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Abstract

Kainate receptors are a class of ionotropic glutamate receptors that have a role in the modulation of glutamate release and
synaptic plasticity in the hippocampal formation. Previous studies have implicated corticosteroids in the regulation of these
receptors and recent clinical work has shown that polymorphisms in kainate receptor subunit genes are associated with
susceptibility to major depression and response to anti-depressant treatment. In the present study we sought to examine
the effects of chronic stress and corticosteroid treatments upon the expression of the mRNA of kainate receptor subunits
GluR5-7 and KA1-2. Our results show that, after 7 days, adrenalectomy results in increased expression of hippocampal KA1,
GluR6 and GluR7 mRNAs, an effect which is reversed by treatment with corticosterone in the case of KA1 and GluR7 and by
aldosterone treatment in the case of GluR6. 21 days of chronic restraint stress (CRS) elevated the expression of the KA1
subunit, but had no effect on the expression of the other subunits. Similarly, 21 days of treatment with a moderate dose of
corticosterone also increased KA1 mRNA in the dentate gyrus, whereas a high corticosterone dose has no effect. Our results
suggest an interaction between hippocampal kainate receptor composition and the hypothalamic-pituitary-adrenal (HPA)
axis and show a selective chronic stress induced modulation of the KA1 subunit in the dentate gyrus and CA3 that has
implications for stress-induced adaptive structural plasticity.
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Introduction

The hippocampal formation, due to its high levels of expression of

receptors for corticosteroid stress hormones, is particularly suscep-

tible to weathering and structural changes as a result of chronic stress

and stress related diseases such as depression. The interplay of

corticosteroids and ionotropic excitatory amino acid receptors in

producing structural and physiologic changes in the hippocampal

formation has been the subject of a significant amount of research,

but most of this research has focused upon NMDA and AMPA

receptors while relatively little has sought to describe the effects of

corticosteroids upon the expression of kainate receptors (KAR).

There are five members to the KAR gene family: GluR5, 6 and

7 and KA 1 and 2 [1] and kainate receptors are comprised of

various admixtures of the five subunit proteins produced by these

genes. The KARs contribute to both excitatory neurotransmission

and the presynaptic modulation of neurotransmitter release [2–4].

Notably, KAR activation contributes to LTP in the hippocampus,

particularly at the mossy fiber synapse of the CA3 [5].

A number of recent clinical studies have shown KARs have

potentially important roles in a number of major mental disorders,

particularly depression. Polymorphisms in the KA1 receptor have

been associated with response to the anti-depressant citalopram

and GluR6 has been associated with suicidal ideation during

treatment with the same drug [6,7]. The GluR7 gene has also

been connected to recurrent major depression [8]. KA1, GluR5

and GluR6 have also shown association with schizophrenia and

bipolar disorder [9,10].

The first study to examine the effects of corticosteroids upon

hippocampal KAR was performed by Clark and Cotman [11],

who tested the effects of adrenalectomy and corticosterone

(CORT) replacement on binding at AMPAR, KAR and

NMDAR and found no replicable effect of corticosterone or

adrenalectomy on 3H kainate binding. Watanabe [12], did

however, observe a decrease in 3H kainate binding after

adrenalectomy, an effect which was blocked by replacement

with the selective mineralocorticoid receptor (MR) agonist

aldosterone but not the glucocorticoid receptor (GR) selective

agonist RU28362. A study examining the expression of mRNA

for KAR subunits 3 days after adrenalectomy and in response to

acute high and low dose CORT showed that low doses of

CORT, which presumptively occupy only MR, increased

expression of all subunits, while ADX or high dose CORT

(occupying both MR and GR) failed to significantly alter

expression of any subunit [13]. Finally, chronic peripheral

administration of the GR agonist dexamethasone increases

expression of GluR6 protein in the dentate gyrus and CA3

[14]. To date these studies constitute most of what is known

about the interactions of corticosteroids and the KAR. The

present study aims to add to our understanding of these

interactions by examining the extent to which different kainate

receptor subunit mRNA’s are regulated differentially by stress

and adrenal steroids, using adrenalectomy, hormone replace-

ment, chronic restraint stress and chronic corticosterone

treatment of adrenally intact animals.
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Results

Effects of adrenalectomy and adrenal steroid
replacement

In order to examine the effect of corticosteroids on the

expression of KAR subunits, we performed In situ hybridization

(ISH) after adrenalectomy and subacute treatment with cortico-

sterone, aldosterone and RU28362. ISH revealed KAR subunit

specific patterns of expression in the subfields of the hippocampal

formation, consistent with previous reports [15]. There was a

significant main effect of treatment (F (4,28) = 3.824, see Figure 1.)

upon KA1 mRNA expression in the CA3 and dentate gyrus

regions of the dorsal hippocampus, but no main effects were seen

in the CA1 or CA2 regions. Adrenalectomy (ADX) increased KA1

message by 68611% in the CA3 and by 54613% in the dentate

(p,0.05 versus sham, n = 8), while neither the selective MR

agonist aldosterone nor the selective GR agonist RU28362, given

alone, reversed this effect. However, treatment with corticosterone

significantly reduced KA1 mRNA from ADX levels (p,0.05),

suggesting that MR/GR heterodimers may regulate expression

specifically in the dentate gyrus and downstream in the CA3.

The GluR6 results, shown in Figure 2, suggest that this receptor

subtype is predominately regulated via MR in the DG, CA1 and

CA3. There was a main effect of treatment on GluR6 mRNA

expression in the CA1 (F (4,28) = 3.778), CA3 (F (4,26) = 2.991)

and dentate gyrus (F (4,26) = 4.338) after corticosteroid manipu-

lations. In the DG, CA1 and CA3, ADX treatment showed a

modest but non-significant trend toward increased GluR6

expression, and ADX+Aldosterone treatment significantly reduced

mRNA compared to ADX treatment (p,0.05, n = 8), with no

effect compared to sham. These data suggest that GluR6 mRNA is

predominantly regulated through MR in the dentate gyrus, CA1

and CA3.

For GluR7, there was a main effect of treatment on mRNA

expression in the dentate gyrus (F (4,32) = 7.789, see Figure 3.).

Relative to Sham, ADX increased expression by 3965% (p,0.05)

and ADX+RU362 increased expression by 37.966% (p,0.05).

ADX+CORT replacement significantly reduced GluR7 message

levels from both ADX+Vehicle, ADX+Aldo, and ADX+RU362.

No main effects of treatment were observed with either GluR5

or KA2 after chronic corticosteroid manipulations (see Figure 4.

for representative autoradiograms of KA2 and GluR5 expression

in the hippocampal formation) .

Effects of chronic restraint stress
To examine the effects of a stress paradigm known to cause

structural and functional changes in the hippocampus on KAR

expression, KAR subunit levels were measured in the hippocam-

pus in response to 21-day chronic restraint stress (CRS).

Spironolactone, an MR antagonist, was used concurrently to

assess the possible contribution of MR to any stress effect. As can

be seen in Figure 5, a main effect of treatment was observed on

KA1 subunit expression in both the CA3 (F (2,21) = 7.817) and

DG (F(2,21) = 4.285). In the CA3, CRS and CRS+Spironolactone

significantly elevated expression compared to control. In the DG,

a similar increase was seen with CRS, but not with CRS+Spir-

onolactone. No other effects of CRS or CRS+Spironolactone were

seen with KA2, GluR5, GluR6, or GluR7. Final body weights of

both stressed groups (393.467.3g for CRS alone and 372.468.1g

for CRS and spironolactone) were significantly lower than controls

(430.266.6g, p,0.05), confirming that CRS was effective

systemically.

Effects of chronic corticosterone in drinking water
To confirm that the effects of CRS were corticosteroid

dependent, we treated rats for 21 days with vehicle, 25 mg/ml

Figure 1. ROD of KA1 mRNA in the dentate gyrus (A) and CA3 (B) after adrenalectomy and treatment with vehicle (ADX),
aldosterone (ADX+Aldo) RU28,362 (ADX+RU362) or corticosterone (ADX+CORT). (C) A representative autoradiogram of KA1 mRNA.
*-significantly different from sham and ADX+Cort (p,0.05, n = 8). **-significantly different from ADX (p,0.05, n = 8).
doi:10.1371/journal.pone.0004328.g001
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or 400 mg/ml corticosterone. As shown in Figure 6, treatment

with a moderate dose of 25 mg/ml, but not a high dose of 400 mg/

ml of corticosterone significantly (p,0.05) increased KA1 mRNA

levels in the dentate gyrus (F (2,16) = 6.504) but did not reach

significance in the CA3.

Apoptosis in the dentate gyrus
Adrenalectomy produced a 46% (p,0.00001) increase (from

3.2 to 4.8% of total cell profiles) in the number of pyknotic cells in

the dentate gyrus relative to sham adrenalectomized animals (data

not shown).

Figure 2. ROD of GluR6 mRNA in the dentate gyrus (A) CA3 (B) and CA1 (C) after adrenalectomy and treatment with vehicle (ADX),
aldosterone (ADX+Aldo) RU28,362 (ADX+RU362) or corticosterone (ADX+CORT). (D) A representative autoradiogram of GluR6 mRNA.
*-significantly different from sham and ADX+CORT (p,0.05, n = 8).
doi:10.1371/journal.pone.0004328.g002

Figure 3. ROD of GluR7 mRNA in the dentate gyrus (A) after adrenalectomy and treatment with vehicle (ADX), aldosterone
(ADX+Aldo) RU28,362 (ADX+RU362) or corticosterone (ADX+CORT). (B) A representative autoradiogram of GluR6 mRNA. *-significantly
different from sham and ADX+CORT (p,0.05, n = 8).
doi:10.1371/journal.pone.0004328.g003
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Figure 4. Representative photomicrographs showing KA2 mRNA signal on the right and GluR5 mRNA on the left. We did not observe
changes in expression of either of these transcripts.
doi:10.1371/journal.pone.0004328.g004

Figure 5. ROD of KA1 mRNA in the dentate gyrus (A) and CA3 (B) after CRS. *-significantly different from unstressed controls (p,0.05,
n = 8).
doi:10.1371/journal.pone.0004328.g005

Figure 6. ROD of KA1 mRNA in the dentate gyrus (A) and CA3 (B) after 21 day treatment with either vehicle, 25 mg/ml or 400 mg/ml
corticosterone in drinking water. *-significantly different from vehicle treated animals (p,0.05, n = 8).
doi:10.1371/journal.pone.0004328.g006
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Discussion

Our studies reveal a complex pattern of changes in kainate

receptor subunit expression induced by adrenalectomy and cortico-

steroid replacement and a significant and somewhat paradoxical

effect of CRS and chronic corticosterone on KA1 mRNA levels, but

no effect of CRS upon either KA2 mRNA levels or levels of GluR5-7

mRNA. This pattern, which was found in the dentate gyrus (DG) and

CA3 region of the hippocampal formation, demonstrates that CRS

involves more than adrenal steroid mediation and that increased

KA1 mRNA levels may help explain morphological changes caused

by CRS in the DG and CA3. Moreover, the results for KA1 mRNA

levels highlight the potential of adrenal steroids to oppose certain

actions of stress, which is analogous to their ability to inhibit

inflammatory cytokine production.

Effects of adrenalectomy and steroid replacement
The use of chronic adrenalectomy might have potentially

confounded the interpretation of our results as adrenalectomy can

produce apoptosis in dentate granule cells [16–18]. In our

experiment, adrenalectomy did increase the number of pyknotic

cells observed in the dentate gyrus, though the total percentage of

pyknotic cells was never higher than 5%. While we cannot exclude

dentate apoptosis as the reason for the change in KAR mRNA levels

we observe in that region, it seems an improbable explanation for a

number of reasons. First, the changes in mRNA levels we observed

after adrenalectomy were generally increases. Further, the changes

we saw in the dentate were mirrored in the CA3 (GluR6 and KA1)

and CA1 (KA1), suggesting that in these cases at least, the change is

more likely due to a direct effect of our manipulations of steroid levels,

rather than an indirect one due to cell death in the dentate gyrus.

GluR6 mRNA levels increased after adrenalectomy in all

regions of the hippocampus examined. This effect was reversed by

aldosterone treatment, but not by the specific glucocorticoid

receptor agonist, RU28362. This implicates the MR in the control

of GluR6 mRNA levels in the hippocampal formation. Joels [13],

also observed a non-significant increase in GluR6 in the DG after

3 days of adrenalectomy. Collectively, these observations suggest

that MR activation inhibits GluR6 expression within the

hippocampal formation.

KA1, but not KA2, mRNA expression also increased after

7 days of adrenalectomy, but the effect was reversed by high dose

corticosterone rather than either the MR or GR selective agonists.

GluR7 mRNA expression showed a similar pattern to KA1. We

observed no changes in KA2 or GluR5 though expression of the

latter was very low, which may have limited our ability to detect

subtle changes. That KA1 and GluR7 were regulated by

corticosterone but not by selective GR or MR agonists suggests

they may be regulated by MR/GR heterodimers, a permutation of

classical steroid receptor signaling recently described in cell culture

[19], but as yet undescribed in vivo.

Effects of chronic restraint stress
KA1 expression also increased after CRS; in fact, it was the only

KAR subunit to do so. This is interesting because KA1, in contrast to

KA2, appears to have a largely pre-synaptic localization at the mossy

fiber synapse [20]. Presynaptic KARs have been shown to act as

facilitating autoreceptors at the mossy fiber synapse [2,21–23].

These findings, therefore, suggest a potential mechanism for the

increase in hippocampal glutamate levels observed after stress

[24,25], namely, that they mediate a feed-forward enhancement of

glutamate release from mossy fiber terminals. Mossy fiber

activation by glutamate has been identified as a key factor in the

damaging effects of kainic acid on CA3 neurons [26–28].

Effects of chronic corticosterone treatment
Similarly to the effects of CRS, chronic treatment with a

moderate dose of corticosterone produced an elevation of KA1

mRNA in the dentate, similar to that produced by chronic

restraint stress. In the CA3, which has comparatively little GR

[29,30], this effect was not present, suggesting that the changes

observed in the CA3 with CRS are the result of other mediators of

the response to chronic stress, such as increased activity of the

glutamate system in the hippocampus [25] . Interestingly, the

response to chronic corticosterone showed an inverted-U shaped

dose response, an effect often seen with regard to the effects of

glucocorticoids on brain [31]. Chronic restraint, which produces a

moderate elevation of corticosterone levels similar to that

produced by our low dose treatment, but not as high as those

produced by the 400 mg/ml dose [32,33] fits with this interpre-

tation, as do the findings of Joels[13], who also found that KA1

mRNA expression was enhanced more by a lower dose of cort

than by a high dose. our results suggest that KA1 is also subject to

regulation by corticosteroids in an inverted U shaped fashion.

Adrenal steroids oppose effects of CRS in CA3 and
dentate gyrus

The role of adrenal steroids, at least based on the effects of

adrenalectomy and hormone replacement reported in this study, is

somewhat paradoxical and not unlike their anti-inflammatory

effects [34]. Moreover, the observation of increased KA1

expression in both adrenalectomy and CRS, however, is similar

to what has been observed for the glutamate transporter, GLT-1,

namely, an increased expression of GLT-1 after CRS but also an

increase after ADX that is reversed by adrenal steroid replacement

[35,36]. It is possible, for both GLT-1 and KA1, that two different

processes are operating in the two different treatment schemes.

One may speculate that, under basal conditions, adrenal

steroids may help to maintain the basal level of kainate receptors,

as well as GLT-1, so as to homeostatically regulate the level of

glutamate release and glutamatergic activity. According to the

present study, this type of regulation also applies to GluR6 and

GluR7, but not to GluR5 or KA2 mRNA expression. Yet, at the

same time, acute restraint stress elevates extracellular glutamate

levels, measured by microdialysis, and these elevations are blocked

by adrenalectomy [24]. Moreover, we show in the present study

that CRS produces a feed forward, allostatic up-regulation of the

KA1 subunit that may contribute to the dendritic retraction

caused by CRS, which is mediated in part by excitatory amino

acids [37]. Finally, our finding that moderate doses of CORT in

the drinking water mimic the CRS induced increase of KA1

mRNA levels whereas high oral doses of CORT fail to elevate

KA1mRNA indicates that a hormetic inverted U shaped dose

response is operating [38]. Moreover, this hormetic dose response

relationship may help explain the paradoxical finding that, while

both CRS and chronic CORT each separately cause shrinkage of

dendrites of CA3 neurons via a process dependent on glutamate

release, the combination of CRS plus chronic CORT treatment,

which presumptively elevates CORT levels beyond those pro-

duced by either treatment alone, prevented the dendritic

remodeling [39].

Future work, when specific antibodies become available, needs

to determine whether this up-regulation at the mRNA level is

reflected in increased KA1 protein expression (as subunit specific

radioligands are as yet unavailable), as well as determine the extent

to which stress-induced glucocorticoid secretion may be involved

in these changes. Examination of the behavior of KARs after

chronic stress using electrophysiology might also provide us with a

window on the functional role of these receptors in the adaptation

KAR, Stress & Steroids
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of the hippocampus to stress, although this approach may also be

impaired by the lack of selective drugs. Another important

question to answer will be the extent to which chronic stress or

corticosteroid treatment alters the response of KARs to and acute

stressor or corticosteroid treatment, as this will allow us to begin to

assess the extent to which KARs are involved in resilience to stress

versus stress induced pathophysiology.

These findings are made more interesting by recent findings

associating KA1 and GluR6 and 7 with major depression and

other major mental disorders [6–10], all the more so because the

subunit which definitively did not change expression levels in our

experiments, KA2, has thus far shown no association with affective

disorders either. Further understanding of these changes could

permit an improved understanding of both stress induced

pathologies and the reasons why these pathologies can take a

substantial amount of time to reverse, as is the case with major

depression.

Methods

Animals
Adult male Sprague-Dawley rats were obtained from Charles

River Laboratories (Kingston, NY) at 70 days of age. Animals

were housed 2–3 per cage (same age cage mates) in clear

polycarbonate cages with wood chip bedding. All animals were

maintained on a 12 h light-dark schedule (lights on at 0800 h) and

the temperature was kept at 2162uC. All animals had ad libitum

access to food and water. All procedures were carried out in

accordance with the guidelines established by the NIH Guide for

the Care and Use of Laboratory Animals.

Chronic Restraint Stress
Animals were left undisturbed after arrival for one week after

delivery. Stressed animals were restrained in wire mesh restrainers,

secured at the head and tail ends with large binder clips. Chronic

stress was administered for 6 hours daily for 21 days from 10:00 to

16:00. Animals were returned to their home cages immediately

after termination of the stressor. These animals were sacrificed by

decapitation roughly 24 hours after the last stress (i.e. between

1300 and 1700 h). Brains were removed and flash frozen on dry

ice and then stored at 280uC until processing.

Steroid Treatments
These treatments follow those administered in [12] with some

modification. We chose to follow the one week time period used by

Watanabe for two reasons: first, he observed changes in KAR

levels after one week of steroid replacement. Secondly, after

adrenalectomy there is a progressive apoptosis of dentate gyrus

granule cells [16] and while we have successfully detected changes

in mRNA at the seven day time point in the past [12,40], we were

concerned that at later time points the potential for confounds

would be much greater. Animals were anesthetized using ketamine

and xylazine and the adrenal glands removed, save for one group

which received a sham surgery. During the same surgery, osmotic

mini-pumps (Alzet, Cupertino, CA) were implanted subcutane-

ously between the scapulae. These pumps delivered vehicle (50%

polyethylene glycol), the mineralocorticoid receptor agonist

aldosterone at 10 mg/hour or the glucocorticoid receptor agonist

RU28,362 at 10 mg/hour. Animals who underwent ADX received

0.9% saline in their drinking water and one group received

400 mg/ml corticosterone in addition to the saline. Seven days

after the completion of the surgeries, the animals were sacrificed

by decapitation and their brains removed and frozen as described

above.

Chronic Corticosterone Treatment
Animals were provided with either 2.5% ETOH (vehicle),

25 mg/ml corticosterone or 400 mg/ml corticosterone in their

home cage drinking water for a period of 21 days.

In Situ Hybridization
Brain sections were cut at 20 mm on a cryostat and placed on

Fisher Biotech ProbeOn Plus slides (Fisher, Pittsburgh, PA). In situ

hybridization began with a tailing reaction to radioactively label

the oligonucleotide probes with 35S. The probe sequences follow

those described by [41], two probe sequences were used in a

cocktail in order to improve sensitivity: KA1 59-TCC AGA GAG

GAG AAA TAG CCC GGT CTG CGT CCC ATA TGA ACT

CTG -39, 59-CTT GTA GTT GAA CCG TAG GAT CTC AGC

GAA CTC CTT GAG CAT GTC-39; KA2 59-TTC CAC TCG

GGC CTT GGC TGG GAC CTC GAT GAT CCC ATT GAT

CTG-39, 59-GTT CTC CAG GAT ATG GGG ACG CGC CCG

AAG ACA CGG GTG AGG GTT-39; GluR5 59-AAA TCC

CTC CGA TCC TGA GCA CT TGA GGG GAG GTC TGA

GGG AGG-39, 59-CCC GGG TTG GTT CCA TTG GGC TTC

CGC GTA AAG GAT GCT AAT GCC-39; GluR6 59-GGT

TCC TTG CGA ATA TCC GAT CCA CAA TAA GCA GAG

CAG G, 59- GGT TCC TTG CGA ATA TCC GAT CCA CAA

TAA GCA GAG CAG G-39, 59-ACT AAA CCT GGC TAT

GAC AAA GAG CAC ACA ACT GAC ACC CAA GTA-39;

GluR7 59-CTC AGC GTT CAT GAC CTG GGC GTT GGG

GCC GTC CGC GTA CTC AAA-39, 59-ATT CTC CAC CAC

CTC AGA GCC GGG GTT GCA GGG GTG GGC ATC

ATA-39. Processing of the slides followed methods as previously

described in [42]. Anatomical locations were determined with the

assistance of the atlas of Paxinos and Watson [43]. Optical density

was determined using MCID 5.0 (Imaging Research, St.

Catharine’s, OT, Canada).

Pyknotic Cell Counts
Numbers of pyknotic cells were assessed following the method

of Frye and McCormick [44]. Sections were serial to those used

for autoradiography and in situ. Slides containing these sections

were processed to reveal Nissl substance beginning with a brief

fixation in 4% paraformaldehyde in 0.1M PB for 15 minutes

after which they were washed in distilled water three times for

2 minutes per wash. Sections were then dipped in 0.1% Cresyl

Violet for 2 minutes and then dehydrated in ascending

concentrations of ethanol prior to clearing in xylenes for

4 minutes. After drying, the slides were coverslipped with

permount. Pyknotic cells in the granule cell layer and subgranule

zone of the dentate gyrus were identified in a 1006visual field as

those having a small volume, membrane blebbing, and dark

condensed nucleus and chromatin.

Statistics
Optical density measurements were analyzed by a one way

ANOVA for the chronic steroid study and the chronic stress study.

Significant main effects and interactions in ANOVA were further

analyzed using Fisher’s protected least significant difference test

and Tukey’s test, respectively. Differences are considered signif-

icant at p,0.05. All data are presented as mean6SEM.

Author Contributions

Conceived and designed the experiments: RGH BM. Performed the

experiments: RGH RB EB AC KMM. Analyzed the data: RGH EB AC

KMM. Wrote the paper: RGH BM.

KAR, Stress & Steroids

PLoS ONE | www.plosone.org 6 January 2009 | Volume 4 | Issue 1 | e4328



References

1. Hollmann M, Heinemann S (1994) Cloned glutamate receptors. Annu Rev

Neurosci 17: 31–108.
2. Contractor A, Swanson G, Heinemann SF (2001) Kainate receptors are involved

in short- and long-term plasticity at mossy fiber synapses in the hippocampus.
Neuron 29: 209–216.

3. Chittajallu R, Vignes M, Dev KK, Barnes JM, Collingridge GL, et al. (1996)

Regulation of glutamate release by presynaptic kainate receptors in the
hippocampus. Nature 379: 78–81.

4. Mulle C, Sailer A, Swanson GT, Brana C, O’Gorman S, et al. (2000) Subunit
composition of kainate receptors in hippocampal interneurons. Neuron 28:

475–484.

5. Bortolotto ZA, Nistico R, More JC, Jane DE, Collingridge GL (2005) Kainate
receptors and mossy fiber LTP. Neurotoxicology 26: 769–777.

6. Laje G, Paddock S, Manji H, Rush AJ, Wilson AF, et al. (2007) Genetic markers
of suicidal ideation emerging during citalopram treatment of major depression.

Am J Psychiatry 164: 1530–1538.
7. Paddock S, Laje G, Charney D, Rush AJ, Wilson AF, et al. (2007) Association of

GRIK4 with outcome of antidepressant treatment in the STAR*D cohort.

Am J Psychiatry 164: 1181–1188.
8. Schiffer HH, Heinemann SF (2007) Association of the human kainate receptor

GluR7 gene (GRIK3) with recurrent major depressive disorder. Am J Med
Genet B Neuropsychiatr Genet 144: 20–26.

9. Beneyto M, Kristiansen LV, Oni-Orisan A, McCullumsmith RE, Meador-

Woodruff JH (2007) Abnormal glutamate receptor expression in the medial
temporal lobe in schizophrenia and mood disorders. Neuropsychopharmacology

32: 1888–1902.
10. Blackwood DH, Pickard BJ, Thomson PA, Evans KL, Porteous DJ, et al. (2007)

Are some genetic risk factors common to schizophrenia, bipolar disorder and
depression? Evidence from DISC1, GRIK4 and NRG1. Neurotox Res 11:

73–83.

11. Clark AS, Cotman CW (1992) Adrenal hormone effects on hippocampal
excitatory amino acid binding. Brain Res 585: 161–168.

12. Watanabe Y, Weiland NG, McEwen BS (1995) Effects of adrenal steroid
manipulations and repeated restraint stress on dynorphin mRNA levels and

excitatory amino acid receptor binding in hippocampus. Brain Res 680:

217–225.
13. Joels M, Bosma A, Hendriksen H, Diegenbach P, Kamphuis W (1996)

Corticosteroid actions on the expression of kainate receptor subunit mRNAs in
rat hippocampus. Brain Res Mol Brain Res 37: 15–20.

14. Strutz-Seebohm N, Seebohm G, Shumilina E, Mack AF, Wagner HJ, et al.
(2005) Glucocorticoid adrenal steroids and glucocorticoid-inducible kinase

isoforms in the regulation of GluR6 expression. J Physiol 565: 391–401.

15. Wisden W, Seeburg PH (1993) A complex mosaic of high-affinity kainate
receptors in rat brain. J Neurosci 13: 3582–3598.

16. Sloviter RS, Valiquette G, Abrams GM, Ronk EC, Sollas AL, et al. (1989)
Selective loss of hippocampal granule cells in the mature rat brain after

adrenalectomy. Science 243: 535–538.

17. Woolley CS, Gould E, Sakai RR, Spencer RL, McEwen BS (1991) Effects of
aldosterone or RU28362 treatment on adrenalectomy-induced cell death in the

dentate gyrus of the adult rat. Brain Res 554: 312–315.
18. Gould E, McEwen BS (1993) Neuronal birth and death. Curr Opin Neurobiol 3:

676–682.
19. Nishi M, Tanaka M, Matsuda K, Sunaguchi M, Kawata M (2004) Visualization

of glucocorticoid receptor and mineralocorticoid receptor interactions in living

cells with GFP-based fluorescence resonance energy transfer. J Neurosci 24:
4918–4927.

20. Darstein M, Petralia RS, Swanson GT, Wenthold RJ, Heinemann SF (2003)
Distribution of kainate receptor subunits at hippocampal mossy fiber synapses.

J Neurosci 23: 8013–8019.

21. Schmitz D, Mellor J, Nicoll RA (2001) Presynaptic kainate receptor mediation of
frequency facilitation at hippocampal mossy fiber synapses. Science 291:

1972–1976.

22. Lauri SE, Delany C, VR JC, Bortolotto ZA, Ornstein PL, et al. (2001) Synaptic

activation of a presynaptic kainate receptor facilitates AMPA receptor-mediated
synaptic transmission at hippocampal mossy fibre synapses. Neuropharmacology

41: 907–915.
23. Kullmann DM (2001) Presynaptic kainate receptors in the hippocampus: slowly

emerging from obscurity. Neuron 32: 561–564.

24. Lowy MT, Gault L, Yamamoto BK (1993) Adrenalectomy attenuates stress-
induced elevations in extracellular glutamate concentrations in the hippocam-

pus. J Neurochem 61: 1957–1960.
25. Raudensky J, Yamamoto BK (2007) Effects of chronic unpredictable stress and

methamphetamine on hippocampal glutamate function. Brain Res 1135:

129–135.
26. Nadler JV, Perry BW, Cotman CW (1978) Intraventricular kainic acid

preferentially destroys hippocampal pyramidal cells. Nature 271: 676–677.
27. Nadler JV, Cuthbertson GJ (1980) Kainic acid neurotoxicity toward hippocam-

pal formation: dependence on specific excitatory pathways. Brain Res 195:
47–56.

28. de Montigny C, Weiss M, Ouellette J (1987) Reduced excitatory effect of kainic

acid on rat CA3 hippocampal pyramidal neurons following destruction of the
mossy projection with colchicine. Exp Brain Res 65: 605–613.

29. Han F, Ozawa H, Matsuda K, Nishi M, Kawata M (2005) Colocalization of
mineralocorticoid receptor and glucocorticoid receptor in the hippocampus and

hypothalamus. Neurosci Res 51: 371–381.

30. Van Eekelen JA, Jiang W, De Kloet ER, Bohn MC (1988) Distribution of the
mineralocorticoid and the glucocorticoid receptor mRNAs in the rat

hippocampus. J Neurosci Res 21: 88–94.
31. Lupien SJ, McEwen BS (1997) The acute effects of corticosteroids on cognition:

integration of animal and human model studies. Brain Res Brain Res Rev 24:
1–27.

32. Luine VN, Spencer RL, McEwen BS (1993) Effects of chronic corticosterone

ingestion on spatial memory performance and hippocampal serotonergic
function. Brain Res 616: 65–70.

33. Watanabe Y, Gould E, McEwen BS (1992) Stress induces atrophy of apical
dendrites of hippocampal CA3 pyramidal neurons. Brain Res 588: 341–345.

34. Munck A, Naray-Fejes-Toth A (1994) Glucocorticoids and stress: permissive and

suppressive actions. Ann N Y Acad Sci 746: 115–130; discussion 131–113.
35. Autry AE, Grillo CA, Piroli GG, Rothstein JD, McEwen BS, et al. (2006)

Glucocorticoid regulation of GLT-1 glutamate transporter isoform expression in
the rat hippocampus. Neuroendocrinology 83: 371–379.

36. Reagan LP, Gorovits N, Hoskin EK, Alves SE, Katz EB, et al. (2001)
Localization and regulation of GLUTx1 glucose transporter in the hippocampus

of streptozotocin diabetic rats. Proc Natl Acad Sci U S A 98: 2820–2825.

37. McEwen BS (1999) Stress and hippocampal plasticity. Annu Rev Neurosci 22:
105–122.

38. Calabrese EJ (2008) Neuroscience and hormesis: overview and general findings.
Crit Rev Toxicol 38: 249–252.

39. Magarinos AM, Orchinik M, McEwen BS (1998) Morphological changes in the

hippocampal CA3 region induced by non-invasive glucocorticoid administra-
tion: a paradox. Brain Res 809: 314–318.

40. Hunter RG, Bellani R, Bloss E, Costa A, Romeo RD, et al. (2007) Regulation of
CART mRNA by stress and corticosteroids in the hippocampus and amygdala.

Brain Res 1152: 234–240.
41. Wullner U, Standaert DG, Testa CM, Penney JB, Young AB (1997) Differential

expression of kainate receptors in the basal ganglia of the developing and adult

rat brain. Brain Res 768: 215–223.
42. Hunter RG, Jones D, Vicentic A, Hue G, Rye D, et al. (2006) Regulation of

CART mRNA in the rat nucleus accumbens via D3 dopamine receptors.
Neuropharmacology.

43. Paxinos G, Watson C (1986) The Rat Brain in Stereotaxic Coordinates. New

York: Academic Press.
44. Frye CA, McCormick CM (2000) Androgens are neuroprotective in the dentate

gyrus of adrenalectomized female rats. Stress 3: 185–194.

KAR, Stress & Steroids

PLoS ONE | www.plosone.org 7 January 2009 | Volume 4 | Issue 1 | e4328


