
Proc. R. Soc. Lond. B. 191,271-283 (1975) 

Printed in G"eat Britain 

A possible structural basis for the extracellular release of 
acetylcholinesterase 

By P. SOMOGYI, I. W. CHUBB AND A. D. SMITH 

Depm·tment of Pharmacology, University of Oxford, Oxford 

(Communicated by H. Blaschko, PR.S. - Received 6 1l1arch 1975) 

[Plates 8-17] 

The ultrastructural localization of acetylcholinesterase and non-specific 
cholinesterase activity has been studied in sections of ox adrenal 
medulla by cytochemical methods. Non-specific cholinesterase activity, 
identified by using butyrylthiocholine as substrate and ethopropazine 
as inhibitor, occurs intracellularly in some adrenaline-containing 
chromaffin cells: the reaction end-product is deposited within the 
cisternae of the endoplasmic reticulum and in the nuclear envelope. 
Reaction end-product of non-specific cholinesterase also occurs in the 
endoplasmic reticulum of pericytes, around sinusoids and capillaries and 
within smooth muscle cells. 

Acetylcholinesterase activity, identified by using acetylthiocholine as 
substrate and BW 284C51 as inhibitor, occurs in both the splanchnic 
nerve and in chromaffin cells. Reaction end-product is found at the 
following sites 

(i) around myelinated and unmyelinated non-terminal axons of 
splanchnic nerve, between the axolemma and the Schwann cell 
membrane; 

(ii) within the cisternae of axonal smooth endoplasmic reticulum; 
sometimes these cisternae appear to be connected to the 
axolemma; 

(iii) between the axolemmas of preterminal axons and the plasma 
membranes of chromaffin cells; 

(iv) between the axolemmas of nerve terminals and the plasma 
membranes of chromaffin cells, including the synaptic cleft; 

(v) within cisternae of rough and smooth endoplasmic reticulum, 
and also 'within the nuclear envelope, of both adrenaline- and 
noradrenaline-containing chromaffin cells; 

(vi) between the plasma membranes of adjacent chromaffin cells, but 
only when one or both of these cells contain reaction product 
within the cisternae of its endoplasmic reticulum; these cisternae 
sometimes appear to be connected to the plasma membrane. 

These observations raise the question whether the acetylcholines­
terase activity released from the perfused adrenal gland might originate 
from the cisternae of the endoplasmic reticula of splanchnic nerve 
and/or chromaffin cell. 
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Localization of acetylcholinestemse 275 

Nerve terminals 

Unmyelinated preterminal axons running between chromaffin cells, either 
individually or in groups and with or without a Schwann cell sheath, are sur­
ronnded by end-product. The product. is localized between the axolemma and the 
plasma membranes of the chromaffin cells. Since it is present when t.he chromaffin 
cells sho,v no reaction intracellularly (see below) we conclude that the end-product 
is associated with the axon itself. Similarly, reaction end-product is always found 
around nerve terminals and within the synaptic gap (figures 14 and 15). When 
adjacent chromaffin cells display AChE activity, the end-product associated with 
the membrane of the nerve terminal is continuous with that around the chromaffin 
cells . I n contrast to the nerve axons, intracellular reaction product was never 

C found within nerve terminals, even after prolonged incubation (up to 2 h) with 
substrate. 

AChE activity associated with chmmaffin cells 

I n both adrenaline- and noradrenaline-containing chromaffin cells (identified 
by the characteristic appearance of the noradrenaline storage granules after 
fixation in glutaraldehyde as described by Conpland, Pyper & Hopwood 1964), 
reaction end-product was found within the cisternae of both rough and smooth 
endoplasmic reticulum and in the nuclear envelope (figures 6- 16). Elements of the 
endoplasmic reticulum were often found running parallel to the plasma membrane 
and frequently they approached it like sub-surface cisternae (figure 16). Occasion­
ally, these cisternae appear to be attached to the plasma membrane and then the 
intra- and extracellular rcaction product appears to be continuous (figures 11 and 
12). Transitional elements of the endoplasmic reticulum, around the Golgi 
apparatus, contain the end-product, but it can only rarely be observed within 
the parallel saccules of the Golgi system itself (figure 8). Activity can also be 
demonstrated between adjacent chromaffin cells, but this is only found when 
either or both of the cells also show intracellular activity (figures 6, 11 and 12). 

Of the two types of chromaffin cell, AChE activity is more characteristic of 
the adrenaline-containing cell. Not only did we find that a higher proportion of 
the adrenaline cells were active, but also that they showed a stronger reaction than 

D ESCRIPTION OF PLATE 9 

AOhE reaction 

FIGURE 3. Longitudinal section of a myelinated fibre containing several AOhE active smooth 
endoplasmic reticulum profiles (arrows) in a. comparatively sma.ll area. (Magn. x 18000.) 

FIGURE 4. High power micrograph showing that the end.product is localized between the 
outer leaflets of the Schwann cell plasma membrane and the axolemma. (Magn. 
x 154000.) 

FWUltE 5. End.product within 3. tubule of smooth endoplasmic reticulum is continuous with 
that around the axon (arrow). (Magn. x 48000.) 
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the noradrenaline cells when in t he same section. Examples of enzyme activity 
in noradrenaline-containing cells are shown in figures 9 and 10. W ithin the same 
a.dl'enal gland we found that the AChE-contain ing cells are situated in groups. This 
is unlikely to be due to lack of penetration of the substrate since we found this 
pattern at any lovel in the ono t hick section. 

The adrenaline-storing cells are polarized. They ha.ve an endoplasmic reticu lum­
rich nuclear pole and it is in this region that the nerve axons terminate - usually 
very close to the nucleus. 'I'hus, the area rich in AChE-containing endoplasmic 
reticulum is close to the nerve terminals. 

Capillaries in the ncradrenaline-cell area 

We also found AChE activity wltich was apparently not associa.ted with 
lleUl'OllS or chromaffin cells. This a.ctivity was associa.ted with a certain type of '"'"'\ 
capillary blood vessel which wa.s only found in the noradrenaline cell areas 
(figures 18 and 19). These vessels consist of a Jayer of endothelial cells which, in 
contrast to t he sinusoids, are not fenestrated. Pericytes can be seen partially or 
entirely surrounding the endothelial cells. The space between the chroma.ffin cells 
and these blood vessels is fillcd out with a varying amount of connective tissue, 
but I>ometimes both thc endothelium and the pericytes are separated from the 
noradrenaline-cells by just a single basal lami na. 

The roaction product first appears between the basal lamina. of either the peri­
cyte, the endothelial cell or the chromaffin cdl and the respective plasma mem­
brane of these cells (figure 18). Whcn t.he reaction is stronger (longer incubation 
time) the end-product covers all t he basal laminae filling out the spa.ce among 
pericyte processes. Since t he pericyte la.yer is not continuous, the end-product 
occasionally fills t he space between the endothelium and the noradrenaline COll­

taining cells (figure 19). 

Localization of non-specific cholinesterase (CkE) activity 

When acetylthiocholine was used as substrate, in conjunction with BW 284C51 ~ 
as inhibitor, we were unable to detect any enzyme activity, even after prolonged '-' 
(90 mm) incubation times. However, when butyrylthiocholine was used , also in 
the presence of 10"'" "1 BW 284C51, we were able to observe end-product which 
we attributed to the activity of non-specific cholinesterase (ChE). 

In contrast the AChE, non-specific ChE was only localized intracellularly; it 

DESCRIPTIO N OJi' l'LATE 10 
AChE react.ion 

FIGURe 6. SW'vey pict.ure of t.he nuclear region of an adl'ennline.containing chromaffin cell 
area.. AChE activit.y is evident in the endoplasmic reticulum including the nuclear 
envelope while tho Golgi system (G) shows very faint activity. End-product is a lso 
present between the chromaffin cells . (Magn. x 10000.) 
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was foond in t.he cisternae of the endoplasmic reticulum and nuclear envelope of 
adrena1ine-conroining cells (figure 21). In case we had not revealed any extra­
celluJar ChE activity because it was only present in small amounts, sections from 
the same gland were incubated in a medium containing higher concentrations of 
substrate (15 mM; the ChE activity in homogenates increases at high substrate 
concentration). However, we could only observe intracellular ChE activity 
whatever conditions were used. '1'he distribution of ChE was similar to that of 
AChE in one rcspect in that only certain groups of cel ls were act.ive but. these cells 
had no particular structural characteristics when compared with inactive cells. 

vVe also detected a.ctivity of ChE in cisternae of endoplasmic reticulum of 
pericytes (figure 20), around sinusoids a.nd capillaries as well as in smooth muscle 
cells around larger blood vessels (figure 17). 

DISC USSION 

Dislt"lbution of AChE in the adrenal medulla 

Cholinestern.ses in the mammalian adrenal gland have been the subject of both 
light and electron-microscopic studies ever since techniques for their localization 
were developed. By using light microscopic methods, their localiza.tio n in the 
adrenal gJands of the following species has been studied: cat (Koelle 1950, 1951; 
Coupland & Holmes 1958 ; Palkama 1964), rat (Coupland & Holmes 1958; Eranko 
1958; Erank6, H opsu & Raisanen 1959 ; Draws 1965) , hamster (Eriinil:6, R opsu 
& Palkama 1962; Po.lkama 1964), dog (Palka.ma 1964), rabbit (Coupland & Holmes 
1958; Antopol & Click 1940), pig (Antopol & Glick- I940) and ox (Autopol & Gllck 
1940; Palkama 1964). However, the localization of cholinesterases has only been 
studied by electron microscopic cytochemistry in t he adrenal medu lla of the rat 
(Lewis & Shute 1966, 1969; Palkaroa. 1967). 

From the earliest studies with the light microscope, it is appa.rent that. the bulk 
of the demonstrable cholinesterase activity in the gland is localized in t he medulla 
rather than the cortex:. The distribution of AChE (Koelle 1951; Eranko 1958 ; 
Coupland & R olmes 1958; Palkama 1964) and the loss of the activity afterdenerva­
tion (Eranko et al. 1959; Eranko et al. 1962) led to t he conclusion that the enzyme 
is primarily associated with t he nerve supply to the medulla. 

DESCRI PTI ON OF PLATE 11 

AChE reaction 

F IGURE 7. Extracellular activity around a cilium (C) which invaginates into the cell, and 
intracellular activi ty in the nuolear envelope (arrowhead) . CMagn. x 49 000.) 

FIGURE 8. The outermost cistern (arrow) or the Golgi apparatus shows some activity in an 
adrenaline .con~Bining cell. (Magn. x 22 000.) 

F IGURES 9 AND 10. Noradrenaline.cont aining cells exhibiting activity in the endoplasmic 
ret iculum (arrow); end produot is also present between the cells (arrowhead ). (Magn. 9, 
x 19000; 10, x 18000.) 
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The existence of AChE in chromaffin ceUs is more controversial. KoelJe (1950) 
reported that cat chromaffin cells contained cholinesterases but later (KoeJIe 
1951) attributed the staining to a diffusion artifact. In cat, rabbit. and rat adrenals, 
reaction in the chromaffin cells was also attributed to a diffusion of the end­
product (Coupland & Holmes 1958), but in studies on the hamster .it was concluded 
that the cells did contain the enzyme (Efl1nk6 et al. 1962). The use of the electron 
microscope has not clarified the position. Whereas Lewis & Shute (1969) could 
find intracellular reaction product in adrenaline-containing rat chromaffin cells, 
Palkama (1967), using the same species, could only find activity associated with 
the plasma membranes of noradrenaline·containing cells. 

Our results show that, in bovine adrenal glands, AChE is associated with the 
nerve supply and with the chromaffin cells, both the adrenaline· and noradrenaline· 
containing types. The activity in these tissues is both intracellular and extracellu- , 
lar; the latter probably associated with the outer lea-flets of the plasma membrane. 
However. we must emphasize tha.t our results only apply to bovine glands. the 
evidence summarized above and that of Palkama (1964) strongly suggest that in 
different species AChE is distributed differently within the adrenal gland. 

OUl' results confirm earlier light microscopic observations that a.dl'enaline· and 
noradrenaline-containing cells in the bovine wenal medulla. differ in severn.l re­
spects such as location, vascularization, cell orientation and shape (Palkama 1964) 
and add to them the fact that AChE is more characteristic of the adrenaline-con-

DE SCRIPTION OJl PL A'l'ES 1 2- 14 

AChE react.ion 

FlOURE 11. (a) T wo adrenaline·containing cells with end product throughout their endopla.s. 
mic reticulum as well as associated with their plasma. membranes. At one point (arrow) 
end.product within the endoplasmic reticulum is continuous with that between the two 
cells. This area is shown, at higher magnification, in serisJ sections in figures llb, c. 
(l\Iagn. Ha x 15000; llb, C x 34000.) 

FIGURE 12. Adrenaline-containing cell. Another example of continuity of end-product within 
the endoplasmic roticulum and the extracellular space. (Magn. x 36000.) 

FIGURE 13. Adrenaline.containing cells are oriented t.owards a sinusoid which is s\urounded 
with fenestrated endothelial cells (arrows). Endoplasmic reticululU is not abundant in 
this part of the cell but, when present, it also exhibits AChE activity (asterisk). End· 
product can also be soon for short distances between the celJs (arrowhead). (?ofagn . 
x 7700.) 

FIGURE 14. Longitudinal section of a nerve ending lying between three oorenaline.cont.aining 
cells. Several synaptic contacts, indicated by vesicle clusters, can be seen (arrowheads). 
AChE act.ivity occurs around the entire terminal and also in profiles of endoplasmic 
reticulum of chromaffin cells. (Magn. x 23000.) 

FIGURE 15. Higher power magnification pict.ure of a terminal between two chromaffin cells 
(Cl and ~). The end.product ru-ou.nd t.he terminal is continuous with that between the 
two chromaffin ceUs. Notice activity in smooth membraneous structures (arrow) near t.he 
terminal in C,. (Magn. x 56000_) 
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FIGURE 1. O. Smooth endoplasmic reticulum which contains end-product clue to AChE activity 
runs pa.ralIel with the plasma membrane of a chromaffin cell (arrow). The Golgi region 
(G) is inactive . Reaction product is present between a short segment of the plasma 
membranes (arrowhead). (Ma.gn. x 24000.) 

FIGURE 17. Non-specific cholinesterase (butyrylthiocholine as substrate) in smooth muscle 
cells (S) in the wall of a large intramedullary blood vessel. Activity is demonstrated 
througbout the endoplasmic reticulum. (Magn. x 4500.) 
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taining cells. We have DO explanation for the much rarer Bond weaker ren.ction of 
the noradrenaline-containing cells. 

AChE activity a8&OCiated with capillaries 

AChE a.nd butyrylcholinest.era.se bave been reported to occur in capiUary walls 
in the central nervous system of several mammalian species (KooJle 1954 ; Croock 
1963; J06 & Csillik 1966; K asa & Csillik 1966; Gwyn & Wolstencroft 1968; 
Flumerfelt, Lewis & Gwyn 1973; Kreutzberg & T6th 1974). Our resu lts show that 
AChE can also occur in the capillaries in a peripheral tissue. Although we have 
found activity aasociated with the basal laminae of either per icytes or endothelial 
cells, the exact site of the activity remains uncertain due to t he possibility of some 
diffusion of the end-product. Equally, the origin of the enzyme is obl-lCure since 

C 
there is no intracellular o.ctivity in either of these cells. It has been suggested that 
AChE activity in basement membrane and pinocytotic vesicles indicates transport 
of t hc enzyme, secreted by neurons, through the endothelial cell (Kreutzberg & 
T6th 1974.). A similar transport p rocess for enzyme secreted from either the 
splanchnic nerve or the ch romaffin cell could give rise to the results obtained. On 
the other ha.nd, transport in the reverse direction, i.e. from blood plasma., must 
not be discounted. Bovine pla.sma contains AChE (sec Augustinsson 1963) and 
endothelial pinocytotic vesicles incorporn.ting plasma. could thus tra.p AChE 
a.ctivity. However, we did not observe reactive pinocytotic vesicles. 

Localization of non-specific choline.sterMe 

Although so little is known a.bout the fU llctioll of non-specific ChE, a great deal 
of work ba.s been done on thc local izn.tion of the enzyme. 

In the adrenal meduUa. of the rat, this enzyme was found in the endoplasmic 
reticulum of chroma.ffin cells (Lewis & Shutc 1966, 1969 ; Palkama. 1967). Pa.lJu:a.ma. 
(1967) also reported that the enzyme was associated with membranes of non­
myelina.ted &xons a.nd with plasma membranes of chroma.ffin cells. Lewis & Shute 
(1966, 1969) djd not, however, observe extracellula.r reaction-product and con· 
cluded tha.t non-specific ChE was more characteristic of the endoplasmic reticulum 
of supporting elements such as Schwann cells and endothelial cells. Our findings 
in bovine gla.nds &100 show that non-specifi c ChE is only demonstrable within 
cells. Even after prolonged incubation periods and with high substrate concen­
tra.tions we cou ld not detect a.ny extracellular reaction product. 

Can intramedullary axons or the chrorll.ajJi:n cella be the origin of the released AChE1 

The intramedullary axons can be chamcterized by their having a dual localization 
of AChE, one a t the axon surface and another within the axonal smooth endoplasmic 
reticulum. This pattern seems to be a general characterisl..ic of all nerves exhibiting 
AChE activity (see , for example, NovikotT, Quintana, ViJlaverde & }1~orschirm 

1966; Schla.epfer & Torack 1966 ; Kw 1968; Tennyson, Brzin & Duffy 1968; K asa 
et al. 1973). 
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