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Primary afferent neurons maintain depolarizing responses to GABA into adulthood. The
molecular basis for this GABAergic response appears to be the Na*K*2Cl~ cotransporter
NKCC1 that contributes to the maintenance of a high intracellular chloride concentration.
Recently, a role for NKCC1 has been proposed in nociceptive processing which makes it
timely to gain a better understanding of the distribution of NKCC1 in sensory ganglia. Here,
we describe that, in the rat, NKCC1 mRNA is predominately expressed by small and medium
diameter dorsal root (DRG) and trigeminal (TG) ganglion neurons. The colocalization of
NKCC1 mRNA with sensory neuron population markers was assessed. In the DRG, many
NKCC1 mRNA-expressing neurons colocalized peripherin (57.0+2.5%), calcitonin-gene-
related peptide (CGRP, 39.2+4.4%) or TRPV1 immunoreactivity (50.0+1.9%) whereas only 8.7
+1.2% were co-labeled with a marker for large diameter afferents (N52). Similarly, in the TG,
NKCC1 mRNA-expressing neurons frequently colocalized peripherin (50.0+3.0%), CGRP
(35.4+2.6%) or TRPV1 immunoreactivity (44.7 +1.2%) while 14.8+1.3% were co-labeled with
the N52 antibody. NKCC1 mRNA was also detected in satellite glial (SGCs) in both the DRG
and TG. Colocalization of NKCC1 protein with the SGC marker NG2 confirmed the phenotype
of these NKCC1-expressing glial cells. In contrast to in situ hybridization experiments, we
did not observe NKCC1 immunoreactivity in primary afferent somata. These findings
suggest that NKCC1 is expressed in anatomically appropriate cells in order to modulate
GABAergic responses in nociceptive neurons. Moreover, these results suggest the possibility
of a functional role of NKCC1 in the glial cells closely apposed to primary sensory afferents.
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Abbreviations:

CaMKlIl«, calcium-calmodulin-
dependent kinase II «

CGRP, calcitonin gene-related
peptide

DRG, dorsal root ganglion

IHC, immunohistochemistry

ISH, in situ hybridization

KCC2, K, ClI cotransporter type 2
N52, neurofilament 200 mouse
monoclonal antibody

NKCC1, Na, K, 2Cl transporter type 1
NKCC2, Na, K, 2Cl transporter type 2
NT, N-terminally directed rabbit
polyclonal NKCC1 antibody

SGC, satellite glial cell

TEFS-2, C-terminally directed rabbit
polyclonal NKCC1 antibody

T4, mouse monoclonal antibody
raised against a homologous region
of NKCC1 and NKCC2

TG, trigeminal ganglion

TRPV1, transient receptor potential
vanilloid type 1

1. Introduction

Intracellular chloride concentration in neurons is maintained
by members of the Na*kK*2Cl~ (NKCC) and K*'Cl~ (KCC)
families of cation-chloride cotransporters (for a review, see
Payne et al., 2003). The NKCC proteins accumulate chloride
intracellularly, whereas KCC cotransporters extrude chloride
from the cell. The regulation of intracellular chloride
concentration is important for a variety of physiological
processes, and it is the primary mechanism that sets the
reversal potential for chloride conductance through GABAa
receptors (GABAAR) in neurons (Payne et al.,, 2003). Unlike
most CNS neurons, dorsal root (DRG) and trigeminal (TG)
ganglion neurons maintain depolarizing responses to GABAR
agonists throughout postnatal development (Alvarez-Leefmans
et al., 1988; Sung et al., 2000; Toyoda et al., 2005). The
molecular basis for these depolarizing GABAAR responses
appears to be NKCC1 expression because depolarizing GABAsR
responses in DRG neurons are reduced in NKCC1~”~ mice (Sung
et al., 2000).

Primary afferent depolarization (PAD) is known to underlie
presynaptic inhibition in the spinal cord (for a review, see
Rudomin and Schmidt, 1999; Schmidt, 1971). PAD decreases
the magnitude of incoming action potentials leading to a
reduction in the amount of transmitter released by primary
afferent neurons. Moreover, PAD is mediated by GABA
release from spinal interneurons as PAD is reduced by
GABAAR antagonists (Rudomin and Schmidt, 1999; Willis,
1999). Recently, it has been proposed that some enhanced
pain states might involve enhancements of PAD such that,
rather than inhibiting incoming action potentials, they
induce a direct activation of spinal nociceptors causing both
antidromic (also known as dorsal root reflexes (DRR; Willis,
1999) and orthodromic firing of these afferent fibers (Cervero

and Laird, 1996; Garcia-Nicas et al.,, 2006). This process
requires increases in the depolarizing response to GABAAR
stimulation, and this has led to the proposal that NKCC1 is
responsible for the increase in intracellular chloride that
might mediate an enhanced PAD (Cervero et al., 2003; Price et
al., 2005; Willis, 1999). In support of this hypothesis, it has
been shown that NKCC1~”~ mice display reduced responses to
noxious heat (Sung et al.,, 2000) as well as reduced touch-
evoked pain (Laird et al, 2004). Furthermore, intrathecal
delivery of the NKCC antagonist bumetanide inhibits noci-
fensive behavior in phase II of the formalin test (Granados-
Soto et al.,, 2005). Finally, intracolonic capsaicin injection
stimulates a rapid and transient increase in spinal phos-
phorylated NKCC1 and a longer lasting increase in trafficking
of NKCC1 protein to the membrane (Galan and Cervero,
2005). Taken together, these findings indicate that NKCC1
might be an important player in inflammatory and tissue
damage pain.

The current study was undertaken to gain a better under-
standing of the distribution of NKCC1 mRNA and protein in
primary afferent neurons. Previous studies have indicated
that NKCC protein can be detected in virtually all DRG neurons
in the rat (Alvarez-Leefmans et al., 2001) and mouse (Sung et
al., 2000). On the other hand, in situ hybridization studies have
not clearly indicated that NKCC1 mRNA is expressed by all
DRG (Kanaka et al., 2001) and TG (Toyoda et al., 2005) neurons.
Moreover, the phenotype of these NKCC1 mRNA-expressing
DRG and TG neurons has not been studied. Here, we have
addressed the phenotypic distribution of NKCC1 mRNA and
protein (using N- and C-terminally directed NKCC1 specific
antibodies) in the DRG and TG of adult rats. A better under-
standing of the localization of NKCC1 can provide anatomical
evidence to support current theories concerning PAD and its
role in hyperalgesic states.
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2. Results

2.1. Positive controls for NKCC1 in situ hybridization (ISH)
and immunohistochemistry (IHC)

To assess that the NKCC1 riboprobe and antibodies labeled
CNS regions in a manner consistent with previous reports, we
assessed NKCC1 expression in the cerebellum and choroid
plexus. NKCC1 mRNA-positive cells were seen in the granular
layer of the cerebellum as well as in glia of the white matter
tracts (Fig. 1A), consistent with previous reports (Kanaka et
al.,, 2001; Mikawa et al., 2002). We examined the protein
expression of NKCC1 in the cerebellum and choroid plexus
using affinity-purified rabbit polyclonal antibodies directed
against the N-terminus (NT; McDaniel et al., 2005; Wang et al.,
2003) and C-terminus (TEFS-2; Del Castillo et al., 2005) of
human NKCC1 (kindly provided by Dr. Christian Lytle,
University of California at Riverside). Both the NT (Fig. 1B)
and TEFS-2 (Fig. 1C) NKCC1 antibodies showed a similar
pattern in the white matter and granular layer as observed for
NKCC1 mRNA. Cells in the molecular layer were rarely
labeled, and signal was not observed in Purkinje cells. KCC2
mRNA, on the other hand, was strongly expressed by Purkinje
cells (Fig. 1F inset; Kanaka et al,, 2001; Mikawa et al., 2002).
Moreover, an intense NKCC1 mRNA (Fig. 1D) and immunor-
eactivity (NT antibody, Fig. 1E; TEFS-2 antibody, Fig. 1F) signal
was observed in the choroid plexus (Kanaka et al., 2001;
Plotkin et al., 1997).

2.2. NKCC1 protein and mRNA expression by Western blot
and RT-PCR in the dorsal root, DRG, sciatic nerve and spinal
dorsal horn

We first examined the distribution of NKCC protein and mRNA
in the dorsal root, DRG, sciatic nerve and spinal dorsal horn by
Western blot and PCR. NKCC protein was detected by the T4
monoclonal antibody (which recognizes both NKCC1 and
NKCC2) as an ~160 kDa band by Western blot in all tissues
examined (Fig. 2A). NKCC1 mRNA was also detected in these
tissues by RT-PCR. Since the T4 monoclonal antibody also
recognizes NKCC2 (Lytle et al., 1995), we examined NKCC2
mRNA expression in dorsal root, DRG, sciatic nerve and the
spinal dorsal horn. We confirmed previous findings (Payne et
al., 2003) that NKCC2 mRNA was not found in any of these
tissues (Figs. 2B and 7D). However, NKCC2 mRNA was detected
in the kidney (positive control tissue, Figs. 2B and 7E). These
data confirm that NKCC2 is not present in the neural tissues
examined in our experiments and, therefore, the bands
recognized by the T4 antibody are likely to reflect NKCC1 or
an NKCC1-like protein.

2.3. NKCC1 mRNA in the DRG, TG: colocalization with
population markers and neuron size distribution

NKCC1 mRNA was found in a subpopulation of DRG (52.6+
2.8%) and TG (50.1+£2.5%) neurons. In addition to neurons,
NKCC1 mRNA was detected in other cell types in both ganglia
including satellite glial cells (SGCs, Figs. 2C and D). No signal

Fig. 1 - Positive controls for NKCC1 ISH and IHC: NKCC1 mRNA (A) and immunoreactivity with the NT (B) and TEFS-2 (C)
antibodies in the cerebellum. WM =white matter, gr=granular layer, M=molecular layer. Upward arrows illustrate examples of
NKCC1-positive cells in the granular layer. Arrowheads show examples of NKCC1 mRNA-positive glia in the white matter
tract. Insets in each panel show 100x images of glia cells expressing NKCC1 mRNA or protein in WM tracts (scale bar=10 pm)
NKCC1 mRNA (D) and immunoreactivity with the NT (E) and TEFS-2 (F) antibodies in choroid plexus. Inset in F shows KCC2
mRNA expression in cerebellar Purkinje cells. Scale bar=100 pm.
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Fig. 2 - Assessment of NKCC1 protein and mRNA in dorsal
root, DRG, sciatic nerve and spinal dorsal horn and NKCC1
mMRNA expression in the DRG: (A) representative Western
blots illustrating the presence of NKCC1 protein detected as a
band at 160 kDa from dorsal root (1), DRG (2), sciatic nerve (3)
and dorsal horn (4) protein homogenates (10 pg protein/lane).
B-III tubulin was utilized as a loading control.

(B) Representative RT-PCR illustrating the presence of NKCC1
mRNA in the dorsal root (1), DRG (2), sciatic nerve (3) and
dorsal horn (4) and the absence of NKCC2. Kidney (5) RNA was
utilized as a positive control for NKCC2. GAPDH mRNA was
used as a loading control. (C) High magnification (100x) image
of NKCC1 mRNA in the DRG and the corresponding CGRP IHC
image (D). Downward arrows: NKCC1 mRNA- and
CGRP-expressing neurons. Arrowheads: large diameter
NKCC1 mRNA- and CGRP-negative neuron. Concave diagonal
arrows: NKCC1 mRNA-expressing glial cells in the DRG.
Many of these cells appeared to be satellite glial cells (SGCs)
based on their location ensheathing the soma of neurons.

was seen with a sense NKCC1 riboprobe (data not shown). We
wanted to examine if NKCC1 mRNA is expressed by DRG and
TG neurons that might be nociceptors. To test this hypoth-
esis, we utilized a number of antibodies that identify subsets
of sensory neurons with known properties. Peripherin is a
neurofilament expressed by unmyelinated sensory neurons
(Goldstein et al., 1991). In both the DRG (Figs. 3A, B) and TG
(Figs. 4A, B) we observed an ~50% overlap between NKCC1
mRNA-positive neurons and peripherin immunoreactivity
(Figs. 5A, B). On the other hand, we observed only a small
degree of colocalization between NKCC1 mRNA-containing
DRG (Figs. 3C, D) and TG (Figs. 4C, D) neurons and neurofila-
ment 200 (N52)-immunoreactive cells (a marker for myeli-
nated sensory neurons, ~10-20%, Figs. 5A, B). We also
examined colocalization with calcitonin-gene-related peptide
(CGRP) and transient receptor potential vanilloid type 1
(TRPV1). CGRP is a peptide neurotransmitter expressed by
C- and Ao-fibers, many of which are nociceptors (Lawson

et al,, 1996). In both the DRG (Figs. 3E, F) and TG (Figs. 4E, F),
there was an ~50% degree of colocalization between CGRP-
immunoreactive and NKCC1 mRNA-positive neurons (Figs.
SA, B). TRPV1, the capsaicin receptor, is expressed by a
subpopulation of nociceptors (Caterina et al., 1997, 2000).

Fig. 3 - In situ hybridization for NKCC1 mRNA combined with
immunohistochemistry for sensory neuron population
markers in DRG: representative 40x photomicrographs

of NKCC1 mRNA (A, G, E and G) combined with
immunohistochemistry for peripherin (B), N52 (D), CGRP (F)
and TRPV1 (H). Pairs of images are of the same field from
double-labeled sections of lumbar DRGs. Upward arrows
indicate examples of neurons, wherein colocalization of
marker with NKCC1 mRNA was evident. Horizontal arrows in
C and D illustrate NKCC1 mRNA-positive neurons that did not
contain N52 immunoreactivity. Downward arrows show the
converse. Scale bars=100 pm.
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Using a C-terminally directed TRPV1 antibody, we observed
that there was 50-65% overlap (Figs. 5A, B) between NKCC1
and TRPV1 in both the DRG (Figs. 3G, H) and TG (Figs. 4G, H).
Similar results were obtained with an N-terminally directed
TRPV1 rabbit antibody (data not shown).

Fig. 4 - In situ hybridization for NKCC1 mRNA combined with
immunohistochemistry for sensory neuron population
markers in TG: representative 40x photomicrographs of
NKCC1 mRNA (A, C, E and G) combined with
immunohistochemistry for peripherin (B), N52 (D), CGRP (F)
and TRPV1 (H). Pairs of images are of the same field from
double-labeled sections of lumbar TGs. Upward arrows
indicate examples of neurons, wherein colocalization of
marker with NKCC1 mRNA was evident. Horizontal arrows in
C and D illustrate NKCC1 mRNA-positive neurons that did not
contain N52 immunoreactivity. Downward arrows show the
converse. Scale bars=100 pm.

We also constructed histograms of the diameters of
neuronal profiles to gain a better understanding of the
population of neurons in the DRG and TG that contain
NKCC1 mRNA. NKCC1 mRNA signal was seen primarily in
small to medium diameter DRG (Fig. 5C) and TG (Fig. 5D)
neurons ranging from 20 to 30 um. Comparison with TRPV1
and N52 diameter profile histograms demonstrated that
NKCC1 mRNA-positive neurons have diameters similar to
TRPV1-positive neurons, presumably nociceptors, whereas
N52-positive profiles were larger in diameter, consistent with
the myelination status of those neurons (Figs. 5C, D). The
distributions of TRPV1 and N52 diameter profiles were
consistent with previously published measurements (Guo
et al,, 1999; Hammond et al., 2004).

NKCC1 activity can be modulated through the phosphor-
ylation of the transporter by a number of kinases. One such
potential kinase is calcium/calmodulin-dependent kinase II «
(CaMKIla, Schomberg et al., 2001). Because CaMKlla is
expressed only by a subset of DRG neurons, many of which
contain TRPV1, we sought to assess the colocalization of
CaMKIla with NKCC1. In the DRG, CaMKIla and NKCC1 mRNA
colocalized in ~55% of each of these populations (Fig. 6).

2.4. NKCC1 mRNA in the spinal cord

In the spinal cord, NKCC1 mRNA was detected in motor
neurons and their surrounding cells of the ventral gray
matter, as well as neurons of the deep lamina of the dorsal
horn (Fig. 7A). NKCC1 mRNA was also found in the outer
lamina of the spinal cord, however, fewer spinal neurons of
the outer lamina were positive for NKCC1 mRNA as
compared to the intense KCC2 mRNA signal seen throughout
the dorsal horn (Fig. 7B). KCC2 mRNA was not observed in the
DRG (Fig. 7C). NKCC2 (Fig. 7D) mRNA was not found in the
DRG, whereas intense NKCC2 mRNA signal was observed in
the medulla of the kidney (Fig. 7E, positive control for NKCC2
detection).

2.5. NKCC1 protein expression in the DRG and TG

We examined the protein expression of NKCC1 in the DRG
and TG using affinity-purified rabbit polyclonal antibodies
directed against the N-terminus (NT; McDaniel et al., 2005;
Wang et al.,, 2003) and C-terminus (TEFS-2; Del Castillo et al.,
2005) of human NKCC1. With both the NT and TEFS
antibodies, we observed intense staining around the majority
of neurons which appeared to be membrane localized NKCC1
in the DRG (Figs. 8 and 9) and TG (data not shown). However,
this staining was particularly intense around large diameter
N52 neurons (Figs. 8A-C and G-I) which was not consistent
with the neuronal NKCC1 ISH data presented above. Inter-
estingly, there was very little overlap between the N52 or
TRPV1 immunoreactivity and the NKCC1l-immunoreactive
signal with either the NT or TEFS-2 antibody (Figs. 8C and I
and 9C and F, respectively). This led us to investigate the
possibility that the NKCC1 immunoreactivity observed sur-
rounding neurons was contained within SGCs as indicated by
the non-neuronal ISH localization. As shown in Fig. 2, within
the DRG and TG, there were both neurons and resident glial
cells, including SGCs, that expressed NKCC1 mRNA. The SGCs
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Fig. 5 - Percent colocalization of NKCC1 mRNA with sensory neuron population markers in DRG and TG and neuron size profiles:
(A) the percentage of neurons positive for NKCC1 mRNA is shown as a function of neurons that also expressed peripherin,
N52, CGRP or TRPV1 in both the DRG and TG (n=3 per condition). (B) The percentage of neurons that expressed peripherin, N52,
CGRP or TRPV1 is shown as a function of the neurons that co-expressed NKCC1 mRNA in both the DRG and TG. NKCC1
mRNA-positive DRG (C) and TG (D) neurons neuron size relative frequencies are shown for 5 pm bins. The y axis shows the
percentage of neurons that fall within a given 5 pm size range for the entire population. TRPV1-immunoreactive (small diameter
marker) and N52-immunoreactive (large diameter marker) neuron size frequencies are also shown (n=3 per condition).

that encompass many DRG neurons are known to express the
NG2 chondroitin-sulfate proteoglycan antigen (Rezajooi et al,,
2004; Svenningsen et al., 2004); therefore, we examined
colocalization of NKCC1 with NG2. There was a substantial
colocalization of NKCC1 immunoreactivity, measured with
both the NT and TEFS-2 antibodies, with NG2 in SGCs
surrounding the majority of DRG neurons (Figs. 8F and L)
and TG neurons (data not shown). Another non-neuronal cell
type that contained NKCC1 immunoreactivity did not colo-
calize NG2 (Figs. 8E and F and K and L). We did not observe
above background NKCC1 immunoreactivity with either
NKCC1 antibody in DRG or TG neurons of any size.

3. Discussion

3.1. NKCC1 mRNA and protein expression in adult rat
sensory ganglia

NKCC1 mRNA was detected in the DRG, dorsal root and
sciatic nerve by RT-PCR, suggesting that NKCC1 mRNA is
widely expressed in the PNS. NKCC1 mRNA was expressed
by a subpopulation of DRG and TG neurons from adult rats,
and these neurons were mostly small and medium in
diameter. The colocalization of NKCC1 mRNA with periph-
erin and the subsequent lack of colocalization with N52
support this conclusion. We cannot exclude the possibility,
however, that the ISH signal for NKCC1 was not sufficient to
detect expression in large diameter neurons. Moreover,
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Fig. 6 — Colocalization of NKCC1 mRNA with CaMKIIa protein
in DRG: representative 40x photomicrographs of NKCC1
mRNA (A) with CaMKIIa (B) immunoreactivity in the same
DRG section. Upward arrows indicate examples of neurons
co-expressing NKCC1 mRNA and CaMKIla protein. Scale
bars=100 pm. (C) Colocalization percentage for NKCC1 mRNA
and CaMKIIa protein in lumbar DRG sections

(n=3 per condition).
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Fig. 7 - NKCC1 and KCC2 mRNA expression in spinal cord, lack of NKCC2 expression: images show in situ hybridization on
whole lumbar spinal cord sections for NKCG1 mRNA (A) and KCC2 mRNA (B). Images are reconstructions from a series of 10x
photomicrographs taken across the entire spinal cord section. Individual DRG photomicrographs showing a lack of KCG2 (C) and
NKCC2 (D) mRNA expression in DRG, whereas NKCC2 mRNA was strongly expressed in the medulla of the kidney (E). Scale

bars=100 pm.

colocalization of NKCC1 mRNA with both CGRP and TRPV1
supports the hypothesis that NKCC1 plays a role in main-
taining high intracellular chloride levels in peptidergic and
nociceptive neurons, respectively. In the rat, expression of
NKCC1 mRNA has been previously demonstrated in the DRG
(Kanaka et al., 2001) and TG (Toyoda et al., 2005), although
the precise population of NKCC1l-expressing neurons was
not identified. These studies indicated that many DRG and
TG neurons express NKCC1 mRNA; however, our results
indicate that NKCC1 mRNA expression is restricted to small
and medium diameter sensory neurons. NKCC1 mRNA was
also evident in small, round cells, whose morphology and
localization within the ganglion are consistent with that of
fibroblasts and/or Schwann cells as well as SGCs surround-
ing DRG and TG neurons which suggests a more widespread
role for NKCC1 within these ganglia.

NKCC protein was detected with the T4 monoclonal
antibody by Western blot in the DRG, dorsal root, sciatic
nerve and dorsal horn. Since NKCC2 mRNA expression was
completely absent from each of these tissues, it is likely that
the molecular species identified by the T4 antibody is either
NKCC1 or an NKCC1-like protein of very similar size. Previous
studies with the T4 monoclonal antibody have indicated that
NKCC protein localizes to the majority, if not all, of rat DRG
neurons (Alvarez-Leefmans et al., 2001) and NKCC1 protein is
likewise localized to the majority of mouse DRG neurons
(Sung et al., 2000). These findings are not congruent with the
data presented here. Hence, we assessed NKCC1 immunor-
eactivity in both the DRG and TG using rabbit polyclonal,
affinity-purified N (NT, characterized in McDaniel et al., 2005;
Wang et al, 2003)- and C (TEFS-2, characterized in Del
Castillo et al., 2005)-terminally directed NKCC1 polyclonal
antibodies. A labeling pattern that appeared to be either
neuronal membrane localized NKCC1 immunoreactivity or
SGC NKCC1 immunoreactivity was observed with both

NKCC1 antibodies. Because we observed little colocalization
with either a cytoskeletal protein (neurofilament 200, N52) or
an integral membrane protein (TRPV1), we investigated the
possibility that NKCC1 immunoreactivity colocalized with
NG2 chondroitin-sulfate proteoglycan antigen, a marker for
SGCs of the PNS (Rezajooi et al., 2004; Svenningsen et al.,
2004). The high degree of colocalization between NKCC1 (with
both antibodies) and NG2, coupled with the lack of coloca-
lization with N52 or TRPV1, strongly suggests that the
previously observed “membrane” NKCC1 immunoreactivity
in large DRG neurons does not represent neuronal NKCC1,
but, rather, NKCC1 localized to SGCs. The physiological
relevance of NKCC1 in SGCs is not known, but it is tempting
to speculate that it might play a role in potassium buffering
especially around large diameter neurons which have high
firing rates (as proposed in Hanani, 2005). NKCC1 immunor-
eactivity was also evident in cells of both ganglia that were
neither neurons nor SGCs. It is likely that these cells were
either Schwann cells or fibroblasts based on their morphol-
ogy and location within the ganglia; however, we did not
pursue their phenotype further with immunohistochemical
markers as these studies were beyond the scope of the
present investigation.

Unexpectedly, we did not observe NKCC1 immunoreactiv-
ity in DRG or TG neurons of any size, even though NKCC1
mRNA was clearly expressed by a subpopulation of DRG and
TG neurons. The reasons for this are unclear. One hypothesis
is that NKCC1 protein is rapidly trafficked to central and
peripheral terminals and is therefore at very low concentra-
tions within the soma itself. If this were the case, it is
reasonable to expect that NKCC1 immunoreactivity would be
observed in cells that do not send projections outside the
ganglion (like SGCs) whereas the amount of protein would be
below detection limits within the soma of DRG or TG
neurons, as we observed. We favor this hypothesis because
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Fig. 8 - Confocal images of NKCC1 immunoreactivity with N52 or NG2 in the DRG: representative confocal photomicrographs of
NKCC1 (NT) immunoreactivity utilizing the NT antibody (B and E) with N52 (A) or NG2 (D). NKCC1 (TEFS-2) immunoreactivity
utilizing the TEFS-2 antibody (H and K) with N52 (G) or NG2 (J). Respective merged images are shown in panels C, F, I and L.
Vertical arrows illustrate NKCC1 (NT)-immunoreactive SGCs surrounding neurons in B and C and E and F or NKCC1
(TEFS-2)-immunoreactive SGCs surrounding neurons in H and I and K and L. Vertical arrows in D and ] illustrate NG2
immunoreactivity in these SGCs. Horizontal arrows in E and F and K and L demonstrate NKCC1 (NT)-immunoreactive
non-neuronal cells that do not express NG2. Stars in A and C and G and I illustrate N52-immunoreactive neurons that are
surrounded by NKCC1 (NT or TEFS-2, respectively)-immunoreactive cells.

both antibodies (which are directed against non-overlapping
epitopes) showed identical staining patterns in the DRG, TG,
cerebellum and choroids plexus and were congruent with
NKCC1 mRNA signals in all these areas with the exception of
DRG and TG neurons. Moreover, in further support of this
notion, NKCC1 trafficking is known to play an important role
in NKCC1 function and has been shown to occur in the spinal
dorsal horn (Galan and Cervero, 2005) and dorsal rhizotomy
reduces dorsal horn NKCC1 protein levels (Donna Hammond,
personal communication). Such a discord between mRNA

and protein detection is not without precedent in sensory
afferents. Peripherin mRNA is expressed by all DRG neurons,
while peripherin immunoreactivity is only detected in the
unmyelinated subset (Goldstein et al., 1991, 1996; Parysek et
al., 1988). Moreover, the glycine receptor p subunit mRNA is
expressed by DRG neurons but protein is not detectable
through immunohistochemistry (Coggeshall and Carlton,
1997). We cannot, however, rule out the possibility that
other factors contribute to this difference between the ISH
and IHC data.
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Fig. 9 - Confocal images of NKCC1 immunoreactivity with TRPV1: representative confocal photomicrographs of NKCC1,

NT (A) or TEFS-2 (D), immunoreactivity with TRPV1 (B and E). Respective merged images are shown in panels C and F.
Vertical arrows illustrate NKCC1 (NT (A and C) or TEFS-2 (D and F))-immunoreactive SGCs surrounding neurons. Stars in B and
C and E and F illustrate TRPV1-immunoreactive neurons that are surrounded by NKCC1-immunoreactive SGCs.

3.2. Implications for chloride accumulation in sensory
neurons

The observation that all adult rat DRG and TG neurons might
not express NKCC1 mRNA requires alternative interpretations
to explain the depolarizing actions of GABA in these cells. DRG
neurons, of a variety of diameters, from NKCC17~ mice display
altered GABAxR-evoked currents indicating that NKCC1 is
necessary for GABA-induced depolarization in these neurons
(Sung et al., 2000). Olfactory receptor neurons (ORNs), like
sensory neurons, express a depolarizing chloride current that
is thought to be mediated by NKCC1-dependent chloride
accumulation (Kaneko et al., 2004; Reisert et al., 2005). On the
other hand, recordings made from ORNSs in situ indicate that
depolarizing chloride currents are largely intact in tissue from
NKCC17~ mice (Nickell et al., 2005). While it is difficult to
extrapolate findings from ORNs to DRG neurons, these
discrepancies indicate that the role of NKCC1 in depolarizing
chloride currents might be different in isolated or cultured
neurons than in vivo or in situ. Since all primary afferents are
known to depolarize in response to GABA (for a review, see
Rudomin and Schmidt, 1999) and there seems to be a lack of
NKCC1 mRNA in a subpopulation of these afferents, it appears
that other mechanisms of depolarizing GABAsR responses
should be considered for large primary afferent neurons.
Importantly, intracellular chloride concentrations have never
been directly assessed in central terminals of primary
afferents. Such a study could shed considerable light on this
issue.

We found, in agreement with others, that NKCC2 (Payne et
al., 2003) and KCC2 (Kanaka et al., 2001) transcripts were not
expressed in the DRG. It has been shown that neurons of the
premature lateral superior olive, even in the absence of KCC2

and NKCC1, can be depolarized by GABA (Balakrishnan et al.,
2003). Moreover, GABAergic axo-axonic synapses onto adult
cortical pyramidal neurons are capable of eliciting excitatory
GABAA-R currents (Szabadics et al.,, 2006). This effect was
attributed to a lack of axonal KCC2 in these neurons, leading to
a high intracellular chloride concentration (Szabadics et al,,
2006). Cortical pyramidal neurons rarely respond to bumeta-
nide (Zhu et al., 2005) and, in the absence of KCC2, do not
respond to changes in extracellular potassium concentrations
with concomitant alterations in intracellular chloride levels
(DeFazio et al., 2000). This suggests that alternative chloride
accumulation mechanisms must be at work in these neurons.
Since sensory neurons do not express KCC2 and only a
subpopulation appears to express NKCC1 mRNA, this also
suggests that other chloride accumulation mechanisms
should be considered for primary afferents. The T4 mono-
clonal antibody for NKCC protein appears to label all DRG
neurons (Alvarez-Leefmans et al., 2001). However, it is possible
that the T4 antibody recognizes another epitope that could
participate in accumulating chloride in DRG neurons. It should
also be noted that alternative ionic mechanisms could also be
responsible for GABA,R-dependent depolarizing currents.
Bicarbonate reversal potentials are maintained at a more
positive level with respect to the resting potential than
chloride, and, in the presence of a collapse of the chloride
gradient, bicarbonate outflow can lead to GABAsR-dependent
depolarization (Kaila et al., 1989; Staley et al., 1995). Moreover,
sustained network activity, as might be expected in the dorsal
horn of the spinal cord, can lead to GABAsR-mediated,
bicarbonate-dependent, extracellular potassium accumula-
tion, causing long lasting depolarizing responses (Kaila et al.,
1997; Rivera et al., 2005). Original theories concerning the ionic
basis of PAD focused on GABA4Rs and extracellular potassium
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dependency, with the potassium hypothesis being largely
dismissed due to pharmacological findings indicating that
PAD was GABA,R-dependent (for a review, see Rudomin and
Schmidt, 1999). Recent work has shown that potassium
transients producing depolarization are GABAR-mediated
and involve bicarbonate efflux (Kaila et al., 1997; Rivera et al.,
2005) which implies that the mechanism of PAD generation
might require alternative explanations, especially in the
primary afferents that apparently lack NKCC1 mRNA.

3.3. Implications for nociception

The hypothesis that allodynia involves increases in PAD
leading to the production of DRRs and a direct activation of
spinal nociceptive neurons by activity in low threshold
afferents (Cervero and Laird, 1996; Garcia-Nicas et al., 2006)
predicts that NKCC1 would be a molecular target for the
alterations in intracellular chloride that are required to
achieve GABAergic DRRs (Cervero et al., 2003; Price et al.,,
2005; Willis, 1999). Consistent with this hypothesis, intraco-
lonic capsaicin injection stimulates a rapid and transient
increase in spinal phosphorylated NKCC1 and a longer lasting
increase in trafficking of NKCC1 protein to the membrane
(Galan and Cervero, 2005). However, it remains unclear if these
molecular events occur only in primary afferent nociceptors or
in other spinal neurons or glia. The finding that NKCC1 mRNA
is predominantly localized to small and medium diameter
DRG neurons, many of which are nociceptors, is consistent
with the hypothesis that NKCC1 mediates DRRs in these
neurons. Moreover, we observed little NKCC1 mRNA in the
spinal dorsal horn, lending further support to this interpreta-
tion. While it is clear that NKCC1 must play a role in touch-
evoked nociception since NKCC17/~ mice have deficits in
allodynia (Laird et al., 2004), the cellular mechanisms of this
observation remain uncertain.

3.4. Conclusions

NKCC1 mRNA is expressed by a subpopulation of DRG and TG
neurons, most of which are small and medium diameter and
many of which are nociceptors because they also express
TRPV1. NKCC1 mRNA and protein were also found in SGCs
(confirmed by NG2 immunoreactivity) within the DRG and TG.
These results indicate that PAD in the spinal cord may not be
explained simply through GABA,R-dependent depolarization
mediated by chloride accumulation through NKCC1 and that
other mechanisms must be taken into account. Moreover, the
data presented here suggest that NKCC1 is likely to play a
widespread role in sensory ganglia, especially with respect to
its localization in SGCs.

4. Experimental procedures
4.1.  Animals and tissue preparation

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN)
weighing 175-225 g were used in this study. All procedures
were approved by the Institutional Animal Care and Use
Committees of McGill University and The University of Texas

Health Science Center at San Antonio and were conducted in
accordance with policies for the ethical treatment of animals
established by the National Institutes of Health. Rats were
euthanized by decapitation, under halothane anesthesia, and
their TGs, L4-6 DRGs, sciatic nerves, dorsal roots and spinal
cords were quickly removed (~4 min) and fresh frozen on dry
ice in OCT compound (Sakura, Torrance, CA) for immunohis-
tochemistry (IHC) and/or in situ hybridization (ISH) or in liquid
nitrogen for protein and PCR analysis. Tissue sections were cut
(20 pm) on a Leica CM1800 cryostat (Bannockburn, IL), thaw-
mounted (10 min at room temperature) onto Superfrost Plus
glass slides (VWR, West Chester, PA) and stored at —80 °C until
use. For each experimental condition, 2 TG, 3 DRG or 2 spinal
cord sections were randomly chosen from each of three
animals, and all ISH and IHC experiments were performed
concurrently. RNA and proteins were isolated from 3 animals
each for Western blotting and RT-PCR.

4.2. Western blotting

Frozen tissues were homogenized in standard RIPA buffer
(Tris-HCl 50 mM, 1% Triton X-100, NaCl 150 mM and EDTA
1 mM, pH 7.4) with a motorized dounce homogenizer,
sonicated for 15 min at 4 °C and cleared of cellular debris
and nuclei by centrifugation at 13,000 RCF for 5 min at4 °C. Ten
micrograms of protein per well was loaded and run by
standard SDS-PAGE. Proteins were transferred to Immobilon-
P membranes (Millipore, Nepean, ON, Canada) and then
blocked with 5% dry milk for 3 h at room temperature. NKCC
antibody (T4 monoclonal antibody which recognizes both
NKCC1 and NKCC2 (Lytle et al., 1995), lowa Hybridoma Bank)
was incubated overnight at 1:1000 dilution and detected the
following day with anti-mouse immunoglobulins conjugated
to horseradish peroxidase (Dako, Ottawa, Canada). Signal was
detected by ECL-plus (Amersham/GE Healthcare) on chemilu-
minescent films (Kodak). Blots were then stripped using
Restore reagent (Pierce, Rockford, IL) and reblotted with an
anti-p-III tubulin antibody (1:1000, Promega, Madison, WI) as a
loading control.

4.3. RT-PCR

Total RNA was isolated from frozen tissues using total RNA
kits (Ambion, Austin, TX), and DNA was removed using DNA-
free (Ambion). First strand cDNA synthesis was carried out
using 1 pg RNA as a template using iScript cDNA synthesis kits
(Biorad, Hercules, CA). PCR was then done using 50 ng cDNA
with iTAQ DNA polymerase kits (Biorad) for 30 cycles with an
annealing temperate of 55 °C on an MJ mini-thermal cycler
(Biorad). Primers for NKCC1 were: fwd, 5’ tgt tgg att cgc aga gac
tg3’andrev, 5’ gtt cct ttg ggt atg gct ga 3’ and NKCC2 were: fwd,
5’ caa gac ctg ctc tec tggac 3’ and rev, 5’ agc cag tct cte ctg ttc ca
3’. Rat GAPDH primers (Biorad) were used as a positive control.

4.4. In situ hybridization (ISH)

All chemicals were from Sigma (St. Louis, MO) unless
otherwise stated. cDNA fragments were amplified from
reverse transcribed RNA samples from TG (NKCC1), spinal
cord (KCC2) or kidney (NKCC2) and subsequently subcloned
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into pGEM T-easy vector (Promega) and sequenced for
verification. The subclones used to generate Dig-labeled
cRNA probes were as follows: NKCC1 (AF051561) bps 872-
1365, NKCC2 (U10096) bps 2281-2723 and KCC2 (U55816) bps
258-679. Dig-labeled riboprobes were synthesized from the
linearized fragment-containing constructs using The Ribop-
robe Combination System SP6/T7 (Promega) incorporating
1 mM ATP, CTP and GTP with 650 uM unlabeled UTP and
350 pM Dig-labeled UTP (Roche, Indianapolis, IN). Riboprobes
were purified by G-50 column chromatography (Roche) and
stored in hybridization buffer containing 50% formamide,
0.3 M NaCl, 10 mM Tris, 1 mM EDTA, 1x Denhardt’s solution,
10% dextran sulfate and 50 ug/ml yeast tRNA (Roche).

Tissue sections were prepared for hybridization by fixingin
ice-cold 3.7% formaldehyde for 1 h and permeabilizing with
0.5% Triton X-100 in 0.1 M Tris/0.05 M EDTA for 30 min.
Sections were then acetylated with acetic anhydride for
10 min, dehydrated, delipidated with chloroform and rehy-
drated. Sections were then hybridized in a humidified
chamber with riboprobes (100 ng/ml) in hybridization buffer
for 16 h at 55 °C. Following hybridization, sections were
washed with 4x SSC 4 times and treated with RNase I (20 pg/
ml, Roche) for 30 min at 37 °C. Washes were performed in
decreasing concentrations of SSC, culminating in a final high
stringency wash in 0.1x SSC at 55 °C for 30 min, then
dehydrated and allowed to air dry. Slides were then blocked
for 30 min in normal goat serum (NGS) and exposed to sheep
anti-Dig-Fab fragments (Roche) for 1 h. Following washing, the
alkaline phosphatase reaction was developed with BCIP/NBT
solution (Roche) for 18 h.

4.5. Double labeling ISH/Immunohistochemistry (IHC)

All sections were first subjected to ISH as described above;
however, following the development of the hybridization,
signal sections were blocked in PBS containing 10% normal
goat serum (NGS, Wisent, Montreal, QC) 3 times for 10 min.
Next, primary antibody directed against CGRP (Sigma; rabbit
polyclonal 1:1000), TRPV1 (Guo et al., 1999; Neuromics; guinea
pig (C-terminal) and rabbit (N-terminal) polyclonal 1:2000),
neurofilament 200 (Parysek and Goldman, 1988; N52, Sigma;
mouse monoclonal 1:600), calcium-calmodulin kinase Ila
(CaMKIla, Chemicon, mouse monoclonal 1:1000) or peripherin
(Goldstein et al., 1991; Sigma; rabbit polyclonal 1:1000) diluted
in PBS containing 10% NGS and 0.1% sodium azide were
applied and incubated overnight at 4 °C. Sections were then
washed 3 times in PBS and incubated for 1 h at room
temperature in the appropriate secondary antibody (goat
anti-rabbit, anti-guinea pig or anti-mouse diluted at 1:600)
conjugated to Alexa-Fluor 488 or 568 (Molecular Probes,
Eugene, OR). Slides were then coverslipped with BioMeda
mounting media (Biomedia) and allowed to dry.

4.6. IHC for NKCC1 combined with TRPV1, N52 or NG2

Slide mounted sections were fixed in ice-cold 3.7% parafor-
maldehyde in 1x PBS for 1 h and then washed 3x 5 min in PBS.
Slides were then transferred to 0.1 M sodium citrate, 0.05%
Tween-20 solution and microwaved on 100% power for 1.5 min
followed by 8.5 min on 20% power in a 900-Watt microwave

oven for antigen retrieval. After 30 min cool down, slides were
again transferred to 1x PBS and washed 3x 5 min and then
permeabilized in 1x PBS containing 0.05% Triton X-100. Slides
were then blocked for at least 1 h in 1x PBS, 10% NGS solution
prior to addition of antibodies. The NKCC1 rabbit polyclonal,
affinity-purified antibodies used (kindly provided by Dr.
Christian Lytle, University of California at Riverside) were
antibody NT (characterized in McDaniel et al., 2005; Wang
et al, 2003), directed against the entire cytoplasmic N-
terminus of human NKCC1, and antibody TEFS-2 (character-
ized in Del Castillo et al., 2005), directed against the entire
cytoplasmic C-terminus of human NKCC1. We have utilized
the terminology NT and TEFS-2 to refer to these NKCC1
antibodies throughout the manuscript because these are the
names given to these particular antibodies in the references
where they are characterized, as listed above. The NT and
TEFS-2 antibodies were used at a 1:200 dilution. The NKCC1
antibodies were incubated overnight at 4 °C and visualized
with goat anti-rabbit Alexa-Fluor 488 or 568. Anti-TRPV1
(guinea pig polyclonal, Neuromics), neurofilament 200 (N52,
mouse monoclonal, Sigma) or NG2 chondroitin-sulfate pro-
teoglycan antigen (Levine and Card, 1987; Chemicon, mouse
monoclonal, 1:200 dilution) antibodies were then incubated
for an additional overnight period and visualized with goat
anti-guinea pig Alexa-Fluor 568 or goat anti-mouse Alexa-
Fluor 488 secondary antibodies.

4.7. Image acquisition and analysis

All ISH and ISH/IHC images were acquired using an Axioplan 2
imaging system (Zeiss) connected to an axiocam HRC camera
(Zeiss). Images were analyzed using Axiovision 4.1 (Zeiss).
Confocal THC images were taken using an Axiovert 100 M
confocal microscope (Zeiss). For ISH/IHC colocalization, neu-
rons were assigned as either NKCC1-positive or NKCC1-
negative based on the presence of signal above background.
Background was standardized using sense orientation NKCC1
riboprobes processed alongside antisense oriented probe
reactions that gave an average pixel value for background.
From this value signal in antisense, ISH reactions could be
determined as above or below background using Axioplan
software. For the IHC portion of double labeling experiments,
all neurons displaying fluorescent signal above background
were counted as IHC-positive. This was defined by scaling the
image, using Axiovision’s built-in scaling feature, to an
average pixel value for negative neurons and establishing all
neurons as positive that were above that threshold. Coloca-
lization was assessed by overlaying the corresponding double-
labeled images and assessing the co-presence of NKCC1
mRNA with the immuno-analyte of interest. For each condi-
tion, 5 non-overlapping images from DRG and TG were taken
and assessed for colocalization from 3 different animals. At
least 500 neurons were assessed per animal. To measure
neuronal size profiles, 40x images were acquired and positive
neurons with visible nuclei were measured for total area.
Neurons were outlined using Axiovision 4.1, and their area was
determined using the built-in feature of the software. Total
area was then converted to an average diameter, and these
values were binned to create neuron size frequency profiles.
Since stereological techniques were not used to measure
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neuron diameters, the results presented may represent a
biased estimate of the true distribution of diameters, hence,
these data are referred to as profiles. Data are presented as
meanz+ SEM for colocalization in both the DRG and TG.
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