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TRANSPORT OF SECRETORY WESICLES IN MURINE ANTERIOR PITUITARY TUMCR CELLS

Trina Alexis Schroer

ABSTRACT

Secretory and membrane proteins destined for export from the cell

move to the cell surface in membrane vesicles. Two biochemically

distinct classes of secretory vesicles exist in the murine anterior

pituitary tumor cell line At'T-20. I have demonstrated using indirect

immunofluorescence that proteins carried in the different vesicles have

different intracellular destinations. ACTH is concentrated at the tips

of cell processes and in the Golgi region. In contrast, the constitu

tively exported murine leukemia virus membrane glycoprotein is observed

only in the cell body plasma membrane and not in processes. The influ

enza virus membrane glycoprotein, hemagglutinin, introduced into cells

by transfection, is also constitutively exported and is found exclu

sively on the cell body surface. Constitutive secretory vesicles appear

to release their contents only at the surface of the cell body and not

in processes.

Secretion from the regulated and constitutive secretory pathways is

inhibited to different degrees by reduced temperature. Constitutive

secretion of ACTH precursor and the secreted form of vesicular stoma

titis virus glycoprotein is inhibited approximately 7-fold at 20°C. In

the regulated pathway, ACTH precursor is processed to mature ACTH and

stored in dense core secretory granules at least as well at 20°C as at

37°C. Autoradiography of sulfate labeled cells indicated that secretory

V



granules are transported normally to the ends of processes at 20°C.

However, regulated secretion of mature ACTH is inhibited completely.

The movement of isolated secretory vesicles along axonal micro

tubules was examined in vitro. Purified synaptic vesicles from electric

rays were fluorescently labeled and their movement in cytoplasm isolated

from squid giant axons was examined by fluorescence microscopy. The

synaptic vesicles behaved like endogenous squid organelles, moving

preferentially toward the synapse at a velocity of 2 microns per second

and binding to microtubules when movement was inhibited by a non-hydro

lyzable ATP analog. Vesicles that had been proteolytically digested

with trypsin or pronase were observed to move in axoplasm and to bind to

microtubules but the direction preference was abolished. Vesicles

treated with elastase neither moved nor bound. Apparently, different

synaptic vesicle membrane proteins are responsible for the property of

microtubule binding and the preference for anterograde movement.
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INTRODUCTION

THE ROLE OF MICROTUBULES IN MEMBRANE SORTING



Most of us are familiar with the appearance of intracellular organ

elles and vesicles as depicted in light and electron micrographs. Large

organelles like the nucleus, Golgi apparatus, endoplasmic reticulum

(ER), mitochondria and various types of lysosomes can be identified by

their characteristic morphologies and/or positions within the cell.

Dispersed throughout the cytoplasm are myriad smaller vesicles (less

than 500 nm in diameter), some of which can be identified as coated

vesicles or secretory granules. In living cytoplasm, the stationary

nucleus, ER and Golgi apparatus are surrounded by moving mitochondria

and small vesicles. The vesicles may be lysosomes or other vesicular

structures that have been proposed to mediate the movement of material

between the ER, Golgi apparatus, lysosomes and plasma membrane, but none

can be readily identified .

The pathways of membrane biogenesis and recycling that link intra

cellular organelles have been defined by biochemical and electron

microscopic studies. In the simplest sense, intracellular membrane

traffic flows in two directions. Membrane biogenesis is movement from

the center of the cell outward, and endocytosis is movement of membrane

from the outside in. Of course, multiple biogenetic and recycling

pathways exist. The maintenance of the distinct molecular composition

of all membrane-bound organelles is made complicated by the fact that

the pathways of membrane biogenesis and recycling often have similar

endpoints and may intersect each other. This means that there is ample

opportunity for membrane vesicles and their components to mix. Not only

do individual organelles like ER, Golgi and lysosomes retain their

unique molecular compositions, but the overall structure of the cell is

maintained. Membrane vesicles somehow arrive and remain at the appro



priate intracellular locations. The mechanisms for sorting of membranes

and their components and targeting of membranes to their destinations

are unknown.

Are microtubules involved in the targeting of organelles? Membrane

organelles are known to be trans located along microtubules, at least in

neurons (Allen et al., 1985; Schnapp et al., 1985), where vesicles are

moved up to 400 mm per day. It is likely that similar mechanisms are

used in non-neuronal cells to generate and/or direct the movement of

organelles that move continuously in a single direction over a short

period of time. However, many organelles may move by a different

mechanism. If we make an estimate for the average size of cytoplasmic

vesicles and the viscosity of cytoplasm, we can calculate that a signi

ficant amount of organelle movement in somatic and cultured cells could

result from diffusion (this is described in detail below). Thus micro

tubules may not always be required for the actual event of trans loca

tion. In this introduction I would like to discuss another possible

role for microtubules in intracellular motility, whether membrane

organelles are sorted and targeted on the basis of their association

with microtubules.

Membrane Sorting and Targeting

Intracellular membrane sorting events can be divided into two

types: biosynthetic sorting, and sorting in the endosome. Biosynthetic

sorting is the event of segregation of newly synthesized molecules so

that they are delivered to the cell surface by any of multiple pathways

(Gumbiner & Kelly, 1982) or to lysosomes. The Golgi apparatus is the

intracellular compartment where the events of sorting are thought to

occur (Rothman & Lenard, 1984; Fuller et al., 1985). Sorting in the



endosome is the process whereby material taken into the cell by endo

cytosis is separated from its carrier membrane and/or receptor. The

cargo is usually delivered to a lysosome, and the carrier returns to the

ce 11 membrane, either recycling to its original location or moving

across the cell to a different site (reviewed in Steinman et al., 1983).

The latter process is known as transepithelial transport or trans

cytosis. Transcytosis can also be used to "correct" the polarity of

ce 11 membranes when exogenously added proteins have been inserted into

the inappropriate plasma membrane domain (Matlin et al., 1983) and may

be used to correct biosynthetic targeting errors. Until recently it has

been unclear whether biosynthetic and endosomal sorting occurred in

biochemically and morphologically distinct compartments, or whether

there was a single sorting center. The latter hypothesis could explain

the observation of many workers (reviewed in Farquhar, 1981) that

endocytosed material appeared in the Golgi apparatus as well as in the

endosome. Similarities of the two pathways in terms of their sensi

tivity to perturbants (e.g. chloroquine; Helenius et al., 1982; Moore et

al., 1983) and their intracellular location (Marsh et al., 1984;

Griffiths et al., 1985) supported this theory. Recently, Pesonen et al.

(1984) and Hoppe et al. (1985) have shown that transcytosed membrane

proteins and cargo pass exclusively through an endosomal compartment and

do not appear in the Golgi apparatus (defined both morphologically and

biochemically). In addition, Griffiths et al. (1985) demonstrated that

there is no overlap in the intracellular distribution of a viral glyco

protein that was trapped in the trans region of the Golgi apparatus and

a marker for the endosome, horseradish peroxidase. This is perhaps the

best evidence to date that these sorting stations are separate and



distinct compartments.

The phenomenon of membrane sorting has been described only

recently, and we are far from understanding its mechanism. In contrast,

intracellular organelle movement has long been a subject of great

scientific interest (see Rebhun, 1972), and recent work has begun to

elucidate some possible mechanisms for organelle movement.

Mechanisms of Intracellular Organelle Movement:

Diffusion or Active Transport?

When live cells are observed by high magnification light micro

scopy, particles of many shapes and sizes exhibit what is known as

saltatory movement - they move in discontinuous, short "jumps" of

lengths of less than one to up to 20 microns. Particles may exhibit

random movements and their overall paths may be tortuous with no appar

ent destination. The net distance these particles travel is short

(Willingham & Pastan, 1978; Arnheiter et al., 1984). In contrast, other

particles move in saltations that appear directed. The path taken by

these particles may be linear and a destination seems to be clearly

specified. These particles often travel far, as seen in the case of

organelle transport in neurons.

The saltations of small particles (less than 100 nm in diameter)

simply may be due to Brownian motion of particles in cytoplasm. This

means that net movement of these particles is a result of diffusion. We

can calculate the time required for a particle to travel a certain

distance by diffusion using the equation x? = 2Dt. D is the diffusion

coefficient of the particle, a term that takes into account the radius

of the particle and the viscosity of the medium. Using this equation we

can calculate that a 100 nm diameter particle can diffuse approximately



20 km in 10 minutes in a medium with a viscosity of 10cP, an estimate

for cytoplasmic viscosity (Rebhun, 1972). Examples of the movement of

100 nm or smaller vesicles over distances of up to 20 pm are vesicular

transport from ER to Golgi transport and movement of vesicles within the

Golgi apparatus, transport of secretory vesicles to the plasma membrane

and endocytic vesicle and lysosome movement. All these vesicle trans

location events could thus be accounted for by diffusion.

Saltatory movement may also arise through an ascociation of

vesicles with microtubules (see Rebhun, 1972 and Schliwa, 1984 for

reviews). The best understood example of this is the fast transport

process that occurs in neurons (reviewed in Schwartz, 1979, and Graf

stein & Forman, 1980). Fast axonal transport causes the ATP dependent

(Adams, 1982) directed movement of organelles at 2 to 5 um per sec over

distances of several mm per day. Organelle movement on microtubules can

be reconstituted in vitro, and it has been shown that a single micro

tubule can support movement of organelles in both directions (Schnapp at

al., 1985). The association of organelles with microtubles is not

static, and organelles may be observed to attach to a microtubule, move

a short distance, then dissociate (Allen et al., 1985; Vale et al.,

1985a). Saltations per se are not observed, because when particles

dissociate they rapidly diffuse away from the microtubules and are not

observed to reassociate.

A microtubule-based motility system analogous to fast axonal

transport has been proposed to account for the directed organelle

movement that has been observed microscopically in many animal cells

(reviewed in Forman, 1982; Schliwa, 1984). Long saltations often seem

to be directed toward and from the center of the cell, where the Golgi



apparatus and the microtubule- organizing center (MT00) are located.

The MT00 is the center of a dense array of microtubules that fan out

into the cell periphery. Thus it is tempting to correlate all saltatory

movements, not just those in axons, with the presence of microtubules

(Freed & Lebowitz, 1970; Bhisey & Freed, 1971; Wang & Goldman, 1978;

Arnheiter et al., 1984; Herman & Albertini, 1984). Several of these

workers noted that most long saltations (1onger than 4 lim) were inhi

bited when cells were treated with colchicine. It is likely that there

are few significant differences between the saltatory organelle move

ments seen in cultured cells and those seen in fast axonal transport.

The most important differences are that organelles moving in axons are

transported faster and have a clearly preferred direction of movement,

two features that might allow vesicles to be efficiently carried over

long distances in neurons. In contrast, organelles in cultured cells

may move equally we 11 to and from the middle of the cell and have no

apparent preferred direction.

Are microtubule mediated motility events involved in the specific

targeting of membranes? I would like to discuss the evidence, from

pharmacological studies using anti-microtubule drugs and (when possible)

microscopic observations of live cells, for the role of microtubules in

the movement and targeting of Golgi-derived (biosynthetic) and endosomal

membrane vesicles. It is not known how targeting occurs, but sub

stantial pharmacological evidence suggests that microtubules are in

volved. I present here a model for the role of microtubules in membrane

targeting. The experimental systems discussed are polarized epithelial

cells, motile fibroblasts and neurons.



The polarized epithelial cell is one of the best characterized

experimental systems in which sorting occurs. These cells possess two

or three plasma membrane domains with distinct compositions (for a

review, see Simons & Fuller, 1985). Newly synthesized endogenous and

exogenous secretory and membrane proteins are efficiently segregated and

directed to their preferred domains. Membranes are also sorted during

the process of transcytosis, whereby soluble material is endocytosed at

one plasma membrane domain and transported via membrane vesicles to

another domain. This process is commonly used to transport serum immuno

globulins (poly IgA) across hepatic, intestinal and mammary epithelia

(reviewed in Kuhn & Kraehenbuhl, 1983; Mostov & Simister, 1985).

Motile fibroblasts have leading and trailing edges where the

content and organization of organelles such as Golgi and various cyto

skeletal proteins are different. It appears that membrane and secretory

proteins are preferentially directed toward the leading edge of the

cell. Stationary fibroblasts do not demonstrate biosynthetic sorting,

but they do segregate material taken up by endocytosis (Ostlund et al.,

1979).

Neurons are extreme examples of polarized cells. The cell body is

the site of protein synthesis (cytoplasm and RER) and modification

(Golgi apparatus), but the bulk of cytoplasmic, secretory and membrane

protein is directed to the axons and dendrites. The role of micro

tubules in trans location of membrane vesicles within axons is indis

putable (for review see Schroer & Kelly, 1985), but it is not clear how

vesicles are targeted from the cell body into axons or in different

directions within axons.



Biosynthetic Sorting

Polarized epithelia

Plasma membrane proteins in the different domains of polarized

epithelial cells are prevented from mixing by bands of tight junctions

between adjacent cells. Although this mechanism serves to maintain

polarity, additional mechanisms exist to establish polarity, and this

ensures that newly synthesized proteins are inserted only into the

correct membrane domain. Sorting at this level has been demonstrated to

occur late in the biosynthetic pathway in Madin-Darby canine kidney

(MDCK) cells, a polarized epithelial cell line with two domains, apical

and basolateral (Rindler et al., 1984a). The sorting station appears to

be the trans Golgi network (TGN), a network of tubules and vesicles

found in the trans Golgi region of the cell (Fuller et al., 1985;

Griffiths et al., 1985). Membrane proteins destined for both the apical

and basolateral membranes are colocalized in the TGN, and after their

departure from this compartment, they are delivered only to the appro

priate membrane and are not observed to be mistargeted (Misek et al.,

1984; Matlin & Simons, 1984). Thus they must reach the cell surface in

different vesicles. The time (5 min) required for proteins to move from

the TGN to the cell surface (10 to 15 um) is long enough for a diffusion

mediated process. One could imagine that vesicles containing proteins

destined for a particular site diffuse randomly to both plasma membrane

domains but that selective fusion with only the appropriate plasma

membrane regulates where the proteins are eventually inserted or

secreted. This possibility cannot be excluded as a mechanism for estab

lishment of polarity in epithelial cells. However, Rindler et al.

(1984b) examined the effect of nocodazole on the appearance of influenza
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hemagglutinin on the apical plasma membrane of MDCK cells. They demon

strated a decrease in hemagglutinin on the apical domain with concomi

tant appearance basolaterally. This apparent mis-sorting of hemagglu

tinin by an anti-microtubule drug is particularly suggestive when

compared to what is observed in polarized epithelia in vivo. These

studies (see below) indicate that intact microtubules are required for

transport from the Golgi region to the apical domain.

Hepatocytes are polarized epithelial cells with three plasma

membrane domains: the bile canaliculus, the lateral face, and the

sinusoid which faces the bloodstream. One function of the liver is the

synthesis of serum proteins which are secreted exclusively from the

sinusoidal face into the bloodstream. Other secretory products are

targeted to the bile canaliculus, and material can be secreted across

hepatocytes by transcytosis. Redman et al. (1975) demonstrated that

albumin secretion from liver (in vivo and in vitro) was inhibited 50%

after treatment with colchicine, and that albumin was concomitantly re

tained in the liver. They further showed that secretory vesicles

accumulated in the Golgi region of the cell but not near the sinusoidal

plasma membrane. Their interpretation of these results was that trans

port to the surface and secretion is inhibited by depolymerization of

microtubules. However, it is possible that secretion continues but is

no longer polarized, so that albumin is secreted into the intercellular

space and bile canaliculus as well as into the sinusoid. Albumin would

be retained by the liver and would not reach the bathing medium or

perfusate under these conditions. Support for the latter hypothesis

lies in the results of Mullock et al. (1980) who noted an increase in

albumin secretion into bile from livers treated with colchicine.
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Mullock and coworkers also observed that the appearance of a hepatocyte

membrane protein, secretory component, on the sinusoidal surface was

reduced by colchicine (see also below).

Similar results have been observed by Blok et al. (1981) and

Bennett et al. (1984) in intestinal epithelium. These investigators

examined the export of *H-fucose labelled material to the glycocalyx of

the apical brush border in the absence and presence of colchicine.

Labelled material normally leaves the Golgi rapidly and accumulates over

brush border microvilli. In the presence of colchicine the labelled

glycoproteins are seen primarily in the Golgi region. Some material is

exported to apical and lateral membranes. A general inhibition of

export with concomitant mistargeting of material to the basolateral face

was also observed in mammary epithelium by Nickerson et al. (1980).

Milk secretion from the apical surface was inhibited and casein micelles

were observed to leak into the basolateral connective tissue.

The autoradiographic studies in intestinal epithelium performed by

Blok et al. (1981) and Bennett et al. (1984) detected exclusively newly

synthesized material. An interesting twist is added to the story by

workers who have compared the secretion of newly synthesized to pre

existing, stored secretory proteins in regulated secretory cells.

Amylase secretion from exocrine pancreas was studied by Williams (1981)

who noted that colchicine caused a reduction in the secretion of newly

synthesized protein but not amylase that was already stored in zymogen

granules. Studies on insulin release from endocrine pancreas have

yielded similar results. Boyd et al. (1982) demonstrated that rapid,

stimulated secretion of insulin was unaffected by colchicine. This is

assumed to be release of a storage pool of beta granules that are
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located in the periphery of the cell, under the plasma membrane.

However, prolonged release in response to stimulation was inhibited in

the presence of colchicine. The interpretation was that microtubules

are required only for the transport of newly synthesized beta granules

to the cell surface and not for exocytosis itself. An analogous effect

was observed in lacrimal gland secretion by Busson-Mabillot et al.

(1982). Secretion from granules formed in the presence of colchicine

was inhibited, but secretion of pre-existing granules was not. They

proposed that colchicine affects the formation or targeting of secretory

granules at the Golgi apparatus, rendering them unable to be secreted.

We should note that the secretory granules found in regulated secretory

cells are between 200 and 1000 nm in diameter. Organelles of this size

are observed to move slowly in neurons (Allen et al., 1982; Brady et

al., 1982). Secretory granules would therefore be expected to take

longer to arrive at the cell surface by diffusion than vesicles carrying

constitutively secreted proteins (see below) and an active mechanism

would be required for rapid trans location.

From these studies it appears that colchicine's effect is not on

exocytosis itself. In cells where secretion is regulated by physiolo

gical effectors (e.g., endocrine and exocrine tissues) an intracellular

pool of secretory granules is present below the plasma membrane.

Secretion of this population of vesicles is unaffected by colchicine.

However, recruitment of new material into this pool is inhibited by

colchicine.

Apparently, the role of microtubules is to efficiently direct (or

actually trans locate) secretory vesicles to their destination, serving

to establish polarity and prevent missorting. When microtubules are
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depolymerized, secretory vesicles are no longer trans located to the

proper domain and remain near the Golgi apparatus until they diffuse to

other plasma membrane domains where they can release their contents by

exocytosis.

Other polarized cells

Most migrating cultured cells have a clearly defined morphological

polarity. The Golgi apparatus lies between the nucleus and the ruffled

leading edge of the cell, in close proximity to the MTOC, and micro

tubules are observed to radiate from there to the leading edge. Depoly

merization of microtubules appears to inhibit directed locomotion in

most fibroblasts (Goldman, 1971; Gotleib et al., 1983) although cell

membrane ruffling is not inhibited. It has been suggested that micro

tubules direct newly synthesized membrane from the Golgi apparatus to

the leading edge to allow growth and movement. According to this model,

polarized membrane insertion, dependent on intact microtubules, would be

required for movement. Bergmann et al. (1983) demonstrated that vesi

cular stomatitis virus glycoprotein (VSW G protein) was preferentially

directed to the leading edge of motile normal rat kidney (NRK) fibro

blasts, supporting this hypothesis. However, microtubules may be

playing a passive role in determination of polarity. The work of

Rogalski et al. (1984) suggests that microtubules are required to hold

together and maintain the polarized location of the Golgi apparatus, and

not for movement of secretory vesicles to the cell surface. They

examined the effect of depolymerizing microtubules on the export of WSW

G protein from the Golgi region to the cell surface of NRK cells. In

the absence and presence of microtubules the kinetics of G protein

insertion are identical. Saraste and Hedman (1982) determined that the
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membrane protein of Semliki Forest virus was transported from the Golgi

apparatus to the plasma membrane in secretory vesicles with diameters of

50 and 80 nm, and Griffiths et al. (1985) observed G protein in secre

tory vesicles of 50 to 100 nm. We can calculate that transport could be

explained by the diffusion of these small vesicles from Golgi to plasma

membrane. Rogalski et al. showed that G protein appeared on the cell

surface in normal amounts at the appropriate time after viral infection,

but its distribution was altered by anti-microtubule drugs. As pre

viously observed, the viral glycoprotein normally first appeared on the

surface with a polarized distribution, close to the Golgi apparatus.

When microtubules are depolymerized, the Golgi apparatus in these cells

is observed to fragment (Louvard et al., 1982; Rogalski & Singer, 1984)

and newly released G protein no longer appears polarized, instead being

evenly dispersed on the surface. Featherstone and coworkers (1985) also

observed that export of WSW G protein to the cell surface was not

inhibited by nocodazole in Chinese hamster ovary fibroblasts. The

conclusion is that G protein is inserted into plasma membrane lying im

mediately over the Golgi apparatus, wherever the Golgi is. Microtubules

are required for polarized insertion, but their role is to maintain the

position and structure of the Golgi, source of the vesicles that move by

diffusion to the nearest plasma membrane. Microtubules do not seem to

be required for the trans location of vesicles from the Golgi apparatus

to the cell surface.

Cytotoxic T lymphocytes and natural killer cells come into close

apposition with their target cells before causing cytolysis. After

binding to the target, the MT00 of the killer cells is repositioned so

that it lies near the target (Geiger et al., 1983; Kupfer et al., 1983).
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Kupfer and coworkers suggested that polarized secretion of cytotoxic

material toward the target cell is responsible for killing. They showed

that after disruption of microtubules with nocodazole, target cell lysis

was no longer observed. Their conclusion was that microtubules are

required for polarized secretion toward the target cell. This sort of

polarized secretion would be analogous to what is observed in migrating

fibroblasts, and our conclusions for the role of microtubules in this

process would be the same as described above.

The trans location of individual vesicles containing WSW G protein

from the Golgi apparatus to the cell surface was directly observed using

highly sensitive fluorescence microscopy by Arnheiter et al. (1984).

These workers microinjected fluorescently labelled monoclonal antibody

that bound to the cytoplasmic domain of G protein into fibroblasts

infected with the virus. Vesicles that contained G protein were

observed to move by saltations following a random path that eventually

ended up at the cell surface. However, in spindle shaped cells the

vesicles appeared to move along tracks, and in migrating cells vesicles

moved predominantly toward the leading edge. Arnheitier and coworkers

did not test the effects of antimicrotubule agents on this process so we

cannot say whether the directed or long saltations they occasionally

observed were dependent on microtubules. Arnheiter et al. suggest that

the saltations are supported by microtubules, but that the vesicle's

"addresses" are not clearly specified, so they can move in any direc

tion. Studies showing that colchicine inhibits saltatory movement

(Freed & Lebowitz, 1970; Bhisey & Freed, 1971; Wang & Goldman, 1978;

Herman & Albertini, 1984) support this hypothesis. Vesicles with

clearly defined "addresses" may exist in polarized epithelia (see above)
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and certainly in neurons where vesicles move either anterogradely or

retrogradely in axons and dendrites over long distances.

Neurons

Newly synthesized secretory and membrane proteins are sorted and

targeted in neurons just as they are in other cells. Exported proteins

are made in the RER and processed through the Golgi apparatus before

they are transported to the cell surface (Hammerschlag et al., 1982).

Membrane vesicles are sorted and targeted in the nerve cell body, and

axonally transported proteins are different from proteins that remain in

the cell body (Ambron et al., 1974), meaning that synaptic vesicle

components are delivered exclusively to synapses. It has been suggested

that loading of newly synthesized axonal organelles from the Golgi

apparatus into the axon is dependent on intracellular calcium (Hammer

schlag, 1982). To ask where membrane is first inserted in the neuron

plasma membrane, Thompson et al. (1976) microinjected *H-fucose into the

cell body of Aplysia neurons and examined the distribution of labelled

material by autoradiography. *H-fucose labelled material was initially

observed to be concentrated in vesicles in the cell body and axon and at

synapses, eventually appearing in the cell body plasma membrane but not

in adjacent axonal plasma membrane. This implies that neither axonal

vesicles nor secretory vesicles in the cell body fuse with axonal plasma

membrane. Other studies support this assumption. When dorsal root

ganglia are infected with WSW, G protein is observed only on the surface

of the cell body, and not on the axonal plasma membrane (J. Bergmann,

unpublished). These results are consistent with studies on neurite

extension (reviewed in Purves & Lichtman, 1985) indicating that new

membrane is inserted only at the growing tip of the neurite and not
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along its length or at the junction of the neurite with the cell body.

A significant difference between neurons and other cells is that

the synaptic vesicle's target plasma membrane is often far from the cell

body, and trans location cannot be accounted for by diffusion. Direct

observation of live axons and axonal cytoplasm indicated that organelles

moved rapidly and in a specified direction (Allen et al., 1982; Brady et

al., 1982). Large organelles in the axons moved in saltations at ~0.5

lum/second with a clear preference for movement toward the cell body

(retrograde transport). Smaller vesicles (less that 150 nm) moved at ~2

lim/second in a more continuous fashion toward the synapse (anterograde

transport). There is no question that microtubules are involved in

these transport events. Numerous studies using anti-microtubule agents

suggested that microtubules were the basis for movement (reviewed in

Grafstein & Forman, 1980), but the conclusive studies examined organelle

movement in vitro using video enhanced light microscopy. Vale and

coworkers (1985a) were able to isolate individual fibers from the giant

axons of squid that supported the movement of all attached vesicles at

the a velocity of 2 pm/second. Although each vesicle moved in a clearly

preferred direction, different vesicles could move in opposite direc

tions on the same fiber. These fibers were shown by electron microscopy

to be individual microtubules (Schnapp et al., 1985).

It is not clear how vesicles attach to the microtubules, nor how

they are actively trans located. Vale and coworkers (1985c) have puri

fied a protein, kines in, that allows unidirectional movement of micro

tubules and beads, but certain characteristics suggest that kines in

itself may not be the vesicle motor. The velocity of movement is 0.5 pm

per second, one-fourth the normal velocity for organelles. In
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addition, kines in has not been demonstrated to bind to and cause trans

location of either crude or purified vesicle membranes (T. Schroer,

unpublished), and is present in very small amounts in membrane prepara

tions from squid axon (Gilbert & Sloboda, unpublished).

Another squid axonal protein (of high molecular weight, HMW) is

suspected to mediate the movement and attachment of vesicles to micro

tubules. Like kines in, the binding of this protein to microtubules is

increased by the non-hydrolyzable ATP analog, AMP-PNP, so they copurify

in the initial step of the kines in purification. Early in the kines in

purification the extract supports considerable organelle movement, but

when kines in and HMW are separated kines in loses organelle trans locating

activity. The protein is ~300,000 Mr by SDS-PAGE, in the size range of

many microtubule-associated proteins (MAPs) and dyneins, and it has

ATPase activity but is not itself capable of trans locating microtubules.

A high molecular weight (292,000 Mr.) ATP binding protein has been

identified in a membrane enriched fraction from squid axons by Gilbert

and Sloboda (unpublished). Their membrane preparation is performed at a

lower salt concentration (Gilbert & Sloboda, 1984; Gilbert et al., 1985)

than that of Vale et al. (1985b, c, d) If the HMW proteins of Gilbert and

Sloboda and Vale et al. are in fact the same, the difference between the

two preparations may explain why HMW appears in Gilbert and Sloboda's

membrane preparation but is present in the soluble extract of Vale and

coworkers. HMW may be immunologically related to MAP2 (Gilbert and

Sloboda, unpublished). It is interesting to note that MAP2 has also

been suggested to be involved in pigment granule migration along micro

tubules in fish chromatophores (Stearns, 1984). The ATPase activity,

association with microtubules and perhaps organelles (Vale et al.,
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1985d) and possible relation to MAP2 make HMW an interesting candidate

for a vesicle motor.

Sorting in the Endosome

Transcytosis

Since transcytosed poly IgA crosses hepatocytes (~15 pm across) in

less than 10 minutes (Renston et al., 1980; Hoppe et al., 1985) we can

calculate that the movement could be accomplished by diffusion. How

ever, inhibitory effects of anti-microtubule agents on trans cytosis have

been described by Nagura et al. (1979) and Mullock et al. (1980), and

the highly directional nature of this process suggests it is not random.

Mullock and coworkers described no effect of colchicine on endocytosis

of poly IgA, but a 60% inhibition of its transcytosis from sinusoid to

bile in liver. The experimental design of Mullock et al. did not allow

detection of endocytosed poly IgA that may have been mistargeted to the

sinusoid. The partial inhibition by colchicine was of a similar magni

tude to what was observed for secretion in hepatocytes by Redman et al.

(1975). In both cases colchicine may be acting to disrupt the polarized

delivery of vesicles from the sorting compartment to the appropriate

plasma membrane domain.

Delivery to Lysosomes

Several workers have shown that receptor-mediated endocytosis of

asialoglycoproteins (ASGPs, destined for degradation in lysosomes) by

hepatocytes is not inhibited when microtubules are depolymerized.

However, ASGPs are not degraded under these conditions (Oka & Weigel,

1983; Caron et al., 1985; Wolkoff et al., 1984). Wolkoff and coworkers

demonstrated that ASGPs were taken up by hepatocytes into a biochemi

cally defined endosomal compartment in the absence or presence of
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colchicine, but that the ASGP and its receptor remained together in this

compartment and were not sorted into separate organelles or directed to

the lysosome. This implies that microtubules are required for the event

of segregation itself and/or for delivery of material to lysosomes.

Although cells without membrane polarity or a regulated secretory

pathway may not sort newly synthesized proteins, in most cases sorting

in the endosome does occur. Fibroblasts perform fluid phase endocytosis

at a prodigious rate, and plasma membrane must be rapidly recycled to

maintain surface area (Steinman et al., 1976). Fibroblasts also take up

and degrade epidermal growth factor (EGF) and low density lipoproteins

(LDLs) by receptor-mediated endocytosis. The endocytic vesicle membrane

is segregated from EGF, LDL and its fluid content in the endosome and

recycled to the plasma membrane, while endosome contents go to the

lysosomes.

Receptor-mediated endocytosis in fibroblasts appears to have the

same sensitivity to microtubule depolymerizing agents as in hepatocytes.

Brown et al. (1980) observed that EGF uptake was not inhibited by

colchicine although its degradation was . The cells gradually lost their

ability to bind and take up EGF, suggesting that EGF receptors were not

returning to to the plasma membrane. (This is not unusual since the EGF

receptor normally travels from endosome to lysosome and is not recycled

directly to the plasma membrane; Dunn et al., 1986). The result of

Brown and coworkers is consistent with an inhibition of the delivery of

carrier and ligand to lysosomes. A similar result was observed by

Ostlund et al. (1979) in their study of LDL metabolism in fibroblasts.

Endocytosis was not initially inhibited by colchicine, and LDL was

observed to accumulate intracellularly, presumably due to an inhibition
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of degradation in lysosomes. Interestingly, the inhibition of delivery

to lysosomes was selective for material taken up by receptor-mediated

endocytosis, because fluid phase uptake of albumin or LDL in cells

lacking LDL receptors resulted in a normal level of degradation in the

presence of colchicine. This suggests that separate mechanisms exist

for the targeting of the two classes of endocytosed proteins to lyso

somes. The inhibition of degradation of receptor-bound LDL and eventual

reduction of endocytosis might be due to inhibition of receptor-ligand

uncoupling, subsequent recycling of the receptor to plasma membrane and

delivery of LDL to lysosomes, analogous to the results of Wolkoff et al

(1984, see above). The finding that material taken up by a bulk phase

mechanism continues to be degraded in the absence of microtubules is

initially puzzling. However it is consistent with the model that

microtubules are only involved in targeting of membrane vesicles that

must be sorted, and not in "constitutively" transported vesicles.

Movement of endocytic vesicles from the plasma membrane to the endosome

may be diffusion-mediated, but sorting of endosome contents and the

subsequent delivery to lysosomes or a particular domain on the cell

surface appears to require intact microtubules.

Receptor-mediated endocytosis of fluorescently labelled proteins by

live cells was observed in macrophages by Willingham and Pastan (1978)

and in ovarian granulosa cells by Herman and Albertini (1984) using

sensitive fluorescence optics. Most of the organelles they visualized

were either endosomes or endosome-derived vesicles since plasma membrane

derived endocytic vesicles are normally very short-lived (Steinman et

al., 1983). Initially, the fluorescent proteins moved in short, slow

saltations without a particular preferred direction. After ~30 min,
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they were observed to migrate slowly toward the middle of the cell.

Eventually, fluorescence accumulated in phase dense, presumably lyso

somal vesicles. Herman and Albertini noted that both saltatory and

centripetal endosome movement was inhibited by nocodazole. These

results are consistent with the biochemical studies discussed above.

Macrophages are specialized for receptor-mediated endocytosis and

degradation of foreign particles, in a process known as phagocytosis.

Extracellular fluid is excluded from endosomes (also known as phago

somes) and sorting does not occur in this compartment. Colchicine does

not inhibit phagocytosis nor phagosome-lysosome fusion, as visualized

either by electron microscope cytochemistry (Bhisey & Freed, 1971) or by

the appearance of killed yeast cells in organelles that stained with the

lysosomotropic agent acridine orange (Kielian & Cohn, 1981). Horse

radish peroxidase taken up by bulk phase endocytosis into endosomes also

appears in lysosomes in the presence of colchicine (Piasek & Thyberg,

1980). Thus it appears that targeting of endosomes to lysosomes is

independent of microtubules. Since, in macrophages, endocytosis is a

process that does not appear to involve sorting of endosome membrane

from content, it is not surprising that colchicine does not inhibit

delivery to lysosomes.

Summary

Certain membrane vesicles have distinct addresses in the cell.

These vesicles may arise biosynthetically, via the Golgi apparatus, and

be targeted to the apical domain of an epithelial cell or into a nerve

cell axon. They may arise by endocytosis and be addressed to the

lysosome or to a specific plasma membrane domain. Directed transport of

vesicles seems to be dependent on intact microtubules, because when
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microtubules are depolymerized the vesicles are no longer efficiently

targeted. In contrast, microtubules are not required when a vesicle has

no preferred destination. The movement of vesicles that do not have

clearly specified targets is essentially uninhibited by microtubule

depolymerizing agents.

In my thesis work I have examined the transport of vesicles

involved in membrane biosynthetic pathways. In Chapter 1 I have

described my observation that, in mouse pituitary cells, one class of

secretory vesicle (the regulated secretory granule) is transported to

the extreme periphery of cells while a second class of vesicle (the

constitutive secretory vesicle) travels only as far as the plasma

membrane near the Golgi apparatus. The different final destinations of

the two kinds of vesicles may reflect the degree that they interact with

microtubules. In another set of experiments (described in Chapter 2) I

have examined the effect of reduced temperature (20°C) on the secretory

process. Regulated and constitutive secretory vesicles differ in their

sensitivity to 20°C in two major ways. Regulated secretory granules are

formed and transported away from the Golgi apparatus normally, but

cannot release their contents at 20°C. Constitutive secretory vesicles

do not appear to be formed efficiently at 20°C, but those that are

formed release their contents normally. In Chapter 3 I have presented

experiments that examine the role of secretory vesicle membrane proteins

in the interaction of vesicles with microtubules. It appears that the

activities of binding to microtubules and actual trans location are

tightly linked. A separate activity appears to be involved in the

targeting of vesicles to a preferred location.
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CHAPTER 1

POLARIZED TRANSPORT OF SECRETED AND MEMBRANE PROTEINS

IN At T-20 PITUITARY CELLS
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ABSTRACT

We have shown that the two pathways for export of proteins in

At T-20 cells have different preferred destinations within the cell.

Under normal growth conditions, but especially when cultured briefly on

a laminin substrate or for several days in the presence of a secre

tagogue, At'T-20 cells grow processes. These cell extensions are similar

to neurites in their composition of the cytoskeletal proteins tubulin

and MAP1, and have a large amount of ACTH stored in secretory granules

at their tips. We have transfected At'T-20 cells with the gene encoding

the influenza hemagglutinin protein and showed that it is delivered to

the cell surface by the constitutive pathway. We have studied the

location of hemagglutinin and another constitutive marker, the murine

leukemia virus glycoprotein by indirect immunofluorescence. Export of

membrane proteins from the Golgi region to the plasma membrane by way of

the constitutive pathway appears to be limited to the cell surface near

the Golgi apparatus, in contrast to the export of regulated secretory

granules into cell processes.

INTRODUCTION

The intracellular and surface components of eukaryotic cells are

often organized in a polarized fashion. A cell's overall morphology may

demonstrate extreme polarity as in the case of neurons that possess one

or more long processes whose ultrastructure is different from the cell

body. Motile fibroblasts have a distinct leading edge that ruffles and

attaches to the substrate, while the trailing edge is pulled along
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behind. In neurons and in motile cells, intracellular components are

organized to reflect the overall polarity. In neurons, the nucleus,

endoplasmic reticulum and Golgi apparatus lie in the cell body and newly

synthesized protein and membrane are transported into and to the end of

the processes through a highly organized cytoskeletal matrix. The

cytoplasmic architecture of motile fibroblasts is constantly changing as

the cell moves, but maintains a general organization wherein ER and

Golgi face the leading edge. Cells lacking a striking morphological

polarity may demonstrate polarity of their surface. Epithelial cells in

liver, kidney and other tissues possess two or three distinct plasma

membrane domains that are separated by a diffusion barrier of tight

junctions. In many instances, these cells demonstrate polarized secre

tion of soluble substances such as neurotransmitters and proteins as

well as membrane components (Kelly, 1985).

We have studied the secretion of peptide hormones and other pro

teins in the murine pituitary cell line, At'T-20, a regulated secretory

cell that has two pathways to the cell surface. When cells are stimu

lated with a secretagogue, the contents of dense core secretory granules

are released from the regulated pathway. In contrast, protein secretion

via the constitutive pathway is rapid and its release is not affected by

stimulation. The constitutive pathway is also the means by which newly

synthesized plasma membrane components arrive at the ce 11 surface

(Gumbiner & Kelly, 1982). The vesicles that transport constitutively

released material have not been identified.

We would like to know whether regulated and constitutive secretory

vesicles in At'T-20 cells have the same or different destinations. To

address this question, we have used indirect immunofluorescence to



27

compare the distribution of ACTH with two viral membrane proteins. The

glycoprotein of murine leukemia virus is present in At'T-20 cells due to

chronic retrovirus infection. The influenza hemagglutinin protein was

stably introduced into cells by DNA-mediated transfection. We have

demonstrated that hemagglutinin, like murine leukemia virus glyco

protein, is found exclusively in the constitutive pathway. We noted

that proteins delivered to the cell surface by the constitutive and

regulated pathways have different locations in the cell, implying that

the vesicles that transport these proteins have different destinations.

In neurons and many other cells, organelles are transported to

their destinations on a substrate of microtubules (A11en et al., 1985;

Schnapp et al., 1985). We examined the distribution of tubulin and its

associated proteins in At'T-20 cell processes. By the criterion of

indirect immunofluorescence, At'T-20 cell processes contain both tubulin

and MAP1, but not tau. MAP1 appears to be induced when cells have a

highly developed network of processes, and is concentrated in some but

not all processes. However, the presence of MAP1 does not appear to be

required for arrival of ACTH at the tips of processes, nor is ACTH

excluded from processes that contain MAP1.

MATERIALS AND METHODS

Materials and Antibodies

Restriction endonucleases and T4 DNA ligase were obtained from New

England Biolabs (Beverly, MA). *s-methionine was from Amersham Corp

(Arlington Heights, IL). D20 was from BioFad (Richmond, CA). G418

(Geneticin) was purchased from Gibco Laboratories, Inc. (Grand Island,



28

N.Y.). Ficoll, Trypsin, soybean trypsin inhibitor, poly-D-lysine,

diazobicyclo (2,2,2).octane, 8-Bromo-cAMP were from Sigma (St. Louis, M0).

Fixed Staphylococcus aureus (Pansorbin) was from Calbiochem-Behring

Corp. (La Jolla, CA). TRITC- and FITC-conjugated IgG fraction second

antibodies Were from Cappel Laboratories (Cochranville, PA).

Rhodamine-conjugated wheat germ agglutinin was from E. Y. Laboratories

(San Mateo, CA). Rabbit polyclonal anti-ACTH antiserum was affinity

purified as described by Mains and Eipper (1976). Rabbit polyclonal

anti-HA antisera were generously provided by Connie Copeland and Dr.

Judy White. Mouse monoclonal anti-gp90/gp70 antibody was kindly provided

by Dr. Bruce Chesebro. Mouse monoclonal anti-6-tubulin was kindly

provided by Dr. Steven Blose, and mouse monoclonal anti-MAP1 was kindly

provided by Dr. David Asai.

Indirect Immunofluorescence and Wheat Germ Agglutinin Staining

Cells were grown on glass covers lips precoated for 1.5 hr with 1

mg/ml poly-D-lysine in distilled water, in the absence or presence of

2m M 8-Bromo-cAMP as indicated.

ACTH, hemagglutin and ACTH plus MAP 1 double immunofluorescence: Cells

were rinsed with PBS, then fixed 20-30 min with 3.7% formaldehyde plus

1.1% methanol in PBS. The fixed cells were rinsed with PBS and incu

bated 15 min in PBT buffer (PBS containing 1% BSA and 0.1% Triton

X-100). For HA, an identical pattern of fluorescence was observed when

the cells were fixed with 3% paraformaldehyde in PBS and not detergent

permeabilized. Affinity-purified anti-ACTH antibody was used at a 1:50

dilution, rabbit anti-hemagglutinin was used at 1: 100, and mouse anti

MAP 1 was used at 1:250. Fluoresceinated goat anti-rabbit IgG and

fluoresceinated goat anti-mouse IgG were used at 1:100 and rhodamine
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sheep anti-rabbit IgG at 1:50. All antibody dilutions were made in PBT

buffer and spun 15 min at 12,000 x g immediately before using. For

double staining, primary incubations were done simultaneously as were

secondary antibody incubations. All antibody incubations were for 30

min at room temperature and were followed by 15 min washes in PBT.

After the final wash, the covers lips were mounted on glass slides in 90%

glycerol in PBS containing 2.5% diazobicyclo (2, 2, 2) octane (to inhibit

photobleaching), sealed with nail polish, and viewed and photographed on

a Zeiss photomicroscope III.

MuEV Glycoprotein gp90/gp70 and ACTH plus gp90/gp70 double immuno

fluorescence: Cells were rinsed with PBS, then fixed 20 min in 5%

acetic acid in methanol, rinsed in PBS and treated as for ACTH staining.

Murine monoclonal cell line 24-8a (Portis et al., 1982) culture super

natant was used undiluted. For double labeling of ACTH and gp90/gp70,

cells were fixed as for gp90/gp70 staining. Primary antibody incuba

tions were done simultaneously as were secondary antibody incubations.

Tubulin and MAP1 immunofluorescence: Cells were rinsed in 37°C PBS,

then permeabilized and the cytoskeletons stabilized by 5 rapid buffer

changes with 80mM Pipes, pH 7.4, 5mm. EGTA, 1mM MgC1 0.5% Triton-X-100,2”

4M glycerol at 37°C. The coverslips were immediately plunged into MeoH

at -20°C for 5 min. The covers lips were then treated as for ACTH

immunofluorescence. Anti-tubulin and anti-MAP1 were used at 1:250.

Wheat germ agglutinin anti-ACTH double staining: Cells were fixed as

for ACTH staining and incubated 15 minutes in PBT buffer containing 1mM

each of MnCl2, MgCl and CaCl2: Anti-ACTH antibody incubation was2 ”

performed in PBT as described above. Rhodamine-conjugated wheat germ

agglutinin was diluted to 50 ug/ml in PBT plus divalent cations con
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taining fluoresceinated goat anti-rabbit IgG, centrifuged 15 min at

12,000 x g and incubated with cells for 30 min at room temperature. The

cells were rinsed and processed as described as above.

Cell Culture and Transfection

AtT-20/D16 cells were grown in Dulbecco's modified Eagle's medium

(DME) H-21 (4.5g/1 glucose) supplemented with 10% fetal calf serum and

Pen/strep, under a 15% CO2 atmosphere. 2mm 8-Bromo-cAMP was added to

some cultures for several days prior to immunofluorescence. For the

immunofluorescence and immunoprecipitation experiments cells were plated

on glass covers lips or tissue culture dishes that had been precoated for

1.5 hr with 1 mg/ml poly-D-lysine. All cell culture was done at 37°C

under 15% CO2:
AtT-20 cells were transfected with DNA using the calcium phosphate

precipitation method described by Moore et al. (1983). Briefly, calcium

phosphate co-precipitates were formed using 100 ug prSV-HA DNA and 20 pg

pSV2neo DNA (Southern & Berg, 1982), and added to 3x10° AtT-20 cells per

10 cm dish. After 30 min at room temperature, 10 ml fresh DME plus 10%

fetal calf serum and penicillin/streptomycin was added, and the cells

were incubated 6.5 hr at 37°C under 15% CO2: The cells were glycerol

shocked for one minute and returned to 37°C for 48 hr. The cells were

then dissociated with trypsin-EDTA and split 1:2 into new dishes con

taining 0.25 mg/ml G418 (active drug). After 16 days, colonies were

picked, expanded into mass culture and assayed for expression of hemag

glutinin by radiolabeling and immunoprecipitation.

Construction of pKSV-HA

The starting plasmid pSMT containing influenza (Japan strain)

hemagglutinin (HA) cDNA was a generous gift from Dr. J. Sambrook, and
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pRSV-CAT was from Dr. C. Gorman. pKSV-CAT was digested with HindIII and

BamhI to remove the CAT gene, the two fragments (CAT and prSV vector)

were separated by agarose gel electrophoresis and the prSW vector

fragment was electroe luted from the gel. pSMT was digested with

HindIII and BamhI to liberate the HA gene, then 3 ug of the ethanol

precipitated digest was mixed with 6 ug of pKSW vector and the mixture

was ligated with T4 ligase. The ligation mixture was used to transform

E. coli strain HB101. Transformed colonies were picked and screened for

the appropriate sized restriction fragments using procedures described

in Maniatis et al. (1982). Plasmids were purified by alkaline-SDS lysis

(Birnboim & Doly, 1979) followed by CsC1-ethidium bromide equilibrium

sedimentation.

Immunoprecipitation

For all labeling experiments, cells were grown on poly-D-lysine

coated plasticware. To screen neo-resistant At'■ -20 clones for hemag

glutinin expression, cells were grown in 12-well dishes. Cells were

labeled with 100-200 luci *s-methionine per well for 4-7 hr. The wells

were rinsed with PBS and cells were extracted in a detergent immunopre

cipitation buffer (NDET: 0.5% NP40, 5 mg/ml deoxycholate, 66mM EDTA,

10mM Tris-C1, pH 7.4) containing 0.3 mg/ml phenylmethylsulfonylfluoride

and iodoacetamide. Nuclei were pelleted and the supernatants brought to

0.3% SDS. Each sample was immunoprecipitated with rabbit anti-HA

antiserum followed by adsorption onto fixed Staphylococcus aureus cells

and washing as described in Moore and Kelly (1985). The antibody

antigen complexes were eluted using gel sample buffer and run on 10% SDS

polyacrylamide gels as described in Laemmli (1970). The gels were

stained with Coomassie blue, destained, impregnated with 1M sodium
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salicylate for 30 min, dried down and fluorographed.

For the metabolic labeling experiment, cells were pulse-labeled

with *s-methionine and then chased for different intervals. Cells

grown in a 12-well plate were incubated in serum-free DME H-21 lacking

methionine for 30 min. Individual wells were labeled with 200 uCi

*s-methionine in 0.5 ml DME-H21 without methionine per well for 20 min

then rinsed with PBS. The cells were then chased with serum-free

complete DME for various lengths of time from 0 to 180 min. Half of the

wells chased for 120 and 180 min were stimulated with 5mm 8-Bromo-cAMP

in medium for the last hour.

At the end of the chase interval, the cells were rinsed with ice

cold PBS and put on ice. The cells were treated with 0.75 ml of an ice

cold 5 mg/ml solution of trypsin in PBS for 30 min on ice. The trypsin

was quenched with two 5-minute 1 ml rinses with 10 ug/ml soybean trypsin

inhibitor in PBS.

The cells were extracted with NDET buffer containing protease inhi

bitors, immunoprecipitated and run on SDS-PAGE as described above. To

quantify the radioactivity in the different forms of HA, bands were

excised from the dried gel, solubilized and counted as described by

Walter et al. (1978).

Secretory granule preparation

The preparation was performed as described in Gumbiner and Kelly

(1981) with minor modifications. One confluent 15 cm diameter tissue

culture dish of HA expressing cells (clone H14) was labelled for 6.75 hr

in 25 ml of DME-H21 medium containing 2% fetal calf serum, 1/10 the

normal concentration of unlabelled methionine and 1 mCi of *s-methio

nine (1490 Ci/mmol). The cells were chased for 2 hr in complete DME
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plus 10% fetal calf serum, then rinsed in PBS. One confluent 10 cm dish

of unlabelled cells plus the labelled cells were harvested with PBS

containing 5mm EDTA and 0.5 mg/ml trypsin, and the trypsin was quenched

with 1 mg/ml soybean trypsin inhibitor in DME plus serum for 10 min on

ice. The cells were pelleted at 1500 x g for 5 min, resuspended in 10

ml cold homogenization buffer (250mM sucrose, 10mM Hepes, pH 7.4, 2m!M

EGTA, 1mM EDTA). The cells were homogenized in a ball bearing homo

genizer (EMBL, Heidelberg) as described by Balch et al. (1984) 1 ml at a

time, 6 strokes/ml. The homogenate was centrifuged at 9000 x g for 4

min, then the supernatant was centrifuged at 30,000 x g for 35 min. The

final pellet (P2) was resuspended in homogenization buffer to a final

volume of 2 ml and loaded onto a D,0-Ficol1 gradient. The gradient con

sisted of a 100% D.,0, 5-step Ficol1 gradient consisting of: 1 ml 20%2

Fico 11, 2 ml 17.75% Fico 11, 2 ml 15.5% Ficol 1, 2 ml 13.25% Ficoll, 1 ml

11% Ficol1. A 29 ml linear gradient of 9.8% Ficoll in 40% D20 to 11%

Fico 11 in 100% D20 was layered on top of the step gradient. All density

gradient solutions were made in homogenization buffer. The gradient was

centrifuged at 26,000 rpm in a SW 27 rotor for 13 hr at 5°C. 1.8 ml

fractions were collected from the bottom for further analysis. Indivi

dual fractions were assayed for ACTH by radioimmune assay as described

in Gumbiner and Kelly (1981). For immunoprecipitation, 0.5 ml of

fractions 2 through 13 were diluted to 2.5 ml on NDET buffer containing

0.3% SDS and immunoprecipitated as described above.

Surface Radioimmunoassay for Hemagglutinin

*I-labeled rabbit anti-Ha antibody was a kind gift from Dr. J.
White. 1.7x10° cpm of *1-antibody per well (of a 24-well plate) was

added to 10 ug/ml solution of IgG purified anti-HA serum in Hamm's F12
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medium plus serum (Hamm's F12 has a similar composition to DME H21 but

is Hepes-buffered and does not require CO., incubation). 0.25 ml of the2

antibody solution was used in each well. This amount of antibody was

chosen as 50% of saturation. Cells were stimulated at 37°C for 1 or 2

hr with 5mm 8-Bromo-cAMP in DME H21 containing 10% FCS. Parallel wells

were left unstimulated. The wells were rinsed with ice cold PBS and put

on ice. Ice cold antibody solution was added to each well, and the

plate was incubated for 1 hr on ice. The antibody solution was removed

and the wells rinsed 3 times with 1 ml ice cold F12 medium containing

10% FCS. The wells were wiped out twice with cotton tipped swabs which

were then counted in a gamma counter.

RESULTS

ACTH and MuEV Glycoprotein, Markers for the Regulated and Constitutive

Pathways, have Different Distributions in At'T-20 Cells

Indirect immunofluorescence using an affinity purified rabbit anti

ACTH antiserum revealed that ACTH is found at two major sites within

AtT-20 cells (Figure 1). Cells were plated on poly-lysine coated

covers lips and grown for 5 days until they had flattened slightly. The

cells were fixed and permeabilized with detergent before being stained

for ACTH. ACTH immunofluorescence was concentrated in the juxtanuclear

region and at the ends of short processes (Figure 1b). A juxtanuclear

staining pattern is characteristic of the Golgi apparatus, which can be

directly stained with fluorescently labelled lectin wheat germ agglu

tinin (Virtanen et al., 1980; Louvard et al., 1982). When At'T-20 cells

were double stained with rhodamine-conjugated wheat germ agglutinin and
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FIGURE 1. ACTH indirect immunofluorescence in At'T-20 cells.

Cells were grown on poly-lysine- (a through c) or laminin-coated (d

through f) glass covers lips, fixed, permeabilized with 0.1% Triton X-100

and stained with anti-ACTH antibodies. In a through c cells grown on

poly-lysine coated covers lips for 5 days were double stained with

anti-ACTH and rhodamine-conjugated wheat germ agglutinin.

a) Phase contrast image of a field of cells.

b) Anti-ACTH staining of the same field.

c) Wheat germ agglutinin staining of the same field. Note ACTH staining

in the juxtanuclear region and in the processes and the coincidence of

the ACTH staining with wheat germ agglutinin in the juxtanuclear region.

In d through f At'■ -20 cells were grown on laminin coated covers lips for

16 hr and stained with anti-ACTH antibodies.

d) Phase contrast image of a field of cells. Note the long fine

processes.

e and f) Anti-ACTH staining pattern of the same field of cells. Note

the staining in the juxtanuclear region and at the tips of processes.

n indicates the position of cell nucleus.

a, d, e : Magnification = 525x; Bar = 20 um.

b,c,f : Magnification = 6.15x;

Bar = 20 um. (compare Figures 1b and c).
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anti-ACTH antibodies the same juxtanuclear staining pattern was obtained

At T-20 cells cultured on the extracellular matrix protein laminin

attach to the substrate and extend long processes rapidly, within 2 to 5

hours (A. Lowe, unpublished observations). We examined the distribution

of ACTH in cells that had been cultured on 1aminin by indirect immuno

fluorescence with anti-ACTH antibodies. A similar result was obtained

as with cells grown several days on poly-lysine (Figures 1d and e).

It has been reported that cells cultured for several days in the

secretagogue 8-Bromo-cAMP become quite large and establish an elaborate

morphology (Adler et al., 1981) extending multiple long (up to 300 pm),

wide processes. We cultured cells in 8-Bromo-cAMP for 7 days and

performed immunofluorescence with anti-ACTH antibodies. The overall

immunofluorescent pattern was unaltered but the amount of staining in

both the juxtanuclear region and in processes was significantly

increased (Figure 2b). The processes were filled with a punctate

immunofluorescence that was highly concentrated at the tips. The

juxtanuclear ACTH immunofluorescence colocalized with fluorescent wheat

germ agglutinin staining (Figures 2b and c, arrows).

A similar immunofluorescent pattern to that seen with anti-ACTH

antibodies is observed when At'T-20 cells are stained with a monoclonal

antibody that recognizes a synaptic and secretory vesicle membrane

glycoprotein in neurons and endocrine cells (the SV2 antigen, see

Buckley & Kelly, 1985). The Golgi apparatus and process tips are also

stained in all cells stably transfected with DNA encoding foreign

endocrine and exocrine proteins that are expressed at a high level and

sorted into the regulated pathway in At'T-20 (human growth hormone, H. P.

Moore & T. L. Burgess, unpublished observations; rat anionic trypsinogen,
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FIGURE 2 . ACTH and wheat germ agglutinin staining of cells cultured in

8-Br-cAMP.

Cells were grown on poly-D-lysine coated glass coverslips in 2m'■

8-Bromo-cAMP for 5 days, fixed, permeabilized with 0.1% Triton X-100 and

double stained with anti-ACTH antibodies and rhodamine-conjugated wheat

germ agglutinin.

a) Phase contrast image of two cells. Note the enlarged size of the

cells and the wide flat processes.

b) ACTH immunofluorescence.

c) Rhodamine-conjugated wheat germ agglutinin staining. Note the

coincidence of ACTH and wheat germ agglutinin staining in the

juxtanuclear region (indicated by arrowheads). The plane of focus in b

and c was chosen to optimize wheat germ agglutinin staining in the

juxtanuclear region; consequently the staining in tips is somewhat out

of focus. n indicates the position of cell nucleus.

a: Magnification = 440x; Bar = 20 lum.

b,c: Magnification = 6.15x; Bar = 20 um.
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Burgess et al., 1985; human insulin, L. C. O'Grady, unpublished observa

tions). The staining pattern indicates that a high concentration of

ACTH (and other endocrine and exocrine proteins) is found in the Golgi

apparatus and in processes and suggests that regulated secretory

granules are predominantly located in the process tips. Electron

microscopic examination of At'T-20 cells (Kelly et al., 1983) showed that

dense core secretory granules are indeed concentrated in the tips of

processes.

Since constitutively secreted proteins are neither concentrated nor

stored intracellularly they are difficult to visualize using immunocyto

chemical techniques. On the other hand, viral membrane proteins that

are transported to the plasma membrane in the constitutive pathway

remain on the cell surface until they are removed by virus budding,

endocytosis or shedding into the medium. Because they accumulate on the

cell surface, viral membrane proteins can be detected by immunofluor

escence. At T-20 cells contain an endogenous retrovirus, murine leukemia

virus (MulW), whose membrane glycoprotein (gp70) is expressed on the

cell surface and is both shed directly into the culture medium and

incorporated into MuEV virions that bud from the plasma membrane. Gp70

reaches the plasma membrane via the constitutive pathway (Gumbiner &

Kelly, 1982). We localized gp70 in At'T-20 cells by indirect immuno

fluorescence using a monoclonal antibody that recognizes the gp70

produced by At'T-20 cells. Cells were double stained using this antibody

and anti-ACTH antiserum and the immunofluorescence patterns are shown in

Figure 3 (3a and c, anti-ACTH, 3b and d, anti-MuEV gp90/gp70). We were

unable to use the same fixation conditions as for ACTH alone because

gp70 could not be detected when cells were fixed with formaldehyde.
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FIGURE 3. Indirect immunofluorescence of Att-20 cells with anti-ACTH

and anti-Mulw glycoprotein antibodies.

Cells were grown on poly-D-lysine coated glass covers lips, fixed

with 5% acetic acid in methanol, permeabilized with detergent and double

stained with rabbit anti-ACTH and mouse anti-Mulw glycoprotein

antibodies.

a) and c) anti-ACTH; rhodamine.

b) and d) anti-Mulw gp 70; fluorescein.

Immunofluorescence pairs (eg. a and b, c and d) were photographed at a

plane of focus that allowed the maximum amount of ACTH immunofluor

escence at the ends of processes to be detected, so that any gp70

present would also be visible. The positions of cell nuclei are indi

cated by n. Arrows indicate tips of cell processes that stain with

anti-ACTH antibodies and not with anti-Mulw antibodies. Faint staining

in the process in d (see arrow) is bleedthrough from the intense immuno

fluorescent staining of ACTH marked by the arrow in c.

Magnification: 935x; Bar = 10pm.
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Consequently the quality of the ACTH immunofluorescence was not optimal

but was sufficient for our purposes. The staining patterns obtained

with the two antibodies were clearly different. Gp70 staining was not

colocalized with ACTH immunofluorescence in processes, consistent with

our earlier result that gp70 is absent from ACTH containing secretory

granules (Gumbiner & Kelly, 1982). The anti-Mulw glycoprotein antibody

stained the cell body, especially on its bottom surface where the

staining was clustered into round patches (these appear as out of focus

spots in Figure 3d). The edges and top of cells also demonstrated

patchy staining (Figures 3b and d). Gp?0 staining was not observed in

the processes of any cells nor on their top or bottom surfaces (fluores

cence overlap from the rhodamine-conjugated second antibody used to

visualize ACTH was occasionally observed; see Figure 3d, arrow). This

result suggested that gp70 was only present in detectable amounts in the

plasma membrane of the cell body and not in cell processes, in contrast

to what was observed for ACTH. It appeared that proteins in the consti

tutive and regulated pathways have different destinations within At'T-20

cells.

Hemagglutinin is Transported Constitutively to the Cell Surface

In order to further extend our study on the subcellular distri

bution of the two pathways for protein export in At'T-20 cells, we

examined the behavior of another viral membrane protein, the influenza

virus glycoprotein hemagglutinin (HA). We did not know at the outset

whether HA would be found in the regulated or constitutive pathway. To

avoid the experimental complications that can arise from virus infection

we transfected cells with a plasmid (pKSV-HA) containing a cDNA encoding

the Japan strain of HA. The HA gene was placed under control of the RSV
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LTR, a promoter that has been shown to be highly efficient in At'T-20

cells (Moore & Kelly, 1985). At T-20 cells were cotransfected with

pRSV-HA and pSW2neo (Southern & Berg, 1982) and stable transformants

were selected on the basis of resistance to the antibiotic G418 (an

enzymatic activity encoded by the neo gene). The clones were screened

for expression of HA by immunoprecipitation (see Materials and Methods),

and the cell line H14 (chosen for its high level of HA expression) was

used in the following studies.

In order to determine whether HA was present in the regulated or

constitutive pathway, we examined the effect of secretagogue stimulation

on the appearance of HA on the cell surface. If HA was in regulated

secretory granules its appearance on the cell surface should be stimu

lated by conditions that enhance regulated secretion. Cell surface HA

was analyzed by radioimmune assay. Cells were incubated for 1 or 2 hr in

the presence or absence of secretagogue, rinsed with PBS, then chilled

on ice to 0°C. The cooled, live cells were incubated in the presence of

*1-1abeled anti-HA antibody for 1 hr at 0°C, rinsed thoroughly and

counted. Figure 4 shows that stimulation for 1 or 2 hr did not increase

the amount of 1251 antibody bound to the cell surface. Thus it appeared

that HA was not delivered to the cell surface by way of the regulated

pathway. However, a large pool of HA may have existed on the cell

surface and the radioimmune assay might not have detected a small signal

over this relatively high background.

We examined the behavior of newly synthesized HA using a pulse

chase protocol that enabled us to examine the kinetics of appearance of

HA on the cell surface as well as the effects of secretagogue on this

process. In the initial screen for HA expression we had observed that,
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FIGURE 4. Cell surface HA is not increased by secretagogue stimulation.

Cells were incubated in the presence (+) or absence (-) of 5 mM

8-Bromo-cAMP for 1 or 2 hr., chilled on ice and radioimmunoassayed for

surface HA. Stippled bars: control non-transfected Att-20 cells.

Hatched bars: transfected Att-20 cells (clone H14) that express HA.

Values are the average of at least 4 determinations; error bars give

standard deviation.



s



47

like other murine cultured cell lines, At'■ -20 cells did not perform the

fusion-activating proteolytic cleavage of the HA precursor, HA., to HA,

and HA2 . This cleavage can be mimicked in 1ive cells by gentle diges

tion with the enzyme trypsin (Matlin & Simons, 1983; Doxsey et al.,

1985), under conditions where only HAs present on the cell surface is

converted to HA1 and HA2. After trypsinization, external HA appears on

gels as HA, and HA2 and all internal HA remains intact so the size of

the internal and cell surface pools of HA., can be determined. Cells

were pulse-labeled with *s-methionine for 20 min, chased for different

intervals in the presence or absence of secretagogue, cooled on ice to

0°C and digested with the enzyme trypsin. The reaction was stopped by

the addition of excess soybean trypsin inhibitor, and detergent lysates

of the cells were made and immunoprecipitated with rabbit anti-HA anti

serum. The results (Figure 5) show that HAs is glycosylated fairly

rapidly (upper band, HAs) and is found on the cell surface as early as

30 min after a pulse label (cell surface HAs is detected as HA. and HA21

after trypsinization). Cell surface HAs increases with time and appears

to reach a maximum by 120 min after the pulse labelling, comparable to

(if not faster than) the rate of export observed in other cells trans

fected with HA (Gething & Sambrook, 1982; Sambrook et al., 1985). To

quantify the appearance of HAs on the cell surface, bands were cut out

of the polyacrylamide gel, solubilized, and the radioactivity was

determined by liquid scintillation counting. The quantitative results

(not shown) confirm that cell surface HAs has reached a maximum by the

end of a 120 min chase. It is also obvious in Figure 5 that stimulation

for one or two hours with the secretagogue 8-Bromo-cAMP had no detec

table effect on the amount of HAs present on the cell surface. This
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FIGURE 5. Kinetics of appearance of HA on the cell surface.

H14 cells were pulse-labeled with *s-methionine, chased for

various intervals and surface HA was detected by its conversion to HA1

and HA2 by externally added trypsin. 0 min (pulse-labeled cell

extract), 30 min, 60 min, 90 min, 120 min, 180 min = duration of chase

interval. During the final hours of the chase, some samples were

incubated in the presence (+) or absence (-) of 8-Bromo-cAMP.

(120 min = 1 hr stimulation; 180 min = 2 hr stimulation).
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suggested that little if any HAs was arriving at plasma membrane via the

regulated pathway and confirms the radioimmunoassay results.

An obvious caveat to the experiments shown in Figures 4 and 5 is

that endocytic recycling of membrane components may be balancing any

secretagogue stimulated export of HA to the plasma membrane, so that a

net increase would not be observed. We directly determined if HA was

present in ACTH containing, dense core secretory granules using sub

cellular fractionation. H14 cells were labeled with *s-methionine for

several hours and then chased for 1 hr. Secretory granules were pre

pared from the labeled cells as described in Materials and Methods. The

density gradient used in the secretory granule preparation separated

membranes into three major peaks (Gumbiner & Kelly, 1981). Dense core

secretory granules that contain ACTH are found at the bottom of the

gradient. Other membrane vesicles containing most of the protein in the

gradient are found in the less dense middle and upper gradient frac

tions. Aliquots of several fractions from the secretory granule and

middle regions of the gradient were radioimmune asssayed for ACTH

content and immunoprecipitated with anti-HA antiserum (Figure 6). It is

clear that a significant amount of HA is found in the middle region of

the gradient, but is present only at a background level in the region of

the gradient containing the peak of dense core secretory granules

(fractions 3, 4 and 5). This is the same result that was observed for

the MuEV gp70 (Gumbiner & Kelly, 1982). Since HA is not present in

secretory granules of the regulated pathway, it must be reaching the

plasma membrane through the constitutive pathway.

We performed indirect immunofluorescence to determine the location

of HA in At'T-20 cells. Cells were grown on polylysine coated coverslips,
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FIGURE 6. Hemagglutinin is not concentrated in ACTH containing dense

core secretory granules.

Secretory granules were prepared from *s-methionine labeled cells.

The gradient fractions were assayed for ACTH by radioimmune assay and

immunoprecipitated with rabbit anti-HA antiserum (fraction 6 was lost

during the immunoprecipitation). The ACTH content of each gradient

fraction is shown above the corresponding immunoprecipitated samples.

HAs is digested to HA, and HA., reflecting the fact that the cells were1 2

harvested with trypsin.



52

T
13

|

-HA2

|-Qo-º.|-Ud|-<--|-co|-c^u-

400–

IOOco

IOoCN(6u)HLOV
1OO–



53

fixed, and the plasma membrane was either permeabilized with detergent

or left intact. Indirect immunofluorescence was performed using anti-HA

antiserum. In intact cells, the surface of the cell body near the

nucleus was brightly stained and immunofluorescence was not observed

along the length of or at the tips of processes (Figures 7a, c and e).

The same immunofluorescent staining pattern was observed in cells that

had been permeabilized with detergent (not shown), suggesting that most

of the HA is on the cell surface. In this experiment, we saw all the HA

that had accumulated on the cell surface during three days in culture.

To identify the site on the cell surface where HA was initially inserted

we examined cells that had been plated on laminin for 16 hours. The

pattern of HA immunofluorescence was similar to what was observed for

cells cultured on poly-lysine. HA appeared to be concentrated on the

top surface and at the edges of the cell (compare 7c and d with 7e and

f, where the plane of focus is shifted from the top of the cells to the

plane of the glass covers lip) and was not present in large amounts in

plasma membrane in contact with the substrate. The cell surface

staining was limited to the cell body and did not appear on processes or

at their tips (Figures 7b, d and f). These results suggest that HA,

like gp70, is inserted into the plasma membrane near its site of synthe

sis in the ER and Golgi apparatus. Presumably the vesicles that carry

these plasma membrane proteins from the Golgi apparatus to the cell

surface arrive there by a different mechanism than the one that causes

ACTH containing secretory granules to be targeted to and accumulate at

the tips of processes.

Microtubule-Associated Protein 1 (MAP1) has a Polarized Distribution

It is likely that secretory granules are transported to the cell
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FIGURE 7. Hemagglutinin staining of At'T-20 cells.

Clone H14. At T-20 cells were fixed, left unpermeabilized, and

stained for hemagglutinin by indirect immunofluorescence. Cells were

grown for three days on poly-lysine (a,c, e) or for 16 hr on laminin

(b, d, f) coated glass coverslips. Arrows indicate the positions of the

tips of processes. Note that there is no detectable HA staining. n

indicates the position of cell nucleus.

a) and b) Phase contrast images of representative fields of cells.

c) and d) The same fields as in a and b photographed with the plane of

focus at the top surface.

e) and f) The same fields as in a and b photographed with plane of focus

at the surface of the covers lip. Note that there is little immuno

fluorescent staining in this plane of focus.

a and b : magnification = 525x; bar = 20 um.

c through f : magnification = 614x; bar = 2011m.
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surface and through processes by an active mechanism similar to fast

axonal transport (see Discussion). The rapid translocation of

organelles in axons occurs along microtubules (Allen et al., 1985;

Schnapp et al., 1985) and since the processes of by At'T-20 cells contain

microtubules (determined by electron microscopy; Kelly et al., 1983, K.

Buckley, unpublished observations) a similar microtubule base system for

organelle movement may exist in At'T-20 cells. In neurons, both axons

and dendrites contain microtubules but these processes differ in their

complement of high molecular weight MAPs (Bloom et al., 1984; Huber &

Matus, 1984; Wiche et al., 1984). We used indirect immunofluorescence

to examine the distribution of microtubules and MAP1 in At'T-20 cells

grown either in the presence or absence of 8-Bromo-cAMP (Figure 8). The

microtubule-associated protein tau could not be detected by immunofluor

escence with an affinity purified anti-tau antibody. The tubulin

intensity and pattern of staining was relatively unaffected by culturing

cells in the cAMP analog (Figures 8a and b). The intensity of the

staining appeared to be proportional to the volume of cytoplasm, so that

the cell body was brighter than the processes. In contrast, the MAP 1

staining was increased in cells grown in 8-Bromo-cAMP and was concen -

trated in a fibrous network in some processes, while the cell body cyto

plasm remained only faintly stained (Figures 8c and d). Thus in At'T-20

processes the MAP1 : tubulin ratio was higher than in the cell body.

Nuclei were also stained by the antibody, as was been described by Bloom

and coworkers (1984). It has been suggested that MAP1 may be associated

with organelles because its immunofluorescent staining pattern on

microtubules is punctate and discontinuous (Bloom et al., 1984). To

test whether MAP1 and ACTH antibodies stained the same organelles and to
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FIGURE 8. Tubulin and MAP1 staining of At'T-20 cells.

Monoclonal antibodies to 3-tubulin or MAP1 were used to stain

AtT-20 cells grown on poly-lysine coated covers lips in the absence or

presence of 2mm 8-Br-cAMP for 6 days.

a) B-tubulin, no 8-Br-cAMP.

b) B-tubulin, 2mm 8-Br-cAMP.

c) MAP1, no cAMP.

d) MAP1, 2mm 8-Br-cAMP.

Magnification: 420x; Bar = 20 um.
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FIGURE 9. MAP1 staining is not colocalized with all ACTH immunofluor

escent staining.

Cells were grown on poly-lysine coated covers lips in the presence

of 2mm 8-Br-cAMP for 5 days, then stained by double immunofluorescence

with anti-ACTH and anti-MAP1 antibodies. a) and c) Anti-ACTH, rhoda

mine. b) and d) Anti-MAP 1, fluorescein.

a) and b) A representative field of cells. The tips of processes that

stain brightly with anti-ACTH antibody are indicated with arrowheads and

arrows. Arrowheads correspond to processes that are stained with

anti-MAP1 antibody, and arrows indicate processes that do not exhibit

MAP1 staining. The location of cell nuclei is shown by N. MAP1 immuno

fluorescence in the cell body is not as clearly localized to nuclei as

in Figure 8 because different fixation conditions were used (see

Materials and Methods). The different fixation conditions did not

affect the MAP1 staining in processes.

c) and d) A higher magnification image of a representative group of

processes. The overall patterns of MAP1 and ACTH immunofluorescence are

different. Arrowheads indicate a process that stains with MAP1 but not

with ACTH. The bracket indicates a segment of a process where the ACTH

immunofluorescence has a significantly different distribution from the

MAP1 staining.

a and b : magnification = 483x; bar = 20 p.m.

c and d. magnification = 1900x; bar = 5 um.
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determine if MAP1 and ACTH were found in the same cell processes we

performed a double-labelling experiment using rabbit anti-ACTH and mouse

anti-MAP1 (Figure 9). We observed MAP1 immunofluorescence in approxi

mately half of the processes that contained ACTH (a representative field

of cells is shown in Figure 9a and b). It is difficult to determine

whether all the processes of a particular cell have the same relative

distribution of MAP1 and ACTH because the processes of more than one

cell are often aligned with each other and cannot be easily resolved

(see Figures 8d and 9b). When cells were observed at higher magnifi

cation the ACTH and MAP1 immunofluorescence patterns appeared to overlap

somewhat but not completely (Figures 9C and d). In some processes the

amounts of MAP1 and ACTH staining were similar and the antigens appeared

to colocalize (Figures 9 c and d, bottom). However, in some processes

there was more MAP1 than ACTH (Figures 9 c and d, arrowheads), and in

some cases the two proteins had different distributions (Figures 9 c and

d, see brackets). We conclude that ACTH containing organelles can reach

the tips of processes that do not contain a large amount of MAP1. This

suggests that MAP1 may not be required for transport. Since ACTH and

MAP1 immunofluorescence are occasionally seen in the same process, MAP1

apparently does not prevent vesicles that contain ACTH from entering

processes. Where immunofluorescent staining with both proteins is seen,

some overlap is observed, but MAP1 and ACTH are not always colocalized.

DISCUSSION

We have used indirect immunofluorescence to examine the distri

bution of secretory and membrane proteins that are known to be carried
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to the cell surface in different secretory vesicles (Gumbiner & Kelly,

1982). Secretory proteins destined for the regulated pathway appear to

be concentrated in the Golgi region and at the ends of cell processes.

In contrast, constitutively exported membrane proteins can be detected

on the surface exclusively in the cell body near the Golgi but not in

processes. This suggests that the vesicles that contain constitutively

exported proteins (constitutive secretory vesicles) and regulated

secretory granules have different destinations in At'T-20 cells. We also

examined the subcellular distribution of proteins found associated with

microtubules. Tubulin is present throughout the cytoplasm, while the

microtubule-associated protein MAP1 appears to be present in low amounts

in the cell body but is concentrated in cell processes. Although MAP1

and ACTH both appear in At'T-20 cell processes they are not observed to

consistently colocalize.

Classical electron microscopic studies of intact pituitary have

demonstrated that polypeptide hormones are condensed in the rims of

Golgi cisternae, and also in dense core secretory granules that are

found lining the plasma membrane. The granules accumulate in regions of

the cell close to blood vessels where their contents are released by

exocytosis. We have observed, in cultured pituitary cells, a similar

distribution of secretory product. ACTH is concentrated in a juxta

nuclear "Golgi" region and in cellular extensions. The juxtanuclear

staining shows the same location and pattern as the Golgi marker wheat

germ agglutinin. The mouse coronavirus B1 glycoprotein, another Golgi

marker, shows the same immunofluorescent pattern in At'T-20 cells (Tooze

& Tooze, 1985). Presumably, mature secretory granules migrate from the

Golgi region to the cell periphery and are transported to the end of
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processes. Since we do not detect a halo of ACTH immunofluorescence

underlying the plasma membrane of the cell body, it is likely that ACTH

is not as highly concentrated there as in the Golgi region and in secre

tory granules at the ends of processes. This correlates with what is

observed in At'T-20 by electron microscopy (K. Buckley, unpublished

observations; Kelly et al., 1983; Tooze & Tooze, 1985). Dense core

granules are observed immediately underlying the plasma membrane but

they are interspersed with electron lucent organelles and not particu

larly concentrated. Large accumulations of granules are observed at the

tips of processes and at points where cell processes bend. By immuno

fluorescence, the same pattern is seen on a magnified scale in cells

grown in 8-Bromo-cAMP. Interestingly, it has been noted that adrenal

ectomy induces corticotrophs (ACTH secreting pituitary cells) to extend

processes whose tips contain large numbers of secretory granules

(Moriarty & Halmi, 1972). Thus it appears that the effect on anterior

pituitary cells of adrenalectomy (which leads to increased ACTH produc

tion and release) and the effect of chronic stimulation with secre

tagogue on morphology are quite similar on anterior pituitary cells.

They take on the morphology of neurosecretory cells, growing processes

where secretory products are stored.

We have studied the expression on the cell surface of the influenza

virus glycoprotein HA in At'T-20 cells transfected with a cDNA encoding

the Japan strain of HA. HA is transported to the plasma membrane with

kinetics that are similar to those described in other cell types

(Gething & Sambrook, 1982; Sambrook et al., 1985). HA is exported to

the cell surface via the constitutive pathway, since it is not found in

ACTH-containing dense core secretory granules and its appearance on the
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cell surface is unaffected by secretagogue.

A possible role for the constitutive pathway is the delivery of

newly synthesized plasma membrane components to the cell surface. To

determine the site where constitutively exported plasma membrane is

inserted, we examined the location of HA and another membrane protein

found in the constitutive pathway, MulW gp70, by indirect immunofluor

escence. These proteins show a strikingly different immunofluorescent

pattern from what is seen for ACTH. Gp?0 and HA are present in patches

on the cell surface and are not found on the membrane of processes nor

at their tips. The demand for insertion of plasma membrane derived from

the constitutive pathway might be especially high at the site of process

extension. However, HA is not found in processes even when cells are

cultured on laminin which causes processes to be extended within hours.

The distribution of HA in At'T-20 cells is notably different from what is

observed in 3T3 fibroblasts that occasionally grow long processes. The

cell body and processes stain uniformly with anti-HA antiserum (Doxsey

et al., 1985). In contrast, HA appears to be clustered in the plasma

membrane near the Golgi apparatus in At'T-20 cells. A similar pattern of

immunofluorescence has been seen for the vesicular stomatitis virus

glycoprotein in fibroblasts by Bergmann et al. (1981) and Rogalski et

al. (1984) who demonstrated that this protein is initially inserted into

the plasma membrane in a pattern that reflects the location of the Golgi

apparatus.

By the criterion of immunofluorescence At'T-20 processes contain a

large amount of ACTH but do not contain detectable amounts of constitu

tively exported membrane proteins. This suggests that the transport

mechanisms that allow the two classes of secretory vesicles to arrive at
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their destinations are different. Secretory granules are probably

translocated through processes by a microtubule-associated active

transport mechanism analogous to fast axonal transport (Schliwa, 1984).

Direct microscopic observation of At'T-20 cell processes (Schroer &

Brady, unpublished observations) revealed that bidirectional fast

transport is certainly occurring, and an autoradiographic analysis of

secretory granule movement suggested that rapid transport was involved

in this process (see Chapter 2). Our results suggest that constitutive

secretory vesicles are excluded from the active transport mechanism in

processes. Recent results of others suggest that constitutive secretory

vesicle movement from Golgi to the plasma membrane can occur by diffu

sion and may not require an intact cytoskeleton. Rogalski et al. (1984)

observed that vesicular stomatitis virus glycoprotein arrived on the

ce 11 surface rapidly even when microtubules were depolymerized with

nocodazole. Arnheiter et al. (1984) directly observed vesicle movement

and noted that secretory vesicles containing vesicular stomatitis virus

glycoprotein moved in a random path from the Golgi apparatus to the cell

surface. Both of these features are consistent with a diffusion medi

ated mode of transport of vesicles containing viral membrane proteins.

Membrane bound organelles are rapidly transported in axons along a

substrate of microtubules (Schnapp et al., 1985). Our results show that

At T-20 cell processes contain tubulin and MAP 1 in addition to ACTH.

MAP1 has been detected in anterior pituitary and in numerous other non

neuronal cultured cells, so its presence in At'T-20 cells is not sur

prising (Bloom et al., 1983, 1984). The bundling of fibers that stained

with anti-MAP1 antibody in At'T-20 cells has also been seen in astrocytes

and N2A neuroblastoma cells (Wiche et al., 1983; Bloom et al., 1984).
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At T-20 cells with a well developed network of processes have more MAP1

as judged by immunofluorescence, consistent with what has been demon

strated biochemically in the neuronal cell lines PC12 and N115 where

MAP1 is induced by conditions that promote neurite outgrowth (Greene et

al., 1983; Gard & Kirschner, 1985). In At'T-20 cells, most processes

stained brightly with anti-ACTH antibodies, but only half stained with

anti-MAP1 antibodies. This result suggests that vesicles containing

ACTH can be transported to the ends of processes regardless of thir MAP1

content. When we examined double-labelled cells at high magnification,

we observed that some but not all MAP1 immunofluorescence was colocal

ized with ACTH immunofluorescence. Apparently, not all MAP1 in pro

cesses is associated with ACTH containing organelles.
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CHAPTER 2

TWO PATHWAYS FOR PROTEIN SECRETION ARE DIFFERENTIALLY

INHIBITED AT LOW TEMPERATURE
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ABSTRACT

To explore the effects of reduced temperature on the sorting and

release of secretory proteins we have utilized the ACTH-secreting mouse

pituitary cell line Att-20, transfected with DNA encoding a constitu

tively secreted protein, the secretory form of vesicular stomatitis

virus glycoprotein (TG). At 20°C, newly synthesized TG accumulates in a

late Golgi compartment, and constitutive secretion is inhibited 6-fold.

This result suggests that the formation of constitutive secretory

vesicles in the late Golgi region may be inhibited, but the vesicles

that are formed are able to travel to the plasma membrane and release

their contents normally. Constitutive secretion of the ACTH precursor,

proopiomelanocortin, is also inhibited by low temperature. Unlike TG,

the ACTH precursor does not accumulate in a late Golgi compartment at

20°C, and is instead packaged into regulated secretory granules and

proteolytically processed to mature ACTH. Secretory granules are able

to migrate to the periphery of the cell at 20°C. However, the release

of vesicular contents upon stimulation is completely inhibited. Thus in

AtT-20 cells at 20°C, both the regulated and constitutive secretory

pathways are inhibited in a step prior to exocytosis. However, the

intracellular location of the temperature block is different in the two

pathways. Constitutive secretory vesicles are able to fuse with the

plasma membrane and secrete their contents, but the formation of these

vesicles is inhibited at 20°C. Regulated secretory granules, in con

trast, are formed normally at 20°C, but are unable to undergo exo

cytosis.
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INTRODUCTION

Inhibitors of biological reactions are often used to prolong the

lifetime of transient reaction intermediates so that they can be iden

tified and characterized. Temperature reduction is a method of inhi

bition that is easy to regulate and usually reversible. When low

temperature inhibits all steps in a reaction equally, an identical

distribution of intermediates is observed as at normal temperature. How”

ever, when the steps in a reaction are inhibited differentially, certain

reaction intermediates will accumulate. For example, Saraste and Kuis

manen (1984) and Griffiths et al. (1985) used an immunocytochemical

approach to observe the accumulation of viral membrane proteins at 20°C

in a network of organelles near the trans face of the Golgi stack.

Export of secreted and membrane proteins has been shown biochemically to

be inhibited by reduced temperature (Craig, 1979; Rotundo & Fambrough,

1982, Matlin & Simons, 1983; Rodriguez-Boulan et al., 1984) resulting in

some cases in an intracellular accumulation of the forms of these

proteins normally seen only transiently in the Golgi apparatus. Fuller

et al. (1985) have further shown that in epithelial cells, influenza

hemagglutinin and the vesicular stomatitis virus G protein accumulate

together in a compartment that precedes their segregation to the apical

or basolateral plasma membrane domains. Reducing the temperature can

thus be used to study events that occur between the Golgi apparatus and

the plasma membrane, since these steps appear to be particularly temper

ature sensitive.

We have investigated the sorting of proteins in the mouse pituitary

ce 11 line At'■ -20, where newly synthesized secretory proteins are either
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released constitutively, or stored in secretory granules whose contents

are released into the medium when the cells are exposed to an appro

priate extracellular signal (Gumbiner & Kelly, 1982; Moore et al., 1983;

Burgess & Kelly, 1984). We have examined the effect of incubation at

20°C on the intracellular movement, sorting and release of secretory

porteins in At'T-20 cells. Constitutive secretion was measured using two

different markers, the adrenocorticotropin (ACTH) precursor, proopio

melanocortin (POMC) (Gumbiner & Kelly, 1982), and the secretory form of

the vesicular stomatitis virus G protein (TG) encoded by DNA transfected

into the cells (Moore & Kelly, 1985). In agreement with the work of

others (Craig, 1979; Rotundo & Fambrough, 1980; Martin & Simons, 1983),

constitutive secretion was markedly inhibited by low temperature. In

addition, secretion in response to a secretagogue could no longer be

detected. In order to determine if the temperature block occurred at a

step before the divergence of the regulated and constitutive pathways we

examined the effect of reduced temperature on the entry of newly syn

thesized material into the regulated pathway. We found that POMC was

converted to and stored as mature ACTH in dense core secretory granules

at 20°C. To ask if proteins were exported from the Golgi region at 20°C,

we performed autoradiography on cells containing *s-sulfate labeled

proteoglycans and observed that grains moved from the cell body to the

cell periphery at 37°C and at 20°C. Thus it appeared that in the

regulated pathway only the last step, exocytosis, was significantly

inhibited at 20°C. Regulated protein sorting and transport from Golgi

to the cell periphery were not particularly temperature sensitive, in

contrast to what was observed for constitutive secretion, implying that

only transit of material from the Golgi into the constitutive pathway
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was significantly temperature sensitive.

MATERIALS AND METHODS

Materials, Antisera and Radioimmune Assay

8-Bromo-cAMP and poly-D-lysine were obtained from Sigma Chemical

Co. *s-methionine and *s-sulfate were from Amersham. NTB-2 nuclear

track emulsion and D-19 developer were obtained from Eastman Kodak. The

antibiotic G418 (Geneticin) was from Gibco. Endo-H was from

Boehringer-Mannheim Biochemicals, and NCS Tissue Solubilizer was from

Amersham Searle.

Rabbit serum against inactivated vesicular stomatitis virus (VSW,

Indiana strain) was provided by Dr. H-P. Moore. Affinity-purified

rabbit anti-ACTH antibodies were prepared as described (Mains & Eipper,

1976). The radioimmune assay was performed as in Gumbiner and Kelly

(1981).

Cell Culture and Secretory Granule Preparation

AtT-20/D16 cells were grown in Dulbecco's modified Eagle's medium

(DME) H-21 (4.5g glucose/liter) supplemented with 10% fetal calf serum

and penicillin/streptomycin under a 15% CO2 atmosphere. At T-20 trans

fected with truncated WSW G protein (described in Moore & Kelly, 1985)

were grown in the presence of 0.125 mg/ml of the antibiotic G418 (active

drug concentration) to maintain the selective pressure for G418 resis

tance. Cells used in metabolic labeling experiments were cultured in

tissue culture plasticware that was coated for 1.5 hr with poly-D-lysine

(1 mg/ml in water) to minimize cell loss.
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The secretory granule preparation was performed as described in

Gumbiner and Kelly (1981). Three confluent 15 cm diameter plates were

used in each of the two preparations. All plates were preincubated with

methionine-free DME-H21 for two successive 15 min intervals. One of the

three plates was pulse-labeled for 20 min at 37°C with 1 mdi *s-methio
nine in methionine-free medium and the others were mock-labeled in

methionine free medium without added label. The cells were then rinsed

in PBS and chased for 5 hr in complete medium containing methionine at

20°C or 37°C. The cells were harvested and the secretory granules

isolated. To concentrate the material, a portion of the fractions from

the final D,0/Ficol1 density gradient was diluted 4-fold in 5% TCA.

Deoxycholate was added as carrier at a final concentration of 0.1 mg/ml.

Samples were incubated on ice 15 min, then centrifuged 15 min at 12,000

x g at 4°C. The pellets were rinsed with 1 ml cold acetone and

recentrifuged as above. The final pellet was resuspended in 25 M1 gel

sample buffer (Laemmli, 1970), neutralized (if necessary) with 1 or 2 pil

1M NaOH, and run on a 10-18% SDS-polyacrylamide exponential gradient

gel.

Metabolic Labeling and Immunoprecipitation

Subconfluent monolayers of cells were grown on poly-D-1ysine coated

multiwell dishes. The preincubation, labeling and 20-min prechase were

all performed at 37°C in a humidified 15% CO2 incubator. Cells were

preincubated in methionine-free DME-H21 for 20 min prior to labeling

with 100 luCi *s-methionine (1450 Ci/mmol) in methionine-free medium per

well. The cells were rinsed once with 37°C PBS, then chased for 20 min

at 37°C in DME H-21 containing methionine (this is referred to as the

"pre-chase" interval). For the temperature shift experiments the medium
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was replaced with Ham's F-12 which is similar to DME-H21 but is Hepes

buffered and does not require CO2 incubation. The cells were further

chased with medium preequilibrated to 20°C or 37°C and transferred to a

water bath at the appropriate temperature. Chase medium was removed at

one-hour intervals and the cells were either fed with new medium or

rinsed with PBS and detergent extracted with immunoprecipitation buffer

(1% NP40, 0.4% deoxycholate, 66mm EDTA, 10mM Tris-HC1, pH 7.4, NDET

buffer, Rose & Bergmann, 1982) containing 0.3 mg/ml phenylmethylsulfonyl

fluoride and 0.3 mg/ml iodoacetamide as protease inhibitors. The

extracts were centrifuged 5 min at 12,000xg to pellet nuclei and the

supernatants were brought to 0.3% SDS final concentration. Immuno

precipitation with an excess of rabbit affinity-purified anti-ACTH

antibodies (so that a 11 forms of ACTH were detected equally well) or

rabbit anti-VSV serum was carried out as described in Moore & Kelly

(1985). For the anti-ACTH immunoprecipitates, 1/6 of the chase medium

at 37°C and 20°C, 1/60 of the cell extracts at 20°C and 1/30 of the cell

extracts at 37°C were used. The different amounts of material used were

normalized to 100% for quantitation. For the anti-VSV immunoprecipi

tates, 1/2 the chase medium at 37°C and 20°C, 1/20 of the cell extracts

at 20°C and 1/10 of the cell extracts at 37°C were used, and normalized

to 100% for quantitation. ACTH and VSV were not normalized relative to

each other, so absolute numbers of counts cannot be compared. Endogly

cosidase H (Endo H) digestion was carried out as described by Rose and

Bergmann (1982). Anti-WSW immunoprecipitates were run on 10% SDS

polyacrylamide gels and anti-ACTH immunoprecipitates were run on 10-18%

SDS polyacrylamide gels (Laemmli, 1970). Gels were stained, destained,

impregnated with 1M Na salicylate for 30 min, dried down and fluoro



74

graphed at -70°C. Radioactivity in the gels was quantified as described

by Walter et al. (1979).

Autoradiography

Cells were grown for 5 days in 2mm 8-Bromo-cAMP in DME H-21 plus

serum (to promote process growth; see Chapter 1; Adler, 1981; Kelly et

al., 1983) on 25mm diameter glass covers lips that had been precoated for

1.5 hr with 1 mg/ml poly-D-lysine in water. Pulse-labeling and chase

were done in the absence of cAMP and serum. The cells were incubated

for 2 hr in sulfate-free medium prior to pulse-labeling for 15 min with

380 kiCi *s-sulfate (1268 Ci/mmol) per covers lip. The cells were rinsed

with 37°C PBS and chased with sulfate containing medium for various

intervals (described in the text and legend to Figure 8) before fixa

tion. Cells were rinsed with PBS, fixed for 30 min at room temperature

with 0.8% glutaraldehyde, 0.5% formaldehyde in PBS, rinsed for 30 min to

5.5 hr in PBS, then rinsed overnight in PBS at 4°C. The coverslips were

air-dried, mounted on glass slides with permount, then coated with NTB-2

nuclear track emulsion. The slides were exposed for 5 days at 4°C and

developed with D-19 developer. The covers lips were mounted with 90%

glycerol in PBS and viewed and photographed on a Zeiss Universal micro

scope.

RESULTS

Regulated Secretion of ACTH is Inhibited by Low Temperature

The mouse pituitary cell line At'T-20 has two pathways by which

proteins are secreted, one sensitive to and the other independent of the

presence of a secretagogue. To compare the effect of low temperature on
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regulated secretion of ACTH, duplicate samples of cells were incubated

in serum-free medium for one hour at 20°C or 37°C. Half of the samples

were treated with 5mM 8-Bromo-cAMP to stimulate release of ACTH from the

secretory granules of the regulated pathway. After one hour the medium

was collected and assayed for ACTH by radioimmune assay. The radio

immune assay is a sensitive measure for basal and stimulated secretion

from the regulated pathway because it detects primarily mature ACTH.

ACTH precursor and intermediate are detected approximately one-tenth as

well as the mature form (B. Gumbiner, unpublished). Figure 1 shows that

at 37°C the cells respond to the secretagogue by increasing the release

of ACTH approximately three-fold (see also Gumbiner & Kelly, 1982). At

20°C basal (non-stimulated) secretion is inhibited to ~15% of the level

at 37°C, and was not enhanced by addition of a secretagogue. When cells

were first incubated for 1 hr at 20°C, then returned to 37°C, the effect

of low temperature on stimulated secretion was reversible to at least

60% (Fig. 1B). It appears therefore that secretagogue-stimulated

secretion is blocked at 20°C, and basal release markedly inhibited.

To confirm the radioimmune assay results and to determine the

effects of low temperature on constitutive release, secretion was

re-examined using metabolic labelling. At T-20 cells were pulse labelled

at 37°C with *s-methionine and chased for 1 hr at 37°C in medium

containing nonradioactive methionine. Most constitutively released pro

teins leave the cell during the first hour of chase, so that secretory

proteins remaining in the cell after 1 hr are largely stored in secre

tory vesicles (Gumbiner & Kelly, 1980; Moore et al., 1983). After the 1

hr chase interval at 37°C, half of the cells were maintained at 37°C,

and half were cooled to 20°C. The ACTH related peptides (POMC, ACTH
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FIGURE 1. ACTH release from the regulated pathway is reversibly inhi

bited at 20°C.

A) Cells were incubated in culture medium for 1 hr at either 37°C or

20°C, in the absence (-) or presence (+) of 5mm 8-Bromo-cAMP. The

culture medium was removed and assayed for ACTH using a radioimmune

assay. The values presented are the average of at least two determina

tions.

B) Cells that had been incubated at 20°C for 1 hr were returned to 37°C

and fed with fresh medium containing or without 5m!M 8-Bromo-cAMP. After

1 hr the culture medium was removed and assayed for ACTH. The values

presented are the average of at least two determinations.
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intermediate and mature ACTH) secreted into the medium during the second

hour chase were collected and immunoprecipitated using an affinity

purified anti-ACTH serum. The antibody-antigen complexes were eluted and

subjected to SDS-PAGE followed by fluorography. Release of 13,000 Mr

(glycosylated) and 4500 Mr (unglycosylated) mature forms of ACTH is

markedly reduced at 20°C in the absence of stimulation relative to

precursor forms (Figure 2A, lanes 1 and 2). When 8-Bromo-cAMP was

present during the second hour chase, the release of mature ACTH was

increased at 37°C but not significantly at 20°C (Figure 2A, lanes 3 and

4). To quantify the release of ACTH from the two pathways at 37°C and

20°C, radioactivity was eluted from the gel (Walter et al., 1978). To

normalize the data, the amount of secretion is expressed as the fraction

of that released during the first hour of chase. At 20°C, release of

the newly synthesized mature ACTH is not increased by secretagogue

(Figure 2B) in agreement with the results obtained by radioimmune assay

(Figure 1).

Effects of Temperature on Constitutive Secretion

While secretion in response to a secretagogue is essentially

blocked at 20°C some constitutive secretion of POMC and ACTH inter

mediate persists (see Figure 2A). To examine the effect of reduced

temperature on the constitutive release of secreted proteins from Att-20

cells, it was necessary to look sooner after the pulse since the half

time of constitutive release is about 40 min (Gumbiner & Kelly, 1982).

The analysis of constitutive POMC secretion is complicated because POMC

has an alternate route in the cell, the regulated pathway, where it is

proteolytically processed to the mature forms and stored in secretory

granules. To simplify our analysis we examined the secretion of the
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FIGURE 2 . The release of newly synthesized mature ACTH is inhibited at

20°C.

A) Cells were pulse-labeled with *s-methionine and chased for 1 hr at

37°C. The chase medium was removed and replaced with fresh medium for

the second hour chase interval at 37°C (lanes 1 and 3) or 20°C (lanes 2

and 4) in the absence (lanes a and b) or presence (lanes c and d) of 5mm

8-Bromo-cAMP. The culture medium was immunoprecipitated with affinity

purified anti-ACTH antiserum and run on a 10-18% SDS-polyacrylamide

gradient gel.

B) A quantitative analysis of the data in Figure 2A. Radioactivity was

eluted from the gel and counted. The data are expressed as the amount of

mature ACTH released in the second hour chase interval as compared to

the first hour chase, at 37°C and 20°C, plus or minus stimulation with

8-Bromo-cAMP.
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truncated vesicular stomatitis virus G protein (TG, Moore & Kelly,

1985). The TG protein is a viral membrane glycoprotein whose transmem

brane domain has been deleted (Rose & Bergmann, 1982). When a plasmid

containing the gene for this protein was transfected into At'T-20 cells,

the TG protein was found to exit the cells exclusively through the

constitutive pathway (Moore & Kelly, 1985), and did not enter the regu

lated pathway. Thus TG provides a marker for the constitutive pathway

exclusively.

We pulse-labelled At'T-20 cells that expressed TG with *s-methio

nine for 30 min at 37°C, chased for 20 min at 37°C ("prechase"), then

continued the chase at either 20°C or 37°C. After 1, 2, 3 or 5 hr at

37°C or 20°C, samples of culture medium and cell extracts were prepared

and immunoprecipitated with both anti-ACTH and anti-WSW antibodies (see

Figures 3 and 4). Immunoprecipitates from cell extracts were digested

with the enzyme endo-3-N-acetylglucosaminidase H (endo H) to distinguish

high mannose from terminally glycosylated (late Golgi) oligosaccharide

side chains (Figures 3B and 4B). After SDS PAGE, radioactive species

were quantified as described above. Figures 3A and 4A compare the kine

tics of secretion at 37°C and 20°C. The pulse-labeled POMC and the

23,000 Mr intermediate are secreted rapidly at 37°C but much more slowly

at 20°C (Figure 3A). A similar effect is observed for TG at the two

temperatures (Figure 4A). The kinetics of the movement of intracellular

species from ER to Golgi and on to the cell surface is shown in Figures

3B and 4B, where the cell extracts have been immunoprecipitated. The

step most dramatically inhibited by reducing temperature appears to be

the transit of POMC from the ER to Golgi, measured as conversion of POMC

from endo-H sensitive to endo-H resistant forms. In contrast, the most
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FIGURE 3. Kinetics of POMC processing and secretion at 37°C and 20°C.

A) Cells were pulse labeled for 20 min and subjected to a 20 min "pre

chase" at 37°C. The chase medium was replaced at 1 hr intervals, then

immunoprecipitated with an affinity-purified antibody against ACTH.

Lanes 1-5, successive 1 hr chase intervals from cells kept at 37°C.

Lanes 6-10, successive 1 hr chase intervals, cells at 20°C.

B) At the end of the pulse-labeling , "pre-chase", 1, 2, 3 and 5 hr

chase intervals, the cells were harvested and immunoprecipitated with

affinity-purified ACTH antibodies. Half of each sample was treated with

endo-H. All samples were run on 10-18% SDS-polyacrylamide gradient

gels. The positions of the different precursor forms are indicated with

asterisks (endo H sensitive; ER) and arrows (endo H resistant; Golgi).

Lanes 1-4: 20 min pulse (-20 min chase) and "prechase" (0 hr chase)

extracts. Lanes 5-12: cell extracts at 37°C. Lanes 13-20: cell extracts

at 20°C. Lanes 5-12 were fluorographed for 6 times as long as 1-4 and

13-20 to observe the data clearly; in an equivalent exposure for lanes

1-4 and 13-20 the ER forms are grossly overexposed and the other forms

are obscured.
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FIGURE 4. Kinetics of TG processing and secretion at 37°C and 20°C.

The same samples as shown in Figure 3 were immunoprecipitated with

anti-WSW antiserum and run on a 10% polyacrylamide gel.

A) Lanes 1-5, 1 hr chase intervals, 37°C. Lanes 6-10, 1 hr chase inter

vals, 20°C.

B) Pulse-labeled, "pre-chase", 1, 2, 3 and 5 hr chase extracts, digested

with endo-H as in Figure 3B.
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obvious effect of 20°C on TG traffic is the intracellular accumulation

of endo-H resistant material.

To measure the extent of the inhibition at 20°C, secreted forms of

TG and ACTH were quantified and plotted as a rate of release per hour

(Figure 5). If constitutively secreted material is passing directly

from the Golgi to the cell surface then the amount of protein secreted

should be proportional to the amount of material in the Golgi measured

as the endo-H resistant forms of POMC and TG and the fraction released

should remain approximately constant. Figure 5 demonstrates that the

amount of material in the Golgi decreases exponentially and that the

rate of constitutive release of both TG protein and POMC is approxi

mately parallel to the amount of Golgi (endo-H resistant) forms at both

37°C and 20°C. If release is proportional to the amount of material in

the Golgi, then the half-lives of the pools of Golgi and secreted forms

should be approximately the same. This is indeed the case (Table 1,

compare rate of release to the 1evel of endo-Hº forms). Since the rate

of release is proportional to the concentration of material in the

Golgi, we can calculate the approximate probability per hour that a

molecule in the Golgi will be released from the cell constitutively.

The probability of release is expressed as the fraction of the intra

cellular Golgi pool at the start of an hour chase interval that is

secreted into the medium during the subsequent hour. From these mea

surements (Table 1) it is apparent that a decrease in temperature lowers

the probability of ACTH forms and TG in the Golgi being secreted consti

tutively six to nine-fold. Constitutive secretion of both ACTH and TG

is clearly inhibited at reduced temperature in agreement with other work

(Craig, 1979; Rotundo & Fambrough, 1980; Matlin & Simons, 1983).
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FIGURE 5. Secretion parallels the concentration of material in the

Golgi pool.

The data in Figures 3 and 4 are represented graphically. Radioacti.

vity was eluted from gel slices, counted and, if necessary (C and D),

corrected for the number of methionines in each form of ACTH. Intra

cellular Golgi forms (endo-H resistant) are shown as open symbols, and

the material found in the culture medium is shown as closed symbols. The

amount of material (cpms) is plotted as a function of time (hr). The

time course begins with the "pre-chase" cell extract plotted at 0 hr

time.

A) Intracellular endo-H resistant (Golgi) and secreted TG protein at

37°C.

B) Golgi and secreted TG at 20°C.

C) Golgi and secreted precursor and intermediate ACTH at 37°C.

D) Golgi and secreted precursor and intermediate ACTH at 20°C.
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TABLE 1: Calculation of Probability of Being Secreted Constitutively in

the Next Hour

ACTH TG

Period Beginning At 37°C 20°C 37°C 20°C

0 hr 0.368 0.068 . 705 . 135

1 hr 0.477 0.077 . 665 . 104

2 hr. 0.800 0.043 . 372 .063

3 hr N. A. 0.057 . 480 ... 103

Average Probability

of Release 0. 548 0.061 0.556 0.101

t;(rate of release) 0.42 1.5 0.9 27.8

t;(endo-H' pool) 0.57 1.8 1. 3 14.8

t; (endo-H" pool) 0. 52 1.9 0.91 2.3

These numbers are calculated by measuring the amount of endo-H resistant

truncated G, or proopiomelanocortin forms present in the cells at the

beginning of the chase period, and the total amount of all forms secre

ted during the subsequent hour. This ratio is calculated as the frac

tion of stored form released in each time period. Half-lives (t+, in

hours) are calculated from the data in Figure 5 and 6.

applicable.

See Appendix to this chapter for the details of the calculations.

N. A. : not
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Effect of Temperature on Transport From ER to Golgi

If reducing the temperature makes exit from the Golgi rate

limiting, newly synthesized material should accumulate there. Thus the

ratio of endo-H resistant to sensitive forms of TG and POMC should

increase at 20°C. Figure 6 demonstrates that, for TG, the results are

exactly as predicted. At the beginning of the chase the majority of the

TG is endo-H sensitive (Figures 6A and B, triangles). At 37°C, the

ratio of endo-H sensitive to resistant gradually drops as the pulse

labeled material moves through the cell (Figure 6A). At 20°C, the half

time of disappearance of the endo-H sensitive form increases only

slightly (Figure 6B, triangles, and Table 1) implying that the exit of

TG from the RER is not a very temperature sensitive step. Exit of TG

from the Golgi at 20°C (Figure 6, circles) is markedly inhibited. The

flow out of the Golgi is so slow that after the initial accumulation the

pool disappears with a half-time of ~14 hr. Thus the behavior of the

intracellular forms of TG match the predicted consequences of the late

Golgi block at 20°C demonstrated by the data in Figure 5 (A and B). As

the temperature is changed from 37°C to 20°C, the rate-limiting step

changes from being exit from the RER to exit from the Golgi apparatus.

The intracellular forms of ACTH do not fit well with a model

where in exit from the late Golgi is the rate-limiting step at 20°C. The

ratio of endo-H resistant (Golgi) to endo-H sensitive (ER) forms does

not increase detectably during the chase. The half-time of decay of the

Golgi forms is almost the same as that of the endo-H sensitive RER forms

(Table 1) implying that in contrast to the movement of TG, exit from the

RER is the rate-limiting step for POMC forms at 20°C and at 37°C.

However, the probability of leaving the RER, as measured by the half
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FIGURE 6. Kinetics of transit from the ER to Golgi.

A graphic representation of data in Figures 3B and 4.B. Endo-H

sensitive and resistant forms of POMC and TG were quantified as above,

and are plotted as a function of time (in hours). Endo-H sensitive

forms, triangles. Endo-H resistant forms, circles.

A) RER and Golgi forms of TG at 37°C.

B) RER and Golgi forms of TG at 20°C.

C) RER and Golgi forms of POMC at 37°C.

D) RER and Golgi forms of POMC at 20°C.

In A and C, the time course is the entire chase period at 37°C, so that

the pulse-labelled cell extract is plotted at 0 hr time. In B and D,

the time course starts with the "pre-chase" cell extract.
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time of disappearance of endo-H sensitive forms is almost identical for

TG and POMC (Table 1). Thus it appears that at 20°C exit of TG from the

Golgi is markedly inhibited, but the exit of POMC is not, even though

constitutive secretion of ACTH forms is significantly inhibited (Table

1). The most likely explanation for the difference between the behavior

of the Golgi forms of TG and ACTH is that, unlike TG, ACTH can enter the

regulated pathway and that entry into this pathway is not a rate

limiting step at 37°C and is not very temperature sensitive.

Secretory Granules Contain Newly Synthesized ACTH at 20°C

The entry and storage of newly synthesized ACTH into the regulated

pathway at 20°C was examined in two ways; indirectly by monitoring

proteolytic processing of POMC to mature ACTH and directly by purifying

secretory granules. The amount of processed ACTH found during the chase

period at 37°C and at 20°C (Figure 3) was quantified and is shown in

Table 2. After a 5 hr chase the amount of mature ACTH that has been

produced is equal at 37°C and 20°C. Granules were prepared from cells

that had been pulse-labeled with *s-methionine for 20 min and then

chased for 5 hr at 20°C or 37°C. A portion of each fraction from the

secretory granule peak was concentrated and run on a gel, and a repre

sentative fraction from the two preparations is shown in Figure 7. All

of the proteolytically processed forms of POMC (Gumbiner & Kelly, 1981)

are present in the secretory granules isolated from cells kept at 20°C.

In addition, the granules isolated from cells grown at 37°C and 20°C

contain the so-called "B" secretory granule proteins (Figure 7, aster

isks; Moore et al., 1983). We conclude that processing and packaging of

proteins into secretory granules can occur normally at 20°C.
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FIGURE 7. Newly synthesized ACTH is found in secretory granules at

20°C.

Secretory granules were prepared from *s-methionine pulse-labeled

cells that were chased for 5 hr at 20°C or 37°C. 40% of the peak

fraction (fraction 3) from each preparation was concentrated by TCA-pre

cipitation and run on a 10-18% polyacrylamide gradient gel. POMC

derived peptides (N-terminus, 13K ACTH, B-LPH, 4.5K ACTH and 3

endorphin) and other secretory granule specific polypeptides (*) are

indicated.
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37°C 20°C

66K+ - - -

60K+ - -

37 K+ -

N-terminus 3
13K ACTH –- -

BLPH---
4.5K ACTH–- -

B-endorphin--
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TABLE 2 Processing of POMC to Mature ACTH

% of POMC forms present as mature ACTH

(intracellular and secreted)

Hour of Chase 37° 20°

1 51.6 14.1

2 66.7 26.0

3 63. 1 31.1

5 58.6 56.2

All of the radioactivity present in immunoprecipitated POMC and its

peptide products was summed for each experiment (defined as a cell

extract plus the sum of all its chase media). The amount of mature

13,000 Mr and 4500 Mr ACTH in the extract and chase medium for each

experiment was summed and expressed as the percent of the total POMC

derived products. See the Appendix to this chapter for details of the

calculations.
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Efficiency of Sorting of POMC at 20°C

The appearance of newly synthesized mature ACTH in secretory

granules implies that sorting is occurring at 20°C. To examine the

amount of POMC that has entered the regulated pathway, we have in the

past used a sorting index (Moore & Kelly, 1985). Since this approach

requires stimulating the cells with secretagogue, which is not feasible

at 20°C, we estimated the size of the secretory granule pool by mea

suring intracellular mature ACTH at the end of a long (5 hr) chase.

From the data in Figure 3 we have measured the amount of the endo-H

sensitive and resistant POMC present at the beginning and end of the 5

hour chase. The difference between these values is the amount of

material that has left the ER/Golgi pool during the chase. If the chase

was performed at 20°C, intracellular mature ACTH accounted for 21% of

this ER/Golgi pool. At 37°C, the amount of mature ACTH found inside the

cell after 5 hr (~6% of the ER/Golgi pool) is an underestimate of the

total mature ACTH sorted into the regulated pathway because secretory

granule contents are released with a half-time of 6-7 hr (Moore & Kelly,

1985). If we correct for half-life the total amount of mature ACTH

derived from secretory granules is ~10% of the ER/Golgi pool (see

Appendix to this chapter for details of these calculations). In compari

son the fraction of the ER/Golgi pool of POMC released constitutively at

20°C is 21% and at 37°C 32%. (Not all the pulse-labeled POMC and TG is

recovered after the chase, presumably because of intracellular degra

dation.) The sorting index we used previously was a measure of the

ratio of amount of hormone that entered the regulated pathway versus the

constitutive pathway. In the present experiment, it appears that the

fraction of the newly synthesized POMC that ends up in the regulated
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secretory granule pathway is approximately two-fold higher at 20°C (21%

of the total precursor recovered in the regulated pathway) than at 37°C

(10% of the the total precursor recovered in the regulated pathway).

Low Temperature does not Inhibit Transport of Secretory Granules to the

Cell Periphery

Newly synthesized membrane proteins have been observed to accumu

late in a trans-Golgi network of tubules and vesicles when cells are

shifted to 20°C (Saraste & Kuismanen, 1984; Griffiths et al., 1985). We

have shown that newly synthesized secretory proteins are being packaged

into dense core secretory granules at 20°C. Do the secretory granules

accumulate in the trans Golgi region, or are they transported from Golgi

to the cell periphery at 20°C? To localize newly formed secretory gran

ules, we took advantage of the fact that At'T-20 cells may be induced to

become very large and extend long processes by continuous growth in cAMP

(Adler et al., 1981). At 37°C, mature secretory granules accumulate in

distal regions of the cell, adjacent to the plasma membrane and at the

tips of processes (Kelly et al., 1983). At T-20 secretory granules

contain, in addition to mature ACTH and other POMC derived peptides, a

sulfated proteoglycan and two major sulfated proteins, 13,000 Mr ACTH

and a protein with an Mr of 15,000 (Moore et al., 1983, Burgess & Kelly,

1984). When cells are labelled with *s-sulfate and chased with non
radioactive sulfate for an hour or longer these molecules are at least

80% of the sulfated species remaining in the cell (T. L. Burgess, unpub

lished observations). We localized the sulfated macromolecules in cells

by light microscope autoradiography and documented their intracellular

movement from their synthesis in the Golgi apparatus (Young, 1973) to

the process tips. Cells were grown for several days in 8-Br-cAMP,
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labelled with *s-sulfate, chased for various lengths of time, fixed,

and processed for autoradiography. The initial site of incorporation of

*s-sulfate was the juxtanuclear region, which is the site of a large

intracellular accumulation of ACTH (Figures 8a and b, described in

detail in Chapter 1; see also Kelly et al., 1983), whose location and

gross morphology corresponds to the Golgi apparatus in many cultured

cells (Farquhar, 1982). After a 15 min chase interval at 37°C some

autoradiographic grains had appeared at the tips of processes 200 to 300

um away (not shown). This implies that intracellular transport of the

sulfated molecules is rapid and directional, probably analogous to other

fast transport processes (Schliwa, 1984). With time, the number of

grains in the juxtanuclear region decreased and grains accumulated in

the tips of the processes (Figures 8c, d and e, f show a 2 and 4 hr

chase, respectively). The grains we saw at the process tips were

probably in secretory granules since thin section electron micrographs

of tips containing dense core secretory granules indicate that these are

the predominant membrane bound organelles present (Kelly et al., 1983).

In addition, constitutive secretion is nearly complete by this time.

When cells are subjected to the same labelling procedure, but then

chased at 20°C, the distribution of grains is similar to that observed

at 37°C. Grains appeared over the process tips after short chase

intervals and accumulated there with time (Figures 8g, h and i, j, show

a 2 and 4 hr chase at 20°C).
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FIGURE 8. *s-sulfate autoradiography of At'T-20 cells.

a, c, e, g, and i) Phase contrast images of At'T-20 cells cultured for 5

days in 2mm 8-Br-cAMP.

b, d, f, h, and j) The same cells observed using darkfield illumination.

a and b) Cell fixed after 15 min pulse-labeling at 37°C with 35s

Sulfate.

c and d) Cell chased for 2 hr at 37°C.

e and f) Cell chased for 4 hr at 37°C. Note that grains are located

over both the processes and the Golgi region.

g) and h) Cell chased for 2 hr at 20°C.

i) and j) Cell chased for 4 hr at 20°C. Note that grains are also

located over processes at 20°C.

Magnification: 300x.
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DISCUSSION

The two pathways of protein secretion in At'■ -20 cells have been

distinguished by kinetic analysis, subcellular fractionation, response

to secretagogues, sensitivity to lysosomotropic drugs and dependence on

extracellular calcium. We are now able to add another difference

between these pathways - regulated release is undetectable at 20°C,

while the rate of constitutive release is not completely inhibited but

is reduced about six- to nine-fold. We do not know if the inhibition of

stimulated release is due to a reduction in second messenger level or

inhibition of the fusion mechanism itself.

We examined the effect of reduced temperature on several post

translational steps in the process of protein secretion. To determine

the effect of temperature on constitutive release we examined truncated

G secretion. Since the rate of secretion was proportional to the size

of the endo-H resistant Golgi pool at both temperatures the probability

of release could be calculated. This probability decreased six-fold on

going from 37°C to 20°C and was consistent with earlier findings on the

temperature sensitivity of membrane and secreted protein externalization

in other cells (Craig, 1979; Rotundo & Fambrough, 1980; Matlin & Simons,

1983; Rodriguez-Boulan et al., 1984). Analysis of the effect of reduced

temperature on constitutive POMC secretion had to take into account the

fact that newly synthesized POMC can enter two secretory pathways and

that some proteolysis of precursor occurs. We do not know what propor

tion of the precursor fragments arise from proteolysis in the medium,

proteolysis before sorting in the Golgi, or release from an immature

granule. Since all forms are released with indistinguishable kinetics
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they were all grouped as constitutively secreted forms. Constitutive

secretion is inhibited at 20°C, whether only POMC itself is measured or

all forms are included, in agreement with the results for TG.

Although constitutive secretion of POMC is inhibited, its overall

exit from the Golgi is not as temperature-sensitive as the exit of TG

(Figure 6). A plausible explanation is that entry of POMC into regu

lated secretory granules is not as temperature sensitive as constitutive

secretion. The appearance of mature ACTH inside cells at 20°C suggested

that POMC was able to travel from the Golgi apparatus to the organelle

where it is processed. Proteolytic processing of prohormones is

believed to occur in the secretory granule or an organelle immediately

proximal to it (Gainer et al., 1986; Orci et al., 1985) and the kinetic

analysis of Gumbiner and Kelly (1981) suggests that this is the case for

POMC in At'T-20 cells. Orci et al. (1985) have shown that a clathrin

coated, electron-lucent organelle found in the trans-Golgi region is the

site of proinsulin processing in the pancreas and a similar organelle

has been observed in At'T-20 cells (Tooze, in preparation). We observed

that, at 20°C, POMC was proteolytically processed (Table 2) and stored

in secretory granules (Figure 7) that left the Golgi region and could be

found at the tips of processes. The fact that rapid transport to the

ce 11 periphery continued was not surprising considering that in mammals

fast axonal transport is inhibited only at 10°C and below (Schwartz,

1979). In contrast, immunocytochemical evidence from Saraste and

Kuismanen (1984) and Griffiths et al. (1985) suggests that at 20°C,

constitutively exported viral membrane proteins accumulate in a trans

Golgi network of tubules and vesicles but not closer to the plasma

membrane at 20°C. Using biochemical criteria we observed an accumulation
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of TG but not POMC in Golgi. This suggests that the mechanism that

exports constitutively secreted proteins from the Golgi region is more

temperature-sensitive than the mechanism that exports regulated secre

tory proteins. We also observed that the final step in regulated secre

tion, exocytosis in response to secretagogue, is completely inhibited at

20°C. It appears that certain intracellular fusion events like regu

lated exocytosis and endosome-lysosome fusion (Dunn et al., 1980;

Kielian & Cohn, 1980; Marsh et al., , 1983), have more stringent tempera

ture cutoffs while others like constitutive secretion (Craig, 1979),

fusion of endocytic vesicles with endosomes and receptor recycling from

endosome to plasma membrane (Dunn et al., 1980) continue at and below

20°C, although at a slower rate.

An unexpected result was the differential effect of temperature on

the acquisition of endo-H resistance by these proteins. Endo-H sensi

tive POMC becomes endo-H resistant about two to three times more slowly

at 20°C than at 37°C (Table 1). In contrast, TG conversion from endo-H

sensitivity to endo-H resistance, which is slow at 37°C (see also Moore

& Kelly, 1985) is inhibited to a lesser degree at 20°C. It is well

established (Strous & Lodish, 1980; Lodish et al., 1983; Fries et al.,

1984) that different secretory proteins acquire endo-H resistance with

varying kinetics that correlate with the movement from ER to Golgi. The

different kinetics for transport from ER to Golgi observed for different

proteins has been interpreted as evidence for carrier-mediated transport

(see also Fitting & Kabat, 1982), and the different rates of transport

have been proposed to be due to either different carriers or different

affinities of the same carrier for different proteins. The very slow

transport rates observed for genetically manipulated proteins (for
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example, TG; Rose & Bergmann, 1982; see also Gething & Sambrook, 1982)

and some hepatocyte secretory proteins have been postulated to result

from bulk-phase transport (Rose & Bergmann, 1983; Fries et al., 1984).

The data here show that the rate of exit of POMC is at least twice as

temperature sensitive as the slow, possibly bulk-phase mechanism by

which TG exits from the ER. This difference in temperature sensitivity

would certainly be consistent with two transport mechanisms. Of course,

it is also possible that reduced temperature has different effects on

the conformations of TG and POMC and that the different temperature

sensitivities of ER to Golgi transport reflects these.

An analogous difference in temperature dependence between bulk

phase and carrier mediated membrane traffic exists for endocytosis.

Pinocytic fluid uptake is less temperature sensitive than receptor

mediated endocytosis. Steinman et al. (1974) observed that the endo

cytosis of HRP by fibroblasts had a temperature coefficient of 2.7, a

common value seen for the temperature sensitivity of many physiological,

biological and enzyme reactions. In contrast, receptor mediated uptake

of asialoglycoproteins by rat liver has a steeper dependence on tempera

ture with a temperature coefficient of 4.5 (Dunn et al., 1980). The

difference in the temperature sensitivities of bulk-phase pinocytosis of

HRP and FC receptor mediated phagocytosis of opsonized erythrocytes in

macrophages is even greater (Mahoney et al., 1977). The extreme tempera

ture sensitivity of phagocytosis probably reflects the fact that it is

not a solely membrane-mediated event and may involve other cell func

tions with their own temperature sensitivities.

We had expected from the result of Fuller et al. (1985) that low

temperature would inhibit traffic of secreted proteins prior to sorting.
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In addition, since sorting into the secretory granule may be a compli

cated carrier-mediated process and constitutive secretion a simpler,

possibly bulk flow mechanism (Kelly, 1985), we had expected that if

sorting did occur, the regulated pathway might be more temperature

sensitive than the constitutive one. Within the limits of the measure

ments presented here, the opposite appears to be true. About twice as

much of the pulse-labeled material can be recovered in secretory

vesicles at 20°C, correcting for the half-life of vesicles at 37°C. Why

sorting into secretory vesicles should be a relatively temperature

insensitive step is not obvious. Perhaps sorting of peptide hormones

does not involve a carrier-mediated event, as is seen in endocytosis and

lysosomal enzyme sorting. An alternate model involves self-association

of secretory proteins, and is made appealing by the recent demonstration

by Fumagalli and Zanini (1985) of the segregation of different peptide

hormones into different secretory granules in bovine somatomammotrophs.
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APPENDIX TO CHAPTER 2

Note: All calculations were performed using the cpms eluted from the

gels. Since POMC contains 3 methionine residues, ACTH intermediate 2

methionines and mature ACTH only 1 methionine, the counts recovered for

each species were normalized per methionine.

For example: cpm in POMC/3

cpm in intermediate/2

cpm in ACTH

TOTAL in all forms

Calculations used in Table 1:

Probability of release per hour =
*r

Total material secreted during the 1 hour interval n to (n+1)

Intracellular Endo H resistant material at time n

n = 0 to 3

ºr
For ACTH, this includes precursor, intermediate and mature ACTH.

t; Calculated from the data in Figures 5 and 6. Y intercept (equiva

lent to the amount of material at the beginning of the chase interval)

and slope of the semi-log plot of the exponential decay curve were

calculated by linear regression. The value of x at a y value of y

intercept/2 was calculated to be t;
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Calculations used in Table 2:

Total POMC derived products =

2 cpm in all forms of POMC in cell extract at end of chase period +

all POMC forms released during chase interval,
- - - - - - - - + a 11 POMC

forms released during final chase interval.

Total mature ACTH =

Ž cpm in mature (13,000 and 4500 M.) ACTH in cell extract + mature

ACTH released into medium during chase interval,
- - - - - - - + mature

ACTH released into medium during final chase interval.

% mature ACTH = total mature ACTH / total POMC derived products

Calculations used in text (Efficiency of Sorting section):

ER pool is intracellular endo H sensitive POMC

Golgi pool is intracellular endo H resistant POMC

A ER/Golgi pool =

all POMC derived material that has left the precursor pool and is

available to the regulated and constitutive pathways.

A ER/Golgi pool = ER and Golgi pools at beginning of 5 hour chase

- ER and Golgi pools at end of 5 hour chase

% Regulated pathway = intracellular mature ACTH at end of 5 hour chase

A ER/Golgi pool
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(since ACTH in the regulated pathway is stored in secretory granules

with a known half-life, this is an accurate measure)

% Constitutive pathway = All POMC forms secreted during 5 hour chase

A ER/ Golgi pool

(since ACTH precursor and intermediate in the constitutive pathway are

not stored intracellularly, we must measure the material released into

the medium)

At 37°C, the intracellular pool of mature ACTH is released with a *4 of

6 to 7 hours (Moore and Kelly, 1985). After a 5 hour chase the pool has

decayed from its original level [A]o to a level [A]t we can determine

from our data to be x} of total according to the above calculations. We

can extrapolate back to the starting concentration [A]o using the

equation

[A], - [A], e.”

where t = 5 hr and k = 0. 693

*4

At 20°C mature ACTH is not secreted so we can simply use the value cal

culated for 4 regulated pathway as the total mature ACTH produced.
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CHAPTER 3

FAST AXONAL TRANSPORT OF FOREIGN SYNAPTIC VESICLES IN SQUID AXOPLASM
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ABSTRACT

Trans location of intracellular organelles requires interaction with

the cellular cytoskeleton, but the membrane and cytoskeletal proteins

involved in movement are unknown. Here we show that highly purified

synaptic vesicles from electric fish added to extruded squid axoplasm

can show ATP dependent movement. The movement is indistinguishable from

that of endogenous vesicles and has a slight preference for the ortho

grade direction. In the presence of a non-hydrolyzable ATP analog the

synaptic vesicles bind to axoplasmic fibers, but do not move. Elastase

treatment of vesicles inhibits both binding and movement. We conclude

that a protein component on the surface of cholinergic synaptic vesicles

from electric fish is conserved during evolution and so can be recog

nized by the organelle trans locating machinery of the squid axon,

resulting in ATP-dependent movement. Synaptic vesicles apparently

retain the capacity for fast axonal transport, even after they reach

their intracellular destination.

INTRODUCTION

Membrane bound organelles are actively trans located in most cell

types (Schliwa, 1984). A particularly well studied type of organelle

trans location is the movement of membrane components in the axons of

nerve cells at very rapid rates (2 to 5 pm per second, see Grafstein &

Forman, 1980; Schwartz, 1979). Morphological studies have shown that

some organelles such as mitochondria can be transported in both the

retrograde and anterograde directions while small vesicles and tubules
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prefer the anterograde, and larger multivesicular membranes the retro

grade direction (Smith, 1980; Tsukita & Ishikawa, 1980; Fahim et al.,

1985; Miller & Lasek, 1984). Included in the axonal components that

migrate at fast speeds in both directions are the proteins of the

synaptic vesicle (Dahlstrom et al., 1981; Caroni et al., 1985), although

it is not known what type of membrane organelle transports them.

Synaptic vesicles accumulate at nerve terminals, often filling much of

the cytoplasmic space. Accumulation of synaptic vesicles in nerve

terminals could be explained if, for example, their membrane lacked some

component required for retrograde trans location.

Recently developed reconstituted systems that accurately reproduce

the trans locations seen in whole axons provide an opportunity to ask if

purified synaptic vesicles retain their translocation capacity. AVEC

DIC (Allen video-enhanced contrast, differential interference contrast;

Allen et al., 1981; Allen & Allen, 1983) light microscopy allows us to

see the movement of endogenous synaptic vesicle sized organelles moving

along axonal cytoskeleton even after it is extruded from the axon (Brady

et al., 1982, 1985) and hypotonically or mechanically dissociated (Allen

et al., 1985; Vale et al., 1985a; Schnapp et al., 1985). Membrane

fractions isolated from squid axoplasm retain their capacity to move

when added back to extruded axoplasm or purified microtubules from brain

or flagella (Gilbert et al., 1984; Vale et al., 1985a, b, c ; Gilbert et

al., 1985).

We have purified and characterized acetylcholine containing

synaptic vesicles from the terminals of neurons that innervate the

electric organ of marine rays (Carlson et al., 1978; Wagner et al.,

1978). Despite the species difference, we find that such synaptic
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vesicles are trans located efficiently by the extruded squid axoplasm. A

protein component of the vesicle membrane appears to be required for the

ATP-dependent trans location and for the binding of vesicles to cyto

skeleton seen in the presence of a non-hydrolyzable ATP analog that

inhibits trans location.

MATERIALS AND METHODS

Fluorescent Labelling of Synaptic Vesicles

Synaptic vesicles were prepared from the electric organ of the

marine ray Discopyge ommata as described in Carlson et al. (1978) and

Wagner et al. (1978). 10 ug of synaptic vesicles were incubated for 4

hr at 4°C in 200 ul of a precleared solution of Texas Red (Molecular

Probes, Junction City OR) in Homogenization Buffer (0.4M NaCl, 10mM

Hepes pH 7.4, and 10mM EGTA). The labelling reaction was stopped by

pelleting (30 min at 100,000 x g in a Beckman Airfuge) and the synaptic

vesicles were washed twice by cycles of pelleting and resuspension in

Homogenization Buffer.

As a control, the movement of fluorescent beads was analysed. In 2

of 5 experiments carboxylated latex/polystyrene beads ("fluoresbrite

microspheres", Polysciences Inc., Warrington PA) were preincubated with

15% bovine serum albumin in 150mM NaCl for 1 hr at 4°C, then washed as

above. In the remaining 3 experiments, the beads were simply washed

twice in Homogenization Buffer.

Manipulations of Axoplasm

Giant postganglionic axons were dissected from the squid Loligo

pealei and the axoplasm was extruded onto a coverglass (Brady et al.,
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1985). “50 to 100 ng of fluorescent synaptic vesicles in 0.5 l/1 of half

strength Buffer X (final composition of 175mm K aspartate, 65mm taurine,

30mM betaine, 25mm glycine, 6.5mm MgCl2, 5mm EGTA, 1.5 mM CaCl2, 0.5mm

ATP, 0.5mm glucose, 10mM HEPES, pH 7.2) was pipetted onto the axoplasm

using polyethylene tubing (Clay Adams, Div. of Becton Dickinson and Co.,

Parsippany, N.J.) and a Hamilton syringe (Hamilton Co., Reno, NV). The

axoplasm was gently spread apart with a forceps to disrupt it slightly

and facilitate entry of fluorescent synaptic vesicles. The preparations

were covered with a second cover glass and incubated at 4°C for 30 min,

then at 17°C for 30 min to 3 hr before they were examined. We looked

for motility of vesicles in the center of the bulk axoplasm at least 10

lim below the covers lip. To examine the effects of apyrase and AMP-PNP,

the chamber containing axoplasm was perfused (Brady et al., 1985) with

~20 ul of apyrase (Sigma, 0.5 mg/ml) or AMP-PNP (5' adenylylimidodiphos

phate, Boehringer Mannheim, 5mm) in half strength Buffer X.

Synaptic Vesicle Treatments

Trypsin (Sigma) and Pronase (Calbiochem) digestions were performed

on 10 ug of vesicles with 6 ug/ml enzyme in a final volume of 40 p.1 for

16 hr at 4°C. These incubation conditions have been shown to alter

synaptic vesicle proteins (Wagner & Kelly, 1979). Elastase: 10 ug of

synaptic vesicles were digested with 1 ug/ml elastase (Sigma) for 12 hr

at 4°C. All the above manipulations were carried out in Homogenization

Buffer. The protease digestions were stopped by the addition of 1%

diisopropylfluorophosphate (Sigma) in 95% ethanol to a final concentra

tion of 0.02%. All treated particles were washed twice as described

above before they were fluorescently labelled.
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Video Microscopy

Endogenous particle movement in axoplasms was viewed on a Zeiss

Axiomat microscope equipped with a differential interference contrast

100X planachromatic objective (Brady et al., 1982, 1985). Observations

of fluorescent vesicles were made with a 100 W Hg light source and

rhodamine excitation/barrier filter set (Carl Zeiss Inc., Thornwood

N.Y.), DIC images used either a 100 W Tungsten or 50 W Hg light source,

and most images were recorded using a Hamamatsu C-1000-12 silicon

intensified target camera and a SONY V05850 3/4 inch videocassette

recorder. Some DIC images were recorded using a Chalnicon camera. Still

photographs were made from the video monitor on Tri-X pan film developed

in Microdol-X (both from Kodak).

Velocity and Directionality Measurements

Velocity measurements were made by manually tracing uninterrupted

vesicle movements on the video screen and measuring time and displace

ment. Velocities were calculated for individual movements of several

particles. To determine the directionality of synaptic vesicle move

ments, the number of particles traversing an arbitrary line (perpen

dicular to the long axis of the axoplasm) in either direction in a video

field during a 30 sec to 2 min interval was determined. The percent of

vesicles moving anterogradely was calculated for each field. The values

given in Table 1 are the means (it standard deviation) of the percent

anterograde movement for all fields (i = the number of fields, n = the

total number of particle movements tallied).
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RESULTS

Synaptic vesicles (80 nm in diameter) from the electric organ of the

elasmobranch Discopyge ommata were purified as previously described

(Carlson et al., 1978; Wagner et al., 1978) and fluorescently labelled

with the sulforhodamine derivative Texas . Red (see Materials and

Methods). This fluorochrome covalently labels amino groups of macro

molecules under mild conditions. The free dye is hydrophilic and is

easily separated from the synaptic vesicles by pelleting and washing.

Fluorescent vesicles were added to extruded axoplasm from the giant axon

of the squid Loligo pealei (Brady et al., 1982) in a buffer with similar

ionic composition but half the ionic strength of squid axoplasm (half

strength Buffer X, described in Materials and Methods). Addition of

this buffer to extruded axoplasm disperses the highly organized axo

plasmic matrix somewhat and promotes "fraying" at the edges (Brady et

al., 1985; Allen et al., 1985; Vale et al., 1985a; Schnapp et al.,

1985). Using video enhanced contrast differential interference contrast

(AVEC-DIC, Allen et al., 1981; A11en & Allen, 1983) microscopy, we ob

served the movement of endogenous small (50 to 100 nm diameter) vesicles

in the axoplasm at velocities of 1 to 2 microns per second at 21°C.

This is similar to the velocities of similar sized particles in the

intact squid axon (Allen et al., 1982), extruded axoplasm (Brady et al.,

1982, 1985) and for the movement of squid vesicles in dissociated

axoplasm (Vale et al., 1985a) or on purified microtubules (Vale et al.,

1985b, c, Gilbert et al., 1985). When the same preparations were

examined by fluorescence video microscopy using a silicon-intensified

target camera, fluorescent synaptic vesicles were observed to exhibit
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TABLE 1

To score the axoplasm for motility and to measure velocity and

directionality of transport we examined particle movement in the center

of bulk axoplasm, where movement was common and more organized than at

the axoplasmic "fringe". Only axoplasms exhibiting good endogenous

particle motility when viewed by AVEC-DIC microscopy are considered

here.

*Individual axoplasms were scored positive for motility if any non

Brownian fluorescent vesicle movement was detected. Quantitative

differences between preparations are discussed in the text.

#To determine if particles bound to isolated fibrils, preparations were

perfused with 5mm AMP-PNP and scored for the presence of aligned fluor

escent particles that co-localized with fibrils at the axoplasmic

periphery seen in AVEC-DIC (examples are shown in Figure 2).

ŠThe velocities given are the mean it standard deviation of a number of

individual fluorescent synaptic vesicle movements (the number of move

ments is given in parentheses).

TThe values given are the mean it standard deviation of the percent of

vesicles moving in the anterograde direction. n, the number of indivi

dual vesicle movements tallied. i., the number of video fields examined.

See Materials and Methods for further details on the velocity and direc

tionality measurements. N.A., Not Applicable.
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movement that was indistinguishable from the behavior of endogenous

squid vesicles of similar size in the same field observed by DIC optics.

The fluorescent vesicles moved at ~2 microns per second (Table 1), often

changing direction or disappearing from the plane of focus, like the

endogenous organelles. The disorganized movement of both the fluor

escent synaptic vesicles and endogenous particles compared to intact

axoplasm was due to the introduction of vesicles in half strength Buffer

X to the preparation (see Materials and Methods). Transported vesicles

moved in smooth highly directional traverses with a path length consi

derably longer than the amplitude of Brownian motion. Fluorescent

vesicles outside the axoplasm exhibited only Brownian movement.

To illustrate fluorescent synaptic vesicle movement six sequential

1 second photographs were taken from a region of the video monitor. One

vesicle was sufficiently bright and distant from others that movement

was easy to follow (Figure 1). Since the vesicles were moving at 1 to 2

um per second, the trans locating vesicle appears as a streak on the

photographs (arrowheads, Figure 1) in the direction of movement. Fluor

escent vesicle movement was seen in every active axoplasm preparation

that we examined (Table 1), and many (10 to 100) fluorescent synaptic

vesicles moved in each video field. At least 70% of all active fields

containing fluorescent vesicles showed movement. The fluorescently

labelled synaptic vesicles moved in both anterograde and retrograde

directions but showed a modest preference for anterograde movement;

approximately 64% of the vesicle trans locations were in the anterograde

direction (Table 1). The movements of fluorescent synaptic vesicles and

similar sized endogenous particles were essentially indistinguishable,

although the low contrast endogenous particles were much harder to
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FIGURE 1. Sequential photographs (1 sec exposures, 1 per sec,

photographed at f=11) of the video monitor.

The irregular streak (closed arrowhead) is the track of a moving

fluorescent synaptic vesicle during the exposure. The open arrow marks

a stationary reference point. Bar = 2 pm. x4000.
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follow making directionality measurements difficult.

Like endogenous organelle movement, that of fluorescent vesicles

was ATP dependent (Brady et al., 1985; Adams, 1982). The enzyme

apyrase, which hydrolyzes ATP and ADP and stops endogenous fast axonal

transport (Brady et al., 1985) inhibited the long, directed trans loca

tions of fluorescent and endogenous vesicles. The vesicles made small

jittery movements corresponding to Brownian motion, behaving as if they

were free to diffuse in the viscous axoplasm and not bound to cyto

skeleton. In contrast, when preparations were treated with AMP-PNP,

(5' adenylylimidodiphosphate), a non-hydrolyzable ATP analog (Brady et

al., 1985; Lasek & Brady, 1985), all endogenous particle and fluorescent

synaptic vesicle movement in the bulk axoplasm, including Brownian

motion, was inhibited. Brownian movement of free vesicles outside the

axoplasm was unaffected. It appears therefore that the ATP analog

permits binding but not trans location of fluorescent vesicles. Binding

was reversible since the addition of a 10-fold excess of ATP caused the

release of fluorescent synaptic vesicles from the fibrils (see below)

and a restoration of movement in the axoplasm, as is seen for endogenous

particles (for details of the AMP-PNP induced inhibition; see Lasek &

Brady, 1985).

The low ionic strength buffer that was used promotes fraying of the

cytoskeleton at the edge of the axoplasm, making it easier to see

individual cytoskeletal fibrils (Schnapp et al., 1985). These fibrils

support ATP-dependent movement of endogenous organelles and are occa

sionally decorated with nonmoving particles. Fluorescent vesicles were

not bound to cytoskeletal fibrils, although they could be seen in

Brownian motion in the surrounding buffer. When the peripheral "fringe"
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region is examined in the presence of AMP-PNP, moving endogenous par

ticles are observed to freeze and accumulate on the fibrils (Lasek &

Brady, 1985). Similarly, when axoplasms containing active fluorescent

synaptic vesicles were perfused with AMP-PNP, stationary vesicles

appeared in the fringe region. When fields containing aligned sta

tionary fluorescent vesicles were then examined using AVEC-DIC micro

scopy, the positions of particles seen in fluorescence often co-loca

lized with fibrils seen by AVEC-DIC (Figure 2a and b). In many cases

stationary fluorescent vesicles could be identified in AVEC-DIC as

particles indistinguishable from endogenous particles bound to a fibril.

If other particles serve to attach the fluorescent synaptic vesicles to

the fibrils they were too small to be seen in the video images.

Polystyrene beads injected into fibroblasts (Beckerle, 1984) and

axons (Adams & Bray, 1983) are trans located. When fluorescent, nega

tively charged 0.1 pm latex/polystyrene beads were introduced into the

axoplasm movement was not observed (Table 1). Latex/polystyrene beads

have a tendency to adsorb proteins (Vale et al., 1985b, c, d; Beckerle,

1984), and so could bind non-specifically to axoplasmic elements. After

preincubation with bovine serum albumin to reduce non-specific binding

the pretreated beads still did not move. When AMP-PNP was used to

inhibit endogenous particle transport yet allow binding, no beads were

seen to accumulate on fibrils. These results suggest that the fluores

cent beads can neither bind to nor be trans located on cytoskeletal

fibrils in squid axoplasm under conditions where exogenously added

synaptic vesicles do.

To examine the nature of the interaction between axoplasm and

fluorescent synaptic vesicles, we attempted to inhibit their movement by
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FIGURE 2 . AMP-PNP induces binding of fluorescent synaptic vesicles to

cytoskeletal filaments.

Extruded axoplasm that was engaged in active transport of

fluorescent vesicles was perfused with 5ml■ AMP-PNP in half strength

Buffer X. When all movement had stopped, the peripheral "fringe" region

was examined for stationary, aligned fluorescent synaptic vesicles (3

second exposures photographed at f=8).

a) untreated fluorescent vesicles attached to filaments.

b) AVEC-DIC image of the same field.

c) and e) trypsin digested vesicles also bind to filaments in the

presence of 5mm AMP-PNP.

d) and f) AVEC-DIC images of the respective fields.

Arrows (a and b) and arrowheads (c through f) indicate the fluorescent

vesicles. Bar = 2 kum. x4375.
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altering their surface proteins using different proteases (see Table 1).

Digestion with elastase inhibited fluorescent vesicle trans location and

binding in the presence of AMP-PNP. Brownian motion continued, sugges

ting that the vesicles were not simply "stuck" in axoplasm. In these

experiments, the motility of endogenous particles viewed using AVEC-DIC

was unaffected, providing an internal control. In 6 of 8 experiments,

no movement of elastase treated vesicles was seen in 50 to 100 video

fields of active axoplasm containing fluorescent vesicles; without

elastase pretreatment more than 70% of the fields show movement. Even in

the two cases where movement was observed it occurred in only 1 or 2 out

of the many video fields examined and was only observed in areas where

endogenous particles were extremely active. Perhaps soluble factors

(Vale et al., 1985b, c, d) may be adsorbing onto the fluorescent vesicles

or they may be interacting with other vesicles in these particularly

active regions. In the presence of AMP-PNP endogenous motility was

inhibited, but we saw no accumulation of elastase-treated fluorescent

vesicles on fibrils at the axoplasmic periphery although endogenous

particles did accumulate.

We also treated vesicles with trypsin or pronase. At the concentra

tions of the enzymes used in this study synaptic vesicle motility was

not inhibited. In almost every video field containing fluorescent

vesicles and active endogenous vesicles the fluorescent vesicles moved

with the same velocity. These proteases did not affect the ability of

the vesicles to accumulate on fibrils at the "axoplasmic fringe" in the

presence of AMP-PNP (see Figures 2c through f). However the trypsin and

pronase treated vesicles no longer had a preferred direction of move

ment, but moved equally well in both anterograde and retrograde direc
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tions. The mean values obtained for percent movement of treated

vesicles in the anterograde direction (~50%) are significantly different

(P ‘ 0.01) from untreated vesicles (64%, see above and in Table 1).

DISCUSSION

From these data we conclude that highly purified synaptic vesicles

isolated from nerve terminals of a cartilaginous fish are competent to

move in squid axoplasm with the same velocity and ATP dependence as

endogenous squid vesicles of the same size. These synaptic vesicles

represent a population that was not actively engaged in axonal transport

when isolated. Apparently the ability to be trans located is not lost on

arrival at the nerve terminal. Preparations of squid axoplasmic mem

branes of unknown origin or purity are also transported when added back

to axoplasm (Gilbert & Sloboda, 1984) or to purified microtubules from

brain or flagella (Vale et al., 1985b, c ; Gilbert et al., 1985). The

transport of exogenous synaptic vesicles described here shows that a

simple membrane from a different species is transported efficiently and

specifically.

The attachment and movement of synaptic vesicles along cytoskeletal

elements of squid axoplasm is destroyed by elastase treatment (Table 1).

After protease treatment, endogenous membrane vesicles from squid

axoplasm also lost their ability to move on cytoskeletal elements,

either in extruded axoplasm (Gilbert & Sloboda, 1984) or a reconstituted

system (Vale et al., 1985b). It should be relatively simple to identify

the vesicle proteins involved in binding and motility, since only a few
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synaptic vesicle polypeptides are present at greater than one copy per

vesicle (Wagner & Kelly, 1979), and not all of these are sensitive to

external proteases, In addition, an alkaline wash did not perturb the

trans location capacity of synaptic vesicles (data not shown). It is

likely, therefore, that attachment of synaptic vesicles to cytoskeletal

elements involves an integral membrane protein. The preliminary data

with pronase and trypsin digestion imply that such membrane proteins may

also play a role in the preferred directionality of fluorescent vesicle

movement.

Recent evidence suggests that squid axoplasm contains soluble

factors that can adsorb to glass or to latex/polystyrene beads with a

negative surface charge. In the presence of ATP, purified microtubules

move with respect to the bound factors (Vale et al., 1985b, c). Non

specific adsorption of such factors to protease treated membranes

apparently does not occur, perhaps because their charge density is

different from that of glass or latex. When latex beads are injected

into axons or the cytoplasm of cells those that move do so at close to

normal speeds (Beckerle, 1984; Adams & Bray, 1983). In our case,

however, addition of latex/polystyrene beads to extruded axoplasm

yielded no detectable movement. There are several possible explanations

of the apparent discrepancy between the movement of beads in the dif

ferent systems. For example, in the extruded axoplasm, there might be

an insufficient amount of free motor to coat beads, an inhibitor of

movement might bind beads (but not membranes), or the beads might be

bound to stationary structures such as microtubules. Too little is known

at present about the non-specific adsorption of cytoplasmic factors to

beads to be able to distinguish between such possibilities.
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An additional distinction between the behavior of vesicles and of

beads coated with soluble factors is particle velocity. In all cases in

the squid system (Table 1 and Allen et al., 1985; Gilbert & Sloboda,

1984; Gilbert et al., 1985; Vale et al., 1985a, b, c), membrane vesicles

move at 1.6 pm per second or more whereas beads move at less than 0.5 lim

per second. Comparison of the movement of soluble factors attached

specifically to membranes and non-specifically to beads should help

elucidate what is required for specific and directional transport in

cells.
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