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Differential expression of Na+/
K+/Cl− cotransporter 1 in neurons 
and glial cells within the superficial 
spinal dorsal horn of rodents
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Krisztina Holló & Miklós Antal*

Although convincing experimental evidence indicates that Na+/K+/Cl− cotransporter 1 (NKCC1) is 
involved in spinal nociceptive information processing and in the generation of hyperalgesia and 
allodynia in chronic pain states, the cellular distribution of NKCC1 in the superficial spinal dorsal horn 
is still poorly understood. Because this important piece of knowledge is missing, the effect of NKCC1 
on pain processing is still open to conflicting interpretations. In this study, to provide the missing 
experimental data, we investigated the cellular distribution of NKCC1 in the superficial spinal dorsal 
horn by immunohistochemical methods. We demonstrated for the first time that almost all spinal 
axon terminals of peptidergic nociceptive primary afferents express NKCC1. In contrast, virtually all 
spinal axon terminals of nonpeptidergic nociceptive primary afferents were negative for NKCC1. Data 
on the colocalization of NKCC1 with axonal and glial markers indicated that it is almost exclusively 
expressed by axon terminals and glial cells in laminae I–IIo. In lamina IIi, however, we observed a 
strong immunostaining for NKCC1 also in the dendrites and cell bodies of PV-containing inhibitory 
neurons and a weak staining in PKCγ-containing excitatory neurons. Our results facilitate further 
thinking about the role of NKCC1 in spinal pain processing.

Cation-chloride-cotransporters are crucially important in the regulation of intracellular and extracellular chloride 
concentrations. Although there are nine members of the cation-chloride cotransporter family1–3, Cl− gradient 
across the cell membranes of neurons is controlled by only two such proteins: K+/Cl− cotransporter 2 (KCC2) 
and Na+/K+/2Cl− cotransporter 1 (NKCC1)4–6. KCC2 extrudes chloride from the cytosol, whereas NKCC1 moves 
chloride ions into the cells7–11. Thus, NKCC1 is responsible for the intracellular accumulation of chloride12,13 
and, acting alone or in an antagonistic relationship with KCC2, it sets the equilibrium potentials for GABAA 
and glycine receptor channels3. By serving as a primary regulator of the hyperpolarizing or depolarizing effects 
of GABAA and glycine receptor activation, NKCC1 acts as one of the key players in shaping complex neural 
network activity14,15, including spinal nociceptive information processing6,16–19.

Although the pro-nociceptive role of NKCC1 in spinal pain processing has been convincingly 
demonstrated4,6,20, its effect on hyperalgesia and allodynia at the cellular level is still open to conflicting inter-
pretation. The reason for this ambiguity is that inconsistent and contradictory results prevent generalization 
from being made about the cellular distribution of NKCC1. There is no general agreement on whether NKCC1 
in the spinal cord is expressed by neurons and/or glial cells21,22. There are also contradictory results regarding 
whether this protein is distributed in all primary afferent neurons23–25 or only in certain subsets of them26. Despite 
much convincing evidence that at least some neurons in dorsal root ganglia express NKCC1, there have been no 
reports on the localization of the transporter in the spinal axon terminals of nociceptive afferents. We intended 
to contribute to this debate and provide experimental data on which the pro-nociceptive role of NKCC1 as well 
as its effect on hyperalgesia and allodynia can be more accurately interpreted.

Thus, by using a very specific and highly sensitive antibody against NKCC1, we investigated the neuronal 
and glial localization of NKCC1 in the nociceptive recipient layers (laminae I–II) of the spinal dorsal horn by 
immunohistochemical techniques. Our results provide a set of valuable new data about the neuronal and glial 
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localization of NKCC1 within the superficial spinal dorsal horn and thus facilitate further thinking about the 
role of NKCC1 in spinal pain processing.

Results
Specificity of the NKCC1 antibody.  To test the specificity of the antibody raised against NKCC1, we 
stained sections obtained from the spinal cord of NKCC1 knockout and wild type mice, and carried out a West-
ern blot analysis. No specific staining was observed in sections obtained from NKCC1 knockout mice (Fig. 1b). 
The dorsal horn of wild type mice, however, was heavily stained, and the pattern of immunostaining was similar 
to that observed in the rat (Fig. 1 a, d). The Western blot analysis showed only one immunostained band at the 
molecular weight of the glycosylated NKCC1 protein (~ 160 kDa; Fig. 1c).

Distribution of NKCC1 immunostaining in the dorsal horn of the spinal cord.  We observed a 
strong immunostaining for NKCC1 in the lumbar spinal cord of rats. Punctate immunostained profiles were 
distributed throughout the dorsal horn but the staining was more intense in laminae I–II than that in deeper 
laminae (Fig. 1d). Glial-like immunostained profiles were also observed in the white matter (Fig. 1d).

Expression of NKCC1 in neurons and glial cells.  Colocalization of NKCC1 with markers of nocicep‑
tive primary afferents.  On the basis of their neurochemical characteristics, nociceptive primary afferents are 
divided into peptidergic and nonpeptidergic subgroups in the superficial spinal dorsal horn27. Most of the pep-
tidergic ones contain calcitonin gene-related peptide (CGRP), whereas the nonpeptidergic afferents selectively 
binds isolectin-B4 (IB4)27. Thus, to reveal the expression of NKCC1 on nociceptive primary afferent terminals in 
the spinal cord, we studied the colocalization of NKCC1 with CGRP and IB4-binding.

Confirming previous results, laminae I–IIo showed a strong immunostaining for CGRP28,29, and most of the 
CGRP immunostained boutons were also immunoreactive for NKCC1. We found that 60.25 ± 1.88% of NKCC1-
IR puncta were located in peptidergic axon terminals stained for CGRP, whereas 94.45 ± 0.43% of CGRP-IR 
terminals were also immunostained for NKCC1 (Figs. 2a–c, 3).

As previously reported, IB4-binding resulted in a dense punctate labeling in lamina IIi30. Concerning the 
colocalization between NKCC1 immunostaining and IB4-binding, we found that only 3.09 ± 0.47% of NKCC1-
IR puncta were in nonpeptidergic axon terminals binding IB4, and 3.10 ± 0.36% of IB4-binding nonpeptidergic 
axon terminals were positive for NKCC1 (Figs. 2d–f, 3).

Colocalization of NKCC1 with markers of axon terminals of glutamatergic and GABAergic spinal neurons.  Vesic-
ular glutamate transporter 2 (VGLUT2) in immunofluorescence studies can be used as a marker for axon ter-

Figure 1.   Specificity of the anti-NKCC1 antibody and distribution of NKCC1 immunoreactivity in the spinal 
dorsal horn. a–b. Photomicrographs showing immunoreactivity for NKCC1 in wild-type (a) and knockout 
(b) mice. NKCC1 immunostaining can be observed in the dorsal horn of the wild-type mouse, while the 
immunoreactivity is completely abolished from the dorsal horn of the NKCC1 knockout animal. c. Western 
blot analysis reinforces the specificity of the anti-NKCC1 antibody. The single immunoreactive band on the 
full-length running gel indicates that the antibody detects a protein with a molecular mass of ~ 160 kDa 
that corresponds to the molecular mass of NKCC1. For the molecular weight calibration, the precision plus 
protein dual color standards were used on which the blue and red colors appear as gray and white, respectively, 
after the black and white conversion (Bio-Rad, Hercules, California, USA) d. Photomicrographs showing 
immunoreactivity for NKCC1 in the dorsal horn of the rat spinal cord. Scale bars: 100 µm.
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minals of intrinsic excitatory spinal neurons31–33, whereas GABAergic and glycinergic inhibitory interneu-
rons transport both GABA and glycine into synaptic vesicles with the aid of the vesicular GABA transporter 
(VGAT)34,35. Therefore, to study the expression of NKCC1 on axon terminals of excitatory, glutamatergic and 
inhibitory, GABAergic and/or glycinergic spinal neurons we investigated the colocalization between NKCC1 
and VGLUT2 as well as VGAT immunoreactivity.

As expected, VGLUT2-IR profiles were evenly scattered in laminae I–II31–33. Despite the strong staining 
obtained for both NKCC1 and VGLUT2, the colocalization between the two molecules was low. Only 3.77 ± 0.52% 
of NKCC1-IR puncta were found in axon terminals immunostained for VGLUT2, and 11.87 ± 1.31% of VGLUT2 
profiles were also immunostained for NKCC1 (Figs. 3, 4c).

Similar to earlier reports34, VGAT-IR puncta were densely and evenly scattered throughout the superficial 
spinal dorsal horn. We recovered more NKCC1-IR puncta in VGAT-positive axon terminals than in those 
immunostained for VGLUT2, but the colocalization between NKCC1 and VGAT was still moderate. We found 
that 10.51 ± 1.26% of NKCC1-IR puncta in axon terminals were stained for VGAT, whereas NKCC1-IR puncta 
were recovered in 20.76 ± 0.82% of VGAT-IR axon terminals (Figs. 3, 4c,d).

Colocalization of NKCC1 with glial markers.  Increasing experimental evidence indicates the role of astrocytes 
and microglial cells in spinal pain processing36–39. Thus, we studied the colocalization of NKCC1 with astrocytic 
and microglial markers; with glial fibrillary acidic protein (GFAP) and ionized calcium-binding adaptor mol-
ecule 1 (IBA1), respectively40.

More than half of the investigated glial cells expressed NKCC1, but the density of spots immunostained for 
NKCC1 was sparse on both types of glial cells. We found that 53.23 ± 1.84% of GFAP-IR profiles were immuno-
reactive for NKCC1, but only 16.86 ± 1.67% of NKCC1-IR puncta were scattered over profiles stained for GFAP 
(Figs. 3, 5a–c,g). Similar to GFAP, 62.99 ± 2.46% of IBA1-IR profiles were immunostained for NKCC1. However, 
only 6.85 ± 0.25% of NKCC1-IR puncta were recovered in profiles stained for IBA1 (Figs. 3, 5d–f,h).

Colocalization of NKCC1 with parvalbumin and protein kinase C gamma.  The colocalization data of NKCC1-IR 
puncta in lamina I–IIo, where the peptidergic (CGRP-IR) nociceptive primary afferents terminate28,29, showed 
that NKCC1 is almost exclusively expressed by axon terminals and glial cells, primarily due to the remarkably 
high expression of NKCC1 in CGRP-IR axon terminals. In lamina IIi, where the nonpeptidergic (IB4-binding) 
nociceptive primary afferents terminate30, however, only a minor proportion of the IB4-binding axon terminals 
showed positive staining for NKCC1. Taking low axonal and moderate glial expression into consideration, we 

Figure 2.   Immunostaining for NKCC1 in spinal axon terminals of nociceptive primary afferents. Micrographs 
of 1 µm thick laser scanning confocal optical sections illustrating the colocalization between immunolabeling 
for NKCC1 (red; b, e) and immunoreactivity for markers that are specific for axon terminals of peptidergic 
(CGRP, green; a) and nonpeptidergic (IB4-binding, green; d) nociceptive primary afferents in the superficial 
spinal dorsal horn. Mixed colors (yellow) on the superimposed images (c, f) indicate double labeled structures. 
Some double-stained varicosities are marked with arrowheads. Note that NKCC1 immunoreactivity can be 
observed in most of the peptidergic and almost none in the nonpeptidergic axon terminals of nociceptive 
primary afferents. Scale bar: 2 µm.
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hypothesized that, in contrast to lamina I–IIo, the somatodendritic compartment of neurons may show strong 
expression for NKCC1 in lamina IIi. To test this notion, we studied the distribution of NKCC1-IR puncta on the 
dendrites of parvalbumin (PV)-containing inhibitory and protein kinase C gamma (PKCγ)-containing excita-
tory neurons, which are located in lamina IIi, and play major roles in spinal pain processing41–43.

Fulfilling our expectations, we recovered NKCC1-IR puncta in high numbers in the dendrites of PV-IR 
(Fig. 6a–c,g) neurons. However, immunostaining for NKCC1 was weak in PKCγ-IR dendrites (Fig. 6d–f,h). In 
addition to the dendrites, we observed robust immunostaining for NKCC1 in the cell bodies of PV-IR neurons 
(Fig. 7a–c). As in the dendrites, most of the immunostained puncta were scattered within the cytoplasm, and only 
a few of them were located so close to the border of the PV-immunostained areas that they could be regarded 
as cell membrane-associated staining (Figs. 6a–c,f, 7a–c). In contrast to the heavy staining of PV-IR neurons, 
PKCγ-IR neurons showed sparse immunostaining for NKCC1 not only in dendrites but also in the cell bodies 
(Fig. 7d–f).

In addition to PV-IR and PKCγ-IR neurons, other types of neurons may also contribute to the formation of 
the neuronal assembly of lamina IIi, and the dendrites as well as cell bodies of these neurons may also express 
NKCC1; therefore, we did not perform any quantitative analysis concerning the distribution of NKCC1-IR puncta 
in the PV-IR and PKCγ-IR neurons. However, on the basis of the colocalization data of NKCC1-IR puncta with 
axonal and glial markers we assume that approximately 60% of NKCC1 immunoreactivity might be confined to 
the dendrites and cell bodies of neurons in lamina IIi.

Discussion
By studying the cellular expression of NKCC1 with immunohistochemical methods, we provided the first detailed 
account of the distribution of NKCC1 in neurons and glial cells in the superficial spinal dorsal horn of rats. We 
provide the first demonstration in the literature that almost all spinal axon terminals of CGRP-IR peptidergic 
nociceptive primary afferents in laminae I–IIo express NKCC1. In contrast, virtually all spinal axon termi-
nals of IB4-binding nonpeptidergic nociceptive primary afferents in lamina IIi were negative for NKCC1. The 

Figure 3.   Box plot histograms showing the degree of colocalization between immunoreactivity for NKCC1 
and selected axonal and glial markers in laminae I–II of the spinal dorsal horn. (a) Percentage of profiles 
immunoreactive for the applied axonal and glial markers that were also labeled for NKCC1. (b) Percentage 
of profiles immunoreactive for NKCC1 that were found within the confines of areas immunostained for the 
applied axonal and glial markers.
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colocalization data of NKCC1 indicated that it is almost exclusively expressed by axon terminals and glial cells 
in laminae I–IIo. In lamina IIi, however, we also revealed strong immunostaining for NKCC1 in the dendrites 
and cell bodies of selected neurons, which was stronger in PV-IR inhibitory cells and weaker in PKCγ-IR excita-
tory cells.

Differential distribution of NKCC1 in neurons and glial cells.  The expression of NKCC1 protein and 
mRNA in dorsal root ganglion (DRG) neurons has been well documented12,19,23,25,44. The experimental findings, 
however, are contradictory concerning the identification of subgroups of DRG neurons that are positive or nega-
tive for NKCC1. It has been reported that NKCC1 protein can be detected in virtually all DRG neurons in the 
frog, cat, rat23 and mouse19,24. Price et al.26, however, found that NKCC1 mRNA expression is largely confined to 
small and medium diameter DRG neurons showing positive immunostaining for peripherin, CGRP or TRPV1. 
In contrast to the well-documented expression of NKCC1 in DRG neurons, NKCC1 protein has not yet been 
localized to terminals of primary sensory afferents in the spinal cord. Here, we demonstrated robust immu-
nostaining in the axon terminals of CGRP-containing peptidergic nociceptive primary afferents in laminae I–IIo 
of the superficial spinal dorsal horn. The heavy staining of CGRP-IR axon terminals validates our other novel 
finding, namely that virtually all axon terminals of the IB4-binding nonpeptidergic nociceptive primary afferents 
were negative for NKCC1. Seemingly, this is in conflict with the results of those who found NKCC1 expression 
in all DRG neurons19,23,24. One may assume, however, that although NKCC1 is expressed in IB-4 binding DRG 
neurons, it is not transported from the cell bodies to the spinal axon terminals, similar to some ion channels that 
are expressed in the cell bodies of DRG neurons but missing from their central axon terminals45,46.

NKCC1 protein and mRNA have already been found in the somata of some neurons in the superficial spinal 
dorsal horn22,26. In the present paper, we extended these previous reports with new findings. On the one hand, 
our colocalization studies strongly suggest that the cell bodies and dendrites of neurons the axon terminals of 
which express NKCC1 in the superficial spinal dorsal horn should be located almost exclusively in lamina IIi 
and deeper layers of the dorsal horn, reinforcing the notion that there are neurons in the spinal dorsal horn that 
have their cell bodies and dendrites in laminae IIi, III and send their axons into laminae I–IIo47. These neurons 
could give rise to axon terminals in laminae I–II that were VGLUT2-IR or VGAT-IR and were also stained for 
NKCC1, representing 11.8% of VGLUT2-IR excitatory and 20.7% of VGAT-IR inhibitory axon terminals in 
laminae I–II. We have to add, however, that in addition to axon terminals of spinal origin, VGLUT2-IR had 
been detected also in some nociceptive primary afferent fibers. Some authors reported a noticeable decrease in 
VGLUT2 immunoreactivity in the spinal dorsal horn after dorsal rhizotomy31. In addition, Todd et al.33 showed 
that axon terminals of primary afferents retrogradely labeled with cholera toxin beta subunit in lamina I were 
positive for VGLUT2. Thus, the 11.8% proportion of VGLUT2-IR axon terminals in which we observed NKCC1 
immunostaining can be partly axon terminals of intrinsic neurons, partly terminals of primary sensory neurons.

On the other hand, we identified two types of neurons in lamina IIi, PV-IR inhibitory and PKCγ-IR excitatory 
neurons41–43 the cell bodies and dendrites of which were clearly stained for NKCC1. It is important, however, to 
note that the intensity of NKCC1 expression was remarkably different in these two types of cells. PV-IR neurons 

Figure 4.   Immunostaining for NKCC1 in axon terminals of spinal excitatory and inhibitory neurons. 
Micrographs of 1 µm thick laser scanning confocal optical sections illustrating the colocalization between 
immunolabeling for NKCC1 (red; b, e) and immunoreactivity for markers that are specific for excitatory 
(VGLUT2, green; (a) and inhibitory (VGAT, green; d) axon terminals of intrinsic neurons in the superficial 
spinal dorsal horn. Mixed colors (yellow) on the superimposed images (c, f) indicate double-labeled structures. 
Double-stained varicosities are marked with arrows. Scale bar: 2 µm.
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were heavily stained whereas PKCγ-IR neurons showed only very weak staining for NKCC1. In addition, most of 
the NKCC1 immunostained puncta were recovered in the cytoplasm of PV-IR dendrites and cell bodies, which 
may have an important functional consequence (see next chapter).

Confirming earlier findings44,48 we also found NKCC1 immunoreactivity in spinal glial cells. Although 
NKCC1-IR puncta were recovered in large populations of processes of both GFAP-IR astrocytes (53.2%) and 
IBA1-IR microglial cells (62.9%), immunostaining for NKCC1 was very weak in both cell types, especially in 
microglial cells.

Functional consideration.  NKCC1 expression on CGRP‑IR primary afferents.  Some twenty years ago, it 
was demonstrated that the thermal nociceptive thresholds was altered in NKCC1 KO mice19. This finding was 
substantiated by several subsequent behavioral studies supporting the pro-nociceptive role of NKCC1 in persis-
tent pain17,49,50, showing that the administration of the NKCC1 antagonist bumetanide has a significant antinoci-
ceptive effect49. It has also been demonstrated that in chronic pain conditions provoked by intradermal capsaicin 
injections, touch-evoked pain was reduced in NKCC1 deficient mice17, and this reduction could be mimicked 
by blocking NKCC1 via spinal application of bumetanide in wild-type animals20,51. These results generated the 

Figure 5.   Immunostaining for NKCC1 in astrocytes and microglial cells. Micrographs of 1 µm thick laser 
scanning confocal optical sections illustrating the colocalization between immunolabeling for NKCC1 (red; b, 
e) and immunoreactivity for markers that are specific to astrocytes (GFAP, green; a) and microglial cells (IBA1, 
green; d) in the superficial spinal dorsal horn. Mixed colors (yellow) on the superimposed images (c, f) indicate 
double-labeled structures. Micrographs of short series of confocal optical sections double immunostained for 
NKCC1 (red) and GFAP (green) or IBA1 (green) show the colocalization between NKCC1 and GFAP (g) as 
well as IBA1 (h) illustrated in X–Y, X–Z and Y–Z projections. Two selected points (labeled with 1 and 2) of 
colocalization between the markers are at the crossing point of two lines indicating the planes through which 
orthogonal views of X–Z and Y–Z projections were drawn. Small inserts in the upper right corner of both g 
and h show the selected two points in X–Y dimension without the lines. The corresponding X–Z and Y–Z 
projections are beside and below these inserts. According to the orthogonal images, as it is indicated by the 
mixed color (yellow), NKCC1 immunostained puncta 1 and 2 are within the confines of the GFAP as well as the 
IBA1 immunoreactive profiles. Double stained spots are marked with arrows. Scale bar: 5 µm (a–f), 2 µm (g, h).
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hypothesis that NKCC1 plays a role in spinal nociceptive information processing, and can be a factor that may 
participate in the mediation of touch-evoked pain.

Figure 6.   Immunostaining for NKCC1 in dendrites of spinal neurons containing PV and PKCγ. Micrographs 
of 1 µm thick laser scanning confocal optical sections double stained for PV (a) and NKCC1 (b) and for PKCγ 
(d) and NKCC1 (e). Mixed colors on the merged images (c, f) indicate that NKCC1 is strongly expressed by 
dendrites of PV-IR dendrites (c), whereas NKCC1-IR puncta are only sparsely scattered over the PKCγ-IR 
dendritic segment (f). Micrographs of short series of confocal optical sections double immunostained for 
NKCC1 (red) and PV (green) or PKCγ (green) show the colocalization between NKCC1 and PV (g) as 
well as PKCγ (h) illustrated in X–Y, X–Z and Y–Z projections. Two selected points (labeled with 1 and 2) of 
colocalization between the markers are at the crossing point of two lines indicating the planes through which 
orthogonal views of X–Z and Y–Z projections were drawn. Small inserts in the upper right corner of both g 
and h show the selected two points in X–Y dimension without the lines. The corresponding X–Z and Y–Z 
projections are beside and below these inserts. According to the orthogonal images, as it is indicated by the 
mixed color (yellow), NKCC1 immunostained puncta 1 and 2 are within the confines of the PV as well as the 
PKCγ immunoreactive profiles. Scale bars: 5 µm (a–f), 2 µm (g, h).
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A number of experimental evidence substantiates the idea that stimulation of low-threshold mechanorecep-
tors or their afferent fibers (Aβ) can evoke depolarization of nociceptive (C/Aδ) primary afferents6. It has been 
hypothesized that this phenomenon, known as primary afferent depolarization (PAD), is generated by spinal 
interneurons that provide interactions between Aβ and C/Aδ primary afferents. According to the most widely 
accepted notion, activities of Aβ fibers excite inhibitory GABAergic neurons in the spinal dorsal horn. The acti-
vated inhibitory neurons make contacts with the spinal terminals of C/Aδ fibers through axo-axonic synapses. 
Then, GABA released in these synapses depolarizes the terminals of C/Aδ fibers through the activation of their 
GABAA receptors6,52–54. The administration of bumetanide onto the spinal cord reduces PAD51, suggesting that 
NKCC1 is involved in the generation of PAD evoked by GABA release54.

Thus, Aβ-fiber-mediated touch-evoked allodynia and the generation of PAD can be based on the same 
NKCC1-dependent synaptic mechanism6,16,21,54. Our present results support this earlier postulation. However, 
on the basis of our observations, we have to add that it is likely that PAD can be evoked in peptidergic (CGRP-
IR), but not in nonpeptidergic (IB4-binding) nociceptive primary afferents. Almost all CGRP-IR axon terminals 
(94.45 ± 0.43%) showed strong immunostaining for NKCC1; thus, their intra-axonal Cl− concentration can be so 
high that the activation of their GABAA receptors may evoke membrane depolarization and consecutive PAD. 
In contrast, due to the very low level, virtual lack of NKCC1 expression, the intra-axonal Cl− concentration in 
nonpeptidergic (IB4-binding) nociceptive primary afferents can be so low that the activation of their GABAA 
receptors may mediate inward (hyperpolarizing) Cl− currents, which can also lead to the inhibition of the post-
synaptic neuronal activity, but cannot generate PAD.

It must be emphasized, however, that this study investigated naive animals, in which PAD results in presyn-
aptic inhibition of nociceptive primary afferents52,55 and therefore attenuates acute pain. Under chronic pain 
conditions, however, both NKCC1 expression and intracellular chloride concentration may increase in the 
nociceptive axon terminals, as has already been observed in DRG neurons21,24,25,56. A Western blot study by Galan 
and Cervero21 reinforces this notion. They found that the quantity of NKCC1 protein increased by 50% in the 
plasma membrane prepared from the lumbosacral spinal cord following intracolonic installation of capsaicin in 
mice. As a consequence of the increased NKCC1 expression, the excitability of C/Aδ primary afferent terminals 
may increase to such an extent that the GABAA receptor-mediated PAD can be so excessive that it may gener-
ate action potentials. The evoked action potentials of primary afferents can activate spinal neurons, resulting 
in touch-evoked pain (allodynia)6,16,18,57. The findings that NKCC1 KO mice display17 and spinal application of 
bumetanide results in18 reduced touch-evoked allodynia reinforces this hypothesis. According to our results, it is 
tempting to assume that touch-evoked allodynia can be more characteristic of those chronic pain states that are 
mediated by CGRP-IR peptidergic C/Aδ nociceptive primary afferents. Reinforcing this notion, touch-evoked 
allodynia has been reported in most cases in chronic pain conditions evoked by thermal, chemical or neuroin-
flammatory stimuli6,16–21,51,58, which are conducted by peptidergic primary afferents.

Figure 7.   Immunostaining for NKCC1 in the cell bodies of spinal neurons containing PV and PKCγ. 
Micrographs of 1 µm thick laser scanning confocal optical sections double stained for PV (a) and NKCC1 (b) 
and for PKCγ (d) and NKCC1 (e). The merged images (c, f) show strong expression of NKCC1 in the cell body 
of the PV-IR neuron (c) and moderate staining for NKCC1 in the PKCγ-IR neuron (f). Scale bars: 10 µm.
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NKCC1 expression in PV‑IR inhibitory neurons in lamina IIi.  Studies of pharmacological blockage of inhibition 
in the spinal dorsal horn have revealed a novel polysynaptic excitatory drive from laminae IIi–III to lamina I59–64. 
It conducts low-threshold Aβ fiber input from laminae IIi–III onto lamina I nociceptive neurons47, resulting 
in the generation of behavioral allodynia62. Under control conditions, this ventral-to-dorsal excitatory path-
way is blocked by tonic inhibition65. However, in chronic pain, the inhibition is downregulated, which enables 
Aβ-fiber-mediated innocuous mechanical inputs to activate nociceptive projection neurons42,59,66. PV-IR inhibi-
tory neurons in lamina IIi seem to be important constituents of neural circuits regulating the transmission of 
Aβ fiber activities to nociceptive specific neurons in lamina I42,44. They receive monosynaptic inputs from Aβ 
fibers and inhibit those excitatory neurons, which are also activated by Aβ fiber inputs and participate in the 
formation of the ventral-to-dorsal excitatory pathway41,43. In chronic pain conditions, the excitability of PV-IR 
neurons is reduced41, and the loss of inhibition can open up the gate for the Aβ fiber polysynaptic activation of 
the pain pathway.

It is one of our most interesting findings that the cytoplasm of PV-IR neurons is loaded with NKCC1 but its 
expression in the cell membrane is limited. It is likely that cytoplasmic NKCC1 cannot influence the intracellular 
chloride concentration. But then, why does NKCC1 accumulate in the cytoplasm of PV-IR neurons? We do not 
know the answer to this question, but would like to put forward the notion that the cytoplasmic NKCC1 can be 
inserted into the cell membrane in chronic pain. If this happens, the influx of chloride into the PV-IR cells may 
increase. Consecutively, the excitability of PV-IR cells may decrease67, which may open up the gate for the flow 
of Aβ fiber activities through the ventral-to-dorsal excitatory pathway.

Methods
Animals and preparation of tissue sections.  Animals were handled and tissue sections were prepared 
according to Antal et al.68 with some modifications. Experiments were carried out on 8 adult rats (Wistar-Kyoto, 
250–300 g, Gödöllő, Hungary), two wild-type and two NKCC1 knockout mice69. All animal study protocols 
were approved by the Animal Care and Protection Committee at the University of Debrecen and were in accord-
ance with the European Community Council Directives. Animals were deeply anesthetized with sodium pento-
barbital (50 mg/kg, i.p.) and transcardially perfused with Tyrode’s solution (oxygenated with a mixture of 95% 
O2 and 5% CO2), followed by a fixative containing 4% paraformaldehyde dissolved in 0.1 M phosphate buffer 
(PB, pH 7.4). After transcardial fixation, the lumbar segments of the spinal cord were removed, postfixed in the 
original fixative for 3–4 h, and immersed in 10% and 20% sucrose dissolved in 0.1 M PB until they sank. To 
enhance reagent penetration the removed spinal cord was freeze-thawed in liquid nitrogen, sectioned at 50 µm 
on a vibratome, and extensively washed in 0.1 M PB.

Immunohistochemistry.  Single and double immunostaining were carried out by following the protocols 
of Hegyi et al.70.

Single immunostaining.  A single immunostaining protocol was performed to study the laminar distribution 
of NKCC1 in rats and wild-type as well as NKCC1 knock-out69 mice. Free-floating sections were first incu-
bated in mouse anti-NKCC1 antibody which was generated against a fusion protein fragment encompassing 
the C-terminus (S760-S1212) amino acids of the human colonic NKCC1 (diluted 1:3,000, T4 antibody, Devel-
opmental Studies Hybridoma Bank, University of Iowa, Iowa City, USA) for 48 h at 4 °C, and then transferred 
into biotinylated goat anti-mouse IgG (diluted 1:200; Vector Labs., Burlingame, California, USA) for 12 h at 
4 °C. Thereafter, the sections were treated with an avidin biotinylated horseradish peroxidase complex (diluted 
1:100, Vector Labs., Burlingame, California, USA) for 5 h at room temperature, and the immunoreaction was 
completed with a 3,3′-diaminobenzidine (Sigma, St. Louis, Missouri, USA) chromogen reaction. Before the anti-
body treatments, the sections were kept in 20% normal goat serum (Vector Labs., Burlingame, California, USA) 
for 50 min. Antibodies were diluted in 10 mM Tris–phosphate-buffered isotonic saline (TPBS, pH 7.4) to which 
1% normal goat serum (Vector Labs., Burlingame, California, USA) was added. Sections were mounted on glass 
slides, dehydrated and covered with Permount neutral medium.

Double immunostaining.  Double-immunostaining protocols were performed to study the colocalization of 
NKCC1 immunoreactivity with various markers of nociceptive primary afferents, axon terminals of glutamater-
gic and GABAergic spinal neurons, somatodendritic compartment of neurons, astrocytes and microglial cells. 
Free-floating sections were first incubated with a mixture of antibodies that contained mouse anti-NKCC1 
(1:3,000) and one of the following antibodies: (1) guinea pig anti-CGRP (diluted 1:5,000, Peninsula Labs., San 
Carlos, California, USA), (2) biotinylated isolectin B4 (IB4) (1:2000, Sigma, St. Louise, Missouri, USA), (3) 
guinea pig anti-vesicular glutamate transporter 2 (VGLUT2) (diluted 1:2000, Millipore, Temecula, California, 
USA), (4) guinea pig-anti-vesicular GABA transporter (VGAT) (1:500, Synaptic System, Göttingen, Germany), 
(5) rabbit anti-parvalbumin (PV) (diluted 1:60,000, SWANT, Marly, Switzerland), (6) rabbit anti-PKCγ (diluted 
1:2000, Abcam, Cambridge, United Kingdom), (7) guinea pig anti-GFAP (diluted 1:2000, Synaptic System, Göt-
tingen, Germany), and (8) guinea pig anti-ionized calcium-binding adaptor 1 (IBA1) (diluted 1:500, Synaptic 
System, Göttingen, Germany). The sections were incubated in the primary antibody solutions for 2 days at 4 °C 
and were transferred for an overnight treatment into goat anti-mouse IgG conjugated with Alexa Fluor 555 
(diluted 1:1,000, Molecular Probes, Eugene, Oregon, USA), which was mixed with either goat anti-guinea pig or 
goat anti-rabbit IgG conjugated with Alexa Fluor 488 (diluted 1:1,000, Molecular Probes, Eugene, Oregon, USA) 
or streptavidin conjugated with Alexa Fluor 488 (diluted 1:1,000, Molecular Probes, Eugene, Oregon, USA). 
Before the antibody treatments, the sections were kept in 20% normal goat serum (Vector Labs., Burlingame, 
California, USA) for 50 min. Antibodies were diluted in 10 mM TPBS (pH 7.4) to which 1% normal goat serum 
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(Vector Labs., Burlingame, California, USA) was added. Sections were mounted on glass slides and covered with 
Vectashield (Vector Labs., Burlingame, California, USA).

Confocal microscopy and analysis.  Confocal microscopy and qualitative as well as quantitative evalu-
ation of the data were performed according to the method of Dócs et al.71. Single and serial 1 µm thick optical 
sections were scanned with an Olympus FV1000 confocal microscope. Serial optical sections were scanned with 
an overlap of 0.5 µm. Scanning was carried out using a 60× oil-immersion lens (NA: 1.4). The confocal settings 
(laser power, confocal aperture and gain) were identical for all sections, and care was taken to ensure that there 
were no saturated pixels corresponding to puncta immunostained for NKCC1 and all the markers applied for the 
visualization of nociceptive primary afferents, axon terminals of glutamatergic and GABAergic spinal neurons, 
somatodendritic compartment of neurons, astrocytes and microglial cells. The scanned images were processed 
in Adobe Photoshop CS5 software.

The colocalization of NKCC1 with the investigated markers was quantitatively analyzed in the double-stained 
single 1 µm thick sections. A 10 × 10 standard square grid in which the edge length of the unit square was 5 µm 
was placed onto the regions of the confocal images corresponding to laminae I–II of the superficial spinal 
dorsal horn. The proper placement of the grid was based on the following criteria: (a) The border between the 
dorsal column and the dorsal horn was easily identified on the basis of the intensity of immunostaining. (b) 
The border between laminae II and III was approximated on the basis of previous observations72–74. It has been 
repeatedly demonstrated in ultrastructural studies that there are almost no myelinated axons in lamina II, while 
they are abundant in lamina III. Thus, the border between laminae II and III can be defined quite precisely in 
ultrastructural studies, and the thickness of laminae I-II can be measured. For this reason, immunoreactivities 
and colocalizations were investigated in the most superficial 150 µm thick zone of the dorsal horn that had 
previously been identified as a layer of the gray matter corresponding to laminae I and II in the L3–L5 segments 
of the spinal dorsal horn.

Profiles that showed immunoreactivity for NKCC1 over the edges of the standard grid were counted. The 
selected profiles immunoreactive for NKCC1 were then examined to determine whether they were also immu-
noreactive for axonal, neuronal or glial markers. Since the NKCC1 antibody utilized in the present study was 
raised against the intracellular domain of the enzyme, NKCC1 immunolabeled puncta were expected to be 
located within the confines of the area immunostained for the markers. Thus, to define the colocalization val-
ues, we counted only those NKCC1-immunolabeled puncta that were located within the confines of the areas 
immunostained for the marker. The colocalization for all investigated markers was analyzed in three animals. 
Three sections from each animal were randomly selected and the quantitative measurement was carried out in 
two regions of interest (ROIs) that were randomly selected from each section. One of the ROIs was placed in a 
more superficial region and the other in a deeper region of the layers stained for the neuronal or glial markers, 
but always within the confines of laminae I–II. Thus, the calculation of quantitative figures in each case was 
based on the investigation of 18 ROIs. From quantitative data obtained in the 18 ROIs, box-and-whisker plots 
were generated by using Origin Pro 8.0 software. The mean and standard error of the means (SEM) were also 
calculated for each value.

In order to substantiate the glial and neuronal localization of NKCC1, short series of confocal optical sections 
were also investigated in the X–Z and Y–Z projections. The X–Z and Y–Z images were drawn through points of 
colocalization between the two markers, and the two orthogonal views were investigated for overlap.

Controls.  The specificity of the antibody raised against NKCC1 has been extensively characterized23,75. It has 
been shown that the antibody recognizes NKCC1 protein in a wide variety of cell types75–77, including DRG23 
and cortical78 neurons.

We further tested the specificity of the NKCC1 antibody in the spinal dorsal horn according to the protocols 
of Hegyi et al.79. (1) Free-floating sections obtained from NKCC1 knock-out69 and wild-type mice were immu-
nostained according to the single immunostaining protocol described above. (2) In order to obtain a more global 
view about the specificity of the anti-NKCC1 antibody, Western-blot analysis was performed on rats. While the 
animals were deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.), the spinal dorsal horn at the level 
of L3-L5 lumbar segments were dissected. The dorsal horn was sonicated in 20 mM Tris lysis buffer (pH 7.4) 
containing the following protease inhibitors (mM): EDTA (4.0), EGTA (2.5), PMSF (0.002) benzamidine (0.013), 
pepstatin A (0.004), soybean trypsin inhibitor (0.001), leupeptin (0.001) and aprotinin (0.001). After removing 
cell debris from the sonicated samples with centrifugation (1,500 rcf for 10 min at 4 °C), the supernatant was 
centrifuged again (12,000 rcf for 20 min at 4 °C). The pellet was resuspended in lysis buffer containing 1% Tri-
ton X-100 and 0.1% SDS, and the samples were run on 10% SDS–polyacrylamide gels according to the method 
of Laemmli80. The separated proteins were electrophoretically transferred onto PVDF membranes (Millipore, 
Billerica, MA, USA), and the membranes were immunostained according to the single immunostaining protocol 
described above. The immunostaining revealed only one immunoreactive band corresponding to the molecular 
mass of the glycosylated NKCC1 protein as seen in many types of cells75,78.

In order to test the specificity of the immunostaining protocol, free-floating sections were incubated accord-
ing to the single immunostaining protocol described above with primary antibodies omitted or replaced with 
1% normal goat serum. No immunostaining was observed in these sections.

Data availability
All relevant data are available from the authors.



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11715  | https://doi.org/10.1038/s41598-020-68638-3

www.nature.com/scientificreports/

Received: 6 January 2020; Accepted: 30 June 2020

References
	 1.	 Gamba, G. Molecular physiology and pathophysiology of electroneutral cation-chloride cotransporters. Physiol. Rev. 85, 423–493 

(2005).
	 2.	 Mercado, A., Mount, D. B. & Gamba, G. Electroneutral cation-chloride cotransporters in the central nervous system. Neurochem. 

Res. 29, 17–25 (2004).
	 3.	 Payne, J. A., Rivera, C., Voipio, J. & Kaila, K. Cation-chloride co-transporters in neuronal communication, development and 

trauma. Trends Neurosci. 26, 199–206 (2003).
	 4.	 Ben-Ari, Y. NKCC1 chloride importer antagonists attenuate many neurological and psychiatric disorders. Trends Neurosci. 40, 

536–554 (2017).
	 5.	 Delpire, E. & Austin, T. M. Kinase regulation of Na+–K+–2Cl− cotransport in primary afferent neurons. J. Physiol. 588, 3365–3373 

(2010).
	 6.	 Price, T. J., Cervero, F., Gold, M. S., Hammond, D. L. & Prescott, S. A. Chloride regulation in the pain pathway. Brain Res. Rev. 60, 

149–170 (2009).
	 7.	 DeFazio, R. A., Keros, S., Quick, M. W. & Hablitz, J. J. Potassium-coupled chloride cotransport controls intracellular chloride in 

rat neocortical pyramidal neurons. J. Neurosci. 20, 8069–8076 (2000).
	 8.	 Hsu, Y. T., Chang, Y. G. & Chern, Y. (2018) Insight into GABAAergic system alteration in Huntington’s disease. Open Biol. 8, 180165 

(2018).
	 9.	 Kakazu, Y., Akaike, N., Komiyama, S. & Nabekura, J. Regulation of intracellular chloride by cotransporters in developing lateral 

superior olive neurons. J. Neurosci. 19, 2843–2851 (1999).
	10.	 Kaila, K., Price, T. J., Payne, J. A., Puskarjov, M. & Voipio, J. Cation-chloride cotransporters in neuronal development, plasticity 

and disease. Nat. Rev. Neurosci. 15, 637–654 (2014).
	11.	 Rivera, C. et al. The K+/Cl− co-transporter KCC2 renders GABA hyperpolarizing during neuronal maturation. Nature 397, 251–255 

(1999).
	12.	 Alvarez-Leefmans, F. J., Nanim A. & Márquez, S. , Chloride transport, osmotic balance, and presynaptic inhibition. In Presynaptic 

Inhibition and Neural Control) (eds Rudomin, P. et al.) 50–79 (Oxford University Press, New York, 1998).
	13.	 Haas, M. & Forbush, B. III. The Na–K–Cl cotransporters. J. Bioenerg. Biomembr. 30, 161–172 (1998).
	14.	 Achilles, K. et al. Kinetic properties of Cl uptake mediated by Na+-dependent K+–2Cl cotransport in immature rat neocortical 

neurons. J. Neurosci. 27, 8616–8627 (2007).
	15.	 Sipila, S. T., Schuchmann, S., Voipio, J., Yamada, J. & Kaila, K. The cation-chloride cotransporter NKCC1 promotes sharp waves 

in the neonatal rat hippocampus. J. Physiol. 573, 765–773 (2006).
	16.	 Cervero, F., Laird, J. M. A. & Garcia-Nicas, E. Secondary hyperalgesia and presynaptic inhibition: An uptake. Eur. J. Pain 7, 345–351 

(2003).
	17.	 Laird, J. M., Garcia-Nicas, E., Delpire, E. J. & Fernando, F. Presynaptic inhibition and spinal pain processing in mice: A possible 

role of the NKCC1 cation-chloride co-transporter in hyperalgesia. Neurosci. Lett. 361, 200–203 (2004).
	18.	 Pitcher, M. H. & Cervero, F. Role of the NKCC1 co-transporter in sensitization of spinal nociceptive neurons. Pain 151, 756–762 

(2010).
	19.	 Sung, K. W., Kirby, M., McDonald, M. P., Lovinger, D. M. & Delpire, E. Abnormal GABAA receptor-mediated currents in dorsal 

root ganglion neurons isolated from Na–K–2Cl cotransporter null mice. J. Neurosci. 20, 7531–7538 (2000).
	20.	 Wei, B. et al. Pre- and post-synaptic switches of GABA actions associated with Cl(−) homeostatic changes are induced in the spinal 

nucleus of the trigeminal nerve in a rat model of trigeminal neuropathic pain. Neuroscience 228, 334–348 (2013).
	21.	 Galan, A. & Cervero, F. Painful stimuli induce in vivo phosphorylation and membrane mobilization of mouse spinal cord NKCC1 

co-transporter. Neuroscience 133, 245–252 (2005).
	22.	 Morales-Aza, B. M., Chillingworth, N. L., Payne, J. A. & Donaldson, L. F. Inflammation alters cation chloride cotransporter expres-

sion in sensory neurons. Neurobiol. Dis. 17, 62–69 (2004).
	23.	 Alvarez-Leefmans, F. J. et al. Immunolocalization of the Na+–K+–2Cl− cotransporter in peripheral nervous tissue of vertebrates. 

Neuroscience 104, 569–582 (2001).
	24.	 Gilbert, D. et al. Differential maturation of chloride homeostasis in primary afferent neurons of the somatosensory system. J. Dev. 

Neurosci. 25, 479–489 (2007).
	25.	 Rocha-Gonzalez, H. I., Mao, S. & Alvarez-Leefmans, F. J. Na+, K+, 2Cl− cotransport and intracellular chloride regulation in rat 

primary sensory neurons: thermodynamic and kinetic aspects. J. Neurophysiol. 100, 169–184 (2008).
	26.	 Price, T. J., Hargreaves, K. M. & Cervero, F. Protein expression and mRNA cellular distribution of the NKCC1 cotransporter in 

the dorsal root and trigeminal ganglia of the rat. Brain Res. 1112, 146–158 (2006).
	27.	 Willis, W. D. & Coggeshall, R. E. Sensory mechanisms of the spinal cord. Vol 1 Primary afferent neurons and the spinal dorsal horn 

(Kluwer Academic/Plenum Publishers, New York, 2004).
	28.	 Nasu, F. Analysis of calcitonin gene-related peptide (CGRP)-containing nerve fibres in the rat spinal cord using light and electron 

microscopy. J. Electron Microsci. 48, 267–275 (1999).
	29.	 Traub, R. J., Solodkin, A. & Ruda, M. A. Calcitonin gene-related peptide immunoreactivity in the cat lumbosacral spinal cord and 

the effects of multiple dorsal rhizotomies. J. Comp. Neurol. 287, 225–237 (1989).
	30.	 Guo, A., Vulchanova, L., Wang, J., Li, X. & Elde, R. Immunocytochemical localization of the vanilloid receptor 1 (VR1): Relation-

ship to neuropeptides, the P2X3 purinoceptor abd IB4 binding sites. Eur. J. Neurosci. 11, 946–958 (1999).
	31.	 Li, J. L., Fujimaya, F., Kaneko, T. & Mizuno, N. Expression of vesicular glutamate transporters, VGluT1 and VGluT2, in axon ter-

minals of nociceptive primary afferent fibers in the superficial layers of the medullary and spinal dorsal horns of the rat. J. Comput. 
Neurol. 457, 236–249 (2003).

	32.	 Oliveira, A. L. R. et al. Cellular localization of three vesicular glutamate transporter mRNAs and proteins in rat spinal cord and 
dorsal root ganglia. Synapse 50, 117–129 (2003).

	33.	 Todd, A. J. et al. The expression of vesicular glutamate transporters VGLUT1 and VGLUT2 in neurochemically defined axonal 
populations in the rat spinal cord with emphasis on the dorsal horn. Eur. J. Neurosci. 17, 13–27 (2003).

	34.	 Polgar, E. & Todd, A. J. Tactile allodynia can occur in the spared nerve injury model in the rat without selective loss of GABA or 
GABA(A) receptors from synapses in laminae I–II of the ipsilateral spinal dorsal horn. Neuroscience 156, 193–202 (2008).

	35.	 Aubrey, K. R. Presynaptic control of inhibitory neurotransmitter content in VIAAT containing synaptic vesicles. Neurochem. Int. 
98, 94–102 (2016).

	36.	 Ji, R. R., Berta, T. & Nedergaard, M. Glia and pain: Is chronic pain a gliopathy?. Pain 154(Suppl. 1), S10-28 (2013).
	37.	 Nakagawa, T. & Kaneko, S. Spinal astrocytes as therapeutic targets for pathological pain. J. Pharmacol. Sci. 114, 347–353 (2010).
	38.	 Old, E. A., Clark, A. K. & Malcangio, M. The role of glia in the spinal cord in neuropathic and inflammatory pain. Handb. Exp. 

Pharmacol. 227, 145–170 (2015).
	39.	 Tsuda, M. Modulation of pain and itch by Spinal Glia. Neurosci. Bull. 34, 178–185 (2018).



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:11715  | https://doi.org/10.1038/s41598-020-68638-3

www.nature.com/scientificreports/

	40.	 Garrison, C. J., Dougherty, P. M., Kajander, K. C. & Carlton, S. M. Staining of glial fibrillary acidic protein (GFAP) in lumbar spinal 
cord increases following a sciatic nerve constriction injury. Brain Res. 565, 1–7 (1991).

	41.	 Implication for tactile allodynia. Boyle, K, A, et al. Defining a spinal microcircuit that gates myelinated afferent input. Cell Rep. 
28, 526–540 (2019).

	42.	 Lu, Y. et al. A feed-forward spinal cord glycinergic neural circuit gates mechanical allodynia. J. Clin. Invest. 123, 4050–4062 (2013).
	43.	 Petitjean, H. et al. Dorsal horn parvalbumin neurons are gate-keepers of touch-evoked pain after nerve injury. Cell Rep. 13, 

1246–1257 (2015).
	44.	 Kanaka, C. et al. The differential expression patterns of messenger RNAs encoding K–sCl cotransporters (KCC1,2) and Na–K–2Cl 

cotransporter (NKCC1) in the rat nervous system. Neuroscience 104, 933–946 (2001).
	45.	 Garcıia-Anoveros, J., Samad, T. A., Zuvela-Jelaska, L., Woolf, C. J. & Corey, D. P. Transport and localization of the DEG/ENaC ion 

channel BNaC1α to peripheral mechanosensory terminals of dorsal root ganglia neurons. J. Neurosci. 21, 2678–2686 (2001).
	46.	 He, J. T., Li, X. Y., Zhao, X. & Liu, X. Hyperpolarization-activated and cyclic nucleotid-gated channel proteins as emerging new 

targets in neuropathic pain. Rev. Neurosci. 30, 639–649 (2019).
	47.	 Kato, G. et al. Organization of intralaminar and translaminar neuronal connectivity in the superficial spinal dorsal horn. J. Neurosci. 

29, 5088–5099 (2009).
	48.	 Yan, Y., Dempsey, R. J. & Sun, D. Expression of Na(+)–K(+)–Cl(−) cotransporter in rat brain during development and its localiza-

tion in mature astrocytes. Brain Res. 911, 43–55 (2001).
	49.	 Granados-Soto, V., Arguelles, F. & Alvarez-Leefmans, F. J. Peripheral and central antinociceptive action of Na+–K+–2Cl− cotrans-

porter blockers on formalin-induced nociception in rats. Pain 114, 231–238 (2005).
	50.	 Pitcher, M. H., Price, T. J., Entrena, J. M. & Cervero, F. Spinal NKCC1 blockade inhibits TRPV1-dependent referred allodynia. 

Mol. Pain 3, 17 (2007).
	51.	 Valencia-de Ita, S., Lawand, N. B., Lin, Q., Castañeda-Hernandez, G. & Willis, W. D. Role of the Na+–K+–2Cl− cotransporter in 

the development of capsaicin-induced neurogenic inflammation. J. Neurophysiol. 95, 3553–3561 (2006).
	52.	 Willis, W. D. Dorsal root potentials and dorsal root reflexes: a double-edged sword. Exp. Brain Res. 124, 395–421 (1999).
	53.	 Rudomin, P. & Schmidt, R. F. (1999) Presynaptic inhibition in the vertebrate spinal cord revisited. Exp. Brain Res. 129, 1–37 (1999).
	54.	 Price, T. J., Cervero, F. & de Koninck, Y. Role of cation-chloride-cotrasporters (CCC) in pain and hyperalgesia. Curr. Top. Med. 

Chem. 5, 547–555 (2005).
	55.	 Calvillo, O. Primary afferent depolarization of C fibres in the spinal cord of the cat. Can. J. Physiol. Pharmacol. 56, 154–157 (1978).
	56.	 Funk, K. et al. Modulation of chloride homeostasis by inflammatory mediators in dorsal root ganglion neurons. Mol. Pain 4, 32 

(2008).
	57.	 Garcia-Nicas, E., Laird, J. M. & Cervero, F. GABAA-Receptor blockade reverses the injury-induced sensitization of nociceptor-

specific (NS) neurons in the spinal dorsal horn of the rat. J. Neurophysiol. 96, 661–670 (2006).
	58.	 Pitcher, M. H., Nieto, F. R. & Cervero, F. Stimulation of cutaneous low threshold mechanoreceptors in mice after intracolonic 

capsaicin increases spinal c-Fos labeling in an NKCC1-dependent fashion. J. Pain 14, 57–65 (2013).
	59.	 Baba, H. et al. Removal of GABAergic inhibition facilitates polysynaptic A fbre-mediated excitatory transmission to the superficial 

spinal dorsal horn. Mol. Cell. Neurosci. 24, 818–830 (2003).
	60.	 Torsney, C. & MacDermott, A. B. Disinhibition opens the gate to pathological pain signaling in superficial neurokinin 1 receptor-

expressing neurons in rat spinal cord. J. Neurosci. 26, 1833–1843 (2006).
	61.	 Miraucourt, L. S., Dallel, R. & Voisin, D. L. (2007) Glycine inhibitory dysfunction turns touch into pain through PKCgamma 

interneurons. PLoS ONE 2(11), e1116 (2007).
	62.	 Miraucourt, L. S., Moisset, X., Dallel, R. & Voisin, D. L. Glycine inhibitory dysfunction induces a selectively dynamic, morphine-

resistant, and neurokinin 1 receptor-independent mechanical allodynia. J. Neurosci. 29, 2519–2527 (2009).
	63.	 Schoffnegger, D., Ruscheweyh, R. & Sandkühler, J. Spread of excitation across modality borders in spinal dorsal horn of neuropathic 

rats. Pain 135, 300–310 (2008).
	64.	 Daniele, C. A. & MacDermott, A. B. (2009) Low-threshold primary afferent drive onto GABAergic interneurons in the superficial 

dorsal horn of the mouse. J. Neurosci. 29, 686–695 (2009).
	65.	 Takazawa, T. & MacDermott, A. B. (2010) Synaptic pathway and inhibitory gates in the spinal cord dorsal horn. Ann. NY Acad. 

Sci. 1198, 153–158 (2010).
	66.	 Takazawa, T. et al. Inhibition mediated by glycinergic and GABAergic receptors on excitatory neurons in mouse superficial dorsal 

horn is location-specific but modified by inflammation. J. Neurosci. 37, 2336–2348 (2017).
	67.	 Berndt, N., Hoffmann, S., Bende, J. & Holzhütter, H. G. The influence of the chloride currents on action potential firing and volume 

regulation of excitable cells studied by a kinetic model. J. Theor. Biol. 276, 42–49 (2011).
	68.	 Antal, M., Papp, I., Bahaerguli, N., Veress, G. & Vereb, G. Expression of hyperpolarization-activated and cyclic nucleotide-gated 

cation channel subunit 2 in axon terminals of peptidergic nociceptive primary sensory neurons in the superficial spinal dorsal 
horn of rats. Eur. J. Neurosci. 19, 1336–1342 (2004).

	69.	 Flagella, M. et al. Mice lacking the basolateral Na–K–2Cl cotransporter have impaired epithelial chloride secretion and are pro-
foundly deaf. J. Biol. Chem. 274, 26946–32655 (1999).

	70.	 Hegyi, Z., Holló, K., Kis, G., Mackie, M. & Antal, M. Differential distribution of diacylglycerol lipase-alpha and N-acylphosphati-
dylethanolamine-specific phospholipase D immunoreactivity in the superficial spinal dorsal horn of rats. Glia 60, 1316–1329 
(2012).

	71.	 Dócs, K. et al. Selective axonal and glial distribution of monoacylglycerol lipase immunoreactivity in the superficial spinal dorsal 
horn of rodents. Brain Struct. Funct. 220, 2625–2637 (2015).

	72.	 McClung, J. R. & Castro, A. J. Rexed’s laminae as it applies to the rat cervical spinal cord. Exp. Neurol. 58, 145–148 (1978).
	73.	 McNeil, D. L., Chung, K., Hulsebosch, C. E., Bolander, R. P. & Coggeshall, R. E. Numbers of synapses in laminae I–IV of the rat 

dorsal horn. J. Comp. Neurol. 278, 453–460 (1988).
	74.	 Molander, C., Xa, Q. & Grant, G. The cytoarchitectonic organization of the spinal cord in the rat. I. The lower thoracic and lum-

bosacral cord. J. Comp. Neurol. 230, 133–141 (1984).
	75.	 Lytle, C., Xu, J. C., Biemesderfer, D. & Forbush, B. Distribution and diversity of Na–K–Cl cotransport proteins: a study with 

monoclonal antibodies. Am. J. Physiol. 269, C1496–C1505 (1995).
	76.	 Maglova, L. M., Crowe, W. E., Smith, P. R., Altamirano, A. A. & Russell, J. M. Na+–K+–Cl− cotransportin human fibroblasts is 

inhibited by cytomegalovirus infection. Am. J. Physiol. 275, C1330–C1341 (1998).
	77.	 McDaniel, N. & Lytle, C. Parietal cells express high levels of Na–K–2Cl cotransporter on migrating into the gastric gland neck. 

Am. J. Physiol. 276, G1273–G1278 (1999).
	78.	 Sun, D. & Murali, S. G. Stimulation of Na+–K+–2Cl− cotransporter in neuronal cells by excitatory neurotransmitter glutamate. Am. 

J. Physiol. 275, C772–C779 (1998).
	79.	 Hegyi, Z., Kis, G., Holló, K., Ledent, C. & Antal, M. Neuronal and glial localization of the cannabinoid-1 receptor in the superficial 

spinal dorsal horn of the rodent spinal cord. Eur. J. Neurosci. 30, 251–262 (2009).
	80.	 Laemli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophyge T4. Nature 227, 680–685 (1970).



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11715  | https://doi.org/10.1038/s41598-020-68638-3

www.nature.com/scientificreports/

Acknowledgements
This work was supported by the Hungarian Academy of Sciences (MTA-TKI 242) and the Hungarian National 
Brain Research Program (KTIA_NAP_13-1-2013-0001).

Author contributions
AM conceived the project, designed the experiments and prepared the manuscript, FJ carried out the immu-
nocytochemical stainings on spinal cord sections, analyzed data and prepared the Figures, KHegedüs carried 
out the immunocytochemical stainings on spinal cord sections, COM carried out the confocal imaging; ZH 
performed orthogonal rotations on short series of double stained confocal sections, analyzed data, and contrib-
uted to the preparation of Figs. 5 and 6; KHolló carried out the Western blot analysis and prepared Fig. 1c. All 
authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Differential expression of Na+K+Cl− cotransporter 1 in neurons and glial cells within the superficial spinal dorsal horn of rodents
	Anchor 2
	Anchor 3
	Results
	Specificity of the NKCC1 antibody. 
	Distribution of NKCC1 immunostaining in the dorsal horn of the spinal cord. 
	Expression of NKCC1 in neurons and glial cells. 
	Colocalization of NKCC1 with markers of nociceptive primary afferents. 
	Colocalization of NKCC1 with markers of axon terminals of glutamatergic and GABAergic spinal neurons. 
	Colocalization of NKCC1 with glial markers. 
	Colocalization of NKCC1 with parvalbumin and protein kinase C gamma. 


	Discussion
	Differential distribution of NKCC1 in neurons and glial cells. 
	Functional consideration. 
	NKCC1 expression on CGRP-IR primary afferents. 
	NKCC1 expression in PV-IR inhibitory neurons in lamina IIi. 


	Methods
	Animals and preparation of tissue sections. 
	Immunohistochemistry. 
	Single immunostaining. 
	Double immunostaining. 

	Confocal microscopy and analysis. 
	Controls. 

	References
	Acknowledgements


