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Abstract

Background: N-methyl-D-aspartic acid (NMDA) receptors play an important role in the
development of hypersensitivity to visceral and somatic stimuli following inflammation or tissue
injury. Our objective was to investigate the role of NMDA NRL1 receptors in the spinal cord (T10-
L1; L4-S1) of a subset of rats that remain hypersensitive following histological resolution of TNBS-
induced colitis compared to saline treated rats and rats that had recovered both behaviorally and
histologically. We hypothesized that NMDA NR1 subunit expression mediates hypersensitivity
following transient TNBS colitis.

Methods: Male Sprague-Dawley rats (150g-250g) received 20mg/rat intracolonic trinitrobenzene
sulfonic acid (TNBS) in 50% ethanol or saline. Animals underwent nociceptive visceral/somatic pain
testing 16 weeks after resolution of TNBS colitis. Animals were sacrificed and their spinal cord (T10-
L1; L4-S1) was retrieved and 2-dimensional polyacrylamide gel electrophoresis and

immunohistocytochemistry techniques were used to investigate spinal-NMDA receptor expression.

Results: NR1yg; was the only NMDA NR1 receptor subunit that was expressed in recovered and
control rats, whereas hypersensitive animals expressed NR1p1; and NR1114 as well as NR1g;
subunits. Immunohistochemistry analysis demonstrated increased expression of NMDA NR1-N1,
C1, and C2-plus expression in lamina | & I1 of the spinal cord (T10-L1; L4-S1) in hypersensitive
rats but not in recovered/control rats.

Conclusions: Selective increases in the expression of the NMDA NR1 splice variants occur in
hypersensitive rats following resolution of TNBS colitis. This suggests that the NMDA NR1 receptor
play an important role in the development of neuronal plasticity and central sensitization. The
recombination of NR1 splice variants may serve as a key functional protein that maintains
hypersensitivity following resolution of TNBS colitis.
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1. Introduction

Chronic abdominal pain is a common gastrointestinal symptom that affects large numbers of
patients in the US. Even though the pathophysiology of visceral pain or functional bowel
disorders is unclear, visceral hypersensitivity is a common biological marker present in some
patients with functional bowel disorders such as the irritable bowel syndrome (IBS) (Naliboff
et al 1997; Verne et al 2001). Although the mechanisms of IBS are still not well understood,
research into visceral hypersensitivity has demonstrated that impulse frequencies of visceral
primary afferent neurons increase following injury to the viscera and may lead to central
sensitization (Al Chaer et al 2000; Cervero 1985; Cross 1994; Lu et al 1997; Mayer & Gebhart
1994; Mayer et al 1999; Qin et al 2002; Urban & Gebhart 1999h). Central sensitization also
contributes to chronic visceral pain. A number of receptors, neurotransmitters, cytokines and
second messenger systems in primary afferent and second order neurons have been implicated
in the enhancement of visceral nociception (Cervero & Laird 2004; Delvaux 2002; Holzer et
al 2001; Mach 2004; Mertz 2003), including serotonin, substance P, calcitonin gene-related
peptide (CGRP), as well as glutamatergic NMDA receptors.

We have previously shown that a subset of IBS patients with visceral hypersensitivity have
thermal hyperalgesia of the hand and foot (Verne et al 2001), consistent with their frequent
complaints of pain in body regions somatotopically distinct from the gut. These patterns of
hyperalgesia suggest that central sensitization mechanisms may occur in IBS patients. Other
studies have also shown that IBS patients demonstrate hypersensitivity to controlled
nociceptive stimuli applied to somatic tissues (Bouin et al 2002; Dunphy et al 2003; Verne et
al 2003). Results from all of these studies suggest that visceral and somatic nociceptive
processing overlap (viscerosomatic convergence), particularly in the lumbosacral distribution.
Thus, tonic input from the gut may sensitize spinal cord neurons in which visceral and somatic
nociceptive information converges.

In a previous study, we found long-term visceral and somatic hypersensitivity in a subset of
rats (18 of 75 rats, 24%) that had been given intracolonic trinitrobenzene sulfonic acid (TNBS)
(Zhou et al 2008a). Hypersensitivity to visceral and somatic stimuli was observed in these
animals 16 weeks following resolution of colitis. This subset of hypersensitive rats had visceral
and somatic hypersensitivity in response to nociceptive colonic distension and somatic
stimulation similar to that seen in a subset of IBS patients (Bouin et al 2002; Dunphy et al
2003; Verne et al 2001; Verne et al 2003). Some IBS patients report greater pain in response
to rectal distension and thermal stimulation of the extremities in comparison to controls. We
have hypothesized that this somatic hypersensitivity, both in IBS patients and hypersensitive
rats, is most pronounced in somatic areas associated with convergence of colonic and somatic
afferents onto common spinal neurons (Price et al 2006).

NMDA receptors contribute to colonic inflammation-evoked hyperalgesia and dorsal horn
neuron hyperexcitability (Zhou & Verne 2008). NMDA receptors integrate the activity of
groups of neurons and provide a mechanism to amplify nociceptive signals leading to central
sensitization. Central sensitization is characterized by enlarged neuronal receptive fields,
allodynia and hyperalgesia (Baranauskas & Nistri 1998; Dubner & Ruda1992 Ma & Woolf
1995; McRoberts et al 2001; petrenko et al 2003; Ren & Dubner 1999; Urban & Gebhart
1999a; Willert et al 2004; Woolf & Thompson 1991). Further support for NMDA receptor-
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mediated central sensitization and chronic visceral pain is evidenced by attenuation of central
sensitization with NMDA receptor antagonists (Castroman & Ness 2002; Dubner &
Rudal992 ; Klatt et al 1999; Sun et al 1998; Traub et al 2002).

The various splice variants of NR1 have distinct properties that significantly influence the
function of the fully formed receptor. In this study, we examined the expression of the NR1
splice variants in the spinal cord of rats following resolution of TNBS colitis to determine if
NMDA receptor expression was altered by a transient inflammatory injury. We previously
found increased expression of NR1 splice variants in the colon of rats with TNBS-induced
colitis and somatic/visceral hypersensitivity (Zhou et al 2006). In subsequent studies, we found
subsets of rats that retained visceral and somatic hypersensitivity even after histological
resolution of TNBS-induced colitis (Zhou et al 2008a; Zhou et al 2008b). Therefore, we
hypothesized that NMDA NR1 subunit expression mediates hypersensitivity following
transient TNBS colitis.

Histological Examination of Colons

All saline and TNBS treated rats (recovered and hypersensitive rats) had no evidence of colitis
at 16 weeks following administration of saline or TNBS respectively (data not shown). There
was no evidence of neutrophils in the lamina propria or interstitial edema.

Behavioral Pain Testing

Shown in Table 1 are the results of the visceral and somatic pain testing. A total of 6 out of 27
(22%) of TNBS treated rats exhibited both somatic and visceral hypersensitivity as previously
defined; 21 out of 27 (78%) of TNBS treated rats recovered from transient TNBS colitis, there
is no difference between saline treated rats (n=10) and recovered rats. These results are similar
to the previous studies we have reported (Zhou et al 2008a,b). There was no observed order
effect based on which pain stimuli were applied first.

Interestingly, a total of 22% of rats maintained visceral and somatic hypersensitivity after
TNBS colitis was healed. For our current study, we focused on changes in the central nerve
system-spinal cord that might lead to central sensitization in hypersensitive rats. We used the
NMDA NR1 subunit receptors as a marker to investigate central sensitization as it has been
previously shown to play an important role in initiating and maintaining other chronic pain
states. Thus, in our current study, we are specifically evaluating the unique role that the NMDA
NR1 receptor might play in visceral and somatic hypersensitivity in functional bowel disorders
such as IBS.

NMDA NR1 Receptor Expression in Two-Dimensional (2-D) Gel Analysis

The 8 splice variants of NR1 are predicted to have different isoelectric points and slightly
different molecular weights. We have adopted 2-D polyacryamide gel electrophoresis to detect
the 8 splice variants of the NR1 subunit in the spinal cord of T10-L1 and L4-S1 in 3 conditions:
hypersensitive rats, recovered rats, and saline control rats.

In each of the saline control (n=3) and recovered (n=3) rats, only one subunit of the NR1
receptor was detected, NR1ggq (Figure 1 upper panel A & B) inthe T10-L1 and L4-S1 (Figure
1 lower panel A & B) spinal cord. In contrast, there were changes in the protein profiles of
NR1 subunits in each of the hypersensitive (n=3) rats. Among the eight potential splice variants
of NR1, two additional subunits were expressed in the hypersensitive rats which were
NR1177 and NR1011 (Figurel upper panel C; and Figure 1 lower panel C). Thus, we found
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NR1gg1 expression in the control and recovered rat groups, and NR111; and NR1g11 expression
in the hypersensitive rat group following resolution of TNBS colitis.

Immunohistochemistry of NMDA NR1 Receptor Expression

Immunohistochemistry pictures of NMDA NR1 subunit in hypersensitive rats—
Immunohistochemistry pictures demonstrate the NR1-N1 positive cell expression. Figure 2
(panel C) are representative spinal cord section at T11, L4 and S1 that show NR1-N1 positive
cell expression mainly located in lamina | & Il in hypersensitive rat; however, Figure 2 (panel
A & B) indicated negative NR1-N1 expression in lamina | & Il in same level of spinal cord in
saline control and recovered rat.

Immunohistochemistry pictures demonstrate the NR1-C1 positive cell expression. Figure 3
(panel C) demonstrated NR1-C1 protein expression mainly in lamina | & 1l of the T11 spinal
cord in hypersensitive rat; and moderate magnitude of positive cell expression in lamina V. In
figure 3 (column C) also demonstrated NR1-C1 expiration in lamina | & Il of L5 and S1. There
was no positive NR1-C1 detected in lamina | & Il of T11, L5 and S1 of spinal cord (Figure 3,
panel A & B).

Quantitative NMDA NR1-N1, NR1-C1, NR1-C2 plus and NR1-C2 minus positive
cell expression—Compared to each of the control (n=3) and recovered rats (n=3), all 3
hypersensitive rats (n=3) demonstrated NR1-N1 positive cell expression predominantly
located in lamina | & 11'in T10 -L1 and L4-S1; and moderate expression were demonstrated
in Lamia V of T10-L1 and L4-S1 of the spinal cord. Two way ANOVA indicated p< 0.0001
(F=211.7; FD=5). Two way ANOVA follow by Bonferroni Post-tests indicated NR1-N1
receptor expression in Lamina | & 11 of T10-L1 and L4-S1 of the spinal cord (p< 0.001); NR1-
N1 expression in lamina V in T10-L1 and L4-S1 of the spinal cord (p<0.01) (Figure 4A). No
NR1-N1 positive cell was found in Lamina 1l & 1V in saline control rats, recovered rats and
hypersensitive rats.

Similar to NR1-N1, the NR1-C1 expression were found predominantly expressed in lamina I,
I1 from T10to L1 and from L4 to S1 and moderate NR1-C1 positive cell expression was shown
in lamina V of the T10-L1 and L4-S1 spinal cord in hypersensitive rats compared with
recovered rats and control rats. Two way ANOVA indicated p< 0.0001 (F=228.1; FD=5). Two
way ANOVA follow by Bonferroni Post-tests indicted NR1-C1 receptor expression in Lamina
| & Il of T10-L1 ( p< 0.001) and L4-S1 of the spinal cord (p< 0.001), NR1-N1 expression in
lamina V in T10-L1 (p< 0.01) and L4-S1 of the spinal cord (p<0.01) (Figure 4, panel B).

We did not detect NR1-N1 and NR1-C1 positive cell expression in the T10-L1 and L4-S1 of
ventral area spinal cord either the control, recovered group of rats or hypersensitive rats.

In contrast to NR1-N1 and NR1-C1 above, NR1-C2 plus expression was present not only in
laminal, 1l and V of the T10-L1 and L4-S1 spinal cord in hypersensitive rats, but also in lamina
I11, IV in saline control rats, recovered rats and hypersensitive rats. There was a significant
increase of NR1-C2 plus expression in lamina | & 1l and moderate expression in lamina V of
the spinal cord from T10 to L1 and from L4 to S1. Two way ANOVA indicated p<0.0001
(F=158.2; FD=5). Two way ANOVA follow by Bonferroni Post-tests indicated NR1-C2 plus
receptor expression in Lamina | & 11 of T10-L1 ( p< 0.001) and L4-S1 of the spinal cord (p<
0.001), NR1-C2 plus expression in lamina V in T10-L1 (p< 0.01) and L4-S1 of the spinal cord
(p<0.05) (Figure 4 panel C). In all groups of rats (control, recovered, and hypersensitive) the
NR21-C2 plus positive cell expression was also demonstrated in the ventral horn areas (data not
shown). We did not detect NR1-C2 minus positive cell expression in the T10-L1 and L4-S1
spinal cord of any of the groups of rats.
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Increased NMDA NR1 receptor expression, such as NR1-N1, NR1-C1, and NR1-C2 plus was
positively correlated with hypersensitivity on all 3 pain behavioral tests (colonic distension,
mechanical stimuli, and thermal stimuli) in hypersensitive rats in lamina I&Il and lamina V of
spinal cord.

3. Discussion

This study examined enduring changes in NR1 expression in the spinal cord in response to a
transient inflammatory injury to the colon in rats. These enduring changes occurred in 22% of
rats that retained visceral and somatic hypersensitivity after histological resolution of colitis.
This percentage is similar to that of our previous studies (24% in (Zhou et al 2008a) and 20%
in (Zhou et al 2008b) and to the approximate 25% incidence of IBS following infectious
diarrhea (Spiller 2003). The first unique finding of our current study indicated an increase in
the NMDA receptor expression or recombination of new spinal-NMDA receptor expression
(suchas NR1111 and NR1 ;1) inthe T10-L1 and L4-S1 of hypersensitive rats. Another unique
finding of our study was the presence of NR1-splice variants (NR1-N1, NR1-C1, NR1-C2
plus) positive cell expression predominantly located in lamina | & Il and mild expression in
lamina V in the T10-L1 and L4-S1 spinal cord of hypersensitive rats, but not present in the
saline control or recovered rats. These findings are similar to our findings in the enteric nervous
system of the colon where TNBS inflammation induced the expression of NR1;11 and
NR1g11 (Zhou et al 2006).

The NMDA NR1 subunit forms eight functional splice variants based on the presence or
absence of three alternatively spliced exons, Exon 5 (N1), Exon 21 (C1) and Exon 22 (C2)
(Durand et al 1992; Hollmann et al 1993; Nakanishi et al 1992; Sugihara et al 1992; Zhou et
al 2006; Zhou & Verne 2008). Splicing out the exon segment that encodes the C2 cassette
removes the first stop codon, resulting in a new open reading frame that encodes an unrelated
sequence of 22 amino acids (C2 minus) before a second stop codon is reached (Price et al
2006; Petrenko et al 2003; Qin et al 2002; Ren & Dubner 1999; Rumbaugh et al 2000). The
presence of N1 enhances the current flow through the NMDA receptors and prevents glycine
independent stimulation of the receptors by spermine (Kashiwagi et al 2001; Zheng et al
1994). The C1 cassette contains four serines that are known phosphorylation sites and an ER
retention signal. Phosphorylation of the serines blocks the ER retention signal and allows
transport of the receptors to the plasma membrane (Carroll & Zukin 2002; Scott et al 2001;
Xiaetal 2001). The presence of the C2 cassette alters the C-terminus of the protein and changes
the targeting of the protein for different cell structures (Durand et al 1993; Zukin & Bennett
1995).

The NR1gg; has N1 (N terminal) and C1 (C terminal) spliced out, while the C2-plus (C
terminal) is spliced in; NR1p1 has the N1 spliced out, while the C1 and C2-plus are spliced
in; NR11gg has C1 and C2-plus spliced out, while the N1 is spliced in; NR1gpg has N1, C1 and
C2-plus spliced out, while C2-minus spliced in; NR1 111 has all three exons present (Durand
et al 1993; Zukin & Bennett 1995).

The functional properties of NMDA receptors depend on the NR1 splice variant combinations.
NR1 receptors, lacking the N-terminal exon, exhibit a high affinity for NMDA and marked
potentiation by spermine (Durand et al 1993). Presence of the N1 insert reduces the apparent
affinity of homomeric NR1 receptors for NMDA and almost abolishes potentiation by spermine
at saturating glycine (Durand et al 1993). The N1 insert also increases current amplitude
(Hollmann et al 1993; Zheng et al 1994). In the current study, we found NR1gg; expression in
spinal cord T10-L1 and L4-S1 of saline control and recovered rats. Durand et al. has shown
that NR1gyg; does not generate significant current (Durand et al 1993), which suggests that the
spinal NR1p; may not be involved in nociceptive processing or be part of a functional receptor.
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An early study demonstrated that 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 the NMDA-mediated current (Mott et al 1998). Without the N1 cassette,
there was an increased pH, Zn**, and spermine (Traynelis et al 1995). Our current findings
suggest that the NMDA receptors expressed in the spinal cord of hypersensitive rats may be
more responsive to glutamate released from primary afferent neurons resulting in enhanced
synaptic connections. The enhanced synapses may be one mechanism leading to central
sensitization as we found that NR1171 has the N1 insert present in the spinal cord of the
hypersensitive group of rats. Splicing in the N1 insert increases current amplitude (Hollmann
et al 1993; Zhou & Verne 2008). Therefore, NR1;11 may be a key protein to increase the
NMDA receptor activity leading to hypersensitivity in these rats. In our immunohistochemistry
study of the spinal cord, the NR1-N1 was present in lamina I, Il and lamina V in hypersensitive
rats, but was not detected in recovered and normal control rats.

Phosphorylation of NMDA receptors is thought to be an important factor for cell modulation,
regulation, and neuronal plasticity in response to a variety of stimuli. It may also play a critical
role in long term potentiation (LTP) underlying memory formation. A number of residues that
undergo phosphorylation are contained within a single alternatively spliced exon in the C-
terminal domain, the C1 cassette (Tingley et al 1993; Zukin & Bennett 1995). Our
immunohistochemistry results revealed that the NR1-C1 protein was also expressed in lamina
I, I and mildly expressed in lamina V of the spinal cord from T10-L1 and L4-S1 in
hypersensitive rats. NR1-C1 contains an endoplasmic reticulum (ER) retention signal
suggesting that the presence of C1 may alter translocation of NMDA receptors. The ER works
as a control center in coordinating the sequential assembly of multi-subunit protein complexes
within the ER and in defining the number of receptors expressed at the plasma membrane
(Bichet et al 2000; Blount et al 1990; Brodsky & McCracken 1999). Scott et al (2001) found
that the ER regulates plasma membrane delivery of NMDA receptors. Therefore, the presence
of the C1 cassette in the NR1 splice variants found in hypersensitive rats following TNBS
inflammation may indicate that the NMDA receptors are targeted for dispersal to synapses that
are responsible for processing nociceptive information.

NR1-C2-plus expression was located in lamina 11, 1V of the spinal cord in recovered rats, and
normal control rats. This result suggested that the NR1-C2-plus labeling was primarily a
response to afferent input carried by low-threshold large fibers. The NR1-C2-plus expression
was also found in the ventral horn areas suggesting that the NR1-C2-plus may be involved in
some motor neuron activity and /or possibly involved in the viscera-sympathetic reflex.

Enhanced expression of the NR1 subunits enhances current flow through NMDA receptors
and therefore is likely to be an integral mechanism of peripheral and central sensitization
(Kashiwagi et al 1997; Zheng et al 1994; Zhou et al 2008). These molecular changes may occur
on presynaptic terminals of primary visceral afferents that terminate in the dorsal horn and/or
on post-synaptic neurons. Reasons for enduring changes in NR1 subunits in some rats and not
others are topics for future investigation.

Regardless of the exact mechanisms involving NR1 NMDA receptor subunits, increased
impulse activity in afferents innervating the colon and rectum is likely to increase the
excitability of dorsal horn neurons. The chronicity of the tonic afferent input from the viscera
to the spinal cord may then lead to sensitization of dorsal horn nociceptive neurons and would
be associated with visceral hypersensitivity. Somatic hypersensitivity could also develop as a
consequence of long term tonic impulse activity and convergence of visceral and somatic
primary afferent impulse inputs onto the same dorsal horn nociceptive neurons. In other words,
somatic hypersensitivity would develop over time as a result of increased sensitization of
visceral/somatic convergent neurons.
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NMDA receptors are important in the induction and maintenance of central sensitization. Even
when the peripheral inflammatory injury to the colonic myenteric plexus is healed, changes in
central NMDA receptor subunits in response to transient colonic inflammation may have
profound implications and could be involved in the pathophysiology of chronic visceral
hypersensitivity seen in some patients with post-infectious IBS and other chronic visceral pain
disorders (Chaudhary & Truelove 1962; Spiller 2003; McRoberts et al 2001; Traub et al
2002; Willert et al 2004; Zhou & Verne 2008).

Inour current study, increased NMDA receptor expression or recombined new NMDA receptor
expression (such as NR1p11, NR1111) in hypersensitive rats is considered to enhance, prolong
and alter activity in nociceptive circuitry in the spinal cord. This enhanced activity may play
a critical role in more prolonged and maintained pain states, such as visceral and somatic
hypersensitivity.

Conclusions and Summary

Persistent alterations in the spinal-NMDA receptor as a result of transient colonic inflammation
may be an underlying mechanism of visceral and somatic hypersensitivity in a subset of rats
that recovered histologically from colitis. These chronic changes in the NMDA receptors in
the central nervous system may be ideal targets for the development of new pharmacologic
agents to treat chronic hypersensitivity. This may lead to new therapeutic approaches with
which to treat difficult functional bowel disorders such as IBS.

4. Experimental Procedures

Animals and Experimental Design

Male Sprague-Dawley rats (200g-250g) were treated with either 20 mg/rat trinitrobenzene
sulfonic acid (TNBS, Sigma Chemical Co.) in 50% ethanol (n=27); or an equivalent volume
of saline (n=10). The rats were housed in pairs under constant temperature and humidity with
12-hour light-dark cycles, and were given free access to food and water. Prior to administration
of TNBS in the colon, the animals were anesthetized with an intraperitoneal injection of sodium
pentobarbital (50 mg/kg). TNBS or saline was delivered with a 24 gauge catheter inserted into
the lumen of the colon 3-4cm proximal to the anus. The rats were kept in a vertical position
for several minutes to avoid leakage of the instilled intracolonic solutions. Rats were monitored
daily for changes in body weight, body condition, physical appearance, and behavior during
the 16 weeks following treatment. No adverse events were observed in any of the rats. All
procedures were approved by the University of Florida, Ohio State University, and North
Florida/South Georgia Veterans Health System Institutional Animal Care & Use Committees.
Somatic and visceral pain testing were performed 16 weeks following administration of TNBS
or saline under blinded conditions and the order of testing was counterbalanced across groups.
Behavioral testing was done following a 12 hour fast. The rats were euthanized after all
behavior tests were completed and the spinal cord (T10-L1; L4-S1) was removed for 2-D
western blotting and immunohistochemistry studies. The colon was removed from each rat for
histopathological study.

Visceral/Somatic Pain Testing—Mechanical and thermal behavioral tests were performed
using an automated Von-Frey and Hargreaves device to evaluate somatic hyperalgesia. The
colonic distension test was performed using an automated distension device to evaluate visceral
pain thresholds.

Visceral Pain Testing: Colonic Distension: A balloon (3 cm-long, 1.5 cm max diameter)
made of polyethylene was secured to tubing and attached to an automated distension device
(G&J Electronic Inc.,Toronto, Canada) to perform colonic distension. The balloon was

Brain Res. Author manuscript; available in PMC 2010 July 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 8

lubricated and placed into the rat's distal colon so that the tip of the balloon was 1 cm from the
anus. The rats were allowed 5-10 minutes to acclimatize before behavior testing began. The
rats were restrained in a plastic containment device and received phasic distension (0-80 mmHg
in 5 mmHg ascending increments) of the colon until the first contraction of the testicles, tail,
or abdominal musculature occurred. This threshold response was considered to reflect a
behavioral index of visceral sensitivity in response to a nociceptive stimulus as previously
described (Ness & Gebhart 1998; Wesselmann et al 1998; Zhou et al 2008a). The colonic
distensions were repeated 4 times with 10 minute inter-stimulus intervals and the mean
pressures at response threshold were recorded for each rat.

Somatic Pain Testing: Mechanical Stimulation: Mechanical hypersensitivity was measured
using an electronic VVon Frey device (Dynamic Plantar Aesthesiometer; Electronic Unit/
Filaments and Calibration Weights, from Ugo Basile S.R.L. Biological Research Apparatus,
Italy). Rats were placed on a wire mesh floor in a plastic enclosure. A computer driven filament
was then extended up through the mesh floor and exerted an increasing amount of pressure
(maximum 50g) onto the rat's hindpaw. The force in grams required for the rat to withdraw its
hind-paw was defined as the mechanical pain threshold. Both hindpaws were tested in each
rat. The stimulus was repeated 4 times following a 5 minute interstimulus interval and the mean
was calculated for each rat's hindpaw.

Thermal Stimulation: A thermal stimulus was delivered using the Hargreave's technique (7371
Plantar Test, Ugo Basile S.R.L. Biological Research Apparatus, Italy) (Hargreaves et al
1998). Rats were placed in a plastic enclosure on a clear plastic glass surface and the heat
stimulus was applied underneath the chamber. The time in seconds (latency) until the rat
withdrew its hindpaw was recorded for each rat. Both hindpaws were tested in each rat. The
stimulus was repeated 4 times following a 5 minute interstimulus interval and the mean was
calculated for each rat's hindpaw.

Spinal-NMDA NR1 Splice Variant Expression

Tissues preparation for Two-dimensional polyacrylamide gel electrophoresis: Following
the visceral/somatic pain testing, rats were euthanized using sodium pentobarbital (120mg/kg,
IP) and perfused transcardially with 150-200 ml cold saline. Following perfusion, the dorsal
spinal cord (T10-L1 and L4-S1) was retrieved from control rats, recovered rats, and
hypersensitive rats respectively, to detect the expression / distribution of NMDA NRL1 receptor
splice variants.

Two-dimensional polyacrylamide gel electrophoresis: Sample preparation of Two-
dimensional polyacrylamide gel electrophoresis: Samples were homogenized in 1.3 ml of
osmotic lysis buffer containing protease inhibitor stock and nuclease stock. A portion of each
sample was removed and protein concentration determined using the BCA Assay (Pierce
Chemical Co., Rockford, IL). Samples were then lyophilized, redissolved to 4 mg/ml in SDS
Boiling Buffer and heated in boiling water bath for 5 minutes before performing two-
dimensional (2D) electrophoresis.

Two-dimensional polyacrylamide gel electrophoresis: 2D electrophoresis was performed
according to the carrier ampholine method of isoelectric focusing (Kendrick Labs, Inc.,
Madison, WI1) as follows: Isoelectric focusing was carried out in a glass tube of inner diameter
2.0 mm using 2% pH 3.5-10 ampholines (GE Healtcare, Piscataway, NJ) for 9600 volt-hrs.
One mg of an IEF internal standard, tropomyosin, was added to the sample. This protein
migrates as a doublet with lower polypeptide spot of MW 33,000 and pl 5.2. Following
equilibration for 10 minutes in ‘O’ buffer (10% glycerol, 50mM dithiothreitol, 2.3% SDS and
0.0625 M tris, pH 6.8), the tube gel was sealed to the top of a stacking gel that overlaid a 10%
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acrylamide slab gel (0.75mm thick). SDS slab gel electrophoresis was carried out for about 4
hrsat 12.5 mA/gel. After slab gel electrophoresis the gel was placed in transfer buffer (12.5mM
Tris, pH 8.8, 8.6 mM Glycine, 10% MeOH) and transblotted onto a PVDF membrane overnight
at 200mA and approximately 100 volts/two gels. The following proteins (Sigma Chemical Co.)
were added as molecular weight standards to a well in the agarose that sealed the tube gel to
the slab gel: myosin (220,00), phosphorylase A (94,000), catalase (60,000), actin (43,000)
carbonic anhydrase (29,000) and lysozyme (14,000).

Western blot procedure: Individual membranes from each group (saline control rats, recovered
rats and hypersensitive rats) were used throughout the entire 2-D experiment. Primary
antibodies (Courtesy of Dr. Caudle's lab) of NMDA NR1-C1 (1:500), NR1-N1 (1:500), NR1-
C2-plus (1:1000) and NR1-C2-minus (1: 400) were used and incubated overnight at 4°C. Each
antibody was repeated 3 times by using 3 individual rats with 3 individual 2-D Western blot
membranes. The western blots were developed using enhanced Chemiluminescent detection
and radiographic film. Primary antibodies were removed with western blot stripping buffer
(Pierce Co.) for multiple antibody probings. The efficiency of the stripping procedure was
verified by using the secondary antibody and re-exposing the membrane to film.

Immunohistochemistry: Sample preparation of immunohistochemistry: Following the
visceral/somatic pain testing, the rats were euthanized using sodium pentobarbital (120mg/kg,
IP) and perfused transcardially with 150-200ml cold saline. The T10-L1 and L4-S1 spinal cord
were retrieved from control rats, recovered rats and hypersensitive rats, to detect the
distribution / location of NMDA NR1 receptor splice variants in spinal T10 — L1 and L4-S1.
Following cryoprotection, six-micron sections were cut with a cryostat at —20°C. Spinal cord
tissue from T10-L1 and L4-S1 were cut and 4-5 slices were collected at every 70!-100t" section
serially and mounted on bond-rite slides.

Staining procedure for immunohistochemistry study: All staining procedures were performed
according to the Histology Tech Service (Gainesville, FL) protocol as follows: The slices were
removed from freezer and placed in acetone for 10 minutes at 4°C. Slices were rinsed in Tris
buffer 3 times for 5 minutes each. Then, 3% H,0, was applied and then the slides were rinsed
in Tris buffer again. Protein block (10% normal goat serum in Tris buffer) was applied for 10
minutes, then the slides were rinsed again in Tris buffer. Biotin solution (Avidin Biotin
Blocking Kit-Vector Laboratories) was applied for 10 minutes and then the slides were rinsed
in Tris buffer again. Primary antibody NR1-N1, dilution 1:600; NR1-C1, dilution 1:1000; NR1-
C2-plus, dilution 1:1500; NR1-C2-minus, dilution 1:400) was applied overnight at 4°C. For
negative controls, 10% normal serum was applied in place of primary antibody. Following 3
rinses, secondary antibody was applied for 45 minutes to 1 hour, and then ABC reagent (Vector
Laboratories) was applied for 60 minutes, and rinsed with Tris buffer. DAB was applied under
the microscope and moved to water once staining was sufficient. The counterstaining was
performed as follows: slices were submerged in hematoxylin 7211 (RAS Inc) for 30 seconds.
Slides were then rinsed in tap water for 1 minute. Then, slides were dipped 5 times in 95%
alcohol, followed by 3 changes in 100% alcohol for 3 second each, and then cleared in 3 changes
of Xylene (RAS Inc) for 30 second each. Coverslips were used to Cytoseal (RAS Inc).

Quantitative Immunohistochemistry- Image Capture

All photomicrogaphs were obtained using a SPOT RT digital Scanning Camera from
Diagnostic Instruments (Sterling Heights, M) attached to a Nikon E600 microscope system
at 1000X magnification, and then were saved in TIFF format for further evaluation
(Matkowskyi et al 2000, 2003a, 2003b). The NR1 subunits abundance was quantified by
determining the cumulative signal strength of the digital image file of a histologically relevant
region of interest. The image of the spinal cord dorsal horn neurons were measured by groups,
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which they were divided from lamina I&II, lamina Il & 1V and lamina V from T10 to L1 and
from L4 to S1. A total of 20-30 spinal sections from each group (group of T10-L1; group from
L4-S1) were selected from each rat for each NR1 subunit antibody (NR1-N1; NR1-C1; NR1-
C2 plus; NR1-C2 minus) and positive cell expression of quantification (Image Capture) was
obtained.

Histopatholgical Evaluation of Colonic Tissues

Following euthanasia, the colon was also removed from all rats and processed for
histopathology. Cross sections of the colons were fixed in formalin, dehydrated in xylene and
alcohol, and embedded in paraffin. All of the colonic sections were cut into 50um sections and
evaluated using standard techniques for H & E staining. Microscopic evaluation of tissue was
done in a blinded fashion by a single pathologist.

Statistical Analysis

All image data of immunohistochemistry reported here are expressed as energy units per pixel
(eu/pix); the two ways AVOVA follow by Bonferroni Post-tests. The behavioral studies data
classified the groups of rats by using Frequency distribution and one way AVOVA follow by
Tukey post test. We performed a correlation between the splice variant expression and the
behavioral tests. Pearson correlations between NMDA NR1-C1, NR1-N1, and NR1-C2 plus
receptor expression as measured by energy units/pixel (eu/pix) and colonic distension,
mechanical stimuli (Von Frey) and thermal stimuli (Hargreaves test) were analyzed. All
statistics were run using Prism version 6 and SAS system. In all instances, data are expressed
as the mean + SD.
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Figure 1.

Two-Dimensional Gel western analyses of NR1 splice variants in rat's T10-L1 (upper panel)
and L4-S1 (lower panel) spinal cord following resolution of TNBS colitis. To identify proteins
with antibodies to the NR1-N1, NR1 C1, NR1-C2plus and NR1-C2minus in the spinal cord,
three separate membranes for each panel were used for all 4 antibodies. The membranes were
stripped of primary antibody between experiments. Figure 1 A & B upper panel indicate
NR1gg1 receptor expression in saline control and recovered rats; figure 1C upper panel indicates
not only NR1gg1 expression, but also NR1p;q and NR11q1 in hypersensitive rats. Figure 2A
and figure 2B lower panel indicate NR1qq4 receptor expression in saline control and recovered
rats; figure 2C lower panel indicates not only NR1ggq expression, but also NR1gq1 and
NR1411 in hypersensitive rats.
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Figure 2.
Photomicrographs illustrate NMDA NR1-N1 receptor expression in the spinal cord in

hypersensitive rats. Figure 2 (panel C) are representative spinal cord section at T11, L4 and S1
that show NR1-N1 positive cell (brown) expression mainly located in lamina | & Il and in
hypersensitive rats; however figure 2 (panel A & B) indicate negative NR1-N1 expression in
lamina | & 11 in the same level of spinal cord in saline control and recovered rats.
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Figure 3.

Photomicrographs illustrate NMDA NR1-C1 receptor expression in the spinal cord in
hypersensitive rats. Figure 3 panel C: demonstrate NR1-C1 protein expression (brown) mainly
in lamina | & 1l of the T11 spinal cord in hypersensitive rats; and moderate magnitude of
positive cell expression in lamina V. Figure 3 panel C: also demonstrate NR1-C1 expiration
in lamina | & 11 of L5 and S1. Figure 3 panel A & B: no NR1-C1 positive cell expression was
detected in lamina | & Il of T11, L5 and S1 of the spinal cord in saline control and recovered
rat.
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Figure 4.

Quantitative NMDA NR1-N1, NR1-C1 and NR1-C2 plus positive cell expression (eu/pix) in
the spinal cord from T10 to L1 and from L4 to S1. Figure 4 panel A: NR1-N1 positive cell
expression was predominantly located in lamina | & 11 in T10-L1 and L4-S1 of the spinal cord,
moderate NR1-N1 expression was present in lamina V in T10-L1 and L4-S1 of the spinal cord
in hypersensitive rats compared with recovered and control rats. The data are shown as the
means = SD. Two way ANOVA indicated p< 0.0001 (F=211.7; FD=5). Two way ANOVA
follow by Bonferroni Post-tests indicated NR1-N1 receptor expression in Lamina | & 11 of
T10-L1 and L4-S1 of the spinal cord (p< 0.001), NR1-N1 expression in lamina V in T10-L1
and L4-S1 of the spinal cord (p<0.01). Figure 4 panel B: NR1-C1 expression was found
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predominantly expressed in lamina |, Il from T10 to L1 and from L4 to S1 and moderate NR1-
C1 positive cell expression show in lamina V of the T10-L1 and L4-S1 spinal cord in
hypersensitive rats compared with recovered rats and control rats. Two way ANOVA indicated
p< 0.0001 (F=228.1; FD=5). Two way ANOVA follow by Bonferroni Post-tests indicated
NR1-C1 receptor expression in Lamina | & Il of T10-L1 ( p< 0.001) and L4-S1 of the spinal
cord (p< 0.001), NR1-N1 expression in lamina V in T10-L1 (p< 0.01) and L4-S1 of the spinal
cord (p<0.01). Figure 4 panel C: NR1-C2 plus expression was present not only in lamina I, 11
and V of the T10-L1 and L4-S1 spinal cord in hypersensitive rats, but also in lamina Ill, IV in
saline control rats, recovered rats and hypersensitive rats. Two way ANOVA indicated
p<0.0001 (F=158.2; FD=5). Two way ANOVA follow by Bonferroni Post-tests indicated NR1-
C2 plus receptor expression in Lamina | & 11 of T10-L1 ( p< 0.001) and L4-S1 of the spinal
cord (p< 0.001), NR1-C2 plus expression in lamina V in T10-L1 (p< 0.01) and L4-S1 of the
spinal cord (p<0.05).

Brain Res. Author manuscript; available in PMC 2010 July 7.



Zhou et al. Page 19
Table 1

Results of behavioral visceral and somatic hypersensitivity testing. All values are means + standard deviation (SD).
One Way AVOVA indicated p< 0.0001 in all 3 modality tests. Colonic distention test F=23.99 and DF=2; Mechanical
stimuli test F=21.23 and DF=2; Thermal stimuli test F=36.28 and DF=2.
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CO'OQ:TCHEES”“O" 53.00+11.03 | 17.88+501 | 5298+1032 p <0.001
Me‘:h(?grig:'lsggim“" 3195+7.76 | 089+554 | 32.24+8.00 p <0.001

(TIQ;;T;} ?;’;‘#J; 16.00 + 4.12 513+1.77 16.29 + 4.03 p<0.001

All values represent mean + standard deviation (SD)
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