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Abstract
Either the absence or dysfunction of a number of critical pathways, such as those that involve the
nuclear retinoblastoma protein (Rb) and the transcription factor E2F1, may account for the aberrant
induction of the cell cycle in post-mitotic neurons that can be responsible for oxidative stress-induced
apoptotic cellular destruction. Yet, it is unclear whether early programs of apoptotic injury that
involve membrane phosphatidylserine (PS) exposure and calreticulin expression as well as later
phases of apoptotic injury with nuclear DNA injury require the critical modulation of Rb and E2F1.
We demonstrate that both the post-translational of phosphorylation of Rb to prevent E2F1
transcription as well as the protein integrity of Rb are closely aligned with the modulation of cell
cycle induction in post mitotic neurons during oxidative stress. More importantly, we illustrate that
both the initial onset of apoptosis with either membrane PS exposure or calreticulin analysis as well
as the more terminal phases of apoptosis that involve nuclear DNA degradation proceed concurrently
in the same neuronal cells with cell cycle induction. Progression of attempted cell cycle induction is
closely associated with the phosphorylation of Rb, its inability to bind to E2F1, and the degradation
of the Rb protein. Inhibition of Rb phosphorylation using cyclin dependent kinase inhibitors
maintains the integrity of the E2F1/Rb complex and is neuroprotective during free radical exposure.
Furthermore, maintenance of the integrity of the Rb protein is specifically dependent upon caspase
3-like activity, since caspase 3 can cleave Rb during free radical activity and this degradation of Rb
can be blocked during the inhibition of caspase 3 activity. Our studies not only highlight the critical
role of attempted cell cycle induction during oxidative stress-induced neuronal apoptotic injury, but
also bring to light the significant impact of the Rb and E2F1 pathways upon early apoptotic programs
that can directly influence both intrinsic cell survival as well as extrinsic inflammatory cell activation.
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INTRODUCTION
Oxidative stress through the production of reactive oxygen species, such as nitric oxide (NO),
can precipitate significant damage in the nervous system. In particular, generation of reactive
oxygen species can lead to a number of neuronal cell injuries that involve cell membrane lipid
destruction, the cleavage of nuclear DNA (Vincent, AM and Maiese, K, 1999,Wang, JY et
al., 2003), the peroxidation of cellular membrane lipids (Siu, AW and To, CH, 2002), and the
oxidation of proteins that yield protein carbonyl derivatives and nitrotyrosine (Adams, S et
al., 2001). In addition to the destruction of cellular integrity, reactive oxygen species also can
block mitochondrial respiration (Smeitink, JAM et al., 2004,Yamamoto, T et al., 2002).

Neuronal injury as a result of oxidative stress is believed to function through apoptotic
pathways. For example, in clinical disorders such as Alzheimer’s disease, studies in human
and in vitro models of Alzheimer’s disease demonstrate an association between neuronal DNA
damage and plaque density (Colurso, GJ et al., 2003). Other lines of evidence link apoptotic
cellular injury with mutations in the amyloid precursor protein (McPhie, DL et al., 2003).
Interestingly, in patients with either mild cognitive impairment or with Alzheimer’s disease,
cell cycle proteins, such as cyclin D, cyclin B, and proliferating cell nuclear antigen (PCNA),
are significantly increased in the hippocampus and basal nucleus (McShea, A et al., 1997,Yang,
Y et al., 2003), suggesting that attempted cell cycle induction in post-mitotic neurons may be
responsible for neuronal apoptotic injury (Becker, EB and Bonni, A, 2004,Lin, SH et al.,
2001).

The deficiency or dysfunction of several vital components for the complete execution of the
cell cycle in post-mitotic neurons is believed to lead to apoptotic injury in neurons (Maiese, K
and Chong, ZZ, 2004a). For example, during a cellular insult, deregulation of cell cycle
proteins, such as cyclin, cyclin-dependent kinase, and the retinoblastoma protein (Rb), can
ensue (Padmanabhan, J et al., 1999). In regards to the nuclear phosphoprotein Rb, it can prevent
the induction of apoptosis through cell cycle inhibition (Lin, SH et al., 2001) and the
inactivation of the transcription factor E2F1 (Kortylewski, M et al., 1999). Yet, it is unclear
whether early programs of apoptotic injury that involve membrane phosphatidylserine (PS)
exposure (Chong, ZZ et al., 2005b) and calreticulin expression (Gardai, SJ et al., 2005) as well
as later phases of apoptotic injury with DNA injury (Maiese, K et al., 2004b) are reliant upon
Rb regulation. Furthermore, modulation of Rb activity can occur at several levels. These may
involve the phosphorylation state of Rb, since only hypophosphorylated Rb can bind to its
transcription factor E2F1 to prevent apoptosis (Qin, XQ et al., 1995). In addition, Rb contains
a caspase 3 - like recognition sequence, a CED-3/ICE cleavage site (DEADG), present at the
C-terminus of all reported homologues except in related Rb proteins of p107 and p130 (Chen,
WD et al., 1997,Tan, X et al., 1997) that can result in the internal cleavage of Rb to promote
apoptotic injury (Chen, WD et al., 1997).

In our present studies, we demonstrate that apoptotic cellular injury during free radical exposure
is correlated with aberrant cell cycle induction in post-mitotic neurons during both the initial
onset of apoptosis with membrane PS exposure and the presence of calreticulin as well as with
the more terminal phases of apoptosis that involve nuclear DNA degradation. Progression of
attempted cell cycle induction relies upon the phosphorylation of Rb, its inability to bind to
E2F1, and the degradation of the Rb protein. Inhibition of Rb phosphorylation using cyclin
dependent kinase inhibitors maintains the integrity of the E2F1/Rb complex and is
neuroprotective during free radical exposure. Furthermore, maintenance of the integrity of the
Rb protein is crucial for this neuroprotective process since the degradation of Rb is tightly
aligned with caspase 3-like activity during free radical activity and can be blocked during
specific inhibition of caspase 3-like activity.
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MATERIALS AND METHODS
Primary Hippocampal Neuronal Cultures

The hippocampi were obtained from E-19 Sprague-Dawley rat pups and incubated in
dissociation medium (90 mM Na2SO4, 30 mM K2SO4, 5.8 mM MgCl2, 0.25 mM CaCl2, 10
mM kynurenic acid, and 1 mM HEPES with the pH adjusted to 7.4) containing papain (10 U
ml-1) and cysteine (3 mM) for two 20 min periods. The hippocampi were then rinsed in
dissociation medium and incubated in dissociation medium containing trypsin inhibitor (10-20
U ml-1) for three 5-minute periods. The cells were washed in growth medium (Leibovitz’s L-15
medium, Gibco BRL, Gaithersburg, MD) containing 6% sterile rat serum (ICN Biomedicals,
Aurora, OH), 150 mM NaHCO3, 2.25 mg ml-1 of transferrin, 2.5 μg ml-1 of insulin, 10 nM
progesterone, 90 μM putrescine, 15 nM selenium, 35 mM glucose, 1 mM L-glutamine,
penicillin and streptomycin (50 μg ml-1), and vitamins. The dissociated cells were plated at a
density of ~1.5 ×103 cells/mm2 in 35 mm polylysine/laminin-coated plates (Falcon Labware,
Lincoln Park, NJ). Neurons were maintained in growth medium at 37 °C in a humidified
atmosphere of 5% CO2 and 95% room air for 2 weeks.

Experimental Treatments
Nitric oxide (NO) administration was performed by replacing the culture media with media
containing sodium nitroprusside (SNP) (300 μM) (Sigma, St. Louis, MO) or 6-(2-hydroxy-1-
methyl-2-nitrosohydrazino)-N-methyl-1-hexan-amine (NOC-9) (300 μM) (Calbiochem, San
Diego, CA) per the experimental paradigm (Maiese, K and Vincent, AM, 2000). More than
one NO generator was used as a control to demonstrate that the neurons were responding to
NO rather than to other by-products of these agents. During the experimental paradigms,
inhibitors of Rb phosphorylation (butyrolactone (50 μM) or olomoucine (50 μM)) application
was continuous.

Assessment of Neuronal Survival
Hippocampal neuronal injury was determined by bright field microscopy using a 0.4% trypan
blue dye exclusion method 24 h following NO exposure per our previous protocols (Chong,
ZZ et al., 2003,Lin, SH et al., 2000). Neurons were identified by morphology and the mean
survival was determined by counting eight randomly selected non-overlapping fields with each
containing approximately 10-20 neurons (viable + non-viable) in each 35 mm2 Petri dish.

Assessment of DNA Fragmentation
Genomic DNA fragmentation was determined by the terminal deoxynucleotidyl transferase
nick end labeling (TUNEL) assay (Lin, SH et al., 2000,Maiese, K et al., 2000). Briefly, neurons
were fixed in 4% paraformaldehyde/0.2% picric acid/0.05% glutaraldehyde and the 3’-hydroxy
ends of cut DNA were labeled with biotinylated dUTP using the enzyme terminal
deoxytransferase (Promega, Madison, WI) followed by streptavidin-peroxidase and visualized
with 3,3’-diaminobenzidine (Vector Laboratories, Burlingame, CA). The mean number of cells
positive for TUNEL was determined by counting eight randomly selected non-overlapping
fields with each containing approximately 20 cells (TUNEL (+) + TUNEL (-)).

Assessment of Membrane Phosphatidylserine (PS) Residue Externalization
Per our prior protocols (Lin, SH et al., 2000,Maiese, K et al., 2000), a 30 μg ml-1 stock solution
of annexin V conjugated to phycoerythrin (PE) (R&D Systems, Minneapolis, MN) was diluted
to 3 μg ml-1 in warmed calcium containing binding buffer (10 mM Hepes, pH 7.5, 150 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2). Plates were incubated with 500 μl of diluted
annexin V for 10 min. Images were acquired with “blinded” assessment with a Leitz DMIRB
microscope (Leica, McHenry, IL) and a Fuji/Nikon Super CCD (6.1 megapixels) using
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transmitted light and fluorescent single excitation light at 490 nm and detected emission at 585
nm. The mean number of cells positive for membrane PS exposure was determined by counting
eight randomly selected non-overlapping fields with each containing approximately 20 cells
(PS (+) + PS (-)).

Assessment of Proliferating Nuclear Antigen (PCNA) Expression, Phospho-Rb Expression,
and Bromodeoxyuridine (BrdU) Uptake

Per our prior protocols (Kang, Kang), proliferating cell nuclear antigen (PCNA) staining for
microglial activation and bromodeoxyuridine (BrdU) staining for microglial proliferation were
performed with anti-mouse monoclonal antibody PCNA (1:200) or BrdU (1:100) conjugated
with biotinylated anti-mouse IgG (1:50) (Calbiochem, San Diego, CA) and visualized through
fluorescein avidin (1:50) for PCNA and Texas Red streptavidin (Vector laboratories,
Burlingame, CA) for BrdU. BrdU (10 μM) and fluorodexyuridine (1μM) (Sigma, St. Louis,
MO) were applied 1 h prior to the time of fixation. For phospho (p)-Rb cell expression, neurons
were incubated with a rabbit antibody against p-Rb (1:100, Cell Signaling, Beverly, MA) and
then visualized by incubation with anti-rabbit IgG conjugated with Texas Red (Vector
Laboratories, Burlingame, CA) for 2 hr.

Western Blot Analysis for Rb, Rb Phosphorylation, E2F1, and Calreticulin Phosphorylation
Cells were homogenized and following protein determination, each sample (50 μg/lane) was
then subjected to 7.5% (Rb, phosphorylated (phospho-) Rb (p-Rb)) or 12.5% (E2F1,
calreticulin) SDS-polyacrylamide gel electrophoresis. The membranes were incubated with a
primary rabbit polyclonal antibody against Rb (1:200, Santa Cruz Biotechnologies, Santa Cruz,
CA), a goat polyclonal antibody against phos-pho-Rb (p-Rb, 1:200) (Santa Cruz
Biotechnologies, Santa Cruz, CA), a primary rabbit polyclonal antibody against E2F1 (1:200,
Santa Cruz Biotechnologies, Santa Cruz, CA), and a rabbit antibody against calreticulin
(1:1000, ABR Affinity Bioreagents, Golden, CO). After washing, the membranes were
incubated with a horseradish peroxidase conjugated secondary antibody (goat anti-mouse IgG,
1:2000) (Pierce, Rockford, IL) or rabbit anti-goat IgG (1:5000) (Santa Cruz Biotechnologies,
Santa Cruz, CA). The antibody-reactive bands were revealed by chemiluminescence
(Amersham Pharmacia Biotech, NJ).

Immunoprecipitation of the Rb/E2F1 Complex
Cells were lysed, the crude homogenates were centrifuged (5 min, at 10,000 rpm, 4 °C), and
the pellets were discarded. Supernatants were subsequently precleared by incubation with a
mixture of protein A/ G-agarose conjugates (Santa Cruz Biotechnologies, Santa Cruz, CA) for
30 min at 4 °C and further centrifugation (2,500 rpm, 30 second). Total protein (200μg) was
incubated in the presence of 2 μl of antibodies against Rb (Santa Cruz Biotechnologies, Santa
Cruz, CA). The complexes were collected by incubation with 20μl of a mixture of protein A/
G-agarose beads (Santa Cruz Biotechnologies, Santa Cruz, CA) and centrifugation. Pellets
were then washed three times with cold PBS and underwent Western analysis for E2F1.

Statistical Analysis
For each experiment involving assessment of neuronal cell survival, DNA degradation,
membrane PS exposure, PCNA expression, and BrdU uptake, the mean and standard error
were determined from 4 to 6 replicate experiments. Statistical differences between groups were
assessed by means of analysis of variance (ANOVA) with the post-hoc Student’s t-test. Results
are expressed as the mean ± the standard error. Statistical significance was considered at
P<0.05.
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RESULTS
Cellular DNA Fragmentation Occurs in Conjunction with Attempted Cell Cycle Induction in
Post-Mitotic Neurons During Free Radical Injury

To investigate whether the onset of DNA fragmentation following NO exposure was associated
with the attempted induction of the cell cycle in post-mitotic neurons, we initially assessed the
expression of PCNA that can become evident during the S and early G2 cell cycle phases
(Hall, PA et al., 1990) with DNA fragmentation at 6 and 24 hr following NO exposure (NOC-9
or SNP, 300 μM) by double staining of immunocytochemistry. In Fig 1A, representative images
demonstrate that 24 hr following NO (NOC-9, 300 μM) exposure significant expression of
PCNA and TUNEL occurs in the same neuronal cells. Merged images illustrated the co-
localization of DNA fragmentation with PCNA.

We further quantitated our results and to simplify the analysis, data for the NO generators
NOC-9 (300 μM) and SNP (300 μM) were combined. At time 0 hr (untreated control not
exposed to NO), approximately 6-7% of neurons labeled for PCNA only or TUNEL only and
another 4-5% of the neuronal population labeled for both PCNA and TUNEL (Fig 1B).
However, following the application of NO, expression of combined PCNA and TUNEL in the
same neurons significantly increases. Initially, PCNA at 6 hr increases significantly to
approximately 25% while TUNEL expression or combined PCNA and TUNEL expression
remains at approximately 8%, suggesting that early attempted cell cycle induction precedes
DNA cell injury (Fig 1B). Over the course of the next 18 hr following NO application, the
majority of neurons expressed either TUNEL only (approximately 20%) or combined PCNA
and TUNEL (approximately 43%) (Fig 1B) with at least 63% of the neuronal population
entering the initial stages of apoptosis and more than half of these cells have attempted to enter
the cell cycle.

To further investigate the role of a cell cycle induction in post-mitotic neurons during the initial
phases of apoptosis, we next extended our analysis with the DNA precursor BrdU to assess
whether neurons attempt to re-enter the cell cycle at the G1/S phase (Lau, YF and Arrighi, FE,
1980) following exposure to NO. In Fig 2A, representative images demonstrate that 24 hr
following NO (NOC-9, 300 μM) exposure significant uptake of BrdU and TUNEL occurs in
the same neuronal cells. Merged images illustrated the co-localization of DNA fragmentation
with BrdU.

Similar to our studies with PCNA, results for the NO generators NOC-9 (300 μM) and SNP
(300 μM) were combined. Prior to NO administration (untreated control not exposed to NO),
less than 10% of the neurons were positive for BrdU, TUNEL, or combined BrdU and TUNEL
(Fig 2B). In contrast, within 6 hr following exposure to NO, a rapid and significant increase
in neurons that expressed BrdU was present. Within 24 h following NO exposure,
approximately 20% of neurons were positive for only TUNEL, but 45% of neurons labeled for
combined BrdU and TUNEL (Fig 2B), illustrating that the majority of post-mitotic neurons
undergoing the initial stages of apoptosis were also attempting to enter the cell cycle. Similar
to our analysis with PCNA, a small group of neurons that was positive for BrdU only prior to
NO exposure continued to label for BrdU only without significant change (Fig 2B).

Presence of Phosphorylated Retinoblastoma Protein (p-Rb) Parallels PCNA Expression and
BrdU Uptake in Post-Mitotic Neurons During Free Radical Injury

Given the regulatory role the retinoblastoma (Rb) protein exerts over the induction of the cell
cycle, we next examined the association of phosphorylated Rb (p-Rb) with the onset of an
attempted cell cycle induction in post-mitotic neurons through the expression of PCNA and
the uptake of BrdU. A NO donor (NOC-9 or SNP, 300 μM) was applied to neuronal cultures
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directly and double staining for p-Rb with PCNA or BrdU was performed 6 and 24 hr following
NO exposure. As shown in Fig. 3A, representative images demonstrate that 24 hr following
NO (NOC-9, 300 μM) exposure significant expression of p-Rb and PCNA occurs in the same
neuronal cells. Merged images illustrated the co-localization of p-Rb with PCNA. In addition,
representative images in Fig. 4A show that 24 hr following NO (NOC-9, 300 μM) exposure
significant uptake of BrdU and p-Rb is present in the same neuronal cells. Merged images
illustrated the co-localization of p-Rb with BrdU. Quantative analysis with results for the NO
generators NOC-9 (300 μM) and SNP (300 μM) combined illustrates early p-Rb expression
alone at approximately 30-35% in neurons at 6 hr post NO exposure with a significant rise in
PCNA expression (approximately 20%) and BrdU uptake (approximately 23%) during this
same time interval). Yet, by 24 hr post NO exposure, approximately 45-48% of neurons double
label for p-Rb and PCNA or for p-Rb and BrdU with a total count of approximately 65-70%
of post-mitotic neurons positive for p-Rb expression with or without PCNA or BrdU labeling,
suggesting that a large proportion of neurons following free radical injury have attempted cell
cycle induction with the phosphorylation of Rb (Figs. 3B and 4B).

Expression of p-Rb Occurs During Early and Late Indicators of Apoptosis in Post-Mitotic
Neurons During Free Radical Injury

Since phosphorylation of p-Rb was found to be closely tied to attempted cell cycle induction
in post-mitotic neurons with our studies examining PCNA expression and BrdU uptake, we
assessed the role of p-Rb expression with the induction of both early apoptotic programs tied
to phosphatidylserine (PS) membrane exposure and late apoptotic injury linked to nuclear DNA
fragmentation. In Fig. 5A, representative images demonstrate that 24 hr following NO (NOC-9,
300 μM) administration p-Rb and PS externalization are evident in the same post-mitotic
neurons. Merged images confirm the co-localization of p-Rb with PS. In a similar manner,
representative images in Fig. 6A demonstrate that 24 hr following NO (NOC-9, 300 μM)
exposure both p-Rb and DNA fragmentation per TUNEL labeling are present in the same
neuronal cells. Merged images show the co-localization of p-Rb with TUNEL. Quantative
analysis with results for the NO generators NOC-9 (300 μM) and SNP (300 μM) combined
demonstrates early p-Rb expression alone at approximately 35-40% in neurons at 6 hr post NO
exposure with an increase in PS expression (approximately 25%). Interestingly, by 24 hr post
NO exposure, approximately 53-55% of neurons double label for p-Rb and PS or for p-Rb and
TUNEL with a total count of approximately 70% of post-mitotic neurons positive for p-Rb
expression with or without PS or TUNEL labeling, illustrating that a majority of neurons
following free radical injury have attempted cell cycle induction with the phosphorylation of
Rb as they enter both early and late stages of apoptosis (Figs. 5B and 6B).

Free radical Exposure Leads to the Phosphorylation of Rb and the Increased Expression of
the Transcription Factor E2F1

Vital to the ability of Rb to block apoptotic injury with attempted cell cycle induction in post-
mitotic neurons is the transcription factor E2F1. Although their exists five cloned E2Fs (E2F1
through 5), E2F1 in particular, preferentially binds to Rb. Deregulation of E2F during the
absence of bound Rb can result in apoptosis in several cellular systems (Qin, XQ et al.,
1995). We therefore examined the effect of free radical exposure on the phosphorylation of Rb
and the expression of E2F1 in neurons. Increased phosphorylation of Rb allows E2F1 to
proceed with attempted cell cycle induction.

Hippocampal neurons were exposed to a NO donor (NOC-9 or SNP, 300 μM) and Western
analysis was performed at 1, 2, 4, 6, and 24 hr post NO exposure (Fig. 7A). Minimal expression
of p-Rb was present in control untreated hippocampal neurons. Yet, following NO exposure
(representative Western analysis shown with NOC-9, 300 μM), p-Rb expression significantly
increased at 2, 4, 6 hr, and was maintained through the 24 hr period (Fig. 7A). In conjunction
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with the phosphorylation of Rb, E2F1 expression was significantly increased at 4, 6, and 24
hr suggesting that the loss of regulatory binding of Rb during its phosphorylation was
associated with enhanced E2F1 expression (Fig. 7A).

Prevention of Rb Phosphorylation Maintains Rb/E2F1 Binding and Prevents Neuronal Injury,
DNA Fragmentation, and Early Apoptotic Signaling During Free Radical Exposure

We employed the inhibitors of cyclin-dependent kinases olomoucine and butyrolactone (Gray,
N et al., 1999) to block the phosphorylation of Rb during free radical exposure and examine
the effects upon E2F1 binding, neuronal injury, nuclear DNA fragmentation, and early cellular
membrane apoptotic signaling. On Western analysis, application of the cyclin dependent kinase
inhibitors olomoucine (Olo, 50 μM) and butyrolactone (But, 50 μM) significantly prevented
the phosphorylation of Rb and the expression of p-Rb at 4 hr and 6 hr following NO exposure
(Fig. 7B). A representative Western is shown with NOC-9, 300 μM.

In Fig. 7C, the binding of E2F1 to Rb was determined by immunoprecipitation at 4 and 6 hr
following NO exposure with a representative Western shown with NOC-9, 300 μM. Binding
of Rb to E2F1 blocks transcriptional activity of E2F1 and subsequent cell cycle induction.
Immunoprecipitation of the E2F1/Rb complex was reduced at 4 hr following NO exposure and
almost absent at 6 hr following NO exposure. Yet, the E2F1/Rb complex remained intact at 4
hr and 6 hr following NO exposure during application of the cyclin dependent kinase inhibitor
olomoucine (Olo, 50 μM), suggesting that the cyclin dependent kinase inhibitors can prevent
phosphorylation of Rb and maintain the integrity of the E2F1/Rb complex to block cell cycle
induction (Figs. 7B and 7C)

We next assessed whether prevention of Rb phosphorylation which would maintain the E2F1/
Rb complex was relevant during free radical exposure in regards to neuronal survival, nuclear
DNA fragmentation, and early apoptotic membrane changes. In Figs. 7D and 7E, cyclin
dependent kinase inhibitors of Rb phosphorylation were applied to neuronal cultures 24 hr
prior to NO exposure (NOC-9 or SNP, 300 μM) and neuronal survival and DNA fragmentation
were determined 24 hr following NO exposure. Results for the NO generators NOC-9 (300
μM) and SNP (300 μM) were combined to simplify the analysis. No toxicity was observed
when the Rb phosphorylation inhibitors olomoucine (Olo, 50 μM) and butyrolactone (But, 50
μM) were applied to untreated control cultures of hippocampal neurons. Yet, inhibition of Rb
phosphorylation by Olo and But protected neurons against NO toxicity and significantly
increased neuronal survival following NO exposure, illustrating that Rb and its regulation of
the E2F1 transcription factor was necessary to protect neurons against free radical injury (Fig.
7D). In a similar manner, administration of Olo and But also prevented late apoptotic injury
as indicated by the significant reduction of DNA fragmentation during free radical exposure
(Fig. 7E).

Calreticulin functions as a principal calcium binding and buffering protein in the endoplasmic
reticulum (Groenendyk, J et al., 2004). As a result, calreticulin is involved in several cellular
processes that modulate calcium homeostasis, protein folding, and cellular development.
Interestingly, cell surface calreticulin has recently been suggested to function in early apoptotic
signaling similar to PS exposure that can lead to inflammatory cell activation (Gardai, SJ et
al., 2005). Therefore, we examined whether prevention of Rb phosphorylation could alter
calreticulin expression similar to PS expression. Administration of the cyclin dependent kinase
inhibitors olomoucine (Olo, 50 μM) and butyrolactone (But, 50 μM) prevented the upregulation
of calreticulin expression during NO exposure, illustrating that regulation of post-translational
activity of Rb impacts both cellular PS expression and calreticulin expression which together
may affect inflammatory cell activation (Fig. 8).
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Inhibition of Caspase 3-like Activity Prevents Degradation for Rb During Free Radical
Exposure

Modulation of the cell cycle to prevent apoptosis may occur at different checkpoints to maintain
the integrity and hypophosphorylated state of Rb. One mechanism may involve may involve
the regulation of caspase 3 - like activity, since Rb is a substrate for caspase 3 and contains a
consensus DEADG site at the carboxyl terminus (Chen, WD et al., 1997). Cleavage of Rb by
caspase 3 appears to disable its ability to inhibit E2F activity and to subsequently avert
apoptosis (An, B and Dou, QP, 1996,Tan, X et al., 1997). We therefore examined whether total
Rb expression during free radical exposure could be altered by modulation of caspase 3-like
activity. Modulation of caspase 1-like activity was used as an experimental control.

In Fig. 9A, total Rb expression was maintained within 6 hr following NO exposure, but, the
expression of total Rb was significantly decreased 24 hr following NO exposure (representative
Western shown with NOC-9, 300 μM). Next, the caspase-1 inhibitor (YVAD, 50 μM) and the
caspase-3 inhibitor (DEVD, 50 μM) were added into neuronal cultures 1 hr prior to NO
exposure (NOC-9, 300 μM used as illustration) and a Western blot for C-terminal Rb was
carried out 24 hr later (Fig. 9B). The C-terminal Rb was cleaved yielding a significant decrease
in Rb expression (Fig. 9B) following NO administration. Yet, administration of DEVD during
NO exposure significantly prevented Rb degradation, but minimal protection against Rb
degradation was seen with YVAD, a caspase 1 inhibitor, suggesting that maintenance of Rb
integrity is closely aligned with modulation of caspase 3 -like activity.

DISCUSSION
Oxidative stress associated with free radical injury may lead to attempted cell cycle induction
in neurons (Chong, ZZ et al., 2005d,Chong, ZZ et al., 2005f). Furthermore, a number of studies
have provided direct evidence that cell cycle induction in post-mitotic neurons can activate
cellular mechanisms that lead to neuronal apoptosis (El-Khodor, BF et al., 2003,Ino, H and
Chiba, T, 2001,Lin, SH et al., 2001,Rideout, HJ et al., 2003). If one also examines clinical
neurodegenerative diseases, such as Alzheimer’s disease, attempted cell cycle induction also
can yield neuronal injury (Arendt, T, 2000,Becker, EB and Bonni, A, 2005,Chong, ZZ et al.,
2005e). Expression of components of the cell cycle, such as cyclin D, CDK4, PCNA, and cyclin
B1 have been shown to be present in patients with Alzheimer’s disease and in animal models
in regions that include the hippocampus, subiculum, locus coeruleus, and dorsal raphe nuclei.
A close association appears to exist between injured cells and cell cycle protein expression,
since staining for cell cycle proteins have been shown to be absent in brain regions without
neuronal injury in Alzheimer’s disease patients and in age-matched brains (Chong, ZZ et al.,
2005e,Stoothoff, WH and Johnson, GV, 2005,Wen, Y et al., 2004).

Given the prior work that links attempted cell cycle induction in post-mitotic neurons to
neuronal injury, our present work sheds further insight into the potential mechanisms that
regulate attempted cell cycle neuronal injury during both early and late programs of apoptosis.
Apoptotic injury is believed to contribute significantly to a variety of diseases that involve the
nervous system such as cerebral ischemic disease, Alzheimer’s disease, and trauma (Doonan,
F and Cotter, TG, 2004,Ferretti, P, 2004,Koyama, R and Ikegaya, Y, 2004,Li, F et al., 2004).
Apoptosis consists of membrane PS exposure and DNA fragmentation (Maiese, K et al.,
2005). As an early event in the dynamics of cellular apoptosis, membrane PS externalization
can become a signal for the phagocytosis of cells (Chong, ZZ et al., 2002,Chong, ZZ et al.,
2005c). In contrast to the early externalization of membrane PS residues, the cleavage of
genomic DNA into fragments is considered to be a delayed event that occurs late during
apoptosis (Dombroski, D et al., 2000,Jessel, R et al., 2002,Kang, JQ et al., 2003b,Maiese, K
et al., 2000).
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In regards to DNA fragmentation, we show that PCNA expression, which can become evident
during the S and early G2 cell cycle phases (Hall, PA et al., 1990), is closely associated with
the majority of neurons with nuclear DNA fragmentation. In addition, our analysis with the
DNA precursor BrdU to assess whether neurons attempt to re-enter the cell cycle at the G1/S
phase (Lau, YF et al., 1980) further complemented the studies with PCNA and illustrated that
a significant proportion of neurons with nuclear DNA fragmentation also had uptake of BrdU,
suggesting that the late phase of apoptotic injury was closely tied to attempted cell cycle
induction.

Interestingly, post-translational modification of Rb by phosphorylation during free radical
oxidative stress appears to be associated with cell cycle induction in post-mitotic neurons. The
Rb protein plays an important regulatory role in the cell cycle and apoptotic cell injury injury.
Rb can control the cell cycle at the G1/S checkpoint (Goodrich, DW et al., 1991,Lee, EY et
al., 1994). Unphosphorylated Rb can block cell cycle progression by binding to the
transcription factor E2F1 in the G1 phase and repress E2F1-responsive genes (Dick, FA and
Dyson, N, 2003,Harbour, JW and Dean, DC, 2000). The phosphorylation of Rb results in the
dissociation of the E2F1/Rb complex and the release of E2F1 that contributes to S phase entry
and apoptosis (Denchi, EL and Helin, K, 2005). We illustrate that a large proportion of neurons
following free radical injury attempt to enter the cell cycle as indicated by PCNA expression
or BrdU uptake during the phosphorylation of Rb. Furthermore, these same neurons that are
exposed to the detrimental effects of NO also label for both TUNEL and PS with p-Rb
expression, illustrating that a majority of neurons following free radical injury have attempted
cell cycle induction with the phosphorylation of Rb as they enter both the early and late stages
of apoptosis. Possibly more important is the observation that Rb may exert control over
membrane PS expression which can lead to inflammatory cell activation and subsequent
microglial activation (Chong, ZZ et al., 2005a,Kang, JQ et al., 2003a,Kang, JQ et al.,
2003b).

As previously described, phosphorylation of Rb can determine its ability to bind to its
transcription factor E2F1 and prevent transcription. Passage through the G1 restriction point
and entry into the S phase is controlled by cyclin-dependent protein kinases involved in the
phosphorylation process of Rb that are sequentially regulated by the cyclins D, E, and A
(Beijersbergen, RL et al., 1995,Quelle, DE et al., 1993,Resnitzky, D et al., 1995). In our present
study, we show that following NO exposure, p-Rb expression is significantly increased at 2,
4, 6 hr and is maintained through a 24 hr period. In conjunction with the phosphorylation of
Rb, E2F1 expression also is significantly increased at 4, 6, and 24 hr, suggesting that the loss
of regulatory binding of Rb during its phosphorylation is associated with enhanced E2F1
expression. We subsequently employed the inhibitors of cyclin-dependent kinases olomoucine
and butyrolactone (Gray, N et al., 1999) to block the phosphorylation of Rb during free radical
exposure. We show that that the cyclin dependent kinase inhibitors can prevent
phosphorylation of Rb and maintain the integrity of the E2F1/Rb complex to block cell cycle
induction. Similar to prior models with potassium chloride withdrawal cell injury and cyclin
dependent kinase inhibition (Padmanabhan, J et al., 1999), we demonstrate that inhibition of
Rb phosphorylation by Olo and But significantly increased neuronal survival following NO
exposure. Our work suggests that Rb and its regulation of the E2F1 transcription factor is
necessary to protect neurons against free radical neuronal injury as well as late apoptotic injury
with DNA fragmentation.

Our observations that phosphorylation of Rb becomes a critical modulator of neuronal DNA
fragmentation also extends to early apoptotic mechanisms through analysis with calreticulin.
Calreticulin is a principal calcium binding and buffering protein in the endoplasmic reticulum
(Groenendyk, J et al., 2004). Yet, cell surface calreticulin has recently been suggested to
function in early apoptotic signaling similar to PS exposure that can lead to inflammatory cell
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activation (Gardai, SJ et al., 2005). We illustrate that administration of Olo or But prevented
the upregulation of calreticulin expression during NO exposure, illustrating that regulation of
post-translational activity of Rb impacts upon both cellular PS externalization and calreticulin
expression, providing further evidence that modulation of Rb pathways may directly control
neuronal inflammatory cell injury (Chong, ZZ et al., 2005a,Kang, JQ et al., 2003a,Kang, JQ
et al., 2003b).

In addition to the post-translational modification of Rb through phosphorylation, Rb also may
be regulated through cleavage by enhanced caspase activity. Rb is a substrate for caspase 3
and contains a consensus DEADG site at the carboxyl terminus (Chen, WD et al., 1997).
Cleavage of Rb by caspase 3 can disable the ability of Rb to inhibit E2F1 activity and prevent
apoptosis (An, B et al., 1996,Tan, X et al., 1997). We therefore elected to investigate whether
total Rb expression during free radical exposure could be altered by modulation of caspase 3-
like activity. NO exposure can directly lead to caspase 3 activity (Li, F et al., 2006,Maiese, K
and Chong, ZZ, 2003). We show that the integrity of Rb is aligned with caspase 3-like activity
during free radical activity and that blockade of caspase 3-like activity prevents Rb degradation.

In summary, we show that attempted cell cycle induction during NO-induced oxidative stress
requires the phosphorylation of Rb, the inability of Rb to bind to E2F1, and the loss of integrity
of the Rb protein. Yet, potentially more important is the observation that aberrant cell cycle
induction in post-mitotic neurons occurs during both the later committed phases of apoptosis
with nuclear DNA degradation as well as during the initial onset of apoptosis that involves
membrane PS externalization and calreticulin expression which can significantly influence
inflammatory cell activation. In addition, both modulation of Rb phosphorylation and the
maintenance of Rb integrity during caspase 3 activity are necessary to block aberrant cell cycle
induction and protect against apoptotic neuronal injury during free radical exposure. Future
investigations should continue to elucidate the expanding role of cell cycle regulation in post-
mitotic neurons that impacts upon both early and late apoptotic programs.
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Fig (1). Expression of proliferating cell nuclear antigen (PCNA) occurs in conjunction with DNA
fragmentation following NO exposure
(A) Representative fields illustrate the double staining of neurons with TUNEL and PCNA
expression. Dual labeling for TUNEL and PCNA expression in the same neuronal cultures was
performed 24 hr following NO exposure (NOC-9, 300 μM). PCNA labeling (green) was evident
in neuronal cultures exposed to NO. DNA fragmentation was determined by TUNEL staining
(red). PCNA expression and DNA fragmentation were co-localized in hippocampal neurons
24 hr following NO exposure. (B) Quantitative results for either PCNA alone, TUNEL alone,
or combined PCNA with TUNEL were determined 6 and 24 hr following NO exposure (SNP
or NOC-9, 300 μM). PCNA positive neurons progressively became positive for TUNEL
staining over a 24 hr period during NO exposure (*p<0.01 vs. control untreated neurons). To
simplify the figures, results for the two NO donors were combined and data were represented
as mean ± SEM.
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Fig (2). Uptake of bromodeoxyuridine (BrdU) occurs in conjunction with DNA fragmentation
following NO exposure
(A) Representative fields illustrate the double staining of neurons with TUNEL and BrdU
incorporation. Dual labeling for BrdU and TUNEL in the same neuronal cultures was
performed 24 hr following NO exposure (NOC-9, 300 μM). BrdU labeling (green) was evident
in neuronal cultures exposed to NO. DNA fragmentation was determined by TUNEL staining
(red). BrdU expression and DNA fragmentation were co-localized in hippocampal neurons 24
hr following NO exposure. (B) Quantitative results for either BrdU alone, TUNEL alone, or
combined BrdU with TUNEL were determined 6 and 24 hr following NO exposure (SNP or
NOC-9, 300 μM). BrdU positive neurons progressively became positive for TUNEL staining
over a 24 hr period during NO exposure (*p<0.01 vs. control untreated neurons). To simplify
the figures, results for the two NO donors were combined and data were represented as mean
± SEM.
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Fig (3). Expression of proliferating cell nuclear antigen (PCNA) occurs in conjunction with
phosphorylation of the retinoblastoma protein (Rb) following NO exposure
(A) Representative fields illustrate the double staining of neurons with phospho-(p-) Rb and
PCNA expression. Dual labeling for p-Rb and PCNA expression in the same neuronal cultures
was performed 24 hr following NO exposure (NOC-9, 300 μM). NO exposure resulted in
significant p-Rb staining (green). PCNA labeling (red) also was evident in the neuronal cultures
exposed to NO. Merged images reveal staining for both proteins in the same neuronal cells.
(B) Quantitative results for either p-Rb alone, PCNA alone, or combined PCNA and p-Rb were
determined 6 and 24 hr following NO exposure (SNP or NOC-9, 300 μM). p-Rb positive
neurons progressively became positive for PCNA staining over a 24 hr period during NO
exposure (*p<0.01 vs. control untreated neurons). To simplify the figures, results for the two
NO donors were combined and data were represented as mean ± SEM.
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Fig (4). Uptake of bromodeoxyuridine (BrdU) occurs in conjunction with phosphorylation of the
retinoblastoma protein (Rb) following NO exposure
(A) Representative fields illustrate the double staining of neurons with p-Rb and BrdU
incorporation. Dual labeling for BrdU and p-Rb in the same neuronal cultures was performed
24 hr following NO exposure (NOC-9, 300 μM). NO exposure resulted in significant p-Rb
staining (green). BrdU labeling (red) also was evident in the neuronal cultures exposed to NO.
Merged images reveal staining for both proteins in the same neuronal cells. (B) Quantitative
results for either p-Rb alone, BrdU alone, or combined BrdU with p-Rb were determined 6 and
24 hr following NO exposure (SNP or NOC-9, 300 μM). p-Rb positive neurons progressively
became positive for BrdU staining over a 24 hr period during NO exposure (*p<0.01 vs. control
untreated neurons). To simplify the figures, results for the two NO donors were combined and
data were represented as mean ± SEM.
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Fig (5). Cellular membrane phosphatidylserine (PS) exposure occurs in conjunction with
phosphorylation of the retinoblastoma protein (Rb) following NO exposure
(A) Representative fields illustrate the double staining of neurons with p-Rb and annexin V
labeling (for PS) performed 24 hr following NO exposure (NOC-9, 300 μM). NO exposure
resulted in significant p-Rb staining (red). PS exposure (green) also was evident in neuronal
cultures exposed to NO. Merged images reveal staining for both proteins in the same neuronal
cells. (B) Quantitative results for either p-Rb alone, annexin V alone, or combined annexin V
with p-Rb were determined 6 and 24 hr following NO exposure (SNP or NOC-9, 300 μM). p-
Rb positive neurons progressively became positive for annexin V staining over a 24 hr period
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during NO exposure (*p<0.01 vs. control untreated neurons). To simplify the figures, results
for the two NO donors were combined and data were represented as mean ± SEM.
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Fig (6). Nuclear DNA fragmentation occurs in conjunction with phosphorylation of the
retinoblastoma protein (Rb) following NO exposure
(A) Representative fields illustrate the double staining of neurons with p-Rb and TUNEL
performed 24 hr following NO exposure (NOC-9, 300 μM). NO exposure resulted in significant
p-Rb staining (red). p-Rb labeling (green) also was evident in neuronal cultures exposed to
NO. Merged images reveal staining for both proteins in the same neuronal cells. (B)
Quantitative results fro either p-Rb alone, TUNEL alone, or combined TUNEL with p-Rb were
determined 6 and 24 hr following NO exposure (SNP or NOC-9, 300 μM). p-Rb positive
neurons progressively became positive for TUNEL staining over a 24 hr period during NO
exposure (*p<0.01 vs. control untreated neurons). To simplify the figures, results for the two
NO donors were combined and data were represented as mean ± SEM.
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Fig (7). Maintenance of an intact Rb/E2F1 complex during blockade of Rb phosphorylation is
neuroprotective during NO exposure
(A) A representative Western blot for Rb phosphorylation and E2F1 expression is illustrated
for analysis at specific time periods following application of the NO donor NOC-9 (300 μM)
using 50 μg/lane for neuronal lysates. The expression of p-Rb was significantly increased at 2
hr and continued over a 24 hr period following NO. E2F1 was significantly increased at 4 hr
and continued over a 24 hr period following NO. (B) Primary hippocampal neurons were
pretreated with the Rb phosphorylation inhibitors olomoucine (Olo, 50 μM) or butyrolactone
(But, 50 μM) 24 hr prior to exposure to a NO generator (SNP, 300 μM or NOC-9, 300 μM)).
Subsequently, the expression of p-Rb was determined at 4 and 6 hr following NO exposure.
Representative Western analysis shown using 50 μg/lane for neuronal lysates. Olo and But
significantly reduced p-Rb expression following NO exposure. (C) Representative results for
E2F1/Rb immunoprecipitation are illustrated. Total protein extract was immunoprecitated by
an antibody against Rb. E2F1/Rb complex expression by Western analysis reveals significant
decreased expression of E2F1/Rb at 4 and 6 hr post NO exposure, but olomoucine (Olo, 50
μM) pretreatment significantly maintained E2F1/Rb expression at 4 and 6 hr following NO
exposure. (D) Olomoucine (Olo, 50 μM) or butyrolactone (But, 50 μM) was applied to neuronal
cultures 24 hr prior to exposure to a NO generator (SNP, 300 μM or NOC-9, 300 μM) and
neuronal survival was determined by trypan blue exclusion 24 hr following NO exposure. Olo
and But significantly increased neuronal survival from approximately 30% with NO only to
approximately 70% (*p<0.01 vs. control untreated neurons; +p<0.01 vs. NO only treated
neurons). (E) Olomoucine (Olo, 50 μM) or buty-rolactone (But, 50 μM) was applied to neuronal
cultures 24 hr prior to exposure to a NO generator (SNP, 300 μM or NOC-9, 300 μM) and

Chong et al. Page 21

Curr Neurovasc Res. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DNA fragmentation was determined by TUNEL assay 24 hr following NO exposure. Olo and
But significantly decreased DNA fragmentation 24 hr following NO exposure (*p<0.01 vs.
control untreated neurons; +p<0.01 vs. NO only treated neurons). In D and E, each data point
represents the mean and SEM of n=4 determinations from four separate experiments. Control=
untreated neurons not exposed to NO.
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Fig (8). Inhibition of Rb phosphorylation down-regulates the expression of calreticulin during NO
exposure
A representative Western blot analysis for calreticulin expression following NO exposure is
illustrated using 50 μg/lane for neuronal lysates. Rb phosphorylation inhibitors olomoucine
(Olo, 50 μM) or butyrolactone (But, 50 μM) were applied to neuronal cultures 24 hr prior to a
NO generator (SNP, 300 μM or NOC-9, 300 μM) and total protein extracts were prepared at
24 hr following NO exposure. Olo and But significantly reduced the expression of calreticulin
following NO exposure.
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Fig (9). Rb degradation during NO expsoure is dependent on caspase 3 activation
(A) A representative Western blot for Rb expression is illustrated for analysis at specific time
periods following application of the NO donor NOC-9 (300 μM) using 50 μg/lane for neuronal
lysates. The expression of Rb was significantly decreased 24 hr following NO exposure. (B)
The caspase 1 inhibitor (YVAD, 50 μM) and the caspase 3 inhibitor (DEVD, 50 μM) were
applied to cultures 1 hr prior to NO exposure and Rb expression was determined 24 hr following
NO exposure. Degradation of Rb by NO was significantly prevented by the caspase 3 inhibitor
DEVD.
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