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ABSTRACT

In this study, we aimed to determine the presence as well as the diverse distribution of N-methyl-D-aspartate (NMDA) and non-NMDA
glutamate receptor subunits in the rat red nucleus. Using adult Sprague-Dawley rats as the experimental animals, immunohistochemistry was
performed on 30 pm thick coronal brain sections with antibodies against a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (GluA1-4),
kainate (GluK1, GluK2/3, and GluKs), and NMDA (GluN1 and GluN2A) receptor subunits. The results showed that all ionotropic glutamate
receptor subunits are expressed in the red nucleus. Specific staining was localized in the neuron bodies and processes. However, the pattern
of immunoreactivity and the number of labeled neurons changed depending on the type of ionotropic glutamate receptor subunits and the
localization of neurons in the red nucleus. The neurons localized in the magnocellular part of the red nucleus were particularly immunopositive
for GluA2, GluA4, GluK2/3, GluKs, GluN1, and GIuN2A receptor proteins. In the parvocellular part of the red nucleus, ionotropic glutamate
receptor subunit immunoreactivity of variable intensity (lightly to moderately stained) was detected in the neurons. These results suggest that
red nucleus neurons in rat heterogeneously express ionotropic glutamate receptor subunits to form functional receptor channels. In addition,
the likelihood of the coexpression of different subunits in the same subgroup of neurons suggests the formation of receptor channels with
diverse structure by way of different subunit combination, and the possibility of various neuronal functions through these channels in the red

nucleus.
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INTRODUCTION respectively [2,8,9]. Moreover, projections arisen from senso-
ry-motor cortex supply RPC but do not innervate RMC [2].
In vertebrates with limbs, red nucleus (Latin rucleus ruber) ~ The cell projections of magnocellular neurons organize in the
is an important part of central motor system and participates ~ rubrospinal tract and extend to the cervical and lumbosacral
in maintaining body posture and controlling limb move-  cord. Axons of the parvocellular neurons form the rubro-ol-
ments [1-4]. In addition, its participation in the regulation of  ivary pathway and project to the spinal cord [2,9]. RMC and
antinociceptive functions has been proposed [s5]. However,  RPC serve different functions in the red nucleus [2,4]. The
in humans, red nucleus has different structure and functional ~ magnocellular part of the red nucleus is involved in move-
properties when compared to other mammalian species [6].In ments such as scratching or locomotion [2], in addition to the
rats, red nucleus is located on either side of the midbrain teg-  control of learned motor skills in rat [8,10]. Although less is
mentum and comprised of two parts: The parvocellular part  known about the role of the parvocellular part, it is suggested
(RPC) and the magnocellular part (RMC). RMC mainly con- that RPC is implicated in the automatization of learned move-
tains large neurons, whereas RPC consists of small to medium  ments [10] or in antinociceptive functions [s).
neurons [7]. RMC and RPC receive afferent inputs from Glutamate is the major excitatory neurotransmitter of the
anterior interposed nucleus and dentate cerebellar nucleus,  ammalian central nervous system and it acts by binding to

both, ionotropic and metabotropic, glutamate receptors [11].
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AMPA receptors are composed of four subunits designated
as GluAi-4 [13,14], five kainate receptor subunits were iden-
tified, named GluKi-5 [13-15]. NMDA receptors consist of a
mandatory subunit GluN1 in a combination with GluN2A-2D
subunits [16,17]. The combination of different subunits in the
formation of functional glutamate receptor channels results in
different functional properties of the particular neurons [18].

Red nucleus receives innervation through two major excit-
atory pathways including the corticorubral and the cerebello-
rubral projections [2,19-21]. Electrophysiological studies using
glutamate, glutamate agonist, and antagonist to investigate the
role of excitatory amino acid receptors in excitatory neuro-
transmission in the red nucleus, have emphasized that gluta-
mate acts as a neurotransmitter in both pathways [9,20-25]. In
addition, biochemical [26], morphological [21,27], and immu-
nohistochemical [28] studies have indicated that the glutama-
tergic system regulates the neurons of the red nucleus and that
functional glutamate receptor channels are present in the red
nucleus [29].

Considering the fact that the subunits of glutamate recep-
tors are responsible for synaptic efficacy of glutamate, this
study aimed to determine the presence and distribution pat-
tern of ionotropic glutamate receptor subunit proteins in the
rat red nucleus. Since the red nucleus comprises of two, func-
tionally different, parts that differ both in cellular content and
innervations, we conducted differential expression analysis of
AMPA, kainate, and NMDA receptor subunits in these parts,
using receptor immunohistochemistry.

MATERIALS AND METHODS

Animals

The study protocol was carried out in accordance with
the Guide for the Care and Use of Laboratory Animal of
the National Institutes of Health and approved by The
Experimental Ethical Committee of Uludag University. Ten
adult female Sprague-Dawley rats (200-250 g) were used in
this study, provided by the Uludag University Experimental
Animals Breeding and Research Center. The laboratory
animals were housed two per cage on a light-dark cycle
(12:12 hours) in temperature controlled environment (21°C).
The animals were allowed to access food and water ad libitum.

Anesthetized rats were transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde (PFA) [pH 7.4]. The
brains were removed, fixed in 10% sucrose prepared in 4% PFA
overnight at 4°C and placed in 20% and 30% sucrose in phos-
phate buffered saline for 2 days at 4°C. Five series of 30 pm
thick coronal brain sections throughout the brain stem were
obtained on a cryostat. The sections were collected in Tris-
HCI bufter (0.05 M, pH 7.6) and kept in cryoprotectant in
glass vials at —20°C until being used.
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Immunohistochemistry

Tris-HCI buffer was used for all washing steps. Primary
and secondary antibodies were diluted in blocking buffer
including 10% normal horse serum, 0.1% sodium azide, and
0.2% Triton X-100 in Tris-HCl buffer. All incubation steps were
carried out on an orbital shaker with appropriate agitation.

For immunohistochemical staining, free-floating sec-
tions were washed 3 times in Tris-HCI buffer to remove
cryoprotectant and blocked in blocking buffer for 2 hours.
The sections were incubated in rabbit anti-GluA1 (1:250,
ABi1504, Chemicon, USA), mouse anti-GluA2 (1:500, MAB
397, Chemicon, USA), mouse anti-GluA3 (1:250, MAB5416,
USA), rabbit anti-GluA4 AB1508,
Chemicon, USA), goat anti-GluKi (1:250, sc-7617, Santa Cruz,

Chemicon, (1:250,
USA) rabbitanti-GluKs (1:2000, Jennes and Eyigor, Rs2-4) [30],
and guinea pig anti-GluK2/3 (1:500, Jennes and Eyigor) [31],
mouse anti-GluN1 (1:500, 556308, BD Pharmingen, USA) or
mouse anti-GluN2A (1:3000, MAB5216, Millipore, USA) for
48 hours at room temperature. Before the incubation step of
some primary antibodies, the sections were pre-treated with
1 mM ethylenediaminetetraacetic acid (pH 8, for GluN1 and
GluN2A) and 50 mM trisodium citrate solution (pH 6, for
GluK1) for antigen retrieval. The washed sections were pro-
cessed with suitable biotinylated secondary antibodies raised
in donkey (Jackson Immunoresearch Labs, West Grove, PA,
USA) for 2 hours. Following the secondary antibody incu-
bation step, the sections were first exposed to avidin-biotin
complex (ABC Elite Standard Kit, Vector Labs, Burlingame,
CA, USA) and then diaminobenzidine solution (s0 mg, in
100 ml Tris-HCl bufter with 5 ul H O,) was used as a chromo-
gen to visualize the immunocomplex. After thorough washes,
the sections were mounted on glass slides, dried, and cover-
slipped with DPX. Control experiments were performed by
the omission of the primary antibody during the primary anti-
body incubation step and revealed a lack of specific staining.
Representative photomicrographs of the control experiments
for each primary antibody are shown in Figures 1S-V, 2P-R,
and 3M-N.

Consecutive series of sections were stained with cre-
syl violet (0.1% cresyl violet acetate in distilled water, Cs042,
Sigma, St. Louis, MO, USA), to assess the quantity of the neu-
rons in a particular red nucleus area and to make semi-quan-
titative comparison with the immunohistochemically labeled
neurons which are localized in the same part of the nucleus.

Analysis

Red nucleus sections from the rostral-caudal extent
(Bregma -5.16 mm and -6.60 mm, respectively [32]) were
analyzed for the presence of immunopositive neurons and
processed with Olympus BX-50 photomicroscope-attached



Zehra Minbay, et al.: Glutamate receptors in the red nucleus

S,

[ RMC /o~ mn) RMC
e -

3
X

S T U \Y

FIGURE 1. a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunit expression in the rat red nucleus. (A-C) represent
the coronal levels of the selected sections from the brain atlas [32]. Representative images of these levels with cresyl violet staining
are given in (D-F). Note that these images are taken with lower magnification to emphasize the localization and the structure of the
red nucleus at a particular level. In (G-) panels, GluAT-positive neurons can be observed. A small to moderate number of neurons was
labeled with GluAT antibody. GIuA2 antibody labeled more neurons and demonstrated higher intensity in both parts of the red nucleus
(J-1). Although the labeling intensity was higher, immunoreactivity for GIuA3 was detected in a small number of neurons in the rostral
part, whereas more neurons were GluA3-positive in the caudal part of the nucleus (M-O). (P-R) panels show the distribution of neurons
that expressed GluA4 subunits. More GluA4-positive neurons are preferentially localized in the magnocellular part of the red nucleus.
Specific staining was abolished in the control experiments (S-V). ml: Medial lemniscus; RMC: Magnocellular part of the red nucleus;
RPC: Parvocellular part of the red nucleus; PaR: Pararubral nucleus; 3N: Oculomotor nucleus.
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CCD camera (Olympus DP71 CCD Color Camera, 1.5 mil-
lion pixels, Olympus Corporation, Japan). The immunohis-
tochemically labeled neurons were semi-quantitatively ana-
lyzed by comparing the number of immunopositive neurons
with the number of neuronal bodies stained with cresyl violet
(Figures 1D-F 2D-F and 3D-F) in the sections which repre-
sent the same levels of the red nucleus (Figures 1A-C, 2A-C,
and 3A-C). The relative quantity of immunolabeled neurons
was graded by the following scale: “+" was used for a small
number of neurons, “++" for a moderate number of neurons,
and “+++” for a high number of neuwrons. If the quantity of
the labeled neurons matched or was close to the quantity of
neuronal bodies stained with cresyl violet in the same area,
“+++" grade was used. If the number of the labeled neurons
was smaller than the number of cresyl violet-stained neurons
then “+" grade was assigned. If approximately the half of neu-
ronal population in an area was immunopositive for a particu-
lar antibody, then “++" grading was chosen.

RESULTS

The results showed that all ionotropic glutamate recep-
tor subunits were expressed in the red nucleus (Figures 1-3).
Specific staining was localized in neuronal perikarya as well
as in the neuropil. The pattern of immunoreactivity and the
number of stained neurons changed depending on the type of
subunits. The neurons localized in the magnocellular part of
the red nucleus were particularly immunopositive for GluAz,
GluA4, GluK2/3, GluKs, GluN1, and GluN2A antibodies. In
the parvocellular part of the red nucleus, the number of neu-
rons labeled with the ionotropic glutamate receptor subunit
antibodies varied between few to moderate (Table 1). The
number of immunopositive neurons at different levels of
the red nucleus (Figures 1A-C, 2A-C, and 3A-C) was com-
pared to the number of neurons stained with cresyl violet
(Figures 1D-F, 2D-F and 3D-F).

AMPA receptor subunits

Dense immunoreactivity was detected for GluA2
(Figure 1J-L) and GluA4 (Figure 1P-R) in the large neurons of
the magnocellular part of the red nucleus (Table 1). GluA1-
positive neurons were specifically located in the dorsolateral
and ventrolateral areas of the magnocellular part of the red
nucleus (Figure 1G-1). A moderate number of GluA3-stained
neuronal perikarya was detected in the caudal part of the
nucleus (Figure 1M-O). In the parvocellular red nucleus, a
limited number of neurons was stained with AMPA receptor
subunit antibodies and neuropil staining was also detected.
When the expression of AMPA receptor subunits in the par-
vocellular part of the red nucleus was compared, the highest
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was the number of neurons that expressed GluA1 and GluA2
subunits (Figure 1).

Kainate receptor subunits

The red nucleus was intensely labeled with antibodies
against GluK2/3 (Figure 2J-L) and GluKs (Figure 2M-O)
receptor proteins; however, light immunopositivity was
detected for GluK1 antibody (Figure 2G-I and Table 1). The
labeling with the kainate receptor subunit GluKs antibody
revealed that the immunoreactive neurons were mostly local-
ized in the middle and caudal magnocellular parts of the red
nucleus (Figure 2N and O, respectively). GluKs immunolabel-
ing was apparent in the cell bodies and the proximal dendrites
and GluKs-positive neurons were detected in the dorsome-
dial and ventrolateral neuron subgroups of the magnocellular
part of the red nucleus. Furthermore, smaller neurons located
in the rostral part of the red nucleus showed moderate GluKs
immunoreactivity.

While the distribution pattern of GluK2/3-positive neu-
rons was similar to the pattern of GluKs-positive neurons,
it was observed that GluK2/3 immunoreactivity was more
prominent in the ventrolateral subgroup of neurons com-
pared to the dorsomedial subgroup of neurons (Figure 2L).
When compared to GluKi, more GluK2/3-positive neurons
in the parvocellular part were detected (Figure 2).

NMDA receptor subunits

Many neuron bodies and proximal dendrites were densely
labeled with NMDA receptor subunit antibodies (Figure 3).
Furthermore, neuropil staining was observed in the red
nucleus. In the magnocellular part, a high number of large- and
medium-sized neurons were densely stained with GluN1 anti-
body (Figure 3G-I). The number of GluN2A-positive neurons
varied from moderate to high in the red nucleus (Figure 3J-L).
When compared to GluN1, GluN2A antibody caused more
intense neuropil staining. In the parvocellular part of the red
nucleus, a higher number of neurons was labeled with GluN1
and GluN2A antibodies when compared to the number of
neurons labeled with other glutamate receptor antibodies
used in this study (Figure 3 and Table 1).

DISCUSSION

This study investigated the detailed distribution pattern
of neurons expressing ionotropic glutamate receptor subunit
proteins in two parts of the rat red nucleus. Our results indi-
cated that these neurons express all of the known ionotropic
glutamate receptors subunits in varying quantities and inten-
sities. To the best of our knowledge, this is the first descrip-
tive study on the differential expression pattern of ionotropic
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FIGURE 2. Kainate receptor subunit expression in the rat red nucleus. (A-C) represent the coronal levels of the selected sections from
the brain atlas [32]. Representative images of these levels with cresyl violet staining are given in (D-F). Note that these images are taken
with lower magnification to emphasize the localization and the structure of the red nucleus at a particular level. (G-) panels show the
GluK1-positive neurons in the red nucleus. Among all the kainate receptor subunits, GluK1 expression was detected in a very small num-
ber of neurons and the labeling intensity was the lowest. GIuK2/3 antibody recognizes a common sequence in the respective proteins
and the staining with this antibody revealed high immunoreactivity in a moderate to high number of neurons (J-L). Very high intensity in
the immunoreactivity against GluK5 antibody was detected in both parts of the red nucleus. Moderate to high number of neurons was
labeled (M-O). Specific staining was abolished in the control experiments (P-R). ml: Medial lemniscus; RMC: Magnocellular part of the red

nucleus; RPC: Parvocellular part of the red nucleus; PaR: Pararubral nucleus; 3N: Oculomotor nucleus.
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FIGURE 3. N-methyl-D-aspartate (NMDA) receptor subunit expression in the rat red nucleus. (A-C) represent the coronal levels of the
selected sections from the brain atlas [32]. Representative images of these levels with cresyl violet staining are given in (D-F). Note that
these images are taken with lower magnification to emphasize the localization and the structure of the red nucleus at a particular level.
NMDA receptor subunit antibodies reacted with more neurons in the red nucleus and demonstrated the highest intensity when com-
pared to other ionotropic glutamate receptor subunits. In (G-I) panels, GIuN1-positive neurons are observed, note that the most of the
neuronal perikarya in the caudal part are GluNT-positive. Neuropil staining was also observed. A moderate to high number of neurons
expressed GIuNT in the parvocellular part of the red nucleus. The distribution pattern of the GIuN2A-labeled neurons in the red nucleus is
represented in panels (J-L). Although not as high as the GIuNT immunoreactivity, GIUN2A labeling was dense in the red nucleus. A mod-
erate to high number of GIuN2A-positive neurons was detected in both the parvocellular and magnocellular parts of the red nucleus.
Specific staining was abolished in the control experiments (M and N). ml: Medial lemniscus; RMC: Magnocellular part of the red nucleus;
RPC: Parvocellular part of the red nucleus; PaR: Pararubral nucleus; 3N: Oculomotor nucleus.

glutamate receptors in the rat red nucleus. The previous stud-  glutamate regulate the function of the red nucleus in main-
ies demonstrated the presence of the glutamatergic innerva-  taining the body posture and controlling limb movements.
tion on red nucleus neurons [19,21,22]. Excitatory effects of ~ Glutamate binds to and activates two distinct families of
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TABLE 1. Localization and numerical density of neurons expressing ionotropic glutamate receptor subunits in the rat red nucleus

Part of rat red nucleus GluK1 GluKk2/3 GluK5 GluA1 GluA2 GluA3 GluA4 GluN1 GluN2A
Magnocellular +/ 4+ e i + Ht ++ [ER (SR ot
Parvocellular + ++ ++ ++ ++ + + /4t ++/+++

+: Small number of neurons; ++: Moderate number of neurons; +++: High number of neurons

receptor channels including metabotropic and ionotropic
receptors. Glutamatergic neurotransmission is shown to
be via the ionotropic glutamate receptors rather than the
metabotropic receptors in the red nucleus [24]. This study
was focused on the ionotropic glutamate receptors and the
expression pattern of the subunits of these receptors in the
red nucleus. /n situ hybridization as well as immunohisto-
chemical studies showed that AMPA and NMDA receptor
subunits of the ionotropic glutamate receptors are widely
expressed in the midbrain and brain stem [28,29,33-36];
however, a report showing a detailed distribution of these
receptors in the red nucleus is not available in the literature.
Moreover, there is no evidence in the literature about the
presence of kainate receptor subunits in the red nucleus. It
is important to determine the expression of different gluta-
mate receptor subunits in a particular central nervous system
area, since glutamate receptors form heteromeric, in addition
to homomeric, receptor channels combining different sub-
units. Results of this study showed that all ionotropic receptor
subunits are expressed in the red nucleus to form functional
heteromeric channels. This is important because different
combinations of subunits result in different functions of the
glutamate receptors.

Other studies showed that glutamate agonists activate
AMPA receptors in the red nucleus [23], whereas antago-
nists of non-NMDA glutamate receptors block the neuronal
activation [20,23,24]. This suggests the presence of functional
AMPA receptors in the red nucleus which is confirmed by the
results of our study, showing the expression of all four subtypes
of AMPA receptors in the red nucleus. We found that the
expression pattern of GluA2 and GluA3 subunits in the red
nucleus is in agreement with previous reports [34]; however,
a comparison of the distribution pattern of GluA1 and GluA4
subunits reported in this study with the pattern of immuno-
labeling demonstrated in the previous studies showed some
differences. According to Petralia and Wenthold [34], the
immunoreactivity for GluA1 antibody was intense. Moreover,
another study reported light immunoreactivity for GluA4
subunit [28]. These discrepancies could be due to the differ-
ent experimental animals used, i.e. the former study used male
rats and the latter study utilized turtles compared to female
rats used in our study. Contrary to the results of our study,
Sato et al. [29] reported that GluA1 mRNA was not expressed
in parvocellular neurons, while GluA2 mRNA was weakly
detected in the neurons of both parts. This inconsistency
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could be because of the different molecular characterization
techniques used in the two studies, i.e., Sato et al. [29] detected
the mRNA expression, while in our study, the protein expres-
sion was analyzed.

Previous studies reported similar results with regard to the
number of GluN1- and GluN2A-positive neurons and neuro-
pil staining in the red nucleus [28,35,36]. Electrophysiological
studies showed that NMDA receptors play an important role
in conveying glutamatergic signals from cortical or cerebel-
lar areas to the red nucleus, particularly to the magnocellu-
lar part [20,21]. Similar studies also showed that functional
NMDA receptor channels are present in the neurons of the red
nucleus [22-24]. The results of our study suggest that NMDA
receptors, comprised of GluN1 and GluN2A subunits, may be
the target of the glutamatergic innervation in the red nucleus.

For the first time in the literature, our study demonstrated
the presence of kainate-preferring glutamate receptor subunit
expression in the red nucleus. Kainate receptors are distinct
receptor channels with different functional properties when
compared to other glutamate receptors. We showed that all
kainate receptor subunits are present in the red nucleus, to
form heteromeric receptor channels. Further functional stud-
ies are necessary to determine the differential functions of
these receptors in the red nucleus.

Since dual immunofluorescence labeling was not used,
the results of this study lack information on the coexpres-
sion of subunits in a particular neuron in the red nucleus.
Nevertheless, it is reasonable to suggest that the neurons in the
red nucleus can coexpress different subunits, since our results
showed that all of the subunit proteins are synthesized in the
red nucleus neurons.

CONCLUSION

The results of this study showed that all the ionotropic glu-
tamate receptor subunit proteins are synthesized by the neu-
rons of the red nucleus. In addition to the NMDA and AMPA
receptors, kainate-preferring glutamate receptor subunits are
also present in the red nucleus. Together, this data suggests
that homomeric or heteromeric functional receptor channels
can be formed by these neurons to mediate the glutamatergic
signals arising from the higher central nervous system areas.
Further functional and pharmacological studies should deter-
mine diverse properties of these receptor channels with differ-
ent combinations of their subunits.
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