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Abstract

During development, Eph tyrosine kinase receptors and their ephrin ligands function as axon

guidance molecules while, in adults, these molecules appear to be involved in the regulation of

neural plasticity and emotion. The absence of EphA5 receptor mediated forward signaling may

cause alterations in connectivity of neural networks and boundary formation during development,

including central monoaminergic systems. In the present studies, we demonstrated altered

aggressive responses by animals lacking functional EphA5 receptors. These behavioral changes

were accompanied by altered concentrations of serotonin (5-HT) and the metabolite, 5-HIAA, in

the hypothalamus. The changes of serotonin activity in hypothalamus also result in increase of

body weight in EphA5 knockout mice. Furthermore, EphA5 knockout mice exhibited a significant

decrease in activity levels following exposure to naïve intruders in their home cages. We conclude

that the EphA5 receptor may be involved in mediation of aggressive behavior regulated, in part,

by hypothalamic serotonin.
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1. Introduction

The EphA5 receptor is a member of the Eph receptor tyrosine kinase family. Eph receptor

tyrosine kinases and their corresponding ligands, ephrins, comprise the largest group of

receptor tyrosine kinases with at least eight ligands in vertebrates (Wilkinson, 2001; Zhou,

1998). In the human genome, 13 Eph receptors have been identified and are found to be

distributed in three separate chromosomes (Kullander et al., 2001). Based on the structural

homology and the binding preference, ephrins are classified into two groups, ephrin-A and

ephrin-B. Ephrin-A ligands generally bind to EphA receptors, whereas ephrin-B ligands

bind to EphB receptors (Himanen et al., 2004). There are some exceptions to this general

rule; e.g., the EphA4 receptor which can bind to both ephrin-A and ephrin-B ligands. A-type

ephrins are anchored to themembrane through a glycosylpho-sphatidylinositol (GPI) linkage
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and B-type ephrins have both transmembrane and cytoplasmic regions (Flanagan and Van-

derhaeghen, 1998; Gale et al., 1996).

The function of the EphA5 receptor is best characterized as an axon guidance molecule

during neural development (Cheng et al., 1995; Yue et al., 2002). The EphA5 receptor and

its ligand act as a repellant cue that prevents axons from entering inappropriate territories,

thus restricting the cells to specific pathways during the migratory process (Wilkinson,

2001). During neural development, Eph receptors and their ligands are expressed in the

projecting and target sites, respectively (Castellani et al., 1998; Gale et al., 1996; Gao et al.,

1998a; Stein et al., 1999; Zhang et al., 1996). For example, in the case of hippo-camposeptal

projections, EphA5 receptors are expressed in a gradient with the lateral hippocampus

expressing low levels and the medial hippocampus expressing high levels of the receptor. At

the target site, the lateral septum, ephrin-A5 is expressed with a complementary gradient

such that the dorsomedial septum expresses low levels and the ventrolateral septum

expresses high levels of this ligand (Zhang et al., 1996). During embryogenesis, the EphA5

transcript is highly expressed in the cortical plate (Castellani et al., 1998). It is also

expressed in cortex, hippocampus, medial thalamus and the septum of the developing brain.

This receptor is moderately expressed in other brain regions, including hypothalamus and

amygdala (Gao et al., 1998a).

At the cellular level, the binding of ephrin-A5 with receptor-expressing neurons results in

different consequences depending on the cell type. It has been demonstrated that this

interaction causes inhibition of the neurite outgrowth of hippocampal, striatal, retinal, and

cortical neurons, while it enhances the neurite outgrowth of sympathetic neurons and

stimulates neurite sprouting of cortical neurons in vitro (Brownlee et al., 2000; Gao et al.,

2000, 1998a, 1996). At the circuit level, overexpression of a truncated form of EphA5

receptor resulted in a miswiring of the hippocamposeptal pathway and corpus callosum

connections in vivo (Yue et al., 2002). In particular, medial hippocampal neurons with high

expression level of the EphA5 receptor projected to both the ventral and lateral part of the

target site while lateral hippocampal neurons with relatively low EphA5 receptor expression

did not exhibit any obvious alteration in their projection pattern. Taken together, the EphA5

receptor and its ligands serve as repulsive axon guidance cues in the developing brain. Their

interaction triggers growth cone collapse and inhibits the neurite outgrowth in vitro. Further-

more, abnormal expression of these molecules results in the disruption of axonal pathfinding

and mid-line crossing in vivo (Henkemeyer et al., 1996; Hu et al., 2003; Yue et al., 2002).

Details of how the binding of the Eph receptors and their ligands inhibits neurite outgrowth

are yet to be determined. Gale and Yancopoulos (1997) provided evidence for the collapse

of actin cytoskeletal structure within the growth cone following the activation of ephrin-

induced signaling. Signal transduction induced by Eph–ephrin binding requires the

autophosphorylation of the Eph receptor (Drescher et al., 1995;Meima et al., 1997). This

event occurs predominately based on the cell–cell contact. Soluble forms of ephrins can bind

to Eph receptors, but do not trigger autophosphorylation unless the receptors are artificially

assembled. Furthermore, this receptor–ligand system can activate the intracellular signaling

pathways not only via the activation of Eph receptor, but also by clustering of ephrins.

Recent studies have shown that reverse signaling induced by ephrin clustering affects
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commissural formation in the forebrain as well as angiogenic remodeling (Adams et al.,

2001; Henkemeyer et al., 1996; Kullander et al., 2001).

The presence of a phosphorylated form of EphA5 receptor in the adult brain leads to the

speculation about possible roles in synaptic plasticity (Gerlai et al., 1999). By infusing

EphA5 receptor agonist/antagonist proteins into the hippocampus, Gerlai et al. (1999)

showed that activation of the EphA5 receptor enhances hippocampal-dependent behavioral

tasks whereas the inactivation of the EphA5 receptor impairs these functions. Specifically,

animals exhibited elevated fear responses consequent to shock exposure following EphA5

receptor agonist infusion. These behavioral changes were also accompanied by alterations in

long-term potentiation suggesting the role of EphA5 receptor in synaptic plasticity (Gao et

al., 1998b). In addition, Halladay et al. (2004) showed that animals expressing a truncated

EphA5 receptor exhibited learning deficits in striatal-dependent tasks. These behavioral

changes were associated with changes in monoaminergic activities in striatum suggesting a

possible role of EphA5receptor in striatal functions. Taken together, activation of EphA5

receptor and its ligand may be involved in synaptic plasticity in the adult nervous system.

The expression of EphA5 receptor is elevated in hippocampus, striatum, hypothalamus, and

amygdale in the adult brain (Gerlai et al., 1999). In this study, we asked whether the absence

of EphA5 receptor mediated forward signaling can affect brain neurochemistry and how the

altered neurochemistry might affect the aggressive behaviors mediated by hypothalamus in

adult animals. Offensive aggression was assessed using the resident–intruder paradigm.

Offensive aggression is predominantly a testosterone-dependent behavior and is manifest as

the attack behavior of a resident subject against an intruder (Wagner et al., 1979). This type

of offensive aggression can also be modulated by serotonin activity and drugs (Chiavegatto

et al., 2001; Fish et al., 1999; Lyons et al., 1999; Miczek et al., 1998). Genetic manipulations

that target serotonin-related genes, and on genes that affect serotonin receptor numbers also

can change this form of aggression in rodents (Chiavegatto et al., 2001; Chiavegatto and

Nelson, 2003; Dulawa et al., 2000; Fischer et al., 2000; Liu et al., 2007; Nelson et al., 2006;

Saudou et al., 1994; Schiller et al., 2006; Stork et al., 2000; Wersinger et al., 2007). We also

assessed defensive aggression by using the target-biting paradigm. It has been shown that

high serotonergic activity dampens both defensive aggression in animals and violent crime

in humans and, conversely, reduced serotonergic activity is associated with high levels of

aggression (Bioulac et al., 1980; Golden et al., 1991; Lidberg et al., 1985; Linnoila et al.,

1983; Virkkunen et al., 1987).

Our results showed that EphA5 knockout mice exhibit an increase in shock-induced target-

biting but a decrease in offensive aggression in the resident–intruder paradigm. The

escalated levels of 5-HT and 5-HIAA found in hypothalamus may have contributed the

decrease in offensive aggression in knockout mice. Interestingly, EphA5 knockout mice

showed significantly higher bodyweight than the controls. This increase in body weight is

likely attribute to the change in serotonin metabolism in hypothalamus. Moreover, EphA5

knockout mice exhibited decreased motor activity immediately following the resident–

intruder test in the same context. We concluded that the absence of EphA5 receptor-induced

signaling results in alterations of aggressive behaviors and these behavioral changes are

accompanied by changes in serotonergic activity in the hypothalamus.
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2. Results

2.1. Increased body weight in EphA5 knockout mice

EphA5 knockout mice displayed significantly higher body weight compared to their wild-

type littermates prior to any behavioral testing (F(1,94)=53.25, p<0.05), Fig. 1). The

difference in body weight between the knockout mice and wild-type littermates was

persistent throughout the entire behavioral tasks.

2.2. Altered shock-induced target-biting in EphA5 knockout mice

Under baseline conditions, mice exhibited three distinct rates of target-biting, a high post-

shock rate (bin 1), an intermediate inter-shock interval rate, (bin2–7) and suppressed rate

during the pre-shock tone (bin 8). EphA5 receptor knockout mice exhibited a higher target-

biting frequency after the tail shock (post-shock interval) (F(2,5)=9.38, p<0.02) (Fig. 2).

Furthermore, there was also a significant increase in target-biting during the inter-shock

interval (bin2–bin7) in EphA5 knockout group compared to their wild-type littermates

(F(2,5)=6.85, p<0.02). However, this increase in target-biting was not seen during the pre-

shock interval in the EphA5 knockout mice, meaning that there was sufficient inhibition of

target-biting associated with the presentation of tone in both knockout and wild-type mice.

Post-hoc analysis revealed that there were significant differences in post-shock target-biting

rates between knockout and wild-type mice on days 2, 3, 4, 11, and 12 (Fig. 2).

2.3. Reduced resident–intruder aggression in EphA5 knockout mice

To investigate offensive aggression, we measured the attack behavior exhibited by the

resident mice towards the intruder mice. In particular, the latency to the first attack and the

total number of bites during testing was compared between the wild-type and the knockout

mice. Wild-type mice attacked the naïve intruder with an average of 312.1±71.9 s to the first

attack and emitted a total of 24.9±4.2 attacks per session over the 6-day observation period.

As the testing continued, the frequency of attack behavior of EphA5 knockout animals was

significantly lower than the wild-type littermates (F(1,21)=8.87, p<0.05). Likewise, EphA5

knockout mice displayed longer latencies to attack the intruder (F(1,21)=12.68, p<0.05) (Fig.

3A). Wild-type mice displayed fairly constant attack latencies over the course of testing

(Fig. 3B). Finally, in addition to the territorial offensive attack, we also observed altered

patterns of behavior exhibited by the EphA5 knockout mice during the course of testing.

Encounters with naïve intruders caused a reduction in behavior in EphA5 knockout animals

with these residents displaying less activity and initiating fewer encounters with intruders

(such as sniffing or moving around the intruder in their home cages) (data not shown).

2.4. No change in locomotor activity after experiencing intruder encounters in EphA5
knockout mice

The overall activity level of EphA5 knockout animals was some-what less than the wild-

type littermates prior to any behavioral testing (Fig. 4). However, activity counts began to

diverge when locomotor activity tests followed immediately after the termination of the

resident–intruder testing. EphA5 knockout mice did not display an immediate increase in

activity following the resident–intruder testing. Rather the elevation of locomotor activity
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level was seen gradually over time (Fig. 4). EphA5 wild-type controls, on the other hand,

displayed a significantly higher level of activity immediately after testing as compared to

their activity level prior to the test (p<0.05). The difference in locomotor activity between

EphA5 knockout and wild-type mice after resident–intruder testing was statistically

significant (p<0.05) and this difference persisted for four days after the end of testing.

2.5. Alternations in neurochemistry in EphA5 knockout mice

Because of the significant difference in body weight between EphA5 knockout mice and

their littermate controls, we included body weight as a covariant in the statistical analysis for

our neurochemical data collected from hypothalamus. This was done so because of the

importance of hypothalamus in regulation of food metabolism and body weight and their

association with serotonin activity in this brain region (Gur et al., 2003; Svec et al., 2002). It

is noteworthy that EphA5 knockout animals exhibited significant increases in serotonin

levels in the hypothalamic region (F(2,13)=2.99, p<0.0315) as well as in dopamine levels

(F(2,13)=0.0115, p<0.05). In contrast, the turnover ratios of dopamine (DOPAC/DA)

(F(2,13)= 4.14, p<0.0406) and serotonin (5-HIAA/5-HT) (F(2,15)=0.05, p<0.05) were both

significantly lower in knockout as compared to wild-type mice (Table 1). In the nucleus

accumbens, knockout animals exhibited a 41% increase in dopamine levels, whereas

dopamine turnover ratio (HVA/DA) was significantly reduced (F(1,15)=7.52, p<0.05). In

addition, knockout animals showed approximately 40% decrease in 5-HIAA level and

relatively lower 5-HT than the wild-type animals (Table 1). There were no changes in

monoamines or monoaminergic turnover ratios in the hippocampus or frontal cortex (data

not shown).

3. Discussion

Our observations demonstrate that EphA5 knockout mice have an increase in tail shock-

induced target-biting in the target-biting paradigm, but a decrease in the number of bites and

the latency of initiation the first attack in the resident–intruder test. EphA5 knockout mice

did not show changes in their locomotor activity after encountering the intruders while their

wild-type littermates exhibited significantly increased activity in their home cage after the

encounter. At the neurochemical level, EphA5 mutants showed significantly elevated

serotonin concentrations as well as the serotonin metabolite, 5-HIAA, in hypothalamus.

When serotonin turnover ratio was used, EphA5 knockout animals exhibited a significant

decrease in serotonin metabolism in the same region. Moreover, EphA5 knockout mice had

significantly higher body weight than their wild-type littermates. Our results suggest the

EphA5 receptor mediated forward signaling may account for these behavioral and

neurochemical changes. The alterations of serotonin activity in hypothalamus may

contribute to the increase of body weight in EphA5 knockout mice.

3.1. Defensive target-biting response in EphA5 animals

Our observations in the target-biting paradigm show that EphA5 knockout mice exhibited a

significant increase in target-biting responses following the tail shock. This increase in

target-biting rates was interpreted as an increase in defensive aggression (Carelli and

Wagner, 1988; Miyakawa et al., 2001; Smoothy and Berry, 1984; Wagner and Carelli,
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1987). It is likely that the absence of the EphA5 receptor forward signaling resulted in

changes in the formation of neuronal patterning and connectivity among EphA5 receptor-

expressing cells during development. The importance of EphA5 receptor forward signaling

has been demonstrated in the mapping of retinotectal projections in mice (Feldheim et al.,

2004). Halladay et al. (2004) further demonstrated that animals with a truncated EphA5

receptor could have deficits in striatum-dependent tasks. Nonetheless, the increased target-

biting responses by EphA5 knockout mice in the post-shock and inter-shock intervals were

specific toward the preceding tail shock, rather than a non-specific learning or general motor

deficits. The target-biting rates in the pre-shock interval were similar in both knockout and

wild-type animals, suggesting that there was sufficient acquisition of a relationship between

the tone and the pending tail shock in these animals.

3.2. Offensive aggressive behavior in the resident–intruder paradigm

In the resident–intruder study, EphA5 animals displayed significantly reduced territorial

behaviors directed against naïve intruders. The overall frequency of attack was reduced, as

was the time to initiate the first attack. In some cases, the intruders actually approached the

resident mouse and the fighting almost started instantly. Under these circumstances, EphA5

knockout mice engaged in fewer interactive behaviors with intruders and exhibited

immobility. Furthermore, this immobility persisted in the absence of intruders for an

additional four days as assessed in the post aggressive activity test. Overall, EphA5

knockout mice seemed to be less aggressive than the wild-type littermates, displaying fewer

attacks and longer latencies to initiate attack. Consistently, EphA5 knockout mice showed

immobility in their cages during and after the introduction of intruders. These results are

consistent with findings from other reports that the non-aggressive mice showed increased

immobility while they displayed long attack latency (Sluyter et al., 1996).

The aversive stimuli used in these two behavioral paradigms, tail shock and naive intruders,

elicited strong aggression responses in the mice although these stimuli elicited different

forms of aggression. When the animals were challenged by an intruder in the home cage, the

initial territorial behavior of EphA5 knockout animals was not different from the wild-type

control littermates, but started to decline after the second encounter with the intruder, and

the decrease in this form of aggression persisted throughout the repeated assessment

thereafter. Furthermore, EphA5 knockout animals engaged in decreased activity in their

home cage evident in the later stages of testing. In contrast, the shock-induced target-biting

was directed toward an inanimate object and was increased in the knockout mice. It is

noteworthy that these behavioral changes in the EphA5 knockout animals are not related to

non-specific motor function deficits. The EphA5 knockout animals displayed normal

activity levels prior to the start of the aggression tests.

Another possibility that may count for the difference between the results from shock-

induced attacks and resident–intruder attacks is that there is no need for visual sense in the

shock-induced attacks, whereas the visual sense may play a role in resident–intruder attacks.

It has been shown that the retinotectal mapping is altered in EphA5 knockout mice

(Feldheim et al., 2004), and this may have detrimental effect on the visual capability of

EphA5 knockout mice and reducing their attack behavior. However, the degree that the
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visual capability is affected by the slight alterations of retinotectal mapping remains to be

investigated and we observe no gross behavior defects in these animals. Furthermore, the

identification of intruder in the home cage can still be made with non-visual senses, such as

olfactory or auditory senses (Guillot and Chapouthier, 1996).

3.3. Neurochemical differences

EphA5 knockout mice exhibited a significant decrement in serotonin turnover in the

hypothalamus. This reduced serotonergic activity may account for our observations in the

animals' responses following tail shock. The hypothalamus has been shown to play a central

role in the mediation of aggressive behaviors in animals (Siegel et al., 1999). Neural circuits

underlying aggression are centered in hypothalamus which interconnects with other regions

in the brain, including periaqueductal gray (PAG), bed nucleus of the stria terminalis (BST),

and amygdala (Delville et al., 2000; Gregg and Siegel, 2001). When a Syrian hamster

encounters an intruder, c-Fos immunoreactivity was detected in these brain regions (Delville

et al., 2000; Gregg and Siegel, 2001). The electrical stimulation in the ventral medial and

intermediate hypothalamus elicits attacking behaviors in rats (Gregg and Siegel, 2001). It is

plausible that the decrements of serotonin activity in hypothalamus may have an influential

effect on the circuits responsible for the regulation of aggressive behavior in EphA5

knockout mice.

With respect to offensive aggression, the EphA5 knockout mice showed significantly

elevated serotonin levels in hypothalamus compared to their wild-type littermates. The

increase of serotonin in hypothalamus can explain the decrease in intruder attacks in

knockout animals. Accumulated evidence has suggested an inverse relationship between

serotonin level in cerebrospinal fluid (CSF) and brain with impulsivity, or escalated

aggression, and suicide (Lee and Coccaro, 2001; van Praag, 1998). In rodents, some studies

have shown a similar relationship with decreased serotonin and 5-HIAA levels associated

with increased offensive aggression (Chiavegatto et al., 2001; Chiavegatto and Nelson,

2003; Ferrari et al., 2005; van der Vegt et al., 2003).

These functional changes in the EphA5 knockout mice were not related to motor deficits.

Preliminary studies revealed that these mice animals responded to tone-cued stimuli at rates

similar to the wild-type animals in the active-avoidance and passive-avoidance paradigms

(data not shown). Furthermore, EphA5 knockout animals displayed normal performance in

searching for a hidden platform in the Morris water maze.

A second important neurochemical change in EphA5 knockout mice was the alterations in

dopamine and serotonin concentrations in the nucleus accumbens. We have demonstrated in

our present study that EphA5 knockout mice had a substantial reduction in serotonin and

metabolite (5-HIAA) levels compared to wild-type mice while they had a significant

increase in dopamine turnover ratio (HVA/DA), and approximately 41%increase of

dopamine level in this region. These data are consistent with a previous study using in vivo

dialysis wherein mice displayed similar trends in dopamine and serotonin alteration 24 h

following an aggressive confrontation (Ferrari et al., 2003). Our findings in EphA5 knockout

mice show similar trends in dopamine and serotonin levels in the nucleus accumbens.
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Finally, it appears likely that the abnormal neurochemical profile in the hypothalamic area

may result in the increased body weight in the EphA5 knockout mice relative to their wild-

type littermate controls. Previous studies have shown that the hypothalamus is essential for

the regulation of energy balance, including body weight. Of importance, serotoninergic

innervations mediate the control of food consumption, as well as physiological metabolism,

and decreased serotonin neural activity has been implicated in an animal model of obesity

(Gur et al., 2003; Svec et al., 2002). EphA5 knockout mice exhibited slightly lower activity

levels relative to the control mice during the baseline condition. This may be attributed to

the increase of their body weight. Thus, we concluded that the absence of EphA5 receptor

mediated forward signaling might account for the altered serotonin concentration in

hypothalamus, thus influencing offensive and defensive aggression in mice. Furthermore,

the increased immobility response in the EphA5 knockout mice may be consequent to the

absence of signaling regulated by EphA5 receptor.

4. Experimental procedures

4.1. Subjects and genotyping

EphA5 animals were obtained from Regeneron Pharmaceutical (Tarrytown, New York,

USA). The generation of these knockout mice has been described previously (Feldheim et

al., 2004). The line was maintained in our colony with EphA5 heterozygous knockout mice

used for breeding. All mice were viable and fertile and appeared to be in good health. The

genotype of mice was confirmed by polymerase chain reaction (PCR) of genomic DNA

obtained from tails prior to the beginning of testing. The three primers used in PCR were:

GCC-CGT TAT GAA AGT GCA TCT TTT CC, GCT-GGC GAA AGG GGG ATG TGC,

and ACT GGC ATG GAA ATT GGC TCT GG. The 300-bp fragment was amplified from

the knockout allele with two of the primers. The DNA polymerase, Taq, was purchased from

Promega (Madison, WI). The temperature and timing used within each cycle were 94 °C/1’,

58°C/1’, and 74 °C/1’.

EphA5 knockout and wild-type mice were used for experiments in this study. All mice used

for experiments were matched for age and body weight. Mice used as residents in the

resident–intruder paradigm as well as those used in the target-biting experiment were

individually housed in a pan cage (45 × 23 × 13 cm) with wood-chip bedding for 4–6 weeks

prior to the beginning of behavioral testing. The colony room was a temperature- and

humidity-regulated room and was maintained on a 12/12 h light/dark cycle (lights on at

7:30PM). All mice had had free access to food and water. All studies were approved by the

Rutgers University Animal Care Committee.

4.2. Shock-induced target-biting in EphA5 knockout mice

There were 12 EphA5 knockout mice and 6 wild-type controls in this experiment. Mice

were confined in an opaque, plastic cylinder (2.8 cm inner diameter; 9.8 cm long). Their

tails were passed through a slot at the rear of the cylinder and taped in position with surgical

tape. The cylinder was then placed in a larger outer chamber so that the leading edge of a

bite target (model 278–1631 cable ties, Radio Shack) was within easy reach of the mouse.

The target was attached to a model 16082 omni directional switch (Gerbrands, Arlington,
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MA, USA). The tail was rubbed with electrode paste and two brass bar electrodes (1.0 cm

apart) placed on the tail approximately 1.5 cm from its base. A GE 1813 session light was

mounted 1.0 cm above the target. Each chamber was equipped with an 8.0 cm loudspeaker

mounted 10 cm above the target. A 2.0 mA, 0.15 s tail shock was delivered by an AC shock

generator on a fixed-time, 2min schedule. A 2500 Hz, 70 dB tone preceded the shock for 15

s and terminated with its onset. Target bites over the 2-min trial were collected in eight 15-s

bins, each accumulated over the session. A tail shock was present immediately following the

termination of the eighth bin.

For the purpose of data analysis, three intervals, post-shock, pre-shock, and inter-shock,

were defined with respect to delivery of the tail shock. The post-shock interval was the 15 s

immediately following the tail shock (bin 1); the pre-shock interval was the 15 s prior to the

shock delivery and marked by the presence of the tone (bin 8); the inter-shock interval

included the intervening six bins (bin 2–6) averaged so as to be comparable to the post- and

pre-shock intervals in length. The target-biting sessions lasted 20 min. Each mouse was

repeatedly tested for 13 consecutive days in the same environmental context.

4.3. Resident–intruder attack in EphA5 knockout mice

In the resident–intruder paradigm and locomotor activity tests, 12 EphA5 homozygous

knockout and 11 wild-type mice were used. In addition, CD1 mice were used as intruders.

Resident–intruder studies were conducted by the introduction of a naïve intruder mouse into

the home cage of the resident after which the attack behavior of the resident and intruder

were recorded by a video camera and scored by observers blind to genotype. The resident

mouse was allowed to encounter the intruder for up to 10 min. The latency to the first attack

was recorded and was used as the first parameter. Afterwards, the animals were allowed to

interact for 5 additional minutes before the intruder animal was removed from the resident’s

cage. Over this 5-min session, the number of biting attacks was scored. Should no attack

occur during the first 10-min period, a “0” was entered for attacks and “600 s” entered for

latency.

4.4. Locomotor activity in EphA5 knockout mice

The locomotor activity of EphA5 animals was measured both prior to the start and after the

resident–intruder testing. The home cage of each animal was placed into a photocell activity

chamber (Columbus Instrument, Columbus, OH) for 5 min.

4.5. Brain chemistry

The EphA5 homozygous knockout and wild-type animals were sacrificed and brains

dissected for portions of striatum, frontal cortex, hippocampus, and amygdala. The brain

tissue was immediately stored in liquid nitrogen until assayed. The tissues were thawed,

weighed, and ultrasonically homogenized in 0.3 ml of 0.4 N perchloric acid. After

centrifugation at 16,000 ×g for 20 min at 4°C, the supernatants were stored at −80 °C until

the neurochemical analysis was executed. 60 µl of brain tissue homogenates were injected

onto an HPLC column BAS Bio-phase ODS 5 µm, 250/4.6 mm. The mobile phase consisted

of filtered and degassed 14% methanol, 12 g citric acid, 19.525 g sodium phosphate dibasic,

and 5 mg EDTA per liter. The flow rate was set at 0.7 ml/min. Dopamine (DA), 3,4-
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dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), serotonin (5-HT), and 5-

hydroxyindoleacetic acid (5-HIAA) were electrochemically detected by a detector set at a

range of 10nA (100nA for dopamine) and the sample was oxidized with a +0.72 V potential

between the glassy carbon electrode and the Ag/AgCl reference electrode. The concentration

was calculated by reference to external standards.

4.6. Data analysis

A one-way, repeated measures ANOVA was employed for the resident–intruder experiment

and locomotor activity while a standard one-way ANOVA was used for analysis of brain

neurochemistry in individual regions. Statistical analysis of target-biting was conducted by a

one-way ANOVA with two repeated factors, interval and time. Post-hoc analysis, Tukey’s

tests, were used to determine the level of significance with α = 0.05 accepted as statistical

significance.
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Fig. 1.
Shows the body weight of EphA5 mice. Asterisk indicates that the difference of body weight

between groups is statistically significant (p<0.05). Data are given as mean±SEM.
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Fig. 2.
Tail shock-induced target-biting in the post-shock interval under baseline condition. Two

groups are wild-type (■), and EphA5 knockout mice (○). Asterisks indicate the statistical

difference in comparing the wild-type group (p<0.05). Data are given as mean±SEM.
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Fig. 3.
A and B. A: the total amount of attack from the resident animals against the intruders in

entire 5 min across days. B: the time to initiate the first attack by the resident subjects in

seconds. Solid line represents the control group whereas the dashed line is the EphA5

knockout group. Asterisks indicate the statistical difference in comparing the wild-type

group (p<0.05). Data are given as mean±SEM.
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Fig. 4.
The general activity levels taken prior and after the behavioral testing. The open bar

represents the EphA5 wild-type animals the diagonal-lined bar is the EphA5 knockout

group. Asterisks indicate the statistical difference in comparing the wild-type group

(p<0.05). Data are given as mean±SEM.
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