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Abstract
There is a clear link between dysregulation of glutamatergic signaling and mood disorders.
Genetic variants in the glutamate receptor gene GRIK4, which encodes the kainate receptor
subunit GluK4, alter the susceptibility for depression, bipolar disorder and schizophrenia. Here we
demonstrate that Grik4−/− mice have reduced anxiety and an antidepressant-like phenotype. In the
elevated zero-maze, a test for anxiety and risk taking behavior, Grik4−/− mice spent significantly
more time exploring the open areas of the maze. In anxiogenic tests of marble-burying and
novelty-induced suppression of feeding, anxiety-like behavior was consistently reduced in
knockout animals. In the forced swim test, a test of learned helplessness that is used to determine
depression-like behavior, knockout mice demonstrated significantly less immobility suggesting
that Grik4 ablation has an antidepressant-like effect. Finally, in the sucrose preference test, a test
for anhedonia in rodents, Grik4−/− mice demonstrated increased sucrose preference. Expression of
the GluK4 receptor subunit in the forebrain is restricted to the CA3 region of the hippocampus and
dentate gyrus regions where KARs are known to modulate synaptic plasticity. We tested whether
Grik4 ablation had effects on mossy fiber (MF) plasticity and found there to be a significant
impairment in LTP likely through a loss of KAR modulation of excitability of the presynaptic MF
axons. These studies demonstrate a clear anxiolytic and antidepressant phenotype associated with
ablation of Grik4 and a parallel disruption in hippocampal plasticity, providing support for the
importance of this receptor subunit in mood disorders.
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1. Introduction
Disruption of neuroplasticity caused by dysfunction of the glutamatergic system has been
proposed as a major factor in the pathology of anxiety and depression [1, 2]. Levels of
glutamate in the blood and cerebrospinal fluid have been reported to be altered in patients
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with major depressive disorder [3–6] and imaging studies have confirmed that glutamate
levels are either up or down regulated in a brain region-specific manner in depressed
patients [7–11]. Moreover, there has been a resurgence of interest in the link between
glutamatergic neurotransmission and depression because glutamate receptor ligands,
particularly non-competitive antagonists of NMDA receptors, have demonstrated efficacy as
anti-depressants both in animal models [12–16] and human studies [17, 18].

Recent studies have directly implicated members of the ionotropic glutamate kainate
receptor (KAR) family in several neuropsychiatric disorders including mood disorders and
schizophrenia [19, 20]. The GRIK1–5 genes encode the GluK1–5 receptor subunits, which
play roles in modulating synaptic transmission and cellular excitability in the brain [21]. The
principal subunits GluK1, GluK2 and GluK3 can combine to form functional homomeric
channels; however in the brain, these subunits are always assembled into heterotetrameric
complexes incorporating the high-affinity subunits, GluK4 and GluK5 [22]. GluK4
expression is limited to only a few regions of the brain, and expression is highest in the CA3
region of the hippocampus and dentate gyrus [23–25] where KAR modulation of synaptic
and circuit activity has been well documented [22, 26–29].

The GluK4 receptor subunit gene, GRIK4, is located near the tip of the long arm of
chromosome 11. Genetic variants in the GRIK4 gene have been demonstrated to associate
with several psychiatric disorders. In depressed patient cohorts, tested in the large-scale
“sequenced treatment alternatives to relieve depression” (STAR*D) clinical trial, a
polymorphism in GRIK4 was identified that is predictive of response to treatment with the
antidepressant citalopram [30]. GRIK4 has also been identified as a susceptibility gene in
schizophrenia and bipolar disorder [31], two neuropsychiatric disorders that often show
comorbidity and shared genetic factors [32]. These studies identified a deletion variant in the
3′ untranslated region of GRIK4 in carriers of a haplotype that is protective against bipolar
disorder [31]. In post-mortem hippocampal tissue from subjects carrying the deletion,
mRNA transcripts and GluK4 protein levels are increased [33, 34]. In addition, imaging
studies on healthy carriers of the protective haplotype demonstrated increased neural activity
in the hippocampus during a face recognition task, demonstrating a functional effect of this
genetic variation [35].

In order to investigate the role of GluK4-containing KARs in anxiety and depression, we
have generated a Grik4 knockout mouse (Grik4−/−; [22]). We tested these mice in several
well-characterized paradigms used to evaluate depressive-like and anxiety-like behaviors in
rodent models. We found that Grik4−/− mice demonstrated a robust and consistent reduction
in anxiety and an antidepressant-like phenotype consistently across several distinct
behavioral tests. We also demonstrated that plasticity in the CA3 region of the hippocampus,
where this receptor subunit is principally expressed, was impaired after Grik4 ablation.
These studies further highlight the importance of GRIK4 as a susceptibility gene for mood
disorders and directly demonstrate the functional importance of this receptor for plasticity in
the hippocampus.

2. Materials and methods
2.1 Animals

Generation of Grik4 knockout (KO) and Grik4/Grik5 double-KO mice has been previously
described [22]. Mice were backcrossed into an isogenic hybrid 129Sv/C57 strain in order to
avoid strain dependent effects of congenic strains in some of the behaviors to be tested, and
housed with free access to food and water in a barrier facility with a 14:10 hour light/dark
cycle. For in vitro electrophysiological experiments, P14–P28 knockout mice and wildtype
littermates were used for all recordings. Experiments were performed blind to the genotype

Catches et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2013 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the animal and post-hoc genotyping was performed from tail biopsies using PCR. For
behavioral experiments, adult male mice (age > 8 weeks) were used in all tests and
comparisons made to age matched littermate control cohorts. All testing was carried out in a
behavioral suite adjacent to the holding room in the mouse facility at Northwestern
University. Mice were acclimated to the experimental room for at least 30 minutes prior to
the start of testing. Experiments took place between 1000 h and 1900 h. Each apparatus was
cleaned with 70% ethanol before use. For behavioral tests requiring video-tracking, video
was acquired at 4 fps and 240 × 240 pixel spatial resolution using Limelight tracking
software (Actimetrics, Wilmette, IL). Mice were handled in accordance with the Guide for
the Care and Use of Laboratory Animals as adopted and promulgated by the US National
Institutes of Health. All procedures for testing and handling were approved by The
Institutional Animal Care and Use Committee of Northwestern University.

2.2 Elevated zero-maze
The zero-maze consisted of a gray annular runway (5.5 cm width, 56 cm outer diameter, and
33 cm above ground level) inside a soundproof testing chamber. Two opposing 90°
quadrants of the track were surrounded by inner and outer walls of gray polyvinyl-chloride
(14 cm high). Animals were placed in an open quadrant at the start of the test and tracked for
5 min using LimeLight software.

2.3 Marble-burying test
Twenty-four dark marbles were placed on top of wood chip bedding (3 cm deep) in six rows
of four in a cage measuring 36 × 31 × 19 cm placed in a brightly lit, open area. Animals
were introduced to this new cage and remained in the testing cage for 15 min. At the end of
the test period, quantification was made of the number of marbles that were buried by more
than two-thirds of their diameter.

2.4 Locomotor activity
The open field chamber consisted of a novel arena (56 × 56 × 30 cm) placed in a dimly-lit
and soundproof testing chamber. Mice were released in the center of the arena at the start of
the experiment. Activity was recorded for 30 min. During offline analysis, the arena was
divided into a 7 × 7 grid consisting of two zones of approximate equal area: the outer zone
(outer 24 squares along the wall) and the open zone (inner 25 squares).

2.5 Y-maze
The Y-maze consisted of three arms of identical dimensions radiating from a central area at
120° angles. At the start of the trial, a single animal was placed in the base of the start arm
with its nose towards the center of the maze. After all four paws crossed into the second
arm, the exit to the arm was blocked and the animal remained in the arm for 30 s. The
animal was removed to a clean cage for 30 s then returned to the start arm. The animal was
allowed to move freely into a second arm. The trial was scored as an alternation if the arm
chosen on the second entry was different than the first entry. Mice were tested in a single
trial each day for 10 days, and the position of the Y-maze was changed for each trial to
provide a novel test environment.

2.6 Novelty-induced suppression of feeding
The testing apparatus consisted of a plastic box (38 × 46 × 14 cm) covered with wood-chip
bedding with a food pellet placed in the center. Animals were food deprived for 24 hours
prior to testing. On the test day mice were individually placed in the corner of the test box,
and the latency to bite the food pellet was measured. Mice were immediately returned to
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their home cage with access to food and the total consumption of food pellets measured for a
further 5 min period.

2.7 Forced swim test
Glass beakers (13 cm diameter × 24 cm high) were filled with fresh water (23–25 °C) to a
depth of 10 cm. Mice were placed into the test beaker and were unable to escape or rest by
touching the bottom of the beaker. Sessions were video recorded for 10 minutes and
analyzed offline. Mice were scored by visual inspection for immobility defined as
motionless floating in the water.

2.8 Sucrose preference test
Mice were individually housed with water bottles for 3 days prior to testing. On day 1 of the
test, water bottles were replaced with two 50-ml tubes (bottle “A” and bottle “B”) fitted with
bottle stoppers containing one-balled sipper tubes. During days 1 and 2, both bottles A and
B were filled with drinking water (w/w). During days 3 and 4, both A and B were filled with
a solution of 1 % sucrose (s/s). On days 5–8, bottle A contained 1 % sucrose, and bottle B
contained drinking water (s/w). The position of bottles A and B was switched daily to avoid
a side bias. Total fluid consumed was calculated as [Sucrose + Water] and averaged across
each day for a given condition (w/w, s/s, or s/w). Sucrose preference was calculated as
100*(Sucrose/[Sucrose + Water]). In experiments designed to test the dose response of
sucrose preference, animals were habituated for one day to w/w and one day s/s and tested
on subsequent days with increasing sucrose concentration (0.5 % to 2 %).

2.9 Slice preparation
For electrophysiological recordings, transverse hippocampal slices (350 μm) were prepared
from P14–P28 mice. Mice were anesthetized with isoflurane, decapitated and the brain
rapidly removed in ice-cold oxygenated sucrose-slicing ACSF containing 85 mM NaCl, 2.5
mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 75 mM sucrose, 0.5 mM
CaCl2, and 4 mM MgCl2, equilibrated with 95 % O2/5 % CO2. Slices were incubated at 28
°C for 30 min, and a slow exchange was made of the oxygenated sucrose-ACSF for
oxygenated sodium-ACSF solution containing 125 mM NaCl, 2.4 mM KCl, 1.2 mM
NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 1 mM CaCl2, and 2 mM MgCl2. Individual
slices were transferred to a recording chamber and continuously perfused with oxygenated
sodium ACSF containing 2 mM CaCl2 and 1 mM MgCl2.

2.10 Mossy fiber long-term potentiation
Whole-cell voltage-clamp recordings were made from visually identified CA3 neurons in
slices maintained at 30 °C. The internal solution for whole-cell recording contained 95 mM
CsF, 25 mM CsCl, 10 mM Cs-HEPES, 10 mM Cs-EGTA, 2 mM NaCl, 2 mM Mg-ATP, 10
mM QX-314, 5 mM TEA-Cl, 5 mM 4-AP (pH adjusted to 7.3 with CsOH). Series resistance
was continuously monitored using hyperpolarizing voltage steps, and recordings were
discarded if there was a > 20 % change during the course of the experiment. AMPA/kainate
receptor mediated mossy fiber (MF) excitatory postsynaptic currents (EPSCs) were isolated
using the GABAA antagonists bicuculline (10 μM) and picrotoxin (100 μM), and the
NMDA receptor antagonist, D-APV (50 μM). EPSCs were evoked with a monopolar glass
electrode filled with oxygenated ACSF positioned in the stratum lucidum [22]. MF EPSCs
were identified by large paired pulse facilitation (>2), brief onset latencies, and rapid EPSC
rise times and by the addition of the group II mGluR agonist DCG-IV at the end of each
experiment which selectively inhibited MF EPSCs greater that 70 % [22]. During baseline
recording, MF EPSCs were evoked at a frequency of 0.05 Hz, and LTP was induced using
three trains of tetanic simulation of 100 Hz for 1 s.

Catches et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2013 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Presynaptic fiber volley recordings were performed with low-resistance patch pipettes filled
with external ACSF placed in stratum lucidum in CA3. Bipolar tungsten electrodes were
placed in the hilus region to stimulate MF axons. The presynaptic fiber volley was isolated
using GABAA receptor antagonists, bicuculline (10 μM) and picrotoxin (50 μM), NMDA
receptor antagonist, D-2-amino-5-phosphovalerate (APV; 50 μM), and AMPA receptor
antagonist, GYKI-53655 (30 μM).

2.11 Statistical analysis
All experiments were subjected to a between-subjects design with genotype as the
independent variable. For the locomotor activity test, repeated measures were collected from
a single animal at different time points and data were analyzed using a one-way repeated
measure ANOVA. For all other behavioral tests, data were analyzed with a Student’s t-test.
Data are expressed as mean ± S.E.M. For all tests, significance was defined as p < 0.05. For
electrophysiological experiments, n represents the number of individual recordings. Only
one recording was made from each slice and at least 3 animals were used for each
experiment.

3. Results
3.1 Elevated zero-maze

GRIK4 has been associated with mood disorders, and anxiety is often comorbid with
depression and other mood disorders; therefore, we tested Grik4−/− mice in anxiety-related
behaviors. In the elevated zero-maze (EZM), the natural inclination of mice to explore novel
environments is offset by an aversive response to potentially dangerous open and exposed
areas. Mice were released into the open area of the maze and exploratory behavior tracked
for five minutes. Grik4−/− mice spent significantly more time than Grik4+/+ littermates
exploring the open areas of the EZM (% time in open quadrants Grik4+/+: 23.1 ± 9.6 %, n =
11; % time in open quadrants Grik4−/−: 53.6 ± 9.8 %, n = 13, p < 0.05; Fig 1B). Consistent
with this increased exploratory behavior in the open quadrants, Grik4−/− mice traveled a
greater distance in the open areas (open quadrant distance Grik4+/+: 79.3 ± 23.9 cm, n = 11;
open quadrant distance Grik4−/−: 321.1 ± 77.3 cm, n = 13; p < 0.01; Fig 1C). However the
total distance traveled by Grik4−/− and Grik4+/+ mice in all areas of the maze was
equivalent, suggesting there were no genotype dependent effects on activity or major motor
deficits (total distance Grik4+/+: 819.0 ± 106.0 cm, n = 11; total distance Grik4−/−: 958.0 ±
154.6 cm, n = 13; p > 0.05). A cohort of heterozygous Grik4 mice (Grik4+/−) was also tested
and their exploratory behavior was indistinguishable from Grik4+/+ mice. Grik4+/− mice
spent equivalent time in the open areas (% time in open quadrants Grik4+/−: 21.5 ± 8.7 %; n
= 11, p > 0.05; Fig 1B), traveled an equivalent distance in the open areas (open quadrant
distance Grik4+/−: 100.0 ± 22.6 cm; n = 11, p > 0.05; Fig 1C), and traveled an equivalent
total distance (total distance Grik4+/−: 884.4 ± 98.7 cm; n = 11, p > 0.05) when compared to
wildtype mice. Increased exploration of the open areas of the EZM suggests that genetic
ablation of Grik4 decreases anxiety-like behaviors in mice.

3.2 Marble-burying test
To further examine whether Grik4−/− mice exhibit less anxiety-like behavior, mice were
tested in the marble-burying test. The brightly lit novel environment in this test is
anxiogenic, and after initial cage exploration, mice will dig into the bedding material
resulting in partial or complete burial of marbles [36]. We quantified the number of marbles
buried by ≥ 2/3 of their diameter and found that this was significantly decreased for the
Grik4−/− group compared to Grik4+/+ mice (marbles buried Grik4+/+: 9.1 ± 0.77; marbles
buried Grik4−/−: 5.3 ± 1.2; n = 10, p < 0.05; Fig 1D), but there was no difference in
Grik4+/− mice (marbles buried Grik4+/−: 7.5 ± 1.5; n = 10, p > 0.05; Fig 1D). Decreased
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marble burying is an index of anxiety-induced digging behavior, and the results suggest that
the absence of Grik4 is anxiolytic, consistent with results in the EZM test.

3.3 Locomotor activity
To test for dysfunction in locomotor activity or exploratory behavior that might account for
deficits in anxiety tests, we monitored mice in a novel, dimly-lit open field apparatus. After
introduction to the open field chamber, mice in all three genotype cohorts displayed normal
habituation to the arena as indicated by a gradual reduction in movement over 30 minutes.
Analysis of mouse trajectories determined that there was no effect of genotype on the total
amount of time spent exploring the open zone during the test (30 min) (% time in open
Grik4+/+: 12.1 ± 3.7 %; % time in open Grik4+/−: 7.1 ± 2.2 %; % time in open Grik4−/−:
12.6 ± 2.3 %; n = 16, p > 0.05; Fig 2A) or in the total distance traveled while exploring the
arena (total distance Grik4+/+: 4.7 ± 1.1 m; total distance Grik4+/−: 4.1 ± 3.1 m; total
distance Grik4−/−: 5.4 ± 0.8 m; n = 16, p > 0.05; Fig 2B). When we analyzed the data during
the initial 15 min of the test when habituation plays a role in activity (Fig 2A), and during
the final 15 min of the test once animals are habituated to the environment (Fig 2B), again
there was no observable difference in time in open areas or total distance travelled between
the genotypes. In addition, there was no difference in the number of times mice crossed
between the outer zone and open zone (crossings Grik4+/+: 102.3 ± 36.4; crossings Grik4+/−:
59.6 ± 15.8; crossings Grik4−/−: 114.5 ± 24.2; n = 16, p > 0.05; Fig 2C). These results
suggest normal locomotor activity and exploratory activity of Grik4−/− mice.

3.4 Y-maze
To examine working memory, mice were tested in the Y-maze. Rodents will perform arm
alternations, choosing a novel arm to explore, when given a choice. Deficits in working
memory result in a reduction in the number of alternations. Wildtype mice chose to explore
an alternate arm 75 % of the time in this test and alternation rates in wildtype mice were not
significantly different for Grik4−/− mice (alternations Grik4+/+: 74.7 ± 3.6 %, n = 8;
alternations Grik4−/−: 72.0 ± 18.6 %, n = 13; p > 0.05; Fig 2D) or heterozygous Grik4+/−

mice (alternations 66.7 ± 6.9 %, n = 9; p > 0.05; Fig 2D). These results suggest that ablation
of Grik4 does not impair hippocampal-dependent working memory that underlies behavior
in the Y-maze.

3.5 Novelty-induced suppression of feeding
The novelty-induced suppression of feeding test (NSF) assesses anxiety by measuring the
latency of an animal to eat food in a novel anxiogenic environment following food
deprivation. We found a significant effect of genotype for the latency to bite a food pellet at
the center of the arena, with the knockout group having a significantly shorter latency to
feed (latency Grik4+/+: 107.0 ± 10.6 s, n = 18; latency Grik4−/−: 81.4 ± 10.2 s, n = 13; p <
0.05, Fig 3A). Grik4−/− mice did not differ from Grik4+/+ mice in their food intake in the
homecage during a 5 min period immediately following the latency test (food intake
Grik4+/+: 0.14 ± 0.01 g, n = 18; food intake Grik4−/−: 0.16 ± 0.01 g, n = 13, p > 0.05, Fig
3B), nor did they differ in the amount of weight lost during the 24 h food deprivation period
(% weight lost Grik4+/+: 7.8 ± 0.9 %, n = 18; % weight lost Grik4−/−: 9.9 ± 0.8 %, n = 13; p
> 0.05, Fig 3C) strongly suggesting that reduced latency to feed was directly related to
reduced anxiety in Grik4−/− mice.

3.6 Forced swim test
The forced swim test (FST) is a test for learned helplessness used to test rodent models of
depression. Mice that show depressive-like behavior cease to swim and spend more time
immobile in the water [37]. We found that during a 10 min test period, both Grik4+/+ and
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Grik4−/− mice initially displayed equivalent levels of activity. However, as the test
progressed the Grik4−/− group diverged from Grik4+/+ demonstrating increased activity and
reduced immobility during the final 4 min of testing (immobility time 7–10min Grik4+/+:
175.3 ± 14.6 s; immobility time 7–10 min Grik4−/−: 118.5 ± 16.86 s; n = 11, p < 0.01; Fig
4). There was no effect of genotype in the heterozygous group Grik4+/− (immobility time
Grik4+/−: 142.5 ± 15.31 s, n = 11; p > 0.05; Fig 4B). Increased immobility is often
interpreted as an antidepressant-like phenotype in rodent models suggesting that ablation of
Grik4 results in an antidepressant-like behavior in mice.

3.7 Sucrose Preference
The sucrose preference test (SPT) is a model of anhedonia, a core symptom of depression, in
which animals presumably fail to elicit pleasure from an activity that is normally enjoyable.
Sucrose preference in mice is highly dependent upon the background strain. Therefore, we
first tested preference in wildtype mice in our hybrid isogenic strain. Grik4+/+ mice
demonstrated a small preference for sucrose with increasing sucrose concentration (0.5 %
preference Grik4+/+: 42.1 ± 8.3 %; 2 % preference Grik4+/+: 68.0 ± 6.0 %). Whereas
wildtype mice in a congenic C57/Bl6 strain show a very large preference for sucrose (1 %
preference C57/Bl6: 82.8 ± 7.0 %, n = 6; p < 0.05, Fig 5A). When we tested knockout mice
and a cohort of wildtype littermates in this test (with a 1% solution), we saw a significantly
increased preference for sucrose on the Grik4−/− group (preference Grik4+/+: 53.2 ± 3.1 %,
n = 21; preference Grik4−/−: 62.9 ± 2.9 %, n = 19; p < 0.05, Fig 5B). The effect was not
accounted for by a difference in total fluid intake (fluid intake Grik4+/+: 3.65 ± 0.13 g, n =
21; fluid intake Grik4−/−: 3.78 ± 0.12 g, n = 19; p > 0.05, Fig 5C). The increased preference
by Grik4−/− mice for sucrose is consistent with an antidepressant-like phenotype suggested
by results in the FST.

3.8 Mossy fiber long-term potentiation
The GluK4 receptor subunit is expressed at high levels in the CA3 region of the
hippocampus and the dentate gyrus [25]. KARs play roles in plasticity at the mossy fiber
synapse in the CA3, and there is a clear deficit in mossy fiber (MF) LTP in Grik2 and Grik3
knockout animals suggesting that GluK2 and GluK3 subunits are required for the proper
function of MF KARs [26, 29, 38, 39]. However, no disruption in MF LTP is observed when
the high affinity subunit GluK5 is ablated, although this subunit likely contributes to the
heterotetrameric KAR complex [40]. We previously demonstrated that short-term plasticity
is not impaired in Grik4 knockout mice [22] however it is not known whether loss of the
GluK4 receptor subunit impacts MF LTP. Using whole-cell patch-clamp recording from
CA3 pyramidal neurons, we found that MF LTP induced by a tetanic 100Hz 1s train was
significantly impaired in slices from Grik4 knockout mice (LTP Grik4+/+: 172.9 ± 14.4 %, n
= 7; LTP Grik4−/−: 101.6 ± 10.2 %, n = 6; p < 0.01; Fig 6A). Not surprisingly, in additional
experiments, we also saw deficits in MF LTP in slices from double high-affinity KAR
subunit knockout mice (LTP Grik4−/−/Grik5−/−: 120.5 ± 13.5 %, n = 10; p < 0.05; Fig 6B).
The reduction in Grik4−/−/Grik5−/− mice is likely due to ablation of Grik4 as MF LTP is
normal in Grik5−/− mice [40]. Previous work has shown that presynaptic axonal KARs
impart an associativity to MFs that reduces the induction threshold for LTP [39]. We
therefore tested whether KAR mediated modulation of MF axon excitability was altered in
Grik4 knockout mice. We recorded the isolated MF presynaptic fiber volley (FV) and
determined the effect of application of low concentrations of a KAR agonist. As previously
demonstrated, application of 500 nM kainic acid significantly increased the size of the FV in
wildtype mice (Fig 6C & D) [41]. However, there was significantly less potentiation of fiber
volley responses by kainic acid in Grik4−/− mice (FV potentiation Grik4+/+ mice: 143.3 ±
6.6 %, n = 3; FV potentiation Grik4−/−: 122.7 ± 5.6 %, n = 7; p < 0.05; Fig 6C). These
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results demonstrate a significant role for the GluK4 receptor subunit in regulating synaptic
plasticity in the CA3 region of the hippocampus.

4. Discussion
The GluK4 kainate receptor subunit gene, GRIK4, has been identified as a susceptibility
gene for schizophrenia and mood disorders. Here we performed behavioral analysis of
Grik4−/− mice to determine whether loss of this subunit was manifest in a significant
behavioral phenotype. In several independent tests that are routinely used to test anxiety in
rodents, we found that Grik4−/− mice demonstrated behavior consistent with reduced
anxiety and increased risk-taking behavior. Moreover, these mice also displayed an
antidepressant-like phenotype in a goal directed test for behavioral despair and a test for
hedonic behavior. We did not observe any deficits in general activity or working memory,
suggesting that Grik4 ablation has very specific effects on the behavior of the animals. The
phenotype was only apparent in homozygous knockout mice and no gene dosage effects
were observed in heterozygous mice, likely because heterozygosity has little effect on the
function of native heterotetrameric KAR complex.

Human studies of carriers of the haplotype protective against bipolar disorder have found
that there are increases in mRNA and GluK4 protein associated with the deletion variant
[33, 34]. There are also several studies that have found reduced KAR expression in
postmortem tissue from patients with schizophrenia [42–44]. It is difficult to draw direct
parallels between findings in knockout mice and altered KAR expression associated with
human neuropsychiatric disorders. The biology underlying the involvement of KARs in
pathology is likely complex, but studies in mice enable us to begin to address some
mechanistic questions such as understanding the circuit and synaptic basis for altered brain
function that might contribute to disrupted cognitive processes.

Glutamate receptors have recently received increased scrutiny as possible targets for the
development of the next generation of antidepressants. Existing antidepressant drugs target
monoamine neuromodulatory neurotransmitter systems, but these treatments have a very
long latency to show clinical efficacy and are without any effect in the majority of patients.
Both preclinical and clinical studies have demonstrated that NMDA receptor antagonists
have a rapid and significant antidepressant action [16, 45, 46]. Similarly, potentiators of
AMPA receptors, the other major class of ionotropic glutamate receptors, have also
demonstrated efficacy in animals models of depression [47]. While there are no subtype
selective ligands for targeting GluK4 containing receptors, our demonstration of a robust
antidepressant phenotype in Grik4−/− mice suggests that targeting these receptors with
antagonists or negative allosteric modulators warrants further investigation for the
development of glutamatergic agents for rapid antidepressant treatment.

Of all the KAR subunits, the GluK4 subunit has one of the most limited expression pattern
in the brain, being prominently expressed in CA3 and dentate gyrus [23, 24]. These receptor
subunits assemble as heterotetrameric complexes with the other KAR subunits expressed in
these regions to form a unique population of receptors with particular functional properties
[22]. Knockout mice of the more ubiquitously expressed subunits have also been generated
and in some cases display overlapping behavioral phenotypes with Grik4−/− mice. GluK2 is
the most abundantly expressed KAR subunit, and it is likely that all GluK4 receptors
assemble with this subunit in the hippocampus [22]. Grik2−/− mice also exhibit less anxiety-
like behavior in the elevated plus-maze and have an antidepressant-like phenotype in the
FST [48]. However, Grik2−/− mice also display mania-like symptoms, including
hyperactivity and increased aggressive behavior, which were alleviated by chronic lithium
administration [48]. Interestingly, genome-wide linkage studies have identified the GRIK2
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(the gene encoding GluK2) gene locus as having a significant susceptibility for bipolar
disorder [49, 50]. In contrast to the co-localization of GluK2 and GluK4 subunits in the
hippocampus and the overlapping phenotype in knockout mice, the other major KAR
subunit GluK1 is largely excluded from principal neurons in the hippocampus [24].
Polymorphisms in GRIK1 have been linked to schizophrenia [51] but in contrast to Grik2
and Grik4 knockout mice, Grik1−/− mice demonstrate increased anxiety-like behavior,
which can be replicated by local administration of GluK1 antagonists into the amygdala
[52]. The behavioral abnormalities seen in Grik2−/− and Grik4−/− mice indicate that
hippocampal KARs are a potential therapeutic target to decrease despair and anxiety in the
treatment of depression.

The neural basis for depression has not been fully defined and is likely complex involving
diverse genetic and circuit level disruptions in the brain. Circuit dysfunction in limbic
regions, particularly the hippocampus, has received special interest based upon observations
that both rodent models of depression and antidepressant administration impact adult
neurogenesis in the dentate gyrus [53–56]. While the current study does not directly speak to
the involvement of GluK4-containing KARs in processes that regulate neurogenesis, it is
important to note that the GluK4 subunit is highly, and almost exclusively, expressed in
CA3 pyramidal and dentate gyrus granule cells. The role of GluK4-containing receptors in
regulating synaptic and circuit function in this area has not been exhaustively studied.
However, we previously demonstrated that the postsynaptic KAR component of the MF
EPSC was reduced in amplitude and had significantly slowed kinetics [22]. Mossy fiber
short-term plasticity which is regulated by KARs [26, 27, 29, 57] was not impaired in these
mice [22]. Here we reassessed the involvement of GluK4 receptor subunits focusing on MF
LTP. Induction of LTP at the MF-CA3 synapses is NMDAR-independent [58], while
expression is presynaptic, manifesting as a persistent increase in glutamate release
probability [59]. While not required for induction, KARs alter the threshold for induction of
MF LTP [39], and MF LTP is impaired in GluK2 and GluK3 knockout mice [26, 29, 38].
We found that MF LTP is impaired in Grik4−/− mice, and that KAR mediated enhancement
of MF axon excitability is also reduced, suggesting a clear role for the GluK4 receptor
subunit in modulating MF LTP. While these results do not directly provide a causative link
between plasticity in the CA3 region and the behavioral alterations in these knockout mice,
they do begin to determine the cellular and circuit roles of GluK4-containing receptors in
these important limbic regions. Interestingly, recent work has demonstrated that chronic
treatment with the antidepressant fluoxetine results in a de-maturation of dentate granule
cells and affects plasticity of their MF outputs to the CA3 [60].

In summary, we provide evidence that strongly links the GluK4 KAR subunit to anxiety and
depressive-like behavior. These studies support genetic, molecular and human imaging
studies that have provided a basis for considering a role for KARs in mood disorders.
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Highlights

• Ablation of Grik4 results in an antidepressant-like phenotype

• Grik4−/− mice demonstrate reduced anxiety

• LTP at hippocampal mossy fiber synapses is impaired in Grik4−/− mice
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Figure 1. Anxiety-like behavior is reduced in Grik4−/− mice in the elevated zero-maze and
marble-burying tests
(A) Representative path vectors of Grik4+/+ (top) and Grik4−/− (bottom) mice during
exploration of elevated zero-maze (EZM). Shaded regions represent closed quadrants. (B)
Grouped data on percentage of time spent exploring open quadrants of EZM during the 300
s test. (C) Grouped data of total distance traveled while exploring the open quadrants of
EZM. Grik4−/− spent significantly more time exploring open quadrants, and traveled a
greater distance in the open areas although there was no difference in the total distance
travelled in all quadrants between cohorts. (D) Grouped data of marbles buried by ≥ 2/3
diameter during marble-burying test. Grik4−/− mice buried significantly fewer marbles. (B –
D) Data for Grik4+/+ (black bar), Grik4+/− (gray bar), and Grik4−/− (white bar). Data are
expressed as mean ± S.E.M. * p < 0.05, ** p < 0.01.

Catches et al. Page 15

Behav Brain Res. Author manuscript; available in PMC 2013 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Activity of Grik4−/− mice in a non-anxiogenic environment is normal and there are no
observed deficits in working memory
(A) Grouped data on percentage of time spent in open area of novel open field arena. Data
are segmented into 15 min sessions representing the first (0 – 15 min) and second (16 – 30
min) half of 30 min test. (B) Grouped data of total distance traveled in arena during the first
15 min and minutes 16 – 30 of the 30 min test. (C) Number of crossings between open zone
and edge zone during the test. No genotype dependent differences in activity or exploration
were observed (D) Grouped data from the Y-maze test of the percentage of alternations
made by mice. No genotype dependent differences were observed in this test for working
memory. (A – D) Data for Grik4+/+ (black bar/closed squares), Grik4+/− (gray bar), and
Grik4−/− (white bar/open squares). Data are expressed as mean ± S.E.M.
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Figure 3. Anxiety-related latency to feed is reduced in Grik4−/− mice
(A) Grouped data of latency to bite food in a novel anxiogenic environment following 24 h
food deprivation. (B) Food intake of mice in the home cage during a 5 min period following
NSF latency test (C) Weight lost (%) during 24 h food deprivation prior to NSF. Latency to
bite was significantly reduced in Grik4−/− mice. There was no genotype dependent effect for
homcage feeding following latency or weight lost during food deprivation. (A – C) Data for
Grik4+/+ (black bar) and Grik4−/− (white bar). Data are expressed as mean ± S.E.M. * p <
0.05.
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Figure 4. Grik4−/− mice display antidepressant-like behavior in test of learned helplessness
(A) Percentage of time spent immobile during the course of forced swim test (FST). Data
are presented in 1 min bins of a 10 min test for Grik4+/+ (closed squares) and Grik4−/− (open
squares). (B) Total time spent immobile during the final 4 min of testing. Grik4−/− mice
spent significantly less time immobile during final 4 min of testing. Data for Grik4+/+ (black
bar), Grik4+/− (gray bar), and Grik4−/− (white bar). Data are expressed as mean ± S.E.M. * p
< 0.05, ** p < 0.01.
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Figure 5. Grik4−/− mice demonstrate increased preference for sucrose
(A) Preference (%) for sucrose for wildtype mice in a congenic C57/Bl6 strain (gray bar; 1
% sucrose) and for isogenic hybrid strain Grik4+/+ (black bars; 0.5 % and 2 % sucrose). (B)
Data of preference for bottle “A” over bottle “B” (A/(A + B)) during an eight day sucrose
preference test. No preference was observed for each genotype when both bottles contained
water on days 1 and 2 (w/w) or when both bottles contained sucrose (1%) on days 3 and 4
(s/s). However, Grik4−/− mice display significantly increased preference for the sucrose
bottle during the preference test on days 5 – 8 (s/w). (C) Grouped data of total fluid intake
during each stage of the test. There was no effect of genotype on fluid intake during the test.
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(A – C) Data for C57/Bl6 strain (gray bar), Grik4+/+ (black bar) and Grik4−/− (white bar).
Data are expressed as mean ± S.E.M. * p < 0.05.
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Figure 6. Mossy fiber long-term potentiation in the hippocampus is impaired in Grik4−/− mice
(A) Time course of mossy fiber (MF) LTP in Grik4+/+ (closed squares) and Grik4−/− (open
squares) mice. Black arrow represents induction at time = 0. Inhibition of the EPSC by the
group II mGluR agonist DCG-IV at the end of each experiment (black bar) was used to
confirm that the EPSCs were of MF origin. Inset shows representative examples of EPSCs
in Grik4+/+ (closed square) and Grik4−/− (open square) mice during baseline period (1) and
20 – 30 min post-induction (2). (B) Cumulative probability histogram of tetanus-induced
MF LTP in Grik4+/+ (closed squares), Grik4−/− (open squares), and Grik4−/−/Grik5−/−

(open triangles) mice. LTP was measured as the potentiation 20 – 30 min post-induction
compared with baseline period. MF LTP was significantly impaired in Grik4−/− and
Grik4−/−/Grik5−/− mice. (C) Representative recording of the presynaptic MF fiber volley
(FV) recorded in the stratum lucidum during stimulation of hilar region. FV in Grik4+/+

(black square) and Grik4−/− (white square) during control period and application of 500 nM
kainic acid. (D) Grouped data of potentiation of MF FV by 500 nM kainic acid. Kainate-
induced potentiation of MF FV was significantly reduced in Grik4−/− mice. Data for
Grik4+/+ (black bar) and Grik4−/− (white bar). Data are expressed as mean ± S.E.M. * p <
0.05.
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