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Abstract

Glutamate signaling has been implicated in the regulation of social behavior. AMPA-glutamate

receptors are assembled from four subunits (GluA1-4) of mainly GluA1/2 and GluA2/3 tetramers

that form ion channels of distinct functional properties. Mice lacking GluA1 showed a reduced

anxiety and male aggression. To understand the role of GluA3 in modulating social behavior, we

investigated GluA3-deficient mice (Gria3 -/Y) on C57BL/6J background. Compared to wild type

(WT) littermates (n=14), Gria3 -/Y mice (n=13) showed an increase in isolation-induced male

aggression (p=0.011) in home cage resident-intruder test; an increase in sociality (p=0.01), and

increase in male-male social interactions in neutral arena (p=0.005); an increase in peripheral

activities in open field test (p=0.037) with normal anxiety levels in elevated plus maze and light-

dark box; and minor deficits in motor and balance function in accelerating rotarod test (p=0.016)

with normal grip strength. Gria3 -/Y mice showed no significant deficit in spatial memory function

in Morris-water maze and Y-maze tests, and normal levels of testosterone. Increased dopamine

concentrations in stratum (p=0.034) and reduced serotonin turnover in olfactory bulb (p=0.002)

were documented in Gria3 -/Y mice. These results support a role of GluA3 in the modulation of

social behavior through brain dopamine and/or serotonin signaling and different AMPA receptor

subunits affect social behavior through distinct mechanisms.
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1. Introduction

Glutamate mediates the majority of excitatory neurotransmission in the central nervous

system via a family of receptors with distinct substrate specificity [1, 2]. Glutamate

receptors are widely expressed in brain structures that control emotion and behavior [3]

suggesting a role of glutamate signaling in behavioral modulation. AMPA glutamate

receptors are assembled from four subunits, GluA1-4, to tetrameric complexes [1-3] with a

maximum of two different subunits present in each receptor complex [4, 5]. The subunit

composition of AMPA receptors influences their ion permeability, rectification, and kinetics

[1, 2, 6].

The roles of AMPA receptors in modulating behavioral phenotype have been studied in

animal models. Two competitive antagonists for AMPA receptors, CNZX and NBQX,

reduced the biting component of aggressive behavior in Turku Aggressive (TA) mice and

GYKI, a non-competitive antagonist, suppressed all aggressive manifestations [7]. Mice

lacking GluA1 [8] or carrying a mutation, R582Q, resulting in calcium-impermeable

receptors [9] exhibited a reduced long-term potentiation, deficits in spatial working memory,

reduced male aggression, and anxiety [10]. Mice-lacking GluA2 displayed an enhanced

long-term potentiation, reduced exploratory activity, and impaired motor function [11]. Mice

lacking GluA3 showed a significantly enhanced long term potentiation (LTP) and normal

depotentiation after the establishment of LTP [12]. GluA3-deficient mice were also found to

have a deficit in motor and balance, increased alcohol consumption after alcohol deprivation

[13], a disturbance in non-rapid eye movement sleep and respiratory modulation, and an

increased tendency of seizure [14]. A recent genome-wide scan of aggressive NZB/B1NJ

and unaggressive A/J mice identified proximal chromosome X including Gria3 as one of the

two quantitative trait loci for aggression [15].

Despite these studies, little is known about the contribution of GluA3 to social behavior. In

this study, we investigated behavioral phenotype and brain monoamine levels of Gria3 -/Y

mice on C57BL/6J background [16]. Gria3 -/Y mice were found to have an increase in

isolation-induced male aggression, sociality, and male-male social interactions in neutral

arena, elevated dopamine in striatum, and reduced serotonin turnover in olfactory bulb. The

results support a role of GluA3 in the modulation of social behavior and implicate that

different AMPA subunits influence social phenotype through distinct mechanisms.

2. Materials and Methods

2.1. Animals

Gria3 -/Y mice were generated by standard gene targeting method on a mixed C57BL/6J and

129 (129X1/SvJ × 129S1) strain background [16]. These mice have been back-crossed with

C57BL/6J inbred strain (Jackson Laboratory, ME) for over 20 generations in order to
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achieve a homogenous strain background. Male Gria3 KO (Gria3 -/Y) and wild type (WT)

littermate control mice (Gria3 +/Y) were generated by breeding WT C57BL/6J males with

heterozygous (Gria3 +/−) females. Mice were genotyped using PCR of tail DNA following

a published protocol [16]. Adult Gria3 -/Y (n=14) and Gria3 +/Y mice (n=13) between 4-9

months of age were studied using standard behavioral tests for rodent. Mice were housed in

temperature-controlled rooms with 12 hr light/dark cycle (9:00 and 21:00) and had free

access to water and standard mouse chow. Animal breeding and procedures were conducted

in strict accordance with NIH Guide for Care and Use of Laboratory Animals. An animal

study protocol for this project was approved by the Johns Hopkins University Animal Care

and Use Committee.

2.2. Mouse behavioral testing

Mouse behavioral tests were conducted at Animal Behavioral Core of Johns Hopkins

University School of Medicine following standard protocols from the Animal Behavior Core

User Manual (http://www.brainscienceinstitute.org/index.php/cores) as described previously

[17, 18]. The test order and age of mice for individual test (in parenthesis) are provided as

follow: Open Field (4 month), Y-maze (4 month), elevated plus maze (5 month), resident-

intruder test (5 month), social interaction and preference for social novelty (6 months),

dyadic male-male interaction (6 month), rotarod (6 months), Morris water maze (7 month),

light and dark box (9 month), grip strength (9 month), general olfaction (9 month), sample

harvesting (9 month). For individual test, WT and knockout mice were always tested

together to minimize potential variations. At least one week of rest was arranged between

tests. Average ambient lighting (lux) for individual tests: open field (288-318), elevated plus

maze (492), light-dark box (492 for light box and 0 for dark box, respectively), resident-

intruder test, dyadic male-male interaction and sociability and social novelty (595).

2.2.1 Open-field test—Each individual test mouse was placed in a photo-beam (n=16 at

equal spacing of 2.5 cm) equipped clear plastic chamber (45 × 45 cm and was allowed to

explore free from interference for 30 minutes. The peripheral area (425 sq cm) was defined

by the two side-photo beams, #1-2 and #15-16 while the central area (1,600 sq cm) was

defined by photo beams #3-14 at each direction. Their movements were tracked using a SDI

Photobeam Activity System (San Diego Instruments). Their patterns of ambulatory

movement, fine movement, and rearing behavior at central and peripheral areas were

recorded and analyzed.

2.2.2. Sociability and preference for social novelty—The test was carried out in a

45 cm × 45 cm × 37.5 cm (H) clear plastic chamber divided equally into four quadrants.

Two small mesh cages (10 cm in diameter, 15 cm high) were placed at the opposite corners

of two quadrants. The test mouse was allowed to explore the chamber freely for 5 minutes

with the small empty mesh cages before starting test trials. For trial 1, a wild-type stranger

male mouse was placed inside one of the mesh cages and the test mouse was allowed to

explore the chamber freely for 10 minutes. For trial 2, a second wild-type stranger mouse

was placed in the other mesh cage and the test mouse was allowed to explore freely for

another 10 minutes. The time that the test mouse spent in each of the four quadrants was

measured during each of the 10 min sessions and analyzed.
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2.2.3. Resident-intruder test—The test was carried out in the individual home cage of

the testing male after seven days of isolation. On the eighth day, a young and unfamiliar

intruder male was placed in the home cage of the test mouse. The mice were then allowed to

interact free from interference for 10 min. The intruders were 2 month-old male mice of

C57BL/6J strain without significant fighting experience. They were housed in separate

cages from resident mice. Each intruder mouse was used only once in this test on any given

test day. The entire interactions were video-recorded. Aggressive behavior (attacks and tail

rattles) and nonaggressive social behavior (sniffing and following) were scored and analyzed

by two independent observers.

2.2.4. Dyadic male-male interaction in neutral field—The test was carried out in a

45 cm × 45 cm × 37.5 cm (H) clear plastic box that is unfamiliar to both test mouse and

stranger mouse. A test mouse and a stranger male mouse of same age and strain background

were placed in the box that was separated by a divider. The mice were allowed to explore

half of the box freely for 5 min. The divider was then removed and the mice were allowed to

interact for 10 min free from interference. Aggressive behavior (attacks and tail rattles) and

nonaggressive social behavior (sniffing and following) of the test mouse were video-

recorded and analyzed.

2.2.5. Elevated-plus maze—Elevated plus maze tests anxiety-related behavior in

rodents. The maze, made of stainless steel, consists of two closed arms measuring 48 cm (L)

× 10 cm (W) × 38 cm (H) and two open arms measuring 48 cm (L) × 10 cm (W) (San Diego

Instruments). The four arms were connected by a middle 10 cm × 10 cm platform. The test

mouse was placed on the middle platform and remained in the maze during the 5 min

session. The total time spent and number of entries into the closed and open arms were

recorded and analyzed.

2.2.6. Light-dark box test—This test is for anxiety-related behavior in rodents. A test

mouse was placed in the dark side of a light-dark box [35 cm (W) × 17.5 cm (D) × 3 cm (H),

Coulbourn Instruments] and allowed to explore free from interference for 5 minutes. The

time elapsed before the mouse entered the light side as well as the total time spent in each

side of the box was recorded and analyzed.

2.2.7. Y-maze—The Y-maze for spatial working memory in rodents consists of three

identical arms [46 cm (L) × 6.25 cm (W) × 2.5 cm (H)] radiating at 120-degree angles from

a central platform. The test was done in three trials. During the first trial, the test mouse was

placed at the end of one arm, chosen at random prior to the test, and remained in the maze

free from interference for 5 minutes. The total number of spontaneous alternations divided

by the number of total possible alternations was recorded and analyzed. The second and

third trials were run seven days after the first trial. During the second trial, one of the arms,

chosen randomly for each mouse prior to the test, was blocked. The test mouse was allowed

to explore the two unblocked arms for 5 minutes followed by a resting period of 10 minutes.

During the third trial, the test mouse was returned to the maze with all three arms open and

allowed to explore for another 5 minutes. The third trial was analyzed for time spent in the
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arm blocked during the second trial. The data was analyzed for the first 2 minutes and full

five minutes of trial 3.

2.2.8. Morris water maze—Morris Water Maze for spatial reference memory was tested

in WT (n=9) and Gria3 KO (n=9) mice. A standard water maze (120 cm in diameter)

containing deep, opaque water (25°C) was set up with a rescuing platform (10 cm × 10 cm)

just below the water surface and marked with a cue (flag) and four large spatial cues outside

the maze. On test day 1, mice were subjected to four, one-minute swimming trials in the

maze to locate the platform. In each of the four trials, the platform was placed at a different

quadrant of the maze. On test days 8-10, the platform cue was removed and the mice were

subjected to three, one-minute trials to locate the hidden rescuing platform placed at a fixed

quadrant of the maze. On test day 11, mice were subjected to one trial of three minutes of

free swimming without platform. Their time spent in the quadrant where the platform was

located during the hidden platform trials was determined and compared between WT and

KO groups.

2.2.9. Rotarod test—A test mouse was placed on a rotating rod that is accelerated from 5

to 30 rpm during a 5 min session in a standard testing apparatus (Rotamex-5 from Columbus

Instruments with mouse spindle). The performance was graded by the time a mouse stays on

the rotating rod. Each mouse was tested under the same parameters three times each day for

three days and a total of 9 trials. Data from all nine sessions was obtained and analyzed for

each mouse.

2.2.10. Grip strength—This is to test forepaw grip strength in rodent. A grip strength

meter was placed horizontally and mice, held by the tail, were allowed to grasp the pull bar

with their front paws only. Mice were pulled backward, horizontally, and the peak force was

recorded in pounds. This was done three times in a row during each of two training trials

with one-hour in between. One hour after the training trial, a test trial was conducted with

each mouse tested five times in a row. The highest and lowest values are removed and

means and SEM for three middle values were calculated.

2.2.11. Olfaction test.—A test mouse was placed in a fresh, clean cage for this test. After

five minutes of free exploration, three drops of vanilla extract and three drops of water were

placed at the opposite corners of the cage. The time spent sniffing either vanilla or water was

recorded over the next two minutes.

2.3. Plasma testosterone concentrations

Blood samples from were collected from individual WT and knockout mice between the

time of 13:00-15:00. Plasma was isolated immediately by centrifugation at 2,000xg for 10

min at 4°C and stored at −80°C until testing. Plasma testosterone levels were measured

using a Parameter™ Testosterone Assay kit (R&D Systems) following a standard protocol

from the manufacturer. Briefly, a 96-well microplate coated with a goat anti-mouse antibody

was first incubated with a testosterone-specific monoclonal antibody. After extensive

washing using buffers supplied in the kit, 100μl of testosterone standards or diluted plasma

samples from mice were added to each well along with HRP-conjugated testosterone
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supplied in the kit. The samples were incubated at room temperature for 3 hrs with slow

rotation for competitive binding followed by extensive washing steps using buffers supplied

in the kit. A colorimetric reaction for HRP-testosterone was conducted and optical density at

450nm for each well was determined using a SPECTRAmax™ GEMINI XS Dual-Scanning

Microplate Spectrofluorometer (Molecular Devices). Testosterone concentrations of the

study samples were calculated from a standard curve of testosterone controls provided in the

kit. All samples were assayed in triplicates.

2.4. Monoamine concentrations in selected brain regions

Olfactory bulb, cortical, striatal and hippocampal tissue samples (N=8 per group) were

dissected from brains of Gria3 knockout and wild-type mice immediately after cervical

dislocation. Brain samples were weighed, extracted with 0.01M perchloric acid, and

centrifuged at 15,000g for 15 min. Concentrations of norepinephrine (NE), dopamine (DA),

3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), serotonin (5-HT), and

5-hydroxyindoleacetic acid (5-HIAA) in brain tissue extracts were measured by HPLC with

electrochemical detection as described earlier [19, 20]. The analytical column was SunFire

C18 5 μm (4.6 × 150 mm) from Waters Corporation. The mobile phase consisted of 0.01 M

sodium dihydrogenphosphate, 0.01 M citric acid, 2 mM sodium EDTA, 1 mM sodium

octylsulfate, 10% methanol, pH 3.5 and was used at flow rate 1.0 ml/min and temperature

35°C. The installation consisted of 717 Plus Autosampler (Waters), 1525 Binary HPLC

pump (Waters), and Coulochem III electrochemical detector (ESA). The glassy carbon

electrode was used at +0.34 V. Concentrations of NE, DA, DOPAC, HVA, 5-HT, and 5-

HIAA were calculated with Breeze software (Waters) and expressed as pg/mg of tissue

weight. Ratios of 5-HIAA/5-HT, HVA/DA, and DOPAC/DA were also calculated.

2.5. Statistical analysis

Statistical analysis of behavioral data were performed using two-tailed t-test for comparison

of the means of two independent samples and two-way ANOVA followed by t-test post hoc

for multiple comparisons. Statistical analysis of monoamine concentrations was performed

using two-tailed t-test and one-way ANOVA followed by Fisher's protected least significant

difference (PLSD). Data were presented as mean ± SEM; p<0.05 was considered

statistically significant.

3. Results

3.1. Growth, general appearance, and olfaction

Gria3 -/Y and Gria3 +/Y mice on C57BL/6J strain background were confirmed by PCR-

based genotyping. Gria3 -/Y mice had no detectable GluA3 expression in brain cortex and

cerebellum (Fig.S1), and normal levels of GluA1 and GluA2 in whole brain tissues [16].

Gria3 -/Y mice were born following Mendelian ratios with no apparent congenital

malformation. General physical growth, fur color, and home cage nesting behavior of Gria3

-/Y mice were indistinguishable from their wt littermates (Fig.S2). No statistical difference

was detected in general olfactory function between Gria3 +/Y mice and Gria3 -/Y mice

(Table 1). Female heterozygote for Gria3 KO (Gria3 ±) exhibited no apparent difference in
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physical growth, mating behavior, litter size and sex ratio, and maternal and mating behavior

as compared to WT C57BL/6J female mice.

3.2. Motor coordination, balance, and grip strength

Motor coordination and balance of Gria3 -/Y mice were studied using accelerating rotarod

test. Gria3 -/Y mice demonstrated an ability of motor learning but exhibited a mild deficit

during day 1 and day 3 of the test compared to WT (Fig.1a). Overall, there is a mild deficit

in motor coordination and/or balance as reflected by a shorter stay on accelerating rotarod

compared to WT (t(23)=2.6; p=0.016) (Fig.1b). The poor performance of Gria3 -/Y mice in

rotarod test was not associated with a significant defect in motor strength as demonstrated

by comparable forepaw grip strength to WT (Table 1).

3.3. Explorative function and anxiety-related behavior

Gria3 -/Y mice showed a similar total exploratory and central activities (Table 1) but slightly

increased peripheral activities (t(25)=2.2; p=0.037) compared to WT in open field test (Table

1). To determine whether the increased peripheral activities in Gria3 -/Y mice are associated

with any change in their anxiety levels, we studied these mice using two standard tests for

anxiety in rodent: elevated plus maze (EPM) and light-dark box. Gria3 -/Y mice exhibited

no significant change in anxiety as reflected by similar time spent in the open and closed

arms as compared to WT (Table 1). Gria3 -/Y mice exhibited no significant change in

anxiety as reflected by similar time spent in light and dark boxes compared to WT (Table 1).

3.4. Aggressive and nonaggressive social interactions

Two well-established tests for male aggression in rodents, home cage resident-intruder test

and dyadic male-male interaction in neutral arena, were used to evaluate aggression-related

social behavior in Gria3 -/Y mice. The resident-intruder test was carried out in the individual

home cage of the test mouse for its interactions with a younger, unfamiliar intruder male for

10 min. Active aggression (attacks) and passive aggression (tail rattles) and nonaggressive

social interactions (sniffing and following) were recorded. Compared to WT, Gria3 -/Y mice

are more likely to show aggressive behavior (76.9%, 10 out of 13 for Gria3 -/Y; 14%, 2 out

of 14 for WT; chi square, p < 0.001) (Fig.2a). These mice showed a significant increase in

total number of attacks (t(25)=2.61; p=0.015), duration exhibiting aggressive behavior

(t(25)=2.73; p=0.011), and a shorter latency to initial first attack (t(25)=3.19; p=0.0038) (Fig.

2b-2d). No significant change in nonaggressive social interactions (sniffing and following)

was detected (Fig.2e). A dyadic male-male interaction test in neutral arena was carried out

in an open chamber unfamiliar to both test and stranger mice. Gria3 -/Y mice exhibited a

significant increase in nonaggressive social behavior (sniffing, t(25)=2.88; p=0.008; total

social interaction, t(25)=3.11; p=0.0046) (Fig.3).

3.5. Sociality and preference for social novelty

To further explore changes in social behavior associated with GluA3 deficiency, we

performed sociality and preference for social novelty tests on Gria3 -/Y mice and WT

control mice. In the sociality test, the test mouse was first allowed a free exploration of an

open chamber with two small empty wire cages at opposite corners. A stranger male
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(reference 1) was then put in one of wire cages. The test mouse was given a choice of

spending time with this stranger male versus an object (empty cage). Preference for social

novelty test was followed immediately after sociality test. A novel stranger male (reference

2) was put into the empty wire cage. The test mouse was given a choice to spend time with

novel stranger male (reference 2) versus the already-investigated and now-familiar mouse

(reference 1). For sociality test, we first performed a t-test within the same genotype. The

results showed that Gria3 -/Y spent more time in the quadrant with the wire cage containing

the first stranger (reference 1) mouse versus that with the empty cage (t(22) = 2.55, p =

0.018) (Fig.4a). We next performed two-way ANOVA test and the p values indicate a

genotype effect (Ft(1,24)=7.198, p= 0.01). To understand this difference, we performed a

planned t-test post-hoc indicating that Gria3 -/Y mice have a moderate increase in sociality

compared to WT (Gria3 -/Y, t(11)=2.313, p=0.02; WT, t(13)=1.784, p=0.05). For preference

for social novelty, we first performed a t-test within the same genotype. Both WT and Gria3

-/Y mice spent more time with the novel mouse (reference 2) than with the familiar mouse

(reference 1) (WT, t (26)=2.13, p=0.043; Gria3 -/Y, t(22)=2.9, p=0.008) (Fig.4b). However,

two-way ANOVA did not indicate significant difference in preference for social novelty

between WT and Gria3 -/Y groups. All together, these results suggest a moderate increase in

sociality but not in preference for social novelty for Gria3 -/Y mice compared to WT.

3.6. Spatial working and spatial reference memory

Y-maze of spontaneous alternation and reentry into previously blocked novel arm were used

to test hippocampus-dependent spatial working memory in WT and Gria3 -/Y mice. Gria3

-/Y mice demonstrated no significant deficit in spatial working memory function in both

trials of Y-maze tests (Table 1). Morris Water Maze was used to test hippocampus-

dependent spatial reference memory of Gria3 -/Y mice. The test consists of two training

trials using a visible and a hidden platform, followed by a probe trial in absence of the

platform. Both WT and Gria3 -/Y mice showed similar progression of learning during the

training trials (data not shown). No significant difference was detected between WT (n=9)

and Gria3 -/Y (n=9) mice in the time spent probing the quadrant where the platform was

located during the hidden platform trial, suggesting the mutant mice had no significant

deficit in spatial reference memory in this test (Table 1).

3.7. Plasma testosterone concentration

Testosterone levels in males are known to influence aggressive behavior during puberty [21,

22]. We therefore measured plasma testosterone levels from Gria3 -/Y mice and controls.

The study identified no significant difference in plasma testosterone levels between these

two groups (ng/ml of mean ± SEM; control: 1.79± 0.11, n=6; Gria3 -/Y: 1.97± 0.23, n=8;

(t(12)=0.62; p=0.54).

3.8. Monoamine concentrations in selected brain regions

Norepinephrine (NE), dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC),

homovanillic acid (HVA), serotonin (5-HT), and 5-hydroxyindoleacetic acid (5-HIAA)

concentrations were determined in striatum, olfactory bulb, frontal cortex, and hippocampus

of adult Gria3 -/Y mice (n=8) and WT (n=8) since serotonin, dopamine, and GABA
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signaling are known to influence aggressive behavior [23]. In striatum, we found a

significant elevation of DA in Gria3 -/Y mice compared to WT (pg/mg of tissue; mean ±

SEM; control: 8,879 ± 451; Gria3 -/Y: 10,584 ± 572; t(14)=2.34; p=0.035) and HVA (pg/mg

of tissue; mean ± SEM; control: 1,103 ± 90; Gria3 -/Y: 1,486 ± 106; t(14)=2.74; p=0.016)

(Fig.5; Table 2). No change in DOPAC concentrations or ratios of DOPAC/DA and

HVA/DA were detected in striatum of Gria3 -/Y mice compared to WT (Table 2). In

olfactory bulb, we found a significant reduction in 5-HIAA/5-HT ratio (Control, 0.75±0.05;

Gria3 -/Y, 0.55±0.02; t(14)=3.76, p=0.0022) whereas similar concentrations of 5-HT were

found between Gria3 -/Y and WT mice (pg/mg of tissue; mean ± SEM; control: 361 ± 17;

Gria3 -/Y: 411 ± 30, t(14)=1.44, p=0.17) (Table 2). In the rest of the tested brain regions, we

found no significant change in the monoamine concentrations including NE in olfactory

bulb and 5-HT in striatum between Gria3 -/Y and WT mice (Table 2).

4. Discussion

To understand the role of GluA3 in the modulation of social behavior, we characterized

behavioral phenotype of Gria3 KO mice on C57BL/6J background and WT littermate

controls. We back-crossed Gria3 KO mice with inbred C57BL/6J inbred mice for over 20

generations to minimize strain background as a confounding factor in behavioral phenotype.

Consistent with previous reports on a different line of Gria3 KO mice [13], we detected a

moderate deficit in motor and/or balance in Gria3 -/Y mice using rotarod test. This deficit

appears not to associate with a change in the grip strength or general motor activities. We

also found a small increase in peripheral activities of Gria3 -/Y mice in open field test. This

increase appears not to associate with any significant change in anxiety levels in light-dark

box and elevated plus maze.

We documented an increase in the isolation-induced male aggression in Gria3 -/Y mice. In

their home cage after isolation, Gria3 -/Y mice are more likely to develop aggressive

behavior, have increased frequency of attack and longer duration of aggression, and a

shorter latency to initiate the first attack. The increase in aggressive behavior in Gria3 -/Y

mice appears to be isolation-induced as they do not exhibit an increase in aggression in

male-male interaction in a neutral arena. In this test environment, we noted an increase in

sociality and nonaggressive social behavior (sniffing, following) in Gria3 -/Y mice. It is

tempting to speculate that the increase in social behavior contribute to the increase in

aggressive behavior in these mice. However, these data suggest that a lack of GluA3 affects

a broad spectrum of social behavior in rodent. The distinct social behaviors in Gria3 -/Y are

not associated with changes in general exploratory activities, anxiety, spatial learning and

memory function, or plasma testosterone concentrations.

Aggression is a complex social behavior and is commonly associated with psychiatric

disorders and intellectual disability[24, 25]. Previous studies have implicated a strong

genetic contribution and multiple neural circuits involving dopamine, GABA, serotonin,

norepinepherine, and nitric oxide in the modulation of aggressive behavior in humans and

animals[26, 27].
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To understand the mechanisms that underlie social and aggressive behavior in Gria3 -/Y

mice, we determined monoamine levels in four brain regions in these mice. Interestingly,

Gria3 -/Y mice showed a significant increase in levels of striatal dopamine and its

metabolite, HVA, suggesting an excessive dopaminergic signaling in this region. We found

reduced 5-HIAA/5-HT ratio with normal 5-HT levels in olfactory bulb suggesting a

reduction of serotonin turnover in this region in Gria3 -/Y mice. Increased brain dopamine

concentrations have been reported to associate with increased aggression, which can be

blocked by dopamine antagonists[28, 29]. Intra-cerebral dopamine levels were found to be

higher in aggressive rodents than controls [30]. Socially dominant and aggressive male

lizard Anolis carolinensis exhibited higher dopamine levels in striatum, nucleus accumbens,

and AN/VTA [31]. Serotonin levels and turnover in brain regions were studied in two strains

of mice with isolation-induced aggression [32]. Decreased serotonin turnover but not its

levels were found in amygdala, lateral hypothalamus, and pons of C57 strain and lateral

hypothalamus and pons of DBA strain. Furthermore, increased 5-HT levels were reported in

the olfactory-bulbectomized (Obx) mice, an established murine model of aggression [33].

Data from our studies support a potential role of the disturbance in glutamate and/or

serotonin signaling in the modulation of social and aggressive behavior in Gria3 -/Y mice.

However, the current study could not establish a causal relationship between the changes in

brain monoamine concentrations and social behavior. Additionally, it would be interesting to

investigate the role of other brain regions that are known to modulate aggressive behavior,

such as hypothalamus[34], in the observed social and aggressive behavior in Gria3 -/Y mice.

The mechanism of how GluA3-mediated glutamate signaling modulates social behavior is

not known. AMPA receptors form heteromeric and homomeric receptor complexes

assembled from four distinct subunits, GluA1-4. In adult hippocampus, heteromeric

GluA1/2 and GluA2/3 complexes are the major forms while homomeric GluR1 complex

accounts for 8% of the total pool. Studies showed that the GluA2/3 subunits, as a

“constitutive receptor pool”, are essential for activity-independent receptor delivery and

recycling and responsible for stable basal synaptic transmission while GluA1/2 subunits, as

a “reserve receptor pool”, are important for activity-induced enhancement of synaptic

transmission at hippocampal pyramidal neurons. In GluA1-deficient mice, the majority of

AMPA receptor complexes are expected to be GluA2/3 while in GluA3 deficient mice, the

majority of AMPA receptor complexes are expected to be GluA1/2. Interestingly, GluA1-

deficient mice present with reduced aggression while GluA3 deficient mice show increased

aggression. We speculate that different electrophysiological properties of the expected

receptor complexes in GluA1-deficient and GluA3-deficient mice play a role in the distinct

social behavioral phenotype.

Striatum receives prominent glutamatergic input from cerebral cortex and thalamus via

corticostriatal and thalamostriatal projections. Dopaminergic neurons at substantia nigra and

ventral tegmental areas innervating striatum also receive glutamatergic afferents and play a

role in addiction, aggression, and processing reward information [35]. Consistent with these

inputs, striatal neurons are rich in glutamate receptors [36-38]. Immunohistochemical and in

situs hybridization studies indicate that GluA1-4 are differentially localized on

subpopulations of striatal neurons and interneurons with type-specific differences in subunit
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composition in rodents [36, 38, 39] and in primate [40, 41]. Differential expression of

GluA1-4 subunits in striatal projection neurons and interneurons may also explain the

differences of these neurons in AMPA-mediated responses to glutamate or cortical

excitation [37, 42].

We hypothesize that lack of GluA3 potentially result in predominant GluA1/2 complexes

that are responsible for the majority of activity-induced enhancement of synaptic

transmission in neuronal circuits that innervate striatum and other brain regions that control

social behavior. The disturbance in glutamate signaling with the associated changes in

dopamine and/or serotonin metabolism contributes to the observed social behavioral

phenotype in Gria3 -/Y mice. Further studies are needed to test this hypothesis and delineate

the neuronal circuits that are disturbed in striatum and other brain regions of Gria3 -/Y mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Behavioral phenotype of GluA3-deficient mice was studied > increased social and

aggressive behavior was observed > elevated dopamine levels were found in striatum > a

role of GluA3 in modulating social behavior is implicated.
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Figure 1.
Motor and Balance Function of Gria3 -/Y and WT Control Mice in the Rotarod Test. Motor

learning and latency to fall of WT (n=13) and Gria3 -/Y (n=12) mice were tested

individually on accelerating rotarod. Three trials were conducted each day on three

consecutive days for a total of 9 trials. (a) Motor learning: means and SEM of three trials

each day for the latency to fall were plotted for the three-day test. Note both WT and Gria3

-/Y mice show motor learning as reflected by longer latency to fall over the three-day test

period. Gria3 -/Y exhibited significantly shorter stay on the rotarod during day 1 and day 3

of the test. (b) Latency to fall. Means and SEM for a total of 9 trials were shown WT and

Gria3 -/Y cohorts. Note that Gria3 -/Y mice had shorter time of stay on the rotarod as

compared to WT. (t-test, * p<0.05).

Adamczyk et al. Page 15

Behav Brain Res. Author manuscript; available in PMC 2014 July 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Aggressive and Nonaggressive Social Behavior of Gria3 -/Y and WT Control Mice in Home

Cage Resident Intruder Test. (a) Percentage of mice showing aggressive behavior in Gria3

-/Y (n=13) and WT (n=14) cohorts. (b) means and SEM of duration showing aggression in

Gria3 -/Y and WT mice. (c) means and SEM of frequencies of attack in Gria3 -/Y and WT

mice (d) means and SEM of the latency to first attack in Gria3 -/Y and WT mice. (e) means

and SEM of the duration showing nonaggressive social interaction (sniffing and following)

in Gria3 -/Y and WT mice. Chi square test for panel a; student's t-test for panels b-e. *

p<0.05; ** p<0.01; *** p<0.001
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Figure 3.
Dyadic Male-Male Interactions in Neutral Arena for Gria3 -/Y and WT Control Mice.

Means and SEM for duration showing aggressive behavior (attacks, tail rattles, and total)

and nonaggressive social behavior (sniffing, following, and total) were presented for WT

(n=13) and Gria3 -/Y (n=14) mice during 5 min free interaction period. Note the increase in

nonaggressive social interaction in Gria3 -/Y mice compared to WT (t-test, ** p<0.01).
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Figure 4.
Sociality and Preference for Social Novelty of Gria3 -/Y and WT Mice. (a) Sociality. The

percentage of total time for a test mouse spent in the quadrant with an empty mesh cage

versus the quadrant with a stranger mouse (reference mouse 1) in a mesh cage during 10 min

was shown for WT (n=14) and Gria3 -/Y (n=12). (b) Preference for social novelty. The

percentage of total time for a test mouse spent in the quadrant with familiar mouse

(reference 1) in a mesh cage versus the quadrant with a novel mouse (reference 2) in a mesh

cage during 10 min was shown for WT (n=14) and Gria3 -/Y (n=12). Statistical analysis

within the same genotype was calculated using t-test (* p<0.05; ** p<0.01). For

comparisons between the groups, two-way ANOVA followed by planned t-test post hoc

were utilized.
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Figure 5.
Striatal Monoamine Concentrations of Gria3 -/Y and WT mice. Striatum tissues were

dissected from brain of adult Gria3 -/Y and WT control mice. Concentrations of

norepinephrine (NE), dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC),

homovanillic acid (HVA), serotonin (5-HT), and 5-hydroxyindoleacetic acid (5-HIAA) were

determined using HPLC, calculated with Breeze software (Waters) and expressed as pg/mg

of tissue weight. The means and SEM for WT (n=8) and Gria3 -/Y (n=8) were shown.

Statistical analysis was performed using Student's t test and ANOVA followed by Fisher's

protected least significant difference (PLSD). Data were presented as mean ± SEM; p<0.05

was considered statistically significant.
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Table 1

Additional behavioral characteristics of Glua3 -/Y and WT littermate control mice

Wild Type Glua3 -/Y

Open Field Behavior

    Total Activities (s) 3148.0 ± 136.6 3147.9 ± 174.2

    Center Activities (s) 2904.7 ± 129.8 2807.0 ± 171.1

    Peripheral Activities (s) 243.3 ± 14.2
340.9 ± 43.4

*

GRIP strength test

    Forepaw pull strength (gm) 71.8 ± 3.3 69.5 ± 3.6

Olfaction test

    Time sniffing vanilla (s) 16.1 ± 1.5 12.6 ± 1.0

Light/dark box

    Time in light box (s) 1006.8 ± 57.8 918.6 ± 63.5

    Time in dark box (s) 1993.3 ± 57.7 2081.4 ± 63.5

    % Time in dark box 66.4 ± 1.9 69.4 ± 2.1

Elevated plus Maze

    Total arm entries 20.0 ± 1.1 15.9 ± 1.5

    Time in closed arms (s) 168.1 ± 7.1 181.9 ± 11.5

    % Time in closed arms 56.0 ± 2.4 60.6 ± 3.8

Morris Water Maze

    Time in right quadrant (s) 86.0 ± 8.2 77 ± 4.4

Y-Maze (spontaneous alternations)

    Total entries 16.0 ± 0.7 16.3 ± 0.8

    Completed alternations 9.6 ± 0.8 9.8 ± 0.8

    % alternation / entries 70.6 ± 6.6 69.4 ± 3.8

Y-Maze (novel arm entries)

    % Time in novel arms (first 2 min) 34.2 ± 2.8 30.7 ± 5.1

    % Time in novel arms (total 5 min) 32.4 ± 2.2 32.8 ± 2.7

Data are presented as means ± SEM. Genotype-based comparisons were conducted using Student's t test for independent samples

*
p < 0.05.

Behav Brain Res. Author manuscript; available in PMC 2014 July 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Adamczyk et al. Page 21

T
ab

le
 2

M
on

oa
m

in
e 

co
nc

en
tr

at
io

ns
 in

 f
ou

r 
br

ai
n 

re
gi

on
s 

of
 a

du
lt 

G
lu

a3
 -

/Y
 a

nd
 W

T
 li

tte
rm

at
e 

co
nt

ro
l m

ic
e

T
is

su
e

G
en

ot
yp

e
N

um
be

r 
(n

)
N

E
 (

pg
 / 

m
g

of
 p

ro
te

in
)

5H
T

 (
pg

 /
m

g 
of

pr
ot

ei
n)

5H
IA

A
 (

pg
 /

m
g 

of
pr

ot
ei

n)

5H
IA

A
/5

H
T

 (
pg

 / 
m

g
of

 p
ro

te
in

)

D
A

 (
pg

 / 
m

g 
of

pr
ot

ei
n)

D
O

P
A

C
 (

pg
 /

m
g 

of
 p

ro
te

in
)

H
V

A
 (

pg
 / 

m
g

of
 p

ro
te

in
)

D
O

P
A

C
/D

A
 (

pg
 / 

m
g

of
 p

ro
te

in
)

H
V

A
/D

A
(p

g 
/ m

g 
of

pr
ot

ei
n)

O
lf

ac
to

ry
 B

ul
b

W
T

8
27

9.
5 

±
 1

1.
2

36
1.

2 
±

 1
7.

2
26

8.
4 

±
 1

9.
6

0.
75

 ±
 0

.0
5

30
1.

5 
±

 2
8.

8
10

9.
3 

±
 1

3.
2

24
2.

3 
±

 2
0.

6
0.

37
 ±

 0
.0

4
0.

82
 ±

 0
.0

6

G
ri

a3
 -

/Y
8

33
4.

3 
±

 2
4.

8
41

1.
1 

±
 3

0.
0

22
2.

9 
±

 1
3.

2
0.

55
 ±

 0
.0

2
31

6.
3 

±
 1

6.
9

99
.0

 ±
 7

.2
26

0.
3 

±
 1

0.
7

0.
31

 +
0.

02
0.

83
 ±

 0
.0

4

t-
te

st
, p

 v
al

ue
0.

06
3

0.
17

2
0.

07
5

0.
00

2
0.

66
6

0.
50

6
0.

45
2

0.
27

2
0.

84
8

Fr
on

ta
l C

or
te

x
W

T
8

30
6.

3 
±

 2
5.

1
52

2.
1 

±
 1

8.
3

50
9.

5 
±

 4
5.

7
0.

98
 ±

 0
.0

9
76

.8
 ±

 2
3.

5
28

.2
 ±

 1
2.

7
83

.1
 ±

 2
3.

8
0.

45
 ±

 0
.1

9
1.

15
 ±

 0
.2

9

G
ri

a3
 -

/Y
8

34
6.

3 
±

 4
7.

7
52

3.
0 

±
 2

5.
6

46
7.

6 
±

 4
4.

1
0.

89
 ±

 0
.0

6
52

.3
 ±

 1
4.

1
7.

1 
±

 1
.6

74
.1

 ±
 1

5.
3

0.
25

 ±
 0

.1
0

2.
38

 ±
 0

.8
1

t-
te

st
, p

 v
al

ue
0.

45
5

0.
97

8
0.

52
0

0.
42

4
0.

41
1

0.
14

9
0.

76
7

0.
42

0
0.

18
2

H
ip

po
ca

m
pu

s
W

T
8

40
5.

2 
±

 3
4.

1
47

4.
5 

±
 2

6.
6

60
0.

8 
±

 3
9.

5
1.

28
 ±

 0
.0

9
--

--
--

--
--

G
ri

a3
 -

/Y
8

44
8.

3 
±

 2
8.

4
52

4.
7 

±
 2

0.
3

61
2.

8 
±

 3
4.

6
1.

18
 ±

 0
.0

8
--

--
--

--
--

t-
te

st
, p

 v
al

ue
0.

34
7

0.
15

6
0.

82
2

0.
40

5
--

--
--

--
--

St
ri

at
um

W
T

8
13

9.
6 

±
 9

.9
65

2.
0 

±
 4

2.
1

52
8.

6 
±

 5
1.

7
0.

86
 ±

 0
.1

5
88

79
.2

 ±
 4

50
.7

14
81

.6
 ±

 1
76

.7
11

03
.9

 ±
 9

0.
0

0.
16

 ±
 0

.0
2

0.
12

 ±
 0

.0
1

G
ri

a3
 -

/Y
8

11
4.

8 
±

 1
7.

6
75

6.
6 

±
 5

8.
6

57
8.

7 
±

 4
1.

2
0.

78
 ±

 0
.0

6
10

58
4.

8 
±

 5
72

.4
18

16
.2

 ±
19

3.
6

14
86

.6
 ±

 1
06

.6
0.

17
 ±

 0
.0

2
0.

14
 ±

 0
.0

1

t-
te

st
, p

 v
al

ue
0.

24
0

0.
16

9
0.

46
1

0.
63

8
0.

03
4

0.
22

2
0.

01
6

0.
71

4
0.

19
7

D
at

a 
ar

e 
pr

es
en

te
d 

as
 m

ea
ns

 ±
 S

E
M

. G
en

ot
yp

e-
ba

se
d 

co
m

pa
ri

so
ns

 w
er

e 
co

nd
uc

te
d 

us
in

g 
St

ud
en

t's
 t 

te
st

 f
or

 in
de

pe
nd

en
t s

am
pl

es
 (

p 
<

 0
.0

5)
.

N
or

ep
in

ep
hr

in
e 

(N
E

),
 5

-h
yd

ro
xy

tr
yp

ta
m

in
e 

(5
H

T
),

 5
-H

yd
ro

xy
in

do
le

ac
et

ic
 a

ci
d 

(5
-H

IA
A

),
 D

op
am

in
e 

(D
A

),
 3

,4
-D

ih
yd

ro
xy

ph
en

yl
-a

ce
tic

 a
ci

d 
(D

O
PA

C
),

 H
om

ov
an

ill
ic

 a
ci

d 
(H

V
A

)

Behav Brain Res. Author manuscript; available in PMC 2014 July 15.


