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Abstract
The neuropeptide galanin exhibits anticonvulsant effects in experimental epilepsy. Two galanin
receptor subtypes, GalR1 and GalR2, are present in the brain. We examined the role of GalR1 in
seizures by studying the susceptibility of GalR1 knockout (KO) mice to status epilepticus (SE) and
accompanying neuronal injury.

SE was induced in GalR1 KO and wild type (WT) mice by Li-Pilocarpine, 60 min electrical perforant
path stimulation (PPS), or systemic kainic acid (KA). Seizures were analyzed using Harmonie
software. Cell injury was examined by FluoroJade B- and terminal deoxynucleotidyl transferase-
mediated UTP nick end labeling; neurogenesis was studied using bromodeoxyuridine labeling.

Compared to WT littermates, GalR1 KO showed more severe seizures, more profound injury to the
CA1 pyramidal cell layer, as well as injury to hilar interneurons and dentate granule cells upon Li-
pilocarpine administration. PPS led to more severe seizures in KO, as compared to WT mice. No
difference in the extent of neuronal degeneration was observed between the mice of two genotypes
in CA1 pyramidal cell layer; however in contrast to WT, GalR1 KO developed mild injury to hilar
interneurons on the side of PPS. KA-induced seizures did not differ between GalR1 KO and WT
animals, and led to no injury to the hippocampus in either of experimental group.

No differences were found between KO and WT mice in both basal and seizure-induced neuronal
progenitor proliferation in all seizure types. Li-Pilocarpine led to more extensive glia proliferation
in GalR1 KO than in WT, and in both mouse types in two other SE models.

In conclusion, GalR1 mediate galanin protection from seizures and seizure-induced hippocampal
injury in Li-Pilocarpine and PPS models of limbic SE, but not under conditions of KA-induced
seizures. The results justify the development and use of GalR1 agonists in the treatment of certain
forms of epilepsy.
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Galanin is a neuropeptide with potent anticonvulsant and, as was suggested recently,
neuroprotective effects. Both natural and synthetic galanin receptor (GalR) agonists attenuated
seizures in several epilepsy models (Bartfai et al., 2004; Mazarati et al., 1992; 1998; Saar et
al., 2002)). Mice with functional disruption of galanin gene had increased susceptibility to
seizures in experimental models of epilepsy, while mice overexpressing galanin exhibited
increased seizure resistance (Kokaia et al., 2001; Mazarati et al., 2000). Transfection of neurons
with an adeno-associated virus vector cloned with galanin-encoding sequences mitigated
chronic epilepsy which resulted from an episode of status epilepticus (SE) (Haberman et al.,
2003; Lin et al., 2003). Both anticonvulsant and putative neuroprotective properties of galanin
likely involve inhibition of the release of excitatory neurotransmitter glutamate from neuronal
presynaptic terminals (Mazarati et al., 2000; Zini et al., 1993a;b), and have been best described
in models of temporal lobe epilepsy, in which epileptic focus is located in the hippocampus.

Three GalR subtypes, belonging to a superfamily of G-protein coupled receptors, have been
cloned (Branchek et al., 2000), and two of them GalR1 and GalR2 have been identified in the
brain (Branchek et al., 2000; Depczynski et al., 1998; Gustafson et al., 1996; O’ Donnel et al.,
1999). Poor pharmacology of GalR complicates studies of their distinctive role in seizures.
Only two preferential GalR2 agonists are currently available (Branchek et al., 2000; Hua et al.,
2004; Jureus et al., 1997; Kerekes et al., 2003; Liu et al., 2001; Mazarati et al., 2004), while
neither selective GalR1 agonists, nor GalR1 and GalR2 antagonists exist. However, genetic
and knockdown approaches implicated both GalR subtypes in mediating anticonvulsant effects
of galanin. Thus, in vivo administration of peptide nucleic acid antisense targeted at GalR2 into
the hippocampus, increased the severity of SE induced by perforant path stimulation in rats
(Mazarati et al., 2004). On the other hand, mice of C56bl/6j:129/sv mixed background lacking
GalR1 displayed spontaneous seizures with 25% penetrance (Jacoby et al., 2002a;b), as well
as changes in the expression of a number of neuropeptides, which has been implicated in seizure
regulation (Fetissov et al., 2003). The latter observations, however did not offer definitive
conclusions on the contribution of GalR1 in seizure control. The fact that the majority of GalR1
knockout (KO) mice (75%) did not exhibit spontaneous seizure phenotype questions whether
this receptor subtype is critical in mediating anticonvulsant properties of galanin. On the other
hand, the absence of spontaneous seizures does not mean, that GalR1 do not contribute to
seizure control. For instance, galanin KO mice did not exhibit spontaneous seizures, however
they had increased susceptibility to seizures induced by pentylenetetrazole, kainic acid (KA),
and perforant path stimulation (PPS) (6). Similarly, neither Neuropeptide Y, nor Y5 KO mice
exhibited spontaneous seizures, but showed decreased seizure threshold in KA-induced seizure
test (Baraban et al., 1997; Marsh et al., 1999).

It has not been studied, whether GalR1 KO animals are more prone to epileptic insult, than
their wild type (WT) littermates. Therefore, we examined patterns of seizures and seizure-
induced neuronal injury to the hippocampus in GalR1 KO mice which had not shown
spontaneous seizures, in experimental models of limbic SE. We compared GalR1 KO with
their WT littermates in three commonly used models of SE, in which seizures were induced
by LiCl and pilocarpine (Li-pilocarpine) (Shilbey and Smith., 2002), PPS with electrical
current (PPS) (Mazarati et al., 2000), and systemic KA (Mazarati et al., 2000; McKhan et al.,
2003).

In addition, considering recently suggested regulatory role of galanin and GalR2 in seizure-
induced neurogenesis in the hippocampus (Mazarati et al., 2004), we studied both basal and
postSE neurogenesis (Gould and Tanapat, 1997; Parent et al., 1997) in the dentate gyrus in
GalR1 KO and WT mice.
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Experimental procedures.
Animals. GalR1 KO mice were originally generated at the Gavan Institute, Sydney, Australia
as previously described (Jacoby et al., 2002a,b), where they were backcrossed into the C57BL/
6J line for five generations. The line was then re-derived at the Jackson Laboratory (Bar Harbor,
ME) and backcrossed into C57BL/6J for two additional generations. We used male
homozygous GalR1 KO mice and their WT littermates derived from the crossing of
heterozygous breeding pairs. The animals were housed (four per cage) at a 12 hr light/dark
cycle with ad libitumaccess to water and food. All experiments were approved by West Los
Angeles Institutional Animal Care and Use Committee, and were carried out in accordance
with the NIH Guide for the Care and Use of Laboratory animals.

Surgery. Under Isoflurane anesthesia animals were implanted with the recording electrode
(Plastics One, Roanoke, VA, USA) into dorsal hippocampus (1.8 mm posterior, and 1.5 mm
left from Bregma, 2 mm deep from brain surface). The animals to be subjected to PPS were
also implanted with a stimulating electrode (Plastics One) into the left perforant path (0.5 mm
anterior and 2.5 mm left from Lambda, 2 mm deep from brain surface, (Mazarati et al.,
2000). Electrodes were fixed to the bone with a Michel wound clip and dental cement.

Induction and analysis if status epilepticus. SE was induced by Li-Pilocarpine in 4 WT and 5
GalR1 KO mice (Shilbey and Smith, 2002), PPS in 4 WT and 5 GalR1 KO mice (6), or systemic
KA in 4 WT and 4 GalR1 KO mice (Mazarati et al., 2000; McKhann et al., 2003). Since some
of GalR1 KO animals were reported to have spontaneous seizures (Jacoby et al., 2002a;b;
Fetissov et al., 2003), prior to SE induction all animals had been subjected to electrographic
recording for 1 week in order to identify spontaneous seizures. For Li-Pilocarpine SE, animals
were injected intraperitoneally. with 3 mEq/kg LiCl, followed 16-24 hrs later with
subcutaneous pilocarpine HCl, 150 mg/kg (both from Sigma, St. Louis, MO, USA). Self-
sustaining SE was induced by 60 min PPS delivered to free-running mice using Grass S8800
stimulator. Parameters of the stimulation were the following: 5 sec trains (0.1 msec, 10 V, 33
Hz square wave monophasic stimuli) delivered every minute, together with continuous 3 Hz
stimulation using the same parameters, for 60 minute (Mazarati et al., 2000). Finally, SE was
induced by subcutaneous injection of KA (Sigma), 20 mg/kg. During SE electrographic activity
was continuously recorded for 24 hrs using Harmonie Software (Stellate Systems, Montreal,
QU). Seizures were analyzed offline by reviewing electrographic recording. The following
parameters were used to quantify SE: duration of SE, i.e. time between the occurrence of the
first and the last seizure, and cumulative seizure time (total time spent in seizures), by adding
the duration of each seizure episode (Mazarati et al., 2000). Seizures were defined as clusters
of spikes with the frequency 3Hz or more, amplitude 1 mV or higher, and duration 5 s or longer
(examples on Fig. 1A). Assessment of neuronal injury.Four days after SE induction animals
were deeply anesthetized with Pentobarbital Sodium, and perfused through ascending aorta
with 0.9% NaCl followed by 4% paraformaldehyde. Brains were removed, postfixed in 4%
paraformaldehyde, embedded in Paraffin and cut in coronal plane at 10 micron. In addition,
two naïve WT and two naïve GalR1 KO mice where used (also used in neurogenesis studies,
see below). Sections of the dorsal hippocampus approximately 2 mm posterior from Bregma,
as identified by comparison of the section with the images from Mouse Brain atlas (Paxinos
and Franklin, 2001), were stained with 0.0004%. Fluoro-Jade B (FJB, Histochem, Jefferson,
AR, USA) (Schmued and Hopkins, 2000) and counterstained with 4’-diamidino-2-
phenylindole (DAPI, Molecular Probes, Eugene, OR, USA). Sections were examined under
the microscope under green (FJB) and blue (DAPI) fluorescence.

Sections adjacent to those used for FJB labeling, were processed for terminal deoxynucleotidyl
transferase-mediated UTP nick end labeling (TUNEL) (Fujikawa et al., 1999) using
FluoresceinFragEL DNA fragmentation detection kit (EMD Biosciences, San Diego, CA,
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USA), according to the manufacturer’s protocol, and counterstained with DAPI. Sections were
examined under the microscope under green (TUNEL) and blue (DAPI) fluorescence.

Neuronal injury was assessed using semi-quantitative method by an unbiased investigator,
using Olympus AX70 microscope, in the CA1 pyramidal cell layer, in a pair of adjacent sections
from each animal. In Li-pilocarpine and KA-treated animals, left side was used. In PPS animals
left and right sides were examined, taking into the account unilateral mode of stimulation. The
extent of injury was evaluated in the images acquired by Sony DKC5000 digital camera and
Adobe Photoshop 5.01 software under x 40 magnification, by calculating the ratio of FJB- or
TUNEL-positive profiles (green fluorescence) to the total number of profiles (DAPI-positive,
blue fluorescence) in the area of interest (Mazarati et al., 1004), averaged for the two sections
used. The area used is outlined on the inset in Fig. 4. Cell injury was also examined the dentate
gyrus and CA3.

Studies of neural progenitor proliferation. All mice used for SE induction, plus two naïve WT
and two GalR1 KO mice received 8 i.p. injections of 5-bromodeoxyuridine (BRDU, Sigma,
100 mg/kg, 4 injections/day 2 hrs apart for 2 days). Post-SE mice received BRDU injections
on days 2 and 3 after SE (Zhao et al., 2003). All mice were euthanized 24 hrs after the last
BRDU injection, and the brains were processed as described in the Assessment of neuronal
injuryabove. Sections were subjected to antigen retrieval using CitraPlus antigen retrieval
solution (Biogenex, San Ramon, CA, USA) according to the manufacturer’s protocol. Sections
were then labeled with anti-BRDU monoclonal FITC-conjugated rat antibodies (1:500,
Accurate Chemical Westburry, NY, USA) and, to identify proliferating astrocytes, with anti-
Glial Fibrillary Acidic Protein (GFAP) polyclonal rabbit antibodies (1:1000, Chemicon,
Temecula, CA, USA), which were revealed with Alexa fluor 594 (red) anti-rabbit secondary
antibodies (1:400, Molecular probes). Proliferating neuronal progenitors or postmitotic
neurons were identified as BRDU-positive, GFAP-negative profiles (example on Fig. 6E).
Proliferating astrocytes were identified as profiles with BRDU-positive nucleus surrounded by
GFAP-positive cytoplasm (example on Fig. 6F). For each animal the numbers of both types
of profiles were counted in a pair of sections similar to those used for FJB or TUNEL staining,
along the dentate granule cell layer, in the hilus, and in the area outside of the dentate gyrus,
as outlined by the box on the inset, Fig. 6. The data were averaged between the two sections
used.

Statistics. All data were analyzed using SigmaStat software (SPSS, Chicago, IL, USA), by
means of Two-Way ANOVA withpost hoc Bonferroni t-test (quantification of cumulative
seizure time and SE duration; assessment of FJB and TUNEL; counting of BRDU-positive/
GFAP-negative and BRDU-positive/GFAP-positive profiles), upon verification of normal
distribution; and by Pearson Product Moment Correlation (correlation between BRDU labeling
and electrographic seizure parameters). P <0.05 was accepted for statistical significance.

Results
Seizures. None of WT or GalR1KO animals displayed either spontaneous seizures, or spikes
during a 1 week observation period. All three SE protocols led to the development of seizures
in both WT and GalR1 KO mice. Electrographic seizures (Fig. 1A, left panel) correlated with
the body and forelimb clonus (rearing and/or rearing and falling). Between electrographic
seizures animals displayed spikes of varying amplitude (>0.5 mV),(Fig. 1A, right panel).which
correlated with facial, forelimbs, or body clonus.

Injection of pilocarpine to WT mice led to the development of seizures, which lasted between
4 and 5 hours with cumulative seizure time between 2 and 3 hrs. Pilocarpine-induce SE in
GalR1 KO animals lasted for 10-12 hours, with 4-5 hours spent in seizures. Both parameters
were significantly different from those in WT (p<0.05 Fig. 1B).
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After completion of PPS, WT animals displayed self-sustaining seizures for 3-4 hours, with
cumulative seizure time 1.5-2 hours. SE duration in GalR1 KO mice was 5.5-6.5 hours, with
3.5-4 hours spent in seizures (both parameters statistically different from WT, Fig. 1B).

Upon injection of KA seizures started between 15 and 30 min in both WT and GalR1 KO mice.
In both types of animals seizures lasted 3.5-4.5 hours, and time spent in seizures was between
2.5 and 3 hours (p>0.05, Fig. 1B).

Neuronal injury. None of naïve GalR1 KO, or WT mice showed neuronal injury (not shown).
Both WT and GalR1 KO mice which had undergone Li-pilocarpine-induced SE, developed
injury to CA1 pyramidal cell layer of the hippocampus (Fig 2A,B, Fig,3 A,B). In WT animals
42+2% of total counted profiles were FJB-positive (Fig. 4A). GalR1 KO mice showed
significantly more severe CA1 injury (p<0.05), with 86+2% injured profiled observed in CA1
(Fig. 2B, 4A).

About one third of CA1 pyramidal cells was TUNEL-positive in WT mice, while half of
counted pyramidal CA1 cells was TUNEL-positive in GalR1 KO (p<0.05, Fig. 3A,B, Fig. 4B).
The ratio of TUNEL-positive to FJB-positive profiles was 69% in WT and 56% in GalR1 KO
mice (p<0.05); thus the increase of the number of FJB-positive cells in GalR1 KO versus WT
was steeper, than the increase in the number of TUNEL-positive nuclei (Fig. 4C).

None of WT mice showed injury to hilar interneurons (Fig. 2C, 3C). All GalR1 KO animals
had consistent moderate- to severe injury to the hilus (35-50% of total number of DAPI-positive
profiles in hilus), as identified by both FluroJade B and TUNEL (Fig. 2D, 3D). In all animals
occasional injured dentate granule cells were also found (1-2 cells/section, indicated by arrows
on Fig 2D and 3D).

PPS resulted in CA1 injury in WT animals which was comparable to that observed in WT mice
after pilocarpine treatment (Fig. 2E, 3E, 4A,B). No differences were observed between the left
and the right sides (not shown). On the side of stimulation CA1 pyramidal cell layer contained
46+2% of FJB-positive, and 32+2% of TUNEL-positive profiles. In GalR1 KO animals 54
+1.5% of counted CA1 profiles were FJB-positive, and 35+2%-TUNEL-positive (p>0.05 vs.
WT mice, Fig. 2F, 3F, 4B). The proportion of TUNEL-positive profiles to FJB-positive profiles
was 69% in WT and 64% in GalR1 KO mice, that is did not depend on the genotype (p>0.05,
Fig. 4Cc). PPS did not result in hilar injury in WT animals (Fig. 2G,I, 3G,I), and in GalR1 KO
animals on the side contralateral to PPS (Fig. 2H, 3H). However, all GalR1 KO mice had mild
injury (5-12%) to hilus of dentate gyrus on the side of PPS (Fig. 2J, 3J).

No differences between the proportions of TUNEL-positive of FJB-positive profiles were
found in two models of SE and between WT and GalR KO mice Even though KA led to the
development of seizures, no injury was observed in CA1 and dentate gyrus in both WT and
GalR1 KO animals (Fig. 4). The only brain area in which injury was found in mice of both
genotypes, were ventro-medial and ventro-lateral thalamic nuclei. The pattern and the severity
of the injury to the thalamus did not differ between GalR1 KO and WT animals in all three
models of seizures. Fig. 5D shows an example of thalamic injury in a WT mouse after KA-
induced convulsions.

In addition to CA1 and dentate gyrus, CA3 injury was observed in Li-pilocarpine and PPS
models in both GalR1 KO and WT mice. CA3 injury, however, was highly variable and
extended from very mild (Fig. 5A) to severe (Fig. 5B), which precluded the possibility of the
analysis. The extent of CA3 injury could not be linked to either SE model, of mouse genotype.

In Li-pilocarpine model of SE, which resulted in the most robust seizures and neuronal injury
in GalR1 KO, we studied seizure response and a pattern of hippocampal cell damage in GalR1
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heterozygotes (n=4). In these animals both seizures, and pattern and the severity of neuronal
injury were not different from WT mice (p>0.05 for all indices, not shown).

Neurogenesis in the dentate gyrus.In our previous study (Mazarati et al., 2004) we found that
seizure-induced increase in neurogenesis in the dentate gyrus was regulated by GalR2 subtype.
Therefore, we studied, whether GalR1 are involved in regulating neurogenesis, by looking into
both basal, and seizure-induced neurogenesis in GalR1 KO mice. Basal neurogenesis in the
dentate gyrus was not different between WT and GalR2 KO animals, with few BRDU-positive
cells, apparent neuronal progenitors (GFAP-negative, example on Fig. 6E) located along the
blades of dentate gyrus in subgranular zone (Fig. 6 A,B,G). In addition, scattered BRDU-
positive GFAP-positive cells (astrocytes, example on Fig. 6F) were found outside subgranular
zone in mice of both genotypes. All types of seizures resulted in the 2.5-3 fold increase of the
number of BRDU-positive nuclei in SZG and dentate granule cell layer in both WT and GalR1
KO mice (Fig. 6A,D,G, p<0.05 for each treatment for both Wt and GalR1 KO). No significant
differences were found among various treatments and between mice of two genotypes. Along
with increased proliferation of apparent neuronal progenitors, SE was accompanied by glial
proliferation, evident as an increase of BRDU-positive, GFAP-positive profiles (Fig. 6C,D,G).
Glial proliferation was most pronounced after pilocarpine treatment in GalR1 KO mice
(p<0.05, Fig. 6G). In animals subjected to PPS, no differences in BRDU labeling were observed
between stimulated and contralateral sides (not shown). Across all groups and treatments, the
extent of glia proliferation (number of BRDU/GFAP-positive cells) positively correlated with
each of the two parameters of seizures, cumulative seizure time and SE duration, (r>+0.8,
p<0.05), while the number of BRDU-positive, GFAP-negative profiles did not correlate with
seizures indices during SE (r<+0.8, p>0.05).

Discussion
Our studies found enhanced susceptibility to seizures and seizure-induced neuronal injury of
GalR1 KO mice in limbic SE. The extent of the differences between KO and WT animals
depended on the model of SE. Li-Pilocarpine SE was significantly more severe, and was
accompanied by more severe and extensive neuronal injury in mutants. GalR1 KO mice
developed more severe seizures following PPS, than their WT littermates, but no difference in
neuronal injury between the two genotypes was found. Finally, no differences in both seizure
and neuronal injury patterns were observed following KA administration.

In contrast to previous reports (Jacoby et al., 2002a;b;Fetissov et al., 2003), we did not observe
spontaneous seizures in GalR1 KO, which may be attributed to the relatively low number of
animals used (n=16), and reported relatively low penetrance (25%) (Jacoby et al., 2002a).
Nevertheless, our data suggest that the inactivation of GalR1 gene has profound effects on
seizure susceptibility and neuronal vulnerability under conditions of precipitating insult even
in spontaneous seizure-free mutants.

As mentioned above, the most dramatic differences in seizures and neuronal injury were
observed in Li-pilocarpine model of SE. Initiation phase of Li-pilocarpine SE depends on the
activation Mcholinoreceptors (Morrisett et al., 1987). Pilocarpine, a M-cholinomimetic
alkaloid, directly activates M-cholinoreceptors in the hippocampus. Furthermore, the onset of
seizures during LiPilocarpine SE coincides with the dramatic increase of acetylcholine content
in the hippocampus and cortex (Jope et al., 1987). Galanin coexists with acetylcholine in
septum/diagonal band complex, an area which sends cholinergic/galaninergic projections to
the hippocampus (Melander et al., 1986; Consolo et al., 1994). In the hippocampus galanin
inhibits both acetylcholine release (Dutar et al., 1989; Fisone et al., 1987), and postsynaptic
cholinergic functions (Consolo et al., 1991). Inactivation of GalR1 in KO mice may facilitate
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both acetylcholine release and postsynaptic effects of pilocarpine and acetylcholine, thus
promoting both components which contribute to the development of Li-Pilocarpine SE.

In KA-induced SE seizures were milder in GalR1 KO, than in two other models. C57Bl mice
are known to have increased resistance to KA-induced seizures and neuronal injury (McKhan
et al., 2003). Our results emphasize that strain-related seizure-resistance (as well as neuronal
vulnerability to excitotoxic injury, see below) is not absolute, since both Li-pilocarpine and
PPS induced substantial seizures even in WT mice. More important, however, is that in contrast
to Lipilocarpine and PPS, we found no differences between WT and GalR1 KO mice after KA
administration. This suggests that GalR1 does not interfere with the seizure-inducing
mechanisms of KA. Postsynaptic kainate receptors are excitatory ionotropic glutamate
receptors and their activation leads to seizures and neurotoxicity (Hampson and Manalo,
1998; Lerma et al., 2001). Presynaptic kainate receptors are metabotropic receptors, and their
activation inhibits glutamatergic transmission (Lerma et al., 2001; Chittajallu et al., 1996;
Kamiya and Ozawa, 1998). Taken into the account the hypothesis, that galanin inhibits seizures
through presynaptic inhibition of glutamate release (Mazarati et al., 2000; Zini et al.,
1993a;b), rather than through postsynaptic mechanisms, the absence of differences between
WT and GalR1 KO mice in KA seizures are not surprising.

Self-sustaining SE induced by PPS strongly depends on the activation of N-methyl-D-aspartate
(NMDA) receptors during its maintenance phase (Mazarati and Wasterlain, 1999). Under these
conditions, attenuation of galanin-mediated block of glutamate release from perforant path and
subsequent activation of NMDA receptors of dentate granule cells would promote maintenance
of SE, as it was observed in GalR1 KO animals.

In parallel with the pattern of seizures, neuronal injury in the CA1area of GalR1 KO after
Lipilocarpine SE was twice as severe, than in WT. In addition, while WT mice showed absolute
resistance of hilar and dentate granule cells, GalR1 KO had moderate/severe and mild injury
in these cell populations respectively. The observed differences in post-SE neuronal injury may
be attributed to the longer-lasting and more severe seizures in GalR1 KO mice. On the other
hand galanin has been suggested to possess neuroprotective properties aside from its
anticonvulsant effects (Elliott-Hunt et al., 2004; Haberman et al., 2003), which may be a factor
contributing to the enhanced neuronal vulnerability in GalR1 KO animals.

This vulnerability, however, was model-, and area-specific. There was no difference to CA1
damage between GalR1 KO and WT mice after PPS-induced SE, despite the fact that SE was
more severe in GalR1 KO. On the other hand, hilus of dentate gyrus in GalR1 KO animals had
few injured cells only on the side of the stimulation. The reason for such differences between
the two models requires further studies. Even though PPS-induced SE was more severe in KO
than in WT, in the animals of both genotypes it was significantly milder, than Li-pilocarpine
SE in KO animals. Therefore, in these two models neuronal injury might reflect the severity
of the insult, rather than the mode of stimulation, and certain severity of seizures is required
in order for them to translate into more pronounced neuronal damage. Alternatively (or in
addition), differences in SE circuitries might contribute to the differences in pattern and the
degree if neuronal injury.

We found that the percentage of TUNEL positive nuclei was lower than the percentage of FJB-
positive cells in the same area of the hippocampus: TUNEL-positive profiles constituted
56-69% of FJB-positive cells in different groups. Similar observation applied to Li-pilocarpine
model of SE in rats, in which hematoxylin and eosin staining was used instead of FJB (Fujikawa
et al., 1999). TUNEL labels nuclei with DNA fragmentation, a process, which is indicative of
programmed cell death (Fujikawa et al., 1999), while FJB (similar to hematoxylin and eosin,
Schmued et al., 1997) labels degenerating neurons despite the mode of death (both programmed
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and non-programmed, although in both cases damaged neurons have necrotic morphology,
Fujikawa et al., 1999). In Li-pilocarpine SE the increase of FJB-positive neurons in GalR1 KO
versus WT animals was disproportionately larger, than the increase of TUNEL-positive nuclei,
while in PPS-induced SE the ratio of TUNEL to FJB-positive profiles did not depend on the
animal genotype. This implies that while in Li-pilocarpine SE the augmentation of cell death
in GalR1 KO mice happens at the expense of both programmed and non-programmed
mechanisms, the contribution of the latter is more significant, than in WT animals.

Absence of neuronal damage to the hippocampus in both KO and WT mice after KA is not
surprising. C57bl mice are known to be highly resistant to KA-induced neuronal injury
(Schauwecker and Steward, 1997). It should be emphasized, however, that neuronal resistance
to KA was not absolute, since we observed damage to thalamic neuronal populations in the
animals of both genotypes. Here, however, we did not find any differences between the degrees
of the injury.

Our previous studies implicated GalR2 in regulating seizure-induced neurogenesis in the
dentate gyrus (Mazarati et al., 2004). Present report failed to reveal any differences in both
basal and seizure-induced neuronal progenitor proliferation between GalR1 and WT mice,
suggesting this GalR1, in contrast to GalR2, is not involved in regulating this form of neuronal
plasticity. Such conclusion, however, cannot be deemed absolute, considering differences in
methodologies between the present and previous study. Semi-acute mode of knockdown of
GalR subtype (Mazarati et al., 2004) may preclude the triggering of compensatory response,
while in GalR KO such compensation may occur, and thus, may regulate neurogenesis by
employing other mechanisms.

Interestingly, we did not find any correlation between the degree of neuronal injury in the
hippocampus, and the increase of neuronal progenitor proliferation; even mice subjected to
KASE showed BRDU labeling comparable to that in two other SE models. This means, that
neurogenesis is not a compensatory response to neuronal injury, but is rather a reaction to
continuous hippocampal activation during SE. In fact, this suggestion is in line with our
previous observation, when we found that neuronal damage can be dissociated from
neurogenesis (Mazarati et al., 2004).

Neuronal proliferation, however, does not reflect the severity of seizures, since it was
comparable across all SE models and animal genotypes. On the other hand, we found, that glial
proliferation, which commonly accompanies SE (Mazarati et al., 2004; Parent et al., 1997;
Niquet et al., 1994), was most pronounced in Li-pilocarpine-treated GalR1 KO. Overall, across
all groups, the extent of glial proliferation, evident as the increase of the number of BRDU/
GFAP-positive profiles, positively correlated with the severity of seizures.

In conclusion, the present reports revealed the important role of GalR1 in the hippocampus in
mediating anticonvulsant and neuroprotective effects of galanin in limbic SE. During the past
several years, GalR pharmacology made significant progress: the first non-peptide low
molecular weight GalR agonist galnon was shown to be a potent anticonvulsant (Saar et al.,
2002).

Recently, another non-peptide low molecular weight preferential GalR1 agonist was
synthesized; this compound also exhibited strong anticonvulsant effects in a model of SE
(Bartfai et al., 2004). Increased seizure susceptibility of GalR1 KO animals justifies future use
of GalR1 agonists as antiepileptic drugs in certain forms of epilepsy.
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Fig. 1.
Comparison of three models of status epilepticus in wild type (+/+) and GalR1 knockout (-/-)
mice. A. Examples of seizure activity during SE induced by Li-pilocarpine (PILO, top row),
perforant path stimulation (PPS) (middle row) and kainic acid (KA, bottom row). Left panels-
baseline activity prior to seizure induction; middle panels- seizures, right panels- inter-seizure
activity.B. Statistical analysis of SE. Numbers on the X-axis show number of animals in each
group. Data are presented as Mean±SEM. *-p<0.05 vs. respective +/+ treatment (Two-Way
ANOVA + Bonferroni T-post hoc test). SE induced by both Li-pilocarpine and PPS was more
severe in GalR KO, than in wild type mice.
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Fig. 2.
FluoroJade B staining of the hippocampus in wild type and GalR1 KO mice following
SE.Animals were euthanized 4 days after SE. Injured FluoroJade B-positive cells appear bright
white. A, C, E, G, I- WT (+/+); B, D, F, H, J- GalR1 KO (-/-) mice. LiCl-Pilocarpine SE (A-
D) led to moderate injury in the CA1 pyramidal cell layer in WT (A), and significantly more
severe injury in GalR1 KO mice (B see also Fig. 4A). No injury to hilus of the dentate gyrus
was observed in WT (c), while GalR1 KO animals showed moderate- to severe injury to hilar
interneurons (D). Occasional injured dentate granule cells were also seen, as indicated by
arrows on D. PPS-induced SE (E-J) led to moderate injury to CA1 in both WT and GalR1 KO
mice with no differences between the genotypes (E,F,also see Fig. 4A). No hilar injury was
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observed on sides contralateral (contra, G) and ipsilateral (ipsi, I) to PPS in WT animals. In
GalR1 KO mice mild injury to hilar interneurons was seen on the PPS side (ipsi, J), but not
on the contralateral side (contra, H). Scale bar 50 micron.
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Fig. 3.
TUNEL staining of the hippocampus in wild type and GalR1 KO mice following SE. Animals
were euthanized 4 days after SE. TUNEL-positive cells appear green, DAPI-counterstained
nuclei are blue. A, C, E, G, I- Wild type (+/+); B, D, F, H, J- GalR1 KO (-/-) mice. Li-
pilocarpine SE (A-D) led to moderate injury in the CA1 pyramidal cell layer in WT animals
(A), and significantly more severe injury in GalR1 KO mice (B see also Fig. 4b). No injury to
hilus of the dentate gyrus was observed in WT (C), while GalR1 KO animals showed moderate-
to severe injury to hilar interneurons; in addition few cells located in dentate granule cell layer
(arrows) were TUNEL-positive (d). PPS-induced SE (E-J) led to moderate injury to CA1 in
both wild type and GalR1 KO mice D no differences between the groups (E,F, also see Fig.
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4B. No hilar injury was observed on sides contralateral (contra, G) and ipsilateral (ipsi, I) to
PPS in WT. In GalR1 KO mice mild injury to hilar interneurons was seen on the PPS side (ipsi,
J), but not on the contralateral side (contra, H). Scale bar 50 micron.
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Fig. 4.
Analysis of injury resulting from status epilepticus. Quantification of FluroJade B-positive
(A, FJB+) and TUNEL-positive (B, TUNEL+) profiles in CA1 pyramidal cell layer in WT (+/
+) and GalR1 knockout (-/-) mice after SE induced by LiCl-pilocarpine (Pilo), perforant path
stimulation (PPS), or kainic acid (KA). The extent of injury was expressed as percent of FJB-
positive or TUNEL-positive profiles from the total number of profiles, identified by DAPI
counterstaining. Profile counts were made in the area outlined by the box in the inset. In GalR1
KO mice Li-pilocarpine-induced SE led to significantly more severe CA1 injury, than in WT.
No differences between WT and GalR1 KO animals were observed after PPS; KA induced
CA1 injury in neither wild type, nor control animals. Inset: from (Paxinos and Franklin,
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1991).C. Comparison of the increase of the number of FJB+ and TUNEL+ profiles in Li-
pilocarpine (left) and PPS (right)-induced SE, depending on the genetic background. Note, that
in Li-pilocarpine-treated GalR1 KO the increase of the number of FJB+ cells was
disproportionately larger than the increase in TUNEL, while in PPS animals the two types of
labeling parallel. *-p<0.05 vs. WT (Two-Way ANOVA + Bonferroni t-test).
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Fig. 5.
FluoroJade B staining of CA3 and thalamus. Examples of FJB staining of CA3 4 days after
SE induced by Li-pilocarpine (Pilo, A, B) and PPS (C) in mice of different genotypes. D. Injury
to ventrolateral and ventromedial thalamic nuclei after KA-induced SE, which did not produce
hippocampal damage. Scale bar 50 micron.
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Fig. 6.
Neurogenesis in the dentate gyrus after status epilepticus. Animals received 8 BRDU injections
(100 mg/kg) over 2 days, starting on the next day after LiCl-Pilocarpine SE, and were
euthanized 24 hrs after the last BRDU injection. Neurogenesis in the dentate gyrus was assessed
by counting BRDU-positive profiles (green) as outlined by the box on the inset, from each
animal which underwent SE, and from 2 wild type and two GalR1 KO naïve mice. Proliferating
glial cells were identified as profiles with GFAP-positive cytoplasm (red) and BRDU-positive
nuclei (green) (examples on E,F). BRDU-positive, GFAP-negative profiles are outlined by
circles on AD. A,C: Wild type (+/+); B, D-GalR1 KO (-/-). No differences were observed in
basal neurogenesis in naïve animals (A,B,G). E: an example of BRDU-positive (green)/GFAP-
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negative profile. This cluster of three nuclei extends from subgranular zone into the dentate
granule cell layer, and is indicated by an arrowhead on D. F: an example of BRDU-positive/
GFAP-positive profile; this cell is located outside dentate gyrus, and indicated by an asterisk
on D. Scale bar: AD 50 micron, E,F-20 micron. G. Statistical analysis. Proliferation of both
neuronal progenitors and glia was observed in all three models of SE without significant
differences among the models and between mice of two genotypes. LiCl-pilocarpine SE led to
more pronounced glial proliferation on GalR1 KO mice (GFAP+/BRDU+).dg-dentate granule
cell layer; h-hilus. *p<0.05 vs. control (naïve) mice; #- p<0.05 vs. respective wild type (Two-
way ANOVA + Bonferoni t-test). Inset-from (Paxinos and Franklin, 1991).
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