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The first indication that the mechanism of insulin se-
cretion might involve the extrusion of granules by ex-
ocytosis came soon after the application of electron
microscopic methods to the study of the pancreatic B
cell [20]. However, there was controversy as to wheth-
er exocytosis was the major mechanism of secretion
until studies by freeze fracture provided quantitative
evidence that this is indeed the case [37]. Detailed dis-
cussion of the mechanism by which granule extrusion
is achieved was initiated when Lacy et al. [21] pro-
posed a role for a contractile microtubule/microfila-
mentous system in the oriented movement of granules
(margination) prior to exocytosis. This concept has
gained gradual acceptance over the years, and it is the
purpose of this brief review to outline some of the in-
formation which is now available about microtu-
bules, microfilaments and contractile-system proteins
in the pancreatic islets, and their relationship to the
processes of insulin secretion.

Microtubules

The experimental basis of the microtubule-microfila-
mentous hypothesis was the finding that colchicine,
an alkaloid known to disrupt microtubules and the
mitotic spindle in mammalian cells, was able to inhib-
it glucose-induced insulin secretion from isolated rat
islets of Langerhans {21]. This finding was subse-
quently confirmed and greatly expanded by studies of
the effects of other agents such as vinblastine or deu-
terium oxide, which are known to disrupt microtu-
bule function,on the dynamic aspects of insulin secre-
tion [22, 50]. Vinblastine and deuterium oxide have
been shown to inhibit both first and second phases of
insulin secretion while colchicine has generally been
found to inhibit only the second phase of glucose-in-
duced secretion. The agents used in these studies have

varying mechanisms of action. Colchicine binds to
the constituent protein of microtubules (tubulin) and
prevents its polymerization into microtubules. Vin-
blastine, or the related compound vincristine (vin-
blastine sulphate), causes aggregation of microtubu-
lar proteins into large crystalline arrays of protein
which are distributed throughout the cytoplasm [28].
In contrast, deuterium oxide stabilizes microtubule
structure and increases the number of microtubules
which are visible in each cell [28]. Interpretation of the
results of such experiments is complicated by the
rather long (and uncertain) time periods which are re-
quired both for the penetration of the agents into the
cells and, once inside the cell, for the agents to exert
their effects; some inconsistencies have emerged. In
addition, problems of specificity of the drugs need to
be considered as there appears to be some evidence
that, unless used at carefully selected concentrations,
each of these compounds may have effects other than
those expected in disrupting microtubules. Thus deu-
terium oxide and vinblastine have been reported to
inhibit *H-leucine incorporation into islet proteins, al-
though glucose-stimulated insulin biosynthesis was
not specifically affected [26], and deuterium oxide has
been shown to alter theophylline-induced changes in
#Ca handling by islet cells. Nevertheless, it seems
likely that the effect of these agents on insulin secre-
tion can be accounted for predominantly by their ac-
tions on microtubular function. It has been suggested
[22] that the rapid first phase of secretion might be a
consequence of the intracellular transport and extru-
sion of granules which were already in contact with
the microbutules in the resting cells, while the second
phase may require the association of granules from
the cytoplasmic pool with microtubules before their
transport and extrusion is effected in a similar way.
This latter could account for the prolonged second
phase secretion in response to a glucose stimulus. The
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Table 1. Proteins related to the microtubule and microfilamentous
system which have been identified in islets of Langerhans

Protein Molecular weight Proposed role
(daltons)

Tubulin 55000: dimer of 110000 Polymerizes to form
[34] microtubules

Actin 42000 (globular form,  Polymerizes to form
globular-actin) filaments (filamentous

actin)

Myosin 460000: composed of  ATPase activity enhanced
two heavy chains of after phosphorylation
200000 and two pairs  and by association with
light chains of 14000 actin (actomyosin)
and 19000 [39]

Calmodulin 17000 Calcium dependent

regulatory protein

It seems likely that the islets also contain microtubule-associated
proteins, actin binding proteins, profilin and probably a range of
other related proteins as well.

role of microtubules in the biphasic pattern of insulin
release has been reviewed in detail by Malaisse et al.
[27].

Effects of colchicine in retarding intracellular
transport of proinsulin from rough surfaced endo-
plasmic reticulum to the Golgi complex, as well as in-
hibiting secretion of newly synthesized insulin, have
also been reported [29]. This inhibition of transfer of
newly synthesized material to the Golgi complex was
correlated with inhibition of the conversion of pro-
insulin to insulin. This finding has parallels in the ob-
servation of a role of microtubules in the intracellular
transport of growth hormone [12] and of pro-para-
thormone[17] prior to their packaging in storage gran-
ules.

Tubulin

In the second stage of the study of the role of microtu-
bules in insulin secretion, attempts were made to ana-
Iyse quantitatively the amount of microtubular pro-
tein (tubulin, Table 1) which was present in the islets
in various states of secretory activity. This was made
possible by the use of colchicine binding assays in
which *H-colchicine bound to tubulin can be separat-
ed from free colchicine by filtration through What-
man DE 81 filters. Initial studies by Montague et al.
[34] showed that the colchicine binding protein, which
was estimated in this assay, had a molecular weight of
110000 daltons and an intrinsic association constant
for colchicine of 1.4 pmol/1, consistent with its iden-
tification as tubulin dimer. Uptake of *H-colchicine
into intact islet cells was found to be fairly rapid
(30 min), although the association of the drug with tu-

bulin inside the cells was a relatively slow process.
The time course of this binding approximately paral-
leled that of the effects of colchicine on insulin secre-
tion.

Subsequent investigations have compared the
equilibrium between polymerized microtubules and
their sub-units in different phases of secretory activi-
ty, based on the finding that colchicine binds specif-
ically to microtubule sub-units but not to intact mi-
crotubules; microtubules in the islets were stabilized
by the addition of deuterium oxide to the extraction
buffer. Montague et al. [35] showed that stimulation
of insulin secretion by glucose or 3-isobutyl-1-methyl
xanthine resulted in a decrease in the number of tubu-
lin sub-units which was detectable in the cells as a re-
sult of their polymerization, and this was associated
with an increased microtubule formation ; this polym-
erization was not observed after incubation in cal-
cium-free medium. In the resting cells, approximately
23% of the microtubule protein was in the form of
microtubules, increasing to 36% on stimulation [38].
Dynamic studies of tubulin polymerization by similar
methods showed that, during first phase secretion in
response to glucose, tubulin polymerization in-
creased from 24 to 33% of the total, falling to basal lev-
els at the end of first phase stimulation, but increasing
again during second phase release. However, the in-
crease in polymerization in second phase appeared to
be only poorly correlated with the rate of secretion
[32]. Cytochalasin B, an agent which interferes with
microfilament function (see below), also induced
microtubule polymerization in a way which paral-
leled its effects on insulin secretion {32]. Further, Pipe-
leers et al. [41] found that starvation of rats produced a
reduction of total tubulin in their islets as well as in the
proportion of tubulin which was in polymerized mi-
crotubules. These changes were reversible on glucose
refeeding. These authors identified tubulin by poly-
acrylamide gel electrophoresis of islet extracts and
were able to demonstrate glucose-stimulated tubulin
biosynthesis after incubation of islets with *H labelled
amino acids [40]. Finally, the same authors demon-
strated binding of "»I-tubulin to various subcellular
fractions of rat islets. Of particular interest was the in-
crease in the binding which could be induced by addi-
tion of 1 mmol/1 calcium chloride, suggesting a possi-
ble role for calcium in facilitating microtubule-gran-
ule interactions [42].

Two interesting controversies which remain in-
volve the roles of cyclic AMP and calcium in the regu-
lation of microtubule polymerization and, although
neither has been studied in islet tissue, it may be use-
ful to review the position as it appears in other cell
types. Despite earlier reports to the contrary, it is now
clear that tubulin itself has no intrinsic protein kinase



S.L.Howell and M. Tyhurst: Microtubules, Microfilaments and Insulin Secretion 303

activity, the endogenous kinase activity being sepa-
rable from tubulin by column chromatography [7].
The substrate for this cyclic AMP dependent kinase
appears, in some tissues, to be a microtubule-associat-
ed-protein (MAP,) of high molecular weight
(250-350000 daltons) [43] and there is some evidence
for analogous phosphorylation of MAP; in vivo in fi-
broblasts [18]. How such a phosphorylation of the mi-
crotubule-associated-protein can induce assembly of
microtubules is not clear, but it provides a possible
mechanism by which cyclic AMP might regulate this
assembly, and which might also be operative in the
pancreatic B cell.

Calcium at micromolar concentrations is known
to inhibit assembly of tubulin into microtubules in vi-
tro [52] and this seems difficult to reconcile with cur-
rent concepts of an increase in cytosolic calcium con-
centration as a regulator of the rates of insulin secre-
tion by exocytosis. Again it is not clear whether the ef-
fect is on tubulin itself, on another microtubule-asso-
ciated-protein (MAP;) or indeed is mediated by an-
other protein which is involved in calcium binding.
The calcium-dependent regulatory protein (calmodu-
lin) is obviously a strong candidate for this role. It
might be argued that when tubulin is purified from tis-
sues by polymerization/depolymerization cycling,
the microtubule-associated-proteins will be selected
for and calmodulin selected against. As the degree of
purification is increased, then binding of calcium to
tubulin and its ability to inhibit polymerization both
diminish in parallel so that highly purified tubulin
does not itself seem to possess a physiologically im-
portant calcium-binding capacity [4].

Microfilaments

In contrast to microtubules, which are known to be af-
fected by a number of drugs, all of which have similar
effects on secretion, evidence for the involvement of
microfilaments in insulin secretion rests predomi-
nantly on the use of a single agent, cytochalasin B,
which may induce disruption or hypercontraction of
microfilaments in many cell types. It is therefore im-
portant to verify that the effects of cytochalasin B are
truly specific for microfilaments. The other well esta-
blished effect of cytochalasin B (in addition to its dis-
ruption of microfilaments) is to inhibit glucose trans-
port into some mammalian cells. However, this and
other effects of cytochalasin B on B cell metabolism
which have been recorded [30], such as inhibition of
glucose uptake, glucose oxidation and lactate output,
would be expected to inhibit insulin secretion rather
than stimulate it as is observed [25]. In addition, cyto-
chalasin D has no effect on glucose transport in the B

cell and yet still exerts a stimulatory effect on insulin
secretion [31]. It therefore seems reasonable to assume
that the observed effects of cytochalasin B are indeed
exerted viaits action in inhibiting microfilament func-
tion. The effects on insulin secretion which have been
observed are an increase in glucose [23] and tolbuta-
mide or glucazide-induced secretion [49, 51], together
with enhancement of the high rates of secretion in-
duced by glucose plus theophylline. Cytochalasin B
also reduces the threshold for glucose stimulation of
secretion [49]. Integrity of the microtubule system ap-
pears to be required for these effects, since in the pres-
ence of vinblastine, cytochalasin B had no stimulato-
ry effect. All of these actions are rapidly reversible on
removal of the drug and are dependent on the pres-
ence of an adequate concentration of calcium in the
incubation medium [51]. Actin is known to be a major
constituent protein of microfilaments (Table 1), and
the role of actin in B cells has therefore been investi-
gated in some detail.

Actin

An assay for actin is available which has sufficient
sensitivity to measure reliably both the globular and
filamentous actin content of islet extracts. It utilizes
the ability of globular actin to form a complex with
the enzyme DNAase I, which results in inhibition of
its activity [2]. Thus by estimating the rate of hydroly-
sis of DNA by DNAase I in the presence of tissue
homogenates, it is possible to obtain an estimate of
globular actin. After dissociation of the filamentous
actin to globular actin by guanidine hydrochloride, it
is also possibie, using aliquots of the same tissue ex-
tract, to obtain estirnates of the total actin content of
the tissue. This type of assay has been used with islets
from the rat[14] and obese mouse [47].

These studies have shown that the total actin con-
tent of the tissue represents 0.7%-2% of the total tissue
protein, and that 23%-37% of the actin exists in the
polymerized form in unstimulated cells. After stimu-
lation of secretion by glucose, however, this propor-
tion is significantly increased to 46%-52% of the total
—an approximately one and a halfto two fold increase
[14]. Enhanced stimulation of secretion by addition of
3-isobutyl-1-methyl xanthine results in a further in-
crease in polymerization to 71%. The glucose stimula-
tion appears to be ATP-dependent since it was inhib-
ited in cells which had been incubated with 2 : 4 dini-
trophenol (an uncoupler of oxidative phosphoryla-
tion) but was unaltered after omission of extracellular
calcium [14]. This last observation precludes the pos-
sibility that the increase of actin polymerization is
merely a consequence of secretion by exocytosis.
These findings suggest that actin exists in B cells in a
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dynamic equilibrium between globular and filamen-
tous forms, unlike the situation in muscle where it
exists almost entirely as filamentous actin. The ionic
conditions in the cell are such that from its known po-
lymerization properties it can be predicted that all of
the actin should exist in B cells in the filamentous
form. The fact that over 60% of actin in the resting B
cell is depolymerized suggests that other interactive
proteins are present which bind to globular actin, pre-
venting its polymerization. One such protein is profil-
in, an actin-binding protein which has been isolated
from a number of non-muscle cell types, although not
from skeletal muscle. It has a molecular weight of
16000 daltons and it forms a 1 : 1 complex with globu-
lar actin [19]. Other potential endogenous actin-bind-
ing proteins which have been discussed include spec-
trin, filamin and DNAase 1 [19], but neither profilin
nor any of the others has been identified in islets of
Langerhans, nor indeed has a systematic search for
them been carried out.

Myosin

Myosin has been identified as a component of many
non-muscle cell types, including rat and catfish islets
of Langerhans, by its specific ATPase activity. In islet
cells, it appears to be present in concentrations at least
4.5 times those found in rat liver cells [39] (Table 1).
Detailed analysis of the protein extracted from catfish
islets revealed that myosin constituted 0.97% of cellu-
lar proteins and consisted of a heavy chain (200000
daltons) and two light chains (14000 and 19000 dal-
tons), comparable in size to those observed in smooth
muscle. However, activation of islet myosin ATPase,
unlike that of skeletal muscle, could not be demon-
strated on addition of actin, possibly because the my-
osin light chains as isolated were not phosphorylated
[39]. It has been suggested that myosin phosphoryla-
tion is an essential prerequisite for actomyosin
AT-Pase activation and contraction in smooth muscle
and a number of other non-muscle cell types [1]. The
role of myosin in the insulin secretory process has
been little studied, in part probably because no specif-
ic drugs which interfere with its functions are avail-
able. However, there is evidence that the actin-myosin
complex actomyosin interacts more readily with B
granules in vitro than actin alone (see below).

Ultrastructural Aspects
The widespread use of glutaraldehyde as a primary

fixative has allowed the visualization of microtubules
inthe cytoplasm of the B cell where they appear as rod

like structures of diameter 22-25 nm. The three di-
mensional structure of the cell has made it rather diffi-
cult to establish comprehensive ultrastructural evi-
dence of the interaction of granules and microtu-
bules, except in monolayer cultures, in which the cells
are flattened along one plane. Morphometric analysis
of electron micrographs has shown that the propor-
tion of granules which are associated with micro-
tubules did not exceed that expected on the basis of
random distribution, even in cells in which secretion
was stimulated by glucose [5]. Localization of that
pool of tubulin in the cells which is not polymerized
into microtubules and which constitutes 60% of the
total could be of great interest. Unfortunately, *H col-
chicine bound to tubulin does not survive glutaralde-
hyde fixation so that autoradiographical localization
by this means will not be possible, until such time as
diffusible compound autoradiography at electron
microscope level becomes a practical possibility.

Actin filaments are 5-7 nm in diameter and are
distributed in the cytoplasm in some species, as peri-
nuclear bundles of filaments, and as a band of fila-
ments running parallel to and directly beneath the
plasma membrane in the so-called ‘cell web’. It was
proposed by Orci et al. [36] that stimulation of secre-
tion by glucose-induced reorientation and redistribu-
tion of this band of filaments in a way which allows
improved access of granules to the plasma mem-
brane. However, it seems probable from the frequen-
cy with which granules can be observed in close appo-
sition to the plasma membrane, even in unstimulated
cells, that the cell web is not a universal barrier pre-
venting access of granules to the membrane. Such a
redistribution is also produced by cytochalasin B, re-
sulting in enhanced stimulation of insulin secretion.
As an alternative explanation of the re-distribution of
the ‘cell web’ after exposure to cytochalasin B, it has
been suggested that the drug causes hypercontraction
of the microfilaments, which gives the appearance of
aggregates beneath the membrane [33]. The actin con-
tent of microfilaments in B cells has been visualized
by use of autoantibodies to actin obtained from pa-
tients with smooth muscle disease [8]. In principle, it
could be demonstrated by decoration with heavy
meromyosin if the cells could be rendered permeable
to heavy meromyosin without severe disruption of
their ultrastructure. The use of high voltage electric
discharge may provide a possible way of rendering
the cells permeable for this purpose [54]. However,
heavy meromyosin decoration will still not provide
information about that proportion of actin within the
B cells (about 40%) which is in the globular form. Use
of antisera to actin labelled with peroxidase[53] might
provide a possible approach to the identification of
these pools.
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Little information is available about the localiza-
tion of myosin within B cells at the present. This,
along with the identification of globular actin and tu-
bulin sub-unit pools, will be essential for the evalua-
tion of the role of contractile-system proteins in insu-
lin secretion.

Cinemicrography

A number of studies have been completed in which
the movement of individual particles, presumably
granules, have been investigated within islet cells in
monolayer culture. By use of time-lapse filming, it
was possible to plot the movement of individual parti-
cles within the cells. The conclusions of these studies
were broadly similar: that the granules move in a dis-
continuous way by jumps or saltatory movements,
and that the speed of movement was in a range
0.8-1.5 um/s in a pattern which suggests directed
background and forward movement along an invisi-
ble but oriented pathway [24, 45]. The frequency of
such movements was increased by glucose but dimin-
ished by adrenaline or the omission of calcium from
the incubation media, or by the addition of microtu-
bule inhibitory agents, such as vinblastine or deuteri-
um oxide. This implies that disruption of the microtu-
bules prevents the saltatory movements. However,
these two reports differ in one important aspect - in
that cytochalasin B is reported either not to affect glu-
cose (8.3 mmol/1)induced saltatory movements of the
granules [45], or alternatively to enhance them in the
presence of 16.7 mmol/1 glucose, as well as to increase
the movements seen in the presence of 1.67 mmol/1
glucose [24]. The reason for this discrepancy is not
clear, but the point is important since an effect of cyto-
chalasin B on saltatory movement implies a direct
role of microfilaments as well as of microtubules in
the type of granule movement which was observed.
Somers et al. [45] also reported effects of cytochalasin
B on the cell boundary, presumably by an effect in
disrupting or contracting the ‘cell web’.

Interaction of Isolated B Granules with Actin, Myosin
and Actomyosin

Some indications of the possible interactions between
B granules and the contractile proteins within the
cells have been obtained by the use of a model system
in vitro consisting of isolated B granules and suspen-
sions of these proteins. Interaction or binding of the
granules to the proteins is reflected in an alteration of

the sedimentation characteristics of the granules.
Such an approach has yielded results which indicate
that actomyosin is far more effective in promoting
binding of granules than actin [13], while myosin is
without detectable effect. These interactions were en-
hanced in the presence of ATP at concentrations ex-
pected to be present in the cells, and were unaffected
by even high concentrations of calcium [13, 15], possi-
bly because of the intermediary role of calmodulin in
mediating effects of calcium in this situation. Ultra-
structural studies showed that contacts between gran-
ule membranes and actomyosin filaments could be
readily observed in this in vitro system [15]. An asso-
ciation of actin and myosin with secretory granule
membranes has been observed in adrenal medulla[3],
while interactions of isolated pituitary secretory gran-
ules with actin but not with myosin, probably by lipo-
philic mechanisms, have also been reported [38].
Calmodulin has been identified in islet cells [16,
46, 48], and a specific inhibitor of its calcium-binding
function (trifluoperazine) has been used to study its
role in the insulin secretory process [10, 44, 46]. Effects
of trifluoperazine have also been observed in inhibit-
ing activation of cyclic nucleotide phosphodiesterase
[46], inhibiting calcium-dependent protein kinase ac-
tivity [9, 44] and activating calcium-dependent
adenylate cyclase activity [48]. Amongst the most in-
teresting of the known aspects of calmodulin actionin
B cells is its role in the stimulation of protein phos-
phorylation. The major substrate for calcium-de-
pendent phosphorylation in broken cell preparations
of isolated rat islets has been shown to be a 53 000 dal-
ton protein of unknown identity [9]. It will also be im-
portant to try to determine the endogenous substrates
for this calcium-dependent kinase activity in intact B
cells. In view of the reported activation of actomyosin
ATPase and of microtubule assemby/disassembly [4]
by calmodulin in many cell types, it is tempting to
speculate that calmodulin might be associated both
with microtubules and with actomyosin in the B cell,
thereby providing a link between the increase in cyto-
solic calcium concentrations and granule movement.
If, as is implied from the isolated granule studies, an
actin-myosin complex (actomyosin) rather than actin
is the active constituent of the microfilaments in the
microtubule-microfilamentous system, then a possi-
ble mechanism for such a link can be readily envi-
saged (Fig.1). Thus calmodulin is a sub-unit of the
myosin-phosphorylating enzyme myosin light chain
kinase, which has recently been identified in isolated
rat islets (Ashcroft, personal communication). Activa-
tion of this calcium-dependent and highly specific ki-
nase would lead to phosphorylation of myosin, which
in turn would promote its ATP splitting and contrac-
tile activity in association with actin at the same site.
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Stimulus-Secretion Coupling: A Speculation

It now seems possible, in the light of the information
so far available, to make a speculative model which
may explain the essential links between the stimula-
tion of secretion and the increased movement of gra-
nules and their secretion by exocytosis. Such a model
is shown in Figure 2. It is widely supposed that glu-
cose increases intracellular free calcium concentra-
tion in the B cell, at least in part by altering trans-plas-
ma membrane calcium fluxes. In addition, those sti-
muli which elevate cyclic AMP levels are seen as con-

(Ca 2+)
107 mol/l I [10'5 mol /1

Ca-calmodutin
/——_\
Myosin kinase a Myosin kinase i

P
Myosin Myosin-P+ F-Actin & G-Actin

C ATP
ADP
Microfilament contraction
Fig. 1. A possible direct link between cytosolic calcium concentra-
tions and microfilament activation. Myosin kinase a and i represent
the active and inactive forms of myosin light chain kinase respec-
tively. Myosin-P indicates the phosphorylated form of myosin.

F-actin = filamentous actin. G-actin = globular actin. For details
see text

Glucose Adenylate cyclase

! |

Metabolism ~—~—~—~> (C&") +~—~—~— cyclic AMP

1077 mol /1 10° V \

Ca-caimodulin

tributing to the cytosolic calcium concentration by in-
ducing intracellular redistribution of calcium from
organelle-bound, and in particular mitochondrial,
pools. In either case, calcium binds to calmodulin
which may, as in other cell types, promote tubulin po-
lymerization to microtubules, perhaps in conjunction
with enhanced phosphorylation of tubulin or micro-
tubule-associated proteins by cycliccAMP-depend-
ent-protein kinases. The binding of calcium to cal-
modulin may also lead inter alia to activation of my-
osin kinase, to myosin phosphorylation, and its asso-
ciation with filamentous actin in a way which, as indi-
cated above, can facilitate movement of granules as a
consequence of its ATP-dependent contractile activi-
ty. Following actomyosin contraction the granules
may be expected to move along oriented pathways
which are determined by the polymerized microtu-
bules. Transfer of the granules via the microtubule-
microfilamentous system may be expected to bring
them very close to the plasma membrane, to a dis-
tance presumably determined by the balance between
electrostatic repulsion of granule and plasma mem-
branes and Van de Waal’s attractive forces[5, 11]. The
final fusion process may in turn be independently re-
gulated, again possibly as a result of local changes in
calcium concentration close to the plasma membrane
and of re-orientation of microfilaments in the cell
web.

This model cannot of course account even for the
information so far available, but hopefully it will pro-
voke some further experiments into aspects of stimu-
lus-secretion coupling of the B cell. It is now 14 years
since the ‘microtubule-microfilament hypothesis’ was
proposed; hopefully it may have given way in less

Protein kinase 2 R, cyclic AMP

v R2C2 +2C
Myosin kinase i<2a .
o buli
> T iArs
Myosin Myosin - P+F ActinzG-Actin ( Tubulin )
T l + MAPs / n
ATP  Actin-bindin
C proteins k Fig.2. Some possible relationships between calcium
ADP and tubulin, actin and myosin in the initiation of
Microfilament microtubule granule movement. R and C represent the receptor

contraction \r—’/ polymerization

Granute movement
via microtubule-microfilamentous system

and catalytic sub-units of cyclic:AMP-dependent
protein kinase; MAP’s = microtubule associated
proteins. The existence of actin binding proteins in
the B cells is speculative. For details see text



S.L.Howell and M. Tyhurst: Microtubules, Microfilaments and Insulin Secretion

than 14 further years to a detailed understanding in
molecular terms of the way in which the signal for the
initiation of secretion can be translated into the physi-
cal process of granule extrusion by exocytosis.
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