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Three microdialysis methods, the “‘tritium’’ method, the *‘point-of-
no-net-flux’’ method, and a method using the low perfusion rate of
0.1 pl/min, were compared with respect to their ability to generate
estimates of unbound steady-state concentrations (Cu,,) of the an-
tiasthmatic drug theophylline in biood and brain tissue in anesthe-
tized rats. Concomitantly, the influence of the perfusion flow rate on
the estimated extracellular Cu,, obtained with the point-of-no-net-
flux method was investigated. Theophylline was administered as a
rapid intravenous bolus dose followed by constant intravenous in-
fusion. Changes in perfusion flow rate from 2.0 to 0.75 pl/min and,
finally, to 0.25 wl/min, using the point-of-no-net-flux method, had no
significant effect on the estimated Cu,, of theophylline in blood and
striatum. This observation, particularly in the case of brain tissue, is
not consistent with the theory that the process of dialysis drains a
significant amount of substance from the immediate vicinity of the
dialysis probe. Similar estimates of Cu in blood as well as in brain
tissue were obtained with all three methods. Their accuracy in es-
timating Cu in blood was further strengthened by observations of
unbound fractions similar to those reported in the literature. Fur-
thermore, all three methods gave striatum/blood ratios at steady
state of approximately 0.5, indicating that there is active transport of
theophylline from brain tissue. It is concluded that the tritium
method, when validated, can be used to study the time course of
unbound drug concentrations in blood and tissues.

KEY WORDS: microdialysis; methods; theophylline; pharmacoki-
netics; rats.

INTRODUCTION

Information on the time course of unbound drug con-
centrations in body tissues is essential when elucidating
mechanisms of drug disposition as well as concentration—
response relationships. Among the experimental methods
available for the study of unbound concentrations, in vivo
microdialysis appears to possess particular potential. Under
ideal conditions, microdialysis allows the continuous moni-
toring of unbound drug concentrations in the extracellular
space of tissues not otherwise readily available for study.

A problem encountered in pharmacokinetic studies with
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in vivo microdialysis is the difficulty of obtaining accurate
estimates of unbound extracellular concentrations simulta-
neously with good time resolution. The latter can generally
be achieved only by using perfusion flow rates yielding re-
covery values over the dialysis membrane in vivo consider-
ably below 100%. Thus, if good time resolution is wanted,
the low recovery has to be compensated for by a correction
factor which brings the dialysate concentration as close to
the unbound tissue concentration as possible.

Recently, complex mathematical models have been de-
veloped which relate dialysate concentrations to tissue ex-
tracellular concentrations at various perfusion flow rates (1-
3). Although these models account for the transport of sub-
stances through the tissue and probe membrane (1,2), and
also for transport across the microvasculature and metabo-
lism (3), they are based upon a number of nonvalidated as-
sumptions. A simple and practical solution to the problem of
obtaining a correction factor has been suggested by Alex-
ander and co-workers (4). Their method employs tritiated
water (*H,0) as an internal standard for the determination of
the efficiency of the dialysis probe in vivo. Unfortunately,
there is no information on the usefulness of this method in
pharmacokinetic investigations.

The objective of the present study was to investigate
whether the ‘‘tritium’ method could be used to obtain ac-
curate estimates of extracellular concentrations of the anti-
asthmatic drug theophylline in blood and brain tissue in rats.
The tritium method was validated by comparing the esti-
mated unbound steady-state concentration in blood and
brain tissue and the unbound fraction in blood with equiva-
lent data generated by experiments with a perfusion flow
rate of 0.1 pl/min (‘‘low-perfusion rate’” method) and by the
“‘point-of-no-net-flux’” method (5,6). The influence of perfu-
sion flow rate on the performance of the latter method was
also investigated. Steady-state conditions of theophylline
were obtained by a rapid intravenous bolus dose followed by
constant intravenous infusion.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (ALAB, Sweden) weighing
between 260 and 300 g were used throughout the experi-
ments. They were acclimatized to laboratory conditions for
at least 1 week prior to each experiment.

Chemicals

Theophylline and B-hydroxypropyltheophylline (inter-
nal standard) were obtained from Byk, Gulden Lomberg
Chem Fabrik GmbH, Germany, and tritiated water (*H,0)
was from Amersham Sweden AB, Sweden. All solvents and
reagents were of analytical grade.

In Vitro Microdialysis

All in vivo microdialysis experiments were preceded by
in vitro studies. In experiments where the ‘‘tritium’’ method
was used the relative recovery of theophylline over the
probe membrane was determined. In experiments with the
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“‘low-perfusion rate’” method and with the *‘point-of-no-net-
flux’’ method, the adequate function of the dialysis probe
was established.

Recovery experiments in vitro were carried out by plac-
ing the dialysis probes (membrane length, 3 mm; CMA Mi-
crodialysis AB, Sweden) in test tubes containing Hepes—
Ringer solution (147 mM Na*,4mM K*,2.3 mM Ca*, and
155.6 mM Cl—, pH 6.0), theophylline (10 pg/ml), and *H,O
(0.25 wCi/mL). The tubes were placed in a heated water bath
(37°C), where the solution was under constant stirring. The
dialysis probes were perfused with Hepes—Ringer solution or
artificial cerebrospinal fluid (126.5 mM NaCl, 27.5 mM
NaHCO,, 2.4 mM KCl, 0.5 mM KH,PO,, 1.1 mM CaCl,,
0.85 mM MgCl,, 0.5 mM Na,S0O,, 5.9 mM glucose, pH 7.4)
at a flow rate of 2.0 pl/min for 50 min by the use of a
CMA/140 microinfusion pump (CMA Microdialysis AB,
Sweden). Six 20-pl fractions were collected from each
probe. Fractions 2, 4, and 6 were analyzed for their content
of theophylline by HPLC, while the other fractions were
analyzed for their content of *H,0. The relative recovery
(Rel rec) of theophylline was calculated according to Eq. (1).

Rel rec (%) = Cdialysate/CHepes-Ringer (l)

Separate experiments were performed to investigate the in-
fluence of low perfusion rates on the ir vitro recovery of
theophylline from Hepes-Ringer solution. The perfusion
flow rates studied were 2.0, 0.2, and 0.1 pl/min and three
probes were used at each flow rate.

In Vivo Microdialysis

Implantation of Dialysis Probes. Two days prior to the
experiment, the rats were anesthetized with ether and can-
nulas were inserted into the right jugular vein and the right
carotid artery. On the day of the experiment, the animal was
anesthetized with urethane (2 g/kg s.c.) and a dialysis probe
was inserted into the left jugular vein via a guide cannula (7).
The animal was then placed in a Kopf stereotaxic instrument
and another dialysis probe was implanted into the striatum
(coordinates: anteriorly +0.2 mm, laterally —2.6 mm, and
dorsally —7.5 mm relative to the bregma). The coordinates
were derived from The Rat Brain stereotaxic atlas (8). The
probes placed in the jugular vein and striatum were contin-
uously perfused with Hepes—Ringer or artificial CSF solu-
tion, respectively, at a flow rate of 2.0 pl/min.

Tritium Method. Six experiments were conducted with
this method. Approximately 15 min after implantation of the
striatum probe, the animals were given an i.v. bolus dose of
3H,O (0.1 mCi in 0.1 ml of Hepes—Ringer solution). Perfus-
ate samples (20-pl fractions) were collected during 50 min
and analyzed for their content of *H,O (see below). In the
middle of the sampling interval between the last two frac-
tions, a blood sample was collected from the carotid cannula
for determination of the plasma *H,O content.

Theophylline was then administered as a bolus dose of
5.7 mg/kg, followed by constant-rate infusion of 1.6 mg/kg/hr
for 2 hr. This dosage regimen aimed at obtaining a plasma
concentration of total (bound + unbound) theophylline of 10
wrg/ml. Perfusate samples of 20 ul were collected for up to 2.5
hr after stopping the infusion. The samples were analyzed
immediately for theophylline content by HPLC as described
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below. Every fifth perfusate sample and a simultaneously
collected blood sample were used for determination of *H,0,
thus allowing the estimation of relative probe efficiency in
vivo (Rel eff,,, ,,,.) (4).

Rel eff, =

in vivo

(3H20brain dial/3H2Oplasma)
Rel rec 3H2Oin vitro (%)

(3H2Oblood dial/ 3H20plasma)
Rel rec 3HZOin vitro (%)
Q)

Portions of the plasma obtained from the blood samples were
stored at —20°C for later analyses of plasma concentrations
of total theophylline. The unbound concentration of theo-
phylline (C,) was calculated as

C. = Cgiaiysare/(Rel rec X Rel eff;, ;) 3)

Low-Perfusion Rate Method. Four separate in vivo ex-
periments were performed with the low perfusion flow rate
of 0.1 pwl/min. The animals were prepared as described above
and the same dosage regimen of theophylline was used. Af-
ter attainment of steady state (1 hr after the start of the
infusion), the probes were perfused for 80 min prior to sam-
pling. Owing to the very low perfusion rate, this was neces-
sary for equilibrium between the concentration at the end of
the dialysis tubing and the concentration within the dialysis
probe. The dialysate was then collected for 2.5 hr and ana-
lyzed immediately. At the start, in the middle, and at the end
of the collection period, blood samples were withdrawn from
the carotid cannula and the plasma was analyzed for total
theophylline concentration. Since it was assumed that the
low perfusion flow rate of 0.1 wl/min would result in an equi-
librium between the extracellular concentration in blood/stri-
atum and the concentration of dialysate, the unbound con-
centration was obtained through

Cu = Cdialysale (4)
whereas the fraction unbound was calculated as
fu = Cu/Cplasma (5)

In this equation, C,y, is the mean plasma concentration of
samples taken at the start, middle, and end of the dialysis
experiment.

Point-of-No-Net-Flux Method. In this method theo-
phylline is added to the perfusion fluid at different concen-
trations, some higher and some lower than the concentration
anticipated to be present in the exiracellular space. Cannulas
and dialysis probes were implanted as described above.
Three separate experiments with different perfusion rates
were conducted using the same dosage regimen of theoph-
ylline as described above. After steady state was reached (1
hr) and six 20-pl fractions had been obtained, the two dial-
ysis probes were perfused at 2.0, 0.75, or 0.25 pl/min with
Hepes-Ringer or artificial CSF fortified with theophylline.
Four concentrations were used at each flow rate: 5, 8, 11,
and 14 pg/ml for the jugular vein probe and 2, 5, 8, and 11
pg/ml for the striatum probe. Two samples of 5 pl each were
collected at every concentration. To ascertain that steady-
state levels of theophylline had been maintained during the
course of the experiment and to allow calculation of the
unbound fraction, four blood samples were drawn during the
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course of the experiment for analysis of total theophylline
concentration.

For assessment of unbound theophylline at each perfu-
sion flow rate, the difference between the Cg;uyycae and the
concentration in the perfusion medium (C;,) was calculated.

AC = Cdialysate - Cin (6)

Linear regression analysis of the plot of C;, against AC was
used to determine the intercept with the X axis (the point of
no net flux), i.e., the estimated unbound concentration. The
slope of the regression line, which according to Lonnroth
and co-workers (5) gives the in vivo recovery, was also ob-
tained.

Analysis of Theophylline

All samples (plasma extracts, dialysates, and theophyl-
line in buffer) were analyzed with a Waters liquid chromato-
graphic system (Model 501 pump, Model 481 UV detector)
and a Nova-Pak C,; Radial-Pak column. The plasma samples
were prepared as described previously (9), while dialysates
and theophylline in buffer were assayed without prior treat-
ment. Theophylline and the internal standard, B-hydroxy-
propyltheophylline, were eluted with 13% acetonitrile in 7
mM phosphoric acid at a flow rate of 0.8 ml/min. UV ab-
sorption was monitored at 272 nm. The calibration curves
(made by the addition of known amounts of theophylline to
the plasma, buffer, and dialysate samples) were linear in the
range of the obtained experimental values. The coefficient of
variation for the injection volume of 16 pl was 0.8% at a
theophylline concentration in the plasma samples of 10
pg/ml and 2.5% at a concentration of 0.5 pg/ml in the dialy-
sates and buffer samples. For the injection volume of 4 pl
(dialysate samples from the experiments with the point-of-
no-net-flux and low-perfusion rate methods), the coefficient
of variation was 1.3%.

Determination of Radioactivity

The amount of *H,O in the dialysates, plasma, and
buffer solutions was determined by dissolving samples of 15
wl in 4 ml of scintillation fluid (Instagel: 0.5 M HCI, 9:1, v/v)
and counting the radioactivity in a Packard Tricarb Model
B2450 liquid scintillation spectrometer.
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Pharmacokinetic Calculations

Pharmacokinetic parameters were calculated using stan-
dard noncompartmental techniques.

Statistics

One-way ANOVA and Students’ ¢ test were used to
detect possible differences in the pharmacokinetic parame-
ters obtained with the different microdialysis methods. The
results of the point-of-no-net-flux method experiments were
analyzed by two-way ANOVA to detect the possible influ-
ence of perfusion flow rate on the estimated unbound con-
centration.

RESULTS

In the in vitro microdialysis experiments conducted with
a perfusion rate of 2.0 wl/min, the relative recoveries of
theophylline over the dialysis membrane were 24-51%
(mean value, 33 + 5%). At the lower perfusion rates of 0.2
and 0.1 pl/min, the mean relative recovery was 97 = 1.0 and
98 + 0.8%, respectively.

The in vivo recovery of °H,0, as determined by the ratio
of the *H,O concentration in the dialysate from the probe
placed in the jugular vein and the plasma *H,O concen-
tration, varied considerably whereas the in vivo recovery
of *H,O determined by the probes placed in the striatum
showed little variation (Table I). On average, the Rel
eff,,, ,;., of the probes placed in the jugular vein was 65%,
while the corresponding figure for the probes placed in the
striatum was 44%. In most experiments, there was a de-
crease in relative probe efficiency over time, but in a few
cases, the opposite effect was observed. An example of the
relationship between relative probe efficiency and duration
of sampling is given in Fig. 1.

Experiments using the perfusion flow rate of 2.0 pl/min
revealed that steady-state concentrations of unbound theo-
phylline in blood and striatum were reached within 1 hr after
the start of the infusion (Fig. 2). This information was used
when designing the experiments carried out with the low
perfusion flow rate or different theophylline concentrations
in the perfusion medium (point-of-no-net-flux method). The
elimination half-life of unbound theophylline in blood was
2.4 = 1.2 hr. In individual animals, the ratio of the

Table 1. In Vivo Recovery of >H,0 and Relative Probe Efficiency” at the Perfusion Flow Rate of 2.0 pl/min for Dialysis Probes Placed in
the Jugular Vein and Striatum of Male Rats

In vivo recovery of *H,0 (%)

Relative probe efficiency

Biood Striatum Blood Striatum
Expt.
no. Mean Range Mean Range Mean Range Mean Range
1 31.6 26.440.0 24.5 23.1-26.4 0.49 0.41-0.62 0.41 0.39-0.45
2 419 37.2-46.9 26.0 23.6-28.9 0.67 0.60-0.75 0.43 0.39-0.48
3 46.6 39.0-52.6 29.2 25.3-314 0.87 0.73-0.99 0.48 0.42-0.52
4 35.7 25.7-44.6 31.7 30.2-33.6 0.48 0.35-0.61 043 0.41-0.46
5 55.2 46.9-65.8 29.1 26.6-31.3 0.74 0.63-0.89 0.41 0.38-0.44
6 44.4 42.3-47.1 29.0 27.3-30.9 0.62 0.59-0.66 0.48 0.46-0.52

4 3H,0 in dialysate from biood (or brain)H,O in plasma.
& For definition see Eq. (2).



In Vivo Validation of Different Microdialysis Methods
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Fig. 1. Relative probe *H,O efficiency in vivo as a function of dial-
ysis time in a male rat; for definition of relative probe efficiency see
Eq. (2).

unbound concentration in striatum to that in blood was vir-
tually constant from the second sampling interval onward.
The coefficient of variation for this ratio, calculated for 21
measurements in each of six animals, was 4.4%.

In the experiments conducted with the tritium method
and a perfusion flow rate of 2.0 ul/min, the mean unbound
fraction of theophylline in blood was 0.64 = 0.10. The rela-
tionship between the unbound fraction and the duration of
dialysis in the different experiments is shown in Fig. 3. Al-
though differences in the estimated unbound fraction over
time were seen in some animals, no overall tendency toward
either an increase or a decrease was recorded.

Table II shows the following parameters at steady state:
the unbound concentrations (Cu,) in blood and striatum, the
ratio of unbound theophylline in striatum/blood, and the un-
bound fraction in blood as obtained with the three methods.
The values presented from experiments with the point-of-no-
net-flux method were obtained at the perfusion rate of 2.0
pl/min. There was no statistically significant difference
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Fig. 2. Concentration—time profiles of unbound theophylline in
blood and striatum of male rats as determined by the tritium method.
Mean values = SD; n = 6.
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Fig. 3. Unbound fraction (f,) of theophylline in the blood of six male
rats as a function of dialysis time; each rat is represented by a

different symbol. The unbound concentrations were determined ac-
cording to the tritium method.

among the values obtained with the three microdialysis
methods. However, Cu_, in striatum as obtained with the
tritium method was close to significantly different from the
value obtained with the point-of-no-net-flux method, the
lower and upper confidence limits being —0.0019 and
0.1919, respectively.

The experiments with the point-of-no-net-flux method
were also designed to investigate the possible influence of
perfusion rate on estimated unbound concentration in blood
and striatum at steady state. The varying perfusion flow
rates of 0.25, 0.75, and 2.0 pl/min did not influence the es-
timated Cu, in blood and striatum (Table III). Figure 4 gives
the plot of AC vs C,, for the different flow rates in one
animal.

DISCUSSION

This comparative microdialysis study in rats demon-
strated that estimated unbound theophylline concentrations
in blood and brain tissue at steady state did not differ among
the “‘tritium,”’ the °‘point-of-no-net-flux,”” and the ‘‘low-
perfusion rate”” methods. The accuracy of all methods in
estimating unbound concentrations of theophylline in blood
was further strengthened by the observation of unbound
fractions in plasma of the same magnitude as those reported
in the literature (10-14).

With one exception (15), the tritium method, as de-
scribed by Alexander and co-workers (4), does not seem to
have been used for the estimation of unbound drug concen-
trations during in vivo microdialysis. Furthermore, there ap-
pears to have been no attempt to validate whether this par-
ticular method estimates actual unbound drug concentra-
tions in blood and other tissues. The method, which rests on
the assumption that the compound of interest has similar
diffusion characteristics in tissues as tritiated water, could
ideally be used to estimate actual drug concentrations during
non-steady-state conditions. Also, if an experimental design
similar to ours is used, the tritium method compensates for
fluctuations in probe performance over time. In the present
study, where probe efficiency was calculated from dialysate
and blood samples collected every fiftieth minute during the
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Table 1I. Pharmacokinetic Parameters at Steady-State as Determined by the Tritium, Point-of-No-
Net-Flux, and Low-Perfusion Rate Methods®

Method for determination of unbound drug

Point of
Tritium® no net flux® Low perfusion rate?

Parameter (n = 6) (n=23) (n=4)
Cu,, striatum (pug/ml) 2.5 03 43 = 0.6 3.5 =07
Cu,, blood (pg/ml) 5.1 =06 6.8 = 0.5 64 *12
Ratio striatum/blood 0.53 = 0.07 0.63 = 0.05 0.54 = 0.04
Unbound clearance (L./kg X hr) 0.35 = 0.06 0.24 = 0.02 0.26 = 0.05
Fraction unbound 0.64 = 0.10 0.65 = 0.07 0.64 = 0.04

“ Mean values = SD are given.
¢ Perfusion flow rate, 2.0 pl/min.

¢ Values given are those obtained at the perfusion rate of 2.0 pl/min.

4 Perfusion flow rate, 0.1 wl/min.

in vivo dialysis, the probe efficiency varied over time (Table
I and Fig. 1). This variation was more pronounced for the
probe placed in the jugular vein. It seems possible that this
observation is related to the environment in the vein where
the dialysis probe is constantly exposed to circulating blood.
The occurrence of significant time-dependent changes in in
vivo probe performance suggests that this parameter should
be monitored during the course of microdialysis experi-
ments, particularly if dialysis is carried out in blood. The
observation that the relative probe efficiency was higher for
the probe placed in the jugular vein than for the probe placed
in the striatum (Table I), is consistent with the slower diffu-
sion process caused by the tortuous extracellular space and
the lower volume fraction in brain tissue (1,16).

Although the point-of-no-net-flux method was intro-
duced some years ago (5), its application in pharmacokinetic
investigations has not been compared to that of other meth-
ods. The in vitro performance of the method has been stud-
ied (17), and in a recent study on endogenous extracellular
dopamine concentrations in the nucleus accumbens of the
rat (18), the method was evaluated and found to be more
useful than the ‘‘extrapolation-to-zero-flow’’ method as de-
scribed by Jacobsson and co-workers (19).

Since it has been shown that microdialysis, by drainage,
may lower the concentration of a substance outside the di-
alysis probe (1) and since such an effect presumably is de-
pendent on the perfusion flow rate, it was of interest to study
the influence of the perfusion flow rate on the estimated

Table III. Unbound Steady-State Concentrations of Theophylline in

Striatum and Blood of Three Rats (A, B, and C) as Determined by

the Point-of-No-Net-Flux Method; the Influence of Different Flow
Rates is Shown*

Cug, (ng/ml) in striatum/blood

Flow rate
(pl/min) A B C
2.0 4.53/6.72 3.60/6.29 4.63/7.26
0.75 4.08/6.69 4.05/6.22 4.49/7.35
0.25 4.89/7.62 4.44/6.59 4.99/7.22

2 The infusion rate was 1.6 mg/kg/hr; for other experimental condi-
tions and calculations, see Materials and Methods.

extracellular concentrations of theophylline when using the
point-of-no-net-flux method. The results obtained at the in-
vestigated flow rates of 0.25, 0.75, and 2.0 pl/min showed no
significant effect of flow rate on estimated unbound concen-
trations in blood and brain tissue (Table III). Although only
three animals were studied, the study had adequate statisti-
cal power (80%) to allow a 7% (blood) and 9% (striatum)
difference to be detected. The absence of an effect of flow
rate on estimated extracellular concentrations, particularly
in the case of brain tissue, is probably related to the high
steady-state concentrations of theophylline and to the fact
that the diffusion of theophylline in brain tissue is faster than
the drainage via dialysis. Since the perfusion flow rate did
not affect the estimated extracellular concentration, the use

2.5

0.0 1

AC (ug/mL)

o= 20 pl/min

257 A x 075 pl/min

* * 0.25 pl/min

Cin (ng/ml)

Fig. 4. Plot of theophylline concentration lost to or gained from the
tissue (AC) against different concentrations of theophylline in the
perfusion medium (C,,) at different perfusion flow rates. Data from
one rat are shown; each point represents the mean concentration of
two dialysate fractions. The intercept with the X axis is the point of
no net flux or estimated unbound concentration. Filled and open
symbols represent data from blood and striatum, respectively.
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of the higher flow rate is advocated. With a higher flow rate,
more data can be obtained within a given time period, which
increases the accuracy of the determination.

It is generally assumed that in vivo dialysis with very
low perfusion rates results in recovery values approaching
100% (16,20). The present results of mean recovery values
for theophylline in vitro of 33, 97, and 98%, at flow rates of
2.0, 0.2, and 0.1 pl/min, respectively, are in accordance with
this theory. Moreover, the similarity between the results ob-
tained with the low-perfusion rate method and those with the
point-of-no-net-flux method suggests close to 100% in vivo
recovery of theophylline at the perfusion flow rate of 0.1
pl/min. Interestingly, it has been suggested that estimates of
in vivo recoveries can be obtained from data generated by
the point-of-no-net-flux method; the slope of the regression
line equals the in vivo recovery (5). By this method, the
perfusion flow rates in our study, 2.0, 0.75, and 0.25 pl/min,
gave mean in vivo recoveries ranging from 13 to 68 and from
7 to 35% for dialysis probes placed in the jugular vein and
striatum, respectively. If these figures are accurate, they
indicate that the in vivo recovery from the probe placed in
striatum is 50% lower than the recovery from the probe
placed in the jugular vein. More importantly, the data indi-
cate that the in vivo recovery at the flow rate of 0.1 pl/min is
far from 100%:; this relates particularly to the probe placed in
the striatum. This observation does not agree with the con-
sistent results obtained with the low-perfusion rate method
and the point-of-no-net-flux method. It is tempting to spec-
ulate that the in vivo recoveries as calculated from the point-
of-no-net-flux data are erroneously low. Recent findings that
active processes such as uptake and release may influence
the slope of the regression line, and hence the estimated in

vivo recovery, without affecting the extracellular concentra-

tion (21) support this assumption. Although our results and
those of Justice (21) question the relevance of the in vivo
recovery figures generated by the point-of-no-net-flux
method, more data are needed to determine their accuracy.

In vivo microdialysis makes testing of the free drug hy-
pothesis possible, i.e., whether the unbound blood concen-
tration at steady state is equal to the unbound extracellular
concentration. In this study, all three methods of estimating
extracellular concentrations gave striatum/blood ratios of
unbound theophylline that were somewhat higher than 0.5
(Table II). An even higher striatum/blood ratio, but still be-
low unity, was recently reported by Stahle and co-workers
(22). A ratio below unity suggests that there is a barrier for
the uptake of theophylline in the CNS or an efficient trans-
port system from the CNS. Alternatively, theophylline is
extensively metabolized in the brain. The rapid attainment of
a stable ratio between the unbound concentration in striatum
and that in blood (Fig. 2) suggests free transport of theoph-
ylline from the blood to the extracellular space of the stria-
tum. Further, information on theophylline biotransformation
in brain tissue (10) does not suggest that the observed ratio of
unbound concentration in striatum/blood is due to tissue spe-
cific metabolism. It also appears unlikely that bulk flow,
which in CSF has been estimated to 2-2.5 pl/min (23,24),
could clear theophylline from the brain extracellular space to
any significant extent. A more plausible explanation is that
theophylline is transported out of the CNS by an active
transport system such as that described for other xanthine
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derivatives (25). Studies examining this possibility are pres-
ently in progress.

In conclusion, this study has shown that there are sev-
eral acceptable microdialysis methods for the determination
of steady-state concentrations of unbound theophylline in
blood and brain tissue. When investigating steady-state ki-
netics, the point-of-no-net-flux method could be the method
of choice since this method does not need prior validation.
Validation is a prerequisite for both the low-perfusion rate
method and the tritium method. When investigating the time
course of unbound drug concentrations in blood and tissues,
the tritium method could be applied.
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