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LMN-NKA as the agonist (Fig. 8B). Contractions elicited by
LMN-NKA in both male (n = 10) and female (n = 9) strips were
reduced by PLC inhibition (**#**P < 0.0001 and **P = 0.0078,
respectively, two-way ANOVA), and overall, this inhibitory
effect was more pronounced in males compared with females
(***P < 0.0008, two-way ANOVA) (Fig. 8B).

Since activation of PLC triggers separate transduction
pathways involving IP3; receptors and PKC, the effect of
inhibiting these signaling proteins was also examined. Block-
ade of IP3 receptors by 2-APB did not affect contractions
elicited by NKj; receptor activation in either gender (n = 6
females, five males) (Fig. 8, C and D). On the other hand, PKC
inhibition by GF109203X produced concentration-dependent
reductions of NKj, receptor—-mediated contractile responses in
both female (n = 6) and male (n = 6) strips (****P < 0.0001 for
both genders and agonists, two-way ANOVA) (Fig. 8, E and F).
During smooth muscle contraction, the Gagy/11-PLC cascade

Fig. 7. Fluorescent staining of the NK,
receptor (left panel) within the myenteric
ganglia of the human sigmoid colon. The
cell markers used (middle panel) are the
nerve cell body marker HuC/D (B, n = 2),
the neuronal marker B-tubulin (E, n = 6),
and the glial cell markers S100 (H, n = 6)
and GFAP (K, n = 2). The merged images
(right panel) contain the nuclear marker
DAPI (blue). Staining is present on myen-
teric ganglia (mg), circular muscle (cm), and
longitudinal (Im) muscle. Scale bar, 20 pm.
Representative images were taken from
a female specimen aged 62 years old (A-F)
and a male specimen aged 49 years old
(G-L).

may occur alongside Gajs/13-Rho kinase signaling, so the
involvement of this latter pathway was also examined. In
both genders (n = 9 for each), contractile responses evoked
by NKA were significantly diminished by Rho kinase
blockade with Y-27632 in a concentration-dependent man-
ner (****P < 0.0001, two-way ANOVA) (Fig. 8G). Similarly,
inhibition of Rho kinase caused a concentration-dependent
attenuation of LMN-NKA-induced contractions in both
female (n = 9) and male (n = 10) strips (****P < 0.0001;
*#*%P < 0.0004, respectively, two-way ANOVA) (Fig. 8H).
No gender-related distinctions were observed for PKC and
Rho kinase inhibition (Fig. 8, E-H).

Since gender differences were observed for PLC inhibition,
real-time PCR was conducted to uncover any gender varia-
tions in the expression of genes encoding the PLCB family of
isoenzymes, as well as the Gag family of G proteins (Fig. 9).
There were no observed differences in the mRNA expression of
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Fig. 8. Gender-related variations in NKj receptor—mediated second messenger signaling pathways. Contractile responses of female (red) and male
(blue) human colonic circular smooth muscle strips to NKA (left panel) and LMN-NKA (right panel) at 0.3 wM, either alone (dashed lines) or in the
presence of the PLC inhibitor U73122 (A and B), the inositol IP3 receptor inhibitor 2-APB (C and D), the PKC inhibitor GF109203X (E and F), or the Rho
kinase inhibitor Y-27632 dihydrochloride (G and H) at 3, 30, 100, and 300 wM. Data are expressed as a percentage of the contractile response before
pharmacological inhibition and are presented as means = S.E.M. (n = 5-11 for each curve). Significance by two-way ANOVA is indicated by a single
symbol for P < 0.05, two for P < 0.01, three for P < 0.001, and four for P < 0.0001 (* for before vs. after inhibition within each gender; 1 for females vs.
males).
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Fig. 9. Gene expression of the Ga, family of G proteins (A-C) and the PLCB isoenzymes (D-G) in female (n = 26 to 27) and male (n = 25-27) human
colonic smooth muscle. Results are normalized to GAPDH expression and presented as fold change relative to the inter-run calibrator. Horizontal lines

denote medians.

G proteins Gag, Gai, and Gayy4 (Fig. 9, A-C) or PLCB 14
isoenzymes (Fig. 9, D-G) between male (n = 25-27) and female
(n =26 to 27) human colonic smooth muscle samples.

Discussion

The present study has uncovered several gender differences
in NKj receptor activity and expression in the human colon.
NK; receptor-mediated contractility is more pronounced in
females compared with males, and this is accompanied by
a greater potency of the NK, receptor antagonist ibodutant,
a higher basal release of SP, and an increased NKj receptor
protein expression with age. In addition, the involvement of
PLC-mediated signaling appears to be less prominent in
females compared with males. The present findings also
appreciate the importance of NK, receptor—mediated Ca2*
sensitization pathways via PKC and, for the first time, Rho
kinase in the human colon.

Male colonic smooth muscle exhibited reduced responsive-
ness to the selective NK, receptor agonist LMN-NKA. This
finding is in contrast to our previous report, in which
contractile responses induced by LMN-NKA in human colonic
muscle strips were similar in both genders (Burcher et al.,
2008). However, in that earlier study, the data were expressed
as a percentage of the maximum response to ACh, so this may
underlie the discrepancy. On the other hand, there were no
gender differences in contractility produced by the natural
NKy receptor ligand NKA in the current study, and this is
consistent with our previous findings (Burcher et al., 2008).
The differences observed for NKA and LMN-NKA could be due
to the activation of NK; receptors by NKA, since natural
tachykinins preferentially, but not exclusively, bind to all
three tachykinin receptor subtypes (Nakamura et al., 2011).

The NK, receptor antagonist ibodutant displays a signifi-
cantly higher degree of antagonism in females compared with
males when against NKA. This is in line with the results

obtained from human clinical trials and may underlie the
gender discrepancies reported for the efficacy of ibodutant in
patients with diarrhea-predominant IBS (Tack et al., 2017).
Conversely, the potency of ibodutant against LMN-NKA did
not vary between genders, and this is consistent with previous
findings using [8-Ala®]NKA(4-10) as the selective NK; re-
ceptor agonist (Santicioli et al., 2013). Ibodutant has been
shown to display a high affinity for human NK, receptors in
[***TINKA binding studies using transfected cells (pK; = 10.1)
(Cialdai et al., 2006) and colonic smooth muscle (pK; = 9.9)
(Santicioli et al., 2013). Its affinity values at NK; (pK; = 6.1)
and NKj (pK; = 6.2) receptors were shown to be four orders of
magnitude lower, confirming the selectivity of ibodutant for
NK, receptors (Cialdai et al., 2006). Although the mechanisms
underlying agonist-dependent differences in the gender-
specific antagonistic activity of ibodutant remain unclear,
they may be occurring to different extents in males and
females. Nevertheless, the potency of ibodutant against
NKA, which we have observed to be greater in females, would
more closely reflect the physiologic setting.

Interestingly, the antagonistic activity of ibodutant at
the NKj; receptor appears agonist-dependent in males with
a higher potency against LMN-NKA compared with NKA.
NK, receptors can couple to both Gay/11 and Gag proteins, and
different ligands can stabilize distinct NK, receptor states,
leading to the activation of different downstream pathways
(Palanche et al., 2001; Maillet et al., 2007; Valant et al., 2009).
Thus, NKA- and LMN-NKA-dependent conformations of the
NKj; receptor may be responsible for the agonist-specific effect
of ibodutant in the male colon.

In terms of tachykinin peptide release, basal levels of NKA
were similar in both genders, whereas a higher amount of SP
was released from female colonic smooth muscle. There were
no gender-related variations in EFS-induced tachykinin
release. In a previous study, KCl-induced NKA and SP
levels were higher in colonic smooth muscle from female
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guinea pigs subjected to colitis compared with controls,
although this difference was not seen in males (Bellucci
et al., 2016). The overall amount of SP released was lower
compared with NKA in guinea pig colonic smooth muscle
(Bellucci et al., 2016), and this is consistent with the current
findings. It appears that alternative splicing of the tachyki-
nin precursor 1 gene (encoding SP and NKA) favors NKA
production in colonic enteric neurons. The reduced level of
SP at lower frequency of EFS (0.5 Hz) may be due to an
autoregulatory mechanism, whereby SP exerts a feedback
inhibition of its own release by activating NK; receptors on
enteric nerve terminals (Lomax et al., 1998).

NK.; receptor protein expression increases with age in
females, supporting the evidence that changes in sex
hormone levels influence tachykinin peptide and receptor
expression (Villablanca and Hanley, 1997; Pinto et al.,
2009). Sex hormones have also been shown to influence
intestinal smooth muscle contractions. In human colonic
circular muscle strips, carbachol-evoked contractions were
reduced in the presence of estrogen, and this effect was
prevented by estrogen receptor antagonism (Hogan et al.,
2009). Similarly, progesterone inhibited spontaneous and
EFS-induced contractions in mice colonic circular muscle strips
and decreased fecal output in two diarrheal mouse models (Li
et al., 2012). Since sex hormones affect tachykinin expression
and colonic contractile responses, they may also be contributing
to the age-related changes of NKj, receptor protein expression in
females. In other words, NK, receptor expression and activity
may be regulated by sex hormones.

NK; receptor immunoreactivity was densely localized on
colonic circular and longitudinal smooth muscle but was absent
on interstitial cells of Cajal, reinforcing previous immunofluo-
rescence findings in the human colon (Renzi et al., 2000; Warner
et al., 2000; Jaafari et al., 2007; Nakamura et al., 2011). This
suggests that NKy receptors mediate colonic contractions by
direct activation of smooth muscle cells, without regulating
intestinal pacemaker cell activity.

Strong NKj; receptor staining was also detected throughout
the myenteric ganglia, suggesting that apart from mediating
direct myogenic effects, NK, receptors also play a neuroregu-
latory role in colonic motor pathways. Although weak NK,
receptor colocalization with neuronal markers was observed,
intense NKj receptor labeling was found on myenteric glial
cells. Glial cells were traditionally considered to provide
passive support to neurons, but an abundance of evidence
now exists linking impaired glial function to altered intestinal
motility (Aube et al., 2006; Nasser et al., 2006; McClain et al.,
2014). Interestingly, tachykinin receptor agonists can induce
glial cell activation in the mouse colon (Broadhead et al.,
2012). Furthermore, NKA has been shown to activate neuro-
nal and glial networks during neuroinflammation and neuro-
degeneration (Delvalle et al., 2018). However, this effect is via
NKj receptors on surrounding sensory neurons and nerve
varicosities, since NKj receptors were undetectable on mouse
enteric glial cells (Delvalle et al., 2018). This earlier study
used the same NK, receptor antibody as in the current study,
indicating a species difference in the expression of NK,
receptors on enteric glial cells.

U73122 showed a more prominent effect in males compared
with females. This does not appear to be associated with the
gene expression of PLC, since the mRNA expression levels of
all PLCB isoenzymes were similar in both genders. The

mechanism underlying the gender distinction is unclear but
may involve differences in the protein levels of phosphorylated
PLCB isoenzymes, which have not been determined in the
current study. In addition to PL.C inhibition, U73122 has been
shown to inhibit the Ca* pump on the sarcoplasmic reticulum
to deplete Ca%* (MacMillan and McCarron 2010).

Interestingly, NK; receptor—mediated contractile responses
in the human colon do not appear to be related to IP3 receptor
activation. In accordance, inositol phospholipid hydrolysis
stimulated by LMN-NKA has been previously shown to be
much weaker in human colonic smooth muscle compared with
rat bladder positive controls (Warner et al., 2000). In addition,
NKA-evoked contractions of human colonic smooth muscle
were unaffected by intracellular Ca®* depletion (O’Riordan
et al., 2001). Thus, NK, receptor—induced intracellular Ca*
release by IP3 receptor activation is a minor pathway in
mediating human colon contractility.

NKA and LMN-NKA evoked contractile responses that
were significantly diminished by PKC and Rho kinase inhib-
itors, suggesting that Ca?* sensitization contributes to NK,
receptor—mediated contractility of the human colon. Ca2*
sensitization is the phenomenon by which smooth muscle
contractions can be sustained independently of Ca®*, by PKC-
and Rho kinase—-mediated inhibition of myosin light-chain
phosphatase, which prevents the dephosphorylation of my-
osin light chain (Puetz et al., 2009; Perrino, 2016). Pre-
viously, the contribution of PKC and Rho kinase to CaZ*
sensitization evoked by muscarinic receptor activation has
been demonstrated in membrane-permeabilized rat colonic
muscle strips (Takeuchi et al., 2004, 2007). This is the first
report demonstrating the role of PKC and Rho kinase signaling
in NK; receptor—activated smooth muscle contractions of the
human colon.

In conclusion, the present study has revealed an increased
NK; receptor activity in females, which may underlie the
gender differences in the treatment of diarrhea-predominant
IBS. These gender-related differences may be due to the
influence of ovarian hormones, since the expression of NKso
receptors increases with age in females. These findings
highlight that gender differences should be considered in the
therapeutic development of NK, receptor agents. The pro-
nounced localization of NK, receptors on enteric glial cells in
the human colon suggests that aside from direct myogenic
activation, NK, receptors may also have an important
neuroregulatory role. Furthermore, the current study indi-
cates the importance of both Gagy/1:-PKC and Gaj2/13-Rho
kinase signaling pathways in NKy receptor—-mediated con-
tractile responses in the human colon.
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Supplemental Table 1. Forward (FP) and reverse (RP) primers of human target and housekeeping genes used in real-time PCR

studies. Primer melting temperatures and amplification efficiency scores are shown. Size of products are indicated as base pairs (bp).

Gene NCBI No. Primer Sequence (5’-3’) Melting temp. Efficiency  Size (bp)
(°C) (%)

Phospholipase C, p1 NM_182734 hPLCB1FP  CCT CGT GAACATCTCCCATT 813 89 178
hPLCR1RP  AATACG CCC TTC TGGAGTGA 813

Phospholipase C, B2 NM_001284297  hPLCB2FP _ GTC TCT GCT CAACCCTGTCC 827 110 213
hPLCBR2RP  AAC TTC CCA AAG CGA GTATCC  82.3

Phospholipase C, B3 NM_000932 hPLCB3FP  GGA GGA GGT AGG GCT TGA GA 842 124 152
hPLCR3RP  GCTTTTTGG GGTCTGTCTGT  84.0

Phospholipase C, B4 NM_001172646  hPLCB4FP __ CTG GAA GGG CGG ATAGTT TG 80.1 84 156
hPLCR4RP  CATTGGACT GACGTTGTTGG  80.2

Guanine nucieotide- NM_002072 hGNAQFP  GGA CAG GAG AGA GTG GCAAG __ 80.8 85 195

ts)ijntﬂ:g[ grOtei” G(a) hGNAQRP  GTG CAT GAG CCTTATTGTGC  81.0

Guanine nucieotide- NM_002067 hGNAT1FP  CCACTG CTT TGA GAACGT GA 832 90 185

pincing protein G subunt hGNA11RP  GCAGGTCCTTCTTGTTGAGG  83.0

Guanine nucieotide- NM_004297 hGNAT4FP  ATT CGT GCC TAC CCAACAAG 820 85 220

pimcing protein G subunt hGNA14RP  GTT GTG ACACTC AGC CAGGA 817

Glyceraldehyde-3- NM_001289745  hGAPDHFP _ GCC AAA AGG GTC ATCATCTC 824 83 176

phosphate hGAPDHRP  AGT CCT TCC ACG ATACCAAAGT 82.6

dehydrogenase (GAPDH)
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Supplemental Fig. 1. Contractile responses of human colonic circular muscle to A)
the endogenous NK2 receptor ligand neurokinin A (NKA), B) the selective NKz2 receptor
agonist [Lys®,MeLeu®, Nle'°]NKA(4-10) (LMN-NKA) and C) the selective NK1 receptor
agonist [Pro® substance P ([Pro°] SP). Data are expressed as % ACh maximum
response (n =5 - 7). The responses to NKA and LMN-NKA were also determined in
the presence of the selective NK1 antagonist CP99994 and NK2 antagonist SR 48968
(data from 4 males and 3 females with no observation of gender differences for both

CP99994 and SR 48968).
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Supplemental Fig. 2. The effect of atropine on the contractile responses of human

colonic circular muscle to A) the endogenous NK2 receptor ligand neurokinin A (NKA)

and B) the selective NK2 receptor agonist [Lys®,MeLeu?®, Nle'°INKA(4-10) (LMN-NKA).

Data are expressed as % ACh maximum response (n =5 -7).



