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FORUM MINIREVIEW

The Non-neuronal Cholinergic System

The Non-neuronal Cholinergic System in the Endothelium:
Evidence and Possible Pathobiological Significance
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ABSTRACT—An increasing body of knowledge indicates that the cholinergic system is not confined to the
nervous system, but is practically ubiquitous. The present paper will address the question of the non-neuronal
cholinergic system in vascular endothelial cells (EC). In tissue sections of human skin, immunohistochemical
studies using confocal laser scanning microscopy showed ChAT (choline acetyltransferase) activity in the
EC of dermal blood vessels. Positive ChAT immunoreactivity was also demonstrated in monolayer cultures
of human umbilical vein EC (HUVEC) and a human angiosarcoma EC line (HAEND). That the synthesizing
enzyme is not only present in EC, but also active was shown by measuring ChAT activity. Thus, in HUVEC
cultures, ChAT activity amounted to 0.78 + 0.15 nmol - mg protein™' -h™! (n = 3), but was only partially (about
50%) inhibited by the ChAT inhibitor bromoacetylcholine (30 #M). In HPLC measurements, a concentration
of 22 * 2 pmol acetylcholine (ACh) per 10° cells was found (n = 6). However, using a cholinesterase-packed
analytical column to check the identity of the acetylcholine peak, the peak height was found to be reduced,
although a significant peak still remained, indicating the existence of a compound closely related to ACh.
Further immunocytochemical experiments indicated that EC in vitro also express the vesicular acetylcholine
transporter (VAChT) system. Preliminary immunoelectron microscopic studies suggest a topographical asso-
ciation of VAChT with endothelial endocytotic vesicles. The presented experiments clearly demonstrate the
existence of essential elements of the cholinergic system (ChAT, VAChT, ACh) in the human endothelium.
The biological functions of ACh synthesized by endothelial cells are the focus of ongoing research activity.
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It is becoming increasingly apparent that acetylcholine is
far from being exclusively the realm of the nervous system.
Thus, non-neuronal acetylcholine (ACh) has been found
not only in the major classes of the animal kingdom but also
in primitive plants. This has led to the concept of the “non-
neuronal cholinergic system” (1, 2), the essential elements
of which have been demonstrated in various human tissues,
including immunocompetent cells such as lymphocytes (3),
respiratory epithelial cells (4, 5) and keratinocytes (6). The
ubiquity of the endothelium in the body (with the exception
of, for example, cartilage) leads to the interesting question
of whether the non-neuronal cholinergic system is ex-
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pressed in this cell type. In the following sections, we will
discuss the state of current knowledge from published data,
as well as present new data from our research group, princi-
pally on the basis of experiments with endothelial cells
(EC) in tissue culture.

Overview of published data

It is well known that acetylcholine mediates multiple
effects on the vascular endothelium, for example, the genera-
tion of the endothelium-derived relaxing factor (7). There-
fore it appears of great cell biological interest whether EC
are endowed with the biochemical apparatus to synthesize,
transport, store and secrete ACh by themselves to control
endothelial cell functions by local regulatory loops. The
following will present the literature evidence for such a
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system, followed by novel data from our own laboratories
supporting this thesis. Parnavelas and co-workers (8) used
ultrastructural immunocytochemistry to localize the syn-
thesizing enzyme ChAT (choline acetyltransferase;
EC 2.3.1.6) in EC of rat brain capillaries. These authors sug-
gested that the release of ACh from EC as a result of isch-
emic damage could be protective against further hypoxia
via the vasodilatory activity of ACh. Following isolation of
rat brain cortex capillaries, a ChAT specific activity of
0.264 nmol - mg protein™' -min~' in the dissociated EC has
been reported (9). However, in human fetal brain micro-
vessels in culture, other authors failed to detect ChAT
activity (10). A very significant finding was provided by
Kawashima and colleagues, who studied ACh synthesis
and release in bovine carotid artery EC in vitro (11).
Analytical measurements by radioimmunoassay and HPLC
indicated that the EC synthesize ACh and that the synthe-
sized ACh was rapidly released from the cells (11).

In EC isolated from porcine cerebral microvessels, both
HPLC and radioimmunoassay methods were used to mea-
sure ACh content (12). As well as clearly demonstrating
the ability of EC to synthesize and release ACh, they also
investigated possible inductive pathways for the synthesis.
Phorbol ester was found to up-regulate ACh synthesis via
a protein kinase C-independent pathway (12). However,
studies with the ChAT inhibitor, bromoacetylcholine, sug-
gested that ACh synthesis occurred independently of ChAT
(12); i.e., an enzyme different from ChAT mediated the
synthesis of ACh. Further studies by the same group inves-
tigated choline uptake in porcine brain EC and its utiliza-
tion for both phospholipid and ACh synthesis (13). Recent-
ly, an immortalized rat brain EC (RBE4) has been used to
engineer stable EC lines producing ACh (14). This has been
achieved by employing an expression vector construct to
transfect ChAT. Further studies have been carried out on
EC transfected with the vesicular ACh transporter
(VAChKT) gene. It is to be expected that such genetically
modified EC types may help unravel some of the regulatory
pathways involved in ACh synthesis, storage, transport and
release.

As already outlined above, the ability of the endothelium
to respond to ACh has been well documented. This re-
sponse depends on the expression of ACh receptors
(AChR), which are of either muscarinic (mAChR) or nico-
tinic (nAChR) type. The pioneering work of Furchgott and
Zawadzki (7) demonstrated that following interaction of
ACh and mAChR, the endothelium produced a vasodilator,
endothelium-derived relaxing factor (EDRF), now accept-
ed as nitric oxide. Utilizing an in situ hybridization tech-
nique, it was demonstrated previously that cultured EC
from the human aorta express nAChR of the alpha 3,
alpha 5, beta 2 and beta 4 subtypes (15). Patch clamp ex-
periments confirmed the functionality of these receptors.

On the endothelium of human pulmonary veins, M, musca-
rinic receptors have been demonstrated (16).

The breakdown of ACh is mediated by the enzyme
acetylcholinesterase (AChE), a ubiquitously distributed en-
zyme, which is also present in the endothelium. Over the
years, data on AChE have been collected from studies in
various species. Thus, AChE was demonstrated by histo-
chemistry in newt brain capillaries (17) and at the ultra-
structural level, in the external cuneate nucleus of gerbils
(18). AChE activity, which decreased with prolonged cul-
ture, has also been found in human brain cortex EC cultures
(19).

New data on the endothelial cholinergic system

As can be seen from the above review of the literature
with respect to the non-neuronal cholinergic system in the
endothelium, most of the experimental work has been per-
formed on non-human tissue, especially from rodents. Our
interest during the past years has been the use of human
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Fig. 1. ACh production in cultured HUVEC (upper two traces) and
HAEND cells (lower two traces). The analysis was performed by
HPLC using an bioreactor (column packed with choine-oxidase and
cholinesterase and placed behind the analytical column) and electro-
chemical detection. The right column shows the trace after elution
over an analytical column packed with cholinesterase to prove the
identity of the ACh-peaks. For both HUVEC and HAEND, the ACh
peak is clearly reduced in size, but not removed entirely, indicating
that the peaks consist of both ACh and an ACh-related compound not
sensitive to cholinesterase. In control expremiments with ACh-stan-
dards, the ACh-peak was eliminated when the cholinesterase packed
analytical column was used. The second peak corresponds to choline.
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EC culture systems to investigate the pathobiology of the
endothelium in various disease states with special emphasis
on inflammation, sepsis and tumour extravasation (20 — 23).
Using monolayer cultures of human umbilical vein EC
(HUVEC), HPLC techniques were able to demonstrate the
production of ACh and a closely related compound (Fig. 1).
Similar results were found for cultures of a human angio-
sarcoma cell line (HAEND, ref. 24; see Fig. 1).

Figure 2 presents immunocytochemical evidence of the
presence in both HUVEC and HAEND of the ACh synthe-
sizing enzyme ChAT. The distribution pattern at light
microscopic level appears diffuse within the cytoplasm. Of

great importance is the question of whether such signals
can be detected in situ in the endothelium. In tissue sections
of human skin, immunohistochemical studies using confo-
cal laser scanning microscopy showed ChAT positivity in
the EC of dermal blood vessels (25), thus confirming that
the in vitro reactions cannot be ascribed to any artifact of
tissue culture.

A further element of the non-neuronal cholinergic sys-
tem of interest is the vesicular transporter. The lower two
images of Fig. 2 show its immunocytochemical localization
in the two endothelial culture models. Especially in the case
of HUVEC, a marked reactivity was observed, with a distri-

Fig. 2. Immunocytochemical study of parameters of the non-neuronal cholinergic system in cultured HUVEC (left column)
from passage 4, and HAEND (right column, magnification 200-fold). The primary antibody was a polyclonal rabbit anti-choline
acetyltransferase antibody (middle row) or a polyclonal goat anti-VAChT antibody (low row). Secondary antibody was a goat
anti-rabbit IgG antibody-alkaline phosphatase conjugate (middle row) or a biotinylated anti-goat Ig G antibody (lower row). The
upper row shows the control reaction in the absence of the primary antibody. The only staining reaction seen is the nuclear coun-
terstain. The middle row shows positive staining in both cell types for ChAT, seen as a light red coloration of the cytoplasm. The
lower row demonstrates the marked positive reaction for VAChT, which in the case of HUVEC appears to have a cytoskeletal dis-
tribution. The human astrocytoma cell line U373 was used as a positive control for the expression of ChAT (images not shown).
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bution pattern reminiscent of the cytoskeleton. Preliminary
studies at ultrastructural level using immunoelectron
microscopy (IEM) provide the first evidence that VAChT
epitopes can be found within endothelial intracellular vesi-
cles (C.J. Kirkpatrick et al., 2000; unpublished results).

Future developments

Whilst we and others have demonstrated essential ele-
ments of the non-neuronal cholinergic system in the endo-
thelium, it must be stressed that we are standing at the
beginning of this fascinating chapter. There are many
unanswered questions. One of the important tasks is to fur-
ther define the subcellular localization of the synthesizing
enzyme ChAT, as well as the vesicular transporter VAChT.
The preliminary indications from our immunoelectron
microscopical study that VAChT can be detected in vesicles
of the endothelial cytoplasm and the cytoskeletal-like dis-
tribution demonstrated by light microscopic immunochem-
istry require further investigation. This could be achieved
by co-localisation studies with antibodies recognizing char-
acteristic gene products of the cytoskeletal and vesicular
systems. Also of biological interest is the problem of possi-
ble heterogeneity of expression within the various vascular
segments and even microcirculatory beds. This question
could be adequately addressed using cultures of different
EC types, as well as immunohistochemical studies in situ.

The central question in this field of research must how-
ever remain the delineation of the functional significance
of endogenous endothelial ACh. Thus, the possible role in
endothelial cytokine expression, induction and regulation
of cell adhesion molecules, proliferation, angiogenesis and
hemostatic control should be advanced during the next
years.
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