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Abstract
Background & Aims—The cingulate cortex (CC) has been reported to be involved in
processing pain of esophageal origin. However, little is known about molecular changes and
cortical activation that arise from early-life, esophageal acid reflux. Excitatory neurotransmission
via activation of the N-methyl-D-aspartate (NMDA) receptor and its interaction with post-synaptic
density protein-95 (PSD-95) at the synapse appears to mediate neuronal development and
plasticity. We investigated the effect of early-life esophageal acid exposure on NMDA receptor
subunits and PSD-95 expression in the developing CC.

Methods—We assessed NMDA receptor subunits and PSD-95 protein expression in rostral CC
(rCC) tissues of rats exposed to esophageal acid or saline (control), either during post-natal days
7–14 (P7–P14) and/or acutely, at adult stage (P60), using immunoblot and immunoprecipitation
analyses.

Results—Compared with controls, acid exposure from P7 to P14 significantly increased
expression of NR1, NR2A, and PSD-95, measured 6 weeks after exposure. However, acute
exposure at P60 caused a transient increase in expression of NMDA receptor subunits. These
molecular changes were more robust in animals exposed to acid neonatally and rechallenged,
acutely, at P60. Esophageal acid exposure induced calcium calmodulin kinase II-mediated
phosphorylation of the subunit NR2B at Ser1303.

Conclusions—Esophageal acid exposure during early stages of life has long-term effects,
because of phosphorylation of the NMDA receptor and overexpression in the rCC. This molecular
alteration in the rCC might mediate sensitization of patients with acid-induced esophageal
disorders.
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Introduction
The early neonatal period is a critical time for the development of nociceptive neural
pathways, and a single episode of inflammation during this period may be sufficient to alter
the development and physiology of the maturing brain 1, 2. Recent animal studies indicate
that the brainstem pain modulatory pathway manifests only facilitation up to postnatal day
21 (P21) and the inhibitory pathway develops after postnatal day 28 (P28) 3. This early life
facilitatory process may contribute to activity-dependent plastic changes in the central
processing following neonatal pain experience 4, 5. Visceral or somatic noxious stimuli in
early stage of life also result in chronic hyperalgesia in rats as observed in maternal
separation-induced hypersensitivity 6–9. The involvement of cingulate and insular cortices in
the processing of pain of esophageal origin have been reported in recent studies 10–12.
However, no information is available regarding the molecular changes and cortical
activation due to early life esophageal sensitization. Knowledge of molecular changes
involved in cortical reorganization is essential for better understanding of esophageal pain
mechanism.

Among various mechanisms of neuronal transmission, excitatory neurotransmission via
NMDA receptors plays a crucial role in neuronal development and plasticity, as well as
variety of other brain functions ranging from memory formation to chronic pain 13–15.
Moreover, NMDA receptor mediated enhancement in the synaptic transmission of anterior
cingulate cortex (ACC) neurons has been reported to contribute towards allodynia and
hyperalgesia in rats with visceral hypersensitivity16. Previous studies also indicate that
NMDA receptors activation and phosphorylation are mediated via the interaction between
C-terminal ends of NR2 subunits and PDZ domains of PSD-95; an abundant scaffold protein
at the postsynaptic sites 17, 18.

The overall objective of the present study was to test the hypothesis that esophageal acid
exposure in early life results in long-term modulation of cingulate cortex neuroplasticity
involved in chronic hypersensitivity in the adulthood. To test this hypothesis, we determined
and compared the expressions of NMDA receptor subunits, PSD-95 and NR2B
phosphorylation profile in the rCC under following test conditions- i) chronic acid exposure
in neonates (P7–P14) with or without acid rechallenge in the adulthood and ii) acute and
chronic acid exposure in the adult rats (P40–P60).

Methods
Experimental procedures

A total of 67 male Sprague-Dawley rats (Harlan, Indianapolis IN, USA) were used for this
study. The Institutional Animal care and Use Committee (IACUC) of the Medical College
of Wisconsin approved all experimental procedure in accordance to the guidelines of the
International Association of Study of Pain.

Acid infusion procedure in adult rats
Adult rats (P60) were anesthetized with sodium pentobarbital (40mg/kg, i.p.) and a 15cm
long acid infusion catheter (PE-10) was inserted into the esophagus through an incision
made 2cm below the UES. The tip of the catheter was positioned near the mid-thoracic area

Banerjee et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and the catheter was tied near the incision to prevent backflow of the acid into the pharynx.
A second catheter (drainage catheter, 4cm length, PE-160) was placed 1cm rostral to the
incision with the tip directed towards the pharynx. This catheter was used to remove
accumulated saliva to prevent aspiration.

For acute treatment at postnatal day P60, rats received 2 ml of either saline or 0.1N HCl for
20 min and the brains were removed as described in the following section. In our initial
study to determine the optimum time point for significant changes in the expression of
NMDA receptor subunits, different groups of animals were treated with either acid or saline
and rCCs were removed at 2, 4, 8, and 28 hours after the end of infusion and the expression
of NMDA receptor subunit NR1 was determined by western blot analysis. Based on the
observed expression at different time intervals (fig 1C), tissue procurement for all
subsequent studies was done at four hours after esophageal treatment.

For chronic acid treatment in adult rats (P40–P46) animals were anesthetized in similar
fashion as in acute treatment. However, no surgical manipulation (i.e., esophageal ligation)
was performed, since these rats were kept alive until P60. Acid or saline was infused intra-
esophageally (0.5ml over 5 min) for seven consecutive days and rats were sacrificed at P60.

Acid infusion procedure in neonates (P7–P14)
The rat pups at P7 were removed from the mother and held by hand. An infusion tubing
(PE-10) was inserted orally just beyond the pharyngo-esophageal junction. The tubing was
attached to a microliter syringe and 20µl of fluid was infused over one minute period. The
control pups received saline in similar fashion. The pups were then returned to their mother.
The procedure was repeated for 7 days and rCCs from these rats were collected at P60.

To examine whether neonatal (P7–P14) chronic acid exposure produces any esophageal
tissues inflammation, a set of rats were sacrificed at P28 and the entire length of esophagus
was removed for histological evaluation.

For a detail evaluation of molecular changes in rCC, we selected four different groups as
described in figure 1A. The groups are: acute saline P60 (group 1), acute acid P60 (group 2),
neonatal chronic acid P7–P14 (group 3) and neonatal chronic acid P7–P14 plus acute acid
rechallenge at P60 (group 4). In addition, to confirm the long-term effect of chronic
esophageal acid exposure in neonates, we performed another set of experiments in adult rats
(P60) that received either acid or saline treatment during P40–P46.

Tissue harvest
In rats, the cingulate cortex is rostro-caudally divided as perigenual anterior cingulate
(pACC), midcingulate (MCC), and retrospenial (RSC) cortex. The MCC is again divided as
anterior (aMCC) and posterior (pMCC) segments. The RSC in rats is equivalent to posterior
cingulate cortex in humans. The rostral cingulate cortex (rCC) in our study included pACC
and aMCC covering areas 24, 25, 32, 24’, 25’ and 32’.

The rat brain was removed and placed in Zivic slicing block (model BSRAS 002-2). The
slicing slots of the block were 2mm apart. Two slices (2mm thickness) were cut bilaterally
from the midline from either side of the hemisphere. The sections were placed on its side on
cold plate and subcortical tissues along the corpus callosum were removed. The entire
cingulate cortex was cut into half through the MCC. According to rat stereotaxic coordinates
the rCC area that we have obtained is comparable to + 2 to 3.8mm from bregma, 0 to 2mm
from midline and 1.8–2.5mm dorso-ventral.
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Western blot analysis of NMDA receptor subunits (NR1, NR2A and NR2B) and PSD-95
expression in rCC

Crude extracts from various rat tissues were prepared by powderizing the tissues in liquid
nitrogen and homogenization in ice cold hypotonic lysis buffer and solubilized as previously
described 19. Various antibodies used for western blot analysis were (mouse anti-NMDAR1,
1:1000, BD Biosciences, San Jose, CA), NR2B (rabbit anti-NR2B 1:2000; Alomone Labs,
Israel), NR2A (Rabbit anti-NR2A, 1:1000; Cell Signaling, Boston, MA) and anti-PSD-95
(1:2500, Cell Signaling). Serine phosphorylation pattern of NR2B subunit at Ser1303 was
examined using anti-SerP1303 NR2B (1:1000; Cell Signaling). Tyrosine phosphorylation
pattern of NR2B subunit was evaluated using anti-TyrP1336 NR2B (1:1000, Millipore,
Billerica, MA), anti-TyrP1472 NR2B (1:500, EMD Chemicals Inc. Gibbstown, NJ) and
anti-TryP1252 NR2B (Cell Signaling 1:500). The intensity of protein expression for
experimental and housekeeping gene (mouse anti-β-actin, Sigma) for individual tissue
sample was measured by densitometric scanning using Alpha Image software program (Cell
Biosciences Inc., Santa Clara, CA)

Microinjection of calcium calmodulin kinase (CaMKII) inhibitor into rCC
A guide cannula (Plastics One Inc., VA, USA) was implanted at CC rostrally (reading:
2.5mm from bregma point, 0.8mm lateral to midline and 2.2mm ventral to the brain surface)
for the microinjection of either CaMKII inhibitor (KN-93) or the vehicle (DMSO) before
esophageal acid infusion on P60. KN-93 was dissolved in 10% DMSO at a concentration of
0.5mg/ml and 5µl was microinjected into the experimental group. For the vehicle control
group, animals received 5µl of 10% DMSO in saline. After 30 mins of the microinjection,
animals from both groups received acute esophageal acid exposure for 20 mins at 0.1ml/min
and cortical tissues were collected after 4 hrs of acid exposure. The protein extracts were
then subjected to western blot analysis using anti-SerP1303NR2B antibody as described
above.

Enrichment of synaptic and extrasynaptic membranes from cortical extracts
To examine the distribution pattern of NMDA receptor subunits and PSD-95 proteins in
synaptic and extrasynaptic membranes in naïve animals, we carried out a subcellular
fractionation to isolate crude membrane preparation 20, 21. The Triton X-100 soluble
proteins were defined as extrasynaptic fraction and the insoluble pellet proteins as PSD-
associated or synaptic fraction based on differences in their solubility in nonionic detergent
Triton X-100. The Triton X-100 insoluble proteins were solubilized in 1% SDS and
expression profile of NMDA receptor subunits and PSD-95 in the synaptic and extrasynaptic
membrane fractions (20µg each sample) were analyzed in western blots using antibodies
against PSD-95, NR1, NR2A, NR2B and SerP1303 NR2B.

Immunoprecipitation of PSD-95 linked NMDA receptor subunits from tissue extract
Cortical tissue extracts (250µg) from both experimental (acute acid-treated on P60) and
control rats (acute saline-treated on P60) were mixed with 5µl of polyclonal rabbit anti-
PSD-95 antibody (Cell Signaling) overnight and then with protein A-Agarose (Sigma). SDS
sample buffer was added to elute proteins from protein A beads. Thereafter, eluents were
used for western blot analysis. Because of the differences in sizes of NR2B and NR1
subunits, the same blot was probed first with anti-SerP1303 NR2B antibody and thereafter,
reprobed with anti-NR1 antibody.

Statistical Analysis
Results are represented as mean ± SD. Statistical analysis was performed using one-way
ANOVA to calculate the significance of differences of NMDA receptor subunits and
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PSD-95 expression among different groups with post hoc Tukey’s multiple comparison test
run on Sigma GraphPad prism 5 software (GraphPad Software Inc. LA Jolla, CA). Student’s
t-test was used for the comparison between the two groups. Probability value of p<0.05 was
considered as significant.

Results
Histological examinations did not reveal any sign of tissue inflammation in rats that receive
chronic acid exposure during neonatal stage (P7–P14) when tested at P28 (fig 1B).

To determine the time-point for tissue harvesting after acute acid treatment at P60, the
expression of NR1 subunit was examined as described in figure 1C. The highest expression
of NR1 subunit was observed in rats after 4 hrs of acid exposure and the difference was
statistically significant compared to the expression in naïve rats (fig 1C, p<0.05 vs naive).
Saline-treated groups failed to show significant difference in NR1 expression (data not
shown). Based on this finding, we selected 4 hrs after acid treatment as the time point for the
tissue harvesting. The effect of neonatal treatment and handling at P7–P14 on NR1
expression at P60 is shown in figure 1D. No significant difference in NR1 expression was
observed between saline and handle groups. However, P7–P14 acid exposure group
exhibited significant increase in NR1 expression at P60 compared to other two groups
(p<0.05). The chronic acid exposure in adult (P40–P46) rats failed to show significant
differences in NR1, NR2A and PSD-95 protein expressions compared to chronic saline-
treated rats (p=0.55, 0.70 and 0.6 for NR1, NR2A and PSD-95, respectively vs saline-
treated, fig 1E).

NR1 subunit expression in individual animals in groups 1 through 4 is shown in figure 2A.
The densitometric scanning of relative intensity of staining against β-actin indicated a
significant increase in NR1 subunit protein expression in group 2, 3 and 4 compared to
control group 1 (fig. 2B, *p<0.05, **p<0.001).

NR2A subunit expression profile in individual animals is shown in figure 3A. The relative
intensity of expression indicated a significant increase in expression of NR2A subunit of
NMDA receptors in rCC from acid-treated groups (2, 3 and 4) compared to saline-treated
group 1 (fig. 3B, **p<0.001). The P7–P14 acid exposed group 3 that did not receive acute
acid exposure in adulthood (P60) exhibited a long term increase in NR2A expression.
However, rats in group 4 with neonatal acid exposure and acute rechallenge in adulthood
failed to show any significant increase in NR2A expression compared to group 3. We also
examined the expression of NR2B subunit in the rCC from these groups of rats (fig 4A).
Unlike NR2A expression, the relative expression of NR2B subunit in acid-treated rats
(groups 2, 3 and 4) was comparable to saline-treated (group 1) rats (fig. 4B).

The PSD-95 expression profile for individual animals in 4 groups is shown in figure 5A.
The relative expression of PSD-95 against β-actin in individual animals in both experimental
and control groups is shown in figure 5B. A significant increase in expression was observed
in groups 2, 3 and 4 compared to in group 1 (*p<0.05, **p<0.001 vs. saline controls). The
highest expression of PSD-95 was observed in group 4 that received acid at P7–P14 with a
re-challenge at P60. The expression in group 4 was significantly higher than that in groups 2
(#p<0.001) and 3 (€p<0.05).

The phosphorylation of NR2B subunit in rCC from naïve animals is shown in figure 6A.
The analysis of phosphorylated NR2B revealed a high level of constitutively expressed
TyrP1252 NR2B, TyrP1336 NR2B and TyrP1472 NR2B in the rCC, whereas, the level of
constitutively expressed SerP1303NR2B is significantly less compared to that of tyrosine
phosphorylated NR2B subunits. Following acute esophageal acid treatment, SerP1303
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NR2B subunit expression significantly increased in rCCs from groups 2 and 4 rats compared
to group 1 and as well as neonatal acid group 3 (fig. 6B & C, *p<0.001). The maximum
expression of SerP1303NR2B was observed in group 4 rats with neonatal acid treatment and
acute rechallenge at P60, which is significantly higher than that in group 2 (*p<0.001). None
of the tyrosine phosphorylated NR2B subunits examined in this study demonstrated
significant differences in expression between control and acid-treated animals (data not
shown).

To further examine the involvement of CaMKII in this phosphorylation, KN-93, the specific
inhibitor of CaMKII was microinjected into rCC in a group of rats immediately before
treating them acutely with acid at P60. For vehicle control group, DMSO was microinjected
into rCC before esophageal acid exposure. The effect of KN-93 on Ser1303 phosphorylation
of NR2B subunit is shown in figure 6D. A significant downregulation of SerP1303 NR2B
was observed in rCCs of animals receiving KN-93 treatment (*p<0.05 vs vehicle).

The PSD-95 protein was exclusively enriched in the synaptic fraction as shown in figure 7A.
The expression of NR1, NR2A and NR2B subunits of NMDA receptors were also
significantly higher in synaptic membrane preparation compared to the levels in
extrasynaptic membrane. The western blot analysis of NR1, NR2A, NR2B and SerP1303
NR2B expression in PSD-95 immunoprecipitated rCC from rats with either acute acid or
saline treatment is shown in figure 7B. The SerP1303 NR2B subunit in PSD-95
immunoprecipitated complex from acid-treated group exhibited a significant increase
compared to controls (**p<0.001). There was also a significant increase in NR2A subunits
in PSD-95 immunoprecipitated rCC samples from acute acid-treated rats compared to saline
controls (*p<0.05). The total NR2B and NR1 subunits in PSD-95 immunoprecipitated
complex were comparable between acute acid and saline control groups (fig. 7C).

Discussion
The present study provides the first evidence for long-term changes in NMDA receptor
subunits composition and postsynaptic membrane protein expressions in rCCs from rats
receiving esophageal acid exposure during critical periods of development. Interestingly,
adult rats receiving chronic esophageal acid exposure failed to exhibit significant changes in
the receptor subunit expression compare to saline-treated control. Moreover, molecular
changes in rCCs from neonatal acid-treated rats were significantly higher that with
neonatally handled and saline-treated, emphasizing thereby the specificity of the response.
These findings indicate that the long lasting effect of acid when given early during
development may be sufficient to induce discernible molecular changes in adulthood. In
humans, both clinical and experimental data support early childhood as a critical time period
in which trauma can induce visceral hypersensitivity and manifestation of functional
disorders 22.

In the brain, glutamate receptors including NMDA mediate most of the excitatory neuronal
transmission and play essential role in the regulation of synaptic activity 23, 24. The unique
feature of NMDA receptors is that the receptor activation requires the binding of a co-
agonist glycine in addition to glutamate 25. Therefore, a functional NMDA receptor requires
both an NR1 subunit, which has the glycine binding site, and an NR2 subunit for binding to
glutamate. Among NR2 subunits, the expression patterns of NR2A and NR2B are relatively
broad and both are developmentally regulated, with concurrent increase in NR2A expression
and decrease in NR2B expression as neuron matures. With this rationale, in the present
study we examined the expression patterns of NR1, NR2A and NR2B after infusion of acid
at early stage of life as well as in the adulthood. Acute esophageal acid exposure in adult rats
resulted in a transient increase in NR1 and NR2A expression in the rCC, whereas,

Banerjee et al. Page 6

Gastroenterology. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neonatally acid expose rats receiving acute rechallenge in adulthood (P60) exhibited the
highest level of NR1 and NR2A expressions indicating their enhanced susceptibility to
esophageal acid exposure. Our present findings are in agreement with the previous study
that reported a long-term alteration in NDMA receptor subunit mRNA from the
hippocampus and cortex of rats treated with a single exposure of LPS1.

We did not observe any change in NR2B following acid exposure. This result is in contrast
with most of the previous studies that report upregulation of NR2B subunit in supraspinal
regions under various pathological conditions 16, 26, 27. The differential subunit expression
pattern of NMDA receptor is an important factor in regulating NMDAR-dependent function
and neuronal plasticity. For example, rapid calcium-mediated signaling through NR1/NR2A
in contrast to slower signaling through NR1/NR2B may activate different downstream
signaling and gene expression pattern. Moreover, synaptic NMDA receptor levels are not
only regulated by the type of NR2 subunits, but also by lateral movement of extrasynaptic
receptors in and out of the synapses 28, 29. In this context, NR2A-subunit receptors are fairly
stable in the synapse, whereas, NR2B-subunit receptors are highly mobile, 30. Therefore,
increase in cortical NR2A subunit in the present study may result in faster neuronal
transmission and stable NMDA receptor expression in the synapses with a distinct
downstream signaling pathway during esophageal acid- induced hypersensitivity.

NMDA receptors are reported to anchor in the postsynaptic membrane by interactions
between cytoplasmic C-terminal ends of their NR2 subunits and PDZ domains of PSD-95,
an abundant scaffold protein that assembles a specific set of signaling proteins around
NMDA receptors 31, 32. Recent study indicates that NMDA receptor and PSD-95 interaction
may have a role in the processing of spinal nociceptive information 33. Furthermore, PSD-95
knockdown shows a delay in the onset of mechanical and thermal hyperalgesia in chronic
neuropathic pain model, indicating an involvement of this protein in NMDA receptors-
mediated thermal hyperalgesia 34. In the present study, although acute acid treatment
showed an increase in PSD-95 protein expression in the rCC, the maximum expression was
observed in neonatal acid and rechallenge group followed by only neonatally treated group.
Therefore, the long-term effect and memory of neonatal treatment on PSD-95 expression in
the rCC indicates effective surface expression and clustering of NMDA receptors at the
synapses that eventually may play an important role in NMDA receptor-dependent function
and neuronal plasticity.

The phosphorylation of NMDA receptor subunit regulates many cellular processes including
surface expression and protein activity resulting in changes in synaptic strength underlying
many forms of synaptic plasticity 35, 36. Several kinases such as protein kinase C (PKC),
calcium/calmodulin kinase II (CaMKII), protein tyrosine kinases are reported to
phosphorylate various serine/threonine and tyrosine residues at the C-terminal ends of NR2
subunits of NMDA receptors 37.

In order to study the effect of esophageal acid exposure on cortical NMDA receptor
activation, we examined the phosphorylation pattern of C-terminal amino acids of NR2B
subunits at Ser1303, Tyr1336, Tyr1472 and Tyr1252. The effect of esophageal acid
exposure on NMDA receptor activation is evident in our present findings, as a significant
upregulation of Ser1303 NR2B phosphorylation is observed in rCCs from rats receiving
acute esophageal acid treatment at P60 and also the group with neonatal acid treatment
followed by an acute exposure at P60. Interestingly, rats with only neonatal acid treatment
failed to exhibit upregulation of SerP1303 NR2B, indicating this specific phosphorylation is
an immediate effect of esophageal acid exposure.
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We further confirmed the involvement of CaMKII in acid-induced Ser1303 NR2B
phosphorylation in the rCC as microinjection of CaMKII inhibitor KN-93 in the rCC
resulted in a significant reduction of SerP1303 NR2B in animals receiving acute esophageal
acids exposure. KN-93 is reported to bind specifically to the CaM binding site of CAMKII
and prevents its activation 38. Recent study indicates that the phosphorylation of NMDA
receptors by CaMKII enhances influx of Ca2+ through the channels 39. CaMKII up-
regulation has also been reported in the superficial laminae of the dorsal horn and DRGs
after inflammation or injuries to peripheral tissues 40–42 Moreover, phosphorylation of
Ser1303 NR2B by CaMKII also promotes slow dissociation of preformed CaMKII-NR2B
complexes and stabilizes the receptor-enzyme in the membrane 43.

Given that after Ca2+ influx through NMDA receptors, activation of CaMKII results in long-
term potentiation in the hippocampus 44, 45, our results indicate that central sensitization
through cortical activation and phoshorylation of NMDA receptors could initiate a variety of
intracellular processes leading to neuronal changes by activating second/third messenger
systems. CaMKII being a major component of PSDs, phosphorylation and stabilization of
NMDA receptor-CaMKII complex in the PSD may in turn activate multiple proteins and
enzymes, such as neuronal proteins, Ca2+-ATPase and tyrosine hydroxylate and
transcription factor cAMP-responsive-element-binding protein (CREB) 46–49.

We examined the distribution pattern of NMDA receptor subunits and PSD-95 in synaptic
and extrasynaptic membranes in the rCCs from naïve rat. The enrichment of NMDA
receptor subunits along with PSD-95 protein in the synaptic membrane preparation indicates
that NMDA receptors anchoring in the cortical synapses probably is mediated by interaction
between the C-terminal end of NR2 subunit with PDZ domain of PSD-95 protein of the
postsynaptic membranes. We further investigated whether the acid-induced molecular
changes in the rCC is mainly due to increase in NMDA receptors in the post synaptic
membrane via its binding with PSD-95. The cortical membrane extracts from saline and
acid-treated rats were immunoprecipitated using PSD-95 antibody. PSD-95
immunoprecipitated fractions from acid-treated rats exhibited a significantly higher
expression of NR2A, and importantly SerP1303 phosphorylated NR2B subunit compared to
controls. These findings clearly indicate that the NMDA receptor upregulation and
phosphorylation are predominantly occurring at the postsynaptic membranes in the rCC and
may be involved in synaptic transmission and increased neuronal activity in acid-induced
esophageal hypersensitivity.

In conclusion, results demonstrate a long lasting change in NMDA receptors expression in
neurons of the rCC following neonatal esophageal acid exposure. Further study of the
complex interaction between various downstream signaling pathways may provide a better
understanding for the neuronal plasticity during the development and its influence on
esophageal pain mechanism of NERD and NCCP patients. We acknowledge that NMDA
receptors in multifunctional brain region like CC can mediate many different functions
including chronic pain. Currently, there is no quantifiable, reliable and reproducible
behavioral model in experimental animals to complement the results of the present study.
Therefore, in the absence of concurrent behavioral study our findings can only suggest that
such molecular changes play a possible role in chronic esophageal pain.
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Figure 1.
A: illustrates esophageal acid exposure protocols for four different groups of animals
selected for the study. B: histological examination of the esophageal tissue at P28 after
chronic acid exposure during P7–P14. H&E staining reveals no inflammation of the tissues.
C: NR1 expression profile in rCCs harvested at different time intervals following
esophageal acid exposure at P60. Blots show NR1 and β-actin expression in naïve and acid-
treated rats (n=3/group). The bar graph represents relative intensity against β-actin. The
asterisk indicates significant difference from naïve controls (p<0.05). D: NR1 expression in
rCCs at P60 following neonatal perturbation through P7-P14. The top blots show NR1 and
β-actin expression in handled, esophageal saline- and acid-treated groups, respectively. The
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bar graph shows relative intensity against β-actin. The asterisk indicates significant
difference between acid-treated group compared to handled and saline-treated controls
(p<0.05). E: NR1, NR2A and PSD-95 expressions in rCCs from rats at P60 following
chronic esophageal acid or saline exposure during P40–P46. Top blots show NR1 and β-
actin expressions in acid- and saline-treated rats (n=5/group). Bar graphs represent relative
intensity against β-actin.
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Figure 2.
NR1 expression pattern in rCCs at P60 following esophageal acid exposure at different time
points of development. The treatment strategies were the same as indicated in fig. 1A. A:
blots show NR1 and β-actin expression in individual animals (n=6/group) for 4 different
groups. B: bar graphs represent relative intensity of staining against β-actin. Asterisks
indicate significant difference compared to group 1 (*p<0.05,**p<0.001).
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Figure 3.
NR2A expression in rCCs at P60 following esophageal acid exposure at different time
points of development. The treatment strategies were the same as indicated in fig. 1A. A:
blots show NR2A and β-actin expression in individual animals (n=6/group) for 4 different
groups. B: bar graphs represent relative intensity of staining against β-actin. Asterisks
indicate significant difference compared to group 1 (**p<0.001).
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Figure 4.
NR2B expression pattern in rCCs at P60 following esophageal acid exposure at different
time points of development. The treatment strategies were the same as indicated in fig. 1C.
A. blots show NR2B and β-actin expression in individual animals (n=6/group) for 4
different groups. B. bar graphs represent relative intensity of staining against β-actin.
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Figure 5.
PSD-95 expression pattern in rCCs at P60 following esophageal acid exposure at different
time points of development. The treatment strategies were the same as indicated in fig. 1A.
A: blots show PSD-95 and β-actin expression in individual animals (n=6/group) for 4
different groups. B: bar graphs represent relative intensity of staining against β-actin.
*p<0.05 vs group 1, **p<0.001 vs group1, #p<0.05 vs group 2, € p<0.05 vs group 3.
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Figure 6.
A: blots represent phosphorylation pattern of NR2B subunit in rCCs from naïve rats. B:
blots show SerP1303 NR2B and β-actin expression in 4 groups of animals. The treatment
strategies were the same as described in fig. 1A. C: bar graphs represent relative intensity of
staining against β-actin, *p<0.001 vs groups 1 & 3 and #p<0.05 vs group 2. D: blots show
the effect of KN-93 (CaMKII kinase inhibitor) microinjection on esophageal acid-induced
SerP1303 NR2B upregulation in rCCs. The lower panel represents relative intensity of
expression against β-actin with *p<0.05 vs vehicle control.
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Figure 7.
A: isolation of synaptic and extrasynaptic membrane fractions from cortical tissue extracts.
Representative western blots with equal amount of proteins (10 µg) from both fractions were
probed with antibodies as indicated in the figure. B and C: immunoprecipitation of NMDA
receptor subunits in the cortical extracts from rats either receiving esophageal saline or acid
on P60. Proteins were immunoprecipitated with PSD-95 antibodies and probed with various
antibodies as indicated in the figure,*p<0.05, **p<0.001 vs acute saline.
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