Case 8:20-cv-01724-TPB-JSS Document 198-21 Filed 05/15/23 Page 1 of 11 PagelD 7073

Seizure-Induced Cell Death Produced by Repeated Tetanic
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Pelletier, Marc R., Jehangir S. Wadia, Linda R. Mills, and Peter INTRODUCTION

L. Carlen. Seizure-induced cell death produced by repeated tetanic . . . . .
stimulation in vitro: possible role of endoplasmic reticulum calciuglwa Pathology of the brain attributable to epileptic seizures has

stores.J. Neurophysiol81: 3054—3064, 1999. Seizures may causgeen reported as a consequence of prolonged febrile seizures
brain damage due to mechanisms initiated by excessive excitatbfyjcardi and Chevrie 1970; Verity et al. 1993), complex partial
synaptic transmission. One such mechanism is the activation of de&fizures (Babb et al. 1984; Duncan and Sagar 1987), and status
promoting intracellular cascades by the influx and the perturbegpilepticus (Corsellis and Bruton 1983; Lothman 1990). Sei-
homeostasis of Ca. The neuroprotective effects of preventing theure-induced brain damage results in death of susceptible cell
entry of C& " from voltage-dependent €a channels, NMDA recep- types and fibrillary gliosis, which occurs typically in hip-
tors, and non-NMDA receptors, is well known. Less clear is _thﬁocampus but also in other structures including dentate gyrus,
contribution to excitotoxicity of C&" released from endOplasm'CcerebeIIum amygdala, and neocortex (reviewed in Honavar
reticulum (ER) stores. We produced epileptiform discharges in comg- ' : - : e

bined entorhinal cortex/hippocampus slices using repeated teta@%ﬁs’\gﬂdg{ﬂigsg%Qécﬁgasg;séfgitnvgg:ng];:%r((:)l(ljndzgldObt;sg(\g:r-

stimulation of the Schaffer collaterals and assessed cell death afte ; - -
3, or 12-14 h with gel electrophoresis of genomic DNA and immdmentally induced seizures (Ben-Ari 1985; Cavazos et al. 1994,

nohistologically using terminal deoxynucleotidy! transferase (TdT}-0thman and Collins 1981; Meldrum et al. 1973; Sloviter and
mediated deoxyuridine 'Sriphosphate (dUTP) nick end labelingDamiano 1981; Thompson et al. 1996, Vicedomini and Nadler
(TUNEL) staining. We manipulated ER €4 stores using two con- 1990).

ventional drugs, dantrolene, which blocks the?Caelease channel,  Substantial evidence implicates cellular cascades initiated by
and thapsigargin, which blocks sarco-endoplasmic reticuluth’ Ca the influx and the perturbed intracellular homeostasis &f'Ca
ATPases resuilting in depletion of ER Tastores. To monitor epi- in excitotoxic cell death (Choi 1988; Meldrum and Garthwaite
leptogenesis, and to assess effects attributable to dantrolene §0' Nicotera and Orrenius 1992). The neuroprotective ef-
thapsigargin on normal synaptic transmission, extracellular potenti% ts 7of preventing the entry of @afrom a variety of sources

were recorded in stratum pyramidale of the CA1 region. Repeatge X L
tetanic stimulation reliably produced primary afterdischarge and sdepIUd'ng voltage-dependent €a channels (VDCC) (Siesjo

taneous epileptiform discharges, which persisted for 14 h, the longsQ90; Siesjo and Bengtsson 1989)-methylo-aspartate
time recorded. We did not observe indications of cell death attribdlNMDA) receptors (Clifford et al. 1989; Garthwaite and Garth-
able to seizures with either method when assessed after 1 or 3Mgite 1989), and non-NMDA receptors (Brorson et al. 1994;
however, qualitatively more degraded DNA always was observed renix and Wasterlain 1994) is well known. Less clear is the
tetanized slices from the 12- to 14-h group compared with timeontribution to cell death of G4 released from endoplasmic
matched controls. Consistent with these data was a significant, fopsticulum (ER) stores.

CA1, and entorhinal cortex in tetanized slices from the 12- to 14T e ER regulates a wide variety of processes including excit-

group (16.5+ 4.4, 33.7+= 7.1, 11.6+ 2.1, respectively; means SE; - - . S . ;
n — 7) compared with the appropriate time-matched control 4.1 ability, synaptic plasticity, and gene transcription (reviewed in

2.2,7.3%+ 2.0, 2.8+ 0.9, respectivelyn = 6). Dantrolene (3QwM; Alkon et al. .1.998; Berridge 1998). TW.O types of intracellular
n = 5) and thapsigargin (LM; n = 4) did not affect significantly Stores identified in neurons and associated with the ER are the
normal synaptic transmission, assessed by the amplitude of the psitol 1,4,5-trisphosphate ({Pand the ryanodine-sensitive
ulation spike after 30 min of exposure. Dantrolene and thapsigargitores (Ehrlich et al. 1994; Henzi and MacDermott 1992;
also were without effect on the induction or the persistence of epdcPherson et al. 1991). The two major classes of receptor/
leptiform discharges, but both drugs prevented seizure-induced aglannel complexes that mediate’Caelease from ER stores
death when assessed with gel electrophoresis. We suggest that Gshare considerable structural and molecular similarity (Coro-
entering a cell from the outside, in addition to the*Caontributed a0 et al. 1994; McPherson et al. 1991; Mignery et al. 1990).
from ryanodine-sensitive stores (i.e., Landuced CA&" release), Thus far, four IR receptor (IRR,_) and three ryanodine
may be necessary for seizure-induced cell death. receptor (RYR,,) isoforms have been identified (reviewed in
Berridge 1993; Simpson et al. 1995). The molecular diversity
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function as a sink or a source of €aWhen stores are replete,transferred to an interface-type chamber and perfused continuously
c&™" entry can promote the release of’Cdrom ryanodine- (2—-4 ml/min) with oxygenated ACSF. Time-matched, untetanized
sensitive stores, referred to as *Canduced CA' release control slices were included in the recording chamber with slices
(CICR), which amplifies and prolongs the cytosolic 2ta recetlvmgt teft?Qlc ‘T,_tlmulatlont.hThere;fori_ the o?klly dltf)ference f|r; Ehe_
; e - eatment of the slices was the application or the absence of tetanic
?I_rgggl)ergré%r?gggn;e]b?)?j}zg\tligr? eef}ei![.iv]e-?yggé:tisvlg:g;%]l CeItQ rsgt'imulation. A maximum of four sFI)iges (2 tetanized/2 control) were
observed in sympathetic ganglion neurons (Kuba et al. 199 pd from an individual rat.
and cerebellar purkinje cells (Llano et al. 1994) and wit
epileptiform discharges in both hippocampal slices (Albowit
et al. 1997) and cultured hippocampal neurons (Segal ando monitor epileptogenesis in the slice, extracellular responses
Manor 1992). were recorded in the stratum pyramidale of CA1 with NaCl-filled (150
We produced epileptiform discharges, similar to stimulu®M; 2—4 MQ) microelectrodes. Orthodromic responses were evoked
train-induced bursting (STIB) (Stasheff et al. 1985), with reda a bipolar stimulating electrode (enamel-insulated nichrome wire;
peated tetanic stimulation in entorhinal cortex/hippocamptg>+m diam) placed in the stratum radiatum. Signals were recorded,

slices and manipulated ER &astores using two conventional21Plified, and filtered (3 kHz) with an Axoclamp 2A amplifier in

drugs dantroIeFr)1e and thapsigargin Dgntrolene blocks ridge mode. Input/output relations were determined by varying the

ca ! | h land i t t ’ tive in h { 1C1 plitude of 100us pulses and acquired using the CLAMPEX pro-
release channel and IS cyloprolective in hepaloma m of pClamp version 6.0 software (Axon Instruments, Foster City,

cells (Dypbukt et al. 1990), cultured cortical neurons (Frandse). The slice then was tetanized once every 10 min: 100-Hz, 2-s
and Schousboe 1991), and CAL pyramidal neurons (Wei aggln duration at twice the threshold intensity for evoking a population
Perry 1996). Thapsigargin inhibits the sarco-ER GATPase spike of 1 mV, total of 10 episodes. To permit full recovery of
(SERCA) pumps that participate in refilling the stores resultirgynaptic function after evoking a primary afterdischarge (PAD),
in an increase in cytosolic &4, which persists for several orthodromic responses were not evoked between episodes of tetanic
minutes (Thastrup et al. 1990; Thomas and Hanley 19gfimulation (Anderson et al. 1990). Experiments also were recorded
Treiman et al. 1998). Both apoptosis of thymocytes (Jiang et 1! video tape (Instrutech Corporation; VR-10) and digitized using

. ; : oftware (WCP V1.2) provided by Dr. John Dempster, University of
1994; Waring and Beaver 1996) and neuroprotection of sy trathclyde. Seizure-induced cell death was assessed at three time

pathetic neurons (_Lampe etal. %992) and cultured cerebe ints; 1, 3, and 1214 h after the 10th tetanization. Orthodromic
granule cells (Levick et al. 1995; Lin et al. 1997) have beqRsponses were evoked at these time points, and only slices where

reported for thapsigargin. In this paper, we demonstrate sgithodromic responses could be evoked were included in the analysis.
zure-induced cell death in vitro, which was prevented by botxperiments were conducted at 34°C.

dantrolene and thapsigargin.

lectrophysiology

Gel electrophoresis

METHODS The integrity of DNA from tetanized and time-matched control

Slice preparation slices was determined by size fractionation in agarose gels. Slices
designated for gel electrophoresis were stored-80°C. Genomic
Male Wistar rats (30—65 days of age) were anesthetized wiNNA was isolated from slices using a conventional protocol (Easy-
2-Bromo-2-chloro-1,1,1-trifluoroethane (Halothane; Halocarbon LaBPNA Kit, Invitrogen, San Diego, CA). Two slices, from the same rat
oratories, River Edge, NJ) and then decapitated. The brain was @ad in the same condition, were pooled. Briefly, cells were lysed with
moved rapidly and placed for1 min in ice-cold, oxygenated (95% lysis buffer then proteins and lipids were precipitated. DNA was
0,-5% CQ,) sucrose-based artificial cerebrospinal fluid (ACSF) corextracted with Tris-saturated phenol/chloroform (1:1) and centrifuged
taining (in mM): 210 sucrose, 26 NaHGO3.5 KCI, 1 CaC}, 4 at 13,000y for 20 min followed by reextraction with chloroform only
MgCl,, 1.25 NaHPQ,, and 10 glucose. Because of the long duratioand further centrifuging. The DNA then was precipitated with ethanol,
of these experiments, to promote slice viability we used a sucrosesuspended in tris ethylenediamine tetraacetic acid (TE; 10:1, pH
based, high M§"-containing ACSF during the preparation of slices t®.0) buffer, then treated with DNase-free RNase (4§ml). The
reduce dissection-induced damage and dapendent excitotoxicity amount of DNA in each sample (10-2/) was determined with a
(Rafig et al. 1993; Rasmussen and Aghajanian 1990). The brain vsasctrophotometer (Perkin Elmer Lambda 3B). Samples were heated
hemisected with a midsagittal cut, then the cerebellum and the foe#-65°C for 10 min, centrifuged for 2 min, then put on ice for 1 min
brain were removed. Finally, the dorsal cortex was cut parallel to thefore loading. Approximately pg of DNA from each sample was
longitudinal axis, and the remaining block of brain was glued dorselectrophoresed through 2.0% agarose in Tris borate buffer. DNA was
surface down, caudal end facing the blade, to an aluminum chugksualized by ethidium bromide staining and photographed under UV
which was secured at a 12° angle. To ensure reliability of the cuttifitpmination. For a positive control, organotypic hippocampal slice
angle, a line subtending a 12° angle from the front corner of the chuciltures were prepared as described previously (Perez Velazquez et al.
was scored on the side of the chuck. Brain slices (@00 comprising 1997; Stoppini et al. 1991) and exposed for®d toactinomycin D
both the entorhinal cortex and the hippocampus then were prepatggig/ml), a potent inducer of apoptosis in a variety of cells (Martin
using a Vibratome. We employed this method of slice preparati@t al. 1990).
because sustained epileptiform discharges are provoked reliably in
inC(_es prepared with this orientation (Jones a_nd Heinemann 19Wmunohistochemistry
Rafig et al. 1993; Walther et al. 1986), which might be attributable to
intrinsic reverbatory circuitry in the entorhinal cortex and the frequen- Slices designated for immunohistochemistry were fixed in 10%
cy-dependent transfer of this neuronal activity to the hippocampus \daffered formaldehyde, embedded in paraffin, then resectioned (5
the dentate gyrus (lijima et al. 1996). The ACSF for the incubatigmm). Sections were taker100 um below the slice surface then
period and the recording of electrophysiological responses contaimadunted on glass slides. In situ labeling of neivxC3H DNA ends
(in mM) 125 NacCl, 26 NaHCQ 5 KCI, 2 CaC}, 0.5 MgCl, 1.25 generated by DNA fragmentation was performed using terminal de-
NaH,PQ,, and 10 glucose. After a minimum of 1 h, slices wer@xynucleotidyl transferase (TdT)-mediated deoxyuridirigriphos-
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phate (dUTP) nick end labeling (TUNEL; in situ cell death detectioRESULTS

kit, Boehringer Mannheim). Briefly, sections were deparaffinize%(J troohvsiol

rehydrated through a graded series of ethanols, then washed in p gctrophysiology

phate-buffered saline (PBS). Sections then were treated with Proteinpaps were produced reliably by tetanic stimulation in all

ase K (20ug/ml; Boehringer Mannheim) for 30 min at room tempergy hariments. As illustrated in Fig. 1, PAD increased progres-
ature and then washed with PBS. Endogenous peroxidase activity ly in duration and amplitude with repeated tetanization.

blocked with 0.3% hydrogen peroxide in methanol for 30 min at roo : - . i
temperature. Positive control sections were treated with DNasel be duration of PAD after the 10th tetanic stimulation ranged

pg/ml; Pharmacia Biotech) for 10 min at room temperature. DNasEPM 40 to 140 s. In contrast to previous reports using this
was dissolved by gentle inversion in DN reaction buffer that containédeparation (Rafiq et al. 1993, 1995), where secondary after-
50 mM Tris-HCI (pH 7.5), 10 mM MgCJ, and 50 ug/ml BSA. discharge (SAD) was observed in 85% of experiments, we
Sections were washed with PBS and TdT-fluorescein was added todfxserved SAD in only 29% of experiments. Consistent with
sections, which then were covered with Parafilm and incubated inrgense, prolonged epileptiform activity, we observed episodes
humidified chamber for 60 min at 37°C. Negative control sectionsf spreading depression (SD) after tetanic stimulation in 46%
were incubated without TdT. After washing with PBS, fluoresceiryt experiments, which consisted of a negative DC potential
labeled DNA strand breaks were analyzed under a confocal mic%if’[ (10-25 m\’/) durin ; : ; ;

; oS e - g which time the slice was synaptically
scope (Biorad MRC600; excitation wavelength, 488 nm). If fluore 'l%iescent. Spontaneous epileptiform  discharges typically

cent cells were observed, an antifluorescein antibody FAB fragme d durina th f SD. A tati d
conjugated with horse-radish peroxidase was applied to the sli erged during the recovery from - Arepresentative recor

covered with Parafilm, and incubated in a humidified chamber for 88 SD is presented in Fig.BL i , o
min at 37°C. Labeling was then visualized with metal-enhanced Input/output relations included four to five stimulation in-
diaminobenzidine (Boehringer Mannheim). Some sections were codi@nsities: weak stimulation produced a small-amplitude, posi-
terstained lightly with cresyl violet and coverslipped for assessmenttife-deflecting, postsynaptic potential (PSP) that increased in
morphology of TUNEL-positive cells. amplitude with increasing stimulation intensity. As seen in Fig.
TUNEL-positive cells were counted either visually or with the usgA before tetanization, suprathreshold stimulation for evoking
of Imagetool version 1.28 _software (University of Tex_as Health Sciy population spike produced a single population spike. After
ence Center in San Antonio) by scorers that were blind to the tregby 10t tetanization, responses evoked at all intensities were
ment condition. The two methods of scoring produced close to idef greater amplitude and longer duration compared with con-

tical results and the interrater reliability was= 0.92. Scoring was | ith ltio| lati ik h teristi
done in five regions of the section and were defined as follows: DEO responses, with muitipie population Spikes, characteristic

both superior and inferior blades of the granule cell layer; hilus (H f epileptiform responses (FigB2 We could record epilepti-
area lying within the two blades of the DG and delimited by a linOrm responses in tetanized slices feil4 h, the longest time
connecting the ends of the blades of the DG; CA3, stratum pyramidale
commencing from a line connecting the blades of the DG to a li
level with the superior blade of the DG; CAl, stratum pyramidale
(excluding CA2) extending to the subiculum; and entorhinal cortex
(EC), a region the width of the DG extending from the hippocampal
fissure to the peripheral limit of the section. Cells were counted and
expressed as a percentage of the average number of cells per region
determined from slicem(= 4) fixed and stained with hematoxylin/
eosin immediately after sectioning with the Vibrotome.

Drugs

Dantrolene sodium (3QuM; Sigma) and thapsigargin (LM;
Sigma) were dissolved in dimethyl sulfoxide (DMSQO). Actinomycin
p-mannitol (5 ng/ml; Sigma) was dissolved in purified water. All
drugs were stored frozen as aliquots in stock solutions. Final concen-
tration of DMSO was 0.05%.

B

Statistics T e -

Differences in the percentage of TUNEL-positive cells were deter-
mined usiig a 5 (region)x 2 (tetanized/control) factorial ANOVA —my
(SPSS version 8.0). Post hoc analyses were conducted with the 10s
Scheffetest. To assess the effect of dantrolene and thapsigargin on
normal synaptic transmission, population spikes were evoked at a
frequency of 0.05 Hz and after a stable baseline had been achieved
(typically 15 min), the drugs were applied. Three responses, at the end
of the baseline period and after 30 min of drug application, were
(ai\iizl\aﬂglfgl?npﬂgg?a%?%?lggcl)gnfglbirggﬁ“gges;vf?v?/arpg?i%idIlrjlzlt?l?-ta%' 1. Repeated tetanization reliably evokes primary afterdischarge

. . ! ) . ) PAD). A, top after the 1st tetanic stimulation, the PAD is of small amplitude
ments). Differences in population spike amplitude attributable to th@q of prief duration but increases progressively in amplitude and duration as

application of drugs were determined using a paitéeist. Signifi- jjustrated after the Sthngiddle and 10th botton) tetanic stimulation (same
cance was determined & < 0.05. Results are presented as thexperiment as iop). B: representative record of PAD followed by an episode
means* SE. of spreading depression (enclosed in box).
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receiving tetanic stimulation were not epileptiform and were
similar to the responses evoked at the beginning of the exper-
iment. In the record presented in thieset in Fig. 2C, a
small-amplitude, second population spike is seen after 13 h.
__] 1 mV Additionally, spontaneous epileptiform discharges were never
10 ms recorded in control slices. These experiments demonstrate
evoked and spontaneous epileptiform discharges were pro-
duced reliably in entorhinal cortex/hippocampus slices with
repeated tetanic stimulation, responses evoked in time-matched
controls not receiving tetanic stimulation were not epilepti-
form, and both epileptiform responses from tetanized slices
and physiological responses from time-matched control slices,
could be recorded fo=14 h after the tetanization protocol, the
longest time we measured.

10 tetani

Gel electrophoresis

C +13 hrs The integrity of DNA was preserved from slices assessed at the

early time pointsl h (tetanizedh = 4; time-matched controh =
4) and 3 h (tetanizedy = 4; time-matched control) = 4) after
the tetanization protocol (data not shown). In contrast, we ob-
served indications of internucleosomal DNA degradation in 9/11
slices receiving repeated tetanic stimulation and assessed 12—14 h
later. Because endogenous’Calependent endonucleases cleave
DNA in regular 180- to 200-bp pieces, the classical profile of
- apoptosis in gel electrophoresis is a regular pattern of banding
referred to as “DNA laddering” (Wyllie et al. 1980). The results
of the DNA fragmentation assay we performed did not produce
the typical banding pattern consistent with apoptosis but one more
representative of necrosis. The results of the DNA fragmentation
assay we employed may have been obscured by the overwhelm-
ing presence of intact DNA from normal cells. The appearance of
degraded DNA in our study ranged from a smear of low-molec-
ular-weight fragments<(100—400 bp) to a more diffuse smear
and a few discernable bands. We observed no degradation (8/11),
or qualitatively less (3/11), degradation of DNA isolated from 12
to 14 h time-matched control slices compared with tetanized
slices. A representative example of the degradation in the DNA
isolated from tetanized slices after 12—14 h is presented in Fig. 3.
Interestingly, in the long-duration experiments where DNA deg-
radation was not observed (2/11), repeated tetanic stimulation
o _ _ _ _ ~ potentiated greatly the amplitude of the population spike but did
FiG. 2. Epileptiform discharges persist during long-duration experimentgnt hroduce epileptiform responses, suggesting that the damage
A: responses evoked with maximum stimulation intensity, before tetanization . ! . .
possess a single population spike (3 consecutive respoised)er 10 tetani, W_é observed was a dl!‘eCt result of the Sl_JStamEd eplleptn‘orm
the responses evoked with the same stimulation intensity Asafie longer in  discharges and not attributable to the persistent presence of the
duration and possess multiple population spikes, characteristic of epileptifostimulating electrode.
response<C: epileptiform responses persist for 13 h after the 10th tetanization.
Inset responses from a time-matched control slice at the beginmipy &nd
end pottor) of the experimentD, top: continuous record of spontaneouslmmunohistochemistry
epileptiform dischargesBottom single discharge from the recoaboveis
presented at a faster sweep speed. To determine whether the degraded DNA we observed with
electrophoresis was expressed as region-specific cell death, as
assessed. Representative responses from a long-duratiorydgorted previously for the CA3 region after intraamygdaloid
cording are presented in FigC2We also recorded spontane-infusion of kainate (Pollard et al. 1994), we assessed the
ous epileptiform discharges from slices that received tetarpercentage of TUNEL-positive cells in each of the five regions
stimulation. Spontaneous epileptiform discharges were atlescribed above. TUNEL-positive cells were not observed in
served as early as after the second tetanization but typicactions prepared from slices 1daB h after the tetanization
were observed after the fifth tetanization and persisted for thetocol (data not shown); this is consistent with the absence of
duration of the experiment{14 h). A representative record ofdegraded DNA we observed after gel electrophoresis in slices
spontaneous epileptiform discharges is presented in Eig. 2 from these groups. However, when the percentage of TUNEL-
In contrast to the responses evoked in slices receiving tetapasitive cells was quantified from sections prepared from the
stimulation, responses evoked from time-matched slices natte time point group (12-14 h), there was a significantly

Control
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3 testing the hypothesis that €areleased from ER stores con-
§ tributes to seizure-induced cell death. We, therefore, repeated
i 3," the long-duration (12—-14 h) experiments and applied two con-
;f’ F ventional drugs known to modify the functioning of ERCa
;'_3*‘ g 5 stores, dantrolene and thapsigargin. Dantrolene or thapsigargin
éﬂ S was applied for 30 min before the commencement of tetanic
tig & S stimulation to enable the assessment of their effect on normal
synaptic transmission, which was determined by the amplitude
of the population spike evoked with maximal stimulation. The
drugs were present for the duration of the experiments. Dan-
trolene (30 uM) was without significant effect on normal
synaptic transmission, something that has been reported previ-
ously (Obenaus et al. 1989; O’Mara et al. 1995). The amplitude
of the population spike after 30 min of dantrolene exposure
was 104.3*= 9.8% of control 6 = 5). Dantrolene also was
without effect on the induction or the maintenance of epilep-
tiform discharges. That is, there were no differences compared
with experiments where no drugs were applied in any feature
of epileptiform discharges, e.g., PAD, epileptiform responses
evoked with single 10Qss shocks, spontaneous epileptiform
discharges. The amplitude of the population spike, when mea-
sured at the end of the 30 min application of thapsigargin (1
M) was 133.2+ 31.7% of control § = 4), which failed to
reach significance due to the variability. Thapsigargin also had
no effect on the induction or the maintenance of epileptiform
discharges. Electrophysiological responses evoked in the pres-
ence of dantrolene and thapsigargin are presented in F&y. 5,
andB, respectively.

&,
5
F
&
S

2072 bp
1500 bp

600 bp

100 bp

Fic. 3. Electrophoresis of genomic DNA isolated from tetanized slices (12- .
to 14-h group) demonstrates degradation, which is indicative of cell daath. G€l electrophoresis
lane 1 100-bp markerlane 2 tetanized slicet 12.5 h. Note, degraded DNA . . .
appears as a diffuse smear and bands at 800 and 113akb.3 untetanized DNA isolated from slices that had been tetanized and ex-

time-matched controlLane 4 control refers to DNA isolated from slices posed to dantrolenen(= 5) or thapsigarginr( = 4) demon-
immediately after preparation with the Vibratome. strated no indications of degradation. This was true also for

greater percentage of TUNEL-positive cells in CA3, CAL an@ne-mat_ched control slices. To rule out the po_ssib_ility that our
EC when the tetanized group (16:54.4, 33.7+ 7.1 11 6£ observation of the absence of degraded DNA in slices exposed

: _ : ._. to dantrolene and thapsigargin was a false negative, we simul-
tziﬁ%é-rrizg;?g:j/ecl)éﬂtrolQrgﬁjs (Z%ngzre;i.:\)’/vllthzj[g ezégirg%lat aneously elgctrophoresed DNA isolatgd from prganotypic hip-
respectively;n = 6). Although ther,e was aﬁ increasé irpocampal slice cultures eqused to a.\ctmomycm-mgﬁm.l), a
TUNEL-positive cells in both the DG and the H in tetanize otent inducer of apoptosis in a variety of cells (Martin et_al.
slices compared with time-matched controls, due to variabilit ggo)f_ A reﬁresentatlv_e example of the gg!l_ electrophoresis of
the differences failed to reach significance in these regiord VA from these experiments is presented in Fig. 6.

Some of the morphological features we observed in the

TUNEL-positive cells were characteristic of apoptosis, includbiscussionN

ing well-delimited chromatin aggregates located peripherally L S . .

on the nuclear membrane and cell shrinkage; however, we did*€Peated tetanic stimulation in entorhinal cortex/hippocam-
not observe membrane blebbing or apoptotic bodies. TUNEPYS Slices produced both evoked and spontaneous epileptiform
positive cells were observed in small clusters or individuall#ctivity, which we could record for=14 h. We assessed
TUNEL-positive cells were observed typically, but not excluS€izuré-induced cell death using gel electrophoresis of genomic
sively, in the principal cell body layer. For example, in the Dd?NA and.|mmunoh|stolog|cally by counting TUNEL-positive
TUNEL-positive cells ranged from the infragranular layer tG€!lS- Indications of cell death by either method were not
the most distal border of the granule cell layer. RepresentatiggServed when assessed at Hahh after the tetanization
examples of TUNEL-positive cells are presented in Fig. 4 Protocol- In contrast, we observed degraded DNA isolated
summary of the percentage of TUNEL-positive cells in each §P™ tétanized slices in the 12- to 14-h group, which ranged in

the five regions of the section assessed after 12—14 h is giBPearance from a smear of low-molecular-weight DNA frag-
sented in Igig. B Ff?‘nents 100-400 bp) to a more diffuse smear accompanied

by a few discernable bands. The amount of degraded DNA
from time-matched controls was either below the threshold
detection limit or qualitatively less compared with tetanized
Having demonstrated seizure-induced cell death in entorklices. Consistent with the observation of degraded DNA from
nal cortex/hippocampus slices, we then were interested t@tanized slices in the 12-14 h group was the presence of

Pharmacological manipulation of ER €4 stores
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FIG. 4. Epileptiform discharges evoked by re-
peated tetanic stimulation increase significantly the
percentage of terminal deoxynucleotidyl trans-
- - - crcmciaen ferase (TdT)-mediated deoxyuridinétSiphosphate
ead . 2 - s o= § % - ¥ (dUTP) nick end labeling (TUNEL)-positive cells.

% 2 \» : o f ’ :

? ® 3 A, a, c,ande: time-matched control, superior blade
: . _:3'"" » ’. i o f g . of dentate gyrus (DG), CA1, and entorhinal cortex
B ® 4 ‘ . e 2 ; pi R ' (EC), respectively. Same regions from tetanized
P it Py X &b b q:;mk & o slices (12-14 h) appear In, d, andf. Examples of
[ e?'“ 1 ol ) - P representative_TUNEL-positive cells are denoted
¥ i : % P A = L R f -~ (—. Scale bar is 2um. B: summary of percentage
y @ o

: 3 of TUNEL-positive cells by region in sections pre-
L 4 a8 .7 e pared from tetanized slices (12-14 h) compared
with time-matched controls. *, significantly differ-
ent (P < 0.05) from appropriate time-matched con-

B 12-14 Hrs trol.
TUNEL-positive

7] Time-matched control (N=6)
M Tetanized (N=7) *
o 40 A
8 i
b 30 A
E -4
g 20 4 *
n- . *
10 |
0 .

DG H CA3 CAl1 EC

TUNEL-positive cells in sections prepared from this grouplso has been observed in a variety of pathological conditions

We observed a significant fourfold increase in the percenta@&ompson 1995).

of TUNEL-positive cells in CA3, CAL, and EC from tetanized There is a complex relation between experimentally induced

slices compared with the respective time-matched control. seizures and cell death. Cell death produced by limbic motor
seizures induced by intraamygdaloid injection of kainate has been

Cell death described previously to have features of both necrosis and apo-

tﬁ)SiS (Charriaut-Marlangue et al. 1996; Pollard et al. 1994;

There are two fundamental and discernable patterns of I
death, necrosis and apoptosis (reviewed in BuFJ?a el 19%gepresa et al. 1995). Conversely, status epilepticus produced by

Robbins 1994). Necrosis occurs after an exogenous insult &temic injecti(_)n of pilocarpine_ proc!_uced cell death t_h_at was
manifests as cell swelling, or rupture, denaturation, and co -Sc_r'bed as pelng_ solely necrotic (FUJ_lkawa 1995)' A(_jdltlonally,
ulation of cytoplasmic proteins, breakdown of cell organelle&indling can give rise to both apoptosis and proliferation of DG
and a significant inflammatory response. Apoptosis, describdgHrons (Bengzon et al. 1997). Because both necrosis and apo-
first by Kerr, Wyllie, and Currie (1972), is a feature of normaPtosis often are described in pathology and share some features,
development in both the central and the peripheral nervoti§tinguishing between the type of cell death sometimes can be
system, may require de novo gene transcription, and drives giicult. Convergent evidence from different methods of analysis
elimination of cells during embryogenesis (Stewart 19948 required to differentiate between apoptosis and necrosis (Char-
White 1996). In addition to its physiological role, apoptosigaut-Marlangue and Ben-Ari 1995). Additionally, differences in
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including well-delimited chromatin aggregates located periph-
erally on the nuclear membrane and cell shrinkage. TUNEL-
positive cells were present in small clusters or individually,
typically, but not exclusively, in principal cell body layers.
However, membrane blebbing or apoptotic bodies were not
seen.

Mesial temporal sclerosis associated with complex partial
seizures typically involves the CA1l region (Honavar and Mel-
drum 1997). We observed the greatest percentage of TUNEL-
positive cells in the CA1 region. We may have observed DNA
y laddering if the DNA from the CA1 region alone was electro-
,‘,N____ T RO A e phoresed. This would require pooling the CAl region from

' several slices to yield a sufficient quantity of DNA. If these
cells are dying due to apoptosis and if this process is dependent
on the synthesis of macromolecules (Wyllie et al. 1984), block-
ade of this synthesis might be of therapeutic relevance. Cleav-
age of DNA by endogenous nucleases is an event that occurs
well after the cell has committed itself to death (Mesner et al.
1995). Therefore we suggest that assessment of earlier occur-
ring apoptotic events, such as release of cytochrome C (Yang
N\ vipen et al. 1996), caspace activation (Miura et al. 1993), or trans-
| __A —~ N A location of plasma membrane phosphatidylserine (Martin

1995), between 3 and 12 h, is necessary for a more refined
!\Control

A Control  Dantrolene B Control  Thapsigargin

10 tetani

+13.5 hrs

temporal assessment of the induction of seizure-induced apo-
ptosis in vitro.

Mechanisms of seizure-induced cell death

+13.5 hrs

a Seizures are characterized cellularly by synchronized syn-
Jimv aptic activity, which results in excessive glutamate release.
10 ms

Dantrolene Thapsigargin

Fic. 5. Dantrolene and thapsigargin have no significant effect on normal
synaptic transmission, the induction, or the maintenance of epileptiform dis-
chargesA: dantroleneTop, left responses evoked by maximum stimulation
intensity during control period (5 superimposed record&ight responses
evoked after 30 min application of dantrolene (@M). Middle: responses
evoked after 10 tetani are epileptiforBottom epileptiform discharges persist
after>13 h.Inset time-matched control responses. Dantrolene was present for
the duration of the experimerB: thapsigarginTop, left responses evoked by
maximum stimulation intensity during control period (5 superimposed
records).Right population spike amplitude is increased after 30 min applica-
tion of thapsigargin (JuM), but due to variability the mean increase failed to
reach significanceMiddle: responses evoked after 10 tetani are epileptiform.
Bottom epileptiform discharges persist afterl3 h. Inset time-matched 600 bp
control responses. Thapsigargin was present for the duration of the experiment.

the type of cell death produced, and other features such as regional
susceptibility, might be attributable to the method employed for
inducing the seizures.

Once we established seizure-induced cell death in vitro,
characterization between necrosis and apoptosis was not the
focus of this investigation, and on the basis of these data, we
cannot with confidence discriminate which form of cell death
predominated. Additionally, although we observed that the
majority of TUNEL-positive were located in the principal cell
body layers, because we did not use immunohistochemical
methods to differentiate between neurons and glla, we Cann%e. 6. Dantrolene and thapsigargin prevented seizure-induced cell death.

address the differential susceptibility of neurons comparegctrophoresis of DNA isolated from tetanized slices (12- to 14-h group)
with nonneuronal cells. Therefore we use the term *‘cetlemonstrates no degradatidmne I 100-bp markertane 2 tetanized slicer

death.” The results of the gel electrophoresis were more refifntrolene;lane 3 time-matched controk dantrolene;lane 4 tetanized

P f jce + thapsigargin;jane 5 time-matched controk thapsigargin;lane 6
iniscent of the random DNA cleavage that occurs in necrosﬁ‘n rol organotypic hippocampal slice culturiene 7 hippocampal slice

Nevertheless, Som?_Of the morphological fe,atures we Obser.\éﬁ re exposed to Act-D (6 h); aridne 8 hippocampal slice culture exposed
in the TUNEL-positive cells are characteristic of apoptosis Act-D (3 h). Note laddering itanes 7and8.

100 bp
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Prolonged overactivation of postsynaptic glutamate recept@s " influx (Treiman et al. 1998). The initial increase (15-120
is neurotoxic, and this form of cell death is referred to as) is due to release of €4 from stores via the leak channel
“excitotoxicity” (Olney and Sharpe 1969). (Thomas and Hanley 1994), but its persistence (minutes) is
llustrative of this relation is the recent report that homozyattributable to capacitative €ainflux (Putney 1986), which is
gous mice deficient in the glutamate transporter GLT-1 préhought to be carried by the €arelease activated Ga
sented with lethal spontaneous seizures and an exacerbatioounfent (cgac) (Hoth and Penner 1992; Penner et al. 1993).
the seizure-induced cell death compared with wild typBefore tetanization we did observe a thapsigargin-induced
(Tanaka et al. 1997). Excitotoxicity is a biphasic process amttrease in population spike amplitude; this might be attribut-
includes both a rapid and a delayed component (Meyer 198@le to the initial passive leak of €a We applied thapsigar-
Randall and Thayer 1992). The early damage is the result ofgin at a concentration of LM. At micromolar concentrations,
influx of Na*, CI~, and H,O with osmolysis. The delayed cellthapsigargin should maximally discharge the contents of the
death is secondary to an increase in intracellula&@Cavhich  store (Thomas and Hanley 1994) but also might block capac-
is thought to initiate a variety of deleterious consequenciative C&" influx (Mason et al. 1991), Ca channels
including activation of phospholipase A2, which leads to thgShmigol et al. 1995) and protein synthesis (Paschen et al.
production of arachidonic acid and free radicals, endonucled$96). Additionally, chronic exposure to thapsigargin may
fragmentation of DNA, and production of nitric oxide, whichhave increased the capacity of endogenou$” Gaiffers (Pe-
contributes to inhibition of mitochondrial oxidative phosphortersen et al. 1993).
ylation (Choi 1988; Dugan and Choi 1994; Meldrum and The maximum probability of opening for the }Bensitive

Garthwaite 1990). store occurs at 200 nM free €3 with sharp decreases on
either side of the maximum. In contrast, the ryanodine-sensi-
Role of ER C&" stores tive store is maximally responsive to concentrations of ‘Ca

ranging from 1 to 10QuM (Bezprozvanny et al. 1991). Be-

Ca* released from ER stores participates in a variety chuse IR-sensitive stores are inhibited by concentrations of
physiological processes including gene transcription, proteire intracellular C&" only slightly higher than physiological
synthesis, cell differentiation, and synaptic plasticity (Berridgevels, the most likely candidate for the source of ER Cthat
1998; Henzi and MacDermott 1992). This source of Calso would participate in Ca"-dependent cell death cascades is the
is recognized as being important for pathological eventsianodine-sensitive store; however, cross-talk between the two
Blockade of C&" release from ER stores with dantrolene hastores has been described whereby 'Ceeleased from IR
been reported previously to not significantly affect normaensitive stores can induce CICR (Simpson et al. 1995).
synaptic transmission (Obenaus et al. 1989; O’'Mara et al.Type | RYRSs, or skeletal muscle RYRs, are located on the
1995); this is consistent with what we observed. The relation &rcoplasmic reticulum, and proximal to dihydropyridine-sen-
ER C&" stores to long-term potentiation (LTP) is more comsitive voltage-operated & channels on T-tubule infoldings
plex. The induction of LTP has been reported to be blocked by the plasma membrane, which together form the functional
both thapsigargin (Harvey and Collingridge 1992) and daonit underlying excitation-contraction coupling. Type | RYRs
trolene (Obenaus et al. 1989). Conversely, O’'Mara et al. (192850 are present in cerebellar Purkinje neurons. Type I, or
reported that dantrolene inhibited long-term depression acardiac muscle RYRS, are ubiquitous in the brain, whereas type
depotentiation but was without effect on LTP. This discregH RYRs are restricted to specific brain regions such as CA1
ancy is likely attributable to differences in experimental corstratum pyramidale, caudate, and dorsal thalamus (Furuichi et
ditions such as the concentration of dantrolene (20 gu®), al. 1994). Although RYR isoforms are expressed differentially
the duration of the perfusion period (180 or 20 min), or thiem a variety of tissues, more than one isoform may be coex-
synapses that were tetanized (Schaffer collateral to CA1 ysessed in both neurons (Furuichi et al. 1994) and in nonneu-
medial perforant path to DG). Although we did not systematenal cells (reviewed in Sutko and Airey 1996). Functional
ically assess the effect of dantrolene and thapsigargin on LTd¥ferences between receptor isoforms are understood only
we did not observe any differences in the epileptiform activitgoorly; however, differential regulation of types 1 and 3RP
induced by repeated tetanic stimulation attributable to thelsg cytosolic C&" has been described recently (Cardy et al.
drugs. Our observation that dantrolene prevented seizure-1897). Although only speculative, types Il and Il RYRs appear
duced cell death is consistent with the reports of many othets;be the most likely candidates to participate in the seizure-
however, the neuroprotection we observed for thapsigardimuced, CICR-dependent cell death we observed.
was somewhat unexpected. Thapsigargin has been reported e did not employ the use of blockers of glutamatergic
produce multiple effects including inhibition of protein syniransmission or VDCCs, and neither dantrolene nor thapsigar-
thesis, cell proliferation, tumor promotion, and at low concemin affected the induction or maintenance of epileptiform dis-
trations (i.e., nanomolar), apoptosis (Treiman et al. 1998). tharges. Therefore the entry of extracellulaf Canto the cell
our hands, thapsigargin did not produce apoptosis in contrhle to the prolonged epileptiform depolarizations was unper-
slices and did not exacerbate seizure-induced cell deathtumbed. We interpret our results as being consistent with the
tetanized slices. Indeed, thapsigargin prevented seizureligpothesis that Ca-dependent excitotoxicity requires both
duced cell death (compare Fig. 3 with Fig. 6). the entry of C&" and the release of €4 from ER stores,

Maintenance of the filling state of intracellular stores isesulting in the initiation, the amplification, or the persistent
attributable to the dynamic interplay between the leak df'Cafunctioning of C&"-dependent death cascades. A direct test of
out of the store via the leak channel, SERCAs, and capacitatiés hypothesis would require the comparison of{Qaduring
ca" influx (Thomas and Hanley 1994). Blockade of SERCAepileptiform discharges (e.g., PAD) in the presence and the
by thapsigargin produces a biphasic elevation of cytosolidsence of CIRC blockers followed by an assessment of cell
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death. Our hypothesis is consistent with Frandsen and Schd®@iga L. M., EicensrobT, M. L., AND EicEnsrODT, E. H. Apoptosis and

boe (1991, 1993), who postulate that?!Calerived from inter- _ necrosisArch. Pathol. Lab. Med117: 1208-1214, 1993.

i ; _ _ ; ; ARDY, T.J.A., TRAYNOR, D., AND TAYLOR, C. W. Differential regulation of
nal stores participates in NMDA-receptor-mediated eXCItOtOQ types-1 and -3 inositol trisphosphate receptors by cytosolf¢ (Biochem.

|C|ty+they observed in cultqred cortlcal neurons. Additionally, ;555 785-793, 1997.

Ca*-dependent excitotoxicity might be dependent on th@vazos, J. E., Dis, I., aNp SuTuLA, T. P. Neuronal loss induced in limbic
source of C&" influx (Tymianski et al. 1993). The source pathways by kindling: evidence for induction of hippocampal sclerosis by
specificity hypothesis requires the spatial constraint of prox-repeated brief seizured. Neuroscil4: 31063121, 1994.

imity of Ca’*-dependent cell death nanomachinery and”RRAUT-MARLANGUE, C., AsGoUN-ZouAOUI, D., REPRESA A, AND BEN-
ARi, Y. Apoptotic features of selective neuronal death in ischemia, epilepsy

NMDA receptors. Intracellular Ga stores associated with the and gp120 toxicityTrends Neuroscil9: 109—114, 1996.

ER are d'StrlbUted throughO_ut neurons (Sharp et al. :!-993)-C_mARRlAUT—MARLANGUE, C. AND BEN-ARI, Y. A cautionary note on the use of
the dendrites of CA1 pyramidal neurons, the ER terminates irthe TUNEL stain to determine apoptoskéeuroreport7: 61-64, 1995.
various forms in the dendritic spines, is referred to as the Spiﬁlém, D. W. Calcium-mediated neurotoxicity: relationship to specific channel

; . es and role in ischemic damage@ends Neuroscill: 465—469, 1988.
apparatus (Spacek and Harris 1997; Svoboda et al. 1996), @[fA wam. D. E. Calcium Signamngcﬁ 80: 250268, 1995,

sometimes comes into contact V_V!th the p_ostsynaptic de_nsdi)(FFORD, D. B., Zorumski, C. F.,AND OLNEY, J. W. Ketamine and MK-801
(Spacek and Harris 1997). Additionally, in CA1l pyramidal prevent degeneration of thalamic neurons induced by focal cortical seizures.

neurons, where we observed the greatest percentage &kp. Neurol.105: 272-279, 1989.

_ P i ; : RONADO, R., MORRISSETTE J., SJKHAREVA, M., AND VAUGHN, D. M. Struc-
TUNEL-positive cells, .there is a greater density of ry"J“md"ﬁc;ure and function of ryanodine receptofsn. J. Physiol266 (Cell Physiol.
receptors compared with JPeceptors (Sharp et al. 1993). The 35 c1485-1504, 1994.
smaller volume of dendrites compared with soma might pr@orseLuis J.A.N.anp Bruton, C. J.Status Epilepticus: Mechanisms of Brain
mote the interaction between ryanodine-sensitive ER stored)amage and Treatmenilew York: Raven, 1983, p. 129-139.

NMDA receptors and the éé-dependent nanomachinery reDucan, L. L. anp CHol, D. W. Excitotoxicity, free radicals, and cell membrane
. R changesAnn. Neurol.35: S17-S21, 1994.
qu'red for excitotoxicity. Duncan, J. S.AND SaGAR, H. J. Seizure characteristics, pathology, and

- . ) ) outcome after temporal lobectomMeurology37: 405—-409, 1987.
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