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Abstract
The pathophysiology of schizophrenia may involve reduced NMDA receptor function and
experimental models of NMDA receptor hypofunction have proven useful for characterizing
neurobiological abnormalities potentially relevant to schizophrenia. The present study assessed
behavioral responses and induction of Fos after administration of kainic acid to wild type mice
(NR1+/+) and mice with genetically reduced NMDA receptor expression (NR1neo/neo). At a dose of
20 mg/kg kainic acid induced lethal seizures in 100% of the NR1neo/neo mice tested but produced no
lethal seizures in the wild type mice. The NR1neo/neo mice also exhibited enhanced behavioral
responses to kainic acid at a dose of 15 mg/kg but no lethal seizures were produced by this dose. A
greater induction of Fos was observed in neocortical and limbic cortical regions of the NR1neo/neo

compared to NR1+/+ mice after administration of 15 mg/kg kainic acid. In contrast, there were no
differences between the genotypes in kainic acid induced of Fos in the amygdala, hippocampus,
lateral septum, and nucleus accumbens. In order to determine if altered behavioral phenotypes of the
NR1neo/neo mice could be related to increased sensitivity of kainate receptors to endogenous
glutamate, effects of the highly selective kainate antagonist LY382884 were examined. The kainate
antagonist reduced the exaggerated acoustic startle responses, deficits in prepulse inhibition of
acoustic startle, and motor hyperactivity in the NR1neo/neo mice. These findings suggest that selective
kainate receptor antagonists could be novel therapeutic candidates for schizophrenia.
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1. Introduction
The NMDA hypofunction hypothesis of schizophrenia is supported by observations that
NMDA antagonists produce a spectrum of behavioral effects in humans that mimic positive,
negative and cognitive symptoms of schizophrenia (Javitt and Zukin, 1991; Krystal et al.,
1994; Lahti et al., 1995; Olney and Farber, 1995; Lahti et al., 2001). In order to model
endogenous NMDA receptor hypofunction, a mouse line was developed that expresses low
levels of the NR1 subunit of the NMDA receptor (Mohn et al., 1999). Reduced expression of
the NR1 gene was effected by incorporation of a bacterial neomysin resistance gene into intron
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20 of the NR1 gene. The mice are referred to as NR1 hypomorphic or NR1 knock-down, since
expression of the gene is reduced but not eliminated. The homozygous mutant animals are
denoted as NR1neo/neo.

The NR1neo/neo mice exhibit behavioral phenotypes that support their utility to model certain
behavioral characteristics relevant to schizophrenia. These phenotypes include reduced
locomotor habituation in a novel environment (Mohn et al., 1999; Duncan et al., 2002), deficits
in prepulse inhibition of acoustic startle (PPI) (Duncan et al., 2004; Fradley et al., 2005; Duncan
et al., 2006a) and increased sensitivity to amphetamine-induced disruption of PPI (Moy et al.,
2006). In addition, the NR1neo/neo mice show marked deficits in tests of social affiliation and
social aggression (Mohn et al., 1999; Duncan et al., 2004).

NMDA receptor activation is an important regulatory signal during normal brain development
(Schlaggar et al., 1993; Fox et al., 1996; Iwasato et al., 2000; Lee et al., 2005a; Lee et al.,
2005b). Since reduced NMDA receptor function in the NR1neo/neo mice occurs over the life
span of the animals, it is possible that the endogenous and developmental NMDA hypofunction
could produce alterations in other glutamate receptor systems. We demonstrated previously
that there was no apparent difference in the density of AMPA or kainate subtypes of glutamate
receptors in the NR1neo/neo mice (Duncan et al., 2002). However, there is no information
available about how the reduced NMDA receptor function in the NR1neo/neo mice might affect
the functional sensitivity of non-NMDA subtypes of glutamate receptors.

The are indications that kainic acid receptors may be altered in schizophrenia patients (Meador-
Woodruff and Healy, 2000; Scarr et al., 2005; Beneyto et al., 2007; Watis et al., 2008). The
present study provides evidence for increased sensitivity of kainic acid receptors in the
NR1neo/neo mice. Furthermore, a highly selective kainic acid receptor antagonist attenuated
behavioral alterations in the mutant mice. These data suggest an increased sensitivity of kainate
receptors to endogenous glutamate in the mutant mice may contribute to behavioral
abnormalities of the animals.

2. Results
2.1 Behavioral Effects of Kainic Acid in wild type and NR1neo/neo mice

An initial study was conducted to test behavioral responses in wild type and mutant mice to
20 mg/kg kainic acid injected i.p. (Table 1). In the 4 wild type mice tested a range of behavioral
effects were found, with each mouse exhibiting a different behavioral response as follows: 1)
no obvious effect, 2) un-coordinated rear limb movements while walking and a brief period of
rapid jumping 18 min after injection, 3) one brief period of forelimb clonus 28 min after
injection, and 4) forelimb clonus followed by a motor seizure with lack of postural control
lasting approximately 30 sec, 40 min after injection. After the single seizure, the mouse
exhibited some locomotor activity but was mainly still during the following hour. Because of
the short survival time (< 25 min) after kainic acid administration in the NR1neo/neo mice it was
not possible to assess Fos for the 20 mg/kg dose.

Strikingly different effects were found for the 20 mg/kg dose of kainic acid in the NR1neo/neo

mice. All 4 of NR1neo/neo mice tested exhibited forelimb clonus within 10 min after injection
and lethal motor seizures occurred in each of the mice within 25 min after injection of the
compound. This was an unexpected finding since in previous studies with other strains of mice
we have never seen lethal seizures induced by this dose of kainic acid (unpublished
observations).

In the next experiment, effects of kainic acid at a dose of 15 mg/kg were tested in the wild type
and NR1neo/neo mice. For this dose, there was again a wide range of responses among individual
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mice (Table 2). For the 9 wild type mice tested, 4 exhibited no obvious signs of seizure activity,
2 exhibited one brief period of forelimb clonus, and 3 exhibited jumping and/or forelimb clonus
followed by 1–2 seizures (duration 5–10 sec) with loss of postural control. For the
NR1neo/neo mice, all 6 of the animals tested had at least 1 seizure with loss of postural control.
The number of seizures ranged from 1–9 for the different mice and, in most cases, the duration
of the seizures was 5–20 seconds. However, one of the NR1neo/neo exhibited almost continuous
seizures for approximately 10 min and was therefore euthanized. Fos induction as described
below was not assessed for this mouse.

2.2 Effects of Kainic Acid on Fos in wild type and NR1 hypomorphic mice
In wild type mice, kainic acid at a dose of 15 mg/kg induced a robust induction of Fos in select
brain regions, including the hippocampal formation, amygdala, cingulate cortex, and nucleus
accumbens. Results of the quantitative analyses are summarized in Figure 1. In the amygdala,
staining for Fos was observed in all regions, including basolateral, lateral, central and medial,
and cortical nuclei (Figure 2). In the hippocampus, pyramidal neurons in CA1-4 fields
expressed the protein, as did neurons scattered in stratum radiatum and stratum oriens (Fig 3).
Intense Fos staining was also observed in the granule cells of the dentate gyrus. Very few
neurons were stained in neocortical regions of wild type mice after administration of kainic
acid, although the cingulate cortex did show numerous labeled cells (Figures 2 and 3). Despite
considerable individual variation in the behavioral responses to the drug, the variability in Fos
induction was relatively low and no obvious relationship between behavioral responses and
Fos induction was apparent in the wild type mice. The data in Figure 1 include all mice given
15 mg/kg kainic acid, including those that exhibited no obvious signs of seizure activity.

For the NR1neo/neo mice given 15 mg/kg kainic acid, staining for Fos showed a similar
distribution as observed for the wild type mice in the hippocampus, amygdala, lateral septum,
and nucleus accumbens (Figure 1). In the cingulate cortex the number of darkly stained cells
was significantly greater in the mutant compared to the wild type animals (Figures 1 and 3).
In neocortical regions such as the somatosensory cortex, the number of Fos-positive cells after
kainic acid was dramatically greater in the NR1neo/neo compared to the wild type mice (Figures
1 and 2).

A repeated measures ANOVA conducted on cell counts confirmed highly significant effects
of kainic acid on Fos expression [main effect of treatment, F(1,16)=53.41, p<0.0001; and
treatment × brain region interaction, F(10,160)=6.27, p<0.0001], as well as a significant
genotype × brain region interaction [F(10,160)=2.03, p=0.034]. Greater sensitivity to the
effects of kainic acid were observed in the NR1neo/neo group in two brain regions: the cingulate
cortex [main effect of genotype, F(1,16)=6.303, p=0.0232; genotype × treatment interaction,
F(1,16)=5.36, p=0.034] and the whisker barrel region of somatosensory cortex, layers 5 and 6
[main effect of genotype, F(1,16)=4.57, p=0.048]. In layers 2–4 of the somatosensory cortex,
the genotype × treatment interaction closely approached significance [F(1,16)=4.37, p=0.053].

2.3 Effects of LY382884 on acoustic startle and PPI in wild type and NR1neo/neo mice
As previously demonstrated (Duncan et al., 2004), the NR1neo/neo mice exhibited increased
startle response and decreased PPI in comparison to wild type mice (Figure 4). Within-genotype
analyses indicated that the highly selective kainate receptor antagonist LY382884 significantly
reduced the startle response in the NR1neo/neo mice [main effect of treatment, F(1,24)=5.44,
p=0.029; treatment × decibel level interaction, F(6,144)=3.02, p=0.0083], but not in the wild
type mice. Examination of Figure 6 shows that the effect of the drug was to essentially
normalize the startle response of the mutant mice to the level of the wild type controls.
LY382884 increased PPI in both the NR1+/+ mice F(1,23)=4.34, p=0.049] and the
NR1neo/eno mutants [F(1,24)=5.33, p=0.029].
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2.4 Effects of LY382884 on open field activity in wild type and NR1neo/neo mice
As previously reported (Mohn et al., 1999) the NR1neo/neo mice were hyperactive in the open
field in comparison to the wild type mice (Figures 5 and 6). Separate within-genotype analyses
for the measure of horizontal activity indicated that LY382884 significantly reduced activity
in the mutant mice [treatment × time interaction, F(11,264)=1.93, p=0.036], without any
significant effects in the NR1+/+ group. For the rearing measure, the overall repeated measures
ANOVA revealed a significant genotype × treatment interaction [F(1,47)=5.86, p=0.0194].
LY382884 reversed increased levels of rearing in the NR1neo/neo mice [main effect of treatment,
F(1,24)=9.07, p=0.006], without any impact on activity in the controls.

3. Discussion
NMDA receptors are well documented to play a crucial role in brain development and function.
The present study explored the possibility that chronic and developmental NMDA receptor
hypofunction in NR1neo/neo mice would alter responses to systemic administration of kainic
acid. For both doses of kainic acid tested (15 and 20 mg/kg), the NR1neo/neo mice showed
markedly greater behavioral responses compared to the wild type mice. This was most striking
for the 20 mg/kg dose, which produced lethal seizures in 100% of the mutant animals but in
none of the wild type mice. As noted above, the effects at 20 mg/kg kainic acid in the mutants
were highly unexpected since previous studies with other strains found no lethal seizures after
this dose.

The short survival time of the NR1neo/neo mice after injection of 20 mg/kg kainic acid precluded
assessment of Fos for this dose. For the 15 mg/kg dose, in accord with the greater behavioral
responses of the NR1neo/neo mice, Fos induction was substantially greater compared to wild
type mice in limbic cortical and neocortical regions. However, Fos induction was similar in
the mutant and wild type mice in the amygdala, hippocampus, lateral septum, and nucleus
accumbens in response to kainic acid. Further work is required to determine mechanisms
responsible for the differential sensitivity of brain regions to Fos induction by kainic acid in
the NR1neo/neo mice.

In previous autoradiographic studies of 3H-kainate binding, we found no apparent differences
in receptor density or binding pattern between the NR1neo/neo and wild type mice (Duncan et
al., 2002). Thus, the functional supersensitivity to kainic acid in the NR1neo/neo mice is not
reflected in a change in 3H-kainate binding. These results illustrate the difficulties in the
interpreting functional changes from receptor binding data.

The increased seizure sensitivity of the NR1 hypomorphic mice to kainic acid might not be
predicted since NMDA antagonists block behavioral measures of kainic acid-induced seizures
(for example see Clifford et al., 1990). These observations underscore the distinctions between
the NR1neo/neo genetic model of NMDA hypofunction and the effects of acute administration
of NMDA antagonists.

The increased Fos induction that was observed in limbic cortical and neocortical regions in
response to kainic acid in the NR1neo/neo mice could be due to selectively increased sensitivity
of kainate receptors in those regions. Alternatively, enhanced excitatory drive of cortical
neurons from subcortical structures, due to increased kainate sensitivity in regions such as the
hippocampus and amygdala, could also account for our findings. Although Fos induction was
slightly greater in the NR1neo/neo mice for some nuclei of the amygdala, the greatly exaggerated
response in cortical regions in comparison indicates an enhanced spread of activity into the
cerebral cortex in the mutant mice.
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Another possible explanation for the much greater kainic acid-induced Fos in cerebral cortical
regions the NR1neo/neo could be that different sub-classes of kainate receptors are differentially
affected (indirectly) by the mutation. Native kainate receptors, like other ionotropic glutamate
receptors, are composed of different sub-units which are assembled to create functionally
distinct receptors that have different neuroanatomical distributions (for reviews see (Jane et
al., 2009)). There are 5 different subunits that can be assembled to form native kainate receptors.
In the most recent IUPHAR nomenclature they are designated as Gluk1-5 (formally Gluk1-3
were designated GluK5-7 and Gluk4-5 were KA1 and KA2). Gluk3 and Gluk5 are expressed
at a considerably higher level in the cerebral cortex than the other subunits. Whether functional
sensitivity of kainate receptors with different subunit composition are differentially affected
in the NR1neo/neo mice will require further study.

In contrast to the similar or enhanced Fos responses to kainic acid in the NR1neo/neo mice,
induction of Fos in the mutant mice after challenge with sub-seizure doses of a selective NMDA
agonist (tertrazol 5yl-gycine) was greatly reduced in cerebral cortical regions, hippocampus,
and amygdala (Inada et al., 2007; Duncan et al., 2008). However, we were surprised to find
that there was no decreased sensitivity to seizure-producing effects of tetrazol 5yl-glycine in
the mutant mice (Duncan et al., 2008). Despite the marked reduction in tetrazol 5yl glycine-
induced Fos in regions noted above, the mutant and wild type mice showed robust and
equivalent induction of Fos in the ventral medial and arcuate nuclei of the hypothalamus, lateral
septum, and nucleus of the solitary tract. These findings suggest that the reduction in NR1
subunit expression in the NR1neo/neo mice may not be neuroanatomically uniform and that
structures not usually associated with seizures may mediate NMDA agonist-induced seizures.

The divergent effects of an NMDA agonist and kainic acid on cortical Fos induction in the two
genotypes suggest that the NR1 hypomorphic mutation produces a selective increased response
to kainic acid. Further work is required to determine whether the increased responses to
systemic kainic acid administration in the mutants is due to increased electrophysiological
sensitivity of kainate receptors or to modification of circuits involving the receptors.

It is unclear how the findings of increased sensitivity to kainic acid in the cerebral cortex might
relate to pathophysiology of schizophrenia. However, if schizophrenia is associated with
chronic and developmental NMDA receptor hypofunction, it is conceivable that functional
supersensitivity of kainate receptors could emerge as a consequence, as observed in the mouse
model.

There is evidence for alterations in kainate receptors from postmortem studies of brains of
schizophrenia patients (Meador-Woodruff and Healy, 2000; Scarr et al., 2005; Beneyto et al.,
2007; Watis et al., 2008). However, there is considerable inconsistency among different
published reports. For example, 3H-kainate binding was increased in the orbital frontal cortex
(Deakin et al., 1989) but reduced in the dorsolateral prefrontal cortex (Scarr et al., 2005), and
unchanged in the anterior cingulate cortex (Zavitsanou et al., 2002). As noted above, it is not
always possible to predict changes in function from static measures of receptor binding or
mRNA expression. It is therefore impossible to know from the postmortem binding and
expression studies how the reported changes might relate to kainate receptor sensitivity in
schizophrenia.

A consistent finding in postmortem studies in schizophrenia is a reduced number of
GABAergic neurons (Beasley and Reynolds, 1997; Beasley et al., 2002; Zhang and Reynolds,
2002; Sakai et al., 2008). In an elegant double-labeled in situ hybridization study, the number
of GABAergic neurons expressing the Gluk1 (GluR5) subunit of the kainate receptor were
reduced by approximately 40% in the anterior cingulate cortex of schizophrenia patients (Woo
et al., 2007). Furthermore, the numerical density of neurons exhibiting immunoreactivity for
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kainic acid receptors was reduced in the orbital frontal cortex of schizophrenia patients (Garey
et al., 2006). Since excessive activation of kainate receptors is known to produce neurotoxic
effects, one could speculate that supersensitivity of kainate receptors could be involved in the
reported reduced number of neurons expressing kainate receptors.

As noted in the introduction, increased acoustic startle responses and reduced PPI are robust
and consistent behavioral phenotypes the NR1neo/neo mice. We have demonstrated that both
typical and atypical antipsychotics increase PPI in the mutant mice but only the atypical drugs
reduced the exaggerated startle response in the animals (Duncan et al., 2006a; Duncan et al.,
2006b). The present study examined effects of LY382884, a highly selective kainate receptor
antagonist, to determine if the abnormalities of the mutant mice in the PPI paradigm could be
related to increased kainate receptor sensitivity to endogenous glutamate. LY382884 is a
relatively low potency drug with poor penetrability to the central nervous system but is highly
selective for the kainate receptors containing the Gluk1 (GluR5) subunit, with no appreciable
affinity for or activity at AMPA receptors (O’Neill et al., 1998; Smolders et al., 2002). The
drug is active in models of anxiety (Alt et al., 2007) and epilepsy (Smolders et al., 2002; Barton
et al., 2003). In the NR1neo/neo mice LY382884 reduced the exaggerated startle response, PPI
deficits, and locomotor hyperactivity produced by the mutation. These results suggest that some
of the behavioral abnormalities in the mutant mice may relate to increased activity of
endogenous glutamate at kainate receptors. Furthermore, the behavioral profile of the kainate
antagonist in the NR1neo/neo mice is similar to that of atypical antipsychotic drugs described
above. The results provide the first preclinical indication that selective kainate receptors
antagonists could have antipsychotic activity.

Although a high dose of LY382884 (100 mg/kg) was given, the drug had no significant effect
on startle response amplitudes or motor activity in the wild type mice. This dose was maximally
effective in the 6 Hz seizure model while exhibiting no behavioral toxicity in the rotarod test
(Barton et al., 2003). It will be of interest to test additional selective kainate antagonists in
future studies in the NR1 hypomorphic mice and in other animal models relevant to
schizophrenia. Such work could provide further support for the idea that selective kainate
antagonists represent novel candidate therapeutic agents for schizophrenia.

4. Experimental Procedures
4.1 Animals

NR1neo/neo mice were produced initially on a mixed genetic background by incorporating a
neomysin resistance gene into an intron 20 of the NR1 locus as described in detail (Mohn et
al., 1999). This insertion mutation greatly reduced expression of the NR1 gene in all brain
regions thus far examined. Homozygotes carrying the NR1 hypomorphic mutation do not breed
effectively.

Therefore, the mutant homozygotes must be generated by breeding heterozygotic mice. When
the NR1 hypomorphic mutation was induced in pure C57BL/6J or 129SvEv mice the mutants
did not gain weight at the same rate as wild type mice and the frequency of mutants born was
less than expected. To overcome these problems, the strategy of breeding F1 hybrids was
developed to generate the NR1neo/neo mice (Duncan et al., 2004).

For the current study animals from “stock” colonies of F1 hybrid 129SvEv NR1+/neo and
C57BL/6J NR1+/neo mice (identified by PCR) were used to set up matings to generate
experimental animals, i.e., F1 hybrid NR1neo/neo and NR1+/+ littermates. In all cases a
129SvEv+/neo female was bred to a C57BL/6J+/neo male. All of the F1 NR1neo/neo and
NR1+/+ offspring of these litters are genetically identical (see below) at all loci except at the
NR1 gene and the NR1neo/neo mice exhibit marked reductions in NMDA receptor binding in
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all regions examined (Duncan et al., 2004). Since the 129SvEv mice were the breeding females,
the mitochondria will of 129SvEv origin in the F1 hybrids. Since C57BL/6J mice were the
breeding males, the Y chromosome of the F1 hybrids will be of C57BL/6J origin. For the X
chromosome and all other chromosomes, the maternal chromosome will be of 129SvEv origin
and the paternal will be of C57BL/6J origin. Therefore the experimental and control animals
are genetically identical with the caveat that the F1 hybrid NRneo/neo mice are homozygous for
genes very tightly linked to the NR1 gene, and the controls will have one copy of 129SvEv and
one copy of C57BL/6J genes for these tightly linked genes. The C57BL/6J heterozygote mice
used to generate the F1 hybrids are at N20 and therefore this linked region is predicted to be
very small. Both male and female mice were used in the studies. Mice were 60–75 days at the
time of testing.

4.2 Drugs
Kainic acid (Ocean Produce International, Shelburne, Nova Scotia, Canada) was dissolved in
saline and injected i.p. LY382884 (3S,4aR,6S,8aR-6-((4-carboxyphenyl)methyl)-1,2,3,4,4a,
5,6,7,8,8a-decahydroisoquinoline-3-carboxylic acid) was a gift from Eli Lilly and Company,
Indianapolis, IN, suspended in 10% cyclodextrin and injected i.p.

4.3 Fos immunohistochemistry after kainic acid
Mice were observed for signs of seizure activity for a period of 60 min after the kainic acid
injection. Two hours after administration of kainic acid mice were perfused for
immunocytochemical assessment of Fos protein. Procedures were performed according to the
previously published protocols (Duncan et al., 1993; Miyamoto et al., 2004). Mice were deeply
anesthetized with Nembutal (80 mg/kg i.p.) two hours after saline or kainic acid injection. Mice
were then perfused through the left cardiac ventricle with ice-cold 100mM sodium phosphate-
buffered saline (PBS, pH=7.4) for 1 min, at a rate of 5 ml/min, followed by 4%
paraformaldehyde for 3 min at the same rate of perfusion. The brains were removed and fixed
with 4% paraformaldehyde overnight. Coronal sections (50 μm) of the forebrain were cut with
a vibratome and placed in PBS. Sections were treated with 5% normal goat serum [Vector
Laboratories, Burlingame, CA] and 0.1% Triton X-100 in PBS for 30 min. and then were
incubated for 72 hours at 4 degrees C with a rabbit Fos antibody (gift from Dr. Peter Petruz).
After incubation with the Fos antibody, sections were incubated for 1h with biotinylated anti-
rabbit IgG [Vector Laboratories, Burlingame, CA]. Sections were then incubated with avidin-
biotin complex [Vectastain Elite ABC kit; Vector Laboratories] for 1h. Sections were then
placed in a solution containing 0.05% 3,3′-diamino-benzidene tetra-hydrochloride, 0.005%
cobalt chloride, 0.008% nickel ammonium sulfate, and 0.02% hydrogen peroxide.

4.4 Quantification of Fos expression
Cells exhibiting nuclear staining for Fos in selected brain regions were counted at a
magnification of 200x by an experimenter blind to the treatment group. The location of the
areas used within each brain region for assessing Fos cells were guided by the atlas of (Franklin
and Paxinos, 1997). Darkly stained cells in strictly defined areas of the various brain regions
were counted with the aid of an eyepiece grid. Depending on the size of the regions of interest
different sized areas were counted. The brain regions assessed and grid areas measured (in
microns) were: lateral septal nucleus (250 × 500), nucleus accumbens (250 × 250), cingulate
cortex (500 × 500), whisker barrel region of somatosensory cortex layers 2–4 (400 × 500),
whisker barrel region of somatosensory cortex layers 5 and 6 (400 × 400), medial nucleus of
amygdala (250 × 500), central nucleus of amygdala (25 × 500), basolateral nucleus of amygdala
(250 × 500), granule cell layer of dentate gyrus (50 × 250), and CA1 pyramidal cell layer (50
× 250).

Duncan et al. Page 7

Brain Res. Author manuscript; available in PMC 2011 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.5 Effects of LY382884 on acoustic startle and prepulse inhibition
The acoustic startle measure was based on the reflexive whole-body flinch, or startle response,
following exposure to a sudden noise. Animals were tested with a San Diego Instruments SR-
Lab system using the procedure described by Paylor and Crawley (1997). Briefly, mice (4–7
months of age) were placed in a small Plexiglas cylinder within a larger, sound-attenuating
chamber (San Diego Instruments). The cylinder was seated upon a piezoelectric transducer,
which allowed vibrations to be quantified and displayed on a computer. The chamber included
a house light, fan, and a loudspeaker for the acoustic stimuli (bursts of white noise). Background
sound levels (70 dB) and calibration of the acoustic stimuli were confirmed with a digital sound
level meter (San Diego Instruments).

The selective kainate receptor antagonist LY382884 was injected i.p. at a dose of 100 mg/kg,
25 min before placing mice in the startle chambers. This dose was chosen based on discussion
with Eli Lilly and published studies regarding the specificity and potency of the compound in
in vivo animal models of seizures and anxiety (Smolders et al., 2002; Barton et al., 2003; Alt
et al., 2007). The number of mice tested was 25 NR1+/+ (11 given vehicle and 14 given drug)
and 26 NR1neo/neo (14 given vehicle and 12 given drug).

Each test session consisted of 42 trials, presented following a five-minute habituation period.
Seven different types of trials were presented: no-stimulus (NoS) trials, trials with the acoustic
startle stimulus (40 ms; 120 dB) alone, and trials in which a prepulse stimulus (20 ms; either
74, 78, 82, 86, or 90 dB) had onset 100 ms before the onset of the startle stimulus. The different
trial types were presented in blocks of 7, in randomized order within each block, with an average
intertrial interval of 15 seconds (range: 10 to 20 seconds). Measures were taken of the startle
amplitude for each trial, defined as the peak response during a 65-msec sampling window that
began with the onset of the startle stimulus. An overall analysis was performed for each
subject’s data for levels of prepulse inhibition at each prepulse sound level (calculated as 100
− [(response amplitude for prepulse stimulus and startle stimulus together/response amplitude
for startle stimulus alone) × 100]).

4.6 Open field test
Immediately following the acoustic startle test, mice were given a 1-hr test in a photocell-
equipped automated open field (40 cm × 40 cm × 30 cm; Versamax system, Accuscan
Instruments). Activity chambers were contained inside sound-attenuating boxes, equipped with
houselights and fans. Measures were taken of horizontal activity and number of rearing
movements at 5-min intervals during the test.

4.7 Statistics
Data for fos expression were first analyzed using a repeated measures Analysis of Variance
(ANOVA), with the factors genotype (+/+ or neo/neo), treatment (vehicle or kainic acid), and
brain region (the repeated measure). Separate 2-way ANOVAs were then conducted for each
brain region, with the factors genotype and treatment. Behavioral data were first analyzed using
an overall repeated measures ANOVA, with the factors genotype (+/+ or neo/neo), treatment
(vehicle or drug), and either decibel level (the repeated measure for the acoustic startle test) or
time (the repeated measure for the open field test). Separate repeated measures ANOVAs were
then conducted for each genotype, with the factor treatment. Fishers Protected Least Significant
Difference (PLSD) tests were conducted between group means only when a significant F value
was found in the repeated measures ANOVA. For all comparisons, significance was set at
p<0.05.
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Figure 1.
Fos induction in the cingulate cortex, lateral septum, nuclei of the amygdala, and other regions
in NR1+/+ and NR1neo/neo mice following treatment with vehicle or kainic acid. Mice were
injected with kainic acid (15 mg/kg i.p.) and perfused 2 hr later. Data are from all mice tested,
including wild type mice that did not exhibit behavioral signs of seizures. Abbreviations: Cing,
cingulate cortex; LSN, lateral septal nucleus; ME, medial nucleus; BLA, basolateral nucleus;
CE, central nucleus; CA1 Pyr, hippocampal CA1 stratum pyramidale; CA1 SR, hippocampal
CA1 stratum radiatum; DG, dentate gyrus of the hippocampal formation; Nacc, nucleus
accumbens; WB 2–3, whisker barrel region of somatosensory cortex layers 2 and 3; WB 5–6,
whisker barrel region of somatosensory cortex layers 5 and 6. *p<0.05, comparison with
respective vehicle group; #p<0.05, comparison with adjacent +/+, kainic acid group.
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Figure 2.
Fos induction in the amygdala (top panels) and whisker barrel somatosensory cortex (bottom
panels) in NR1+/+ and NR1neo/neo mice. Mice were injected with kainic acid (15 mg/kg) i.p and
perfused 2 hour later.
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Figure 3.
Fos induction in the hippocampus (top panels) and cingulate cortex (bottom panels) in
NR1+/+ and NR1neo/neo mice. Mice were injected with kainic acid (15 mg/kg) i.p and perfused
2 hour later.
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Figure 4.
Amplitude (A) and prepulse inhibition (B) of acoustic startle responses following LY382884
(100 mg/kg) in NR1+/+ and NR1neo/neo mice. Data shown are means (+ SEM) for each group.
Trials included no stimulus (No S) trials and acoustic startle stimulus (AS; 120 dB) alone trials.
Within-genotype ANOVAs indicated significant effects of LY382884 on startle amplitude in
the NRneo/neo (p=.029) and on PPI for the NR1+/+ (p= .049) and NR1neo/neo mice (p=0.029). *
p < 0.05, comparison with vehicle score at same stimulus level.
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Figure 5.
Horizontal activity during a 1-hr session in an open field following LY382884. Data shown
are means (± SEM) for each group. Within-genotypes repeated measures ANOVAs indicated
that LY388284 significantly (p=0.036) reduced activity in the mutant mice but not in the wild
type mice. * p < 0.05, comparison with vehicle score at same time point.
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Figure 6.
Rearing activity during a 1-hr session in an open field. Data shown are means (± SEM) for
each group. Within-genotype repeated measures ANOVA indicated that LY388284
significantly reduced activity in the mutant mice (p < .006) but not in the wild type mice * p
< 0.05, comparison with vehicle score at same time point.
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Table 1

Behavioral effects of 20 mg/kg kainic acid in NR1+/+ and NR1neo/neo mice
Behavioral Response to 20 mg/kg Kainic Acid NR1 +/+ NR1 neo/neo
No obvious effect 1/4 0/4
Forelimb clonus not followed by seizure with lack of postural control 1/4 0/4
Forelimb clonus followed by at least one seizure with lack of postural control 1/4 4/4
Un-coordinated rear limb movements, brief period of rapid jumping 1/4 0/4
Lethal Seizure 0/4 4/4
Mice were injected i.p. with kainic acid and observed for a 1 hr period.

Both wild type and NR1neo/neo groups consisted of 2 males and 2 females.
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Table 2

Behavioral effects of 15 mg/kg kainic acid in NR1+/+ and NR1neo/neo mice
Behavioral Response to 15 mg/kg Kainic Acid NR1 +/+ NR1 neo/neo
No Obvious Response 4/9 0/6
Forelimb Clonus/Rigid Tail 2/9 0/6
Seizure with Loss of Postural Control 3/9 6/6
Mice were injected i.p. with kainic acid and observed for a 1 hr period.

The wild type group consisted of 5 males and 4 females. The NR1neo/neo group consisted of 2 males and 4 females.
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