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Abstract: We have characterized a stereospecific transport mechanism for
L-dopa into human epidermal Langerhans cells (LCs). It is different from
any other amino acid transport system. It is highly concentrative, largely
pH-independent, and independent of exogenous Naþ, glucose and
oxygen, and fuelled by a renewable intracellular energy source inhibited
by iodoacetate but not by arsenate. We propose that the mechanism is a
unidirectional L-dopa/proton counter-transport system. We have recently
demonstrated anaerobic glycolysis in human epidermis, which substantiates
the need of proton pumps for resident LCs. The findings prompt
a re-evaluation of the profound changes LCs undergo when exposed
to oxygen in aerobic culture. L-dopa is not metabolized by LCs but can
rapidly be dislocated to the intercellular space by certain extracellular
amino acids, i.e. LCs can profit by L-dopa in a dualistic way, altogether
a remarkable biological phenomenon.

Introduction

It is well established that epidermal Langerhans cells
(LCs), but no other epidermal cells, possess
uptake mechanisms allowing the aromatic amino
acid, L-dihydroxyphenylalanine (L-dopa), and cer-
tain catecholamines to be accumulated and retained
in high concentrations (1–3). These substances
can be demonstrated with high precision and sen-
sitivity on the cellular level with the histofluores-
cence method of Falck and Hillarp (4,5). It has
been shown that L-dopa in LCs is located not only
in the cytoplasm including the dendrites but also
in the nucleus, whereas the catecholamines are con-
fined to cytoplasmic granules (2). L-dopa uptake has
been extensively used for visualizing epidermal LCs
inbothnormal anddiseased states but itsmechanism
has so far not been elucidated.
Three main transport systems account for most

of the amino acid uptake by mammalian cells (6).
System ASC preferentially transports alanine, ser-
ine and cysteine but recognizes some aliphatic

amino acids as well (7). System ASC deals with
amino acid exchange rather than net uptake
although it is Naþ-dependent (8). System L recog-
nizes branched chain and aromatic amino acids
(9). Similar to system ASC, system L mediates
exchange rather than net uptake, but, as opposed
to system ASC, system L is Naþ-independent. Sys-
tem A involves a transport mechanism which is
Naþ-dependent and results in the net uptake of
many neutral and cationic amino acids. System A
also has several unusual properties including the
recognition of N-methylated amino acids, toler-
ance of Liþ-substitution for Naþ, and sensitivity to
inhibition by low extracellular pH (6). System N,
which in contrast to the widely distributed systems
ASC, L and A, appears more tissue-specific and
catalyzes the uptake specifically of glutamine,
histidine, and asparagine (10). Transport by system
N is also dependent on Naþ but is strikingly
sensitive to inhibition by a low external pH. In line
with this sensitivity, it was found that the system
N-transporter mediates proton exchange as well
as Naþ cotransport (11). System T was originally
described for human red blood cells (12,13). It
mediates the Naþ-independent transport of

Abbreviations: KRP, Krebs-Ringer-phosphate buffer; LCs, Langerhans
cells; BG, Birbeck granules; CMS, cytomembrane-sandwiching.
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aromatic amino acids (14–16). It was initially
assumed that system T was a variant of system L
and had a Naþ-independent transport of neutral
amino acids, including aromatic amino acids.
However, subsequent studies revealed that in
contrast to system L (16–18), system T accepts
N-methyl analogues of the aromatic amino acids.
A subclass of system T is TAT 1 (T-type amino acid
transporter) exhibiting Naþ-independent and
low-affinity transport of tryptophan, tyrosine and
phenylalanine, as does systemT. In addition, TAT 1
accepts some variations of aromatic side chains
because it interacts with amino acid-related com-
pounds such as L-dopa and 3-O-methyldopa (19).
TAT 1 is not coupled with Hþ transport but medi-
ates an electroneutral-facilitated diffusion (19). A
slow Naþ-independent uptake of L-dopa was also
observed in human erythrocytes, tending towards
a distribution ratio close to unity with a half-time
to equilibrium of 1h (20). It was concluded (20)
that uptake was by carrier-mediated facilitated dif-
fusion via the L and T systems for which L-dopa
had low affinity.
The present report deals with the transport mech-

anism of L-dopa into human epidermal LCs.
We reported previously that L-dopa is readily
taken up and accumulated in that part of the LC
population thatwehave termedL-dopa(þ)LCs (21),
where low extracellular concentrations of L-dopa
will result in high intracellular concentrations as
visualized by the histofluorescence method. As
L-dopa is not a substrate amino acid for ribosomal
protein synthesis, and as there is no known intracel-
lular ligand for L-dopa, it is anticipated that L-dopa
occurs freely in its intracellular context. Hence the
uptake is concentrative, which in turn requires a
motive force. The transport mechanism of L-dopa
has so far not been explained in the context of the
various amino acid transport systems of other cell
types. The aim of the present work was to charac-
terize the components of the active transport of
L-dopa into LCs.

Materials and methods

Chemicals

Amino acids, amino acylesters, porcine trypsin, iodoacetate and
sodium arsenate were obtained from Sigma Chemical Company
(St. Louis, MO, USA). All chemicals were of the purest grade
commercially available.

Biopsies

Thin-skin biopsies containing the epidermis and upper dermis
were obtained by punching (2mm) without anaesthesia from
the volar forearm skin of healthy adults.

Incubation procedures

Unless otherwise stated the in vitro procedure was as follows.
Incubations were carried out in the presence of L-dopa at 37�C,
pH7.4, usually for 60min (in studies of sodium independence,
30min). The basic incubation medium was 4ml of plain Krebs-
Ringer-phosphate buffer (KRP) with or without glucose
(10mmol/l). In some experiments potential competitive amino
acids and potential other effectors were included, and, in those
cases, preceded by a preincubation step in their presence. Post-
incubation was generally performed in isotonic sodium chloride
solution for 30min to remove the high L-dopa concentration in
the intercellular fluid that would give rise to a high background
fluorescence which could mask the fluorescence of the L-dopa
taken up and retained by the LC. To exclude any appreciable
degradation of L-dopa in the LC, some biopsies were incubated
as detailed earlier and then kept in Krebs-Ringer-bicarbonate
buffer (KRB) for 2 and 3h, respectively, before processing for
fluorescence histochemistry.

Fluorescence histochemistry

After incubation the biopsies were placed into 0.05% porcine
trypsin in KRP at 4�C. The length of time for trypsin exposure,
before separation of the epidermis was possible, was 25–50min.
The epidermis was gently teased off the dermis and processed
according to the Falck-Hillarp formaldehyde method (22).
Briefly, the epidermal sheets were placed on a slide, corneal sur-
face downwards, dried overnight in a vacuum chamber, then
exposed to formaldehyde gas for 1 h at 80�C and mounted in
liquid paraffin. This method selectively visualizes a population of
epidermal LCs capable of taking up and accumulating L-dopa.

Uptake assay

Biopsies were coded and viewed in the fluorescence microscope
on at least two different occasions by two independent observers
unaware of the type of experiment concerned. Intracellular L-dopa
uptake was evaluated from the fluorescence intensity expres-
sed on an arbitrary stepwise scale from 0 (no visible uptake) to 3
(maximum uptake) including ½ steps (Fig. 1 a–c).

Results

Characteristics of the uptake process

Concentration and time dependence. Figure 2
illustrates the concentration dependence of the
L-dopa uptake in the LCs. A Michaelis-Menten-
like kinetics of the transport process was observed,
with an apparent Km of approximately 2mmol/l.
As seen from Fig. 3 L-dopa uptake was a func-

tion of time. Among factors affecting the time to
reach saturation was the concentration of L-dopa.
The method we now used is based on microscopic
estimation of fluorescence intensity. This may
result in the maximum level being a somewhat
broader zone rather than a sharp point.

Dependence of temperature, pH and sodium ions
(not shown in Figures or Tables). Uptake of
L-dopa (10mmol/l, 60 min) was tested at 4�, 15–16�

and 23�C (n¼ 6 per temperature point). There was
no uptake at the two lower temperatures, and only
a relatively low uptake was seen at 23�C (Fig. 1a).
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L-dopa transport (10mmol/l, 60min, 37�C) was
independent of pH within the 4.8–8.5 range
(n¼ 12 at each of seven evenly spaced pH levels).

Naþ was not obligatory for operation of the
L-dopa transport system. Thus, a substantial uptake
was noted when the Naþ was replaced by Kþ in
the KRP (n¼ 9). Also, a clear-cut uptake was seen
in isotonic KCl and in the absence of monovalent
cations as well, i.e. in isotonic sucrose as the incu-
bation medium (n¼ 6). In contrast to the incuba-
tions inKþ-substituted or in plainKRP, some of the
LCs appeared more or less poor in dendrites
after 60min of exposure to only isotonic KCl and
sucrose, respectively.

(a)

(b)

(c)

Figure 1. (a–c) L-dopa uptake in Langerhans cells estimated by
fluorescence intensity using an arbitrary stepwise scale from 0 to
3. (a) low, (b) intermediate, and (c) maximum fluorescence
intensity with L-dopa after incubation in Krebs-Ringer-
phosphate buffer at 37�C, pH7.4, with (from a to c) 1, 4,
10mmol/l of L-dopa for 30, 40 and 60min, respectively.

Figure 2. Concentration dependence of L-dopa uptake in LCs as
measured by fluorescence intensity at 60min of incubation,
37�C. Each point represents the mean value of at least 6
observations (the lowest concentration used was 0.1mmol/l).

Figure 3. Uptake of L-dopa in Langerhans cells as measured by
fluorescence intensity at three different concentrations as a
function of time. Each column represents the mean value of at
least five observations.

Falck et al.
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Stereospecificity. D-dopa was ineffective as a
substrate and no uptake was observed under
experimental conditions similar to those used
with L-dopa (n¼ 9).
Prolonged postincubation for up to 3h after the

L-dopa incubation resulted in no, or a very slight,
decrease in fluorescence intensity and no change in
fluorescence pattern, showing that L-dopa is not
metabolized in LCs nor is it released under these
conditions.

Competition with other amino acids

Physiological amino acids in excess did not inter-
fere with the L-dopa uptake into the LCs when
coincubated with L-dopa for 30–60min. Further,
to rule out the involvement of system A, N-methyl-
aminoisobutyric acid (MeAIB) was tested. When
concentrations exceeded that of L-dopa, no inhibi-
tion was observed (Table 1).

Energetics

The L-dopa transport was independent, not only
of the Naþ gradient (see earlier), but also of glu-
cose in the medium. We recently demonstrated
that D-methionine efficiently depletes intracellular
L-dopa, possibly via a trans-stimulatory action
(unpublished data). Therefore uptake-depletion
cycles of L-dopa could be carried out. Repeated
incubations of 30min each with L-dopa in the
absence of glucose, followed by washings in the
presence of D-methionine for up to five cycles

did not result in any fading of L-dopa influx. The
protocol of these chase experiments is given
in Fig. 4.
Preincubation in KRP without glucose for 7h

followed by incubation with L-dopa (10mmol/l,
60min) resulted in an unchanged L-dopa uptake.
Such long preincubations in the total absence of
oxygen (argon environment) also did not impair
the uptake of L-dopa (n¼ 6).
A series of experiments was carried out involv-

ing iodoacetate, a well-known inhibitor of glyco-
lysis. Based upon detailed preliminary experiments
we chose an experimental design consisting of pre-
incubation(30–90min)andincubation(30or60min)
with 1mmol/l of the inhibitor. The concentration of
L-dopa in the incubation medium was 4mmol/l, i.e.
rather close to the apparent Km value for L-dopa
transport (see Fig. 2). Under these conditions a
pronounced to almost total inhibition of the
L-dopa uptake into the LCs was achieved both in
the presence (n¼ 6) and absence (n¼ 15) of glucose.
Fluorescence intensity in these cases was at most not
more than that shown in Fig. 1(a) and there was
often a somewhat less pronounced decrease in the
number of LCs.
When iodoacetate was exchanged for sodium

arsenate (5mmol/l; n¼ 17) in otherwise similar
experiments, no influence of arsenate on L-dopa
uptake was observed regardless of phosphate
being present.

Induction of L-dopa uptake into L-dopa(�)LCs

There are two types of human LCs, one that readily
takes up and accumulates L-dopa (L-dopa(þ)LCs)
and the other that does not take up demon-
strable amounts of L-dopa (L-dopa(�)LCs)
(21,23). Exposure to a-methyl-n-aminobuturyl
methyl ester (AnBMe) most probably leads to
ester hydrolysis in the LC and the release of free
amino n-butyric acid (AnB) and protons. Simulta-
neously, L-dopa(�)LCs are transformed to
L-dopa(þ)LCs but their final fluorescence is consid-
erably lower than that exhibited by L-dopa(þ)LCs
(23). Thus, after incubation with AnBMe and
L-dopa all or almost all LCs take up L-dopa
although the formerly L-dopa(�)LCs do so to a

Table 1. Lack of inhibitory effect on L-dopa transport into Langerhans cells by
other amino acids. The first 12 amino acids are transported mainly by system
A and the next four mainly by system L, as defined by Christensen (6).
N-methyl-a -aminoisobutyric acid is a model amino acid for system A

Amino acid added Amino acid: L-dopa Inhibitory
ratio (mmol/l) effect n

L-alanine 40 : 4 0 10
a-aminoisobutyric acid 10 : 10 0 5
a-aminobutyric acid 10 : 2 & 40 : 4 0 7
glycine 40 : 4 0 3
L-histidine 40 : 4 0 3
L-homocysteine 15 : 4 0 3
L-methionine 10 : 10 0 3
D-methionine 10 : 10 & 40 : 4 0 7
L-norleucine 40 : 4 0 7
Sarcosine 40 : 4 0 8
L-serine 40 : 4 0 3
L-threonine 40 : 4 0 8
L-leucine 40 : 4 0 7
D-leucine 40 : 4 0 7
L-phenylalanine 40 : 4 0 10
L-valine 40 : 10 & 40 : 4 0 6
MeAIB 20 : 2 0 3

n¼ number of experiments carried out on different occasions and individuals.
MeAIB, N-methyl-a -aminoisobutyric acid.

Figure 4. Protocol of chase experiments.
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lesser extent than do L-dopa(þ)LCs. We have now
extended these studies to five other methyl esters
whose amino acid moieties are improbable candi-
dates for exchange with L-dopa. As seen
from Table 2, all these esters could induce L-dopa
uptake into L-dopa(�)LCs.

Discussion

The present work was carried out with the explicit
aim to avoid perturbance of the biological system
under study. Therefore, L-dopa transport was stud-
ied with the LCs still resident in their epidermal
microenvironment. Cultured LCs undergo certain
changes (24), which may be the result, at least in
part, of the fact that they are exposed to an oxy-
gen-containing atmosphere. The LCs are a small
subpopulation constituting only 3% or less of all
cells in the living epidermis, and the total amount
of L-dopa taken up by the cells present in a 2-mm
epidermal biopsy is exceedingly small. This, and
the fact that L-dopa analysis of the epidermis is so
far impossible (see later), using conventional bio-
chemical methods makes the histofluorescence
method (4,5) appropriate to examine L-dopa
transport. The various aspects of the transport
system were easily observable because L-dopa
yields intense fluorescence and the LCs are the
only epidermal tissue components that can take
up and retain L-dopa. Moreover, conversion of
L-dopa to catecholamines does not occur in LCs,
which is easily established because this would have
given rise to a different fluorescence pattern (2).
The Michaelis-Menten-like kinetics of the up-

take process indicated a carrier-mediated transport.
There were no grounds for the assumption that
the L-dopa carrier was identical with the known
carriers of other physiological amino acids. This
proposal is based on the following findings. The
transport was operative over an unusually broad
pH range and was independent of sodium ions
and any other monovalent cation in the incubation

medium. Nor could any competitive inhibition be
revealed by any of a broad variety of physiological
and non-physiological amino acids, present in
excess relative to L-dopa, having affinity for not
only the A and L systems, but also for other systems
transporting neutral amino acids, the glyþ and ASC
systems. Of special interest was the inability of
MeAIB to compete for uptake. N-methylaminoiso-
butyric acid is considered to be a specific substrate
for system A (6). Although system T was initially
considered as a variant of system L, it became
apparent that it was a distinct system (16). System
T was ruled out because phenylalanine was ineffi-
cient as a competitive inhibitor (L-dopa : phenylala-
nine, 4 : 40mmol/l). A subclass of systemT is TAT 1
exhibiting Naþ-independent and low-affinity trans-
port of tryptophan, tyrosine and phenylalanine,
conforming with system T. TAT 1 is strongly
expressed in intestine, placenta and liver with a
concentration in the basolateral membrane of the
epithelial cells of the rat small intestine (19). It
suggests a role of TAT 1 in the transepithelial trans-
port of aromatic amino acids (19).There are no
reports of the existence of TAT 1 in the epidermis
or in epidermal LCs. Thus, there was no apparent
candidate functioning in a symport or antiport con-
text with L-dopa for its concentrative uptake.

Viruses exploit cell-surface molecules as recep-
tors for bonding to and entry into host cells. Two
studies of the ecoR gene, which codes for the
receptor of the ecotropic murine leukemia virus,
have discovered that the receptor molecule is most
likely the classic Lyþ amino acid transporter. This
gene encodes a protein of 622 amino acid residues
with 14 domains with potentially membrane-span-
ning characteristics. This transmembrane topology
was similar to several membrane transporter pro-
teins, especially ones for arginine and histidine in
yeast (25,26). These authors further showed that
Xenopusoocytes injected with ecoR messenger
RNA display increased amino acid uptake corres-
ponding closely to System Lyþ. These findings
are a landmark because they represent the first
mammalian amino acid transporter to be cloned
and the first instance of a virus subverting a trans-
membrane transport protein as a receptor (27). So
far, no amino acid transport systems have been the
subject of study in LCs besides that described by
us, and accordingly, this new transport system has
not been characterized in molecular terms.

The chase experiments (Fig. 4), originally
expected to result in an exhaustive uptake pattern
as a result of energy substrate depletion, revealed
an undisturbed transport capacity for at least 4 h
(five cycles), pointing to a renewable source
acting as a motive force. Also, the uptake of

Table 2. Ability of different amino acid esters to transform L-dopa(�) Langerhans
cells to L-dopa(þ) Langerhans cells

Amino acylester Amino acid formed by Inductive
(10mmol/l) hydrolysis activity/n

AnBMe AnB þ/9
L-aspartic acyldimethylester Aspartic acid þ/3
Glutamic acyldiethylester Glutamic acid þ/3
D-methionine acylmethylester D-methionine þ/3*
L-proline acylmethylester L-proline þ/3*
L-alanine methylester L-alanine þ/3*

*One of three cases.
AnBMe, a-methyl-n-aminobuturyl methyl ester.
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L-dopa was not compromised under strictly
anaerobic conditions for an extended period of
time. Other experiments in our laboratory have
demonstrated that the human epidermis has the
capacity to produce lactic acid continuously, regard-
less of the presence of oxygen (28). Accordingly, the
unknown counterpart of a proposed antiport system
could well be the continuously produced protons
of glycolysis, as long as glucose equivalents are
supplied either from the external compartment
or by glycogenolysis. A sustaining effect of the
glycogen store in the epidermis was consistent
with our observation that after incubation in
buffer for 7h without glucose, the transport system
was still fully functional. Moreover, introducing
iodoacetate (a well-known inhibitor of glycolysis)
into the experimental system caused a diminished
uptake of L-dopa into the LCs, strongly support-
ing the idea of metabolic coupling in LCs between
glycolytic flux and L-dopa influx. It is of import-
ance in this context that arsenate in the incubation
medium did not inhibit L-dopa uptake in the LCs.
The working principle of this metallomolecule is
enzymatic oxidative arsenolysis ofD-glyceraldehyde
3-phosphate. Hence, arsenate may substitute for
phosphate in the oxidative phosphorylation of
glyceraldehyde 3-phosphate, giving rise to 1-arseno,
3-phosphoglyceric acid. This intermediate is a
highly unstable compound that immediately and
spontaneously decomposes into 3-phosphoglycerate
(an ordinary metabolite of anaerobic glucose
oxidation) and arsenate in aqeous systems. Note
that in the presence of arsenate no high-energy
phosphate compound is generated by the dehydro-
genase although overall oxidoreduction takes place.
Arsenate can thus uncouple oxidation from
phosphorylation. Hence, the glycolytic flux ending
up in lactate formation is not retarded, although
energy metabolism is compromised. Thus, L-dopa
uptake in LCs is dependent on lactate formation
rather than on ATP formation.
With these background findings, it seemed

obvious to further study the effects of AnBMe
(23). Exposure of epidermal tissue to this lipophilic
ester leads to rapid penetration across the plasma
membrane, most probably followed by intracel-
lular hydrolysis of the ester linkage, giving rise to
two possible intracellular counterparts in the
antiport, viz. protons and the free amino acid.
Concomitantly, formerly L-dopa(�) LCs develop
the capacity to take up and accumulate L-dopa
(23). At the time when these results were
published, the liberated amino acid was considered
a possible counterpart. However, in the present
experiments we tested some other esters that,
besides the obligatory release of protons, produce

various amino acids which can be ruled out as
counterparts. Thus, glutamic acid and aspartic
acid are negatively charged because of the extra
carboxylic group and therefore are not counter-
parts of the neutral L-dopa. The present L-dopa
transport system is strictly stereospecific (D-dopa
is invalid as a substrate amino acid) and hence
L-dopa should not interfere with D-methionine.
Proline and alanine are the preferred substrates
for Naþ-dependent systems and are therefore less
likely exchange partners. Nevertheless, these esters
transformed the L-dopa(�) LCs to L-dopa(þ)
LCs. The intracellular protons generated by the
hydrolysis, analogous to protons generated by gly-
colysis, are suggested as the motive force of the
L-dopa uptake by migration downhill. At first
glance, it may appear somewhat puzzling that we
did not observe any influence of a lowered extra-
cellular pH upon the L-dopa uptake into the LCs.
However, it should be kept in mind that the
epidermal cell microenvironment was not repre-
sentative of that in most other parenchymal cells
because of the high anaerobicity and compromised
perfusion possibilities that create the prerequisites
for an acidic environment.
The human epidermis displays an anaerobic

production of lactate (28), and, obviously, LCs
residing in the epidermis must have effective
mechanisms for extruding protons. The L-dopa/
proton counter-transport system we now describe
seems to be both energy-saving and potent. It is an
antiport system, which implies that it can be
regarded as an integral part of glycolysis in epider-
mal LCs. Hence, we have now provided evidence,
based on several different approaches, that intra-
cellular proton production inLCs is themotive force
for the concentrative uptake of L-dopa in these cells.
A conceptual consequence of the proposed

transport mechanism is that L-dopa(þ) LCs and
L-dopa(�)LCs should not be considered as func-
tionally different subpopulations. Instead, L-dopa
(�)LCs are temporarily inactive cells with a low
metabolic rate. Clearly L-dopa(�)LCs also must
be able to eliminate intracellularly formed protons.
Whether this is performed via the L-dopa pump
but at a rate too slow to be visualized with the
method used or via some other mechanism is not
yet known.
Langerhans cells are major histocompatibility

complex (MHC) class II-positive dendritic cells
that act as antigen-presenting cells for T-cell-
dependent immune responses. The question might
therefore be well founded whether a functional
coupling exists between L-dopa(þ) LCs cells and
the antigen-presenting ability. We believe they
represent different properties, as the conversion
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from L-dopa(–) LCs to L-dopa(þ) LCs is momen-
taneous and dependent on the release of protons
while the capturing and processing of antigens in
the skin and subsequent activation of naive T cells
is a complicated process. e.g. in the case of proto-
zoan parasites of the genus Leishmania it was
shown that i.a. newly synthesized MHC class II
molecules were required for Leishmania major
antigen presentation by LCs (29), which means
that this process is not at all momentaneous.
L-dopa is not metabolized by the LCs but can,

after dislocation, again engage the carrier. We
have indeed shown (unpublished observations)
that a number of physiological amino acids that
can be expected to appear in the epidermal inter-
cellular fluid, rapidly induce an exodus of intracel-
lular L-dopa in LCs. Thus, it is possible that LCs
profit from L-dopa in a dualistic way, an alto-
gether remarkable biological mechanism.
The transport mechanism probably accepts no

closely related molecules other than L-dopa, and,
to a certain extent, metatyrosine (unpublished obser-
vations). Of the two, only L-dopa can be produced
in the epidermis, namely by the melanocytes. Exten-
sive pigment research has shown so far that insur-
mountable difficulties prevent the demonstration
of the presence of L-dopa in human epidermis,
possibly because of the existence of components
that cause unspecific oxidation of epidermal tyrosine
to dopa in the homogenization step (Rosengren and
Rorsman, personal communication). It has, how-
ever, been shown that epidermal melanocytes in
pigmented animals produce considerable amounts
of L-dopa (30–32).
Research on LCs has been extensive throughout

many decades but so far no one has contemplated
the possibility that they are confined to a prefer-
entially anaerobic energy metabolism when resi-
dent in the epidermis. This and the fact that
human LCs possess at least one plasma mem-
brane-bound proton extruding system may throw
a different light on various biological phenomena
concerning LCs. It is of interest in this context that
LCs, when transferred to an aerobic culture med-
ium, undergo profound changes (24,33,34). For
example, Birbeck granules (BGs), a unique and
functionally enigmatic organelle in LCs, disappear
more or less completely within a few days, espe-
cially from freshly isolated LCs kept under aerobic
conditions. Birbeck granules are formed by plasma
membrane parts folding upon themselves with the
cytosol side facing outwards (a process that has
been named cytomembrane-sandwiching or CMS),
the interlinking force between the zippered mem-
branes beingCa2þ-dependent (35,36).Most import-
antly, Valladeau et al. (37) recently identified a

Ca2þ-dependent lectin, Langerin, which induces
BGs formation because of its capacity to produce
membrane superimposition and zippering. The
functions of BGs are not yet fully clarified, but it
is likely that they are capable of endocytosis (38)
involved in antigen processing (24,38), and repre-
sent a link between the exterior of the cell and the
endosomal compartment, perhaps even sometimes
transforming into endosomes (38). The CMS
process implies internalization of the proton
pumps, which could carry protons into the interior
of the BG for further transport to the cell surface
(or for establishment of endosomal activity).
The hypothetical possibility that BGs act as proton
reservoirs supporting elimination of protons
derived from the anaerobic glycolysis is consistent
with the finding that suprabasal LCs contain
significantly more BGs than do basal LCs (39),
which, being the closest to the capillary network,
probably respire under higher oxygen tension. This
could explain the phenomenon that BGs disappear
when the facultatively anaerobic LCs are exposed
to oxygen in culture. Also, BGs could represent the
acid compartment, explaining why catecholamines
taken up by human LCs are visualized as granular
fluorescence.
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