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BACKGROUND AND PURPOSE
Venules within the gut wall may have intrinsic mechanisms for maintaining the circulation even upon the intestinal wall
distension. We aimed to explore spontaneous and nerve-mediated contractile activity of colonic venules.

EXPERIMENTAL APPROACH
Changes in the diameter of submucosal venules of the rat distal colon were measured using video microscopy. The
innervation of the microvasculature was investigated using fluorescence immunohistochemistry.

KEY RESULTS
Submucosal venules exhibited spontaneous constrictions that were abolished by blockers of L-type Ca2+ channels (1 μM
nicardipine), Ca2+-ATPase (10 μM cyclopiazonic acid), IP3 receptor (100 μM 2-APB), Ca2+-activated Cl− channels (100 μM DIDS)
or store-operated Ca2+ entry channels (10 μM SKF96365). Transmural nerve stimulation (TNS at 10 Hz) induced a phasic
venular constriction that was blocked by phentolamine (1 μM, α-adrenoceptor antagonist) or sympathetic nerve depletion
using guanethidine (10 μM). Stimulation of primary afferent nerves with TNS (at 20 Hz) or capsaicin (100 nM) evoked a
sustained venular dilatation that was attenuated by calcitonin gene-related peptide (CGRP) 8-37 (2 μM), a CGRP receptor
antagonist. Immunohistochemistry revealed sympathetic and primary afferent nerves running along submucosal venules.

CONCLUSIONS AND IMPLICATIONS
Submucosal venules of the rat distal colon exhibit spontaneous constrictions that appear to primarily rely on Ca2+ release from
sarcoplasmic reticulum and subsequent opening of Ca2+-activated Cl– channels that trigger Ca2+ influx through L-type Ca2+

channels. Venular contractility is modulated by sympathetic as well as CGRP-containing primary afferent nerves, suggesting
that submucosal venules may play an active role in regulating the microcirculation of the digestive tract.

Abbreviations
2-APB, 2-aminoethoxydiphenyl borate; CGRP, calcitonin gene-related peptide; CPA, cyclopiazonic acid; DIDS,
4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid; SP, substance P; TH, tyrosine hydroxylase; TNS, transmural nerve
stimulation

Introduction
The mechanisms of arteriole regulation of blood flow
through the microcirculation of the intestine have been
extensively studied. Sympathetic nerves, extrinsic primary

afferent nerves and intrinsic neurons of the enteric nervous
system all regulate the contractility of arterioles in the sub-
mucosa of the intestines (Hirst, 1977; Vanner, 1994; Kotecha
and Neild, 1995; Vanner and Surprenant, 1996). Several hor-
mones and paracrine substances have also been shown to
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modulate the contractility of intestinal arterioles (Hansen
et al., 1998). In contrast, the functional properties of venules
in the intestine are less well understood, and venules have
been considered to play a passive role in regulating submu-
cosal microcirculation. For example, submucosal venules of
the guinea pig small intestine do not respond to neuronal
stimulations (Hirst, 1977).

We have recently reported that venules in the mucosa of
the rat and mouse bladders display spontaneous rhythmic
constrictions (Hashitani et al., 2011; 2012). Because the
bladder wall is distended during filling phases, rhythmic
spontaneous constrictions of suburothelial venules may be
important for an active drainage. As the wall of the gastroin-
testinal tract is invariably distended by its luminal contents,
it is reasonable to enquire whether submucosal venules in the
gastrointestinal tract may also exhibit spontaneous constric-
tions. The distal colon was chosen in the present study
because this region is chronically distended by faecal pellets.
A submucosal preparation of the rat distal colon can be
obtained quickly by removing the muscle and mucosal layers
and is suitable for this initial examination of the properties of
venules in the digestive tract.

In the submucosa of the human colon, sympathetic
nerves project not only to the arteries, but also to veins with
diameters larger than 250 μm (De Fontgalland et al., 2008).
Submucosal arterioles in the intestine are constricted upon
sympathetic nerve stimulation (Kotecha and Neild, 1995)
and dilated upon release of calcitonin gene-related peptide
(CGRP) and substance P (SP) from peripheral endings of
capsaicin-sensitive primary afferent nerves (Vanner, 1994).
However, whether sympathetic and primary afferent nerves
innervate and modulate the diameter of the smaller venules
of the intestine remains to be explored.

In the present study, we have demonstrated that submu-
cosal venules of the rat distal colon exhibited spontaneous
constrictions, and examined the mechanisms underlying
their generation using various inhibitors of Ca2+ mobilization.
The effects of phentolamine, guanethidine, capsaicin and
CGRP8-37, a CGRP receptor antagonist, on contractile
responses evoked upon transmural nerve stimulation (TNS)
were examined to evaluate the role of sympathetic and
primary afferent nerves. Immunohistochemistry was also
conducted to identify the projection of sympathetic and
CGRP-containing nerves to the venules.

Methods

Tissue preparation
Male Wistar rats 6–8 weeks old (Japan SLC, Shizuoka, Japan)
were anaesthetised with sevoflurane and exsanguinated by
decapitation. The distal half of the distal colon was cut along
the mesenteric border. The experimental protocols of the
present study were approved by the Nagoya City University
Medical School experimental animal committee. The muscle
layers and mucosa of the tissue were removed using sharp
tweezers under a dissection microscope to obtain submucosal
preparations. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010).

Video imaging with Dimatrak
A submucosal preparation of the rat colon was pined flat in a
recording chamber, and physiological salt solution (PSS)
bubbled with 95% O2-5% CO2 at 35°C was superfused at a
flow rate of 1.2 mL·min−1. Changes in the diameter of sub-
mucosal venule were recorded with a video camera and ana-
lysed with Diamtrak, edge-tracking software (Neild, 1989).

Neural selectivity of TNS with different parameters (50 μs
duration, 10 Hz, 1 s or 100 μs duration, 20 Hz, 5 s) was con-
firmed by their sensitivity to 1 μM tetrodotoxin (TTX). Phen-
tolamine was superfused 10 min prior to electrical field
stimulation (TNS) or the addition of noradorenaline. The
perfusion of guanethidine was started 30 min prior to TNS.
CGRP8-37 was superfused 5 min prior to TNS or the applica-
tion of capsaicin or CGRP.

Immunohistochemistry
The protocols of tissue preparation (Mitsui, 2010) and immu-
nohistochemical staining (Mitsui and Hashitani, 2013) are
the same as described previously. Briefly, the submucosa with
the mucosa attached was flattened, pinned and immersed in
Zamboni fixative for 10 min. Tissue was then fixed in the
same fixative for 5 h at 4°C. The mucosa was removed, and
the remained submucosal whole mounts were immersed in
0.3% Triton X-100 in PBS for 10 min, immersed in Block Ace
for 20 min and incubated with primary antibodies for 4 days
at 4°C. Tissue was then incubated with biotinylated anti-
rabbit antibody for 30 min. Whole mounts were incubated
with a fluorescent probe-conjugated streptavidin and/or a
secondary antibody for 2 h. Specimens were examined using
a confocal laser scanning microscope (LSM 5 PASCAL, Carl
Zeiss, Oberkochen, Germany).

Antibodies used in immunohistochemistry were as
follows: rabbit anti-tyrosine hydroxylase (TH) antibody
(1:1000, Millipore, Billerica, MA, USA), rabbit anti-CGRP anti-
body (1:50, Progen Biotechnik, Heidelberg, Germany), guinea
pig anti-CGRP antibody (1:500, Peninsula Laboratories, San
Carlos, CA, USA), rabbit anti-SP antibody (1:1000, Immu-
nostar, Hudson, WI, USA), biotinylated swine anti-rabbit IgG
antibody (1:300, Dako, Glostrup, Denmark), Alexa488-
conjugated streptavidin (10 μg·mL−1, Molecular Probes,
Eugene, OR, USA), Cy-3-conjugated streptavidin (4.5 μg·mL−1,
Molecular Probes) and Alexa488-conjugated goat anti-guinea
pig IgG antibody (1:200, Molecular Probes).

Solutions
The compositions of PSS were 137.5 mM Na+, 4.7 mM K+,
2.5 mM Ca2+, 1.2 mM Mg2+, 15.5 mM HCO3

−, 1.2 mM H2PO4
−,

134 mM Cl− and 15 mM glucose. Nicardipine (L-type
Ca2+ channel blocker), nifedipine (L-type Ca2+ channel
blocker), cyclopiazonic acid (CPA; Ca2+-ATPase inhibitor), 2-
aminoethoxydiphenyl borate (2-APB; IP3 receptor inhibitor)
caffeine (IP3 receptor inhibitor), tetracaine (Ca2+-indeuced Ca2+

release inhibitor), niflumic acid (Ca2+-activated Cl− channel
blocker), 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid
(DIDS; Ca2+-activated Cl− channel blocker), SKF96365 (blocker
of store-operated Ca2+ entry channels), noradorenaline, phen-
tolamine (α-adrenoceptor antagonist), guanethidine (sympa-
thetic nerve blocker), capsaicin [transient receptor potential
vanilloid 1 (TRPV1) activator], L-nitro arginine (NOS inhibi-
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tor) and TTX (voltage-dependent Na+ channel blocker) were
purchased from Sigma (St Louis, MO, USA), and human CGRP,
human CGRP8-37 (CGRP receptor antagonist) and SP were
from the Peptide Institute (Osaka, Japan). YM-244769 (Na+/
Ca2+ exchanger type 3 blocker) was synthesized by Professor T
Iwamoto (Fukuoka University, Japan). Nicardipine, CPA,
2-APB, tetracaine, niflumic acid, SKF96365 and YM-244769
were dissolved in dimethyl sulphoxide. Capsaicin was dis-
solved in methanol. Other drugs were dissolved in distilled
water. The final concentration of solvents did not exceed
1:1000. The concentration of drugs used was the similar to that
used in previous studies of microvasculature (Vanner, 1994;
Kotecha and Neild, 1995; Hashitani et al., 2011; 2012). Drug
target nomenclature conforms with the Guide to Receptors
and Channels (Alexander et al., 2011).

Data analysis
Data are expressed as mean ± SEM. F-test followed by unpaired
Student’s t-test was used for experiments using capsaicin. A

normality test (Kolmogolov–Sminov test) followed by paired
Student’s t-test was used in other experiments to examine the
effects of drugs. P < 0.05 was considered statistically signifi-
cant. n-values indicate the numbers of animals used.

Results

General observations
Submucosal venules in the rat distal colon had a diameter of
70.5 ± 2.9 μm (mean ± SEM, n = 68, ranging from 32 to
137 μm) and exhibited rhythmic spontaneous constrictions
at a mean frequency of 6.1 ± 0.3·min−1 (Figure 1A). Sponta-
neous constrictions had a mean amplitude of 17.7 ± 0.7% of
the resting diameter and a mean half duration of 2.8 ± 0.1 s.
Spontaneous venular constrictions were not affected by
TTX (1 μM, n = 3). In contrast, submucosal arterioles
running along the venules did not show any spontaneous
constrictions.

Figure 1
Spontaneous constrictions in submucosal venules of the rat distal colon. A submucosal venule exhibited spontaneous rhythmic constrictions (A).
CPA (10 μM) abolished spontaneous venular constrictions and induced a sustained constriction (B). 2-APB (100 μM, C), caffeine (1 mM, D) or
DIDS (100 μM, E) abolished spontaneous constrictions with a venular dilation. Nicardipine (1 μM) abolished spontaneous constrictions and dilated
the venular wall (F). SKF96365 (10 μM, G) abolished spontaneous constrictions with a venular dilation. All recordings were made from different
preparations. Resting diameters indicated by dotted lines were 74 μm (A); 40 μm (B); 32 μm (C); 44 μm (D); 43 μm (E); 49 μm (F); and 52 μm
(G). The scale bars in G also apply to B–F.
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L-nitro arginine (100 μM), a NOS inhibitor, significantly
reduced the resting diameter of the venules by 21.7 ± 5.0% (n
= 5, P < 0.05), and virtually abolished rhythmic spontaneous
constrictions in three out of these five preparations.

Role of intracellular Ca2+ stores in generating
spontaneous venular constrictions
CPA (10 μM, Figure 1B), a sarcoplasmic reticulum (SR) Ca2+-
ATPase inhibitor, abolished the spontaneous constrictions
and induced a sustained constriction (53.5 ± 6.6% of resting
diameter, n = 6). 2-APB (100 μM, Figure 1C) or caffeine
(1 mM, Figure 1D), which are known to inhibit InsP3-induced
Ca2+ release from SR, abolished the spontaneous constrictions
and dilated venules by 25.8 ± 5.6% (2-APB, n = 4) or 40.8 ±
8.7% (caffeine, n = 6) of resting diameter respectively. Tet-
racaine (100 μM), which inhibits Ca2+-induced Ca2+ release
from SR via ryanodine receptors, also caused venule dilation
(13.9 ± 2.8% of resting diameter, n = 6). Spontaneous con-
strictions were abolished in three out of six preparations, and
were suppressed in the remaining three preparations. DIDS
(100 μM, Figure 1E) or niflumic acid (100 μM), Ca2+-activated
Cl− channel blockers, abolished the spontaneous rhythmic
activity and dilated the venules by 19.1 ± 8.0% (DIDS, n = 4)
or 34.0 ± 11.4% (niflumic acid, n = 3) of the resting diameter
respectively.

Role of extracellular Ca2+ influx in generating
spontaneous venular constrictions
Nicardipine (1 μM, Figure 1F) or nifedipine (1 μM), L-type
Ca2+ channel blockers, dilated the venules by 11.0 ± 1.6%

(nicardipine, n = 5) or 8.7 ± 1.2% (nifedipine, n = 5) of the
resting diameter, respectively, and abolished all spontaneous
constrictions. A similar blockade of spontaneous constric-
tions with vessel dilatation (32.1 ± 7.8% of resting diameter)
was observed with SKF96365 (10 μM, n = 5, Figure 1G), a
blocker of store-operated Ca2+ entry, but not with YM-244769
(1 μM, n = 4), a blocker of the Na+/Ca2+ exchanger type 3.

Nerve-evoked constriction of
submucosal venules
TNS (50 μs duration, 10 Hz, 1 s) induced a phasic constriction
of submucosal venules (32.8 ± 3.9% of the resting diameter, n
= 10, Figure 2A,C) that was converted to a small dilation by
phentolamine (1 μM), an α-adrenoceptor antagonist (0.8 ±
0.5% of resting diameter, n = 5, P < 0.05, Figure 2B,E).
Guanethidine (10 μM) also greatly attenuated these nerve-
evoked constrictions (4.1 ± 4.1% of resting diameter, n = 5,
P < 0.05, Figure 2D,E).

Bath-applied noradrenaline (1 μM) also induced venular
constriction (52.1 ± 3.4% of resting diameter, n = 5), which
was inhibited by 1 μM phentolamine (6.2 ± 1.7% of resting
diameter, P < 0.05).

Nerve-evoked dilation of submucosal venules
Higher intensity TNS (100 μs duration, 20 Hz, 5 s) evoked a
larger, phasic constriction (49.0 ± 5.3% of resting diameter,
n = 5, Figure 3A) of submucosal venules. In 5 preparations
which had been treated with phentolamine (1 μM), TNS
induced a sustained dilation (n = 3, Figure 3B) or an attenu-
ated phasic constriction followed by a sustained dilation

Figure 2
Sympathetic nerve-mediated constriction of the submucosal venules. TNS (50 μs duration, 10 Hz, 1 s) induced a sustained constriction in a
submucosal venule (A). In the same venule that had been treated with phentolamine (1 μM), TNS failed to induce a constriction (B). In another
submucosal venule, TNS induced a phasic contraction (C). In the same venule that had been treated with guanethidine (10 μM), TNS-induced
constriction was largely suppressed (D). These results were summarized in (E). Phentolamine (Phent.; n = 5, *P < 0.05) or guanethidine (Gua.;
n = 5, *P < 0.05) significantly attenuated TNS-evoked constriction. Resting diameters were 60 μm (A, B), 37 μm (C) and 41 μm (D). The scale bars
in D apply to all traces.

BJPProperties of colonic submucosal venules

British Journal of Pharmacology (2013) 170 968–977 971



(n = 2), and thus the amplitude of TNS-induced dilation was
19.4 ± 5.0% of resting diameter (n = 5). This TNS-evoked
dilation was attenuated by CGRP8-37 (2 μM), a CGRP recep-
tor antagonist (6.4 ± 2.0% of resting diameter, P < 0.05,
Figure 3C,D). The peak amplitude of the dilation determined
during 0–150 s after TNS (100 μs duration, 20 Hz, 5 s) was
attenuated, but not abolished by TTX, a voltage-gated Na+

channel blocker (from 17.1 ± 4.2% to 10.2 ± 1.8% of resting
diameter, n = 5). This is consistent with previous reports that
demonstrate the presence of TTX-resistant voltage-gated Na+

channels on primary afferent nerves innervating the gut sub-
mucosal microvasculature (Miranda-Morales et al., 2010). The
peak amplitude of dilation determined during 150–300 s after
TNS was largely suppressed by TTX (from 16.5 ± 3.9% to
4.8 ± 3.0% of resting diameter in TTX, P < 0.05).

Capsaicin-evoked dilation of
submucosal venules
Capsaicin (100 nM), which stimulates primary afferent
nerves through TRPV1 activation, induced a dilation of sub-
mucosal venules and abolished spontaneous constrictions
(Figure 4A). After washout of capsaicin, the venular diameter
returned to the basal level, and the spontaneous constrictions
were recovered.

Because the second application of capsaicin even 1 h after
the washout induced a smaller vasodilation compared with
the first response, capsaicin-induced depletion of primary
afferent neurotransmitters appears not to be readily reversible
in this preparation. Thus, to examine effects of CGRP recep-
tor antagonist CGRP8-37 on capsaicin-induced dilations of
the venule, two submucosal preparations from the same rats
were prepared; the first one was used as a control treated with

vehicle (distilled water), while the second preparation was
treated with CGRP8-37. In the control tissues, capsaicin
(100 nM) evoked a 16.3 ± 4.1% dilation of the resting venule
diameter (n = 7, Figure 4A). In CGRP8-37 (2 μM) treated
preparations, capsaicin (100 nM) failed to cause a dilatation
in five out of seven preparations, and even constricted in the
remaining two venules (Figure 4B). Thus the capsaicin-
evoked dilatory response was greatly inhibited by CGRP8-37
(−3.7 ± 4.8% of resting diameter, P < 0.05, Figure 4C).

Effects of CGRP and SP on spontaneous
venular constrictions
CGRP (10 nM), an inhibitory neurotransmitter of primary
afferents, induced a dilatation of six submucosal venules
(13.5 ± 1.9% of resting diameter, n = 6, Figure 5A) and abol-
ished spontaneous constrictions. This dilatory response of
CGRP was attenuated by CGRP8-37 (2 μM) (4.4 ± 0.6% of
resting diameter, P < 0.05, Figure 5B,D). After 1 h washout
of CGRP8-37, CGRP-evoked dilation was restored (12.8 ±
2.5% of resting diameter).

In contrast, SP (100 nM), another neurotransmitter of
primary afferent nerves, constricted the venular wall (n = 7,
12.4 ± 3.5% of resting diameter, Figure 5C). Effects of SP on
venular spontaneous constrictions were variable; SP increased
the amplitude or had no effect or increased the frequency or
abolished the spontaneous activity.

Immunohistochemical observations
Venules and arterioles were observed to run parallel in
whole mounts of the submucosa of rat distal colon
(Figure 6A). Sympathetic nerves innervating the submucosal

Figure 3
Involvement of CGRP in nerve-evoked dilation of submucosal venules. TNS (100 μs duration, 20 Hz, 5 s) induced a phasic venular constriction (A).
In the same preparation treated with phentolamine (1 μM), --- TNS failed to cause contraction ---, but induced a dilation (B). In the presence of
phentolamine and CGRP8-37 (2 μM), a CGRP receptor antagonist, TNS-induced dilation was greatly attenuated in the same venule (C). These
results were summarized in (D). TNS-evoked dilation in the presence of phentolamine (Phent.) was significantly attenuated by CGRP8-37 (n = 5,
*P < 0.05). Resting diameters were 66 μm (A), 64 μm (B) and 63 μm (C). The scale bars in C apply to all traces.
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microvasculature were detected by immunohistochemistry
for TH (Figure 6B). Although bundles of sympathetic fibres
ran along the submucosal arterioles, single varicose sympa-
thetic nerve fibres were observed to project to the submucosal
venule (Figure 6B).

CGRP-immunoreactive varicose nerve fibres were
observed to run along both arterioles and venules
(Figure 7A,B). CGRP and SP also co-localized in single
varicose nerve fibres projecting to submucosal venules
(Figure 7C–E).

Figure 4
Submucosal venular dilations in response to capsaicin. Capsaicin (100 nM) dilated the venule and prevented the generation of spontaneous
constrictions in control venule (A). Capsaicin evoked a constriction in a different venule that had been pretreated with CGRP8-37 (2 μM, B). These
results were summarized in (C). The capsaicin-induced dilatory response of submucosal venules was significantly inhibited by CGRP8-37 (n = 6,
*P < 0.05). Resting diameters wee 72 μm (A) and 62 μm (B). The scale bars in B also apply to A.

Figure 5
Effects of exogenously applied primary afferent neuropeptides on submucosal venules. CGRP (10 nM) prevented the generation of spontaneous
constriction with a dilation of venule (A). In the same venule that had been pretreated with CGRP8-37 (2 μM), CGRP-induced dilatation was largely
attenuated. These results were summarized in (D). CGRP (10 nM)-evoked dilation of the venule was significantly attenuated by CGRP8-37 (n =
3, *P < 0.05). In a different venule, SP (100 nM) evoked a constriction of the venule (C). Resting diameters were 76 μm (A), 81 μm (B) and 71 μm
(C). The scale bars in C apply to all traces.
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Discussion and conclusions
This study for the first time demonstrated that submucosal
venules of the rat distal colon exhibited spontaneous rhyth-
mic constrictions. Upon electrical stimulation submucosal
venules were contracted by noradrenaline released from sym-
pathetic nerves acting on α-adrenoceptor, and dilated by
CGRP released from capsaicin-sensitive primary afferent
nerves. This functional innervation was confirmed by immu-
nohistochemistry which showed sympathetic and CGRP-
containing afferent nerves running along the venules. Thus,
functional properties of submucosal venules in the rat distal
colon appear to be very different from those of the guinea pig
small intestine that did not exhibit any spontaneous activity
or response to nerve stimulation (Hirst, 1977).

Spontaneous venular constrictions and corresponding
electrical and Ca2+ activity have been reported in the rat and
mouse bladder (Hashitani et al., 2011; 2012). Spontaneous
rhythmic changes in membrane potential of venular smooth
muscles have been also described in the submucosa of cat
stomach (Morgan, 1983). Spontaneous constrictions can be
also detected using video imaging in the venules of the rat
stomach and rectum (Mitsui R and Hashitani H, unpublished
data). Thus, spontaneous rhythmic activity appears to be a
common property of venules in the wall of several hollow
organs distended by their luminal contents (e.g. faecal pellets,
urine and ingested food). Such distension of hollow organs
would result in compression and/or stretching of venular
walls that may lead to a reduction in tissue blood flow. We
propose that rhythmic spontaneous constrictions of venules
in these organs may well establish an active drainage. Such an
enhancement of venular blood flow by spontaneous constric-
tions has been described previously in vivo using venules in
the bat wing, an old experimental model of venomotion
(Dongaonkar et al., 2012).

Spontaneous venular constrictions in the rat distal colon
were suppressed by CPA, 2-APB, low concentration of caffeine
(1 mM) or tetracaine, suggesting that Ca2+ release from SR
through IP3 or ryanodine receptors is a primary step of their
generation. However, molecular mechanisms underlying the
cycle of spontaneous SR Ca2+ release and its termination have
not been well explored in venular smooth muscle cells. In
cardiac myocytes, ryanodine receptor interacts with Ca2+

sensor molecules that detect SR luminal Ca2+ contents to
regulate Ca2+-induced Ca2+ release (Györke and Terentyev,
2008). IP3 receptor may also have a similar luminal regulatory
mechanism.

Spontaneous constrictions were also prevented by DIDS,
niflumic acid, nicardipine or nifedipine, suggesting that
Ca2+ released from SR trigger the opening of Ca2+-activated
Cl− channels, and the resultant depolarization induces
Ca2+ entry through voltage-gated ‘L-type’ Ca2+ channels to
contract venular smooth muscle. Since spontaneous
constrictions were blocked by SKF96365, Ca2+ influx
through store-operated channels may also contribute to
refill SR Ca2+ stores to maintain the operation of this cyto-
solic Ca2+ oscillator.

The results arising from the pharmacological experiments
were not contradictory to the assumption that the main
target of drugs used was venular smooth muscles rather than
venular endothelial cells. In general, drugs known to increase
cytosolic Ca2+ concentration ([Ca2+]i) of venular smooth
muscle caused a constriction, while those known to decrease
[Ca2+]i of venular smooth muscle caused a dilation. If CPA
which increases [Ca2+]i predominantly acted on endothelial
cells, it would be expected to cause NO release resulting in the
dilation of venules as reported in the bladder venule
(Hashitani et al., 2012). However, CPA caused a venular con-
striction without such a prominent dilation in the submu-
cosal venule of rat distal colon.

Figure 6
Sympathetic innervations of submucosal microvasculatures of the rat distal colon. A venule (v) and an arteriole (a) running parallel were observed
in the submucosal specimen using a differential interference contrast microscope (A). In the same specimen, TH-immunoreactive sympathetic
varicose nerve fibres (arrows) were sparsely distributed around a submucosal venule (v), while bundles of sympathetic fibres ran along a
submucosal arteriole (a) (B). Scale bar: 50 μm.
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L-nitro arginine, a NOS inhibitor, reduced the resting
diameter of venules and virtually abolished spontaneous
constrictions, suggesting that endogenous NO presumably
released from endothelium may contribute to maintain
the basal venular diameter which allows the generation of
rhythmic spontaneous constrictions. It has been reported
that rhythmic vasoconstrictions (vasomotion) induced by
0.1 μM–0.5 μM noradrenaline in the rat mesenteric artery are
maintained via endothelium-derived NO (Peng et al., 2001).
Although precise ionic mechanism has not been determined,
cGMP-dependent depolarization subsequent to Ca2+ release
from SR in arteriolar smooth muscles appears to be required
to initiate this vasomotion.

It might be possible that some circular muscle cells and
interstitial cells of Cajal remained attached to the ‘submu-

cosal’ preparations. However, any synchrony between
venular constrictions and circular muscle contractions was
not evident. Moreover, the frequency of spontaneous con-
tractions of circular muscle layer in the rat colon (12.8 ±
0.8·min−1; Plujà et al., 2001) has been reported to be different
from that of the venular spontaneous constrictions (6.1 ±
0.3·min−1). Thus, it is highly unlikely that the rhythmicity of
venules was affected by the circular smooth muscles.

For Diamtrak experiments, submucosal preparations were
pinned flat and thus microvasculature was stretched. Stretch-
ing in longitudinal as well as circular directions by perivascular
connective tissue might affect the spontaneous rhythmicity of
submucosal venule. Thus, our experimental conditions may
well be more relevant to the distal colon in vivo where faecal
pellets in the lumen distend the colonic wall.

Figure 7
Projections of CGRP-immunoreactive nerve fibres to submucosal microvasculatures of the rat distal colon. A differential interference contrast
microscopy showed an arteriole (a) and a venule (v) ran pararell in a submucosal specimen (A). In the same specimen, CGRP-immunoreactive
varicose nerve fibres were distributed along the submucosal arteriole (a), and one varicose nerve fibre positive for CGRP (arrow) ran along the
submucosal venule (v) (B). Nerve fibres immunoreactive for SP were also detected around the submucosal venule (v) (C). An enlarged image of
the area surrounded by doted box in C shows single varicose nerve fibres positive for SP (D). In the same specimen, the SP-positive varicose fibres
were also immunoreactive for CGRP (E). Scale bars: 100 μm (A), 50 μm (C) and 20 μm (D).
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The blood volume in intestine is decreased upon sympa-
thetic nerve stimulation (Folkow et al., 1964). Constrictions
of the resistance arteries/arerioles decrease intestinal blood
flow, while constrictions of capacitance venules/veins in the
gut wall squeeze out blood (Andersson, 1984). In the present
study, we have presented functional and morphological evi-
dence of a sympathetic innervation to submucosal venules.
These data are consistent with the notion that venules con-
tribute to a redistribution of blood from the colon to other
tissues during sympathetic nerve activation with exercise or
haemorrhage (Andersson, 1984).

Previous studies have revealed an efferent function of
primary afferent nerves containing CGRP in the intestine;
CGRP released from capsaicin-sensitive primary afferents
dilate arterioles (Vanner, 1994) and relax the smooth muscle
layer (Takaki et al., 1989). A dense distribution of nerve fibres
immunoreactive for both CGRP and TRPV1, a capsaicin
receptor, has also been reported in the mouse colon
(Christianson et al., 2006). In the present study, activation of
primary afferent nerves by TNS or capsaicin evoked a venular
dilation that was mimicked by exogenously applied CGRP,
and both of these dilatory responses were attenuated by a
CGRP receptor antagonist. The identification of CGRP/SP-
positive nerve fibres adjacent to the submucosal venules is
consistent with our recent immunohistochemical study that
demonstrated sympathetic and primary afferent fibres inner-
vating fine venules (about 20 μm–50 μm diameter) in the
mucosa of mouse bladder (Mitsui and Hashitani, 2013). These
CGRP/SP-containing nerve fibres originate from extrinsic
primary afferents because these neuropeptides do not
co-localize in intrinsic neurons (i.e. enteric neurons) in the
submucosa of rat distal colon (Mitsui, 2010). In contrast to
the SP-induced relaxations of submucosal arterioles reported
in the small intestine (Vanner, 1994), exogenous application
of SP induced a venular constriction. These results indicate
that CGRP released from perivascular primary afferent nerves
plays a major role in nerve-mediated dilation of the submu-
cosal venule in the rat distal colon.

In phentolamine-treated preparations, TNS-evoked
venular dilation was greatly attenuated by a CGRP receptor
antagonist. This dilatory response was sensitive to TTX, but
was not completely abolished by TTX. This is consistent
with previous reports showing that TTX-resistant CGRP-
containing primary afferent nerves are involved in vasodila-
tion (Thengchaisri and Rivers, 2005), and that action
potential conduction of capsaicin-sensitive primary afferents
innervating the submucosal arteriole of the intestines was
reported to be TTX-resistant (Miranda-Morales et al., 2010).
TTX-resistant voltage-gated Na+ current has been reported
in capsaicin-sensitive primary afferents innervating the rat
distal colon (Su et al., 1999).

The distension of the colonic wall activates capsaicin-
sensitive afferent nerves to evoke electrolyte and water secre-
tion into the colonic lumen (Eutamene et al., 1997; Weber
et al., 2001). Activation of capsaicin-sensitive primary affer-
ents may also induce a dilation of submucosal arterioles
(Vanner, 1994) and venules (the present study) to keep suffi-
cient fluid within the colonic wall to maintain this water
secretion into the lumen. Faecal pellets may distend the distal
colonic wall to initiate such a secretion/vasodilation reflex, so
that the secreted water lubricates the lumen to facilitate the

evacuation of faecal pellets from the distal colon to the anus.
In addition to such a physiological condition, the dilation of
microvasculature seems to be also important in a pathologi-
cal condition. Exposure of acid in the mucosa of rat colon
results in hyperaemia in the adjacent unexposed and undam-
aged mucosa partly via capsaicin-sensitive primary afferent
nerves, and this reaction may contribute to prevent mucosal
damage (Leung, 1992). In the rat stomach, mucosal damage
caused by hypertonic saline and acid is restored by mucosal
hyperaemia mediated via capsaicin-sensitive primary affer-
ents (Grønbech and Lacy, 1996).

We consider that spontaneous rhythmic constrictions of
the venules actively drain blood even when the distal colon
wall is chronically distended by faecal pellets in physiological
conditions. On the other hand, acute activation of sympa-
thetic or primary afferent nerves may dramatically change
the diameter of venules. The rhythmic spontaneous activity
is usually important for drainage while the neural regulation
mechanisms may be mainly important for responding to
acute changes of environment in physiological and patho-
physiological conditions.

In conclusion, submucosal venules of the rat distal colon
exhibit rhythmic spontaneous constrictions and receive sym-
pathetic and primary afferent neuronal inputs. Thus, fine
venules may play more active role in the regulation of
submucosal microcirculation of intestine than previously
thought.
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