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Abstract The use of resealed red blood cell membranes
(ghosts) allows the study of the transport of a compound in
a nonmetabolizing system with a biological membrane. Trans-
membrane movements of anandamide (N-arachidonoyletha-
nolamine, arachidonoylethanolamide) have been studied by
exchange efflux experiments at 0°C and pH 7.3 with albu-
min-free and albumin-filled human red blood cell ghosts. The
efflux kinetics is biexponential and is analyzed in terms of
compartment models. The distribution of anandamide on
the membrane inner to outer leaflet pools is determined to
be 0.275 = 0.023, and the rate constant of unidirectional
flux from inside to outside is 0.361 += 0.023 s~1. The rate
constant of unidirectional flux from the membrane to BSA
in the medium ([BSA],) increases with the square root of
[BSA], in accordance with the theory of an unstirred layer
around ghosts. Anandamide passed through the red blood
cell membrane very rapidly, within seconds. At a molar ratio
of anandamide to BSA of <1, membrane binding of anan-
damide increases with increasing temperatures between 0°C
and 37°C, and the equilibrium dissociation constants are in
the nanomolar range.fill The nature of membrane binding and
the mechanism of membrane translocation are discussed.—
Bojesen, I. N, and H. S. Hansen. Membrane transport of
anandamide through resealed human red blood cell mem-
branes. J. Lipid Res. 2005. 46: 1652-1659.
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Anandamide (N-arachidonoylethanolamine, arachidonoyl-
ethanolamide) is 2 member of the lipid molecule group
called the N-acylethanolamines (1, 2), and it is also an ag-
onist for the cannabinoid receptors (3-5), for the vanilloid
receptor (6, 7), and for the regulation of the exchange ef-
flux kinetics-1 potassium channel (8). Other anandamide
receptors also may exist (9). The synthesis of anandamide
from a precursor phospholipid is catalyzed by a specific phos-
pholipase D (10-12) that may be intracellularly located in
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membranes (10). To affect other cells, anandamide has to
pass through the plasma membrane of the cell where it is
generated. Furthermore, extracellular anandamide has to
pass through a plasma membrane to be hydrolyzed by the
fatty acid amide hydrolase (10, 13) that is found in intracel-
lular membranes (14, 15). Anandamide has important me-
diator roles in inflammation (16), in pain modulation (17),
and in the vascular system (18). In the extracellular com-
partment, anandamide binds to serum albumin (19, 20).
Cellular uptake of anandamide in the monomeric form
occurs as a sequence of at least three steps: release from
its binding protein, membrane translocation, and binding
by intracellular binding proteins and/or metabolic trans-
formation by intracellular enzymes. Several cell types have
been used to study the cellular uptake (15, 21, 22). In spite
of much effort, it is still unsettled whether the membrane
translocation is governed by a simple diffusion through
the lipid bilayer of the membrane, whether proteins are
involved, or whether both mechanisms exist simultaneously
(23-27). A similar discussion of the transport mechanism,
for and against a simple diffusion through the lipid bilayer,
has been going on for years with regard to fatty acids.
However, in contrast to anandamide, these lipophilic mol-
ecules are present in aqueous phases as ions. Normally,
ions need transport proteins to pass biological membranes.
Several proteins have been isolated that are claimed to be
responsible for the transmembrane movement of fatty ac-
ids, although it is not explicitly stated whether the mem-
brane proteins facilitate the transport of the ionized or
the unionized molecules (28-30). The opinion of others
is that transport across cellular membranes occurs by dif-
fusion through the lipid bilayer of the neutral form of
fatty acids (31, 32). Finally, both mechanisms may exist,
but again, no clear solution to the problem has emerged.
We have used the erythrocyte membrane that classically
has been used for transport studies. Resealed red blood
cell membranes (ghosts) can be used as a model system
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for cellular plasma membranes in general, in which inter-
ference from cytosolic proteins and metabolizing enzymes
is avoided. The limitation of the model is that membrane
lipid composition, cytoskeleton proteins, and transmem-
brane proteins are to a certain extent different from those
of other cell types.

Our conclusion regarding fatty acid uptake through hu-
man red blood cell membranes is that proteins are impor-
tant, but as determinants of specific lipid domains through
which the fatty acids in neutral form are transported by
diffusion (33-35). Kleinfeld, Storms, and Watts (32) have
also reported that fatty acid transport across red blood cell
ghosts is reasonably well described by transport across the
lipid phase of the membrane. The aim of the present study
is to determine the rate by which anandamide passes through
a biological membrane and in this way learn about the
transport mechanism. Our results show an extremely rapid
transport of anandamide through the erythrocyte mem-
brane (within seconds), but they do not give an unambig-
uous elucidation of the transport mechanism.

MATERIALS AND METHODS

Materials

Radioactive anandamide ([N-arachidonoyl-5,6,8,9,11,12,14,15-
%H]ethanolamine; specific activity = 215 Ci mmol~!) was ob-
tained from Perkin-Elmer Life Sciences, Inc. (Boston, MA), and
unlabeled anandamide was purchased from Biomol Research
Laboratories, Inc. The purity of both anandamide preparations
was controlled by chromatography on a Sephadex LH-20 column
(160 X 0.8 mm) using dichloromethane as eluent. [*H]inulin
(specific activity = 5 Ci mmol ') was from Amersham Biosciences
(Hillergd, Denmark). The scintillation fluid Ultima Gold was from
Packard Instrument Co., Inc., and BSA fraction V (fatty acid-free)
was from Boehringer Mannheim GmbH.

Preparation of erythrocyte ghosts

The preparation of a uniform population of BSA-free and
BSA-filled resealed “pink” ghosts from freshly drawn human blood
was carried out as described previously (36). The resealed ghosts
were isolated from the hemolysate by centrifugation and washed
at 0°C with 165 mM KCl, 2 mM phosphate buffer, pH 7.3, con-
taining 0.02 mM EDTA/EGTA (1:1, v/v) (buffer I). They were
stored in the same buffer containing BSA of appropriate concen-
trations and used for experiments within 2 days. The density of
ghosts is 1.02 g/ml, and for calculations, we assumed 1 g of packed
ghosts = 1 ml. Eight donors, including both men and women
(age 21-64 years), were used.

Preparation of incubation buffers

[3H]anandamide and unlabeled anandamide were dissolved
in 50 pl of benzene, just enough to moisten 200 mg small glass
beads (diameter of 0.1 mm). The benzene was sublimated at low
pressure, and incubation buffers were prepared by shaking the
anandamide-loaded beads with a solution of BSA in buffer I for
15 min at room temperature.

Membrane binding experiments

BSA-free ghosts were packed by centrifugation for 7 min at
30,000 gat 4°C in a Sorval RC 5C plus. Packed ghosts were incu-
bated with incubation buffer at a ratio of 2:3 for 50 min at 0°C.
After centrifugation, aliquots of the incubation buffer were taken

for scintillation counting, and the rest was removed. The ghosts
were washed in buffer I without BSA, and after removal of the su-
pernatant duplicate samples of ghosts (~25 mg), they were taken
for weighing and counting.

The extracellular volume in the initial packed ghosts (20%) was
measured with [3H]inulin in experiments carried out parallel with
the binding experiments. The extracellular volume after washing
was 10%. The uptake (M) of anandamide by ghost membranes was
calculated on the basis of the concentration in incubation buffer
before (C,; dpm/ml) and after (C,; dpm/ml) the incubation as:

M = (G, 1.5 — G, (1.5 + 0.20)) /0.80 Sp nmol/g (Eq. 1)
or directly from dpm in ghosts:
M =d X 1,000/(V X 0.9 X Sp) nmol/g (kq. 2)

where Sp (dpm/nmol) is the specific activity of anandamide and
d (dpm/mg) is the radioactivity in V (mg) ghosts. The corre-
sponding molar ratio (v) of anandamide to BSA is calculated as

(Eq. 3)

The equilibrium constant for the dissociation of anandamide
from ghost membranes is defined as

Kam = [A] My — M)/M (Eq. 4)

where [A] is the free water phase concentration of anandamide
and M,,,, is the maximal binding capacity. The equation can be
arranged as:

v =C,/(Sp X [BSA])

M= Mmax [A]/(Kdm + [A]) (Eq 5)

This equation is used to analyze the data by nonlinear regres-
sion to determine M, and Kg,,,.

Efflux experiments with ghosts

One volume of packed ghosts was equilibrated with 1.5 vol-
ume of incubation buffer at 0°C for 50 min. Radioactive ghosts
(with or without interior BSA) were then separated by centrifu-
gation for 7 min at 30,000 g from buffer I containing labeled as
well as unlabeled anandamide and washed with 10 volumes of
buffer I, pH 7.3, at 0°C. These washed suspensions of radioactive
ghosts were distributed into 80 mm plastic tubes (inner diameter
of 3 mm) and packed by centrifugation for 10 min at 17,000 gat
0°C. The supernatant was removed by cutting the plastic tube just
below the interface, and the packed radioactive ghosts (~100—
200 mg) were injected into 35 ml of vigorously stirred isotope-free
buffer I containing BSA and unlabeled anandamide correspond-
ing to the cellular v value. Serial sampling of cell-free extracellu-
lar medium was done with the Millipore-Swinnex filtration tech-
nique. Ten to 15 samples were taken at appropriate intervals for
the determination of the extracellular accumulation of radioac-
tivity as a function of time. The activity of filtrates was measured
by counting 400 pl in 3.9 ml of Ultima Gold. The efflux experi-
ments were all carried out at 0°C, because the rapid efflux of
anandamide from ghosts and our manual sampling technique
do not allow higher temperature.

In control efflux experiments at low v (0.065) as well as at
higher v (0.4) with no albumin in the outer medium, we found
<3.2% of the radioactivity in the medium. Furthermore, no
time-dependent increase in supernatant radioactivity was seen.

THEORY OF EFFLUX

Efflux from BSA-free ghosts

The efflux of labeled anandamide from ghosts to the
same concentration of nonlabeled anandamide in the BSA-
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containing buffer is an exchange efflux without a concen-
tration gradient. Figure 1 shows the compartment models
we used to account for the efflux kinetics of [*H]ananda-
mide from the ghosts. The mathematics of the corre-
sponding equations and expressions are presented in the
Appendix. The exchange kinetics follows a biexponential
time course, and the solution of the second-order differ-
ential equation that describes the kinetics is (37, 38)

l1—-a/a, =Cle™™+C2e P (C1+C2) =1 (kg 6)

The connections between the parameters of the model
[B/E, k,,, and kg (Fig. 1)] are as follows:

k,=a+p—aB/(aCl+pC2) (Eq. 7)
ks = o B/ky, (Eq. 8)
1+ B/E =k,,/(a Cl + B C2) (Eq. 9)

The efflux data are fitted to obtain a maximum correla-
tion coefficient (R) by nonlinear regression analyses using
the software Origin 6. Model parameters are calculated
according to equations 7-9.

Efflux from BSA-filled ghosts

A model accounting for anandamide efflux from BSA-
filled ghosts to BSA in the medium requires yet another

MODEL |
Ghost membrane Vu Vg
interior
b ks ‘e k, |2
“ A
km
B E a
A
+— A—»
MODEL I
a b e | km*
k; <
;\ - Km >a
B E"
A
i
— — C. OH
NV

Fig. 1. The compartment models used to account for the efflux
of [*H]anandamide from ghosts in nonisotopic equilibrium with
the medium. Model I: ghosts without internal serum albumin;
model II: ghosts with internal serum albumin. Arrows indicate uni-
directional anandamide fluxes. kg, k., k;, and k* are first-order
rate constants of fluxes between adjacent compartments. Lower-
case letters a, b, and e refer to [*’H]anandamide concentrations,
and uppercase letters A, B, and E refer to anandamide concentra-
tions. V,, is the unstirred volume around ghosts with the depth A,
and Vs the stirred volume around ghosts. At bottom, the chemical
formula of anandamide is given.
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compartment, namely, the intracellular pool of BSA-bound
anandamide. However, the reliability of results obtained
by fitting to three exponential functions is poor and thus
of limited validity. Therefore, we have defined two new
constants: k; for the unidirectional anandamide flow from
internal anandamide-BSA complexes to the outer surface
of the ghost membrane; and k,,* for the unidirectional
flow from the membrane outer surface to BSA in the me-
dium (see model II). The theory of efflux from BSA-filled
ghosts is exactly as for BSA-free ghosts and the equations
are the same, but the rate constants kg and k,, are re-
placed by k; and k,*.

Thus, the exchange kinetics follows a biexponential
time course, and the solution of the second-order differ-
ential equation describing the kinetics is in this case

1—a/a, =C3e '+ Cqed (Eq. 10)

and the connection between the parameters of the model
is now as follows:

kKp*=v+3—v3/(yC3 + 5C4) (Eq. 11)
ki = v 8/ky* (Eq. 12)
1 + Ai/E = k,*/(y C3 + 5 C4) (Eq. 13)

For parameters, see Fig. 1.

Scintillation counting

We used a Tri-Carb 2200CA liquid scintillation ana-
lyzer from Packard. The efficiency was 67% for 3H in un-
quenched samples using 3.9 ml of Ultima Gold scintilla-
tion fluid. Counting rates were determined to a probable
error of <1%.

Statistics and data analyses

The linear and nonlinear regression procedures given
by Origin 6 (Microsoft) were used to determine the best
fit of the data to the exponentials of the model. The for-
mula to calculate the variations of terms was the general
formula

var(T(a,b,c....)) =vara (dT/da)% + var b (dT/db)?2 +
varc (dT/dc)2+........ and SD (T) as (var (T)/2) (Eq. 14)

RESULTS

Membrane binding

The equilibrium binding of anandamide monomer to
ghosts (without internal BSA) has been determined at 0,
10, 23, and 37°C for a molar ratio (v) of anandamide to
BSA of <1. According to the definition of the equilibrium
dissociation constant (K,), the concentration of ananda-
mide monomer in the water phase is [A] = Kd v/(1 — v)
(19). Figure 2A, B shows examples of the relationship be-
tween the binding (M) and [A] for v < 1. The maximal
binding capacity (My,,,) was found to be temperature-
dependent (Table 1). Efflux experiments have mostly
been carried out at v = 0.2, so M has been determined at
this v value and at 0°C. The mean value of M is 5.25 = 0.39
nmol/g ghosts (n = 9), and v is 0.198 = 0.018. To investi-
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Fig. 2. Data of anandamide binding (M) to BSA-free ghosts at
0°C (A) and at 37°C (B) and corresponding water-phase concentra-
tions represented by K4 v/ (1 — v) (see text) for v values <1.

gate whether k,, is dependent on v, we carried out some
of the efflux experiments at other v values and deter-
mined the corresponding membrane binding. For v =
0.102, M = 2.53 nmol/g, and for v = 0.784, M = 38.34
nmol/g.

Exchange efflux of anandamide from BSA-free ghosts
The high reproducibility of these experiments enabled
us to pool the data of several subsequent injections from
the same ghost preparation as well as data from other ghost
preparations. We have studied anandamide efflux for [BSA],

t(s)

Fig. 3. Exchange efflux kinetics of [*H]anandamide from BSA-
free ghosts at 0°C (pH 7.3), v = 0.2, into the extracellular buffer
containing 30 M BSA and nonlabeled anandamide. a/a. is the ra-
tio of time-dependent [*H]anandamide in the buffer to [3H]anan-
damide at infinite time.

between 7.5 and 60 wM. The data of a series with [BSA], =
30 uM is presented semilogarithmically in Fig. 3. The curve
is not linear, which means that the efflux kinetics of anan-
damide cannot be described by a closed two-compartment
model normally valid for water-soluble compounds. On
the other hand, all experiments are well described by the
three-compartment closed system and by the three-com-
partment approximation shown in Fig. 1. The rate of ef-
flux is extremely rapid, and at 0°C, when [BSA], is 30 pM,
~90% equilibrium is obtained within 5 s The model pa-
rameters are analyzed according to equations 7-9 and
shown in Table 2. Figure 4 shows the efflux kinetics from
BSA-free ghosts to three different [BSA], levels. With a 60
uM [BSA], 90% of the labeled anandamide is found in
the external medium in <4 s, so with the present tech-
nique, no higher concentration of [BSA], could be used
without severely affecting the reliability of the results. Cor-
respondingly, with [BSA], < 7.5 pM, the filters adsorb a
tiny amount of albumin and the points are less reliable.
The most important finding of the analyses is that the
two parameters B/E and kg are independent of [BSA],,
whereas there is a direct correlation between the rate con-
stant of unidirectional flow from the outer membrane
sites to BSA in the medium (k,,) and [BSA], (Table 2).
The latter effect is understood by the tracer uptake by
BSA in an unstirred volume (V,) and in a stirred volume
(Vy) (87, 38). The variable k, is not dependent on the v

TABLE 1. M,,, of ghost membranes for anandamide and Kg4,, of anandamide dissociation from ghost
membranes at four different temperatures

Variable 0°C 10°C 23°C 37°C
M,,.x (nmol/g ghosts) 68.35 = 2.15 70.26 * 6.38 123.09 = 2.13 283.11 £ 23.98
Kqm (nM) 19.88 = 1.10 11.21 = 2.50 37.44 + 4.49 154.33 = 18.69
n 63 26 58 96

Kgm, equilibrium dissociation constant; M,,,,,, maximal binding capacity. n is the number of determinations.

One gram of ghosts = 9 X 10? ghosts.
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TABLE 2. Model I parameters determined by efflux kinetics using BSA-free resealed red blood

cell membranes (ghosts)

[BSAI, Ky K, B/E R
uM 1
7.5 0.271 £ 0.099 0.482 = 0,166 0.361 = 0.208 0.979
7.5 0.337 = 0.085 0.430 = 0.120 0.315 = 0.174 0.983
7.5 0.251 + 0.067 0.530 = 0.081 0.293 £ 0.087 0.989
7.5 0.325 + 0.083 0.453 = 0.117 0.302 = 0.116 0.992
Weighted mean 0.487 = 0.055
15 0.484 = 0.142 0.557 = 0.200 0.261 = 0.128 0.971
15 0.343 = 0.065 0.622 = 0.089 0.297 £ 0.074 0.986
15 0.468 = 0.103 0.573 = 0.135 0.201 = 0.068 0.993
15 0.429 = 0.088 0.557 £ 0.119 0.262 = 0.081 0.972
15 0.369 = 0.059 0.649 = 0,074 0.255 + 0.051 0.991
Weighted mean 0.613 £ 0.047
30 0.188 = 0.083 1.120 = 0.368 0.547 = 0.235 0.988
30 0.494 = 0.113 0.703 = 0.139 0.135 = 0.043 0.994
30 0.361 = 0.048 0.815 = 0.062 0.328 = 0.050 0.994
30 0.171 £ 0.041 1.162 + 0.204 0.507 £ 0.117 0.996
30 0.409 = 0.034 0.900 = 0.038 0.272 * 0.024 0.992
30 0.444 = 0.072 0.712 £ 0.093 0.242 = 0.053 0.993
Weighted mean 0.874 = 0.013

(0.830 = 0.030)
60 0.423 = 0.158 1.076 = 0.326 0.293 = 0.125 0.998
60 0.479 = 0.288 1.118 = 0.597 0.255 = 0.205 0.997
60 0.418 = 0.026 1.120 = 0.027 0.293 = 0.017 0.994
Weighted mean 0.361 = 0.023 1.120 = 0.011 0.275 £ 0.023

(0.391 = 0.019)

(0.272 + 0.018)

The model parameters were calculated according to equations 7-9. B/E is the ratio of anandamide associated
with the membrane inner leaflet to anandamide associated with the membrane outer leaflet. For kg and k,,, see
Fig. 1. Ris the correlation coefficient. Values in parentheses are weighted means without the two outstanding ex-

periments 1 and 4 for [BSA], = 30 uM.

value. Direct experimental verification of this indepen-
dence was obtained by efflux experiments at low and high
v values. With [BSA], = 15 uM, we get k,, = 0.649 =
0.074 s~ ! at a low v value (0.06) and 0.622 + 0.066 s~ ! ata
high v value (0.4). When [BSA], = 30 uM, we find k,, =
0.712 = 0.093 s~ ! at a low v value (0.05) and 0.815 *
0.062 s~! at a high v value (0.4).
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Fig. 4. Rate of [*H]anandamide efflux from BSA-free ghosts at
0°C (pH 7.3), v = 0.2. For a and a., see legend to Fig. 3. Closed
squares, 15 wuM [BSA],; open circles, 30 uM [BSA],; closed trian-
gles, 60 uM [BSA],,. Solid curves show the nonlinear regression fit-
ting the data to a sum of two exponential terms with known distri-
bution.
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Exchange efflux of anandamide from BSA-filled ghosts

We have studied the [3H]anandamide effluxes from BSA-
filled ghosts in several series with a minimum of 15 points
in each series. Here, the exchange kinetics also follows a
biexponential time course (model II; Fig. 1). We have var-
ied [BSA]; as well as [BSA], and kept the v value between
0.1 and 0.3. Figure 5 shows exchange efflux kinetics from
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Fig. 5. Rate of [*H]anandamide efflux from BSA-filled ghosts at
0°C (pH 7.3), v = 0.2. For a and a., see legend to Fig. 3. [BSA], is
in all three cases 30 WM. Closed squares, 15 uM [BSA];; open cir-
cles, 30 uM [BSA];; closed triangles, 60 wM [BSA];. Solid curves
show the nonlinear fitting of the data to a sum of two exponential
terms with known distribution.
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three preparations of ghosts filled with 15, 30, and 60 M
BSA and in all cases injected into a medium containing 30
pwM BSA. The lines are nonlinear regression lines fitting
the data to a sum of two exponential terms with a known
distribution. The efflux rate from BSA-filled ghosts is
slower than from BSA-free ghosts but is still rather rapid.
The efflux rate—that is, the anandamide release from in-
tracellular anandamide-BSA complexes (30 wM [BSA];), the
transport through the membrane, release from the mem-
brane, and transfer to medium BSA (30 uM [BSA],)—
reaches 80% equilibrium within 16 s (compared with ~4 s
for the BSA-free ghost). Changing the [BSA]; to 60 uM re-
sults in 50% equilibrium in ~10 s. The rate constant of
anandamide transfer from intracellular BSA complexes to
the membrane outer leaflet (k;) turns out to be strongly
dependent on [BSA]; but not on [BSA],, whereas k,* de-
pends only on [BSA], and not on [BSA]; (Table 3).

A distinct pattern is seen with regard to the two rate
constants k,* and k;. Except for the highest [BSA],, the
k,,* values are not much different from k,, determined in
experiments with BSA-free ghosts (Table 2), whereas k;
decreases strongly with increasing [BSA]; no matter which
[BSA], is used (Table 3). This constant, k;, was compared
with the rate coefficient (8) of the efflux kinetics deter-
mined previously (37, 38). Here, a similar decrease was
observed, and again, unstirred volume inside the ghosts
can explain this phenomenon.

DISCUSSION

Membrane binding

Both arachidonic acid (33) and anandamide show satu-
rable binding to red blood cell membranes (Fig. 2). The
maximal equilibrium binding (M,,,,) of arachidonic acid
to red blood cell membranes is 6 nmol/g ghost and is in-
dependent of temperature (0-37°C) (33). This indepen-
dence is interpreted as a binding of the fatty acid anion to
membrane protein(s) followed by an instantaneous equil-
ibration between ionized and unionized arachidonic acid

and a subsequent diffusion of the neutralized form of
arachidonic acid through protein-defined lipid domains.
However, in the present study, we found that M,,,, for
anandamide was temperature-dependent and much larger
than M,,,, for arachidonic acid. This difference may be
explained by the primary binding (capture) in the mem-
brane of a neutral molecule and an anion, respectively.

The findings of a) an increasing M,,,, with increasing
temperatures and b) Kg,, values (Table 1) that are not
much different from the Ky values for anandamide disso-
ciation from BSA suggest two mutually contradictory in-
terpretations. @) The existence at all temperatures of cho-
lesterol/sphingolipid-rich, liquid-ordered domains in the
cell membranes is well known (39). Such domains con-
taining predominantly saturated lipid hydrocarbon chains
coexist with more disordered regions occupied by unsat-
urated phospholipids. One could speculate that the unsat-
urated anandamide binds to these regions of unsaturated
phospholipids and that the disorder of the regions proba-
bly would be greater at higher temperature, leaving more
space for anandamide. Consequently, the conclusion is
that anandamide probably is bound in the lipid phase and
not to proteins. b) Ky, values in the nanomolar range (Ta-
ble 1) suggest a specific and strong binding to the erythro-
cyte membrane analogous to the strong binding found for
anandamide to BSA (19). In this connection, it is interest-
ing that anandamide is involved in the regulation of cer-
tain potassium channels (8). Thus, it is still uncertain how
anandamide is bound in the cellular membrane. However,
when first bound, the membrane permeation of ananda-
mide and of arachidonic acid in a neutral form may be
similar.

Exchange efflux from BSA-free ghosts

Strong evidence for the reliability of the transport model
(Fig. 1) is that k, is directly proportional to the reciprocal
value of the square root of [BSA],, in accordance with the
predicted effect of the unstirred layer as described in pre-
vious publications (37, 38).

According to the present study, anandamide membrane

TABLE 3. Effects of [BSA]; and [BSA], on the two rate constant k,,* and k;

[BSAJ, [BSA], Ky* - K
uM s1
Variable 7.5 0.490 = 0.089 (n = 6) — —
0 7.5 — 0.487 £ 0.055 (n = 4) —
7.5 Variable — — 0.188 = 0.024 (n = 9)
Variable 15 0.612 = 0.049 (n = 10) — —
0 15 — 0.613 = 0.047 (n = b) —
15 Variable — — 0.117 £ 0.018 (n =7)
Variable 30 0.768 = 0.051 (n = 8) — —
0 30 — 0.874 = 0.01 (n=7) —
30 Variable — — 0.072 = 0.008 (n = 6)
Variable 60 0.699 = 0.074 (n = 2) — —
0 60 — 1120 * 0.011 (n = 3) —
60 Variable — — 0.043 = 0.006 (n = 2)

k,,* is the rate constant of anandamide transport from the outer surface of the ghost membrane to medium
BSA, and k; is the rate constant of unidirectional flow from anandamide-BSA complexes inside the ghost to the
outer surface of the ghost membrane (see model II in Fig. 1). n is the number of series, with 15-34 points in each
series. The rate constants k,,* and k; are calculated according to equations 11 and 12, respectively.
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translocation is extremely rapid. With 60 wM binding pro-
tein inside as well as outside the cells, the half-life for trans-
location through the membrane at 0°C to the extracellu-
lar binding protein is ~16 s, so at 37°C, it is probably <1 s.
Therefore, data obtained from anandamide uptake stud-
ies with lipid membranes lasting for minutes are probably
not valid for the measurement of pure translocation pro-
cesses (27). Furthermore, anandamide uptake studies with
micromolar concentrations without albumin in the cell
culture media may give false results because of the aggre-
gation and adsorption phenomena. In our experiments,
no anandamide is released from the ghosts without albu-
min in the medium as a result of the very low free water
concentration of anandamide (19). This means that anan-
damide in such experiments is offered to the cells in con-
centrations that exceed the monomer water-phase concen-
tration by a factor of >103. Anandamide is a hydrophobic
compound, and aggregations occur together with adher-
ence to glass tubes and plastic wells if not bound to albu-
min (24, 40), so added to buffer directly or dissolved in al-
cohol, the actual concentration is unknown.

Exchange efflux from BSA-filled ghosts

The exchange efflux from BSA-filled ghosts follows a
biexponential time course. The rate constants k; and k,*
can be determined by equations 11 and 12. The k,,* val-
ues are not different from the values of k,,, except for one
determination from two series at 60 wM (Table 3). The
fact that there is only a difference at 60 WM means that the
unidirectional flow of anandamide from the intracellular
BSA-anandamide complexes to the outer membrane sites
can be accounted for by k;. Because k3 >> k;, the trans-
port from the small inner membrane pool of anandamide
to the outer membrane pool is rapid and release from
BSA; to the inner membrane pool becomes rate-limiting.
If anandamide can diffuse quickly through the lipid mem-
brane of erythrocytes, then it should probably also be able
to diffuse through the plasma membrane of other cells.
This conclusion does not exclude the possibility that anan-
damide can bind to a pool of intracellular proteins, in-
cluding fatty acid amide hydrolase, fatty acid binding pro-
teins (41), and/or ceramide binding protein (42).

All of these experiments were performed under steady-
state conditions [i.e., the net flux of radioactive ananda-
mide is balanced by an equal and opposite movement of
nonradioactive anandamide (exchange efflux)]. This means
that they are also valid as uptake experiments. Glaser et al.
(27) performed short-term uptake studies of anandamide
complexed to BSA, and they favor an uptake mechanism
involving diffusion through the lipid bilayer.

In conclusion, our data show that anandamide is able to
pass a biological membrane very rapidly, within seconds.
Furthermore, this transmembrane movement occurs with-
out ATP consumption and is independent of a concentra-
tion gradient or the metabolism of anandamide. However,
the mechanism of membrane translocation of ananda-
mide, whether it is a passive diffusion through the lipid bi-
layer or a protein-facilitated transfer, cannot be unambig-
uously settled from the present results. As anandamide is
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an uncharged lipophilic molecule, there may be no en-
ergy restriction to keep it on one side of the lipid bilayer
and therefore no reason to believe that a protein has to be
involved in the transport mechanism. filf

APPENDIX

In exchange flux, the net flux of labeled anandamide between
two subsequent compartments is the product of the unidirec-
tional flux of anandamide and the difference in specific activi-
ties. Therefore, the system kinetics can be described by the fol-
lowing first-order linear differential equations, expressed in the
first-order rate constants ks and k,, (Fig. 1)

—db/dt = ks B (b/B — ¢/E)
da/dt = k,, E (e/E — a/A)

(Eq. AI)
(Eq. A2)

The total amount of labeled anandamide (T) is the sum of b,

e, and a.
T=b+et+a (kq. A3)

Because the volume of extracellular medium is >200-fold

greater than the ghost volume, we can write
A>> (B +E)and B/A << l and E/A << 1 (Eq. A4)

By the rearrangement of equation A2 and E/A << 1, we get

e = (1/k,) da/dt+ E/Aa= (1/k,,) da/dt (Eq. A5)
From equation A3, it follows that
b=T- (1/k,) da/dt —a (Eq. A6)
and by differentiation
—db/dt = da/dt + (1/k,,) d%a/d¢? (Eq. A7)

By substituting equations A5, A6, and A7 into equation Al,
we get

d%a/de® + (k,, + kg(1 + B/E)) da/dt + k,, kga = k,, ks T(Eq. A8)
with the solution
(I —a/a,) =Cle ™+ C2ePt; (C1 + C2) =1 [Eq. 6](Eq. A9)

where in isotopic equilibrium (t = « ), T = a, and A>> (B + E).
The integration constants C1 and C2 and the rate coefficients «
and (3 are related to the theoretical constants ks, k,,, and B/E by

ky = a + B — aB/(a Cl + B C2) [Eq. 7] (Eq. A10)
ks = a B/ky, [Eq. 8] (Eq. A11)
1+ B/E = k,,/(a C1 + B C2) [Eq. 9] (Eq. A12)

Equation 9 is obtained as follows. Differentiation of equation 6
gives

d(a/a,)/dt— (aCl + B C2) fort — 0 (Eq. Al13)
where a, = (b + e;) at time zero. Therefore,
da/dt — (a C1 + B C2) (by + ¢y) fort— 0 (Eq. A14)

Furthermore, da/dt — k., e, for t = 0 according to equation
A2. Because e;/E = b/B, we get equation 9.
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