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Abstract

The cellular localization of carnosine-like immunoreactivity was investigated in the adult rat forebrain and in glial cell cultures
obtained from newborn rat brain. Using double staining methods, we showed that in vivo carnosine-like immunoreactivity was
occurring in a large number of both glial fibrillary acidic protein (GFAP)-positive astrocytes and 2'3'-cyclic nucleotide 3'-phos-
phodiesterase (CNP)-positive oligodendrocytes. In vitro, the carnosine-immunoreactive staining was restricted to a subpopula-
tion of completely differentiated oligodendrocytes, whereas no reaction was detected in immature oligodendrocytes and in
astrocytes. These observations could have profound physiopathological implications considering the role suggested for carno-
sine and related peptides as endogenous antioxidants, free radical scavengers and anti-glycating agents of the central nervous
system (CNS). O 1997 Elsevier Science Ireland Ltd.
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Carnosine g-alanyli-histidine) and the related aminoa- mann glia [2]. Biosynthesis of aminoacylhistidine
cylhistidine dipeptides, homocarnosinggminobutyryli.- dipeptides by primary cultures of central nervous system
histidine) and anseringg{alanylN-methyl4.-histidine) are (CNS)-derived glia has also been demonstrated [1].
present in the muscle and nervous tissue of many vertebrates However, a precise characterization of glial cell types
[9]. High amounts of carnosine and homocarnosine have expressing carnosine-related peptides is lacking. This iden-
been detected in the mammalian brain, whereas anserindification is important in order to envisage the biological
is absent [2,9,17]. Carnosine is particularly abundant in functions played in glial cells, considering the role ascribed
the olfactory mucosa, where it is located in the olfactory to carnosine-related peptides as intracellular pH buffers,
receptor neurons (ORNSs), and in the olfactory bulb, the metal ion chelators, free radical scavengers, antioxidants
target of the axons arising from ORNSs [8]. Several data and anti-glycating agents [13,15]. Accordingly, we investi-
suggest that carnosine could act as a neuromodulator ingated the biochemical phenotype of carnosine-containing
the primary olfactory system [9]. cells in the rat CNS, through double immunocytochemical

Besides its localization in ORNs and their axonal projec- methods, both in vivo and in vitro.
tions, carnosine and/or homocarnosine have been found In vivo experiments were carried out on adult Wistar rats
within glial cells, which, from their morphology and distri- (Charles River). The animals were deeply anesthetized with
bution, were identified as astrocytes and cerebellar Berg- intraperitoneal sodium pentobarbital (Pentothal Sodium,

Gellini, 60 mg/100 g) and intracardially perfused with a
“*Corresponding author. Tel.: +39 11 8122374; fax: +39 11 heparinized saline solution (25 1U/ml in 0.9% NaCl, during
8124561; e-mail: fasolo@dm.unito.it 2—-3 min), followed by a freshly prepared solution of 4%
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paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). 5 ug/ml; transferrin 10ug/ml in DMEM with 50 units/ml
The tissues were subsequently rinsed in PB, cryoprotected,penicillin and 50ug/ml streptomycin at pH 7.2). This med-
frozen at-70°C and cut in serial coronal sections 8n). ium was changed every 2 days; after 5 DIV, the cultures
In vitro experiments were carried out using glial cultures were fixed as described above. The characterization of the
obtained from newborn Sprague—Dawley rats (Charles astrocyte and oligodendrocyte enriched cultures was per-
River). Primary cultures of mixed glia were obtained from formed as previously described [12].
the cerebral cortex of 1- to 2-day-old rats, using a modified  For immunocytochemical studies all incubations were
method of McCarthy and De Vellis [10], as previously run at room temperature and washes were in PBS for 10
described [11]. Separate cultures of type 1 and type 2 astro-min. The tissue sections were treated with primary antibo-
cytes were prepared as previously described [12], cultured dies diluted in a PBS solution with 0.1% Triton X-100 and
in Dulbecco’s modified Eagle’s medium (DMEM; Bio- 1% non-immune serum of the same donor species of the
chrom K.G., Berlin, Germany) supplemented with 10% secondary antiserum. The cultured cells were permeabilized
fetal calf serum (Gibco, Grand Island, NY, USA). After 5 and the non-specific binding was blocked by a 20 min incu-
days in vitro (DIV) the cells were fixed in 4% paraformal- bation with PBS containing 0.3% Triton X-100 and 1% non-
dehyde in 0.1 M PB (pH 7.4) for 20 min at@, then rinsed immune serum of the same donor species of the secondary
in phosphate-buffered saline (PBS). antibody. Single and double labelings were carried out by
To prepare oligodendrocyte enriched cultures, primary using immunofluorescence methods.
cultures of mixed glia were obtained as described for astro- The primary antibodies used were: polyclonal rabbit anti-
cytes with the differences that the whole brain, rather than carnosine (diluted 1:1000) which cross-reacts with carno-
the cerebral cortex, and calf serum (10%) instead of fetal sine, anserine and homocarnosine; anti-anserine (diluted
calf serum, were used [12]. The cultures of oligodendro- 1:400), which is highly specific for anserine, provided by
cytes were grown in a chemically defined medium (insulin Dr. F.L. Margolis [2]; monoclonal mouse A2B5, marker of

Fig. 1. Coronal sections of adult rat forebrain. Double simultaneous immunostaining with anti-carnosine (A,C) and anti-GFAP (B) or anti-CNP (D)
antibodies. Some of the double labeled cells are indicate with empty arrow heads (A-D). In (A), full arrow head indicates a carnosine-
immunopositive cell immunonegative for GFAP. V, Blood vessel.
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Fig. 2. Oligodendrocyte cultures double immunostained with anti-
carnosine (A,C,E) and anti-GC (B), anti-CNP (D) or anti-MBP (F)
antibodies. In (D), arrows indicate two CNP-immunopositive cells
immunonegative for carnosine.

the oligodendrocyte-type 2 astrocyte (O-2A) progenitors
[3,16] (diluted 1:60); anti-myelin basic protein (a-MBP,
diluted 1:20); anti-glial fibrillary acidic protein (a-GFAP,
diluted 1:30); anti-2Z'-cyclic nucleotide 3phosphodiester-
ase (a-CNP, diluted 1:200) from Boehringer Mannheim
Biochemica; monoclonal mouse LB1 (anti-ganglioside
GD;, undiluted); anti-galactocerebroside (a-GC, undiluted)
provided by Dr. G. Levi [6]. Secondary biotinylated anti-
rabbit and anti-mouse antibodies (diluted 1:250) were from
Vectastain; anti-mouse FITC (diluted 1:40) was from Boeh-
ringer Mannheim Biochemica; anti-rabbit FITC (diluted
1:50) was from Dako. The incubation time was overnight
for the primary and 1 h for the secondary antibody.

In sections of the rostral forebrain of adult rats, a wide-
spread carnosine-like immunoreactivity (-LI) was asso-
ciated with cells of a glial-like morphology (Fig. 1A,C).

Besides the glial localization, carnosine-LI was seen in the

ORNSs projections to the olfactory bulb, as previously
described [2], and in migratory cells of the subependymal
layer [7] and its rostral extension toward the olfactory bulb
(P. Peretto et al., submitted to Neuroscience).

In glial cell cultures obtained from newborn rat brain,
strongly labeled carnosine-like immunoreactive (-LIR)
cells were found (Fig. 2A,C,E).

Immunostaining for carnosine both in vivo and in vitro

was specific, since the reaction with the antiserum was abol-
ished by liquid phase absorption with QuM carnosine—
bovine serum albumin (BSA) conjugate.

Since the antiserum did not discriminate between carno-
sine, homocarnosine or anserine [2], the immunostaining
observed (referred to as carnosine-like) could reflect the
presence of one out of the three dipeptides. However, car-
nosine and homocarnosine have been described in the
rodent brain, while anserine was undetectable [2]. Using a
specific antiserum directed against anserine we confirmed
that, also in vitro, no staining was detectable, suggesting that
the immunoreactivity reflects the presence of carnosine and/
or homocarnosine. In the rodents’ brain, according to pre-
vious biochemical investigations [8], the values reported for
carnosine were in the range of 0.01 to 0.2 nmol/mg of tissue,
except for the olfactory bulb where this dipeptide reaches a
concentration of 2 nmol/mg, probably due to the massive
occurrence of the carnosine projections from the ORNs. The
values reported for homocarnosine in the whole brain were
in the range of 0.05—0.2 nmol/mg.

In vivo, by double simultaneous immunostaining, we
observed that a conspicuous number of the CNS glial cells
was immunopositive when treated with anti-carnosine
serum. Process-bearing carnosine-LIR cells were double-
labeled for GFAP, a specific marker for astroglia (Fig.
1A,B), confirming the previous studies by Biffo et al. [2].
Moreover, we demonstrated that many carnosine-LIR cells
with a simple round shape, localized in white and gray
matter, were GFAP-negative, but they were stained by anti-
bodies specific for the oligodendrocyte-marker CNP (Fig.
1C,D).

Interestingly enough, the in vitro immunolocalization
pattern was rather different. Using primary cultures of
mixed glia, we identified isolated or small clusters of car-
nosine-LIR cells. Double simultaneous stainings showed
that the carnosine-LIR cells were GFAP-negative (data
not shown). These observations suggested that the carno-
sine-LI in vitro could be restricted to oligodendrocytes.

To support this assumption, selective enriched cultures of
astrocytes and oligodendrocytes were analyzed. Immunos-
taining with anti-carnosine serum on enriched cultures of
astrocytes gave no results. By contrast, strong immunolabel-
ings were found in enriched cultures of oligodendrocytes. In
these cultures, where oligodendrocytes are present at differ-
ent levels of cell maturation, a few carnosine-LIR cells, with
a morphology varying from bipolar to a more complex
branched shape, were encountered (Fig. 2A,C,E).

To test whether the presence of carnosine was correlated
to a particular stage of the cell maturation, double labelings,
using oligodendrocyte stage-specific markers, were per-
formed. No colocalizations were observed between carno-
sine-LI and A2B5, or LB1, markers of oligodendrocyte
precursors. Colocalizations with carnosine-LI occurred
using anti-GC, anti-CNP and anti-MBP antibodies (Fig.
2). These antisera are raised against myelin-specific anti-
gens sequentially expressed during oligodendrocyte differ-
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entiation and preserved in mature oligodendrocytes [4]. [1] Bauer, K., Hallermayer, K., Salnikow, J., Kleinkauf, H. and
Carnosine-LIR cells were positive for each of these myelin Hamprecht, B., Biosynthesis of carnosine and related peptides

o i . lial cells in pri [ . Biol. Chem., 257 (1982
specific markers. In particular, all the carnosine-LIR cells by glial cells in primary culture, J. Biol. Chem., 257 (1982)

.- . 3593-3597.
were always positive for MBP, one of the last antigens [5] giffo, ., Grillo, M. and Margolis, F.L., Cellular localization of

—

expressed by oligodendrocytes during cell maturation [4]. carnosine-like and anserine-like immunoreactivities in rodent
However, carnosine-like- and myelin-specific antigen- and avian central nervous system, Neuroscience, 35 (1990)
immunopositive cell populations did not completely over- " gﬂ,;?flé Manucuera. 3. Hautiecosur. B. and Mase. J
Iap’ since many OI!QOdendrOCyte_s dl_d not stain for carnosine Monoclvonaly antibogy AZB‘S, V\;hiCh detects c;ell surface antigéns:
(Fig. 2C,D), showing that, also in vitro, only a subpopula- binds to ganglioside Grs(II*(NeuAc)sLacCer) and to its 9-O-
tion of differentiated oligodendrocytes was carnosine-LIR. acetylated derivative, J. Biol. Chem., 265 (1990) 2797-2803.

Carnosine is a powerful antioxidant, free radical scaven- [4] Hardy, R. and Reynolds, R., Proliferation and differentiation
ger and anti-glycating agent [13,15]. In this contest, its Sﬁrtgr;ﬁ l‘:]fvrl"\"lgf‘gz\t;:c')” n(:g?\(t)dfffr??ggllfrl%gselnitfcr)isobom in
chahzatlo_n in dlff_erentlated _ollgodf_endrocytes, b_oth_ in [5] Hoﬁmann’A.M."Bakardjipevy A and Bauer, K., Carnosine synth-
vivo and in vitro, is of the highest interest, considering esis in cultures of rat glial cells is restricted to oligodendrocytes
that these cells are susceptible to cell death due to glutamate  and carnosine uptake to astrocytes, Neurosci. Lett., 215 (1996)
exposure and/or reactive oxidative intermediates [14]. 29-32.

Biosynthesis of carnosine by glial cells in primary cul- (6] Il;'eVi’tG.t" /T'Oli?il' F. and W”k_i”t' G-F" giﬁ‘;'e”“?“of‘ of ,Cerebe”"’}r

. . e Ipotential glial precursors INto oligodendrocytes In primary cul-

tures has been prewously demons,trated’ Whereas,no Slgnlfl- tu?e: develgtl)pmgntal profile of s%rface anZQens an myitotic
cant synthesis of homocarnosine was described [1]. activity, J. Neurosci. Res., 18 (1987) 407—417.

Furthermore, in agreement with our findings, a recent [7] Lois, C. and Alvarez Buylla, A., Long-distance neuronal migra-
study has demonstrated that carnosine synthesis, in vitro, tion in the adult mammalian brain, Science, 264 (1994) 1145—
is confined to oligodendrocytes, and a correlation between " i/ll:r&o i FL. Camosine in the orimary olfactory bathwa
camnosine biosynthesis and the differentiation of oligoden- Scionce. 184 (1974) 908,911, primary Y pathway,
drocytes was also suggested [5]. Contrary to the synthesis, (9] margolis, F.L., Carnosine: an olfactory neuropeptide. In J.L.
however, carnosine-uptake was described to be restricted to  Barker and T.G. Smith (Eds.), The Role of Peptides in Neuronal
astrocytes [5], where we did not observe any carnosine-LlI. Function, Dekker, New York, 1980, pp. 545-572.

Fram al these data, i can be deduced that i viro the (10 WSty P, syl Pepmin oot o
immunoreactive peptide is mainly camosine, and that it can Tl Biol_?% (198%) 890902, ’
be only synthesized by differentiated oligodendrocytes. [11] Melcangi, R.C., Celotti, F., Ballabio, M., Castano, P.,
Moreover, the absence of staining in astrocytes indicates Massarelli, R., Poletti, A. and Martini, L., Se-Reductase activity
that, in our conditions, these cells contain a low level of in isolated and cultured neuronal and glial cells of the rat, Brain
aminoacylhistidine dipeptides, or none at all. It is possible Res., 516 (1990) 229-236. N ,
that the amount of carnosine produced by oligodendrocytes [12] Melcangi, R.C., Celotti, F., Castano, P. and Martini, L., Differ-

. . ; ential localization of the 5a-reductase and the 3a-hydroxyster-
in culture does not reach the level necessary for its uptake in oid dehydrogenase in neuronal and glial cultures,

—

—

astrocytes. Endocrinology, 132 (1993) 1252-1259.
In addiction, we suggest that the differences observed [13] Munch, G., Thome, J., Foley, P., Schinzel, R. and Riederer, P.,
between the in vivo and in vitro labeling-patterns might dA_d"anceCé g!ycgtion ;”dp;%d“i‘;gi; fgfi”& ;”d Alzheimer's

. . . . ISease, prain Res. rev., - .

be due to, (1) the dlfferent_ag? of animals C(?nSI_dered In [14] Noble, M., The oligodendroq(/te-tyge-z astrocyte lineage: in
our experiments (neonatal in vitro, and adult in vivo), (2) vitro and in vivo studies on development, tissue repair and
a reduction of the functional interrelationships between the neoplasia. In F.H. Gage and Y. Christen (Eds.), Isolation, Char-
different glial cell types and/or (3) the lack of glial-neuronal acterization and Utilization of CNS Stem Cells, Springer-Verlag,
interactions occurring in our culture system. Experiments 5] gi'l'r']: |139J97vB PP 1rg\l/‘i2;\3-and ok V.E.. Camosine. i
a_re n prpgress to study th? pr,esenc‘? of carnosine both in proper’ties,’funct)i/ons’ and potential theyra’peutic': applications,

vivo, during ontogeny, and in vitro, using a co-culture sys- Mol. Aspects Med., 13 (1992) 379—444.
tem of different types of glial cells and neurons. [16] Raff, M.C., Miller, R.H. and Noble, M., A glial progenitor cell that
develops in vitro into an astrocyte or an oligodendrocytes
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