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  The KA1 kainate receptor (KAR) subunit in the substantia 

gelatinosa (SG) of the trigeminal subnucleus caudalis (Vc) 

has been implicated in the processing of nociceptive 

information from the orofacial region. This study compared 

the expression of the KA1 KAR subunit in the SG of the Vc 

in juvenile, prepubescent and adult mice. RT-PCR, Western 

blot and immunohistochemistry analyses were used to 

examine the expression level in SG area. The expression 

levels of the KA1 KAR subunit mRNA and protein were 

higher in juvenile mice than in prepubescent or adult mice. 

Quantitative data revealed that the KA1 KAR subunit 

mRNA and protein were expressed at levels approximately 

two and three times higher, respectively, in juvenile mice 

than in adult mice. A similar expression pattern of the KA1 

KAR subunit was observed in an immunohistochemical 

study that showed higher expression in the juvenile (59%) 

than those of adult (35%) mice. These results show that the 

KA1 KAR subunits are expressed in the SG of the Vc in mice 

and that the expression level of the KA1 KAR subunit 

decreases gradually with postnatal development. These 

findings suggest that age-dependent KA1 KAR subunit 

expression can be a potential mechanism of age-dependent 

pain perception.
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Introduction 

The substantia gelatinosa (SG) laminar II of the trigeminal 
subnucleus caudalis (Vc) is a critical site for orofacial 
nociceptive processing because it receives the synaptic 
inputs from primary myelinated Aδ and unmyelinated C 
fibers [38]. The SG neurons function as excitatory and 
inhibitory interneurons and regulate the output of projection 

neurons in lamina I and IV, which transmit noxious 
information to a higher brain center [8,18,23,24,30].

Kainate receptors (KARs) belong to the ionotropic 
glutamate receptor families, which also include α-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic acid and N- 
methyl-D-aspartate subunits. Native KARs are formed by 
the heteromeric combination of five subunits, GluR5-7 
(GluK1-3) and KA1-2 (GluK4-5). The KARs are expressed 
in nociceptive pathways including the dorsal root ganglion, 
spinal cord, thalamus and cortex [45], particularly at the 
spinal dorsal horn and Vc, which are involved in pain 
processing [3,7,15]. Among the KAR subunits, GluR5- or 
GluR6-containing KARs are involved in nociceptive 
transmission [39,46,47]. Because the KA1 subunit 
contributes to functional KARs with GluR5/6 subunits, the 
level of KA1 expression in the SG area can provide key 
information regarding pain processing. However, there is 
little information available regarding KA1 KAR subunit 
expression in the SG area of the Vc in mice. This study 
examined the KA1 KAR subunit mRNA and protein level 
in the SG area of the Vc using RT-PCR, Western blotting and 
immunohistochemistry and compared the expression levels 
according to the postnatal stage. 

Materials and Methods

Brain slice preparation
All experiments were approved by the Experimental 

Animal Care and Ethics Committee of Chonbuk National 
University. The mice (Damul Science, Korea) were housed 
under 12 h light : 12 h dark cycles (lights on at 07:00 h) with 
access to food and water ad libitum. Juvenile (postnatal 
days 7-14), prepubescent (postnatal days 25-35) and adult 
(postnatal days 42 over) mice were decapitated between 
10:00 and 12:00 h, after which their brains were removed 
rapidly and placed in an ice-cold bicarbonate-buffered 
artificial cerebrospinal fluid (ACSF) with the following 
composition (in mM): 126 NaCl, 2.5 KCl, 2.4 CaCl2, 1.2 
MgCl2, 11 D-glucose, 1.4 NaH2PO4 and 25 NaHCO3 (pH 
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7.4, bubbled with 95% O2 and 5% CO2). Coronal slices 
(150-170 μm thickness) containing the rostral part of Vc 
(1-2 mm from obex) were then cut in ice-cold ACSF using 
a vibratome (Microm, Germany). 

RT-PCR 
The RT-PCR procedures were conducted as previously 

described [1]. Briefly, punched samples from the SG of the 
Vc were harvested from the slice using a specially made 18 
gauge needle. The samples were then centrifuged at 12,000 
g for 3 min at 4oC and subsequently homogenized in TRIzol 
reagent (Invitrogen, USA). Next, 0.2 mL chloroform per 1 
mL TRIzol reagent was added and the mixture was shaken 
for 15 sec and subsequently centrifuged at 12,000 g for 15 
min at 4oC. The aqueous phase containing the RNA was 
then precipitated by mixing with isopropanol (0.5 mL), 
after which it was centrifuged at 12,000 g for 8 min at 4oC. 
The RNA pellet was washed with diethylpyrocarbonate 
(DEPC) water and 75% ethanol (1 mL) and centrifuged at 
7,500 g for 5 min at 4oC. The ethanol in the DEPC water 
was then removed and air-dried for 3 to 5 min. Finally, the 
pellet was dissolved in DEPC water. The RNA from the 
sample was quantified using a spectrophotometer 
(Eppendorf, USA). RNA with the same mass of 1 μg was 
added to each PCR tube containing the RT pre-mixture 
(DW 3.6 μL, 3 μg/μL random primers 0.7 μL, 40 U/μL 
RNaseOUT 0.7 μL (Invitrogen, USA)). The RNA in the 
RT pre-mixture was mixed gently, heated at 65oC for 5 min, 
and then incubated on ice for at least 1 min. The contents of 
the incubated samples were collected by brief 
centrifugation, after which 5× first-strand buffer (4 μL), 
0.1 M DTT (1 μL), 10 mM dNTP (1 μL), 200 U/μL 
Superscriptase III (0.5 μL) and nuclease free water (0.5 
μL) (Invitrogen, USA) were added. The mixture was then 
incubated at 25oC for 5 min and subsequently heated at 
50oC for 60 min. Finally, the reaction was inactivated by 
heating at 70oC for 15 min. The RT products were stored at 󰠏20oC in a freezer. The primers of the KA1 subunit (F;5´-A 
TGCCCCGTGTCTCTGCTCCT-3´: R; 5´-TCTGGAGTT 
GGAACCTGACAAA-3´) and GAPDH (F;5´-TTGGCAT 
TGTGGAAGGGCTC-3´: R; 5´-TGCTGTTGAAGTCGC 
AGGAG-3´) were designed using the Primer3 program 
[36]. The PCR reaction of the KA1 subunit and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was amplified using a thermal cycler (MJ Research, USA). 
cDNA synthesis from the RT sample was amplified in a 
PCR master mix solution (Promega, USA). Amplification 
consisted of a denaturation step at 94oC for 2 min, followed 
by 30 cycles of 94oC for 30 sec, 58oC (KA1) or 62oC 
(GAPDH) for 30 sec, and 72oC for 45 sec, with a final 
extension step at 72oC for 10 min. Semi-quantitative RT- 
PCR analysis of the KA1 subunit expression was estimated 
after electrophoresis on 2% agarose gels (USB, USA) 
using ethidium bromide dye. To quantify the expression of 

the KA1 subunit and GAPDH, the PCR products were 
analyzed using the density-metric program (Multi Gauge) 
of a Las-3000 image analyzer (Fuji, Japan) after gel 
scanning with Gel-Doc 1000 (Bio-Rad, Italy). The 
expression density of the KA1 subunit PCR products was 
normalized against GAPDH [9,21,43]. The normalized 
data of each group (juvenile KA1/GAPDH, prepubescent 
KA1/GAPDH and adult KA1/GAPDH) were 
renormalized according to the juvenile density of each 
group. 

Western blot 
Punched samples (n = 4) from the SG of the Vc were lysed 

in tissue lysis buffer (RIPA buffer; 50 mM Tris-HCl, 1% 
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM 
EDTA, 1 g/mL aprotinin, 1 g/mL leupeptins, 1 g/mL 
pepstatin A, 100 μg/mL PMSF) on ice for 30 min. For 
detection of the KA1 subunit, the sample was boiled for 5 
min before loading and then separated using 7% SDS- 
polyacrylamide gels. The sample was then transferred to an 
immuno-blot PVDF membrane (Bio-Rad, USA). The 
membranes were blocked for 2 h at RT in 0.05% T-TBS (10 
mM Tirs, pH 8.0, 150 mM NaCl, 0.05% Tween 20) 
containing 5% skim milk (Bio-Rad, USA), after which they 
were incubated with primary antibodies against the KA1 
subunit (1 : 200 in 0.05% T-TBS containing 5% bovine 
serum albumin, 100~150 kDa; Santa Cruz Biotechnology, 
USA) and anti-α-Tubulin (1 : 2,000, 50 kDa; Sigma, USA) 
overnight at 4oC [27]. After washing three times for 10 min 
each in 0.05% T-TBS, the membranes were incubated with 
horseradish peroxidase-conjugated anti-goat antibody (1: 
2,000 in 0.05% T-TBS containing 5% bovine serum albumin; 
Santa Cruz Biotechnology, USA). The membranes were 
then washed with 0.05% T-TBS and exposed to X-ray film. 
The protein expression of the KA1 subunit was analyzed 
using a density-metric Multi Gauge program in the Las- 
3000 image analyzer (Fuji, Japan) after scanning the X-ray 
films. The expression density of the KA1 subunit was 
normalized to anti-α-tubulin. The normalized data from 
each group (juvenile KA1/α-Tubulin, prepubescent KA1/ 
α-Tubulin and adult KA1/α-Tubulin) was then renormalized 
according to the juvenile density of each group.

Immunohistochemistry 
The brains of juvenile and adult groups were removed 

rapidly (each n = 4), placed in 4% paraformaldehyde and 
fixed overnight at 4ºC. The brains were then dehydrated in 
70%, 95% and 100% ethanol two times each for 45 min at 
RT, after which the samples were cleaned in xylene three 
times for 30 min at RT. The cleaned brains were then 
embedded in paraffin. Next, 5 μm tissue sections were 
mounted on ProbeOn Plus Microscope Slides (Fisher 
Biotech, USA). Each slide was then deparaffinized in 
xylene and rehydrated in ethanol, after which it was rinsed 
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Fig. 1. (A) Expression of the KA1 subunit mRNA in the 
substantia gelatinosa (SG) of the trigeminal subnucleus caudalis
(Vc). The KA1 subunit is more strongly expressed in juvenile 
than prepubescent or adult mice. (B) The relative expression of 
normalized KA1 mRNA in juvenile, prepubescent and adult 
mice. *p＜0.05. NS: not significant, GAPDH: glyceraldehyde- 
3-phosphate dehydrogenase.

Fig. 2. KA1 subunit protein expressed in the punched lamina II 
containing SG neurons. Expression of the KA1 subunit 
decreased gradually with postnatal development.

in DW and the endogenous peroxide activity was 
suppressed by incubation in 3% H2O2 for 5 min. The slide 
was then rinsed in PBS and incubated in blocking normal 
serum (Vector Laboratories, USA) for 1 h at RT followed 
by incubation with the primary antibody in blocking 
normal serum (1 : 50) and anti-KA1 overnight at 4oC. After 
washing with PBS, the slides were reacted in biotinylated 
pan-specific antibody anti-mouse/rabbit/goat IgG (H + L) 
(Vector Laboratories, USA) for 30 min at RT. Subsequently, 
the slide was rinsed in PBS and reacted in the strepavidin- 
peroxidase complex (Vector Laboratories, USA) for 30 
min. The slides were rinsed again in PBS, stained using an 
AEC peroxidase substrate kit (Vector Laboratories, USA) 
and counterstained with hematoxylin. The slide was then 
evaluated based on random areas under a microscope. The 
negative control was examined using an identical method, 
but without the primary antibody. The KA1 subunit 
detected in the SG was examined at three relative 
expression levels (0%, 50%, 100%) by a blind test and 
samples with over 50% were used for analysis.

Statistics
All values are expressed as the means ± SE. A chi-square 

test paired t-test and a one sample t-test were used to 
compare the percentage of responding cells and relative 
normalized mRNA expression, respectively. A p value ＜0.05 was considered significant. 

Results

Fig. 1A provides an example of the expression of KA1 
subunit mRNA in the SG of the Vc in juvenile, prepubescent 
and adult mice. The housekeeping gene, GAPDH, was used 
to confirm identical loading on the agarose gel. Fig. 1B 
shows the relative KA1 mRNA expression levels. The 
relative mRNA expression levels of the KA1 subunit in the 
prepubescent (0.68 ± 0.086, n = 5) and adult (0.54 ± 0.061, 
n = 8) mice were significantly lower than that of the juvenile 
mice (n = 8). However, there was no significant difference 
in the expression levels of prepubescent and adult mice. 

Western blot of a punched sample (n = 4) from the SG of 
the Vc was conducted to determine if the KA1 protein level 
of the KAR subunit also showed a similar pattern to that of 
mRNA expression. Fig. 2 provides an example of the protein 
expression of the KA1 subunit. The KA1 subunit protein 
level decreased with increasing postnatal development 
stage. The housekeeping gene encoding α-Tubulin was used 
as a reference to normalize the expression level of each 
sample. As shown in Fig. 2, the protein levels in the 
prepubescent (0.33 ± 0.19) and adult mice (0.34 ± 0.14) were 
lower than that of juvenile mice showing a similar pattern 
of mRNA expression. Immunohistochemistry was conducted 
to confirm the postnatal change in KA1 containing KAR 
expression. As shown in Figs. 1 and 2, KA1 mRNA and 

protein expression levels were similar in the prepubescent 
and adults. Therefore, this study compared the KA1 receptor 
immunoreactivity between juvenile and adult mice. Figs. 
3Aa and 3Ab show the immunoreactivity of the KA1 subunit 
in a coronal slice including the SG neurons of the Vc in 
juvenile and adult mice, respectively. The KA1 subunits 
were more highly expressed in the juvenile laminar II 
containing SG neurons (85/143, 59%) of the Vc than in 
adults (35/99, 35%). The KA1 subunits were stained a 
reddish color. Analysis of the counted SG neurons using the 
SPSS program (SPSS, USA) showed a significant 
difference in the expression level of the KA1 subunits 
between the juvenile and adult mice (Fig. 3B). A significant 
difference was also observed between juvenile and adult 
mice. However, there was no significant difference in the 
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Fig. 3. The KA1 subunit was expressed differently in juvenile and
adult mice. (A) Immunoreactivities for the KA1 subunit containing
kainate receptors were observed in the SG of the Vc in juvenile (Aa)
and adult (Ab) mice. The closed and open arrowheads indicate 
intense and weak expression of KA1 subunits, respectively. (B) 
The percentage of neurons expressing the KA1 subunit in the 
juveniles and adults. *p＜0.05. Immunohistochemical staining 
and couterstain with hematoxylin, ×400.

expression of the KA1 subunit between males and females. 

Discussion

KARs are expressed in the spinal dorsal horn [11,14,16, 
31,32,37] and play an important role in sensory transmission. 
For example, KA can release GABA/glycine and glutamate 
[17] at presyanptic terminals in the spinal dorsal horn. In 
addition, the KARs are located on the postsynaptic 
membrane of the spinal dorsal horn neurons [22] and in 
identified glial cells in a rat spinal cord slice [48]. Functional 
KARs are expressed as tetrameric combinations of subunits, 
i.e. dimers of dimers. The subtypes GluR5-7 form 
homomeric or heteromeric combinations [5,40], whereas 
the KA1 and KA2 subtypes form exclusively heteromeric 
functional KA receptors by partnering-up with GluR5 to 7, 
but not with the opposite KA1/2 [20]. Although many 
studies have reported the expression of KARs in the spinal 
dorsal horn, which is involved in pain processing, few 
investigations of the trigeminal subnucleus caudalis, 
which is involved in orofacial pain processing, have been 
conducted. 

The results of this study indicated that the expression 
level of the KA1 KAR subunit mRNA in the SG of the Vc 
was lower in adult mice than juvenile mice. A similar 
pattern of postnatal dependent KA1 KAR subunit mRNA 
expression was reported by Stegenga and Kalb [41] in the 
rat spinal cord using an in situ hybridization study. They 
found moderate expression of the KA1 subunit mRNA at 
postnatal day (PND) 2, but no mRNA for the KA1 KAR 
subunit transcript was detected in the PND22 spinal cord. 
Moreover, in the rat hippocampus, including the CA2, 
CA3 and CA4 regions, KA1 subunit mRNA expression 
increased transiently over the birth levels, after which it is 
decreased gradually to PND35 [35]. 

Based on the principle of central dogma, mRNA is 
translated to proteins. In the Western blot study, the KA1 
subunit was expressed in the juvenile SG of the Vc. 
However, the expression level was quite low in 
prepubescent and adult mice. A similar pattern was also 
observed in the immunohistochemical study. Although 
there was an age-dependent decrease in KA1 subunit 
expression, no difference was observed in the expression 
of the KA1 subunit between males and females. These 
results are consistent with the expression level of the KA1 
KAR subunit mRNA. Since co-expression of the neuronal 
marker with the KA1 subunit on SG was not examined, it 
is not clear if all the immunoreactive cells are neurons. 
However, Hantman et al. [10] reported that NeuN (a 
neuronal marker)-immunoreactive cells are expressed 
extensively in the boundary of laminar IIo and laminar IIi.

The neurons expressing high-affinity KAR subunits in 
the superficial laminae of the dorsal horn of the spinal cord 
were demonstrated by in situ hybridization [42]. Lu et al. 
[25] reported the expression of the KA1 KAR subunit at 
the postsynaptic and presynaptic sites in the spinal cord. 
Presynaptic immunoreactivity for KA1 was also observed 
in the terminals of the primary afferent fibers to the 
superficial laminae of the dorsal horn [26]. However, it is 
unclear if the postnatal decrease in KA1 subunit expression 
occurred on the presynaptic terminals, postsynaptic soma/ 
dendrites or glial cells because RT-PCR and Western 
blotting were conducted in punched samples from the SG 
area. However, the immunohistochemical data showed 
that a postnatal decrease in KA1 subunit expression may 
occur on the postsynaptic membrane, at least in part. Patch 
clamp studies are powerful tools for identifying postnatal 
changes in functional KA1 containing KAR expression on 
pre- or post-synaptic neurons. However, to date, the 
physiological roles of native KA1 containing KARs have 
been difficult to study due to the lack of selective agonists 
or antagonists for the KA1 subunit. Future studies should 
examine whether age-dependent functional changes in the 
KA1 subunit also occur when specific KA1 agonists 
become available. 

Expression of the KA1 subunit can be altered by various 
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stimuli. Chen et al. [2] reported that KA1 subunit expression 
was upregulated dramatically by KA injection into the 
CA1 region of the hippocampus in adult mice. KA1 
expression can also be changed by stress-related hormone 
levels in the CA3 and dentate gyrus regions of the dorsal 
hippocampus [13]. Although studies using gene knock out 
techniques have shed light on the functions of the KA2, 
GluR5, GluR6 and GluR7 subunits [4,28,29,33], the precise 
physiological and pathological functions of the KA1 
subunit are not clear [12,19,20]. 

It has been reported that the degree of pain perception can 
be changed by the postnatal stages. For example, the 
withdrawal threshold to mechanical stimulation was lowest 
in 2-week old rats, intermediate in 4-week old rats and 
highest in 16 week-old animals [34]. Similarly, Walker et 
al. [44] reported that the baseline mechanical withdrawal 
threshold increased with increasing postnatal stage. These 
results suggest an age dependent change in pain processing. 
Recently, Fernandes et al. [6] generated KA1 subunit 
knockout mice and reported that KARs do not function 
efficiently as ligand-gated ion channels without high affinity 
subunits (KA1 and KA2), suggesting that high-affinity KAR 
subunits are essential for ionotropic glutamate receptor 
signaling. 

This study showed a difference in the expression of the 
KA1 subunit on the SG neurons of the Vc in juvenile and 
prepubescent/adult mice through RT-PCR, Western blot 
and immunohistochemistry. Since the KA1 subunit 
contains a high affinity agonist-binding site, changes in 
expression may affect the binding of the receptors to KA. 
Overall, the different level of KA1 KARs expression 
according to postnatal stages suggests that age-dependent 
KA1 KAR subunit expression can be a potential mechanism 
of age-dependent pain perception. 
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