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Abstract. Organelles are not uniformly distributed
throughout the cytoplasm but have preferred locations
that vary between tissues and during development. To
investigate organelle targeting to cytoplasmic domains
we have taken advantage of the mouse pituitary cell
line, AtT-20, which, when induced to extend long
processes, accumulates dense core secretory granules
at the tips of the processes. During mitosis, these
secretory granules accumulate along the plane of divi-
sion. Protein synthesis is not mandatory for such
redistribution of secretory granules. To explore the
specificity of the redistribution we have used trans-
fected AtT-20 cells that express the immunoglobulin
kappa light chain. While the endogenous hormone
ACTH is found in secretory granules, the kappa chain
is a marker for organelles involved in constitutive
secretion. By immunofluorescence, kappa also ac-

cumulates at the tips of growing processes, and along
the midline of dividing cells, suggesting that the redis-
tribution of vesicles is not specific for dense-core
secretory granules. Since there is evidence for selec-
tive organelle transport along processes in neuronal
cells, the rat pheochromocytoma cell PC-12 was trans-
fected with DNA encoding markers for regulated and
constitutive secretory vesicles. Again regulated and
constitutive vesicles co-distribute, even in cells grown
in the presence of nerve growth factor. We suggest that
at least in the cells studied here, cytoskeletal elements
normally carry exocytotic organelles to the surface;
when the cytoskeletal elements coalesce in an extend-
ing process, exocytotic organelles of both the constitu-
tive and regulated pathway are transported nonselec-
tively to the tips of the cytoskeletal elements where
they accumulate.

NDERSTANDING how a cell acquires its distinctive
morphology requires knowledge of how proteins are
targeted to different organelles and how organelles

are targeted to different regions of the cytoplasm. The mouse
pituitary cell line, AtT-20, has already been useful for under-
standing the sorting of secreted proteins into secretory vesi-
cles (for review, see Kelly, 1985). In this study, AtT-20 cells
were used to explore mechanisms by which organelles ac-
cumulate in specific regions of the cytoplasm.

Cells of the mouse pituitary line, AtT-20, extend long
processes when grown in the presence of 8-Br-cAMP. Using
immunofluorescence to detect ACTH, a hormone secreted by
AfT-20 cells, we found that the tips of processes were packed
with hormone (Kelly et al., 1983; Burgess et al., 1985). The
tips also contained dense-core granule membrane proteins
(Buckley and Kelly, 1985). Electron microscopy demon-
strated a high concentration of dense core granules (Kelly et
al., 1983), shown by immunoelectron microscopy to contain
ACTH (Burgess et al., 1987; Tooze and Tooze, 1986). Ac-
cumulation of dense-core secretory granules in regions of
AtT-20 cells offered an opportunity to ask what might cause
targeting of organelles to cytoplasmic domains, a phenom-
enon found commonly in differentiated cells, especially
neurons.

The AtT-20 cell line has two pathways of protein secretion.
Proteins that enter the regulated pathway are stored in dense-
core secretory granules until the granules are triggered to
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fuse with the plasma membrane by an external signal. Pro-
teins that exit constitutively are contained in secretory vesi-
cles that release their contents by exocytosis without external
stimulation. By DNA transfection, we have generated cell
lines that secrete the immunoglobulin light chain, kappa, ex-
clusively by the constitutive pathway (Matsuuchi, L., and
R. B. Kelly, unpublished observations). The level of kappa
chain expression is high enough to be readily detected by im-
munofluorescence, and so can be used to determine where
in the cell the regulated and the constitutive secretory vesi-
cles are targeted. The transfected cell lines have revealed that
constitutive secretory vesicles also accumulate in cytoplas-
mic regions associated with the ends of microtubules, In the
cells studied here, organelie location in the cell could be ex-
plained by a transport mechanism along microtubules that
does not distinguish between regulated secretory granules
and constitutive secretory vesicles. It also appears likely that
lysosomes and mitochondria are transported by the same or
a similar mechanism.

Materials and Methods

Materials

The MPC-11 kappa and the SI07 kappa expression vectors were constructed
from genomic clones for the MPC-11 kappa (obtained from B. Van Ness,
University of fowa, Towa City, IA) or the SI07 kappa (obtained from S. Mor-
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rison, Columbia College of Physicians and Surgeons, New York, NY) and
pRSVCAT (Moore and Kelly, 1985) using standard procedures. The anti-
biotic G418 (Gentecin) was obtained from Gibco (Grand Island, NY).
8-Bromo-adenosine 3'-5’ cyclic monophosphate, dibutryl-cAMP, methyl
(5-[2 thienly carbonyl]-1H benzimedazol-2-yl) carbamate (nocodazole), and
1,4-diazabicyclo (2.2.2) octane (DABCO) were from Sigma Chemical Co.
(St. Louis, MO). Nerve growth factor (7S) from mouse submaxillary gland
was from Calbiochem/Behring Diagnostics (La Jolla, CA). Laminin was a
generous gift from Deborah Hall and Louis Reichardt (University of
California, San Francisco, San Francisco, CA). Paraformaldehyde was from
J. T. Baker Chemical Co. (Phillipsburg, NJ). Trans-¥S label was from
ICN Radiochemicals (Irvine, CA). Rabbit anti-mouse kappa chain antisera
was from Miles Labs, Inc. (Elkhart, IN) and from ICN Immunobiologics
(Irvine, CA). Goat anti-rabbit-FITC and sheep anti-rabbit-rhodamine were
from Cooper Biomedical (Malvern, PA). Biotinylated goat anti-rabbit and
biotinylated horse anti-mouse immunoglobulin light and heavy chain were
from Vector Labs (Burlingame, CA). Strepavidin-FITC was from either
Bethesda Research Laboratories (Gaithersburg, MD) or from Molecular
Probes (Eugene, OR). Guinea pig anti-porcine insulin was from Linco Re-
search, Inc. (Eureka, MO). Rabbit anti-guinea pig IgG-FITC was from
E. Y. Labs (San Mateo, CA).

Cell Culture and Transfection

The AtT-20 cell lines expressing mouse immunoglobulin kappa light chain
(MPC-11 kappa or S107 kappa) were generated by DNA-mediated transfec-
tion of expression vectors containing genomic kappa light chain genes and
the Rous Sarcoma virus (RSV) long terminal repeat as a promoter-enhancer
element (Matsuuchi, L., and R. B. Kelly, unpublished observations). Cells
were maintained in DME-H2I containing 10% FCS, penicillin (100 U/ml),
streptomycin (100 U/ml) and 0.25 mg/ml of the antibiotic G418, under an
atmosphere of 15% CO,.

PC12 cells, a rat pheochromocytoma cell line (Greene and Tischler, 1976)
were obtained from the University of California, San Francisco tissue cul-
ture facility. PCI2 cells expressing rat proinsulin were obtained from Erik
Schweitzer, University of Wisconsin (Madison, WI). Cells were maintained
in DME supplemented with 10% FCS, 5% horse serum, penicillin, and
streptomycin, under an atmosphere of 10% CO,.

Cell transfections were performed as follows. PCI2 cells were co-trans-
fected with two plasmid expression vectors, pSV2neo and pRSVAS' MPC-11
k-1 essentially as described (Schweitzer and Kelly, 1985). The amounts of
plasmid DNA were adjusted such that 3 x 10° PCI2 cells received a mix-
ture of 20 pg pSV2neo and 100 pg of pRSVAS'MPC-11 k-1 DNA. Trans-
fected cells were first selected in media containing 0.5 mg/ml G418 (active
drug) for one week at which point the concentration of drug was decreased
to 0.25 mg/ml. Stable clones were recovered, grown to mass culture and
tested for the production of kappa light chain by in vivo labeling followed
by immunoprecipitation with specific anti-kappa antisera.

Metabolic Labeling

Cells were labeled with radioactive cysteine and methionine as described
(Moore and Kelly, 1985). 5 x 10° cells were washed with PBS and then
with DME-H2! medium depleted of cysteine and methionine but supple-
mented with 2% FCS and penicillin/streptomycin. Cells were then incu-
bated for 5 h in depleted DME-H21 containing 100-200 uCi Trans-*S-la-
bel. The culture media was removed and cell extracts were prepared by
lysing cells in a detergent buffer, as described previously (Burgess and
Kelly, 1985). 5 pl of rabbit anti-mouse kappa antisera and prewashed Staph
A cells (Pansorbin, Calbiochem, San Diego, CA) were used to recover the
labeled kappa chain. Samples were analyzed on SDS-polyacrylamide gels.

Immunofluorescence

AT20 cells were grown on poly-p-lysine-coated glass coverslips in either
DME-H21 as described under cell culture or in medium containing 5 mM
8-Bromo-cAMP for 3-4 d to promote the extension of processes. Cells were
rinsed in PBS, fixed for 20 min at room temperature in 3% paraformalde-
hyde (wt/vol), pH 7.4, containing 0.1 mM CaCl, and 0.1 mM MgCl,
quenched for 5 min in 50 mM NH,CI and permeabilized in PBS contain-
ing 2% gelatin and 0.2% Triton X-100 (PGT). Primary antibodies were ab-
sorbed with formalin fixed, non-transfected AtT-20 cells before use. Anti-
bodies were clarified by centrifugation and by filtration through 0.45 um
Spin-X microfilters. Coverslips were incubated for 30 min at room tempera-
ture on a 10-15 pl drop of antibody. Coverslips were rinsed in PGT buffer
and incubated with a 10-15 pl drop of the secondary antibody. Coverslips
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were washed sequentially in PGT, PBS, and distilled H,O, mounted in
90% glycerol, 7.5% PBS, and 2.5% DABCO (Johnson et al., 1982). The
cells were visualized and photographed using a Nikon Diaphot TMD in-
verted scope equipped with a Nikon FE 35-mm camera. Similarly, bio-
tinylated antibodies were incubated with the coverslips for 30 min at room
temperature followed by a 30 min incubation with strepavidin-FITC.

To detect intracellular kappa chain, cells were incubated with preab-
sorbed rabbit anti-mouse kappa antisera (diluted 1:10). To detect intracellu-
lar ACTH, cells were incubated with an affinity purified rabbit anti-ACTH
antisera (diluted 1:10). Fluorescein-conjugated goat anti-rabbit antibodies
(diluted 1:300) were used to detect the primary antibody. For anti-kappa/
anti-ACTH double immunofluorescence, the kappa chain was detected with
a biotinylated horse anti-mouse immunoglobulin heavy and light chain anti-
body (diluted 1:40) followed by strepavidin-FITC (BRL; diluted 1:50, Mo-
lecular Probes; diluted 1:100). The ACTH was detected with the rabbit
anti-ACTH described above (diluted 1:60) and sheep anti-rabbit-rhodamine
(diluted 1:400).

PC12 cells were also grown on poly-D-lysine-coated glass coverslips
either in medium as described under cell culture or in medium containing
25 ng/ml of nerve growth factor and 1 mM dibutryl-cAMP to induce neurite
outgrowth. Intracellular insulin was detected with a guinea pig anti-insulin
antibody (diluted 1:400) followed by a rabbit anti-guinea pig IgG (diluted
1:100). Intracellular kappa chain was detected with preabsorbed (with non-
transfected PCI12 cells) rabbit anti-mouse kappa chain antisera (diluted 1:10)
followed by goat anti-rabbit antibody (diluted 1:50-1:100) and strepavidin-
FITC (diluted 1:50).

Electron Microscopy of AtT20 Cells

To examine the ultrastructure of processes extended by AtT-20 cells chroni-
cally exposed to cCAMP, cells were plated on poly-D-lysine-coated glass cov-
erslips and grown for one week in DME-H21 containing 5 mM 8-Bromo-
c¢AMP and 10% horse serum. Cultures were fixed with 3% glutaraldehyde
in 0.1 M sodium cacodylate buffer and processed for electron microscopy
as described (Buckley and Landis, 1983). Mitotic cells were chosen at ran-
dom from cells grown in DME-H21/10% horse serum without cAMP or
nocodazole. Cultures were sectioned in a plane parallel to the coverslip.

Enrichment of Mitotic Cells

Mitotic cells were enriched for those in telophase as described (Tooze
and Burke, 1987). Cells were grown on poly-D-lysine-coated coverslips in
DME-H21 containing 10% FCS and penicillin/streptomycin. Cells were in-
cubated in medium containing 40 ng/ml nocodazole for 2-3 h to accumulate
metaphase cells. The nocodazole containing medium was removed, the cells
were washed, and fresh medium was added. Samples were fixed immedi-
ately or at 30-, 60-, or 90-min intervals after the removal of nocodazole and
stained for intracellular kappa chain or ACTH as described in the immu-
nofluorescence section. Nuclei were stained for 10 min at room temperature
in 2 pg/ml bisbenzamide (Hoechst nuclear stain).

Process Extension in AtT-20 Cells in the
Presence of Cyclohexamide

AtT-20 cells were washed off tissue culture plates with calcium-magnesium
free PBS containing 5 mM EGTA. The cells were collected by centrifuga-
tion and resuspended in methionine and cysteine deficient DME-H21 medi-
um containing one-fifth normal medium and either 10 pm cyclohexamide
(final concentration) or an equal volume of PBS. For the morphological
studies of process extension, AtT-20 cells were plated on laminin-coated
plates at a concentration of 131,000 cells per cm?. Photographs of the cells
were taken at hourly intervals. At each time point 500 cells were counted
and the number of cells containing processes greater than one cell body
length was assessed. Tissue culture plates were coated with laminin by in-
cubating them overnight at 4°C in PBS containing 20 pg/ml laminin and
plates were rinsed with PBS before plating cells. For immunofiuorescence,
plastic coverslips were coated with laminin and the cells were stained with
antibodies as described above.

To monitor the extent of protein synthesis, TCA-precipitable labeled pro-
teins were monitored. Cells were plated in laminin-coated 24-well plates at
206,000 cells/cm? with 10 puCi/well of trans-*>S label with or without cy-
clohexamide as described. At each time point, the medium was aspirated
and the cells solubilized with 1 ml per well of NDET buffer (Burgess et al.,
1985). The extract was spun at 12,000 g for 10 min, the supernatant col-
lected, and phenylmethylsulfonyl fluoride (PMSF) and iodoacetamide
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Figure 1. AtT-20 cells grown on laminin. Unipolar processes con-
taining ACTH can be seen when AtT-20 cells are grown on laminin-
coated glass coverslips. A juxtanuclear Golgi region containing im-
munoreactive ACTH as well as an accumulation of ACTH at the
pole opposite the process is also visible. Cells were stained with
rabbit anti~ACTH antibody and goat anti-rabbit FITC. Bar, 24 um.

added to a final concentration of 0.3 mg/ml. 200 ul of the extract was added
to an equal volume of 10% TCA in PBS and incubated on ice for 15 min.
The precipitated material was collected on Whatman GF/B glass filters and
counted with Ecolite (Westchem, San Diego, CA) scintillation fluid.

Results

Process Extension is Associated with Accumulation of
Secretory Granules

Under normal growth conditions the mouse pituitary cell
line, AtT-20, has an pleiotropic morphology similar to that
of pituitary corticotrophs. When cells are grown in 8-Bromo-
cAMP, process extension is stimulated, the cells increase in
size and become flatter, and the tips of the processes accumu-
late the endogenous hormone, ACTH (Kelly et al., 1983;
Buckley and Kelly, 1985; Burgess et al., 1985; Tooze and
Burke, 1987). When process extension was induced in AtT-
20 cells in ways that avoid prolonged exposure to a stimulus
such as cAMP, the tips of processes still accumulated ACTH.
For example, if AtT-20 cells were grown on the extracellular
matrix component laminin, they developed a unipolar shape
within 3-6 h. In most cases the Golgi apparatus, visualized
as juxtanuclear ACTH staining, was oriented towards the
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long process (Fig. 1). The hormone accumulated at the tip
of the long process, but also at the opposite pole of the cell.
Even in the absence of cAMP or laminin, some cells in the
population extended long processes that accumulated ACTH
at their tips. This is especially noticeable when cells were
plated at low density. We have isolated clonal variants of
AtT-20 cells that extend long processes in normal media even
in the absence of 8-Bromo-cAMP or extracellular matrix
components. The regulated secretory pathway was unaltered
in such clones (not shown). Taken together the data imply
that stimulation of secretion with cAMP is not essential for
process development or the distribution of ACTH-containing
vesicles at process tips. Whether AtT-20 processes are single
or multiple, thick or thin, branched or unbranched, they can
accumulate secretory granules containing ACTH at their
tips.

Under normal growth conditions, secretory granules, de-
tected by their electron dense cores, are distributed through-
out the cytoplasm, although they preferentially line up along
the plasma membrane. After process extension was induced,
electron microscopy confirmed the presence of dense core
granules at the tips of processes (Fig. 2; Kelly et al., 1983).
At the tips the secretory granules filled the cytoplasmic space.

Protein Synthesis is not Required for
Vesicle Redistribution

If process extension required de novo protein synthesis, then
blocking protein synthesis should inhibit process formation.
About one-half of the AtT-20 cells in a culture dish could ex-
tend processes as early as 3-6 h after cells were plated on
a laminin substrate. To determine if protein synthesis was es-
sential for process extension, cells were plated on laminin in
the presence or absence of cyclohexamide (10 uM). Using in-
corporation of [**S]methionine into acid-precipitable mate-
rial as a measure of the extent of protein synthesis, inhibition
was greater than 95 % after a 2-h exposure to cyclohexamide.
Despite almost complete inhibition of protein synthesis, pro-
cess extension could still occur. The number of cells extend-
ing processes was reduced, but was still ~50% of the num-
ber extending processes in the absence of cyclohexamide
treatment (Fig. 3). Process extension in the absence of pro-
tein synthesis has been observed in neuroblastoma cell lines
(Seeds et al., 1970) and in isolated sensory ganglion growth
cones (Shaw and Bray, 1977; Baas et al., 1987). By immuno-
fluorescence the ACTH-containing secretory granules could
also redistribute to the tips of processes even in the absence
of protein synthesis (data not shown). The induced change
in morphology should probably be considered a rearrange-
ment or redistribution of preexisting organelles and cyto-
skeleton, at least in its early stages.

Constitutively Secreted Proteins also Accumulate
at the Growing Tips

We next asked if there was selectivity in the targeting mecha-
nism. In AtT-20 cells, regulated secretory granules detected
by their hormone content accumulate at the tips of processes.
If accumulation were selective for regulated secretory vesi-
cles, secretory vesicles carrying constitutively secreted pro-
tein would be absent from the ends of processes. To identify
constitutive secretory vesicles, we used a transfected AtT-20
cell line that expressed an immunoglobulin kappa light chain.
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Figure 2. Accumulation of organelles in processes. Dense core granules and other small clear vesicles can be seen filling the cytoplasmic
space at the end of a process. Mitochondria can also be seen streaming into the process. Bar, 1 um.
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Figure 3. Quantitation of the number of cells with processes after
cyclohexamide treatment. AtT-20 cells were treated with either
10 pm cyclohexamide or PBS and plated onto laminin-coated tissue
culture dishes. At the times indicated dishes were photographed and
numbers of cells containing processes per 500 cells in the photos
were counted. In parallel cultures protein synthesis was inhibited
95%. (¢), no cyclohexamide; (#), 10 uM cyclohexamide.
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The secretion of kappa chain from cell lines expressing both
tow and high levels of light chain has been examined by pulse
and chase experiments and in both cases kappa chain was
secreted rapidly from the cell with a time course comparable
to secretion from antibody secreting lymphoid cells. In addi-
tion, conditions that result in a fourfold stimulation in the re-
lease of ACTH from hyperexpressing cells resulted in no
stimulation of the secretion of kappa chain. These results
suggest that kappa chain was not stored in regulated secre-
tory vesicles and that the majority if not all kappa chain was
probably all secreted via the constitutive pathway. To ask if
dense-core vesicles containing ACTH and constitutive vesi-
cles containing kappa light chain accumulated in different
regions of the cell, kappa expressing AtT-20 cells (clone
AtT20/pRSV-MPC-11k) were induced to form processes.
Kappa chain, detected by immunofluorescence, accumulated
at the tips of processes and at a perinuclear region which we
identified as Golgi by paraliel staining with wheat germ ag-
glutinin (not shown).

The number of processes containing ACTH or kappa chain
was quantified by counting the fraction of processes with de-
tectable immunofluorescent staining for each. No significant
difference was observed. 87 cells containing 166 processes
were counted and 79% had detectable ACTH. 117 cells con-
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Figure 4. Double immunofiuorescence of transfected AtT-20 cells expressing the secreted MPC-11 kappa light chain and the endogenous
hormone, ACTH. Cells were grown on poly-D-lysine-coated coverslips in the presence of 5 mM 8-Br-cAMP for 4 d. Cells were stained
with rabbit anti-ACTH and biotinylated horse anti-mouse heavy and light chain. The antigen-antibody complexes were detected with sheep
anti-rabbit-rhodamine and strepavidin-FITC. (a and ¢} anti-kappa; (b and d) anti-ACTH.
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Figure 5. Double immunofluorescence of the Golgi region of a transfected AtT-20 cells expressing the secreted MPC-11 kappa light chain
and ACTH. Immunofluorescence was performed as described in Fig. 4. (@) anti-kappa; (b) anti-ACTH. Bar, 6 pm.

taining 314 processes were counted and 75% had detectable
kappa chain. Moreover, by comparing cells double stained
by immunofiuorescence for kappa chain and for ACTH,
kappa chain clearly colocalized with ACTH to the ends of
processes (Fig. 4). In controls using only the secondary an-
tibodies, no cells had detectable staining. Non-transfected
AtT-20 cells had no detectable staining with anti-kappa anti-
bodies nor was there detectable spillover of the fluorescein
fluorescence into the rhodamine channel and vice versa.
This suggests that constitutive secretory vesicles accumulate
at the tips just as readily as secretory granules.

A noticeable difference between the distribution of the
kappa light chain and ACTH in the cells (Fig. 4) was the rela-
tively higher concentration of kappa in the Golgi region.
This could be due to the preference of the anti-ACTH anti-
bodies for the mature form, found in mature and immature
secretory vesicles, to the precursor form, proopiomelano-
cortin, found in the Golgi. If anti-ACTH antibodies prefer-
entially detect secretory granules that contain mature ACTH,
then the distribution of kappa and ACTH immunofluores-
cence would be expected to differ in the Golgi region. This
was indeed found in many cases (Fig. 5). The anti-kappa an-
tibodies had a reticular distribution while the anti-ACTH an-
tibodies showed a more punctate pattern. If longer exposures
were taken, ACTH staining could be seen in all the reticular
regions that express kappa. This is consistent with a model
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in which kappa and the precursor to ACTH, proopiomelano-
cortin, are together in the majority of the Golgi regions, but
segregate during the formation of immature granules. Pro-
teolytic processing of proopiomelanocortin to ACTH occurs
in immature granules (Tooze and Tooze, 1986).

The codistribution of kappa-containing vesicles and
ACTH-containing vesicles could also be seen before process
extension. Cells grown in the absence of CAMP take several
days to flatten and to extend short processes. At 24 h after
plating, cells were rounded and had small protuberances.
Both ACTH and kappa were seen in the protuberances (Fig.
6). Co-distribution of kappa and ACTH did not require cAMP
stimulation or the presence of long processes.

Secretory vesicles, mitochondria, and lysosomes all seem
to accumnulate at the ends of processes. Mitochondria were
abundant in process tips as shown in Fig. 2 (also in Kelly
et al., 1983). Because organelles were crowded at the tips,
it was difficult to identify lysosomes with confidence. Along
the length of processes, mitochondria, coated vesicles, and
electron dense structures that were probably lysosomal or-
ganelles could be readily identified (Fig. 7). Lysosomes,
identified by immunofluorescence using an antibody directed
to an integral protein of lysosomal membranes (lamp2)
(Chen et al., 1985) accumulated at process tips (Schroer,
T. A., and R. B. Kelly, unpublished results).

Not all organelles, however, accumulate in processes.

244



Figure 6. AtT-20 cells grown without cAMP. Cells were plated on glass coverslips in medium without cAMP. After 24 h, cells were fixed
and stained for immunofluorescence as described. (a) Rabbit anti-mouse kappa; (b) rabbit anti-~ACTH. Goat anti-rabbit FITC was used

to develop both. Bar, 20 pm.

When AtT-20 cells were transfected with a expression vector
encoding a kappa light chain that is not secreted, the kappa
chain accumulated in the endoplasmic reticulum (Matsuu-
chi, L., and R. B. Kelly, unpublished results). The localiza-
tion of the non-secreted kappa light chain by immunofluores-
cence verified that endoplasmic reticulum did not accumulate
in the tips of processes (not shown).

Association of Secretory Granules with Microtubules
during Cell Division

Another striking redistribution of secretory granules oc-
curred during cell division. In electron micrographs of an
AtT-20 cell during cell division, microtubules could be seen
in the midbody, a structure that occurs during cytokinesis.
Microtubules interdigitate in this region and dense core
secretory granules were seen to accumulate here, lined up
along some of the microtubules (Fig. 8). An identical finding
has been made recently by Tooze and Burke (1987). The ac-
cumulation is not specific for dense-core secretory granules
since smaller, less dense vesicles could also be seen lining
up in rows between the layers of microtubules (Fig. 8; see
also Tooze and Burke, 1987). Accumulation of ACTH-
containing secretory vesicles in the region between dividing
nuclei was also seen by immunofluorescence. Cells captured
in mitosis by exposure to nocodazole were identified with
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Hoechst nuclear stain. In all cases, the ACTH, detected by
immunofluorescence, was concentrated along the plane of
division between the nuclei (Fig. 9 B). These data are con-
sistent with the hypothesis that ACTH-containing secretory
granules associate with the minus ends of microtubules in the
Golgi region and move in an anterograde direction to the plus
ends (Tooze and Burke, 1987).

When kappa secreting cells were arrested in cell division,
kappa chain was also found at the plane of division between
the nuclei (Fig. 9 E; Fig. 10 B). Transport to the plane of
division is clearly not selective for ACTH-containing secre-
tory granules in dividing cells. We cannot be certain from
these experiments whether the kappa chain was exclusively
in constitutive secretory vesicles or also in Golgi-derived
vesicles. We do know, however, that membrane fragments of
the endoplasmic reticulum do not distribute in this manner
during mitosis. When the AtT-20 cell line that expresses the
non-secreted kappa light chain was examined during mitosis,
the kappa chain was distributed uniformly throughout the
cytoplasm (Fig. 10 E). The distribution of ACTH under these
conditions was the same as described in Fig. 9 B.

Distribution of a Constitutive Marker in PC-12 Cells

Adult neurons have a striking accumulation of synaptic vesi-
cles at the nerve terminal. To test the selectivity of transport
in a cell line with more neuronal characteristics, the rat
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Figure 7. Sections of AtT-20 processes. Microtubules and dense core secretory granules can be seen lining the edge of the processes. Mito-
chondria and lysosomal organelles are visible (@) as well as budding viruses and coated pits and vesicles (b). Bar, 0.5 pm,

pheochromocytoma cell line PC-12, was used. To observe
regulated secretory vesicles, PC-12 cells were transfected
with DNA encoding the regulated secretory protein, proin-
sulin; to detect organelles involved in constitutive secretion
another clone was developed that expressed the MPC-11
kappa light chain. Secretion of kappa chain was not stimu-
lated with high potassium under pulse-chase conditions that
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led to a threefold stimulation of the release of norepineph-
rine (not shown). When these cells were grown in the pres-
ence of nerve growth factor and dibutryl-cAMP to stimulate
the extension of neurites, proinsulin and kappa chain im-
munoreactivity were found at the ends of processes (Fig. 11)
and in varicosities distributed along their lengths. Under the
conditions used non-transfected PC-12 cells did not stain
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Figure 8. Mitotic AtT-20 cell. Microtubules are interdigitated during mitosis, probably late telophase, dense core granules and smaller,
less dense vesicles are lined up between the layers of microtubules. Bar, 0.1 pm.

with anti-kappa antibodies and the secondary antibodies
alone did not stain either the wild-type PCI2 cells or the
transfected PC-12 cells. We conclude that transport of consti-
tutive exocytotic vesicles to the end of processes occurs even
in a neuronal-like cell line. Either the processes extended by
PC-12 cells are not a model for axons of mature neurons in
vivo, or both regulated and constitutive secretory vesicles
can be axonally transported.
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Discussion

In secretory cells with regulated secretion, the secretory
vesicles are not uniformly distributed throughout the cyto-
plasm but cluster in a cytoplasmic domain close to their site
of exocytosis. Zymogen granules are close to the apical
membrane in exocrine cells and synaptic vesicles are close
to the active zones of the presynaptic plasma membrane. In
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Figure 9. Immunofluorescence of AtT-20 cells expressing kappa light chain and ACTH, after release from a nocodazole block. ACTH and
kappa light chain can be seen accumulating at the plane of division during mitosis. Cells were blocked with nocodazole for 2 h and fixed
and stained for immunofluorescence at 60 min after the removal of the nocodazole block. (a and d) Phase; (b) anti-ACTH; (e) anti-kappa;

(c and f) Hoechst nuclear stain. Bar, 18 pM.

the latter case organelle transport is thought to be due to
kinesin-mediated movement along microtubules from the
site of synthesis in the cell body to the plus ends of microtu-
bules near the nerve terminal (Vale et al., 1985). The data
of Tooze and Burke (1987) and the data presented here on the
accumulation of secretory vesicles (Figs. 2 and 7-10) in
regions of AtT-20 cytoplasm are most readily explained, as
the authors suggest, by a similar orthograde transport to the
tips of microtubules. A feature of our data (Fig. 8) that can
also be noted in the work of Tooze and Burke (1987) is the
positioning of granules along only certain preferred microtu-
bules at the plane of division. These images are highly remi-
niscent of the lines of vesicles along axonal microtubules
when transport is inhibited by a cold block (Miller et al.,
1987). Following the suggestion of Miller and his collabora-
tors that this selectivity distinguishes “transporting” microtu-
bules from “architectural” microtubules we shall refer to
those microtubules involved in organelle transport as trans-
port microtubules.

Although the role of transport microtubules in organelle
movement is now unequivocal, there is less certainty about
how selectivity of organelle transport is achieved. In the epi-
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thelial cell line, Madin-Darby canine kidney (MDCK), vesi-
cles containing apical or basolateral membrane proteins are
thought to fuse only with their respective membrane do-
mains (for review see Simons and Fuller, 1985). Presumably,
in neurons, vesicles containing dendritic proteins fuse only
with plasma membranes of the dendrites, and not the plasma
membrane of the nerve terminal. Selectivity of vesicle inser-
tion could result from selective recognition by the vesicles
of the correct domain of the plasma membrane, from selec-
tive microtubule transport of the vesicles from the Golgi re-
gion to the appropriate region of plasma membrane, or from
both. To examine selectivity of organelle transport we used
the presence of two secretory pathways in AtT-20 or PC-12
cells and the convenient soluble protein markers for vesicles
of each pathway. We have demonstrated that transport of
secretory organelles is not selective for regulated secretory
granules but occurs with constitutive vesicles as well. Even
mitochondria and lysosomes were found to accumulate at the
ends of processes. Three alternatives present themselves: we
may have failed to detect selective transport in the cell lines
we have chosen to study; or they may lack a mechanism for
selective transport present in mature neurons or epithelial
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Figure 10, Immunofluorescence of AtT-20 cells after a nocodazole block as described in Fig. 9. (a and d) Phase; (b and ¢) anti-kappa;
(c and ) Hoechst nuclear stain. (a—c¢) AtT-20 cell expressing the secreted MPC-11 kappa light chain. (d-f) AtT-20 cell expressing the non-

secreted S107 kappa light chain. Bar, 18 uM.

cells; or transport is nonselective in all cells. Thus nonse-
lective microtubules may contribute to the speed at which
new vesicles find their cytoplasmic docking sites, but con-
tribute nothing to the selectivity. Secretory vesicles may be
transported to all regions of the cell but only selectively
recognize and fuse to the appropriate domains of the plasma
membranes. Those vesicles that are not retained may be
transported away from the inappropriate site and distributed
throughout the cell until they find the correct membrane do-
main. As far as we are aware compelling evidence for or
against selective transport of membrane vesicles along mi-
crotubules in epithelia or neurons is lacking. Pharmacologi-
cal evidence suggests that microtubule disruption inhibits
selective apical insertion of membrane proteins in MDCK
cells (Rindler et al., 1987). There is also tantalizing evidence
in neurons for a non-selective mechanism of microtubule
transport. Axonal microtubules in vitro are found to be capa-
ble of transporting mitochondria and other large organelles
at the same speed and even along the same microtubule as
smaller vesicles (Schnapp et al., 1985).

The constitutive secretory pathway, which we can now
identify using kappa light chain as a marker is believed to
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be the pathway used by cells to externalize membrane pro-
teins as well as soluble secreted proteins. It is appropriate
therefore to compare these results with data on selective in-
sertion of membrane proteins in cells that lack processes (for
review, see Singer and Kupfer, 1986). In migrating fibro-
blasts, for example, the Golgi complex is oriented towards
the growing edge, where membrane proteins are selectively
inserted. Selective insertion is disrupted by disrupting the
cytoskeleton (Rogalski et al., 1984). Selective secretion of
cytotoxic factors by T lymphocytes at the point of contact
with target cells appears also to be associated with orienta-
tion of the cytoskeleton towards the target (Kupfer et al.,
19864, b). The simplest model to explain the various mor-
phologies is to assume that transport microtubules capable
of carrying membrane vesicles to the plasma membrane need
not be uniformly distributed over the cytoplasm. If the trans-
port microtubules converge on one edge of a cell, the addi-
tion of membrane at that edge is a growing edge. If the trans-
port microtubules are focused into one or a few small points
on the plasma membrane, vesicles accumulate at localized
domains under the plasma membrane (Fig. 6).

In this limited selection of examples the generation of
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Figure 1l. Immunofluorescence of PCI2 cells expressing either
proinsulin or kappa light chain. PC12 cells were stimulated to ex-
tend neurites by treatment with 1 mM dibutyryl cAMP and 10 ng/ml
nerve growth factor. Cells were incubated with cither rabbit anti-
mouse kappa antibody and goat anti-rabbit-FITC (a) or guinea pig
anti-insulin and rabbit anti-guinea pig-FITC (b). Bar (@) 20 pm;
(b) 12 pm.

polarity defined as an asymmetry in organelle distribution
may be explained by nonselective microtubular transport of
membrane vesicles carrying newly-synthesized membrane
proteins from the Golgi complex to localized regions of the
cell cytoplasm. It remains to be seen if polarized cells in vivo
may have a microtubule transporting system that discrimi-
nates between organelles or if specific organelle accumula-
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tion such as that of synaptic vesicles in nerve terminals is due
to selective docking with retention at membrane domains
rather than selective transport to them.
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