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There is considerable controversy whether aberrant GIuR3 and NMDARL1 and (2) negatively correlated
fascia dentata (FD) mossy fiber sprouting is an epiphe- with CA1 and subiculum GIuR1 and GluR2 mRNA
nomena related to neuronal loss or a pathologic levels. These results indicate that: (1) hippocampal
abnormality responsible for spontaneous limbic sei- AMPA and NMDA receptor subunit mRNA levels
zures. If mossy fiber sprouting contributes to seizures, changed as rats progressed from the latent to chronic
then reorganized axon circuits should alter postsynap- seizure phase and (2) certain subunit alterations
tic glutamate receptor properties. In the pilocarpine- correlated with mossy fiber sprouting. Our findings
status rat model, this study determined if changes in support the hypothesis that aberrant axon circuitry
alpha amino-3-hydroxy-5-methyl-4-isoxazole-propio- alters postsynaptic hippocampal glutamate receptor
nate (AMPA) and n-methyl-D-aspartic acid (NMDA) subunit stoichiometry; this may contribute to limbic
receptor subunit mMRNA levels correlated with mossy epileptogenesis. J. Neurosci. Res. 54:734—753, 1998.
fiber sprouting. Sprague-Dawley rats were injected © 1998 Wiley-Liss, Inc.

with pilocarpine (320 mg/kg; i.p.) and maintained in - ey words: glutamate neurotransmission; ionotropic

status epilept_icus for 6 to 8 hours (pilocarpine-status). receptors; synaptic reorganization; reactive synapto-
Rats were killed during the: (1) latent phase after genesis; temporal lobe seizures

neuronal loss but before spontaneous limbic seizures

(day 11 poststatus; n=7); (2) early seizure phase

after their first seizures (day 25; n=7); and (3) INTRODUCTION

chronic seizure phase after many seizures (day 85; For more than a decade, there has been vigorous
n = 9). Hippocampi were studied for neuron counts, debate whether damage-induced reactive synaptogenesis
inner molecular layer (IML) neo-Timm’s staining, causes neuronal hyperexcitability and spontaneous sei-
and GluR1-3 and NMDAR1-2b mRNA levels. Com- zures. Most of this controversy has centered on the
pared with controls, pilocarpine-status rats in the: (1) hippocampus and the pathophysiologic relationship be-
latent phase showed increased FD GIuR3, NMDAR1, tween supragranular mossy fiber sprouting and limbic
and NMDAR2b; greater CA4 and CAL NMDAR1; sejzures (McNamara, 1994; Dudek and Spitz, 1997).
and decreased subiculum GluR1 hybridization densi-

ties; (2) early seizure phase showed increased FD

G|UR3, increased CAl NMDAR]" and deC(easgd Contract grant sponsor: NIH; Contract grant numbers: KO8 NS 01603,
subiculum NMDAR2b densities; and (3) chronic sei- po1 NS 02808, PO1 NS 28383, NS 28383.
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Tauck and Nadler (1985) were the first to show electria ionotropic glutamate receptor subunits correlate with
physiologic evidence that mossy fiber sprouting wasberrant mossy fiber sprouting.
associated with granule cell hyperexcitability as mea- In rats with spontaneous limbic seizures, this study
sured by paired-pulse potentiation. Since then, numeraletermined if hippocampal AMPA and NMDA receptor
experimental studies have reported in vitro and in viveubunit mMRNA levels correlated with supragranular mossy
evidence that injury-induced aberrant mossy fiber sprotiBer sprouting. We selected the pilocarpine status model
ing is associated with granule cell hyperexcitability andecause it shows fascia dentata mossy fiber sprouting
spontaneous limbic seizures (Cronin and Dudek, 1988milar to temporal lobe epilepsy patients and has a
Cronin et al., 1992; Mathern et al., 1993, 1997a; Leite ptedictable time course of chronic seizures that replicates
al., 1996; Wuarin and Dudek, 1996). In the hippocampuiie human limbic epilepsy syndrome (for review, see
these findings support the hypothesis that sprouted axdfeiser et al., 1993; Mathern, 1998a). Following status
collaterals result in abnormal axon circuitry leading tepilepticus, animals enter a latent phase during which no
seizures (for review, see Dudek et al., 1994; Mathern ggontaneous limbic seizures are observed. After 2 to 3
al., 1997c; Mathern, 1998a, b). This hypothesis ha¢eeks, status rats begin to show spontaneous limbic
important clinical relevance in that human hippocamsieizures that progressively increase in number and sever-
from temporal lobe epilepsy patients show mossy fibéy until a plateau is reached. Thereafter, their limbic
sprouting and granule cell hyperexcitability similar t@pilepsy is chronic and stable. By using this model,
experimental studies (de Lanerole et al., 1989; Masukad@e-dependent changes can be monitored as animals
et al., 1989; Houser et al., 1990; Isokawa and Levesquogress through the various seizure phases. Results of
1991; Babb et al., 1991; Franck et al., 1995; Mathern #tis study have been presented in abstract form (Mathern
al., 1995c). The concept that axon sprouting contributéal., 1998c).
or causes limbic epilepsy is not without its critiques.
Following reactive seizures or status epilepticus, rodent
studies have reported decreased gamma—aminobuty’%’é‘TER'ALS AND METHODS
acid (GABA)-mediated inhibition that partially or com-Animal Preparation
pletely recovers by the time animals display significant  This experiment was performed with approved
mossy fiber sprouting and spontaneous limbic seizurgstitutional animal research protocols. Male Sprague-
(Franck and Schwartzkroin, 1985; Ashwood et al., 1986jawley rats (150—200 g) were premedicated with methyl-
Meier et al., 1992; Mangan et al., 1995). Such resulégopolamine nitrate (1 mg/kg; s.q.) followed 30 minutes
have suggested an alternate hypothesis whereby axster by pilocarpine hydrochloride (320 mg/kg; i.p; Sigma,
sprouting restores GABAergic function and is adaptiv8t. Louis, MO). A total of 53 rats were injected with
rather than maladaptive. In other words, axon sproutipgiocarpine; for the next 8—10 hours they were continu-
may not be an abnormal phenomena leading to seizugsly observed for behavioral signs of status epilepticus
generation (Sloviter, 1992; Longo and Mello, 1997).  (sustained motor seizures, unresponsiveness, facial clo-
If fascia dentata mossy fiber sprouting is maladapwus, etc.). Rats in status epilepticus for more than 6 hours
tive and responsible for limbic seizures, then the abnakere treated with a single dose of phenobarbital (1-2 mg;
mal axon connections should be associated with chang@s) to terminate the convulsions (pilocarpine status
in excitatory postsynaptic receptor properties. In addiroup). Controls consisted of naive rats injected with
tion, since reactive synaptogenesis requires many weekhicle (naive controls; & 12) and animals injected
to months to complete, alterations in postsynaptic glutedth pilocarpine but without signs of status (pilocarpine
mate receptors as a consequence of mossy fiber sproutirighout [w/o] status; n= 12). The pilocarpine w/o status
should change in a progressive and prolonged timexts did not receive phenobarbital at 6 hours, and no
dependent manner (Nadler et al., 1980; Mathern et ahgedications were used to treat the chronic limbic seizures
1992). However, an alternate possibility is that spontangsee below).
ous limbic seizures could alter glutamate receptor sub-  All pilocarpine and control animals were prepared
units. Recent studies indicate that following acute reagdthin 2—3 days and sacrificed at progressively greater
tive seizures, ionotropic glutamate receptor mMRNA levetsne points based on the presence or absence of spontane-
change within minutes to hours, remain altered for houegis limbic seizures and time after status. Pilocarpine
to days, and occur in the absence axon sprouting (Gallstatus, pilocarpine w/o status, and naive control rats were
al., 1990; Kamphuis et al., 1992; Friedman et al., 199fonitored on average 4 hours per day, 5 days per week
Gold et al., 1996; Lason et al., 1997). It is thereforor behavioral signs of limbic seizures (prolonged staring,
unclear whether chronic limbic seizures show alteratiofacial clonus, drooling, and/or secondary generalized
in glutamate receptor subunits similar to those observedizures). Rats were perfused at the following time
after acute reactive seizures and/or whether the changesrvals defined by prior studies showing a sequential
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evolution of the chronic limbic seizures (Leite et al.immediately stored for later batch processing7Q°C),
1990; Cavalheiro et al., 1991; Bertram and Cornett, 199%nd specimens were protected from RNase contamination
1994; Mathern et al., 1993; Lemos and Cavalheirthroughout the histologic processing. The dorsal hippo-
1995): (1) during thdatent phase (11 days poststatuscampus near the corpus callosum was not sampled, and
n=7) after status-induced neuronal loss but befothe process of perfusion, fixation, and tissue processing
spontaneous limbic seizures begin; (2) in tharly followed a strict set of protocols to ensure uniform
seizure phase after their first brief spontaneous limhiesults.

events (25 days poststatus=n7); and (3) in thechronic

phase when the animals display repeated random limbigbpocampal Neuronal Counts

seizures (85 days poststatus=rd). The latent rats were and Area Measurements

randomly chosen from the pool of pilocarpine status  ag previously published, sections were stained with
an]mals; none of these' rats were observed to h_ave I'mm‘ésylechtviolet (CV) for histopathologic review (30-pum-
seizures. The early seizure rats were those with at Ieﬁ%k) and cell densitometry (10 um: Babb et al., 1984a,b:
one behavioral limbic seizure by day 25 poststatus; all fathern et al.. 1992 1993 1995b 1997a 1998,61),.
the chronic seizure rats had many witnessed limbjge,ron counts were performed on both the right and left
seizures days to weeks prior to sacrifice. Pilocarpiffnocampus at the three ventral to dorsal horizontal
status rats without spontaneous limbic seizures were fQie|s and averaged into single values per animal. Neuron
sampled in the early and chronic seizure phases, and 138 nts were performed at 48Qusing grid morphometric

were observed 3 to 4 hours prior to sacrifice to ensure th@éhniques, and the counted hippocampal subfields were
had no seizures immediately before perfusion. Furthermogg,caq on Lorente de Téo (1934) classification. The

none of the naive controls or pilocarpine w/o status animaljpfie|ds were the granule cells of the fascia dentata,
had witnessed spontaneous seizures. Rats were sacrifig@ty ca3 CA1. stratum pyramidale, and subiculum

in batches (n=4 to 5) consisting of control animalse rons (see Fig. 1A). Hilar polymorph neurons were not
(naive and pilocarpine w/o status;=1 to 2) matched .. neq in this study. An ocular grid consisting of 10 by
with pllocarpln_e status rats (13 2 to 3) fr_om elth_er the 10 poxes was placed over the hippocampal region of
latent, early seizure, or chronic seizure time periods. nterest. For the stratum pyramidale, the 20 boxes in
] ) sequential 2 by 2 box segments (184L,040 um area)
Tissue Processing that followed the laminar profile of neurons were se-
Each batched set of rats were deeply anesthetidedted, and all nuclei belonging to pyramids within this
(pentobarbital; 50—-75 mg per animal) and perfused via aggion counted except for those touching the superior and
aortic cannula with buffered normal saline for 1 minright edges of the grid. Typically, nearly all of any cornu
0.1% sodium sulphide in Millonig’s buffer (pH 7.3) for 5ammonis subfield would be included in a single counted
min, and buffered 4% paraformaldehyde for 5-10 mifield. For the smaller granule cells, a linear 1 by 5 box
(Mathern et al., 1993, 1997a, 1998a). The brains wef@2 X 260 um area) was used and the measure was
removed from the cranium, blocked, postfixed the firsepeated. Final neuron counts were calculated as the
night, cryoprotected the second night (10% sucrose mumber of neurons per 1,000 ginTo ensure a uniform
0.12 M phosphate buffer; pH 7.3), and quick-frozen armmbunting technique, two blinded individuals (DM, AL)
sectioned on a cryostat-(L5°C) in the horizontal plane collected this data.
from the ventral brain surface. Adjacent sections, begin-  The two-dimensional areas of the counted principal
ning at the level of the anterior commissure (ventrddippocampal subfields were obtained from an image
level), were collected for Nissl stain (10 um and 30 umgnalysis computer. The 10-um Nissl sections (the same
neo-Timm'’s histochemistry (two sections at 30 um), anehes used for neuron counts) were imaged using a video
in situ hybridization (five sections at 30 um). The Nissihonochrome charge-coupled device camera (CCD; Hama-
and neo-Timm'’s sections were mounted onto chromiummatsu) attached to a Zeiss microscope and captured,
alum gelatin-coated slides, and in situ sections on&veraged, and digitized using a frame grabber (Data
Superfrost/Plus slides. Serial sections were collected tWranslation Quick Capture; average of 16 serially col-
more times (middle and dorsal levels) for a total of thrdected video frames) on a Macintosh computer (Model
sequential sites that bilaterally sampled the ventral 8100/110). Once captured, the image was analyzed using
middle hippocampus (i.e., total of six right and leftmage system software (NIH Image; v. 1.56; public
sample sites per animal). The rat ventral hippocampdemain). The operator outlined for the computer the same
was sampled because it is anatomically analogous to tiegions used for cell counts, and the areas?juwere
human anterior pes hippocampus that shows the maxindatermined (see Fig. 1A). For the stratum granulosum,
damage in temporal lobe epilepsy patients (Babb et ahg outline followed the granule cells over the upper and
1984a,b). The slides for in situ hybridization werdéower blades. The stratum granulosum and pyramidale
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Fig. 1. Nissl (A-D) and neo-Timm'’s (E—H) sections from aiippocampal sizes were also different between pilocarpine
naive control A andE; 85-day-old rat), latentg andF), early status rats and controls. Compared with controls, latent phase
seizure C andG), and chronic seizure rab(andH). In A, the animals had smaller hippocampi, while chronic seizure rats
subfields used for neuronal counts and area measurementswagee more like controls or even slightly larger. Compared with
indicated (dashed lines) and include the stratum granuloswontrols, pilocarpine status rats showed progressively greater
(SG), CA4, CA3, CAl stratum pyramidale, and subiculumeo-Timm'’s staining in the inner molecular layer (IML; E-H,
(SUB). Compared with controls, all three pilocarpine status ragsrowheads). All panels at equal magnification. Calibration
show hilar neuron loss (A-D, asterisks). Qualitatively, thbar= 500 um.
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area measures from all six hippocampal sample sites warel Dr. Jim Boulter; Boulter et al., 1990) included GluR1
averaged into single values per animal. (p59/2), GluR2 (pRB14), GIuR3 (pRB312), NMDAR1-1a
It should be emphasized that neuron counting afdNMDAR1-1a), and NMDAR2b (pJS2B) clones. The
area measures, as used in this study, are relative estimai@SAs were subcloned into the EcoR1 site of the
and not absolute calculations of the number of neuronsBluescript plasmid vector. Plasmid cDNAs were linear-
size of hippocampal structures. However, our measurieged with ECoOR1 (GluR1), Not | (GIuR2, GIuR3), BamH |
can be considered reliable relative estimates, statisti¢liMDARZ1), or Hind 1ll (NMDARZ2Db). Full-length anti-
differences between groups of animals that are similagnse cRNAs were transcribed with T7 (GIuR1, 2, 3, and
processed can be accurately determined, and our methddDAR1) or T3 (NMDAR2b) RNA polymerase in the
is an accepted quantitative technique in animal hippocapresence ofS-UTP (Dupont, Boston, MA). Prior studies
pal studies (Bertram et al., 1990; Bertram and Lothmaimdicate that these AMPA and NMDA mRNA constructs
1993; Mathern et al., 1992, 1993, 1997a, 1998a; Leitedd not cross-hybridize to other glutamate receptor sub-
al., 1996). units (Boulter et al., 1990; Gold et al., 1996). All enzymes
were supplied by Stratagene (La Jolla, CA).

Neo-Timm'’s Histochemistry and Inner Molecular

Layer Staining In Situ Hybridization

This procedure was the same as previously pub- In situ hybridization procedures were performed as

lished (Babb et al., 1991; Mathern et al., 1992, 1998 batch process for each riboprobe and followed previ-

. ; ~ously published protocols (Gall and Isackson, 1989;

sections, one developed lightly and the other darkly, wekQblum et al, 1904; Mathern et al, 1997b). Briefly
' loped lightly-and tt Y: Welfides with sections adjacent to the ones used for neuron
processed to confirm that the staining was specific fQr

mossy fibers. The slides were immersed in a “ph sicaPunts were removed from storage{0°C) and warmed
y S T o PRYSICHI der a stream of cool air to avoid condensation. Once at
developer” maintained at 26°C in the darkroom. The : .
: room temperature, sections were pretreated with 0.1 M
developer consisted of 180 ml of a 50% gum arabi

o o
solution, 30 ml of an aqueous solution of 7.65 g citric aci%quIne in 0.1 M phosphate buffer (PB, pH 7.4, 0.25%

. ; . “acetic anhydride in 0.1 M triethanolamine (pH 8.0), and
and 7.05 g sodium citrate, 90 ml of an agueous SOIUtlonv?/%shes of X standard saline citrate (SSC). Slides were

. o o .
5.3 g hydroquinone, and 1.5 mi of a 17% silver nltrat ehydrated through graded ethanols, immersed in chloro-

solution. Development time for light sections was 30 mi ; o .
and for dark sections was 40 min. The slides were Wash%)érsn p(grf?rlr?é dreé:ygéﬁée?(’)rafg_gl{ ggﬁ?s LTS)i/r?Sd;fJ?Jttlg)r:i-

in distilled water for 5 min and running tap water for 1 e . . .
S ately 250 pl of hybridization solution per slide (consist-
g\r/]’e?sllriggeedd’ dehydrated through alcohol to xylene, an g of the three ventral to dorsal sections per animal)

_ 0 ; )
The optical density (darkness) of inner molecul consisting of 50% formamide, 10% dextran sulfate,

o7 £ 0 . . o .
layer staining was measured as the average of the gaFSaGSAJflcoII, 0.65% polyvinyl pyrrolidone, 0.65% bovine

values (GV) between white (0) to black (255), a§e¥um albumin, 0.15 mg/ml yeast transfer RNA, 0.3

previously published (Mathern et al., 1995a, 1996, 199fng/mI denatured salmon sperm DNA, 40 mM DTT, and

i o ; i -labeled cRNA probe at a concentration ofx110’
Leite et al., 1996). The neo-Timm’s sections were image o . .
Using the same comouter svstem as the area measﬁprp/ml of hybridization solution. The next day, sections
men?s IIIuminancewaz unifor)r/nl maintained and checked ¢ washed twice at 60°C in>4 SSC and 10 mM

: yn ) . sodium thiosulfate (STS; 25 min each) and treated at
after every 10 measurements using optical density staé—

dards (Kodak, Rochester, NY). The operator imaged t C with 20 lig/ml ribonuclease Ain 0.5 M NaCI/10 mM

. . rils (pH 8.0)/2 mM EDTA (40 min). Slides were washed
fascia dentata molecular layer between the hlppocam%lr 25 min in SSC/STS of decreasing SSC concentration
fissure to the stratum granulosum and outlined the inngr

molecular layer (IML). The computer determined th(%gg'/q% mm ;grusr vt\\/ssk\lﬁzs?esroac;rgotoeénipr)]egagé%/ufoz

average GV of the pixels within the encwpled regmnrﬂlvI STS, one wash at 60°C in 0<LSSC/10 mM STS,
Measurements were performed on the right and le

hippocampi of the darkly stained sections at each of t (d one wash at room temperature inx0.$SC/10 mM

three horizontal levels and averaged into single values erS' The slides were rinsed in de-ionized autoclaved
9 9 F\’/vater and air-dried. In situ controls consisted of tissue

animal. sections initially treated with RNase.
Riboprobe Preparation In Situ Autoradiography and Densitometric Analysis
Full-length cDNA constructs of rat AMPA and Hybridization densities over principal hippocampal

NMDA receptor subunits (courtesy of the Salk Instituteubfields were visualized by film (Amersham, Arlington
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Heights, IL; Beta Max) and emulsion (Kodak, NTB2)campal neuron counts, area measures, and AMPA and
autoradiography and quantified using image analy$\8VIDA hybridization densities. There were 12 naive
technigues (Gold et al., 1996; Mathern et al., 1997ontrol animals killed during the latent ¢a 3), early
Slides were placed in film cassettes and exposed foiséizure (n= 5), and chronic seizure time periods£m4)
days. The film was developed in D19 (Kodak, 1:&nd 12 pilocarpine w/o status rats studied during the
dilution, 4 min); rinsed 30 sec in distilled water, KodaFixatent (n= 3), early seizure (5= 4), and chronic seizure
(Kodak 1:3 dilution, 10 min), and running water for 2Qphases (= 5). Naive controls and pilocarpine w/o status
min; and air-dried. After film autoradiography, the slidegats showed no significant differences in hippocampal
were dehydrated through graded ethanols, immersednieuron counts (t-testd > 0.58), stratum granulosum
chloroform (20 min), rehydrated to 50% ethanol, airand pyramidale area measuremenB>0.16), IML
dried, and dipped for emulsion autoradiography (Kodakeo-Timm’s GV P = 0.27), and averaged GluR1-3 and
NTB2, 1:1 dilution). Exposure time averaged 4 to BIMDAR1-2b hybridization densitie®(> 0.16). Further-
weeks; slides were developed in Kodak D19 and Kodakore, after pooling the naive and pilocarpine w/o status
fixer and counterstained (cresylecht violet). animals, there were no differences between animals
Hybridization densities were measured from theacrificed during the latent (day 11), early seizure (day
film autoradiographs by another image analysis compufs), and chronic seizure (day 85) time periods for
using the same anatomic landmarks and subfield nomewneraged hippocampal GluR1-3 and NMDAR1-2b hy-
clature as the cell counts (Olympus Microscope artfidization densities (ANOVAs;P > 0.23). Based on
MCID Imaging Software; Imaging Research, Inc.; Onthese findings, the naive and pilocarpine w/o status rats
tario). Briefly, the operator outlined for the computer thevere combined into a single control category for compari-
fascia dentata stratum granulosum and pyramidale baseth with the pilocarpine status animals killed during the
on previously prepared copies of the adjacent Nisglifferent poststatus time periods.
stained sections used for cell counts, and the computer
determined the optical density of silver grains. Hybridiza-
tion densities were calibrated relative'f€-radiolabeled Hippocampal Neuron Counts and IML
standards (American Radiolabeled Chemical, Inc., $ieo-Timm’s Staining
Louis, MO), and the range of tissue hybridization densi- Niss| sections and neuron loss. Compared with
ties occupied the linear portion of the exposure/densigpntrols, pilocarpine status rats showed hilar cell loss,
curve (of known cpm/protein content). Measuremeniginimal neuronal loss in other hippocampal subfields,
were performed on the right and left hippocampus at eaghd a slight change in stratum pyramidale size (Figs. 1
of the three horizontal levels and averaged into singéhd 2). By visual inspection, all pilocarpine status rats
values per animal. showed hilar neuron loss compared with controls (Fig.
1A-D, asterisks). Of note, the hilus was not one of the
guantitatively counted subfields (see outlines Figs. 1A
Data Analysis and 2). Depending on the time after pilocarpine status,
Data was entered into a database on a persoff¥¢re were also visual differences in hippocampal size.
computer and analyzed using a statistical program (Sugedmpared with controls, hippocampi from latent phase
ANOVA Version 1.1, Abacus Concepts, Inc., Berkeleyats were often smaller than expected (Fig. 1B) and
CA). Differences between controls and pilocarpine statG§ronic seizure hippocampi were occasionally larger
rats from the latent, early seizure, and chronic seizufeig. 1D). Closer inspection disclosed that most of the
phases were statistically compared using an analysisS¥€ differences were from changes in dendritic thickness,
variance (ANOVA) and further compared between indespecially in the CA3 and CAl stratum radiatum. By
vidual categories (a® < 0.05) using Scheffe’s post-hoccomparison, the stratum granulosum and pyramidale
tests. Other statistical tests included the analysis @&€as were only minimally different. In other words,
covariance (ANCOVA) and regression analyses. ResuRdocarpine status rats showed minimal visible hippocam-
were plotted with DeltaGraph Professional (DeltaPoinP@l néuron loss, except for hilar cells.
Inc., Monterey, CA) and considered significantly differ- ~ Figure 2 shows the meart.E.M.) neuron counts

ent at a minimum confidence level Bf< 0.05. for controls and pilocarpine status rats (upper left), and
the data follows the qualitative observations (Fig. 1).

Compared with controls, chronic and early seizure rats

RESULTS showed decreased stratum granulosum (S6% and
. —11%, respectively), CA4+(19% and —30%), CA3
Control Comparisons (—10% and—20%), and CA1 £ 12% and—25%) neuron

As a first analysis, we determined if naive andensities (ANOVAs;P < 0.0003; see asterisks, Fig. 2).
pilocarpine w/o status rats showed differences in hippBy comparison, the subiculum neuron densities were
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Fig. 2. Histograms showing the meah$%.E.M.) neurons/uh had decreased neuron counts in the: (1) 8G<(0.0008); (2)
(upper left), principal subfield area measurements{lower), CA4 (P < 0.0004); (3) CA3P < 0.009); and (4) CAL1 subfield
and inner molecular layer (IML) neo-Timm’s staining (grayP < 0.011). By comparison, the subiculum showed an increase
values [GVs],upper right) for controls, latent, early seizurein counts for latent rats compared with contrds= 0.0002).
(early szs), and chronic seizure rats (chronic szs). The analyAiga measures: Significant post-hoc tests, compared with
of variance (ANOVA)P-values are shown above each subfield;ontrols, showed increased areas for the: (1) CA4 region of
and significant post-hoc differences indicated by asteriskdent and early seizure ra8 € 0.002); (2) CA2/3 subfields of

(P < 0.05). A single asterisk indicates a difference comparethronic seizure ratd(= 0.0013); and (3) CA1 region of latent
with controls, and multiple asterisks indicate differences comats @ = 0.0001). IML Timm’s: Compared with controls, IML
pared with controls and one or more of the other pilocarpir®Vs were increased in latentP & 0.042), early seizure
status groups. Neuron counts: significant post-hoc tests, cofR-= 0.0001), and chronic seizure animafs= 0.0001).

pared with controls, showed that early and chronic seizure rats

increased in latent phase animals2(7%). There were principle cell areas were increased: (1) CA4 stratum
also small but statistically significant differences in thpyramidale for latent and early seizure rats (area between
two-dimensional size of hippocampal cell layers (Fig. G blades;+22% and+29%, respectively); (2) CA2/3
lower graph). Compared with controls, the followingtratum pyramidale for chronic seizure animatsl6%);
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and (3) CA1 stratum pyramidale for latent phase animadsimals, GIuR1 densities were fairly evenly distributed
(+31%; P < 0.0065, see asterisks, Fig. 2). By comparbetween the stratum granulosum and pyramidale, and
son, the stratum granulosum and subiculum showed there were clusters of silver grains over hilar neurons
differences in areas measurements between controls @rig. 3A). Hilar silver grain clusters were observed less
pilocarpine-status rat®(> 0.126). frequently in latent, early seizure, and chronic seizure rats
Collectively, the data indicates that following pilo-(Fig. 3B-D, asterisks) consistent with hilar neuron loss
carpine status, CA4 and CAl stratum pyramidale aregsig. 1A-D, asterisks). In chronic seizure rats and relative
were often transiently increased during the latent ang CA1 stratum pyramidale, subiculum hybridization
early seizure phases. In addition, there were decreasggsities were slightly decreased (Fig. 3A-D, arrow-
neuron densities in many hippocampal subfields of eag¢ads); this was supported by the quantitative measure-
and chronic seizure rats. Hence, the number of granggnts (Fig. 6). Compared with controls, latert23%)
cells and CA4 and CA1 pyramids were probably reduceghd chronic seizure rats—(L6%) showed decreased
in early and chronic pilocarpine status rats compared Wigpiculum GluR1 mRNA levels.
controls. By comparison, in CA2/3 stratum pyramidale  G|uR2 MRNA levels. Compared with controls
and subiculum, it is unclear if c_hror_1ic seizure animal@:ig_ 6), chronic seizure animals showed: (1) increased
showed neuron '0_53 ora change in hlp_pocampal size Wifcia dentata (FD) GIuR2 hybridization densitied 8%)
secondary alterations in neuron densities. and (2) decreased CA1 and subiculum mRNA levels

Neo-Timm's IML staining. Pilocarpine status (_jg94 and —31%, respectively). These findings are
rats showed IML neo-Timm'’s staining that increased Withsyally illustrated in Figure 3 (E<H). CA1 and subicu-

![on?er_f#rvn_/als (::'g: lE_::" ?rzrowhea}[d:[s)i This Its condS| Im hybridization densities were decreased in chronic
ent with prior:studies ot other poststatus rat motes,;, ,q rats compared with controls (Fig. 3E—H, arrow-

(Mathern et al., 1992, 1993, 1998a; Okazaki et _aI., 199 eads). Likewise, stratum granulosum GIluR2 hybridiza-
By comparison, none of the naive controls or pllocarplq?on densities were increased in chronic seizure rats
w/o status animals demonstrated IML neo-Timm'’s stain- . . ; .
ing (Fig. 1E). Neo-Timm’s GV measurements confirme ompare_d with c_ontrols (Fig. 3H, arrows). _Fmally,_ hilar
that IML staining progressively increased with time (Fig; .IURZt st|lver ?rall:r? clgztelzs W(-:re. rEduced in all pilocar-
2, upper right). Compared with controls, IML GygPIne status ra s (Fig. 3E-H, asterisks).

increased in latent+28%), early seizure+69%), and hvb _(?IUI?S m(l;{NA_It(_eveI_s. StratLém gtLaTulosum Glt“??f[
chronic seizure rats{127%; see asterisks, Fig. 1). ybridization densities increased with longer poststatus
survivals similar to the increase in supragranular mossy

fiber sprouting (Figs. 1E-H and 4). Visually, all three

AMPA and NMDA mRNA Hybridization Densities pilocarpine status rats showed increased stratum granulo-
sum GIluR3 hybridization densities compared with con-

. The same control, Ia_tent, early seizure, and Chrorﬁ%ls (Fig. 4A-D, arrowheads; 4E-H). This was most
seizure rats presented in the Nissl and neo-Timm's

illustrations were used to show mRNA changes (FigB.romlnent in latent (Fig. 4B and F) and chronic (Fig. 4D

~ ' . . nd H) pilocarpine status rats. Furthermore, there were
?Fig). 4|)3a,:||7\];:eDIiSRIlnC;L:]%eNCI\;/:BRA}Q’Z%IL(JES (E'):)Igér? Q’F?E;ﬂ?e%creased CA4 and CA3 GIuR3 hybridization densities in

6 illustrates the quantitative hybridization densitieghronIC seizure rats compared wnh_controls_ (Fig. 4D,
(mean* S.E.M.). In summary, there were statisticallf‘”ows)' AS expe_cted, hllar G_IuR3 silver graln_clusters
significant differences in hippocampal AMPA and NMDAVEre decreased in all pilocarpine status rats (Fig. 4A-D,
subunit hybridization densities between controls arftpt€risks). The visual and quantitative findings were
pilocarpine-status rats over the different time-dependetfnilar (Fig. 6). Compared with controls: (1) latent
and seizure phases. Changes such as stratum granulo§tigg %), early (+24%), and chronict53%) rats showed
GIuR3 mRNA levels (Fig. 4) paralleled increased nedocreased FD GIuR3 hybridization densities and (2)
Timm’s mossy fiber sprouting (Fig. 1), while otherchronic seizure rats demonstrated increased CA4 and
mRNA alterations were related to the poststatus seizd¢é\3 Stratum pyramidale mRNA levels-@3 and+17%,
phase (Fig. 6). Of note, our long-term poststatus hippocafgspectively).
pal mMRNA changes were generally less than 40% of NMDAR1 mRNA levels. Following pilocarpine
controls values. This is smaller in number than the 50% &atus, there was a visible increase in NMDAR1 hybrid-
150% changes often reported for the same subunits af@ation densities over the stratum granulosum and CA4
acute reactive limbic seizures or status epilepticus (saed CA1 stratum pyramidale in latent phase rats com-
Discussion). pared with controls (Fig. 5A-B, arrowheads). In early
GIuR1 mRNA levels. Hippocampal GIuR1 hy- seizure rats, NMDAR1 mRNA densities in the same
bridization densities showed minimal differences besubfields were less than latent animals, but still greater
tween control and pilocarpine-status rats. In contrthan controls (Fig. 5C, arrowheads). Finally, chronic
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Fig. 3. Darkfield autoradiographs of GIuRA«D) and GIuR2 subiculum GluR1 hybridization densities in chronic seizure rats
(E-H) hybridization densities from the same rats illustrated ioompared with the controls and latent phase animals (A-D,
Figure 1. For GIuR1 and GIuR2, there is a loss of hilar silvearrowheads). The decrease in regio superior mRNA levels is
grain clusters in all pilocarpine status rats compared withore evident for GIuR2 compared with GIuR1. Calibration
controls (asterisks). In addition, there are decreased CA1 dval = 500 pm.



Glutamate Receptors in Hippocampal Epilepsy 743

Fig. 4. Darkfields for GIuR3 from the same rats as Figure 1 amdts (arrowheads). In addition, the chronic seizure rat shows
3 (A-D), and magnified views of the fascia dentata stratugreater GIuR3 hybridization densities in CA4 and CA3 com-
granulosum (SGE—H). The magnified views are oriented withpared with controls (D, arrows). Lastly, there is loss of hilar
the hilus (H) at the bottom of the panel. Compared witkilver grain clusters in all pilocarpine status rats (asterisks).
controls, there are increased stratum granulosum GIluR3 hybr@halibration bars= 500 um for A-D; 100 pum for E—H.

ization densities in the latent, early seizure, and chronic seizure
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Fig. 5. Darkfields for NMDAR1 (A-D) and NMDAR2b (E—H). (arrowheads). For NMDAR2b, there were increased stratum
Compared with controls, latent phase rats showed increaggdnulosum densities during the latent phase compared with
NMDAR1 hybridization densities over the stratum granulosuntontrols (arrowheads). In addition, for both NMDAR1 and
CA4, and CA1 stratum pyramidale (arrowheads). Early seizulMDAR?2b, hilar silver grain clusters were decreased in
animals showed NMDAR1 mRNA levels were less than latepilocarpine status rats compared with controls (asterisks).
rats, and returned to control levels in chronic seizure animalalibration bar= 500 pum.
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Fig. 6. Histograms showing the meah$%.E.M.) hybridization mRNA levels of chronic seizure rats were greater than controls
densities for GluR1-3 and NMDAR1-2b for pilocarpine statu@® < 0.0052) and one or more of the other pilocarpine status
rats. GIuUR1: The subiculum mRNA levels of latent and chronigroups P < 0.045). NMDARL1: (1) The FD and CA4 mRNA
seizure rats were less than contré?s< 0.003). GluR2: (1) The levels of latent rats were greater than contr&s{0.0006) and
fascia dentata (FD) mRNA levels of chronic rats were greatehronic seizure rat(< 0.040); (2) the CA1 mRNA levels of
than controls P = 0.0035) and the other pilocarpine statusatent and early seizure rats were greater than controls
groups P < 0.012); and (2) the CA1 and subiculum subfield§P < 0.0047) and chronic seizure animas< 0.019); and (3)
MRNA levels of chronic seizure rats were less than contralse subiculum mRNA levels of chronic seizure rats were less
(P <0.0003) and the other two pilocarpine status groughkan the other three groupB & 0.0001). NMDAR2b: (1) The

(P < 0.004). GIuR3: (1) The FD mRNA levels of latent and=D mRNA levels of latent animals were greater than controls
early seizure rats were greater than contr&s<(0.011), and (P = 0.0017); and (2) the subiculum mRNA levels of early
chronic seizure rats were greater than contréls=(0.0001) seizure rats were less than contrds<( 0.021), and chronic
and early seizure rat®(= 0.0058); and (2) the CA4 and CA3 seizure rats were less than the other three graRps 0.010).
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TABLE |. Multivariate Analysis of Covariance (ANCOVA) Comparing the Rat Time Course Categories
(Category), Neuronal Densities (Counts), Neuronal Area (Area), and Inner Molecular Layer (IML)

Neo-Timm’s Gray Values (GVs; IML stain) to alpha amino-3-hydroxy-5-methyl-4-isoxazole-propionate
(AMPA) and n-methyl-D-aspartic acid (NMDA) Receptor Subunit Hybridization Densities*

Subunit Granule cells CA4 pyramids CA3 pyramids CA1 pyramids Subiculum
GluR1

Category 3.01/.057 1.04/.376 1.96/.125 2.58/.058 3.00/.034

Counts .418/.519 .004/.951 .907/.343 .913/.341 8.74/.004

Area 6.65/.011 .164/.687 1.05/.309 .079/.779 2.60/.109

IML stain 2.50/.117 2.49/.118 3.12/.080 11.2/.0011 14.0/.0003
GluR2

Category 3.96/.010 1.81/149 3.89/.011 .893/.448 2.29/.082

Counts 1.75/.188 .547/.461 .684/.410 .552/.503 .549/.460

Area 1.09/.298 3.39/.068 .908/.343 2.04/.156 1.55/.216

IML stain .061/.805 1.23/.270 .645/.424 9.07/.0032 5.73/.018
GIuR3

Category 8.02/.0001 3.06/.031 2.04/.112 1.84/.144 422/.738

Counts 2.26/.136 .964/.328 2.05/.155 .052/.820 4.62/.034

Area .142/.707 1.41/.238 3.64/.059 1.35/.247 4.33/.039

IML stain 7.82/.0062 .021/.886 .002/.964 .871/.353 2.96/.088
NMDAR1

Category 4.29/.0068 4.70/.004 2.16/.098 8.37/.0001 6.24/.0006

Counts .604/.439 .884/.349 .939/.335 .135/.714 A473/.493

Area .063/.803 1.28/.260 .150/.699 1.10/.296 1.03/.313

IML stain 6.51/.0123 .083/.774 .311/.578 2.79/.098 3.45/.066
NMDAR2b

Category 3.53/.0177 .797/.498 .510/.676 .458/.712 4.21/.0078

Counts 2.78/.098 2.34/.129 .714/.399 .098/.754 1.69/.197

Area 3.99/.048 3.29/.072 .960/.329 .542/.463 5.83/.017

IML stain 1.75/.188 .157/.693 .064/.801 1.87/.174 1.96/.164

*Data presented as F valuBsyalues, and significant results indicated in bold type. There were no statistically
significant interactions.

seizure rats showed NMDAR21 hybridization densitie6-33%) pilocarpine status groups demonstrated de-
similar to controls (Fig. 5D, arrowheads). In additiongreased subiculum densities.
there was loss of hilar NMDARL1 silver grain clusters in
all pilocarpine-status rats (Fig. 5A-D, asterisks). Quanti- ] i
tative measurements concurred with the visual obsenfgultivariate Analyses and Correlations With IML
tions (Fig. 6). Compared with controls: (1) latent phasdd€0-Timm’s Staining
rats showed increased NMDARL1 hybridization densities  Because there were differences between controls
over the FD and CA4 subfields+@6% and +31%, and pilocarpine status rats for neuron counts, area mea-
respectively); (2) latent and early seizure animals demasures, and IML neo-Timm'’s staining (Figs. 1, 2), it was
strated increased CA1l stratum pyramidale densitiseportant to establish whether the time after status or the
(+30% and+17%, respectively); and (3) chronic seizur@anatomic variables were associated with differences in
rats showed decreased subiculum densiti€3306). hippocampal GluR1-3 and NMDAR1-2b mRNA levels
NMDAR2b mRNA levels. There were minimal (Figs. 3—6). To answer this question, we performed a
differences in NMDAR2b hybridization densities beANCOVA; the results are shown in Table I. Of the 25
tween controls and pilocarpine status rats. Comparstatistical comparisons, the pilocarpine status time course
with controls, latent phase rats showed increased strataategories showed differences in glutamate receptor sub-
granulosum NMDARZ2b hybridization densities (Fig. 5Funit hybridization densities in 11 (44%; Table |, top
arrowheads). Otherwise, there were no other obviousws). In other words, comparisons between controls and
differences, except for the loss of hilar silver graipilocarpine status rats for hybridization densities without
clusters in all pilocarpine-status rats (Figs. 5SE—H, astestatistically considering neuron counts, areas, and IML
isks). This was supported by the quantitative measumeo-Timm’s staining found 13 subfields to be different
ments that showed that compared with controls: (1) latefftig. 6), and 11 (85%) comparisons remained signifi-
phase rats showed increased FD NMDARZ2b hybridizaantly different in the multivariate ANCOVA (Table I).
tion densities £ 17%) and (2) early{17%) and chronic Hence, the time after pilocarpine status and the presence
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of spontaneous limbic seizures were important factotise latent period prior to the onset of spontaneous limbic
affecting AMPA and NMDA receptor subunit mRNAseizures.
levels.
The multivariate analyses (Table I) also indicateBISCUSSION
that, in certain subfields, neuron counts, area measures, Tpig study compared hippocampi from controls

and IML neo-Timm's staining correlated with GIUR1-3p3ive and pilocarpine wio status rats) and pilocarpine
and NMDAR1-2b hybridization densities. For neuroQi,ys rats killed at successively longer time periods and
counts (Table I; second row), subiculum densities neggyi;ng long-term changes in AMPA GIuR1-3 and
tively correlated with GIuR1 (R= —0.435;P = 0.004) N\MDAR1-2b hybridization densities (Figs. 1-6; Table
and GIuR3 (R= —0.325;P = 0.034) mRNA levels. For |y compared with controls, pilocarpine status rats sacri-
area measures (Table |, third row), stratum granulosuyjpeq during the: (1) latent phase (day 11 poststatus) after
areas positively correlated with GIURL (R+0.254; neyronal injury but before spontaneous limbic seizures
P =0.011) and NMDAR2b (R= +0.344;P = 0.034) snowed increased fascia dentata GIuR3, NMDAR1, and
MRNA levels. For area measures (Table I, third rOWNMDARZb; increased CA4 and CA1 NMDAR1: and
stratum granulosum areas positively correlated with GluR{bcreased subiculum GIuR1 hybridization densities; (2)
(R= +0.254,P = 0.011) and NMDARZ2b (R= +0.344; early seizure phase (day 25) after their first spontaneous
P = 0.048) mRNA levels, and subiculum areas positivelyeizyres showed increased fascia dentata GIUR3, in-
correlated with GIuR3 (Re +0.339; P =0.039) and creased CA1 NMDARI1, and decreased subiculum
NMDAR2b (R = +0.484;P = 0.017) hybridization den- NMDAR2b mRNA levels; and (3) chronic seizure phase
sities. These were the Only subfields where neuron Coumﬁy 85) when animals d|sp|ayed recurrent limbic sei-
(n = 2; 8%) and area measures%m; 16%) were found zyres showed increased fascia dentata GIuR2; increased
to significantly correlate with AMPA and NMDA mRNA fascia dentata and CA4 GIuR3; decreased CA1 GIUR2;
levels in the multivariate ANCOVA (Table I). and decreased subiculum GluR1, GluR2, NMDAR1, and
More importantly, in the multivariate analyses ther MDAR2b hybridization densities. Furthermore, multi-
were six (24%) correlations between IML neo-Timm'sariate ANCOVA analyses showed that greater IML
staining and AMPA and NMDA mRNA levels (see Tablgheo-Timm's GVs: (1) positively correlated with fascia
|, bottom row); they are illustrated in Figure 7. Foentata GIuR3 and NMDAR1 and (2) negatively corre-
granule cells (GC), IML neo-Timm's GVs positivelyated with CA1 and subiculum GIuR1 and GIuR2 hybrid-
correlated with GIUR3 (R= +0.580; P = 0.0062) and ization densities (Table I; Fig. 7).
NMDAR1 mRNA levels (R= +0.315;P = 0.0123; Fig. In the pilocarpine status model, these results indi-
7, top row). Furthermore, IML neo-Timm's GVs negacate that hippocampal AMPA and NMDA receptor sub-
tively correlated with CA1l and subiculum GluR1unit mRNA levels dynamically change as rats progressed
(R= —0.181 and—0.337;P = 0.0011 and 0.0003, re-from the latent to chronic limbic seizure phases, and
spectively; Fig. 7, middle row) and GIuR2 hybridizatiorsubunit alterations often correlate with aberrant mossy
densities (R= —0.536 and —0.562; P = 0.0032 and fiber sprouting. Assuming that AMPA and NMDA subunit
0.018, respectively; Fig. 7, bottom row). The negative\RNA levels are comparable to transcribed proteins, our
slopes were greater for GIuR2 compared with GluRfindings are consistent with the notion that mossy fiber
(Fig. 7, compare last two rows) and may explain why theprouting and spontaneous limbic seizures may affect
time course comparisons failed to demonstrate decreagedtsynaptic hippocampal AMPA and NMDA receptor
CALl hybridization densities in chronic animals comparestoichiometry at different poststatus phases. In other
with controls (Figs. 3 and 6). As might be expected frowords, the mRNA changes are probably maladaptive
the data in Figure 7, linear regression analyses found thather than adaptive and may result in abnormal synaptic
IML neo-Timm’'s GVs correlated with GC GIluR3 functions and neuronal hyperexcitability.
(P =0.0001), GC NMDAR1 P = 0.045), subiculum While our findings support the hypothesis that
GluR1 (P =0.031), CA1 GIuR2 R = 0.0003), and aberrant axon sprouting may affect the subunit composi-
subiculum GIuR2 R = 0.0001) mRNA levels. However, tion of glutamate receptors, it is important to emphasize
CA1l GluR1 densities did not correlate with IML neothat our experimental design does not preclude other
Timm’'s GVs (P = 0.28) in linear regression analysis. Irexplanations. For example, previous studies of the intra-
summary, multivariate ANCOVA analyses consideringippocampal kainate and self-sustaining limbic status
neuron counts, area measures, and time course catega#iepticus (SSLSE) rat models indicate that aberrant
showed that neo-Timm’s mossy fiber sprouting correlatedossy fiber sprouting positively correlates with the in
with increased granule cell GIuR3 and NMDAR1 andivo frequency of hippocampal interictal epileptiform
decreased CA1 and subiculum GluR1 and GluR2 mRNdischarges and the number of spontaneous limbic sei-
levels, and most of these mMRNA changes began duringres (Leite et al., 1996; Mathern et al., 1997a). The
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Fig. 7. Linear correlations comparing IML neo-Timm’s GVs and AMPA and NMDA
hybridization densities. Filled circles indicate control animals and open circles pilocarpine
status rats. R-values are indicated above each plotParadues are shown in Table | (bottom
row).

interictal abnormalities begin during the latent phageéMDA receptor subunit mRNA levels could be the

prior to the onset of the chronic seizures (Mathern et atpnsequence of increased interictal discharges. In other
1993). It is therefore possible that our correlationsords, the alterations in glutamate receptor subunits
between supragranular neo-Timm’s GVs and AMPA armbuld be from increased synaptic activity secondary to



Glutamate Receptors in Hippocampal Epilepsy 749

interictal spikes and/or seizures, but the sprouting itselénsities, increased granule cell GIuR3 levels by 24
may not be directly responsible for the subunit altehours, and decreased NMDAR1 densities in most sub-
ations. Likewise, the correlations between mossy fib&elds for the first 1-3 days (Condorelli et al., 1994; Lason
sprouting and decreased CA1 and subiculum GIuR1 aetlal., 1997). The acute alterations vary between 50% to
GIluR2 mRNA levels could represent regio superiat00% of control levels, and nearly all the acute pilocar-
synaptic reorganization. Several rodent anatomic apthe status-related mRNA changes return to baseline
electrophysiologic studies support the notion that followwithin days. Our results show that following pilocarpine
ing status epilepticus, aberrant axon sprouting probatdtatus, there were long-term changes in AMPA and
occurs around CAl pyramids (Nadler et al., 1980NMDA mRNA levels that did not follow the pattern
Christian and Dudek, 1988; Dudek et al., 1994; Meier arabserved immediately after status epilepticus, and these
Dudek, 1996; Perez et al., 1996). Our neo-Timm’s G¥lterations were generally less than 40% of control values
measurements could be an indirect measure of overglg. 6).
hippocampal reactive synaptogenesis after status, and the This rat study may help to explain recent human
correlations with CA1 and subiculum AMPA mRNAneuropathologic findings. For example, in temporal lobe
levels may be from pyramidal neosynaptogenesis and regilepsy patients, we recently showed that most gluta-
mossy fiber sprouting. Hence, our data should be intenate receptor subunit mRNA and protein levels were
preted with the understanding that interictal spike activiipcreased in epileptic hippocampi compared with nonsei-
and/or local reactive synaptogenesis may be other paswe autopsies (Mathern et al., 1996, 1997b, 1998b,d). In
sible explanations for our correlations between AMPAther words, most of the human subunit changes were
and NMDA mRNA levels and mossy fiber sprouting. Thiselated to the presence of chronic limbic seizures, while
does not distract from our principle conclusion, howeveothers, such as NMDAR2 immunoreactivity and KA-
that in the epileptic hippocampus, changes in axaeceptor mMRNA levels, were associated or correlated with
circuitry and neuronal hyperexcitability are likely to besupragranular mossy fiber sprouting. This would be
important factors contributing to glutamate receptor subensistent with our rat pilocarpine status data in that rats
unit changes associated with spontaneous limbic seizunggh limbic epilepsy show changes in ionotropic receptor
subunits that may be associated with both chronic sei-
zures and/or mossy fiber sprouting.
Comparison With Prior Animal and Human Studies

In the rodent hippocampus, previous studies indi- ] ) ) . )
cate that stimuli ranging from minor stress to near-leth&omparison With Electrophysiologic Studies
seizures are associated with acute and generally time- Electrophysiologic studies of poststatus or kindled
limited alterations in AMPA and NMDA receptor subunitrats show hippocampal neuronal hyperexcitability that is
MRNA levels, and the response varies depending on tlileely the result of alterations in glutamatergic and
stimulation, subfield, and subunit. For example, sever@ABAergic neurotransmission. Our glutamate receptor
reports have characterized changes in rat hippocampabunit data complement these findings. For example,
AMPA and NMDA hybridization densities within hoursfollowing status epilepticus or limbic kindling, in vitro
to a few days following injury or seizures induced fronslice and in vivo hippocampal recordings show acute and
kainate, pilocarpine, limbic kindling, electrolytic lesionschronic loss of inhibitory postsynaptic potentials (IPSP)
electroshock, intracerebral needle insertion, and stresshat are likely the result of decreased short-latency
handling (Gall et al., 1990; Kamphuis et al., 1992, 1994GABA-A-mediated inhibition (Franck and Schwartzk-
1995; Pollard et al., 1993; Pratt et al., 1993; Wong et afgin, 1985; Ashwood et al., 1986; Kapur et al., 1989;
1993; Condorelli et al., 1994; Friedman et al., 1994loviter, 1992; Meier et al., 1992; Williams et al., 1993;
1997; Kraus et al., 1994; Lee et al., 1994; Bartanusz et &dapur and Coulter, 1995; Mangan et al., 1995; Mangan
1995; Prince et al., 1995; Gold et al., 1996; Naylor et alnd Bertram, 1997). It is hypothesized that the acute loss
1996; Lason et al., 1997). These stimuli result in mildf GABA-A-mediated inhibition is from transient local
agitation or injury without seizures (handling and needldisconnection of excitatory axons from preserved inhibi-
insertion), a few limbic seizures over several houtery interneurons (Franck et al., 1988; Nakajima et al.,
(electrolytic and electroshock), multiple reactive seizurd991; Schwarzer et al., 1997). By the time spontaneous
spaced over days to weeks (kindling), or near-lethal stafirabic seizures begin, the IPSPs partially or completely
epilepticus (kainate and pilocarpine). AMPA and NMDAecover, and this may represent excitatory fiber reactive
subunit MRNA levels show increased, decreased, or sgnaptogenesis onto interneurons, GABAergic axon
changes that vary by the method of stimulation argprouting onto deafferented glutamatergic neurons,
hippocampal subfield. After acute pilocarpine status, rateanges in GABA-A postsynaptic receptor subunit stoichi-
show decreased hippocampal GIuR1 mRNA levels in almetry, and/or reductions in GABA transporters (Franck
subfields by 24 hours poststatus, no change in GluR® al., 1988; Davenport et al.,, 1990; Sloviter, 1992;
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Mathern et al., 1995a, 1997a; Williamson et al., 199%f limbic seizures, but our study supports the concept that
Buckmaster and Dudek, 1997a,b; Kotti et al., 199f0stsynaptic glutamate receptors are prominently in-
Rempe et al., 1997). There are similar time-dependerdlved and are linked to aberrant axon sprouting.
changes in excitatory postsynaptic potentials (EPSP) in

the same animal models. Following status epilepticus

and/or kindling, fascia dentata granule cells, CA1 pyr&onclusions

eral amygdala show epileptiform activi_ty that is locallytions in hippocampal AMPA and NMDA receptor sub-
generated, enhanced after GABAergic blockade, aggit hybridization densities that changed between the
partly or completely blocked by NMDA and AMPA gypacute latent to the chronic limbic epilepsy phases and
receptor pharmacologic antagonists (Tauck and Nadlg{at some subfield GIuR1-3 and NMDARL alterations
1985; Ashwood and Wheal, 1986, 1987; Mody angorrelated with aberrant fascia dentata mossy fiber sprout-
Heinemann, 1987; Turner and Wheal, 1991; Cronin et ghg. These findings extend previous investigations exam-
1992; Meier et al., 1992; Ku et al., 1993; Bernard andjning glutamate receptor subunit expression for several
Wheal, 1995; Bear et al., 1996; Smith and Dudek, 1998purs to days following acute pilocarpine-induced status
Patrylo and Dudek, 1998). Similar electrophysiologigpilepticus. Furthermore, our results are consistent with
findings, especially involving NMDA receptors, haves|ectrophysiologic studies showing increased hippocam-
been found in human granule cells of hippocampghl glutamatergic neurotransmission at various stages
sclerosis patients with intractable limbic epilepsyfter status epilepticus. We conclude that many acute and
(Masukawa et al., 1989, 1992; Urban et al., 199@hronic electrophysiologic signs of neuronal hyperexcit-
Isokawa and Levesque, 1991; Franck etal., 1995).  apility may be partially the consequence of changes in

Our anatomic data is consistent with the idea thglutamate receptor subunit stoichiometry. Finally, the
changes in EPSPs may in part be explained by alteratigasults of this animal study are helpful in interpreting
in glutamate receptor subunit numbers and/or recepteicent human studies in temporal lobe epilepsy patients
subunit stoichiometry, and the particular receptor changsisowing increased hippocampal glutamate receptor sub-
may depend on the time after status the animals wergit mMRNA and protein expression associated with limbic
studied and the concurrent amount of aberrant axesizures and mossy fiber sprouting.
sprouting (Burnashev et al., 1992; Monyer et al., 1992;
Mathern et al., 1997a). For example, we found increased
NMDA subunit mRNA levels during the latent phasenckNOWLEDGMENTS
prior to the onset of spontaneous limbic seizures and Maria Melendez kind| isted i int i
significant mossy fiber sprouting. This is consistent with .. aria Melendez Kindly assisted In manuscript prepa
electrophysiologic studies showing enhanced NMDZ. tion. S_peC|aI _th_anks to The S_alk Institute and Dr._Jlm
responsiveness within a few days after seizures and gu_lter in providing the plasmid cDNAs and technical

: : vice.

reflect subacute reactive changes in glutamate recept% S
unrelated to mossy fiber sprouting (Ashwood and Wheal,
1986, 1987; Mody and Heinemann, 1987; Bernard and
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