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ABSTRACT T 

Thee plasma membrane Ca2+-ATPase (PMCA) and (potassium-dependent) sodium-
calciumm exchange (NC(K)X) represent two main calcium extrusion mechanisms that 
aree important for the restoration of [Ca2+]j levels after electrical activity. To investigate 
whetherr the expression of these calcium extrusion proteins is altered in the course of 
epileptogenesis,, we compared the hippocampal-parahippocampal protein expression 
off  NCX1, 2, and 3, PMCAl^J-, and NCKX2 at an early and late stage after kainate-
inducedd status epilepticus (SE), with that in control rats using immunocytochemistry. 
Severall  alterations were found in chronic epileptic rats: (i) NCX1 was permanently 
downregulatedd in the inner molecular layer (iml) of the dentate gyrus (DG) and 
entorhinall  cortex layer II I (ECIII), related to neuronal loss in hilus and ECIII, 
respectively;; (ii) PMCA and NCKX2 expression was transiently upregulated in the iml, 
andd downregulated in several areas where cell loss had occurred, (iii ) NCX3 
expression,, which in control rats is abundant in presynaptic terminals of mossy fibers 
(mf),, was extensively and permanently decreased in stratum lucidum and hilar region. 
Inn addition, newly formed mf sprouts that project to the DG iml did not noticeably 
expresss NCX3; (iv) NCX2 and NCKX2 were (transiently) upregulated in astrocytes of 
epilepticc rats throughout the hippocampal formation, including ECIII. Our results 
showw regional-specific changes of calcium extrusion proteins in epileptic rats that 
contributee to altered calcium homeostasis in the diseased state. More importantly, 
somee alterations in calcium extrusion protein expression are already present at an early 
stagee of epileptogenesis and could therefore be involved in this process. 
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INTRODUCTIO N N 

Inn human epileptic patients and in animal models for temporal lobe epilepsy (TLE), 
persistentt alterations have been described in voltage-activated calcium currents, 
NMDA-mediatedd calcium influx, and the expression of calcium-binding proteins 
(Baimbridgee et al., 1985; Faas et al, 1996; Gorter et al., 2002; Magloczky et al., 1997; 
Modyy et al, 1990; Nagerl et al, 2000; Vreugdenhil, M. and Wadman, 1994; Yang, Q. 
ett al., 1997). Until now, calcium extrusion systems have received littl e attention in 
experimentall  epilepsy (Garcia et al., 1997; Keele et al., 2000), despite their important 
functionn in calcium homeostasis. Neurons have two important [Ca2+]i-driven calcium 
extrusionn mechanisms to return elevated free [Ca2+]i to resting levels: (i) the plasma 
membranee Ca2+-ATPase (PMCA) and (ii) (potassium-dependent) sodium-calcium 
exchangee (NC(K)X). The PMCA, with a high affinity for Ca2+ (KD = 100 nM), but 
loww transport capacity (~ 150 s-1), is thought to play a housekeeping role in calcium 
homeostasiss (Blaustein and Lederer, 1999; Juhaszova et al., 2000). Four PMCA 
subtypess (PMCA1-4) encoded by four different genes are presently known (Greeb 
andd Shull, 1989; Keeton and Shull, 1995; Shull and Greeb, 1988). In contrast with the 
PMCA,, the NCX has a low affinity for Ca2+ (KD = 0.6-2 uM), but a high transport 
capacityy (>> 1000-5000 s-1)- The NCX is well-suited for rapid recovery from high 
levelss of [Ca2+]i (Juhaszova et al., 2000) and could therefore be important for the 
restorationn of basal [Ca2+], after epileptic seizures. Three genes that code for different 
NCXX subtypes (NCX1-3) have been cloned (Li, Z. et al., 1994; Nicoll et al., 1990; 
Nicolll  et al., 1996). As the overall functional properties of the three subtypes are not 
fundamentallyy different, the individual physiological role for each NCX subtype is 
currentlyy unclear (Linck et al, 1998). Presynaptic nerve terminals and dendritic spines 
-bothh entities in which [Ca2+]i can quickly rise— exhibit relatively high NCX activity 
whenn compared with other parts of the cell (Blaustein et al, 2002; Juhaszova et al, 
2000;; Reuter and Porzig, 1995). Ca2+-dependent neurotransmitter release is controlled 
byy local Ca2+ homeostasis and thus affected by NCX (and PMCA) (Juhaszova et al., 
2000;; Reuter and Porzig, 1995). The NCX exchanges 3 Na+ ions for 1 Ca2+ ion 
(Blausteinn and Lederer, 1999; Hinata et al., 2002) and is driven by both the Ca2+ and 
thee Na+ gradient over the plasma membrane. 

Recently,, a family of potassium-dependent sodium-calcium exchangers (NCKX1-4) 
hass been described, which couple the transport of 4 Na+ ions to 1 Ca2+ and 1 K+ ion 
(Dongg et al., 2001; Lytton et al., 2002; Tsoi et al., 1998). Exploiting the outward K+ 

gradient,, NCKX is able to extrude Ca2+ more efficiently than NCX, in particular when 
thee sodium gradient is reduced (Lee et al., 2002). 

Thee PMCA, NCX and NCKX subtypes are all (except for NCKX1) abundantly 
expressedd within the hippocampal formation in a cell-type and region-specific manner 
(Garciaa et al., 1997; Li, X.F. and Lytton, 2002; Lytton et al., 2002; Papa et al, 2003). 

I l l l 



Chapterr 6 

Too find out if the expression of the calcium extrusion proteins is altered in the course 
off  epileptogenesis, we here describe the hippocampal and parahippocampal protein 
expressionn of NCX1, 2, and 3, PMCA1-4, and NCKX2 in the kainate model of TLE 
inn the rat (Ben-Ari, 1985) using immunocytochemistry. We investigated the expression 
att an early and late stage of epileptogenesis (just after the latent period and in the 
chronicc epileptic phase). 

EXPERIMENTA LL  PROCEDURES 

A.nimals A.nimals 

Malee Sprague Dawley rats (Harlan Zeist, The Netherlands) were used in this study. 
Thee rats were housed in individual cages under a controlled environment (21  1°C; 
humidityy 60%; lights on 08.00-20.00 h). Food and water were available ad libitum. All 
experimentss were performed in accordance with the regulations of the Animal Welfare 
Committeee of the University of Amsterdam. Experiments are carried out in 
accordancee with the European Communities Council Directive of 24 November 1986 
(86/609/EEC). . 

SeizureSeizure induction 

Epilepsyy was induced with kainic acid (KA) injections according to the (slightiy 
adapted)) protocol of Heilier et al. (Hellier et al, 1998). The rats (weighing 175-200 
gramm at the time of injection) were injected intraperitoneally with 10 mg/kg KA 
(Biovectra,, Charlottetown, Canada) dissolved in 0.05 M phosphate-buffered saline 
(PBS)) (pH = 7.4). The animals were monitored throughout SE induction and seizure 
severityy was assessed according to a modified Racine's scale (Racine, 1972). Motor 
seizuree activity was characterized as follows: class III , animals displayed forelimb 
clonuss with a lordotic posture; class IV, animals reared with concomitant forelimb 
clonus;; and class V, animals had a generalized clonic convulsion associated with loss 
off  balance. When rats did not exhibit clear behavioral changes within one hour after 
injection,, additional KA injections (5 mg/kg) were given ever)7 hour, until a clear 
changee of behavior was observed. The maximal cumulative dose was 20 mg/kg. A 
Statuss Epilepticus (SE) was considered to have been established, if rats experienced 
moree than two stage IV/ V seizures within the first hour after the last injection. 
Controll  rats were injected intraperitoneally with 0.05 M PBS. For all rats, sugar water 
wass available for 24 hours after the KA treatment. 

TissueTissue preparation and histology 

Controll  and KA rats were used for histology and immunocytochemistry in order to 
detectt mossy fiber sprouting, cell loss and NCX1, 2, 3, NCKX2 and PMCA1-4 
expressionn at two time points: three weeks (3 wk-KA) or 2.5 months (LT-KA ) after 
KA-inductionn of SE. The rats were deeply anaesthetized with pentobarbital 
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(Nembutal,, 60 mg/kg, Sanofi Santé, Maassluis, The Netherlands) and perfused 
throughh the ascending aorta with 300 ml of 0.37% Na2S solution, 300 ml 4% 
paraformaldehydee (Klinipath, Duiven, The Netherlands) and 0.2% glutaraldehyde in 
0.11 M phosphate buffer, pH = 7.4. After one night in situ postfixation at 4 °C, the 
brainss were dissected and the left and right parts were separated. Both parts were 
cryoprotectedd in 30% sucrose in 0.1 M phosphate buffer, pH = 7.4. After an 
overnightt incubation at 4 °C, the brain parts were frozen in isopentane (-30 °C) and 
storedd at -80 °C until cutting was performed. 

Thee left part of each brain was cut on a sliding microtome and horizontal sections 
(400 um) at the midlevel of the hippocampus were either processed for 
immunocytochemistryy (see below) or mounted on Superfrost Plus slides (Menzel-
Glaser,, Merck, Amsterdam, The Netherlands) and stained with a Nissl staining (0.5% 
cresyll  violet in 0.3% acetic acid) to detect cell loss or processed by a modified Timm's 
methodd (to detect sprouting, for details see (Cavazos et al., 1991; Gorter et al., 2001; 
Sloviter,, 1982)). Sections of all four experimental groups were processed for Timm's 
stainn at the same time so that histological development time (60 min) was the same, to 
enablee comparison between groups. The extent of synaptic reorganization of the 
mossyy fibers into the dendritic layer of the dentate granule cells was evaluated by two 
observerss according to a standardized 0-5 scale referring to the extent and density of 
zinc-stainedd granules in the inner molecular layer (Amaral and Witter, 1995; Cavazos 
ett al, 1991; Gorter et al., 2001). 

Immunocytochemistry Immunocytochemistry 

Single-- and double-label immunocytochemistry was performed on free-floating 
sectionss as previously described (Aronica et al, 2000). Horizontal sections at the 
midlevell  of the hippocampus were washed in 0.05 M PBS, pH =7.4 and incubated for 
300 min. in 0.3% hydrogen peroxidase in PBS to inactivate endogenous peroxidase. 
Sectionss were then washed (2x10 min.) in 0.05 M PBS, followed by washing 
(600 min.) in PBS + X % Triton X-100 + 0.4% bovine serum albumin (BSA). The 
Tritonn X-100 concentration that we used in the pre-immune sera (X) and during the 
incubationss with the antibodies (Y) are indicated below as: X / Y. The sections were 
thenn incubated with the primary antibody (see below) in PBS + Y% Triton X-
1000 + 0.4% BSA at room temperature. We used antibodies raised against: 

NeuNN (anti-Neuron-Specific Nuclear Protein), 1:1000, 0.5% / 0.1% Triton 
(monoclonall  mouse, MAB 377, Chemicon, Temecula, CA, USA) (Mullen et 
al,, 1992), 

-- NCX1, 1:1000, 0.25% / 0.25% Triton (monoclonal mouse IgG, R3F1, Swant, 
Bellinzona,, Switzerland) (Porzig et al, 1993), 

-- NCX2, 1:25, 0% / 0% Triton (monoclonal mouse IgM, W1C3, kindly 
providedd by Dr. H. Porzig, Bern, Switzerland), 
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-- NCX3, 1:5000, 0.25% / 0.25% Triton (polyclonal rabbit IgG, antisera 95209, 
kindlyy provided by Dr. D.A. Nicoll, Los Angeles, CA, USA), 

-- NCKX2, 1:100, 0% / 0% Triton (polyclonal rabbit IgG antisera, Affinit y 
BioReagents,, 10 P's, Breda, The Netherlands) (Tsoi et al, 1998), 

-- P M C A l ^ , 1:2000, 0% / 0% Triton (monoclonal mouse IgG, 5F10, Upstate 
Biotechnology,, Campro Scientific, Veenendaal, The Netherlands). This 
antibodyy binds to all four PMCA subtypes (Borke et al., 1989). 

Afterr 24 h, the sections were washed in PBS (3 x 10 min.) and then incubated for 1.5 h 
inn biotinylated sheep anti-mouse or anti-rabbit IgG (Amersham, Pharmacia Biotech, 
Roosendaal,, The Netherlands), diluted 1:200 in PBS + Y% Triton X-100 + 0.4% 
BSA.. Sections were washed in PBS (3 x 10 min.) and incubated for 1.5 h in 
streptavidin-horseradishh peroxidase (Zymed Laboratories, San Francisco, CA, USA), 
dilutedd 1:200 in PBS + Y% Triton X-100 + 0.4% BSA. After washing in 0.05 M Tris-
HC1,, pH 7.9 ( 3 x 10 min.), the sections were stained with 3,3'-diaminobenzidine 
tetrahydrochloridee (30 mg DAB) and 750 u.1 1% hydrogen peroxide in a 100 ml 
solutionn of Tris-HCl. Staining was stopped by washing 10 min. in 0.05 M phosphate 
bufferr (PB). After mounting on Superfrost Plus slides, the sections were air dried, 
dehydratedd in alcohol and xylene and coverslipped with Entellan (Merck, Darmstadt, 
Germany). . 

Forr double labeling we used anti-synapsin (1:200, monoclonal mouse, Bio Trend, 
Köln,, Germany) in combination with anti-NCX3. After 24 h incubation with the 
primaryy antibodies (Ab), the sections were washed in PBS (3 x 10 min.) and then 
incubatedd for 1.5 h with a 1:200 dilution of ALEXA 488 goat anti-mouse IgG 
antiserumm (Molecular Probes, Eugene, USA) and ALEXA 568 goat anti-rabbit IgG 
antiserumm (Molecular Probes, Eugene, USA). Finally, the sections were washed in PBS 
(3x100 min.) and in 0.05 M PB (10 min.) and mounted on Superfrost Plus slides using 
Vectashieldd mounting medium for fluorescent microscopy (Vector Laboratories, 
Burlingame,, CA, USA). These sections were analyzed by means of a laser scanning 
confocall  microscopy (Biorad, MRC1024) equipped with an argon-ion laser (Aronica et 
al.,, 2003). Unless mentioned otherwise, all chemicals were obtained from Sigma. 

EvaluationEvaluation of immunostaining 

Usingg a light microscope all sections were examined by two observers independently. 
Thee intensity, the cellular localization, and the abundance of immunoreactive cells 
weree examined in different (para)hippocampal regions (CAI, CA3, dentate gyrus, 
subiculum,, entorhinal cortex) of control and KA rats. For all proteins that we have 
tested,, we did not detect any differences in the expression patterns between the 3 wk-
Controll  group and the LT-Control group. These two control groups were therefore 
pooled.. Control sections incubated without the primary Ab or replacing it with pre-
immunee sera showed only a very light background staining. 
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PhotographyPhotography and data analysis 

Imagess of sections were taken using a digital camera (Olympus D PI 1, Japan) and were 

importedd into Adobe Photoshop (version 7.0). This program was used to normalize 

contrastt and brightness, but not to enhance or change the image content in any way. 

Forr comparison of N C X 1, NCX2, NCX3, NCKX2, PMCA1-4, NeuN, Nissl and 

Timm's-stainedd sections between the experimental groups, photographs were taken at 

thee same magnification. 

R E S U L T S S 

SeizureSeizure activity after induction o/SE 

I nn all rats, systemic injections with kainic acid (total dose varied from 10—20 mg/kg) 

evokedd a Status Epilepticus (SE) that lasted for at least one hour. Al l KA-injected rats 

(33 wk-KA rats: n — 7, LT-K A rats: n = 5) had stage IV—V behavioral seizures 

characterizedd by generalization and tonic-clonic convulsions (Ben-Ari, 1985; Racine, 

1972).. A t least two to nine behavioral (stage IV—V) seizures per hour were observed 

forr at least 1-2 h after the last injection. Several KA rats almost continuously 

experiencedd seizures during the observation period. After a latent period of several 

weeks,, the KA-injected rats developed spontaneous seizures, as observed during cage 

change.. We never observed a seizure in the control rats. 

NeuronNeuron loss 

Forr each rat, neuronal cell loss in the (para)hippocampal regions was determined using 

thee specific neuronal marker NeuN. Figure 6.1 shows a typical example of NeuN 

immunoreactivityy in the hippocampal formation of a control (A), a 3 wk-KA rat (B) 

andd a LT-K A rat (C). In KA rats, neuronal loss was evident in the dentate hilus, the 

subiculum,, layer II I of the entorhinal cortex (EC) and, to a somewhat lesser extent, 

thee hippocampal areas CA1-3. Hilar cell loss was variable but in general more 

extensivee at the infrapyramidal blade than at the suprapyramidal side of the dentate 

hiluss (Gorter et a l, 2003; Gorter et al., 2001). Cell loss was not different between the 3 

wk-K AA and the LT-K A group. 

NCX1NCX1 immunoreactivity 

Contro ll  rats: Figure 6.1 shows the pattern of NCX1 expression in the 

(para)hippocampall  regions of control rats (Fig. 6.ID) and epileptic rats three weeks (3 

wk-KA ;; Fig. 6.1E) and 2.5 months after SE (LT-KA ; Fig. 6.IF). In control rats, weak 

NCX11 staining was observed in the membrane and the cytoplasm of the CA1—3 

pyramidall  cells, the dentate gyrus (DG) granule cells and neurons in the EC. 
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NeuNN NCX1 

Figuree 6.1: NeuN and NCX1 immunoreactivity 
(A—C)) Immunostaining with anti-NeuN, a neuronal nuclear protein, demonstrates neuronal 
distributionn in the hippocampal formation of a control rat (A) and epileptic rats that were perfused 3 
weekss (3 wk-KA ; B) or 2 months (LT-KA ; C) after status epilepticus (SE). There is extensive 
neuronall  loss in the subiculum, layer II I of the entorhinal cortex and the dentate hilus (arrows in B 
andd C), whereas cell loss elsewhere is less conspicuous. (D—F) Distribution of NCX1 
immunoreactivityy in hippocampal sections of the same rats as in A-C. Note the decreased NCX1 
expressionn in layer II I of the entorhinal cortex in the epileptic rats (arrow in E). (G—I) Detail (see 
boxx in D) of distribution of NCX1 immunoreactivity in the dentate gyrus (DG). When compared 
withh control rats (G), NCX1 expression in the inner molecular layer (iml) of the epileptic rats (H and 
I)) is decreased. The «-> indicates the width of the iml. ML = molecular layer, gel = granule cell layer. 
Scalee bar in A = 750 um (applies to A—F) or 60 ^m (applies to G—I). 

Inn CA1, the strongest expression was found in stratum oriens (so) and stratum 
radiatumm (sr), while a slightly less strong expression was found in stratum lacunosum 
molecularee (slm). A very weak staining was observed in stratum lucidum of the CA3. 
NCX11 was weakly expressed in the dentate hilus. Within the molecular layers (ml) of 
thee dentate gyrus, NCX1 was more strongly expressed in the medial molecular layer 
(mml)) and inner molecular layer (iml) than in the outer molecular layer (oml), which 
showedd light staining (mml > iml > oml; Fig. 6.1G). The subicular complex showed a 
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slightlyy weaker NCX1 staining than the CA1 area (CA1 > subiculum (S) > ParaS > 
PreS).. In control rats, NCX1 staining in the entorhinal cortex was strongest in layer V 
andd VI , while the other layers had modest expression (Fig. 6.ID). Staining in layer II 
off  the entorhinal cortex had a columnar appearance. 

Epilepti cc rats: No clear differences in the NCX1 expression levels were observed 
betweenn the 3 wk-KA rats and the LT-KA rats. The pattern of NCX1 expression in 
thee epileptic rats was largely comparable with that of control rats, with a few 
exceptionss (Fig. 6.1 E-F). Staining in stratum radiatum of the CA3 region of the 
epilepticc rats was sometimes weaker than in control rats. This was related to cell death 
off  CA3 pyramidal neurons. In addition, NCX1 expression in the iml, where the axons 
off  the hilar mossy cells normally terminate on the dendrites of the DG granule cells, 
wass reduced in the epileptic rats when compared with control rats. This was related to 
celll  death of hilar neurons (Fig. 6.1 H-I) . This is supported by the fact that hilar cell 
deathh was most extensive at the infrapyramidal blade of the hilus. This correlates with 
thee relatively more extensive decrease of NCX1 expression in the infrapyramidal side 
off  the iml when compared with the suprapyramidal side. NCX1 expression in layer II I 
off  the EC of the epileptic rats was reduced when compared with control rats, again 
relatedd to the extensive cell death in this layer. Other areas within the parahippocampal 
regionn did not show altered expression. 

NCX2NCX2 immunoreactivity 

Controll  rats: In accordance with a previous study (Papa et al., 2003), strong NCX2 
expressionn was present in the somata of all neurons within the hippocampal formation 
andd entorhinal cortex (Fig. 6.2A&D). NCX2 expression in sr and so of the CA3 
regionn was moderate. NCX2 staining was also evident in apical dendrites in sr and slm, 
butt not in basal dendrites in stratum oriens of the CA1 area (Fig. 6.2D). Astrocytes 
weree weakly stained. NCX2 was also moderately expressed in the molecular layers (ml) 
off  the DG (Fig. 6.2A). There was no clear difference in NCX2 expression between the 
molecularr layers. In the EC of the control rats, staining was slightiy stronger in layer 1 
off  the EC when compared with the other layers of the EC (not shown). 
Epilepti cc rats: NCX2 staining in epileptic rats was comparable with that in control 
rats,, with a few striking exceptions: in the 3 wk-KA rats (Fig. 6.2B), the iml showed 
strongerr NCX2 staining when compared with the oml and mml. This may represent 
NCX22 expression in glial cells, that are known to be abundantly present in this region 
inn epileptic rats (Aronica et al., 2000). The high expression of NCX2 in the iml is not 
relatedd to mossy fiber sprouting into the iml, since it was present before mossy fiber 
sproutingg was only lightly present and it was not found in the LT-KA rats, that have 
extensivee mossy fiber sprouting (see below). In contrast to in control rats (Fig. 6.2D), 
aa strong NCX2 expression was observed in astrocytes (Fig. 6.2E). These astrocytes 
weree especially found in areas where cell loss is extensive: sr and slm of the dentate 
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Figur ee 6.2: NCX2 immunoreactivit y 

(A-C )) Distribution of NCX2 immunoreactivity in the DG area of a control rat (A) and epileptic rats 
threee weeks (B) and 2.5 months (C) after SE. Note the increased expression of NCX2 in the iml of 
thee 3 wk-KA epileptic rats (arrow in B) when compared with control rats. Inset in A shows an 
overvieww of NCX2 staining in a midhorizontal hippocampal section of a control rat. In the LT-KA 
rats,, NCX2 expression in the iml had returned to control levels, with the exception of a clear thin 
bandd of NCX2 expression at the outer aspect of the iml (arrow in C). (D—F) Detail of the CA1 
regionn (sp = stratum pyramidale) showing increased NCX2 expression in astrocytes (arrows) in 
stratumm oriens (so) and stratum radiatum (sr) of the epileptic rats (E and F), especially at three weeks 
afterr SE (E). Scale bar in F = 300 fm (applies to A-C) or 60 u.m (applies to D-F). 
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hilus,, the subiculum, CA1 area, the CA3 region, and also in layer II I of the EC. 
Inn the LT-KA rats, fewer (reactive) astrocytes were present than in the 3 wk-KA rats, 
however,, NCX2 expression was still obvious in a subset of astrocytes (Fig. 6.2F). The 
NCX22 expression level in the iml was comparable to that in control rats. However, in 
thesee LT-KA rats, there was a thin band of NCX2 protein expression at the border 
betweenn the iml and the mml, which may correspond with presynaptic NCX2 
expressionn in GABA-ergic or cholinergic terminals (Tolner et al., 2003) or 
postsynapticc expression of NCX2 in astrocytes (Fig. 6.2C). This band is not correlated 
withh mossy fiber sprouting, since the expression of NCX2 did not overlap with the 
sproutedd mossy fibers at this location (see Timm's staining in Fig. 6.3)4. 

NCX3NCX3 immunoreactivity 

Controll  rats: In control rats, no expression of NCX3 was observed in the somata of 
thee principal cells of the (para)hippocampal formation (Fig. 6.3A)4. In accordance with 
Papaa et al. (Papa et al., 2003), NCX3 expression in the hippocampus of control rats 
wass highest in stratum lucidum of the CA3 region (detail in Fig. 6.3G) and in the 
dentatee hilus (both corresponding with the mossy fiber terminals of the DG granule 
cells).. In sr and slm of the CA1 area, NCX3 staining was slighdy less intense than in 
thee dentate hilus. The molecular layers of the dentate gyrus showed similar expression 
off  NCX3 as the CA1 region. Within the molecular layer, the iml was slighdy weaker 
stainedd than the mml and oml (Fig. 6.3D). In the parahippocampal regions, the PreS 
showedd a higher NCX3 expression than the ParaS. Layer V and VI of the EC showed 
strongerr expression of NCX3 than the other EC layers, although it was not as strong 
ass in the PreS (Fig. 6.3A). 
Epilepti cc rats: As in control rats, no clear expression of NCX3 was found in the 
principall  neurons throughout the (para)hippocampal regions of the epileptic rats (Fig. 
6.3B-C).. NCX3 expression in slm was sometimes lower than in sr in these rats, which 
iss probably related to the fact that many axon terminals from layer II I neurons of the 
ECC that project to slm are lost in epileptic rats. We did not observe NCX3 staining in 
astrocytess of the epileptic rats. 
Inn both the 3 wk-KA and the LT-KA rats, the expression of NCX3 in stratum 
lucidumm (detail in Fig. 6.3H-I, left panels) and in the dentate hilus was dramatically 
reducedd or even completely disappeared when compared with the control rats. These 
regionss correspond with the projection areas of the mossy fibers. To investigate the 
presencee of mossy fiber terminals in si and the extent of mossy fiber sprouting into 
thee iml of the epileptic rats, we performed a Timm's staining. In control rats, mossy 
fiberfiber projection was restricted to CA3 (si) and hilar region. Mossy fiber sprouting was 
evidentt in the iml of the 3 wk-KA rats, especially at the infrapyramidal blade (Fig. 
6.3B-inset);; iml sprouting was very robust in the LT-KA rats (Fig. 6.3C-inset). 

^Figuree 6.3 is shown on the back cover of this thesis. The corresponding caption can be found on the last 
pagee of this thesis. 
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NCX33 expression in the iml of the 3 wk-KA rats was reduced (Fig. 6.3E), while the 
omll  of these rats showed increased NCX3 staining when compared with the control 
rats.. In the LT-KA rats (Fig. 6.3F), the expression of NCX3 in the oml was even 
stronger,, while staining in the iml of these rats was even weaker than in the 3 wk-KA 
(Fig.. 6.3E). We also investigated the extent of synaptic reorganization in the iml using 
anti-synapsinn as a presynaptic marker, staining for the vesicle protein synapsin. 
Synapsinn staining in the iml of the control rats was evident (Fig. 6.3D-inset). In the 3 
wk-KAA rats, staining was still present, although reduced when compared with the 
controll  rats. Synapsin expression showed a punctuate pattern just above the granule 
celll  layer in these 3 wk-KA rats (Fig. 6.3E-inset). NCX3 expression in the iml of the 
LT-K AA rats was weak, while synapsin staining was much more intense than in the 3 
wk-KAA rats and overlapped with the robust Timm's staining in the iml (Fig. 6.3F-
inset),, indicating that the new synapses remain devoid of NCX3. 

AA double-labeling experiment with anti-NCX3 and anti-synapsin clearly showed 
expressionn of both proteins throughout stratum lucidum in control rats (Fig. 6.3G-
rightt panel). In epileptic rats, the expression of NCX3 in this layer was markedly 
reduced.. This was not due to loss of mossy fiber terminals in this region, since they 
weree still prominently present as evidenced by synapsin immunoreactivity (Fig. 6.3H-
rightt panel). In addition, NCX3 expression in si of the LT-KA rats was still very low, 
whilee mossy fiber terminals, indicated by the black Timm's staining in this same layer, 
weree abundantly present (Fig. 6.31-right panel). 

Inn the parahippocampal regions, except for a decrease of NCX3 staining in layer II I of 
thee entorhinal cortex which is probably related to cell loss, no clear differences in 
NCX33 expression between epileptic and control rats were found. 

NCKX2NCKX2 immunoreactivity 

Controll  rats: In control rats, NCKX2 expression was evident in the somata and in the 
dendritess of neurons in all (para)hippocampal regions (Figure 6.4A). Staining in 
stratumm lacunosum moleculare was slightly stronger than in stratum radiatum. Staining 
off  stratum lucidum was weak. In the ml, staining was also found in astrocytes. The iml 
showedd slightly weaker staining than the other two layers of the ml (Figure 6.4D&G). 
Theree was a thin band of NCKX2 protein expression on the border between iml and 
mml,, presumably representing NCKX2 expression in astrocytes. 
Epilepti cc rats: The expression pattern of NCKX2 in epileptic rats was largely 
comparablee with that in control rats. However, in the 3 wk-KA rats and, to a lesser 
extent,, the LT-KA rats, many (reactive) astrocytes were present throughout the 
hippocampuss (dentate hilus, stratum lacunosum-moleculare and stratum radiatum of 
thee CA1 area (Fig. 6.4B—C), the subicular complex and also in layer II I  of the 
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Figur ee 6.4: N C K X 2 immunoreact iv i t y 

(A—C)) Detail of the CA1 region (sp = stratum pyramidale) showing increased NCKX2 expression in 
astrocytess (arrows) in stratum oriens (so) and stratum radiatum (sr) of the epileptic rats (B and C), 
especiallyy at three weeks after SE. Inset in A shows NCKX2 staining in the hippocampal formation 
off  a control rat (A). (D-F) Distribution of NCKX2 immunoreactivity in the dentate gyrus (DG) area 
off  a control rat (D) and epileptic rats three weeks (E) and 2.5 months after SE (F). Note the 
increasedd expression of NCKX2 in the iml of the 3 wk-KA epileptic rats (arrow in E, detail in H) 
whenn compared with control rats (D, detail in G). In the LT-KA rats, NCKX2 expression in the iml 
hadd returned to control levels, with the exception of a clear thin band of NCKX2 expression at the 
outerr aspect of the iml (arrow in F, detail in I). (G—I) Detail of the molecular layer (see box in E). 
Thee <-*  indicates the width of the iml. gel = granule cell layer. Scale bar in C = 60 pun (applies to A-C 
andd G-I) or 300 [im (applies to D—F). 

entorhinall  cortex. The NCKX2 expression level in these astrocytes was strongest in 
regionss with extensive neurodegeneration. When compared with control rats, NCKX2 
stainingg was markedly increased in the iml of the 3 wk-KA rats (Fig. 6.4E&H). In the 
LT-K AA rats, NCKX2 staining in the iml was only slighdy darker than in control rats 
(Fig.. 6.4F&I). In addition, the small band of NCKX2 expression at the border 
betweenn iml and mml in these LT-KA rats was more pronounced than in the control 
rats,, especially at the infrapyramidal side where hilar cell loss was more extensive. 
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PMdAPMdA immunoreactivity 

Controll  rats: In control rats, the principal cells in all (para)hippocampal areas showed 
PMCAA staining in the membrane, but not in the cytoplasm (Fig. 6.5A). Staining in 
stratumm lucidum and the dentate hilus was moderate to weak. Within the 
hippocampus,, PMCA expression was highest in stratum oriens (so > sr > si and 
dentatee hilus). PMCA expression in the ml was not different between the three layers 
(Fig.. 6.5D). PMCA staining in the subiculum was weaker than in the CA1 region (Fig. 
6.5A).. Within the pre- and parasubiculum, PMCA expression in the superficial layers 
(II )) was higher than in the deep layers. Within the entorhinal cortex, layer I, V and VI 
showedd a stronger expression of PMCA than the other layers of the entorhinal cortex. 
Theree was a slight increase of staining from the lateral entorhinal cortex to the 
perirhinall  cortex. 

Epilepticc rats: The pattern and intensity- of PMCA expression in the hippocampus of 
thee epileptic rats was largely comparable with that in control rats (Fig. 6.5B-C). As in 
controll  rats, PMCA in epileptic rats was expressed in the membrane and not in the 
cytoplasmm of the principal cells in all (para)hippocampal areas. There were no marked 
differencess in PMCA expression between the 3 wk-KA and LT-KA rats. In stratum 
radiatumm of the CA3 area in the epileptic rats, PMCA staining of the dendrites 
(neuropil)) was weaker when compared with control rats, probably related to cell death 
off  the CA3 pyramidal neurons. As in control rats, PMCA expression in stratum 
lucidumm and the dentate hilus of epileptic rats was low. PMCA expression in the iml of 
thee dentate gyrus in the 3 wk-KA rats was higher when compared with the other two 
layerss of the ml (Fig. 6.5E). The expression level of PMCA in the iml of these rats was 
higherr than in control rats. In the LT-KA rats, there was an increase in PMCA staining 
throughoutt all molecular layers, although it was most evident in the iml and mml (Fig. 
6.5F). . 

Inn epileptic rats, staining in layer III of the entorhinal cortex (both medial and lateral) 
wass weaker when compared with control rats and it had a columnar appearance (Fig, 
6.5C-inset).. This most likely represents PMCA expression in the dendrites of layer V 
pyramidall  neurons of the entorhinal cortex that traverse through layer II I of the 
entorhinall  cortex. Since many PMCA-positive neurons in layer II I are lost in epileptic 
rats,, layer V dendrites are now more conspicuous against a light background than in 
controlss (compare Figs. 6.5A,B and C). 
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Figur ee 6.5: P M C A immunoreact iv i t y 

(A-C)) Distribution of PMCA immunoreactivity in the (para)hippocampal regions of a control rat (A) 
andd epileptic rats three weeks (B) or 2.5 months (C) after SE. Note the reduced PMCA expression in 
layerr II I of the entorhinal cortex in epileptic rats (arrows in B and C). The inset in C represents a 
detaill  of layer II I of the EC (see box in C) showing PMCA staining with a columnar appearance. 
(D-F)) Detail of distribution of PMCA immunoreactivity in the molecular layer of the dentate gyrus 
(seee box in B) of a control (D), 3 wk-KA rat (E) and a LT-KA rat (F). When compared with the 
controll  rats, PMCA expression is increased in the iml of the 3 wk-KA rats. In the LT-KA rats, there 
wass an overall increase in PMCA staining throughout the whole molecular layer, which was most 
evidentt in the iml and medial molecular layer (mml). See also arrowheads in B and C. The <-» 
indicatess the width of the iml, gcl= granule cell layer. Scale bar in A = 750 \xm (applies to A-C), 60 
u.mm (applies to D-F) or 200 fim for inset in C. 
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DISCUSSION N 

Inn this study, we found several alterations in the hippocampal expression patterns of 
calciumm extrusion proteins in chronic epileptic rats when compared with control rats, 
whichh can be summarized as follows: (1) an extensive and lasting downregulation of 
thee expression of NCX3 in mossy fiber terminals from epileptic rats, (2) a permanent 
downregulationn of NCX1 and NCX3 expression in the inner molecular layer of the 
DG,, (3) a (transient) upregulation of PMCA and NC(K)X2 in the (inner) molecular 
layerr after SE, and (4) a (transient) upregulation of NCX2 and NCKX2 in astrocytes 
off  epileptic rats throughout the hippocampal formation. In addition, alterations in 
calciumm extrusion protein expression were found that could be direcdy attributed to 
celll  loss that is known to occur within specific regions of epileptic rats. For example, 
NCX11 and PMCA expression levels were decreased in layer II I of the entorhinal 
cortex,, where cell loss was extensive. 

ReducedReduced XCX3 expression at specific presynaptic sites of epileptic rats 

Thee most conspicuous finding in this study was the dramatic and persistent decrease 
off  NCX3 expression in the mossy fiber terminals of the DG granule cells in epileptic 
ratss (3 weeks and 2-3 months after SE). NCX3 expression disappeared in the mossy 
fiberfiber terminals in stratum lucidum that project on the CA3 pyramidal neurons. In 
addition,, the newly formed mossy fiber sprouts that project on the dendrites of the 
DGG granule cells in the inner molecular layer did not noticeably express NCX3, until 
att least 2.5 months after SE. NCX3 expression was markedly reduced in stratum 
lucidumm of the epileptic rats (3 weeks and 2.5 months after SE) when compared to 
controll  rats, while the expression of the other calcium extrusion proteins in this region 
wass low and not different between control and epileptic rats. 
Thee number of mossy fibers in stratum lucidum was not different between control 
andd epileptic rats as evidenced by the Timm's staining and synapsin levels in this layer. 
Therefore,, the decreased NCX3 expression in stratum lucidum, where the mossy fiber 
terminalss form synapses with the CA3 pyramidal neurons, might result in a slower 
clearancee of elevated [Ca2+], from the terminal and could well affect the properties of 
neurotransmitterr release from the mossy fiber terminals (Bouron and Reuter, 1996). 
Goussakovv et al. reported an increase in the size of the releasable glutamate pool in 
mossyy fiber terminals of KA-treated rats, indicating an increased release probability at 
thee mossy fiber-CA3 synapse in these rats (Goussakov et al., 2000). The possible 
functionall  relevance of reduced NCX expression is underscored by a recent study of 
Jeonn et al. who found that in NCX2 null-mutant mice, paired-pulse facilitation and 
long-termm potentiation in the CA1 area of the hippocampus were enhanced and spatial 
learningg was improved (Jeon et al., 2003). 

Inn the iml of the dentate gyrus, (dynamic) alterations in the expression of several 
calciumm extrusion proteins were found after SE. Due to hilar cell death, the projection 
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off  these excitatory mossy cells onto the dendrites of the DG granule cells in the iml 
(Amarall  and Witter, 1995) is largely lost. In turn, new excitatory synaptic contacts are 
formedd by sprouted mossy fiber collaterals that project to the dendrites of the DG 
granulee cells in the inner molecular layer, resulting in a recurrent excitatory circuit 
(Avolii  et al., 2002; Golarai and Sutula, 1996; Wuarin and Dudek, 1996). Three weeks 
afterr SE, moderate mossy fiber sprouting was already evident, but not as prominent as 
inn the long-term epileptic rats. These newly formed sprouted mossy fibers in epileptic 
ratss did not noticeably express NCX3 or NCX1. The (transient) upregulation of 
NCX22 and NCKX2 in the iml of epileptic rats could be ascribed to increased 
expressionn of these exchangers in reactive glial cells, as discussed below. NCX2 and 
NCKX22 are not upregulated in the sprouted mossy fibers, since only a small band of 
expressionn was observed at the outer aspect of the iml in the long-term epileptic rats, 
inn which sprouting fills the entire iml. Finally, PMCA expression was found to be 
upregulatedd in the iml of the epileptic rats, but this observation probably represents an 
overexpressionn of this protein in the dendrites of the DG granule cells as will be 
discussedd below. 

Takenn together, we might speculate that the low expression of the calcium extrusion 
systemss in the newly formed mossy fiber terminals in the epileptic animals could result 
inn a relatively slow recovery from calcium loads after electrical stimulation. This in 
turnn may lead to enhanced neurotransmitter release from these terminals (Bouron and 
Reuter,, 1996), thereby even further enhancing recurrent excitation of the DG granule 
cellss and, therefore, overall excitability of the dentate gyrus. This will contribute to the 
developmentt of chronic epilepsy. Regarding these findings, it is interesting to note that 
severall  authors have reported that the amplitude, frequency and duration of 
spontaneouss excitatory currents are increased in epileptic rats with extensive mossy 
fiberfiber sprouting when compared with control rats. Amongst others, they suggest that 
thee larger amplitude could be the result of increased neurotransmitter release from the 
mossyy fiber terminals (Simmons et al, 1997; Wuarin and Dudek, 2001). In addition to 
thee previously reported loss of the calcium-binding protein calbindin-D28k from 
mossyy fiber terminals in human and experimental epilepsy (Baimbridge et al., 1985; 
Kohrr et al., 1991; Magloczky et al, 1997; Nagerl et al., 2000; Yang, Q. et al., 1997), the 
losss of NCX3 from the mossy fiber terminals is another indication of impaired 
calciumm control in mossy fiber terminals in chronic epilepsy. 

PMCAPMCA upregulation in the iml of epileptic rats 

Thee PMCA was upregulated in the iml of both the 3 wk-KA and the LT-KA rats. 
However,, while the PMCA expression level was clearly increased in the iml of the 3 
wk-KAA rats, mossy fiber sprouting was not very extensive in these rats. This argues 
againstt a presynaptic upregulation of the PMCA in the sprouted mossy fiber terminals. 
Thus,, the PMCA is most likely upregulated postsynaptically in the dendrites of the 
DGG granule cells. In these dendrites, the upregulation of PMCA will promote the 
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recover)77 from calcium loads after electrical activity. Because the PMCA has a high 
affinityy for calcium, it can effectively operate near resting [Ca2+], and an upregulation 
couldd maintain a stable calcium resting level to compensate, for example, an increase 
inn calcium current. 

Althoughh an overexpression could function as a postsynaptic mechanism to 
compensatee for the enhanced neurotransmitter release from the sprouted mossy 
fibers,fibers, its physiological relevance may be limited: following a burst of activity, the 
resultingg substantial elevation of [Ca2+]j will quickly saturate the high-affinity PMCA, 
whilee its capacity to rapidly extrude Ca2+, is limited (Blaustein and Lederer, 1999). 

IncreasedIncreased expression o/NCX2 and NCKX2 in astrocytes of epileptic rats 

Twoo transporters (NCX2 and NCKX2) showed increased expression after SE in 
astrocytess throughout the hippocampal formation, particularly in regions where cell 
losss was extensive. This was most evident in the 3 wk-KA rats, in which gliosis is 
robustt (Aronica et al., 2000). 2.5 months after SE, the upregulation of NCX2 and 
NCKX22 was still evident in astrocytes. However, the number of NC(K)X2-positive 
astrocytess in these long-term epileptic rats was less than what can be observed during 
thee first weeks after SE (forgensen et al, 1993). In astrocytes, NCX2 and NCKX2 
(Lyttonn et al., 2002) both play a role in the recovery from calcium loads after a period 
off  electrical activity. In addition, NCKX2 exploits the potassium gradient, so that it is 
ablee to extrude calcium more efficiendy than the potassium-independent exchangers 
(ENCKXX  > iiNCx) (Eee et al., 2002). The precise quantitative consequences are as yet 
unknown,, but there could be a functional link with the other important role of glia, 
namelyy spatial buffering of extracellular potassium (Chen and Nicholson, 2000). The 
increasedd NCKX2 expression in astrocytes will not only lead to enhanced calcium 
extrusion,, but it will also contribute to the restoration of intracellular K+ levels, that 
aree elevated during seizure activity when the glial syncytium functions as a spatial 
potassiumm buffer. 
Inn addition to the substantial increase in the number of reactive astrocytes, several 
epilepsy-associatedd alterations of functional properties that are associated with calcium 
homeostasiss have been reported in glial cells (Steinhauser and Seifert, 2002). In animal 
modelss of TLE, metabotropic glutamate receptor 5 proteins (mgluS) are persistently 
upregulatedd in reactive astrocytes of the hippocampus (Aronica et al., 2000; Ulas et al., 
2000).. Frequent activation of mglu5 during seizures will result in an increase of [Ca2+]i 
byy releasing calcium from internal stores. In this regard, it is interesting to note that 
thee NCX has been reported to be confined to plasma membrane microdomains that 
overliee sub-plasmalemmal (junctional) ER, where it is suggested to play an important 
locall  role in regulating the Ca2+ content of the ER stores (Blaustein and Lederer, 1999; 
Juhaszovaa et al., 2000). 
Specificc calcium channel subunits forming the L-type calcium current are strongly 
upregulatedd in reactive hippocampal astrocytes from TLE patients with hippocampal 
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sclerosiss (Djamshidian et al., 2002) and following KA-induced chronic epilepsy 

(Westenbroekk et al., 1998), which wil l lead to an increased calcium influx in these cells 

andd may demand more effective calcium extrusion in order to maintain the calcium 

homeostasiss in astrocytes. The increased expression of NCX2 and N C K X 2 could 

fulfil ll  this need. 

Conclusions Conclusions 

Inn conclusion, we found various alterations of calcium extrusion protein expression 

levelss in the hippocampal-parahippocampal region of chronic epileptic rats, which 

certainlyy wil l contribute to altered calcium homeostasis in these rats. Some changes 

mayy lead to increased excitability through decreased expression at the presynaptic site 

(NCX1,, NCX3). Other calcium extrusion proteins are upregulated at the postsynaptic 

sitee (PMCA) and /or seem to compensate for the loss of NCX1 and NCX3 expression 

att the inner molecular layer where synaptic reorganization is progressively increasing 

duringg epileptogenesis. Moreover, at places where extensive degeneration has 

occurred,, reactive astrocyte expression of NCX2 and N C K X 2 becomes evident, 

probablyy as a reaction on the increased calcium fluxes that occur in these cells after 

SE.. In addition, the increased N C K X 2 expression in astrocytes wil l also contribute to 

thee clearance of K + from the astrocyte syncytium, which is involved in K + buffering 

duringg seizure activity. Our results show regional-specific changes in the expression of 

calciumm extrusion proteins in epileptic rats, indicating altered calcium homeostasis in 

thee diseased state. More importantly, some alterations in calcium extrusion protein 

expressionn are already present at 3 weeks after SE and could therefore be involved in 

thee process of epileptogenesis. 
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