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Increased cyclin D1 in vulnerable neurons in the
hippocampus after ischaemia and epilepsy: a modulator
of in vivo programmed cell death?
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Abstract

Several observations suggest that delayed neuronal death in ischaemia, epilepsy and other brain disorders includes an apoptotic
component, involving programmed cell death (PCD). PCD is hypothesized to result, in part, from aberrant control of the cell cycle.
Because they are instrumental in mitosis, cyclins D are key markers to evaluate whether neurons indeed progress into the cell
cycle in situations of pathology. Therefore, we investigated in rat brains, the expression of cyclins D in the delayed neuronal death
that occurs following transient global ischaemia and kainate-induced seizures. Following a four-vessel occlusion insult, quantitative
in situ hybridization revealed a highly significant and persistent 100% increase of cyclin D1 mRNA in the vulnerable pyramidal
neurons of the CA1 hippocampal region. Ischaemia also induced a smaller and transient cyclin D1 mRNA increase in the resistant
CAS3 area and dentate gyrus. In contrast, the cyclin D2 and D3 mRNAs, expressed constitutively in the adult rat hippocampus,
were not upregulated. Following kainate-induced seizures, cyclin D1 mRNA was induced in the vulnerable CA3 region, and to a
lesser extent, in non-vulnerable regions. Cyclin D1 immunohistochemistry revealed increased protein levels in the cytoplasm and
nucleus of neurons commited to die after ischaemia. Double labelling experiments indicate that cyclin D1 is also expressed in
reactive astrocytes but not in microglial cells. Finally, we report that in neurons, cyclin D1 expression peaks before nuclear
condensation and the appearance of DNA fragmentation. We propose that cyclin D1, when expressed at high levels in lesioned
neurons, may act as a modulator of apoptosis.

Introduction

Following transient forebrain ischaemia, delayed neuronal degeneratimulation to undergo cell death (Colomtegtlal. 1992); the c-myc
tion occurs in the striatum, thalamus, cortex and CAl area of therotooncogene and the antitumour p53 protein (Eeaal, 1992;
hippocampus (Kirino, 1982; Pulsinelli, 1985). It is generally acceptedRyan et al, 1993) are involved in PCD, suggesting that PCD is
that ischaemic cell death results, at least in part, from glutamatessociated with abnormal or conflicting signals for cell cycle activation
excitotoxicity (Choi, 1988; Coyle & Puttfarcken, 1993). Cell death and cell cycle arrest. Examples of a potential link between cell cycle
in the nervous system can occur through necrosis or apoptosis, twend cell death in differentiated neurons are further provided by the
morphologically distinct cell deaths that involve either passive orexpression of the SV40 large tumour antigen (SV 40 T antigen) in
active cellular events, respectively. Recent works based on morpharansgenic mice. Expression of the T antigen often leads to the
logical and biochemical criteria suggest that the process of delayefbrmation of tumours in a variety of tissues, but when directed to
neuronal death in ischaemia has features of apoptosis (for review s@@rizontal neurons of the retina (Hammaagal., 1993), Purkinje
Charriaut-Marlanguet al, 1996) and programmed cell death (PCD) cells of the cerebellum (Feddersehal., 1992) or rod receptors (Al-
[for review see MacManus & Linnick, 1997]. Ubaidi et al., 1992), the differentiated neurons die.

Little is known about the molecular mechanisms involved in PCD,  Brain ischaemia is followed by an induction of transcription factors
but the process is hypothesized to result, in part, from aberrant contr%r review see Khrestchatiskgtal, 1996) and growth factors
of the cell cycle (Colombektal, 1992; Leeetal, 1993; Ucker, (| ingvall etal, 1992; Finklesteiret al, 1990; Kiyotaet al., 1991
1991). Although direct evidence for this hypothesis is still sparse, &umon et al, 1993; Shozuharat al, 1992; Wiessneet al, 1993).
number of results converge to reinforce it: commitment to apoptosispe ectopic and atypical expression of the latter, some of which are
often takes place during the G1 phase of the cell cycle (Ucker, 1991){'nitogenic, may promote entry and progression of neurons into the
ultrastructural aspects of apoptotic and dividing cells share commopg| cycle (Khrestchatisket al., 1996). This may be antagonized by
morphological features (Ucker, 1991; Wyllie, 1980); non-proliferatingthe effects of the tumour suppressor gene p53 whose expression is
cells, e.g. differentiated prostate cells, can synthesize DNA afteﬁpregulated in vulnerable areas after ischaemia gtal, 1995;
Manevet al., 1994).

Cyclins D1, D2 and D3 play a key role in the G1 phase progression
and act primarily as growth factor sensors (for review see Sherr,
Received 14 April 1998, revised 28 July 1998, accepted 11 August 1998 1993). Cyclins are believed to associate primarily with cyclin-
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A

Fic. 1. Increased cyclin D1 mRNA expression, in regions of neuronal death, following transient global cerebral ischaemia. Autoradiograms illustrating the
expression of cyclin D1 (A, D), D2 (B, E) and D3 (C, F) following situ hybridization on coronal brain sections at the hippocampal level of control rats (A,

B, C) or 96 h following transient ischaemia (D, E, F). Note the dramatic increase of cyclin D1 mRNA in regions of neuronal death after ischaemia, e.g. the
CALl region, cortex (Cx) and thalamus (Th) [D]. No increase in cyclin D2 and D3 mRNAs is detected in the vulnerable areas. Abbreviations: Su, subiculum of
the hippocampus, CA3 region of the hippocampus; DG, dentate gyrus of the hippocampus.

dependent kinases (cdks) to phosphorylate Rb, although cyclin DMaterials and methods
may also act independently from cdks (Zwijsenal., 1997). Phos- Animal models

phorylated Rb releases E2F and allows progression from the G1 to ) ) ) ] .
the S phase of the cell cycle. Cyclins D are therefore key markers t&XPeriments involving animals were approved by the French ethical

evaluate, in situations of pathology, whether terminally differentiategSCiénce committee (Statement no. 04223). Rats had access to food

neurons indeed progress into the cell cycle. Evidence obtainetio and waterad libitum and were housed under a 12 h light—dark cycle

suggests that it is indeed the case. In sympathetic neurons depriv@& 22-24°C.

of NGF, PCD is associated with cyclin D1 upregulation (Freeman ) o )

et al, 1994). Furthermore, cyclin D1 transfection into neuroblastomal0ur-vessel occlusion forebrain ischaemia

cells induces cell death with all the characteristics of PCD (Kranenburdransient forebrain ischaemia was induced by a four-vessel occlusion

etal, 1996). as described previously by Pulsinelli & Brierley (1979). On the first
To investigate the potential role of cyclins D in selective andday, male Wistar rats (300-320 g, Charles River, France) were

delayed neuronal death, we studied the expression of cyclins D1, D@naesthetized with intraperitoneal 3% chloral hydrate (300 mg/kg).

and D3 following transient global ischaemia and kainate-inducedoth vertebral arteries were coagulated and clamps set on both carotid

seizures, two models a@f vivo excitotoxic neuronal death. We show arteries. The next day, the carotid arteries were clamped for 20 min.

an upregulation of cyclin D1 in vulnerable neurons after ischaemigOnly rats with unresponsiveness and loss of the righting reflex

and seizures. during carotid clamping were included in the study. Rats with only
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Fic. 2. Cyclin D1 mRNA levels following transient global cerebral ischaemia in the hippocampus. Horizontal axis: time after ischaemia; vertical axis: mean
optical density (OD)t standard error (SE). C: sham-operated rats; h, hours and d, days after ischaemia. Stars indicate a significant éiffef08e Kischer
test) when compared to control values. Note the dramatic increase of the cyclin D1 mRNA level in the CA1/subiculum vulnerable region.

electrocoagulated vertebral arteries were used as control (shamadiolabelled RNA probes for cyclin D1, D2 and D3
operated rats). A total of 67 rats was used in this study. Foiirthe 35g_Tp-labelled (1000 Ci/mmol; Amersham, UK) sense and anti-
situ hybridization experiments, at least three rats per time point wer@ense cRNA probes were transcribéu vitro from linearized
analysed 24, 48, 72 and 96 h post-ischaemia. Rats atnl=h2), 4  pBJuescript plasmids containing rat cyclin D1 (209 bp), D2 (158 bp)
(n=2),8 (=2),16 (= 1) and 5 daysr(= 1) after recirculation  and D3 (515 bp) inserts with T7 or T3 RNA polymerases (Pharmacia
were also analysed. Rats were anaesthetized, intracardially perfuse(B Biotech., Uppsala, Sweden), using a riboprobe kit (Promega
with 400 mL of 4% paraformaldehyde (PFA) in phosphate-bufferedCorp., Madison, Wisconsin, USA). Specific activities of sense and
saline (PBS); brains were removed rapidly, postfixed for 24 h in 4%antisense probes were in the range of 14.50’ cpmfug of RNA.
PFA and cryoprotected for 24 h in 20% sucrose and then frozen iBefore hybridization, the larger cyclin D3 cRNAs were hydrolysed
isopentane at —70 °C. Serial cryostat coronal sectiongubwere  for 30 min in 0.4m Na,Cos to generate fragments of about 150 bases.
collected on gelatin chrom-alum-coated slides and stored at —70 °C.

In situ hybridization

Intra-amygdaloid injections of kainate Brain sections were processed at. differ_ent times (1,_ 4, 8, 16, 24_, 48,
) ] ] ) i 72, 96 h, and 5days) after recirculation as previously described
For seizure-induced selective lesions of the hippocampal CA3 aregggntaine & Changeux, 1989). Briefly, frozen sections were brought
adult male Wistar rats (180-200 g) were anaesthetized with chlorgh, room temperature (RT), fixed in cold 4% PFA, and then rinsed in
hydrate, and kainate (Sigma, St. Louis, Missouri, USA;Hg2in  glycine phosphate buffer, acetylated, dehydrated, delipidated and
0.3pL of phosphate buffer, pH 7.4) was unilaterally injected in  jncubated with 5< 10* cpmfuL antisense or sense riboprobes over-
the amygdala as previously described (Bentral, 1980). Animals  nightat 55 °C. Slides were then rinsed ixx4SSC, treated with RNAse
showing typical kainate-induced limbic motor seizures for at leasia for 30 min and washed with increasingly stringent conditions up
2 h upon recovery from anaesthesia were kept for the experimentgs 0.1x SSC at 60 °C for 30 min. Sections were apposed to Biomax
They were killed 8, 16, 24 h, 3 and 14 days after the onset of seizuregkodak, Rochester, New York, USA) film and then processed for
Control animals were similarly injected with 0.8 phosphate buffer.  emulsion autoradiography (NTB2, Kodak) with respective exposure
Rats were killed, and their brains removed and immediately frozenimes of 3 days and 2—-3 weeks. Two types of control experiments
and processed as described above. were performed: sense probes were used on ischaemic rat tissues at
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Fic. 3. Increased cyclin D1 mRNA expression but not D2 or D3 after kainate-induced seizures. Autoradiograms illustrating the expression of cyclin D1 (A-D),
D2 (E-H) and D3 (I-L) mRNAs followingn situ hybridization on coronal brain sections at the hippocampal level of control rats (A, E, I) or 24 h (B, F, J),
3days (C, G, K) and 14 days (D, H, L) following kainate. Arrows point to the site of injection. Note in (B) and (C) the increased expression of cyclin D1
mRNA in the vulnerable CA3 region of the hippocampus. No increase of cyclin D2 and D3 mRNAs is detected in this region.

different times after recirculation (24, 48, 72, 96 h), sense andiegree of severity of ischaemia at each of the following time points:
antisense probes were used on brain sections from sham-operat2d, 48, 72 and 96 h.
animals at different times (1, 4, 8, 16, 24, 48, 72, 96 h and 7 days).

Densitometric analysis of the hybridization signals on the autoradio/mmunohistochemistry of cyclin D1
grams was performed using a Samba/200S image analysis systeDyclin D1 immunohistochemistry was performed oni88 floating
(TITN Alcatel, France). Statistical analysis (Fischer test) was persections prepared from the brains of ischaemic and sham-operated
formed with data combined from three animals regardless of theats at 24, 72 and 96 h after recirculation. Briefly, endogenous
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Fic. 4. Comparison of cyclin D1 mRNA expression following transient global cerebral ischaemia and kainate-induced seizure as a function of time on emulsionec
coated sections. Coronal sections through the hippocampus in tissues at different times (in h) after ischaemia (A-D) or after kainate (E-H). Following ischaem
note in (C) and (D) the homogeneous signal for cyclin D1 mRNA in the vulnerable stratum pyramidale of CA1 and the subiculum (Su). After seizures, note (G, H
the increased expression of cyclin D1 mRNA in the vulnerable stratum pyramidale of CA3, ipsilateral to the site of kainate injection. In some cases (16 h, F) th
increased cyclin D1 mRNA in the stratum pyramidale of CA3 was bilateral and the hippocampus contralateral to the site of kainate injection is shown in (F).
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peroxidases were inactivated by incubating the sections for 10 mim PBS, the sections were incubated overnight at 4 °C with an
in 0.1% HO, at RT. Tissues were blocked and permeabilized foraffinity-purified cyclin D1 rabbit polyclonal antibody (Santa Cruz
30 min in 1.5% goat serum, 0.2% Triton X-100 in PBS. After rinsing Biotechnology, Santa Cruz, California, USA) diluted 1:1000 in PBS/

Fic. 6. Cyclin D1 protein is expressed in neurons of the cortex and thalamus, and upregulated after transient global ischaemia. Cyclin D1 immunoreactivity o
coronal sections through the cortex (A, C) and the thalamus (B, D) before (A, B) and 72 h after ischaemia (C, D). (A), (B) The cyclin D1 immunoreactivity is
restricted to the cytoplasm of neurons, while in (C) and (D) the immunoreactivity is increased in the cytoplasm and present in the nucleus (black arrowhead
C). Scale bars in (A), (Cy 6 um and (B), (D)= 380um.

Fic. 5. Cyclin D1 protein is expressed in neurons of the hippocampus and is increased after ischaemia. Cyclin D1 immunoreactivity (A-C, E-H and J) ol
coronal hippocampal sections. (D), () Corresponding Nissl-stained sections of the CAl region. (A)-(E) Sham-operated rats; (F)—(J) 72 h after ischaemi
(B), (C) Magnifications of (A) and (G); (H), (J) magnifications of (F). (E) The polyclonal cyclin D1 antibody was preadsorbed with the cyclin D1 peptide.
(C) Note the restricted cytoplasmic D1 immunoreactivity in pyramidal neurons of the CA1l area in control animals compared to the increased immunoreactivity
in pyramidal neurons after ischaemia (H). Note that cyclin D1 labelling is no more restricted to the cytoplasm but is also present in the nuclei (black arrowheads
(D) The pyramidal layer of CALl is intact, while in (I) some neurons already exhibit nuclear condensation (black arrowheads). Abbreviations: sg, stratum
granulosum; sp, stratum pyramidale; CA1 region of the hippocampus; CA3 region of the hippocampus; h, hilus of the hippocampus. Scale bars=n (B), (G)
25um; (C), (D), (H), (I)= 12.5pm.
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gelatine 0.5%/BSA 1%/triton 0.2%. The following day, sections werechemistry or TUNEL procedures. Following the last wash in
rinsed in PBS, incubated for 2 h with a biotinylated goat anti-rabbit0.1 X SSC, hybridized sections (24, 72 h after recirculation) were
antibody diluted 1:400 (Vector, Burlingame, CA, USA) at RT and incubated with antibodies against different cell type markers, or
rinsed with PBS. The sections were then incubated for 1 h at RT irprocessed fom situ end labelling of fragmented DNA as described
Vectastain ABC peroxidase standard solution (Vector), rinsed in PB&bove.
and stained for 10 min using diaminobenzidine (DAB). Controls were For the TUNEL staining (72 h after recirculation), tissues were
performed omitting the first antibody and by neutralizing the cyclin processed according to the method of Gavrétlal. (1992). Briefly,
D1 antibody with a 10-fold excess (weight/weight) of immunizing sections were permeabilized overnight in 1% Triton X-100 in PBS,
peptide for 1 h at 30 °C. Following neutralization, the protocol treated with proteinase K for 8 min at RT. Endogenous peroxidases
described above was used. were inactivated with 0.1% D, for 10 min at RT. Terminal

To confirm that the increased cyclin D1 immunoreactivity in deoxynucleotidyl Transferase (TdT, Gibco BRL, Gaithersburg, MD,
ischaemic rat brains was specific, we also used a mouse monoclondSA) and biotinylated dUTP were then added to the sections. These
anti-cyclin D1 antibody (Santa Cruz Biotechnology, Santa Cruz, CAwere incubated in a humid atmosphere at 37 °C for 90 min. The
USA) diluted 1:1000 (IgG= 0.1pug/mL) incubated overnight at RT. reaction was terminated by transferring the slides ik 8SC for
Sections were revealed usind/@ NiSO, DAB as chromogen. 15 min at RT. After 10 min immersion in 2% bovine serum albumin,
Controls were performed omitting the first antibody or by using athe sections were incubated with the streptavidin—biotine peroxidase
non-immune mouse-purified immunoglobulin IgG (Sigma) at thecomplex (Vector) for 2 h at RT. Labelling was revealed with diamino-
same working concentration as the cyclin D1 monoclonal antibody. benzidine//yy NiSO,. Controls were performed on sham-operated

rats. Controls for eventual background were assessed by omitting the

Double labelling combining cyclin D1 and neural as well as TdT. After revelation, sections were processed for autoradiography.
nuclear markers When NiSQ DAB was used, sections were covered with a thin film

Cyclin D1 immunofluorescence was performed on floating section®f 1% Pro-Celloidine (Fluka, Switzerland) diluted in 50% ethanol/
prepared from the brains of ischaemic and sham-operated rats at 2% diethyl-ether (v/v) to protect the emulsion (NTB2, Kodak) from
and 96 h after recirculation. Briefly, tissues were blocked, the section§teraction with NiSQ DAB.

were incubated with the cyclin D1 rabbit polyclonal antibody (see

above) diluted 1:500 overnight at 4 °C. The following day, sectionsPat10logy

were rinsed and incubated for 1 h with a biotinylated goat anti-rabbitSections adjacent to those processed ifositu hybridization and
antibody and rinsed with PBS. The sections were then incubated fdmmunohistochemistry were stained with cresyl violet to evaluate
30 min at RT in Avidin D-FITC (Vector) diluted 1:400, or Avidine cell pathology following ischaemia and seizures.

D-Rhodamine (Vector) diluted 1:400 rinsed in PBS and mounted.

Different neural markers were used: an anti-GFAP mouse monoclona\hesuhS

diluted 1:500 (Sigma) to label astrocytes, revealed by an anti-mouse

TRITC diluted 1:400; isolectin B4 (Bandeirae Simplicifolia)-FITC Neuronal damage following ischaemia or kainate induced

labelled (Sigma) at 2Qg/mL to identify microglial cells; Hoechst Seizures

33258 (1ug/mL) to label nuclei. For double staining of cyclin D1 Three days after transient forebrain ischaemia, Nissl staining revealed
and GFAP, both antibodies were co-incubated overnight followedypical morphological signs of delayed neuronal death in the
by incubation with the biotinylated goat anti-rabbit antibody, andhippocampal CALl pyramidal layer, and in the subiculum (Fig. 5I
subsequently by Avidine D-FITC combined with anti-mouse TRITC; compared to 5D) in agreement with data already published elsewhere
for cyclin D1 and lectin B double staining, the cyclin D1 immunoreac- (Pulsinelli et al., 1982). At 5 days post-ischaemia, a loss of staining
tion procedure described above was revealed by Avidine D-Rhodamingas clearly visible in the pyramidal layer of the CA1 region.

and sections were incubated for 2 h at RT in PBS/triton 0.1%/lectin- We included in our study anothén vivo model of excitotoxic
FITC, rinsed in PBS and mounted; for the cyclin D1/Hoechst doubledelayed neuronal death wherein kainate-induced seizures were associ-
staining, the cyclin D1 immunoreaction was revealed by Avidineated with selective degeneration of the CA3 pyramidal neurons (Ben-
D-FITC and sections were incubated for 2 min in Hoechst/PBSAri etal, 1980). Nissl staining revealed clear morphological signs
rinsed in PBS and mounted. Controls were performed omitting thef neuronal death in the CA3 pyramidal layer 16 h after kainate,

first antibody (D1 or GFAP) or both of them (D1 and GFAP). hence earlier than the ischaemia-induced lesions.
Combined TUNEL or immunohistochemistry and in situ Upregulation of cyclin D1 mRNA in vulnerable regions of
hybridization for cyclin DI mRNA neuronal death following forebrain ischaemia

In situ hybridization was performed as above except that the dehydra®n autoradiograms, cyclin D1 mRNA was barely detectable in the
tion and delipidation steps were performed after the immunohistobrains of sham-operated animals (Fig. 1A). At 48 h post-ischaemia,

Fic. 7. Expression of cyclin D1 protein in astrocytes after transient global ischaemia. Double labelling experiments on hippocampal coronal sections. (A)—(D
Sham-operated rats; (E)—(J): 96 h after ischaemia. Double staining combining immunofluorescence of cyclin D1 (A, C, E, G, I) and GFAP (B, D, F, H, J).
(C), (D) Magnifications of (A) and (B), respectively. (G), () Magnifications of (E). (H), (J) Magnifications of (F). In the stratum pyramidale (sp) of CA1 note
the increased GFAP immunoreactivity after ischaemia (F) compared to control (B). (F) A vessel (V) is surrounded by an astrocyte. In control animals, the
cyclin D1 positive cells in the pyramidal layer are labelled only in the cytoplasm with an absence of signal in the nucleus (C); these cells are not co-labelle
with GFAP (D). Following ischaemia, pyramidal neurons of the stratum pyramidale (sp) of CA1 express cyclin D1 in the cytoplasm and the nucleus (G, white
arrowhead), while the GFAP-labelled cells are not labeled in the nucleus (H, white arrowhead). In the stratum oriens (so0), white arrows point to cyclin D1
positive cells (1) that co-express GFAP (J). Scale bars in (A), (B), (E)=ELum and (C)—-(J)= 7 pm.
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cyclin D1 mRNA was induced in the hilus of the hippocampus, neardayers. However, this increase was transient and returned to control
the granular cell layer, a region rich in somatostatinergic interneuronsalues in the non-vulnerable areas.

whose death precedes that of the CA1 pyramidal neurons (JohansenCyclin D2 and D3 mRNAs were detected in the hippocampi of
etal, 1987). At 72 h, cyclin D1 mRNA was detected in the subiculum, sham-operated rats (Fig. 1B,C). The cyclin D2 signal was prominent
in the medial part of the CA1 region and in the thalamus. At 96 hin area CA3 (Fig. 1B), while the cyclin D3 signal was prominent in
(Fig. 1D), the signal extended to the lateral part of the CA1l areathe dentate gyrus (Fig. 1C). At 96 h post-ischaemia, cyclins D2 (Fig.
and was obvious in the thalamus and the deep layers of the neocortek=) and D3 (Fig. 1F) were not upregulated in the CA1 region. The
the signal was also detectable, although less markedly, in othestrong cyclin D2 and D3 labelling in the CA3 sector and granular
hippocampal layers (CA3 pyramidal layer and granular cell layer).cell layer, respectively, persisted at 48, 72, 96 h and 5 days after
At 5days, labelling had disappeared in all hippocampal layersischaemia. In contrast with cyclin D1, no increased signal was
The increased labelling observed in the CAl/subiculum region wasletected at different times post-ischaemia in the striatum, cortex
confirmed by optical density quantification on the autoradiogramsor thalamus.

(Fig. 2). The cyclin D1 hybridization signal was increased in the

CA1 and subiculum at 48 h (70 and 100%, respectively), and wad/Pregulation of cyclin DI mRNA in vulnerable regions of

maximal at 72 h (100 and 150%, respectively). Labelling decreasefleuronal death after kainate-induced seizure

at 96 h and thereafter presumably due to the loss of the pyramid@n autoradiograms, cyclin D1 mRNA was not detected in the brains
cells. These results were statistically significant at 72 h in the CALbf sham-injected animals (Fig. 3A). At 24 h after kainate injection,
subiculum area and in the subiculum at 48 and 96 h as compared tryclin D1 mRNA was induced in area CA3 (Fig. 3B), persisted at
control values. At 48 h, there was a statistically significant 50%3 days (Fig. 3C) and had disappeared at 14 days (Fig. 3D). A less
increase of cyclin D1 labelling in the granular and CA3 pyramidalintense signal was also observed in the stratum granulosum (Fig.

© 1999 European Neuroscience AssociatiBoropean Journal of Neuroscienctl, 263-278



Cyclin D1 expression in neurons after excitotoxicity 273

3B,C) as well as in the CA1 stratum pyramidale (Fig. 3C). In generalconcentrated signal was observed in the hilus, at the inner lining of
the labelling in the hippocampus was ipsilateral to the injectedthe granular cell layer (Fig. 4B). At 72 h, a homogeneous labelling
amygdala, but in some cases (data not shown) it was detectadas observed in the neuronal layer of the subiculum and the medial
bilaterally, probably due to the propagation to the contralateral sidgart of the CA1 stratum pyramidale (Fig. 4C). However, at this time
of kainate-induced epileptiform activity. Cyclin D1 labelling was also point there was individual variability in the extent of CA1 labelling.
detected at 24 h and 3 days in the amygdala, around the site of kainate¢ 96 h (Fig. 4D), the spotty labelling persisted in the entire CAl
injection (Fig. 3C), and the thalamus at 24 h (Fig. 3B). region; the homogeneous signal faded in the neuronal layer of the
Cyclin D2 and D3 mRNAs were detected in the hippocampi of subiculum while it extended toward the lateral part of the CAl
sham-injected rats (Fig. 3E,l). The cyclin D2 signal was prominentstratum pyramidale.
in area CA3 (Fig. 3E), while the cyclin D3 signal was prominent in  In the kainate-treated animals, no signal was detected 8 h after
the dentate gyrus (Fig. 3I). Twenty-four hours and 3 days after théainate injection on emulsioned sections (Fig. 4E-H). At 16, 24 and
onset of seizures, cyclin D2 labelling faded in area CA3, ipsilateral72 h post-kainate (Fig. 4F—H) labelling was apparent in the vulnerable
to the side of injection, due to CA3 pyramidal cell loss (Fig. 3F-H). CA3 stratum pyramidale.
Similarly, the cyclin D3 signal started to fade away in CA3 from
24 h onwards and had virtually disappeared at 14 days (Fig. 3J-L)./ncreased cyclin D1 mRNA is associated with increased cyclin

D1 protein
Comparison of cyclin D1 mRNA expressjon in vulperab!e Cyclin D1 immunohistochemistry was performed with a polyclonal
regions of neurongl death after lgchaem/a and kainate-induced  (Figs 5 and 6) and monoclonal antibody (not shown). In the hippo-
seizure on emulsion-coated sections campus (Fig. 5A,B), the cortex (Fig. 6A) and thalamus (Fig. 6B) of

Following ischaemia, no hybridization signal was detected at 24 lsham-operated rats, a basal expression of cyclin D1 protein, as
post-ischaemia in the hippocampus on emulsion-coated sections (Figevealed by the polyclonal antibody, was identified in the cytoplasm

4A). A scattered spotty labelling was detected at 48 h in the stratunof most neurons. At 24 h after ischaemia, in the hippocampus, no
oriens, stratum radiatum and alveus (Fig. 4B); a more homogeneoushvious increased signal was detected in the strata pyramidale and

Fic. 8. After transient global ischaemia, the peak of cyclin D1 protein expression precedes complete microglial invasion of the stratum pyramidale. Doubl
labelling experiments on hippocampal coronal sections. (A), (B) Sham-operated rats; (C)—(R) 72 h after ischaemia. (A)—(J) Double staining combining cycli
D1 immunofluorescence (A, C, E, G, I) and isolectin B4 (B, D, F, H, J), a microglial marker. (G), (H) Magnification of (C), (D) and (l), (J) magnification of
(E), (F), respectively. Note the absence of microglial marker expression before ischaemia (B), while after ischaemia, the lectin B labelling is increased (D, F
Many cyclin D1-positive cells (G), but only a few microglial cells are visible in the stratum pyramidale (D, H). In the stratum pyramidale (sp) of animals with
more severe hippocampal damage, only a few cells express cyclin D1 (E, |, white arrowheads). The microglial reaction (F) is higher than in (D) but still nc
cyclin D1/isolectin B4 co-staining is visible (I, J, white arrowheads for cyclin D1 and white arrow for microglia). Note in (J) the isolectin B4 microglial
labelling in the vessel (v). (K)—(R) Double staining combining cyclin D1 immunofluorescence (K, O, M, Q) and Hoechst staining (L, N, P, R), a nuclear marker.
(0), (P) Magnification of (K), (L) and (Q), (R) magnification of (M), (N), respectively. Many neurons (K, O) express cyclin D1 and the cellular density outside
the stratum pyramidale is low (L). In animals with more severe hippocampal damage, few cells express cyclin D1 (M, Q) in the stratum pyramidale (sp), an
the cellular density outside the stratum pyramidale is high (N). The white arrowhead points to a cyclin D1-positive cell in the stratum pyramidale, with
cytoplasmic and nuclear staining (Q), but no nuclear condensation (R). Note in (K) the cyclin D1 staining of the apical dendrite of a pyramidal neuron (white
arrowheads). Scale bars in (A)—(F) and (K)—-@R2 pm; (G)—(J) and (O)—(R¥} 7 pm.
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granulosum. In the hippocampus, 72 h after ischaemia, an increasé@@ h after ischaemia, an increased cyclin D1 immunoreactivity was
cyclin D1 immunoreactivity was clearly visible in neurons of the clearly visible in neurons, both in the cytoplasm and the nucleus
strata pyramidale and granulosum. The apical dendrites of pyramid4Fig. 6C, black arrowhead; Fig. 6D).

neurons were also immunostained in the ischaemic brains (Figs 5G Similar patterns of expression were observed when using a mono-
and 9K). The morphology of neurons expressing cyclin D1 wasclonal cyclin D1 antibody at 72 and 96 h (data not shown).
preserved, and no signs of apoptosis, e.g. cell shrinkage or nuclear

condensation, were observed. After ischaemia, scattered cells wefeXpression of cyclin D1 in non-neuronal cells

stained in the stratum oriens (Fig. 5G). Seventy-two hours afteffo assess whether astrocytes also expressed cyclin D1, double
ischaemia, the cyclin D1 labelling was no longer restricted to thestainings for cyclin D1 and GFAP proteins (Fig. 7) were performed.
cytoplasm but was also detected in cell nuclei (Fig. 5H and also sel sham-operated rats, no cyclin D1/GFAP-positive cells were identi-
Fig. 9Q). This nuclear staining was identified in the vulnerablefied in the stratum pyramidale (Fig. 7C,D). Immunostaining for GFAP
pyramidal neurons of CA1 and also in the CA3 pyramidal andat 72 h (not shown) and 96 h (Fig. 7B) after ischaemia showed a
granular neurons (Fig. 5F,J). Neutralization of the cyclin D1 antibodyglial reaction in the stratum oriens and radiatum as well as in the
with the corresponding control peptide (Fig. 5E) as well as omissiorstratum pyramidale (Fig. 7B). At 96 h, in the stratum oriens, double
of the primary antibody (not shown) abolished staining. The cortexxmmunostainings with the cyclin D1 and GFAP antibodies revealed
and thalamus are two regions of neuronal death. In these structuresstrocytes expressing cyclin D1 (Fig. 71,J).
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Seventy-two hours after ischaemia, few cells were double labelledeactivity (data not shown). Combining Hoechst staining of the nuclei
with the cyclin D1 cRNA probe and the GFAP antibody. The with cyclin D1 immunofluorescence (Fig. 8K—R) indicated that in
bodies of the large GFAP-positive cells exhibited dense silver graingeneral the cyclin D1 protein was expressed in cells whose nucleus
surrounded by a filamentous GFAP staining (not shown). was not yet condensed (Fig. 8Q,R). Combiningsitu hybridization

To assess whether microglial cells expressed cyclin D1, doublevith TUNEL at 72 h post-ischaemia indicated that while humerous
stainings with a cyclin D1 antibody and lectin B were performed cells were densely labelled by the cyclin D1 probe in the subiculum
(Fig. 8A-J). In sham-operated rats, no microglial cells were detectednd CA1 pyramidal layer (Fig. 9A), only a few cells were TUNEL
in the stratum pyramidale (Fig. 8B). Seventy-two hours after ischaepositive (Fig. 9B,C).
mia, lectin B staining revealed an intense microglial reaction around
and within the stratum pyramidale of CA1 (Fig. 8D,F). While
numerous cyclin D1-positive cells were detected in the stratu
pyramidale (Fig. 8C,G), only a few microglial cells were visible (Fig. Our results indicate that cyclin D1 mRNA, but not D2 or D3, are
8D,H). In animals with more severe hippocampal damage, where fewpregulated in regions of neuronal death, notably the CA1 and CA3
remaining cells in the stratum pyramidale expressed cyclin D1 (Figareas after ischaemic and epileptic insults, respectively. In contrast,
8E,l), the microglial reaction (Fig. 8F,J) was greater than in lesdn resistant neurons, cyclin D1 was upregulated transiently and to a
damaged hippocampus (Fig. 8D). However, once again, no cadesser extent. Furthermore, cyclin D1 immunoreactivity, normally
labelling was detected in the stratum pyramidale (Fig. 81,J). expressed in the cytoplasm of mature neurons, was increased in the

Glial and microglial reactions were also assessed indirectly withcytoplasm and the nucleus of neurons after ischaemia. Double
the Hoechst staining, a dye for the nuclei of all cell types. Whenlabelling experiments indicated that although cyclin D1 protein was
after ischaemia, many neurons expressed cyclin D1 (Fig. 8K,0), thalso induced in astrocytes, it was not present in reactive microglial
cellular density revealed by Hoechst outside the stratum pyramidaleells. Finally, we showed that cyclin D1 induction in vulnerable
was low (Fig. 8L,P). In contrast, when few cells expressed cyclin DIneurons occurred mainly before nuclear condensation and the appear-
protein (Fig. 8M,Q), the cellular density outside the stratumance of chromosomal DNA fragmentation. These observations suggest
pyramidale was high (Fig. 8N,R). that cyclin D1 upregulation may be an important signal in the

molecular cascade of events that lead to excitotoxic cell death.

mDiscussion

Time window of neuronal cyclin D1 expression

In order to study the time window of cyclin D1 expression in the Upregulation of cyclin DI mRNA and protein after excitotoxic
process of neuronal demise following ischaemia, we analysed (i) cefféuronal death

morphology using cresyl violet staining on adjacent sections, (ii) théNhile the cyclin D1 protein was detected in the cytoplasm of granule
state of the nuclei using Hoechst staining, and (iii) assessed chromand pyramidal cells, basal expression of cyclin D1 mRNA was barely
somal DNA fragmentation using TUNEL staining. Seventy-two hoursdetectable in the hippocampi of control animals in agreement with
after ischaemia, cresyl violet staining and cyclin D1 immunohisto-Wiessneret al. (1996) who failed to detect cyclin D1 mRNA in the
chemistry on adjacent sections revealed that when neurons express@gpocampus using oligonucleotide probes. In embryonic brains used
cyclin D1, cresyl violet staining was still prominent. In contrast, in as positive controls, the riboprobe we used in this study revealed a
animals with more severe hippocampal damage, the loss of cresgtrong labelling in the ventricular zone and retinas (Tinedigl.,
violet staining was associated with low levels of cyclin D1 immuno- 1995), in agreement with Sicinslétal. (1995). The widespread
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Fic. 9. Cyclin D1 mRNA is expressed mostly in TUNEL-negative cells. Double staining combining cyclim Bitu hybridization and TUNEL staining 72 h
following transient global cerebral ischaemia. Coronal sections through the hippocampus. (A) Dark field photomicrograph of an emulsioned section showin
the white silver grains of the cyclin D1 labelling in the subiculum/CA1 region of the hippocampus. (B) Higher magnification of the box shown in (A), bright
field photomicrograph showing TUNEL-positive cells (small arrows). (C) Magnification of (A) and (B). Note that TUNEL-positive cells (white arrows) are
devoid of silver grains.
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distribution of cyclin D2 and D3 mRNA, and of cyclin D1 protein hippocampi with severe damage that showed poor Nissl staining,
in granular and pyramidal cells of the hippocampus suggests a roleyclin D1 immunoreactivity was low in the remaining neurons. In
for cyclins D in terminally differentiated neurons. Whether cyclin D2 contrast in hippocampi with moderate damage, neurons exhibited Nissl|
and D3 protein are targeted to the nucleus or not remains to bstaining and cyclin D1 immunoreactivity was high. The morphology of
determined. In agreement with our results, cyclin D2 mMRNA wasthese cyclin D1-positive neurons was well preserved. The nucleus in
shown to be expressed in post-mitotic neurons during and aftethese cells was not condensed and cyclin D1 mRNA accumulated
embryogenesis (Ros al., 1996). essentially in TUNEL-negative cells. Similarly, lat al. (1997) did

In ischaemic rats, we find that cyclin D1 mRNA is selectively not find cyclin D1 protein in TUNEL-positive cells following focal
upregulated (over 100%) in regions of neuronal death, but neitheischaemia. Hence, cyclin D1 is expressed in neurons commited to
cyclin D2 or D3 mRNA were enhanced. Wiessmmal (1996) also  die while retaining their morphological integrity and mainly at a stage
reported an increase in cyclin D1 mRNA after global ischaemia inpreceding DNA condensation and fragmentation. Our observations are
the CAL region. After kainate-induced seizures, an upregulation ofn agreement with those of Deshmuckhal. (1996) showing that
cyclin D1 mRNA was observed in the vulnerable CA3 area, 16 hcyclin D1 is increased in neurons commited to die despite the use of
after the onset of seizures, hence earlier than in the ischaemia modehkspase inhibitors that prevent neuronal apoptosis. This indicates that
This is of interest as in the seizure model that we utilized, apoptosisyclin D1 expression precedes the commitment and execution phases
is observed at the ultrastructural level from 18 h on (Pollerdl., of cell death associated with caspase activation.
1994). Again, cyclin D1 mRNA was also upregulated, albeit at lower
levels, in the resistant stratum pyramidale CA1 and in the stratund’creased cyclin D1 expression in neuronal death: cause or
granulosum. In another model of kainic acid treatment, &tal. effect?
(1996) showed increased cyclin D1 immunoreactivity in the entireln vivo, direct evidences on the role of cyclin D1 during apoptosis
hippocampus. Our observations cannot be ascribed to astrocytic amae lacking. In mouse Lurcher and Staggerer cerebellar mutants,
microglial reactions, as in our model astrocytic and microglial granular cells and inferior bulbar neurons commited to die express

reactions only start 3 days after kainate injection (Repretsal., cyclin D and proliferating cell nuclear antigen (PCNA) and incorporate
1995). Most likely this upregulation of cyclin D1 mRNA following BrdU, suggestive of a successful entry into S phase prior to cell
seizures occurs in degenerating CA3 pyramidal neurons. death (Herrup & Busser, 1995). Following focal cerebral ischaemia,

Increased cyclin D1 mRNA expression in regions of neuronallLi etal (1997) showed that cyclin D1 protein was increased in
death paralleled increased cyclin D1 protein at a time when a majoneurons. However, these were not morphologically identified as
drop in global protein synthesis has been described (Dienal, apoptotic or necrotic, leading to the conclusion that cyclin D1 might
1980; Nowak, 1985; Thilmanat al.,, 1986). Only a few proteins are be associated with DNA repair in neurons that are not irreversibly
known to be synthesized during ischaemia. Some of them, e.g. badamaged. This may indeed be the case in our ischaemia model in the
p53, fos, jun (for review see MacManus & Linnick, 1997) are CA3 pyramidal neurons and dentate gyrus where we find a transient
considered to be involved in apoptosis. In this setting, the increaseiticrease in cyclin D1 expression, of lower magnitude than in the
cyclin D1 protein in neurons scheduled to die stresses the potentiaulnerable regions. In the ischaemia model used in our study, we

role of cyclin D1 in neuronal death. show that in the vulnerable areas, e.g. CAl, cyclin D1 is expressed
at high levels in most neurons scheduled to die. Importantly, the
Expression of cyclin D1 in astrocytes following ischaemia increase is dramatic and sustained in their nuclei. This nuclear

Double labelling experiments using a GFAP antibody revealed thaIocallzatlon of cyclin D1 is re_mlnlscent of that in cells tha_lt progress
. . from the G1to S phase (Sewiegal., 1993). Based on the differences
besides neurons, astrocytes expressed cyclin D1 mRNA and protein. ) ) X
. . . . we observe in the cyclin D1 increase between the vulnerable and
The increase of cyclin D1 in astrocytes could be related either to_~. . )
. ) , . ; . resistant neurons, we propose that increased nuclear cyclin D1
proliferation or glial reaction. In contrast, double labelling experiments .
o ; . . ’ ._contributes to delayed neuronal death through a gene dosage effect.
with isolectin B4 did not reveal any expression of cyclin D1 in

: . . : . As a protooncogene (Sherr, 1996), cyclin D1 fulfills the criteria
activated microglial cells. Furthermore, the peak of cyclin D1 PrOtel.ndefined by Heintz (1993), suggesting that in differentiated neurons,

i . Lo . OIQCD is an alternative effector pathway induced by the same molecular
by microglial cells and occurred mainly in neurons. Our results differ . ) AR
events leading to neoplastic transformation in dividing cells. There

from th(_Jse .Of Wlessnel_e_t al. (1996) sh_owmg cyclm I_I)l mRNA is now a large body of evidence to suggest that cell cycle proteins
expression In O_x42-po_smve cells after ischaemia. Thls dlscrepancgre involved in neuronal cell death (reviewed in Khrestchatesil.
might l?e gxpla_\med_elther by the ab;ence of cyclin D1 rnRNA1996). Importantlyjn vitro studies also suggest that increased cyclin
translation in microglial cells or by the different approaches that were expression might play a critical role in PCD. P L (1997)
usegl. In agreer_nent with our results, d.ﬂ al (1997.) sh_owed_ that showed that cyclin-dependent kinase inhibitors as well as dominant
cyclin D1 protein expression was not increased in microglial Ce”Snegative cdk 4 and cdk6 promote the survival of NGF-deprived

identified with isolectin B4 following focal cerebral ischaemia. Taking sympathetic neurons. Furthermore, Kranenbeirgl. (1996) showed

into account these data, we conclude that in our experimental mod?h . . ) . .
) : ; . . . . at increased expression of cyclin D1 in a neuroblastoma cell line
of ischaemia, cyclin D1 is mainly expressed in two cell types: neurons

and astrocytes is able to induce a Rb-dependent cell death with all the characteristics
' of PCD. Evidence has recently emerged indicating that Rb cleavage
) ) . ) ) ) near the C-terminus is a crucial event in apoptosis and that the regions
Cyclin D1 immunoreactivity has a defined time-window of cleaved are binding sites for E2F-1, MDM2 and cyclins Dn{dke
induction in neurons in the vulnerable areas following etal, 1996). Because increased expression of cyclin D1 occurs in
ischaemia neurons before morphological features of apoptosis, e.g. nuclear
We attempted to define the time window during which cyclin D1 wascondensation, cyclin D1 might belong to a group of apoptosis
induced in neurons scheduled to die. Cyclin D1 protein was expressedodulators. These include p53, bax, bad, bcl-2, bgl-gadd45
beyond 24 h after ischaemia. Seventy-two hours after ischaemia, iand PCNA, shown to be expressed before cell death commitment
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(MacManus & Linnick, 1997), and with which cyclin D1 could be M. & Klagsbrun, M. (1990) Growth factor expression after stroReoke,
involved. For example, p53 modulates cyclin D1 activity, by con-_ 2% (Supplll), lll-122-11l-124.

. - . . Fontaine, B. & Changeux, J.P. (1989) Localization of nicotinic acetylcholine
trolling cyclin D1 expression (Spitkovskgt al, 1995), or by con- receptor alpha-subunit transcripts during myogenesis and motor endplate

trolling p21 expression, a cyclin D1 inhibitor (for review see Sherr, development in the chickl. Cell Biol, 108, 1025-1037.

1993). Freeman, R.S., Estus, S. & Johnson, E.M. Jr (1994) Analysis of cell cycle
Taken together, thia vivo andin vitro observations reported above  related gene expression in postmitotic neurons: selective induction of cyclin

suggest that increased nuclear cyclin D1 could promote unscheduleﬁgiDl during programmed cell deatNeuron 12, 343-355.

roqression of differentiated neurons into the G1 ph f th arcia, J.H., Yoshida, Y., Chen, H., Li, Y., Zhang, Z.G., Lian, J., Chen, S. &
progression o erentiated neurons Into the phase or the ce Chopp, M. (1993) Progression from ischemic injury to infarct following

cycle, and could participate, in combination with other apoptosis middle cerebral artery occlusioAm. J. Pathol. 142, 623-635.
modulators, in their commitment to cell death. Gavrieli, Y., Sherman, Y. & Ben-Sasson, S.A. (1992) Identification of
programmed cell deathn situ via specific labeling of nuclear DNA
fragmentationJ. Cell Biol. 119, 493-501.
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