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Active CREB (cAMP responsive element-binding protein) transcription factor is crucial for neuronal survival. Several members of the
CREM/ICER (cAMP responsive element modulator/inducible cAMP early repressor) protein family may act as endogenous CREB antag-
onists. However, their involvement in a process of programmed cell death remains unexplored. Here we report that ICER may play such
a role in neuronal apoptosis because it is upregulated in apoptotic neurons in vitro, and overexpression of ICER, delivered in adenoviral
vector, evokes programmed cell death of three different kinds of cultured neurons, namely those derived from hippocampal dentate
gyrus, cerebral cortex, and superior cervical ganglion. Reporter gene assay with a promoter containing a CREB-responsive sequence
revealed a decrease in both basal and induced CRE-dependent gene expression in neurons overexpressing ICER. Finally, the level of
expression of the anti-apoptotic protein Bcl-2, a well known CREB target, was markedly diminished in ICER-treated neurons. We suggest
that the naturally occurring CREB functional antagonist ICER may have a specific function in programmed cell death of neurons,
probably by silencing the expression of anti-apoptotic genes.
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Introduction
ICER (inducible cAMP early repressor) is a collective name for a
group of proteins produced from the CREM/ICER gene by use of
an internal promoter within an intron of the CREM (cAMP re-
sponsive element modulator) gene (Molina et al., 1993; Stehle et
al., 1993). It was first described as the major CREM transcript in
the pineal gland during day–night fluctuations of CREM expres-
sion (Stehle et al., 1993). The ICER, which contains only a DNA-
binding domain, functions as a repressor of transcription of sev-
eral CRE (cAMP responsive regulatory element)-containing
genes (Molina et al., 1993; Stehle et al., 1993; Tinti et al., 1996;
Lamas et al., 1997). Studies on pineal gland showed ICER to serve
as a negative regulator of cAMP-dependent, phospho-CREB
(cAMP regulatory element-binding protein)-driven expression

of genes involved in circadian rhythm (Maronde et al., 1999;
Pfeffer et al., 2000). Induced expression of ICER was also re-
ported in several other physiological conditions (for review, see
Stehle et al., 2001). All of these findings suggest that ICER is
involved in mechanisms responsible for returning stimulated
cells to the steady-state level (Stehle et al., 2001). However, in-
creased levels of ICER mRNA were also observed in the cortex
and the hippocampus after treatment with kainate, NMDA, and
dizocilpine maleate (MK-801) (Nedivi et al., 1993; Konopka et
al., 1998; Storvik et al., 2000) at doses that provoke neuronal
apoptosis (Filipkowski et al., 1994; Hetman et al., 1997), suggest-
ing that it might be worthwhile to consider a possible role for
ICER in neuronal cell death, in addition to its putative physiolog-
ical functions (Stehle et al., 1993; Konopka et al., 1998).

A pro-apoptotic role of ICER in neurons could be of special
importance, especially because CREB appears to have anti-
apoptotic activity in cultured neurons deprived of trophic sup-
port (Bonni et al., 1999; Riccio et al., 1999). Moreover, studies on
CREB null mutant embryos showed that CREB is necessary for
the survival of peripheral neurons at the time of their neurotro-
phin dependency (Lonze et al., 2002). Furthermore, recent find-
ings link decreased CREB activity to neurotoxicity and neurode-
generation (for review, see Dawson and Ginty, 2002). However,
our knowledge about CREB downstream effectors as well as in-
teractions between CREB/ATF (activating transcription factor)/
CREM proteins during apoptosis still remains very limited (Wal-
ton and Dragunow, 2000; Lonze et al., 2002).
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Because no functional data on ICER and neuronal apoptosis
have been reported, in this study we tested directly whether ICER
may be involved in neuronal cell death in culture. We found that
indeed adenovirally delivered ICER produces neuronal apoptosis
in three different culture models. Furthermore, L-glutamate-
evoked apoptosis of dentate gyrus (DG) neurons and serum
deprivation-induced death of cortical neurons are both accom-
panied by increased ICER expression. Moreover, ICER inhibited
CRE-dependent transcription along with diminishing levels of
Bcl-2. Thus, our results suggest that ICER, a natural CREB antag-
onist, may have a specific function in programmed cell death of
neurons, perhaps by silencing expression of CRE-dependent
genes, including anti-apoptotic ones (Mayr and Montminy,
2001) that are crucial for proper metabolism of the neuronal cell.

Materials and Methods
Adenoviral vectors. Recombinant adenoviruses were constructed by ho-
mologous recombination of pRSV-ICER plasmid (containing the ICER
II� cDNA; kindly provided by Dr. P. Sassone-Corsi, Institut de Genet-
ique et de Biologie Moleculaire et Cellulaire, Illkirch-Strasbourg, France)
and adenoviral genomic DNA as described earlier (Revah et al., 1996).
The recombinant Ad-�-galactosidase (�gal) has been described previ-
ously (Stratford-Perricaudet et al., 1992). Viral stocks were prepared
according to the procedure described by Revah et al. (1996). Viruses were
titered by the end-point dilution method (Lowenstein et al., 1996). Other
gene constructs either were previously described (Impey et al., 1998) or
commercially available.

Cell culture and adenoviral vector treatment. Primary cultures of DG
cells were obtained from 4-d-old Wistar rat pups as described previously
(Figiel and Kaczmarek, 1997; Jaworski et al., 2000). Cortical neurons
were prepared from newborn Wistar rats (Xia et al., 1996; Hetman et al.,
1999). Primary cultures of superior cervical ganglion (SCG) neurons
were obtained from 1-d-old Wistar rats (Le Gal La Salle et al., 1993).

All three types of neuronal cell cultures were exposed to adenoviral
vectors 3– 4 d after plating. DG cells were incubated overnight with 50
pfu per cell [multiplicities of infection (MOI) 50] suspended in a culture
medium. The next day, the cultures were washed several times with
DMEM (Sigma, St. Louis, MO) and placed in a new culture medium. In
case of cortical cultures, culture medium was replaced with Basal Me-
dium Eagle (BME; BioWhittaker, Walkersville, MD) and saved. Adeno-
viral vectors (MOI, 100) were added to the cultures for 1 hr. Afterward,
virus-containing BME was removed, and saved culture medium was
added back to the infected cultures. SCG neurons were infected exactly
the same way as cortical neurons with the exception that instead of BME,
replacement culture medium was changed to L15CO2 medium (Invitro-
gen Life Technologies, Carlsbad, CA). For quantification of apoptosis,
the cultures were fixed as follows: DG, 6 and 24 hr; cortical neurons, 24,
48, and 72 hr; SCG cells, 24, 48, and 72 hr. For other applications the cells
were treated as indicated below.

Serum deprivation. Serum deprivation was performed with cortical
neurons at 6 d in vitro as described previously (Hetman et al., 1999).
Briefly, cells were washed twice with serum-free BME and incubated in
serum-free BME supplemented with 35 mM glucose, 1 mM L-glutamine,
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2.5 mM cytosine arabi-
noside (all from Sigma) in the presence of the NMDA receptor antagonist
MK-801 (10 mM; Sigma). Control cells were washed similarly and then
incubated for matched time points in serum-containing conditioned
medium.

X-gal staining of cell cultures. Forty-eight hours after infection, Ad-
�gal-infected cell cultures were washed once with PBS and fixed for 5
min in 1% formaldehyde, 0.2% glutaraldehyde in PBS. Then the cells
were incubated overnight at 37°C in 0.8 mg/ml X-gal, 4 mM K3Fe(CN)6,
4 mM K4Fe(CN)6, 4 mM MgCl2, 6 H2O in PBS (all from Sigma). After
incubation, cultures were washed several times with PBS.

Quantification of apoptosis by nuclear morphological changes. To visu-
alize nuclear morphology, cells were fixed in 4% paraformaldehyde and
stained with 2.5 mg/ml DNA dye Hoechst 33258 (bis-benzimide; Sigma).

Apoptosis was quantified by scoring the percentage of neurons (as re-
vealed by staining with NeuN antibody) with apoptotic nuclear mor-
phology at the single-cell level after Hoechst staining. Uniformly stained
nuclei were scored as healthy, viable neurons. Condensed or fragmented
nuclei were scored as apoptotic. Statistical analysis of the data were per-
formed using the nonparametric Kruskal–Wallis ANOVA test.

DNA ladder assay and MTT assay. To examine DNA cleavage, 5 � 10 6

cortical neurons were plated in a 60 mm dish and infected with Ad-�gal
or Ad-ICER (MOI, 100). Seventy-two hours after infection, soluble cy-
toplasmic DNA was isolated from each plate and loaded to 1.8% agarose
gel for DNA ladder analysis, as described (Hetman et al., 1999).

In cortical cultures, neuronal survival was assayed by measuring the
conversion of the yellow, water-soluble tetrazolium, MTT (Sigma) to the
blue, water-insoluble formazan at 24, 48, 72, and 96 hr after infection
with either Ad-�gal or Ad-ICER as described previously (Hetman et al.,
1999). Optical blanks, used as controls, were generated by incubating
MTT with the conditioned medium. The colorimetric reaction was eval-
uated spectrophotometrically (A570).

Immunocytochemistry. Immunocytochemical staining was done as de-
scribed previously (Jaworski et al., 2000). The color reactions were devel-
oped using a diaminobenzidine substrate kit (Vector Laboratories, Bur-
lingame, CA). For fluorescence immunocytochemistry, the primary
antibody was visualized by incubating the cultures with a biotin-
conjugated appropriate secondary IgG (Vector Laboratories) diluted
1:500 and then with streptavidin–FITC or streptavidin–Texas Red com-
plex (Vector Laboratories) diluted 1:500. Primary antibodies were as
follows: monoclonal anti-MAP2 protein (Sigma) diluted 1:400, mono-
clonal anti-NeuN (Chemicon, Temecula, CA) diluted 1:500, and poly-
clonal ICER 1:20,000 (Molina et al., 1993).

RT-PCR analysis. For RT-PCR analysis, total RNA was isolated from
5 � 10 5 dentate gyrus cells or 5 � 10 6 cortical cells by use of TRI Reagent
(Sigma). The remaining DNA was removed by digestion with DNase I
(Roche, Indianapolis, IN). Next, RNA was reverse transcribed by use of
Expand Reverse Transcriptase (Roche, Indianapolis, IN) in presence of
oligo-dT. The cDNA was then amplified by PCR with a set of oligonu-
cleotides designed to recognize either different isoforms of ICER cDNA
(5�ICER: 5�-ACA AGA CCA CTC TGT ATG CA-3�; 3�ICER: 5�-GGG
AGA GCA AAT GCT TTT CA-3�) or ICERII� produced from adenoviral
vector (5�UTRSV: 5�-ACC ATT CAC CAC ATT GGT GT-3�; 3�ICER).
The following temperature profile was applied for both reactions: 94°C
for 30 sec, 48°C for 30 sec, 72°C for 1 min, followed by 15 min incubation
at 72°C. Amplification of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA was used for verification of the amount of template
used for reaction (GAPDH3: 5�-AAC TAC ATG GTC TAC ATG TT-3�;
GAPDH4: 5�-GTG GTG CAG GAT GCA TTG CT-3�).

Electrophoretic mobility shift assay. For electrophoretic mobility shift
assay (EMSA), 10 7 cortical neurons were plated in a 100 mm Petri dish.
Seventy-two hours after infection with adenoviral vectors, nuclear ex-
tracts were isolated and EMSA was done as described previously (Kamin-
ska et al., 1994). A double-stranded 32P-labeled oligonucleotide contain-
ing CRE sequence (AGAGATTGCCTGACGTCAGAGAGCTAG) was
used as a probe in the binding reactions.

Western blot analysis. For immunoblot analysis, 5 � 10 6 cortical neu-
rons were plated in a 60 mm Petri dish. Seventy-two hours after infection
with adenoviral vectors, total protein extracts were isolated and separated
by SDS-PAGE (12%). Next, the proteins were transferred onto Hybond-
ECL membrane (Amersham Biosciences, Piscataway, NJ) by semidry
electroblotting. Blots were then incubated overnight with 5% nonfat
milk in TBS-T (150 mM NaCl, 20 mM Tris, pH 7.4, 0.05% Tween 20) at
4°C. For immunochemical detection, the membranes were incubated at
4°C overnight with the following antibodies: anti-CREM/ICER antibody
(Santa Cruz Biotechnology, Santa Cruz, CA; diluted 1:500), ICER (Mo-
lina et al., 1993) (diluted 1:1000), CREB (Cell Signaling Technology,
Beverly, MA; diluted 1:1000), phospho-CREB (Cell Signaling Technol-
ogy; diluted 1:1000), GAPDH (Chemicon; diluted 1:2000), or Bcl-2 (BD
Transduction Laboratories, Palo Alto, CA; diluted 1:500). The next day,
the membranes were washed three times with TBS-T and incubated with
the appropriate secondary peroxidase-conjugated antibody (Amersham
Biosciences; diluted 1:500) in 5% nonfat milk in TBS-T for 1 hr. After the
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next three washings, peroxidase was detected with ECL reagent (Amer-
sham Biosciences). For the statistical evaluation of the immunoblots,
they were scanned densitometrically, and data were expressed in arbi-
trary units (AU). For evaluation of the phosphorylated (P)-CREB/CREB
ratio, the data in AU were compared for the Ad-ICER versus Ad-�-gal
versus control cultures and first nonparametric ANOVA differences
among all the groups, and then the Mann–Whitney nonparametric test
was applied for all the pairs of comparisons. No difference was found
between Ad-�-gal and control cultures. The statistics for the Ad-ICER
and Ad-�-gal comparison are shown in Figure 1.

Transient transfections and reporter gene assay. Cortical neurons, cul-
tured in 24-well dishes (5 � 10 5 cells per well) were transiently trans-
fected with pCRE-Luc and pRL-TK with the aid of Lipofectamine2000
(Invitrogen Life Technologies, Carlsbad, CA) as described by Ohki et al.
(2001) with modifications. Briefly, 3 d after the plating, the cells were
exposed to the mixture of plasmid DNA and Lipofectamine2000 (0.6 �g
of total DNA per well, with DNA/Lipofectamine2000 ratio 1:2.5) for 2 hr
in serum-free culture medium (BME) supplemented with 35 mM glu-
cose, 1 mM glutamine, penicillin (100 U/ml), streptomycin (100 �g/ml)
and infected immediately afterward with either Ad-�gal or Ad-ICER.
Afterward, the neurons were returned to saved conditioned media and
cultured for the next 48 hr before any additional treatment. Next, 10 �M

forskolin (Sigma) or vehicle (DMSO) was added to the transfected cells.
After next 24 hr, lysates from cells were prepared in Passive Lysis Buffer
(Promega, Madison, WI), and luminescence of both firefly and Renilla

luciferases in 10 �l of cell lysate were measured
by use of Dual-Luciferase Reporter Assay
(Promega).

Results
Adenovirally delivered ICER inhibits
CRE-dependent transcription
To study ICER function, we developed an
adenoviral vector carrying the ICERII�
sequence controlled by the Rous sarcoma
virus (RSV) constitutive promoter Ad-
ICER. To test whether this experimental
tool inhibits CRE-driven transcription in
our experimental conditions, we first in-
vestigated with an EMSA whether exoge-
nous ICER can bind the CRE sequence. In
nuclear extracts prepared from control
Ad-�gal-treated cortical neurons, only a
slow migrating complex was detected by
EMSA (Fig. 1A, I). This band reflected
specific binding of the CRE probe as it dis-
appeared in competition experiments
with an unlabeled CRE probe (Fig. 1A).
On the other hand, in nuclear extracts ob-
tained from Ad-ICER-infected cultures,
two additional faster migrating complexes
(II, III) were detected (Fig. 1A). Such fast
migrating complexes were described pre-
viously as containing ICER proteins (La-
mas et al., 1997; Trocme et al., 2001). No
such binding could be observed in mate-
rial collected from Ad-�gal-infected cul-
tures (Fig. 1A). By use of immunoblotting
technique we did not observe any signifi-
cant decrease in the CREB or CREM pro-
tein levels (Fig. 1B). However, use of an
antibody against the phosphorylated form
of CREB showed a decrease in its amount
in Ad-ICER-treated cultures (Fig. 1B,C).

Next, we checked whether exogenous
ICER could inhibit both basal and

forskolin-induced CRE-promoter activity. Forskolin is a well
known activator of cAMP and thus also CREB function (Gonza-
lez and Montminy, 1989). The cultures were transiently cotrans-
fected with a plasmid containing firefly luciferase gene under the
control of CRE-sequence (pCRE-Luc) as well as plasmid consti-
tutively expressing Renilla luciferase (pRL-TK; for standardiza-
tion purpose) and next infected with either Ad-�gal or Ad-ICER.
Forty-eight hours after the transfection–infection treatment, the
cultures were stimulated with 10 �M forskolin for the next 24 hr.
The basal level (after vehicle treatment) of CRE-dependent lucif-
erase expression was decreased in Ad-ICER-infected cells almost
twofold when compared with Ad-�gal-treated cells (Fig. 1D).
Moreover, the levels of CRE-driven reporter expression after for-
skolin stimulation were also decreased in ICER-overexpressing
cells when compared with cultures infected with control virus
(Fig. 1D).

The finding that ICER overexpression resulted in a decrease of
CRE-dependent transcription suggested that specific CRE-
driven gene(s) might be affected by ICER in neuronal apoptosis.
In this context, we studied the expression of a known anti-
apoptotic CREB target: Bcl-2 (Wilson et al., 1996; Riccio et al.,
1999). We found that the level of Bcl-2 protein, as determined

Figure 1. Effect of ICER overexpression on CREB function. A, CRE-sequence binding 72 hr after Ad-ICER infection of cortical
neurons (electrophoretic mobility shift assay; comp. indicates competition with nonlabeled CREB probe; I, II, and III designate
different complexes formed by neuronal nuclear extracts proteins). B, Immunoblotting detection of P-CREB, CREB, CREM, and ICER
proteins in Ad-�gal- versus Ad-ICER- infected cultures. C, Quantitative analysis of effects of ICER overexpression on P-CREB levels.
The immunoblots such as those shown in B were scanned densitometrically and analyzed in such a way that for each lane (n � 10;
5 independent culture experiments) the result of P-CREB expression was divided by the level of CREB immunoreactivity and
expressed in arbitrary units (AU). Next, the data were statistically evaluated with nonparametric Kruskal–Wallis ANOVA, followed
by Mann–Whitney U test. The difference between P-CREB/CREB ratios in Ad-ICER- versus Ad-�-gal-treated cultures is significant
at p�0.008 (**). D, Effects of ICER overexpression on firefly luciferase driven by a CRE-containing promoter. The neurons first were
transiently transfected with pCRE-Luc and pRL-TK by use of Lipofectamine2000 and next infected with either Ad-�gal or Ad-ICER.
Then, either 10 �M forskolin or vehicle (DMSO) was added to the transfected cells. After 24 hr, lysates from cells were prepared, and
luminescence of both firefly and Renilla luciferases was measured with the aid of the Dual-LuciferaseReporter Assay. Results are
given as a ratio of luminescence of firefly to Renilla luciferases measured in relative fluorescence units � SD. E, Immunoblotting
detection of Bcl-2 and GAPDH proteins in Ad-ICER- and Ad-�gal-treated cortical neurons; the results of two of three independent
experiments are presented. B, C, E, Three days after the plating, the cells were infected with control, �-galactosidase-encoding
(Ad-�gal), or ICER-encoding (Ad-ICER) adenoviral vector. Seventy-two hours after infection, the cultures were harvested for
protein extraction and immunoblotting analysis.
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by the immunoblotting 72 hr after infection, in ICER-
overexpressing cultures dropped to 62.3 � 2.5% (n � 6 lines
for each virus; three independent culture experiments) of ex-
pression level in those treated with Ad-�gal (Fig. 1 E). Thus,
our results show that ICER overexpression-evoked apoptosis
correlates with an inhibition of CRE-dependent transcription
and with a decrease in the amount of the anti-apoptotic pro-
tein Bcl-2.

Glutamate-evoked neuronal cell death is accompanied by
ICER expression
We have reported previously that high doses of glutamate evoked
apoptotic cell death of dentate gyrus neurons cultured in vitro
(Figiel and Kaczmarek, 1997) (Fig. 2A). To test the possibility
that ICER is related to neuronal cell death, we analyzed ICER
mRNA levels in these cultures and found an increase of its expres-
sion (Fig. 2B) that peaked at 4 hr after incubation with glutamate
and was observed also at 24 hr. On the other hand, glutamate did
not change the mRNA level of a housekeeping gene, GAPDH
(Fig. 2B).

ICER expression and apoptosis of the dentate gyrus
hippocampal neurons
The fact that a pro-apoptotic dose of glutamate caused an in-
crease in expression of ICER mRNA raised a question regarding
whether overexpression of ICER is sufficient to induce neuronal
cell death. To test such a possibility we used the adenoviral vector
Ad-ICER. The ability of adenoviral vectors to transfer genes into
DG neurons in culture was verified by infection with Ad-�gal
(MOI, 50) (Fig. 3A). Next, the cultures were infected with Ad-
ICER, and expression of the transgene after 24 hr was confirmed
by RT-PCR. The primers were designed to recognize only the
expression of ICER mRNA driven by the adenoviral vector (Fig.
3B). ICER overexpression was accompanied by dramatic changes
in morphology of the cells 24 hr after infection (Fig. 3D). In
contrast, cultures treated with Ad-�gal did not display any appar-
ent abnormalities (Fig. 3D). The nuclear morphology of neurons
infected with either Ad-�gal or Ad-ICER was compared after
staining the cell nuclei with Hoechst 33285 dye. Neuronal iden-
tity of the cells was revealed by staining for a neuronal marker,
NeuN. In noninfected or Ad-�gal-treated cultures at 6 hr (data

not shown) as well at 24 hr after infection, the majority of the
neurons displayed typical, healthy-looking chromatin structure
(Fig. 3C,D). On the other hand, in Ad-ICER-infected cultures
�50% of neurons had condensed nuclei 24 hr after treatment
(Fig. 3C,D). In contrast, 6 hr after Ad-ICER infection there was
no increase in the level of neuronal cell death in comparison with
control cultures (data not shown).

ICER expression and apoptosis of the cortical neurons
Dentate gyrus cultures consist of both glial and neuronal cells,
and one could reason that the observed Ad-ICER-evoked neuro-
nal cell death might be secondary to the ICER affecting the glia.
To extend the observations to predominantly neuronal cultures
and to study the phenomenon at the biochemical level, which
requires more material than the amount available from the DG
cultures, in the following experiments we switched to more ho-
mogeneous and abundant cultures of the cerebral cortex neu-
rons. Importantly, it has been reported previously that serum
deprivation in the presence of the glutamate receptor antagonist
MK-801 evokes apoptotic cell death of cortical neurons cultured
in vitro (Hetman et al., 1997) (Fig. 4A). This pro-apoptotic stim-

Figure 2. Glutamate-evoked neuronal cell death is accompanied by ICER mRNA expression.
A, Nuclear morphology of control dentate gyrus cultures (top panel) and after 24 hr exposure to
0.5 mM glutamate (bottom panel) visualized by Hoechst 33258 staining. Arrows indicate frag-
mented and condensed nuclei. B, Level of ICERII mRNA isoform expression in dentate gyrus
cultures treated with 0.5 mM glutamate as verified by RT-PCR. GAPDH mRNA analysis was
performed to verify equal reaction and loading.

Figure 3. Apoptosis of dentate gyrus neurons induced by adenovirally delivered ICER over-
expression. A, �-Galactosidase enzymatic activity in dentate gyrus neurons (note brownish
MAP2 immunostaining) infected with an adenoviral vector encoding �-galactosidase (Ad-
�gal; arrows). B, RT-PCR analysis of expression of exogenous recombinant adenovirus-
delivered ICERII� gene. RNA was isolated 24 hr after infection (with either Ad-�gal or the
adenovirus-carrying ICERII� gene Ad-ICER). The primers were designed to recognize only the
transgenes that were used: Ad-ICER, cDNA from cultures treated with Ad-ICER was used for
the reaction; Ad-�gal, cDNA from cultures treated with Ad-�gal; pRSV-ICER, pRSV-ICER plas-
mid DNA was used as a template for positive control of the reaction. C, Quantitative analysis of
neurons with altered chromatin morphology after exposure to Ad-ICER. The cultures were ex-
posed overnight to either Ad-�gal or Ad-ICER (MOI, 50, for both). Cells were fixed 24 hr after
infection and stained with Hoechst 33285 and an antibody against NeuN. For each experimental
variant, the cells were counted from 24 incidental microscopic fields from four independent
cultures grown on 10 mm glass coverslips. Results are shown as an average percentage of
neurons with changed chromatin morphology per coverslip � SEM; ***p � 0.001; Kruskal–
Wallis ANOVA. D, Changes of neuronal morphology evoked by Ad-ICER at 24 hr after the infec-
tion; arrows point to neuronal (as indicated by the NeuN immunostaining) nuclei with con-
densed and fragmented chromatin.
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ulation increased in ICER mRNA expression, evident at 1 hr after
serum withdrawal and observed also at 24 hr (Fig. 4B,C). On the
other hand, serum deprivation/MK-801 treatment did not
change the expression of the mRNA level of a housekeeping gene,
GAPDH (Fig. 4B).

Adenoviral gene transfer of Ad-�gal (MOI, 100) resulted in
expression of the transgene in almost 80% of the cortical cells
(data not shown). ICERII� expression 72 hr after Ad-ICER infec-
tion of neurons was documented by RT-PCR (data not shown).
Similar to the experiments performed on DG cultures, for the cell
death studies the cultures were infected with either Ad-�gal
(MOI, 100) or Ad-ICER (MOI, 100). Seventy-two hours after
infection, when marked changes in neuronal morphology of Ad-
ICER-treated cells were observed under phase-contrast micro-
scope, alterations in chromatin structure were also verified by
Hoechst staining. In noninfected cultures or those treated with
Ad-�gal, the percentage of dying neurons was very low (Fig. 5A).
In contrast, up to 35% of Ad-ICER-infected neurons showed
fragmentation and condensation of chromatin (Fig. 5A). Triple
staining with Hoechst 33285 and antibodies against NeuN and
ICER revealed dying neurons in Ad-ICER-treated cultures that
were overexpressing ICER protein (Fig. 5C). Furthermore, a sol-
uble fraction of cytoplasmic DNA isolated from cultures treated
with Ad-ICER was found to contain material that was cleaved
into oligonucleosomal fragments (DNA laddering), which is one
of the hallmarks of apoptosis (Fig. 5B). The cytoplasmic fraction
of DNA was absent from the Ad-�gal-infected cultures as well as
noninfected neurons (Fig. 5B). To determine cell viability, a col-
orimetric tetrazolium assay on the basis of mitochondrial con-
version of MTT was performed. A significant decrease of neuro-
nal viability in cortical cultures after infection with Ad-ICER was
confirmed 96 hr after infection with the MTT test (A570 �
0.283 � 0.03 SEM) when compared with Ad-�gal-treated cul-
tures (A570 � 0.111 � 0.03 SEM; p � 0.05; Kruskal–Wallis
ANOVA).

ICER-evoked neuronal apoptosis in cultures derived from
superior cervical ganglion
The experiments performed on cultures of DG and cerebral cor-
tex showed that overexpression of ICER in CNS neurons was

sufficient to cause their apoptotic death. To extend these obser-
vations to the neurons derived from the peripheral nervous sys-
tem, we investigated the effect of ICER on SCG cultures. These
cultures are homogenously neuronal and provide a well charac-
terized model of physiological apoptosis and CREB-dependent
survival (Riccio et al., 1999).

Initially, we confirmed that SCG neurons could be efficiently
infected with Ad-�gal, the control recombinant adenovirus.
Next, the SCG neurons were treated either with ICER-encoding
adenoviral vector (MOI, 100) or with control recombinant ade-
novirus (Ad-�gal; MOI, 100) and fixed 6, 24, 48, and 72 hr after
infection. Condensation of chromatin was evident at 72 hr after
infection (36.2 � 3.6% of neurons; p � 0.001; Kruskal–Wallis
ANOVA), and to a lesser extent also at 48 hr, only in the Ad-
ICER-infected cultures. We did not observe any changes in nu-
clear morphology of ICER-treated neurons at 6 and 24 hr or in
cultures treated with control virus or noninfected even after 72 hr
(7.9 � 1.3 and 5.5 � 1.1% of dying neurons, respectively).

Discussion
The survival and programmed cell death (apoptosis) of neurons
depend on the activity of a number of genes, and therefore tran-
scription factors controlling gene expression play a key role in
these events (Dragunow and Preston, 1995; Herdegen et al., 1997;
Pettmann and Henderson, 1998; Hughes et al., 1999; Sastry and
Rao, 2000; Walton and Dragunow, 2000; Yuan and Yankner,
2000; Zagulska-Szymczak et al., 2001). CREB is one of the tran-
scription factors that has already been studied in the context of
neuronal survival, physiological apoptosis, and neurodegenera-
tion (for review, see Finkbeiner, 2000; Walton and Dragunow,
2000). Increased levels of its phosphorylated active form were
observed in neurons resistant to brain ischemia, whereas decrease
of CREB phosphorylation was observed in neurons vulnerable to
this treatment (Walton et al., 1996; Hu et al., 1999; Mabuchi et al.,

Figure 4. Serum deprivation-evoked neuronal cell death accompanied by ICER mRNA ex-
pression. A, Nuclear morphology of control cortical cultures and after 24 hr serum deprivation in
the presence of 10 mM MK-801 was visualized by Hoechst 33258 staining. Arrows indicate
fragmented and condensed nuclei. B, Levels of ICERII mRNA isoform expression in cortical cul-
tures treated with glutamate were verified by RT-PCR at 1, 3, 6, or 24 hr after the infection. C,
Levels of ICER mRNA expression as detected by RT-PCR.

Figure 5. Apoptosis of cortical neurons after ICER overexpression. A, Percentage of cortical
apoptotic neurons at 72 hr after infection with Ad-ICER; ***p � 0.001; Kruskal–Wallis ANOVA.
B, DNA fragmentation into ladder-like pattern 72 hr after infection of cortical neurons with
either Ad-�gal or Ad-ICER. Arrows indicate fragmented, oligonucleosomal DNA. C, Changes in
nuclei morphology (Hoechst 33258, left panel) of neurons (NeuN, middle panel) overexpressing
ICER (right panel) after Ad-ICER infection of cortical cultures. Arrow points to ICER overexpress-
ing neuron with condensed and fragmented chromatin.
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2001). Furthermore, stimulation of extrasynaptic NMDA recep-
tors, which leads to excitotoxic cell death of hippocampal neu-
rons, resulted in a decrease in CREB phosphorylation, whereas
synaptic stimulation increased the amount of phospho-CREB
and was able to prevent staurosporine-evoked apoptosis (Hard-
ingham et al., 2002). Additionally, CREB might be involved in
protection against the adverse effects of deafferentation (Zirpel et
al., 2000). Furthermore, Riccio et al. (1999) demonstrated that
transcriptionally active CREB is necessary and sufficient for sur-
vival of sympathetic neurons under both normal and NGF-
withdrawal conditions. Recently, Mantamadiotis et al. (2002)
showed extensive apoptosis and progressive neurodegeneration
in mouse brain in conditional CREB knock-out on CREM �/�
background. One of the pro-survival targets for CREB seems to
be bcl-2 (Riccio et al., 1999; Mabuchi et al., 2001), which was
shown to be able to block apoptosis of the sympathetic neurons
evoked by neurotrophin starvation (Garcia et al., 1992).

In contrast to growing evidence of the significance of CREB
for neuronal survival, involvement of other CRE-binding pro-
teins that belong to the CREM/ICER family in making decisions
about neuronal cell fate remains essentially unexplored. In this
report, we describe for the first time a novel, pro-apoptotic func-
tion of the transcription factor ICER, an endogenous, functional
CREB antagonist. We show the increased levels of ICERII mRNA
after glutamate stimulation that leads to apoptotic death of den-
tate gyrus neurons as well as under conditions of trophic depri-
vation of the cortical neurons in vitro. We also provide evidence
that infection of three different types of neurons, namely dentate
gyrus, cortical, and sympathetic neurons, with recombinant ad-
enovirus carrying ICERII� cDNA is capable of provoking robust
neuronal cell death. Morphological features, including nuclear
fragmentation, together with DNA-laddering, widely accepted
methods for visualizing apoptotic changes (Willingham, 1999),
have proven the apoptotic character of the neuronal cell death
evoked by ICER. We also provide evidence for the competence of
exogenous ICER to block CRE-dependent transcription both at
the basal state and on activation with forskolin. Additionally our
studies on the phosphorylated, i.e., possibly transcriptionally ac-
tive form of CREB (P-CREB), revealed its downregulation in
cortical cultures treated with Ad-ICER. Finally, we show that the
level of Bcl-2 anti-apoptotic protein (Vaux et al., 1988, 1992) that
was previously described to be regulated via CRE sequence (Wil-
son et al., 1996; Riccio et al., 1999) was decreased in cultures
infected with adenoviral vector coding for ICERII�.

Despite correlative results obtained in gene expression studies
on the brain treated with stimuli provoking neurodegeneration
by drugs acting on glutamate receptors (Konopka et al., 1998;
Storvik et al., 2000), no direct evidence was previously available
on the functional ability of ICER to evoke neuronal cell death.
Our results directly indicating such a possibility are not surpris-
ing, however. The major biological function of ICER appears to
be its antagonism toward CREB, as indicated by studies on a
number of genes (Molina et al., 1993; Stehle et al., 1993; Tinti et
al., 1996; Lamas et al., 1997). In this report we add the gene
encoding Bcl-2 to this list of those that are negatively regulated by
ICER. Our data are in a good agreement with a postulated pro-
survival activity of CREB and Bcl-2 (Walton et al., 1996; Hu et al.,
1999; Walton and Dragunow, 2000; Mabuchi et al., 2001). Di-
rectly relevant to our work are also the results obtained with use
of dominant negative mutants of CREB in vitro that showed this
transcription regulator to be necessary for the pro-survival neu-
ronal response to trophic factors (Bonni et al., 1999; Riccio et al.,
1999), as well as studies by Mabuchi et al. (2001) who reported

that blockade of CRE-dependent Bcl-2 expression by use of CRE-
decoy oligonucleotides resulted in enhanced neuronal cell death
within cultures exposed to glutamate. However, to the best of our
knowledge, there was no previous evidence that overexpression
of naturally occurring CREB functional antagonist(s) may result
in neuronal cell death. Some previous reports, however, involved
ectopic overexpression of ICER to study regulation of expression
of various genes (Zauli et al., 2000; Colgin et al., 2001). Notably,
the pro-aptotic effect of ICER has not been shown in either
neuronal-like cell lines or in neurons. The discrepancy of these
results and ours might be explained by the differences in experi-
mental design, mainly by the fact that in most of these studies
ICER was overexpressed for the shorter periods of time that are
necessary to observe its severe pro-apoptotic effect. Such a delay
of apoptotic effect of inhibition of CRE-dependent transcription
was described previously by Riccio et al. (1999) for dominant
negative mutants of CREB.

In addition to the reports showing correlation of ICER mRNA
expression and neurodegeneration, a physiological role for this
protein has also been suggested by studies documenting its ele-
vated expression in conditions with enhanced neuronal activity
but with no apparent component of cell death. The activation of
ICER gene expression has been reported in the pineal gland dur-
ing day–night fluctuations (Stehle et al., 1993), in hippocampus,
frontal cortex, and cerebellum after electroconvulsive seizures
(Fitzgerald et al., 1996), in visual and barrel cortex in response to
sensory stimulation (Konopka et al., 1998; Staiger et al., 2000), in
amygdala after lithium chloride injection (Spencer and Houpt,
2001), in hypothalamus after osmotic stimulation (Luckman and
Cox, 1995), and in adrenal medulla after trans-synaptic stimula-
tion with reserpine (Trocme et al., 2001). An explanation for the
differential involvement of ICER in various phenomena could be
derived from analysis of the time course of expression. In those
reports suggesting physiological roles for ICER, its expression
was short lasting, in contrast to our results obtained after gluta-
mate stimulation of DG cultures as well as kainic acid treatment
of animals (Konopka et al., 1998; S. Szymczak and J. Jaworski,
unpublished observations). Thus, it might be suggested that pro-
longed ICER activity is detrimental to the neurons. This hypoth-
esis might be supported further by the finding that HIV-1 Tat
protein treatment of PC-12 cells resulted in prolonged increased
expression of ICER mRNA (Zauli et al., 2000), and exposure of
both PC-12 and neurons to high doses of this protein was found
to induce programmed cell death (Weeks at al., 1995; Kruman et
al., 1998). Furthermore, Zauli et al. (2000) showed that injection
of Tat protein into rat striatum caused progressive loss of dopa-
minergic neurons in substantia nigra.

Our results show a decrease of CREB phosphorylation in Ad-
ICER-overexpressing cultures without a significant decrease of
the total amount of CREB protein. Most of the current models of
initiation of CREB transcriptional activity suggest that CREB
binding to its specific DNA sequence precedes CREB phosphor-
ylation as well as further recruitment of transcription coactiva-
tors (for review, see Shaywitz and Greenberg, 1999). Our results
showing that ICER overexpression diminishes the CREB DNA
binding fully support such a notion.

Finally, we note that our approach with ectopic expression of
ICER, an endogenous antagonist of CREB reported herein to
have a specific biological function, might be useful for studies on
ICER in other physiological and pathological conditions. It
should also prove to be valuable in probing cellular activities of
CREB that have recently been investigated extensively. Notably,
adenoviral vectors appear to offer a very convenient tool for such
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studies. They are devoid of significant side effects in culture, and
they have been used previously to deliver also anti-apoptotic
genes into the cells (Simons et al., 1999; Kugler et al., 2001).

In conclusion, our data as well as the aforementioned consid-
erations strongly suggest that the mechanism of ICER-evoked
apoptosis in neurons is based on its ability to antagonize CREB
anti-apoptotic action that involves activation of pro-survival
genes. Thus, we postulate that the effects of ICER on neuronal
survival might depend on a balance between the active form of
CREB on the one hand and ICER on the other.
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