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 Introduction 

 Perivascular nerves supply the smooth muscle of hu-
man mesenteric blood vessels, working with the endothe-
lium as part of the ‘dual control’ mechanism to control 
blood flow to the organs  [1] . The nerves are primarily 
sympathetic, containing noradrenaline (NA), adenosine 
5 � -triphosphate (ATP) and neuropeptide Y (NPY) as co-
transmitters  [2, 3] . Sensory-motor nerves  [4]  and projec-
tions of nerve fibres from the enteric nervous system may 
also be present  [5, 6] .

  Studies of vessels from the guinea pig have shown a 
wide variability in the response to nerve stimulation in 
vitro  [3, 7–10] , perhaps related to the non-synaptic na-
ture of vascular neuromuscular junctions with varia-
tions in the width of the junctional cleft  [11] . At the ex-
treme, guinea pig mesenteric arteries were responsive, 
whereas the renal arteries were not  [12] . Ultrastructural 
differences were identified between these vessels, which 
may account for the difference in response, including a 
wide neuromuscular gap and the presence of interposed 
connective tissue in the non-functional group. Inferior 
mesenteric neurons projecting to mesenteric arteries are 
distinct from neurons projecting to mesenteric veins 
 [13] .There are surprisingly few published morphological 
studies on the innervation of human vessels. However, 
light microscope immunohistochemical descriptions of 
the innervation of human mesenteric artery are avail-
able  [14] , and a functional study showed that the magni-
tude of the vasomotor response induced by perivascular 
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 Abstract 

  Background:  Innervation of blood vessels shows inter-spe-
cies variability. There are few studies on the innervation of 
human vessels; thus, healthy mesenteric vessels were stud-
ied to identify the expression of immunomarkers and the 
morphology of sympathetic innervation as the basis for a 
study of mesenteric vessels in inflammatory bowel disease. 
 Methods and Results:  Electron microscopy studies exam-
ined the relationships of nerves to smooth muscle cells. In 
veins, nerves were distributed throughout the medial 
smooth muscle coat, often in close apposition (50 nm) to 
smooth muscle cells. In arteries, nerves were located at the 
adventitial-medial border, few closer than 2,000 nm to 
smooth muscle cells, often with interposing connective tis-
sue and Schwann cell processes. There was a significantly 
greater nerve density in veins than in arteries (227 vs. 41 
mm 2 ; p = 0.03). Immunohistochemical studies revealed the 
presence of sympathetic and sensory-motor nerves in arter-
ies and veins.  Conclusions:  It is suggested that in humans 
with an upright stance, the mesenteric venous system plays 
a particularly important role in controlling mesenteric ca-
pacitance, which is reflected by their dense innervation. It is 
speculated that transmitters released from perivascular 
nerves supplying the human mesenteric arteries may play a 
long-term (trophic) role in addition to short-term signalling 
roles.  Copyright © 2008 S. Karger AG, Basel 
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nerve stimulation was larger in the vein than in the ar-
tery  [15] . The purpose of this study was to investigate 
differences in the ultrastructural relationships of the 
nerves and smooth muscle in human mesenteric arter-
ies and veins and the expression of immunomarkers for 
neurotransmitters commonly found in perivascular 
nerves that may relate to their responsiveness and to 
provide control information for studies of the innerva-
tion of human mesenteric vessels in inflammatory bow-
el disease.

  Materials and Methods 

 Human mesenteric specimens (n = 6 for artery and vein) were 
obtained at the time of surgery in patients operated on for non-
inflammatory conditions, the majority for left-sided cancer of the 
colon and rectum. Informed consent for the procedures was ob-
tained using a standard consent form.

  The mesenteric specimens (approximately 3–5 mm in diam-
eter) were immediately placed in ice-cold Hanks’ solution and 
transported to the laboratory. Mesenteric segments were taken 
from parts furthest from the lesion being excised, close to the 
bowel wall, to avoid interference with the lymph nodes in the 
specimen that are examined by the pathologists to obtain prog-
nostic information and to ensure that these specimens represent-
ed healthy tissue.

  Segments of artery and vein were carefully dissected from the 
specimen using a dissecting microscope. These segments were 
dealt with in 2 ways: segments (5 mm long) were placed in cold 
Krebs’ solution for immunohistochemical analysis, and other 
small sections were fixed in a freshly made solution of 2% glutar-
aldehyde and 2% paraformaldehyde in 0.1  M  cacodylate buffer, 
prior to processing for electron microscopy (n = 3). Correspond-
ing sections of artery and vein were kept together, to allow com-
parison of vessels from the same part of the mesentery.

  Immunohistochemical Staining 
 Segments of mesentery were removed in the operating theatre 

and immediately placed in cold Hanks’ balanced salt solution. 
The marginal vessels or vasa rectae of 1–3 mm diameter were then 
dissected free of excess fat and connective tissue and slit longitu-
dinally. Segments were fixed for at least 2 h in 4% paraformalde-
hyde. When fixed, the stretched dimensions were retained. Spec-
imens were then washed in phosphate-buffered saline and stored 
at 4   °   C until processed.

  Whole-mount segments of mesenteric artery and vein were 
stained using a standard indirect immunofluorescence tech-
nique. Briefly, background staining was reduced by incubation in 
normal donkey serum (1:   10) for 2 h at room temperature. Rabbit-
derived polyclonal antibodies to tyrosine hydroxylase (TH), NPY, 
vasoactive intestinal peptide (VIP), calcitonin gene-related pep-
tide (CGRP), nitric oxide synthase, choline acetyltransferase (for 
acetylcholine), 5-hydroxytryptamine or protein gene product 9.5 
(PGP9.5) were applied for 36 h in a humid chamber at room tem-
perature, using concentrations as shown in  table 1 . After washing 
3 times in 0.1% Triton in phosphate-buffered saline, biotinylated 
donkey anti-rabbit antibody was applied for 2 h. After further 

washing, streptavidin-fluorescein was applied for 1 h. Specimens 
were again washed prior to counterstaining in Pontamine sky 
blue. This has been shown to reduce background fluorescence 
 [16] . Sections were then mounted on glass slides in Citifluor, an 
anti-fading compound (Citifluor Ltd., London, UK).

  The slides were viewed on a Leica TCS 4D confocal micro-
scope (Leica, Heerbrugg, Switzerland) using an objective magni-
fication of  ! 25 (unless the nerves were too fine to be seen at the 
initial magnification, when  ! 40 objective was used). Three rep-
resentative fields were then recorded, having set the depth of tis-
sue scanned (‘z-series’) to include all visible nerves in each field. 
The z-series and the projected image were then stored digitally on 
optical disk.

  The digital images were analysed for the total fluorescent area, 
which is proportional to the total number of nerves within bun-
dles, using Scion image analysis software (NIH, USA). Images 
were converted to negative black-and-white format. The greyscale 
level that demarcated the boundary between the background and 
the nerves was chosen individually for each image and converted 
to a binary image, which was subjected to the process of ‘closing’, 
which has the effect of removing small background speckles up 
to a predefined size. The total fluorescent area of nerves in the 
visual field was measured for each of the immunomarkers and 
expressed as a percentage of that for PGP9.5 (taken as the total 
nerve population).

  Electron Microscopy 
 Corresponding segments of mesenteric artery and vein were 

obtained from the vessels directly entering the bowel wall (the 
vasa recta). Specimens were transferred to a solution of 1% os-
mium tetroxide in 0.1  M  cacodylate buffer for secondary fixation, 
after which they were stained en bloc with 2% uranyl acetate in 
distilled water and embedded in Araldite resin. Ultrathin sections 
were then cut. Secondary staining was performed with 4% uranyl 
acetate and lead citrate. The sections were viewed on a JOEL 1010 
transmission electron microscope (JOEL Instruments, Akishima, 
Japan). The location of perivascular nerves was determined using 
both low and high power to discover the relationship of the nerves 
to the vascular smooth muscle and other components of the vessel 

Table 1. Details of antisera

Antigen Source Dilution

TH Affiniti (UK) 1:500
NPY Biogenesis (UK) 1:2,000
VIP Incstar (USA) 1:2,000
SP Genosys (UK) 1:1,000
CGRP Affiniti (UK) 1:1,000
5-HT Incstar (USA) 1:250
PGP9.5 Ultraclone (UK) 1:2,000
ChAT Biogenesis (UK) 1:250
NOS Eurodiagnostica (Sweden) 1:250

SP = Substance P; 5-HT = 5-hydroxytryptamine; ChAT = cho-
line acetyltransferase; NOS = nitric oxide synthase.
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wall. To quantify the nerve densities of the vessels, each image was 
examined and the number of nerves counted. The total area of the 
adventitia and the media was then determined (in mm 2 ), and the 
number of nerves per millimetre was calculated.

  Results 

 Immunohistochemical Analysis 
 The general neuronal marker PGP9.5 was used to vi-

sualize nerves within arteries and veins. In the arteries, 

nerves were distributed at the junction of the adventitia 
and the media, close to the external elastic lamina ( fig. 1 a). 
In the veins, nerves were distributed throughout the mus-
cular layer of the media ( fig. 1 b).

  The nerve densities of the 2 vessel types differed sig-
nificantly. In the arteries, the mean nerve density was 
41/mm 2 , whereas in the veins, the density was 227/mm 2  
(p = 0.03, paired t test).

  Nerves immunoreactive to PGP9.5, TH and NPY were 
identified in arteries and veins ( fig. 1 a–f,  fig. 2 a, b), orien-
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  Fig. 1.   a ,  b  Confocal images of transverse 
sections of human mesenteric arteries and 
veins. Perivascular nerves stained for 
PGP9.5 (green) can be seen. In the artery, 
nerves are located at the adventitial (A)/
medial (M) border (arrowheads). Note the 
well-defined external elastic lamina. In 
the vein, nerves are distributed through-
out the media. L = Lumen.  c–f  Confocal 
images of whole-mount preparations of 
human mesenteric arteries and veins. The 
longitudinal axis of the vessels is from top 
to bottom and the nerve bundles are orien-
tated longitudinally. Immunostaining for 
PGP9.5 ( c ,  d ) and TH ( e ,  f ). Scale bars = 
100  � m ( a ,  b ), 50  � m ( c – f ). 
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tated longitudinally in arteries ( fig. 1 a, c, e,  2 a), whereas in 
the corresponding veins, nerves formed a reticular pattern 
( fig. 1 b, d, f,  2 b). Nerves immunoreactive to VIP were iden-
tified in both arteries and veins ( fig. 2 c, d), although at a 
lower density than with staining for TH and NPY. Sparse 
substance P immunoreactivity was also identified in most 
control arteries and all veins, the nerves being very fine 
with well-defined varicosities. Nerves immunoreactive to 
CGRP were seen in most arteries ( fig. 2 e) but in none of 
the veins ( fig. 2 f). Immunoreactivity to 5-hydroxytrypta-

mine was occasionally seen in arteries and more often in 
veins of a low intensity. No nerves immunoreactive to ni-
tric oxide synthase or choline acetyltransferase were iden-
tified in either arteries or veins. The percentage of nerves 
immunoreactive for the various immunomarkers, as a 
percentage of PGP9.5, are shown in  table 2 .

  Electron Microscopy 
 Nerves were identified by electron microscopy. In 

both the arteries and the veins, they appeared as unmy-
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  Fig. 2.  Confocal images of whole-mount 
preparations of human mesenteric arteries 
and veins. Immunostaining for NPY ( a ,  b ), 
VIP ( c ,  d ) and CGRP ( e ,  f ). Scale bar =
50  � m. 
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elinated fibres, with a number of nerve profiles enveloped 
within a single Schwann cell sheath. Vesicles could be 
seen in many of the nerve profiles ( fig. 3 b).

  The nerves in the veins were situated throughout the 
muscular media as well as at the adventitial-medial bor-
der. In many of the images, the nerve fibres approach the 
muscle cells and are seen to be in close apposition ( fig. 3 b, 
 4 b, c). In some of the veins, capillaries of the vasa veno-
rum were present. These sometimes appeared to be re-
lated to nerve bundles ( fig. 4 a). The intima was thick-

ened, with sub-intimal connective tissue and smooth 
muscle cells ( fig. 3 a).

  In the mesenteric artery, there is a well-developed fe-
nestrated external elastic lamina separating the medial 
smooth muscle cells from the adventitial connective tis-
sue ( fig. 5 a). Perivascular nerves in the arteries were often 
outside the external elastic lamina ( fig. 5 b). Nerve pro-
files were rarely seen closer than 2  � m to the smooth 
muscle. Many nerve bundles in the adventitia were sur-
rounded by collagen ( fig. 5 c). The smooth muscle cells of 

a

b

  Fig. 3.   a  High power view of an endothe-
lial cell (E) in a human mesenteric vein in 
close association with underlying smooth 
muscle cells (sm) in the intima. A dense 
connective tissue matrix is present. L = Lu-
men.  b  Medial-adventitial border of a vein 
showing the lack of an external elastic 
lamina and the close apposition of nerves, 
some containing granular vesicles (gv), 
within the adventitia to the medial smooth 
muscle without collagen (col) interposed. 
Sch = Schwann cell process; Ax = axon. 
Scale bars = 2          � m ( a ), 1  � m ( b ). 
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a

b c

  Fig. 4.  Electron micrograph of the media of human mesenteric 
vein.  a  The wall of the vein appears to have a less organized ori-
entation of the smooth muscle (sm) compared with the artery, 
though this may relate to the state of contraction at the time of 
fixation or because of the presence of the vasa vasorum (vv); with-
in the blocks of smooth muscle cells, there is less collagen (col) 
and elastic material than between smooth muscle cells in the ar-
tery. Capillaries (cap) of the vasa vasorum are often found in the 

inner media, which is sometimes associated with small nerve 
bundles and Schwann cells (see higher magnification micrograph 
in  c  ).  b  A section through the media showing substantial collagen 
between the blocks of smooth muscle cells. A nerve bundle (ar-
row) is present.  c  High magnification of nerve fibres containing 
granular vesicles (gv) in close apposition to smooth muscle cells 
with no Schwann cell processes interposed. Scale bars = 2  � m ( a ), 
3  � m ( b ), 1  � m ( c ). 
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a b

c

the arterial media are orientated in a circular fashion, 
with intercellular connective tissue ( fig. 6 ). The intima in 
these vessels was thickened, due to subendothelial con-
nective tissue deposition. Within the connective tissue, 
randomly orientated intimal smooth muscle cells were 
identified.

  Discussion 

 Human mesenteric veins were much more densely in-
nervated than the corresponding arteries. This is of inter-
est since, in general, arteries are more heavily innervated 
than veins  [10, 17] . These vessels also had a thick muscu-

  Fig. 5.   a  Electron micrograph showing the adventitial-medial 
junction in a human mesenteric artery. Smooth muscle fibres (sm) 
in the media are separated from the fibrous adventitia by a well-
defined external elastic lamina (eel). The adventitia contains col-
lagen (col), bundles of longitudinally orientated elastic tissue and 
capillaries (cap).  b  Electron micrograph showing a nerve fibre (ar-
row) largely enveloped by a Schwann cell process in the adventitia 

close to the arterial external elastic lamina. The external elastic 
lamina is reminiscent of a ‘net stocking’, but the nerve fibre is not 
on the medial side. A fibroblast-like cell (f) is interposed between 
the connective tissue and the medial muscle coat.  c  Axon fibres 
(Ax) within a nerve bundle in the arterial adventitia with its 
 associated Schwann cell (Sch) are embedded in collagen. Scale 
bars = 4              � m ( a ), 2  � m ( b ), 1  � m ( c ).   

Table 2. Percentages of mesenteric perivascular nerves immuno-
reactive for various immunomarkers as a percentage of those im-
munoreactive for PGP9.5

Immunomarker Artery Vein

PGP9.5 100 100
TH 70.088.2 87.987.9
NPY 113.8812.3 130.1810.4
VIP 37.785.7 34.386.2
SP 3.080.9 4.781.5
CGRP 28.088.9 0
5-HT 1.781.1 6.0782.44

Data are presented as % 8 SEM for 6 specimens. SP = Sub-
stance P; 5-HT = 5-hydroxytryptamine.
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lar media. Human mesenteric veins play a particularly 
important role in controlling mesenteric capacitance in 
man related to their 2-legged stance compared with 4-
legged stance in experimental animals  [18, 19] . The high 
nerve density may reflect the need for fine control of their 
tone.

  In this study, using immunohistochemistry, arteries 
and veins were shown to have a dense nerve plexus of 
PGP9.5-immunoreactive nerves. PGP9.5 is a general 
neuronal marker, although more recently, it has been 
shown that PGP9.5 might underestimate the total neuron 
number and there is evidence that the pan-neuronal 
markers Cuprolinic blue and anti-HuC/D may be more 
reliable neuronal markers, at least in the gut  [20] . This is 

further supported by the fact that in mesenteric vessels, 
greater immunoreactivity to NPY was found compared 
with PGP9.5. Dense plexuses to TH- and NPY-immuno-
reactive nerves were also found, indicative of sympathet-
ic nerves; the presence of positively stained nerves of 
CGRP and substance P indicate the presence of sensory-
motor nerves, although at a lower density than that of 
sympathetic nerves.

  Vasoconstriction in response to nerve stimulation has 
been reported for both the human mesenteric artery and 
vein, although the responses were greater in the vein than 
in the artery  [15] . The constriction was shown to be me-
diated by sympathetic nerves, involving NA, ATP and 
NPY as cotransmitters. This is typical of many mamma-

a b

  Fig. 6.  Electron micrograph of smooth muscle from the media of the mesenteric artery orientated in a circular 
fashion. Cells are separated by collagen except for small areas of close apposition, probably punctate gap junc-
tions (arrows). Sm = Smooth muscle. Scale bars = 2                    � m.             



 Sympathetic Innervation of Human 
Mesenteric Vessels 

J Vasc Res 2008;45:323–332 331

lian vessels  [3] . NA and ATP are known to cause constric-
tion of human mesenteric arteries and veins  [21] , al-
though NPY, while inducing vasoconstriction of human 
mesenteric veins, failed to constrict arteries. However, it 
did reduce nerve stimulation-evoked [ 3 H]NA overflow 
from the mesenteric vein, indicating both a pre- and 
postjunctional effect  [21] .

  It has been previously noted that some blood vessels, 
whilst possessing varicose noradrenergic nerve fibres, 
show difficulties in producing responses to nerve stimu-
lation in vitro, using standard stimulation parameters 
 [12, 22] . The guinea pig renal artery is such a vessel. In 
these vessels, the nerve varicosities were separated from 
smooth muscle cells by wide neuromuscular spaces con-
taining cellular and other connective tissue elements. Re-
sponsive vessels, such as the guinea pig mesenteric artery, 
had narrow neuromuscular spaces of as little as 50 nm, 
with little more than the basement membrane separating 
the varicosities and muscle cells. Although the walls of 
the human mesenteric arteries are thick and muscular, 
typical of resistance arteries, nerves were usually outside 
the external elastic lamina and there were often large 
amounts of connective tissue, fibroblasts and processes 
of other cell types between nerve profiles and the muscle. 
This is reminiscent of features of guinea pig renal arter-
ies. In the guinea pig, mesenteric arteries have a substan-
tial response to nerve stimulation  [12]  and are responsible 
for about one third of the total mesenteric vascular resis-
tance  [23] .

  The anatomical relationships to fibroblasts and 
smooth muscle cells in the mesenteric arteries studied 
raise questions about the role of the nerves. In addition 

to a role in controlling vascular tone, a trophic role has 
been proposed. Some mature tissues are known to be 
 under trophic control of their nerves. In the heart, the 
normal development of cardiac muscle is dependent 
upon an intact sympathetic nerve supply  [24] . It appears 
that ATP and its breakdown product adenosine, rather 
than NA, may be the agents responsible for this effect  [25, 
26] . In blood vessels, collagen synthesis increases in blood 
vessel walls after chemical sympathectomy  [27] , indicat-
ing that nerve activity has an influence on vessel wall 
structure. There is also evidence that the sensory inner-
vation of blood vessels affects the expression of vasoac-
tive substances by the endothelium  [28] . Sensory dener-
vation increases the sympathetic vasoconstriction in rat 
mesenteric arteries, an effect that is thought to be due to 
long-term trophic changes in the vessels  [29] . Much has 
yet to be learned about the possible trophic effects of neu-
rotransmitters in addition to their role in vasomotor ef-
fects on the innervated smooth muscle.

  In conclusion, this study has revealed the presence of 
dense sympathetic innervation in human mesenteric ar-
teries and veins, in addition to the presence of sensory 
motor nerves. The nerve density was significantly greater 
in the veins than in the arteries. It is suggested that in 
humans with an upright stance, the mesenteric venous 
system plays a particularly important role in controlling 
mesenteric capacitance, reflected by their dense innerva-
tion. It is speculated that transmitters released from peri-
vascular nerves supplying the human mesenteric arteries 
may play a long-term (trophic) role in addition to short-
term signalling roles.
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