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Abstract. 53 compounds with clinically established abil- Introduction
ity to cross or not to cross the blood-brain barrier by

passive diffusion were characterized by means of surfacpassive diffusion through the blood-brain barrier (BBB)
activity measurements in terms of three parameters, i.€js the primary process of translocation from the blood
the air-water partition coefficient(,,, the critical mi-  stream to the brain for the large majority of therapeutic
celle concentrationCMCy, and the cross-sectional area, compounds. On a morphological level, the BBB consists
Ap. A three-dimensional plot in which the surface area,of the brain microvascular endothelium cells coupled by
Ap, is plotted as a function oKy, and CMCy, shows  tight junctions. On a molecular level, the principal dif-
essentially three groups of compounds: (i) very hydro-fusion barrier consists of the lipid bilayer. The latter is a
phobic compounds with large air-water partition coeffi- highly anisotropic system which can be divided into at
cients and large cross-sectional arefs> 80 A’ which  |east two distinct regions: (i) the polar head group-water
do not cross the blood-brain barrier, (ii) compounds withinterface region, and (ii) the nonpolar hydrocarbon re-
lower air-water partition coefficients and an averagegion. Deuterium nuclear magnetic resonarfteKIMR)
cross-sectional ared, (150 A? which easily cross the (Seelig & Seelig, 1974; Seelig & Seelig, 1980) and neu-
blood-brain barrier, and (i) hydrophilic compounds tron diffraction measurements (Blt et al., 1978) have
with low air-water partition coefficientsA, < 50 A%  shown that the order of the hydrocarbon chains is rela-
which cross the blood-brain barrier only if applied at tively high in the region near the lipid-water interface
high concentrations. It was shown that the lipid mem-and decreases strongly towards the bilayer center. These
brane-water partition coefficienk,,, measured previ- results demonstrate that a bilayer cannot be properly
ously, can be correlated with the air-water partition co-mimicked by an isotropic hydrocarbon phase. Indeed,
efficient if the additional work against the internal lateral molecular dynamics simulations show that the rate of
bilayer pressurem,; = 34 + 4 mN/m is taken into ac- diffusion differs considerably even in the membrane hy-
count. The partitioning into anisotropic lipid membranesdrocarbon region, being slow in the region of high order
decreases exponentially with increasing cross-sectionaind fast in the more disordered central part (Bassolino-
areasAp, according toKy, = const. K, exp(-Apm,/kT)  Klimas, Alper & Stouch, 1993).
wherekT is the thermal energy. The cross-sectional area  Despite the well established anisotropy of lipid bi-
of the molecule oriented at a hydrophilic-hydrophobic |ayers, the vast majority of investigations still relies on
interface is thus the main determinant for membrane perthe measurement of partition coefficients between an or-
meation provided the molecule is surface active and haganic solvent (e.g., octanol, hexane or cyclohexane) and
a pK, > 4 for acids and a pK< 10 for bases. water to assess the ability of a drug to diffuse through the
) , . . BBB. Interesting modifications of this approach are
Key words: Blood-brain barrier — Passive diffusion — 1p| ¢ methods where alkyl chains (e.g., C-18) (Kalis-
Monolayer-bilayer equivalence pressure — Internal 'at'zan, 1990), or carboxyacyl phosphocholine chains (e.g.,
eral bilayer pressure — Molecular size — Cross-sectionaj j carhoxylundecylphosphocholine) (Ong et al., 1995:
area — Amphiphilicity — pK — Drug screening Yang et al., 1997) are covalently attached to sili-
ca. These systems show a limited anisotropy. However,
I the packing density is still dictated by the chemistry of
Correspondence toA. Seelig the covalent linkage to silica and is distinctly lower than
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the Iipid packing density of a natural membrane (Demelpounds identified to easily cross the BBB by passive diffusion are

etal., 1975) ora bilayer model membrane (Seelig, 1987)<?er_10ted CNS those which cannot pass the BBB — or only to a very

It is therefore not surprising that octanol-water partitionMited extent — are denoted CN the following. N

coefficients or lipophilicity parameters obtained from re- Compounds which are therapeutically used for CNS indications
are considered as CNS In addition, the antihypertensive,

versed phase HPLC measurements do not correlate safcpp. 2HCI which undoubtedly acts by means of a central mecha-

isfactorily with the ability of a drug to diffuse through a nism (Fuller, 1986) and the analgesic, spiradoline (Von Voightlander &

lipid membrane. Unfortunately, measurements of drug-ewis, 1988) are also considered at CNS

binding and permeation through lipid bilayer vesicles are

generally time consuming. HyproprPHOBIC CNS COMPOUNDS WITH POTENTIAL

As an alternative we have recently suggested aMETABOLIC MODIFICATIONS

method which does not involve lipids or organic solventSthe characterization of hydrophobic compounds as Tii§ore com-

(Seelig, Gottschlich & Devant, 1994). Our approach iSplex since they may undergo first-pass metabolism. We therefore dis-

based on the measurement of the Gibbs adsorption is@uss the potential metabolic modifications of these compounds and the

therm of the molecule of interest. The Gibbs adsorptiongbility of their metabolites to cross the BBB.

isotherm is a quantitative measure for the tendency of a Amiodaroneundergoes first pass metabolism in the liver. The

drug to move to the air-water interface. The molecularunmetabolized form was nevertheless observed in different peripheral

. f d | | . d b organs, but not in the brain (Broekhuysen, Laruel & Sion, 1968
organization of drug molecules Is not random but Or'temizole’s also metabolized to a certain extent but relevant levels of the

dered such that the nonpolar parts extend into the aifinchanged substance were still detected in the plasma. No side effects
while the hydrophilic parts maximize their contact with were observed, even at high concentrations (Seppala & Savolainen,
the water phase_ Since air has a similar dielectric con1982) which suggests that it does not reach the brain (Reece et al.,
stant as the hydrocarbon region of the lipid membranel994). Asimadolinereaches the brain only to a limited extent as shown
the air-water interface provides a good model for drugP¥ Means of in vitro experiments (Barber et al., 199Bpmperidone
orientation at the lipid-water interface. In addition, the is a peripherally active dopamine antagonist. It does not induce the

. . . . . central effects generally observed for centrally active dopamine an-
analy5|s of the Gibbs adsorptlon isotherm ylelds threQagonists after intravenous injection (Reyntjens et al., 1978) and can

physical-chemical parameters of a drug molecule: (i) th&herefore be assumed not to reach the braibastineundergoes almost
minimum concentration to induce surface activi, complete first pass metabolism tmrebastineafter oral absorption.
(ii) the surface area of the molecule at the air-water in-Due to the absence of central effects it can be concluded that the latter
terface,AD, and (iii) the critical micelle concentration, does not reac_h th_e brain. Aﬂer parenteral inje(;tion ebastine is found, at
CMC. These three parameters together with the ionizaleast initially, in high levels in the plasma (Martinez-Tobed et al., 1992;
- . Matsuda et al., 1994); however, no central effects have been observed
tion ConSta_ntS of the druQS allow a separation of COm'Moragues & Roberts, 1990).operamide,a peripherally selective
pounds which reach the central nervous system (CNS}piate, shows plasma concentrations in the range of 2 ng/ml after oral
and compounds which do not reach it with a predictiveabsorption in man (Heykants et al., 1974). Nevertheless, no central
success of better than 90% (Seelig et al., 1994). opioid effects were observed, even at concentrations which distinctly
The aim of the present work is, first, to provide a exceeded therapeutic concentrations (Schuermans et al., TBg4gn-

better physical chemical understanding of the empiricapdine'updergoes first_ pass metabolism to fexofenadine, a r_netabolite
parameters used previously. This is possible by describc_ontalnl_ng acarboxyllc_amd group. However, the unmetabolized form
. . . . could still be detected in the blood and in a number of organs but not
ing the G|b_bs ad;orptlon isotherm by means of the, e brain (Leeson et al.,1982).
Szyszkowski equatiorc{. e.g., Rosen, 1989). The latter
provides an air-water partition coefficieri,,, which  p.g vcoproTEIN SUBSTRATES
correlates with the concentration of surface activity on-
set,C,. Secondly, we discuss the crucial importance of > "~ “*.~ =

. . passive diffusion we screened the structures of all compounds for po-
the surface are_a requwement of the drAg, in connec— tential P-glycoprotein recognition patterns (Seelig, 1998). In brief,
tion with the bilayer anisotropy. The penetration of a sypstrate recognition patterns for P-glycoproteins have been proposed
drug between the hydrocarbon chains requires energy consist of two electron donor groups with a spatial separation of 2.5
which is small for small molecules but can become pro-t 0.3 A (type | unit), two electron donor groups with a spatial sepa-
hibitively high for molecules with a large cross section. ration of 4.6 £ 0.6 A (type Il unit) or three electron donor groups with

Finally, we extend our previous approach to a much? spatial separation of the outer two groups of 4.6 + 0.6 A (type Il unit)
larger list of compounds and to interact via hydrogen bonding with the transmembrane se-

quences of P-glycoprotein. The binding capacity of substrates is given
in terms of hydrogen bonding energy units (e.u.) in the Table. Only
compounds with e.us 4 have been selected (Table) in order to mini-
mize the interference of active efflux by P-glycoprotein with passive
diffusion.

Since active efflux of compounds by P-glycoprotein can interfere with

Materials and Methods

MATERIALS MEASUREMENT OF SURFACE ACTIVITY

53 compounds were selected and classified according to their ability t&Experiments were essentially performed as described previously
enter the CNS by passive diffusion through the BBB (Table). Com-(Seelig et al., 1994). Water used for buffers and solutions was nano-
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pure with a resistivity of 17.5 i - cm. 50 nm Tris buffer containing  surface pressure. The thermodynamics of the adsorption
114 mv NaCl was adjusted with HCI to the desired pH. Measurementsprocess is described by the Gibbs adsorption isotherm

were performed at 23 + 1°C. . .
which can be written as
Two home-built Teflon troughs (20 and 3 mil filling volume) were

used. For both troughs the surface pressure was measured with _
Wilhelmy plate. The electronically controlled equilibration time of the g’y = ~RT(NJAY tdinC = -RTdInC = —dn 1)
spring to which the Wilhelmy plate is attached was much shorter for the
3 mltrough. As a consequence the measurement of a Gibbs adsorptioyhere C is the concentration of the amphiphile in bulk
isotherm required only about 45 min in the 3 ml trough but about 4 hrso|uti0n7 RTis the thermal energyN, is the Avogadro
in the 20 mi trough. . _number andA is the surface area of the surface active
To minimize evaporation both troughs were covered by a plexi- . 1.
glas hood. Drug solutions were injected in small increments by meangnc’k':‘CUIe atthe mterfacgi? = (NAAS) IS denOt?d _Sur'
of a microsyringe to achieve the desired concentrations. In the case JBCE EXCESS concentration. At low concentratibnis-
the 20 ml trough the added volume (maximum2 ml) exactly com-  creases linearly witlkC, at high concentrationk reaches
pensated the loss of solvent via evaporation. For the 3 ml trough, tha limiting valueT... A plot of = vs. InC should yield a
addition of solvent exceeded the loss of solvent by evaporation becausstraight line as long aF is constant.Ag was evaluated
of the shorter measuring time. Concentrations were therefore correcteﬁom the slope
for solvent addition as well as for evaporation.
For measurements in the 20 ml trough, stock solutions were-10
1072 m. Due to the relatively high concentrations, methanol was usedFoo = (1/RT) dm/dinC (2)
as solvent, independent of the respective water solubility of the com-
pound. Since methanol is itself surface active, the surface pressure, Integral forms of Eqg. (1) can also be given. Particularly
was corrected for the surface pressure of methanol. For measurementgseful for our purpose is the Szyszkowski equatiofa (

in ihe 3 ml trough the concentrations of the stock solutions were onlye_g_’ Rosen, 1989) which may be written as

102-10“m and water could therefore by used as a solvent. i@

curves measured for compounds dissolved in water corresponded well

to then/C curves of comprc))unds dissolved in methanol andp corrected” RTT.. In (1 + KaWC) (3)

for the surface pressure of methanol. The reproducibility of the mea-

surements was +5% including preparation of stock solution and buffenvhereK,,, is the air-water partition coefficient. By fit-

solution. ting Eq. (3) to the measured/C curve usingl’.., deter-
mined according to Eq. (2), the air-water partition coef-

MEASUREMENT OF THELIPID MEMBRANE-WATER ficient, Kay, Was evaluated.

PARTITION COEFFICIENT

Thermodynamics of drug partitioning into lipid bilayers will be dis- Results

cussed in detail elsewhere (A. Frentzel, X. Li, and A. Sedliggrepa-

ration). In brief, the partitioning of drugs_, inio gonified POE’C yesicles THE /C ISOTHERM

was measured by means of high sensitivity isothermal titration calo-

rimetry in buffer solution at 28°C. Using a Hamilton syringe coupled

with a stepping motor, 1Q.l aliquots of the phospholipid vesicle sus- Figure 1A shows the variation of the surface pressurg,
pension C, = 33 um) were injected into the calorimeter cell (volume with the logarithm of drug concentration, C, for astemi-
Veen o 1-3353;hm') ?Or:a":i”? the t‘?'“‘g So'g“‘)”d Eacﬂ:‘ i”jectt_‘t‘?” _ga"efzole, a CNS-compound, at pH 7.4 in buffer. The slope
rise to an exothermic heat of reaction, produced by the partitioning o . . . .
the drug into the membrane (for further detaifsWenk et al., 1997). of the Imear part of the Gibbs adsorptlon |sot_herm
Asimadoline HCI (20um), and astemizole 2HCI (1Qm) were dis- (daSh_ed Ime) y|8|ds the surface exc_ess concentrdfl_gri,
solved in 50 iw KH,PO,/K,H PO, at pH 5.2 containing 114 mNaCl. and, in turn, the surface area requirement of astemizole
The low pH was chosen because of aggregation problems at higher pHAs = 94 = 5 A%). Figure B shows the same measure-
Desipramine HCI (5Qum), chlorpromazine HCI (5@uv), mequitazine  ment with the logarithmic scale replaced by a linear scale
HCI (50 pm), perphenazine HCI (50wm), and cis-flupenthixol HCI (10 for the concentration, C. The solid line represents the
um) were dissolved in 50 m Tris/HCl at pH 7.4 containing 114m  hyinding jsotherm calculated with the Szyszkowski equa-
NaCl. Concentrations were chosen as low as possible in order to avmﬁon (Eq. 3). The simulation uses the surface area as

drug association in solution. For the evaluation of the lipid membrane- . . L .
water partition coefficientsK,,,, regarded as a surface partition coef- determined from the Gibbs adsorptlon isotherm (F@ 1

ficient, charge effects were taken into account by means of the Gouy@nd Yyields a partition coefficient df,,, = (31.6 + 4.6)

Chapman theorycf. McLaughlin, 1989). 10* m~1. The deviations at very low drug concentrations
are due to adsorption to the surface of the Teflon trough.
For more hydrophilic compounds adsorption is less pro-

Theory nounced. Altogether 53 drugs were measured and ana-
lyzed by this approach and the data are summarized in

The adsorption of an amphiphile at the air-water inter-the Table.

face lowers the surface tension of the buffgy,to a new At drug concentrationsC = 1/K,,, the excess sur-

value y. The difference;m = vy, — v is the so-called face concentrationl, reaches its half maximum value
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low) the measured Gibbs adsorption isotherm cannot be
67 4 CMCog.... g satisfactorily simulated. For these compounds neither
T 14] N 1 nor K, can be properly determined and we therefore still
= - use theC, instead of theK,,, values.
£ 127 /- C>Cq As indicated in Fig. A two further parameters can
g 40 " be derived from the Gibbs adsorption isotherm: the criti-
g 1 ,' cal micelle concentration of a drug molecuMCy, and
a 8 , C L the concentration of saturatio@,. At the CMCy the
g 6 - surface pressurey, becomes independent of the drug
° a concentration indicating micelle formation. Micelles
S 4 c ”Kaw' ’ formed by amphiphilic drugs are generally less stable
5 o4 o l ’ than micelles formed by detergents (Paula et al., 1995).
@ l .l. The pK, values of drugs tend to shift (to lower values for
01“0_6" T o e bases and to higher values for acids) with increasing
concentration (Fischer, 1998; Mayer et al., 1988) leading
] to further aggregation and finally precipitation. This
16 process is experimentally observed as a collapse of sur-
T i1 B e face pressure at the concentration of saturation,
> / Csar The latter corresponds to about 3-4 times the
E 124 - CMCGC, for compounds with average amphiphilicitgf(
& 0] - below), but can almost coincide with t@MC, for com-
g e pounds with low amphiphilicity.
N 84
[%2]
8 |
o 6‘_ THE CROSSSECTIONAL AREA OF DRUGS
= 5] The large majority of drug molecules investigated here
A carry charged groups. For charged molecules the surface
0 — — area,Ag depends on the pH of the solution. As an ex-
0.0 20x10°  40x10° s0x10°  8.0x107°

Concentration [M]

ample the pH dependence of the surface area of
hydroxyzine- 2HCI is shown in Fig. 2. Hydroxyzine
carries two tertiary amino groups with gk = 7.2 and

Fig. 1. AThe Gibbs adsorption isotherm/{og C) of astemizole mea-  pK_ , = 2.1 (Newton & Kluza, 1978). The surface area,
sured in buffer solution at pH 7.4 (50mmTris/HCI, 114 nm NaCl). The A is large at low pH due to charge repulsion effects and
parameters derived from the Gibbs adsorption isotherm are: (i) thedecreast_}S with increasing pH in a sigmoidal manner

concentration of surface activity ons€l,, (i) the air-water partition . . . .
coefficient,K,,, (iii) the critical micelle concentratiorCMC,, (iv) the The inflection point of the curve agrees with the pK

concentration of saturatioB.., and (v) the surface excess concentra- 1n€ tertiary amino groups of most drugs investigated

tion, .., from which the surface area of the molecule at the air-waterhave pK, values of 7.5 to 8 at physiological salt concen-

interface A, can be determined: w/C - curve of astemizole, the solid  trations (A. Seelig and S. Lotajnpublished resuljs

line represents the binding isotherm calculated with the SzyszkowskCharge repulsion is therefore low at pH 8.0 and the sur-

equation (Eq. 3). face area measured corresponds to the true cross:
sectional area\,, at least to a first approximation. Re-
sults in the Table show that for most compounds surface

I'./2 (cf. Fig. 1A). Previously (Seelig et al., 1994) we 41055 measured at pH 7.4 and 8.0 are identical within
introduced an empirical paramet€, which was arbi-  oor fimits.

trarily defined as the drug concentration at which the

surface pressure is 0.1 mN/m. The two parameters are

strongly correlatet SinceK,,, is physically better de- Tne K;#/CMCp CALIBRATION DIAGRAM
fined we will use this parameter in the following. How-

ever, for compounds with low amphiphilicity or amphi- gjqre 3 correlates th,,, values of the drugs measured
philicity changing in the process of aggregatiaf. be- it the respectiveCMCps. The compounds studied
previously (Seelig et al., 1994) are indicated as circles
and the new compounds as squares. Compounds whict
LA plot of logC, vs. logK,,, vields a linear correlation (ld¢,, = easily cross the BBB by passive diffusion (CN&m-

-0.96(+0.29) — 1.11(+0.06)lag,) with a correlation coefficient of ~pounds) are represented by open symbols, Tbt8n-
0.971. pounds by closed symbols. Hel€,; replaces the
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Fig. 2. The surface ared, of hydroxyzine measured as a function of ]
pH. Buffer solutions (Mes/HCI for pH 5 to 7 and Tris/HCI for pH 7 to 107 4TIy
9) were 50 nw and contained 114 mNaCl. The solid line was cal- 108 107 10® 105 10*  10® 107
culated using; = r, + const.(10P%aPH/(1 + 10P%PH))2 wherer, is 1/ [M]
the radius of the cross-sectional area of the ionized fognthe radius Kaw

in the absence of charge repulsion, const. a constant apthelpkK, ,

of hydroxizine. The inflection point of the curve corresponds tqpK  Fig. 3. K4/CMCp — calibration diagram. The critical micelle con-

At pH 8.0 charge repulsion effects between molecules at the air-wategentration,CMCy, plotted as a function of the air-water partition co-

interface are minimal and therefore the surface ateaapproximately  efficient, K5, for compounds with known ability to cross the BBB.

correspond to the cross-sectional ar&g, of the molecule. Region | contains the hydrophobic CN8ompounds, region Il the
more hydrophilic CNS compounds, and region Il the most hydro-
philic compounds which only reach the CNS if applied at relatively

empirical paramete€, of our earlier work (Seelig et al., high concentrations. The border between region | and Il is indicated by
P P 0 ( 9 a dashed, and the border between region Il and Ill by a dotted line. The

1994). The improved calibration diagram (Fig. 3) essen-two border lines were determined empirically (Seelig et al., 1994).

tially agrees with the calibration diagram presented prejeasurements were performed at pH 8.0 (50 firis/HCI, 114 mu
viously (Seelig et al., 1994) and shows three regions\acl). The numbers of the data points relate to the Table. Closed
which differ with respect to the ability of compounds to symbols @, H) indicate CNS compounds, open symbol©( [J)
cross the BBB by passive diffusion. Region | containsCNS" compounds, and half-filled symbolsd( ) hydrophilic com-
very hydrophobic drugs which fail to cross the BBB. pounds which are pharmacqlogically applied at low concentrations and
The central region Il contains less hydrophobic drugsiherefore appear as CNSCircles @, @, ©) represent compounds
. . . . > measured previously (Seelig et al., 1994), and squaresl H) new
which cross the BBB easily, with the exception of asi- compounds.
madoline (No. 37) for which passive diffusion is hin-
dered. As will be shown below, this unexpected behav-
ior can be explained by the large cross-sectional area
this molecule. Region Ill contains hydrophilic drugs
which cross the BBB only if applied at high concentra-

tions (302400 mg/day). The only CN8ompound ap- regions Il and Ill have average cross-sectional areas of
plied at distinctly lower concentrationdl mg/day) Ao 052 A2 and A, [ 41 A2 respectively. The only

(Martindale, 1996) is clonidine (No. 19) which has, re- . . ) .
cently been shown to be transported actively (Huwyler etCNg com_pound found in region II (asimadoline) has a

al., 1997). Three further compounds, salbutamol, sum cross-sectional aredf = 81+ 1 A?) which is distinctly

triptan, and mequitazine (indicated by half-filled sym- arger than that of the average CNSompound. This

bols) are also applied at relatively low concentrations (Csuggests that passive diffusion of compounds with cross-

< 16 mg/day) and therefore clinically appear as CNS sectional_ aready, > 80 A% is strongly reduced. .
compounds The importance of cross-sectional areas for passive

diffusion is further demonstrated by the following se-
quence of compounds with similat,,, values but in-
THE K,L/CMCp/A CALIBRATION DIAGRAM creasing cross-sectional areas: cis-flupenti¥g) & 60

A2, 434.5 Da), asimadoliné\, = 81 A% 414.5 Da,) and
During the course of our investigation it became clearastemizole A, = 94 A2 458.5 Da). The compounds
that the cross-sectional area of a drug molecule is ashow decreasing abilities to reach the brain in the above
important parameter in determining its ability to diffuse order. It is interesting to note that molecular mass does
through the BBB. This is illustrated by Fig. 4 where the not necessarily correlate with the cross-sectional area.

urface areaA is plotted as a function oK.l and
MCpy. The hydrophobic CNScompounds in region |
of Fig. 4 have large cross-sectional areas (averggél
105 A?) while the more hydrophilic CNScompounds in
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2]
S o
. '% s THE INFLUENCE OF CHARGE ON PassIvVE DIFFUSION
10 0 o =i THROUGH THEBBB
coocoa~™ o «a®™ 25
§¢ The charged substituents of the CN®mpounds shown
g E in the Table are either tertiary amino groups with_pX
%g 9 under physiological conditions (150mMmNacCl) or a
tg sulfhydryl group (thiopental) with a pK= 7.4.. To .in—
8 g £ vestigate the role of charge for membrane diffusion we
gﬁ§ g - S8 investigated the following compounds with pks 4:
11112 = 85 penicillin (_p!(z311 = 2.8), cetirizine (pK, = 3.7, PKy =
gé 8.2), ampicillin (pK,; = 3.0, pK,, = 7.1), acrivastine
N o g § (PK,1 = 2.8, pK,, = 7.5), 1CI204448 (pK, = 3.1,
°g2d =) pK,, = 8.0). The pK values of the first two compounds
cJoo S8 a2 . .
Ho H < 5 have been determined experimentally (ter Laak et al.,
®8+88g s 9 1994; Tsuji et al., 1977), the others were estimated ac-
Sogadg - cording to the method of Perrin, Dempsey & Serjeant
N ﬁ E (1981). Measurement of the Gibbs adsorption isotherm
ER shows that these compounds are all amphiphilic and are
== located in regions Il and lli¢f. Table, not included in
(=] )
o g E Fig. 3) and are thus predicted to cross the BBB. Never-
N 5 Q theless these compounds are not found to penetrate intc
0 = . .
Sd®TsT T 5 2 the brain. We therefore conclude that compounds with
| 1 1] ]cc =¢<¢ s g minimally one charge with a pK< 4 for acids and cor-
P respondingly a pK> 10 for bases do not cross the BBB
~ s by passive diffusion.
9 ®
T o
2 . .
D O N c = Discussion
HoH H 8 O
SO~ mS o T
RN - 55 53 compounds with known propensity to cross the BBB
PEE were characterized with surface activity measurements.
¥8orIIYEDRT 289 Three parameters, the air-water partition coefficient,
o a8 > - .. . .
SER3 B 33388 3 203 Kaw the critical micelle concentratiorCMCp, and the
=cs cross-sectional aredy were deduced. Figure 3 demon-
808 strates that &}, vs. CMG, diagram provides a useful
a8 g means to classify these drugs as CNBd CNS. Most
OSTDONODO dNMm G 72 . . . .
SYYSITITO w0 g g Z = notable is region | which comprises a number of drugs
F 2 7.; g which are very hydrophobic according to most classical
= E £ g criteria but still cannot pass the BBB. Inspection of Fig.
2 § g < Q 4 shows that these drugs are characterized by cross:
_ ) o2 % 8 sectional area®\, = 80 A% Combining this finding
] 2 05 = @- s with the specific structure of the lipid bilayer provides a
T @0, &7 % >0 ¢ g clue for their inability to cross the BBB by passive dif-
TS _EESc5e¥c S5 o 2 fusion
§5259858835 2 £ 3 |
SEcofpE2e=ERc |2 9¢g& 2
Ummzthmme E .=5%E =]
O2la<<00=a a3 585G E  THE ROLE OF THE MOLECULAR CROSSSECTIONAL AREA
g&’. %% T g FOR PARTITIONING INTO THE LIPID MEMBRANE
g _raf 2 =
:%q 22 S Boguslavsky et al. (1994) have shown that the penetra-
§ = "g’,% 5 2 3 tion of a molecule between the fatty acyl chains of a lipid
uug)% ;:% E 3 E: <§ 2 £ monolayer requires workAW which is proportional to
52 S 22358 &  the surface pressure,, of the monolayer and the cross-
| = © o 382 ¢ 3 sectional areal\y, of the penetrating compound
3 ETE3S 3
b= Baéggd_ng AW = Apm, )
3 :882‘-‘0’”&8@8
- ¥>oE5 E5a<  The partition coefficient for the lipid monolayer is thus
2w %) nLgee29% N proportional to exp(Apm,/KT). For a lipid bilayer the
|z Z O=2F28aRkéc L .
= 1O O Tl e E®s 0o~ situation is similar. A penetrating substance has to per-
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160
140 1.

120 1.

100 4.

80 1.

Cross-Sectional Area, Ap [A2]

Fig. 4. K, /JCMCp/A; — calibration diagram
measured at pH 8.0 (50nmTris/HCI, 114 mu
NacCl). The air-water partition coefficienz2 is
plotted in thex-, the critical micelle concentration,
CMG,, in they- and the cross-sectional aretg,

in the z-axes. For symbolsf. legend to Fig. 3.
Compounds with low amphiphilicity or
amphiphilicity changing in the course of
aggregation are not included.

form work against the internal lateral pressure of thewith high sensitivity titration calorimetry (A. Frentzel, X.

lipid bilayer, ;2 Li, and A. Seeligjn preparatior). Figure 5 shows a plot
of In(K,,,/K,) VS. A;. A linear regression analysis of the
AW = A, ©6) experimental data yields a straight line with a slope of

/KT = 0.083 + 0.014 [A?]. The internal lateral pres-
sure of the lipid bilayet is calculated asr,; = 34 + 4
The lipid-water partition coefficienk,, is thus given by ~ mN/m which is in agreement with the monolayer-bilayer
(POPC) equivalence pressute,= 32 £ 1 mN/m deter-
_ _ mined earlier (Seelig, 1987).
Kiw = KoeXH=Ap my/kT) ) An exponential decrease of the lipid-water partition
coefficients with increasing cross-sectional areas is sup-
where K, is a proportionality constant. Since the air- ported by earlier measurements showing an exponential
water interface resembles the lipid-water interface withdecrease of binding (Gobas et al., 1988) to —, and per-
respect to the gradient of dielectric constantg (01 for ~ meation through (Lieb & Stein, 1986) lipid membranes
air, ¢ J2 for the interior of the lipid membrane, amd]  with increasing molecular volume.
80 for water) and since the surface pressure of the drug At present the lateral packing density of the BBB is
monolayer is negligible at the concentratiork,|/, we  not known, but an estimation is possible on the basis of
assume thak, is proportional toK,,. This assumption its cholesterol content. The content of cholesterol ex-
was tested with a series of compounds for which bQfh  pressed as mole % of total lipids of endothelial mem-
and K,,, are known. The lipid-water partition coeffi- branes amounts t630% (Simons & van Meer, 1988).
cients, K,,,, were measured for small unilamellar 1- The cholesterol/phospholipid ratio of cerebral microves-
palmitoyl-2-oleoyl-sn-phosphocholine (POPC) vesiclessels has been determined as 0.7 (mole/mole) (Mooradian
& Meredith, 1992) in close agreement with that of other
endothelial cells (Simons & van Meer, 1988). The effect
S of cholesterol is to increase the order parameter of the
2The effective internal lateral pressure in phospholipid bilayers wasmembranes in the liquid crystalline phase (Gally, Seelig
previously estimated in comparison to lipid monolayers. A requirementg Seelig, 1976). Upon addition of 30—40% cholesterol

for the correspondence between the two is that the area per lipid molkg POPC membranes the lateral packing density has beer
ecule in the monolayer and the bilayer should be the same. Experimen-

tally the best correspondence was obtained for monolayers at a surface

pressure of 30—35 mN/m (for revieseeMarsh, 1996). A somewhat ————

wider surface pressure randge28—40 mN/m) is discussed by Macdon- 2 For low drug concentrations in the lipid membrane the lateral packing
ald (1996). density is assumed to remain constant to a first approximation.
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vent either by partitioning into the air-water interface or
by self-association. While both processes are primarily
entropy driven (hydrophobic effect), micelle formation
requires the additional action of an opposing force. In
the case of charged head groups it arises from electro-
static repulsion and in the case of hydrophilic head
groups from the preference for hydratiocf.(Tanford,
1987). Figure A shows thakK,, < CMC. The free en-
ergy of micelle formatioAG,,,. = RTIN[CMC] (Tausk

et al., 1974) is therefore smaller than the free energy of

In(K,/K,.,)

partitioning into the air-water interfac\G,,, = —-RT
InK,,» The difference between the free energy of trans-
o 10 20 30 40 80 80 70 8 95 100 fer of a compound from the aqueous phase to the air-
Ag [AY water interface, and the free energy of micelle formation

directly reflects the amphiphilicity of a compound. We
Fig. 5. The natural logarithm of the quotient of the lipid membrane- therefore define amphiphilicity as
water partition coefficient,,, and the air-water partition coefficient,
Kaw Plotted as a function of the cross-sectional area. A linear regresAAG,,, = AG,,, — AGic (8)
sion analysis yields a straight line with a slopemf/kT = 0.084 +

0.015 [A3 and the internal lateral bilayer pressure is calculated,as PRI .
= 34 £ 4 mN/m. The compounds measured are: chlorpromazine HCfA‘t constant charge amphiphilicitydAG,, is propor

(3), cis-flupentixol 2HCI (10), desipramine HCI (21), mequitazine HCI tional to the distance betW?en the Charged residue .and
(25), asimadoline HCI (37), and astemizole 2HCI (38). All parametersthe most remote hydrophobic residue, e.g., for fatty acids
were measured at pH 7.4 (50vnTris/HCI, 114 nu NacCl), with the  the amphiphilicity increases by —1.14 + 0.21 kJ/mole per
exception ofK,,, for astemizole and asimadoline which were measured—CH, group. The amphiphilicity observed for the drugs
gt pH 5.2 due to solubility problems. Electrostatic effects were take”investigated is in the range afAG,, = -3 to -11

into account by means of the Gouy-Chapman theory. kd/mol. Most commonly amphiphilicity is around -5.6
kJ/mol (molecules on the diagonal between the lower left
and the upper right corner in Figure 3). Compounds
which lack amphiphilicity AAG,,, 00 0) such as e.g.,
carmoxirol and pirenzepine are not surface active and are
ithus unable to insert into a lipid membrahe.

Although amphiphilicity is a prerequisite for mem-
brane binding it isper se,not sufficient to allow diffu-
sion through a membrane. For membrane permeation a
loss of charge, observed as a_ p#hift upon membrane
binding (Beschiaschvili & Seelig, 1992) or a delocaliza-
tion of charge e.g., in the tetraphenyl phosphonium (Al-
tenbach & Seelig, 1985) or tetraphenyl borate ion (Seelig
& Ganz, 1991) is required. As seen in the Table com-
m- pounds which carry at least one stable chargg oK for
I,acids or pK, > 10 (no example shown) do not cross the

shown to shift from 32 mN/m (Seelig, 1987) to 35 mN/m
(Demel et al., 1975; Taschner, 1993).

For a membrane with a lateral packing densityrof
= 35 mN/m increasing the cross-sectional area of a mo
ecule with a given partition coefficienk,, from Ay =
52 A? (average area in region ) to 105 Aaverage area
in region 1) decreases the partition coefficieKs,, on
average by a factor @fL00. The limiting cross-sectional
area for passive diffusion through the BBB obtained
from the calibration diagram (Fig. 5) iS30 A% For a
givenK_,,, an increase of the cross-section from 52té
80 A? reduces the,,, by a factor of[110.

Quite in contrast to the partitioning into lipid me
branes, partitioning into isotropic solvents like hexane o
octanol has been shown to increase with the moleculal : .
volume of the compound (Gobas et al., 1988). Predic- 'T‘ summary, we have shown that the drug partition
tions of passive diffusion through the BBB based onCCefficient for lipid membranesK,,,, can be quantita-
partition coefficient measurements between water an('i'vely predicted on the basis of the air-water partition

either isotropic solvents or loosely packed anisotropiccoemc'em’KaW' and the cross-sectional area of the mol-

systems with low lateral packing densities & 32 ecule,Ap, taking into account the internal lateral bilayer

mN/m) will therefore be misleading for molecules with pressure. We have further. s_hown that permeation OT a
large cross-sectional areas. drug molecule through the lipid membrane of the BBB is

THE ROLE OF AMPHIPHILICITY AND CHARGE FOR

MEMBRANE DIFFUSION Hydrophobic drugs with a low amphiphilicity tend to associate in

solution and can therefore not insert as monomers into membranes.
o . . . This is different for small molecules such as oxygen which dissolve in
Amphiphilic molecules dissolved in water can achieveagueous solution and enter the membrane despite the lack of amphi-

segregation of their hydrophobic portion from the sol- philicity.
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optimal if (i) amphiphilicity iSAAG,,,,> —3 kJ/mole, (i) Transport of clonidine across cultured brain microvessel endothe-
the K,,, value is in the range of £810° m™%, (iii) the lial cells. J. Pharmacol. Exp. The28281-85 _
cross-sectional areaA‘D <80 A2 and (iv) the ionization Kaliszan, R. 1990. High Performance quu.ld Chromat'ogrgphlc Meth-

. ods and Procedures of Hydrophobicity DeterminatiQuant.
constants are pK> 4 for acids and pK< 10 for bases.

. . . Struct.-Act. Relat9:83-87
The present method is suited as a fast screening methqQdeson, G.A., Chan, K.Y., Knapp, W.C., Biedenbach, S.A., Wright,

and is superior in its predictive power to a single param-  G.J., Okerholm, R.A. 1982. Metabolic disposition of terfenadine in

eter organic phase/water partition equilibrium measure- laboratory animalsDrug Res.32:1173-1178

ment. Lieb, W.R., Stein, W.D. 1986. Non-Stokesian nature of transverse dif-
fusion within human red cell membrane3. Membrane Biol.
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