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Neurobiology of Disease

Loss of Metabotropic Glutamate Receptor-Dependent Long-
Term Depression via Downregulation of mGluR5 after
Status Epilepticus

Timo Kirschstein,'>* Michel Bauer,'* Lorenz Miiller,? Christiane Riischenschmidt,' Margit Reitze,' Albert J. Becker,?
Susanne Schoch,? and Heinz Beck!

Departments of 'Epileptology and 2Neuropathology, University of Bonn, D-53105 Bonn, Germany, and Department of Physiology, University of Rostock,
D-18057 Rostock, Germany

Synaptic plasticity is thought to be a key mechanism of information storage in the CNS. Different forms of synaptic long-term potentiation
have been shown to be impaired in neurological disorders. Here, we show that metabotropic glutamate receptor (mGluR)-dependent
long-term depression (LTD), but not NMDA receptor-dependent LTD at Schaffer collateral-CA1 synapses, is profoundly impaired after
status epilepticus. Brief application of the group I mGluR agonist (R,S)-3,5-dihydroxyphenylglycine (100 pm; 5 min) induced mGluR LTD
in control, but not in pilocarpine-treated rats. Experiments in the presence of selective inhibitors of either mGluR5 [2-methyl-6-
(phenylethynyl)-pyridine] or mGluR1 [7-(hydroxyimino)cyclopropachromen-carboxylate ethyl ester and (S)-(+)-a-amino-4-carboxy-
2-methylbenzeneacetic acid] demonstrate that loss of mGluR LTD is most likely attributable to a loss of mGluR5 function. Quantitative
real-time reverse transcription PCR revealed a specific downregulation of mGluR5 mRNA, but not of mGluR1 mRNA in the CA1 region.
Furthermore, we detected a strong reduction in mGluR5 protein expression by immunofluorescence and quantitative immunoblotting.
Additionally, the scaffolding protein Homer that mediates coupling of mGIuR5 to downstream signaling cascades was downregulated.
Thus, we conclude that the reduction of mGluR LTD after pilocarpine-induced status epilepticus is the result of the subtype-specific

downregulation of mGluR5 and associated downstream signaling components.
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Introduction

The potential to exhibit long-lasting activity-dependent changes
in synaptic transmission is a key feature of most synapses in the
CNS. Athippocampal synapses, low-frequency stimulation (LFS)
readily elicits a long-lasting depression of synaptic efficacy,
termed long-term depression (LTD). Hippocampal LTD has
been of particular interest because of the well established role of
the hippocampus in information storage and retrieval. Indeed, it
appears that induction of hippocampal LTD is associated with
acquisition of novel information (Braunewell and Manahan-
Vaughan, 2001). An additional intriguing feature of hippocam-
pal LTD is that it is modulated by the behavioral state of the
animal. For instance, stress powerfully influences the levels of
LTD that can be obtained (Xu et al., 1997; Yang et al., 2005).
Thus, LTD, as well as long-term potentiation (LTP) (Bliss and
Collingridge, 1993) have been suggested to be key mechanisms
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underlying information storage in the CNS (Abraham and Bear,
1996; Braunewell and Manahan-Vaughan, 2001).

In the CALl region, low-frequency stimulation readily elicits a
form of LTD that requires the activation of postsynaptic NMDA
receptors (NMDARs) during induction (Nicoll et al., 1998). At
the same synapses, a distinct form of LTD can be observed in the
absence of functional NMDARs that requires the activation of
metabotropic glutamate receptors (mGluRs) and relies on differ-
ent expression mechanisms (Oliet et al., 1997). In the CA1 region,
mGluR LTD can be readily induced by transient activation of
postsynaptic group I mGluRs with a pharmacological agonist [for
instance (R, S)-3,5-dihydroxyphenylglycine (DHPG)] (Palmer et
al., 1997; Fitzjohn et al., 2001). During certain types of low-
frequency activity, activation of mGluRs by endogenously re-
leased glutamate also appears to result in mGluR-dependent,
NMDAR-independent LTD with similar characteristics (Oliet et
al.,, 1997; Kemp and Bashir, 1999; Huber et al., 2000). Its mechanism
of expression is thought to involve a modification of the presynaptic
release machinery downstream of presynaptic Ca** influx (Fitzjohn
et al., 2001; Faas et al., 2002; Zakharenko et al., 2002), in addition to
postsynaptic mechanisms culminating in a reduction in synaptic
AMPA receptors (Huber et al., 2000; Snyder et al., 2001; Xiao et
al., 2001; Nosyreva and Huber, 2005). These results point to a
coexistence of multiple forms of mechanistically distinct forms of
LTD within the hippocampal CA1 region.

In recent years, considerable interest has focused on impair-
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ment of specific forms of synaptic plasticity in diverse CNS dis-
orders such as Alzheimer’s disease (Oddo et al., 2003), epilepsy
(Beck et al., 2000), or neurofibromatosis (Costa et al., 2001). In
many instances, a reduction of the potential of synapses to exhibit
LTP was associated with deficits in specific cognitive functions.
These findings are consistent with the view that impaired synap-
tic plasticity underlies cognitive dysfunction in some of these
disorders. In contrast to impaired LTP, however, disease-related
changes in the potential to exhibit LTD have so far received scant
attention. In the present study, we show that mGluR LTD in the
CALl region is profoundly reduced, most probably because of a
selective downregulation of mGluRS5, as well as the scaffolding
protein Homer.

Materials and Methods

Pilocarpine-induced status epilepticus. A sustained status epilepticus was
induced in young male Wistar rats (~30 d, 140—150 g; Charles River,
Sulzfeld, Germany). First, all animals received methylscopolamine ni-
trate (1 mg/kg, i.p./s.c.) to reduce peripheral cholinergic effects. After 30
min they received pilocarpine hydrochloride (experimental group; 340
mg/kg, i.p./s.c.). If status epilepticus had not developed within 60 min,
animals were reinjected (170 mg/kg, i.p./s.c.). status epilepticus was ter-
minated 40 min after onset by injection of diazepam (4-10 mg/kg, i.p./
s.c.). Sham-control animals were treated in an identical manner, but were
injected with saline instead of pilocarpine. The rats were tended and fed
with glucose solution for 1 d and kept in separate cages. After status
epilepticus, animals were video monitored for occurrence of spontane-
ous seizures, starting ~14 d after pilocarpine treatment. The vast major-
ity of rats that had experienced status epilepticus developed chronic,
spontaneous seizures. Only rats that had experienced at least three gen-
eralized stage 5 seizures documented with video monitoring were used
for electrophysiological experiments, which were conducted 4—10 weeks
after status epilepticus.

Hippocampal slice preparation and maintenance. Animals were deeply
anesthetized with diethyl ether, decapitated, and the brains were dis-
sected out quickly. Transverse hippocampal slices (400 wm) were pre-
pared using a vibratome (1000S, Leica, Wetzlar, Germany; Integraslice,
Campden Instruments, Loughborough, UK) in ice-cold dissection fluid
containing (in mum) 125 NaCl, 25 NaHCO;, 3 KCl, 1.25 NaH,PO,, 0.2
CaCl,, 5 MgSO,, and 13 p-glucose. All procedures were performed ac-
cording to the guidelines laid down by the Animal Care and Use Com-
mittee at the Universities of Bonn or Rostock. Slices were transferred into
an interface chamber and superfused (1.8-2.0 ml/min) with bath solu-
tion containing (in mm) 125 NaCl, 26 NaHCOs, 3 KCl, 1.25 NaH,PO,,
2.5 CaCl,, 1.3 MgCl,, and 13 p-glucose and bubbled with carbogen (95%
0,, 5% CO,) to maintain the pH of 7.4. Osmolality was adjusted to
306-308 mOsm/kg with sucrose.

Stimulation and recording. Schaffer collateral fibers were stimulated via
a bipolar platinum wire electrode (0.1-0.3 mA, 100 s, paired-pulse
stimulation, 40 ms apart, every 30 s) placed in the stratum radiatum of
the CALl region. Field EPSPs (fEPSPs) were recorded in the CA1 stratum
radiatum at 35°C via a borosilicate glass pipette (4 MQQ) filled with bath
solution. The baseline stimulation strength was adjusted to yield EPSPs of
half maximal amplitude. The stimulation paradigms to induce synaptic de-
pression were as follows: paired-pulse (PP) LES was performed at 1 Hz with
900 paired stimuli (interpulse interval, 50 ms). LFS consisted of 900 single
stimuli at 1 Hz, at double the stimulus intensity used for baseline stimulation.
Analog data were digitized and stored for off-line analysis (Digidata 1322,
pCLAMPS8, Molecular Devices, Foster City, CA; Powerl401, Signal2,
Cambridge Electronic Design, Cambridge, UK). The glutamate receptor ligands
(R,S)-3,5-DHPG, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), 7-(hydroxy-
imino)cyclopropa[b]chromen-carboxylate ethyl ester (CPCCOE), (S)-(+)-a-
amino-4-carboxy-2-methylbenzeneacetic acid (LY367385), and p-(—)-2-
amino-5-phosphopentoate (D-AP5) were obtained from Tocris (Bristol,
UK). All other chemicals were purchased from Sigma (St. Louis, MO).

To assess the effects of DHPG, PP LFS, or LFS, the fEPSP slope, which was
measured as the maximal slope of its falling phase, was analyzed. Data points

J. Neurosci., July 18, 2007 - 27(29):7696 —7704 « 7697

in the graphs showing the time courses of the DHPG, PP LFS, or LES exper-
iments represent an average of two subsequent fEPSP slope values. Thus,
sample traces also represent an average trace of two subsequent individual
traces. In addition, for each individual experiment, the acute depression was
measured as the minimal slope during the first five traces after treatment,
and LTD was measured as the average slope during the last five traces at the
end of the experiment. The paired-pulse facilitation (PPF) was measured as
the ratio of the second fEPSP slope to the first fEPSP slope. All data are
expressed as the mean &= SEM. Statistical comparisons were performed using
two-tailed Student’s test with a p value <0.05 being considered statistically
significant. In the figures, diamonds denote significant changes in fEPSP
slope compared with the pre-DHPG or pre-LFS/PP LFS baseline. All other
significant differences are indicated by asterisks.

Quantitative real-time RT-PCR. For mRNA isolation, 600 wm hori-
zontal slices were cut in ice-cold PBS, pH 7.4, (Biochrom, Berlin, Ger-
many) and the CA1 region was microdissected out under a binocular in
ice-cold PBS. Tissue specimens were immediately frozen in liquid nitro-
gen for mRNA isolation. mRNA was isolated using the Dynabeads
mRNA Direct Micro Kit (Dynal, Lake Success, NY). Quantification of rat
mGluR1 and mGluR5 transcripts was performed by semiquantitative
real-time reverse transcription (RT)-PCR (PRISM 7700 SDS; PE Biosys-
tems, Foster City, CA) by using specific primers designed by Primer
Express software (PE Biosystems) for rat synaptophysin [5'-
TCAGGACTCAACACCTCAGTGG-3" as forward primer (FP), 5'-
AACACGAACCATAAGTTGCCAA-3" as reverse primer (RP), and
6-carboxy-fluorescein  (FAM)-5'-TTTGGCTTCCTGAACCTGGTGC-
TCTG-3'-6-carboxytetramethyl-rhodamine (TAMRA) as hybridization
probe (HP) at 300, 300, and 100 nwM, respectively], mGluR1 (5'-
GGGCAGGGAATGCCAATT-3" as FP, 5'-GGCGCCTGTCTTCCA-
CC-3" as RP, and FAM-5'-GCAAGTCTGTGTCATGG-TCTGAACC-3'-
TAMRA as HP at 50, 300, and 100 nm, respectively), and mGIluR5 (5'-
CTCCTGGCCCACTGACGA-3" as FP, 5'-GGTCACCCCAGCGAAGA-
TAC-3" as RP, and FAM-5"-GACAGGCTGTGACTTGATCCCAGTCC-
3'-TAMRA as HP at 50, 300, and 100 nwm, respectively). We performed
relative quantification of starting mRNA copy numbers according to the
AAC, method, as described in detail previously (Riazanski et al., 2001).
Synaptophysin was used as endogenous reference gene because it lacks
significant expression changes after pilocarpine-induced status epilepti-
cus (Chen et al,, 2001). The TagMan EZ RT-PCR Kit (PE Biosystems)
was used to perform single-tube, single-enzyme RT-PCRs in a total re-
action volume of 12.5 ul. Relative quantification started from 0.02 ng of
mRNA with 5 mm Mn(OAc),. Cycling conditions were 50°C (2 min),
60°C (20 min) for RT step, followed by 95°C (5 min), and a two-step PCR
with 60 cycles of 94°C (15 s) and 59°C (1 min). For statistical analysis,
fluorescence data were collected.

Immunohistochemistry. Animals were deeply anesthetized with isoflu-
rane (Abbott, Wiesbaden, Germany), and 600 pwm slices were prepared as
described above and embedded in Tissue-Tek (Sakura, McGaw Park, IL).
Twelve micrometer sections were cut on a cryostat, fixed in 4% parafor-
maldehyde (5 min), thoroughly washed with PBS, heated in citrate buffer
(0.01 M, pH 6.0) in the microwave for 3 min, and washed again in PBS
with 0.1% Triton X-100 (PBS-T). After preincubation with 0.4% bovine
serum albumin (BSA) in PBS-T for 90 min at room temperature, the
primary antibody (mGluRS5, 1:200, in PBS-T with 0.1% NaNj; and 2%
BSA; Millipore, Lake Placid, NY) was applied for 16-24 h at 4°C. Slices
were washed with PBS and subsequently incubated with the secondary
antibody (Cy3, 1:200, in PBS-T with 0.1% NaNj; and 2% BSA; Jackson
ImmunoResearch, West Grove, PA) for 2 h. For staining of the nuclei,
4,6-diamidino-2-phenylindole (DAPI) (1:1000; Sigma) was coapplied.
After washing with PBS, slices were preserved in Vectashield (Vector
Laboratories, Burlingame, CA). For cell counts in the CA1 region, un-
fixed 12 wm cryostat sections were cut and subjected to hematoxylin and
eosin (HE) staining. One section per animal of sham-injected and of
pilocarpine-treated rats (n = 6 in both groups) was then photographed at
an upright microscope (Axioskop; Zeiss, Leipzig, Germany). Cell num-
bers within an equally sized region of interest within the CAI stratum
pyramidale were manually quantified using the cell-counter plug-in of
Image] (National Institutes of Health, Bethesda, MD).

Protein fractionation. The CAl region was microdissected from vi-
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bratome slices (600 wm), and samples from in-
dividual animals were pooled. The tissue was
homogenized on ice for 10 s with a labsonic-
2000 (Braun, Melsungen, Germany) in buffer A
(10 ml/mg tissue) containing (in mm) 10 NaCl,
25 HEPES, pH 7.5, 2 EDTA, and 1 mg/ml 4-(2-
aminoethyl)-benzenesulfonylfluoride (PEFA)-
block (Roche, Mannheim, Germany). Homog-
enates were treated with buffer alone or with
2% Triton X-100 for 10 min on ice and centri-
fuged for 30 min at 18.250 X g and 4°C. The
Triton X-100 containing supernatant was col-
lected and the pellet was resuspended in an
equal volume of Buffer B containing (in mm)
200 NaCl, 50 HEPES and 1 mg/ml PEFA-block
(Roche). Subsequently, an equal amount of ice-
cold 1% SDS solution was added dropwise to
the solubilized pellet. The homogenate was cen-
trifuged for 10 min at 8000 X gand 4°C, and the
SDS-soluble fraction was collected. Protein
concentrations of the Triton X-100- and SDS-
soluble fractions were determined using the
ND-1000 (Nanodrop, Wilmington, DE) and
samples were stored at —80°C.

Western blotting. Loading buffer containing
(in mm) 700 Tris-HCI, 30% glycerol, 290 SDS,
0.012% bromphenol blue, and either 5%
B-mercaptoethanol, 200 mm DTT, or no reduc-
ing agent was added to the protein samples.
Samples were denaturated at 65°C for 5 min
and resolved on 6 or 12% polyacrylamide gels.
After transfer onto nitrocellulose membranes,
the blots were blocked with 5% nonfat milk in
Tris-buffered saline/0.05% Tween 20 (TBST)
for 1 h, and subsequently incubated with pri-
mary antibodies (see below) for 1.5 h. After
three 5 min washes with TBST, the membranes
were incubated in the dark for 45 min with the
appropriate secondary antibody (1:7500) con-
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Figure 1.  Reduced NMDAR-independent synaptic depression in the CA1 region after status epilepticus. 4, The time course of
CA1 field EPSP slopes after PP LFS (1 Hz, 900 paired pulses, interstimulus interval 50 ms) in the presence of the NMDAR blocker
D-AP5 (50 um) reveals a significant difference between controls (open circles) and pilocarpine-treated rats (closed circles).
Representative field EPSPs (average of two subsequent traces) are taken at the time points indicated by lowercase letters. B, The
time course of CAT1 field EPSP slopes after LFS (1 Hz, 900 single pulses, double stimulus intensity) in the absence of o-AP5 reveals
no difference in NMDA-dependent LTD between controls (open circles) and pilocarpine-treated rats (closed circles). €, D, Quanti-
fication of the initial depression immediately after LFS (leftmost bars) and the long-term synaptic changes measured 60 min after
LFS (rightmost bars). Bar graphs show synaptic changes after PP LFS in the presence of p-AP5 (€) and after LFS in the absence of
0-AP5 (D). E, The input—output relationship does not show significant changes between control and pilocarpine-treated rats
indicating unaltered synaptic transmission in the epileptic CA1 region. Diamondsin Cand D ( © p << 0.05; < < p << 0.01) indicate
significant differences compared with pre-LFS baseline. Other significant changes are indicated by asterisks (*p << 0.05; **p <
0.01). F, The paired-pulse ratio shows an enhanced paired-pulse facilitation of the CA1 field EPSP peak at the interstimulus interval
(IS1) of 50 ms (asterisk). Error bars indicate SEM.

jugated to IRDye680 or to IRDye800CW (LI-

COR, Lincoln, NE). The blots were then washed

three times (5 min) with TBST and stored protected from light in TBST.
Protein bands were visualized using the Odyssey Infrared Imaging Sys-
tem (LI-COR). Primary antibodies used were a monoclonal anti-$-actin
(8226) antibody (1:30,000; Abcam, Cambridge, UK), a rabbit polyclonal
anti-mGluR5 (06—-451) antibody (1:2500; Millipore), a rabbit polyclonal
anti-Homer (H-342) antibody (1:2500; Santa Cruz Biotechnology, Santa
Cruz, CA), and a goat polyclonal anti-Homer la (M-13) antibody (1:
25005 Santa Cruz Biotechnology). Immunoblots were quantified using
the AIDA software program (German Resource Center for Genomics,
Berlin, Germany). All data are expressed as the mean = SEM. Statistical
analysis was performed using a two-tailed Student’s test with a p value
<0.05 being considered statistically significant.

Results

Reduced NMDAR-independent synaptic depression in the
CAl1 region after status epilepticus

We first addressed the question how different forms of synaptic
LTD induced by LFS of Schaffer collaterals are altered after status
epilepticus. We examined NMDAR-independent synaptic plas-
ticity induced by application of PP LES (900 paired-pulses with
an interstimulus interval of 50 ms, applied at 1 Hz) in the pres-
ence of D-AP5 (50 uM). In control rats, PP LFS only caused a
transient depression of CA1 field potential slope to 69 = 4% (n =
7; p < 0.01) (Fig. 1A, C, empty symbols/bars, diamonds indicate
significant changes vs pre-LES baseline) without significant long-
term changes after 60 min (93 = 4%, n = 7), as described previ-
ously in experiments using a similar Ca**/Mg>" ratio (Oliet et

al., 1997). In pilocarpine-treated rats, however, the initial depres-
sion was obliterated (99 = 6%) (for summary, see Fig. 1C, aster-
isks and black symbols/bars indicate p < 0.01 vs controls). More-
over, fEPSPs were modestly potentiated rather than depressed 60
min after PP LFS (121 = 8%; n = 5) (Fig. 1A, C). Although
long-term changes in synaptic transmission were not significant
when compared with the pre-LFS baseline, we did observe a sig-
nificant difference in the long-term changes of synaptic transmis-
sion when comparing control and pilocarpine-treated rats (Fig.
1C, asterisks indicate p < 0.01).

In addition to NMDAR-independent LES-induced changes in
synaptic transmission, we also examined NMDAR-dependent
LTD (Fig. 1B). We induced LTD in the absence of the NMDAR
blocker D-AP5 using a standard LES protocol consisting of 900
pulses for 15 min at double stimulus intensity. With this LFS
protocol, equivalent levels of LTD were achieved in both groups
(Fig. 1 B). As summarized in Figure 1D (right), LFS caused sig-
nificant post-tetanic depression in both control and pilocarpine-
treated rats (63 = 3% and 65 * 6%, respectively) as well as
significant LTD (75 * 8% and 78 = 5%, respectively). An exam-
ination of input—output curves showed no evidence for signifi-
cant differences in baseline synaptic transmission between con-
trols (n = 11) (Fig. 1E, open circles) and pilocarpine-treated
animals (n = 10) (Fig. 1E, closed circles). Double-pulse experi-
ments revealed that the paired-pulse ratio (see Materials and
Methods) was significantly different only at a single interpulse
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Figure2. mGIuR LTD is impaired after status epilepticus. 4, The time course of CA1 field EPSP slopes after brief application of

DHPG (100 wem, 5 min) shows a significant difference between controls (open circles) and pilocarpine-treated rats (closed circles).

Representative field EPSPs (average of two subsequent traces) are taken at the time-points indi

time course of CA1 field EPSP slopes after brief application of DHPG (100 wum, 5 min) in the presence of the mGIuR5 blocker MPEP
(10 um) no longer shows a difference between controls (open circles) and pilocarpine-treated rats (closed circles). €, D, The time
course of CA1field EPSP slopes after brief application of DHPG (100 tum, 5 min) in the presence of the mGluR1 blockers CPCCOEt (10
um; €) or LY367385 (100 wm; D) reveals a difference between controls (open circles) and pilocarpine-treated rats (closed circles).

E-H, Bar graphs showing the DHPG-induced acute depression and LTD levels without mGIuR a

bation of the mGIuR antagonists MPEP (F), CPCCOEt (G), or LY367385 (H). Diamonds in E-H
indicate significant differences compared with pre-DHPG baseline. Other significant changes are indicated by asterisks (*p <

0.05; **p << 0.01). Error bars indicate SEM.

interval (50 ms, 146 = 7% in epileptic rats vs 124 = 4% in con-
trols; n = 7 in each group) (Fig. 1 F). Thus, it appears that chron-
ically epileptic animals neither exhibit large changes in baseline
synaptic transmission, nor a general deficit in the capability to
express synaptic depression.

Loss of mGluR-induced synaptic depression after

status epilepticus

Because PP LFS-induced, NMDAR-independent synaptic plas-
ticity has been shown to require activation of the group I metabo-
tropic glutamate receptor mGluR5 (Faas et al., 2002) (but see
Volk et al., 2006), we examined whether LTD induced by brief
application of the group I mGluR agonist (R, S)-3,5-DHPG; 100
1M, 5 min) is altered after status epilepticus. As described previ-

quire the activation of mGluR5 (Palmer et
al., 1997; Fitzjohn et al., 1999; Faas et al.,
2002). We therefore hypothesized that a
loss of functional mGIuR5 might underlie
the profound reduction in mGluR LTD in
the CALl region. To address this question,
we pharmacologically blocked mGluR5
during LTD induction using the specific
mGluR5 antagonist MPEP (10 uMm). In
control rats, MPEP strongly reduced both
the initial depression during DHPG appli-
cation (to 73 £ 6%; p < 0.01 vs untreated control slices) and LTD
(to 89 = 3%; n = 8; p < 0.01 vs untreated control slices) (Fig.
2B,E). In contrast, mGluR-induced depression was not further
reduced by preapplication of MPEP in pilocarpine-treated rats
(fEPSP slope during initial depression, 79 = 3%; 60 min after
DHPG application, 96 = 12%; n = 6). As a result, differences
between control and pilocarpine-treated rats were no longer ap-
parent (Fig. 2B,F). These results strongly indicate that loss of
mGluR5 or impairment of its function underlies the reduction in
mGluR LTD.

In contrast, blocking mGluR1 with CPCCOEt (10 M) in con-
trol animals did not cause significant changes in both the initial
depression and mGluR LTD (depression, 50 = 6%; LTD, 67 =
7%; n = 7) compared with control slices without CPCCOEt.

cated by lowercase letters. B, The

ntagonists (E), and with preincu-
(®p <005 ©°p<001)
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Likewise, blocking mGluR1 did not af-

fect mGluR-induced depression in

pilocarpine-treated animals (initial de- 10
pression, 83 = 12%; LTD, 90 = 6%;n = 8)

(Fig. 2C,G) compared with control exper-

iments. Consequently, a significant differ- 10 6 .
ence in both the acute depression and
mGluR LTD was maintained between
control and pilocarpine-treated rats in the
absence of functional mGluR1 receptors
(p < 0.05) (Fig. 2G, asterisks). Because
available evidence suggests that CPCCOEt
may not be sufficiently selective (Volk et
al., 2006), we repeated these experiments
using the newer and more potent mGluR1
antagonist LY367385 (Fig. 2D). Similar to
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the experiments with CPCCOEt described 10
above, DHPG-induced LTD was reliably 0
induced in controls (75 £ 9%;n = 7; p <
0.05 vs pre-DHPG-baseline) (Fig. 2H),
but not in pilocarpine-treated rats (106 =
9%; n = 7; p < 0.05 vs controls) (Fig. 2 H).
These results strongly argue that the re-
duction in mGluR LTD is caused by loss of
mGluR5 receptors or receptor function. 10

Downregulation of mGluRS5 after

status epilepticus

Because these results suggest downregula-

tion of mGIuRS5, but not mGluR1 receptor <1
expression or function, we studied the ex-
pression of these two receptor isoforms in 10
the CAl region using quantitative real-

time RT-PCR. We used synaptophysin as a
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—a— mGIuR5 Control

T T T T L}
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reference gene because it is expressed only
in neurons, and because its mRNA does 0
not display differences in abundance per
individual neuron in control versus
pilocarpine-treated animals (Chen et al.,
2001). We found no significant alter-
ations in transcript abundance for
mGluR1 (Fig. 3A). In contrast, mGluR5
was expressed at significantly lower lev-
els after status epilepticus (Fig. 3B). The
regulation of mGIluR5 was not a general
feature of postsynaptically expressed ion channel or receptor
genes. The levels of sodium channel mRNAs encoding the 3,
and B, subunits, as well as the Na,1.1 subunit, were not re-
duced in rats that have experienced status epilepticus (114,
121, and 130% of control values, respectively; n = 5 in con-
trols and n = 6 in pilocarpine-treated rats).

Next, we studied whether the decrease in mGluRS5 transcript
translates to a reduction in the corresponding protein levels. We
first performed immunohistochemistry with an antibody to
mGluR5 on horizontal hippocampal sections from control and
pilocarpine-treated rats. These experiments revealed a marked
loss of mGIuR5 protein in the CAIl stratum radiatum in
pilocarpine-treated rats compared with control animals (Fig.
4A). To quantify the loss of mGIuR5 protein, we performed
quantitative immunoblotting analyses on membrane fractions of
microdissected CA1 subregions. The anti-mGluR5 antibody de-
tected a major band of ~130 kDa, corresponding to monomeric
mGluRS5 subunits (Fig. 4 B, indicated by C) (Romano et al., 1996).

Figure 3.
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485 8 8

60

)]
o

PCR cycle number

Selective transcriptional downregulation of mGIuR5 after status epilepticus. A, Amplification plot of the quantitative
RT-PCR with synaptophysin (syn) and mGluR1. For data analysis, the fluorescent signals are normalized to an internal, passive
reference dye (R,), yielding a normalized value AR,. The mGluR1-transcript expressed relative to the reference gene synapto-
physin is not different between control and pilocarpine-treated rats (open and closed bar in the inset, respectively). B, Amplifi-
cation plot of the quantitative RT-PCR with synaptophysin and mGIuR5. After status epilepticus, the mGIuR5-transcript relative to
the reference gene synaptophysin is significantly downregulated compared with controls (inset). Error bars indicate SEM.

Two additional, weaker bands of higher molecular weight were
detected between 260 and 290 kDa (Fig. 4 B, indicated by A and B)
(n = 4and 5 for control and pilocarpine-treated animals, respec-
tively; protein homogenate of CA1 tissue isolated and pooled
from one animal was loaded per lane). These most probably cor-
respond to disulfide-linked mGluR5 dimers, as reported previ-
ously (Romano et al., 1996, 2001). Indeed, when immunoblots
were performed under nonreducing conditions, virtually all of
the mGIuR5 protein migrated as high molecular mass forms
(data not shown). Utilizing actin as an internal standard, we
quantified the relative abundance of mGluR5 in the CA1 region
of control versus pilocarpine-treated rats. We found a pro-
nounced reduction in mGluR5 expression levels that was highly
significant for all three size forms detected (Fig. 4C, asterisks)
(reductions of ~76, ~60, and ~68% for the 290, 260, and 130
kDa forms, respectively). Could these reductions be cause by a
loss of CA1 neurons in pilocarpine-treated animals, which is un-
doubtedly present even after the rather brief status epilepticus in
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Figure4.  mGIuR5 protein is decreased after status epilepticus. A, Hippocampal sections of
control (left) and pilocarpine-treated (right) animals were stained with HE or probed with an
antibody against mGIuRS5 (red). s. pyr., Stratum pyramidale; s. rad., stratum radiatum. Nuclei
(blue) were labeled with DAPI. Scale bars: top, 400 um; bottom, 10 em. B, mGIuR5 membrane
fractions isolated from microdissected CA1 subregions. Fractions (see Materials and Methods)
were analyzed by SDS-PAGE and immunoblotting with antibodies to mGIuR5 and actin as indi-
cated. The mGluR5 antibody recognized three specific bands: one corresponding to mGIuR5
monomers at an apparent molecular mass of ~130 kDa and two weaker bands of higher
molecular weight, between 260 and 290 kDa, representing mGluR5 dimers (indicated by C, B,
and A, respectively). CA1 tissue collected from one animal was loaded per lane.n = 4 and 5 for
control and pilocarpine-treated animals, respectively. M.W., Molecular weight marker. C, Rel-
ative abundance of the three mGIuR5 complexes. Proteins were quantified with the Odyssey
imaging system. mGIuR5 protein levels were normalized to actin protein levels for each lane and
expressed as mean = SEM (n = 4). Significant reductions are indicated by asterisks.

our model? We quantified the loss of neurons in the pyramidal
layer of the CA1 region in control and pilocarpine-treated ani-
mals, and found that the density of CA1 neurons is reduced by
40.3% in epileptic animals [# = 6 control (*0.11%) and
pilocarpine-treated (£0.07%) animals, respectively; p < 0.01%].
Thus, we conclude that cell loss accounts for some, but not all of
the loss of mGIuR5 protein in the CA1 region.

We next considered whether there might be changes in signal-
ing components downstream of mGluR5. Homer proteins are a
family of >15 postsynaptic scaffolding molecules that facilitate
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Figure5.  Protein levels of Homer isoforms are reduced after status epilepticus. A, Immuno-

blots of membrane fractions isolated from microdissected CA1 subregions (see Materials and
Methods) probed with an anti-Homer antibody recognizing all Homer isoforms and an anti-
actin antibody as indicated. CA1 tissue collected and pooled from two animals was loaded per
lane. B, Immunoblots of membrane fractions isolated from microdissected CA1 subregions
probed with an anti-Homer antibody as in A, and an isoform-specific anti-Homer1a antibody.
(A1 tissue preparations from one animal were loaded per lane. €, Quantification of the abun-
dance of Homer relative to actin (left) reveals a significant downregulation of Homer isoforms
migrating at ~47 kDa. The relative ratios of long Homer isoforms versus Homer1a (right) were
unaltered. Error bars indicate SEM.

the aggregation of specific postsynaptic proteins, and modulate
their function (for review, see Duncan et al., 2005). Most Homer
isoforms are constitutively expressed, have a molecular mass of
~47 kDa, and contain EVH1 domains that bind mGluRs, as well
as CC domains that allow homodimerization and heterodimer-
ization. A short Homer isoform (Homerla; ~28 kDa) lacks the
C-terminal CC domain and therefore does not dimerize. This
isoform is not constitutively expressed, but is powerfully induced
by activity. Long Homer isoforms are known to link mGluR5
activation to intracellular signal transduction, such as the extra-
cellular signal-regulated protein kinase cascade (Yang et al., 2004;
Mao et al., 2005), or inositol triphosphate receptor mediated sig-
naling (Sala et al., 2005). We first examined whether the abun-
dance of long Homer isoforms might be altered in protein ex-
tracts from the CA1 region of control versus pilocarpine-treated
rats. Western blotting with an antibody recognizing all Homer
isoforms revealed a prominent band at 47 kDa, corresponding to
the long isoforms (Fig. 5A) (n = 4 for the control and pilocarpine
groups, protein homogenates collected from two animals were
loaded on each lane). When we normalized the abundance of
Homer to actin, we found a significant ~57% reduction in pro-
tein levels of long Homer isoforms (Fig. 5C, left, asterisk). Thus,
both mGIuR5 and long Homer isoforms are downregulated to an
extent that is not accounted for by neuronal cell loss.

A shortisoform of Homer, Homerla, has been reported to act
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as a dominant negative isoform, and can uncouple mGluR5 from
postsynaptic signal transduction cascades (Kammermeier and
Worley, 2007). We therefore tested whether the relative abun-
dance of long Homer isoforms versus Homerla might be altered
after pilocarpine treatment. Probing immunoblots with antibod-
ies both against Homer and Homerla revealed that the relative
ratio of long Homer isoforms versus Homerla was unaltered
(Fig. 5B, C, right) (n = 4 and 5, respectively; protein homoge-
nates collected from one animal were loaded on each lane).

Discussion

In the present study, we demonstrate the subtype-specific down-
regulation of mGluR5-transcript and protein in the CAl region
after pilocarpine-induced status epilepticus. In addition, protein
levels of the postsynaptic scaffolding molecule Homer, that me-
diates downstream signaling of mGluR5, are also decreased. As a
consequence, mGluR5-dependent long-term depression is abol-
ished. Thus, an episode of status epilepticus causes a long-term
loss in the potential to exhibit NMDA-independent long-term
synaptic depression in the CA1 region.

Activity-dependent modulation of mGluR-dependent
synaptic plasticity

The modulation of synaptic plasticity by previous activity has
been well established and has been collectively termed metaplas-
ticity (Abraham and Bear, 1996). Application of weak high-
frequency stimulation has been shown to cause subsequent inhi-
bition of NMDA-dependent LTP (Huang et al, 1992).
Conversely, the induction of NMDAR-dependent LTD is en-
hanced after different types of priming stimulation (Christie and
Abraham, 1992; Holland and Wagner, 1998). Metaplasticity has
also been observed for mGluR-dependent LTD in the dentate
gyrus. In the medial perforant path, high-frequency stimulation
inhibited subsequent mGluR LTD or depotentiation. The induc-
tion of this form of metaplasticity was found to be NMDAR-
independent, but required activation of group I/II mGluRs and
protein kinase C (PKC) (Rush et al., 2002; Wu et al., 2004). A
qualitatively similar finding was obtained by Zho et al. (2002),
who demonstrated that mGluR5 activation becomes ineffective
in causing depotentiation during the LTP maintenance phase.
Together with our results, these experiments suggest that meta-
plastic reduction of mGluR LTD may occur via two different
mechanisms. The first mechanism is fast in onset and relies on
activation of mGluRs and PKC (Rush et al., 2002; Wu et al.,
2004). The second mechanism, described here, is likely slower,
and inhibits mGluR LTD via a transcriptional downregulation of
both mGluR5 and Homer proteins. The decrease in mGluR5 and
Homer on the protein level is partly caused by neuronal cell loss,
but our quantitative data show that there must be an additional
downregulation of both Homer and mGluR5 in surviving neu-
rons. Thus, it is likely that the changes in both mGluR5 and
Homer abundance conspire to produce a deficit in mGluR5-
dependent signaling. Indeed, the downregulation of long Homer
isoforms is highly likely to affect mGIuR5 dependent signaling,
because these Homer isoforms link mGluR5 activation to differ-
ent intracellular signal transduction cascades (Yang et al., 2004;
Mao et al., 2005; Sala et al., 2005). Because the presence of
Homerla can uncouple mGluR5 from postsynaptic signal trans-
duction cascades (Kammermeier and Worley, 2007), we also ex-
amined whether a relative upregulation of Homerla might ac-
count for loss of mGluRS5 activity. Our results indicate that there
are no changes in the abundance of Homerla relative to long
Homer isoforms. Thus, it is unlikely that changes in the Homer/
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Homerla stochiometry contribute to the functional changes in
mGIuR LTD.

Interestingly, our data demonstrate that epilepsy causes loss of
mGluR LTD, but does not affect NMDA-dependent synaptic de-
pression in the CAl region, similar to the intact NMDA-
dependent LTD in the CA1 region after hippocampal lesions in-
duced by kainic acid injection (Bernard and Wheal, 1996). These
findings argue for a differential impairment of NMDA-
dependent and -independent forms of LTD in the CA1 region. It
has been suggested that the preservation of such forms of depres-
sion might be of use to decrease excitability in the epileptic hip-
pocampus using low-frequency stimulation (Bernard and Wheal,
1996). Although we did not address this issue, it should be noted
that the downregulation of mGluR5 may also have effects on
NMDA-dependent forms of LTP, because mGluR5 has been im-
plicated in NMDA-dependent LTP in the CA1 region (Lu et al.,
1997; Francesconi et al., 2004). The emerging pattern of changes
induced by status epilepticus is further complemented by an ele-
gant study by Doherty and Dingledine (2001), in which the prop-
erties of excitatory synapses onto interneurons were examined.
This study reported enhanced short-term depression at these
synapses, partially mediated by group II mGluRs. These results
suggest that excitatory drive onto interneurons, and thereby
GABAergic inhibition, is weakened in a use-dependent manner.

Postsynaptic expression of group I mGluRs and induction site
of mGluR LTD

It is well established that group I mGluRs are predominantly
expressed at the postsynaptic membrane of normal CA1 neurons,
with little expression in presynaptic terminals in adult rodents
(Romano et al., 1995; Lujan et al., 1996; Shigemoto et al., 1997).
Available evidence suggests that of the two group I mGluRs,
mGluRS5 is responsible for mediating LTD induced by applica-
tion of DHPG (Huber et al., 2001; Faas et al., 2002; Huang et al.,
2004) (but see Volk et al., 2006) as well as by PP LES (Faas et al.,
2002). In addition to the anatomical localization of mGIuR5 at
postsynaptic sites, the importance of postsynaptic mechanisms in
the induction and expression of mGluR LTD is supported by
experiments using postsynaptic injection of G-protein inhibitors
(Watabe et al., 2002; Huang et al., 2004), or endocytosis and
protein synthesis inhibitors that prevent glutamate receptor in-
ternalization (Snyder et al., 2001; Xiao et al., 2001), as well as
experiments assessing changes in presynaptic release directly
(Zhang et al., 2006). Intriguingly, these mechanisms may be dif-
ferent in neonatal hippocampus, with mGluR LTD relying on
large presynaptic changes (Nosyreva and Huber, 2005). It should
be noted that we also observed changes in PPF after application of
DHPG, similar to observations of Nosyreva and Huber (2005) for
DHPG-induced depression in older animals. These changes can-
not, however, by themselves be taken as evidence of a presynaptic
process (Poncer and Malinow, 2001). Together, these data largely
support a postsynaptic induction and expression mechanism for
mGluR LTD in adult animals. Thus, we believe that the reduction
of postsynaptic mGluR5 mRNA and protein in CAl neurons,
together with the decrease in Homer protein, is the most parsi-
monious explanation for the loss of mGluR LTD.

Role of group I mGluRs in temporal lobe epilepsy

Group I mGluRs have been previously investigated in other mod-
els of temporal lobe epilepsy (TLE), as well as in human epilepsy.
In qualitative agreement with our study, a transient downregula-
tion of mGluR5, but not mGluR1-mRNA was observed in the
kindling model of epilepsy, which subsequently (~1 month after
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kindling) returned to control levels (Akbar et al., 1996). How-
ever, mGluR5 mRNA was not altered at early stages after kainate-
induced seizures (Aronica et al., 1997). After pilocarpine-
induced status epilepticus, mGluR1« was initially upregulated,
but returned to baseline by day 7, whereas mGluR5 was not ana-
lyzed in this model (Tang et al., 2001b). After electrically induced
status epilepticus, an upregulation of mGluRS5 in astrocytes has
been described (Aronica et al., 2000). Thus, considerable differ-
ences exist among the present TLE animal models concerning
mGluR expression changes. In the human hippocampus, both
mGluR1 and mGIuR5 were found in all pyramidal neurons
(Blitmcke et al., 1996; Tang et al., 2001a). In TLE patients, a
striking upregulation of mGlIuR1 expression has been implicated
in the pathophysiology of hippocampal hyperexcitability,
whereas mGluR5 was unaltered in the dentate gyrus (Bliimcke et
al., 2000; Tang et al., 2001a).

Functional consequences of impaired mGluR LTD

What might the functional consequences of aloss of mGluR LTD
be in the context of a chronically epileptic brain? First, mGluR
LTD is, along with other forms of synaptic plasticity, a potential
cellular mechanism that affects learning and memory. In partic-
ular, hippocampal LTD appears to be associated with the acqui-
sition of novelty (Braunewell and Manahan-Vaughan, 2001). Itis
therefore tempting to speculate that impaired synaptic plasticity
may underlie specific cognitive deficits incurred during induc-
tion of chronic epilepsy. An additional, particularly intriguing
issue is suggested by a previous study in which repeated induction
of mGIuR LTD caused elimination of glutamatergic synapses
(Shinoda et al., 2005). Thus, a loss of mGluR LTD may cause an
impaired capacity to eliminate synapses in the epileptic brain.
Such a mechanism may be potentially important given the pro-
nounced sprouting, and formation of glutamatergic synapses
that is a feature of chronic experimental and human epilepsy.
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