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Abstract
N-methyl-D-aspartate (NMDA) receptors and the expression of their different splice variants and
subunits were previously characterized in the brain and spinal cord. However, knowledge on the
NMDA receptor expression and function in the enteric nervous system is limited. Previous work
suggested that NMDA receptors were involved in a rat model of visceral hypersensitivity. The aim
of this study was to characterize the expression of the NMDA receptor NR1 splice variants and the
NR2 subunit subtypes in the rat colon. We visualized the expression of NR1 protein in the rat
submucosal and myenteric plexuses. The NR1 splice variants found in the colon of rats lacked the
N1 and C1 cassettes and contained the C2 and C2′cassettes (NR1000 and NR1001). The NR2B and
NR2D subunits were also found in the rat colon. Moreover, NMDA receptors in the rat colon were
heteromeric, since NR1 was co-localized with NR2B and NR2D subunits using fluorescent
immunohistochemistry. The identification of the NMDA receptors in the enteric nervous system
could lead to the development of drugs that selectively modulate bowel function.
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N-Methyl-D-aspartate (NMDA) receptors are the most clearly defined glutamate receptor
subtype. These receptors have two subunit families designated NMDAR1 (NR1) and
NMDAR2 (NR2) (Michaelis 1993). In mammals, the functional NMDA receptor is a
heteromeric complex containing NR1 and NR2 subunits (McBain and Mayer 1994). However,
the exact number of subunits in each heteromeric glutamate receptor channel is still unknown.

The NR1 subunit (Fig. 1) has only one gene which has three regions of alternative splicing,
named the N1, C1 and C2 cassettes and results in eight possible splice variants. The N1 (exon
5) and C1 (exon 21) cassettes may be either present or absent without affecting the remaining
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NR1 protein. When the C2 cassette (exon 22) is spliced out the first stop codon is lost, resulting
in the expression of the C2′ cassette. Therefore, either the C2 or C2′ cassette are present in all
NR1 protein, but the two cassettes are not co-expressed within the same NR1 protein (Zukin
and Bennett 1995). The N1 cassette is located extracellularly and interacts with various
pharmacological modulators of the channel, including zinc, protons and polyamines
(Dingledine et al. 1999). The C-terminal cassettes of the protein control cell-surface expression
of NR1, where proteins with the shortest C-terminal region (lacking the C1 cassette and
containing C2′; NR1x00) show the highest cell surface expression (Okabe et al. 1999).

The NR2 subunit includes four family members NR2A, 2B, 2C and 2D. Expression of different
NR2 subunits determines the deactivation kinetics, antagonist sensitivity and ligand affinity
of recombinant NR1/NR2 receptors (McBain and Mayer 1994,Mori and Mishina 1995).

The presence of L-glutamate receptors, presumably of the NMDA type, was documented in
the myenteric plexus of the guinea pig (Moroni et al. 1986,Luzzi et al. 1988,Shannon and
Sawyer 1989,Alesiani et al. 1990,Wiley et al. 1991). Furthermore, the expression of the NMDA
receptor NR1 subunit was characterized by in situ hybridization and PCR techniques in both
the rat and guinea-pig enteric plexuses (Burns et al. 1994,Broussard et al. 1994). Also
glutamatergic receptors, including the NMDA type, were found in the enteric plexuses of the
human colon (Giaroni et al. 2003). These findings together established the presence of NMDA
receptors in the enteric nervous system. However, the roles of these enteric NMDA receptors
are still not fully understood.

Previous studies showed that the NR1 subunit was co-labeled with the vasoactive intestinal
peptide (VIP) on the inhibitory motor neurons of the ENS using double in situ hybridization
(Burns and Stephens 1995). Moreover, glutamate and NMDA enhance acetylcholine and
noradrenaline release from the ENS. Colonic peristaltic reflex was inhibited in vitro when
NMDA was added and these effects were antagonized by 2-Amino-5-phosphonovalerate
(APV) (Cosentino et al. 1995,Giaroni et al. 2003). The presence of the NR1 subunit was also
characterized in the rat extrinsic primary afferents (EPANs) and the intravenous administration
of memantine inhibited pain responses to noxious mechanical stimuli (McRoberts et al.
2001). Intrathecal administration (10 nmol) of the NMDA receptor antagonist; MK-801 were
sufficient to significantly attenuate the hyperalgesic visceromotor responses to colonic
distention after zymosan-induced inflammation (Coutinho et al. 2001). In a similar
inflammation model, the administration of both intrathecal MK-801 (1.5 nmol) and
intraperitoneal MK-801 (0.15 mg/kg) completely abolished the colorectal distension-induced
hypersensitivity of both noxious and innocuous stimuli (Gaudreau and Plourde 2004). Even
though it is uncertain whether these NMDA receptor antagonists were acting at the level of the
colon, taken together these studies suggested that NMDA receptors were involved in these
models of visceral hypersensitivity. Whether visceral hypersensitivity is produced by NMDA
receptors on nociceptive neurons or through the receptor’s actions on visceral motor neurons
is currently not known. However, the identification and characterization of these enteric
NMDA receptors could provide useful information for the development of drugs that
selectively modulate bowel function. Here we studied the expression of the NMDA receptor
NR1 protein splice variants and the NR2 subunit subtypes in the rat colon by using RT-PCR,
western blot and immunohistochemistry.

Experimental Procedures
Animals

Sprague Dawley rats (200–300 g, N=9) were maintained on a 12 hour light/dark cycle and fed
standard rodent chow and water ad libitum. All experiments were approved by the University
of Florida Institutional Animal Care and Use Committee.
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Reverse transcription-PCR (RT-PCR)
Animals were euthanized with CO2 and the brain and intestine were quickly removed. Total
RNA was isolated from rat brain and intestine tissues using RNeasy Mini Kit from Qiagen
(Valencia, CA.). Target transcripts were amplified with PCR primers from GenoMechanix
(Gainesville, Fl) listed on Table 1. RT-PCR reactions were carried out using Access RT-PCR
System from Promega (Madison, WI) and the following cycle conditions: 1 cycle at 48°C for
45 minutes, 94°C for 2 minutes and 72°C for 1 minutes, 35 cycles of PCR (94°C for 30 sec,
60°C for 1 minutes, 72°C for 2 minutes) and a final elongation period of 7 minutes at 72°C.
PCR products were separated on 1.2% agarose gel with 1X TBE buffer, viewed with ethidium
bromide and analyzed with Bio-Rad Gel Doc EQ Gel Documentation System, Bio-Rad
Laboratories (Hercules, CA). All the RT-PCR products were sequenced at the Genome
Sequencing Services Laboratory (GSSL), part of the Interdisciplinary Center for
Biotechnology Research (ICBR) at the University of Florida, Gainesville, FL.

Western blots
Samples of tissue were taken from rat brain and descending colon. Tissue was homogenized
in cold Cell Lysate Buffer [1mM Sodium Ortho-Vanadate, 10 mM Tris and 1% SDS] using a
Sonics Vibra-Cell Sonicator. Lysates were boiled for 5 minutes and then centrifuged at 16,000
g for 5 minutes and the supernatant was collected. Protein concentration was determined by
standard spectrophotometer method. Proteins were separated using 4–20% Tris-Glycine Gel
from Invitrogen (Carlsbad, CA), each lane was loaded with 15 μg of protein extract. Proteins
in the gel were then transferred to a Millipore (Bedford, MA) Immobilon-P polyvinylidene
fluoride (PVDF) membrane using a semi-dry transfer device (Bio-Rad Laboratories, Hercules,
CA). The transfer buffer used contains 20% methanol, 48 mM Tris pH 9.2, and 39 mM glycine.
The membrane was then placed in TTBS buffer [20 mM Tris pH 7.6, 0.9% NaCl, and 0.05%
Tween-20, pH 7.4] containing 5% non-fat dry milk for 1 hour to block non-specific binding
of antibodies. NR1 splice variant specific primary antibodies were provided by Dr. Michael
Iadarola from The National Institute of Dental and Craniofacial Research (NIDCR), Bethesda,
MD (Antibodies’ selectivity was assessed in Caudle et al. 2005). Antibodies against Actin,
NR1, NR2B and NR2D were purchased from different vendors (Table 2). After overnight
incubation with primary antibody at 4°C, the membrane was washed three times in TTBS (5
minutes each) and then placed in fresh TTBS containing 5% non-fat dry milk and secondary
antibody [dilution 1:4000] for rabbit or mouse IgG coupled to horse radish peroxidase (HRP)
for 1 hour. The membrane is then washed three times with TTBS (5 minutes each) and placed
in chemiluminescence substrate (LumiGLO®, Cell Signaling Technology, Beverly, MA) and
exposed to film at variable times points (15 seconds to 10 minutes) to ensure best resolution.

Immunohistochemistry (IHC)
Perfusion fixation—Rats were given a lethal dose of pentobarbital and perfused through
the heart with cold 0.9% saline followed immediately with cold 4% Paraformaldehyde. After
fixation the colon of the animal was removed, post-fixed in Paraformaldehyde for 24h at 4°C,
and then stored in 30% sucrose at 4°C for at least 24 hours.

Cryostat sections—Tissue was sectioned at 10 μm on a cryostat, serially mounted on a
glass slide, and air-dried for 1 hour. All preparations were washed 3 times (10 minutes each)
in Phosphate Buffered Saline (PBS) [10 mM sodium phosphate, pH 7.4, 0.9% NaCl] and placed
in blocking buffer containing 3% Normal Goat Serum (NGS) with PBS for 1 hour, and
incubated in primary antibody in 3% NGS/0.3% tween-20/PBS for 24 hours at 4°C. Most of
primary antibodies mentioned above in the Western blots section were used. In addition
antibodies for neuronal markers; Protein Gene Product 9.5 (PGP 9.5) and Neurofilament (NF)
were used (Table 2). The sections were then washed 3 times in PBS (10 minutes each) followed
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by 1 hour incubation in secondary antibodies, either Alexa Fluor 488 or 495 (1:1000; Molecular
Probes, Boston, MA) in 3%NGS/0.3% tween-20/PBS. Negative controls were performed by
incubating samples with only secondary antibodies and omitting primary antibodies.

After incubation with secondary antibodies, tissue was washed 3 times (10 minutes each) and
coversliped with ProLong® Antifade Kit mounting media (Molecular Probes, Boston, MA).
The sections were visualized with filters for red and green excitation. Images were
photographed on an Olympus BX51 Fluorescence microscope (Olympus, Center Valley, PA).

Whole mount—Segments of tissue from the descending colon (2–3cm) were removed and
cut longitudinally. The segments were spread and mounted onto slides containing a silicone
base to enable pinning of the tissue to the slides. To defat the tissue, the segments were washed
through a series of ethanol dilutions starting with 2 washes in 100% ethanol followed by single
washes in 95%, 70%, and 50% ethanol for 20 minutes each. Sections were incubated in distilled
water overnight at 4°C. The mucosa, submucosal plexus and circular muscle layers were then
pealed from each tissue section and the remaining myenteric plexus layer placed in 4%
paraformaldehyde overnight followed by 3–5 washes (5 minutes each) in PBS. Tissue sections
were cleared by placing them in KOH (in PBS) and glycerin serial incubations: 3:1 0.5% KOH:
glycerin for 1 hour, 1:1 0.5% KOH: glycerin for 1 hour, 1:3 0.5% KOH: glycerin for 1 hour,
and 100% glycerin overnight. A few drops of 30% H2O2 were added to both 1:1 and 1:3 KOH:
glycerin incubations. After 3–5 washes (5 minutes each) in PBS, the tissue was placed in
blocking buffer containing 3% Normal Goat Serum (NGS) with PBS for 30 minutes, then
incubated in the primary antibody [1:500 – 1:100] in 3% NGS/PBS, 1% Triton X-100 overnight
at 4°C. After 5 washes (10 minutes each) in PBS, the tissue was incubated for 60 minutes in
secondary antibodies, either Alexa Fluor 594 or Alexa Fluor 488 (1:2000, Molecular Probes,
Boston, MA) with 1% NGS/PBS, 0.3% Triton X-100. The tissue was then washed 6 times (5
minutes each) in PBS and placed in distilled water. Tissues were then mounted into clean slides
and coversliped with ProLong® Antifade Kit mounting media (Molecular Probes, Boston, MA)
(Rosa-Molinar et al. 1999). Slides were visualized with filters for red and green excitation.
Images were photographed on an Olympus BX51 Fluorescence microscope (Olympus, Center
Valley, PA).

Results
Expression of NR1 protein in the rat colon

The expression of NR1 was examined in the rat colon (Fig. 2). We used two different sets of
primers to amplify by RT-PCR (Fig. 2A) the RNA extracted from intestine and brain tissues.
These primers (arbitrarily named NR1 general and generic) recognized areas in the NR1 outside
the spliced exons. The expression of NR1 was evident in the colon tissue (gastrointestinal, GI)
and the rat brain. Rat brain was used as a positive control. Sample integrity and reaction
reliability were validated with the expression of the housekeeping gene, Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in both the GI and the brain tissues. A negative control
(−RT) that lacked reverse transcriptase using GAPDH primers was included to control for
genomic DNA contamination.

Protein expression was confirmed by western blot analyses that showed the NR1 protein in GI
and brain tissues using general mouse-NR1 antibody, which recognized a site outside of the
alternatively spliced cassettes (Fig. 2B, Top panel). To control for sample loading purposes,
an antibody against Actin was used.

Furthermore, we visualized the double label of the NR1 protein with the neuronal markers;
Protein Gene Product 9.5 (PGP 9.5) (Fig. 3A) and neurofilament (NF) (Fig. 3B) in the rat
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myenteric and submucosal plexuses using immunohistochemistry. The co-labeling of NR1 and
the neuronal markers PGP and neurofilament verified that NR1 is localized in enteric neurons.

Expression of splice variants of NR1 protein
The NR1 subunit gene has a total of 22 exons, three of which (exons 5, 21 and 22) undergo
alternative splicing to generate eight NR1 splice variants. The alternatively spliced cassettes
of the NR1 protein were named N1, C1 and C2. A detailed scheme of splice variant composition
of NR1 protein is presented in Fig. 1B. The four alternatively spliced cassettes of NR1 protein
are represented as colored boxes. In this model, the N1 cassette (exon 5) is extracellular at the
N-terminal, while the three C-terminal cassettes (C1, C2 and C2′) are located intracellularly.
The resultant eight splice variants of the NR1 protein in the presence (+) or absence (−) of the
three alternatively spliced exons (N1, C1 and C2) have several nomenclatures (Reviewed by
Yamakura and Shimoji 1999). The nomenclature used here; NR1xyz, was proposed by Durand
and colleagues (Durand et al. 1993), where x, y and z, represent the cassettes N1, C1 and C2,
respectively. The values of x, y and z are either 0 or 1 indicating the absence or presence of
the respective cassette (Fig. 1C).

After verifying the general expression of NR1 protein in the rat intestine, we examined the
expression of the splice variants of NR1 using specific primers and antibodies with RT-PCR
and western blots. Rat brain contains all splice variant isoforms (Sugihara et al. 1992), thus,
this tissue was used as a control in all our assays.

Expression of the N1 cassette (exon 5) in the rat colon
NR1 protein containing and lacking the N1 cassette was known to be present in both rat brain
(Sugihara et al. 1992) and spinal cord (Tolle et al. 1995,Prybylowski et al. 2001). To analyze
the expression of the N1 cassette in rat colon we performed RT-PCR (Fig. 4A) using four
different sets of primers (Table 1); “NR1a(b)”, which produced two different sized products,
a 274 bp band in the presence of exon 5 or a 211 bp band in the absence of this cassette. Primers
“exon 5+” and “N1+”, that were designed inside the N1 cassette and only showed a band if
this cassette was present. Alternatively “N1−” primers, only showed a band if exon 5 was not
present. While brain samples expressed both the N1 splice variants, the rat colon only expressed
the variant that lacked N1 (NR10yz). To verify these findings at the protein level, western blot
assays were performed. The expected NR1 band around 118 kDa was present in brain but it
was lacking in GI tissues (Fig. 4B).

These results further suggested that only splice variants without the N1 cassette (NR10yz) were
present in the rat colon.

Expression of C-terminal cassettes in the rat colon
The C-terminal cassettes were found to be critical in determining the cellular localization of
the NR1 (Okabe et al. 1999). Here we analyzed the expression of the rat colon C1 cassette by
RT-PCR, using two sets of primers; “C1” (with NR1 generic, see Table 1) and the “C1+”
primers (Liesi et al. 1999). We found with both sets of primers that the expected C1 band was
present in brain, but was absent from the rat colon (Fig. 4C).

To confirm these findings, we blotted using an antibody targeted towards the C1 cassette. We
observed the expression of C1 containing NR1 protein in brain but not in GI (Fig. 4D).

Whereas bands corresponding to the C1 cassette in both RT-PCR and western blot analyses
were present as expected in brain, none were visible in GI, suggesting that only the NR1 splice
variants that lacked the C1 cassette (NR1x0z) were present in the rat colon.
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When the C2 cassette (exon 22) is spliced out the first stop codon is removed, resulting in the
expression of the C2′ cassette. Consequently, either the C2 or C2′ cassette is present in all NR1
protein, but the two cassettes are not co-expressed within one NR1 molecule (Zukin and
Bennett 1995).

RT-PCR and western blot were used to assess the expression of the C2 and C2′cassettes. RT-
PCR with primers for exon 22 showed a band for both GI and brain (Fig. 4E). For the western
blot analyses we employed two different antibodies; the C2+ antibody, which targeted the C2
cassette and the C2- antibody directed against the C2′ cassette. These antibodies showed
expression of both the C2 and C2′ cassettes in the rat brain and colon (Fig. 4F). These results
suggested that both NR1 splice variants, the one that has the C2 cassette and the one that
contains the C2′ cassette (NR1xx0 and NR1xx1) were present in the rat colon. These variants
were visualized in the rat myenteric plexus by immunohistochemistry with Alexa fluor-linked
antibodies (Fig 5).

Expression of NR2 protein subtypes
The second subunit family of the rat NMDA receptor, named NMDAR2 (NR2), has four
members the NR2A, NR2B2, NR2C, and NR2D subunits. In mammals functional NMDA
receptor channels are produced when the NR1 subunit is expressed together with one or more
of the four NR2 subunit subtypes (McBain and Mayer 1994). All four NR2 subunit subtypes
are expressed in brain therefore we compared the expression of NR2 in the rat colon with this
tissue.

We used RT-PCR with four different sets of primers to assess the expression the NR2 subunits
(Fig. 6A). Analyses of NR2A and NR2C demonstrated no bands for GI, while both NR2B and
NR2D were evident in GI and brain tissues. These results suggested that only NR2B and NR2D
were present in the rat colon. These subunits were visualized in the rat myenteric plexus by
immunohistochemistry with Alexa fluor-linked antibodies (Fig 6B). Moreover, we were able
to visualize the double label of the NR2B protein with the neuronal marker; Protein Gene
Product 9.5 (PGP 9.5) (Fig. 6C) using immunohistochemistry. The co-labeling of NR2B and
the neuronal marker PGP further verified that NR2B was localized in enteric neurons.

Co-labeling of NR1 with NR2B and NR2D in the rat colon
The functional NMDA receptor is a heteromeric complex containing NR1 and NR2 subunits
(McBain and Mayer 1994). In order to verify if NR2B and NR2D were co-localized with NR1
in the rat colon we used specific antibodies targeted to NR1, NR2B and NR2D. We visualized
the double labeling of NR1 with both NR2B and NR2D with immunohistochemistry using
Alexa fluor-linked secondary antibodies (Fig. 7). The co-localization of NR1 with NR2B and
NR2D suggested there were heteromeric complexes of these NR2 subtypes with NR1 in the
rat colon.

Discussion
Our studies confirmed the expression of NR1 protein in the rat myenteric and submucosal
plexuses. We found that only the NR1 splice variants that contained the C2 or the C2′ cassette
(NR1000 and NR1001) were present in the rat colon. Also, the NR2B and NR2D subunits were
the only NR2 subunit subtypes found in the rat colon. Lastly, the NMDA receptors in the rat
colon were arranged in heteromeric complexes including the NR1 with NR2B and NR2D
subunits.

The presence of the N1 cassette caused a decrease in the open time of the NMDA receptor
channel (Rumbaugh et al. 2000) and decreased the ability of spermine to potentiate NMDA
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mediated currents (Mott et al. 1998). Since these enteric receptors lacked the N1 cassette, they
would show an increased pH, Zn2+, and spermine sensitivity similar to receptors with mutations
at the N1 cassette (Traynelis et al. 1998).

NR1 proteins with the shortest C-terminal region (lacking the C1 cassette and containing C2′;
NR1x00) showed the highest cell surface expression (Okabe et al. 1999). The lack of the C1
cassette also affected the PKC potentiation (Durand et al. 1993,Logan et al. 1999,Zheng et al.
1997) and the calmodulin-dependent inhibition (Ehlers et al. 1996) of these receptors’ currents.
Receptor clustering may be affected also, since the C1 cassette was shown to have specific
interactions with multiple intracellular proteins, including neurofilament-L (Ehlers et al.
1998) and the cytoskeletal protein yotiao (Lin et al. 1998). Therefore, these enteric NMDA
receptors which lacked both the N1 and C1 cassette may have an increased cell-surface
expression but poor clustering properties. Moreover, prior studies found that NR1000 receptors
were markedly less active than other splice forms like NR1111 (Durand et al. 1993), indicating
that the NMDA receptors in the colon may not produce large currents in the neurons when
activated.

Functional NMDA receptor channels in mammals are considered to be produced only when
the NR1 subunit is expressed together with one or more of the four NR2 subunits (McBain and
Mayer 1994). While the NR1 is widely expressed throughout the whole brain, the expression
of the NR2 subunits is highly regulated. The distributions of NR2A and NR2C have temporal
and spatial similarities to that of NR1, while the expression of NR2B shows differences in the
intensity and distribution (Takai et al. 2003). NR2D expression in the brain is very faint
compared to other NR2s, and mutant mice defective in NR2D expression appear to develop
normally (Ikeda et al. 1995). Not only the intensity and distribution of expression of the NR2
subunits is unique, but their functional behavior differs. The offset decay time constant of the
NRl/NR2B channel is ~400 msec, while the NR1/NR2D channel shows a very long offset
decay time constant (~5000 msec) (Reviewed by Mori and Mishina 1995).

The NR2B subunit has been the object of great interest as a therapeutic target in a wide range
of pathologies, including acute and chronic pain. Therefore, a remarkable compilation of drugs
were developed which target the NR2B subunit (Chazot 2004).

In conclusion we found that enteric NMDA receptors were heteromeric complexes of either
NR1000 or NR1001 with the NR2B and NR2D subunits. Moreover, in our studies with a 2,4,6-
trinitrobenzene sulfonic acid (TNBS)-induced model of colitis of the rat colon, both the
expression of the N1 and C1 cassettes are enhanced 14 days after inflammation (Zhou et al.
2006). Therefore, selective changes in the expression of the NR1 splice variants and possibly
the NR2 subunit subtypes of the NMDA receptors may be an element for the ongoing visceral
hypersensitivity in conditions such as irritable bowel syndrome (IBS). It is possible that the
enteric NMDA receptors have low activity in the normal healthy intestines and their activity
is increased after alternative splicing events that occur during pathophysiological states.
Previous studies using NMDA receptor antagonists showed promising inhibitory effects on
models of visceral hypersensivity (Coutinho et al. 2001,McRoberts et al. 2001,Giaroni et al.
2003,Gaudreau and Plourde 2004). The drugs in these studies seemed to be working at the
levels of the spinal cord and primary afferent neurons. Whether these NMDA receptor
antagonists could have an effect at the enteric level remains uncertain. To our knowledge this
is the first comprehensive analysis of the expression of the NMDA receptor NR1 protein splice
variants and the NR2 subunit subtypes in the rat colon. Therefore, more studies are needed to
determine the specific properties of these receptors both in normal and pathological conditions.
A better understanding of the expression, physiology and pharmacological properties of the
NMDA receptors present in the enteric nervous system could lead to the development of drugs
that selectively modulate the bowel function.
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Comprehensive List of Abbreviations
APV  

2-Amino-5-phosphonovalerate

ENS  
Enteric Nervous System

EPAN  
Extrinsic primary afferents

GAPDH  
Glyceraldehyde-3-phosphate dehydrogenase

GI  
Gastrointestinal

HRP  
Horse radish peroxidase

IBS  
Irritable Bowel Syndrome

IHC  
Immunohistochemistry

NMDA  
N-methyl-D-aspartate

Valle-Pinero et al. Page 10

Neuroscience. Author manuscript; available in PMC 2008 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NF  
Neurofilament

NGS  
Normal Goat Serum

PBS  
Phosphate Buffered Saline

PGP 9.5  
Protein gene product 9.5

PVDF  
Polyvinylidene fluoride

RT- PCR  
Reverse transcriptase polymerase chain reaction

TNBS  
2,4,6-trinitrobenzene sulfonic acid

VIP  
Vasoactive intestinal peptide
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Figure 1. Schematic representations of the proposed structure of the NMDA receptor channel
subunits and the NR1 subunit splice variant composition
(A) Schematic representation of the proposed structure of the NMDA receptor channel subunits
NR1 and NR2. The NR1 three transmembrane segment topology model shows the
transmembrane domains in red and the alternatively spliced cassettes; N1 (yellow triangle),
C1 (dark blue cylinder) and C2 (orange cylinder). Adapted from Yamakura and Shimoji
1999. (B) Detailed scheme of splice variant composition of NR1 protein. Colored boxes
indicate the four alternatively spliced cassettes of NR1 protein, along with their name and exon
number. The N1 cassette (exon 5) is extracellular at the N-terminal (solid yellow box). The red
bars indicate the four transmembrane (M1, 3 and 4) or intramembrane (M2) domains of the
NR1 protein. The three C-terminal cassettes; C1 (blue diamonds filled box), C2 (orange grid
filled box) and C2′ (vertical green lines filled box) are located intracellularly (Prybylowski et
al. 2001). (C) Splice variants of the NR1 subunit. The eight splice variants of the NR1 protein
in the presence (+) or absence (−) of three alternatively spliced exons (N1, C1 and C2);
NR1xyz, where x, y and z represent the cassettes N1, C1 and C2, respectively. The values of
x, y and z are either 0 or 1 indicating the absence or presence of the respective cassette (Durand,
Bennett and Zukin 1993).
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Figure 2. Expression of NR1 in rat colon
(A) RT-PCR analyses of NR1 in rat colon (named GI, for gastrointestinal) and brain tissues
using two different set of primers; NR1 general and NR1 generic, that recognize areas in the
NR1 outside the spliced exons. Assessment of housekeeping gene, GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase) was included as a control for sample integrity
and reaction fidelity. A negative control (−RT) was included which lacks Reverse transcriptase
and uses GAPDH primers. (B) Top panel, western blot showing broad expression of NR1
protein in GI and brain tissues using general mouse-NR1 antibody that recognizes a site outside
of the alternatively spliced cassettes. Bottom panel, an antibody against actin was use as a
control for loading purposes.
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Figure 3. Visualization of NR1 protein and neuronal markers; PGP and neurofilament in the rat
colon
Immunohistochemistry with Alexa fluor-linked antibodies on transverse colon sections
showing NR1 protein and neuronal marker protein gene product 9.5 (PGP 9.5) co-expression
(A) and NR1 protein and neuronal marker Neurofilament (NF) co-labeling (B). Scale bar = 50
μm. Section thickness = 10 μm. L = lumen, M = mucosa, SM = submucosal plexus, CM =
circular muscle, MP = myenteric plexus, LM = longitudinal muscle, Arrow = ganglia, Arrow
head = single cells.
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Figure 4. Expression of NR1 splice variants in the rat colon
(A) Expression of N1 cassette (exon 5) in the rat colon. RT-PCR analyses of N1 cassette
(exon 5) expression in rat colon and brain tissues using four different sets of primers; “NR1a
(b)”, “exon 5+”, “N1+” and “N1−”. (B) Western Blot showing expression of N1 cassette
containing NR1 protein in GI and brain tissues using antibody against N1. (C) Expression of
C1 cassette (exon 21) in the rat colon. RT-PCR results of C1 cassette (exon 21) expression
in rat colon and brain tissues using two different set of primers; C1 and C1+. (D) Western blot
showing expression of C1 cassette containing NR1 protein using antibody targeted towards
the C-terminal of the C1 cassette (exon 21). (E) Expression of C2 cassette (exon 22) in the
rat colon. RT-PCR results of C2 cassette (exon 22) expression in rat colon and brain tissues
using primers targeted to the C2 cassette. (F) Western blot showing probing of C2+ antibody
which is targeted to the C2 cassette and C2− antibody directed against the C2′ cassette.
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Figure 5. Visualization of the C2 and C2′cassettes in the rat myenteric plexus
Whole mount immunohistochemistry showing the C2 cassette expression and the C2′ cassette
expression in the rat myenteric plexus using an Alexa fluor antibody. Scale bar = 50 μm.
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Figure 6. Expression of NR2 subtypes in the rat colon
(A) RT-PCR analyses of NR2A, NR2B, NR2C and NR2D expression in the rat colon and brain
tissues using primers to detect the presence of each different NR2 subtype respectively. (B)
Whole mount immunohistochemistry showing the presence of the NR2B and NR2D proteins
in the rat myenteric plexus using Alexa fluor-linked antibodies. (C) Double-labeling of NR2B
and neuronal marker PGP 9.5. Scale bar = 50 μm.
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Figure 7. Co-labeling of NR1 with NR2B and NR2D subunits in the rat colon
Transverse colon sections showing co-labeling of the NR1 and NR2B (A) and the NR1 and
NR2D proteins (B) in the rat colon using Alexa fluor-linked antibodies. Scale bar = 50 μm. M
= mucosal crypts, CM = circular muscle, MP = myenteric plexus, LM = longitudinal muscle,
Arrow = ganglia, Arrow head = single cells.
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Table 2
Antibodies used for Western Blots and Immunohistochemical Assays
Antibodies were purchased from different vendors and dilutions were prepared according to vendors’
specifications. Incubation time for primary antibodies was 24 hours and 1 hour for secondary antibodies.

Antibody Host Company Cat. No.

Primary Antibodies
Actin Mouse Chemicon, Temecula, CA. MAB1501
Neurofilament Mouse Sigma, Saint Louis, Missouri. N-5389
NR1 Mouse BD Biosciences Pharmigen, San Diego, CA. 556308
NR1 Rabbit Santa Cruz Biotechnology, Santa Cruz, CA. SC-9058
NR1 splice variants Rabbit Provided by Dr. Michael Iadarola, The National Institute of

Dental and Craniofacial Research NIDCR, Bethesda, MD.
N/A

NR2B Rabbit Santa Cruz Biotechnology, Santa Cniz, CA. SC-9057
NR2B Mouse BD Biosciences Pharmigen, San Diego, CA. 610417
NR2D Rabbit Santa Cruz Biotechnology, Santa Cruz, CA. SC-10727
Protein Gene Product 9.5 Rabbit Chemicon, Temecula, CA. AB1761
Fluorescent Secondary Antibodies
Alexa Fluor 488 Mouse Molecular Probes, Eugene, OR. A21202
Alexa Fluor 488 Rabbit Molecular Probes, Eugene, OR. A21206
Alexa Fluor 594 Mouse Molecular Probes, Eugene, OR. A21201
Alexa Fluor 594 Rabbit Molecular Probes, Eugene, OR. A21442
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