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Permeability of the blood-brain barrier for atenolol studied by

positron emission tomography

PHILIPPE AGON, PATRICK GOETHALS*, DIRK VAN HAVER?', JEAN-MARC KAUFMAN, Heymans Institute of Pharmacology, * Institute of
Nuclear Sciences, t Laboratory of Organic Chemistry, University of Gent, B-9000 Gent, Belgium

Abstract—The permeability of the blood-brain barrier for atenolol,
a hydrophilic S-adrenergic blockinﬁ agent, has been assessed in dogs,
by studying the distribution of [''Clatenolo! in brain tissue with
positron emission tomography. The passage of atenolol into the
brain was very limited, but a measurable small net influx into the
brain tissues did occur. Osmotic opening of the blood-brain barrier
resulted in a marked increase of the atenolol concentrations in brain
tissue. The approach described, with sequential non-invasive
measurements in brain tissue, is applicable to pharmacokinetic
studies of atenolol in man.

The B-adrenergic blocking agent atenolol is a hydrophilic
compound which binds to only a limited extent to plasma
proteins (Barber et al 1978). Both in dog and man, only 10 to
15% of the dose administered undergoes biotransformation
(McAinsh 1977; Reeves et al 1978). After a single injection of
atenolol, the drug is rapidly distributed to most tissues, but only
a small fraction of the dose reaches the brain (Reeves et al 1978;
Heel et al 1979). Higher concentrations were found in brain after
chronic administration (Day et al 1977, Street et al 1979; Taylor
et al 1981; Davies & McAinsh 1986). Treatment with atenolol
was reported to result in a lower incidence of central nervous
system side effects than with the more lipophilic compound
propranolol. This was ascribed to the different physicochemical
properties of the compounds and their different abilities to cross
the blood-brain barrier (Cruickshank 1980; Fitzgerald 1980;
Neil-Dwyer et al 1981; Westerlund 1983; Frcka & Lader 1988,
McAinsh & Cruickshank 1990). With regard to the hypothesis of
a central site of action for the antihypertensive effects of -
adrenoceptor blockers, the brain concentrations achieved are a

Correspondence: J.-M. Kaufman, Heymans Institute of Pharma-
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point of discussion in the literature (Street et al 1979; Cruick-
shank et al 1980; Taylor et al 1981).

We have used positron emission tomography with [''CJateno-
lol to assess, in anaesthetized dogs, the passage of the drug
through the blood-brain barrier. This technique allows non-
invasive measurements of drug levels at any desired organ site
and is therefore particularly suited to study the early phenomena
of drug distribution in brain tissue (Agon et al 1988a). Osmotic
opening of the blood-brain barrier was used as an experimental
model for the study of the distribution of atenolol in conditions
with loss of integrity of the blood-brain barrier.

Materials and methods

Animals and preparation. Adult mongrel dogs, 9-5-16 kg, were
anaesthetized with intravenous sodium pentobarbitone (30 mg
kg~!). The dogs were ventilated after the administration of
gallamine (2 mg kg~'). Catheters were inserted in the right
femoral artery for blood sampling, and in the left femoral vein
for drug administration. In experiments where the distribution
of atenolol in brain tissue was studied after blood-brain barrier
disruption, an additional catheter was placed into the left
internal carotid artery. The head of the dog was immobilized in a
custom made headholder, with the orbito-meatal plane in a
horizontal position.

Radiopharmaceuticals and positron emission tomography.
[''C]Atenolol, (2-[p-[2-hydroxy-3-([2-!!Clisopropylamino)pro-
poxy]phenyl]acetamide), was synthesized according to a modi-
fied literature procedure (Antoni et al 1989) by alkylation of the
corresponding desisopropyl compound with [2-!'Clisopropyl
iodide (Goethals et al 1988) in N,N-dimethylformamide (DMF)
at 120°C for 12 min. Purification was carried out by HPLCon a
10 um RSil C18HL reversed-phase column with 0-02 M ammo-
nium carbonate-methanol 1: 1 as mobile phase. The [''Clateno-
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lol-containing fraction (7-52-33-73 mCi, 0-28-1-25 GBq) was
concentrated to a volume of 2 mL by evaporation and diluted
with saline containing non-labelled atenolol, to a total dose of
1-25 or 0-125 mg kg~ .

The NeuroECAT positron tomograph (ORTEC) was used to
study the distribution of the drug. The slice studied was
perpendicular to the orbito-meatal plane and 20 mm anterior to
the stereotaxic zero. The slice thickness was 16 mm and the in
plane resolution equals 85 mm in high resolution mode
(Hoffman et al 1983). Sequential scans were performed with
decay compensation. Radioactivity in arterial blood and plasma
was measured in a well gamma-counter (Canberra model 1774).
The gamma-counter and the positron camera were calibrated
with the same standard solution of %Ge.

Experimental protocol. The dog was positioned with the head in
the gantry of the positron tomograph. ['!C]Atenolol, 1-25 mg
kg~!(n=3)or0:125mg kg~! (n=23), was administered over 15 s
via the venous femoral catheter. Starting at end-injection time,
25 sequential scans of the same slice were performed over a
period of 90 min and 12 arterial blood samples were collected in
heparinized tubes at regular time intervals for blood and plasma
radioactivity counting.

In experiments with osmotic opening of the blood-brain
barrier, a hyperosmolar mannitol solution (25% w/v; n=2),ora
saline solution (control animals; n=2), was infused into the left
internal carotid artery over a period of 30 sat arate of 2mL s~ !
Five min later ['!CJatenolol (0-125 mg kg~ ') was injected i.v. and
the positron emission tomography scanning procedure was
started.

Data processing

Positron emission tomography. Positron emission tomography
images of the scanned slice of the head were displayed in colour
code form on a 100 x 100 pixel matrix. A region of interest was
selected which corresponds to the brain hemispheres. An
identical region of interest was analysed in the 25 consecutive
scans; the nature of the tissue in the region of interest was
checked on post-mortem dissection. Radioactivity concentra-
tions are always expressed as normalized concentrations, i.e. uCi
(mL tissue)~!/uCi injected (g body weight)~! (Woodard et al
1975).

Modelling and fitting procedure. For a quantitative interpreta-
tion of the pattern of radioactivity concentrations in brain tissue,
the general model approach, as described by Blasberg et al
(1983), was used (Fig. 1). The fitting of the data was performed
on a personal computer using the non-linear squares program
MULTI (Yamaoka et al 1981). Goodness of fit for the
considered mode! was supported by the values of the sum of
squares of the residuals, and the Akaike Information Criteria
(AIC), which takes into account the sum of squares of the
residuals, the number of points and the number of parameters.
Arterial blood and plasma curves were fitted to a three-
exponential equation. Plasma concentrations were used as input
function in the differential equations to fit the radioactivity
concentration in brain tissue. The radioactivity concentration in
blood was used to calculate the radioactivity corresponding to
labelled compound in the vascular compartment of the tissue.
Indeed, the experimental values obtained correspond to the sum
of the brain tissue radioactivity and the radioactivity present in
the vascular compartment within the region of interest. The
results obtained are the parameters describing the model, i.e. the
transfer rate constants and the functional vascular volume.

Blood Brain
BBB
ECF ICF
K1 k3 :— ————— !
i Ae ::' At E
ko kg U0 -
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Ks
:E Ar 1;
kg —-——~

FIG. 1. General four compartment model, describing the exchange of
drugs through the blood-brain barrier between plasma (p), brain
extraceltular fluid (ECF, e), brain intracellular fluid (ICF, i), and a
parallel compartment (r). C, represents concentration in plasma; A
represents amount per unit mass tissue in the different compart-
ments. The differential equations describing the model are: dAe/
dt=K,;Cp—(k2+ki)Ae+ksAl, dAi/dt=kiAe-ksAi and dAr/
dt=KsCp—keAr, with upper case K’s and lower case k's defined
according to Blasberg et al (1983). K times the concentration of test
substance and k times the amount of test substance, in the region
from which transport occurs, are equal to the fluxes out of the
respective regions (units are mL (g tissue) ! min~! for K and min~!
for k). The amount measured equals Ae + Ai+ Ar+ V,Cb, with Cp
the concentration in blood and V, the functional vascular volume
(mL (g tissue)~!). In the two compartment model, exchange with
ICF and parallel compartment are not considered.

Results

A representative experiment, in basal conditions without mani-
pulation of the blood-brain barrier, is shown in Fig. 2A.
Experimental values, for radioactivity concentrations in the
brain region of interest vs time, are shown together with the data
fitted to a two compartment model. The calculated values for the
two transfer rate constants (K, k;) and the functional vascular
volume (V,) are summarized for all experiments in Table 1. A
four-compartment model did not describe the data better (data
not shown). The transfer of ['!Clatenolol through the blood-
brain barrier is limited, as indicated by the very low transfer rate
constants and the low net brain concentrations, after correction
for the vascular contribution. There was no apparent dose-
effect.

A representative experiment with osmotic opening of the
blood-brain barrier is depicted in Fig. 2B. The manipulation of
the blood-brain barrier resulted in a clearly altered pattern of
radioactivity distribution in the brain. A model with four
compartments was necessary to describe the data adequately.
Osmotic opening facilitates the passage of [''Clatenolol through
the blood-brain barrier as shown by the higher measured brain
concentrations and the clearly higher values for the estimated
transfer rate constants. In control animals, where the internal
carotid perfusion was performed with saline solution, there were
no indications of marked alterations of blood-brain barrier
permeability for atenolol, and a two-compartment model de-
scribed the data well.

Discussion

Our experiments show that after a single intravenous bolus
injection of ['!'Clatenolol, radioactivity concentrations achieved
in brain tissue are very low. Considering the limited biotransfor-



COMMUNICATIONS 599

0.5,

0.4

0.3

Ky = 0.0010 kp = 0.0151
Vy = 0.04

0.2

0.1

Normalised tissue concentration

1.0 ,/ Ky = 0.0445 ko = 0.2883
{ k3 = 0.2254 k4 = 0.0128
i Kg = 0.0186 kg = 0.0130
05} Vy = 0.03
ol s e i,
0 30 60 90
Time (min)

F1G. 2. Representative experiments after i.v. administration of
['Clatenolol in (A) normal blood-brain barrier status and (B)
altered blood-brain barrier, after infusion into the internal carotid
artery of a hyperosmolar mannitol solution. Radioactivity concen-
trations vs time for brain region of interest (O) and fitted data for
total radioactivity in the region of interest ( ), vascular
contribution (- - -), and net brain tissue (- - -). Note the difference
in concentration scale between A and B.

mation of atenolol (Reeves et al 1978) and the short observation
period, it can be assumed that the measured radioactivity
concentrations correspond almost entirely to unchanged ateno-
lol. Calculations, based on distribution models which take into
account the regional cerebral blood volume, indicate that
passage of ['!'Clatenolol through the blood-brain barrier, albeit
slow, occurs with measurable net brain concentrations.

The transfer rate constant K;, describing the passage from
plasma to brain, is low. This is in accordance with the low
lipophilicity (Pua =0-015, octanol/water pH 7-4, 37°C (Woods
& Robinson 1981)) and the low fraction un-ionized at pH 7-4
(pKa=9-50 (Taylor et al 1981)). The partition parameter P*,
defined as the product of Pya and the un-ionized fraction,
(Rapoport 1976) is very low; P*=0-0149.

In previous studies with acute administration of labelled
atenolol, brain radioactivity was undetectable by autoradiogra-
phy in rat and monkey (Reeves et al 1978; Berzin et al 1983) or
low by direct tissue measurements in rat and man (Street et al
1979; Neil-Dwyer et al 1981). Low cerebrospinal fluid concen-
trations have been observed after acute administration of
atenolol in cats, dogs and man (Van Zwieten & Timmermans
1979; Neil-Dwyer et al 1981; Taylor et al 1981; Abrahamsson et
al 1989). Higher brain concentrations in rats and dogs (Street et
al 1979; Davies & McAinsh 1986) and higher cerebrospinal fluid
concentrations in dogs and man were found during chronic
atenolol administration (Taylor et al 1981; Abrahamsson et al
1989). Our data and estimated model parameters, showing net
brain influx, are compatible with these findings. However, due to
the limitations inherent in the use of the short-lived radioisotope

Table 1. Estimated transfer rate constants and functional vascular
volume describing the passage of ['!Clatenolol through the blood-
brain barrier in experiments with normal and altered blood-brain
barrier*.

Intact blood-brain barrier

Dose atenolol Dog K, k> Vv,

125 mg kg~! 227 0-0015 0-0097 0-07
228 0-0008 0-0131 0-04
229 0-0014 0-0081 0-06

0-125 mg kg~! 231 0-0008 0-0070 0-06
237 0-0007 0-0123 0-04
244 0-0010 0-0151 0-04

Altered blood-brain barrier
Mannitol infusion

Dose atenolol Dog K, k2 V,
k3 kg
Ks k¢
0-125 mg kg~! 235 0-0445 0-2883
0-2254 0-0128
0-0186 00130 0-03
247 0-0654 0-1494
03714 0-0183
0-0156 0-0105 0-04
Saline infusion (controls)
Dose atenolol Dog K, k, Vv,
0-125 mg kg~! 236 0-0064 0-0119 0-07
238 0-0062 0-0092 0-09

*Transfer rate constants K, (mL (g tissue)~! min~!) and k,
(min~!); functional vascular volume V, (mL (g tissue)~ b.

carbon-11 (t3 =204 min), study of the brain concentrations of
atenolol during long term treatment was not possible.

In studies in man, measurements of atenolol in cerebrospinal
fluid are usually used as an index for the passage of the drug into
the brain. However, cerebrospinal fluid concentrations do not
reliably reflect the actual atenolol concentrations in brain tissue
(Neil-Dwyer et al 1981) and they vary according to the sampling
site (Abrahamsson et al 1989). Moreover, interpretation of
cerebrospinal fluid concentrations rely on the assumption of
intact blood-brain and brain-cerebrospinal fluid barriers, which
may not hold true in some pathological situations, such as in
infections or malignancies affecting the central nervous system,
in chronic hypertension and in hypertensive encephalopathy
(Rapoport 1976).

As an experimental model for altered integrity of the blood-
brain barrier, we used an intracarotid infusion of a hyperosmo-
lar mannito! solution, which results in the widening of the tight
junctions between the endothelial cells of the exposed cerebral
capillary beds (Rapoport 1976). We have previously used
positron emission tomography to demonstrate the modified
pattern of distribution of drugs into the brain after such a
manipulation (Agon et al 1988b). In the present study, osmotic
opening of the blood-brain barrier resulted in markedly higher
brain concentrations of atenolol, with markedly higher esti-
mated transfer rate constants. The fact that a four-compartment
model, rather than a two-compartment model, was necessary to
describe the data after osmotic opening of the blood-brain
barrier is an expected cutcome in a situation with higher net drug
transfer from plasma to brain. Indeed, the additional compart-
ments do not contribute substantially to the model in situations
with intact blood-brain barrier and low plasma to brain transfer
(Agon & Kaufman 1989). According to the model proposed by
Blasberg et al (1983), k; and k4 describe the exchange between



600 COMMUNICATIONS

the extracellular and intracellular compartment within brain
tissue. The influx rate from the extracellular to the intracellular
compartment is clearly higher than from plasma to the extracel-
lular fluid. This is in accordance with the reported findings of a
high distribution volume of atenolol in the dog (Fitzgerald
1980), which suggest that atenolol can cross cetlular membranes.
In our experiments we observed a clearly higher influx of
[!!Clatenolol into muscle tissue (data not shown).

Increased passage of atenolol into the brain, in situations with
altered integrity of the blood-brain barrier, could have clinical
implications as far as central nervous system effects (Day &
Roach 1974; Davy et al 1986) or side effects (Drayer 1987;
McAinsh & Cruickshank 1990) are concerned.

Using positron emission tomography, we were able to study in
a non-invasive manner the brain concentrations of atenolol in
situations with intact and altered blood-brain barrier status.
With this technique sequential data, needed to calculate transfer
rate constants, are obtained in one animal, whereas in more
conventional radiolabelled studies, each time point is repre-
sented by a different animal. Moreover, this approach is
applicable to pharmacokinetic studies of atenolol in man in
whom, due to evident constraints, it is usually not possible to
assess directly drug concentrations in brain tissue.

This work was supported by a grant made available within the
framework of Concerted Research Project of the Belgian
Government (Grant OOA 85/90-75). The expert technical
assistance of R. De Clercq and J. Sambre is gratefully acknow-
ledged.
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