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Abstract We tested the potential cytoprotective role of
C-phycocyanin in rat cerebellar granule cell cultures. Cell
death was induced by potassium and serum (K/S) with-
drawal. Cell viability was studied using the neutral red as-
say and laser scanning cytometry with propidium iodide
as fluorochrome.

C-phycocyanin (1-3 mg/ml) showed a neuroprotective
effect against 24 h of K/S deprivation in cerebellar granule
cells. After 4 h K/S deprivation this compound (3 mg/ml)
inhibited formation of reactive oxygen species, measured
as 2.7’ -dichlorofluorescein fluorescence, showing its scav-
cnger capability. Pre-treatment with C-phycocyanm re-
duced thymidine incorporation into DNA below control
values and reduced dramatically apoptotic bodies as visu-
alized by propidium iodide, indicating inhibition of apop-
tosis induced by K/S deprivation.

Flow cytomemy studies, using propidium iodide in
TritonX | 00 permeabilized cells, indicated that 24 h K/5 de-
privation acts as a proliferative signal for cerebellar gran-
ule cells, which show an increase in S-phase percentage
and cells progressed into the apoptotic pathway. C-phyco-
cyanin protected cerebellar granule cells from the apopto-
sis induced by deprivation. These results suggest that C-
phycocyanin prevents apoptosis in cerebellar granule cells
probably through the antioxidant activity. It is propesed
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that K/S deprivation-induced apoptosis could be dus, in
part, to an alteration in the cell cycle mediated by an ox-
idative stress mechanism.
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Oxidative damage is thought to be important in neurode-
generative disorders such as Alzheimer’s, Parkinson's and
Huntington’s diseases (Coyle and Puttfarcken 1993; Si-
monian and Coyle 1996; Pettmann and Henderson 1998;
Reiter 1998; Skaper ct al. 1998). Reactive oxygen species
(ROS), such as superoxide anion, hydrogen peroxide and
hydroxyl radicals, are produced in neurons under normal
conditions but when the intracellular levels of ROS are in-
creased newronal cell death occurs (Greenlund ot al. 1996;
Aoshima et al. 1997). The vulnerability of neurons to oxi-
dative damage may be associated with a high rate of oxy-
gen consumption, high levels of polyunsaturated fatty
acids and also the presence of iron, a metal involved in the
generation of ROS (Facchinetti etal. 1998; Tan etal. 1998).

MNeurons are particularly vulnerable to free radical-in-
duced damage because they contain low levels of antioxi-
dants and detoxifying cnzyme activities, such as catalase
or superoxide dismutase, are reduced (Simonian and Coyle
1996; Raha and Robinson 2000) and glutathione levels
also are low (Mattson 1998; Kannan and Jain 2000).
Moreover, neurons are non-replicating cells and alter-
ations in cellular processes may induce immeversible dys-
function (damage) in the central nervous system (CNS).
Therefore, agents that prevent ROS formation are ex-
pected to exert protective actions in neurons subjected to
oxidative stress (Busciglio and Yankner 1995; Sun and
Chen 1998; Sastry and Rao 2000).

In recent years, several antioxidant drugs have been
examined for their ability to prevent ROS-induced neu-
ronal cell death, namely lazaroids (Camins et al. 1998),



vitamin E (Schulz et al. 1996), melatonin (Reiter 1998)
and carnosine (Boldyrev et al. 1999). The search for agents
with antioxidant neuroprotective action is, thersfore, an
important issue in neurclogical research. Recently, we have
demonstrated that C-phycocyanin, a biliprotein pigment
found in some blue-green algae Spiruling (Arthospira sp.)
{MacColl and Guard-Friar 1987), prevents the neurotoxic
effects of kainic acid in rats (Rimbau et al. 1999). Other
reports have indicated that C-phycocyanin has anti-in-
flammatory (Romay et al. 1998a, 1999) and hepatoprotec-
tive effects (Vadiraja et al, 1998). Evidence is accumulat-
ing that C-phycocyanin may function as a highly potent
hydroxyl and peroxy! free radical scavenger and its thera-
peutic effects are due probably to this antioxidant activity
{Romay et al. 1998z, 1998b, 1999; Lissi et al. 2000).

Little is known about the effects of C-phycocyanin in
neuronal cell culmres. Cerebellar granule cells (CGC) are
a widely used model in neuroscience due to their homo-
geneity and suitability for the study of molecular mecha-
pisms of apoptosis (Araki et al. 1998). Dissociated CGC
from early postnatal rats can be maintained in serum-con-
taining medium by elevating the extracellular [K*] (25 mM)
(Skaper et al. 1998; Toescu 1998). Removal of serum and
reducing [K.CI] to 5 mM (E/S deprivation) triggers a cell
death mechanism that is morphologically apoptotic and is
accompanied by DNA fragmentation (Oka et al 1996;
Skaper et al. 1998; Vitolok ct al. 1998; Padmanabhan et
al. 1999). The biochemical events associated with K/S de-
privation-induced apoptosis in CGC have been character-
ized. This apoptotic process is associated with an early in-
crease in the levels of intracellular Ca®™, increased ROS
production and decreased ATP levels (Atabay et al. 1996;
Galli et sl 1995; Berry 1999; Canu et al. 1999).

ROS are essential mediators of K/S deprivation-in-
duced apoptosis in CGC (Schulz et al. 1996). In the pre-
sent study we report a putative function of this natural
pigment in K/S withdrawal-induced apoptosis of CGC,
based on the proposed free radical scavenger activity of
C-phycocyanin. We show the antiapoptotic properties of
C-phycocyanin, accompanied by a marked reduction of
ROS in accordance with its free-radical scavenging char-
acteristics, and neuwroprotective activity in CGC.

Materials and methods

Chemicals

Propidium iodide (PI), neutral red, DNAase, RNAase and 27"
dichloroflucrescein (DCF) diacetate were purchased from Sigma
(5L Louis, Mo, USA). c-Arabinoside, glutamine, gentamycin and
KOl were tissue culture reagents purchased from Sigma. Mowiol
488 was from Calbiochem (Darmstadt Germsmny). C-phyco-

cyanin was obtained from Arthospira maxima sp. and purified us-
ing the method of Neufeld and Riggs (1969).

Cell culture
Primary cultures of CGC were prepared from 7-day-old Sprague

Dawley rat pups according to the method of Micoletti et al. (1986).
Cerebella freed of meninges were trypsinized and treated with
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DNAzse. Cell concentration was adjusted to 8x]0° cells'ml and
the cells plated on poly-L-lysinc-coated 24-well plates (Falcon) at
a density of 320,000 cells’em?®. Cultures were grown i Eagle's
medium (Eagle’s basal medium, BME, Gibco, Life Technologies,
Paisley, UK) containing 10% FCS (Gibco), 2 mM L-glutamine,
0.1 mg/ml gentamycin and 25 mM KCl. Cytosine arabinoside
(10 uM) was added 16-18 h afler plating to mhibit the growth of
non-neuronal cells. Cultures prepared by this method were en-
riched in granule neurons more than $5%.

Treatment of CGC

Afler 6-7 days in vitro, OGC were washed and incubated for 24 h
in complete medium containing C-phycocyanin (1-3 mefml). There-
afier the complete medium was replaced by medium containing C-
phycocyanin but Jacking serum and with [K.CI] redeced to 5 mM
{E/S-deprived mediwn). Survival was assessed 24 h afier K/S de-
privation employing both the neutral red assay and PI staining us-
ing the laser scanning cytometer (LSC).

Cell survival and detection of apoptosis
Neurral red cell viability assay

Afier 24 h EJ/S deprivation, the medium was removed and replaced
with fresh complete medium containing 40 pg/ml neutral red
{Babich and Borenfreund 1991). If necessary, the neutral red solu-
tion (5 mg/ml) was pre-incubated overnight at 37°C md cen-
trifuged (1,500 g for 10 min) prior to use to remove the fine pre-
cipitate of dye crystals. The assay plate was then retumed to the
incubator for another 3 h to allow for uptake of the supravital dye
into viable CGC. Thereafier, the media was removed =nd the cells
were rapidly washed twice with 1 mi PBS followed by 0.5 ml of &
solution of 1% acetic acid-50% ethanol to extract the dye from the
cells. After 10 min at toom temperature 0.2 ml extract was trans-
ferred to a microplate spectrophotometer equipped with a 540-nm
filter to measure the absorbance of the extracted dye. The absor-
bance of control wells was assumed to represent 1009 viability.

Fiability measured by LSC

Cell viability was measured using an LSC (CompuCyte, Cam-
bridgs, Mass., USA) equipped with & krypton/zrgon laser operat-
ing at 488 nm and 568 nm. CGC were grown on poly-L-lysine-
coated glass cover-slips and treated as described above with C-
phycocyanin (3 mg/ml) with complete or K/S-deprived medium.
To assess the fluorescence inmtensity of the cells, the cover-slips
were incubated for at least 10 min with P1 (10 pg/ml), mounted on
& glass slide and placed on the LSC microscope stage. In 21l ex-
periments a single red fluorescence detector (590 nm) was wsed
znd the fluorescence of 3,000 CGC in each experiment was mea-
sured.

Cell and nuclear morphology.
Apopiotic features after K/S deprivation

CGC were prown on cover-slips as described abowve. For cell mor-
phology, neurons were observed using phase-contrast microscopy
and representative images were captured with = Leica DMEEB flu-
omicroscope using the 20k objective.

PI stzining was used to obtain morphological evidence of apop-
tosis. OGC were fixed in cold 70% methanol for 20 min After
washing with PBS they were incubated for 3 min with 2 solution of
Pl in PBS (10 pg/mi). After washing, cover-slips were mounted in
Mowiol 4838, Stained cells were visualized under UV illuminstion
(Leica DMRP fluomicroscope) and their digitized images caphured
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Analysis of apoptosis rate by flow cytometry

Apoptosis was essessed after 24 h K/S deprivation. The culture
medium was removed and the cells washed with PBS and collected
from the cultore plates by pipetting. The cell pellet was fixed
T0% ethanal at 4°C for 2 h. After centrifugation at 100 g for 2 min,
cells were resuspended in & solution of ethanol containing 150 pg/ml
BN Aaze and incubated for 30 min at room temperature. Cells were
then pelleted by centrifugation and resuspended in PBS. PI (10 pg/
ml) was added 30 min before cytofluorometry analysis. Flow cy-
tometer cxperiments were cammied oul wsing a flow cylometer
{Epics XL, Couller Corporation, Hialesh, Fla, USA). The instru-
ment was s&t up with the standard configuration: sample excitztion
using as a standard 438 nm air-cooled argon-ion laser at 15 mW.
Forward scatter (FSC), side scatter (S5C) and red (620 mm) fluo-
rescence for PI were acquired. Optical alignment weas based on op-
timized signzl from 10-nm fluorescent beads (Immumocheck,
Epics Division). Time was used as 2 control of the stability of the
instrument. Red flusrescence was projected onto a 1024-monopara-
metrical histogram. Agpregates were excluded, gating single clls
by their area vs. peak fluorescence signal. DNA analysis (Ploidy
analysis) on single fluorescence histograms was done using Mulhi-
cycle software (Phoenix Flow Syslems, San Diego, Calif | TISA).

[PH]Methyl-thymidine incorporation assay

DMNA synthesis was assessed by measuring [Hjmethyl-thymidine
incorporation. Briefly, CGC were labelled for 20 h with 1 pCi
[FH]methyl-thymidine (specific activity 25 Ci/mmol, Amersham)
in complete (control) or K/S-deprived medium, in the presence or
ghsence of C-phycocyanin. At the end of the mcubation, cultures
were washed twice with ice-cold PBS and incubated for 30 min in
1 M ice-cold HCIO,. After two additional washings with 0.5 M
HCIO, and a final wash with cthanol, precipitates were solubilized
with 0.5 M N=0H and neutralized with 0.5 M HCL [FH]Methyl-
thymidine incorporation was measured by scintillation counting.
Results are expressed s the percentage with respect to the maxi-
mal response with complete medium. Experiments were performed
in quadruplicate at least three times.

Asseszment of ROS production

ROS production was measured after 4 h KJ/5 deprivation (Schulz e
al. 1996), using DCF diacetate as previously described (Sureds et
al. 1998) with minor modifications. DCF diacetate diffuses across
the meuronal membranes and is trapped within the neurons by
deacetylztion. Deacetylated DCF can be oxidized by intracellular
ROS to penerate fluorescent DCF. The inlensity of fluorescence
{excitation at 488 nm, emission at 510 nm) is proportional to the
amount of intracellular oxidimi. Briefly, 4 h after K/S withdmawal
{in the presence or 2bsence of 3 mg/ml C-phycocyanin), cells wers
loaded with 10 pM DCF diacetate for 30 min at 37 °C. Then, cells
were collected by pipetting eand analysed with an Epics XL flow
cytometer. The total number of cells was 5,000 per sample.

Statistics
Data are expressed as meantSEM and the significance of differ-

ences betwren means was assessed by ANOVA followed by the
Tukey-Eramer test. P<0.05 was regarded as significant.

Results
Viability and neuroprotective studies

The newroprotective activity of C-phycocyanin in cultared
CGC was evaluated after 24 h K/S deprivation. K/S with-
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Flg.1 Protective effect of C-phycocyanin against the toxicity ac-
companying cell culture in the absence of serum and with reduced
[K~] (K'S deprivation). Cerebellar granule cells {CGC) were pre-
treated 24 h with different concentrations of C-phycocyanin prior
to KJ/S deprivation. Cell survival is expressed as the percentage
chenge relative to control cells (100%). Means+SEM, r=4—6 inde-
pendent experiments in quadruplicate, *P<0.05, ***P=0.001 vs.
K/5-deprived medinum

drawal induced 60.3+3 8% ncuronal death as demon-
strated by neutral red staining (Fig.1). C-phycocyanin
prevented cell death after K/S withdrawal in 2 concentra-
tion-dependent manner (Fig. 1). The neuroprotective ac-
tivity of C-phycocyanin was higher at a concentration of
3 mg/ml.

The neuroprotective activity of C-phycocyanin was
confirmed by laser scanning cytometry using PL Cell
morphology was assessed routinely during the analyses
using a CCD camera. In control preparations 7.2+1.7%
{n=5) of cells were Pl positive, whereas 44 T+4 0% (m=3)
of K/S-deprived cclls and 1.5+0.3% of K/S-deprived cells
treated with C-phycocyanin (3 mg/ml, n=3) were Pl posi-
tive (Fig. 2).

To address further the mechanism of K/5 deprivation-
induced toxicity and the neuroprotective effect of C-phy-
cocyanin, changes in CGC morphology were examined
following different experimental conditions. The loss of
cell viability after 24 h K/S deprivation was accompanied
by morphological changes in CGC. Dismuption of neu-
ronal network and changes in cell shape were cbserved
(Fig.3B). In contrast, CGC pretreated with 3 mg/ml
C-phycocyanin had a morphological appearance similar
to that of control cultures (Fig. 3C). Figure 3 shows repre-
sentative phase-contrast images of CGC using the same
objective (20x) and a digital camera (DX20; Kappa).

Assessment of apoptotic features

A distinguishing feature of apoptosis is the condensation
and fragmentation of nuclear chromatin. Nuclear chromatin
of control CGC permeabilized and stained with Pl was
dimly fluorescent, with uncondensed chromatin in large
nuclei (Fig. 4A). K/5 deprivation resulted in the shrunken,
brightly flucrescent, apoptotic nuclei seen in Fig.4B. The
number of apoptotic cells in K/S-deprived CGC treated
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Fig. 2A-C Representative laser scanning histograms showing the
neuroprotective effect of C-phycocyanin against K/S deprivation
in CGC. A control; B K/5-deprived neurons; C ESS deprived new-
rons in presence of C-phycocyanin (3 mg/ml). Cells between the
vertical lines stain positively for propidium iodide

with C-phycocyanin (3 mg/ml) was reduced significantly
(Fig. 4C and D).

That the mode of cell death elicited by K/S deprivation
was mainly apoptotic was confirmed further by flow cy-
tometry. The presence of a double peak on the left of
Fig. 5B indicates the presence of DNA fragmentation apop-
totic bodies, indicating an apoptotic process after a period
of 24 h of K/S deprivation. K/S deprivation led to an

Fig.3A—C Morphology of K/S deprivation-induced toxicity in
cultured CGC. Images were taken 24 h after cxposure 10: A com-
plete medium: B K/S-deprived medium; C K/S-deprived mediuvm
plus C-phycocyanin (2 mg'ml)

11-12% increase in the number of neurons in the S-phase,
thus indicating a higher number of apoptotic cells than in
non-deprived CGC (Table 1). Treatment with C-phyco-
cvanin (3 mg/ml) 24 h before and during the K/S depriva-
tion not only dramatically reduced the percentage of apop-
totic cells, but also substantially reduced the percentage of
newrcns in the S-phase.

Thymidine incorporation is widely used as a mea-
surement of cycle progression and DNA synthesis (Yan
and Greene 199%). K/S deprivation increased markedly
[PHImethyl-thymidine incorporation (188% increase above
control, Fig. 6) indicating the G/S progression after K/S
withdrawal in CGC. Pre-treatment with 3 mg/ml C-phy-
cocyanin prevented the increase of [*H]methyl-thymidine
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Fig.4A-D Photomicrographs
of permeabilized CGC, stained
with propidium jodide to view
nuclear condensation. Images
were taken 24 afier exposure to:
A complete medium; B F'5-
deprived medium; C K/5-de-
prived medium ples C-phyco-
cyanin (3 mg/ml). D Bar chart
showing the percentage of apop-
totic bodies counted, based on
the usual criteria of chromatin
condensation. Nuclei from at
least five separate experiments
were counted. ***P<0.00] vs,
control; **P<0 00Ivs. K/S de-
privation

incorporation, demonstrating the inhibition of DNA syn-
thesis induced by K/5 depnivation.

ROS generation and antioxidant properties
of C-phycocyanin

K/S withdrawal increased ROS production from 1.10.3
{control) to 28.7+4 (arbitrary units, n=7, P<0.001). Prein-
cubation with C-phycocyanin for 24 h prior to K/S depri-
vation reduced the fluorescence to 9.8+1.7 (n=7, P<0.001
wvs. deprived medium). Figure 7 shows a representative
histogram of DCF fluorescence under the different expen-
mental conditions.

D e

Apoptosis is a form of programmed cell death which
plays an important role in regulating the number of neu-
ronal cells during the development of the centrzl nervous
system (Oppenheim 1991). The functions of apoptosis in
neurcnal development seem to be the removal of excess
neurons znd the establishment of correct synaptic connec-
tions. Recent studies have shown that apoptosis might be
involved in the neuron loss that occurs in various human
neurodegenerative disorders, such as Alzheimer’s (Loo et
al. 1993) and Huntington's disease { Portera-Cailliae et al.
1995) and amyotrophic lateral sclerosis (Rabidazeh et al
1993).
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The present study shows that the exposure of cultured
CGC to K/S deprivation for 24 h is accompanied by cell
death that shows, at least in part, apoptotic features. Our
results are in agreement with previous studies (D" Mello et
al. 1993; Galli et al. 1995; Schulz et al. 1996), which have
establizhed that k/S deprivation in CGC is an experimen-
tal model of apoptotic neuronal death in vitro.

Recent studies have suggested that nevronal apoptosis
is the consequence of an inappropriate re-entry into the
cell cycle (Oka et al. 1996; Park et al. 1998; Nuydens et
al. 1998; Padmanabhan et al. 1999; Sakai et al. 1999; Sastry
and Rao 2000). In this way it has been demonstrated that
the apoptotic process induced by okadaic acid in neurons
is due to an abortive mitotic atternpt (Nuydens et al. 1998)
and that B-amyloid protein induces an increase in the ex-
pression in cell-cycle proteins and an S-phase increase in
cortical neurons (Copani et al. 1999, 2001). Moreover,
kainic acid-induced apoptosis in CGC correlates with cy-
clin D1 expression, the latter promoting the progression
from the G, to the 5 phase (Giardina et al. 1998). Stimmuli
such as K~ deprivation in CGC and DNA damaging agents
cause an alteration in the cell cycle and are associated
with apoptotic cell death (Eldadah et al. 1997; Park et al.
1997, 1998; Padmanabhan et al. 1999). Data indicating a
role for cell division cycle and apoptotic features in pen-
rodegenerative disorders, such as Alrheimer’s disease or
amyotrophic lateral sclerosis (McShea et al. 1999; Raha
and Robinson 2000; Zhu et al. 2000) is accumulating,

In agreement with this hypothesis, we have shown here
that the apoptotic process present in K/S-deprived CGC is






