
Somatostatin and Neuropeptide Y Neurons Undergo Different
Plasticity in Parahippocampal Regions in Kainic Acid–Induced
Epilepsy

Meinrad Drexel, PhD, Elke Kirchmair, BMA, Anna Wieselthaler-Hölzl, BMA, Adrian Patrick
Preidt, Mag, and Günther Sperk, PhD
Department of Pharmacology, Innsbruck Medical University, Innsbruck, Austria

Abstract
Parahippocampal brain areas including the subiculum, presubiculum and parasubiculum, and
entorhinal cortex give rise to major input and output neurons of the hippocampus and exert
increased excitability in animal models and human temporal lobe epilepsy. Using
immunohistochemistry and in situ hybridization for somatostatin and neuropeptide Y, we
investigated plastic morphologic and neurochemical changes in parahippocampal neurons in the
kainic acid (KA) model of temporal lobe epilepsy. Although constitutively contained in similar
subclasses of γ-aminobutyric acid (GABA)-ergic neurons, both neuropeptide systems undergo
distinctly different changes in their expression. Somatostatin messenger RNA (mRNA) is rapidly
but transiently expressed de novo in pyramidal neurons of the subiculum and entorhinal cortex 24
hours after KA. Surviving somatostatin interneurons display increased mRNA levels at late
intervals (3 months) after KA and increased labeling of their terminals in the outer molecular layer
of the subiculum; the labeling correlates with the number of spontaneous seizures, suggesting that
the seizures may trigger somatostatin expression. In contrast, neuropeptide Y mRNA is
consistently expressed in principal neurons of the proximal subiculum and the lateral entorhinal
cortex and labeling for the peptide persistently increased in virtually all major excitatory pathways
of the hippocampal formation. The pronounced plastic changes differentially involving both
neuropeptide systems indicate marked rearrangement of parahippocampal areas, presumably
aiming at endogenous seizure protection. Their receptors may be targets for anticonvulsive drug
therapy.
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INTRODUCTION
Epileptic seizures induce considerable morphologic and chemical plasticity in the
hippocampal formation. Notably, dentate granule cells exert altered expression of a large
number of functionally important proteins (1–5), and granule cell axons (so-called mossy
fibers) show prominent sprouting to the inner molecular layer of the dentate gyrus where
they presumably substitute for a loss of innervation by associational-commissural fibers (6–
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8). Sprouting of Schaffer collaterals (axons of CA3 pyramidal neurons) to hippocampal
sector CA1, the subiculum, the presubiculum and parasubiculum, and the entorhinal cortex
(EC) has also been reported in kainic acid (KA)–induced epilepsy in the rat (9). Sprouting of
CA1 pyramidal cell axons has been demonstrated in different animal models of temporal
lobe epilepsy (TLE) and in human TLE (10–14). Target areas of sprouted CA1 pyramidal
cell axons include not only all layers of sector CA1 but also sector CA3, the subiculum, and
the alveus. Axonal sprouting, however, also involves γ-aminobutyric acid (GABA)-ergic
interneurons. In human TLE, sprouting of calretinin (CR)-, neuropeptide Y (NPY)–, and
somatostatin (SOM)-labeled fibers have been observed in the dentate gyrus, in the
hippocampus proper, and in the subiculum (15–18).

Conspicuous overexpression of neuropeptides such as SOM and NPY in interneurons in the
dentate gyrus and the hippocampus proper highlights striking neurochemical plasticity in
epilepsy (1, 19–23). In addition to interneurons, NPY is prominently expressed in granule
cells/mossy fibers in rat epilepsy models. At the same time, the expression of Y2 receptors is
increased in mossy fibers of epileptic animals and in human TLE (17, 24, 25). By activating
Y2 receptors, NPY inhibits glutamate release and exerts anticonvulsive actions (26–30).
Thus, upregulation of NPY and of Y2 receptors may contribute to endogenous
anticonvulsive mechanisms, and Y2 receptors may be targets for novel therapies for epilepsy
(31). Similarly, SOM has been proposed to have an anticonvulsive role by activating sst2
receptors (32, 33). Thus, altered expression of neuropeptides may strongly influence the
outcome of seizures.

Parahippocampal brain areas such as the subiculum and EC intimately interact with the
hippocampal formation. They represent major output and input areas of the hippocampus,
respectively, and may be crucially involved in the generation of epileptic activity, both in
animal models and in human TLE (34–36). In human TLE, Layers II and III of the EC are
severely affected by neurodegeneration (37), whereas the subiculum is surprisingly
preserved in TLE and in patients with severe Ammon horn sclerosis (17, 38). In the KA and
pilocarpine models of TLE, the proximal subiculum and Layer III of the medial EC undergo
marked neurodegeneration including that of parvalbumin-positive neurons (35, 39, 40); cell
losses in the distal subiculum, in EC Layer II and in the presubiculum, are less prominent
(39) (unpublished observations). On the other hand, dense sprouting of GABA/NPY-ergic
neurons has been demonstrated in the subiculum in human TLE (17) but not yet reported for
the rat.

Because there is sparse information available on changes in neuropeptide systems of
parahippocampal areas in epilepsy, we investigated morphologic and neurochemical
plasticity of the SOM and NPY systems in parahippocampal brain areas, including the
subiculum, presubiculum, parasubiculum, and EC in the KA model of TLE using
immunohistochemistry and in situ hybridization (ISH).

MATERIALS AND METHODS
Rats

Male Sprague-Dawley rats (210–260 g; Forschungsinstitut für Versuchstierzucht, Himberg,
Austria) were used for the study. The rats had free access to food and water and were housed
at a temperature of 22 to 23°C, relative humidity of 50% to 60%, and a 12-hour light/dark
cycle. All animal experiments were conducted according to national guidelines and
European Community laws. They were approved by the Committee for Animal Protection of
the Austrian Ministry of Science. All care was taken to minimize suffering of the rats.
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KA Injection and Evaluation of Behavior
In total, 97 rats were injected intraperitoneally (i.p.) with 10 mg/kg KA (Ascent Scientific,
Ltd, North Somerset, UK), dissolved in 0.9% NaCl at a concentration of 5 mg/ml and
adjusted to pH 7.0. Seizure behavior was monitored for at least 3 hours and rated using a 5-
stage rating system as previously described (41). Rats without any obvious behavioral
changes were scored as stage 0; rats exhibiting “wet dog shakes” only were scored as stage
1; rats with chewing, head bobbing, and forelimb clonus were scored as stage 2; rats with
generalized seizures and rearing were scored as stage 3; rats with generalized seizures,
rearing, and falling (loss of postural tone) were scored as stage 4; and rats that died during
status epilepticus (SE) were scored as stage 5. To reduce mortality and severity of the
neuropathologic outcome, rats were treated with diazepam (10 mg/kg i.p., Gewacalm;
Nycomed Austria GmbH, Linz, Austria) 2 hours after the first generalized seizure. Four rats
developed stage 2 seizures, 51 rats developed stage 3, and 27 rats developed stage 4
seizures. Four rats did not respond, and 11 rats died. All rats with stage 3 and 4 were
included in the study and were killed after different intervals (see tissue preparation).

Video-Assisted Telemetric EEG Recording
In 37 of the rats with seizures, video-assisted EEG recordings were performed for up to 3
months. A biopotential transmitter (TA10EA-F20; Data Sciences International, Arden Hills,
MN) was placed in a subcutaneous pocket at the back of the rats and the transmitter leads
were secured to the skull in an epidural position (4.0 mm posterior and 3.0 mm left and right
to the bregma) by 2 stainless steel screws (M1*2; Hummer and Riess GmbH, Nürnberg,
Germany). EEG activity was recorded using a telemetry system (Dataquest A.R.T. Data
Acquisition 4.0 for telemetry systems; Data Sciences International), and behavior was
monitored using Axis 221 network infrared-sensitive videocameras (Axis Communications
AB, Lund, Sweden) with infrared illumination during the dark phase.

The first spontaneous EEG seizure in rats with rating 3 to 4 during SE was observed
between 3 and 36 days (mean, 15.3 days) after KA injection; 50% of all rats showed at least
1 spontaneous seizure after 12 days (unpublished data).

Tissue Preparation
For immunohistochemistry, rats were deeply anesthetized by i.p. injection of thiopental (150
mg/kg; Sandoz GmbH, Kundl, Austria) 24 hours (n = 9), 8 days (n = 9), 1 month (n = 10),
and 3 months (n = 15) after KA-induced SE. They were then perfused transcardially with
phosphate-buffered saline (room temperature [RT], pH 7.4) followed by 80 ml of ice-cold
4% paraformaldehyde in 50-mmol/L phosphate buffer, pH 7.4. Brains were carefully
removed from the skulls and postfixed in ice-cold paraformaldehyde for an additional 90
minutes. The brains were then immersed in ice-cold 20% sucrose in 50-mmol/L phosphate
buffer for 24 hours, snap-frozen in −70°C isopentane (Merck, Darmstadt, Germany) for 3
minutes and stored at −70°C. Horizontal 30-μm-sections of the ventral hippocampal region
were cut on a cryostat microtome (Carl Zeiss AG, Vienna, Austria), collected in 50-μmol/L
Tris-buffered saline containing 0.1% NaN3 (all from Merck), and stored at 4°C.

For ISH, KA-treated rats and age-matched controls were put into a box and killed by
exposure to CO2 at 24 hours (n = 5), 8 days (n = 6), 1 month (n = 5), or 3 months (n = 15)
after KA-induced SE. Brains were rapidly removed from the sculls and snap frozen in
−70°C isopentane (Merck). Horizontal 20-μm sections were cut using a cryostat microtome,
thaw mounted on silane-coated slides, and stored at −70°C.
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Nissl Stain
For adjusting the levels of brain sections, every 10th section was collected for Nissl staining.
Sections were mounted on slides, dried, dehydrated in graded ethanol series (70%–100%),
and transferred to butyl acetate. After rehydration in graded ethanol/H2O, sections were
incubated in 0.5% Cresyl violet (Sigma-Aldrich, St Louis, MO) for 5 minutes and again
dehydrated in graded ethanol (70%–100%), transferred to butyl acetate, and coverslipped
with Eukitt (O. Kindler GmbH, Freiburg, Germany).

Antibodies
A mouse monoclonal antibody was used for detection of glutamate decarboxylase (GAD67,
AB 5406; Chemicon, Temecula, CA); this antibody detects a single band in Western blots of
brain extracts (42). An antibody to the vesicular GABA transporter (VGAT, donated by
Prof. R. Edwards, University of California at San Francisco, CA) was raised in rabbits
against a fusion protein of the N-terminal sequence (99 AA) of VGAT with glutathione S-
transferase (43). For CR, a polyclonal antibody (calretinin 7698; SWANT, Marly,
Switzerland) was used. The SOM antiserum was raised in rabbits against synthetic SOM-14
coupled to ovalbumin. It recognizes SOM-14 and SOM-28 about equally and was previously
characterized (44). The NPY antiserum was raised in rabbit against synthetic porcine NPY
(Cambridge Res. Biochemicals, Billingham, UK) coupled to ovalbumin and was previously
characterized (45).

Indirect Immunohistochemistry
Free-floating sections were rinsed in 50-mmol/L Tris-buffered saline with 0.1% to 0.4%
Triton X-100 (Sigma-Aldrich) for 30 minutes followed by 10% blocking serum (normal
goat serum) diluted in TBS-Triton buffer for 90 minutes for reducing nonspecific binding.
Sections were then incubated overnight at RT with the primary antibody diluted (VGAT,
1:7500; CR, 1:5000; SOM, 1:2000; NPY, 1:2500) in 10% of blocking serum containing
0.1% NaN3 and then rinsed 3 times with TBS-Triton for 5 minutes.

Secondary antibodies (P0260 rabbit anti-mouse, 1:200; or P0448 goat anti-rabbit, 1:250;
DAKO, Glostrup, Denmark) were diluted with 10% blocking serum in TBS-Triton. Sections
were incubated with secondary antibody solution for 150 minutes at RT. After washing 3
times for 5 minutes in TBS buffer, the sections were reacted with 0.05% 3,3′-
diaminobenzidine tetrahydrochloride (Sigma-Aldrich) in TBS buffer containing 0.016%
H2O2. The labeling reaction was monitored under the microscope and stopped by washing
the sections in TBS buffer. Sections were mounted on gelatin-coated glass slides in 55%
ethanol and allowed to dry overnight. After dehydration in ethanol and clearing in butyl
acetate, they were coverslipped with Eukitt embedding medium for light microscopic
examination. Omission of the primary antisera served as control and eliminated specific
immunoreactivity.

In Situ Hybridization
The following custom-synthesized oligo-DNA probes (Microsynth AG, Balgach,
Switzerland) complementary to the respective messenger RNAs (mRNAs) were used: SOM
(bases 358–405), 5′-GGA TGT GAA TGT CTT CCA GAA GAA GTT CTT GCA GCC
AGC TTT GCG TTC-3′ (NM_012659) (46); NPY (bases 214–259), 5′-CTC TGT CTG
GTG ATG AGA TTG ATG TAG TGT CGC AGA GCG GAG TAG T-3 prime; (M15880.1)
(47). In situ hybridization was performed as described in detail previously (1).
Oligonucleotides (2.5 pmol) were labeled at the 3′-end with [35S] α-thio-dATP (1,300 Ci/
mmol; New England Nuclear, Boston, MA) by reaction with terminal
deoxynucleotidyltransferase (Roche Austria GmbH, Vienna, Austria) and precipitated with
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75% ethanol and 0.4% NaCl. Twenty-micrometer-thick frozen sections were immersed into
ice-cold paraformaldehyde (2%) in PBS, pH 7.2 for 10 minutes, rinsed in PBS, immersed in
acetic anhydride (0.25% in 0.1-mol/L triethylamine hydrochloride) at RT for 10 minutes,
dehydrated by ethanol series, and delipidated with chloroform. The sections were then
hybridized in 50-μl hybridization buffer containing about 50 fmol (0.8–1 × 106 cpm)-
labeled oligonucleotide probe for 18 hours at 42°C. The hybridization buffer consisted of
50% formamide (Merck), 2 × SSC (1 × SSC consisting of 150-mmol/L NaCl and 15-mmol/
L sodium citrate, pH 7.2). The sections were then washed twice in 50% formamide in 1 ×
SSC (42°C, 4 × 15 minutes), briefly rinsed in 1 × SSC, rinsed in water, dipped in 70%
ethanol, dried, and then exposed to BioMax MR films (Amersham Pharmacia Biotech,
Buckinghamshire, UK) for 8 days (SOM) or 19 days (NPY). After exposure to BioMax MR
films, the sections were dipped at 42°C in photosensitive emulsion (NTB-2; Kodak,
Rochester, NY) diluted 1:1 with distilled water, air dried, and exposed for 12 days (SOM) or
27 days (NPY). Dipped sections and BioMax MR films were developed using Kodak D19
developer (Kodak). After counterstaining with Cresyl violet, photoemulsion-dipped sections
were dehydrated, cleared in butyl acetate, and coverslipped with Eukitt.

Densitometry
For semiquantitative analysis of the density of immune-labeled fibers in the outer molecular
layer (oml) of the subiculum, digital 8-bit images from 30-γm-thick immune-labeled slices
were taken at a 100-fold magnification with constant illumination and filter settings
(OpenLab 4; Perkin-Elmer, Waltham, MA). Images were imported into the image analysis
software ImageJ. A rectangle (length, 300 μm; width, 150 μm) with an area of 45,000 μm2

was placed over the oml of the subiculum, and the average grayscale value of all pixels
within the rectangle (8-bit pictures, 256 different gray values: 0 [white]–255 [black]) was
measured. The following brain areas were used for determining background labeling:
internal capsule for VGAT, ventral part of the medial geniculate nucleus for NPY, and the
corpus callosum for SOM and CR. Relative optical densities (RODs) were calculated from
gray values according to the following formula: ROD = log (256/[255 − gray value]). The
RODs of the left and right hemispheres were averaged, and the ROD of the background was
subtracted.

To quantify changes in the intensity of NPY fiber labeling in all parahippocampal
subregions, photomicrographs (8 bits) of 30-μm NPY-immunolabeled sections were taken at
100-fold magnification and imported into the ImageJ software. Circles (350 μm diameter)
were placed over the regions of interest, and mean gray values of all pixels inside the circles
were measured. The following regions were investigated: proximal and distal parts of the
subiculum, presubiculum, parasubiculum, superficial and deep layers of the medial and
lateral EC, respectively, and perirhinal cortex. Nonspecific background staining was
measured in the medial geniculate nucleus. Relative optical densities were calculated as
above, and background ROD was subtracted. Relative optical densities of left and right
hemispheres were averaged.

Quantification of SOM Neurons in Parahippocampal Areas
To assess the numbers of SOM-immunoreactive (-ir) neurons, photo images of
parahippocampal areas (subiculum, presubiculum, parasubiculum, and EC) were obtained
from 30-μm sections at 100-fold magnification. Images were imported into the ImageJ
software, and areas of interest were manually outlined and measured. Cell numbers within
these areas were counted manually, and neuronal densities (neurons/mm2) were calculated.
Numbers obtained in the left and right hemispheres were averaged.
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Quantification of NPY mRNA-Expressing Neurons
To quantify the percentage of NPY mRNA-expressing neurons in the subiculum and EC,
20-μm sections were processed for radioactive ISH, dipped in photo emulsion, and
counterstained with Cresyl violet. Bright-field microphotographs were taken at 200-fold
magnification and imported into the ImageJ software. Circles (350 μm diameter) were
placed over the principal cell layers of the proximal and distal parts of the subiculum and
over the superficial and deep layers of the medial and lateral EC, respectively. Total
numbers of stained neurons inside the circles and neurons expressing NPY mRNA (marked
by the accumulation of silver grains) were counted. Percentages of NPY mRNA-expressing
neurons were calculated for individual regions.

Quantification of Silver Grains Over NPY and SOM mRNA-Positive Neurons
For quantifying mRNA expression in individual SOM and NPY mRNA-expressing neurons,
we determined the number of silver grains located over these cells in sections dipped with
photoemulsion after ISH. Dark-field images of the subiculum and the EC were obtained at
200-fold magnification. A threshold for the selective detection of silver grains was set. The
areas covered either by SOM or by NPY mRNA-expressing cells (labeled by Nissl stain)
including their close vicinity were outlined by 25-μm-diameter circles using the ImageJ
software, and the density of silver grains within circles was measured. For SOM mRNA,
1,116 and 1,744 neurons were investigated in the subiculum and the EC, respectively, and
716 and 1,463 were investigated for NPY mRNA in the subiculum and EC, respectively.
Densities of individual neurons were averaged for each animal. Statistical analysis was done
between groups of animals.

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism 5.0a for Macintosh (GraphPad
Software, San Diego, CA). Analysis of variance with Dunnett multiple comparison post hoc
test was used for determining between-group differences among multiple sets of data.
Correlations were determined by using the Pearson correlation coefficient. All data are
presented as mean ± SEM. Statistical significance was defined as p < 0.05.

RESULTS
Transient Ectopic Expression of SOM mRNA and Immunoreactivity in Principal Neurons of
Parahippocampal Regions

SOM mRNA was restricted to interneurons widely distributed in hippocampal and
parahippocampal regions in controls (Fig. 1A). At 24 hours after KA-induced SE, we
observed de novo expression of SOM mRNA in pyramidal cells of the hippocampus and
parahippocampal areas (Fig. 1B), which extends the observation by Hashimoto and Obata
(48) that SOM mRNA is ectopically expressed in pyramidal neurons of hippocampal sectors
CA3 and CA1 early (24 hours) after KA-induced SE. De novo expression of SOM mRNA in
pyramidal neurons was observed in the subiculum (4/5 rats), parasubiculum (3/5 rats), and in
the deep (3/5 rats) and superficial layers of the EC (1/5 rats) at this interval (Figs. 1B, E, I).
Expression of SOM mRNA in principal neurons of all parahippocampal subregions was
transient, and it was never detected at later intervals (8 days and 1 and 3 months) after KA-
induced SE (Figs. 1C, F, J).

Consistent with the de novo expression of SOM mRNA in pyramidal neurons, the numbers
of SOM-ir neurons were increased in the subiculum (187% ± 9.1% of controls, p < 0.001)
and parasubiculum (136% ± 15.9% of controls, p < 0.01) but not in the presubiculum and
the EC 24 hours after KA injection. Expression of SOM mRNA and SOM-ir in pyramidal
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cells were transient, and numbers of SOM-ir cells in the subiculum and parasubiculum
returned to control values 8 days after SE (Table 1).

Strikingly, SOM-ir expressed de novo always appeared restricted to the perikarya of
principal neurons and diffuse or single-fiber labeling was never observed in the respective
target areas of these neurons (stratum oriens and radiatum of the hippocampus proper,
pyramidal cell layer and inner molecular layer of the subiculum, or in the deep EC).

Starting at around 8 days after KA, the numbers of SOM-ir interneurons became decreased
in the presubiculum (66% ± 5.0% of controls, p < 0.01) and in Layers V/VI of the EC (66%
± 5.1% of controls, p < 0.001), indicating a loss of these interneurons. At 3 months after KA
injection, surviving SOM-ir interneurons seemed to be increased in size in the subiculum but
decreased in number (77% ± 2.7% of controls, p < 0.001). On the other hand, no significant
changes in numbers of SOM-ir neurons were detected in Layer I/II or in Layers III/IV of the
EC after 8 days (Table 1).

Increased Expression of SOM mRNA in Surviving Interneurons
In addition to the rapid but transient expression of SOM mRNA in pyramidal neurons of
parahippocampal areas, SOM mRNA expression constantly increased in surviving
interneurons (Figs. 1C, F). To obtain a measurement of the change in SOM mRNA
expression (and thus also for the activity of these neurons), we estimated the density of
silver grains (reflecting the amount of mRNA) over individual neurons of the subiculum and
EC. In the subiculum (Figs. 1E, F, H), expression of SOM mRNA was already slightly
increased in interneurons 24 hours after KA-induced SE (132.3% ± 19.36% of controls; not
significant) and later gradually increased to 333.4% ± 24.52% (p < 0.001) of controls at 3
months after KA-induced SE (Fig. 1H). In the EC, the changes in SOM mRNA expression
were most pronounced in the superficial layers (Layers II–III) (Figs. 2A–D) where the
density of silver grains gradually increased to 321.2% ± 16.87% (p < 0.001) of controls after
3 months (Fig. 2I). In interneurons of the deep layers of the EC, significantly increased
expression of mRNA was detected at 1 month (172.5% ± 22.27% of controls, p < 0.001) and
3 months (177.8% ± 19.39% of controls, p < 0.001) after KA injection (Fig. 2I). Also in the
presubiculum and parasubiculum, surviving SOM neurons expressed increased levels of
SOM mRNA and protein at 3 months after KA-induced SE (Figs. 2E–H).

Increased SOM-, NPY-, and VGAT-ir in the Molecular Layer of the Subiculum
In control rats, in addition to the widespread distribution of SOM-ir neurons throughout the
hippocampus, the subiculum, presubiculum and parasubiculum, and Layers II to VI of the
EC, dense diffuse SOM-ir was present in the stratum lacunosum-moleculare of the
hippocampus proper, in the oml of the subiculum (Fig. 3A) and in Layer I of the
presubiculum, parasubiculum, and EC, as described by Kohler and Chan-Palay (49).

Labeling of SOM-ir fibers and diffuse SOM-ir (as seen in controls and attributed to SOM
interneurons) was reduced in all hippocampal subfields 24 hours after KA-induced seizures.
We presume that this is due to the release of the peptide on acute seizures (50); labeling
recovered at later intervals. In the oml of the subiculum (the target area of local SOM-
containing GABAergic interneurons), diffuse SOM-ir transiently decreased 24 hours after
KA-induced seizures (32.8% ± 6.20% of controls, p < 0.001) followed by increased SOM-ir
at 8 days (104.1% ± 12.62% of controls, p > 0.05), 1 month (140.2% ± 13.65% of controls,
p < 0.05), and 3 months (Figs. 3D, G; 166.3% ± 14.87% of controls, p < 0.001).
Neuropeptide Y immunoreactivity was significantly increased in the oml of the subiculum at
1 month (201.7% ± 28.82% of controls, p < 0.01) and 3 months (218.2% ± 44.00% of
controls, p < 0.001) after KA-induced SE (Figs. 3B, E, H). Significantly increased levels of
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VGAT-ir were observed there at 1 month (152.9% ± 12.77% of control, p < 0.001) and at 3
months (210.6% ± 7.39% of controls, p < 0.001) after KA-induced SE (Figs. 3C, F, I).

Correlation Between Numbers of Spontaneous Seizures and Labeling Intensity of SOM
and CR

In rats subjected to telemetric EEG recording and killed after 3 months, the increase in
SOM-ir in the oml of the subiculum positively correlated with the number of spontaneous
seizures experienced by these rats (Fig. 4A; r2 = 0.3783, p = 0.044, n = 11). We recently
reported a decrease in CR-ir in the oml of the subiculum due to degeneration of presumably
glutamatergic CR-containing fibers arising from the nucleus reuniens thalami (39). The
decrease in CR-ir in the oml correlated with the numbers of spontaneous seizures over 3
months (Fig. 4B; r2 = 0.4545, p = 0.0229, n = 11). To investigate a possible relationship
between changes in CR-ir and SOM-ir fibers in the oml of the subiculum, we subjected
these parameters to a correlation analysis and observed a strong correlation between the
decrease in CR-ir and the increase in SOM-ir (r2 = 0.7854, p < 0.0001, n = 14; Fig. 4C).

Ectopic NPY mRNA Expression: Increased Numbers of NPY mRNA-Expressing Pyramidal
Cells and Increased Expression per Neuron

In controls, NPY mRNA-expressing GABAergic interneurons were detected in all
subregions of the hippocampal formation (Fig. 5A) (51). After KA-induced seizures, NPY
mRNA expression was altered in a bimodal way. At 24 hours after KA injection, NPY
mRNA was not only present in numerous GABAergic interneurons but also highly
expressed in dentate granule cells (1), in principal neurons of Layer II and V–VI of the
(lateral) EC (4/5 rats), and in pyramidal neurons mainly of the proximal subiculum and
hippocampal sector CA1 (3/5 rats) (Fig. 5B). At 8 days after KA injection, the number of
NPY mRNA-expressing neurons returned to control levels. Ectopic expression of NPY
mRNA was then observed only in 2 of 6 rats and was restricted to dentate granule cells and
to neurons in layer V of the EC (not shown). At 1 month and 3 months after KA injection,
there was robust expression of NPY mRNA in pyramidal neurons of the subiculum in all
investigated rats (Fig. 5C), in principal neurons of Layers II and V of the EC (Figs. 6A, B;
4/8 rats), and in principal neurons of the parasubiculum (Figs. 6E, F; 3/8 rats). In the
subiculum, NPY mRNA expression was restricted to pyramidal neurons of the superficial
part of its proximal extension at these intervals (Figs. 5G–I).

For quantitative assessment of NPY mRNA expression after KA-induced SE, we determined
numbers of NPY mRNA-expressing neurons (per total number of neurons in the respective
brain area; Table 2) and the density of silver grains per neuron in photoemulsion-dipped
sections after ISH for NPY mRNA (Fig. 7). Although the faint labeling of the neurons did
not allow a clear differentiation between principal neurons and interneurons (Fig. 5I), the
location of NPY mRNA-containing neurons clearly indicated labeling of interneurons as
well as pyramidal cells (Figs. 5H, I). Therefore, we did not differentiate between
interneurons and principal neurons expressing NPY mRNA.

The number of NPY mRNA-positive neurons increased in a bimodal way with pronounced
peaks after 24 hours and at 1 and 3 months after KA-induced SE. The percentage of NPY
mRNA-positive neurons (per total number of neurons) was increased by 6- and 7-fold after
24 hours in the proximal subiculum and superficial EC, respectively. At 8 days, these
increases were reduced to 3.8- and 3-fold, and after 1 month, they again reached 12 and 9.7
times increases in the same areas, respectively (Table 2). In the distal subiculum and deep
EC, there were also significant increases (between 2.3- and 5.5-fold) in NPY mRNA-
expressing neurons (Table 2).
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The average density of silver grains detected per neuron was significantly increased in all
parahippocampal areas (Fig. 7). Thus, NPY mRNA expression increased by 535%, 204%,
and 147% (p < 0.001) at 1 to 3 months after KA injection in the subiculum and principal cell
layers of the superficial and deep EC, respectively (Fig. 7).

Widespread Epilepsy-Induced Increases in NPY-ir
In controls, NPY-ir neurons were present in all areas of the hippocampal formation of
controls as shown by Kohler et al (52) (Fig. 5D). The highest densities of NPY-ir fibers
were detected in the oml of the dentate gyrus, in the stratum lacunosum-moleculare of the
hippocampus proper, in the oml of the subiculum, and in the superficial layers of the EC
(Fig. 5D). As described previously (1), NPY-ir was ectopically expressed in mossy fibers of
dentate gyrus 24 hours after KA injection (Fig. 5E) and in pyramidal cells of the distal part
of sector CA1 (5/9 rats) (1, 53). Neuropeptide Y–immunoreactive principal neurons were
also detected in Layers II and V–VI of the lateral EC in 4 of 9 rats (Fig. 5E).

At 8 days after KA injection, NPY-ir was generally faint throughout the hippocampal
formation except for 3 of 9 rats that showed intensive NPY-ir in dentate granule cells,
pyramidal neurons of sector CA1 and the subiculum, and in principal neurons of Layers II
and Va of the EC (not shown); these rats may have already experienced spontaneous
seizures. At this time point, NPY-ir was significantly (~50%) increased in the proximal and
distal subiculum, the parasubiculum and Layers II to VI of the lateral EC (Table 3).
Neuropeptide Y immunoreactivity progressively increased at 1 and 3 months after KA
injection. After 3 months, it was increased by 145% to 180% in different subfields of the
subiculum, by 77% to 216% in different layers of the EC, and by 40% to 121% in the
presubiculum and parasubiculum, respectively (Table 3). Notably, the increases in NPY-ir
were not restricted to hippocampal areas but were seen throughout the brain (not shown).
Thus, marked increases in NPY-ir were also seen, for example, in the perirhinal and frontal
cortices (Table 3 [45]).

At 1 month after KA injection and thereafter, NPY was also present in axons of these
neurons and thus prominently labeled all major excitatory pathways of the hippocampal
formation (Fig. 5F). This included not only the terminal areas of mossy fibers in the dentate
gyrus and stratum lucidum CA3 but also the terminal areas of Schaffer collaterals in stratum
oriens and radiatum of sector CA1, terminals of CA1 pyramidal neuron axons in the
pyramidal cell layer and in the inner molecular layer of the subiculum, and fibers arising
from pyramidal cells of CA1 and the subiculum and projecting to the deep layers of the EC
(Figs. 5F and 6C, D). Moreover, there was a dense plexus of intensely labeled fibers in the
parasubiculum (Figs. 6G, H). Strong NPY labeling was also detected in the inner molecular
layer of the dentate gyrus, presumably contained in terminals of sprouted mossy fibers. In
the subiculum, NPY-ir perikarya of pyramidal neurons were only detected in the superficial
part of the pyramidal cell layer of the proximal subiculum (Figs. 5J, K); fiber labeling was
most intense in the pyramidal cell layer and in the inner molecular layer of the subiculum
(Fig. 5F).

DISCUSSION
We and others previously demonstrated pronounced changes in the expression of SOM and
NPY in the dentate gyrus after KA-induced seizures, electrically induced SE and kindling
(1, 20, 54–56). Among the most striking observations was the pronounced expression of
NPY in granule cells and mossy fibers of epileptic rats (1, 20, 22, 54, 57–59). In the present
study, we thoroughly investigated neurochemical and plastic changes involving the
neuropeptides SOM and NPY in parahippocampal areas after KA-induced seizures.
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The main findings of our present experiments, represented in Figure 8A, are as follows: 1)
After KA-induced seizures, SOM is transiently and expressed de novo in pyramidal neurons
of the subiculum (besides expression in sectors CA3 and CA1). This is followed by
pronounced overexpression in virtually all SOM-containing interneurons of the hippocampal
formation and cortical areas. 2) SOM expressed ectopically in principal neurons seems not
to be transported into axons. 3) Axon terminals of SOM interneurons, however, express
elevated levels of the peptide and presumably sprout in the oml of the subiculum. 4)
Numbers of spontaneous seizures experienced over 3 months are positively correlated with
the density of SOM-ir fibers and with the decrease in CR-ir in the subiculum. Thus, labeling
intensities of SOM and CR are inversely correlated in the molecular layer of the subiculum.
5) After an initial phase of rapid expression of NPY mRNA in granule cells and pyramidal
neurons of sector CA1, the peptide is expressed de novo in numerous principal neurons of
the hippocampal formation, including pyramidal neurons of the subiculum, the
parasubiculum, and the EC with progression of spontaneous seizures. This goes along with
pronounced expression of NPY in the respective excitatory pathways of the hippocampal
formation and increased tissue levels in parahippocampal regions.

Somatostatin
After KA-induced seizures, the expression of SOM was altered in 2 ways. There was initial
transient and ectopic expression of SOM mRNA and immunoreactivity in pyramidal
neurons of sectors CA1 and CA3 and of the subiculum and EC. Subsequently, delayed but
sustained expression of SOM mRNA and immunoreactivity occurred in interneurons of the
entire hippocampal formation and the cerebral cortex.

The rapid expression of SOM in principal neurons may be a direct consequence of the acute
SE. Interestingly, it seemed to be restricted to the soma and proximal dendrites and was not
detected in axons or in the terminal areas of these neurons (e.g. in the pyramidal cell layer
and inner molecular layer of the subiculum or stratum oriens and radiatum of sectors CA3
and CA1). Thus, SOM seemed not to be transported into axons. The reason for this is not
clear. Inasmuch as overexpression of the peptide was only transient, it may be merely a
problem of detecting it in axons. On the other hand, our antibody, in addition to SOM-14
and SOM-28, also detects prosomatostatin and the hydrated form of SOM with open
disulfide bond (60, 61). Thus, it may be possible that due to oxidative stress during epileptic
seizures, the formation of the disulfide bond of pre/prosomatostatin is impaired, and thus
processing of the propeptide and its transfer into synaptic vesicles would be inhibited. We
speculate that this mechanism could contribute to the high vulnerability of pyramidal cells in
epilepsy.

Expression of SOM mRNA and immunoreactivity in interneurons increased over time and
became most prominent at the later time points after KA injection. Markedly increased
mRNA expression was found in interneurons of the entire hippocampal formation, including
the subiculum, presubiculum and parasubiculum, and the EC, as well as in the cerebral
cortex and other brain areas. The time course for accumulating SOM mRNA expression in
interneurons parallels the development of spontaneous seizures. The increases may be
caused by recurrent seizure activity and indicate sustained activation of SOM-containing
interneurons (1, 50). This is supported by the fact that SOM-ir in terminal areas of subicular
interneurons (oml of the subiculum) correlated with the numbers of spontaneous seizures
experienced by the rats.

Presumed Sprouting of GABA/SOM Positive Axons in the oml of the Subiculum
Two major types of SOM-containing interneurons have been described in the CA1 sector:
stratum oriens/lacunosum-moleculare (O-LM) cells and bistratified cells. The cell bodies of
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the O-LM cells are located in stratum oriens and their dendrites extend within the stratum
oriens and the alveus for several hundred micrometers (62). The axons of O-LM cells cross
the stratum pyramidale and pass through stratum radiatum to stratum lacunosum-moleculare
where they form a highly branching plexus (62). They form symmetrical (inhibitory)
synapses mainly on distal dendrites of pyramidal neurons in conjunction with asymmetric
(excitatory) synapses of presumed entorhinal origin in stratum lacunosum-moleculare (63,
64). Blasco-Ibanez and Freund (65) reported that O-LM cells receive their major excitatory
input from local collaterals of CA1 pyramidal cells and concluded that these SOM-
containing interneurons are driven primarily in a feedback manner. The other cell type,
SOM-containing bistratified cells, have their cell bodies in the stratum pyramidale or
adjacent stratum oriens of sector CA1 and innervate pyramidal cell dendrites in the stratum
oriens and radiatum (64, 66). They often contain the calcium-binding protein calbindin (67–
69). In addition, SOM is also contained in GABA/calbindin neurons projecting to the medial
septum and hippocampal interneurons (70, 71).

After the initial increase in the numbers of SOM mRNA-containing neurons (due to its
expression in pyramidal cells), we observed reduced numbers of presumable SOM
interneurons by ~25% in the subiculum, presumably reflecting a loss in neurons homologous
to O-LM cells in CA1. This is in agreement with the previously observed loss of O-LM cells
and relative resistance of bistratified SOM/calbindin cells in the pilocarpine model of TLE.

Despite the partial degeneration of SOM neurons, the density of SOM-ir (and that of NPY-
and VGAT-ir) in the oml was markedly increased in epileptic rats 3 months after KA-
induced SE. Because only cells of the subiculum homologous to O-LM-cells of hippocampal
sector CA1 project to the oml of the subiculum and to stratum lacunosum-moleculare of
sector CA1 (62, 69), it is most likely that the increased SOM-ir in the oml is contained in
axon terminals of these cells (Fig. 8B). This may be due to increased expression of SOM (as
indicated by the increased levels of SOM mRNA) in these interneurons.

Massive sprouting of NPY/GABA-containing interneurons has been observed in the
subiculum of patients with TLE (17). Thus, the increased labeling of the oml of the
subiculum we observed may also reflect axonal sprouting of SOM-containing O-LM cells.
However, because of the diffuse labeling with SOM-ir, we were not able to demonstrate this
unequivocally in the present study. VGAT-ir was, however, also markedly increased in the
oml of the subiculum. VGAT mRNA was not or only negligibly upregulated (not shown),
which would suggest axonal sprouting of SOM/GABA neurons in addition to increased
expression of SOM. In any case, increased SOM-ir in the oml and increased SOM mRNA in
interneurons strongly suggests an increase in the releasable pool of SOM. We speculate that
the increased SOM-ir in the oml of the subiculum could also be due to the sprouting
bistratified cells of sector CA1 or neurons equivalent to bistratified cells in the subiculum
that also contain SOM and putatively innervate pyramidal cell dendrites of the subiculum.
These neurons often contain calbindin, but calbindin-ir was not enhanced in KA-treated rats
(unpublished observation); this argues against sprouting of SOM-calbindin neurons. An
alternative possibility may be that SOM neurons of the thalamus may sprout to the oml of
the subiculum and substitute for the loss of CR-ir thalamic-subicular neurons.

Among the SOM receptors, sst1, sst2, and sst4 seem to be most abundant in the brain,
including in the hippocampal formation (72–75). Notably, sst2A and sst4 receptors mediate
anticonvulsive and antiepileptogenic actions presumably by activating K+ M currents (32,
33, 76); high concentrations of sst2 are present in the subiculum (73). Thus, sprouted
GABA/SOM axon terminals in the oml (or an increased pool of releasable SOM) may exert
inhibitory actions through sst2 receptors. The action by SOM, however, may be limited by
the rapid internalization of sst2 receptors (74, 77, 78).
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Is There an Interaction Between Afferent Thalamic CR-Containing Fibers and Terminals of
SOM-Containing O-LM Cells?

Our observation that the increase in SOM-ir in the oml correlated with the previously
observed decrease in CR-ir in the same area is striking. Whereas SOM-ir is contained in
terminals of GABA-ergic neurons located in the pyramidal layer of the subiculum,
presumably homologous to O-LM cells of hippocampal sector CA1 (62), CR-ir is expressed
in nerve terminals arising from glutamatergic neurons in the thalamic nucleus reuniens
impinging on dendrites of GABAergic interneurons and (to a lesser extent) of pyramidal
cells in the subiculum and in sector CA1 (79–81). The 2 events (i.e. degeneration of CR-ir
thalamic afferents in the oml and increased expression of SOM-ir [Fig. 8A]) may be only
indirectly related. The thalamic CR-positive afferents degenerate early after KA-induced
seizures (39). Because the extent of degeneration correlates with spontaneous seizure
activity, this event may be causative for the development of spontaneous seizures. On the
other hand, upregulation of SOM-ir in the oml occurs late after the initial SE. It may,
therefore, be in reverse, triggered by spontaneous seizures. Thus, the net effect of
degeneration of afferent thalamic fibers may be proconvulsive (not considering that they
also to a lesser extent innervate pyramidal cells) and that of overexpression of SOM
anticonvulsive. Because we found a clear correlation of the increase in SOM-ir and the loss
in CR-ir, axons of SOM/GABA interneurons might sprout into the area where CR/
glutamatergic fibers had degenerated.

Changes in the Expression of NPY
Rapid de novo expression of NPY mRNA and protein in granule cells of the dentate gyrus
and in CA1 pyramidal neurons has been widely described as a consequence of epileptic
seizures (1, 20, 53, 82, 83). As previously shown using radioimmunoassays and Northern
blotting, NPY- and SOM-ir and mRNA expression in the whole hippocampus and frontal
cortex occur in a bimodal fashion with an early (24 hours) and a late (1 and 3 months)
increase (45, 84, 85). Although ectopic expression of NPY mRNA in principal neurons
occurs rapidly after KA-induced seizures (like that for SOM), there is also a slow, steady
increase in NPY mRNA expression in interneurons throughout the hippocampal formation
and in cortical areas; this contrasts with the fast and transient expression of SOM in
principal neurons. This lasting and finally dramatic ectopic upregulation of NPY levels may
be triggered by the recurrent spontaneous seizures that become manifest between 1 and 4
weeks after KA injection. This is supported by the recently observed marked increases in
NPY and SOM mRNA levels throughout the brain after electrical kindling (20). Our present
experiments also reveal that overexpression of NPY is much wider than originally reported.
It virtually affects all major excitatory pathways of the hippocampal formation including the
mossy fibers and Schaffer collaterals, projections from CA1 to the subiculum and EC,
projections from the subiculum and parasubiculum to the EC, and projections from the EC
to the perirhinal cortex (Fig. 8C). Notably, the CA1-subiculum border region and the deep
and superficial layers of the EC are hyperexcitable in animal models of epilepsy (35, 86) and
in human TLE (34, 87). As indicated by the NPY mRNA data, NPY is also widely
overexpressed in interneurons.

Together with overexpression of NPY in granule cells/mossy fibers, the expression of its Y2
receptors is also upregulated. The affinity of Y2 receptors presynaptically located on
Schaffer collaterals is increased, indicating facilitated transmission of NPY through its Y2
receptors (24, 25, 88). By mediating a closing of N-type Ca2+ channels or opening of K+

channels, Y2 receptors mediate presynaptic inhibition of glutamate (and NPY) release from
terminals of Schaffer collaterals and mossy fibers (27, 89). Indeed, infusions of viral vectors
overexpressing NPY or the Y2 receptor have anticonvulsive properties and suppress
development of spontaneous seizure activity (29, 31, 90). Considering that neuropeptides are
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preferentially released during sustained neuronal stimulation, NPY and SOM may
preferentially act during ictal and interictal activity and may suppress developing seizure
activity and facilitate termination of seizures through activation of Y2 and sst2 receptors,
respectively.

Interestingly, the respective mechanisms are different in human TLE. Thus, in hippocampal
specimens of TLE patients, NPY is not expressed in principal neurons, although Y2
receptors are widely upregulated, including in the subiculum (17). In addition, in specimens
with Ammon horn sclerosis, massive sprouting is observed throughout the dentate gyrus,
hippocampus proper, and, most pronounced, in the subiculum. This indicates that in human
TLE, endogenous NPY released from interneurons on Y2 receptors located on terminals of
glutamatergic neurons may have an anticonvulsive role by inhibiting release of glutamate
(28).

In summary, overexpression of both NPY and SOM indicates lasting activation and
plasticity of parahippocampal areas by recurrent seizures. The 2 peptides are preferentially
released during high-frequency stimulation, thus in the ictal phase they may contribute to
termination of acute seizures. As an important epileptogenic area (34–36) and main output
region of the hippocampus, the subiculum may have an important role in these mechanisms.
The respective peptide receptors, NPY-Y2 and sst2 receptors, may be valuable targets for
future antiepileptic therapy, as shown by proof-of-principle experiments in applying viral
vectors overexpressing NPY in epileptic rats (29, 31).
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FIGURE 1.
Changes in the expression of somatostatin (SOM) mRNA and immunoreactivity after kainic
acid (KA)-induced status epilepticus (SE). (A–C) Transient de novo expression of SOM
mRNA is induced in principal neurons of the parahippocampal region (subiculum,
parasubiculum, entorhinal cortex [EC]) 24 hours after KA-induced SE shown in
autoradiograms after in situ hybridization. (D–F) High-magnification dark-field images of
photoemulsion-dipped sections after in situ hybridization. In the subiculum of a control
(Co), SOM mRNA is expressed in γ-aminobutyric acid (GABA)-ergic interneurons located
in the pyramidal cell layer (D). Early after KA-induced seizures (24 hours), SOM mRNA is
transiently expressed in pyramidal neurons of the proximal subiculum (E). At 3 months
(3m), greater levels of SOM mRNA are observed in surviving GABAergic interneurons of
the subiculum (F). (G–J) Quantification of density of silver grains in photoemulsion-dipped
sections after radioactive in situ hybridization revealed increased expression of SOM mRNA
in surviving SOM interneurons in the subiculum (H). Statistical analysis was done using
analysis of variance with Dunnett multiple comparison post hoc test between treated animals
and controls. *, p < 0.05; ***, p < 0.001. The numbers of neurons and the numbers of
animals investigated per group are shown in the columns. (G, I, J) High-magnification
images of SOM-immunoreactive neurons in the pyramidal cell layer. Note that in the
control, SOM is restricted to interneurons (G). At 24 hours after KA, there is strong
expression of SOM in pyramidal cells of the subiculum (I) that disappears at 3m (J). SOM
immunoreactivity is mainly confined to pyramidal cell somata and their proximal dendrites
at 24 hours (I).
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FIGURE 2.
Expression of somatostatin (SOM) mRNA and immunoreactivity in the presubiculum (PrS),
parasubiculum (PaS), and entorhinal cortex (EC) of controls and epileptic rats. (A, B)
Expression of SOM mRNA was increased in all layers of the EC 3 months after kainic acid
(KA) injection. (C, D) Accordingly, SOM immunoreactivity was increased in surviving
neurons in the EC. (E–H) SOM mRNA levels (E, F) and SOM-immunoreactivity (G, H)
were also increased in the presubiculum and parasubiculum at 3 months after KA-induced
status epilepticus (SE). Quantification of the density of silver grains above neurons of the
Layers II–III and V–VI of the EC in photoemulsion-dipped sections after radioactive in situ
hybridization (I) reveals a progressive increase of SOM mRNA levels within individual
neurons after KA-induced SE. Analysis of variance with Dunnett multiple comparison post
hoc test between treated animals and controls. **, p < 0.01; ***, p < 0.001. The numbers of
neurons and the numbers of animals investigated per group are shown in the columns.
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FIGURE 3.
Increased somatostatin (SOM), neuropeptide Y (NPY), and vesicular GABA transporter
(VGAT) immunoreactivity (-ir) in the outer molecular layer (oml) of the subiculum of
epileptic rats. Representative high-magnification photomicrographs of sections of the
subiculum labeled for SOM-, NPY-, and VGAT-ir, respectively, are shown for controls (A–
C) and epileptic rats at 3 months after kainic acid (KA) injections (D–F). Labeling of SOM-
containing fibers and nerve terminals was increased in the oml of the subiculum at 3 months
after KA-induced status epilepticus (SE) (A, D). At this time point, NPY-ir was increased in
all layers of the subiculum (B, E). Labeling for the vesicular γ-aminobutyric acid (GABA)
transporter VGAT was concomitantly increased in the oml of the subiculum (C, F). Note
also the markedly enhanced labeling of SOM-ir (D) and NPY-ir (E) interneurons at 3
months after KA. Densitometry of immunoreactivities in the oml reveal initially decreased
(24 hours) but later increased immunostaining for SOM (G) and NPY (H). VGAT-ir in the
oml of the subiculum (I) gradually increased after KA-induced SE. The initial decrease in
SOM- and NPY-ir may be due to massive release of the peptides during SE. Statistical
analysis was done using analysis of variance and Dunnett multiple comparison post hoc test
for comparing KA-injected and control rats. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Animal numbers are given in columns; dashed lines indicate the hippocampal fissure. DG,
dentate gyrus; iml, inner molecular layer; oml, outer molecular layer; pcl, pyramidal cell
layer.
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FIGURE 4.
Correlations between numbers of spontaneous epileptic seizures and immunolabeling for
somatostatin (SOM) and calretinin (CR) in the subiculum. (A, B) The intensity of SOM
labeling in the outer molecular layer of the subiculum was positively correlated with
numbers of spontaneous seizures experienced for 3 months (A), but the intensity of CR
labeling was negatively correlated with seizure numbers (B). (C) Labeling intensities of
SOM- and CR-immunoreactivity revealed a strong inverse correlation in this layer (Pearson
correlation coefficient).
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FIGURE 5.
Widespread changes in neuropeptide Y (NPY) mRNA expression and immunoreactivity in
epileptic rats. (A–F) Images of film autoradiographs of parahippocampal areas of controls
(Co) and following kainic acid (KA)–induced seizures after in situ hybridization for NPY
mRNA (A–C) and NPY immunoreactivity (-ir) in the same areas (D–F). Neuropeptide Y
mRNA expression and immunolabeling are increased in the parahippocampal region at 24
hours after KA-induced seizures (B, E). At 3 months after KA injection, de novo expression
of NPY mRNA is observed in principal neurons of the subiculum, parasubiculum, entorhinal
cortex (EC), and perirhinal cortex (C), and intensely labeled NPY-containing fibers are
present throughout the parahippocampal areas (F). (G–I) High-magnification
photomicrographs of photoemulsion-dipped sections after in situ hybridization for NPY
mRNA show the pyramidal cell layer of the proximal subiculum of control (G) and 1 month
after status epilepticus (SE) (H, dark-field; I, bright-field). In controls, NPY mRNA is only
expressed in interneurons (arrows in G). In epileptic rats, interneurons express increased
levels of NPY mRNA (arrows in H and I). Moreover, NPY is also expressed de novo in
numerous pyramidal neurons of the subiculum (H, I). (J, K) High-magnification
photomicrographs of the subicular pyramidal cell layer reveal NPY-ir pyramidal cells at 3
months after KA (K, arrows) but not in controls (J; note NPY-ir fibers).
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FIGURE 6.
Epilepsy-induced changes in neuropeptide Y (NPY) mRNA expression and immunolabeling
in the presubiculum (PrS), parasubiculum (PaS), and entorhinal cortex (EC). (A, B) In situ
hybridization reveals increased numbers of NPY mRNA-expressing neurons in Layers I to
VI of the EC of an epileptic rat 3 months after status epilepticus (SE) versus control (Co).
(C, D) There are increased densities of NPY-immunoreactive neurons and fibers in all layers
of the epileptic EC. (E, F) Increased numbers of NPY mRNA-expressing neurons are also
present in the PrS and especially in the PaS of epileptic rats. (G, H) Labeling of NPY-
containing fibers is increased in the PaS but not in the PrS of epileptic rats.
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FIGURE 7.
Time course of increases in neuropeptide Y (NPY) mRNA expression in the subiculum and
entorhinal cortex (EC). (A–C) Numbers of silver grains were estimated above NPY mRNA-
expressing neurons in sections processed for in situ hybridization. Data are shown for the
subiculum (A), Layers II/III (B), and V/VI (C) of the EC. Statistical analysis was done using
analysis of variance and Dunnett multiple comparison post hoc test for comparing kainic
acid (KA)–injected and control rats. **, p < 0.01; ***, p < 0.001. Numbers of rats per group
and numbers of neurons evaluated per group are shown within the bars.
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FIGURE 8.
Long-term changes in parahippocampal regions after kainic acid (KA)–induced status
epilepticus (SE). (A) Scheme illustrating the main changes in neuropeptide systems in the
subiculum 3 months after KA-induced SE. Glutamatergic neurons are shown in black, γ-
aminobutyric acid (GABA)-ergic fibers in blue, epilepsy-induced changes in red. The loss in
parvalbumin (PV)-positive neurons reduces the inhibitory drive on pyramidal cells (39) and
may contribute to the seizure development. Axons of calretinin (CR)-immunoreactive (ir)
glutamatergic neurons located in the thalamic nucleus reuniens, innervating interneurons,
and (to a lesser extent) principal neurons in the subiculum, degenerate after KA-induced SE.
Because the fast (8 days after KA) reduction in CR-ir fibers correlates with the frequency of
subsequent spontaneous seizures, these events may also be related. Spontaneous seizures
developing after KA-induced SE induce pronounced ectopic expression of neuropeptide Y
(NPY) in virtually all principal neurons increasing with the number of seizure events. On its
release after high-frequency firing (during a spontaneous seizure), NPY may act on
presynaptically located Y2 receptors and inhibit further glutamate release terminals of
principal neurons. Somatostatin (SOM) is ectopically expressed in pyramidal neurons. In
contrast to NPY, this event is observed only 24 hours after KA. Whereas approximately
23% of SOM-ir GABAergic interneurons (homologous to stratum oriens/lacunosum-
moleculare and bistratified cells in hippocampal sector CA1) degenerate in the pyramidal
cell layer of the subiculum, there is markedly increased SOM-ir in terminals of surviving
SOM interneurons in the outer molecular layer (oml) of the subiculum, indicating sprouting
in this area. The SOM may support GABA-ergic feedback inhibition on pyramidal neurons
through sst2 receptors. Labeling intensity of SOM-ir fibers in the oml of the subiculum
correlated with the number of spontaneous seizures and may also be driven by them. (B)
Increased SOM-ir in the parahippocampal region 3 months after KA-induced seizures.
Presumed sprouting of SOM-ir, GABAergic fibers is indicated in the proximal subiculum
(rectangle depicts anatomic location of scheme in A). (C) Ectopic expression of NPY-ir in
principal neurons 3 months after SE results in labeling of many important glutamatergic
fiber tracts of the parahippocampal region. CA1, hippocampal sector CA1; DG, dentate
gyrus; entorhinal cortex (EC) III, entorhinal cortex Layer III; iml and oml, inner and outer
molecular layer; PaS, parasubiculum; pcl, pyramidal cell layer; PRC, perirhinal cortex.
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