure as described above was used to assay known concentra-
tions of probenecid in control brain homogenates. These
standard samples were prepared by adding varying ul volumes
of stock solutions of probenecid in phosphate buffer to 3 ml
samples of brain homogenate. Microliter volumes were used
when adding the probenecid to the homogenates in order to
avoid large dilutions of the homogenates. The samples were
mixed repeatedly on a Vortex mixer to insure complete disper-
sion of the probenecid in the standard sample. The remaining

procedure was as described above. Figure 2-5 is a typical
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GLC recording of probenecid extracted from brain samples.
The standard curves obtained from brain samples were similar

to those obtained in the plasma assays.

Section 4: Results and Discussion

The concentrations of S5HIAA assayed in rat brains after
doses of 100 and 300 mg/kg of probenecid are listed in Table I
along with the corresponding times of sacrifice. Also in-
cluded are unpublished data of Tozer, et al. (29) for an ex-
periment in which rats received 100 mg/kg of probenecid
intraperitoneally. The latter data preceded the results of
the present investigation by five years; however, they have
been included for comparison. The results from this early
experiment shall henceforth be referred to as Tozer's data.
The values reported in Table I are the arithmetic means of
five brain samples and the corresponding standard errors. The
control levels of 5HIAA were obtained from the brains of ten
rats which had not received any probenecid.

The results of the assays for plasma and brain probene-
cid as performed in this study are reported in Tables II and
III. It will be noted that rather than listing the arith-
metic mean of five animals, for each time point, geometric
means have been calculated. The reason for this being that
the probenecid data was graphed on semi-logarithmic plots.
Also listed in Tables II and III are the logarithms of the
geometric means and their corresponding standard errors.

Table IV lists the plasma concentrations obtained by Tozer

(29) after the intraperitoneal administration of 100 and 200
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TABLE I

RAT BRAIN 5HIAA CONCENTRATIONS AFTER INTRAPERITONEAL
DOSES OF PROBENECID

Brain Concentrations (ug/g)*

Time of 100 mg/kg 100 mg/kg** 300 mg/kg
Sacrifice Dose Dose Dose
(Hrs)
0 .37 + .01 .25 + .03 .30 + .01
<4t .41 + .03
.5 .38 + .02 .44 + .02
1.0 .56 + .04 .46 + .03 .59 + .01
2.0 .56 + .02 .50 + .01 .78 + .05
3.0 .50 + .01 .47 + .02 .95 + .04
4.0 .51 + .01 .54 + .01 1.02 + .06
5.0 .45 + .02 .41 + .03 1.12 + .04
6.0 .43 + .02 .42 + .04 .98 + .04
8.0 .88 + .05
24.0 .37 + .02

* Mean of five animals + Standard Error.
** Data from Tozer et al. (29).

T The animals were sacrificed mistakenly at 0.4 hrs
rather than 0.5 hrs.
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mg/kg doses of probenecid to rats. Figures 2-6, 2-7, and 2-8
are graphical representations fo the data contained in Tables
II, III, and IV. It should be reemphasized that these fig-
ures are semi-logarithmic plots of probenecid concentrations
versus time. The linearity of these plots indicates that the
elimination of probenecid involves an apparent first order
process; thus it is possible to determine the half life of
elimination for probenecid from the slopes of these figures.
The calculated half life values for the different studies are

given in Table V. Apparently the elimination half life of

TABLE V

PROBENECID HALF LIVES AFTER DIFFERENT DOSES

Dose (mg/kg) Half-life (hrs)
100* 0.9
100 0.7
200* 1.9
300 2.6

* Data from Tozer, et al. (29).

probenecid increases as the dose increases. This has been
previously reported by Dayton (28) in humans, and this present
study verifies those results.

The use of probenecid in this study, as mentioned in

the introduction, was primarily for its ability to block or
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inhibit acid transport systems. This being the case, the dose-
dependence of probenecid's elimination kinetics does not in-
validate its use for the aforementioned purpose. On the
contrary, if it should continue to block 5HIAA elimination
from the brain despite different probenecid doses and dif-
ferent half lives of elimination, it could possibly serve to
verify the existence of a transport system to eliminate acids
from the brain. The logic being that if S5HIAA levels accumu-
late in the presence of probenecid and since probenecid is an
acidic compound known to inhibit other physiological acid
transport systems, the possibility exists that 5HIAA is also
eliminated from the brain by an acid transport system. Other
arguments to support this premise have been previously pre-
sented in Chapter I. If higher doses of probenecid with
longer half lives of elimination produced higher accumulation
of 5HIAA this could further lend credibility to the existence
of a transport system for S5HIAA elimination from the brain.
Figure 2-1, which has been previously presented, is
a graph of the data from Table I obtained after administering
100 mg/kg of probenecid to rats and monitoring the brain
levels of S5HIAA for 24 hours. The concentration of 5HIAA was
seen to increase, reach a maximum in 1-2 hours, then gradu-
ally decrease toward the control concentration levels. As
may be seen in Figure 2-1, the 24-hour group, that is, the
rats sacrificed 24 hours after probenecid treatment, had a
brain concentration of 5HIAA identical to the control level.
By reference to Figure 2-6, it can be seen that the probene-

cid brain levels underwent a similar fluctuation over this
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same period of time. This fluctuation of probenecid levels
could account for the rise and fall in the 5HIAA levels. Pro-
benecid, however, is eliminated by first order kinetics, and
thus the amount of probenecid at any time can be readily ex-
pressed by Equation 8 as discussed in Section 2. This
facilitated the use of the model expressed in Equation 9.
The goal then, at this point, was to convert the kinetic
model into a computer diagram and thereby utilize an analog
computer to generate S5HIAA brain concentration-time curves.
The diagram utilized is explained in Appendix A. It should
be emphasized at this point that the model as previously de-
veloped assumes the presence of a competitive inhibitor and
the existence of a transport system for SHIAA. Thus, if the
model has validity, an analog computer should be capable of
generating 5HIAA brain concentration-time curves similar to
those obtained experimentally. Figure 2-9 is the same data
as in Figure 2-1 with the brain levels of 5HIAA expressed as
a percent of the control levels. The brain levels of 5HIAA
are expressed as a percent of the control levels for the par-
ticular study. Normalization of the 5HIAA levels served to
facilitate the generation of curves by the computer. The
curve traced over the points in Figure 2-9 was generated by
an analog computer utilizing the model as mentioned. Fur-
thermore, the computer fit was repeated utilizing Tozer's
SHIAA data (29), and the results can be seen in Figure 2-10.
The results of the computer fit of the 5HIAA data obtained
after a 300 mg/kg dose of probenecid may be seen in Figure

2-11. The curve which was found to best fit the in vivo
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data was taken to represent the one in which the proper Kjp
had been utilized. 1In this manner the constant of inhibition
was calculated from the best computer fit of the brain 5HIAA
data. Another way to express the use of the computer is to
state that the model or the differential equation was solved
by the computer by generating a curve which best fit the data.
The constants of inhibition calculated by computer fit of

the 5HIAA data are given in Table VI. Further discussion on

the use of the analog computer may be found in Appendix A.

TABLE VI

CONSTANTS OF INHIBITION (Ky'S) CALCULATED FROM
COMPUTER FITS OF SHIAA DATA

Probenecid Dose Probenecid Half Life Ky (ug/ml)
(mg/kg) (hrs)
100 0.7 52
100 0.9 55
300 2.6 58

* Data from Tozer et al. (29).

As can be seen, the values listed in Table VI are
similar despite large differences in the time at which the
100 mg/kg studies were carried out (1967 and 1972), a three-
fold increase in the probenecid dose, and a large change in
the elimination half life of probenecid. From this table
it is apparent that the different half lives of probenecid

elimination had little if any effect on the estimate of Ky,
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although the effect on the 5HIAA levels was markedly‘differ-
ent as may be seen by comparing Figures 2-9 and 2-11. The
latter difference is to be expected if a transport system
exists, for the longer the inhibitor is present, the more
the S5HIAA would be expected to accumulate.

In an attempt to verify the magnitude of the K; values
obtained using the computer fit of the in vivo data, calcula-
tion of the constant of inhibition by another method was
undertaken. Since by definition K; is the concentration of
inhibitor which produces a 50 percent inhibition of transport,
a plot of the percent inhibition against the logarithm of the
inhibitor concentration should give an estimate of Kj. This
plot is analogous to a response-logarithm dose plot. The
percent inhibition was calculated from the rates of transport
of S5HIAA from the brain in the presence and absence of the in-

hibitor as follows:

v—=Vv
I) x 100 (10)

$ Inhibition = (

where v is the rate of SHIAA transport when no inhibitor is
present, that is, the normal elimination rate of 5HIAA from
the brain. The rate of SHIAA transport in the presence of
the inhibitor is represented by v;. As discussed in Section
2 of this chapter, the rate of change in the amount of 5HIAA,
%%, in the brain is dependent on the synthesis rate, Rsyn: as
well as the rate of elimination or the S5HIAA transport rate,

v. This may be represented in equation form as:

dA _ _
a - Rsyn v (11)
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Thus, the rate of transport can be expressed as follows:

= - da
v R5yn 3t (12)

When no transport inhibitor is present the levels of SHIAA

should not fluctuate within the time of measurement, that is,
da 0.

dt
port will be equal to the rate of synthesis. In the presence of

Thus when 5HIAA is at a steady state the rate of trans-

probenecid, however, the levels of S5HIAA will fluctuate from the

steady state and the Vi can be determined as follows:

_ _ AA
AA : dA .
where At is an estimate of 3t and represents the experimental

change in the amount of 5HIAA over an interval of time. Since
5HIAA levels will rise in the presence of a transport inhibitor,
the rate of transport that would be expected if no inhibitor
were present would have to be higher than the rate of syn-
thesis. As previously mentioned, the rate of S5HIAA transport
has been shown by Tozer, et al. (18) to be proportional to

the levels of 5HIAA. Thus the following expression for v may
be written:

v = kA (14)

where A represents the mean value of 5HIAA in an interval of
time At. Substituting the latter two equations into the ex-
pression for the percent of inhibition, Equation 10, results

in the following:

= AR
kA - Rsyn * ¢
Y ~—) 100 (15)

% Inhibition = (
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or expressed in terms of concentration,

- R ACp
kCp - syn, _~2
YB_ At ) 4 100 (16)
kCp

% Inhibition =

where vg is the volume of the brain.

Thus the percent inhibition may be determined at dif-
ferent time intervals from the plot of brain levels of 5HIAA
with time by simply determining the change in 5HIAA concen-
tration (ACp) for each time interval (At). The mean value
for the 5HIAA concentration (EA) was calculated by taking
the sum of the concentrations of SHIAA at the beginning and
end of each time interval and dividing by two. Thus the
value used for EA was an estimate of what the concentration
of 5HIAA was in the brain at the midpoint of a time interval.
Table VII contains the percent inhibition values obtained for
different time intervals when probenecid was administered.
The next step in the process of calculating Kj from the
percent inhibition is to plot the percent inhibition versus
the logarithm of the inhibitor concentration in the brain
or in the plasma which produced the inhibition. These latter
values were obtained from the semi-logarithmic plots of the
inhibitor levels versus time, i.e., Figures 2-6, 2-7, and
2-8. Since the brain concentrations of probenecid were not
determined in one of the studies, it was decided to utilize
the plasma concentrations of probenecid for the plot to esti-
mate K;. Since the percent inhibition values were determined

for an interval of time, the average probenecid plasma



TABLE VII

CALCULATED PERCENT INHIBITION VALUES AFTER
INTRAPERITONEAL DOSES OF PROBENECID

100 mg/kg dose 100 mg/kg dose* 300 mg/kg dose

At (hrs) Inhizition Inhigition Inhiiition

0-.4 31

0-.5 110 96
.5-1 77 102
.4-1 73

1-2 35 59 84
2-3 18 42 85
3-4 28 65 77
4-5 11 18 82
5-6 12 42 59
6-8 63

* Calculated using data from Tozer, et al. (29).
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concentration during the time interval for which the percent
inhibition was determined was needed. The plasma concentra-
tion at the midpoint of the time interval was used. Table
VIII lists the calculated percent inhibition values for the
three experiments and the corresponding plasma concentrations
which existed at the midpoint of the time interval. It should
be noted that this table is composed from the data of Tables
II, III, IV, and VII. From the information on Table VIII the
percent inhibition was plotted against the logarithm of the
plasma concentraion of probenecid, Figure 2-12. Ag maybe seen
from this figure 50 percent inhibition occurred when the plas-
ma levels were about 80 ug/ml. By comparing this value of Kj
with the values obtained from the computer fits in Table VI,
the correlation between the Ky's calculated by the two dif-
ferent methods can be noted.

The curve drawn in Figure 2-12 is theoretical. The
relationship between percent inhibition and the inhibitor con-
centration is derived by substituting Equation 7 in Equation 16:

C
T |
$ Inhibition = f;_:—E; x 100 (17)

The theoretical curve has the S-shape shown. It is placed
in the figure where it appears to best approximate the data
presented.

Although the K; from Figure 2-12 results from a plot
similar to a response-logarithm dose plot, the K determined
by this method is independent of the time of sacrifice. 1In

a normal dose-response (ED5qg) determination all animals must be



TABLE VIII

PERCENT INHIBITION VALUES WITH CORRESPONDING
PROBENECID PLASMA CONCENTRATIONS

% Inhibition

Probenecid Plasma

Concentration (ug/ml)
11 5
12 2
18 17
18 58
28 21
31 137
35 151
42 7
42 91
59 202
59 184
63 141
65 35
73 248
77 260
77 389
82 286
84 549
85 469
96 333
102 633
110 145

42
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sacrificed at the same time after being treated with a range
of doses. After a single dose, the plasma levels of a drug
are constantly changing with time. The time of sacrifice,
therefore, has an effect on the EDgy value determined. The
method tested in this report is not only time independent
but can also be used to determine a K;p utilizing a single

dose administered to a number of animals.
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Figure 2-1.

Rat brain SHIAA concentrations after a
100 mg/kg intraperitoneal dose of pro-
benecid. The concentration, Cp, is
expressed in micrograms per gram of
brain tissue.
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Figure 2-2,
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Standard curve for S5HIAA. The fluorescence
units are arbitrary.
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Figure 2-3. Standard curve for probenecid extracted from

rat plasma.
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Gas-liquid chromatography recording for extrac-
tions of probenecid from rat plasma. The tracing
on the left is a typical control plasma sample
with internal standard added. The tracing on

the right is a typical plasma sample obtained
from a probenecid treated rat. The instrument
conditions were as follows: Column temperature -
230°, Injector temperature - 275°, Detector
temperature, 275°, Nitrogen flow rate - 40 ml/min,
Hydrogen flow rate - 50 ml/min, Oxygen flow rate -
60 ml/min.
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Figure 2-5.

INJECTION INJECTION

Gas-liquid chromatography recording for extrac-
tions of probenecid from rat brain. The tracing
on the left is a typical control brain sample
with internal standard added. The tracing on
the right is a typical brain sample obtained
from a probenecid treated rat. The instrument
conditions were the same as in Figure 2-4.
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Figure 2-6.
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Semi-logarithmic plots of rat plasma and brain
probenecid levels after a 100 mg/kg intraperi-
toneal dose of probenecid.
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Figure 2-7. Semi-logarithmic plots of rat plasma and brain
probenecid levels after a 300 mg/kg intraperi-
toneal dose of probenecid.
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Semi-logarithmic plots of rat plasma probenecid
concentrations after 100 and 200 mg/kg intra-
peritoneal doses of probenecid. Data from pre-
vious experiments by Tozer (29).
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Figure 2-9.

Rat brain 5HIAA levels, expressed as percent
of control, following a 100 mg/kg intraperi-
toneal dose of probenecid. The line drawn
through the points is the curve of best fit
generated by an analog computer.
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Figure 2-10. Rat brain SHIAA levels, expressed as percent
of control, following a 100 mg/kg intraperi-
toneal dose of probenecid. The line drawn
through the points is the curve of best fit
generated by an analog computer. The figure
was prepared from Tozer's data (29).
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Figure 2-11.
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Rat brain 5HIAA levels, expressed as percent
of control, following a 300 mg/kg intraperi-
toneal dose of probenecid. The line drawn
through the points is the curve of best fit
generated by an analog computer.
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Figure 2-12. Calculated percent inhibition values versus
the logarithm of the corresponding probene-
cid plasma concentrations.



CHAPTER III

TRANSPORT OF SALICYLIC ACID FROM THE BRAIN

Section 1l: Introduction
As previously discussed in the introductory chapter the
objectives of the present investigation could best be met by
studying the transport of both endogenous and exogenous acids.
The previous chapter dealt with the endogenous acid 5HIAA.
This chapter will report on the results of a study of the acid
transport system using an exogenous compound, salicylic acid.
By an exogenous acid is meant a compound which is not
normally found in the central nervous system of a rat and
therefore must enter the central nervous system from the gen-
eral circulation. To study the acid transport system from
brain to blood utilizing an exogenous acid is important because
most drugs are exogenous compounds. The existence of transport
systems for the elimination of organic acids from the brain
and cerebrospinal fluid has been documented in Chapter I. It
was Steinwall (13), however, who first made the interesting
proposal that a transport system for organic acids in the brain
could conceivably function as a component of the blood-brain
barrier by pumping out exogenous acids as rapidly as they
diffuse into the central nervous system from the blood. His
studies supporting his theories have already been summarized
in Chapter I.

Confirmation of an acid transport system in the brain
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requires knowledge of a number of factors governing the dis-
tribution and disposition of exogenous acids in the brain,
for example, binding to blood proteins and tissue components,
metabolism of the drug, diffusion in and out of the brain,
and bulk flow of the cerebrospinal fluid. This chapter is
concerned with presenting a model to detect the presence of
facilitated transport or other saturable processes which would
influence the disposition of an acid in the brain. The model
was experimentally tested utilizing salicylic acid as an exo-
genous acid. Salicylic acid was chosen because it had been
previously reported by Mayer, et al. (5) that salicylic acid
in the brain failed to reach an equilibrium with the unbound
drug in the plasma, although the plasma level of the drug was

maintained at a steady state.

Section 2: Theoretical

Consider the simplest model for the distribution of
drugs into tissues, the case in which a drug enters and leaves
a tissue only by passive diffusion. For such a system the
change in the amount of drug in the tissue with time, %%, may
be expressed by an equation based on Fick's first law of dif-

fusion and the assumption that only unbound drug is diffusible:

%% =k (Cy - C2) (18)

where C; is the concentration of drug in the plasma free from
protein binding, C, is the unbound concentration of drug in

the tissue, and k represents a hybrid constant (units of
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clearance) for passage of the drug between plasma and tissue.
The rate of entry of the drug into the tissue is kCj;, while
kCy is the rate of exit of the drug from the tissue. The
integral of the rate of entry with time is the amount entering
the tissue, ofmkcldt, while the integral of the rate of exit
with time equals the amount leaving the tissue, ofwkczdt. The

total amount that enters the tissue must equal the total amount

that leaves the tissue; therefore,
of C;dt = of Czdt (19)

Passive diffusion requires that the area under the unbound
plasma concentration-time curve be equal to the area under the
unbound tissue concentration-time curve.
In an experiment in which steady-state plasma and tis-
dT _

sue levels are attained, that is 3t - 0, then from Equation 18

cSS = ¢ss (20)

where Cis is the unbound plasma concentration at steady state,
and C;s is the unbound tissue concentration at steady state.
The same relationship would be applicable for an experiment in
which a single dose is administered. At the point in time,
t-max, when the rates into and out of the tissue are equal,

max
the unbound tissue level is maximal, C2 , and equal to the

. t-max
unbound plasma concentration, Cl '
ct-max _ cmax (21)

1 2
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Plasma and Tissue Binding: Unbound concentrations of

a drug are not readily determined, particularly within a tis-
sue. Usually, the total plasma concentration, CP' and the
total tissue concentration, Cps are measured. The total
plasma and tissue concentrations are complex functions of
their respective unbound concentrations. The functions depend
on the affinity of a drug for the plasma proteins and tissue
components and on the total number of binding sites. The un-
bound concentration of the drug in the plasma is a fraction,

0y, of the total plasma concentration,

The fraction unbound will vary with the total plasma concen-
tration and thus with the dose. Consequently, the relation-
ship between the area under the unbound concentration-time
curve to the area under the total concentration-time curve
becomes a function of the dose. This ratio can be thought of
as the ratio of the mean value of C; with time, El' to the
mean value of C, with time, Eb, that is, the ratio of the

time average values,

o/ Cpdt of Cat/ Jat ¢

of CPdt of CPdt/of dt CP
Similarly for the tissue,

where o, is the fraction of drug in the tissue which is not

bound to tissue components. Therefore,
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(25)

As the areas under the unbound plasma concentration-time curve
and the unbound tissue concentration-time curve must be equal

(Equation 19), C, egquals Eé. Dividing Equation 23 by Equation

1
25 yields
o —
R = ofchdt _ S—T (26)
of Cpdt Cp
The ratio, R, which shall be referred to as the area distri-
bution ratio, is a measure of the concentration of drug in the
tissue with time relative to that in the plasma with time. For
both plasma and tissue the fraction of the drug unbound nor-
mally increases with concentration; as the dose is increased,
therefore, ;l and %3 will increase. An increase or decrease
of R with ingreasing dose will depend on whether the plasma
protein binding or tissue binding is the more readily satur-
able. The former will result in an increase in R, the latter
in a decrease.

In steady-state experiments the fragtions unbound in

ss . . Ss
plasma, oy and in tissue, o, , are

Ss
C
sSS 1
al = E%g (27)
CSS
sSSs 2
0.2 = C_Ss- (28)

T
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The total plasma and tissue concentrations at steady state
are represented by cgs and Cgs, respectively. As given in
Equation 20, the steady state unbound concentrations in
plasma and tissue are equal; therefore, dividing Equation 27

by Equation 28 yields a steady state distribution ratio, Rss,

ss ss
Ss-ir__—.a_l_ 9
R - cSs - oSS (29)
P 2

Similarly in an experiment in which a single dose is given,
there is a time, t-max, when the unbound tissue concentration
equals the unbound plasma concentration as given in Equation

21. The total concentration in the tissue, cgax' will be at

. . . . m
a maximum at the same point in time when czax

assuming tissue binding is instantaneous. A t-max distribu-

is achieved

tion ratio, RM™@X may then be defined as follows:
cmax Jmax
max _ Crp _
R t-max _max (30)
CP az

The plasma concentration at the same time point when the

tissue is at the maximum concentration is defined as C;-max.
The values of R°° and R will vary with dose in a similar
fashion to R due to the decreased binding at higher concen-

trations.

Saturable Transport Systems: The presence of trans-

port, metabolic, or excretory mechanisms will also give rise

RS S Rmax

to a change in R, , and with dose as determined by
Equations 26, 29, and 30. As an example consider the case

in which the rate of entry into a tissue may be kinetically
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expressed as a combination of passive diffusion and a saturable

transport. For such a case,

aCl

Rate in = kCj + o (31)

The maximum rate of transport is represented by a; b is the
dissociation constant for the "drug-carrier"™ complex, and k
is as defined in Equation 18. The amount that enters the
tissue is obtained by integration of Equation 31,

. C
Amount entering tissue = k_/ C.dt + a o1 at (32)

1 o° b+ Cy
Assuming that a drug leaves the tissue only by passive dif-
fusion, the total amount which leaves the tissue is kofmczdt
as shown in the derivation of Equation 19. Furthermore, if
the assumption is made that no protein binding occurs in the
plasma or tissue, substituting CP for Cl and CT for C2 leads
to the following:
- - » Cp
k of Cpdt = k _J Cpdt + a of b_+c; dt (33)
that is, the total amount which leaves the tissue must equal
that which enters the tissue. The area distribution ratio as

expressed in Equation 26 becomes

R=1 + (34)

The transport into the tissue gives rise to values of R

greater than 1; however, as the dose is increased to the point
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that Cp exceeds b for prolonged periods the value of R will
decrease toward a value of unity.

Conversely, transport out of the tissue with passive
diffusion in and out of the tissue and no plasma or tissue

binding, will result in the following:

rate in = kCp (35)

a' Cop (36}

rate out = kCp + —4——+ 36
T " b" + Cp

for which a' is the maximum rate of transport out and b' is
the dissociation constant for the drug-carrier complex. Since
the total amount entering the tissue equals the total amount

leaving the tissue
k s/fc.at =k JsTc.dt + a' f°°—.———CT dt (37)
o P o T o°” b'" + Cp

the area distribution ratio then becomes

' C
2 e at
_ko b + Cp

- (38)
o/cpat

R=1

In this case R is less than unity and an increase in dose gives
rise to an increase in its value toward unity. The same ar-
gument holds for saturable metabolism or excretory mechanisms
in the tissue.

For the steady state condition, if a transport into
the tissue is present as expressed in Equation 31 and only
passive diffusion accounts for the exit of the drug, then

assuming no binding effects the rate out of the tissue, kCgp,
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ac
must equal kCp + E—IEE; + the rate into the tissue. A steady

state distribution ratio will then be defined by the fol-

lowing:

SS a
=1 + 39
k(b + cgs) (39)

x
|

For transport out of the tissue:

S
SS 1

a'.s
x °r
S

] ' SS
P (b' + cT )

o
I

(40)
C

Following a bolus dose, the t-max distribution ratios will be

t-max
P

ss

CT and Cgs, respectively, in the equations above.

identical to Equations 39 and 40; Cgax and C replace

A change in a distribution ratio with dose is indica-
tive of the existence of nonlinear disposition of a drug in
a tissue. As previously discussed the direction of change
in the distribution ratio with dose gives an indication as
to which nonlinear process might exist. 1In reality, however,
combinations of saturable processes are likely to be present.
Figure 3-1 schematically shows the mechanisms which would re-
sult in a dose-dependent distribution ratio. For combinations
of saturable processes the net change in the distribution ratio
is a result of the dominant process if the effects are oppo-
site. If the effects reinforce each other, the change is
exaggerated. An increase or decrease in a distribution ratio
with dose could thus help discern which saturable process is

involved; for example:
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IF A DISTRIBUTION RATIO DECREASES WITH DOSE,

1. a unidirectional transport into the tissue may
exist. Such a transport is described by process a

in Figure 3-1. As the dose increases, the trans-
port system approaches saturation, resulting in
tissue concentrations of the drug which are propor-
tionately lower at the higher plasma concentrations.
2. tissue binding of the drug may be occurring,
process b. The possibility in this case is one of
saturation of binding sites within the tissue as the
dose increases. The apparent effect would be that the
tissue loses the ability to accumulate the drug.

3. metabolism of the drug in the tissue may be in-
creasing, process c. This is an unlikely possibility
unless the drug activates its own metabolism or the
experiment involves chronic dosing with a drug which

induces its own metabolizing enzymes.
IF A DISTRIBUTION RATIO INCREASES WITH DOSE,

1. the degree of plasma protein binding may not be
constant as the dose is increased, process e in Figure
3-1. This is to be expected, since the fraction of
drug unbound normally increases with concentration.

2. a metabolic or an excretory system capable of
being saturated may exist in the tissue, processes

c and d, respectively. The administration of increasing
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doses will result in a lower rate of elimination rela-
tive to the amount in the tissue. The net result would
be an increase in tissue levels larger than the cor-
responding increase in plasma levels.

3. elimination from the tissue may involve a saturable

transport system, process f.

Correction for Plasma Protein Binding: An increase in

a distribution ratio with dose due to the saturation of plasma
protein binding can be readily ascertained. Assuming that
the entry of a drug into a tissue depends upon the unbound
drug in plasma, the ratio of the area under the tissue con-
centration-time curve to the area under the unbound plasma
concentration-time curve would be independent of plasma protein
binding. This ratio may be determined by dividing Equation
26 by Equation 23,
R = of Cpdt (al)
o/%c,dt

The ratio, Rgg,, Will be referred to as the area distribution
ratio corrected for plasma protein binding.

A steady state distribution ratio corrected for plasma

ss
protein binding, R may be determined from steady state

cor’

tissue and unbound plasma concentrations

Css

ss _ T

Reor = 55 (42)
Ci

Similarly, following a single dose, the t-max distribution

ratio corrected for plasma protein binding is
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max

max Cp
R = — 43
cor o t-max (43
1

SsS

Rcor'

The values of R

max .
cor’ and Rcor should be unity un-

less tissue binding or other saturable processes occur in

the tissue. If the distribution ratios corrected for protein
binding do not change over the dosage range tested, satu-
ration of plasma protein binding is the mechanism by which

R, R®®, and R™@X vary with dose. Any change in the corrected
distribution ratios indicates the existence of other satur-
able processes. The direction of the change gives a further

indication of the probable mechanisms.

Section 3: Experimental

Materials: Fisher Certified Grade Sodium Salicylate
was used in this study. Other materials used were listed in
Chapter XY, Section 3, under Materials.

Animals: Male Sprague-Dawley rats weighing 190-210 g
were obtained from Horton Laboratories, Inc., Oakland, Cali-
fornia, and used throughout this study.

Apparatus: Aminco-Bowman spectrophotofluorometer
model 8210, Dianorﬂg)equilibrium dialysis system supplied
by Innovativ-Medizin AG., P.O. Box 31, CH-Esslingen, Switzer-
land. Other equipment used is listed in Chapter II, Section

3, under Apparatus.

Experimental Design: Two major studies were carried

out. In one, the rats received a dose of sodium salicylate

corresponding to 25 mg/kg; in the other, the dose was 400



68

mg/kg. Several groups of animals with five rats per group
were randomly selected for each study. Except for the control
group, each rat received an intraperitoneal injection of 1

ml of a sodium salicylate solution. After treatment the
animals were sacrificed at different times by decapitation.
Upon decapitation the blood from each rat was collected in

a 50 ml beaker containing 200 ul of 0.05 M solution of
(ethylenedinitrilo) tetraacetic acid disodium salt. After
centrifugation of the blood, 1 ml of plasma was transferred
to a centrifuge tube. The brain from each rat was removed
after decapitation and quickly frozen in dry ice after
blotting with a tissue to remove excess surface blood. Brain
and plasma samples were stored frozen until the time of an-
alysis.

Assay Procedures: Plasma samples were assayed using

the procedure of Rowland and Riegelman (30). Standard curves
were prepared by extracting control plasma samples containing
known amounts of salicylic acid. Figure 3-2 is an example
of a standard curve prepared from control plasma.

To assay the brain samples for salicylic acid, each
brain was homogenized in a Tenbroeck tissue grinder using
two volumes of distilled water for every gram of brain.
Three ml of homogenate were transferred into a 20 ml culture
tube containing approximately 2 g of sodium chloride and
0.3 ml of 6 N HCl. After mixing the samples, 5 ml of a so-
lution of equal volumes of ether and n-heptane were added to
the samples, and the samples were gently shaken on a mechani-

cal shaker for 30 minutes. After centrifugation to separate
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the phases, an aliquot of the organic phase was extracted
with 2 ml of a 0.5 M phosphate buffer pH 7. The phosphate
buffer extracts were read on the spectrophotofluorometer at
the wavelengths for maximum activation and fluorescence as
determined using a standard sample of sodium salicylate in
phosphate buffer. Using the extraction procedure as described,
known amounts of salicylic acid were added to homogenates of
control brains to prepare the standard curves. Figure 3-3
is an example of such a standard curve. Standard curves
were always prepared on the same day an assay of blood or
brain samples was to be carried out.

The value obtained for the amount of salicylic acid
per gram of brain tissue had to be corrected for the contri-
bution of drug from the residual blood which remains in the
brain after decapitation. The amount of residual blood per
gram of rat brain has been reported to be 11 ul (31). Using
this value for the residual blood in brain and calculating the
concentration of salicylic acid in the blood from the concen-
tration in plasma (refer to Appendix B), it was possible to
determine the amount of salicylic acid that had to be sub-
tracted from the amount assayed in the brain.

Protein Binding Study: The degree of plasma protein

®

binding for salicylic acid was determined using the Dianorm

equilibrium dialysis system. The apparatus consists of 20
Teflon® cells, each of which is divided into two compartments
or half-cells with a 1 ml volume by a section of Viskindg)

tubing with a thickness of 0.025 mm. The cells are mounted
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on a rotor such that agitation is accomplished by rotation of
the cells. The entire apparatus is water tight so that it
may be immersed in a constant temperature water bath.

In the present study 1 ml of a solution of sodium
salicylate in Krebs-Ringer bicarbonate buffer was introduced
with a tuberculin syringe into one half-cell, and 1 ml of
fresh rat plasma was simultaneously injected into the other
half-cell. Since the apparatus has 20 cells, it was possible
to dialyze different concentrations of salicylic acid at one
time. Preliminary experimentation showed equilibrium to be
reached within 1-2 hours; therefore, the dialysis was carried
out for 3 hours at 37°. After equilibration, the solutions
in the buffer and plasma half-ceils were analyzed using the
plasma assay previously mentioned. The concentration of drug
in the buffer half-cell was taken to represent the concentra-
tion of the free ligand on both sides of the membrane. The
total concentration of the bound and free ligand was obtained
from the analysis of the plasma half-cell. The fraction of
salicylate unbound was thus calculated by dividing the con-
centration in the buffer half-cell by the concentration in

the plasma half-cell.

Section 4: Results and Discussion

The salicylate concentrations assayed in plasma and
brain are summarized in Table IX. The samples were analyzed
separately; the values reported are the arithmetic means of

five separate plasma or brain samples.



TABLE IX

SALICYLIC ACID DISPOSITION IN THE RAT BRAIN

AND PLASMA
Hours after Total Plasma Assayed Brain
Treatment Concentration* Concentration*
(ug/ml) (ug/9g)

25 mg/kg Dose

0.5 105.8 + 1.9 3.98 + .45
1.0 96.5 + 2.3 4.16 + .30
5.0 65.2 + 4.3 2.89 + .16
10.0 15.2 +.2.8 0.60 + .08
15.0 8.5 + 1.2 0.26 + .03
20.0 4.2 + 1.2 0.12 + .04
400 mg/kg Dose

1.0 561.2 + 41.7 119.7 + 15.4
5.0 380.4 + 14.4 71.9 + 3.0
10.0 357.6 + 22.7 62.4 + 4.5
20.0 187.7 + 14.7 21.3 + 2.5
30.0 153.0 + 5.1 12.1 + 1.0
40.0 62.3 + 12.8 3.4 + 0.8
50.0 26.2 + 7.2 1.2 + 0.4

*The mean of five animals and standard error.
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The results of the plasma protein binding study are de-
picted in Figure 3-4. Using this graph the values for total
salicylate in plasma, Cp. in Table IX, were converted to the
concentrations of unbound salicylic acid, Cj;. The brain con-
centrations reported in Table IX were corrected for the sali-
cylic acid contributed by the residual blood as discussed
above. The corrected tissue concentrations, Cop., together
with the unbound concentrations of salicylic acid in plasma
are plotted in Figure 3-5.

The disposition of salicylic acid in rats is dose-
dependent, as evidenced by the difference in the apparent
half lives of elimination for the 25 and 400 mg/kg doses.

A comparison of the half lives calculated from the slopes of
the plasma curves in Figure 3-5 within the first 20-30 hours
accentuates the dose-dependency. The half life of salicylic
acid in the plasma after a 25 mg/kg dose was 2.8 hours,
while a half life of 11 hours resulted from a 400 mg/kg dose.
Dose-dependent elimination of salicylic acid in man has been
previously reported by Levy, et al.(32). These authors
pointed out that monoexponential fits of plasma data are in-
correct and that nonlinear kinetics best describes salicylic
acid disposition; however, these conclusions are based on
studies in individuals. For such studies, nonlinear kinetic
parameters can be obtained by curve fitting the data from each
individual. In the present investigation a population study
is involved; therefore, calculations of nonlinear parameters

are not as valid as when an individual is the test subject.
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Dose-dependency in the time course of the unbound
plasma concentration will give rise to disproportionately
larger areas under the Cj-time curve; since the amount en-
tering a tissue must equal the amount leaving a tissue, the
ratio of the areas under the Cp-time curve to the area under
the Cl-time curve should not change. That is, the distribu-
tion ratio is independent of the time course of a drug in the
body; saturable processes must be present to account for
changes in this ratio with dose.

As presented in Section 2, Theoretical, the calcula-
tion of the distribution ratios R and R™X after different
doses of a drug serves as a test of the model described by
Equations 26 and 30. To determine R, the areas under the
cartesian plots of Cp-time and Cp-time were estimated using

x _Mmax

the trapezoidal rule. To determine RMaX, Crp is approximated

by selecting the highest mean value of Cp achieved. The

plasma concentration obtained at the same time as Cgax was
used for C;-max. The results are reported in Table X under

the heading R and R™@X, The large increase in R and RM™®¥

with increasing dose indicates nonlinear disposition of sali-
cylic acid in the brain. The increase in the distribution
ratios could be attributed to a decrease in the fraction of
salicylic acid bound in the plasma as the plasma concentration
increases. To test this possibility, the distribution ratios

. c o ax
corrected for plasma protein binding, R and Rgor' were cal-

cor

culated from the data in Figure 3-5. The corrected distribu-

tion ratios calculated for the two doses are listed in Table X.
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TABLE X

EXPERIMENTALLY DETERMINED DISTRIBUTION RATIOS

— —
— — —

max ax

Dose, R R Reor

mg/kg C cor
25 0.035 0.035 0.180 0.146
400 0.139 0.205 0.302 0.353

Inasmuch as these distribution ratios increase with dose,
metabolism, excretion, or transport out of the brain must be
involved in the salicylic acid elimination. Transport in-
volvement in the entry of salicylic acid or tissue binding
of the drug in the brain would cause .a decrease in the dis-
tribution ratios if these processes were solely present.
As previously discussed, a combination of processes could be
involved, but the change in the distribution ratios will be
dependent on the dominant mechanisms. For example, entry
and exit of salicylic acid in the brain could both be carrier
mediated; however, if the transport out were more readily
saturated than the transport in, the distribution ratios will
be seen to increase with dose.

As further verification of the dose-dependency of the

distribution ratios for salicylic acid, RUax

max
and Réor were
calculated using literature data for salicylic acid distribu-
tion in mice (33, 34). These studies included data for brain,

unbound blood, and total blood concentration of salicylic
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acid at different times following intraperitoneal administra-
tion of 50 to 800 mg/kg. The results of these calculations
are summarized in Table XI; the results agree with those of
the present study; that is, the distribution ratios increase
with dose.

TABLE XI

DISTRIBUTION RATIOS FOR SALICYLIC ACID IN MICE*

poadl oot
50 .153 .305
100 .213 . 386
200 .278 .487
400 .294 .506
800 .459 .766

*Calculated from the data of Sturman, et al. (33) and
McArthur, et al. (34).

One interpretation of the changes in the values of the
distribution ratios could be the existence of a saturable
metabolic pathway in the brain as discussed under Theoretical.
This explanation is unlikely since Wolff and Austen (35) re-
ported no salicylate metabolites in rat brains; Sturman, et al.
(33) reached the same conclusion in their studies with mice.
An alternative explanation is the existence of a saturable
transport system which functions to rid the brain of unwanted

acidic compounds, in this case salicylic acid. As previously
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discussed, if the rate of elimination relative to the amount
in the tissue becomes lower due to saturation of the trans-
port system, the tissue levels will increase more than the
corresponding increase in plasma levels. This would result
in a distribution ratio which increases with dose. The hypo-
thesis that a transport system is responsible for the dose-
dependency of the distribution ratios presupposes that there
are no major physiological changes produced by the drug under
study, although it has been reported that salicylic acid is
capable of uncoupling oxidative phosphorylation (36). Es-
pecially critical is that the cerebral blood flow remain
unchanged throughout the course of the study.

The fact that the values for the distribution ratios
corrected for plasma protein binding are always less than
one also points to a transport system which prevents sali-
cylic acid in the brain from achieving equilibrium with the
plasma. Referring to Equations 41 and 43, if there were

tissue binding, R and Rmax should be greater than one.

cor
McArthur, et al. (34) reported that binding does not occur

. . . max
in brain tissue. The values of Rco and Rcor’ therefore,

r
should be equal to one if there is no metabolism in the tis-
sue, no transport system, nor other means of drug elimination.
Cerebrospinal fluid bulk flow could be invoked as responsible
for the elimination of acids from the brain, but this process
is not saturable and does not explain the dose-dependency of

the corrected distribution ratios. Since the metabolism is

considered unlikely, the existence of a saturable transport
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system remains as the likely mechanism responsible for the
change in the distribution ratios. Furthermore, if it were
possible to completely saturate a transport system in the
brain, the corrected distribution ratios should approach
unity. This is observed to occur with the R22§ values in
Table XI.

Thus the presence of an acid transport system which pre-
vents salicylic acid accumulation in the brain is supported
by the dose-dependency of the distribution ratios. While
the procedure as outlined in this chapter might not be con-
clusive proof of an acid transport system, it does utilize a
technique which is not as disruptive of the central nervous

system as brain perfusion studies or other commonly used

procedures.
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PLASMA TISSUE

%&%%%%ﬁ%%%%

Figure 3-1.

Schematic diagram of the processes of dispo-
sition of a drug in the brain or any tissue.
The thin arrows represent passive diffusion;
heavy arrows represent Saturable processes.
KEY: a, f - unidirectional transport to and
from tissue; ¢ - metabolism; d - excretion;
and b, e - binding to tissue components and
plasma proteins. Symbols Dpg, Dpy, Dpg, DTU -

Amount of bound and unbound drug in plasma and
tissue, respectively. ’



FLUORESCENCE UNITS

Figure 3-2.
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SALICYLIC ACID
PLASMA  CONCENTRATION (ug/ml)

Standard curve for salicylic acid extracted
from rat plasma. The fluorescence units are
arbitrary.



FLUORESCENCE UNITS

Figure 3-3.
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SALICYLIC ACID
BRAIN CONCENTRATION (ug/q)

Standard curve for salicylic acid extracted
from rat brain. The fluorescence units are
arbitrary.
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Figure 3-4. Unbound fraction of total plasma concentration,
0, as a function of the total plasma concentra-
tion, Cp.
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Semi-logarithmic plots of salicylic acid con-
centrations in rat brain and plasma versus
time after intraperitoneal administration of
25 and 400 mg/kg. C; is the unbound concen-
tration of salicylic acid in the plasma; Crp
is the concentration of salicylic acid in the
brain corrected for residual blood.
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CHAPTER 1V

SUMMARY AND CONCLUSIONS

The objective of the work which was carried out was
multifold. The primary goal was the study of the acid trans-
port system(s) in the brain and its possible involvement as
a functional component of the blood-brain barrier. It was
desired, however, to accomplish this study utilizing techniques
which did not have the drawbacks of most research involving
the brain, that is, disruption of the blood-brain barrier.
Published research dealing with transport systems in the
brain invariably utilize one or more of the following proce-
dures:

1) Ventricular-cisternal perfusions consist of introducing

a solution of a drug into the ventricles. Samples are taken
from the cisterna magna or from the general circulation of
the animal being used. The much quoted work by Pappenheimer
(17) in which it was shown that Diodrast and phenolsulfon-
phthalein are actively transported out of the cerebrospinal
fluid, utilized this technique. The facility by which meta-
bolic or competitive inhibitors can be added to the perfusion
medium coupled with the ability to study transport against
concentration gradients makes this technique very useful when
attempting to demonstrate that an active transport exists.

While useful, this procedure has the disadvantage of requiring
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surgery to implant cannulas into the ventricles and the
cisterna magna. Thus, the animal must be sedated before the
experiment can be carried out. If the animal is allowed to
recover from sedation, it must then be restrained to main-
tain the cannulas in place, and the animal is not in a normal
state. Besides the inherent problems that can arise with
surgery, there is also the possibility of altering the nor-
malcy of the blood-brain barrier by introduction of the can-
nulas. The method of introducing the drug into the brain
bypasses the normal routes of drug entry into the brain, and
this also must be considered a major disadvantage. Futher-
more, experiments utilizing this technique are really
studying transport from the cerebrospinal fluid to blood and
not from the brain parenchyma to blood and vice versa.

2) Brain glice incubation involves slicing the brain into
thin slices which can then be incubated in drug solutions over
a period of time to allow the brain parenchyma to come to an
equilibrium with the drug solution. If the ratio of brain
concentration (corrected for binding) to drug solution is
greater than one, an active uptake of the compound being tested
can be postulated. If the ratio is less than one, the possi-
bility exists that the brain inhibits the absorption of the
drug by some mechanism such as a transport system. Metabolic
inhibitors and competitive transport inhibitors can be added
to the incubation medium to prove the presence or absence of
transport systems. This technique has been extensively used,

especially by Lajtha in his studies involving the uptake of
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amino acids by the brain (37, 38). The artificiality of an
in vitro study with brain slices as compared to the complex
system of a living brain should be readily apparent. Physi-
cal or anatomical barriers to drug diffusion between the
blood and the brain will not be detectable with this tech-
nique. Also, carrier-mediated systems may lose their ability
to transport drugs in vitro, especially if an essential co-
factor is missing. If a mechanism for transport should
exist between the cerebrospinal fluid and blood, this pro-
cedure might completely obliterate it.
3) Incubations of choroid plexuses have been used to prove
the involvement of the choroid plexus in the transport of
compounds from the cerebrospinal fluid to the blood and in
the uptake of compounds from the blood to the cerebrospinal
fluid. The arguments presented against brain slice incuba-
tions are also applicable in this case. 1In addition, another
problem arises. While a choroid plexus incubation might
demonstrate a transport mechanism from the cerebrospinal fluid
to blood or in the direction of blood to the cerebrospinal
fluid, it could not possibly show anything concerning mech-
anisms which exist between the brain parenchyma and the blood.
This technique, along with brain slice incubations, has the
added disadvantage of limiting the studies which may be ca:ried
out with endogenous compounds, since the metabolic activity
of an isolated system is at best questionable.

The procedures utilized in the present study do not

suffer from any of the drawbacks listed above. In the case
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of the S5HIAA accumulation studies, the only drug administered
was probenecid, and it was administered intraperitoneally,
not directly into the central nervous system. By studying
the accumulation of brain 5HIAA there was no need to intro-
duce any compounds into the central nervous system since
5HIAA is a normal metabolic product of the putative neuro-
transmitter serotonin. 5HIAA thus served as an endogenous
tool to study the acid transport system in the brain. The
rats used in this study were handled only at the time of in-
jection and sacrifice; thus, they suffered no trauma during
the course of an experiment comparable to ventricular-
cisternal cannulation. Furthermore, after administration

of the probenecid dose the rats behaved perfectly normal
when returned to their cages, and had free access to water
and food, a situation hardly comparable to sedation or re-
striction.

In the studies involving salicylic acid entry into the
brain, the rats received the drug through an intraperitoneal
injection and were sacrificed by decapitation, essentially
the same experimental procedure used in the 5HIAA studies.

In these studies, as in the ones involving SHIAA transport,
the rats had free access to water and food. They also demon-
strated their normal grooming and social behavior even after
receiving the 400 mg/kg dose; a particularly good sign in
view of the fact that overdosing by salicylates manifests

itself in the form of convulsions.
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Another goal or objective was to demonstrate that
endogenous and exogenous acids are transported out of the
brain by similar transport or carrier-mediated systems. From
a teleological viewpoint, it would seem reasonable that only
one system would exist for the disposal of unwanted acids
whether they are acids produced in the brain or those which
enter the brain from the general circulation. The acid
transport system probably developed along with the evolution
of the central nervous system as a mechanism to protect the
brain from endogenously formed acids, that is, those produced
through metabolism. For biochemical economy this system
could also function to rid the brain of unwanted exogenous
acids or those compounds which enter the brain from the blood.
It is thus reasonable that the system which functions to rid
the brain of acidic metabolites should be identical to that
which prevents the accumulation of foreign organic acids.
While the conclusive proof of this latter objective might be
very difficult, some insight into the plausibility of this
theory could be obtained if models based on a similar mechanism
could be developed to describe the transport of endogenous
and exogenous acids.

Utilizing this approach, models based on the involve-
ment of a carrier mediated transport system have been de-
veloped for both the experiments with S5HIAA and salicylic
acid. Figure 2-1 has been previously cited to demonstrate how
the levels of S5HIAA fluctuate after the administration of a

100 mg/kg dose of probenecid. Since probenecid is a known
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inhibitor of acid transport systems, it is highly likely that
the accumulation of S5HIAA as depicted in Figures 2-9 and 2-10
is a result of inhibition of the transport system which nor-
mally excretes 5HIAA out of the brain. In Figure 2-11, the
accumulation of 5HIAA was much greater since a large dose,
300 mg/kg, was used. One explanation could simply be that
the higher levels of probenecid produced a higher degree of
inhibition for a longer period of time. Another rationale
could be based on the longer half life of elimination that
was observed for probenecid after the 300 mg/kg dose. The longer
half life for the inhibitor would allow a longer duration of
inhibition and a higher S5HIAA accumulation. To test this
possibility, the model as described by Equation 9 was changed
into an analog computer diagram as has been described in
Chapter II. However, instead of generating computer curves
to fit the S5HIAA brain data as was done with Figures 2-9,
2-10, and 2-11, different values for k1. the rate constant
of elimination for probenecid, were introduced into the com-
puter. The 5HIAA brain levels generated by the computer may
be seen in Figure 4-1. This figure readily demonstrates the
different extent of SHIAA accumulation when different rate
constants of elimination are used. It should be noted that
the degree of accumulation of 5HIAA was influenced solely by
increasing the half life of the inhibitor without changing
K1 or the level of the inhibitor. It is important to reem-
phasize that this figure is theoretical and not intended to

fit any data; however, the computer curves shown on Figures
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2-9, 2-10, and 2-11 are superimposed over real data. The
model that was used to generate these curves assumed the
existence of a transport system capable of being competi-
tively inhibited. Since the model fit the data obtained
in vivo reasonably well, it can be said that this model ap-
proximates the in vivo situation. The concept of a carrier
mediated transport system must then be sound.

The susceptibility to inhibition is a trait of a
carrier mediated transport system as is saturability. As
discussed above, the S5HIAA transport system can be readily
inhibited by probenecid. The salicylic acid experiments, on
the other hand, demonstrated the saturability of the acid
transport system. The derivation of the distribution ratio,
R, is based on the concept that the ratio between drug in
the plasma and brain should be unity if the processes involved
in the entry and exit of salicylic acid are all passive.
Increasing the amount of the exogenous compound, salicylic
acid, in the blood should have no effect on the ratio of drug
in brain to drug in plasma if no saturable processes are in-
volved. If the ratio does change with increasing or decreasing
doses of salicylic acid, processes other than passive must
exist. As discussed in Chapter III, the fact that the R's
are seen to increase points to the saturation of a transport
system in the direction of brain to blood. Utilizing the data
from Sturman, et al. (33) and McArthur, et al. (34), it was
demonstrated that the distribution ratios increased with in-

creasing dose and that they approached uhity. The lack of
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equality of the distribution ratios when different doses were
used suggests the existence of a saturable transport system.
If such a transport system became saturated, it would then
be possible for the levels in the brain to reach a dynamic
equilibrium with the salicylic acid in the plasma. A distri-
bution ratio of one would be expected if the transport system
became completely saturated. The R's listed in Table XI ap-
proach unity, thus lending substance to the theory that sali-
cylic acid in the brain does not achieve equilibrium with
salicylic acid in the plasma because of an acid transport
system which excretes salicylic acid out of the brain.

It should be emphasized that the unbound concentration
of salicylic acid in plasma should be compared to the brain
concentrations rather than the total concentration in plasma.
The reason for this is that only the unbound drug is capable
of diffusing into the brain from the general circulation; as
a result, only the unbound salicylic acid is free to equili-
brate with the salicylic acid in the brain. The ideal ex-
perimental design would be to compare the levels of salicylic
acid in the brain with the unbound plasma concentration when

the plasma levels are kept at a steady state. In lieu of

X

. . ma
such an experiment, the calculations of the Reor and Rcor

values were carried out. The rationale for the use of Rcor
max

and Rcor calculations has been presented in Chapter III,

Section 2, Theoretical. 1If a saturable transport system did

not exist, all the Rcor and Rggﬁ values reported in Tables X

and XI should be equal. This of course is not the case. The
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max . .
R and Rcor values are seen to increase with dose, thus

cor
suggesting the presence of a transport system in the direc-
tion of brain to blood. Furthermore, since the Rggﬁ values

in Table XI approach unity, the saturability of the transport
system is seen to be plausible.

At any one time point, the concentrations of unbound
salicylic acid per milliliter of plasma were always higher
than the corresponding concentrations per gram of brain tissue.
Yet the acid transport system in the brain apparently was
capable of continuing to remove salicylic acid from the brain;
the transport system was able to operate against a concentra-
tion gradient. If the transport mechanism eliminates sali-
cylic acid from the brain directly into the blood, it would
suggest that the system is an active transport, for it is
moving the salicylic acid from an area of lower concentration
to one of higher concentration.

Metabolism of salicylic acid in the brain was ruled
out as a mechanism for the elimination of salicylic acid from
the brain in Chapter III. Elimination of salicylic acid by
bulk flow of the cerebrospinal fluid was also considered
unlikely, since the turnover of the cerebrospinal fluid is
a slow process in comparison to the turnover of salicylic
acid. The rate of turnover for the cerebrospinal fluid is
about 10 percent per hour (39, 40) while salicylic acid is
50 percent in 2-3 hours after a 25 mg/kg dose in rats. Also,

if salicylic acid were eliminated through cerebrospinal

fluid bulk flow, the distribution ratios would not be
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dose-dependent since the fluid bulk flow is not a saturable
process.

The very rapid turnover of 5HIAA, 85 percent per hour,
has been previously reported (20). This also provides sup-
port to the concept that the cerebrospinal fluid could not
possibly be involved to a major extent in the elimination of
S5HIAA from the brain. For the turnover time of 5HIAA to be
so short, it would require the transport system to exist di-
rectly between the brain parenchyma and the blood. If dif-
fusion of S5HIAA were involved in its elimination, it could
not occur over great distances, since diffusion is a slow
process relative to the turnover rate of SHIAA. Cerebro-
spinal fluid involvement must therefore be minor. The S5HIAA
transport studies substantiate the salicylic acid studies,
which suggest that the transport must be an active process
which operates in moving acidic compounds from the brain
tissue into the blood.

An added benefit of the 5HIAA experiments was the
quantitation of the inhibition of the transport system by
probenecid. This resulted from the computer fits of the 5HIAA
brain concentration-time curves. Different curves were gen-
erated for each set of data points by varying the constant
of inhibition, Kyi the curve which best fit the data was that
which had been generated utilizing the proper K;. The constant
of inhibition, Ky, for the purposes of this discussion was
defined as the plasma concentration of probenecid which pro-
duced 50 percent inhibition of the transport of S5HIAA.

The Ky values calculated from the computer fits have
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been listed in Table VI. The values obtained were quite simi-
lar, although the probenecid elimination half lives varied with
dose. The dose-dependency of probenecid is an interesting con-
cept in itself which has been previously reported (28). The
results of this study seem to verify the drug's dose-dependent
kineticssince the half life of probenecid increased by a factor
of four when the dose was increased from 100 to 300 mg/kg. It
would appear that further study of this property of probenecid
would be of great value.

The Ky value was also determined by a calculation tech-
nique illustrated by Figure 2-12., The values for Ky which re-
sulted from the two different techniques correlated well. The
average of the K;'s from the computer fits was 55 ug/ml; KI from
the percent inhibition calculations worked out to be 80 ug/ml.

With regard to the experiments involving the administration
of salicylic acid, it was initially desired only to verify the
existence of a transport system in the brain for exogenous acids.
As the study developed, the quantitations of the transport of
exogenous acids evolved into a technique which should detect
the presence of any saturable process including transport. This
technique, as discussed in Chapter III, should be applicable not
only for detecting transport in the brain, but also to detect any
saturable process which would result in the nonlinear disposition
of a drug in any tissue.

Regardless of the procedure utilized in the study of the
brain's acid transport system, the results provide substantial
evidence for a system which is active, carrier mediated, and
located such that it removes organic acids from the brain di-

rectly to the blood.
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Figure 4-1.
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tthrs)

Analog computer curves representing 5HIAA brain
levels as a function of time. These curves
were generated by varying only the value of

k1 in the model.



APPENDIX A

MODEL AND ANALOG COMPUTER DIAGRAM USED
IN THE DETERMINATION OF Kjp

Equation 9 from Chapter II is the rate eguation which
served as a model for S5HIAA elimination from the brain. This
equation assumes the existence of a 5HIAA transport system
which is susceptible to inhibition. The model is given be-
low.

da kCa

dt’'r syn
1+ C:[t,e"kIt

K1

where (%%)I is the change in the amount of 5HIAA with time
in the presence of the inhibitor probenecid. The rate of
synthesis of 5HIAA is represented by Rsyn; k is the rate
constant for SHIAA elimination, and CA is the concentration
of 5HIAA in the brain. The constant of inhibition for pro-
benecid is Kjg:; Cre is the plasma concentration of probenecid
obtained by extrapolation of the plasma concentration curve
to zero time, and ky is the rate constant for probenecid
elimination from the rat. All the values in this equation,
with the exception of K;, can be obtained either from litera-
ture information or from the experimental data obtained from
this study. The 5HIAA synthesis rate was obtained from the
product of the rate constant for 5HIAA elimination and the

steady state level of S5HIAA. The value used for k was

0.92 hr-1l-
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The final scaled equation used in the analog computer

follows:

C

L4 k _1}.

A _ Rsyn _ 5

5 = (10)5 1 Croe KIt
20(35 + T20K; )

Figure A-1 is the computer diagram used to generate curves
representing the change in the levels of brain 5HIAA with
time. By varying the value for K1 different curves were
produced until the best fit of the in vivo data was obtained.

The curve of best fit corresponds to the correct K.
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Figure A-1l.

Analog computer diagram used to represent the
change in 5HIAA brain levels after a dose of
probenecid. The triangles represent ampli-
fiers; the circles represent potentiometers.



APPENDIX B

CORRECTION FOR RESIDUAL BLOOD IN BRAIN

Extraction of salicylic acid from brain homogenates had
an inherent error due to residual blood in the brain after
decapitation of the rats. Literature reports cite the vol-
ume of residual blood as 1ll pl per gram of brain tissue for
rats sacrificed by decapitation (31). To correct the brain
concentrations for the amount of salicylic acid contributed
by the residual blood it was necessary to multiply 11 ul by
the concentration of salicylic acid in blood and subtract
the amount obtained from the assayed value for brain sali-
cylic acid.

In the studies involving the transport of salicylic
acid, plasma concentrations were determined rather than blood
concentrations. It therefore became necessary to carry out
a study to determine the level of salicylic acid in the blood
at a certain plasma concentration. The experimental procedure
utilized was the following. Samples were prepared consisting
of 2 ml of fresh whole blood from rats to which was added
known amounts of salicylic acid dissolved in 0.1 ml of
Krebs-Ringer bicarbonate buffer. The samples were gently
shaken while they were incubated for one hour in a water
bath at 37°C. After incubation they were centrifuged at
1300 x g for 5 minutes to separate the plasma from the blood

cells. One ml of plasma was transferred from each sample into
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centrifuge tubes containing 1 ml of a 5 percent solution of
potassium bisulfate. This resulted in acidification of the
plasma. A volume of 5 ml of ether was added to the samples,
and they were then shaken for 15 minutes on a Lab-TeléB mixer.
After shaking the samples were centrifuged for 5 minutes.

An aliquot of 1 ml from the ether layer was then transferred
into another centrifuge tube containing 5 ml of a 0.5 M
phosphate buffer with a pH of 7.0. The samples were shaken
again for 15 minutes and centrifuged. Using a Pasteur
pipette, an aliquot from the phosphate buffer layer was re-
moved from each sample to read the fluorescence. The fluor-
escence assay for salicylic acid has been previously described
in Chapter III under Section 3: Experimental. Table XII
summarizes the results of this study. The blood concentra-
tion values listed were obtained by dividing the amount of
salicylic acid added by 2.1 ml, the final volume of the
sample. The plasma concentration values listed in Table

XII are the results of the salicylic acid assay described
above.

The hematocrit of rat blood samples was determined by
centrifugation at 1300 x g for 30 minutes. The average
hematocrit obtained was 0.40. Thus the plasma represents
about 60 percent of the whole blood. Since the plasma con-
centrations listed in Table XII are usually higher than
the blood concentrations, it can be said that the distribu-
tion of salicylic acid in the blood is not uniform. The

drug appears to concentrate in the plasma; this is to be



100

TABLE XII

BLOOD AND PLASMA CONCENTRATIONS UPON ADDING
SALICYLIC ACID TO RAT BLOOD

Blood Concentration ' Plasma Concentration

(ug/ml) (ug/ml)

7.62 13.09

19.05 31.21

38.10 57.21

95.24 125.69
172.62 216.89
476.19 489.13
952.38 928.67

expected since salicylic acid undergoes plasma protein
binding.
The amount of salicylic acid in the blood and its

distribution can be described by the following equation:

C,V.

where Cg is the concentration of salicylic acid in the blood,
and Vgy is the volume of the blood; the product of these two
values equals the total amount of salicylic acid in the blood.
The concentration of the drug in the plasma is Cp; H is the

hematocrit value, and [RBC] is the concentration of salicylic
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acid in the red blood cells or the cellular portion of the
blood. Simple manipulation of Equation 1 leads to a re-
lationship which can be utilized to convert the plasma con-
centration values obtained in the salicylic acid transport
experiments to blood concentrations.

Dividing Equation 1 by CpVp yields the following:

C
B _ (1- IRBC]H
E; = (1-H) + Cp (2)

The fraction of a drug's concentration unbound in the plasma,
a1, was defined in Chapter III as the unbound concentration,
Cl' divided by the total concentration in the plasma, Cp.
Therefore,

cp = = (3)

Substituting Equation 3 into Equation 2 produces the fol-
lowing equation:

B H[RBC] al
= = (1-H) + ———— (4)
Cp c,

If the ratio of [RBC]/Cl is a constant then a linear rela-
tionship is expressed by Equation 4; that is, plotting Cg/Cp

versus o, should yield a linear plot whose slope is H[RBC]/Cl,

1
and the y-intercept is (1-H).

The data in Table XII was utilized to test the validity
of Equation 4. Dividing the blood concentration values by
the corresponding plasma concentrations produced values for

CB/CP. For each plasma concentration listed in Table XII a

value for o; was obtained from Figure 3-4. The results of
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plotting C’B/CP versus a, may be seen in Figure B-1l. The cor-

1
relation coefficient obtained by linear regression was found
to be 0.992. The hematocrit value calculated from the
y-intercept of Figure B-1 was 0.48, which compares favorably
with the experimental value of 0.40.

Using Figure B-1 it was then possible to convert the
plasma concentrations obtained in the salicylic acid trans-
port studies to blood concentrations. For each plasma con-
centration an oj; was determined from Figure 3-4. By referring
to Figure B-1, a value of CB/CP was calculated for each 0y
value. The ratio Cg/Cp was then multiplied by the assayed
plasma concentration from the transport studies to obtain the
blood concentration. These blood concentrations were then

used to correct for the salicylic acid in the brain contributed

by the residual blood.
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O o

Figure B-1l. Ratio of salicylic acid blood concentration
(Cg) to plasma concentration (Cp) as a function
?f the fraction of drug unbound in the plasma
al) 0
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