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AbstractThis review examines interactions in the mammalian central nervous system (CNS) between carnosine and the
endogenous transition metals zinc and copper. Although the relationship between these substances may be applicable to
other brain regions, the focus is on the olfactory system where these substances may have special significance. Carnosine
is not only highly concentrated in the olfactory system, but it is also contained in neurons (in contrast to glia cells in most
of the brain) and has many features of a neurotransmitter. Whereas the function of carnosine in the CNS is not well
understood, we review evidence that suggests that it may act as both a neuromodulator and a neuroprotective agent.
Although zinc and/or copper are found in many neuronal pathways in the brain, the concentrations of zinc and copper
in the olfactory bulb (the target of afferent input from sensory neurons in the nose) are among the highest in the CNS.
Included in the multitude of physiological roles that zinc and copper play in the CNS is modulation of neuronal excitability. However, zinc and copper also have been implicated in a variety of neurologic conditions including Alzheimers disease, Parkinsons disease, stroke, and seizures. Here we review the modulatory effects that carnosine can have on zinc and
coppers abilities to influence neuronal excitability and to exert neurotoxic effects in the olfactory system. Other aspects
of carnosine in the CNS are reviewed elsewhere in this issue.
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CARNOSINE IN THE
CENTRAL NERVOUS SYSTEM
Carnosine (β-alanyl-L-histidine) is a dipeptide
that is expressed in glial cells throughout the brain as
well as in neuronal pathways of the visual and olfactory systems [1-3]. Throughout the brain, there is an
almost complete overlap of glial fibrillary acidic protein and carnosine immunoreactivity, and carnosine
can be synthesized by rodent glial cells in culture [4, 5].
Therefore, most carnosine-reactive cells are thought to
be astrocytes, oligodendrocytes, or ensheathing cells.
In the olfactory system, carnosine immunoreactivity is
seen in cells with astrocyte-like morphology throughout all layers of the rodent olfactory bulb in both
neonates and adults [1]. Perhaps more significantly,
carnosine is expressed in high concentrations in the
olfactory sensory neurons, as well as their terminals in
the glomerular layer of the olfactory bulb [6].
Carnosine also meets many of the following criteria for
a neurotransmitter.
* To whom correspondence should be addressed.

1. Presence of the compound in presynaptic terminals. The concentration of carnosine in the olfactory
bulb is high (2-5 mM) [7]. In addition to glial cells, it is
present in presynaptic terminals and vesicles of olfactory sensory neurons, the source of afferent input to the
olfactory bulb [3, 6, 8, 9].
2. Presence of enzymes for synthesis and degradation. Carnosine, its synthetic enzyme, carnosine synthetase, and its degradative enzyme, carnosinase, are
localized in the cytosol of cells in the mouse olfactory
bulb and epithelium [10]. In this study, most of the
carnosine was found in synaptosomes isolated by
sucrose-gradient centrifugation.
3. High-affinity uptake of the compound or its precursors. Burd and colleagues [11] reported that the
majority of β-[3H]alanine, administered to the nasal cavity of hamsters, was converted into carnosine that
appeared in the olfactory nerve and glomerular layers of
the olfactory bulb. In a separate study, it was reported
carnosine could be sequestered by astroglia-rich primary
cultures derived from brains of newborn mice [12].
Uptake and release of carnosine by these cells were
found to be mediated by a saturable, high-affinity trans-

0006-2979/00/6507-0807$25.00 ©2000 MAIK Nauka / Interperiodica

808

TROMBLEY et al.

port system with Km = 50 µM. More recently, a peptide/histidine transporter (PHT1) that can transport
carnosine has been identified in both neuronal and nonneuronal cells in the rat [13].
4. Selective release under depolarizing conditions.
Potassium-induced depolarizations can induce the
release of carnosine from mouse olfactory bulb synaptosomes in a calcium-dependent manner [14]. It also has
been reported that carnosine release from cultured rat
oligodendrocytes can be stimulated by glutamate receptor activation [15]. This release is apparently dependent
on elevated intracellular Ca2+ concentrations. The fact
that carnosine release was enhanced in the presence of
zinc provides another link between zinc and carnosine.
5. Presence of receptor/binding sites. Binding sites
for carnosine have been reported in membranes prepared from mouse olfactory bulbs. The binding of L[3H]carnosine was saturable, reversible, and stereospecific, and had a Kd of about 770 nM [16, 17].
6. Postsynaptic application mimics the electrophysiological response to presynaptic stimulation. It has
been reported that carnosine evokes inward currents in
rat olfactory bulb neurons from cultured slices [18].
However, most investigators report little or no direct
effects of carnosine on olfactory bulb neurons [19-22],
and recent evidence indicates that glutamate is the olfactory sensory neuron transmitter [23-25].
In spite of the supportive evidence, the lack of a
direct effect of carnosine on the afferent targets of
carnosine-containing olfactory sensory neurons casts
doubt on its status as a neurotransmitter. However,
because carnosine is colocalized with glutamate and zinc
in olfactory sensory neurons, it has been proposed that
carnosine may modulate the actions of glutamate or zinc
[3]. Data from our work suggest that carnosine may
indirectly modulate neuronal excitability by influencing
the actions of zinc and copper on amino acid receptors
and synaptic transmission.
Data from a separate series of studies also suggest
that carnosine can reduce or prevent the neurotoxic
effects of these metals. These actions may be due to a
combination of metal chelation and free radical scavenging [26-30].
ZINC AND COPPER
IN THE CENTRAL NERVOUS SYSTEM
A number of techniques have been used to localize
and quantify levels of transition metals (primarily zinc)
in the CNS, including histochemistry, stable-isotope
dilution, and retrograde/anterograde techniques (for
review see [31]). The three main sources of zinc in the
brain are: 1) a vesicular pool located in synaptic vesicles
of nerve terminals; 2) a membrane-bound, metalloprotein, or proteinmetal complex pool involved in metal

and nonmetabolic reactions, and 3) an ionic pool of free
or loosely bound ions in the cytoplasm [32]. Whereas
vesicular and membrane-bound pools are thought to
exist in the CNS, the identification of a number of zincbinding proteins in the CNS [33-35] makes the existence
of free zinc in the cellular milieu less likely [32].
However, there is evidence for an intracellular ionic pool
[36, 37].
Chelatable or labile zinc is defined as zinc that can
be abstracted from the cellular proteins to which it is
bound and represents zinc available to potentially
assume a neuromodulatory role. The remainder of zinc
is tightly bound to proteins where it acts in a structural capacity or as a component of an enzyme catalytic
site. A variety of histological techniques have been used
to detect chelatable zinc, including the TimmDanscher
reaction [38-41]. Although the sources of chelatable zinc
also include loosely bound zinc and ionic zinc, the primary source of chelatable zinc is thought to be vesicular
compartments [40-42]. Reportedly, up to 15% of brain
zinc is contained in synaptic vesicles [32], and particularly high concentrations of labile zinc are found in the
vesicular compartments of the hippocampus [40, 41, 43]
and olfactory bulb [8, 44]. In the hippocampus and
olfactory bulb, vesicular zinc is thought to be localized
to neurons using glutamate as a neurotransmitter [23,
44-46]. Zinc released from glutamatergic hippocampal
neurons has been estimated to reach extracellular concentrations of 100 to 300 µM (e.g., [47]).
Although fewer studies of copper exist, it is likely
that the brain harbors similar pools of copper and that
similar synaptic mechanisms govern its release from
synaptic vesicles. The identification of copper sources
have been complicated by the fact that the Timm
Danscher reaction (used to identify chelatable zinc) does
not distinguish between the two metals. It has been estimated that following depolarization, the concentration
of copper in the synpatic cleft reaches at least 100 µM
[48, 49].
These concentrations of zinc and copper are sufficient to have neuromodulatory effects [19, 50] and to be
neurotoxic [30].
While significant levels of zinc and copper have
been found in many brain regions including the hippocampus, locus ceruleus, hypothalamus, olfactory bulb,
and cortex, the olfactory bulb contains one of the highest concentrations of zinc [51, 52] and the highest concentration of copper [52] in the CNS. From atomic
absorption spectroscopy, it was reported that the bulb
contains 969.7 ± 58.1 and 335.9 ± 33.0 nmoles per g dry
weight of zinc and copper, respectively [52]. These numbers are difficult to appreciate out of context. It is perhaps more meaningful to recognize that zinc and copper
are among the 20 most abundant elements in the brain.
CNS concentrations of zinc and copper are quite high
when contrasted with those of more familiar neuroactive
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substances. For example, the concentration of zinc in
gray matter (a few hundred micromolar) is 10-100 times
higher than of neurotransmitters such as acetylcholine
or the monoamines, and 1000-10,000 times higher than
those of most neuropeptides [53]. Whereas zinc is found
throughout the olfactory bulb, it appears to be most
highly concentrated in the glomerular and granule cell
layers [8]. Although the precise location of copper in the
olfactory bulb has yet to be determined, recent data [44]
and our unpublished observations suggest that both zinc
and copper are present in mitral/tufted cells.
RELATIONSHIP BETWEEN ZINC,
COPPER, AND CARNOSINE
ON NEURONAL EXCITABILITY
Although the role(s) transition metals play in the
brain, including the olfactory system, has yet to be fully
clarified, some progress has been made. It is known that
these transition metals are necessary for many normal
functions in the nervous system, and that deficiencies
result in poor growth and development of the CNS [54].
Synaptically released zinc or copper may play a significant role in the synaptic physiology of amino acid
transmitter pathways. This hypothesis is based on several lines of evidence. Synaptic activity can release zinc
from nerve terminals [47, 55], and it has been reported
that endogenous zinc is released from neurons in sufficient quantities to modulate GABAergic synaptic transmission [56-58]. In addition, zinc has been found to
modulate both excitatory and inhibitory synaptic transmission [19, 50, 59, 60]. This modulation involves zincs
antagonism of some forms of N-methyl-D-aspartate
(NMDA) and GABA receptors [50, 61, 62].
Although it has been demonstrated that copper,
like zinc, is localized to synaptic terminals [63] and can
be released by depolarization [48, 49], little is known
about the potential neuromodulatory actions of copper.
Recent results suggest that copper can modulate amino
acid receptors [50, 64, 65] and purine receptors (e.g.,
[66]). However, the effects of copper, at least on glycine
receptors, purine receptors, and on synaptic transmission, appear to be distinct from the effects of zinc [19,
50, 66].
Carnosine may play an important role in modulating the effects of zinc and copper on neuronal excitability. Original interest in determining whether carnosine
could evoke a membrane current from olfactory bulb
neurons was based on several features of carnosine.
Carnosine meets many of the criteria for a neurotransmitter, and it has been proposed to be the neurotransmitter at olfactory sensory neuronolfactory bulb neuron synapses. Therefore, it was examined whether
carnosine could evoke a membrane current from olfactory bulb neurons in primary culture [19]. (The olfactoBIOCHEMISTRY (Moscow) Vol. 65 No. 7

2000

809

ry bulb contains two primary classes of neurons,
mitral/tufted (M/T) cells and inhibitory interneurons,
periglomerular cells and granule cells. Both M/T cells
and periglomerular cells receive direct input from carnosine-containing olfactory sensory neurons.) Carnosine
(up to 1 mM) was applied under voltage-clamp recording conditions for 5-60 sec. Carnosine failed to evoke a
membrane current in either M/T cells or interneurons.
Because carnosine is colocalized with glutamate in
olfactory sensory neurons [3, 23], it was hypothesized
that carnosine may instead function as a neuromodulator of glutamate receptors. This hypothesis was tested by
examining the effects of carnosine on glutamate-evoked
currents in olfactory bulb neurons. Under voltage-clamp
recording conditions, glutamate was applied at 500 µM
to activate both the NMDA and AMPA/kainate subtypes of glutamate receptors. Co-application of 1 mM
carnosine did not alter the glutamate-evoked currents in
either M/T cells or interneurons (Fig. 1).
Olfactory glomeruli, the region of the olfactory
bulb where olfactory sensory neurons make contact with
olfactory bulb neurons, contain projections from

1 mM Carnosine
500 µM Glutamate

1 mM Carnosine
30 µM GABA

1 mM Carnosine
100 µM Glycine

1 nA
2 sec

Fig. 1. Carnosine does not directly modulate amino acid
receptor-mediated currents from rat olfactory bulb neurons
in primary culture. Under voltage-clamp recording conditions, application of 500 µM glutamate, 30 µM GABA, or
100 µM glycine evoked inward currents at a holding potential
of 50 mV. A CsCl-based intracellular recording solution was
used to produce a reversal potential near 0 mV for currents
evoked by each amino acid. Carnosine (1 mM) had no effect
when co-applied during the evoked currents.
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30 µM Zn

30 µM Zn + 1 mM Carno

100 µM NMDA

100 µM NMDA

100 pA
2 sec
30 µM Zn + 300 µM Carno

30 µM Zn

30 µM GABA

30 µM GABA

1 nA
2 sec
Fig. 2. Carnosine (Carno) reduces the effects of zinc on
GABA- and NMDA-evoked currents. Under voltage-clamp
recording conditions, application of 30 µM zinc blocked most
of the current evoked by 100 µM NMDA or 30 µM GABA.
Carnosine (1 mM and 300 µM) reduced the antagonistic
action of zinc when co-applied with zinc in case of NMDAand GABA-evoked currents, respectively.

30 µM Cu

30 µM Cu + 100 µM Carno

100 µM NMDA

100 µM NMDA

100 pA
2 sec
30 µM Cu + 100 µM Carno

30 µM Cu

30 µM GABA

30 µM GABA

1 nA
2 sec

Fig. 3. Carnosine (Carno) blocks the effects of copper on
GABA- and NMDA-evoked currents. Under voltage-clamp
recording conditions, application of 30 µM copper blocked
most of the current evoked by 100 µM NMDA or 30 µM
GABA. Carnosine (100 µM) prevented the antagonistic
action of copper when co-applied with copper in case of
NMDA- and GABA-evoked currents.

interneurons that use GABA (e.g., [67]) and, perhaps,
glycine as well [68, 69]. Therefore, it was investigated
whether carnosine could modulate GABA or glycine
receptors. As was the case for glutamate, coapplication
of 1 mM carnosine failed to alter the current evoked by
either GABA or glycine (Fig. 1). Thus, it was concluded
that carnosine neither has a direct effect on olfactory
bulb neurons nor directly alters currents mediated by
glutamate, GABA, or glycine.
Carnosine is colocalized with zinc and/or copper in
olfactory sensory neuron terminals [3, 8] and has been
shown to chelate transition metal ions [27]. Therefore, it
was hypothesized that carnosine may indirectly influence olfactory bulb neuron amino acid receptors by
modulating the effects of zinc and/or copper previously
observed at these sites [50]. The latter refers specifically
to inhibition of NMDA- or GABA-evoked currents by
zinc and copper. Therefore, carnosine was coapplied
with zinc during currents evoked by NMDA or GABA
in cultured olfactory bulb neurons. At concentrations up
to 1 mM, carnosine only slightly reduced the effects of
30 µM zinc on NMDA- or GABA-receptor-mediated
currents (Fig. 2). In contrast, 100 µM carnosine completely blocked the antagonistic action of 30 µM copper
on membrane currents evoked by 100 µM NMDA or
30 µM GABA (Fig. 3). These findings support the
hypothesis that carnosine can act as an indirect neuromodulator through modulation of the effects of zinc and
copper.
EFFECTS OF ZINC, COPPER, AND CARNOSINE
ON SYNAPTIC TRANSMISSION
Zinc and copper not only modulate amino acid
receptors, but also can modulate excitatory and
inhibitory synaptic transmission [19]. Figure 4 shows
spontaneous excitatory synaptic activity of an olfactory
bulb interneuron being driven by a glutamate-releasing
M/T cell. Copper (30 µM) completely suppresses such
activity [19]. Given the effects of carnosine on copper
modulation of amino acid receptors, it was hypothesized
that carnosine may similarly influence the actions of
copper on synaptic transmission. Consistent with its
effects on copper modulation of amino acid receptors,
carnosine (300 µM) was found to completely prevent the
actions of copper on synaptic transmission (Fig. 4).
However, carnosine (100 µM-1 mM) alone had no direct
effect on synaptic transmission. These results provided
evidence to support the hypothesis that carnosine can
indirectly influence synaptic transmission.
The effects of zinc (100 µM) on synaptic transmission
are qualitatively similar to the effects of copper, but much
less potent. The baseline potential is slightly hyperpolarized, and the frequency of the synaptic activity is reduced
[19]. Given the findings about copper, it was hypothesized
BIOCHEMISTRY (Moscow) Vol. 65 No. 7
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Control
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30 µM Cu + 300 µM Carnosine
30 µM Cu

10 mV
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Control
100 µM Zn

100 µM Zn + 1 mM Carnosine

Control

Fig. 4. Carnosine modulates the actions of zinc and copper on synaptic transmission. Spontaneous excitatory synaptic activity, mediated by glutamate, was recorded in an olfactory bulb interneuron. Application of 30 µM copper dramatically reduced excitatory postsynaptic potentials and action potentials. Co-application of 300 µM carnosine completely prevented the antagonistic effects of 30 µM copper. The effects of 100 µM zinc on reducing excitatory synaptic transmission was less dramatic than the effects of copper. Co-application of 1 mM carnosine only slightly attenuated the effects of 100 µM zinc.

that carnosine also might influence the effects of zinc on
synaptic transmission. Consistent with the slight effect of
carnosine on zinc modulation of amino acid receptors,
carnosine (1 mM) was found to only slightly affect the
actions of 100 µM zinc on synaptic transmission (Fig. 4).
As shown in Fig. 4, the effects of zinc, copper, and carnosine were rapid and easily reversible.
Zinc and copper also have been shown to suppress
GABA-mediated spontaneous inhibitory synaptic transmission from interneurons onto olfactory bulb M/T
cells. Therefore, it was investigated whether carnosine
affects zinc and coppers effects on GABA-mediated
synaptic transmission. The effects of carnosine on this
zinc- and copper-mediated suppression of inhibitory
transmission were found to parallel carnosines effects
on excitatory transmission; carnosine prevented the
effects of copper, and reduced the effects of zinc.
RELATIONSHIP BETWEEN CARNOSINE
AND ZINC AND COPPER
ON NEURONAL TOXICITY
Zinc imbalances due to shifts in brain zinc pools
have increasingly been implicated in neurologic condiBIOCHEMISTRY (Moscow) Vol. 65 No. 7
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tions, such as Alzheimers disease, seizures, and ischemic
stroke. Elevated or depressed levels of zinc in several
brain regions have been documented in Alzheimers disease patients by several investigators (for review, see
[31]). In addition, translocation (influx) of zinc into
postsynaptic limbic or cortical neurons has been
observed following seizures induced by kainate [70].
Similar translocation of zinc released from presynaptic
nerve terminals has been demonstrated in degenerating
hippocampal hilar neurons following transient forebrain
ischemia [71]. A combination of TSQ fluorescence and
acid fuchsin staining was used to demonstrate that such
zinc influx into hippocampal neurons precedes the neuronal degeneration induced by an ischemic insult [72].
Furthermore, it was demonstrated that such neuronal
degeneration can be protected against by the application
of Ca-EDTA (a metal chelator) prior to the transient
ischemic insult [72]. In this study, Ca-EDTA also was
found to protect cultured cortical neurons from the toxic
effects of zinc, but not copper [72].
Toxic effects of zinc on hippocampal and cortical
neurons also have been observed in models of
Alzheimers disease. Recent in vitro studies have shown
that zinc induces β-amyloid (βA) protein clumping similar to that found in the senile plaques associated with
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Alzheimers disease [73-77]. This aggregated (clumped)
form of βA protein has been found to be cytotoxic to
hippocampal and cortical neurons, and it has induced
apoptic cell death in in vitro studies [78]. βA protein also
has been shown to enhance the susceptibility of cultured
human and murine cortical neurons to excitotoxic injury
[79, 80]. Bush and colleagues have reported that low
(i.e., physiological) concentrations of zinc (e.g., <5 µM)
can aggregate βA [73, 74].
Based in part on the above-described findings,
Cuajungco and Lees [31] have proposed that rather than
zinc initiating a neuropathological process de novo, cellular zinc levels may be perturbed to the point where zinc
may contribute to disease progression (e.g., formation of
plaques, triggering of inflammatory and/or degenerative
responses). They identify three potential mechanisms by
which zinc pools might be altered: 1) the release of
excess cellular zinc (as seen with convulsive activity) [45];
2) disruption of the blood brain barrier (as may occur
with stroke) [81], and 3) oxidative stress (causing dissociation of zinc from metalloproteins or other proteins)
[82-85]. It is also possible that changes in pH, as seen
with seizure, ischemia, or inflammation can affect protein binding, further promoting dissociation of zinc
(e.g., [86]).
A neuropathologic condition involving copper and
oxidative damage is familial amyotrophic lateral sclerosis (FALS). A mutant form of copper-zinc superoxide
dismutase (Cu,Zn-SOD), the enzyme critical for the
detoxification of the superoxide radical produced during
enzymatic oxidations, has been associated with this condition [87]. Other diseases with neuropathological components in which copper has been implicated include
Alzheimers disease, Menkes disease, Wilsons disease,
and Picks disease [88-91].
Olfactory dysfunction is a prominent feature in several neurological diseases in which zinc and copper have
been implicated. For example, olfactory dysfunction
and pathology is so evident in Alzheimers disease that
Ferreyra and Barragan [92] have proposed that
Alzheimers-associated pathology begins in olfactory
regions. This is based on the finding that olfactory dysfunction is among the first symptoms of Alzheimers disease, often involving a loss of olfactory perception and
discrimination. Furthermore, the initial neuropathology
associated with Alzheimers diseasethe formation of
senile plaques and neurofibrillary tangles, the degeneration of neurons, a decrease in the density of dopamine
receptors, and a decrease in tissue volumeoccurs in the
olfactory bulb [93, 94]. There also have been numerous
conflicting reports regarding increased, normal, or
decreased levels of zinc found in regions of the brain
affected by Alzheimers disease [31]. Of potential significance, recent studies documented significantly higher
levels of zinc in the olfactory structures, hippocampus,
and amygdala [95, 96]. Other inorganic ions that have

shown marked variations in concentration with differing
regions in the Alzheimers diseased brain include copper,
iron, aluminum, selenium, magnesium, silicon, and mercury [95, 97, 98].
Given the role of zinc and/or copper in many of
these neuropathologies and the observed modulation of
the effects of zinc and copper on synaptic transmission
by carnosine, it was hypothesized that carnosine may
protect against neurotoxicity mediated by these metals.
Investigators first characterized the toxic effects of zinc
and copper on olfactory bulb neurons in primary culture
to provide a baseline [30].
Application of zinc or copper to cultured olfactory
bulb neurons for 1 h was found to be associated with
neuronal death [30]. Furthermore, death occurred at
concentrations an order of magnitude below previously
reported estimates of extracellular or synaptic concentrations of these transition metals (e.g., 30 µM) [47, 49].
Differences between the control group and all three of
the experimental groups (10, 30, and 100 µM) were statistically significant (p < 0.001). The rate of cell death
increased with increases in the concentration of zinc or
copper to which cells were exposed. Even at the relatively low concentration of 30 µM, most neurons died within 5 h (Fig. 5).
Based on the report that chelation with EDTA
reduces zinc-mediated toxicity [72] and the observed
effects of carnosine on zinc/copper modulation of synaptic activity [19], it was hypothesized that endogenous
carnosine also may protect against metal-induced toxicity via chelation.
Carnosine and zinc or copper were coapplied to cultured olfactory bulb neurons for 1 h. Carnosine (1 mM)
was found to reduce or prevent the toxic effects of 1030 µM zinc (Fig. 5, p < 0.001, 10 µM not shown).
However, carnosine at 1 mM was not sufficient to prevent the toxicity produced by 100 µM zinc (0.05 < p <
0.1, not shown). In these experiments, investigators used
30 µM copper and varied the concentration of carnosine
from 10 µM to 10 mM. Carnosine at concentrations of
1 mM or higher was found to provide significant protection from copper-mediated toxicity (Fig. 5, p < 0.02).
However, at concentrations of 10 or 100 µM, carnosine
did not significantly protect against copper-mediated
toxicity (0.1 < p < 0.2, not shown).
These results [30] contrast with the neurotoxicity
data previously reported by Koh and colleagues [72].
Koh et al. have reported that the toxic effects of zinc, but
apparently not copper, can be minimized by the coadministration of Ca-EDTA to cultured cortical neurons. However, these two sets of results are difficult to
compare, since Koh and colleagues [72] exposed neurons
to zinc for 15 min, but used 48 h exposures for copper.
No direct comparisons between zinc and copper were
reported using the same exposure durations.
Nevertheless, the Koh et al. results suggest that chelation
BIOCHEMISTRY (Moscow) Vol. 65 No. 7
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Fig. 5. Carnosine reduces the toxic effects of zinc and copper. a) In the experimental groups, 30 µM zinc or 30 µM zinc with 1 mM carnosine was applied for 1 h in the minimal essential medium (MEM) plus glucose (6 g/liter). After the 1 h application, the media containing
zinc or zinc with carnosine were replaced with MEM plus glucose, and the extent of cell death was recorded every 30 min. Cell death
was determined using Trypan blue and changes in morphology. Zinc (10-100 µM) was highly neurotoxic when applied for 1 h. Carnosine
(1 mM) significantly reduced the toxic effects of 10 and 30 µM zinc, but not 100 µM zinc (only 30 µM zinc is shown). b) The rate of cell
death in the presence of 30 µM copper or 30 µM copper plus 1 mM carnosine. The experimental protocol was the same as that for zinc.
Carnosine significantly reduced the toxic effects of copper. Each line in both panels represents data from hundreds of neurons.

alone is insufficient to prevent the toxic actions of copper, since EDTA has a 100-fold higher binding affinity
for copper than for zinc. However, the lack of protection
afforded by Koh and colleagues in vivo administration
of Zn-EDTA (a saturated form of EDTA that can bind
no further zinc) prior to ischemia suggests that chelation
does play some role in preventing metal-induced neurotoxicity. Along with their own findings, Koh and colleagues findings led Horning and colleagues to hypothesize that Ca-EDTA, and potentially carnosine, would
afford some degree of protection against both zinc- and
copper-mediated toxicity. Therefore, they exposed cultured olfactory bulb neurons to either metal (100200 µM) with co-applied 1 mM Ca-EDTA for 1 h. In
contrast to the Koh et al. result, Ca-EDTA was found to
be highly neuroprotective against both zinc- and coppermediated toxicity for 1 h exposure durations (p < 0.001,
data not shown). However, with a 24 h exposure time,
1 mM Ca-EDTA effectively protected against zinc-mediated (p < 0.001) but not copper-mediated (0.4 < p < 0.5)
toxicity (data not shown). Furthermore, the co-application of 1 mM carnosine (in contrast to Ca-EDTA) with
zinc or copper did not provide significant neuroprotection against either zinc- (p > 1.0) or copper-mediated (p >
0.5) toxicity (data not shown).
BIOCHEMISTRY (Moscow) Vol. 65 No. 7

2000

MECHANISMS OF ACTION
AND FUNCTIONAL IMPLICATIONS
For many years, some investigators considered
carnosine to be the leading candidate for the transmitter
used by olfactory sensory neurons. However, most
investigators report little, if any, effect of carnosine on
olfactory bulb neurons, casting doubt on its role as a
neurotransmitter (e.g., [20-22]). There is now strong
electrophysiological and pharmacological evidence that
glutamate is the olfactory sensory neuron transmitter
[23]. Furthermore, as already described, even millimolar
concentrations of carnosine do not evoke a membrane
current in either M/T cells or interneurons in culture
[19]. Therefore, most investigators have concluded that
carnosine does not function as a neurotransmitter in the
olfactory bulb.
Alternatively, some investigators have proposed
that carnosine acts as a modulator [1]. This review has
already described evidence for the colocalization of
zinc/copper and carnosine in olfactory sensory neuron
terminals [3, 8] as well as recent evidence that carnosine
modulates the effects of transition metals on amino acid
receptors and synaptic transmission [19]. However,
underlying mechanisms by which colocalized neuroac-
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tive substances interact in the olfactory bulb are unclear.
Such evidence comes from other systems. For example,
it has been demonstrated in the hippocampus that low
frequency (1 Hz) stimulation of the perforant path
releases glutamate, but fails to release zinc. In contrast,
higher frequency (10 Hz) stimulation causes substantial
release of glutamate and zinc from the mossy fibers [99].
Thus, activity-dependent modulation of glomeruli could
occur if zinc (and/or copper), carnosine, and glutamate
were released by different patterns of activity, potentially contributing to odor information processing, synaptic
plasticity, or olfactory learning.
The finding that zinc is neurotoxic to cultured
olfactory bulb neurons [30] is consistent with the results
of previous experiments examining the effects of zinc on
hippocampal and cortical neurons. These results also
extend prior observations by demonstrating that shortterm (1 h) exposure to copper also is neurotoxic [1], and
that both zinc and copper can be neurotoxic at physiologically relevant concentrations [30]. Together these
findings suggest the likely existence of endogenous neuroprotective mechanisms that prevent normal concentrations of zinc and copper from exerting toxic effects.
The finding that carnosine can provide neuroprotection
from the toxic actions of both zinc and copper [30] suggests that carnosine, an endogenous dipeptide, may perform such a function. There are a number of means by
which transition metals are thought to cause neurotoxicity, thus several possible mechanisms by which carnosine may protect against these effects.
Extracellular zinc may gain access to intracellular
compartments through NMDA receptors [100], calcium-permeable AMPA receptors [101], or voltage-gated
calcium channels [102]. After entering the cell, zinc can
trigger widespread disruptions of normal cellular functions. Zinc has been proposed to disrupt calcium homeostasis [102], inhibit mitochondrial electron transport
[52], disrupt tubulin assembly [103], and overactivate
calcium-mediated enzymes [104]. Furthermore, zinc
reacts with the thiol and imidazole moieties of many
proteins, and, thus, can disrupt their structure and function [105].
Although little is known about the biochemical basis
underlying copper-mediated neurotoxicity, high concentrations of copper have been shown to interfere with neuronal calcium channels [106], inhibit the enzymatic activity of Na,K-ATPase [107], and bind to proteins, potentially altering their structure and function [105].
Furthermore, copper can enhance neurotoxicity indirectly by generating oxyradicals. Copper ions (Cu(II)) target
thiol groups which are capable of reducing Cu(II) to
Cu(I). Cu(I) can then be re-oxidized back to the Cu(II)
form in the presence of molecular oxygen. Subsequently,
molecular oxygen is converted to superoxide radicals
that ultimately can lead to lipoperoxidation [108]. In contrast to copper, not only is zinc not redox active and

unlikely to generate reactive oxygen species [109], but it
may have some antioxidant properties [110].
In almost all studies that identified zinc in a particular location in the brain, or as mediating a particular
function (e.g., neurotoxicity), the data were generated
by techniques that were much more sensitive to copper.
Therefore, some findings attributed to the actions of
zinc may actually be due to endogenous copper, or possibly, a combination of zinc and copper. Further studies
using more selective techniques will be required to further elucidate the relative roles of zinc and copper in
both normal and pathological processes.
The means by which carnosine reduces metal-mediated toxicity are unclear, but several possibilities exist.
For example, the chelating ability of the histidine residue
of carnosine [27] may contribute to its attenuation of zincand copper-mediated toxicity. The demonstrated ability
of carnosine to function as an antioxidant (e.g., [26, 28])
also may have contributed to the reported decrease in
neuronal death [30]. Furthermore, both zinc [74] and copper [111] have been implicated in the aggregation of βA,
the primary component of Alzheimer-associated β-amyloid deposits. The concentrations of zinc and copper are
significantly elevated within the neuropil of patients with
Alzheimers disease, and even higher concentrations are
found within the core and periphery of plaque deposits
[112]. Recent evidence suggests that carnosine can inhibit
the aggregation of amyloid peptide [113], and that toxic
effects of amyloid peptide can be prevented or reduced by
carnosine [114]. Experiments are currently underway to
further explore these relationships.
In conclusion, carnosine appears to have little or no
direct effect on olfactory bulb neurons, amino acid
receptors, or synaptic transmission. However, recent
results suggest that carnosine may act indirectly as a
neuromodulator by influencing the effects of zinc and
copper on neuronal excitability.
Furthermore, physiologically relevant concentrations of zinc and copper also can be neurotoxic, and
carnosine can reduce or prevent zinc- or copper-mediated neurotoxicity. Understanding the role of endogenous
compounds with putative neuromodulatory and/or neuroprotective actions, such as carnosine, may help in the
development of clinical approaches for the treatment of
neuropathologies that involve metals and free radicals.
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