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Abstract—Biosynthesis, release, and uptake of carnosine (-alanyl-L-histidine) in highly enriched primary cell cultures of
skeletal muscle and CNS tissue have been investigated. The synthesis is restricted to muscle cells, oligodendrocytes, and
ensheathing cells of olfactory bulb and increases during differentiation of these cells. Astrocytes, in contrast, do not syn-
thesize carnosine but are equipped with a dipeptide transporter by which carnosine is taken up very efficiently.
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A century has already passed since Gulewitsch and
Amiradzibi [1] first reported on the successful isolation
of a crystalline substance from Liebig’s meat extract,
which they called carnosine. Subsequently, this sub-
stance was identified as B-alanyl-L-histidine [2, 3] and
thus represents the first peptide ever isolated from natu-
ral material. Meanwhile, a variety of dipeptides struc-
turally related to carnosine (w-aminoacyl amino acids)
have been identified as constituents of excitable tissues,
brain, and muscle (for review see [4, 5]). In skeletal mus-
cle, carnosine and anserine (B-alanyl-N'-methylhisti-
dine) represent the major non-proteinous nitrogen com-
ponents that contribute as much as 0.2-0.5% to the net
weight of some muscles.

While small amounts of the B-alanine-containing
peptides are also found in brain, homocarnosine (y-
aminobutyryl-histidine) and other y-aminobutyryl
(GABA)-containing dipeptides are more abundantly
and exclusively expressed in the central nervous system,
presumably due to the restricted availability of the pre-
cursor GABA in this tissue.

In recent years, numerous studies have reported on
the specific properties and possible therapeutic potential
of w-aminoacyl amino acids [6]. An interesting hypothe-
sis about the protective effects of carnosine, N-acetyl-
carnosine, and homocarnosine against neuronal cell
death is that all three peptides act as scavengers of reac-
tive oxygen species, but carnosine has an additional anti-
apoptotic effect because of its anti-glycating activity [7].
However, the biological roles of these peptides remain
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rather obscure. In order to get some clues as to their
function in the CNS, some authors focused their studies
on the distribution of these peptides in the brain of var-
ious species [8, 9, 11]. For a comprehensive review on
this aspect and recent results provided by the excellent
studies from Fasolo’s laboratory, see [12]. Since all w-
aminoacyl amino acids are synthesized by carnosine syn-
thase, an enzyme with broad substrate specificity, we
chose an alternative approach: with primary cell cul-
tures, we were interested in studying the synthesis,
release, and uptake of carnosine by different cell types.

CHARACTERIZATION
OF THE CELL CULTURES

Primary cultures established from muscle and CNS
tissue consist of a mixed population of cells.
Investigation of carnosine biosynthesis demands highly
enriched cell cultures with purity and viability of about
95%.

Muscle cell culture. Embryonic chick pectoral mus-
cle is a very rich source of carnosine and anserine [4].
Myoblasts could easily be isolated from 11-day-old
chick embryos [13] and differentiated in serum-free
media supplemented with transferrin and insulin [14, 15]
or thyroid hormone [16]. The presence of cytosine arabi-
noside blocks DNA synthesis and removes contaminat-
ing fibroblasts almost completely.

Oligodendrocytes. Primary glia cell cultures pre-
pared from newborn rat brain [17] grow as a mixed pop-
ulation of mainly astrocytes, oligodendrocytes, and
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microglia. The latter can be easily removed from the cul-
ture flasks by shaking at room temperature for 1 h.
Oligodendrocyte progenitor cells could be obtained in
sufficient amounts by a combination of the methods
described by McCarthy and de Vellis [18] and Besnard et
al. [19]. The cells differentiated in medium described by
Barres et al. [20] are about 96% pure oligodendrocytes
[21]. Oligodendrocytes from spinal cord could be pre-
pared according to the method of van der Pal et al. [21,
22].

Astrocyte cultures. Highly enriched astrocyte cul-
tures are obtained from the mixed primary glia cell
preparations of rat brain after removal of the microglia
and oligodendrocyte progenitor cells [21]. The residual
oligodendrocytes are selectively removed by antibody
mediated cell killing [23].

Olfactory bulb cultures. Mixed cultures of rat olfac-
tory neurons and ensheathing cells could be prepared
from new-born rats by a modification of a procedure
described by Ronett et al. [24]. When switched to nerve
growth factor (NGF) depleted medium containing dibu-
tyryl cAMP (dBcAMP), the share of neurons decreases
drastically and the cultures consist of cells expressing
glia fibrillary acidic protein (GFAP) and galactocere-
broside (GalC), typical markers of the ensheathing cells
[25]. Glia cells prepared from whole olfactory bulbs of
adult rats [26] could be maintained in oligodendrocyte
differentiation medium supplemented with dBcAMP
[28].

BIOSYNTHESIS OF CARNOSINE

The dipeptide carnosine is synthesized from its
component amino acids B-alanine and histidine by the
enzyme carnosine synthase. 3-Alanine, a non-proteino-
genic amino acid, is produced mainly by the liver as the
final metabolite of uracil and thymine degradation [27].
Cells synthesizing carnosine should possess an efficient
transport system for this amino acid. Investigations of
such transport in some of the cell cultures described
above show that muscle cells and oligodendrocytes are
equipped with it and that the uptake of [-alanine
increases with the differentiation of the cells in vitro [13,
21]. Carnosine biosynthesis in these cultures correlates
in time with the morphological changes of the cells. In
muscle, cell culture synthesis of carnosine increases and
reaches maximum at the formation of thick multinucle-
ated myotubes. With oligodendrocytes the highest rates
of synthesis are reached when the cells strongly express
myelin basic protein, a marker of differentiated oligo-
dendrocytes.

Immunolocalization studies suggest that in the
brain, except in the olfactory bulb, carnosine and relat-
ed peptides are associated with glia cells [8]. These data
are in agreement with studies on the biosynthesis of
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carnosine by primary cultures of glia cells from rodent
brain [28]. Using highly enriched cultures of astrocytes
and oligodendrocytes, it was possible to demonstrate
that this ability is restricted to the oligodendrocytes [21].
In addition, a significant amount of newly synthesized
peptide is found in the culture medium [21, 28].

It has been reported that primary cultures of glia
cells show rapid uptake of radiolabeled carnosine by an
energy dependent dipeptide transport system [30].
Subsequent investigations demonstrated that astrocytes
effectively take up carnosine [21]. They express peptide
carrier of the type PepT2 [30, 31]. Neither neurons [29]
nor oligodendrocytes [21, 30] possess such a transport
system. These observations should be taken into account
for the interpretation of immunolocalization studies
using antibodies against carnosine and anserine.

Concerning carnosine, olfactory mucosa and bulb
take a special place in the CNS. Significant amounts of
this peptide are found there [32]. Reported co-localiza-
tion with glutamate in olfactory sensory neurons led to
the suggestion that carnosine might have a neuromodu-
latory role in olfaction [10]. The question arises as to the
cell type responsible for carnosine synthesis. Glia cells
from adult rat olfactory bulb synthesize carnosine. The
synthesis is enhanced by addition of dBcAMP to the cul-
ture medium. Doucette and Devon [33] have reported
that this agent differentiates the ensheathing cells, which
express GFAP and GalC. Carnosine synthesis correlates
with the intensity of GalC staining and decreases after
removal of these cells by antibody mediated cell killing
[23].

Ensheathing cells from olfactory tissue of newborn
rats produce carnosine after stripping the neurons from
the flat cell layer [25]. The data suggest that this type of
cell but not olfactory neurons synthesize carnosine.

The studies of carnosine biosynthesis in vitro demon-
strated that the process is restricted to muscle cells, oligo-
dendrocytes of brain and spinal cord, and ensheathing
cells of the olfactory bulb, and the synthesis increases dur-
ing differentiation of these cells. This fact puts forward
the hypothesis that carnosine plays a role in mature tis-
sue. Studies of its release as a response to stimulation
could give an indication of its intra- or extracellular role.

CARNOSINE RELEASE

A significant amount of synthesized carnosine is
released from oligodendrocyte cultures into the medium
[21, 28]. This phenomenon raises the question as to
whether the release is always accomplished at a basal
rate or whether it could be stimulated by neurotransmit-
ters, receptor agonists, or elevated potassium concentra-
tion. Oligodendrocytes provide a good model system for
such investigations. They possess neurotransmitter
receptors for glutamate, GABA, histamine, ATP, and
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norepinephrine [34, 35]. Activation of glutamate and
GABA receptors is followed by membrane depolariza-
tion [35], which correlates, in the case of glutamate, with
an increase of intracellular Ca®* [34] due to Ca*" influx
and intracellular Ca** release [36].

Treatment of oligodendrocyte cultures with gluta-
mate or kainate stimulates carnosine and [-alanine
release from the cells [37]. This stimulus-evoked release
is observed only in the presence of cyclothiazide (CTZ),
which blocks desensitization of AMPA-type receptors
[38] and is abolished by a specific antagonist of this
receptor: 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX).
Depolarization of oligodendrocytes with 55 mM KCl or
1 mM GABA has a minimal effect on the efflux, which
again underlines the specificity of glutamate as stimulus
[37]. The efflux caused by glutamate is enhanced by
about 30% in the presence of 100 pM ZnCl,. Zn** is
released with glutamate at the excitatory synapses and
increases the AMPA-receptor mediated transmission.
However, rapid neuronal degeneration after exposure to
50 uM AMPA and 300 uM Zn** [39, 40] has been
reported. Interestingly, carnosine is known as an effi-
cient chelating agent of Zn** [6].

The release of neuroactive peptides by glial cells has
been ascribed to several mechanisms (e.g., membrane
depolarization, swelling of type 1 and 2 astrocytes due to
high K*, reversal of membrane transport). Based on our
data, however, it seems unlikely that the release of
carnosine from oligodendrocytes can be explained by
such mechanisms. Instead, our observation that the Ca*
selective ionophore A23187 effectively stimulates the
efflux of carnosine is in favor of a vesicular release
mechanism. Based on the identification of the synaptic
proteins synaptobrevin II, cellubrevin, and syntaxin in
astrocytes, a vesicular mechanism has been suggested to
explain the bradykinin evoked release of glutamate from
astrocytes [41]. Together with the very recent observa-
tion that soluble N-ethylmaleimide-sensitive fusion pro-
tein SNAP-23 (an analog of SNAP-25), syntaxin I, and
cellubrevin are expressed in cultured astrocytes, oligo-
dendrocytes, and microglia [42], the release of carnosine
by A23187 strongly supports the new concept that the
Ca**-dependent vesicular release mechanism may gener-
ally apply for exocytotic processes in glial cells that are
involved in diverse biological functions.

A century after the isolation of carnosine we have
learned many details about carnosine and related dipep-
tides. Nevertheless, the biological functions of these pep-
tides in different tissues remain obscure, and a unifying
concept to answer this question has not yet emerged. To
gain some insight into the biological role of these pep-
tides and closely related analogs thereof (e.g., B-alanyl-
histamine and carcinin, phylogenetically present
throughout the animal kingdom), one approach should
be to isolate the key enzyme, carnosine synthase, and to
identify the cDNA encoding this protein.
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Studies along these lines should provide new tools
(e.g., antibodies and molecular probes to define the site
of synthesis) and might open new avenues (e.g., genera-
tion of knock-out mutants) for future studies in the sec-
ond century of carnosine history.

REFERENCES

1. Gulewitsch, W., and Amiradzibi, S. (1900) Ber. Deut.
Chem. Ges., 33, 1902-1903.

2. Barger, G., and Tutin, F. (1918) Biochem. J., 12, 402-405.

3. Baumann, L., and Ingwaldsen, J. (1918) J. Biol. Chem.,
35, 263-266.

4. Crush, K. G. (1970) Comp. Biochem. Physiol., 34, 3-30.

5. Sano, 1. (1970) Int. Rev. Neurobiol., 12, 235-263.

6. Quinn, P. J., Boldyrev, A. A., and Formazuyk, V. E.
(1993) Mol. Aspects Med., 13, 379-444.

7. Boldyrev, A., Song, R., Lawrence, D., and Carpenter, D.
0. (1999) Neuroscience, 94, 571-577.

8. Biffo, S., Grillo, M., and Margolis, F. L. (1990)
Neuroscience, 35, 637-651.

9. Artero, C., Marti, E., Biffo, S., Mulatero, B., Andreone,
C., Margolis, F. L., and Fasolo, A. (1991) Neurosci. Lett.,
138, 182-186.

10. Sassoe-Pognetto, M., Cantino, D., Panzanelli, P.,
Verdune, di Cantogno, L. V., Giustetto, M., Margolis, F.
L., de Biasi, S., and Fasolo, A. (1993) NeuroReport, 5, 7-
10.

11. Perroteau, I., Biffo, S., Tolosano, E., Tarozzo, G.,
Bovolin, P., Vaudry, H., and Fasolo, A. (1994)
NeuroReport, 5, 569-572.

12. Bonfanti, L., Peretto, P., de Marchis, S., and Fasolo, A.
(1999) Prog. Neurobiol., 55, 333-353.

13. Bakardjiev, A., and Bauer, K. (1994) Eur. J. Biochem.,
225, 617-623.

14. Cox, R. D., Garner, J., and Buckingham, M. E. (1990)
Differentiation, 43, 183-191.

15. Turo, K. A., and Florini, J. R. (1982) Am. J. Physiol., 243,
C278-C284.

16. Bakardjiev, A., unpublished results.

17. Cole, R., and de Vellis, J. (1989) A Dissection and Tissue
Culture Manual of the Nervous System, Liss, N. Y., pp.
121-133.

18. McCarthy, K., and de Vellis, J. (1980) J. Cell Biol., 85,
890-902.

19. Besnard, F., Sensenbrenner, M., and Labourdette, G.
(1989) A Dissection and Tissue Culture Manual of the
Nervous System, Liss, N. Y., pp. 136-139.

20. Barres, B. A., Jacobson, M. D., Schmid, R., Sendtner, M.,
and Raff, M. C. (1993) Curr. Biol., 3, 489-497.

21. Hoffmann, A. M., Bakardjiev, A., and Bauer, K. (1996)
Neurosci. Lett., 215, 29-32.

22. Van der Pal, R. H. M., Vos, J. P., van Golde, L. M. G.,
and Lopes-Cardoza, M. (1990) Biochim. Biophys. Acta,
1051, 159-165.

23. Raff, M. C., Miller, R. H., and Noble, M. (1983) Nature,
303, 390-396.

24. Ronnett, G. V., Hester, L. D., and Snyder, S. H. (1991) J.
Neurosci., 11, 1243-1255.

25. Bakardjiev, A. (1997) Neurosci. Lett., 227, 115-118.



782
26.

27.
28.
29.
30.
31.
32.

33.
34.

BAKARDIJIEV, BAUER

Ramon-Cueto, A., and Nieto-Sampedro, M. (1992)
Neuroscience, 47, 213-220.

Matthews, M. M., and Traut, T. W. (1987) J. Biol. Chem.,
262, 7232-7237.

Bauer, K., Hallermayer, K., Salnikow, J., Kleinkauf, H.,
and Hamprecht, B. (1982) J. Biol. Chem., 257, 3593-3597.
Schulz, M., Hamprecht, B., Kleinkauf, H., and Bauer, K.
(1987) J. Neurochem., 49, 748-755.

Tom Dieck, S., Heuer, H., Ehrchen, J., Otto, C., and
Bauer, K. (1999) Glia, 25, 10-20.

Dringen, R., Hamprecht, B., and Broer, S. (1998) J.
Neurochem., 71, 388-393.

Margolis, F. L. (1974) Science, 184, 909-911.

Doucette, R., and Devon, R. (1995) Glia, 13, 130-140.
Kastritsis, C. H., and McCarthy, K. D. (1993) Glia, 8,
106-113.

35.

36.

37.
38.

39.

40.

41.

42.

Berger, T., Mueller, T., and Kettenmann, H. (1994) Persp.
Develop. Neurobiol., 2, 347-356.

Takeda, M., Nelson, D. J., and Soliven, B. (1995) Glia, 14,
225-236.

Bakardjiev, A. (1998) Glia, 24, 346-351.

Wong, L., and Mayer, M. L. (1993) Mol. Pharmacol., 44,
504-510.

Weiss, J. H., Hartley, D. M., Koh, J., and Choi, D. W.
(1993) Neuron, 10, 43-49.

Jin-Moo Lee, Zipfel, G. J., and Choi, D. W. (1999)
Nature, 399, A7-Al4.

Papura, V., Yu Fang, Basarsky, T., Jahn, R., and
Haydon, P. G. (1995) FEBS Lett., 377, 489-492.

Hepp, R., Perrant, U., Chasserot-Golaz, S., Galli, J.,
Annis, D., Langley, K., and Grant, N. Y. (1999) Glia, 27,
181-187.

BIOCHEMISTRY (Moscow) Vol. 65 No.7 2000



