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Abstract—The role of carnosine, N-acetylcarnosine and homocarnosine as scavengers of reactive oxygen species and protectors
against neuronal cell death secondary to excitotoxic concentrations of kainate andN-methyl-d-aspartate was studied using acutely
dissociated cerebellar granule cell neurons and flow cytometry. We find that carnosine, N-acetylcarnosine and homocarnosine at
physiological concentrations are all potent in suppressing fluorescence of 20,70-dichlorofluorescein, which reacts with intracellu-
larly generated reactive oxygen species. However, only carnosine in the same concentration range was effective in preventing
apoptotic neuronal cell death, studied using a combination of the DNA binding dye, propidium iodide, and a fluorescent derivative
of the phosphatidylserine-binding dye, Annexin-V.

Our results indicate that carnosine and related compounds are effective scavengers of reactive oxygen species generated by
activation of ionotropic glutamate receptors, but that this action does not prevent excitotoxic cell death. Some other process which
is sensitive to carnosine but not the related compounds is a critical factor in cell death. These observations indicate that at least in
this system reactive oxygen species generation is not a major contributor to excitotoxic neuronal cell death.q 1999 IBRO.
Published by Elsevier Science Ltd.
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Excitotoxic concentrations of glutamate or its analogs,N-
methyl-d-aspartate (NMDA) and kainate, cause neuronal
cell death.35,46 Neuronal death can be either necrotic (cell
swelling with accumulation of NaCl) or apoptotic
(programmed cell death with cell shrinkage), and both
forms of cell death have been described in excitotoxicity.39,46

Some have suggested that apoptotic transformation of
neurons may be the basis of several of the neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease and
amyotrophic lateral sclerosis.11,28

While apoptosis can be triggered by a variety of factors,
one of particular importance is the generation of reactive
oxygen species (ROS).21,38,50 ROS are generated following
oxidative stress of the cell,43 through activation of excitatory
amino acid receptors37 and by a variety of other mechanisms.1

There is evidence that superoxide anion or hydroxyl radical
may be the immediate cause for apoptosis of neurons.34

Consistent with this conclusion is evidence that scavengers
of hydroxyl radicals protect against apoptotic transformation
in cultured cells.30 However, it remains unclear whether the
hydroxyl radicals are indeed the cause of apoptosis. Others
have cautioned that glutamate-induced apoptosis in cultured
cerebellar granule cells is not prevented by inhibition of
xanthine oxidase, and that vitamin E and its analogs are
only partially effective.10

There are endogenous antioxidant defense systems, which
include a number of enzymes, such as superoxide dismutase,

catalase and glutathione peroxidases, as well as several non-
enzymatic antioxidants (for example, carotenes, tocopherols,
ascorbic acid, and taurine).1 We have focused this investiga-
tion on the role of carnosine and related compounds as anti-
oxidants and protective agents against excitotoxic cell death.

Carnosine (b-alanyl-L-histidine) is present in excitable
tissues at relatively high concentrations, but to date its func-
tion(s) are unclear. Carnosine is present in mammalian brain
at a concentration between 0.7–2.0 mM, depending on the
brain region.26 Homocarnosine is a closely related substance,
and both carnosine and homocarnosine exist as such and as N-
acetylated derivatives.47

There has been considerable debate for many years as to the
physiologic function(s) of carnosine. Carnosine has been
considered as a mobile organic pH-buffer.3 Because carnosine
binds to metals such as copper and zinc, it has also been
considered to have a role as a metal chelator.20,49 Since it is
asymmetrically distributed in brain, and is particularly
elevated in the olfactory bulb,27 it has been proposed to be
a neurotransmitter.32 However, this hypothesis has not been
supported because of the lack of carnosine receptors in the
brain4 and the lack of electrophysiological responses to
applied carnosine.8,25 Finally, carnosine and related
compounds have also been shown to be powerful hydrophilic
ROS scavengers.5,20Carnosine and glutamate appear to be co-
localized in presynaptic terminals in brain,4,41 which is
consistent with the hypothesis that carnosine has a role as
an endogenous agent to protect against glutamate excito-
toxicity secondary to ROS generation.

We have investigated the actions of carnosine,
homocarnosine and N-acetylcarnosine on acutely isolated
cerebellar granule cells, studied in a flow cytometer where
we can monitor cell death upon application of the excitatory
amino acids, and measure ROS with fluorescent dyes.
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EXPERIMENTAL PROCEDURES

Animals

Wistar rats (Wadsworth Center breeding colony; 10–12-days-old)
weighing 18–22 g were used in all experiments. All animal experi-
ments were carried out in accordance with the National Institute of
Health guidelines for the care and use of laboratory animals and all
efforts were made to reduce suffering.

Cell preparation and treatment

Cerebellar granule cell neurons were obtained as previously
described.33 Briefly, the cerebellum was removed, cut into slices, incu-
bated for 1 h in dispase and the neurons dissociated by gentle tritura-
tion. Debris was removed by filtration through a 53-mm mesh. The
neurons were resuspended in Tyrode’s solution (NaCl, 145 mM; KCl,
5 mM; CaCl2, 2 mM; MgCl2, 1 mM; glucose, 5 mM; HEPES, 5 mM,
pH 7.3) and incubated for 1 h prior to study at 33–348C.

Three fluorescent dyes were used: the ROS sensitive 20,70-dichloro-
fluorescein diacetate (DCF-DA); a membrane impermeant DNA bind-
ing dye, propidium iodide (PI), which is used to detect cells that have
lost membrane integrity; and fluorescein isothiocyanate (FITC)-
labelled Annexin-V, which was used to detect cells early in the process
of apoptosis.

Changes in ROS concentration were measured by use of DCF-DA.33

This dye is accumulated in living cells when the acetate groups are
cleaved, thus transforming DCF-DA to DCF-H2. In the presence of
ROS, DCF-H2 undergoes oxidation to DCF, which is fluorescent.
Dead cells were detected by use of PI, a DNA-binding dye which is
excluded from cells with intact plasma membranes. Thus, the fluores-
cence of PI increases when cells lose membrane integrity.12 Both PI
and DCF are excited at 488 nm and show fluorescence maxima at 510–
520 nm (DCF) and 575–580 nm (PI). Since the emission spectra do not
overlap significantly it was possible to monitor the fluorescence of both
dyes simultaneously. Cells were incubated with DCF-DA for 60 min at
a final concentration of 100mM.33 Then the excitatory amino acid
agonists (NMDA or kainate) were added at various concentrations
for various periods of time. PI (final concentration 10mg/ml) was
added to the samples 1–2 min before measurements were taken.
Under these circumstances there was an unchanged fluorescence signal
for both DCF and PI for at least 120 min in the absence of NMDA or
kainate.

In order to distinguish necrotic from apoptotic cell death we used
FITC-labeled Annexin-V (Apoptotic Detection Kit no. KNX-020, R
and D System). This system allows us to detect cells in early apoptosis
because the Annexin-V specifically binds to phosphatidylserine. One
of the earliest events in apoptosis is the movement of phosphatidylser-
ine from the inner to the outer membrane leaflet before the membrane
loses integrity.48 By plotting PI fluorescence against Annexin-V fluor-
escence one can follow the progression to cell death by each of the two
mechanisms (necrosis or apoptosis).

Flow cytometry studies

All flow cytometric measurements were made using an EPICS
ELITE ESP flow cytometer. Cells were suspended in 2 ml containing
1.5–2× 106 cells. Unless otherwise specified, carnosine, homocarno-
sine or N-acetylcarnosine were added to the cells at the beginning of
the 1 h incubation period at a concentration of 10 mM. For controls the
same concentration of HEPES buffer was added. After incubation for
recovery from dissociation and incubation with DCF-DA, cells were
diluted 10-fold with normal Tyrode’s solution before kainate or
NMDA were added. For comparison some studies were done with
carnosine added immediately before study, without preincubation.

Reagents

Carnosine was obtained from St Petersburg Drug Medical Factory
(Russia), and had a purity of 99%. Homocarnosine was purchased from
Sigma. N-acetylcarnosine was synthesized in the Moscow Laboratory
by V. Kh. Shavratsky, and found to be 99.7% pure by high-perform-
ance liquid chromatography. All fluorescent probes were purchased
from Molecular Probes. All other chemicals were purchased from
Sigma.

Statistical analysis

All parameters measured are expressed as mean^S.D. calculated
from no less than three independent measurements. Statistical analysis
was carried out using routine computer programs, andP-values less
than 0.05 were considered to be statistically significant.

RESULTS

Exposure of DCF-loaded cerebellar granule cells to various
concentrations of NMDA or kainate resulted in an increase in
DCF fluorescence, which indicates an increase in the intra-
cellular concentration of ROS. When applied at equal concen-
trations, NMDA was somewhat more potent than kainate.
However, when neurons were pre-loaded with carnosine the
mean fluorescence increase was markedly reduced. This is
shown for NMDA in Fig. 1, where part A shows log raw
data traces of the DCF fluorescence in control (curve 1), in
the presence of NMDA (250mM) (curve 3) and in the
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Fig. 1. Effect of carnosine on DCF fluorescence of cerebellum granule cells
stimulated by NMDA. (A) Log mean DCF fluorescence of control cells (1),
after incubation with 250mM NMDA for 10 min (3), and after 250mM
NMDA for 10 min following 1 h preincubation with carnosine (2). (B) Plot
of DCF fluorescence from a different but similar experiment as a function of

NMDA concentration.



presence of NMDA (250mM) but after preincubation in
10 mM carnosine for 1 hr (curve 2). Figure 1B shows the
dose dependence for various concentrations of NMDA. In
the absence of carnosine the DCF fluorescence intensity
increased with NMDA concentration over the range 100–
1000mM. However, when the cells were preincubated with
carnosine for 1 h prior to addition of NMDA the increase in
DCF fluorescence was prevented. The baseline fluorescence
was even slightly reduced in the presence of carnosine in the
experiment illustrated in Fig. 1B.

Figure 2 shows a similar dose relationship of DCF fluores-
cence with kainate and the suppression of this fluorescence by
carnosine (Fig. 2A), and also demonstrates the time-depen-
dent increase in fluorescence in response to 2 mM kainate
(Fig. 2B). Both NMDA and kainic acid effects were charac-
terized by clear time and dose dependencies. For both
agonists, the maximal levels of fluorescence were achieved
at a concentration of 1 mM after a 30-min exposure.
Carnosine reduced the mean fluorescence without alteration
of the time-course.

While we did not directly determine the intracellular
carnosine concentration after 1 h preincubation, we conclude
that carnosine has accumulated within the cells and acts to
quench intracellular ROS generated by the externally applied
excitatory ligands. This conclusion is consistent with the
observations that washing the cells twice after preincubation
with carnosine did not alter the effectiveness of carnosine as a
ROS scavenger, while addition of carnosine without pre-
incubation together with NMDA or kainate was much less
effective in reducing ROS fluorescence. Furthermore, after
preincubation for 1 h in carnosine the neurons showed a
significantly lower level of DCF-induced fluorescence than
even in the absence of NMDA or kainate. A carnosine trans-
porting protein has recently been demonstrated in cerebellar
neurons,51 and may mediate this uptake.

The carnosine derivatives, homocarnosine (g-amino-butyryl-
histidine) and N-acetylcarnosine, also possess antioxidant
properties.2,14 Table 1 shows the actions of these substances
in reducing DCF fluorescence generated by incubation of
cerebellar granule cells with 2 mM kainate. Homocarnosine
and N-acetylcarnosine were equally as effective as carnosine
in suppressing the DCF fluorescence increase after exposure
to either NMDA or kainate, although these compounds did
not decrease the initial level of DCF fluorescence.

Figure 3 shows flow cytometric analysis of PI labeling in
neurons in control (A), in presence of NMDA (200mM for
30 min) (B) and similar NMDA with carnosine. In logarith-
mic plots of fluorescence intensity against cell number, three
sub-populations of cerebellar granule cells could usually be
distinguished. The large sharp peak on the right (peak III)
represents neurons heavily stained with PI, indicating that
they have lost membrane integrity and have accumulated
significant amounts of dye. The broader peak on the left
(peak I) represents living neurons which exclude most of
the dye. Finally, there is a broad intermediate peak (peak II)
which has an order of magnitude less PI labeling than seen
with the dead cells, but still have more labeling that the cells
in the major peak of healthy cells. This intermediate popula-
tion of cells has been characterized as being living but
damaged9 on the basis of the observation that the intermediate
peak appears and/or grows following exposure to neurotoxic
agents, and then decreases as peak III increases. This sub-
population consisted of up to 16% of the cells in control in
the example shown in Fig. 4, but increased to 22.9% in the
presence of a relatively low concentration of NMDA. This is
at a point in time when the percentage of cells in peak III has
not yet increased. It appears that NMDA (and kainate) stimu-
lates the transition of sub-population peak I into peak II and
after a longer period to peak III. Carnosine appears to have a
selective effect on this intermediate population. As shown in
Fig. 3C, peak II is not apparent in the presence of carnosine.
The observation that peak II is absent in the presence of
carnosine is consistent with the possibility that carnosine

Carnosine protects against cell death 573

Fig. 2. Effect of carnosine on kainate stimulated fluorescence of DCF-loaded neurons. (A) Concentration dependence (10 min exposure at each concentration of
kainate). (B) Time dependence in the presence of 2 mM kainate.

Table 1. Effect of carnosine and related compounds on kainate stimulated
fluorescence of dichlorofluorescein-loaded neurons

Conditions Fluorescence
(arbitrary units)

% Inhibition

Control neurons 58̂ 4
With kainate (2 mM for 1.5 h) 193̂ 12* 0

Neurons with kainate (2 mM for
1.5 h) after preincubation with

Carnosine 123̂ 14† 37
Homocarnosine 127̂ 20† 35
N-Acetylcarnosine 123̂ 11† 37

*Indicates significantly different from control withP, 0.01.
†Indicates significantly different from both control and kainate with

P, 0.01.



prevents cellular damage by scavenging ROS which
ultimately kill cells and move them into peak III, where
membrane integrity is lost. Carnosine appears to promote
recovery of damaged cells in that what was in peak II is
incorporated into peak I.

Table 2 shows pooled experimental results from experi-
ments like those illustrated in Fig. 3, and confirms the pattern
that carnosine reduces peak II and increases peak I to levels
even beyond that seen in the control. With regard to ROS
levels, the cells in peak II showed somewhat greater DCF
fluorescence that those cells in peak I. There was little or no
fluorescence in peak III, consistent with leakage of the DCF
from the cell when membrane integrity is lost.

Since ROS generation has been implicated as a causative
factor in neuronal cell death, whether by necrosis or apopto-
sis,15,46we initiated experiments shown in Fig. 4, designed to
determine the mode of cell death after NMDA and kainate.
This is possible because of the development of fluorescent-
labeled Annexin-V. Annexin-V binds to phosphatidylserine,
which is normally a constituent of only the inner membrane
leaflet.36 One of the first events in apoptosis is the movement

of phosphatidylserine from the inner to the outer membrane
leaflet. Therefore, one can identify those cells beginning the
process of apoptosis by measuring extracellular Annexin-V
labeling at a time when membrane integrity has not yet been
compromised and the cells do not stain with PI. If one plots
the PI fluorescence (Y-axis) against the Annexin-V fluores-
cence (X-axis) one can distinguish four quadrants, reflecting
neurons in four different states. The cells in the lower left
quadrant (P3) do not label with either probe, and are healthy.
The cells in the upper left (P1) label with PI but not Annexin-
V, and are cells that have lost membrane integrity via necro-
sis. In contrast, those cells in the lower right quadrant (P4)
label with Annexin-V but not PI. These cells are early in the
process of apoptosis. Finally, those cells in the upper right
quadrant (P2) are labelled with both probes. One cannot defi-
nitively identify the means of death of cells in this quadrant,
since it is possible that the Annexin-V labeling was through
entry into the cell and binding to phosphatidylserine in the
inner leaflet.

Figure 4 shows such a display of PI versus Annexin-V
fluorescence. In the control most neurons are healthy and in
P3, although 16.3% of cells are P1 and small numbers in P2
and P4. After a prolonged incubation with kainate (B) there is
a clear increase in the percentage of neurons labeling with
Annexin-V. Those neurons in P4 are now 14.8% of the total
cells, which indicates that kainate promotes cell death by
apoptosis. Preincubation with carnosine reduces the number
of cells labeled with Annexin-V.

Table 3 shows results of pooled experiments in which
carnosine, homocarnosine and N-acetylcarnosine were tested
for efficacy in preventing apoptotic and/or necrotic cell death
upon exposure to kainate. Carnosine was effective in prevent-
ing loss of cells from P3, and showed a highly significant and
specific effect in reducing those neurons labeled with
Annexin-V, whether or not they labeled with PI. However,
neither N-acetylcarnosine and homocarnosine had any
significant effect on the distribution of cells among the four
quadrants as compared to kainate alone. Similar results were
obtained using NMDA rather than kainate. This was a
surprise, because these carnosine derivatives were almost
equally effective in preventing the rise in ROS (see Table
1). This observation indicates that the protective action of
carnosine against excitotoxicity cannot be explained by its
ability to scavenge ROS. Nor is it due to metal ion
chelating, since histidine (10 mM in the preincubation
medium) which is a more effective chelator than carnosine,
had no effect on either NMDA- or kainate-induced DCF
fluorescence (data not shown).

DISCUSSION

These experiments have shown that carnosine and its
homologs, homocarnosine and N-acetylcarnosine, are all
effective in reducing ROS in cerebellar granule cell neurons,
as has been demonstrated in other biological systems.14,16,19

However, only carnosine was effective in reducing the apop-
totic cell death induced by application of the excitatory amino
acid agonists, NMDA and kainate. These observations
support the conclusion that the actions of ROS do not con-
tribute directly to cell death in this preparation to the degree
that has been suggested by previous studies.15,23Satohet al.42

reported that nerve growth factor and Bcl-2 protect against
hydrogen peroxide-induced apoptosis in PC12 cells, but
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Fig. 3. Distribution of PI fluorescence intensity in neuronal cells before (A)
and after 30 min exposure to 200mM NMDA in the absence (B) and
presence (C) of carnosine. Three peaks are seen in A and B, noted as I,
II, and III. Peak I contained 63.9% of cells in A, 54.5% in B and 78.2% in C,
while peak II was 16% (A) and 22.9% (B). Peak III was 18.5% (A), 22.9%
(B) and 21.8% (C). Peak I represents healthy cells, peak II damaged cells

and peak III dead cells that stain heavily for PI.



have no effect on ROS generation. This is consistent with
our conclusion that agents that protect cells from death
by apoptosis are dependent upon factors other than just
ROS.

There is considerable evidence that carnosine and related
compounds have free radical scavenging activity.5,16,20,40

There is also considerable evidence that carnosine is protec-
tive against cell damage. Carnosine protects cell morphology
in rat brain endothelial cells during nutritional insult,18

protects against senescence of cultured fibroblasts29 and
delays loss of electrical excitability of neurons subjected to
ischemia.8 All of these actions have been attributed to radical
scavenging activities.

Generation of ROS has been widely viewed as being a
common pathway to cell death from a variety of injurious
agents.1,11 ROS have been specifically implicated in excito-
toxicity (cell death induced by excessive amounts of the endo-
genous excitatory amino acid neurotransmitters, glutamate
and aspartate) and the actions of exogenous agonists that
act at their receptors, including NMDA and kainate.34,44

However, others6,10 have cautioned that while many injurious
stimuli promote generation of ROS, the cell death that follows

may not be as tightly coupled to ROS generation as many
have thought.

If the neuroprotective actions of carnosine are not due to
scavenging of ROS, there must be some other mechanism of
action. One likely possibility is non-enzymatic glycosylation
(glycation). Glycation is the Maillard reaction which consists
of a cross-linking of protein amino groups with sugar
aldehyde or keto groups to yield a heterogeneous group of
irreversible adducts known as advanced glycation end
products (AGEs). This process is known to occur in brain
upon oxidative stress and in diseases like diabetes where
sugars are elevated, and has been suggested to be a contribut-
ing factor in Alzheimer’s disease secondary to glycation of
tau protein.52 AGEs also accumulate with normal aging.53 The
AGEs are known to be a source of ROS, and also activate
receptors for a range of biologically important responses.24

In several models carnosine has been demonstrated to be an
anti-glycating agent,13,17,22,31almost certainly through being
itself very readily glycosylated. The preferred glycation
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Fig. 4. Effect of carnosine on cell death induced by prolonged incubation in kainate. PI fluorescence is indicated on theY-axis, while Annexin-V fluorescence is
on theX-axis. (A) Control. (B) After 3 h exposure to 0.5 mM kainate. (C) The same as B but with the neurons preincubated with carnosine. The percentage of

cells in each quadrant is shown under the pictures.

Table 2. Distribution of propidium iodide mean fluorescence values among
several sub-populations of rat cerebellum granule cells after exposure toN-

methyl-d-aspartate or kainate

Conditions Peak I Peak II Peak III

Control 66.7̂ 2.1 16.7̂ 1.5 16.7̂ 1.2
1 Carnosine 82.9̂ 0.8** – 17.1^ 1.9

NMDA (2 mM, 60 min) 47.0̂ 12.3* 28.0̂ 4.6* 24.0^ 2.6*
1 Carnosine 76.3̂ 12.4† 4.3̂ 3.5†† 19.3̂ 4.9

Kainate (2 mM, 60 min) 43.0̂ 14.1* 34.8̂ 10.8** 22.0^ 3.6
1 Carnosine 79.6̂ 9.8† 3.0̂ 2.0†† 17.8̂ 5.8

Statistically significant difference from control is noted with *P, 0.5 or
** P, 0.01 and from the values in the presence of NMDA or kainate with
†P, 0.05 or††P, 0.01.

Table 3. Effects of carnosine and related compounds on distribution of
cerebellar granule cells among several populations labeled with propidium

iodide and/or Annexin-V after exposure to kainate (0.5 mM, 3 h)

Conditions An-V neg An-V pos An-V neg An-V pos

PI neg PI neg PI pos PI pos

Quadrants P3 P4 P1 P2
Control 79̂ 3 5^1 6^2 10^ 2
Kainate 40̂ 3** 37 ^4** 3 ^1 20^ 1*

1 Carnosine 67̂ 2†† 3^1†† 23̂ 3†† 7^ 4†
1 N-acetylcarnosine 36̂ 4** 38 ^4** 3 ^1 23^ 2*
1 Homocarnosine 37̂ 2** 40 ^3** 4 ^1 20^ 3*

Statistically significant difference from control is noted with *P, 0.05 or
** P, 0.01; statistically significant difference from kainate is noted with
†P, 0.05 or ††P, 0.01. Distribution of neurons between different
quadrants as in Fig. 4. An-V, Annexin-V.



sites in proteins are thee-amino groups of lysine residues,
especially when in close proximity to histidine residues.45

The structure of carnosine is very similar to Lys-His.
Homocarnosine and N-acetylcarnosine have been
demonstrated to be much less effective than carnosine as
anti-glycating agent.7

CONCLUSION

Our hypothesis, to be tested further, is that carnosine
protects neurons against excitotoxic damage because of its

anti-glycating activity, not its ability to scavenge ROS.
Whether this is the correct explanation or not, our observa-
tions make clear that carnosine has at least two different
mechanisms of action, and suggest that the role of ROS in
neuronal cell death following excitotoxic injury is not always
as important as previously thought.
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