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ARTICLE INFO ABSTRACT

Keywords: This study assessed the role of the Na*/H* exchanger (NHE) in the formalin-induced nociception as
NHE1 well as the expression of the NHE isoform 1 (NHE1) in the rat spinal cord by using immunohistochem-
NHE inhibitors istry. Rats received a 50 .l injection of diluted formalin (0.5%). Nociceptive behavior was quantified as
ﬁ?{nl-;g?irliimmunoreactivity the number of flinches of the injected paw. Intrathecal administration of the partially selective NHE1
Spinal processing inhibitors DMA, EIPA (0.3-30 wM/rat) and the selective NHE1 inhibitor zoniporide (0.03-3 wM/rat) sig-
nificantly increased formalin-induced flinching behavior in a dose-dependent manner during both phases
of the test. Immunohistochemical analysis of the rat lumbar spinal cord showed that NHE1 was mainly
expressed in the lamina I of the dorsal horn of the spinal cord. Double immunofluorescence staining
showed co-localization of NHE1 with the peptide-rich sensory nerve fiber markers, substance P and cal-
citonin gene-related peptide, but not with markers of neuronal cell bodies (NeuN), microglia (0X-42)
or astroglia (GFAP). Collectively, these pharmacological and anatomical results suggest that spinal NHE1

plays a role in formalin-induced nociception acting as a protective protein extruding H*.

© 2011 Elsevier Ireland Ltd. All rights reserved.

Inflammatory pain is a complex phenomenon characterized by
spontaneous pain and hypersensitivity, which is in part caused
by altered plasticity in the spinal cord [9]. The molecular mecha-
nisms underlying this nociceptive plasticity, however, are not fully
understood.

Intra- and extracellular pH can rapidly and transiently change
in response to neuronal activity. Neurons may become acidi-
fied in response to neurotransmitters and chemical compounds
[7,12]. Transient changes in intracellular pH can modulate many
physiological functions including neurotransmitter release and
neuronal excitability [3,35]. It has been reported that the mecha-
nisms responsible for the regulation of intracellular pH in neurons
consist of Na*/H* exchangers, Na*/HCO3~ co-transporters and Na*-
dependent Cl-/HCO3~ exchangers [1,2,29]. The Na*/H* exchanger
(NHE) family consists of nine distinct isoforms, which share
the same overall structure but differ in their cellular localiza-
tion and sensitivity to amiloride and its derivatives [23,27]. The
NHE1-NHE5 isoforms are expressed in the plasma membrane,
whereas NHE6-NHE9 are localized in intracellular organelles
[27]. Among them, NHE1 is the most abundant and ubiquitously
expressed in mammalian cells including those found in the CNS
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[21].NHEs utilize the transmembrane Na* gradient to remove intra-
cellular H* and thus they play a pivotal role in pH regulation of brain
synaptosomes [18], and hippocampal [29] and trigeminal sensory
neurons [15].

There is increasing evidence for a role of NHE in the modula-
tion of pain transmission [15,30,32]. Electrophysiological studies
performed on nociceptive C-fibers demonstrated that pharmaco-
logical inhibition of the exchanger leads to an increase in the
frequency of discharge measured as the total number of spikes
[32]. In support of this, behavioral studies showed that, at the
peripheral level, the inhibition of NHE in three different mod-
els of acute inflammatory pain increased nociceptive behaviors
[30]. However, there are no studies evaluating the involvement
of NHE in pain processing at the spinal level as well as the local-
ization of NHE1 in nociceptive neurons. The purpose of this study
was to examine the role of NHE at the spinal level in formalin-
induced flinching behavior and to determine the expression and
localization of NHE1 in the spinal cord by using immunohistochem-
istry.

All behavioral experiments were performed on Wistar female
rats (180-220g). For immunohistochemistry studies, female
Sprague-Dawley rats were used (Harlan, Indianapolis, IN, USA).
All experiments followed the IASP Guidelines [40] and were
approved by the Institutional Animal Care Committee (Cinvestav,
Meéxico, D.F.).
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Fig. 1. Pro-nociceptive effect of selective NHE inhibitors in the formalin test. Left panels show the time course of the pronociceptive effect of DMA (30 wM/rat, A), EIPA
(30 wM/rat, C) and zoniporide (3 wM/rat, E) in rats receiving injection of 0.5% formalin into the dorsum of the hind paw. Right panels show the AUC of DMA (B), EIPA (D) and

zoniporide (E) in both phases of the formalin test. Data are the mean & SEM; n=6.

For measurement of nociception, rats received a spinal injec-
tion (10 wl) of vehicle or increasing doses of 5-(N,N-dimethyl)
amiloride hydrochloride (DMA, 0.3-30 wM, Sigma-Aldrich), 5-(N-
ethyl-N-isopropyl)amiloride (EIPA, 0.3-30 wM, Sigma-Aldrich)
and  [1-(Quinolin-5-yl)-5-cyclopropyl-1H-pyrazole-4-carbonyl]
guanidine dihydrochloride (zoniporide, 0.03-3 wM, Tocris Bio-
Science) before the 0.5% formalin injection. This concentration was
used based on our previous study showing that NHE inhibitors

increased flinching behavior [30]. The NHE inhibitors were selected
on the basis of their selectivity [10,23].

Expression of NHE1 protein in the lumbar spinal cord was
assessed by immunohistochemistry. Double immunostaining of
NHE1 with neuronal nuclear antigen (NeuN, neuronal marker), OX-
42 (a microglial marker), glial fibrillary acidic protein (GFAP, an
astrocytic marker), substance P and calcitonin gene-related pep-
tide (SP and CGRP, peptide-rich nerve fiber markers) and purinergic



6 G. Castafieda-Corral et al. / Neuroscience Letters 501 (2011) 4-9

receptor P2X3 (peptide-poor nerve fiber marker) was used to iden-
tify the cell type that expresses NHE1. A pre-absorption (Cat#
NHE11-P, Alpha Diagnostic International Inc.) and omission of the
primary antibody controls were included.

Chronic catheterization of the spinal subarachnoid space [39]
and methods for assessing nociception [30] were performed as pre-
viously reported. For immunohistochemistry, the lumbar spinal
cord, from naive rats, was removed and post-fixed for 4h. The
L4-L6 segments of the lumbar spinal cord were cut into 30-pm-
thick-sections and thaw-mounted on gelatin-coated slides. Frozen
sections were processed according to previously reported methods
[19]. NHE1 was labeled using an anti-NHE1 antibody (rabbit; 1:100;
Cat# NHE11A; Alpha Diagnostic International Inc.) [11]. Double
immunostaining was carried out using the following antibodies:
NeuN (mouse; 1:150; Cat# MAB377; Millipore), GFAP (mouse;
1:1000; Cat# G3893; Sigma-Aldrich), 0X-42 (mouse; 1:150; Cat#
MCA255G; Serotec), SP (guinea pig; 1:500; Cat# GP14110; Neu-
romics), CGRP (goat, 1:500; Cat# Ab36001; Abcam) and P2Xj3
receptor (guinea pig: 1:10,000; Cat# GP10108; Neuromics).

All results are presented as mean =+ standard error of the mean
(SEM) of six animals per group. Curves were constructed by plotting
the number of flinches as a function of time. The area under the
number of flinches against time curves (AUC) was calculated using
the trapezoidal rule.

One-way analysis of variance (ANOVA) followed by Dunnett’s
test was used to compare differences between treatments. Differ-
ences were considered significant when P<0.05.

Subcutaneous injection of 0.5% formalin into the right hind paw
of intrathecal vehicle pre-treated rats produced two distinct phases
of nociceptive behavioral responses as previously reported [30,33].
Phase I of the nociceptive response began immediately after for-
malin administration and then declined gradually in approximately
10 min. Phase Il began approximately 15 min after formalin admin-
istration and lasted approximately 1 h (Fig. 1).

Intrathecal administration of each NHE inhibitor alone did not
produce nociceptive behavior (data not shown). However, pre-
treatment (—10min) with intrathecal DMA or EIPA significantly
increased (P<0.05) flinching behavior during both phases of the
formalin test (Fig. 1A and C). The maximal effect of both NHE
inhibitors was observed in the early phase II. NHE inhibitors aug-
mented AUC, in a concentration-dependent manner (Fig. 1B and
D). Thus, DMA or EIPA pre-treated rats displayed an approximately
90% increase in flinching behavior as compared to the vehicle
group (Fig. 1B and D). Likewise, the selective NHE1 inhibitor zoni-
poride [22] also increased flinching behavior in both phases of
the test; however, the effect of zoniporide was observed with
lower concentrations than those used with DMA and EIPA (Fig. 1E
and F). Altogether, these results suggest that the observed pro-
nociceptive effect could be due to the inhibition of the spinal NHE1
isoform.

Fig. 2 illustrates the overall pattern of NHE1 like-
immunoreactivity in the rat spinal cord. NHE1 was expressed
in the gray matter of the spinal cord, but the densest labeling
was in lamina I, which contained many heavily labeled NHE1
like-immunoreactive fibers. There was no positive staining in the
dorsal horn from tissue sections in which pre-absorption with the
corresponding blocking peptide was added or primary antibody
was omitted (data not shown).

Double staining showed that in the dorsal horn, NHE1 co-
localized preferentially with CGRP (Fig. 3D-F) and SP (Fig. 3G-I), but
not with NeuN (Fig. 3A-C), 0X-42 (Fig. 4A-C), GFAP (Fig. 4D-F), or
P2X3 (Fig. 4G-I). CGRP and SP like-immunoreactivity were promi-
nent across lamina I and outer layer II (Ilo), which is in agreement
with previous studies [5,26]. These results suggest that NHE1 is
expressed primarily in peptide-rich sensory nerve fibers in the gray
matter of the spinal cord.

Fig. 2. Expression of NHE1 in the lumbar region of the spinal cord. confocal pho-
tomicrographs of the dorsal horn obtained from L4-L6 lumbar spinal cord sections
that were stained with an antibody against NHE1. This image represents a montage
of six separate images that were obtained from 30-pwm-thick tissue sections and
acquired with a 20x lens.

The formalin test is a model of persistent pain that involves ele-
ments of peripheral and central sensitization and ongoing afferent
activity [33]. Formalin (0.5%) injection produced two well defined
phases of nociceptive behaviors. At this concentration, formalin
seems to induce direct damage to peripheral terminals that express
the transient receptor potential cation channel subfamily A mem-
ber 1 (TRPA1) in a subset of TRPV1* nociceptors [4,25,31]. This
nerve injury produces a barrage of activity and an increase in the
expression of activating transcription factor 3 (ATF3) [4], a cellular
marker of nerve injury, and cFos [31], a marker of neuronal activa-
tion, that finally leads to central sensitization which is maintained
by mechanisms within the dorsal horn and by ongoing peripheral
inputs [6,31].

In this study, we demonstrated, for the first time, that NHE1
inhibition at the spinal level increases nociceptive behavior in the
formalin test. Spinal administration of DMA, EIPA and zoniporide
augmented flinching behavior induced by formalin. Since DMA,
EIPA and zoniporide are selective and potent inhibitors of the NHE
isoforms that preferentially block NHE1 [10,22,23], our data sug-
gest that NHE1 plays an important role extruding H* from the
nociceptive neurons. In addition, there is evidence that these com-
pounds inhibit the electroneutral exchange of Na* and H* with an
ICs5p in the 10-100 wM range [17,22,23]. In the present study, we
have used concentrations in the same range that would be expected
to block H* extrusion via NHE1 without affecting the function of
NHE2, NHE3 or NHE5 [17,23]. Thus, these results suggest that the
pro-nociceptive effect observed in the formalin test may be due to
changes in the intracellular pH induced by the inhibition of spinal
NHET1.

Previous studies have shown that an increase of neuronal
activity (such as that induced by formalin) may produce rapid
fluctuations in intracellular pH, which may affect the functions of
multiple enzymes, ion channels and other macromolecules, thus
altering synaptic transmission and neuronal excitability [7,34,35].
For instance, repetitive stimulation of the dorsal root evokes tran-
sient acidification in the dorsal horn [8]. These data suggest that
peripheral tissue injury leads to neuronal hyperactivity and acid-
ification of the synaptic cleft [38]. This acidification is present
in the extracellular and intracellular space. There is evidence for
intracellular acidification in rat dorsal root ganglion neurons and
a heterologous expression systems through transient receptor
potential vanilloid 1 (TRPV1) [12] and acid-sensing ion channels
(ASIC) [37] whereas other studies report an intracellular acidifi-
cation of mammalian neurons associated with Ca?* permeation



G. Castafieda-Corral et al. / Neuroscience Letters 501 (2011) 4-9 7

Overlay

Overlay

Overlay

Fig. 3. Expression of NHE1 in sensory neurons of the spinal cord dorsal horn. Panels A-I are representative confocal photomicrographs of the dorsal horn obtained from
L4-L6 lumbar spinal cord sections that were double-stained with antibodies against NHE1 (A)/NeuN (B), NHE1 (D)/CGRP (E) and NHE1 (G)/SP (H). When images D and E and
G and H are merged in F and I, respectively, co-localization appears yellow. Images in A-C, D-F and G-I are from the same spinal cord section and were acquired at 0.5 wm

z-plane intervals.

through NMDA receptors [16]. Accordingly, in vitro studies have
shown that glutamate increases intracellular Ca2* followed by a
decrease in intracellular pH [15]. In the light of these findings, it
is likely that during formalin-induced nociception, the increase of
neuronal activity could produce changes in the intracellular pH in
neurons of the spinal cord dorsal horn. Consequently, a mechanism
involved in the regulation of intracellular pH should exist to protect
neurons from excessive acidification. It is well known that NHE is
an important H* extrusion mechanism, which contributes to the
recovery from acidification in mammalian neurons [15,29] as well
in non-neuronal cells (microglia and astrocytes) [20,28]. The fact
that spinal DMA, EIPA and zoniporide increases formalin-induced
nociception (this study), and that application of EIPA to trigeminal
ganglion neurons in culture delays its intracellular pH recovery [15]
strongly supports this suggestion.

Our pharmacological results suggest the presence of the NHE1
isoform at the lumbar levels of the spinal cord. Accordingly, previ-
ous data have demonstrated the presence of NHE1 mRNA and NHE1
protein in the spinal cord by RT-PCR and western blot, respectively
[30]. However, the cellular location of NHE1 in the spinal cord was

unknown. In the present study, we detected, through immunohis-
tochemistry, the protein of the NHE1 isoform in the spinal cord. Our
results show that NHE1 is mainly expressed in axon nerve fibers
of the lamina I of the dorsal horn spinal cord. Furthermore, these
NHE1* axons also express markers of peptide-rich sensory nerve
fibers including SP and CGRP. However, NHE1-like immunoreactiv-
ity was not found in cell body neurons, microglial or astroglial cells.
These results suggest that NHE1 is localized preferentially in axons
and not in cell bodies of neurons or glial cells. Our data contrast
with previous studies that have reported that the NHE1 isoform is
functionally expressed in neurons, astrocytes and microglia[28,36].
The reason for this discrepancy is unclear, but could be related to:
(1) differences in the tissue examined (brain versus spinal cord), (2)
differences in the experimental approach (in vitro versus in vivo),
or (3) differences in the antibody used. It is important to note that
NHE1 was co-expressed with CGRP and SP, which are neurochemi-
cal markers widely used to label peptide-rich sensory nerve fibers,
but not with P2X3, a marker of peptide-poor sensory nerve fibers.
The peptide-rich nerve fibers are known to project predominantly
to lamina I and outer lamina II of the dorsal horn [26]. In the rat,
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Fig. 4. Cellular localization of NHE1 in the spinal dorsal horn. Panels A-I are representative photomicrographs of the dorsal horn obtained from L4-L6 lumbar spinal cord
sections that were double-stained with antibodies against NHE1 (A)/0X-42 (B), NHE1 (D)/GFAP (E) and NHE1 (G)/P2X3 (H). C, F and I show no colocalization of NHE1 with the
microglial marker OX-42, the astrocytic marker GFAP and the peptide-poor sensory nerve fiber marker P2X3, respectively. Images were acquired at 0.5 um z-plane intervals.

CGRP-like immunoreactivity is restricted to primary afferents [24],
while SP* nerve fibers in layers I and Il may originate from three
sources: (1) primary afferent neurons of the dorsal root ganglia,
(2) axons derived from local circuit neurons and (3) from neurons
from supraspinal sites like brainstem which project to the spinal
cord [13,14]. Based on the present results and previous studies, it
is likely that NHE1 is expressed preferentially in nociceptive nerve
fibers; however, we cannot discard the possibility that NHE1 may
also be expressed in projection neurons.

The spinal role of NHE1 in the formalin-induced nociception
is supported by several lines of evidence. NHE1 is expressed on
trigeminal [15] and dorsal root ganglion [30] neurons and is pref-
erentially localized in peptide-rich nerve fibers in the dorsal horn
(this study). NHE1 is an H* extrusion mechanism that contributes
to the recovery from acidification in neurons [15,29], and the inhi-
bition of the spinal NHE1 enhances formalin-induced nociceptive
behavior (this study). There are at least 4 possible explanations
for the increase in nociception by NHE1 inhibitors: (1) to limit
the extrusion of H* and favoring intracellular acidification (our
working hypothesis), (2) to limit H* in extracellular space, (3) to
delay the recovery of intracellular pH, or (4) a combination of the

aforementioned mechanisms. However, since we did not measure
intracellular pH in neurons we cannot discard other options. Taken
together, these data suggest an antinociceptive role for NHE1 in the
dorsal horn of the spinal cord.

In conclusion, pharmacological and anatomical results suggest
that NHE1 may be modulating pain transmission at the spinal level.
Moreover these data suggest that the mechanisms involved in pH
regulation could be a target for the development of a new class of
analgesic drugs.
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